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The rheological characterization of soft suspended bodies, such as cells, organoids, or synthetic
microstructures, is particularly challenging, even with state-of-the-art methods (e.g. atomic force
microscopy, AFM). Providing well-defined boundary conditions for modeling typically requires fixating

Received 30th August 2022, the sample on a substrate, which is a delicate and time-consuming procedure. Moreover, it needs to be

Accepted 7th November 2022 tuned for each chemistry and geometry. Here, we validate a novel technique, called hydraulic force
spectroscopy (HFS), against AFM dynamic indentation taken as the gold standard. Combining

experimental data with finite element modeling, we show that HFS gives results comparable to AFM
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1 Introduction

Micro-scale particles such as hydrogel microspheres and encap-
sulated droplets are widely used in the food industry, in
medical applications and biology. The behavior and function-
ality of these particles is critically affected by their mechanical
properties. For instance, hydrogels synthesized under different
conditions can exhibit different mechanical properties as a
consequence of structural differences.”™ On top of this, the
mechanical properties of biological structures such as cells can
be used as label-free biomarkers to differentiate their physio-
logical and pathological states.*

Modeling and predicting the dynamic behavior of soft
particles requires understanding of their rheological proper-
ties, i.e. their storage and loss moduli. This can also be used as
a relatively simple proxy to evaluate other properties of interest,
such as degradation dynamics,” fracture toughness,® and crys-
talline content.” Atomic force microscopy (AFM), via dynamic
nanoindentation, is the most common method used for prob-
ing these materials. However, characterization of spherical and
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indentation curve. Fig. 2 complex modulus vs. frequency response from AFM
dynamic nanoindentation. See DOI: https://doi.org/10.1039/d2sm01173e
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microrheology over multiple decades, while obviating any sample preparation requirements.

suspended bodies such as microbeads, oocytes, spheroids, and
organoids can be very challenging, partially due to their geometries.
Such samples need to be stabilized e.g. by partially embedding
them in a substrate, or coating the bottom of a dish with adhesives,
or micromanufacturing trapping geometries. These procedures
have to be tightly controlled so that compliance in the system
(e.g. sample rotation, uncertainties in the contact area, trapping
substrate has a stiffness comparable to that of the sample) are not
erroneously interpreted as variations in characteristics of the
sample. Owing to the chemical and physical variability of these
samples, such preparation protocols need to be tuned each time.
Additionally, in some cases the mechanical characterization may
not be an end point measurement, making this route hardly
practical. For example, in in vitro fertilization procedures, mechan-
ical markers can be used to assess the quality of oocytes.®

Although there are a few techniques that allow measuring
suspended samples (namely, micropipette aspiration (MPA),’
optical tweezers,"® and microfluidics-based approaches'"'?),
they are limited either in terms of spatial and temporal resolu-
tion, or in the range of applicable loads. Furthermore, previous
studies™®** found inconsistencies when testing the same sam-
ples via different methods, even when they could be reasonably
assumed homogeneous and isotropic at multiple scales.'® This
could be due to the shortcomings in the modeling and experi-
mental protocols employed to extract their mechanical proper-
ties. Understanding the nature of these inconsistencies is
important, especially when these methods are employed on
biological samples. Previous research showed that the measured
properties depend strongly on the scale/type of measurement.**®
Usually, this is related to the different levels of influence of the
probed constituents,>"* or to poro- and viscoelasticity effects."”
However, appropriate quantification is still required.
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Recently, we proposed a new approach to MPA that can help
shed light on the origin of some of these measurement
discrepancies.'® Specifically, previous works comparing MPA
to other testing methods limited the analysis to quasi static
properties.’*'* Thanks to the improvements in both temporal
and spatial resolution, HFS can probe material behavior non-
destructively at very low strain levels, and with enough tem-
poral resolution to accurately capture the viscoelastic
responses. Moreover, thanks to the possibility of performing
closed-loop operations, HFS can perform dynamic mechanical
analysis, which allows probing specific frequencies directly,
without the need for a priori knowledge or assumptions about
the frequency dependent material behavior.

