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ABSTRACT

Characterization of the elasticity of biological cells is growing as a new way to gain insight into cell biology. Cell mechanics are related to
most aspects of cellular behavior, and applications in research and medicine are broad. Current methods are often limited since they require
physical contact or lack resolution. From the methods available for the characterization of elasticity, those relying on high frequency
ultrasound (phonons) are the most promising because they offer label-free, high (even super-optical) resolution and compatibility with
conventional optical microscopes. In this Perspective contribution, we review the state of the art of picosecond ultrasonics for cell imaging
and characterization, particularly for Brillouin scattering-based methods, offering an opinion for the challenges faced by the technology.
The challenges are separated into biocompatibility, acquisition speed, resolution, and data interpretation and are discussed in detail along

with new results.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0023744

I. INTRODUCTION

A single biological cell holds the potential to copy itself
trillions of times to create a macro-organism such as a human.
Understanding this incredible capacity for transformation of matter
and processing of energy is fundamental to understanding
health' ™ and developing biotechnologies.*

Many methods have been developed to study aspects of cells
beyond that which is perceivable by an optical microscope.”
Chemical, molecular, electrical, and mechanical structures are just
some aspects that can be studied for which there are numerous
technologies. As technology advances, it powers discovery improv-
ing the understanding of biology.

Cell mechanics (cytorheology) has historically remained largely
unexplored compared to other aspects of cell biology. This is mainly

because the available technologies have not advanced to a point at
which they enable strong biological conclusions to be made. Most of
the available technologies often require the application of physical
stress to the cell, which can perturb the normal physiology through a
variety of cell responses. In addition, the techniques often lack suffi-
cient resolution, which limits characterization, capability particularly
throughout the whole cell volume.

This lack of suitable technology and understanding of cell bio-
mechanics is unsurprising given the difficulty of the problem: bio-
logical cells are very small, the parts that make them up exhibit
little optical contrast, and they are extremely delicate when isolated.
Attempting to measure the elastic properties as formally defined is
difficult since the organization, shape, or orientation of sub-cellular
components under the particular conditions in which a cell is
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probed might influence the measured elastic parameters. Despite
these challenges, practical demonstration of the characterization of
the elasticity of cells has improved in recent times, generating inter-
est, enabling practical applications and new discoveries.”™"”

Among the new methods used to characterize the elasticity of
cells, picosecond ultrasonics (PU) %15 §s one of the most promising;
combining the ability of conventional ultrasonics to resolve the
time-of-flight of a coherent wavefront with the detection of
sound-scattered light (Brillouin scattering).”’ This combination of
features is unique and has enabled the first images of biological
cells'’~*” using sub-optical wavelength ultrasound.

In this Perspective contribution, we address recent advances in
PU for the characterization of cell elasticity. We provide our perspec-
tive on both the challenges and opportunities of the technology.

Il. CHARACTERIZATION OF CELL ELASTICITY

Cell biomechanics can be defined as the mechanical attributes
of cells and their substructures, along with their biological signifi-
cance and influence on behavior. Cell biomechanics aims to
increase our understanding of normal and disrupted cell physiol-
ogy. Often, this involves studying the relationship of the elastic
properties of a cell, with known biological functions. In recent
years, single-cell biomechanics has become an area of growing
interest. Differences in cell stiffness have been observed between
cancer cells and normal cells, metastatic and benign cancer
cells,”' " as well as other normal cellular processes. For instance,
cell migration,” an essential process for immune cells and cancer
metastasis, and mitotic division,”® where cellular stiffness and cell-
cell adhesion regulate mitotic rounding, a process critical for prolif-
eration. Extracellular mechanical stimuli can also regulate cell
processes such as the orientation axis during mitosis,” protein
expression,”® and cellular signaling through a process known as
mechanotransduction.”” This highlights the need to understand the
mechanical properties of cells in response to their environment. It
is known that the cytoskeleton serves as the underlying mechanical
framework that enables cell normophysiology. The actin and
tubulin cytoskeleton is conserved between all eukaryotes™ (such as
animals, fungi, plants, and algae), while prokaryotic cells (such as
bacteria) have a cytoskeleton based on homologous filamentous
proteins.”’ The fundamental mechanical difference between these
cytoskeletons is poorly understood.

State of the art elasticity-characterization techniques can be
roughly separated into two categories: contact and non-contact.
Contact techniques include methods such as micropipette aspira-
tion,”* atomic force microscopy (AFM),”*™*° microfluidics,”” and
optical tweezers.”*™*' For all of these techniques, cells are placed
under stress to observe a deformation, or the force required to
achieve a set deformation is measured. Some of the effects of these
deformation forces have been reported;** however, further under-
standing is needed.

Alternatively, non-contact methods use mechanical waves
(sound) to probe the elasticity of cells. These methods are desirable
as it is generally accepted that most cells do not exhibit disturbance
by low power sound. For this reason, ultrasonic imaging remains
the gold standard to image living human embryos in utero.
Non-contact methods for the elastic characterization of cells

5
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include scanning acoustic microscopy (SAM),”™* Brillouin

microscopy (BM),*~*® photoacoustic microscopy (PAM),”~"" and
phonon microscopy (PM).”” BM, PAM, and techniques based on
PU currently achieve optical resolution; however, PU can provide a
path for super-resolution.”” Unlike BM, the probing frequency in
PU is not optically limited, and the opto-acoustic nature of the
interactions enables PU to overcome the limitations of piezoelectric
transducers such as those used in SAM.

lll. PICOSECOND ULTRASONICS

Picosecond ultrasonics (PU) was pioneered in the 1980s with
the first generation and detection of coherent phonons. The break-
through came with the ability to work in the GHz regime, which
has been previously thought to be impossible. Ultrasonics in the
GHz regime was achieved by the application of a novel variation of
the pump-probe method using ultrashort laser pulses and a delay
line.'"* A coherent phonon field was generated thermo-elastically
and detected as variations in reflected intensity provided by the
photoacoustic effect on a metallic thin film."*”” Soon after, the
detection of Brillouin scattering as an interferometric signal was
reported.’® This form of Brillouin scattering is now commonly
known as time-resolved Brillouin scattering (TRBS) and offered a
way to obtain a measure of the sound velocity through a transpar-
ent and homogeneous medium.

