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ABSTRACT

On the way towards neuronal stimulation and signalling, standing surface acoustic waves (SSAW) have
become a widely used technique to create well-defined networks of living cells in vitro during the past
years. An overall challenge in this research area is to maintain cell viability in long-term treatments
long enough to observe changes in cellular functions. To close this gap, we here investigate SSAW-
directed neurite outgrowth of B35 (neuroblastoma) cells in microchannels on LiNbOs chips, employing
one-dimensional pulsed and continuous MHz-order SSAW signals at different intensities for up to 40
hours. To increase the efficiency of future investigations, we explore the limits of applicable SSAW
parameters by quantifying their viability and proliferation behaviour in this long-term setup. While cell
viability is impaired for power levels above 15 dBm (32 mW), our investigations on SSAW-directed
neurite outgrowth reveal a significant increase of neurites growing in preferential directions by up to
31.3 % after 30 hours of SSAW treatment.
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1. INTRODUCTION

The controllable formation of neuronal cellular networks in vitro is a crucial first step towards
investigations on neuronal signalling behaviour, cell-cell interactions and neuronal stimulation®=.
Previous studies proved that surface acoustic waves (SAW) and the acoustic tweezers technique are a
powerful tool in this area: The combination of standing SAW (SSAW) and microfluidic techniques, such
as microchannels, enables the patterning of living cells and even primary neurons in well-defined
structures on a chip ¥, Furthermore, it was shown that short-term exhibition of cells to external
mechanical forces, applied by an ultrasonic standing-wave field” or atomic force microscopy?, can
affect cellular processes such as proliferation and apoptosis®. Recently, also human mesenchymal stem
cells have been stimulated employing high-frequency (MHz) SAW to differentiate towards an
osteoblast lineage™.

Despite the promising results in this field, the effects of SSAW on cell differentiation and viability in
acoustic potential landscapes during long-term incubation and the applicable range of SAW power
levels to living cells still lack detailed quantification. These details are crucial for the optimization of
experimental approaches towards well-defined neuronal structures and the understanding of SSAW-
directed neurite growth. Moreover, this is a challenge for any long-term treatment of living cells in
acoustofluidic potential landscapes. The B35 cell line is a popular model for in vitro studies of neuronal
morphology because its differentiation is easy to control and does not require organ donation.

Therefore, the aim of this study is to quantify the effects of SSAW on neurite outgrowth and cell
viability of B35 cells as a model for controlled neuronal systems. We test the hypothesis that acoustic
forces acting on the cell membrane, filaments and microtubule promote preferred neurite outgrowth
along the pressure minima of the one-dimensional acoustic potential landscape. Along these lines, we
investigate a broad range of SSAW power levels and signal types - pulsed and continuous SSAW - and
their ability to guide the neurite outgrowth in a microchannel on LiNbO; chips and maintain the
viability. Our experiments reveal that the here employed range of SSAW parameters at a frequency f
= 71 MHz can promote neurite outgrowth along preferential directions in one-dimensional (1D)
acoustic potential landscapes by up to 31.3 %. To fill the above-mentioned gap fully, we also provide a
detailed study of cell viability employing different SSAW parameters. We show that high-intensity
SSAW treatments (Pi, = 15 dBm (32 mW)) and high pulse width modulations (PWM) lead to reduced

proliferation and to premature cell death compared to low-intensity treatments and low PWM.
Moreover, we identify acoustic forces as the main driving factor behind these effects.

2. RESULTS

The application of a 1D standing wave field in a customized setup, as shown in Figure 1 a, allows us to
quantify the effects of different SSAW power levels Pi, and pulse width modulations PWM on B35
neurite outgrowth and cell viability. The four interdigital transducers (IDTs) enclose an active area,
where the standing surface acoustic wave field is generated. A customized PDMS
(polydimethylsiloxane) microchannel with height h =36 + 1 um on top of the LiNbOs chip suppresses
acoustic streaming due to the coupling of the SSAW into the medium and enables the patterning of
living cells with one cell per well, as described by Collins et al.''. The B35 cells were patterned in the
nodes of the SSAW and incubated at 37 °C and 5 % CO, to ensure stable and equal conditions
(temperature, pH) prior to the experiment.



