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A Love-wave based biosensor is introduced for analyzing a standardized wound healing assay by observing cell
growth and quantifying cell detachment processes. Utilizing the piezoelectric material LiTaO3 36° XY-cut with a
thin SiO,-cover layer, shear horizontal surface acoustic waves (SAW) are excited and detected by a set of
Interdigital Transducers. Epithelial cells, being cultivated on the substrate and invading the sensors delay line
are causing a phase shift in the transmitted SAW signal. This phase shift correlates exactly with the surface
coverage of the invading cells. After wound healing, emerging fluctuations in the phase shift signal provide
information about the cell growth in a confluent cell layer. Additionally, the signal slope allows to quantify the
cell detachment process induced by apoptosis, necrosis or cell lysis substances, respectively. Furthermore,
culture conditions like temperature or osmolality can be simultaneously monitored by SAW. Based on a
theoretical approach and using FEM simulations, we identified the acoustoelectric interaction as the main
reason for the phase shift in various frequency- and time dependent studies. Our model is validated by
experimental data and allows predicting the phase change caused by variations in the cell-substrate distance or
the volume ratio of the nucleus to the complete cell.
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Cell adhesion and migration play a crucial role in
multicellular organisms. Cells are in contact with each
other and with an extracellular matrix (ECM). Studying
cell adhesion and cell substrate interaction is therefore
fundamental for biotechnologies like cell culture, tissue
engineering, drug discovery and biomaterials. Especially
for implant research, the biocompatibility and cell
adhesion strength is of highest interest’2.

Monitoring the cell activity by, e.g., reporter gene
expression, fluorescent target translocation or second
messenger generation require methods that often are
prone to compromising the cell physiology®. Therefore,
label-free, non-invasive sensing methods offer an
advantageous approach allowing for a real-time
monitoring of cellular processes without interference.
Among these, one can distinguish the following types:
electric, optical and acoustic sensors>~”. Particularly
piezoelectric techniques employing acoustic sensors fulfil
the demands and offer a unique possibility to study
cellular mechanisms without interference as they are
inter alia sensitive to mass coupling, viscoelastic or
electric properties changes close to the sensor surface®’.
So far, the underlying principles of acoustic sensors can
be categorized into two groups: Those using bulk acoustic
waves (e.g. quartz crystal microbalance (QCM)
resonators) and those using surface acoustic waves
(SAW) The important parameter is the working frequency
and the possibility of spatial resolution. The higher the
frequency, the better the sensors sensitivity®. QCM for
instance, can detect mass deposition and viscoelastic
changes in the adjacent medium through changes in the
resonance frequency and a certain insertion loss. Due to
this effect, studies for cell attachment and spreading
mechanisms are implemented which demonstrate a
linear relationship between surface cell coverage and
changes in resonance frequency of the quartz crystal®™4.
As the working frequency is dependent on the membrane
thickness, the typical frequency range of QCM-sensors is
10-50 MHz. At higher frequencies, the membrane
thickness would become too fragile for a practical use. In
contrast, SAW devices are not bound by these
restrictions. First reported in the 1990s!>!¢, these SAW
sensors are especially sensitive to property changes on
the surface due to the high resonance frequency in the
MHz-GHz range. They have become increasingly used for
in situ probing of mass loading and evaluation of material
properties of biological layers. For biological sensing
applications, which typically are done in a liquid
environment, SAW sensors usually use pseudo shear-
horizontal surface acoustic waves (SH-SAW) with no

vertical deflection of the surface. In contrast, Rayleigh
Waves have successfully been shown to positively
interact with cells to stimulate migration'”,
proliferation’ and at much higher amplitudes also
uptake?®?l, These surface confined acoustic, mechanical
waves are coupling to any medium being in contact with
the surface. The SAW phase velocity and amplitude is
hereby strongly affected by the presence of layers being
deposited on the sensing surface. The measured
amplitude and phase information of a transmission
signal, denoted as S;1, can then be used to investigate the
properties of the material on the surface®. Employing this
technology, different studies have been performed:
protein adsorption and interaction, lipid research or
polymer analysis??2. SH-sensors have been successfully
employed in the last ten years especially in the field of
cell sedimentation, adhesion and spreading %24, cell-
substrate interaction® or as a cell-based biosensor for
toxin detection®®. Furthermore, first investigations were
performed detecting the cellular damage due to
hydrogen peroxide treatment?’.

However, none of the studies mentioned have so far
investigated the dynamic process of already adhered cells
moving on a free surface and healing an artificial wound.
A related approach to measure wound healing employs
electrochemical impedance spectroscopy [5]. However,
this approach comes along with invasive wound creation
and limitations regarding spatial resolution.

Here, we present and characterize a method to monitor
the healing of an artificial wound by employing a SH-SAW
device in a simple delay-line geometry in order to access
the migration rate of cells. Additionally, changes in a
confluent cell layer and cell detachment processes were
measured and quantified. Additional finite elements
simulations support the experimental findings.

