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process. To accelerate the neuron production, an acoustic stimulator producing surface acoustic waves
(SAWs) is proposed and realized by clamping a flexible printed circuit board (PCB) directly onto a piezo-
electric substrate. Neural differentiation of the hESCs is greatly accelerated after application of the acous-

Keywords: tic stimulations. Acceleration mechanisms for neural differentiation have been explored by bulk RNA se-
Embryonic stem cell quencing, quantitative polymerase chain reaction (qQPCR) and immunostaining. The RNA sequencing re-
Surface acoustic wave sults show changes of extracellular matrix-related and physiological activity-related gene expression in
Acoustofluidics the low or medium SAW dose group and the high SAW dose group, respectively. The neural progenitor

Interdigital transducer

- >Ct cell markers, including Pax6, Sox1, Sox2, Sox10 and Nkx2-1, are less expressed in the SAW dose groups
Neural differentiation

compared with the control group by the qPCR. Other genes including Alk, Cenpf, Pcdh17, and Actn3 are
also found to be regulated by the acoustic stimulation. Moreover, the immunostaining confirmed that
more mature neuron marker Tujl-positive cells, while less stem cell marker Sox2-positive cells, are pre-
sented in the SAW dose groups. These results indicate that the SAW stimulation accelerated neural dif-
ferentiation process. The acoustic stimulator fabricated by using the PCB is a promising tool in regulation
of stem cell differentiation process applied in cell therapy.

Statement of significance

Human embryonic stem cells (hESC) are used for investigating the complex mechanisms involved in the
development of specialized biological cells and organs. Different types of hESCs derived cell products can
be used for cell therapy procedures aiming to regenerate functional tissues in patients who suffer from
various degenerative diseases. Accelerating the hESCs’ differentiation process can considerably benefit the
clinical utilization of these cells. This study develops a highly effective acoustic stimulator working at
~20 MHz to investigate what roles do acousto-mechanical stimuli play in the differentiation of hESCs.
Our results show that acoustic dose alters the extracellular matrix and physiological activity-related gene
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expression, which indicates that the acoustic stimulation is an important tool for regulating the stem
cells’ differentiation processes in cell therapy.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The human embryonic stem cells (hESCs) offer reliable and
abundant source for studies of cellular biology, tissue engineer-
ing, treatment of neurodegenerative diseases, and pharmacological
screening [1]. Neural stem cells (NSCs) derived from hESCs are the
source of neurons, oligodendrocytes, and astrocytes [2]. Transplan-
tation of NSCs is a promising treatment for neurological diseases,
via regeneration of neural cells and restoration of microenviron-
ment at the injury site [3]. Currently neural differentiation process
is mainly achieved by biological stimulations which require a long
and complicated process up to weeks or months. This severely hin-
ders the high yields of usable neuron populations for therapeutics.

Apart from those biological toolkits, various types of physical
stimuli (such as those based on optics [4], electronics [5,6], mag-
netics [7], microelectromechanical systems (MEMS) [8], topograph-
ical materials [9] and microfluidics [10]) have been explored as
strategies to regulate in vitro neural differentiation of embryonic
stem cells. For example, low intensity pulsed ultrasound (LIPUS)
has been proven to promote neural lineages derived from various
stem cells, and regulate cellular proliferation, differentiation, and
membrane channels [11-13].

Surface acoustic waves (SAWs), with frequencies from a few
MHz to a few GHz, can produce nanoscale vibrations with their
wavelengths comparable to or much smaller than cells [14]. SAWs
have advantages of easy integration with other systems such as
microfluidics, as its configurations and materials are almost in-
dependent from other integrated systems [15]. These features al-
low SAW transducers to be developed as versatile tools for manip-
ulating and characterizing cells [16], bacteria [17], model organ-
ism [18,19], and extracellular vesicles [20]. Significantly increased
cell migration [21,22] and proliferation abilities [23], and enhanced
cell metabolism and stiffness as the result of direct mechanical
stimulation induced by SAWs have been demonstrated [24]. SAW-
mediated intracellular delivery of siRNA into adherent [25] and
non-adherent cells [26] were also demonstrated, which led to the
application for introducing the small molecules into the stem cells.

The underlying mechanisms for such effectively mechanical
stimulations are the biophysical events of protein chains that are
linked extracellular matrix (ECM) with plasma membranes, actin
cytoskeleton [27], translation of relevant proteins, and their tran-
scription and DNA sequences [28]. When the SAWs interact with
the fluid, the acoustic energy is diffracted into the fluid in a form
of leaky SAWs producing a distribution of acoustic pressure, which
induces medium streaming and micro-circulation, and exerts a ra-
diation force to the cells. SAWs also cause direct mechanical vibra-
tion applied to the cells which are directly attached to the vibra-
tional substrate [29]. Such high-frequency external pressure/forces
are fully controllable to produce precise stimulation parameters,
which is unique for the fine-tuning of mechano-transduction pro-
teins during the neural differentiation process of the hESCs.