In a traditional MPA experiment, the sample is captured at
the distal end of a tapered glass capillary, by applying a negative
pressure either through a pump or by displacing a water
reservoir connected to the capillary so that it is located below
the aspiration point. The aspirated length of the sample is
monitored under a microscope and the linear relationship
between the applied pressure and aspirated length can be used
to extrapolate the elastic properties of the sample. In the HFS
method, the mechanics of an experiment are identical to the
traditional approach, but both excitation and material response
are measured using an interferometric readout. Since the
boundary conditions are identical to those of a traditional
aspiration test, the same modeling can be used. Just like in
traditional MPA, there is no need for sample preparation.
Furthermore HFS, as it obviates the requirements for image
analysis, is insensitive to calibration and projection errors that
could occur in video tracking.

In this work, we present a refined HFS device capable of
probing the dynamic behavior of materials between 0.05 and
30 Hz. We also introduce a hydrodynamic drag correction for
HFS, to account for relatively high flow velocities that can be
reached in the system and their consequent pressure lag. We
validate HFS against dynamic nanoindentation via AFM, taken
as a gold standard, by characterizing the viscoelastic response
of calcium alginate microbeads. We then complement the
experimental results with finite element modeling (FEM), to
isolate different experimental and modeling aspects (namely,
the definition of contact conditions, and the effects of visco-
elasticity and poroelasticity) to gain a better understanding of
when and how these two methods can be compared.

2 Materials and methods
2.1 Sample preparation

We prepared ~300 um 0.5% w/v ionically crosslinked alginate
microbeads via in-air microfluidics by adapting the procedure
outlined in a previous work.'® We used a 4.5 ml min~* flow rate
to jet 0.5% w/v alginate solution with a cone-shaped metal
nozzle of 250 &+ 20 um ID, and a 1.213 kHz excitation frequency
applied by an audio speaker (FRS 5 XWP) attached to the
nozzle. The speaker was connected with an audio amplifier
and a signal generator. The alginate solution started ejecting

616 | Soft Matter, 2023, 19, 615-624

View Article Online

Soft Matter

out of the nozzle and then broke into a train of monodisperse
droplets, following the activation of the syringe pump and the
speaker. It typically requires a few minutes until the system
becomes stabilized. We continuously polymerized the jetted
droplets of alginate solution by shooting a second liquid jet
onto these droplets. The second liquid jet was formed by jetting
a 200 mM aqueous solution of CaCl2 containing 10% v/v
ethanol, with a flow rate of 4.5 ml min~*. The nozzle to form
the second jet was the same as the first jet. We collected the in-
air cross-linked alginate hydrogel particles at 20 cm distance
from the nozzle, in a beaker containing around a 200 ml
solution with the same composition as the second jet to further
solidify the particles. After continuously collecting the particles
for 5-8 minutes, the sample was directly stored after produc-
tion. We stored the sample in a refrigerator to avoid bacterial
growth.

2.2 Hydraulic force spectroscopy

A schematic representation of the system is shown in Fig. 1.
Briefly, the system is composed of an optical interrogator, a
hydraulic part, and a probe that combines the two.

The optical interrogator including a polychromatic source
(1550 nm of center wavelength and 50 nm of FWHM) is
connected to a depolarizer and a circulator. From the circula-
tor, light travels through a 2 x 1 90:10 wideband splitter that
delivers the light to the displacement and the pressure sensors,
respectively. The light is then collected and measured by a
spectrometer connected to the circulator output. The two
sensors are both fiber-based, with the displacement sensor
being a microlensed fiber, and the pressure sensor a cleaved
single mode fiber with a flexible MEMS membrane glued on
top. A more detailed breakdown of the components is available
in our previous work."®

The hydraulic part has a water reservoir, connected to a
piezoacoustic pump (TTP Ventus). This consists of a piezo-
electic membrane that oscillates in a chamber, generating
nodes and antinodes in correspondence with flapping valves,
which allow us to depressurize the water reservoir following
arbitrary profiles in time. Because of the rapid response time of
the membrane, we were able to achieve a closed loop operation
in pressure control with a frequency range of 0.01-30 Hz.