SAW-chip

SAW are generated on a small piezoelectric chip where
micron sized metal electrodes, so-called Interdigital
Transducers (IDT) are supplied with an rf signal. This rf
signal is then effectively converted into a well-defined,
piezoacoustic surface wave. The SAW exited on the
chosen material lithium tantalate in 36°rot YX-
cut (LiTaOs) has a negligible component normal to the
surface and therefore is operated in a quasi-shear-
horizontal mode?® . This shear wave excites no energy
dissipating compression waves in liquid environments
and has therefore been wused in various sensing
applications e.g. for biosensors?°.

IDTs are deposited on top of the substrate by using
standard lithography techniques. They consist of two



multi-finger interdigitated electrodes (Ti-Au-Ti,
dr; = 5nm, dg, =50nm) and are adjusted to the radio
frequency (rf)-systems impedance of £ = 50 Ohm, as first
described by White and Voltmer®. The comb-like
structures used in our experiments have 33 finger pairs
with a length of 500 um (aperture). The width between
two fingers of the same polarity was chosen to be d = 20
pum and defines the wavelength A = d of the generated
SAW. Due to the propagation velocity of the chosen
lithium tantalate cut 1734 por —vi—lithiumtantalate = 4150
m/s, the theoretical resonance frequency f;4; of the IDTs
is free =207 MHz for a free surface. The distance
between the emitting IDT-1 and the receiving IDT-2 is
[ =500 um (delay-line). The total sensitive area (IDT-1,
IDT-2 and delay-line) covers a chip area of 0,91 mm? of
which 0,25 mm? belong to the delay-line (Fig. 1 A-2)).

In order to avoid corrosion of the metallic structures, to
ensure biocompatibility and to obtain a high sensitivity to
surface effects, at = 130mnm thick SiO, layer was
deposited by thermal evaporation on the whole SAW-
chip except for the contact pads. The SiO, layer
additionally serves as an acoustic waveguide layer by
confining the SAW on the surface resulting in a Love-
wave3L, For simplification, the wave is called ‘SAW’ in the
following. The surface acoustic wave sensors parameters
are the amplitude and the phase of the wave, which are
related to acoustic velocity and intensity, respectively,
and are being measured as a function of time.

The SAW — measurand interaction is only sensitive within
a certain distance to the surface, as the displacement of
the liquid induced by coupling to the SAW is confined to
this layer. The thickness of this layer is called penetration
depth & and can be calculated by & = /25 fwpy 7 for

viscous fluids.

For our parameters and pure water on the surface we
obtain & = 40 nm, but according to Saitakis et al.>? a
higher penetration depth of around & = 100 nm can be
safely assumed since the presence of cells leads to a
higher viscosity close to the surface.

Cells and culturing

In this study, we use the epithelial cell line ‘Madine-
Darby Canine Kidney’ (MDCK-II) (ECACC Cat.No.:
00062107) obtained from Sigma Aldrich, Germany. The
MDCK-II cell line provides a perfect model to study
wound closure processes because of their well-defined
cell junctions and rapid growth. Additional information
on the cell properties can be found elsewhere3:. The cell
line was cultured as an adhesive monolayer in the
medium MEM Earle’s (Biochrom GmbH, Berlin, Germany)
supplemented with 10% fetal bovine serum (FPS

Superior) and 1% Pen/Strep (Biochrom GmbH, Berlin,
Germany) in NuncTM cell culture flasks (ThermoFisher
Scientific, MA, USA) and in a saturated atmosphere with
5% CO2 at T = 37*C. Cell passaging followed the
standard trypsinization procedure using 1 ml
Trypsin/EDTA (0,25 %) solution and PBS (w/o Ca2+, w/o
Mg2+) (Biochrom GmbH, Berlin, Germany). Cell density
was adjusted to 80.000 cells per 100 pl.

Wound healing assay

The wound-healing assay provides the possibility to in
situ monitor the progressive cell migration of two
opposing confluent cell layers into a cell-free area. To
obtain standardized starting conditions such as
confluency, cell density or the width of the cell-free area,
a commercially available silicone chamber assay was
used. This so called culture insert (Cl) (lbidi ® GmbH,
Martinsried, Germany; width 500 um +/- 50 um) consists
of two chambers with one adhesive side as illustrated in
Fig. 1. a-1). Upon confluency, an artificial ‘wound’ in a
confluent cell layer can be created upon its removal.
After a short delay, cells at the edges of the confluent
layers subsequently start to migrate into the empty gap
at a constant speed3,

Cell detachment assay

We also investigate the detachment of cells once they
have formed a continuous layer on the sensitive area of
the chip. In order to avoid fluctuations in the SAW S-
parameters caused by changes of the covering fluid, cell-
lysis substances Triton X-100 (¢ = 0,05 %) (T8787) or Terg-
a-zyme® enzyme detergent (c=2,5g/l) (Z273287) (both
Sigma-Aldrich, St. Louis, MO, USA) are added to the
media. Furthermore, the cells were removed by
apoptosis induced by heat shock (T = 42 =C).

