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We report on elasticity measurements in neuron-like cells using picosecond acoustics pump and probe spectroscopy.

The stimulated Brillouin oscillations were mapped in PC12 cells to reveal their internal elastic structure. Thanks to

a Pearson correlation coefficient mapping, different areas could be distinguished. The nucleus material shows a bulk

modulus equal to 12.9GPa in the case of dry cell. Attenuation of the Brillouin signature gives access to dynamical

longitudinal viscosity equal to 10.6mPa · s, one order magnitude higher than water. The modulus considerably drops to

2.6GPa in the most physiologically relevant case of a hydrated cell.
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Cells respond to mechanical signals perceived from the

nearest extracellular world1–4. For instance, it has been sug-

gested that mechanical constraints prevail over biochemical

signaling in the early stage of embryogenesis5. Substrate stiff-

ness has also been identified as a key factor driving cell pro-

liferation and differentiation6. Both endothelial and smooth

muscle cells were shown to proliferate in response to stretch-

ing; however, in the case of endothelial cells this response

depends on cell-cell adhesion7. In the mechanotransduction

process, external forces exerted on the cells transit inside them

through microscale adhesions domains that serve as anchor-

ing points for the structuration of the cellular cytoskeletal net-

work. This phenomenon allows the cell to sense its surround-

ing environment and is followed by the activation of funda-

mental cellular processes involving motility or changes in cell

shape8. Obviously, how this regulation occurs will depend on

the cell type and function. In the case of tumors, the increase

in rigidity could be related to various factors, including an in-

crease in the modulus of elasticity of transformed cells due

to cellular disturbances. This leads to tumors being generally

stiffer than normal tissues9,10.

Perturbation of tissue rigidity is associated with different

types of pathology. However, it is sometimes difficult to con-

clude if this change in stiffness of cells or tissue is the effect

or the source of the pathologies11. This is why the charac-

terization of the mechanical properties of cells is essential to

understand their behavior during mitosis, apoptosis, adhesion,

a)Electronic mail: ahmed.hamraoui@sorbonne-universite.fr

mobility and disease development12–14. However, the com-

plexity of the inner cell composition and the intricate mesh-

work formed by molecular mediators of the transmembrane

cell-substrate interactions requires non-invasive techniques to

probe and quantify local mechanical properties of cells, in-

cluding modulus of elasticity, viscoelastic properties, adhe-

sion, and forces created at the single-cell scale. Several recent

reviews describe tools used to study cell mechanics15,16 and

to apply forces on them17. The vast majority of conventional

methods of measuring the local mechanical properties of cells

are based on the use of solid probes, such as AFM, and as a re-

sult the measured mechanical properties can strongly depend

on the contact/adhesion between the probe and the cell.

In contrast, acoustic waves generated by lasers provide a

very adequate tool for probing the mechanical properties of

biological cells or tissues in a non-contact, non-invasive con-

figuration. In the optical pump probe technique usually called

picosecond acoustics (PA), high frequency acoustic pulses (in

the 1−1000GHz range) can be generated by the pump beam

and detected using a delayed probe beam. Since acoustic

waves travel several microns per nanosecond, it is possible

to study material on a submicron scale with acoustic waves

of 10GHz or more. Such time resolved measurements are

known to achieve sound velocity characterization with an ac-

curacy less than < 5%, parameter directly related to the elas-

ticity behavior. In addition, by combining the time and space

aspects, it is possible to perform 3D elastic investigations with

sub micrometer resolution. To finish, the all-optical approach

allows to consider complex environments to address issues re-

lated to relevant biological conditions, aqueous media, con-

trolled temperature. For more than 30 years, properties of

matter, mainly solid thin metallic films and transparent me-
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dia, have been probed at microscale using PA18. Ten years

ago, this technique has been adapted to the study of whole

cells19,20. Since then, PA experiments has been performed

in various configurations to characterize the cell/substrate in-

teractions at the cell scale. For example, the physical prop-

erties of the contact between the cell and the substrate has

been investigated21,22 by characterizing the reflected acoustic

pulses. In-depth study of the elastic properties have also been

reported in cells for single point measurements23,24. Full map-

ping of a whole cell using Brillouin frequency (BF) has been

achieved in-vitro25 and more significantly on living cells26–28.