The probe has a 3D printed housing that contains the
sensors and a zirconia sleeve that ensures alignment between
a capillary and the displacement detection fiber. At the back, it
has barbed connectors to deliver fluid to the capillary tip. The
housing is composed of three parts; a main body, where the
capillary and the sensors are inserted, a screw cap with an
o-ring that is used to fix the capillary in place and allows for
rapid substitution, and a second screw insert where the dis-
placement sensor is glued. This is used to adjust the fiber to
the sample distance. The 3D printed components were manu-
factured via stereolitography (Form 2, Formlabs), using clear
resin (v4, Formlabs). Contrary to the standard procedure in
micropipette aspiration, the aspiration nozzle was manufac-
tured via 2 photon polymerization (2PP) 3D printing. This
process allowed printing a monolithic structure that features

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Hydraulic force spectroscopy (HFS) system. (a) Schematic depiction of the components. A piezoelectric micropump is connected to the water
reservoir (green line), and applies a partial vacuum inside it. A second tube (blue line) connects the bottom of the reservoir with the probe. Alongside it, a
T-shaped junction houses the optical pressure sensor. Both the probe and pressure sensor are connected to the fiber optic interrogator via an
asymmetric splitter (red lines). (b) Schematic cross-section of the 2PP tip, highlighting the suspended internal ferrule for guiding the microlensed fiber.
D is the fiber to sample distance, whose phase is monitored to extract the aspirated length of the sample within the pipette. (c) Scanning electron
microscopy pictures of the 2PP tip (courtesy of UpNano). (d) Brightfied image of an HFS experiment, showing the probe capturing a microbead. On the
right side, within the tip, it is possible to see the end facet of the optical fiber. Scale bar: 100 um. (e) Schematic depiction of the working principle of an
HFS experiment. As the suction pressure (denoted by the blue arrows) is increased, a sample is drawn to the pipette tip. As it makes contact with the

pipette wall, it starts creeping in.

both the aspiration aperture (50 pm diameter) and the sus-
pended fiber guide, which optimized the fiber/nozzle align-
ment and thereby maximized the light collection from the
sample. The nozzles were printed by UpNano GmbH, using
UpPhoto material and a 10x objective. The nozzle was glued to
a glass capillary using UV-curing adhesive (NOA61, Thorlabs).

HFS works by measuring the phase variation between the
light reflecting off the fiber end facets and the light that reflects
either off the sample or the MEMS membrane, detected by
sensor optical cavities. By using a polychromatic source and
controlling the fiber to reflector distance, it is possible to
multiplex sensors and analyze their behavior in time indepen-
dently. This is done by taking the Fourier transform of the
measured signal and extracting the phase of its local maxima.
The displacement is retrieved using:

1)

where ¢(t) is the unwrapped phase of a cavity, 1 is the mean
wavelength of the source, and n is the refractive index of the

This journal is © The Royal Society of Chemistry 2023

medium between the fiber and the reflective surface (n = 1 for
the cavity associated with the pressure sensor, n = 1.33 for the
one associated with the displacement sensor). The pressure
sensor is calibrated by measuring the phase variation equiva-
lent to a known vertical displacement of the water reservoir
(kp = 76.59 Pa nm™").

2.3 Mechanical testing protocol

To characterize the hydrogels with the HFS system, we mounted
50 um diameter nozzles on the probe. After capturing a bead by
applying a faint pressure of 20 Pa, we applied a linear ramp on
the aspiration pressure, reaching =500 Pa after 5 seconds,
followed by a holding period of 30-40 seconds. After that, we
performed a sequence of 2-20, ~50 Pa oscillations between
0.05 Hz and 20 Hz, separated by 2 seconds each. After that, we
released the sample and repeated the same procedure on
different microbeads.

We performed the nanoindentation experiments with an
AFM Nanowizard IV (JPK Instruments - Bruker) using spherical
tip cantilevers (CP-PNPS-BSG-C, and CP-PNPL-SiO-B,

Soft Matter, 2023,19, 615-624 | 617
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NanoAndMore) with a 0.32 N m ™" spring constant. The spherical
probes had a 3.5 or 20 um diameter. We coated Petri dishes with
poly-t-lysine (0.01% for 30 minutes) before placing the microbe-
ads to avoid movement during indentation. An indentation
ramp up to 300-600 nm was applied depending on the cantilever
and followed by a 30 s holding phase at the same depth, during
which stress relaxation occurred. After that, we performed the
dynamic characterization at 9 logarithmically spaced frequencies
between 0.25 and 150 Hz, oscillating with an amplitude of 60 nm
for a minimum of 5 periods per frequency and with 2 seconds of
rest in between frequencies. Lastly, we retracted the cantilever
with symmetric unloading. We measured only the central por-
tion of each trapped hydrogel to minimize variability that would
arise from non-Hertzian contact or uncontrolled rotations of the
sample.