SAW devices are generally manufactured through photolithog-
raphy process by patterning interdigital transducers (IDTs) on a
piezoelectric substrate such as lithium niobate (LiNbO3). To min-
imize the strong dependence of cleanroom facilities for prepar-
ing SAW devices, our group explored an alternative and effective
technique [30], in which a rigid printed circuit board (PCB) pre-
patterned with a metal interdigital electrode (IDE) was mechan-
ically clamped onto a LiNbO; wafer to produce SAWs. We fur-
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ther proposed to apply flexible laminates as thin film flexible PCBs
(FPCBs), which possess advantages of superior mechanical proper-
ties, high flexibility, light weight and good thermal stability [31].
Using these FPCBs pre-patterned with IDEs offer benefits in re-
duction of device production time and avoiding the requirement
of cleanroom facilities. Fast prototyping and testing using these al-
ternative acoustofluidic devices become readily feasible owing to
great flexibility and increased package density of the FPCB [32].

Given the promise of using the hESCs derived neural lineage
cells in treatment of neural degenerative diseases together with
long-standing challenges associated with the neural differentia-
tion, we proposed to accelerate these processes by using a FPCB
SAW-based cell stimulation (FSCS) device. The device can be con-
veniently deployed in the batch simulation of hESC owing to its
ability to on-demand fabrication. Our data demonstrated that SAW
stimulation accelerated neural differentiation process. The SAW ac-
celerated production of neural lineage cells has great potentials for
drug screening and cell-based therapies.

2. Materials and methods
2.1. Device design and principle of SAW stimulation

The SAW device used for stimulation is prepared using a fast-
prototyping technique as shown in Fig. 1a. Radio frequency (RF)
signals are applied to a LiNbO3; substrate via IDEs of the FPCB,
which produces SAWs propagating towards a polydimethylsiloxane
(PDMS)-made cell chamber bonded onto the LiNbO3 substrate. The
FSCS is driven by the amplified RF signals as the system setup
shown in Fig. 1b. The SAWSs contact the medium inside the PDMS
chamber and form leaky SAWs. This causes part of the SAWs to
be refracted into the liquid medium as a longitudinal wave [33].
Both the leaky SAWs and surface vibrations of the LiNbO3 substrate
interact with the biological cells attached to the surface of the
LiNbO3 substrate. The inset of Fig. 1a displays the analytic model
of the FSCS device, in which an edge wave from the PDMS-LiNbO3-
fluid contact point and a plane wave emanated from the vibration
of the LiNbO3 substrate to the fluid are combined to propagate in
the medium.

The hESCs are seeded in the platform with a periodic SAW sim-
ulation for twelve consecutive days, followed by ten-day culture in
conventional culture plates as shown in the inset of Fig. 1b. Af-
terwards, the cells are collected for RNA sequencing, quantitative
polymerase chain reaction (qPCR) and immunofluorescence analy-
sis. Three SAW dose groups with three FSCS devices in each group
plus three control groups are applied in the present study.

2.2. Numerical simulation of acoustic pressure and streaming

The interaction between SAW and culture medium in the FSCS
device can be explained via numerical and analytical models as
shown in the inset of Fig. 1a, which combines an edge wave from
the PDMS-LiNbO3-fluid contact point [34] and a plane wave em-
anated from the vibration of the LiNbO5 substrate to the fluid at a
Rayleigh angle 6, given by

O = sin~' (G /Cs), (1)

where C; and G are the speed of sound in the fluid and the
Rayleigh wave velocity in the substrate, respectively. In Fig. 1a,
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Fig. 1. The flexible printed circuit board (FPCB) surface acoustic wave (SAW)-based cell stimulation (FSCS) device used for cell stimulation. (a) The 3D model of the FSCS,
consisting of a SAW generator and a cell chamber. Human embryonic stem cells (hESCs) are seeded in the FSCS. The SAW generator is made by coupling FPCB interdigital
electrodes (IDEs) to a LiNbO5 substrate. The inset shows the cross-sectional view of the analytic model of the FSCS device. An interdigital transducer (IDT) generates SAW
propagating towards the cell chamber. The plane and edge waves create static interference pressure patterns in the fluid, resulting in a near-field pattern of acoustic pressure
with the period of P,; and the angle of 6. 6g is the Rayleigh angle, Aspw and A; denote the wavelengths of the two waves which are propagating on the LiNbO; substrate
and in the fluid, respectively. (b) A schematic illustration of the stimulation system. A signal generator produces radio frequency (RF) pulses which are amplified by a
power amplifier. The pulses drive the FSCS with the reference forward and reflected powers monitored by power meters. A matching network is used for maximising the
power transmission. SAW pulses are produced on the LiNbO; substrate and interact with the hESCs. The inset shows the process of the stimulation process, starting from
transferring the hESCs to the FSCS. After 12 days SAW stimulation, the cells are transferred to culture plates for further 10 days.