Molality assay

In order to validate the dependence of the SAW S-
parameters on the current molal concentration cosm of
the cover fluid, the molality was measured while
evaporating the nutrient on the SAW-chip. The molality
Cosm Of @ V =50 pl sample was determined with a freezing
point osmometer (Osmomat3000, Gonotec GmbH, Berlin,
Germany) at distinct time points.

Experimental setup

The above described SAW-chip was mounted on an in-
house made sample holder (Fig. 1 A-1) ¢)) and contacted
by a silver conducting paste (Acheson Silver DAG 1415M,



Acheson Industries Inc., Ml, USA). To hold the culture
nutrient and to house the cells, a polydimethylsiloxane
(PDMS) chamber (V=3 ml) (Sylgard 184 Silicone
Elastomer, Dow corning, Germany; m/m ratio 10:1) was
placed on top of the SAW-chip. Depending on the desired
configuration, the disposable ClI was placed either
covering the IDTs aperture and delay line (Configuration 1
(C1)) or only covering the delay line (Configuration 2 (C2))
as shown in Fig. 1 A-2). In the following, 80.000 cells in
100 pl cell suspension were seeded into each chamber of
the Cl and filled with media after cell adhesion. After
reaching confluency, the Cl was removed, the cell layer
washed with PBS and the chamber refilled with ¥ = 3 ml
fresh nutrient. To sustain optimal growth conditions
(saturated atmosphere with 5% CO2 at T = 37 *C) the
complete setup was placed into a microscope incubator
(HT-200, ibidi, Munich, Germany) with an attached gas
incubation system (The Brick, Live Image Services, Basel,
Switzerland).
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Fig. 1: A-1) Sketch of the experimental setup. Left: Exploded-
view of the main components with (a) PDMS-chamber (b) Cl and
(c) sample holder with SAW-chip. A-2) Top-view of the SAW-chip
showing the positioning of the components. Enlarged is the area
of the delay line and the IDTs, which together form the sensitive
area of the measurement and are located within the artificial
wound in two configurations. A-3) Temporal evolution of a
wound-healing process (red: cell free area).

Data acquisition and analysis

For our measurements, we use a 2-port vector network
analyzer (ZVL, Rhode & Schwarz GmbH, Munich,
Germany). The power of the sensing frequency sweep is
set to P =-10 dBm.

By employing the time-gating function, the majority of
adverse signals like crosstalk, edge reflections, triple
transit signal and bulk waves can be eliminated. By
applying this filtering-type operation in the Fourier-
transformed time domain of the signals response, one
obtains a largely noise-reduced signal when performing
the back-transformation. This technique allows to
accurately read out both amplitude and phase
information of the SAW transmission signal.

A homemade LabVIEW (National Instruments, Austin, TX)
software was used to read out the scattering (S)-
parameter matrix. Here, the amplitude and phase of the
reflection coefficients 5,,.5.- and the forward gain 5.,
were recorded every 2.5 minutes for wound healing
assays and every 15 seconds for cell detachment assays.
While the phase change is measured at constant
frequency, the amplitude values represent the current
extreme values. This way, changes in the resonance
frequency due to, e.g., mass loading effects are nicely
compensated. The subsequent data analysis concerns the
relative change in the amplitude A5 and phase Ag at
time £ compared to the value at the beginning of the
experiment att = 0.

The migration process into the cell-free area was optically
observed with a microscope (Olympus CKX 41, Olympus
Europa SE & Co. KG, Hamburg, Germany). Phase contrast
images were taken every five minutes with a 5x (for C1),
and 10x (for C2) objective, respectively. Phase contrast
images at distinct time points at the beginning (£t = 0 k),
during (¢=7h) and at the end (¢t = 14h) of the
experiment are shown in Fig. 1 A-3).

The cell-free area A(t} was then analyzed semi-
automatically using the modified Image)J macro “MRI-
Wound-Healing tool” (http://dev.mri.cnrs.fr/projects/
imagej-macros/wiki/Wound Healing Tool) and, if
necessary, manually corrected. The determined values
A(t) at £ are standardized to the area at the beginning of

At =0): Ame®) =25 . The

Al

the experiment

normalized cell free area Ayz(t) is then plotted as

function of the elapsed time.

