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In this article we describe new hybrid microfluidic acoustic devices (HMADs) composed of two types of
materials: soft elastic lateral walls made of Parafilm® that include a channel, and rigid top and bottom
walls consisting of a glass slide and a glass coverslip. Depending on the selected vibration frequency of
two small piezoelectric transducers, these HMADs can operate as Bulk Acoustic Wave (BAW) or as
Flexural Plate Wave (FPW) devices, which induce either levitating circular or linear particle aggregates at
higher frequencies when operating as BAW-like devices, or at acoustic frequencies close to those of the

transducer's thickness mode when operating as FPW-like devices. The use of a soft, elastic material

iig:géiitgtﬁgzlnzeososﬁ permits a range of different geometrical channel configurations. These HMADs in the BAW-like mode
induce the formation of very stable aggregates, and in the FPW-like mode allow manipulation and

DOI 10.1039/d5ra02351¢ control of the position or angular motion of particles and cells with micrometric precision when a phase
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1 Introduction

During recent decades, special interest has arisen in lab-on-a-
chip platforms and microfluidic devices for the study and
manipulation of liquid samples. Diverse studies in the litera-
ture describe developments of active microfluidic systems, in
which acoustic fields in the ultrasound range are used to
manipulate particles or cells for various environmental and
biomedical applications, among others. In these approaches,
different materials and techniques are used to build micro-
fluidic acoustic devices (MADs) for cell manipulation and/or
separation, based on transmission of Bulk Acoustic Waves
(BAW) or Surface Acoustic Waves (SAW).

Traditional BAW devices are made up of rigid constitutive
materials to maximize reflection of the acoustic waves at the
channel walls, which is necessary to establish standing waves in
the contained liquid sample. Materials with high acoustic
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change is induced between the two transducers.

impedance such as glass, silicon, or stainless steel and channels
with simple geometries are generally used for BAW devices.

In contrast, the SAW configuration employs interference of
ultrasonic waves propagating on the surface of a piezoelectric
substrate.”” These devices propagate the acoustic waves within
a channel layered on the piezoelectric substrate, do not require
special rigidity or other characteristics, allow the use of mate-
rials with low acoustic impedance such as the polymer poly-
dimethylsiloxane (PDMS)** which is easy to manipulate
mechanically, and enable MADs with complex geometries.>®

Despite advances in manufacturing techniques of MADs
using different materials, the access to this technology and its
commercialization remains limited." This is partly due to
production requirements for clean room facilities and litho-
graphic technology. In addition, BAW devices require rigid
materials that are difficult to process and slow to manufacture,”
while SAW devices use interdigital transducers (IDTs).* Efforts
have been made in the last decade to build more accessible
BAW devices using micro glass capillaries of square rectangular
section for diverse applications,®*™® but their use is limited
because their geometry cannot be modified.

BAW devices have since been based on polymeric
materials,*"*™* but these develop very complex three-
dimensional vibration patterns across the chip, whose
acoustic pressure patterns in the containment channel are
unstable over a variation of a few Hz. These structural vibration
modes depend on the whole device geometry, acoustic wave
frequency, and physical properties of the material used in its
construction. The observed modes are difficult to identify
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theoretically, leaving numerical analysis as the only tool to
predict the behavior and to allow optimization of their use in
the separation or handling of cells.**>'

A third type of ultrasonic actuation was described for the
“THINUS” chip," whose mode of operation is intermediate
between BAW and SAW. In these devices, the radiation force
arises from complex acoustic pressure patterns established in
the liquid phase of the channel and transmitted through the
liquid-solid interface from three-dimensional vibrations
generated across the chip structure. The larger the chip surface
area to thickness ratio, the closer the vibrations are to those of
a plate. These acoustic fields are transferred to the liquid
sample circulating through the microfluidic channel and can
position small particles in one or two dimensions and keep
them in an equilibrium position in the third dimension. By
changing the sound field, it is possible to propel the particles in
a controlled manner. The design is based on a very large
surface/volume ratio configuration with a polymeric structure,
which provides a vibrating plate-like actuation at different
specific frequencies in an scalable manner. The chip itself is
made from a rectangular sheet of SU-8 epoxy formed with
channel structures and layered on a thicker substrate of the
same material. This configuration allows the establishment of
two-dimensional resonances throughout the chip structure
along the very thin direction transverse to its thickness,
resulting in the chip behaving as a rectangular plate with flex-
ural vibrations.

