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Featured Application: The proposed device and method can promote the arrangement of cells in
defined geometries through acoustic flexural plate waves for organized engineered tissues.

Abstract: In this paper, the possibility to steer and confine live human cells by means of acoustic waves,
such as flexural plate waves (FPWs), generated by piezoelectric actuators applied to non-piezoelectric
substrates, has been explored. A device with two lead zirconate titanate (PZT) actuators with an
interdigital transducer (IDT) screen-printed on an alumina (Al2O3) substrate has been fabricated and
tested. The experimental results show that, by exciting the actuators at their resonant frequencies,
FPW modes are generated in the substrate. By exploiting the device, arrangements of cells on lines
at frequency-dependent distances have been obtained. To maintain the alignment after switching
off the actuator, cells were entrapped in a fibrin clot that was cultured for several days, enabling the
formation of cellular patterns.

Keywords: acoustic waves; piezoelectric actuators; flexural plate waves (FPWs); in-liquid cell
steering and confining; cell manipulation; tissue engineering applications; fibrin gel; myoblasts;
endothelial cells

1. Introduction

So-called “tissue engineering science” refers to the practice of combining cells, biomaterials,
and suitable biochemical and physicochemical factors to assemble a biological functional tissue.
Tissue engineering science is emerging as a promising technique to build functional constructs that
restore, maintain, or improve damaged tissues [1].

The physical and structural properties of the tissue, along with biological and biochemical
environments, play key roles in achieving cell differentiation, maturation, and organogenesis [2].
Hence, the field of tissue engineering relies on the search for a three-dimensional (3D) scaffold
representing a template for tissue formation that can be used in vivo, where it can act as a guidance
for cellular regeneration, or can be seeded in vitro with cells and growth factors or subjected to
biophysical/mechanical/chemical stimuli that promote tissue growth [3].
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A crucial step in building a 3D tissue lies in its thickness, because the exceeding of a certain
size (from 100 to 200 µm) prevents the oxygen, nutrients, and metabolic exchange among cell layers,
irreparably leading to tissue necrosis [4]. To overcome this issue, current strategies rely on in vitro
settings that increase the diffusion/perfusion of the tissue, such as a dynamic culture, while in vivo
the colonization of the tissue by host vessels after grafting is promoted. Nevertheless, as happens
in natural tissues, the fabrication of a network of microvessels that can be integrated with the host
vasculature, could increase the survival of cells more sensitive to reduction of supply of nutrients and
oxygen [5].

In recent research activities, 3D bioprinting, wherein both the layer-by-layer precise positioning of
biological materials, biochemicals, and living cells, and the spatial control of the placement of functional
components has been adopted, allowed for the fabrication of 3D structures exploiting bio-mimicry,
autonomous self-assembly, and mini-tissue building blocks [6]. These goals can be pursued with the
help of different deposition and shaping techniques, such as inkjet, microextrusion, and laser assisted
printing, although these innovative technologies require expensive instrumentation. Bioprinters and
bioplotters typically adopt piezoelectric or pneumatic devices for depositing cells, even dispersed
into a proper liquid solution [7], and have the benefit of the flexibility of customizable patterning
design, but have several drawbacks, such as the relatively large amount of time necessary to correctly
achieve the spatial location of cells within the hydrogel, and limitations with respect to the density and
viscosity of the liquid solution in which the cells need to be dispersed [8]. The main challenge remains
the reproduction of the complex microarchitecture of extracellular matrix components with sufficient
resolution, in which multiple cell types interact and exert their biological functions [9].

As an alternative, several strategies for cell trapping have been proposed and exploited in the
literature. The most straightforward is hydrodynamic cell trapping, where a (series of) microchannel(s)
of sufficiently small size in order to trap cells by suction is fabricated within microsystems [10].
Microbioreactors allowing direct-perfusion of culture medium through tissue-engineered constructs
may overcome diffusion limitations associated with static culturing and may provide flow-mediated
mechanical stimuli. The hydrodynamic stress imposed on cells within scaffolds is directly dependent
on scaffold microstructure and on bioreactor configuration [11].