Asaw and A; denote the wavelengths of the two waves which are
propagating on the LiNbO5 substrate and in the fluid, respectively.
The normal component of the substrate velocity v is set as the
boundary condition for acoustic coupling into the fluid. For a trav-
elling SAW, this boundary condition [35] is determined by

V= _wuoe—axe—ikx’

(2)

where o, ug, k, o, and x denote angular frequency, vibration am-
plitude, wave number, attenuation coefficient, and x coordinate, re-
spectively. The attenuation coefficient is calculated by [35]

A6
0sCsAsaw”
where p; and ps are the densities of liquid (water, 997 kg/m3) and
substrate (LiNbO3, 4,700 kg/m3), respectively.

The plane and edge waves create interference and pressure pat-
terns despite their continuous propagation in the fluid, which re-
sult in time-averaged pressure maxima and minima regions. A
near-field pattern of acoustic pressure is formed at the LiNbOs-
fluid interface with the initial period given by [34]

Pyr = A/ (1 = G/G).

(3)

(4)
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The angle at which the maximum and minimum fluid displace-
ment locations project into the fluid from the LiNbO3-fluid inter-
face is given by

(5)

An impedance boundary condition was set at the PDMS-fluid
interface. A region on the x-z plane with the dimensions of 1,000
pm (width, 5 x Agaw) x 200 pm (height, 1 x Agaw) starting from
the PDMS-LiNbO3-fluid contact point was numerically studied us-
ing the COMSOL Multiphysics.

bt = €057 (G/C).

2.3. Device fabrication

The FPCB design file containing the pattern of finger electrodes
was submitted to a PCB prototype manufacturer (circuitfly.com) for
fabrication. The FPCB contains 40 pairs of finger electrodes with a
period of 200 um and an aperture size of 2 cm. A standard PCB
gold plating process was used during the development, i.e., the fin-
ger electrodes were made of bilayers of nickel/gold (2 «m/30 nm
in thickness) and patterned onto a 70-um thick polyester laminate.
A coaxial cable was soldered to the busbars of the FPCB.
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The assembly process of the FSCS device was started from plac-
ing the LiNbO3 substrate bonded with the PDMS chamber into the
slot on a 3D-printed holder (Fig. S1). Then the FPCB, the silicone
pad and the rectangular nut were subsequently stacked onto the
substrate. The two screws were used to fasten the stacking struc-
ture inside the holder and allow a uniform clamping force on the
FPCB and the LiNbO3 substrate. The silicone pad and the rectangu-
lar nut were slightly larger than the IDE region of the FPCB.

The FPCB, the PDMS chamber and the 3D-printed holder were
customised and manufactured for the study, and other components
were all off-the-shelf items. The specifications of all the compo-
nents are given in Table S1 in the supplementary information (SI).
Using the FPCB technique to fabricate the FSCS is an extraordinary
time-saving strategy and eliminates the researcher’s effort to ac-
cess cleanroom facilities to prepare multiple SAW devices. This is
very helpful for this study as any short-circuit damage caused by
cell medium spillage or accidental breakdown for any of the FSCS
device can be efficiently recovered and the work can carry on for
the consecutive simulations over a 12-day period. One can easily
replace a new LiNbO3 wafer and / or a new FPCB to construct an
on-demand FSCS in minutes without accessing to cleanroom for
photolithography process [30,32,36].

Twelve-well culture plates (with its bottom area of 4 cm? per
well) [37] and six-well culture plates (with its bottom area of 9.6
cm? per well) [38] are often used for growing hESCs. In this study,
the PDMS chamber was designed to approximate the bottom area
of the single well of the twelve-well culture plate, which has an
internal dimension of 2cm (L) x 2cm (W) x 1.5cm (H). The thick-
ness of the PDMS chamber wall was 2 mm. The PDMS chamber
was formed by pouring a mixture of PDMS base and a curing agent
(w/w =10:1) into a 3D-printed mould and left cured at 45°C for
overnight. A thin layer of PDMS liquid was applied to attach the
PDMS chamber to the pre-cut LiNbO3 substrate, and then cured at
65 °C for 2 h. A cover slide was loosely placed on the top of the
PDMS chamber after the hESCs were seeded.

The SAW stimulation system includes RF instrument is shown
in Fig. 1b. The driving circuitry was consisted of a RF signal source,
a power amplifier, a power meter, and a matching network. RF
functional generator was used to drive the FSCS to produce SAW
pulses in the cell chamber to stimulate the cells.

