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Abstract

Recent advances in photonics technologies pushed optical microscopy towards new horizons in materials 
characterization. In this framework, Brillouin microscopy emerged as an innovative method to provide images of 
materials with mechanical contrast without any physical contact, but exploiting the light-matter interaction. 
Brillouin imaging holds a great promise; to allow mechanical analysis inside soft and heterogeneous materials, 
addressing the pivotal role played by viscoelastic properties in the physiology and pathology of living tissues and 
cells. Nevertheless, extending the approach of Brillouin imaging to characterize elastic heterogeneities of micro 
and nanostructured samples is especially challenging, and it poses a critical question about the actual spatial 
resolution reachable in the mechanical characterization. We focus this critical review on the key quantities that 
define the spatial resolution in the Brillouin scattering process, and we highlight that not only the optical 
focalization of the light, but also the acoustic excitations present in the material, influence the information 
collected from a sample by Brillouin imaging. Referring to the body of knowledge gained in the field of material 
science, we review new results and recently obtained progresses in the more unexplored context of life science. 
In future developments, a comprehensive strategy to tackle both the acoustic and optical aspects of the 
measurement will be required to maximize the efficacy of the technique. 
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Introduction

In recent years, a plethora of advanced photonic approaches has emerged, further extending traditional optical 
microscopy and providing a new representation of biological matter. Among others, Brillouin spectroscopy is 
particularly spreading, finding promising applications in biological and biomedical research. Brillouin 
spectroscopy is an almost century old technique1,2 and it provides the unique ability to probe the mechanical 
properties of unstained samples without any physical contact. In fact, the elastic moduli of the material are 
gathered analyzing the scattering process between the photons of the light and the acoustic phonons present in 
the material. The application of Brillouin spectroscopy to biological systems provides a striking opportunity to 
shine light inside living tissue and decipher the complex mechanical interplay between the polymeric matrix and 
the embedded cells. The crucial role of tissue and organ biomechanics for human physiology and pathology is 
apparent in many contexts, from structural aspects in the musculoskeletal tissue, to dynamical considerations in 
the cardiovascular system. The pivotal role of viscoelastic properties in driving biological functionality has been 
recently recognized to a smaller scale, at the level of single cells and molecular complexes. The interest for the 
role of mechanics in cell biology, mechanobiology, has challenged traditional instrumentation for mechanical 
characterization at the micro-scale. The technological research has headed towards the development of new 
investigation methods able to reach the required spatial resolution. In this framework, micro-Brillouin 
spectroscopy has been proposed as a promising biophotonic tool. Cell biology3–6, plant biology7, 
ophthalmology8,9, cancer cell mechanics10,11 or tissue biomechanics 12–17 are only some examples of biomedical 
fields recently approached by this technique. 

The inherent heterogeneity of biological samples affects all length scales, from the tissue level, down to the size 
of cells and subcellular structures. When the structural length scale of the sample matches the characteristic size 
of the phonons, the peculiar interplay between the light and the acoustic field - at the basis of Brillouin Scattering 
- has to be carefully taken into account. This mechanism, together with the propagating nature of the phonons, 
is crucial for the correct interpretation of Brillouin spectra.

In order to address this issue, we propose to observe the phenomenon with a reductionist perspective, 
comparing the Brillouin characterization of biological materials with artificial inorganic ones. Synthetic materials 
can be designed to feature specific micro-structures, with defined geometry and mechanical properties, allowing 
to clearly decorrelate the characteristic features of the sample from the ones of the phononic and photonic fields.  

Brillouin spectroscopy and mechanical imaging

When light goes across a transparent material, due to local and static fluctuations of the refractive index, it is 
elastically scattered in different directions in space. Additionally, if the refractive index fluctuations are also time 
dependent, related for example to the presence of molecular or collective vibrations, the scattered light will also 
undergo a frequency shift. Techniques based on inelastic light scattering processes, such as Raman and Brillouin 
spectroscopy, analyze the frequency shift of a monochromatic beam after the interaction with normal vibrational 
modes, disclosing the chemical and mechanical properties of the material. 