Microfluidic systems based on acoustic waves generated through the piezoelectric effect have
recently received a great deal of attention in biological and medical fields for mixing, sorting, separation,
counting, and positioning of particles and cells, mostly relying on the nodes and antinodes generated
by standing waves [12]. Surface acoustic wave (SAW), bulk acoustic wave (BAW), and FPW (flexural
plate wave) acoustic modes can be generated and detected by piezoelectric actuators driven at suitable
frequencies to obtain wavelengths in the order of up to 100 µm [13,14]. The forces generated by the
interaction between acoustic waves and fluids can be used to actuate fluids and suspended particles,
such as cells, at a small scale with micrometric resolution. Additionally, piezoelectric devices have the
inherent advantage of allowing contactless operation between the transducer and the electronics [15].

Custom-built microfluidic perfusion bioreactors with integrated ultrasound standing wave traps
have been proposed for cartilage tissue engineering [16]. In such devices, acoustic waves and
continuous perfusion of the culture medium at a low-shear flow rate promote scaffold-free generation
of 3D agglomerates of human articular chondrocytes and enhance cartilage formation by cells of
the agglomerates via improved mechanical stimulation and mass transfer rates. A versatile SAW
technique has been proposed to control the distance between two isolated cells, to drive the clustering
of single cells in defined geometries, by maintaining them in suspension, and transferring them to their
adherent state [17]. The typical configuration of the microfluidic devices used for fluid and particle
manipulations exploiting SAWs or FPWs requires piezoelectric substrates with interdigital transducers
(IDTs) to realize the actuators [18–22].

In this study, the use of screen-printed piezoelectric films for the generation of the FPWs on
alumina substrate was explored to assemble 1D cellular structures. The aim was to demonstrate
that arrangements of living human cells can be advantageously obtained by acoustic waves with
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actuators on generic non-piezoelectric substrates, thereby including transparent substrates typically
adopted for the fabrication of microfluidic devices. This is advantageous compared to similar devices,
both those based on FPWs and those based on SAWs, because non-piezoelectric substrates ease the
patterning of IDTs in different positions without the need to consider the crystallographic orientations.
Thus, by adding one or more pairs of IDTs, in principle it could be possible to obtain 2D-cellular
structures. From a biological point of view, the use of the proposed device enables the formation of
ordered cellular structures that can be merged into an engineered tissue.

2. Design and Fabrication of the Device

A sketch of the device developed to steer and confine cells dispersed in liquid is shown in Figure 1a.
The device exploits two piezoelectric actuators placed diametrically opposed on the bottom of a 25 mm
in diameter circular alumina (Al2O3) substrate to generate standing acoustic waves, as schematically
represented in Figure 1b. The distance between pressure nodes, in which the cells are expected to be
confined, corresponds to half the wavelength of the generated acoustic waves.
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Figure 1. Sketch (a) and cross-section A-A (b) of the device developed to steer and confine cells
dispersed in liquid.

The two piezoelectric actuators have been fabricated by the screen-printing technique [23].
Figure 2a,b show a section and a bottom view of the device, respectively, while Figure 2c shows an
enlarged view of a cross-section of the piezoelectric actuator.

The fabrication process of the actuators starts with the screen-printing deposition of a
palladium-silver (PdAg) ink to create the bottom 6 mm × 6 mm electrode (connected to pad C)
on a 635-µm-thick alumina substrate, as shown in Figure 2d. Then drying at 150 ◦C and firing at 850 ◦C
processes are applied to finalize the bottom electrode. A lead zirconate titanate (PZT) 8 mm × 8 mm
layer is realized on top of the bottom electrode with multiple screen-printing depositions to obtain the
final thickness of about 100 µm, as shown in Figure 2e. Drying at 150 ◦C and firing at 950 ◦C peak
temperature are carried out to each PZT deposition. Finally, an IDT composed of two interleaved
comb-shaped arrays of metallic electrodes (connected to pads A and B) is realized on top of the PZT
layer by a deposition of PdAg ink, as shown in Figure 2f. Final drying and firing processes are applied
to the IDT electrodes, as for the bottom electrode. The IDT has finger width and spacing of 350 µm,
as shown in Figure 2c,f.