We performed both experiments in deionized water, collecting
data from 30 different microbeads for both AFM and HFS. In the
case of AFM, we collected 2 x 2 force maps on each microbead
and averaged the resulting values.

3 Modeling

3.1 Hydrodynamic drag correction for HFS

When dealing with a fluid in motion, it is important to verify
the role of inertial and viscous forces to avoid erroneous
estimation of the applied pressure and loss factor.”® To this
end, the Womersley number can be used to gauge the extent to
which the inertial forces are relevant with respect to the viscous

forces.?! 1t is defined as:
o= L\/% @)

where L is the experimental length scale (the tube inner diameter,
in this case), w is the test frequency, and v is the kinematic
viscosity of water. When @ =~ 20 Hz, o > 1, meaning the flow lags
the pressure by a non-negligible amount. Previous works®>** on
oscillating viscous flow in cylindrical pipes showed that the phase
lag increases monotonically with the pulsation frequency. Finding
an analytical solution for the experimental geometry is extremely
complicated, as the pipe changes in diameter (see Fig. 2(a)) and
the flow near the nozzle switches from cylindrical to annular.
Because of these reasons, we quantified the phase lag between the
pressure at the measurement point and at the pipette tip experi-
mentally. We connected a second MEMS-based pressure sensor to
the optical interrogator and placed it against the pipette nozzle. As
these sensors feature two distinct optical cavities, we could track
their phase simultaneously whilst applying a pressure profile
analogous to the one used in the mechanical characterization.
We calculated the complex pressure response of the system as:

P = Ppost((l)) . ei(ép.pos‘(w)—ép‘pre(w)) (3)
Ppre ()
where P is the pressure amplitude, ¢ is the measured phase of the
signal, and pre and post refer to the position of the sensor, before
and after the nozzle respectively. We then calculated the phase
lag as:
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Fig. 2 Experimental measurement of the hydrodynamic drag effect.
(a) Schematic representation of the experimental setup, highlighting the
pipes’ dimensions and the distance between the sensors. (b) Unfiltered,
unwrapped phase from the pressure sensors. Increasing flow velocity has a
negligible impact on the amplitude of the pressure oscillation at the tip.
(c) Frequency dependent response of the system. On the left axis is the
complex pressure response as a function of the actuation frequency. The
two black lines represent the in (o) and out (*) of phase terms. At low
frequencies, the pressure at the tip lags the measurement done in the tube
by a few ps. As the actuation frequency increases, the lag increases to a
few ms at 25 Hz, corresponding to a phase lag of approximately
10 degrees. The right axis shows the phase lag, calculated using eqgn (4).

dup(w) = arctan(J(P*)/R(P*)) (@

where R(P*) and J(P*) are the in and out of phase parts of the
response, respectively.

The best fit for the phase lag is shown in Fig. 2(c), on the
right y-axis. The fitting equation is:

Sup(w) = arctan(4-0®) (5)
with A = 0.010 + 0.001 and B = 0.87 £ 0.04 (95% confidence
bands).

3.2 HFS modeling

We modeled the HFS data using the approach we proposed in
our previous work."® Starting from the constitutive equation
derived by Zhou et al.,* we neglect the shape correction terms

This journal is © The Royal Society of Chemistry 2023
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of order 2 and higher, as the imposed deformation is very small
compared to the size of the sample. This results in a linearized
form:®

AP B [1—(Ry/R)P] L,
T 3 ‘R, ©)

where AP is the pressure differential, f; and f; are model
constants set to 2.0142 and 2.1187 respectively, R, is the pipette
radius, R, is the sample radius, and L, is the aspirated length of
the sample in the capillary. A frequency domain microrheology
experiment can be modeled starting from eqn (6), by allowing
pressure and aspirated length to vary in time as two sinusoidal
functions with arbitrary amplitudes P, and L,, and relative
phase differences 6. The complex modulus E* = E' + iE’,
composed of elastic (E, or storage modulus) and viscous
components (E”, or loss modulus) can then be calculated as
follows:

() = 3R, .P()((,t)) . ol .
o Bi[1 = (Ro/R)"] (@) cos(6(e) — oup (©))
E'(w) = 3R, Po(w).sin(é(w)f(SHD(w)) )

B[l = (Ry/Re)Ps] Lo(w)
where dyp is obtained from eqn (4).