While Raman spectroscopy is already considered an effective analytical tool in biological context18, Brillouin 
spectroscopy extensively approached this field only in the last years 3–12 13–17 19–23 . The interest for Brillouin Light 
Scattering (BLS) originates from the possibility to evaluate the stiffness tensor and the viscoelastic properties of 
the sample from the measurements of the speed of propagation of the acoustic waves. In fact, both the 
longitudinal waves (due to density fluctuations) and the transverse waves (due to induced effects on the 
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polarizability) produce refractive index fluctuations measurable by BLS. Exploiting its contactless and label free 
character, BLS has been applied to different classes of systems, from inorganic crystals to amorphous materials, 
analyzing the influence on the elastic behavior of specific parameters, such as temperature, internal stresses, 
pressure and polymerization processes (see 24–27 and references therein). In pioneering works, BLS has been 
applied to study materials of biological relevance28, analyzing their elastic anisotropy29. However, the accurate 
characterization of spatially heterogeneous materials, such as biological and biomedical samples, forced to 
extend the approach from single point investigation, significant only in homogeneous systems, toward the raster 
scan probing of the mechanics at the microscale. The first attempt to produce a Brillouin image has been realized 
more than 15 years ago30, and this approach is reinforced in newly developed devices in terms of speed, spectral 
resolution and contrast. The use of single6,15,31–33 or multiple Virtually Imaged Phase Array (VIPA)3,13,34,35 or the 
use of stimulated Brillouin approach36–39 strongly increased the acquisition speed. On the other hand, the use of 
avalanche photodiodes in the high contrast tandem Fabry-Perot interferometers increased the performance of 
more traditional systems10,40. The different experimental setups, till now proposed, show different abilities which 
run from the accurate linewidth analysis10,12,40 to a remarkable acquisition speed36,39,41 which allowed the in vivo 
analysis, supporting the development of Brillouin spectroscopy in biomedical fields9. 

As any other imaging technique, the main challenge of Brillouin imaging is its spatial resolution. In the case of 
micro-Brillouin spectroscopy, the spectrometer is coupled to an optical microscope used to focalize and collect 
the light from a sub micrometric scattering volume. However, for any investigation, the resolution depends both 
on the ability to control the probe and on the interaction processes between the probe and the sample. This can 
give rise to a complex scenario. A clear demonstration of that can be given when considering optical microscopy. 
In far-field light microscopy, the extent of the focal spot depends on the wavelength of the used light λ, and due 
to the Abbe’s diffraction limit, it cannot be reduced under λ/3 in the lateral and λ in the axial direction. However, 
super-resolution imaging overcomes this constraint and structural details of nano-metric size can be directly 
detected. This is achieved by exactly tuning the interaction between the materials under investigation and the 
probe42–45. Some of these advantages can be exploited also in spectroscopic approaches. For example, in Raman 
micro-spectroscopy, the use of pointed probes46 or nanoparticles confers enhanced plasmonic properties, 
allowing the chemical characterization of nano-metric structures or single molecules in low concentrated 
solutions.

In the case of BLS the scenario is much more complex. In fact, while Raman spectroscopy probes the single 
molecules vibrational modes, i.e. localized modes, Brillouin spectroscopy probes collective vibrations i.e. acoustic 
propagating long wavelength phonons. In this case, more than one length-scale has to be accounted for, to define 
the effective spatial resolution of the technique47. 
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Figure 1: Micro-Brillouin scattering layout. Λ, , and V are the phonon wavelength, mean free path, and the 𝓁
characteristic size of the scattering volume, respectively. All these quantities have to be considered in the 
Brillouin scattering process. In red, the figure shows the acoustic volume, which takes into account the 
broadening related to the phonons propagation. Figure adapted with permission from ref. 47 © The Optical 
Society. 