2.4. Device characterization

The reflection coefficient S;; of the FSCS was measured using a
vector network analyzer (VNA, E5061B, Keysight, US). The monitor-
ing of Sy; is essential as it guides the design process of impedance
matching. The dip frequency in S;; was registered as the Rayleigh
mode frequency of the FSCS device to be used for the cell stimu-
lations. The SAW amplitude was decayed along the propagation on
the LiNbO3 substrate due to the attenuation caused by the PDMS
material and the medium inside the PDMS chamber. To determine
the attenuation caused by the PDMS chamber and the medium,
two further measurements were performed as detailed in the SI
(Figs. S2 and S3). A droplet transportation experiment was per-
formed to validate that the SAWs were effectively produced by the
FPCB device, and the SAW amplitude was fully controllable. A hy-
drophobic layer of CYTOP™ (~200 nm, Asahi Glass Co. LTD, Japan)
was coated onto the surface of the LiNbO5; substrate outside the
IDT region. A 1-ul sessile droplet of deionized water was placed
on the hydrophobically treated area along SAW propagation path-
way. A camera was used to record videos of the droplet pumping.
The pumping velocity was analyzed using a video analysis package
(Tracker, OSP). To measure the temperature variation of the fluid
in the PDMS chamber under different SAW doses, a thermocouple
was attached to the bottom of the water filled PDMS chamber. For
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each SAW dose, the temperature readings were taken in every two
minutes.

2.5. SAW doses for hESC stimulation

Three SAW doses produced by RF amplitudes of 24V, 31V and
39V (peak-to-peak voltage) were applied to administrate stimula-
tions of the hESCs [12,13]. The RF signals were set to a pulse mode
with a burst period of 1 ms, 200 pulses per burst, and 40% duty
cycle. The pulse frequency was set to be the Rayleigh mode fre-
quency of individual FSCS devices. A total of twelve FSCS devices
were efficiently prepared owing to the rapid prototyping capabil-
ity of the FPCB technique. Three FSCS devices were applied in each
SAW dose group, and another three FSCS devices were applied as
the control group. The three dose groups were stimulated by the
SAWs for 10 min at the same time on each day, and for 12 consec-
utive days. The SAW stimulation was performed after replacing the
differentiation medium at room temperature in the fume hood. For
the three FSCS devices in the control group, the hESCs were cul-
tured using the same differentiation medium [39] as that used in
the stimulation groups and stayed at room temperature for 10 min
without applying any SAW stimulation.

2.6. On-FSCS hESC culture

All the FSCS devices were sterilized by exposing them to ultra-
violet radiation for overnight. Before cell seeding, vitronectin re-
combinant human protein (A14700, Thermo Fisher Scientific, USA)
was applied to coat the FSCS device. The hESC line (H9; passage
38-44) was seeded into the PDMS chamber at a concentration of
2.5 x 10° cells/cm? and cultured in the monolayer culture in an
incubator (37°C, 5% CO,) for the entire stimulation course and
follow-up culture. On Day 1, all the samples were cultured with
NouvNeu Induction Medium (iRegene Therapeutics, China) without
SAW stimulation. From Day 2 to Day 13, the culture medium was
replaced on a daily basis in all groups using the neural induction
protocol reported in Reference [39], followed by SAW doses admin-
istrated to the stimulation groups for 10 min. On Day 13, the cells
in the FSCS device were transferred to culture plates and continued
to differentiate for another 10 days using the same neural induc-
tion medium without any SAW stimulation. On Day 23, the cells
were collected for RNA sequencing, qPCR and immunofluorescence
staining.

2.7. Whole Transcriptome Sequencing (RNA sequencing) and gene
ontology enrichment analysis

Total RNA extraction was performed using RNeasy
Serum/Plasma Kit (Qiagen, USA) following the manufacturer’s
protocol. After the total RNA was extracted, the RNA concentration
and purity were measured using the NanoDrop spectrophotometer
(Thermo Fisher, USA) according to 260/280 absorbance ratio and
Labchip GX Touch HT Nucleic Acid Analyzer (PerkinElmer, USA).
High-quality RNA was applied for cDNA libraries construction and
sequencing. The mRNA was enriched by oligo (dT) beads and the
RNA sequencing libraries were generated using the KAPA Stranded
RNA-Seq Kit for Illumina with multiplexing primers, according to
the manufacturer’s protocol. The RNA sequencing was performed
using the Illumina Nova sequencer. The detailed gene ontology
enrichment analysis and KEGG enrichment pathway analysis of the
differentially expressed genes was included in the SI (Table S2-S7).

2.8. Quantitative PCR (qPCR) and Immunofluorescence staining

The cells from each SAW dose group were extracted for their
total RNA using RNeasy Mini Kit (Qiagen, Germany). The expres-
sions of four NSC markers, including PAX6, SOX1, NKX2-1 and
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Fig. 2. (a) The droplet pumping velocity on the FSCS device for three different input powers under a continuous mode. (b) Attenuations of the PDMS wall on the FSCS device
and the water inside the PDMS chamber under three doses (horizontal axis is the input RF amplitude under pulse mode). (c) The PDMS chamber temperature over a 10-min
course under three input amplitudes on pulse mode. (d) The cell density of the control (CK) and three simulation groups measured after 12-day SAW stimulation.

Table 1
The qPCR primer sequences of the four markers.

