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The rheology of soft materials is routinely measured at low strain rates to extract constitutive laws
necessary for understanding and modeling their behavior. High-frequency rheology, however, remains
difficult to access. Consequently, the mechanical properties of soft materials at MHz strain rates are
largely unknown. Ultrasound-driven microbubbles, widely used in biomedical imaging, drug delivery, and
therapy, act as efficient mechanical actuators at MHz frequencies. Their dynamics depend on nonlinear
resonance behavior, the viscoelasticity of their stabilizing shells, and the viscoelastic properties of the
surrounding medium. Here, we make use of (nonlinear) bubble dynamics to characterize the rheology of
polyacrylamide (PAM) hydrogels at strain rates exceeding 10° s™X. Narrow resonance curves of single
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coated microbubbles embedded in PAM, obtained through high-speed imaging, were compared to a
Rayleigha€”Plesset-type model. The results show that the shear modulus is similar in both the Hz and
DOI: 10.1039/d5sm00552¢ MHz regimes, while the loss modulus behaves very differently, exhibiting an effective shear viscosity at

MHz frequencies comparable to that of water. These findings demonstrate a new approach for probing
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1 Introduction

Ultrasound contrast agents (UCAs) are widely used in medical
imaging to enhance contrast and improve medical diagnosis,
e.g., for organ perfusion imaging or to monitor hypervascular-
ization in and around tumors."” Additionally, UCAs are inten-
sively investigated for their ultrasound-mediated therapeutic
potential. Microbubbles can indeed increase the permeation of
endothelial layers, resulting in the local delivery of drugs or
genes.>*

Ultrasound contrast microbubbles have a typical size in the
range of 1 to 5 pum in radius. They are filled with a low-solubility
high-molecular weight gas, such as sulfur hexafluoride (SFs), or
a perfluorocarbon (C;Fg, or C4F,,), and are stabilized by a shell
(most often consisting of a phospholipid mixture) that reduces
the interfacial pressure of the microbubbles and hinders the
diffusion of gas from the bubble core into the surrounding
medium,”” which otherwise leads to rapid bubble dissolution.
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the high-frequency rheology of viscoelastic media.

Upon exposure to ultrasound, microbubbles undergo (non-
linear) volumetric oscillations which are key to their superior
scattering cross-section. Furthermore, when the driving fre-
quency is tuned to the resonance frequency of the bubbles,
they experience a mechanical resonance with larger bubble
oscillations and higher scattering, as well as the generation of
nonlinear harmonics, that thus further enhances contrast gen-
eration. This unique behavior is routinely exploited in clinical
imaging, both in linear and nonlinear contrast imaging modes.

The ultrasound-driven response of UCAs, including the
effects of the phospholipid coating, is very well understood in
infinitely large media, ie., where the bubble is free from
interactions with boundaries or neighboring bubbles. These
dynamics have been measured through both acoustic attenua-
tion and high-speed imaging experiments®*® and are well
described by Rayleigh-Plesset-type models.” In many biomedi-
cal applications such as perfusion imaging, ultrasound locali-
zation microscopy, targeted imaging, drug delivery, and blood-
brain-barrier opening, bubbles are not oscillating in field.
There, the presence of neighboring viscoelastic tissue has a
crucial effect on their dynamics. This includes both their linear
resonance behavior and their nonlinear dynamics."* For exam-
ple, phagocytosed microbubble were shown to have a different
behavior than free bubbles.'> Furthermore, the presence of a

viscoelastic boundary (e.g., a vessel wall) can increase'*™® or
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decrease™® the bubbles’ resonance frequency depending on the
elasticity of the material, and that confinement decreases the
bubbles’ oscillation amplitude.**® In the bulk of a viscoelastic
medium, it has been shown that elasticity of the medium can
increase the resonance frequency of bubbles, while the
additional viscous dissipation can lead to overdamped
dynamics."”*®