These methods offer the opportunity to work at multi-GHz
acoustic frequencies, which lead to the characterization at the bulk
or thin-film scales of various materials. For instance, characteriza-
tion of metallic thin films,*”®' semiconductors,®”~°* dielectrics,*”°’
crystals,”*” or liquids.”””°

Another recent application of PU is characterization of the
elastic properties of biological cells. Initially, this seemed an
unlikely application: acquisition speed was low, substrates used
were metallic films that generate heat, and the sample was simulta-
neously irradiated by both pump and probe beams (and often
involving UV light). However, access to the Brillouin frequency
shift (fz) using TRBS is promising as it provides a measure of the
sound velocity (v) at normal incidence,

fz =2nv/A, (1)

where n is the refractive index of the medium and A is the optical
probe wavelength. If the refractive index is known, then the sound
velocity, an elastic property, could be mapped with optical resolu-
tion. This is a promising prospect since it enables non-contact
characterization of biological cells with elasticity-related contrast
and optical resolution—characteristics unavailable at the time by
standard imaging techniques. The first report of TRBS from a bio-
logical cell came as single point measurements from an onion cell”!
approximately 20 years after the first report of detection of coher-
ent phonons. Reports on mammalian cells’”” followed after,
however, imaging remained challenging. Application of TRBS still
posed several issues such as limited signal-to-noise ratio (SNR), low
acquisition speed (only a few points per hour), and complex
pump-probe system experimental arrangements. In these early
systems, SNR could not be improved by simply increasing the
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pump power or temporal averaging, as this typically leads to
sample damage or motion artifacts.

The development of asynchronous optical sampling
(ASOPS™) improved acquisition rates to a few points per second.
An ASOPS pump-probe system uses two synchronized pulsed
lasers, which operate at a slightly different repetition rate to provide
a time-sweeping effect.”” By removing the waiting time of the
moving parts, the ASOPS systems reduced light exposure for the
same SNR. This, in turn, enabled early high-quality images of bio-
logical cells using PU in fixed 3T3 fibroblast'” and bone marrow"’
cells. However, living cells remained challenging until the develop-
ment of cavity transducers for TRBS as well as the use of high
thermal-conductivity substrates. These innovations enabled the first
report on living cells’* and the early insights into specific biological
questions using TRBS.”

In addition to Brillouin scattering, PU also offers a GHz
version of acoustic impedance imaging referred to as iPOM
(inverted pulsed opto-acoustic microscope).'” This method uses the
reflection of a broadband (~100GHz) acoustic pulse from a
transducer-cell interface. In this way, it is possible to avoid damage
from exposure to heat and light while remaining compatible with
TRBS for extraction of quantitative elastic properties. This com-
bined method allows the measurement of mass density and velocity
properties close to the boundary of the transducer layer in a single
instrument.”” However, this has only been demonstrated for dehy-
drated cells, as the contrast mechanism requires a significant
impedance mismatch between the cell and the surroundings,
making it exceedingly difficult to apply to living cells.
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The future of picosecond ultrasonics is promising. Elasticity
based contrast has many applications in health and biology; resolu-
tion can be super-optical and the non-contact aspect of sound
lends itself to label-free biocompatible operation. However, broad
implementation of picosecond acoustics, and Brillouin scattering in
particular, faces clear challenges that currently limit its applicability
to those developing the technology. These include biocompatibility,
signal-to-noise, acquisition speed, resolution, and data interpreta-
tion. In the context of biology, PU offers unique capabilities,
which complement and extend other optical and elasticity-
characterization techniques.

IV. PHONON MICROSCOPY: THE CHALLENGES

Our approach to PU is a novel form of TRBS that we call
phonon microscopy'**”* (see Fig. 1). In this method, the TRBS
signal is collected in transmission through a custom designed opto-
acoustic cavity transducer.'” This configuration along with the use
of an ASOPS laser configuration enabled a series of firsts: 3D
reconstruction of the Brillouin frequency using cell phantoms,"”
live-cell imaging with sub-optical axial resolution,”” and early
investigations of specific biological questions.”

Figure 1(a) presents a simplified schematic of the phonon
microscope. Two ASOPS’” synchronized pulsed lasers (pump and
probe, 390 and 780 nm, respectively) are delivered to the sample
using an inverted microscope. The incident light is absorbed by an
opto-acoustic transducer made from two gold layers separated by
indium tin oxide (ITO)."” The transmitted light, which carries the

H,O

—f

— )
()

30w/w%
NacCl

30w/w%
NacCl

100
Time (S)

40 80

Brillouin frequency transition between water (H,0) and 30 w/v% salt water.
is 20% and 0.4%, respectively. (c) Brillouin frequency transition between water

and heavy water (D,0). Variation of the sound velocity and refractive index between water and D,0%“* is 7% and 0.3%, respectively. Dotted lines represent contribution
of refractive index [fg(n) orange] and sound velocity [fz(v) red] individually to the Brillouin frequency fg as estimated by theoretical approximations. In these cases, the
sound velocity contributes at least 20 times more than the refractive index.
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time-resolved signal, is collected by a second objective lens and
directed to a photo-detector. The frequency of the detected signal
is the Brillouin frequency, which is a direct measure of the sound
velocity if the refractive index of the material under observation is
known. Although the Brillouin frequency requires the knowledge of
the refractive index, the contrast in an image depends on the rela-
tive weight of the velocity and refractive index variations in the
sample; these determine whether the images are dominated by
either its mechanical or optical properties.