As with optical microscopy, one of the constraints to the resolution is the size of the focal spot, called in 
spectroscopy, scattering volume (indicated as V in Figure 1), which, for a given radiation wavelength, λ, depends 
on the focalization optics and on the transparency of the sample. In fact, in the case of opaque or non-transparent 
materials, the scattering volume will be reduced respect to the expected one by a factor depending on the optical 
penetration depth. Beside V, the wavelength of the investigated phonons (Λ), and their finite propagation length, 

, play a role and should be accurately considered (see Figure 1 for a representation of these length scales). With 𝓁
some discrepancies, the relevance of these different scales was highlighted and discussed in recent 
works10,19,20,47,48, for the purpose of defining both the expected frequency spectrum and the accuracy by which 
the mechanical parameters of the sample are measured. This question is of the utmost importance, because in 
absence of such clarification, the data interpretation can be misleading. 
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Phonons propagation and attenuation  

For the sake of simplicity, let’s consider a lossless, elastically homogeneous, infinite medium. The acoustic normal 
mode, usually called phonon, in the most common representation takes the form of a plane wave with a definite 
wavelength and frequency. In this case, the propagating length scale extends on the infinite distance. Real media, 
however, are neither homogeneous at all length scales nor without internal dissipation processes. Under these 
conditions, any elastic excitation is characterized by a finite propagation length. This excitation, limited in space 
and time, is still called a phonon, even if improperly, and the phonon lifetime and propagation length are the 
time and space intervals in which it exists. The finiteness of the phonon brings a consequence - ultimately related 
to the Uncertainty Principle - that phonons are no longer monochromatic waves, but wave packets with a spread 
in frequency. 

In any Brillouin experiment, the scattering geometry selects a well-defined exchanged wave-vector, q, probing 
only the phonons traveling in a given direction with a given wavelength, Λ =2π/q. In micro-spectroscopy setups, 
the back-scattering configuration is usually used. In this case, the previous relation is simplified to Λ=λ/2n, n 
being the material refractive index. In this case, the detected phonons mainly propagate along the axial direction, 
which is also the direction where the elastic properties are measured. Under this assumption, the spectrum of 
the scattered light shows the elastic line flanked by equally shifted Stokes and anti-Stokes Brillouin peaks. In 
materials where the attenuation processes are not negligible, the Brillouin peaks are modeled by a damped 
harmonic oscillator, DHO49:

      (1)𝐼(𝜔) =
𝐼0

𝜋 
𝜔2

𝐵𝛤

(𝜔2 ― 𝜔2
𝐵)2 + 𝜔2𝛤2 

where the frequency position of the Brillouin peaks, ωB, is associated with the elastic component, while Γ, the ω-
spread of the phonons, is the viscous term. In particular, ωB is linearly linked to the longitudinal sound velocity, 
v, ωB=vq, and in turn, related to the longitudinal elastic modulus M′ = ρ ωB

 2/q2 . Similarly, Γ relates to the average 
propagation length (or mean free path) = v/Γ= ωB/Γ Λ27. In low attenuation regimes, the DHO is well 𝓁
approximated by two symmetrically shifted Lorentzian curves49 , which are often used to model the experimental 
spectra. In the analysis of complex viscoelastic materials, both the frequency and the width of the Brillouin peak 
are important quantities, not only to characterize the sample properties, but also to evaluate the spatial 
resolution of the mechanical characterization. Note that the collected spectrum is the result of the sample signal 
convoluted with the instrumental response function, which is influenced both by the frequency resolution and 
by the accuracy in the q-selection9. Both effects have to be considered before actually evaluating the attenuation, 
Γ. 

In general, the width of the Brillouin peak takes into account all the different phonon attenuation processes 
active in the materials. Depending on their microscopic origin, they are usually classified as dynamic or static 
processes50. In the case of dynamic mechanisms, the phonon energy is exchanged with the internal degrees of 
freedom of the materials. This process is particularly relevant in homogeneous viscoelastic samples, where the 
origin of this broadening is associated with intrinsic material properties, i.e. the viscous response of the sample. 
In absence of other phonon attenuation processes, it turns out that Γ=ηL q2 26,48,50,, where ηL is the kinematic 
viscosity. Furthermore, in the case of the static process, the phonons pathway is hindered by the presence of 
elastic heterogeneities in the materials. This mechanism strongly depends on the length scale of the 
heterogeneities, and it is the main focus of this review. 