Directly investigating bubble oscillations in tissues in a
controlled way is challenging, owing to the opacity, complexity,
and variability within and across soft tissues. A first step can
therefore comprise a study of the oscillations of ultrasound
contrast microbubbles in much simpler materials. While this
does not offer a direct translation toward real tissue, it allows to
better understand meaningful fundamental aspects. For exam-
ple, the oscillations of microbubbles in tissues have previously
been modeled by adding a linear Kelvin-Voigt (K-V) viscoelastic
model or a nonlinear Neo-Hookean elastic model to a Rayleigh—
Plesset-type equation.'® Originally, Allen and Roy have devel-
oped a framework to compute the oscillations of bubbles in
arbitrary linear®® and nonlinear®" viscoelastic media by solving
the bubble dynamics equation in conjunction with a stress
tensor analysis. This approach was extended by Stride et al. to
model the oscillations of bubbles in blood, including both a
linear viscoelastic shell and a linear viscoelastic effect of the red
blood cells.?* More recently, Oratis et al.>® have developed a
unifying framework that allows for a straightforward numerical
integration based on the relaxation function of linear viscoe-
lastic media. One major issue that remains is that the use of
any of these models requires a priori knowledge of the viscoe-
lastic properties of tissue, which is generally not the case. More
specifically, it is well known that the response of a viscoelastic
material strongly depends on shear rate.>*>> However, classical
rheology measurements can reach a shear rate up to 10> s,
which is 3 orders of magnitude lower than typical ultrasound
driving frequencies.**

Earlier experimental studies have employed a range of
methods to investigate the rheology of viscoelastic materials
at high strain rates.’®*” Bertin et al.®® utilized atomic force
microscopy to study the rheological properties of a medium by
observing the displacement of a particle at strain rates of
hundreds s~ '. Jamburidze et al.'” measured the elastic moduli
at a strain rate of 10* s by fitting the linear oscillation
amplitude and resonance frequency of 150 um bubbles to the
resonance curves extracted from high-speed recordings. A very
similar experiment was performed later by Murakami et al.,*
with bubbles of similar size, but generated using a laser. These
studies have offered deeper insights into medium rheology by
pushing farther the boundary of measurable elastic moduli in
terms of strain rates. Acoustic methods, such has shear wave
elastography,®® acoustic radiation force impulse imaging (or
ARFI),*" acoustic particle palpation®* have also been used to
characterize tissues in the (sub-)kHz range, and some even
found their way to the clinics. However, these methods do not
reach strain rates of 10° s7*,>”** which are relevant for biome-
dical ultrasound. Interestingly, Estrada et al.>* have proposed
that a strain rate of 10° s™* can be achieved by inertial collapse.
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This, however, is not an oscillatory method and does not
directly provide G’ and/or G”. Rheological measurement can
be pushed to higher strain rates through the use of smaller
microbubbles contained in the medium while being driven by
ultrasound. However, such small microbubbles must be stabi-
lized by a shell and the measured response is thus a combi-
nation of (known) shell rheology and medium rheology.

In this article, we combine stabilized microbubbles known
from the field of ultrasound contrast imaging and optically clear
hydrogels with a tunable elasticity to investigate the feasibility of
MHz-range rheology using microbubbles. To that end, we use
ultra-high-speed imaging of phospholipid-coated microbubbles
to extract the shear moduli of a polyacrylamide hydrogel in the
10° s™* range. Exploiting the narrowband resonance of micro-
bubbles, we can use Rayleigh-Plesset type equation modified by
a linear Kelvin-Voigt viscoelastic model to extract the local (in
terms of strain rates) storage and loss moduli of the viscoelastic

material in the range of 10° to 10" s~ .

2 Bubble dynamics model

The Rayleigh-Plesset (RP) equation of motion for a spherically
symmetric gas bubble in an incompressible and uniform
medium, in the linear regime of deformation of a viscoelastic
medium (traceless stress tensor) can be expressed as fol-
lows:*%3
o (RR' + §R2> — Py(R)— P — 204 3J g Q)
2 R R T

Here, R represents the radius of the bubble, and R and R are the
first and second derivatives of R with respect to time, respec-
tively. pp, is the density of the medium and Pg(R) is the pressure
inside the bubble, and P, is the pressure in the liquid far away
from the bubble. ¢ represents the surface tension at the gas-
liquid interface while 7, represents the radial normal stress
component, and r is the radial distance from the center of the
bubble. "33

The modeled system is represented in Fig. 1a. The pressure
in the bubble, Py(R), can be expressed using a polytropic law:>’

Py(R) = (Po + %‘;) (%) g @)