Figure 1(b) demonstrates the sensitivity of fz to the sound
velocity. The change in fz between water and 30 w/v% salt water
was measured in a microfluidic channel. Laminar flow allowed fast
switching between the two liquids. This removed any external
influences leaving the variation of fz exclusively due to the change
in material properties. Since variations in sound velocity and refrac-
tive index are well characterized,”” """ it is possible to estimate
their individual contributions to fz. These are included as dashed
lines in yellow [fg(v) for refractive index] and solid red [fz(n)
for sound velocity]. It is clear that the greater contribution,
approximately 20 times larger, arises from the change in sound
velocity—an elastic property. Furthermore, this is also visible if the
two liquids have very small difference (~3 x 107%) in refractive
index. For instance, Fig. 1(c) shows the change in fz between water
and heavy water where once again, sound velocity (v) provides
most of the contribution. These experiments demonstrate that, for
a homogeneous liquid, v dominates as the contrast mechanism
when measuring fp. This leads to qualitative elasticity characteriza-
tion since the mass density remains unknown. Quantitative charac-
terization based on v depends on both density p and the
longitudinal modulus M through the relation v =/M/p. In a
complex biological material, the contribution of refractive index,
density, and stiffness to the Brillouin frequency is a topic of
ongoing discussion.”***

Picosecond ultrasonics offers great prospects for the character-
ization of cell elasticity. In addition to the elasticity-related contrast,
sound carries orders of magnitude less energy than photons of the
same wavelength. This particular feature makes PU-based techni-
ques non-invasive and live-cell compatible. This combination of
characteristics remains possible for phonon wavelengths even
shorter than those of visible light. This offers great promise for
label-free, live-cell compatible super-resolution microscopy: a yet
unavailable combination of capabilities in a single instrument.
However, the technology is still in its infancy. There are a number
of significant challenges that need to be addressed before this
is possible. These include optimization of bio-compatibility,
signal-to-noise ratio, lateral resolution, and interpretation of the
data—each of which is discussed in detail in Secs. IV A-IV D.

A. Biocompatibility

Non-invasiveness is one of the promises of acoustic imaging
as contrast is intrinsic and therefore does not require labels. As
explained above, sound does not carry enough energy to cause
molecular damage. Opto-acoustic detection methods using rela-
tively long probing wavelengths (red to near infrared) minimize
photodamage. However, for the particular case of picosecond ultra-
sonics, the situation is more challenging given that the specimen is

PERSPECTIVE scitation.org/journalljap

attached to an opto-acoustic transducer (OAT) that generates heat
as a by-product of generating sound and requires a relatively high-
energy pump beam to make sound with sufficient amplitude to be
measurable.

Phonon microscopy uses two lasers delivered through the
same objective, which facilitates overlap of pump and probe spots
(necessary to maximize signal) and reduces sample exposure to the
probe light (single pass). However, maximizing transmittivity of
the probe light causes leakage of the pump beam (390 nm), which
limits biocompatibility to a few images per cell.’”* Alternative PU
configurations have been reported'™” where the transducer is
completely opaque to block all the pump light and the probe beam
is delivered from the top. This removes exposure to pump light but
causes two problems. (1) The overlap of the two tightly focused
optical spots is challenging since the transducer is completely
opaque so there is no optical reference for the position of both
spots on a single camera. (2) The arrangement is more sensitive to
environmental noise as the pump and probe spots originate from
individual objectives.

To investigate the effect of phototoxicity of the pump and
probe beams, cells were exposed to these beams while monitoring
their health with propidium iodide (PI): a commonly used label
that is excluded from healthy cells but generates a fluorescent
signal on binding to DNA when the cell membrane has been com-
promised. In this case, the test was performed without an opto-
acoustic transducer to prevent heat-induced damage. Figure 2
shows a test on fibroblast cells exposed to 390 nm pulsed laser
light. Cell damage, visualized by the use of PI, is rapid at higher
intensities [see Fig. 2(a)] and reduced at low doses [see Fig. 2(b)].
We estimated that only 5mW -min (300 mJ, with 4 = 390nm,
150 fs pulses, 100 MHz repetition rate, and NA = 0.6) is required to
kill a living 3T3 fibroblast cell. However, 40 mW/min (1.5]) of
780 nm (dashed lines) did not cause any significant rise of the PI
signal over longer timescales.

The next limit for biocompatibility is the temperature rise at
the transducer/cell interface. In the previous work,”’ we demon-
strated the ability of time-resolved Brillouin scattering to act as a
temperature sensor. In the same work, the temperature rise of a
single layer gold transducer at the tip of an optical fiber was mea-
sured to be 55°C, which would be fatal to cells. In a cell imaging
context, where power density is similar, it is possible to replace
the glass substrate with materials that exhibit greater thermal
conductivity.