2.1 Characterization of the setup: Acoustic forces and temperature

To determine the acoustic force acting on objects in a pressure maximum of an SSAW of the power Pi,
in our setup, we tracked the velocity v of 10 um polystyrene beads (Polybead®-Carboxyl, Polysciences
Inc., Warrington, PA, USA) in water moving towards a pressure node after turning on the SSAW (see SI
1). We observed that the velocity reaches a maximum before the beads reach the node of the SSAW.
Here, acceleration becomes zero (a = 0), which allows us to assume that the maximum acoustic force
equals the frictional force given by Stoke’s law: F, = Fr = 671tNrvmax, Where n = 1 mPas is the viscosity of
water and r is the radius of the object. We found that the acoustic force as a function of SSAW power
follows a linear trend with slope m = 8.32 nN/mW, as displayed in Figure 1 b. To account for the spatial
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Figure 1: Force field characterization. a) Exploded view (i), side view (ii) and top view of the setup (iii),
including a phase contrast image of B35 cells after SSAW patterning in the active area of the chip. b)
Acoustic force acting on cells in this setup as a function of applied SSAW power including standard
deviations (s.d.). c) Temperature in the setup as a function of applied power for a 2D SSAW at PWM =
50 % and a 1D SSAW at PWM = 30 % (adapted from M. Brugger?2).



dependence of Frdue to the shape of the potential landscape, we additionally introduce a correction
factor of sin(2kx) with x as the distance of the beads from the node of the SSAW.

As described by Kino (1987)%?, Yosioka and Kawasima (1955)'% and Gor’kov (1961)** in detail, the
acoustic force acting on an object is given by

”VPFZﬁFV
ZCF

Fr(x) = —( )d)(ﬁ, p) sin(Zkx), (1)
where Vis the volume of the object, pg? the pressure amplitude, By the compressibility of the medium,
v = CTF the frequency and (8, p) the acoustic contrast factor that contains the compressibility 3, B

and density p, pg of the object and the medium:

_ 5P = 2pr B
Vb = 2p + pp Br

For the displacement measurement and the calculation of the acoustic force, we chose polystyrene
beads and re-calculated the resulting force by adjusting the contrast factor. A direct displacement
measurement on living cells proved to be difficult because cells adhere on the substrate within a few
seconds and consequently do not allow for repeated measurements employing different power levels.
According to Collins et al., scattering effects only become relevant if the ratio of the object’s diameter

(2)

and our chosen wavelength meet the condition % > 0.3 1, In our setup, where A = 50 pm and D = 10

um, we can therefore neglect secondary forces (Bjerknes force) that might result from scattering.

The polystyrene beads used here are about the size of a living cell in suspension. By dividing the
acoustic force - that was determined experimentally as function of the employed SSAW power, as
shown in Figure 1 b - by the contrast factor of polystyrene (ps=0.59 using the materials constants of
water and polystyrene®¢), (1) can be written as a function of the contrast factor:

nN ]
Fr(Pip, ) = 14.03 WPinlpsm(ka) (3)

From here, we are able to calculate the maximum acoustic force acting on cells in our setup by setting
sin(2kx) = 1 and by inserting a mean contrast factor for cells of . = 0.2 (according to literature,
contrast factors between 0.14 and 0.25 were found for living cells?’).

A well-known side effect of high SAW power levels is the heating of the substrate and medium?®. The
red curve in Figure 1 c shows the temperature development in a microchannel with increasing power
of a 1D SSAW at PWM = 30 %. We determined the temperature difference by measuring the
fluorescence intensity of the thermally sensitive molecule Rhodamine B¥¥2%21, The results show that
pulse width and power of the SSAW and therefore the transfer of energy can lead to distinct changes
of temperature in the medium.

2.2 SSAW-guided neurite growth of the B35 neuroblastoma cell line

To analyse SAW-guided neurite growth, we prepared the samples as described in section 5.1 and 5.2.
After 10 h of incubation with DcAMP, the neurites in Figure 2 a, where no SSAW was employed, do not
follow any visible pattern. Next to the phase contrast image, we depict the corresponding relative
angle distribution of the neurite segments that were detected by the software NeuronJ (section 5.2).
The histogram, divided into 120 classes with a bin width of 3°, confirms that the relative frequencies P
in the control sample are low and equally distributed in all directions.