Simulation

Finite element method (FEM) simulations were
performed using the commercially available software
COMSOL Multiphysics (5.0) (Comsol Inc., Burlington, MA,
USA). For the time dependent studies as well as for the
eigenfrequency studies, the Piezoelectric Devices Module
was used. The model geometry of the eigenfrequency
study is reduced to the periodic unit cell, where the
width, depth and height of the substrate equals A, A\/8
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and 5A, respectively. Periodic boundary conditions were
used along both vertical boundaries of the geometry. The
lower boundary is fixed, which enforces a zero structural
displacement. All other boundaries are left to the default
boundary conditions, which are “Free” for the Solid
Mechanics interface and “Zero Charge” for the
Electrostatics interface, respectively. Instead of rotating
the substrate we used a rotated coordinate system (Euler
angle: 0°, 54°, 0°) to get the right crystal orientation of
36°-YX Lithium Tantalate. Like in the experiment, the
substrate in the simulation is covered with a 150 nm thick
SiO; film, which in the model is represented by a linear
elastic material. The properties of the material are its
Young’s modulus E = 70.55 GPa, its poisson ratio v=0.17,
its density p = 2410 kg/m? and its relative permittivity &, =
3.9. On top of the SiO; film, three layers with heights of
100 nm (layer 1), 10 um (layer 2) and 40 um (layer 3) are
built, representing the cell culturing media (layer 1 and 3)
and the cells (layer 2) themselves. Based on perturbation
theory, only the electric properties of the various layers
are considered in the model as explained below. To
represent permittivity as well as conductivity changes in
the simulation, a complex permittivity £,. is introduced to
the model:
o

£.= £,.—ig) =€, — ia

Here, £, denotes the real part of the permittivity

for static fields, @ the conductivity and & the
frequency. A mapped mash with maximum mesh size of
2.5 um was added to the entire geometry.

The substrate forour time dependent studies has a
height of h = 100 um and a length of / = 300 um, which
corresponds to 5A and 15A. In order to reduce the
computation time, periodic boundary conditions with
continuity are assumed along the vy-axis. This is
equivalent to an infinite long substrate and thereby an
infinite IDT aperture. Furthermore, any possible
influences of reflections by outgoing waves at the sides
and bottom of the substrate are minimized due to low
reflecting boundary conditions. The transmitter and
receiver IDT (two finger pairs each) are placed at a
distance of 100 um to each another. The width of the
fingers of the electrodes and also the distance between
them is chosen to be 5 um, which results in a wavelength
A =20 um. The first and third electrode of the input IDT
have a potential boundary condition, whereas the second
and fourth electrode are grounded. To receive a signal at
the output IDT the first and third electrode are set as a
floating potential and the second and fourth electrode
are grounded. On top of the substrate, the same
configuration as for the eigenfrequency study was used.

The cell free area on the delay line is varied, while the
remaining of the substrate is permanently covered. For
the time dependent simulations, a voltage signal of the
form U(t) = Uosin(2mft) with Up = 1 V and frequency f =
208 MHz is applied to the input IDT for 14.4 ns. The time
step is set to At = 0.2 ns with results in a total simulation
time of t = 55 ns. A more detailed description of the
theoretical background and the model geometry of the
simulation can be found in the SI.

RESULTS AND DISCUSSION

Effect of cell spreading and adhesion on SAW
propagation

The above described acoustic SAW sensor is sensitive to
changes in the mechanical (e.g. mass-loading and
viscosity) and electrical properties (e.g. conductivity,
permittivity) taking place within the sensor’s penetration
depth &7. Although the transmission signal typically
serves as measure for sensor applications, all accessible
parameters are shown in the following. Apart from the
transmission, this also includes the reflection of the IDT-
structures. Here, the parameters for both configurations
are displayed to gain an overview of the typical
respective progressions.
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Fig. 2: Temporal development of the SAW S-parameters during
(gray shaded) and after a wound-healing process. Amplitude (a),
b)) and phase (c),d)) variance for C1 (left) and C2 (right). Data:
C1-2 and C2-2. Color code in the schematic representation of C1
and C2: red: sensitive area, white: cell-free area, gray: cell
covered area.

The acquired data of the amplitude- (&%) (a,b) and phase-
(Ag) (c,d) change of the S-parameters during a wound-
healing process and after the wound closure for selected



examples are displayed in Fig. 2. These shown data are
representative for all performed experiments. The blue
graphs are displaying the normalized cell-free area
Amig (t) (as being optically determined) at the delay line
(solid) and additionally for C1 at IDT-1 (dashed) and IDT-2
(dotted). The grey shaded area marks the time period of
wound closure and thus changes in the cell-free area.

In order to enable a quantitative assessment at which
point in time the wound is completely closed or the
migration has stopped, the temporal development of the
measured S-parameters must correlate with Ay;z (£} and
should show a distinct change in the signals temporal
evolution. This includes for example a pronounced
extreme value (maximum or minimum) or steady state
after the complete wound closure.