Figure 3(a) shows a finite-element method (FEM) simulation
of the steady-state average temperature rise in the imaging volume.
The model considers average input power instead of the contribu-
tions of the individual pulses as this would be computationally
unfeasible (100k+ pulses). Under typical experimental conditions,'”
the average temperature was estimated for three different substrates:
glass, sapphire, and diamond. Glass exhibits a temperature rise
which is incompatible with cell viability for practical average input
powers (1-3 mW). For the same conditions, sapphire reduces the
temperature rise to only 5°C for 3mW of input power while
diamond practically removes any temperature rise. Experimental
confirmation of the temperature rise at the transducer using sap-
phire and diamond substrates is also shown in Fig. 3(a)(*).
Confirming the temperature rise when using glass substrates is a
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there was no transducer to avoid heat-induced damage.

problem as the water approaches boiling temperature, introducing
artifacts. While sapphire and diamond coverslips are expensive,
they are much stronger than glass and can easily be reused.

Figure 3(b) shows a FEM simulation of the temperature
profile in the transducer vicinity for the same cases as Fig. 3(a)
using 1 mW input power for both beams combined. The maximum
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temperature rise occurs at the transducer and decays quickly within
a few micrometers. Again, the temperature rise is high for glass,
low for sapphire, and lowest for diamond. From these simulations,
it is important to note that the maximum damage would occur at
the contact points between the cell and the transducer, which could
be alleviated by distancing the cell from the source of heat.
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FIG. 3. Finite element method (FEM) simulation of temperature rise at the vicinity of the imaging spot. (a) Mean temperature rise against average input power for Au/ITO/
Au cavity transducer in water using glass, sapphire, and diamond substrates. Solid lines represent calculation of the average temperature rise for the measured volume
(~cylinder with r = 1um and z = 10,um) vs average power. The stars represent experimental measurements, where the temperature is estimated using the Brillouin fre-
quency. (b) Temperature rise at the transducer vicinity for 3 mW input power. Temperature rise for diamond is below 1°C at the transducer/water interface.
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live/dead fluorescence assay from the same cell at 0 and 5 h. The drop of Calcein-AM (C-AM) signal and the increase of ethidium homodimer-1 (EH-1) confirm cell death.
The Brillouin frequency clearly correlates with the rise of C-AM signal and the fall of EH-1. The EH-1 has a similar function as PI while C-AM produces a fluorescence

signal when the cell metabolism is active.

In terms of the elastic properties, normal and damaged cells
differ (as shown in Fig. 4). These differences can be difficult to vis-
ualize optically; however, dead or damaged cells might not differ
markedly from living cells in the short term. This is one of the
reasons fluorescence based “live/dead” assays are the gold standard
for establishing the health of cells in vitro. Although work with
fixed cells is practical and can lead to useful insights, biocompati-
bility is crucial to enable live-cell imaging.

A configuration with near infrared (NIR) wavelengths for both
pump and probe and high-thermal conductivity substrates would
appear suitable for PU imaging of living cells, since at the expense of
lateral resolution, it allows optical transparency without compromis-
ing biocompatibility. Both of these are key features that will enable
wider incorporation of this technology. Figure 4(a) shows Brillouin
frequency and fluorescence measured from cells before and after
death using all-NIR wavelengths (780 nm for pump and probe) and
sapphire coverslips. Cell death clearly affected the measured Brillouin
frequency, which exhibited a sharp transition at the moment of
death. This change might not be perceivable without the use of fluo-
rescent labels. If biocompatibility is not considered, there is clear
potential for the capture of unintended variations in the elastic prop-
erties of the specimens. Figure 4(b) shows the live/dead assay for the
cells under study, which corroborates cell death approximately 2.5h
after the experiment started. The surrounding cells are also dead dis-
carding the measurement process as the cause of death.

In summary, biocompatibility is important in any cell imaging
context as it allows studying and following cell dynamics over time,
while ensuring that responses and conditions are as close to nor-
mophysiological as possible. In the case of PU imaging, consider-
ation and control of photon and thermal sources of damage need
to be managed to achieve biocompatible operation. For this, the
optimal selection of materials for the substrate and sound genera-
tion layers in conjunction with careful choice of optical wave-
lengths offers a viable way forward.

B. SNR and acquisition speed

Cell imaging using PU relies on the pump-probe method'® to
resolve the position and amplitude of phonon fields. Modulation
depth of the detected signals is on the order of 1074-107°, which
arise from weak light-sound interactions. Low modulation depth leads
to averaging, which, in turn, increases the acquisition time linearly
with the number of averages taken. Improving the signal-to-noise ratio
(SNR) can thus result in either greater image quality or faster acquisi-
tion. The easiest way to increase modulation depth is by increasing the
power of the pump beam; however, this generates a rise in temperature
at the transducer and potential phototoxicity (see Sec. IV A).

Currently, there are two main transducer typologies: single
layer'™'*>”" and three layer cavity-like transducers where the absorp-
tion is provided by either gold (Auw)" or titanium (Ti).”’ It is hard to
compare performance in terms of SNR of these typologies since not
all reports communicate modulation depth, thermal rise, or the
number of averages. However, to the best of our knowledge, our three-
layer transducer is the only one that has produced images of living
cells using TRBS."” To allow better comparisons, a different parameter
is needed, one that reflects signal efficiency, e.g., the capability of the
transducer to generate signal relative to the input power density.