On SSAW-treated samples, however, we observed a different tendency: After 10 h, the neurites
treated with a 12 dBm (16 mW) continuous SSAW signal (Figure 2 b) were more likely to grow along
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Figure 2: Exemplary neurite angle distributions after 10 h of SSAW treatment at different intensities
and PWM. a) PH image of B35 cells in a microchannel and the corresponding angular distribution of
neurites tracked by Neuronl in a control sample, where no SSAW was applied. The propagation
direction of a 1D SSAW (that is applied to SSAW-treated samples) is marked in orange; scale bars
correspond to 100 um. b) Neurite angular distribution in a SSAW-treated sample at Pi, = 12 dBm (16
mW) and PWM = 100 %. c) Distribution in a SSAW-treated sample at Py, = 21 dBm (128 mW) and
PWM =30 %.

the SSAW pressure minima than in other directions. Additionally, in the sample treated with a 21 dBm
(128 mW), 30 % pulsed signal (Figure 2 c), high frequencies of neurite segments do not only appear
perpendicular to the SSAW propagation axis but also parallel to it by crossing pressure maxima. An
explanation for this effect might be the coupling of SAW into the liquid, which leads to acoustic
streaming along the propagation axis of the wave??. Neurites following this axis might have an
advantage over neurites growing perpendicular to the streaming, because they exhibit lower flow
resistance. In the next step of our analysis, we enhance the bin width to 30° and focus on two directions
of preferential neurite growth: perpendicular to the acoustic propagation axis at a; = (135° + 15°,
315° + 15°) and parallel to it at ) = (45° + 15°, 225° + 15°).

In Figure 3 a, we present a summary of the relative frequencies f (a,) and f (a;)) from all samples as
function of the mean acoustic force F = Fg(Pi,) * % at t = 10 h after the start of the SSAW

treatment. The straight black line represents the respective mean frequency and standard deviation
of three control samples where no SSAW was employed. A percentage of f (a, ) = 83.3 % of the SSAW-
treated samples lies clearly above the error range of the control samples. We can therefore conclude



that 1) the treatment with SSAW promotes neurite orientation along the nodes of the SSAW after t =
10 h. However, no such effect becomes visible in the ), direction. In total, the data in Figure 3 a are
distributed between fi,in = 0.107 and f,.x = 0.253, but do not follow any visible force-dependent
trend. We obtained similar results for t > 10 h (see Sl 2a-c for the corresponding graphs at t =20 h, 30
h and 40 h). Therefore, the second conclusion that we can draw is that 2) neurite orientation is not
dependent on the magnitude of the mean acoustic forces F in the here employed range. Effects
become already visible at minimum forces of F = 3.36 nN (Pi, = 6 dBm (4 mW), PWM = 30 %). This
allows us to summarize the data points by calculating the mean relative frequencies P (a,,t) and
P (a);, t) and their standard deviations AP (a,,t) and AP (aj;, t) from all the data points, as depicted
in Figure 3 b and c. We then performed a two-sample t test to compare the SSAW-treated samples to
the respective control samples at each time step at a significance level of a = 0.05. The resulting p value
is included next to the SSAW mean values marked green if p < a(a table containing all calculated t and
corresponding p values as well as the number of degrees of freedom df can be found in Sl 3). For all
mean values with p < a, we can accept the null hypothesis stated at the beginning of this section: We

can confirm that 10 h of SSAW treatment can significantly (p = 0.043) promote neurite outgrowth along
the pressure minima by up to PSAW(IZ*) (_ap‘;“(a*) ~ 23.5 %. For longer treatments t > 10 h, this effect
Refl&1
vanishes and even becomes reversed: At t = 30 h, the treatment leads to a preferential neurite
P ,30h) - P ,30h
outgrowth parallel to the propagation direction of the SSAW by up to saw (@), 30) — Prer(ay 30h)
PRef(a||,30h)
31.3 % (p = 0.029). As mentioned above, we attribute the reverse effect to the acoustic streaming in
the microchannel that outweighs the acoustic force in long-term SSAW treatments. According to our
data, however, the acoustic force remains the main driving force for SSAW-directed neurite outgrowth

for treatment durations up to t =10 h.

After t = 40 h of treatment, our results show no significant preference in any of the two directions. At
the same time, we observed a drastic decline in the relative detected number of neurite segments N
in several samples, as visualized in Figure 3 d. While after t = 20 h, 75 % of all samples maintained the
same or exhibited an even higher number of neurite segments, the segment numbers N in some
samples began to drop between t = 30 to 40 h. Although we cannot draw a clear conclusion about the
correlation between N and the mean acoustic force F from Figure 3 d, the neurite shrinkage might be
a sign of reduced cell viability. Our experiments indicate that high-intensity treatments often evoke
early cell death after less than t = 20 h, concealing any possible neurite outgrowth effects (the purple
curve in Figure 3 d represents the only sample with cells surviving 20 h of treatment at Pi,= 21 dBm
(128 mW) and PWM = 30 %). To discuss these effects and further explore the limits of applicable SSAW
parameters for directed neurite outgrowth experiments, we provide a detailed analysis on cell viability
in the following section.
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Figure 3: Overall results of SSAW-guided neurite outgrowth, summarized as relative frequencies of
neurites growing in the directions perpendicular (a,) and parallel («)) to the SSAW propagation
direction, including standard deviations (s.d.). a) Exemplary distribution of the neurites after t = 10 h of
SSAW treatment as a function of different PWM and power levels Pi,, summarized here as mean
acoustic force F = Fr (Pi,) * PWM/100 and confidence interval (Cl). b) Mean relative frequencies of
neurites growing in the a, direction as a function of treatment duration t. A two-sample t test was
performed to test the significance of the differences between SSAW-treated samples and control
samples. c) Mean relative frequencies of neurites growing in the a| direction (analogous to b). d)

Relative development of the number of neurite segments N (detected by Neuronl) in all samples over
time.