From the elastic continuum to elastically heterogeneous systems at micro and nanoscales
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In the following, we will consider the features of the Brillouin spectrum acquired in a few selected classes of 
inorganic materials, mainly based on vitreous silica, v-SiO2, for which a huge amount of data is available, due to 
its technological relevance. As such materials can be rather easily fabricated with varying spatial distribution of 
the constituents, it is possible to highlight the effect of the mechanical discontinuities in the Brillouin spectra. In 
fact, the introduction of elastic defects in a continuum medium51,52 affects the phonons propagation: the relative 
ratio between the heterogeneity size and the phonon wavelength is the key parameter to explain the 
modifications in the phonon mean free path, . To address the impact of the length scale, different material 𝓁
geometries have been considered, from a homogeneous glass to a matrix with pores of controlled size, ultimately 
reaching an aggregation of particles. These systems are depicted in the left side of Figure 2, while the right side 
refers to the equivalent-scale biological counterpart, presented in the next paragraph. 

Figure 2: The length scale of heterogeneities in the sample morphology has to be compared with the phonons 
wavelength (Λ). As the sample complexity increases, there is an overall reduction of the phonons mean free path. 
Inorganic materials (left side) are taken as model systems for biological structures (right side). From the top to 
the bottom: in vitreous silica and in collagen hydrogels, the phonons probed by Brillouin light scattering feel the 
system as homogeneous: in these cases, the mean free path, , is substantially affected only by dynamical 𝓁
attenuation processes. Xerogels are considered the inorganic counterpart of cellular cytoplasm. In this case 
phonons suffer the presence of structural and elastic heterogeneities, which reduce their mean free path, . 𝓁
Finally, silica micro and nanoparticles can be taken as model for confined biological structures or isolated 
systems, such as viruses. In this condition, propagating acoustic modes are not sustained and only localized 
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normal vibrational modes are present (D < 3-4 Λ). Credit for the virus picture goes to  
https://www.scientificanimations.com/wiki-images/

 

In back scattering configuration with a green laser, the broadening of the Brillouin peak measured in bulk v-SiO2 

indicates that the propagation length of the probed phonons, , is on the order of 40 µm53. Therefore, any 𝓁
property measured from the longitudinal Brillouin peak must be considered as representative of the material on 
this length scale. It is noteworthy that, considering diffraction limit for visible light, we can reduce the 
characteristic length of the scattering volume well below 1 µm, but we will in any case observe features averaged 
on a much larger length scale. 

Figure 3: a) Brillouin spectra of silica based samples, with corresponding densities reported inside the figure; b) 
Longitudinal sound velocity is linearly dependent on the density54; c) After a threshold value found at pore size 
Lp ~ 10 nm, the width of the Brillouin peak increases following a power law dependence55.

In presence of mechanical interfaces, the macroscopic propagation of acoustic waves modifies according to laws 
analogous to the refraction and reflection law of the electromagnetic waves, where the acoustic impedance (ρv) 
takes the role of the dielectric constant, with a clear effect on the propagation length of phonons. In fact, even 
when the mechanical discontinuities do not form a definite interface because their size is below the phonon 
wavelength, fluctuations in the mechanical properties induce a phonon loss of coherence and therefore a lifetime 
decrease. This is a frequent case in biological materials where rigid structures, which build up the scaffold, are 
often intercalated by softer regions, which guarantee easy molecular mobility and nutrient diffusion. A 
remarkable inorganic model system is offered by xerogels and aerogels: biphasic materials formed by a silica 
network filled with air56. Their synthesis, based on sol-gel process, allows the fine modulation of the structural 
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features, so that the size and the number of pores can be independently modified. The microscopic structure of 
the materials has a strong effect on the mechanical properties, and hence on the Brillouin spectra. 
Representative data are reported in Figure 3 a)54,55. The volume fraction of the solid part in these materials 
influences the position of the peak in the Brillouin spectrum54, while the peak width is associated to the 
characteristic size of the voids54,55. As a matter of fact, as the pores’ size is much smaller than the phonons 
wavelength, Brillouin spectroscopy feels the system as a single material. The derived sound velocity - linearly 
dependent on density (Figure 3 b) - is a sort of mean value on the volume, while the width of the Brillouin peak 
is affected by the degree of elastic disorder of the material which, for the same value of density, increases with 
the defects size (Figure 3 c). Note that this increase is completely independent from the viscosity of the SiO2 
component. In these systems, increasing the air/SiO2 discontinuities size above λ/10 induces a strong elastic light 
scattering, due to refractive index mismatch, up to a complete loss of q definition, which prevents the study of 
mechanical properties by BLS. However, in engineered systems where the mechanical modulations are on a 
larger length scale, such as multilayers or infiltrated opals (i.e. 1D or 3D phononic crystals), but with a reduced 
index mismatch, it appears that as long as the phonons travel in the two media, the Brillouin measured 
mechanical properties are averaged57,58.