For C1, the variation A5 of both reflection coefficients 5,
and 5.. are slightly decreasing during cell coverage while
A%, remains nearly constant (Fig. 2. a)). Upon complete
wound closure, a clear minimum for A%, and A%.. is
visible but not for A%.,. Considering the phase Ag in
Fig. 2c, there is no significant effect for Ag;; or Ag.-,
but Ag., undergoes a strong change instead. Following a
similar trend to Apg-(t), the maximum value of
Aga, = 24,8° is reached exactly at the point of wound
closure. The positive increase of Agi.; = 0 indicates an
increase of the SAWs velocity 1.

Considering C2, surface coverage related changes in the
amplitude A5 are apparent but not simply to be assigned
to Apig(t), as shown in Fig.2b). Analog to C1, the
variation of the phase Ag in C2 correlates significantly
with the cell free area (Fig. 2 d)). While Ag,; and Ag..
are slightly shifted in time and not exactly on the point of
wound-closure, Ag, corresponds perfectly with Ay ()
though. Among all parameters, Ag.; in C2 shows the
highest conformity with A ().
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Fig. 3: a) Correlation of the phase shift A¢-, and the normalized
cell free area Amig(t) in C2. b) First derivative of ¢, and A(t). The
first zero crossing of @it} and .-im:-g-;: | at the same time point
marks the total wound closure. Emerging fluctuations for t>19h.
Overview of the amplitude- (c) and phase- (d) change from the
start (t=0) to total wound closure (t=te,s) of all performed
experiments in both configurations. The colour of the inner
symbol areas marks the existence of an extreme value with
green = true and red = false. Data a)/b): C2-3.

The strong correlation between Ag.; and Ay (t) in C2
is shown in Fig. 3 a). Unaffected by the high sensitivity
caused fluctuations, the main course of Agi.; matches
with a high accordance the course of Ap;z(t). At the

beginning for 0h = t == 1 h and indicated by the arrow,
the temperature equilibration of the fresh nutrient is
measurable by causing an increase of A, . Both the first
derivatives @(t} and r‘imjg{t] (see (Fig. 3 b)) exhibit an
identical course for their absolute values. The first zero
crossing here marks the time point of complete wound
closure. For t= 19 h after the wound closure, ¢(t}
begins to oscillate with a period of about 8 hours.
In order to achieve a high significance,
experiments were performed and evaluated for each
configuration. Comparing all performed experiments in
Fig. 3¢) and d), the measured values A5, A5.., Adgyy
and Ag.. exhibit a quite wide distribution and the
relative difference of A5.; turns out to be too small for
both C1 and C2.

In contrast, &gh-; turns out to be ideally suited for the

several

desired sensing application. Considering the presence of
a distinct change in the time evolution, as indicated by
the colour of the inner symbol areas (red = false / green =
true), only Ag.; in C2 can surely be assessed to



determine changes in the cell-free area Amg(t) with a
mean value of Ag., = 9,6 + 1,7°

This can be understood by the migration direction. While
in C1 cells are invading the sound path laterally, cells in
C2 are migrating along the sound path. This makes it
possible for C2 to distinguish the perturbation length
between “uncovered” [; (I: liquid) and “covered” I, (c:
cells), but not for C1. Therefore, the SAW is propagating
both in a cell covered section and a section without cells.
The phase shift can thus be compared to the fractional

change

I|_+I:

In C1, during the cell migration, the phase shift is a
superposition of SAW propagating on a cell free and a cell
covered area. Moreover, as the IDTs themselves are not
covered in the beginning of the experiment, the total
sensitive area is up to four times larger (0.91 mm? : 0.25
mm?), leading to larger absolute values of Ag., as
compared to C2 and shown in Fig.3d) for one
measurement. However, fAg.; is subjected to larger
fluctuations, if the sensitive area is not uniformly covered
by the invading cell front. Thus, we suggest the C2
configuration as the most promising experimental design.

Quantifying cell detachment and nutrient quality
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Fig. 4: a) Temporal development of A, during the detachment
and lysis of a confluent cell layer. b) First derivatives of the
detachment kinetics for different cell lysis origins. c)
Comparison of the detachment efficiency. d) Phase shift of
Agr-, due to changes in the molality cosm.

Beyond the dynamic cell invasion into the cell free area,
our proposed sensor is also able to measure the
detachment process of a confluent cell layer initially
covering the sensing area. Fig. 4 a) displays the phase
shift A, during such a detachment process. As

expected, the development of Ae,, is opposing the
covering process shown in Fig.3d) with Ag,, < 0
indicating a decrease of 1. The total average change
Aga, = —41.44° £ 5,9° is larger, though. Compared to
Agr., for C2, the total change in Ag.; is up to four times
larger for the detachment process than for the covering
process. Again, this can be understood by comparing the
areas of the IDTs and the cell free area at the beginning
of the experiment. As only the delay line is affected in C2
by the covering process due to cell migration, the whole
sensitive area including the IDTs is influenced by the
detachment event. Then, with an almost four times larger
sensitive surface (IDT-1, IDT-2, delay line) as compared to
the delay line itself, the surface ratio corresponds to the
ratio of the total phase shift.