The PZT layer has been poled at 4 MV/m along the thickness by applying a DC voltage between
the two armatures formed by A and B electrically shorted and C, respectively. Thus, a sinusoidal
excitation voltage applied between A and B (with C floating), or between A and B electrically shorted
and C, generates sinusoidal deformation along the PZT-layer thickness by exploiting mainly the d33

mode in both cases, since the thickness of the PZT layer is thinner than the spacing between two
adjacent IDT fingers.

Compared to similar devices [12–14], a larger volume of liquid can be used. This is granted by
the thickness of the screen-printed PZT film in the order of hundreds of micrometers and typically
higher piezoelectric coefficients compared to piezoelectric crystals, thereby providing comparatively
higher effectiveness of the actuators. The screen-printed deposition of PZT can be applied to other
non-piezoelectric substrates, such as high-temperature glasses, which could grant optical transparency
to the device.
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Figure 2. Section (a) and bottom view (b) of the device. Enlarged view of a cross-section of the
piezoelectric actuator (c). Fabrication process: deposition of the bottom electrode (d), lead zirconate
titanate (PZT) layer (e), and interdigital transducer (IDT) electrodes (f).

Figure 3a,b show top-view and bottom-view pictures of the fabricated device fixed to a printed
circuit board (PCB) for electrical connections, respectively. The device can be used by filling the
5-mm-high chamber with liquid in which the cells are dispersed and where the generation of standing
acoustic FPWs is expected.
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3. Materials and Methods

3.1. Reagents

Bovine fibrinogen 90% clottable and bovine thrombin, high purity grade, were purchased from
MP Biomedicals. Neutral Red was purchased from AMRESCO. 4′,6-Diamidine-2′-phenylindole
dihydrochloride (DAPI) was purchased by Sigma.

3.2. Cell Culture

L6 rat myoblasts and human foreskin fibroblasts (HFF; provided by American Type Culture
Collection, catalogue #CRL-2429) were maintained in Dulbecco’s modified Eagle’s medium (Life
Technologies) supplemented with 15% (v/v) fetal bovine serum (Life Technologies), 1% (v/v)
non-essential amino acids (Life Technologies), and 1% (v/v) penicillin/streptomycin (Life Technologies).
Cells were trypsinized every 3 or 4 days and split 1:4, with medium changes every other day.

Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cords,
used at early (I–IV) passages, and grown on plastic surface coated with 0.1% (w/v) porcine gelatin
in Clonetics® EGM™-2 medium (Lonza). Cells were trypsinized every 3 or 4 days and split 1:4,
with medium changes every other day. HUVECs were obtained from pregnant women, in accordance
with the protocol approved by the Ethics Committee of Brescia (protocol number 1842).

Human adipose-derived mesenchymal stem cells (hMSCs) were obtained from a previous study
described in [24]. Cells were maintained in Iscove’s modified Dulbecco’s medium containing 5% (v/v)
human platelet lysate (STEMCELL™ Technologies) and 2U/mL heparin (Sigma). Cells were trypsinized
every 3 or 4 days, and subcultures were seeded at 5000 cells/cm2 with medium changes every other
day. Cells from a single donor were used up to passage 6.

For human samples, written informed consents were obtained from patients in accordance with
the Declaration of Helsinki.