Here, 7y is the polytropic exponent of the gas. The vapor pressure
is neglected as it is only a small fraction (~2%) of the total gas
pressure. The bubbles considered are small compared to the
ultrasound wavelength. Therefore, the pressure in the medium
far from the bubble wall P, is the sum of the atmospheric
pressure P, and of the acoustic driving pressure, P,.. The effect
of the phospholipid coating is taken into account by adding a
size-dependent surface tension g(R). We describe the elasticity
of the shell with the Marmottant model.>® This model, albeit
simple, was experimentally validated.*® In the dissipation term
(4x,R/R*) where K is the dilatational viscosity of the shell.*®
For an incompressible, homogeneous, and isotropic linear
viscoelastic medium (in the small deformation regime), the
Kelvin-Voigt model gives the relation: 7, = 2(Ge,, + ué,,). Here,

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00552c

Open Access Article. Published on 05 Januar 2026. Downloaded on 24.02.26 01:37:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

a) viscoelastic medium
with G’ (w) and G”"(w)
Q\\R
Q: 0
o= g P.
D %:
phospholipid coating:
K., X o(R)
¢)
0.6
150
100 —
[l
24
(@)
50
0

2 4 6
driving frequency [MHz|
Fig. 1

View Article Online

Paper

coated bubble
— in water

2.2 ¢ 1
coated bubble

AR [pm]
u [mPa.s]

2 4 6
driving frequency [MHz]

(a) Schematic and relevant parameters for a phospholipid-coated microbubble in a viscoelastic medium. (b) Radial response for a coated bubble

in water (1 = 1 mPa s) and in a viscoelastic medium (G = 150 kPa and i = 1 mPa s). (c) Resonance curves of a coated microbubble in media with a viscosity
of 4 =1 mPa s and G ranging from O to 150 kPa. (d) Resonance curves of a coated microbubble for media with G = 0 Pa and p ranging from 1 to 8 mPa s.

G represents the shear modulus and ¢,, = —2(R® — Ry*)/37° is the
shear strain. u and &, = —2R?R/r” are the shear viscosity and
strain rates, respectively.’® Substituting 7, in eqn (1) leads to
ref. 11:

. 3. 26(R R\ Y
pm(RR+§R2) = <P0+ GI(QOO)) (70) —Py — Py

26(R) 4x,R  4uR 4G(R3—R03)
TR R R 3\Twm )

®)

Note that a linear model was used to construct a term that
appears to be nonlinear (~1/R®). This term is thus only valid if
the small deformation condition is met, in other words, this
model should only be used in the linear elastic regime of the
medium.'*>?

The specific choice of a Kelvin-Voigt model may seem
arbitrary. However, in the limit of a linearized model ie. a
first-order viscoelastic description, the contribution of the
viscoelastic medium will always add two linear damping and
elastic contributions, that are both represented in eqn (3).
Although the Kelvin-Voigt model may not be valid at all time-
scales (strain rates), it can be used to describe any arbitrary
(linear) medium in an infinitesimal frequency band. This is the

This journal is © The Royal Society of Chemistry 2026

strength of the approach, which remains valid as long the
storage and loss moduli do not significantly vary over the
bandwidth of the bubble resonance used to measure them.

The complex modulus is defined as G*(w) = G'(w) + iG"(w)
and describes the entire viscoelastic behavior of the material.
G'(w) is the storage modulus which represents the solid-like
(elastic) response of the material, G’(w) is the loss modulus
which represents liquid-like (viscous) properties of the material
and o is the angular frequency (strain rate). In the Kelvin-Voigt
model, G = G’ and G" = pw.*!

In the linear bubble oscillation regime eqn (3) can be
linearized, which leads to an expression for the eigenfrequency
of the bubble:’

0)0 1

Jo= on T 2nRy

\/ (3yP +(3y— 1)%1:0&41‘;“ +4G)
(4)

with o(R,) the surface tension of the bubble at rest and y.¢ the
effective surface elasticity of the shell.” This effective elasticity
is finite for infinitesimally small oscillations, and gradually
decreases for larger amplitudes of oscillation. For reference, the
shell elasticity has a minor impact on the resonance frequency
for amplitudes of oscillations above approximately 25% of the
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resting radius, but must still be considered to accurately extract
the viscoelastic parameters of the medium. Linearizing eqn (3)
also provides an expression for the damping, which includes
viscous dissipation at the interface and shell dissipation, which
is dominant over the other damping terms, i.e. acoustic rera-
diation and thermal damping.*>*?