Our transducer [see Fig. 1(a)] exhibits partial transparency at
the probe wavelength and low transparency at the pump wave-
length, which allows us to deliver both beams through the same
objective in an inverted microscope configuration (signal is
detected in transmission).'” The transparency also allow us to
perform brightfield imaging in transmission with good con-
trast.””* This is a key feature as it facilitates finding the specimen
and assessing its suitability for imaging. In contrast, Ti transducers
are typically opaque and with high reflectivity. This is perhaps one
reason why imaging dehydrated cells is often reported when using
Ti transducers: a loss of contrast for bright-field imaging is experi-
enced as the strong background reflection from the transducer
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FIG. 5. Simulation of the performance for AU/ITO/Au cavity transducers for
varying layer thicknesses. (a) The figure of merit for SNR per dose of pump
light using UV (390 nm)/NIR (780 nm) wavelengths for pump and probe, respec-
tively (OATyy). (b) The figure of merit using NIR wavelengths for both pump
and probe (OATyr). Fabrication tolerances are tight when considering the total
dose of the pump beam; however, if an all-NIR (780 nm) configuration is used,
tolerance to pump light increases that relaxes the fabrication tolerances
significantly.

dominates the image of the cell. Consequently, it is hard to locate a
specimen and assess its suitability for imaging.

We consider that the transducer and its substrate, in any given
PU configuration, are the key to enhancing signal efficiency and
managing thermal and photon loads. This, in turn, enables high
SNR without compromising biocompatibility. The state of the art
in transducer design is at an early stage, and there are many
opportunities for improvement. Previously, we have designed our
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transducers for TRBS using separate optical and thermal-stress
models.'”*> However, a coupled optical-thermal-stress model'”
allows us to include the amplitude of the TRBS signal in the design
of the transducer (see Fig. 5). Having a measure of transmittance at
pump (T pump), probe (T prope), and relative Brillouin signal ampli-
tude (A in water), it is possible to produce a figure of merit
(OAT) for our transducer performance using UV (390 nm) and
NIR (780 nm) wavelengths for pump and probe, respectively,

Ag*SNR
UVdase

OAT < , (2)

where SNR o< /T pope and UVigse o€ T pup/SNR?. The  resultant
figure of merit (OAT) shown in Fig. 5(a) indicates best performance
at approximately dimensions of 10 nm and 150 nm for the Au and
ITO layers, respectively. However, in practice, it is possible to
increase the gold thickness to prevent UV leakage as much as possi-
ble. Our current transducer is a compromise between fabrication tol-
erances and biocompatibility: it blocks 90% of the pump light at a
cost of signal SNR due to transmission efficiency (25%-30%).

In terms of temperature, cavity transducers also outperform
single layers since most of the absorption occurs in the first layer
(opposite the cell). As the spacing becomes greater, the temperature
rise experienced by the specimen is reduced. We have estimated,
through the finite element method (FEM), a steady-state thermal
model. The model was used to calculate, for the same input power,
the temperature rise from three transducers reported in the literature
as shown in Fig. 6. A single Ti layer on sapphire'” shows the greatest
temperature rise at the sample. The Au/ITO/Au cavity on sapphire'”
has a manageable temperature rise and a spacing between layers of
~140 nm. The Ti/Si/Ti cavity”’ has small temperature rise due to a
large spacing (10um) between the layers and the high thermal

1 FIG. 6. Simulation of the thermal and acoustic perfor-
mance of designs reported in the literature. Temperature
rise for geometries of transducers made of a titanium
layer on sapphire,’® gold cavity on sapghire,”/diamond
and a fitanium cavity spaced by silicon.”’ The cellftrans-
ducer interface is located at depth=0um. There is a
clear difference between the configurations despite using
the same input power being used for all cases. The best
performance is provided by the substrates with higher
thermal conductivity (silicon and diamond). The inset rep-
resents the acoustic response from water considering the
same wavelengths and input powers, and it is apparent
that the gold cavity has the strongest response. These
simulations are an approximation but show the importance
to optimize the transducer design.
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conductivity of silicon. Finally, a gold cavity on diamond also shows
only a small temperature rise due to highlighting the importance of
the substrate in managing the temperature rise.

The generated signal amplitude for each transducer was also
simulated through optical-thermal-stress model'® to estimate the
ability of each transducer to couple acoustic waves into a water
medium. The inset in Fig. 6 suggests that our cavity transducer pro-
duces and couple waves with greater amplitude compared to compet-
ing architectures. For the case of the titanium cavity, the heat is
spaced away from the cell (located at depth = Oum). This spacing
though brings significant attenuation of the phonon field, which is
compensated by removing the substrate to direct more energy into the
sample. Therefore, the Ti cavity”’ has no substrate in the area used for
imaging: this allows practical signal amplitudes at low temperature
and low power. However, the complexity of fabrication increases due
to the need to etch a silicon wafer, the transducer remains opaque,
and the area at which imaging can take place would have to remain
small to retain structural integrity of the suspended transducer film.

Now the concept of limited acquisition speed will be
addressed. This is central to the usability of PU in a practical
setting and key to the future adoption of the technology. In pump-
probe, the time resolution is given by the pulse length of the lasers,
which allows bandwidth of up to a terahertz (if using femtosecond
pulses). However, this ability comes with a compromise in the
acquisition speed. The need for time reconstruction and averaging
means that a 10 ns event takes millions of times longer to acquire.

There are several paths to improve this problem: enhancing
signal amplitude so less averages are needed or using a parallel/
wide-field method. Each one of these has the potential to improve
the acquisition speed significantly, while carrying its own set of
challenges. Enhancing signal amplitude requires increasing signal
efficiency alongside managing thermally and photon induced
damage (as discussed above). Parallel illumination aims to deliver
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simultaneously multiple points at the sample to increase the acqui-
sition speed.” This gives rise to technical complexity and increased
cost of instrumentation due to the need to deliver, align, and
collect light from multiple tightly focused laser spots. High power
lasers, additional conditioning optics, high well-depth cameras (due
to low modulation depths), and multi-channel acquisition cards are
required. Nevertheless, the acquisition speed might increase linearly
with each additional measuring spot.