3.3. Cell Viability Tests

Cells were counted using TC20™ Automated Cell Counter (BIO-RAD) that exploits auto-focus
technology and sophisticated cell counting algorithms to produce accurate cell counts in less than 30 s.
Viability tests were performed by adding to cell suspension one volume of the Trypan Blue Dye, 0.4%
(w/v) solution. The presence of the blue dye inside a cell leads the machine to consider it as dead cells,
thereby enabling the calculation of cell viability. Results are then reported as a percentage of total
cell number.

3.4. Cell Staining

For the Neutral Red staining, cells were detached, resuspended in phosphate buffer saline (PBS)
containing 40 µg/mL Neutral Red, incubated for 20 min, and directly used for the experiment.

For the nuclear fluorescent staining, DAPI was diluted to a final concentration of 1 µg/mL and
incubated for 5 min. Cells were then washed twice with PBS before imaging.

3.5. Cell Alignment

Cells were detached and counted. A total of 106 cells were resuspended in 0.5 mL ice-cold
culture medium. Cell suspension was transferred to the chamber for the actuation and the following
microscopical observation.

To embed the cells in a clot, 10 mg/mL fibrinogen was added to cell culture medium without
serum. Just before the transfer to the chamber for actuation, 2 µL of thrombin solution (200 U/mL in
0.9% NaCl) was added to the cell suspension. Actuation was performed for 5 min at the indicated
frequency in order to allow for a complete clot polymerization.
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The clot was transferred to a cell culture multiwell plate, covered with cell medium, and observed
in the following days.

3.6. Clot Histology and Antibody Staining

Fibrin clot was fixed in 4% (w/v) paraformaldehyde (Bio-Optica) and processed for inclusion.
The 2-µm-thick representative sections from paraffin embedded blocks were de-waxed and rehydrated.
Endogenous peroxidase activity was blocked with 0.3% (v/v) H2O2 (Sigma Aldrich) in methanol for
20 min. Antigen retrieval was performed using a microwave oven in 1.0 mM EDTA (Carlo Erba) buffer
(pH 8.0).

Sections were then washed in tris-buffered saline (TBS, Carlo Erba) (pH 7.4) and incubated for
one hour in the specific primary antibody diluted in TBS 1% (w/v) bovine serum albumin (BSA) (CD31
(clone PECAM-1) Novocastra TM 1:50).

The signal was revealed using the DAKO Envision+System-HRP Labelled Polymer Anti-Mouse,
followed by diaminobenzydine (DAB) as chromogen and hematoxylin as counterstain.

4. Results and Discussion

4.1. Electrical Characterization of the Device

The IDT actuators have been characterized experimentally in order to extract the frequencies at
which the maximum FPW generation effectiveness is expected. Figure 4a,b show the admittances YA-B

and YAB-C measured between A and B while C was floating, and between A and B electrically shorted
and C, respectively.

The resonant frequencies of the two configurations, i.e., the frequencies where the conductance
reaches a maximum [25,26], are at about 6.7 and 8.0 MHz for YA-B, and at about 6.0 and 7.2 MHz
for YAB-C. These frequencies are expected to correspond to the propagation of FPW modes in the
substrate [27,28].

A tailored electronic interface has been developed to drive the actuators. Figure 5 shows a block
diagram of the interface. The excitation signals were generated by a programmable direct digital
synthesizer (DDS, AD9959) that allowed us to excite the actuators with two independent channels and
provided the possibility of setting both the common excitation frequency and the phase difference
between the channels.

Dedicated power amplifiers (ADA4870) have been adopted as the output stage to properly drive
the actuators. The electronic interface excites the actuators with a sinusoidal signal with peak-to-peak
amplitude and frequency of up to 20 V and 15 MHz, respectively.
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4.2. Alignment of Cells

Preliminary tests have been carried out to verify the capability of the device to generate acoustic
waves that lead to alignment of a cellular suspension. Cells to be aligned were detached from the
culture dish, dispersed in PBS as single cells, stained with the live dye Neutral Red, and put in the
chamber of the device. Figure 6 shows the experimental setup with the device placed under the optical
microscope and the tailored electronic interface used to drive the piezoelectric actuators.