2.3 Effects of SSAW on apoptosis and necrosis

To study cell viability, we prepared four samples from the same passage for each experiment, as
described in section 5.1. One chip served as static control with no SSAW employed. The other three
chips were treated with a 1D standing SAW with pulse width modulations PWM =30 %, 50 % and 100
% at a frequency of 1 Hz (in the case of PWM = 30 %, the signal is turned on for 0.3 s and turned off for
0.7 s).



We determined the percentage of apoptotic and necrotic cells in each time frame employing the
machine learning software ilastik 2 and the Matlab program Intensity Plotter 1. An exemplary scheme
showing the different steps of image analysis for necrotic cells is illustrated in Figure 4 a. The Intensity
Plotter software detects the coordinates of the nuclei in the DAPI channel and determines the
corresponding mean intensity value in the TexasRed channel (or in the FITC channel in case of
apoptotic cells). This intensity is directly linked to the amount of propidium iodide bound to the nucleus
and therefore serves as a measure for the cell’s stage of necrosis. We chose an intensity threshold I+
above which a cell is defined as necrotic and determined the proportion of necrotic cells R in a sample:

Npsp,. (1)

R(t) = N,
0

(4)
The fraction of apoptotic and necrotic cells R(t) in the sample as a function of time follows a sigmoidal
trend and can be approximated with a dose response curve, following the equation:

Aa_Ae

1+ 10000 ©)

y() = Ag +
with A, and A. as the lower and upper asymptote, w the turning point and p the slope in this point. In
the following, the turning point is referred to as tipso, i.e., the time when the SSAW dose is lethal to
half of the cells in the sample.

We observed that the distribution of the time difference between necrosis and apoptosis is very sharp
around tipso = 17.4 +- 1.1 min and that apoptosis signals occur shortly before the necrosis signals (see
Sl 4a). This indicates a consecutive secondary necrosis 2* due to the lack of phagocytes in our in vitro
setup, which would usually remove apoptotic cells in in vivo systems. The remaining apoptotic cells
experience membrane damage after the time Atipso, enabling propidium iodide to bind to the nucleus.
In the following, we decided to only analyse necrosis because the detection of apoptosis does not yield
any significant additional information.

In Figure 4 b, we display exemplary plots and a fit curve of R, as determined by (4) and (5), in two
samples treated with SSAW at Pi, = 15 dBm (32 mW), but with different pulse width modulations. In
the sample treated with an SSAW signal at PWM = 30 %, the turning point tiposo is reached earlier than
in the sample exposed to a continuous SSAW signal (PWM = 100 %). In the static control, necrosis does
not significantly increase during the whole experiment. We draw two conclusions from this graph: 1)
The treatment of B35 cells with SSAW at Pi, = 15 dBm (32 mW) for several hours already affects cell
viability. 2) The negative effect increases with increasing pulse width (which is proportional to the
acoustic energy input).

To exclude day to day fluctuations of the cell culture’s viability, we evaluated all samples relatively to
the control samples from the respective day of the experiment (for absolute tipso times see Sl 4b). This
leads to the results shown in Figure 4 c, where we depict the correlation of the relative time tipso,rel =
tipso/ tref @s a function of increasing PWM for all employed SSAW power levels (per definition we obtain
tiosorel = 1.0 for PWM = 0 %, because here tref = tipso). For power levels Pin < 12 dBm (16 mW), we can
conclude that the SSAW treatment does not reduce cell viability. We even see a small positive effect
at Pin = 12 and 4 dBm with a maximum of tipsgrei:= 1.30 at (Pin*PWM) = (12 dBm * 50 %). For higher
power levels, this effect becomes reversed: Pi, = 15 dBm marks the limit above which SSAW started to
affect the viability of our samples. For P, = 15 dBm (32 mW) and 18 dBm (64 mW), the viability
decreases almost linearly with increasing PWM, whereas at 21 dBm, the lethal dose is reached faster
at tipso (21 dBm, 30 %) = 0.34*tger. Hence, for Pi, = 15 dBm, the cells on SSAW-treated samples become
necrotic significantly faster than the cells in our static control. Consequently, the mean acoustic force
F, which was introduced in the previous section and combines the influence of both power level and
PWM, is an important driving factor of SSAW-induced cell death in our sample (see Sl 4c).
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Figure 4: Results of B35 cell viability with SSAW treatment at different power levels P;, and PWM. a)
Analysis scheme and exemplary PH and fluorescence images of SSAW-induced necrosis. b) Relative
necrosis in samples treated with different pulse width modulations at Pi, = 15 dBm (32 mW). c) Relative