3.3 AFM modeling

The AFM data was modeled using Hertzian contact theory,
calculating E’ and E” as:*®

— 2
80 52 et
[(6)] v — 1/2
E'() = §°§w)) L o) @

where F, and £, are the load and indentation amplitudes of the
oscillation respectively, v is the Poisson ratio (assumed to be
0.5), R; is the probe radius, and ¢ is the phase lag between load
and indentation, and A is the contact area.

Since the nanoindentation modeling relies on the Hertzian
theory, the reliability of the extracted mechanical properties
depends on how well the experimental setup complies with the
theoretical assumptions. The previous work of Glaubitz et al.?®
showed that the modeling spherical particles indented by
spherical probes requires a corrected version of the Hertz’s
model, since this would predict larger contact areas and
neglects the sphere/substrate small area of contact and asso-
ciated deformation. In this case, the mass density of the
microbead is barely above that of its surroundings and its
elastic modulus is relatively high. This implies that the sample
to substrate contact is small, comparable to that of the sample
to probe, and therefore the microbead does not collapse under
its own weight. Given a spherical probe, a spherical sample,

This journal is © The Royal Society of Chemistry 2023
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and a flat substrate, the correction factor for the indentation is:
. h Ri/R) +1]'?
B [(Ri/Re) + 11" +(Ri/ Re)

were R; is the indenter radius, and # is the apparent indentation
measured by the instrument. This correction applies not only to
the oscillation amplitude, but also to the area estimation, as it
is defined as A = nAR,.

Note that we did not apply hydrodynamic drag correction to
these curves, as the effect is minimal for the given frequency
range under study and the cantilever-substrate distance.”®
Similarly, we neglected the effects of probe-sample adhesive
contact that are considered in alternative nanoindentation
modeling approaches, such as JKR.>” Observing the experi-
mental AFM curves (see the ESI,T Fig. S1), it appears clear that
adhesive effects play a very small role. Typically, the adhesion
force measured around 3% of the maximum applied load.

3.4 Finite elements analysis

We simulated both aspiration and indentation of hydrogel
microspheres using ANSYS Mechanical APDL 2021-R2 (ANSYS
Inc.). We modeled both conditions as 2D axisymmetric contact
problems, where the contact surfaces (pipette walls, indenter,
and substrate) are rigid and approximately frictionless.

We assumed that the hydrogel material to be isotropic and
homogeneous, and performed simulations for both linear
viscoelastic and poroelastic constitutive behaviors. In the case
of indentation, we simulated both the condition of a sphere on
a substrate being indented and a half sphere rigidly connected
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Fig. 3 FE mesh for HFS (left) and AFM (right) simulations, with a highlight
on the contact surfaces, i.e. the pipette wall on the left, and the indenting
sphere and substrate on the right. The arrows represent the loading
applied on the sample: distributed line pressure for HFS, force on the
indenter for AFM.
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to a substrate. The second condition was obtained starting
from the first simulation, imposing a zero displacement bound-
ary condition on all the nodes below the circumference.

We defined mapped meshes with densification in corre-
spondence of the contact regions (see Fig. 3), and ran a mesh
sensitivity analysis to optimize the number of elements and
computation time. Each model consisted of ~5000 eight node
elements with a mixed u-P formulation.

4 Results and discussion

As shown in Fig. 2, the hydrodynamic drag correction is
fundamental for estimating the correct phase lag between
pressure and displacement of the sample, at least for the
frequencies above 1 Hz. The dependency of the lag on the
frequency appears more severe than what the Womersley
number would estimate (0®° vs. ©%°), which may be related
to the changes in channel shape and flow characteristics. In the
nozzle, the channel is initially ring shaped (because of the
presence of the sensing fiber), before switching to a tapered
cylinder until the orifice, which is a short straight cylinder. On
the other hand, the amplitude of the signal seems unaffected.

Fig. 4 shows a typical measurement obtained using the HFS
method and Fig. 5(a) shows the complex modulus measured
with both the AFM and HFS systems, as mean =+ SD. Since the
nanoindentation results are notoriously affected by the contact
size,?* 3% we first compared the HFS microrheology with the
AFM results obtained with the 20 um bead. This is because the
latter set of experiments has a characteristic experimental
length (i.e. the contact radius) that is as close as we could get
to that of HFS. We chose the test parameter such that both
experiments would lead to a deformation of ~5%, in order to

-0.4
Bl g
= R
= =
508 o
< B

'
=
N

0 40 80 120 160
time [s]

Fig. 4 Example of unwrapped phase data obtained from an aspiration
experiment. Pressure variation (red) and aspirated length (black) are in
opposition as they share the same frame of reference, that considers
positive variations as the fiber to the reflection cavity increases. The
pressure sensor shows a linear ramp that stops at 7 nm of displacement,
corresponding to ~500 Pa. Note that the optical path length variation
(6OPL) of the aspirated length needs to be divided by 1.33 (i.e. the refractive
index of water) to obtain the actual geometrical value d.
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be comparable with one another and fulfill the small strain
approximation.