In search for a definition of resolution in Brillouin spectroscopy, an operational approach similar to the Rayleigh 
criterion has to be identified. The question is no longer simply “how far” two single point emitters should be, to 
be perceived as separate, but “how small” could they be in order to obtain reliable values of the sound velocity 
in the two separate media?

Multilayers or infiltrated opals present peculiar characteristics in their mechanical properties associated to their 
structural periodicity, and they are not proper benchmarks to provide the answer. However, as the sample size 
is reduced, a threshold can be identified below which spontaneous propagating modes are no longer observable. 
An example can be found studying supported polymeric thin films59 The threshold, which depends on the phonon 
wavelength, has been estimated analyzing loose aggregates of silica particles of increasing size: only from 800 
nm (corresponding to 3-4 phonon wavelengths) a bulk mode of the single particles was clearly measurable60. It 
appears that, even if the limit to induce light scattering process by density fluctuations is of the order of the (half) 
phonon wavelength, this scale is not enough to sustain spontaneous propagating acoustic modes. 

On the other hand, looking at the Brillouin spectrum of microparticles, localized acoustic normal modes 
associated to the particle vibrations are evident when the size of the particles is of the order of the inverse of 
the exchanged wavevector (q*D~1)60–63. As the frequency of the modes depends on the longitudinal and 
transverse speed of sound, and it is inversely proportional to the size, the detection of these modes allows a 
direct evaluation of the elastic properties of the medium on a length scale in principle much smaller than the 
scattering volume. Note that while no propagating mode is observable in the single particle below few Λ, in an 
assembly of small particles the acoustic modes involving several particles may propagate, and can be measured 
by Brillouin Scattering or ultrasound techniques. In this case, the speed of sound is related to the interaction 
mechanism between the particles and can be modulated by changing the contact surface, pressure, an chemical 
bonds64–66. For smaller particles (with size D <<1/|q|) normal modes do not give rise to Brillouin scattering (i.e. 
oscillating modulation of the refractive index on the scale of the wavelength). Instead, during the oscillations, a 
polarizability modulation arises67, a mechanism which has a strong similarity with the usual Raman Scattering. It 
is noteworthy that when scaled down to the nanometer range, the elastic moduli measured by these techniques 
on solid/unrelaxed samples well compare with measurements by standard techniques on macroscopic samples. 
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New frontiers for Brillouin imaging: the analysis of biological materials 

Micro-Brillouin allows to obtain images with mechanical contrast at the microscale. As an example, Figure 4 
(adapted from ref. 68) shows the elasticity map obtained on living cells (panel a), and a full stack acquired by 
changing the focal plane along the optical axis while imaging a single cell (panel b). The stiffer region and the 
nucleoli that fall within the focal plane are visible as red structures and dots, while the background corresponding 
to medium is reported in black. However, not all the structures of complex biological samples can be actually 
visualized. The contrast in Brillouin imaging depends both on i) the characteristic dimension of the biological 
structures, D and ii) the mechanical mismatch between the given structure and the surrounding ones. 
Furthermore, the spatial resolution of the image depends on the optical focusing due to experimental settings, 
but it is also influenced by the phonons mean free path, which in turn is related to the properties of the sample 
and to the phonons wavelength Λ. 