tipso times (relative to the control) for different power levels as function of applied PWM (adapted from
21).

To maintain cell viability in long-term SSAW experiments, it is therefore highly recommendable to
employ low SSAW power levels up to Py, = 12 dBm (ATmax (12 dBm, 50 %) = 1.0 K for a 2D SSAW,
according to Figure 1 c). The results show that, in our setup, high power levels are only applicable for
a few hours. In setups containing active cooling or different geometries it might be possible to extend
the applicable power levels by minimizing the thermal energy input on the active area of the chip, as
we will discuss in detail in the next section. In this context, pulse width modulations between PWM =
30 % and 50 % should be chosen over a continuous SSAW signal to best maintain cell viability at power
levels Pi, = 15 dBm (32 mW). This is in accordance with our findings from section 2.2 where we showed
that pulsed SSAW signals can also effectively direct neurite outgrowth.

To complete the picture of cell viability in our setup, we will analyse cell proliferation under SSAW
influence in the next section.



2.4 Effects of SSAW on proliferation

Based on our findings from the previous section, we decided to employ mild SSAW parameters in our
proliferation assays to avoid early apoptosis and necrosis. Therefore, we here investigate a power
range from P, = 3 - 18 dBm (2 — 64 mW), where all samples were treated with a 1D SSAW of PWM =
30 % for t = 15 h. In analogy to the data analysis of necrosis, the proportion of proliferated cells in each
sample was determined employing ilastik and the Intensity Plotter software. Here, all cells with a mean
intensity above an intensity threshold /r = 0.3 * I in the FITC channel are defined as proliferated, as
shown in Figure 5 a.
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Figure 5: SSAW-influenced proliferation of B35 cells. a) Scheme and exemplary PH and fluorescent
images of the proliferation analysis. b) Mean percentage of proliferated cells in samples treated with
SSAW at PWM = 30 % and in control samples as function of applied power P;, including standard
deviations (s.d.) and the confidence interval (Cl) of the control. Each power level corresponds to one set
of experiments, where three SSAW samples and three control samples (in microchannels) were
measured.

As shown in Figure 5 b, surprisingly the average proliferation on nearly all SSAW-treated samples was
reduced in comparison to the static controls. In contrast, in earlier studies an increase of proliferation
during application of travelling SAW? was found. At the highest power P, = 18 dBm (64 mW),
proliferation Ilas in the SSAW sample decreased even by up to 51 % in comparison to the control
samples. However, the graph in Figure 5 b shows that low and medium powers of Pi, =3 dBm (2 mW)
and 15 dBm (32 mW) affected cell division behaviour as well. The control samples were prepared at
the same day as the corresponding SSAW samples but were not treated with SSAW (in Figure 5 b, each
power level corresponds to one set of experiments). For a better visualization, we determined the
average relative proliferation I, shown as blue graph. Here, I1.e < 1.0 for all SSAW power levels. This
fact and the single proliferation values of each sample (see Sl 5a) confirm that reduced proliferation
appeared in almost all SSAW-treated samples. As we describe in the next section in detail, temperature
effects do not play a role at powers Pin < 15 dBm: The maximum temperature increase for Pi, = 15 dBm
and PWM = 30 % in the sample is only AT = 0.78 K (Figure 1 c), so that temperature effects are most
likely not responsible for reduced proliferation at power levels P, < 15 dBm.

Interestingly, we also observed different proliferation behaviour between samples with and without
microchannels. The latter is included in Figure 5 b as a green line and consists of an unrestricted
external control, where we seeded cells in a 4-well culture dish and determined the mean proliferation



and confidence interval after t = 15 h of incubation at 37 °C and 5 % CO,. The proliferation outside of
our setup was overall higher than inside the height-restricted microchannels. We attribute this effect
to the higher volume (Ve = 1 ml) of medium in the wells than in the channels (Vchannet = 0.013 pl),
which leads to an overall better distribution of nutrients among the cells.