Both methods appear to capture the same trends in storage
and loss moduli, which monotonically increase between 0.01
and 20 Hz. Over the 3 partly overlapping decades, the storage
modulus obtained with the HFS and AFM systems almost
doubles and the loss modulus increases approximately 3.5 fold.
Although the storage modulus estimation seems to be the
same, there is a clear gap between the loss moduli at all
overlapping frequencies. Plotting the loss factor (defined as
tano = E"/E') vs. the measurement frequency reveals a ~0.15
gap between the measured means. This discrepancy appears to
be approximately independent of the frequency, hinting at a
systematic measurement bias.

Considering that the pre-stress leads to similar strain values
for both techniques and the oscillation amplitude was less than
100 nm in both cases, we concluded that it is unlikely to link
such differences to material nonlinearity.

HFS consistently estimates lower viscous losses. This
method encodes both the pressure and displacement informa-
tion in the same interferometric signal making them naturally
synchronized, so we can exclude that the discrepancy is asso-
ciated to timing/data acquisition issues. We first hypothesized
that the AFM method may suffer from limitations in the
measurement protocol: practically, it is difficult to position
the probe exactly above the sample-to-substrate contact point,
especially if the microsphere is not perfectly spherical.
This would result in measurements where the sample is also
moving, and this additional compliance is not accounted for by
the model. As the force maps were collected at the apex of the
microspheres, assuming that off-center measurements would
suffer from additional purely dissipative effects, we hypothe-
sized that the AFM tan ¢ distribution would feature one “true”
peak related to the material behavior and a second peak
resulting from the ill-conditioned measurements. However,
the tan ¢ distributions obtained with the AFM and HFS systems
at six common frequencies (Fig. 6) do not support this hypoth-
esis because the AFM results (here referring to single, non-
pooled indentation curves) do not feature modes that are
overlapping with the HFS results.

We then moved to FEM to assess the influence of boundary
conditions and the validity of the models we chose to obtain E*.
First, we analyzed whether the modeling choices we made for
AFM were appropriate for this experimental configuration. In
particular, we verified the validity of the Glaubitz model for
dynamic indentation. Whilst this correction (eqn (9)) was
obtained for linear elastic bodies, the simulation results con-
firmed that it still holds up in the viscoelastic case (see Fig. 7).
Since the force and pressure oscillations cause tens of nan-
ometers of displacement and the contact conditions do not
change meaningfully during the dynamic analysis, we can
assume that the complex modulus estimation is accurate. The
simulation results confirmed this hypothesis since we were
able to extract the same material parameters from the force/
displacements curves of both the HFS and AFM simulations
using eqn (6) and (7).

This journal is © The Royal Society of Chemistry 2023
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measurement frequency to improve clarity and avoid overlapping error bars. Solid and dashed lines are linear interpolations between data points.
(a) Frequency dependent response as measured by the HFS (blue) and AFM (gold) systems, displayed as mean + SD (N = 30). The two methods capture
very similar behaviors, with comparable E* magnitude. Both storage and loss moduli monotonically increase between 0.25 and 20 Hz, with comparable
trends between AFM and HFS. (b) The tan d estimated at the 6 common frequencies, displayed as mean + SD (N = 30). HFS systematically estimates lower

viscous losses, with a phase lag difference of ~8 degrees with respect to AFM.
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Fig. 6 Comparison of the kernel density estimated in the HFS (N = 30) and AFM (N = 120) systems at all overlapping frequencies. Both methods seem to
have only one dominant mode, with a relatively constant distance between them (approximately 0.15). It is worth noting that AFM results yield, in a few
cases, very high tan d values, up to ~1.5. Looking at the associated force-distance curves, it appears that gliding or detachment occurred in such cases.

However, the rarity of such events make it unlikely that the discrepancy between the two loss factors is associated with such phenomena.