As an illustration of the effect of viscoelasticity, Fig. 1b
compares the solution of eqn (3) for a coated bubble in water
to that in a hydrogel with a modulus of 150 kPa, which is the
upper range that can be expected for soft tissue, at low strain
rates.*>*® The bubble with R, = 1.7 um is driven at a frequency
of 2.2 MHz (its resonance frequency in water) with a 15-cycle,
10-kPa ultrasound pulse tapered with a 2-cycle hyperbolic
tangent (tanh) envelope. Increasing the medium’s elasticity
leads to a decrease in bubble excursion. This is due to the
increased medium stiffness, both directly by offering more
mechanical resistance to bubble expansion (a lower gain of
the system), and indirectly by shifting the bubble’s resonance
frequency as compared to that in water.'® The resonance curves
obtained by numerical integration of eqn (3) are further pre-
sented in Fig. 1c and d for a varying shear modulus and
viscosity, respectively, at an acoustic driving pressure of
100 kPa. They show the independent effect of the elastic
modulus, affecting the resonance frequency, and of the viscos-
ity, affecting the damping of the system, in the context of the
Kelvin-Voigt model.

3 Materials and methods
3.1 Experimental procedure

3.1.1 Microbubble production. = Phospholipid-coated
microbubbles were produced using a microfluidic platform
built in-house.*® The machine contains a flow-focusing chip
to generate highly reproducible mono-sized microbubbles. In
the chip, a gas inflow is focused through a narrow orifice using
two orthogonal liquid flows containing phospholipids, which
generates bubbles through hydrodynamic instability.*” The
phospholipid formulation contained a 9:1 molar ratio of DSPC
and DPPE-PEG 5000, with a concentration of 12.5 mg mL ™" in
Isoton (Beckman Coulter, ISOTON II Diluent). The bubbles
were filled with a gas mixture of 15 v% of C,F,, gas in CO, as
detailed by Segers et al.*® Bubble production rate were on the
order of one million bubbles per second. Two bubble popula-
tions were produced with mean radii of 1.7 and 2.3 um, and
with a polydispersity index on the order of 5%."

3.1.2 Viscoelastic phantom preparations. The phospholipid-
coated microbubbles were embedded in polyacrylamide (PAM)
hydrogels. These hydrogels are commonly used for their visco-
elastic properties that resemble those of soft tissues, at low strain
rates.*>*® In addition, PAM presents multiple advantages. First,
they have excellent optical transparency, which makes them
suitable for optical characterization, e.g., through ultra-high-
speed imaging. Second, their similarity to tissue extends to their
acoustic properties, which makes the acoustic excitation of
microbubbles straightforward with standard immersion

766 | Soft Matter, 2026, 22, 763-772

View Article Online

Soft Matter

Table 1 Formulation for the preparation of the polyacrylamide hydrogel

Soft hydrogel Stiff hydrogel
Materials (6.4% PAM) (16% PAM)
40% acrylamide (mL) 1.6 4
APS (mg) 14 14
TEMED (uL) 4 4
MilliQ water (mL) 8.4 6

transducers. Finally, their rheological properties can be tuned
by adjusting the acrylamide concentration which allows to vary
the stiffness of the hydrogel.

Samples are prepared using the recipe outlined in Table
When the monomer acrylamide (Acrylamide/bis 19:1, 40 w/v%,
SERVA) undergoes polymerization with APS (Ammonium Persul-
fate, ACS reagent >98.0%, Sigma-Aldrich), the polymer forms a
cross-linked network, which increases the stiffness of the hydro-
gel. Microbubbles are added to the acrylamide solution
before curing. The rise of the microbubbles to the surface due
to buoyancy is prevented by stirring the solution until solidifica-
tion begins. TEMED (N,N,N',N'-tetramethylethylenediamine,
ReagentPlus, 99%) is added as a catalyst to speed up the
reaction. Since the polymerization is exothermic, the concen-
tration of TEMED was reduced as compared to standard recipes.
In combination with a cold bath, this allows to keep the
temperature below 35 °C so as not to damage the coated
microbubbles. The native acrylamide/bis solution was diluted
with MilliQ water to create 6.4% and 16% PAM hydrogels,
referred to as the soft and stiff hydrogels, respectively.

The mechanical properties of these hydrogels at low strain
rates (<16 s~ ') were evaluated using a rotational rheometer
(MCR 502e, Anton-Paar) set-up in a parallel plate configuration.
To ensure proper contact between the hydrogel and the plat-
form, the samples were cured directly on the rheometer plat-
form. The top parallel plate was lowered to form a gap of
0.5 mm. After curing, a frequency sweep test was performed
with 5% strain to measure the storage and loss moduli.