We can conclude that, in addition to the geometry-induced effects in the microchannel, proliferation
in our setup is reduced by the SSAW treatment. Moreover, this negative effect increases with higher
SSAW intensity.

3 DISCUSSION

In the following, we describe and evaluate three main factors that could contribute to the effects on
cell viability from section 2.2 and 2.3. These are i) cell density, ii) temperature effects, and iii) acoustic
forces. This discussion finally leads us to the conclusion that the effects most likely originate from
acoustic forces (for all power levels P, < 18 dBm (64 mW)), and additionally from increased
temperature (for effects at power levels Pi, = 18 dBm).

3.1 Cell density

From literature it is well known that proliferation is sensitive to cell density. Puliafito et al. showed that
starting from a critical area of Acir= 200 um? contact inhibition becomes relevant and leads to reduced
proliferation of MDCK-II cells?®. We additionally considered the correlation between proliferation and
cell density of all samples to exclude this potential factor not related with the SSAW itself (see Sl 5b).
The linear fit includes only the static control samples and shows a slope of the order 10* mm?, that is
mainly determinated by only two samples of extremely high density. This study demonstrates that cell
densities up to about 1500 mm™ do not affect the cell division behaviour. Consequently, samples with
higher cell densities were excluded in our statistics. We therefore attribute the main effects that lead
to reduced proliferation in Figure 5 b to SSAW-related quantities, as we describe in the following.

3.2 Temperature effects

In section 2.1, we already discussed the heating of the substrate that results from high SSAW powers.
As shown in Figure 1 c, low pulse width modulations induce smaller temperature changes than high
PWM: At P;, = 15 dBm (32 mW), the increase for the 50 % pulsed 2D SSAW is AT (15 dBm, 50 %) = 2.56
K, while the 30 % pulsed 1D SSAW induces a temperature difference of only AT (15 dBm, 30 %) = 0.78
K (corresponding spatial-peak temporal-average intensities: Ispra (15 dBm, 50 %) = 44.4 mW/mm?2and
Isp1a (15 dBm, 30 %) = 26.6 mW/mm?). The latter value lies below physiological afebrile temperature
fluctuations of AT = + 1 K and therefore should not affect cell viability. At P, = 18 dBm (64 mW),
however, we observed elevated temperatures of T > 38 °C. The thermal CEM43°C dose for cells
exposed to an SSAW at Pi, = 18 dBm and PWM = 30 % is relatively small: CEM43° = Y"_ . t;R“43-T1) =
2.0 min after 10 h of treatment and CEM43°C = 8.1 min after 40 h of treatment?’. For even higher
power levels Pi, > 21 dBm (128 mW), critical temperatures of T> 40 °C were reached. This temperature
limit is known to induce a strong inhibition of cell viability and proliferation?®?°, The exposure of cells
to an SSAW of P, = 21 dBm and PWM = 30 % results in doses of CEM43°C = 4.45 min after 10 h of
treatment. After t > 20 h at this SSAW power, the cumulative number of equivalent minutes at 43 °C
would already exceed 10.0 (CEM43°C = 13.3 min after 30 h of treatment). However, no cells in the
respective samples survived such a long high power treatment duration, so that all experiments in our
studies on neurite outgrowth were performed at conditions where CEM43°C < 10.0.

The drastic changes in temperature for high power levels P, = 18 dBm (64 mW) explain the decline
of the relative proliferation curve in Figure 5 b and the increase of apoptotic and necrotic cells at high



SSAW powers and high PWM in Figure 4 c. Still, temperature cannot be the major driving force behind
effects that we observed for Pin < 15 dBm.

As mentioned above, different geometries like a small active area A between the bidirectional IDTs can
lead to high power densities in the area. The maximum spatial-peak temporal-average intensity /spra

that we employed in our setup for the proliferation experiments is lspra (Pin, PWM, A) = Pin % = 64

mW * 0.3 / 0.36 mm? = 53.3 mW/mm?. This energy density (and thus the heating of the substrate)
could be reduced by choosing a larger active area in future experiments, which will shift the maximum
of applicable SSAW power towards higher levels.

3.3 Acoustic forces

For powers P, < 15 dBm (32 mW), we observed that proliferation in SSAW-treated samples is still
reduced by up to 37.7 % relative to the external microchannel control. Acoustic forces could be an
explanation for this effect: Cells in acoustic potential landscapes are exposed to acoustic pressure and

acoustic forces.