Primer (5’ to 3’)

Gene Forward Reverse

Pax6 TCTTTGCTTGGGAAATCCG CTGCCCGTTCAACATCCTTAG

Sox1 GGCTGAGCACCACTACGACTTAG GAGCCAAGACCTAGATGCCAACAA
NKX2-1 AACCAAGCGCATCCAATCTCAAGG TGTGCCCAGAGTGAAGTTTGGTCT
Sox10 CCACCTATGCCACAGTGCCTAAG GTGCCAACTCCTTCCTGCCTTC

Alk GTGCTCTGCTTCAATGTAGTCA CCACATCAACAAGGCAAGGA
Cenpf AGGAGGCAGATGAATACTTGGATA  TGGAACAACTGGACCTAGCA
Pcdh17 AGCATTCATCAGAGCACTAATTCG GTTGTCCTTGTTCACCAATCACT
Actn3 TCGTGCGTGACATTAAGGAG TTGCCAATGGTGATGACCTG

SOX10, and four differential expressed genes identified in RNA Se-
quencing, including ALK, CENPF, PCDH17 and ACTN3 were also ex-
amined. The qPCR primer sequences are listed in Table 1. Immuno-
cytochemistry was performed to identify development stage of
the cultured cells, using antibodies against TUJ1 (MAB1637, Merck,
Germany), a more mature neuron marker, and SOX2 (14-9811-80,
Thermo Fisher Scientific, USA), an NSC marker. In addition, 4',6-
diamidino-2-phenylindole (DAPI) was used to stain the cell nuclei.
To quantify the fluorescence intensity of immunostaining, the nor-
malised fluorescence of Tujl1 and Sox2 in each SAW group was cal-
culated using Image].

2.9. Statistical analysis

Kruskal-Wallis one-way analysis of variance was performed to
compare the differences of the cell densities and qPCR results
among different groups. P<0.05 is considered as statistically signif-
icant. Fisher’s least significant difference test was applied to find
all pairwise differences. SPSS statistics (Version22, IBM, US) was
applied to perform the statistical analysis.

3. Results and discussion

Conventional ultrasound using various waveforms, frequencies,
amplitudes and transmitting patterns has been applied for neu-
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ral differentiation [40,41]. The FSCS device proposed in this study
works with a much higher frequency of SAWs (~20 MHz), demon-
strating the advantages of generating mechanical vibrations on the
substrate where the amplitude and pattern of the vibration can be
fully controlled in precision.

3.1. Characterization of the FSCS device

All the FSCS devices prepared by using the FPCB technique
yielded a small inter-device variability in terms of Rayleigh mode
frequency, i.e., 19.69+0.12 MHz (mean + standard deviation). All
the devices expressed a similar spectral pattern of reflection co-
efficient, Sy;, with an example shown in Fig. S4. The S;; was op-
timized with the use of a matching network to -41.45+6.92 dB,
which indicated that the FSCS devices achieved the same level
of frequency response as those SAW devices made through con-
ventional photolithography technique in cleanroom. Power meters
were used to monitor the forward and reflection powers for each
FSCS device under different input powers. It was noted that the
reflection power was accounted for less than ~8.6% of the forward
power under all input powers, indicating efficient power delivery
on the FSCS devices was achieved.

Droplet transportation tests proved that the SAW generation on
the FSCS device was successfully generated, and the SAW ampli-
tude was fully controllable through adjusting the level of the RF in-
put signal. Fig. 2a shows that the pumping velocity of the droplet,
which is associated with the SAW amplitude, increases with the
amplitude of RF input signals. A maximum pumping velocity of
148.91+16.63 mm/s was achieved with a continuous RF input sig-
nal of 39.2 V (peak to peak voltage). RF signals were continuously
applied for the droplet transportation tests in order to produce
sufficient kinetics on the droplets. It is anticipated that the SAW
intensity for hESCs stimulation was much smaller using a pulse
mode, whose amplitude was also fully controllable.

Attenuation of the PDMS wall on SAW signals was found to be
3.61+0.52 dB at 19.69 MHz as shown in Fig. 2b, i.e.,, ~56% of the
SAW power was absorbed when encountering with the PDMS wall
before reaching the hESCs. The rest of the SAWs were delivered
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Fig. 3. Numerical simulation of the acoustofluidic field on the x-z plane. (a) The ve-
locity boundary condition applied to LiNbO; substrate. (b) The first-order pressure
|Py| for the cross section of the PDMS chamber. (c) Time-averaged second-order ve-
locity field (v,) for the cross section of the PDMS chamber.

into the cell medium inside the PDMS chamber for exerting acous-
tic radiation force and inducing medium streaming and also pro-
duced mechanical stimulation to the hESCs. The SAW attenuation
in the medium inside the PDMS chamber is shown in Fig. 2b, in-
dicating that more than 90% of the SAW energy was converted in
the cell medium into leaky SAW and heat.

The PDMS chamber filled with water shows minor rise of tem-
perature under three input power levels of the pulse mode as
shown in Fig. 2c. The increase of the temperature in the stimu-
lation chamber is less than 0.2 °C over 10 min. Such minor tem-
perature change is unlikely to incur notable thermal impact on
the stem cells [42]. Our results of cell densities for both the con-
trol and stimulation groups after twelve consecutive days (Fig. 2d
(P>0.05)) confirm the biosafety of the three SAW doses which
were applied.