3.1.3 Ultra-high-speed imaging experiments. The dynamics
of acoustically-driven phospholipid-coated microbubbles in soft
and stiff PAM hydrogels were captured using ultra-high-speed
imaging (Shimadzu HPV-X2) at a frame rate of 10 million frames
per second, see Fig. 2. A 12-cycle ultrasound pulse, tapered with a
2-cycle tanh envelop was transmitted from a single-element
immersion transducer (center frequency 2.25 MHz, C305 SU,
Olympus) driven by a programmable arbitrary waveform gen-
erator (8026, Tabor Electronics Ltd) connected to a high-power
RF amplifier (VBA100-200, Vectawave). Prior to recording the
bubble response, we verified that no other bubble is present in
the vicinity (several hundred microns) of the target bubble to
avoid acoustic cross talk. The transducer was calibrated using an
optical fiber hydrophone (Precision Acoustics, UK) to maintain a
constant pressure at the focus for each transmit frequency.”
Fig. 2a shows the experimental setup and Fig. 2b shows snap-
shots of a typical high-speed recording.

The radius-time curves of oscillating microbubbles in the
hydrogel were obtained by analyzing the high-speed recordings

150
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(a) Schematic of the experimental setup. (b) Snapshots of an ultra-high-speed recording of an oscillating microbubble with an initial radius of

Ro = 1.7 um in a soft hydrogel with a shear modulus of G(w — 0) &~ 70 kPa. The interframe time is 100 ns.

with a custom edge detection MATLAB script.”" The frequency
content of the microbubble oscillations was determined by
performing a fast Fourier transform (FFT) on the radius-time
curves in MATLAB. No measurable non-spherical effects or
shape modes were observed in our optical recordings. The
initial bubble radius found in each movie was determined as
the median radius over the first 5 frames prior to ultrasound
exposure, and the bubble radius that was retained is the
median of these individual radii.

3.2 Numerical methods

Fitting eqn (3) to the experimental data requires a minimum of
3 fitting parameters: G, pu, and P,.. The former two are the
sought-after quantities. The latter is a non-negligible experi-
mental uncertainty. The local driving pressure P,. is indeed not
known precisely in the hydrogel. This is due, first, to the
calibration of the needle hydrophone which are accurate within
20%, and second, due to transmission into the hydrogel (at an
incidence angle of ~45° and refraction).

The experimental data was fitted to eqn (3) using the non-
linear optimization routine Isqnonlin in Matlab in 4 steps. The
first step allows to find a coarse estimate of the global mini-
mum by smoothing the data with a shape-preserving spline (see
Fig. 3c), and fitting the linearized version of eqn (3) for small
relative oscillation amplitude x « 1:

1
_ P R0 5)
\/((002 — 02)*+(2lwwy)?

X

Pac

This journal is © The Royal Society of Chemistry 2026

with ( the total damping ratio. The ultrasound pulse, for all
fitting steps, consisted of a 15-cycle ultrasound pulse, tapered with
a 2-cycle tanh envelop, to match the experiments. The amplitude
from the radius versus time curves was extracted using the fast
Fourier transform, in an identical fashion as for the experimental
data. Fitting the data to the linearized equation eqn (5) requires
an estimate of the effective shell stiffness yeg. Since yegr mostly
depends on the amplitude of oscillation of the microbubble, it
was estimated numerically solving eqn (3) for the bubble size
measured in the experiments, and for G = 0 kPa. In the second
step, the parameters predicted in the first step were used as initial
guess to fit the unfiltered experimental resonance curve to eqn (5).
The outcome of this fit is referred to as the “linear fit”. The third
step uses the parameters predicted in step 2 as initial guess to fit
eqn (3) to the data smoothed with a shape-preserving spline. This
allows for finding the global minimum for the nonlinear equa-
tion. In step 4, the operation was repeated on the unfiltered data.
The outcome is referred to as the “nonlinear fit”.