Indeed, during PA experiments, the cell reflectivity is time-

dependent and exhibits a decaying oscillating behavior, called

the Brillouin oscillations (BO). Since the BO frequency is re-

lated to the sound velocity and the decaying time is related

to the viscosity, the time domain investigation of BO signa-

ture can be used to carry out an in-depth study of the elastic

properties29. Recently, a multi parametric elastic mapping in

mitotic macrophage cells has been reported30, illustrating how

the various PA configurations can bring correlative informa-

tion’s to cell investigations.

In this paper, detection of BO allowed for mapping elastic

properties in single neuron-like cells. To our knowledge, this

is the first time this technique is used on this type of cells,

in which the regeneration processes are closely related to cell

elasticity.

The elasticity contrasts thus revealed between the nucleus

and the cytoskeleton in the reticulate cells also obviously exist

in living cells for which the study is more subtle given the very

specific conditions necessary for their maintenance . PC12

cells constitute a standard model for adhesion and neuronal

differentiation study31–35. The frequencies and the lifetimes

of the BOs are mapped across the cell using Pearson correla-

tion method. Finally, the influence of hydration, i.e. in more

biologically-relevant conditions, on the cell elasticity is inves-

tigated.

PC12 cells were routinely maintained following the proce-

dure described in a previously by Hamraoui et al.32–35 PC12

cells cultured on Ti− SiO2 substrates were fixed using glu-

taraldehyde/paraformaldehyde (2% in PBS) at room tempera-

ture during 20min. Then cells were washed twice with PBS

for 5min and rinsed with deionized water to remove salts.

In order to avoid possible cell overheating induced by the

energetic pump beam, PC12 cells were grown on specific sub-

strates. A 10µm thick membrane was obtained by anisotropic

etching of silicon and 100nm Ti layer was sputtered on the

both sides of the silicon substrate to create an acoustic trans-

ducer excited by the pump beam at the bottom side and a cy-

tocompatible top surface for cell adhesion (Fig 1 a). In this

way, working at a modulation frequency of 1.8MHz, the ther-

mal diffusion length in the silicon substrate is much smaller

than its thickness, which reduces the rise of the temperature

in the PC12 cells deposited on the other top side which is in-

duced by the pump beam on the bottom side. The experimen-

tal setup used in this study operating in reflection geometry in

an inverted Olympus microscope, has been detailed in previ-

ous work36,37. A lock-in detection scheme is used to measure

the change of sample reflectivity induced by the pump beam.

Figure 1. (a) Schematic sample geometry. The thickness of the top

silicon device is 10 µm. The wavelength of the pump and the probe

are respectively 400 and 800nm. (b) Raw optical reflectivity image

of a PC12 cell. The red squares indicate the position of the 3 points

where differential optical reflectivity is measured (c) outside the cell,

(d) and (e) inside the cell. (b) No BO measured on the Ti parts. (d)

and (e) : the BO arises within the cell only and show fluctuation from

point to point inside the cell.

Both pump and probe beams are focused around 2 µm diame-

ter at 1/e2. Typical beam powers used in this experiment are

300 µW for the pump and 50 µW the probe beam.

After an accurate pump and probe alignment, the sample is

translated by a piezo-electric stage in order to locate the PC12

cell. Figure 1 b) shows an optical image of the cell reflectivity

provided by the DC component of the signal after reflection.

The acoustic signals b) c) and d) are provided by the AC com-

ponent of the signal as extracted by the lock-in amplifier. The

red dots point to the different locations where the acoustic

signal has been recorded. The comparison between the fig-

ures 1 c) and c–d) shows that a decaying oscillation appears

when the probe beam is located in the central region of the

cell. Named Brillouin oscillations (BO), they arise from the

interference between the probe beam reflected at the sample

surface and the probe beam reflected by the transient acous-

tic pulse which propagates into the cell. It is remarkable that

the frequency and the lifetime of the oscillation vary with the

location of the measurement point, as illustrated in figure 1

d-e). Assuming that the refractive index of the cell is real and

constant ncell = 1.37− 1.3938 through the cell, a fluctuation

of elasticity inside the cell can be mapped. Given that the BO

frequency is equal to fb =
2nv

λ
, the change of frequency can

be correlated to the fluctuation of the sound velocity v. More-

over, assuming a constant mass density ρ = 1 g.cm−3 across

the cell, the fluctuation of the dynamical longitudinal viscos-

ity µ can be evaluated as well, given that the lifetime of the

BO is expressed as τ = ρv2

4π2 f 2
b

µ
39.