Using FPCBs effectively saves the device’s footprint (Fig. S1b)
and improves the flexibility to meet the requirement of hESC dif-
ferentiation in the incubator. A single FPCB laminate produced
all the finger electrodes for fabricating twelve FSCS devices. Thin
film FPCBs were soft and flexible, which require minimum ef-
fort to form a good contact with the LiNbO5; substrates to pro-
duce SAWs. This results in a good stability in reflection coefficients
S11. Each FSCS device interfaced with a matching network to re-
duce the impedance mismatching between the FSCS device and
the output stage of the RF power amplifier. The S;; peak of the
twelve FSCS devices at Rayleigh mode frequency was reduced from
-7.7242.53 dB (mean + SD) to -41.45+6.92 dB with the matching
network. Batch FSCS devices were proved to be efficiently prepared
with considerable stability and reliability without a need to access
cleanroom facilities. This provides a low requirement in deploying
small- to pilot-scale regulation and acceleration of the hESCs using
ultrasound.

3.2. Numerical simulation

Numerical analysis revealed the acoustic pressure distribution
and the streaming velocity field inside the PDMS chamber. The ve-
locity of SAW on the LiNbO3; substrate along the x axis is plot-
ted in Fig. 3a, which denotes a decayed propagation leading to a
first-order acoustic pressure field, |P;|, inside the PDMS chamber
(Fig. 3b). The acoustic pressure field has a spatial distribution con-
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Fig. 4. The differential expressed genes between (a) 24V, (b) 31V, (c) 39V FSCS ex-
perimental groups and the control group.

sisting of decaying minimal and maximum locations arising from
the PDMS-LiNbO3-fluid contact point. The decrease of the acoustic
pressure is due to the SAW absorption in the fluid. The projection
angle of the near-field fluid displacement is found to be 33.98°.
The initial period of the minimal and maximum locations in the
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Fig. 5. Gene ontology analysis of all the significantly varied genes in different SAW dose groups v.s. control group (top ten items in each biological concept). (a) 24V-, (b)
31V-, (c) 39V- SAW-treated versus Control hESCs. The number of genes in each category is shown on the x- axis as count value (see also Supplementary Data, Tables S2-54).

339



C. Sun, Y. Dong, J. Wei et al.

organic acid biosynthetic process

carboxylic acid biosynthetic process

organic hydroxy compound metabolic process
regulation of nuclear division

response to temperature stimulus

reactive oxygen species metabolic process
cellular response to tumor necrosis factor
response to tumor necrosis factor

positive regulation of cell cycle

regulation of DNA binding transcription factor activity

Acta Biomaterialia 151 (2022) 333-345

ssao0id |[eoibojoig

membrane raft
membrane microdomain
membrane region

apical plasma membrane
apical part of cell

nuclear envelope

Description

anchored component of membrane
Golgi cisterna membrane
actin filament

Golgi cisterna

pvalue
o
-
s 0.04
g 0.03
S 0.02
@
B 0.01

actin binding

transcriptional repressor activity, RNA %%Fl’ytgae?gsrgﬂullraat%g?gﬁg
regulatory region sequence-specific DNA binding
actin monomer binding
integrin binding
carbohydrate response element binding
UDP-N-acetylglucosamine diphosphorylase activity
triglyceride binding
spermidine binding

cyclin-dependent protein kinase activating kinase activity

=
o
@
el
=
=
3
2
o
=
2 3 4 5
Count
(c)
Fig. 5. Continued

near-field pattern of acoustic pressure is also in a good agreement
with the theoretical value.

The fluid streaming induced by SAWs, which would have signif-
icant impact on cells [23], is displayed by a time-averaged second-
order velocity field (v,) as shown in Fig. 3c. The white arrows in-
dicate the direction and magnitude of the streaming circulation ve-
locities. Streaming vortices are observed on the x-z plane next to
the LiNbO3-fluid interface. The induced micro-circulations close to
the surface of the LiNbOj is also a key factor for stimulating the
hESCs. In addition, direct contact between the hESCs and the vibra-
tional LiNbO3 surface, together with the acoustic pressure and the
fluid streaming established in the FSCS device are the mechanical
stimuli to modulate the cellular behaviours, resulting in biological
effects such as activation of shear stress sensors and perforation of
the cell membrane [23,43].