Assuming the boundary conditions are reasonably captured
by our model, we investigated scale-dependent material beha-
vior as a possible source of discrepancy. In particular, we
hypothesized our sample would feature both viscoelastic and
poroelastic relaxation. Therefore, we investigated poroelastic
effects as a possible source of discrepancy via FEM.
Poroelasticity®' is a scale dependent property, whose character-
istic relaxation time, 7, scales with the square of the character-
istic length of the experiment a:

©=a’/D (10)

where D is the sample diffusivity. The characteristic length is easy
to compute in both cases, as aapm = VAR, ie. the indentation

contact radius from the indentation depth, and as aups = Ry,

This journal is © The Royal Society of Chemistry 2023

ie. the pipette radius.*™*> The diffusivity of ionically cross-

linked alginate hydrogels has been reported to be between 10~°
to 10" [m* s '],** depending on the synthesis procedure. For
the AFM measurements, this would translate to a relaxation
frequency that peaks between &~ 2 and 200 Hz, which falls in the
experimental range under investigation. For the HFS measure-
ments, owing to the significantly larger a, 1/t would lie between
~0.02 and 2 Hz. That being said, this estimate is not necessa-
rily reliable, as the two conditions are quite different. In the
nanoindentation measurements, the structure is drained as the
porosity collapses and the probe is impermeable, whereas in
the HFS measurements the strain has mostly a positive sign
and water is free to flow at the sample interface. There is some
evidence in the literature hinting at an asymmetric behavior

Soft Matter, 2023,19, 615-624 | 621
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between tension and compression: previous studies found that
the relaxation times of fibrous samples under tension were
notably shorter than those under compression.>***> However,
to the best of our knowledge, there are no studies that analyze
the poroelastic effects under aspiration.

To clarify the possible differences between the two loading
modes, we simulated a number of creep experiments (see the

1.0r
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0.6} :
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Fig. 8 Results of poroelastic creep FE models for the HFS and AFM
measurements. The plot shows the normalized force vs. time, normalized
to the characteristic poroelastic time 7. The inset shows the normalized
creep versus time for the studied conditions. We varied the pipette radius
between 10 and 50 um, and the AFM contact radius between 1 and 5 pm.
The arrow in the inset indicates increasing radii, for both AFM and HFS. As
the contact area increases, the time required to reach equilibrium also
increases. Although HFS has a significantly larger characteristic area than
AFM in all of the simulations, it always reaches equilibrium faster.
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inset, Fig. 8), with varying pipette and indenter radii. In all
cases, we kept the same sample material properties. The results
are shown in Fig. 8. As expected, when plotting the normalized
load versus time, every simulation follows a different path.
However, when we normalize the time to that of poroelastic
relaxation, the simulations do not overlap, but instead collapse
on two distinct curves, which represent the two different
experiments.

The indentation curve qualitatively follows the same beha-
vior that was demonstrated in a previous work on the poro-
elasticity of microbeads.” On the other hand, the aspiration
simulations, while all overlapping when normalized to t/z,
appear to reach equilibrium much faster than expected, despite
the much larger deformed surface of the HFS experiment. Since
the value of tanJ measured with the HFS system is system-
atically lower than the one obtained with the AFM system, it is
possible that the discrepancy comes from a combined visco-
elastic behavior plus an incomplete poroelastic relaxation in
the AFM results.”

Unfortunately, as the characteristic length of HFS is the
pipette radius, the finite size of the microbead does not allow
increasing the contact surface sufficiently to bring the poro-
elastic effect in the probed range. On the other hand, by
reducing the contact radius in AFM, we can push the poroelas-
tic effects toward higher frequencies.*'