In order to map the variation of the mechanical properties

within the cell, the change of reflectivity has been measured

for different pump-probe delays and locations, as sketched in

figure 2. By comparing the time dependent signals measured

at different pixels like the ones displayed in figure 2, the sig-

nals can be evaluated as the sum of two distinct ones. The first

signal is the BOs that arise whenever the cell is probed. The

second one is the transient feature that occurs repeatedly with

decaying amplitude every 31 ps. It corresponds to the longi-

tudinal waves emerging at the top free surface, which have

been generated by the pump at the bottom interface and have
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propagated back and forth through the titanium layer before

propagating through the cell. When the probe beam is not

located in the cell, these transient features are the only contri-

bution to the reflectivity signal as illustrated in figure 1 c). The

acoustic echo signal appears to be constant everywhere while

the BO part can change drastically from pixel to pixel. Given

the temporal signature of the signal between different pixels,

it is possible to calculate the cross-correlation between pixels

to evaluate the similarity between them and then to sort out the

pixels. The Pearson correlation coefficient (Pcc) between one

pixel and all the others has been computed for three different

pixels (see maps on the right-hand side of figure 2). It al-

lows the clear identification of the regions without (top map)

or with cells. Moreover, the Pcc maps of the pixels chosen

within the cell shed light on inner cellular structures associ-

ated to different BO when comparing the middle and bottom

Pcc maps.

In order to confirm the existence of inner cell acoustic fea-

tures, we have performed a least square fit of the BO signal

with an exponentially decaying cosine function for all the time

traces recorded within the cell. The acoustic echo contribu-

tion, averaged over the titanium region, has been subtracted

prior to the fitting procedure. Figure 3 (a) displays a typical

BO signal recorded within the cell with its corresponding fit

curve. The fit parameters are: the exponential decay time τ ,

the cosine amplitude, the cosine frequency fB and the cosine

phase. The occurrence of the fitted BF fB is plotted in figure

3 (b). The distribution displays a bi-modal shape, which can

be fitted with a sum of two Gaussian functions. The fit sug-

gests the presence of different inner structures associated with

different Brillouin frequencies.

A close inspection of the BF distribution (see figure 3 (b))

reveals that a fair number of pixels associated to low fre-

quency ( fB < 9.0GHz) is not well accounted for the Gaus-

sian fit of the frequency distribution. Let us divide the fre-

quency domain in three bands: one band centered at fB =
12.4GHz and 1.0GHz wide, another domain centered at

fB = 10.45GHz and 2.9GHz wide; and a last domain such

that fB < 9.0GHz. The cell acoustic properties can now be

mapped according to the BF as shown in figure 4. The inner

structures revealed by the Pcc maps are confirmed by the Bril-

louin frequencies mapping. The high BFs domain centered at

12.4GHz correlates with the nucleus-like features while the

middle frequency domain centered at 10.45GHz would cor-

respond to the cytoplasm. It is important to emphasize that

these structures are not distinguishable in the raw reflectivity

image presented in figure 1b. The nuclei exhibit a higher bulk

modulus B = ρv2 than the rest of the cell : 12.9GPa com-

pared to 9.1GPa respectively. The presence of three nucleus

suggest that the studied object is not a single cell but rather

the agglomeration of three PC12 cells.

The typical signal of each frequency domain (i.e. region of

the map) is obtained by averaging the signal over the blue, red

and green dots distribution shown in the map. The results is

plotted in figure 5 (a). As expected, the pixels located at the

periphery are associated on average to a decaying time shorter

than the Brillouin oscillation period. Indeed, the Brillouin de-

tection mechanism is not expected to be very efficient on the

edges of the cell or on the neurite because the cell thickness

becomes comparable or smaller than the acoustic wavelength

(≈ 400nm). In this case the short lifetimes are not directly re-

lated to viscosity but are mainly determined by the thickness

of the probed biological material. Further development will

be needed to obtain elastic information on specific areas using

approaches described by Liu et al.30. The BO associated to the

nucleus is lasting longer than the BO associated to the cyto-

plasm. This trend is detailed in figure 5 (b) which plots the cu-

mulated frequency distribution of the fitted lifetime. Nucleus

lifetimes are scattered on the long lifetime part of the distri-

bution (blue bars) while the edge lifetime are scattered on the

lower part of the distribution (green bars). The surrounding

cytoskeleton liftetimes are lying in between. The dynamical

longitudinal viscosity can be estimated: the extracted value

for the nucleus is equal to 10.6mPa.s , much larger than in

water (1mPa.s), which is in good agreement with viscosity

value deduced from the motion of organelles transported by

motor proteins within cells using fluorescence microscopy40.