3.3. SAW-mediated neural differentiation

The physical effects of Rayleigh SAWs are complex, including
vibration of the piezoelectric substrate, and the acoustic pressure
(Fig. 3b) and acoustic streaming (Fig. 3c) induced by the leaky
SAW into the liquid as shown in the numerical simulations. In our
study, the hESCs are attached onto the vitronectin-coated LiNbO3
substrate, whose surface vibration creates a steady inner bound-
ary streaming generating Rayleigh streaming vortices [44]. The sur-
face vibration on the LiNbO3 substrate together with the induced
streaming trigger the stem cells’ responses thus resulting in the
acceleration of differentiation [45]. The combination of plane and
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edge waves (shown in Fig. 1a) with locally oscillatory shear flows
around the cells resulting in the activation of mechano-sensitive
ion channels on the stem cells [46]. Electromagnetic radiation gen-
erated by the RF signal in the SAW devices has shown minor effect
on biological samples as reported in reference [22]. The thermal
effect is neglectable as the temperature rise caused by the pulsed
SAWs is minimal (less than 0.2 °C as shown in Fig. 2c).

Results of Differentially Expressed Genes (DEGs) induced by
SAW stimulation were identified by RNA sequencing as shown in
Fig. 4. DESeq2 [47]| was performed to select DEGs between each
experimental and the control group. As shown in Fig. 4, a total of
487 DEGs are identified in the three experimental groups. The P
value of 0.05 and a fold change of 2 were selected as the cutoff val-
ues. Among the DEGs of the three experimental groups, three up-
regulation genes of ALK, CENPF, PCDH17 and one down-regulation
gene of ACTN3 were noted. The ALK is related to the neural devel-
opment [48]. CENPF is involved with the cell cycle-transport events
[49]. PCDH17 participates in specific cell-cell connections, which is
also one of the DEGs found in the induced pluripotent stem cell
derived neural crest stem cell induced by LIPUS [50]. ACTN3 is in-
volved in remodeling of adherent junctions and is critical for neu-
ral regeneration [51].

Gene ontology analysis (Fig. 5) of all significantly varied genes
revealed the possible underpinning mechanism of the cell re-
sponses to the SAW stimulations. In comparison to the control
group, variations in the cell-cell adhesion (cell-cell junction, ECM,
integrin binding) gene expression were found in all three dose
groups. The gene expression patterns are associated with the SAW
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Fig. 6. The qPCR results for the expression of neural stem cell maker genes (a) Pax6, (b) Sox1, (c) Sox10, (d) Nkx2-1, (e) Alk, (f) Cenpf, (g) Pcdh17, and (h) Actn3 immediately
after 12-day stimulation in the FSCS devices under three different SAW doses (*: P<0.05, **: P<0.01, ***: P<0.005).
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doses, implying that the neural differentiation process is regulated
by the applied stimuli. More cell development related gene cate-
gories are changed in the 24V dose group (Fig. 5a), while more
cell cycle (nuclear division, positive regulation of cell cycle) and
cytoskeleton (actin filament, actin binding, and actin monomer
binding) related gene categories are found in the 39V dose group
(Fig. 5¢). In addition, both cell development and cell cycle gene cat-
egories are existed in the 31V dose group (Fig. 5b).

These results confirm the multiple effects of SAW stimu-
lation on the gene expression levels, and more importantly,
various SAW doses lead to different cell development status.
The cells stimulated under low SAW doses exhibit enhanced
development/differentiation-related gene expression, which indi-
cates that the neural differentiation process has been accelerated
by the SAWs. On the other hand, more cell cycle and cytoskeleton-
related genes are enriched in the high SAW dose stimulated cells.
After the neural maturation, the later stage of neural development
requires the cell cycle exit, neural migration and cytoskeleton re-
arrangement [52-54]. The results shown in Fig. 5 suggest that the
high SAW dose stimulated cells have entered a more mature status
compared to those of low dose stimulated cells. Moreover, KEGG
enrichment pathway analysis revealed the signaling pathways of
DEGs as shown in Fig. S5.

In order to validate the results of RNA sequencing, the relative
expression of NSC marker genes, Pax6, Sox1, Sox10 and Nkx2-1, was
examined by the qPCR, and the results are shown in Fig. 6. The ex-
pression of these NSC marker genes was decreased in at least one
SAW dose group compared with the control group except Nkx2-1.
Interestingly, it was demonstrated that the relative expression of
Sox1 gene showed a decreasing trend which was negatively corre-
lated with the SAW power. Since these NSC markers were highly
expressed in the early stage of neurogenesis and gradually de-
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-1) Sox2 (green), (m-p) DAPI (blue) and (q-t) merged staining. Scale bar: 50 pm.

creased in relatively mature neurons, these results suggested that
the neural differentiation process was accelerated by SAW stimula-
tions and thus the neural differentiation potential of stem cells was
enhanced. Notably, the expression of Pax6 and Sox10 was decreased
significantly in the low or medium SAW dose groups, but not in
the high SAW dose group (Fig. 6a & 6¢). To further confirm the
different gene expression profile by various SAW doses, the three
up-regulated genes, Alk, Cenpf, and Pcdh17, as well as one down-
regulated gene, Actn3, were also examined by qPCR as shown in
Fig. 6e-6h. Significant variations in these four DEGs were noted in
all SAW dose groups, which are similar to the findings in RNA se-
quencing. These observations reinforce that for the RNA sequenc-
ing, more stem cell development/differentiation-related genes were
altered in the low and medium SAW dose groups, but not in the
high SAW dose group.