Furthermore, the duration of the process is strongly
dependent on the origin and cause of the detachment.
For a quantification of the detachment kinetics, the first
derivatives of ¢.; are plotted in Fig. 4 b). Assuming a
normal distribution of the processes, the data are
approximated by a bi-gaussian fit function. The rate of
the change described by de., /dt provides insight into
the effectiveness of the lysis process. Thus, it is possible
to quantify the lysis efficiency by comparing the
maximum values given by the fit function of de., /dt as
shown in Fig. 4 c).

As expected, cell lysis detergents like Terg-a-zyme or
Triton X-100 indicate a many times higher detachment
efficiency as compared to heat induced apoptosis.

Another advantage of the SAW sensor is the possibility to
monitor the cultivation conditions. Apart from the wound
healing assay, the sensor can also easily detect variations
in the temperature®, salt concentration® or pH-value®’.
Besides the changes of Agi.; caused by cell detachment
and adhesion processes, the SAW phase is also shifted by
changes in the molal concentration cggy of the surface
covering fluid. Fig. 4 d) demonstrates a relation between
€ogm and Agr., . With increasing molality gy, the phase
velocity v is decreasing, leading to a negative phase shift.
The phase shift in Fig. 4d) is therefore related to the
increased conductivity of the medium. As the
conductivity increases, the phase velocity decreases®.
Employing an additional delay line in the cell free area
along the same lines as shown earlier®® would allow for
the definite separation of changes in the environmental
conditions (temperature, pH, ion concentrations,...) and
the actual change in cell coverage. However, this was not
necessary here.

Simulation

In order to identify the effect off cell spreading and
adhesion on SAW propagation, we used an



eigenfrequency study as well as a time dependent study
with a simplified 3D model of the acoustic sensor used in
the experiments. Earlier studies reported that SAW
sensors are sensitive to electrical as well as mechanical
changes leading to change in the phase velocity .
Kondoh et al. experimentally and theoretically
demonstrated that under the influence of a liquid
covering the chip, changes of the density g and viscosity
1 lead to a change of the fractional velocity®’:
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The product w‘lﬁ for the nutrient and cell uncovered
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with g the density and 7; the viscosity of water. Janshoff
and collegues measured the product /g7, for MDCK-II

cells: /o, = 0.386 [{ :

cm® 8
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layer acting like a viscous liquid, an increase of ,?-"ﬁ leads
to a decrease of the fractional velocity change. The minor
changes in w‘lﬁ and the opposing trend to the
experimental observations (1 increases) practically
exclude changes in mechanical properties as being the
reason for the observed phase shift Ag.;. In the
simulation, we therefore focused on the electrical
properties of the covering material to explain the
behavior of Ag.,;. This approach appears to be
reasonable, as the electromechanical coupling coefficient
K§ = 2Av/v is large for LiTaO3 36° YX-cut. The fractional
velocity shift A/ equals the fractional frequency shift
Af/f and can be extracted from the eigenfrequency
study. Furthermore, the phase shift is dependent on the
perturbation length I, which can be separated into [; and
[ for the propagation in the cell uncovered and covered
section in C2, respectively. For the fully closed wound, I,
equals the length of the delay line [ 5. Assuming that the
total phase shift Ag.,; for the fully closed wound is
proportional to the fractional velocity shift and the ratio
of the length of the delay line to the wavelength i, we
can make use of:
v Ig-3e0°
B =5

In a first step, we looked at a simple model with only one
overlaying material covering the surface to get a first
qualitative insight how the electrical properties of an
overlaying material influences the fractional velocity shift
and thereby the sensor output Agr.,. The simulation
results of this simplified model can also easily be verified
by comparing it to theoretical models. Therefore, we
compare the fractional velocity change Av /v from the

simulation with the perturbation technique introduced
first by Auld et al.*l. The fractional velocity change in
dependence of the relative permittivity and conductivity
of the covering material due to the acoustoelectric
interaction can according to Kondoh et al. be calculated
by: 39,42

Ly _ KE(&'fw) +eglel—er) (henteh)

vz I:I:F'l,-"uJ:I=+I:E'I;.-ED+E;:l=

Here, K- =0.028 is the coupling coefficient, &' the

conductivity of the sample liquid,e; the vacuum
permittivity, e the permittivity of the sample
liquid, £, = 80 the permittivity of water,

el =458 - 107 F/m the effective permittivity and
w = 2mf with f = 208.4 MHz the resonance frequency.
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Fig. 5: a) Typical result of the eigenfrequency study. The colour
code indicates the surface total displacement (no scale given:
red high, blue low). The eigenmode clearly indicates the
expected shear character of the wave. From the eigenfrequency
studies the fractional velocity change in dependency of the
relative permittivity (b) and conductivity (c) of the covering
liquid is extracted. Dots show results from simulation and
dashed line the perturbation theory.