In section 2.1, we determined the maximum acoustic force acting on cells in our setup using equation
(1). The forces corresponding to the employed SSAW power levels are shown in Figure 5 b on the upper
x axis (the values are only exact for cells in suspension and can vary slightly for adherent cells). In our
experiments, the minimum and maximum acoustic force applied to the cells were Fg min(3 dBm) = 5.6
NN (2 mMW), Frmax(18 dBm) = 177.9 nN (64 mW) and Frmax(21 dBm) = 359.2 nN (128 mW). Our results
indicate that low forces of about 6 nN already affect cell proliferation in this setup. Interestingly, Cattin
et al. (2015), reported that mitosis behaviour of Hela cells can be accelerated by low mechanical
pressure (F=5nN)& This is contrary to our observation and indicates that pulsed lateral acoustic forces
might have different effects on proliferation behaviour than continuous transversal forces, as exerted
by an AFM cantilever in Cattin et al.. A possible explanation for this deviation could be that vertical
deformation induce different cellular reactions than lateral forces. This might be due to the anisotropy
of the cell, like the geometry of the microtubule spindle apparatus which is known to play an important
role in mitosis 3. For higher forces between F = 50-100 nN, Cattin et al. observed a deceleration of cell
division, leading up to an entire inhibition of proliferation at F > 100 nN. This is in accordance with our
findings: At Pi, = 15 dBm (32 mW), the cells were exposed to forces of Fr = 89.2 nN, which impaired cell
viability and led to reduced cell proliferation even at a pulse width modulation of only 30 %. Additional
findings in literature indicate that the duration of incubation in the acoustic potential landscape is
another crucial factor: Hultstrém et al. (2007) reported that neither proliferation nor viability of cells
in a standing surface acoustic wave field were impaired during short SSAW treatments between t = 30
— 75 min’. Our experimental parameters exceed this duration by far, which could amplify the negative
effects.

These considerations provide strong evidence that during long-term SSAW treatments of t > 15 h, cell
proliferation in a microchannel setup on the chip is reduced because of acoustic forces. However, cell
viability is not impaired at low forces (power levels Pi, < 12 dBm (16 mW)).

Our experiments reveal that long-term maintenance of cell viability in this setup, especially at high
SSAW power levels, remains challenging. As cell proliferation is reduced even at low power and pulsed
signals, it is extremely advisable to control environmental parameters such as temperature, CO;
saturation and supply with nutrients as carefully as possible. However, we found that during short-
term measurements up to t = 10 h, neurites indeed orientate along the acoustic pressure nodes. Our
data show that pulsed as well as continuous SSAW signals yield promising results in the field of SSAW-



directed neurite growth and, at the same time, maintain cell viability long enough to observe
statistically significant effects.

In their pioneering work, Brugger et al. (2018) observed a correlation of primary neurite outgrowth
with an employed 2D acoustic potential landscape in a microchannel on SSAW chips. The behaviour of
the B35 cell line can deviate from primary neurons in vivo; nevertheless, we were able to corroborate
and extend these previous observations by studying the long-term effects of SSAW fields on cell
viability, proliferation and guided neurite outgrowth at different power levels.

4 CONCLUSION

In our studies, we explored the limits of applicable SSAW power levels to living cells and verified that
pulsed SSAW signals enable high-intensity treatments up to several hours. Based on these parameters,
we were able to significantly improve the investigations on SSAW-directed neurite outgrowth reported
earlier, and demonstrated that B35 neurite orientation can be influenced by acoustic potential
landscapes at pulsed high SSAW power levels. In future experiments, it would be illuminating to
constrict neurite growth to narrower potential valleys by employing shorter wavelengths. Additionally,
microchannels with smaller height could help to further suppress acoustic streaming effects. Another
future extension could focus on the influence of such acoustic potential landscapes on the membrane
phase state and, thus, on mechanical properties. Moreover, as a next step the combination with soft
environments, such as polyacrylamide gels with adjustable Young’s modulus or collagen hydrogels,
seems obvious. Application to intact tissue, like retina, would be fascinating. We expect that our
findings will improve the efficiency of future research in this field and further pave the road towards
the acoustic manipulation of neuron outgrowth and signalling.

5. MATERIALS AND METHODS

5.1 Experimental setup

For all experiments presented here, we cultivated B35 neuroblastoma cells (ATCC CRL-2754TM) in
Dulbecco's Modified Eagle's Medium (DMEM, 4 mM L-glutamine, 4500 mg/| glucose, 1 mM sodium
pyruvate, 1500 mg/l NaHCOs by ATCC ) containing 10 % fetal bovine serum (FBS Superior stabil® by
Bio&Sell) at 37 °C and 5 % CO,. The SAW chip consists of a SiO,-covered LiNbO; substrate with four
interdigital transducers (IDTs) made of thin metal layers (Ti/Au/Ti, 10/50/10 nm). The wavelength of
the SAW is dependent on the transducer design. We chose A = 50 um (f = 71 MHz), because this is in
the size range of a living cell. For single object SAW patterning using polystyrene microbeads, the
diameter D of the object should be in the range of 3.2 > A/D > 3.6, according to previous works by
Collins et al. (2015)*%.