Since the high SAW dose led to the change of more cell cycle,
ECM, and cytoskeleton-related genes, further investigation was car-
ried out to clarify the development status of the cells stimulated by
different SAW doses. Formation of neural rosettes from the NSCs is
an essential morphogenetic process during the early neural devel-
opment, which requires the cytoskeletal rearrangements triggered
by extracellular cues [55]. The 31V and 39V SAW dose groups re-
sulted in a more discrete cell morphologic pattern, which assem-
bles the mature neuron phenotype (white arrows in Fig. 7c & 7d).
Whereas the 24V dose group exhibited a phenotypic feature that
is commonly noted as the neural rosettes as developed in the con-
trol group (yellow arrows in Fig. 7a & 7b). These results indicated
that the high SAW doses may help shorten the neural differenti-
ation process and the cells treated with high SAW dose exhibited
a more mature neuron-like morphology. Regulation and accelera-
tion to the neural lineage differentiation process of stem cells is
achieved by applying appropriate SAW dosage.
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Moreover, the matureness of the SAW stimulated cells was as-
sessed by immunostaining using the more mature post-mitotic
neuron marker Tujl (red stain in Fig. 7e-7h) and antibody against
the neural progenitor lineage marker Sox2 (green stain in Fig. 7i-
71). Although less cells are presented in the 31V and 39V dose
groups as revealed by the DAPI staining (blue stain in Fig. 7m-
7p), the Tujl+ cell population in these two groups is compara-
ble to that in the control and 24V groups (Fig. 7e-h). The per-
centage of cells expressing Tujl+ marker was calculated based on
the normalised fluorescence intensity of Tuj1/DAPI to the corre-
sponding control group (Fig. 8a). The results show that the ra-
tios of Tuj1+ mature neuron-like cells in 31V and 39V are higher
than those of the control and 24V groups. Conversely, the ratios
of the Sox2+ cells in the 31V and 39V dose groups are signifi-
cantly less than those in the control and 24V dose groups (Figs. 7i-
71 and 8b). These results further consolidate that the cells in the
high SAW dose group were differentiated into more mature neu-
ral lineage than those in the control and the low dose groups. The
mature neural cell types, such as glial cells and mature neurons,
were not presented in the current form of progenitor cells. This
was proved by the flow cytometry analysis as shown in Fig. S6, in
which the differentiated cell population is homogeneous as identi-
fied by PAX6 of ~98.97%, a marker of neural stem cells or progen-
itor cells.

Transcriptome analysis deciphers more genes involved in the
development of forebrain, skin, epidermis, muscle organ, etc., are
altered in the low SAW dose groups of 24V and 31V. However,
more cellular components, such as membrane raft, microdomain,
actin filament, and related genes are regulated in the high SAW
dose group of 39V, indicating that SAW dosage can be used to
regulate cellular responses. Both ECM (cell-cell junction, adhesion,
actin filament, and integrin binding) and cellular signaling pathway
(ion channel activity, receptor ligand, and transmembrane trans-
porter activity) related genes were altered in all three groups. As
the mechano-transduction sensitive elements, ECM and cell-cell
junction play key roles in regulating cellular behaviors of stem cells
[56,57]. Additionally, the modulation of ion channel activity and
raft on the cell membrane [58] led to the enhanced downstream
signaling pathways which accelerated the cell development process
[59]. Moreover, the integrin-ECM interaction and actin cytoskeleton
were shown to mediate neuronal development and function, sug-
gesting a possible mechanism of SAW mediated neuronal develop-
ment acceleration via regulation of ECM and cytoskeleton [60,61].

4. Conclusions

This study presented the FSCS devices deploying in SAW me-
diation of neural differentiation process of the hESCs. This study
demonstrated the capability of the SAW device in acceleration of
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maturation of neurons derived from the hESCs. The FSCS devices
were fabricated through a fast-prototyping process by clamping the
FPCB to the piezoelectric substrate, which enabled rapid manufac-
turing of acoustofluidic devices for batch deployment in biomed-
ical applications. The way of SAW production in the FSCS device
allowed concentrating acoustic energy on the propagation surface,
which applied direct mechanical perturbations on the hESCs. SAW
also induced acoustic pressure and streaming in the hESC medium
exhibiting shear stress on the hESCs. Further analysis on the SAW-
stimulated neural cells, including RNA sequencing, qPCR and im-
munofluorescence staining, indicated that low SAW dose led to
more changes in neural development/differentiation-related gene
expression, while high SAW dose mainly altered the cell cycle,
ECM, and cytoskeleton-related gene expression. The hESCs stim-
ulated by high SAW dosage presented a relatively more mature
neuron status than the control group. Altogether, the FSCS device
offered a robust SAW stimulation tool for acceleration of hESC
differentiation towards more mature neural lineage, which may
benefit and promote the application of stem cell-derived neural
cell therapy in disease modeling, drug screening, and regenerative
medicine.
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