Fig. 5 a) presents a typical result from the eigenfrequency
study (the color code indicates the surface total
displacement. No scale provided). The shown eigenmode
clearly demonstrates the expected shear character of the
wave. From the eigenfrequency study, the fractional
velocity change can be extracted. Fig. 5 b and c show the



result from the simulation (dots) and the theory (dashed
line) in dependency of the relative permittivity . and
conductivity & of the covering material. For increasing
permittivity as well as increasing conductivity, the
fractional velocity shift decreases. The simulated data are
in very good agreement with the theory. In the
experiment, we see an increase of Ag ., while the gap in
the cell layer is being closed. Referring to the results of
both the simulation and the theory, this means that the
permittivity and conductivity of the cells has to be lower
than the one of the cell culturing media. We thus used
two theoretical approaches to determine the permittivity
values. According to Li et al. ¥ the permittivity of an
electrolyte solution can be calculated by combining the
classical Debye and the Drude model. For the cell
culturing media, we obtain a value of £, = 80 — {123,
For the description of the cells, we used the double-shell
model described by Pehtig **. Here, we obtain values
ranging from £, = 30—i71 to &,= 33 —il20,
depending on the fractional volume 1 of the cell
occupied by the nucleus (for details to both methods see
the Sl). Because the real part as well as the imaginary
part of the calculated permittivity of the cells is lower
than the value of the cell culturing media, we can
conclude that the increase of Ag.; is in accordance to
the findings of this simplified model.
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Fig. 6: a) Phase shift Ag-, in dependence of the real and
imaginary part of the permittivity. The phase shift is calculated
relative to the cell culturing media (€, = 80—1il123). The
dashed line indicates the different values of the permittivity for
increasing fractional volume v of the cell occupied by the

nucleus. b) Relative difference of the phase shift experiment to
simulation d 4 depending on the volume fraction r. A minimum

of d . is observed for a values of v & 0.3.
@

In a next step, instead of only one single layer, we used
the configuration with a thin water layer being present
between sensor surface and cell layer, as described in the
materials and methods part, which is closer to the
experiment. The intention of this more realistic model is
now to also quantitatively describe the behavior of &g, .
Fig. 6 a) presents the phase shift Ag.; in dependence of
the real and imaginary part of the permittivity £, and &,
The phase shift is calculated relative to the cell culturing
media (£, = 80 — i123). Starting from the cell media, a
decrease of £; and e, always leads to an increase of
Agha; . This observation is consistent with the findings of
the one-layer model. The dashed line indicates the
theoretical values of the permittivity for increasing
fractional volume # of the cell occupied by the nucleus.
Fig. 6b) shows the relative difference d; of the phase

shift obtained in the simulation to the values of the
experiment (Ag,, & 10%). A minimum of d is obtained
for r = 0.3. The permittivity of the cell layer is thereby
best described in the simulation, with a value of
€, = 22 —i84.

Oscillations after Wound Closure

As shown above, upon the full closure of the cell layer,
obvious periodic fluctuations of Agi.; with an apparent
period of 8 h are emerging in the experiment, indicating
some periodic changes of the boundary conditions for
SAW propagation. Zehnder et al., for instance, identified
cell volume fluctuations in MDCK monolayers®.
According to this study, and depending on the
cytoskeletal activity, the cell volume oscillates with an
amplitude of about 20% at a timescale of 4h. As the size
of the nucleus stays constant, the ratio » changes with
the volume change. This affects the effective permittivity
of the cell layer and therefore the phase shift Ag.;. Such
fluctuations of » induced by cytoskeletal activity could
therefore well explain the observed oscillatory behavior
of the derivative of Agi,; for £ = 20 h. Fluctuations in the
Love-wave signal by a cell covered surface were also
observed by Wu et al. for stem/progenitor cells. Here
they claim that a change in cellular mechanical properties
like the storage or shear modulus of the cytoskeleton
lead to a pronounced and characteristic variation in the
signal?®.

Role of the cell-sensor distance



Another hypothesis woud be that the cell-surface
distance varies when the cells cannot migrate anymore.
The cell layer density increases due to cell proliferation,
leading to dome formations. To prove this hypothesis,
the influence of cell-surface distance was also
investigated in our simulations. Fig. 7 shows Ag.; for
different distances h. For low values of h < 100nm,
Agh., stays nearly constant. In the range of 100nm < h <
10um, Ag., drops rapidly down to zero. For larger h
values, Agr,; stays at this level. This result shows that the
sensor can detect changes near the surface in the region
up to half of the wavelength. Above this value, &g, is no
longer significantly influenced by changes in the electrical
environment. Furthermore, as the cell-surface distance
during migration is typically around 100nm, it seems
plausible that changes of h will influence the sensor
output Ag.; as it is highly sensitive in this region. Thus,
the hypothesis of a change of the cell-sensor distance h
after reaching confluency is also consistent with the
observation that Ag:.; decreases from this point on in the
experiment.
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Fig. 7: Ag, for different cell-substrate distances h. For low
values of h, A, is nearly constant. In the range of 100nm < h <
10um, Ag+, drops rapidly down to zero.