In all cases, the residual was defined as the experimental
resonance curve, i.e., bubble oscillation amplitude versus
ultrasound transmit frequency, minus the computed reso-
nance curve. Since (i) the method is narrow-band by design
and (ii) the transducer output tends to be distorted at the edge
of its bandwidth, the residual was weighted by an envelope
that was constructed based on the frequency range used in the
measurement:

eny() = RN+ (6)

Soft Matter, 2026, 22, 763-772 | 767
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Fig. 3 (a) Bubble radius versus time curve, extracted from a high-speed recording. The bubble was driven at a frequency of 2.2 MHz and at a pressure of

100 kPa. Panel (b) shows the Fast Fourier Transform of the data presented in (a). (c) Experimental resonance curve obtained from 41 high-speed
recordings for each transmitted acoustic pressure. The pressure ranges from 70 to 120 kPa in steps of 10 kPa. The solid lines are the experimental
resonances curves smoothed using a shape-preserving spline. The blue dotted line represents the simulated resonance curve for the same bubble in

water for an acoustic pressure P,. = 100 kPa.

where Af is the frequency range (4 MHz here) and f. =
2.9 MHz is the frequency of maximum response of the bubble,
determined from the resonance curves. An example of an
experimental resonance curve, smoothed resonance curve,
linear fit, and nonlinear fit is shown in Fig. 4.

The 95% confidence intervals of the fitted parameters were
determined using the Jacobian returned by Isqnonlin, and the
function nlparci. These confidence intervals are given as error
bars in Fig. 5.

The effect of the uncertainty caused by an error in determin-
ing R, was assessed by repeating the fitting procedure with radii
lower or higher that the measured radius by £5 and +10%.

220 T
180 1
=) ]
=B
x 140 7
<
U4 == nonlinear fit \ |
100 L% - linear fit ‘\
e data
L = = smoothing spline S
*~
60 L= ‘ : . : : .
1 2 3 4

driving frequency [MHz]

Fig. 4 Example of a fitted resonance curve for P,. = 100 kPa.
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Note that the radii extracted from the optical measurements
match the size measured using the Coulter Counter and that
the size distribution has a polydispersity index (PDI) of 5%.
The other parameters needed to solve eqn (3) and (5) are:
Py =10° Pa, pp, = 10> kg m>, y = 1.07 for C,Fy and 6(R > R,) =
72 mN m ™. The shell parameters for our typical microbubbles
are kK, =6 x 10 °kgs ', y=0.5Nm " and ¢(R)) =0 mN m .

4 Results

Fig. 3a shows a typical R(¢) curve recorded for a frequency of
2.2 MHz and a pressure of 100 kPa in the soft hydrogel. The
black dots are the recorded frames and the solid blue line is a
spline interpolation for visualization. The -corresponding
frequency spectrum is shown in Fig. 3b.

The resonance curves recorded for transmitted pressures
ranging from 70 to 120 kPa in steps of 10 kPa are plotted in
Fig. 3c. Each curve is constructed from 41 individual recordings
of the very same bubble at different driving frequencies. Fig. 3¢
shows both the recorded data points, and a shape-preserving
spline smoothing for visualization, which shows clearly the
main features of the resonance curves, and the pressure
dependency. A calculated resonance curve for a 1.7 pm coated
bubble in water is also shown by the dashed blue line. As
compared to water, the presence of the hydrogel increases the
resonance frequency of the bubble by about 26% and decreases
the radial excursion amplitude by about 47%. Note that,
although an amplitude of oscillation on the order of 0.25 times
the resting radius may seem large for the regime of linear

This journal is © The Royal Society of Chemistry 2026
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elasticity, Gaudron et al.*®

mation is still valid.

The fitted values for the shear modulus G, the viscosity u
resulting from the nonlinear root mean square optimization,
and the acoustic pressure P,. for both hydrogels are plotted in
Fig. 5a-c, respectively, as a function of the driving pressure. The
error bars and shaded areas represent the 95% confidence
interval for the fitted values. Fig. 5d shows the root mean
square error of the best linear and nonlinear fits which are
11.0 £ 1.5 nm (mean and standard deviation) for the soft
hydrogel and 10.0 + 0.3 nm for the stiff hydrogel. Fig. 5a-c
show that both linear and nonlinear fits predicts a very repro-
ducible values across driving pressures. More specifically, for
the soft hydrogel the nonlinear fit predicts a storage modulus of
61.7 = 12 kPa while the linear fit predicts a storage modulus of
98.5 + 14.5 kPa. Thus, while both fits feature a low residual root
mean square error, these differences demonstrate the impor-
tance of using the full nonlinear equation for fitting the
resonance curves. The difference between both fits in terms
of viscosity is within the error margins, with ¢ =3.3 1.2 mPas
predicted by the nonlinear fit. For the stiff hydrogel, the non-
linear fit predicts G = 433 & 55 kPa, against G = 484 =+ 56 kPa for
the linear fit, and u = 15.7 & 4.3. Fig. 5c shows that the ratio of
the fitted acoustic pressure to the calibration pressure are
1.45 + 0.08 and 0.72 £ 0.02. Within the confidence intervals,
this ratio is constant across all applied pressures.