 In the following, we report on some interesting experiments of biological relevance in which the interplay 
between the different lengths scales at play is highlighted while decreasing D. 

Let’s consider the case where the scattering volume V is wholly confined into a single material, and D>  (>3-4 𝓵
Λ), , being , the mean free path and Λ the phonons wavelength. This case is sketched in Figure 2a. With respect 𝓁
to inorganic materials, biological matter presents a hierarchical organization, needed for optimizing its 
functionality preserving all the processes necessary for life. This complexity induces a modulation of mechanical 
properties on several length scales. In Brillouin scattering, nevertheless, we can consider the medium elastically 
homogeneous as long as the contribution to the attenuation of the intrinsic viscous effects of the materials 
dominates that related with the mechanical disorder. This case can be visualized quite well in hydrogel systems: 
they are networks of hydrophilic polymer chains, whose viscoelastic properties can be finely tuned to mimic 
those of biological tissues 69. In the Brillouin analysis, they appear as homogenous systems because the scale of 
their microstructure is well below the phonon wavelength. However, respect to vitreous silica, the phonons 
mean free path, , measured in hydrogels is strongly reduced. In fact,  is affected by the presence of viscous 𝓁 𝓁
processes, and it assumes values  comparable with the ones measured in soft materials or in water, which at 
room temperature, present ~ 2.5 µm. The effects of viscous processes, mainly related to internal relaxation 𝓁
processes, without introducing any additional elastic heterogeneity in the samples, induces important variations 
in the phonons mean free path. As recently measured, the dehydration process in collagen hydrogel modifies ,  𝓁
which reaches values comprised between 0.7 and 2.0 µm70. 

Differently from these model systems, in the aforementioned sense, it is questionable whether a real biological 
material is elastically homogeneous at all. For example, the healthy cornea, which is mostly composed of collagen 
fibers, could be basically considered as a homogeneous material. Indeed, Brillouin imaging has been successfully 
applied to diagnose the onset of corneal pathological conditions, by showing changes of the viscoelastic 
properties, independently by the corneal microstructure. These studies led to the design and implementation of 
dedicated medical devices based on Brillouin imaging 6 7 64. However, as recently highlighted even cornea is less 
elastically homogenous than previously thought. From a recent high resolution Brillouin characterization, the 
phonon mean free path results of the order of ~1µm 12 and this value provides a lower limit for the actual spatial 𝓁
resolution of mechanical imaging. This  value allows to distinguish the mechanical modulation induced by the 𝓁
presence of collagen sutural lamellae12 as well as to observe the elastic gradient from the outer edge (the limbus) 
to the central part15, or in depth from corneal epithelium to the endothelium71,72. 

It is worth to notice that, many biological materials are far more mechanically disordered than cornea, therefore 
the actual spatial resolution has to be carefully considered in their Brillouin maps. For example, the elastic 
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modulus of subcellular components, such as cell nucleus3,73, nucleoli 74 or intracellular stress granules6 can be 
successfully measured only when their characteristic size is greater than the phonons propagation length. 
Otherwise, the obtained values must be considered an average value of the mechanical properties of the studied 
structure and the surrounding ones.

Let’s consider the case in which the scattering volume comprises two materials of different elastic constants, 
whose characteristic size is enough to sustain spontaneous propagating acoustic modes (D >  >3-4 Λ). In this 𝓁
condition, the sample signal presents two different peaks that co-exist and can be discriminated in the acquired 
spectrum. This case occurs when mapping the interface between two materials or more in general in the 
presence of intercalated materials with different enough mechanical properties. Several examples are reported 
in literature. For example, two spectral features in Brillouin spectra emerged in the analysis of human bone75 as 
reported in Figure 5, where the soft and the hard components can be detected disclosing the biphasic nature of 
the tissue. On a similar note, two components have been observed in the spectra of micro-structured samples 
composed of wool fibers embedded into an epoxy film76, of biphasic, amorphous and crystalline ,polymeric film77, 
of living cells immersed in their buffer solution10, in the analysis of a living organisms (zebrafish)13 and in teeth14.