In summary, SNR and acquisition speed are key to enable
broader use of the technology through the capacity to generate
high quality images in short periods of time. Improving SNR can
be achieved through the sophisticated transducer design; however,
the acquisition speed remains a challenge as the timescales and
volume of information are high. We expect future technological
developments to offer alternatives on this front.

C. Phonon-based lateral resolution

Brillouin scattering is not the only available method for the
detection of coherent phonon fields. Even though it offers a clear
advantage in the form of simple detection that occurs at the wave-
front rather than at a fixed position (i.e., transducer) and access to
the sound velocity, it also has limitations. Most notably, the lateral
resolution is set by the optics used and there is always the need to
expose the sample to light. Aiming for acoustic wavelengths signifi-
cantly smaller than of visible light is a limitation since wavelengths
below 600 nm can easily induce photo-damage.”’

We have reported the use of optically excited transducers for
the generation of high quality factor, narrow band GHz ultra-
sound.”” These can be used as generators and detectors and offer a
way to set both the acoustic and optical wavelengths (see Fig. 7).
Short acoustic wavelengths can enable greater-than-optical resolu-
tion, while the optical wavelengths can be set to optimize
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FIG. 7. Demonstration of opto-acoustic transducers as generators and detectors of GHz ultrasound. (a) Schematic setup. Two ultrasonic transducers are separated by a
layer of polystyrene. The probe light path can be redirected for pulse-echo or pitch-catch detection. (b) Experimental GHz pulse echo (blue) and pitch-catch (red) detection
of GHz ultrasound. The pulse-echo trace shows the initial excitation followed by three echoes. The pitch-catch traces come from different thicknesses of the PS layer,
which increases the time of flight of the catch signal. Since the PS layer provides little damping, the transducer resonates with the arrival of the wave front.
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absorption/reflection of the transducers. This can also solve bio-
compatibility problems removing the need for light to propagate
through the cell at all.

Figure 7 shows a demonstration of generation and detection
of GHz ultrasound. Two cavity transducers are separated by a poly-
styrene (PS) spacer layer of varying thicknesses between 1 and 2 um.
The transducers are made of a stack of two gold layers (Au, 30 nm)
separated by indium tin oxide (ITO, 160nm) with dimensions
of 5x5x0.22um and operate at approximately 8 GHz. The
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FIG. 8. Imaging a dehydrated cell using the acoustic

damping of an ~8 GHz transducer as a contrast mecha-

nism. (a) Experimental setup. (b) Optical bright-field

image. (c) Decay map. (d) Frequency map. The trans-

ducer is sensitive to the contact pressure of the material,

which is a function of the properties and dimensions of
74 the material in contact with it. This method is currently
limited by optical diffraction but it can be expanded by
exploiting the acoustical behaviors of opto-acoustic trans-
ducers. Scale bars are 5um.

Frequency (GHz)

6.6

experiment is set so that either transducer (1) serves as a generator
and detector (pulse-echo) or transducer (1) serves as a generator and
transducer (2) as a detector [pitch-catch, see Fig, 7(a)]. The blue
trace in Fig. 7(b) represents pulse echo operation. At time zero, an
excitation, which rapidly decays, is observed followed by three
echoes. The red traces represent pitch catch operation for several PS
thicknesses. As thickness increases, the time of flight of the wave
packet also increases. Since the transducer is poorly damped by the
soft PS spacer, it resonates causing a long oscillation.

FIG. 9. Super-resolution imaging using nano-bells. Panel (a) is the scanning electron microscopy (SEM) image of a group of gold nanoparticles. Panel (b) is the overlay
between the frequency given by the acoustic data and the SEM. Panel (c) is the reconstruction of the size and localization given by the acoustic data overlaid with the
SEM, showing a very good agreement. This demonstrates the potential of sound to provide greater-than-optical resolution.
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These simple experiments demonstrate that generation and
detection of sub-optical wavelength ultrasound is possible. We plan
to redesign these transducers to generate converging sound which
can be focused to a volume below that achieved by an optical
microscope. However, focusing a phonon field has its own difficul-
ties. If a conventional acoustic lens design is considered, sound
attenuation limits the maximum possible focal distance, which, in
turn, limits the diameter of the lens. If the diameter of the lens is
comparable in size with the acoustic wavelength, the focus will be
poor and affected by artifacts. The scanning acoustic microscope
faced these problems,”>"” but we expect that the opto-acoustic
nature of PU offers broader possibilities of design.

The transducers shown in Fig. 7 can also serve for acoustic
impedance imaging”™*” similar to iPOM. Since the transducer
exhibits high quality factor, its resonance frequency and amplitude
become sensitive to loading.*’ This approach differs to iPOM in
that we trade the ability to sense different depths and resolutions
(via broadband operation, ~100 GHz) for sensitivity by operating
in a narrow acoustic band (~2 GHz). Figure 8 shows an example of
cell imaging using its interaction from a narrow band transducer. A
cell is grown on a transducer (non-patterned), and then dehy-
drated, and the transducer (from the opposite side to the cell) is
scanned to build an image. The resulting images are produced
from the following characteristics. Figure 8(c) shows the resonance
frequency of the transducer: a measure of the mass loading
(depending on density and volume) caused by the cell. Figure 8(d)
shows the decay of the resonance: a measure of the impedance mis-
match and the adherence of the cell to the substrate. A limitation
of acoustic-impedance imaging is that its penetration depth is a
function of the acoustic wavelength and typically low.