The surrounding cytoskeleton has a higher viscosity estimated

at 14.1mPa.s. The uncertainty on the viscosity values is es-

timated with at 30% related to the fluctuation of BO lifetime

on the areas of interest.

Although live cells25,27 have been recently probed, such ex-

periments imply complex set-ups so that most of the studies

using PA to probe biological objects have involved fixed dried

cells. As an intermediate situation, we probed the cell in an

hydrated state.

On figure 6, three signals are shown, BO in the hydrating

liquid and BO in the cell either hydrated or dried. For all sam-

ples, the reflectivity signal has the overall same shape as the

one observed previously: an acoustical pulse followed by an

oscillation. The frequency of the BO of water is 5.3GHz ( i.e.

longitudinal sound velocity around 1550m · s−1), whereas this

value is almost twice higher, 10GHz, in the dry cell. When

the cell is hydrated, this value drops to 5.6GHz (i.e. longi-

tudinal sound velocity around 1630m · s−1) , close to the one

of water. Assuming that the refractive index of the probed cell

does not change with the hydration, such a drop of the value of

BF shows the key role played by the hydrating liquid on the

mechanical properties of the cell. The value of the average

bulk moduli is found around 2.6GPa close to that of water25

and smaller than in the dry cell. In addition, from the lifetime

of the BO oscillations estimated at 500 ps, i.e. 2 to 3 times

greater than for the fixed cells, we can estimate a much lower

viscosity for the hydrated cells around 4.2mPa · s.

In conclusion, a special transducer was designed in order

to launch and detect GHz acoustic waves within the cell using

pump probe technique. We demonstrated that pump and probe

spectroscopy approach coupled with Pearson correlation is a

powerful tool to investigate the inner elastic features in PC12

neuron like-cells such as bulk modulus and dynamical longi-

tudinal viscosity. Mapping the Brillouin oscillation, allowed

us to distinguish areas with different local elastic properties

inside the probed biological object. Those areas have been

identified as specific parts of the cell, for instance areas ex-

hibiting high stiffness and viscosity were assimilated to the

nucleus. In the PC12 case, we report a large bulk modulus
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Figure 2. Left: Typical images obtained on a PC12 cell at different pump-probe time delay (5 ps time step). Lateral scale 60µm. Middle:

examples of time dependence of the reflectivity for 3 different pixel’s coordinates (x,y) extracted from the image sequence (see corresponding

symbols). Right : Pearson correlation coefficient maps associated to the three chosen pixels.

Figure 3. (a) Typical Brillouin oscillation signal obtained inside the

cell. The signal is fitted with exponentially decaying cosin function

(red line). (b) Frequency distribution of the fitted Brillouin frequen-

cies. The distribution is fitted with a sum of two Gaussian functions

(red line).

Figure 4. Cell mapping according to the fitted frequency fB (GHz).
Blue dots : 11.9 < fB < 12.9. Red dots : 9.0 < fB < 11.9. Green

dots : fB < 9.0

contrast (∼ 30%) between the nucleus and the surrounding

cytoskeleton .We also highlight the effect of hydration on the

elasticity of cells which opens the door to the study of these

systems in living conditions. Combining this approach with

Figure 5. (a) Brillouin oscillation signal averaged over three different

spectral ranges. Blue curve : 11.9GHz < fB < 12.9GHz. Red curve

: 9.0GHz < fB < 11.9GHz. Green curve : fB < 9.4GHz and fB >
12.9GHz. (b) Cumulative bar plot of the occurrence of the decaying

times corresponding to the three spectral ranges.

Figure 6. Comparison between time resolved signatures in dry cell

(top), aqueous medium ( middle) and hydrated cell ( bottom). The

BO frequency in hydrated cell drops significantly towards the value

of the solution.

other reported methods on different biological objects, might

bring new interesting results in the future.

The authors wish to thank Sorbonne University’s Emer-

gence program for its financial support involving INSP.
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