Since the resting radius of the bubble is extracted from
diffraction-limited optical measurements, an unavoidable error
in associated with its determination due to a combination of
diffraction and unknown optical transfer function of the micro-
scope objective. As we will see, this is the main confounding
factor of this measurement and therefore deserves a dedicated

have demonstrated that the approxi-

This journal is © The Royal Society of Chemistry 2026

discussion. To quantitatively evaluate the importance of R,, we
have both increased and decreased it by 5 and 10% before
repeating the fitting procedure. Fig. 6 shows the result and
displays the same quantities as Fig. 5 but this time as a
function of the initial bubble radius. The error bars represent
the standard deviation of the values across the applied acoustic
pressures. The RMS error (see Fig. 6d) shows no visible influ-
ence of the initial bubble radius, suggesting that the fits are of
equally good quality in all cases. The storage modulus G and
the viscosity ¢ depend quasi-linearly on the initial radius
chosen for the fit. For the soft hydrogel and the nonlinear fit,
G and u feature linear regression coefficients of 303 kPa um '
and 7.7 mPa s pm™ ', respectively (with adjusted coefficients of
determination R* of 0.996 and 0.999, respectively), see Fig. 6a
and b. For the stiff hydrogel, these coefficients become
787 kPa um ™" and 21.5 mPa s um ™' for G and , respectively
(with adjusted coefficients of determination R* of 0.998 and
0.998, respectively). A +5% error in the measurement of the
initial bubble radius thus represents an error, for G and u, of
£25 kPa and £0.65 mPa s in the soft gel, and of £89 kPa and
£2.4 mPa s in the stiff gel. The uncertainty in R, is thus larger
than both the confidence intervals of the fits in the soft gel, and
comparable to it in the stiff gel. The outcome of the linear fit
show similar behavior, still with a larger prediction for G.

For direct comparison, hydrogels produced with the same
protocol were also characterized at low shear rates (<16 s )
using a rotational rheometer. Fig. 7 provides the result for a 5%
strain for the soft and stiff hydrogel. The mean values of the
storage modulus are G’ = 74 kPa and 144 kPa, respectively. The
blue solid lines represent the expected G’ behavior within a
Kelvin-Voigt model. Finally, the red dashed lines represent the
expected G” for a viscosity equal to that of water which is the

Soft Matter, 2026, 22, 763-772 | 769
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minimum loss modulus that can be expected for these water-
based hydrogels.

Fig. 7 shows the values of G’ for a strain rate on the order of
10° s~ for the soft (Fig. 7a) and the stiff (Fig. 7b) hydrogels. For
these specific hydrogels, these values are comparable to those
obtained in the low-frequency range. The horizontal error bars
of optical measurements correspond to the full width half
maximum of the envelop used for the residual in the fit. The
vertical error bars are the accumulated error margins, i.e., the
sum of the standard deviation across the different transmitted
pressures, of the 95% confidence intervals, and of the uncer-
tainty caused by a £5% uncertainty in R,. Interestingly, the
relative uncertainty in the stiff gel is lower than in the soft gel:
+33% and +£43% for G’ and G”, respectively, in the stiff gel
versus +£62% and +58%, respectively, in the soft gel. While G’
shows little frequency dependency, G’ = pw is 3 orders of
magnitude larger in the MHz range than at low-strain rates.
At high frequencies, G’ exhibits a behavior similar to that of
water, but differs significantly from it at low frequencies.

5 Discussion and conclusion

It is important to note that, while soft tissues and associated
therapies are a motivation for this proof-of-concept study and
that there remains a significant gap between the simple hydro-
gels we use here, and soft tissues that present inhomogeneities
on multiple scales, ie., from smaller than the bubble size
(collagen matrix, organelles, etc.) to that larger than the bubble
scale (cells, vessels, etc.). It remains to be seen to what extent
tissue may be considered as a continuous medium, and the
quality of the information that can be extracted from such a

770 | Soft Matter, 2026, 22, 763-772

model. The complexity of tissue may ultimately require a
statistical description within a 3D model of tissue as an
inhomogeneous medium.