In addition to the eigenfrequency study, we performed a
time dependent study. The model consists of a
transmitter and receiver represented by two finger-pair
electrodes, which allows us to generate and detect SAW.
The transmitter electrodes are supplied with a sinusoidal
voltage signal having an amplitude Uy = 1 V and being
applied for a time period of t = 14.4 ns and a frequency f
= 208 MHz. Fig. 8 a) shows the surface total displacement
(xz-plane, colour code not provided). Two waves in —x
and x direction are generated. The top view (xy-plane)
clearly again shows the quasi-shear character of the
wave. The mechanical wave leads to an rf voltage signal

at the receiver electrodes because of the piezoelectric
effect (Fig. 8 b and c). The gray shaded area up to 15 nsis
an interference signal caused by capacitive crosstalk
between transmitter and receiver. Since it is clearly
separated in time from the actual SAW signal (30 ns to 50
ns), it is irrelevant here. Ag., is calculated from the time
lag between the signals as follows:

B¢y, = 5-7-360°,
with At the time difference between the signals and T
the period time. The prefactor 5 accounts for the five
times longer delay line in the experiment compared to
the simulation. In Fig. 8 d), we demonstrate the
dependence of Ag.; on the cell free area Amig. For a fully
covered surface, a maximum value of Ag., = 16° is
observed. The simulations furthermore indicate a linear
relation of Ag.; and Anig. This observation is consistent
with the experiment, likewise.
a) Transmitter Delay line Receiver
| [[IT] 51 [T |

H ! ! 1y .
D e e AN —— | LXTopV|ew

0 10 20 30 40 s0 =10
c) t (ns) &
a
_. 50 — 5
> ——0.75 Fod
2 0+q----t----1--1-4 o5 H B
0.25)
> 50 — 0{ o
4574 4576 4578 10 0.8 0.6 0.4 0.2 0.0
t(ns) Amig

Fig. 8: a) Total surface displacement (xz-plane) resulting from
time dependent simulations. The, generated pulse is traveling
from left to right and is detected at the receiver. The top view
(xy-plane) clearly shows the quasi-shear character of the wave.
b) Detected rf voltage signal U at the receiver as a function of
time t for different values of Amig. The phase shift A, is
calculated from the time lag between the signals. c) Ag-, shows
a linear behavior in dependence of Amig.

Employing FEM simulations, we showed that the electric
properties of the surface covering cells and the nutrient
strongly influences the phase velocity. An eigenfrequency
as well as a time dependent study with a simplified
model geometry was used to estimate the behavior of
Aghay, which is detected in the experiment. Both methods
have the power to predict the total phase shift for a fully



closed wound. However, there is a phase deviation of a
few degrees between both methods. However,
considering the assumptions that were made in the
simulation, especially for the calculation of the electric
properties of the cell layer, both methods are close
enough to the values observed in the experiment. With
the eigenfrequency study, which is less time consuming
than the time dependent study, it is thus possible to vary
model input parameter over a wider range. The time
dependent study is closer to the configuration in the
experiment. Here the linear behavior of &g, for C2
during the wound healing process could be confirmed
(see Fig. 8).



In this study, we open up several new application fields
for SAW based sensors. Our results clearly demonstrate
the capability of SAW sensors for the analysis of a
standardized wound-healing assay without the need of
microscopy observation.

In the SAW sensor experiments, we measured the phase
velocity shift due to the presence of biological layers on
the sensing surface. The phase shift Ag.; strongly
correlates with the change in the cell covered surface
Amiz (£). As an additional, unprecedented application, we
showed the ability to measure detachment kinetics as a
consequence of cell death by apoptosis or necrosis.
Moreover, our setup allows to quantify the cell lysis
ability of a substance by the change in Ag,; as a reliable
parameter. But not only the healing process can be
observed, but also cell growth like cytoskeletal activity.
The demonstrated data and our experimental findings
are supported by FEM simulations, allowing to predict
Agr,, for different configurations. Using eigenfrequency
and time dependent studies, cellular processes can be
represented and future setup design to be optimized.
Depending on the required sensitivity and selectivity, the
chosen SAW-Chip design could be further improved and
specified. Using a combination of metal-coated and
metal-free surfaces, for example, electrical changes like
the ones being caused by permittivity and conductivity
variations can be separated from changes in the
mechanical properties.

Employing a larger thickness of the SiO, layer, more
acoustic energy is confined at the surface. This causes an
improved sensitivity to changes in the properties of the
material on top of the sensor. Moreover, using so called
Split-IDTs operating at different frequencies would allow
sensing at slightly different penetration depths. This
might allow to sense the cell-surface binding process
separately from the cell coverage.
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