Acoustic impedance imaging, however, could be employed at a
smaller scale. We anticipate that with the use of nano-patterning
(such as electron beam lithography), it will be possible to confine the
measurement to less than that can be optically resolved. In the past,
we have demonstrated the ability of acoustics to identify nanoparti-
cles within a single point spread function (PSF) by observing their
acoustic signatures in a method we called nano-bells.” This concept
could be applied for acoustic-impedance imaging such that the loca-
tion and acoustic signature of each element on a grid will produce
super-resolution acoustic images.

We also anticipate the use of nano-bells as acoustic “labels.”
Although this does require introducing the nanoparticles to the
sample and is thus mildly invasive, acoustic labels offer great pros-
pects: nanoparticles do not bleach, and their acoustic response is
sensitive to the surrounding medium. Figure 9 shows the recon-
struction of a group of five nanoparticles using PU. In Fig. 9(a), an
electron microscopy image shows the nanoparticles grouped closely
together so it would not be possible to resolve them optically.
Figure 9(b) shows an opto-acoustic image where the color variation
is related to frequency variation: acoustics can detect more than
one acoustic signature in a single point spread function (PSF).
Using the frequency and the centroid of each acoustic frequency, it
is possible to identify the diameter and location of each particle
resulting in the reconstruction shown in Fig. 9(c). The overlay with
Fig. 9(a) is remarkably accurate when comparing with the electron
micrograph. Nano-bells or nanoparticles as acoustic labels face
their own set of challenges. The plasmonic particles used so far are
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relatively large (~100 nm) and variation of particle radius as means
of acoustic separation lends to an even greater increase in size. We
expect that other particle types such as rods or disks™’ can offer a
practical alternative due to rich spectral content. Nanoparticles also
generate heat when optically excited; however, it might be possible
to excite the particles with an external source of ultrasound.

In summary, resolution is one of the most important parame-
ters of a microscope which is often obtained at the expense of bio-
compatibility. This is most obvious for electron microscopy’' and
super resolution techniques such as stimulation emission depletion
(STED)”* or stochastic optical reconstruction —microscopy
(STORM).” In this context, PU offers a unique opportunity
through the use of coherent phonon fields, which we expect to be
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FIG. 10. Example of elastic responses of nocodazole-treated, formalin-fixed
Hela cells. (a) Brillouin spectra of a control HeLa cell. (b) Brillouin spectra of a
Hela cell after administration of 0.1 ng/ml of nacodazole. Two and three distribu-
tions of fz are observed in the spectra. Distribution 1 (red) corresponds to the
surrounding medium. Distributions 2 (blue) and 3 (green) correspond to the cell
and are different.
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fully exploited in the future to obtain novel, mechanical informa-
tion at resolutions that exceed those available using optics alone.

D. Data interpretation

Mechanics are relevant to many aspects of cell behavior, for
instance, processes such as differentiation, migration, adhesion,
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division, or metastasis. Since elasticity is just starting to be explored
at the cellular and sub-cellular scales, elasticity-based bio-markers
are a possibility for aspects of biology such as lineage, pathology, or
senescence. These and other aspects of cell biology offer vast possi-
bilities for new discoveries in human, animal, or plant biology.
However, discovery does not come automatically from strong sensi-
tivity to the sound velocity. Interpretation of the results is
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FIG. 11. Time series of the Brillouin spectrum of encysting A. castellanii.” Three frequency distributions are observed at 5.4, 5.8, and 6.2 GHz. The relative amplitude of
the distributions changes with time. Brillouin spectrum at 1, 3, and 24 h is shown as (a)-(c), respectively. Panel (d) shows fitting of the data where complex dynamics are
revealed. The ability of the A. castellanii to synthesize cellulose (5.8 GHz) quickly makes resistant to biocides long before the encystation process (2-3 days) is complete.
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challenging because the data are heavily embedded in the time-
resolved signal. There is a lack of descriptive models of phantoms
for comparison at the relevant length scales, and any quantitative
values yielded have little meaning as stand-alone measurements
without correlation to other parameters of interest. Some of these
problems will improve as more data are generated; however, during
this period of technical expansion, it is important to explore many
tools for the interpretation and application of the data.

For instance, we have exploited a wealth of knowledge in phar-
macology to explore the mechanical consequences of the use of
drugs which are, in many cases, well understood. Figure 10 demon-
strates the effect of nocodazole on HeLa cells. There is a clear varia-
tion in the Brillouin spectrum obtained from these cells. Since
nacodazole inhibits microtubule polymerization, it can be reason-
able to hypothesize that this cytoskeletal alteration has mechanical
consequences. It is possible to use specific fluorescence labeling in
parallel to investigate the presence of particular materials within
the cell. For instance, in a previous study we observed the synthesis
of cellulose from Acanthamoeba castellanii encystation (see
Fig. 11°%). In this study, the cellulose created a distinct frequency
peak in the Brillouin spectrum as confirmed by fluorescence stain-
ing within the amoebal cyst as it formed. This leads to a biologi-
cally relevant conclusion on the role of cellulose in encystation and
the difficulty in treating A. castellanii related infections.