In this condition, it is expected that the mechanical transition in the Brillouin image is sharper the higher the 
acoustic mismatch is47. In fact, the lateral resolution in Brillouin imaging is not simply guided by the reduction of 
the scattering volume, as it occurs in optical microscopy, but an important role is played by the confinement of 
phonons in that direction. A striking evidence of this complex interplay is provided by the use of high NA 
objectives that - from one hand - reduces the dimension of the scattering volume, but - on the other hand - is 
associated to a larger acceptance angle of the objective, that results in a broader range of q probed in the 
scattering process. The direct effect is a decrease in the selection of the phonons propagation direction, which 
can also lead to the counterintuitive result of a loss in spatial resolution47. Therefore, Brillouin images and the 
corresponding optical ones (fluorescence, bright field, and also Raman which probes non propagating phonons) 
a priori do not possess the same spatial resolution, even if acquired with the same optics. This effect has been 
highlighted comparing the Brillouin results with the ones obtained by Raman47 or fluorescence7 in a correlative 
microscopy approach. 
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11

Figure 4: a) Brillouin image of NIH/3T3 cell (murine fibroblasts) deposited on glass the pseudo-colors of the image 
represent the position of the Brillouin peak. Figure adapted with permission from ref.68 © The Optical Society. b) 
3D Brillouin image of a single NIH/3T3 cell. A series of Brillouin z-scan images of a single cell, attempting to 
measure the mechanical properties of the cell’s internal structure. A bright field microscope image is provided 
for comparison. Figure adapted with permission from ref.68 © The Optical Society.

 

Figure 5: a) Sketch of human femoral head bone. The investigated sample is taken by the so-called 
interferomedial region, highlighted in figure. Images of the investigated sample are reported in b) and c). The 
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longitudinal section shows the subchondral (SB), trabecular (TB) and in the highest portion the non-calcified 
cartilage surface (NCC) part (b), while the top view of the same section, shows the articular non-calcified cartilage 
surface (NCC) (c). (d) Selected spectra taken in the different zones. Each spectrum shows two peaks associated 
to the soft and hard components of the bone. Figure adapted with permission from ref.75© The Optical Society.

Decreasing the size of D, two limits can be considered. In the first situation (D ~ l and D> 3-4 Λ) the biological 
structure is composed by a material in which the propagation length should be longer than its actual size. Hence, 
the phonon propagation will suffer an extra-damping induced by the confinement effect. In the spectrum, while 
the frequency of the Brillouin peak provides the correct measure of M’ of the material, the width of the Brillouin 
peak provides a mean free path which is smaller than the one expected for the same bulk material, as the shape 
of the Brillouin peak takes also into account the confinement effect. After a further reduction of D, when the 
limit D< 3-4 Λ is reached (Figure 2 c) ) , propagating acoustics modes are not detectable and only localized normal 
modes can be measured. The observation of such modes in biological materials is usually prevented by a limited 
acoustic mismatch. For instance, Sirotkin et al. modeled viruses as homogeneous elastic nanoparticles, but they 
could not detect the acoustic modes for viruses immersed in their buffer solution78. However, such weak 
scattering modes can be observed by extraordinary acoustic Raman spectroscopy79 confirming that viruses, from 
mechanical point of view, can be assimilated to colloidal nanoparticles, whose characteristic modes fall in the 
GHz range. Based on this observation, the selective resonant excitation of such modes has been recently 
proposed as an effective virus inactivation method80, potentially leading to a simple, cost-effective approach to 
manage broad pandemics as the one we are currently experiencing81.

The case of D <Λ is typically achieved for nano-structures present in the single cell (Figure 2 b)). The cell’s 
cytoplasm for example can be described as a poro-elastic material where a solid-like porous elastic meshwork - 
the cytoskeleton - is immersed in an interstitial fluid – the cytosol70. However, the size of the main cytoskeletal 
components fall in the nanometer scale, ranging from a diameter of 8-10 nm for actin and intermediate filaments 
to approximately 30nm for microtubules82. This scale is definitely much smaller than the phonons wavelength, 
and the modifications in the cytoskeleton rigidity cannot be directly tracked by this technique. Nevertheless, 
their presence affects the phonons propagation and attenuation: if the cells are treated by adding drugs affecting 
the polymerization level of the cytoskeleton, BLS can observe an overall decrease in the cytoplasmic stiffness74. 
In this case, as in the case of aerogels previously reported, the measure refers to the elastic constant of a single 
material, which comprises both the cytoskeleton and the cytosol.