On the basis of the FE findings, we repeated the indentation
experiments using smaller contact surfaces, as the smaller the
characteristic length, the higher the characteristic poroelastic
frequency. Using a spherical probe with 3.5 pm diameter, we
obtained sub-um contact radii, which shift the possible poro-
elastic peak between 80 and 8000 Hz. E* calculations yield
similar curves (see the ESLt Fig. S2), but translated toward
higher values (approximately 3x for the storage modulus and
2x for the loss modulus). In this second set of indentation
experiments, the imposed deformation was still compatible
with the small strain approximation, making it unlikely that
the difference was tied to a material nonlinearity.>® This scale
stiffening effect is well documented in the literature, albeit not
fully explained.*®**° Previous studies on hydrogels observed an
increase in the estimated stiffness with decreasing contact
areas.’’° Micropipette aspiration, and by extension HFS, are
approximately indifferent to the sample/pipette contact condi-
tions, as the area subject to pressure is constant. By contrast,
AFM is very sensitive to the definition of the contact point, as
the contact area is tied to the indentation.”® Erroneous esti-
mates could lead to up to 10-fold variation in the estimation of
the elastic modulus.*! This being said, in our experiments the
signal to noise ratio is very good (see the ESI,T Fig. S1), so we
assumed such errors to be limited. We hypothesized that in this
case, the discrepancy could be related to the porous nature of
the sample: whilst the material is essentially a trabecular
structure filled with water, the mechanical model we employed
for its characterization is assumed to be continuous. This
means that as the volume that is averaged in each measure-
ment approaches the scale of the porosity, the contribution of
the load bearing portion (i.e. the polymer fraction) changes.

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Comparison of the tan ¢ values obtained with the HFS and the AFM
(using a 3.5 um diameter tip) systems. By reducing the contact area, the
characteristic poroelastic relaxation time is pushed toward higher fre-
quencies, outside of the overlapping testing window. With only the
viscoelastic response contributing to the viscous losses, AFM and HFS
estimate the same tan o. Note that the HFS data points have been shifted
(~10% downward) with respect to the actual measurement frequency to
improve clarity and avoid overlapping error bars. The results are displayed
as mean + SD. The dashed grey data are the tan ¢ values obtained with the
larger 20 pm diameter tip, for which poroelastic effects are present and
compound with the viscous losses.

Previous works linked the scale of investigation to different
constituents of hydrogels, noting how reducing the scale of
investigation leads to a shift towards= the characterization of
the fibrous network of the gel®® instead of its bulk response.

We assumed that, even if at the sub-um scale the nominal
contact area is not actually a scaled version of what we observe
with HFS or larger AFM probes, and we can still make use of
tan ¢ to compare measurements. This is because the loss factor
simply quantifies how much energy per cycle is lost in the
material due to dissipative phenomena, and its definition does
not depend on the quantification of a contact area.

As shown in Fig. 9, a smaller contact area does indeed lead
to lower tan 6 values. More importantly, the low frequency tan ¢
plateau matches well with the results obtained with the HFS
system. Since the poroelastic effect has a characteristic fre-
quency at which energy dissipation is maximized,*' and this
frequency is an extrinsic property, the contact area reduction
“moves” the poroelasticity effect toward higher frequencies,
outside our probed range. This allows us to measure the
intrinsic viscoelastic properties. The agreement we found sup-
ports the hypothesis that the first set of AFM results appear
different because of the superposition of different dissipative
phenomena.

5 Conclusions

We have shown how hydraulic force spectroscopy can be
applied to study the rheological properties of soft, suspended
bodies over several decades. Experimental results, paired
with FE simulations, showed that (1) acknowledging and

This journal is © The Royal Society of Chemistry 2023
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quantifying the sample to substrate contact is crucial to obtain
accurate viscoelasticity values via nanoindentation, (2) the
contact correction previously reported for elastic problems also
applies to the viscoelastic case and (3) the poroelastic effects are
asymmetric in indentation and aspiration. In this case, the
material showed a predominantly viscoelastic behavior, com-
patible with previous literature reports."”” Our experimental
results showed that both methods provide a viable solution for
characterization of soft suspended bodies, with a level of agree-
ment that is qualitatively similar to other studies that compared
commercial devices for dynamic mechanical analysis.*>** Our
results, whilst not obtained on biological samples, have inter-
esting implications for studies on cell mechanics. The diffusivity
of cells and their constituents has been reported**** to be in the
order of 107 '*-10 " [m* s™']. It is reasonable to assume that in
the testing range of 0.01-100 [Hz] the poroelastic effects can be
neglected at the common scales of investigation probed with
instruments such as AFM, MPA, and micro-tweezers. This
implies that discrepancies in the estimation of mechanical
properties are not necessarily a problem of calibration and ill-
conditioned models, but could arise from how the material is
structured and its non-affine deformations.

Thanks to the simplified modeling and workflow, the HFS
system is a valuable addition to the toolkit of materials scientists.
Considering the previously reported discrepancies between AFM
and MPA, we demonstrated a reliable, repeatable and highly
sensitive system that can uncover exciting applications in the
fields of materials science and soft matter mechanics.
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