Typically, only the Brillouin frequency is extracted from a
time-resolved signal; however, the use of all available signal charac-
teristics can lead to useful contrast. Figure 12 shows a cell where
the different signal characteristics are used as contrast and each one
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enable slightly different interpretation. Figure 12(a) presents the
Brillouin frequency map taken as the average frequency of the time-
resolved signal. The Brillouin frequency is an indirect measure of
the sound velocity and is the most common form of imaging with
Brillouin scattering. Additionally, using wavelet analysis, it is possi-
ble to resolve the signal frequency as a function of time.'™'** As
time of flight indicates the location of the acoustic wavefront, it is
possible to section the volume with resolution greater than that of
the optical depth of focus [see Fig. 12(b)4. If decay of the signal is
observed instead, then a measure of the sound attenuation coeffi-
cient (ap) can be extracted.”® Since sound can attenuate through
scattering and absorption, o is not a pure elastic property;
however, it provides an alternative contrast mechanism which can
be useful, for instance, to observe sub-nucleus structures [see
Fig. 12(c)]. Another important aspect is the interaction of the cell
with the substrate. By separating the initial amplitude from the
effect of attenuation, it is possible to identify variations in the
impedance mismatch with the substrate as well as potential areas of
good and poor coupling. Figure 12(d) shows uniform coupling and
little variation in amplitude between cytoplasm and medium;
however, amplitude drops at the nucleus most likely due to imped-
ance variations in crossing the multi-layered lipid structures.

These three signals characteristics (frequency, amplitude, and
decay) are obvious choices to expand upon the possibilities of
phonon imaging. However, it might be possible to find further
characteristics. The origin of the signal is interferometric in nature,
and the instantaneous phase might carry useful structural informa-
tion that is not resolvable from the characteristics mentioned

FIG. 12. Reconstruction of time-resolved data obtained
from a 3T3 fibroblast cell. (a) Average frequency map. (b)
XZ cross sections extracted from (a), as indicated by the
dashed white lines, obtained using wavelet analysis in the
time domain. (c) Map of the sound attenuation coefficient.
(d) Map of the sound amplitude at t=0. Scale bar is 5um.
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above. Deconvolving the signal to reconstruct the underlying struc-
ture from the time-resolved signal is challenging due to the occur-
rence of multiple reflections and noise. We expect that it will be
possible to employ modern state of the art data mining
methods’*~*° to enable interpretation of these instantaneous phase
variations.

We are also exploring three key cell types with applications
in healthcare and biology, which are challenging in terms of inter-
pretation of the data. The first one, cardiac muscle cells [see
Fig. 13(a)], is an intriguing cell type in terms of mechanics. Muscle
cells contain a structure of fibers (sarcomeres), which are the func-
tional unit of contraction. The striations (~2.2um) in the PU
mechanical signal correspond to their periodicity, which are clearly
visible in this image. Heart disease is one of the main causes of
death in western countries, and the elastic behavior of cardiac cells
might provide useful insights into both normophysiology and
disease. Figure 13(b) shows a cell infected with Toxoplasma gondii:

i+ Sarcomeres -

] -f’-'-" -

5 '1”&":%'
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a cell-infecting parasite. As it invades the host cell, it forms a
vacuole membrane from the membrane of the host cell rendering it
resistant to the host immune system. As the parasite is composi-
tionally different to the host cell, it generates significant contrast
when imaging using a elasticity-related method. In terms of elastic-
ity, the mechanics of infection and the influence of the parasite on
the mechanics of the host cell are poorly understood. Finally,
Fig. 13(c) shows a stem cell differentiating into an adipose cell.
This type of cell has the ability to store energy in the body in the
form of fat. Stem cells are responsible for healing the body and are
the key to regenerative medicine. This is due to the fact that stem
cells can transform to other cell types to replace damaged cells.
Stem cell therapies are presently inhibited in their clinical transla-
tion, by the paucity of label-free biomarkers to confirm their state
of differentiation, for fear of introducing harmful features, includ-
ing tumorigenic mutations into patients. Differentiation as a
process is poorly understood from a mechanical perspective. Here,

(zHS) Aouanbai4

FIG. 13. Potential cell types for characterization of elasticity. (a) Cardiac muscle cells. The sarcomeres in these cells are the blocks that enable muscle contraction. (b)
Toxoplasma gondii-infected cells. This single cell eukaryotic parasite causes mechanical stress to the cell membrane and cytoplasm. (c) Stem cells differentiating into
adipose cells. The accumulation of fat by adipose cells is reflected by dramatic contrast in the Brillouin signature. (d)-(f) Bright-field images of cardiac,
toxoplasma-infected, and adipose cells, respectively. Scale bar for all figures is 5um.
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we demonstrate that elasticity offers intriguing prospects as the
long-sought label-free differentiation biomarker since the differenti-
ation of stem cells generates various mechanical features such as
cytoskeletal remodeling, formation of fat droplets, or even
sarcomeres.

In summary, it is clear that PU has the capability to enable
discovery in various areas of biology. However, information within
the time-resolved signal needs extraction and interpretation. In
addition to improving technical capabilities, it is clear that a critical
mass of experimental data and physical models are needed to
realize the full potential of the technology.

V. SUMMARY

Cell mechanics and elasticity are fundamental aspects of
biology. Novel elasticity-characterization tools are enabling discov-
ery in many areas of biology and biomedical research where there
are great opportunities to improve the technology and expand the
areas of application. Picosecond ultrasonics offers a unique oppor-
tunity to enable elasticity-based, non-invasive, label-free super-
resolution: a combination of features currently unavailable in a
single instrument. The yet unsolved technological challenges pre-
venting the consolidation of such capabilities are within the realm
of engineering challenges, which we expect will be addressed in the
near future.
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