Initially, different concentrations of cells were tested in order to identify the amount required
to appreciate the alignment in the volume of 500 µL, starting from 2 × 105 cells/mL and reaching
4 × 106 cells/mL. From these experiments, 2 × 106 cells/mL was identified as the optimal concentration
for the formation of distinct lines of single cells, and therefore this amount was used for all the
following experiments.

Since the survival of L6 rat myoblasts despite acoustic wave exposition was critical, this cell line
was used to verify that the actuation was not hampering cell viability. The experiment was set up by
exposing different samples with the same cell concentrations to FPWs for different lengths of time.
Cell viability was then measured by trypan blue cell exclusion (Table 1). Since cell viability remained
high even at long times, a 5-min actuation period was chosen for all the following experiments.
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Table 1. Cell viability as a function of the actuation time of the device.

Actuation Time (min) Cell Viability (%)

2 100
4 98
5 100
7 98

Different wavelengths were tested to verify the effects on the alignment of human fibroblasts
(HFF) by exciting a single actuator with a sinusoidal signal applied to A and B (C was floating).
To demonstrate the alignment of cells induced by the acoustic waves, HFF dispersed in PBS were used,
since their viability is unaffected by the acoustic field.

The distance d between the different pressure nodes in the fluid, in which the cells are expected
to be confined, corresponds to half the wavelength of the acoustic waves, resulting d = λ/2 = v/2f e,
where v = 1500 m/s is the expected propagation velocity of the acoustic waves into PBS, and f e is the
excitation frequency. Figure 7a,b show the results obtained with f e1 = 6.7 MHz and f e2 = 8.0 MHz,
for which distances d1 = v/2f e1 = 112 µm and d2 = v/2f e2 = 93.8 µm are expected, respectively.

As it can be observed, an increase of the excitation frequency, i.e., decrease of the wavelength,
corresponds to a decrease in the distance between lines. The mean distances between the cell alignments
d1,mean = 121 µm and d2,mean = 103 µm, which are in good agreement with predictions, have been
estimated from the gray-scale intensity plots derived from the insets. Similar results have been
obtained by exciting a single actuator with a sinusoidal signal applied to A and B (shorted) and C with
frequencies of 6.0 and 7.2 MHz (not shown).
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Figure 7. Effects of different wavelengths of acoustic waves on a human foreskin fibroblast (HFF) cell
suspension. Cell accumulation in lines caused by the acoustic waves generated by exciting a single IDT
at f e1 = 6.7 MHz (a) and f e2 = 8.0 MHz (b), respectively. The mean distances d1,mean = 121 µm and
d2,mean = 103 µm have been estimated from the gray-scale intensity plots derived from the insets.

4.3. Entrapment of Cells in a Matrix

Switching off the actuator lets the cells scatter in the fluid, thereby losing the alignment. Hence, to
maintain the cell alignment and separation, actuated cells have been entrapped in a 3D matrix.

To allow for wave propagation, a low-viscosity fluid capable of going through a sol–gel transition
in a short time was needed, in which the polymerization had to start after the alignment. During the
time needed for the sol–gel transition of the culture medium, i.e., five min in our experiments, the cell
viability could be affected, given the impossibility of the cells, during this time, to make contact
through the integrins with proteins of the cell matrix, a mechanism that has already been showed
to regulate cell viability [29]. Relying on previous experience in the angiogenesis field, a fibrin gel,
obtained by adding thrombin to a liquid fibrinogen solution, was used, rather than other biomaterials,
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such as inert substrates mixed or linked to extracellular matrix molecules [8,30]. Besides, the survival
of fibroblasts [31,32], fibroblasts/myoblasts [33], and HUVECs [34,35] in the fibrin gel has already
been widely demonstrated. Cells were subsequently resuspended in a 10 mg/mL fibrinogen solution
maintained at 4 ◦C, and thrombin 0.4 U was added just before transferring the cell suspension into
the chamber. After five minutes, the fibrin clot was formed and aligned cells were entrapped in the
matrix. For a long-term culture, the clots containing the cells were transferred to a cell culture dish,
covered with cell culture medium, and observed in the following days. A 6.7 MHz excitation frequency
was chosen for the following experiments.