The active area of the chip was incubated with a Poly-L-Lysine (PLL, 0.1 % w/v by Sigma Aldrich) solution
containing 0.4 % PLL in PBS at room temperature for t = 1 h. To suppress acoustic streaming a PDMS
microchannel (h =37 ¥ 1 pm) and a polystyrene cover slide were placed on top of the microchannel
to stabilize the setup and to enable the diffusion of fresh medium from the 1ml well on top of the slide
into the channel.

The B35 cell suspension was pumped into the channel at a flow rate of Q = 0.005 pl/s using a
polytetrafluoroethylene (PTFE) tube, a 250 pl syringe (Hamilton Bonaduz AG, Switzerland) and a
neMESYS syringe pump (Cetoni GmbH, Korbussen, Germany). The cells were patterned in the nodes



of the standing wave field by applying a 2D SSAW at a power of P, = 18 dBm (64 mW). For signal
generation, a customized multifunctional frequency generator with a built-in network analyzer by M.
Brugger?®* was used. Prior to the experiments, the complete experimental setup containing the nutrient
was pre-incubated at 37 °C and 5 % CO; for several hours to ensure stable conditions (pH and
temperature) as well as stable cell adhesion and spreading.

5.2 Detection of neurite orientation

After cell patterning and adhesion, we added 2 mM DcAMP (dibutyryl cyclic adenosine 3,5-
monophosphate) to the medium to induce the differentiation process of the cells. A 1D SSAW at
different pulse widths and power levels was employed and the formation of neurites was recorded for
t=40h.

As illustrated in Figure 2 a, we used the Image) plugin NeuronJ) 3 to track the orientation of the
neurites. The plugin defines small segments along the neurites with a length L = 5 px (3-4 um). Since,
e.g., neurite segments at a = 45° relative to the x axis appear elongated in the data by a factor of V2,
we weighted the numbers of segments per class according to the respective angle. In each of the 15
independent experiments, that we analyse in this section, NeuronJ detected about 150 to 2600 neurite
segments, which yield an extensive statistic.

5.3 Detection of apoptosis, necrosis and proliferation

After pre-incubation, we added 30 pl of the fluorescent CellEvent Caspase-3/7 Green ReadyProbes
Reagent per 1 ml well to detect apoptotic cells and the same volume of the Propidium lodide
ReadyProbes Reagent to detect necrotic cells (both dyes were purchased from
Invitrogen™ThermoFisher Scientific, Massachusetts, USA). To keep track of the total number of cells
in the sample during the experiment, a volume of 30 pl of Hoechst 33342 (NucBlue Live ReadyProbes
Reagent, Invitrogen™ ThermoFisher Scientific, Massachusetts, USA) was added to the medium. We
performed life cell imaging experiments employing a 1D SSAW at different power levels and pulse
widths in an ibidi Stage Top Incubation System (for Multi-Well Plates, K-Frame, CO,/0;) every 5 min
for t =15 to 20 h. The fluorescent images were taken with a Zeiss Axiovert 200M microscope (Zeiss AG,
Oberkochen, Germany) and a Hamamatsu camera (Orca 5G, Hamamatsu Photonics Germany GmbH,
Herrsching am Ammersee, Germany).

In separate experiments, we detected the proportion of proliferated cells in a sample. After cell
patterning, the medium in the well was substituted with fresh medium containing 20 uM EdU (5-ethyl-
2'-deoxyuridine) from the Click-iT™ EdU Cell Proliferation Kit for Imaging (Invitrogen™ ThermoFisher
Scientific, Massachusetts, USA). As for apoptosis and necrosis experiments, the samples were treated
with a 1D SSAW of various power levels (Pi, = 3, 9, 15 and 18 dBm), but exclusively at a pulse width
modulation of PWM = 30 % for t = 15 h. As the labelling procedure requires the removal of the
microchannel from the substrate after the experiment, phase contrast images of the sample before
and after the removal were compared to ensure that no cells were accidentally detached from the chip
surface. The nuclei of the fixed cells were marked with 30 ul of Hoechst 33342 (NucBlue Live
ReadyProbes Reagent, Invitrogen™ ThermoFisher Scientific, Massachusetts, USA).
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