Underestimating R, will lead to an underestimation of G,
since eqn (4), where fo ~ VG / Ry, and to an underestimation of
u since the damping (derived from eqn (3)) has the shape
{ ~ Ks/Ro*. A similar observation can be made in Fig. 6. This
effect is stronger than the uncertainty on the driving pressure.
The initial radius R, is defined as the radius of the bubble
measured at the start of the experiments, assuming that the
system is perfectly at rest and not pre-constrained. However,
the resting radius of the bubble slightly decreases during the
measurement. There is thus a build-up of stress around the
bubble. This stress can be expressed as an additional pressure
4 _RP(t>0)—RP(t=0)
3 Ry (t > 0)
soft hydrogel measurements, the initial radius was approxi-
mately 1.69 pm in the first measurement (P, = 70 kPa), and
dropped to approximately 1.66 um in the last measurement (P,
= 120 kPa). While in principle it is easy to incorporate this
factor into the simulations, it requires accurate sizing which in
the present case was limited by the optical imaging system.>*

Each bubble is exposed to 41 ultrasound pulses for each
driving frequency, as shown in Fig. 3c. It is therefore possible
that the composition of the bubble gas core changes over time
as a result of diffusive processes, e.g., that C,F,, is partly
replaced by air, thereby changing the polytropic exponent y,
see eqn (2). A 10% decrease in y will yield a prediction error of
about 7 kPa for G, based on eqn (4), notably from the first term.
However, this potential error is less than 10%, even in the soft
hydrogel.

term Psiress = . For instance, in the

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00552c

Open Access Article. Published on 05 Januar 2026. Downloaded on 24.02.26 01:37:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

a)

102 I
S T
=1 acf ’
- 2
O 510 =
o O 4
=
= B ’
g ”g ‘V%/
g g 0 :\§'/
[ E 10 ~N o7
20 /
< @ e
3 2 &1
/
1071 r ’
4
/
10° 102 10* 106

View Article Online

frequency [Hz|

Paper
b) 10°
102 TIITTIT
E . ’
) é’ )
SISy 1 ’
S 10 ,
= 3 i
S E 2
g o N
o g 10°0 11 vu N$//
< 3R 4
175} < 4/
g = &
% I,
, [— G &-V)
1071 ¢ ;- ®-v
’ HH G’ (Optlcal
¢ 1 G” (Optical)
/ ] G’ (Rheometer)
4 ¢ G” (Rheometer)
10° 102 10 10°

frequency [Hz|

Fig. 7 A comparison between the data obtained at low strain rates (<16 s~%) using a rotational rneometer and at high strain rates (>10° s~%) using ultra-

high-speed imaging of the microbubble oscillations for (a) the “soft” hydrogel and (b) the "stiff* hydrogel. The horizontal error bars of optical
measurements correspond to the full width half maximum of the envelop used for the residual in the fit. The vertical error bars are the accumulated error
margins, i.e., the sum of the standard deviation across the different transmitted pressures, of the 95% confidence intervals, and of the uncertainty caused

by a +£5% uncertainty in Ro.

The measurement concept proposed here makes use of the
resonant response of microbubbles. The resonance is essential
to be able to accurately fit the data and extract the viscoelastic
parameters of the hydrogel. Thus, this method cannot be
applied to viscoelastic media that feature a strongly increasing
loss modulus at high strain rates, like e.g. PDMS, since this
leads to overdamped bubble dynamics.”® Likewise, it is not
a priori clear whether all tissues will allow resonant oscillations
in the MHz range.”?

The study, while relying on optical methods, also opens
possibilities to characterize opaque materials, such as soft tissues,
where the resonance curves may be obtained through acoustic
attenuation or acoustic scattering instead.'® Our approach
assumes that the viscoelastic material is homogenous on the scale
of the microbubble. The microstructure of hydrogels comprises
pores of the order of 1 nm>*® which justifies the assumption.
Furthermore, our experiments show none of the symmetry break-
ing in the bubble dynamics that would be expected from the
presence of larger pore sizes, ie. of the order of the bubble size.

Using both experimental and numerical methods, we have
successfully used monodisperse, phospholipid-coated micro-
bubbles to measure the storage and loss moduli of hydrogels at
MHz strain rates. While these results on simple hydrogels do
not translate directly to the complex nature of real tissue, we
believe these results may be relevant to the future development
of methods for quantifying tissue rheology.
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