The first experiments were done using rat myoblasts that, although totally alive after the actuation
process, did not survive the following 24 hour culture, thereby suggesting that the stiffness of the fibrin
matrix may not represent the correct environment for myoblast survival [36].

The next set of experiments was therefore performed with HFF. These cells entrapped in the fibrin
clot maintained the aligned geometry for several days, as evidenced in Figure 8a–c, respectively. Of note,
the magnification box in Figure 8a shows that each line is composed of single cells. Starting from 48 h,
cells showed cytoplasmic protrusions, reflecting cell health, that became more complex over time, as
shown in Figure 8d by a histological section of the clot and by the higher magnification box.
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4.4. Entrapment of Endothelial Cells in the Fibrin Clot

Angiogenesis assays are normally based on the capacity of endothelial cells to invade gels of
different origins, mainly collagen or fibrin, and to form capillary-like structures [37]. Since the
alignment could represent a preliminary step for the formation of a capillary, human endothelial
cells were challenged in the device to verify the hypothesis that the process can promote it.
Indeed, aligned HUVECs tend to form structures that become more complex during time. At 96 h



Appl. Sci. 2020, 10, 3477 10 of 13

these structures still comprise several cells, as shown by microscope observations and nuclear DAPI
staining in Figure 9a,b, respectively.

Next, the clot containing these structures was fixed, embedded in paraffin, and sliced, and the
various sections underwent an immunochemical reaction with antibodies recognizing the CD31
endothelial antigen. In these conditions, HUVECs maintain the aligned organization that comprises a
hole, as shown in Figure 9c.

To confirm that the alignment was based on a mechanical process, rather than a biological
interaction, HUVECs were mixed with MSCs before the actuation. As those cells had similar
sizes, their distribution along the pressure nodes was not clustered by cell type, as shown in
Figure 9d. The presence of MSCs does not alter the cellular alignment, but the release of trophic factors
characteristics of this type of cell [26,38] inhibits the formation of the hole, and promotes the formation
of several cytoplasmic protrusions of HUVECs that are still recognized by their CD31 expression.
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5. Conclusions

The use of PZT actuators to generate acoustic waves in non-piezoelectric substrates has been
proposed to steer and confine cells dispersed in liquid. A test device with two screen-printed PZT
actuators used to generate acoustic waves on alumina substrate has been fabricated. The proposed
device has the advantage of exploiting an inexpensive substrate which does not need to be piezoelectric,
thereby allowing to use of high-temperature reinforced glasses which have the property of being
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transparent. A tailored electronic circuit has been developed to generate the excitation signals for
the actuators. Experimental results demonstrate that, by exciting a single actuator at its resonant
frequencies, FPW modes are generated in the substrate. Accumulation of cells dispersed in liquid on
lines can be obtained by selecting the proper excitation frequency. These results confirm the capability
of the proposed PZT actuators to generate acoustic waves for applications in microfluidic devices as
controlled positioning of cells dispersed in liquid.

From a biological point of view, devices similar to the one proposed are required to obtain ordered
structures for tissue engineering purposes. Indeed, alignment of cells is a key step in several biological
processes. For example, the basic unit of a muscle, i.e., the fiber, is formed by the fusion of several
myocytes whose aligned actin and myosin molecules will produce effective muscle contraction [39].
Moreover, in engineered tissues, the presence of blood vessels that allow the distribution of nutrients
or the cellular waste removal is an essential requirement. Therefore, the effective realization of an
engineered tissue cannot be disjointed from an adequate architecture that, as shown, can be obtained
using acoustic waves.
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