Outlook 

Brillouin spectroscopy emerged in the recent years as a powerful photonic technique, suitable to obtain images 
with mechanical contrast at the microscale. Nevertheless, the assessment of BLS as a high resolution optical 
elastography technique is still in its infancy. The comparison with other more familiar microscopy techniques, 
and the understanding of similarities and differences, is crucial to unleash the power of the approach, but it 
requires a careful consideration of the peculiarity of the Brillouin scattering process. In particular, here we 
addressed the central problem of the spatial resolution achievable in Brillouin imaging. In fact, together with the 
scattering volume and the wavelength of the excitation beam, the propagating nature of the acoustic phonons 
imposes to consider their mean free path and their propagation direction. To suitably visualize the results of 
Brillouin spectroscopy on biological (heterogeneous) samples, it is required to consider the spatial extension of 
the probed elastic waves as a constitutive element of the analysis, and understand that the resolution is not only 
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an intrinsic property of the imaging system, but it also depends on the structural and dynamical properties of 
the sample.

It could be argued that in many cases it is not useful to increase the optical resolution of the Brillouin microscope 
because of the intrinsic limit on the spatial resolution given by the phonon propagation length. Instead, the full 
complexity of the light – matter interaction has to be taken into account to identify a suitable route to increase 
the spatial resolution of the technique. For example, the selective excitation of phonons generated by high power 
pulsed lasers38,83 or by a counter-propagating continuous-wave beam39 have been recently suggested to increase 
the Brillouin scattering cross-section. These experimental settings, as well as the use of ultrasonic wave patterns 
within the target material itself84, are promising but not yet able to overcome the spatial resolution reachable 
by usual set-ups in spontaneous Brillouin spectroscopy. Promising solutions have been proposed, to tackle the 
focusing limit of the excitation (the optical one) by laser-assisted thermal lenses85, or the acoustic resolution by 
using sub-micron resonators86. It is challenging however to apply such solutions to the characterization of 
biological materials in their functional conditions, because of the intrinsic invasiveness of the techniques.

Very recently, it has been pointed out that the resolution in optical microscopy can be boosted by finely shaping 
the excitation beam87. The same general concept is envisaged to be transferred to tune the probe-system 
interaction in Brillouin imaging. The steering of the optical beam propagation for example can be the 
experimental key to study mechanically anisotropic materials88 obtaining a new contrast method in 
biomechanical imaging. The different elastic properties probed along different directions allow the 
characterization of the elastic anisotropy in homogeneous as well as heterogeneous materials. As recently 
demonstrated in tissues89, the separate investigation of phonons travelling in different directions in an angle-
resolved Brillouin experiment can disclose the inherent organization of biological structures opening new 
frontiers in bio-imaging.

We believe that in the near future Brillouin imaging will have a strong impact in challenging applications of 
fundamental research in mechanobiology and in clinical diagnostics. However, only the deep understanding of 
the physical mechanisms driving the material characterization of complex heterogeneous materials will allow to 
exploit all the potentiality of the technique. The fine experimental control of the interaction mechanisms will 
direct forthcoming technical developments to optimize new experimental settings for specific bio-photonic 
applications. 
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Relevant length scales in Brillouin imaging of biomaterials: the interplay 
between phonons propagation and light focalization 

Maurizio Mattarelli1, Massimo Vassalli 2, Silvia Caponi 32*

TOC: The figure reports the modification of the phonons mean free path (reported as red damped oscillation) in 
the case of homogeneous material (upper sketched) and in the case of material where heterogeneity are present 
(lower sketched). V is the optical scattering volume and it is reported in yellow, while the green waves represent 
the incoming and outcoming photons.

* corresponding author: silvia.caponi@cnr.it 2 
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