More recently, another type of acoustic device that uses
Lamb waves has been developed, referred to as a Flexural Plate
Wave (FPW), which usually operates at frequencies between 5
and 20 MHz, lower than the frequencies used in traditional SAW
devices.”'® Its construction can use low or high acoustic
impedance materials, along with piezoelectric ceramic trans-
ducers or IDTs. Recently a FPW device was built using silicon
and aluminum nitrate as constituent materials of the flexural
plate, coupled to two opposing IDTs located on the bottom of
the device, so as to cluster and align microparticles after
complete evaporation of a water droplet.*®

An approach to make acoustic lab-on-a-chip platforms more
versatile and accessible uses low cost commercial materials in
the MADs and non-acoustic microfluidic devices. Strips of
aluminum foil pressed onto piezoelectric substrates allow
generation of Lamb waves of amplitude sufficient to transport,
manipulate, microcentrifuge and nebulize sessile drops and
paper in 3D configurations."” In another example, Parafilm was
machine-cut into geometrical patterns with sharp angular
distributions tolerant to different pH values and some polar
solvents, with the resulting device acting as a two-dimensional
concentration gradient generator and microfluidic electro-
chemical transducer. Parafilm was found advantageous in the
construction of non-acoustic microfluidic devices as it is
a thermoplastic material with a low melting point that allows
a strong union between the plates with little deformation of the
microchannel when using a sealing temperature of 55 °C and
pressure of 0.13 MPa."®

Our research groups described a hybrid acoustic device, in
which aluminum sheets with channels were located on
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a rectangular microscope glass slide. The device acts as a thick
vibrating plate due to the acoustic actuation by a ceramic
piezoelectric transducer attached underneath.” Other more
sophisticated hybrid resonators were later developed to collect
particles or cells; these used extremely soft materials, such as
water-based gels as the upper channelized medium, with the
flowing liquid suspension layered on a rigid substrate.*®

This trend towards using unconventional materials in
HMADs construction has resulted in new chip configurations
offering novel advantages, simpler designs, ease of manufacture
without need for a clean room or lithographic technology, and
portability for field work. Some of these have been shown to be
efficient in specific biomedical applications.”* These technol-
ogies open the door to a new generation of economical, versa-
tile, and mechanically robust HMADs that can be employed for
many different applications.

A new type of HMAD is reported here which can operate as
a BAW or FPW device, depending on the selected frequency. It
consists of a thin Parafilm sheet, on which the channel is cut,
held between a microscope glass slide and a glass cover slip that
acts as the substrate. The system is acoustophoretically actuated
by two facing PZ26 piezoelectric transducers attached under the
glass cover slip. In the following sections we describe the
construction process and the experimental procedures used to
identify the specific frequencies at which these devices operate
in either BAW-like or FPW-like mode.

2 Methods and materials

The device shown in this work is composed of two small
piezoelectric transducers, a microscope glass slide, a Parafilm
layer into which the channel is cut, and a glass coverslip that
keeps the channeled Parafilm layer sandwiched between the
two glass plates (Fig. 1). The ultrasonic transducers are coupled
either in parallel or perpendicular to each other on the HMADs
(Fig. 2) to induce BAW-like or FPW-like operation modes,
allowing stable spherical aggregates and the manipulation of
the lateral position of particles or cells by changing the phase
difference between the two transducers.

2.1 Acoustic device and experimental setup

In the HMADs used in this work, particle or cell samples were
suspended in a liquid medium exposed to ultrasonic waves. The
sample flow was controlled by pumps (Pump 33 DDS, KD
Scientific, Harvard Apparatus, Holliston, MA, USA) connected to
their inlets and outlets. The ultrasonic waves in the HMADs
were generated by two PZ26 piezoelectric ceramic actuators with
a thickness-mode resonance at 2 or 5 MHz (Ferroperm™ Pie-
zoceramics, Meggitt A/S, Kvistgard, Denmark) with rectangular
geometry and small dimensions of 15 mm Xx 4 mm that
vibrated simultaneously at the same frequency in the thickness
direction of the channel.

A glass slide and a thin rectangular or square glass coverslip
of standard thickness were used (Fig. 1b and 2). The inlets and
outlets in the HMADs were formed on the slide using a rotary
tool (Dremel 395, Mount Prospect, IL, USA) with a 1 mm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 HMAD build process. (a) Building materials and location of the
glass slide (S), Parafilm sheet (P), glass coverslip (C), and PZ26 piezo-
electric ceramic actuators (T) in the construction process; (b) steps of
the construction process: step 1 building materials, step 2 joining of S
and C with the Parafilm after thermal treatment and step 3 attaching
the transducers to the device and adjusting the input and output. The
words top and bottom indicate the location of the HMADs when they
were placed under the microscope.

Fig. 2 Location of the piezoelectric transducers in the HMADs: P||
parallel or P L perpendicular configurations; and geometries P1, P2, P3
and P4 cut in the Parafilm.

diameter diamond drill bit (Drilax X000XA0F53, Warren, NJ,
USA) and a biocompatible tube of 1.5 mm diameter (Fig. 1b). As
the Parafilm is elastic, the channels were cut using a cutting
plotter (Graphtec CE6000-60 PLUS, Graphtec America, Irvine,
CA, USA) with a blade of 0.899 mm (Graphtec CBO9UB) to
generate different geometries, which were designed using the
FreeCAD software, version 0.15 (https://www.freecad.org). The
Parafilm sheet with the channel was cut to the same lateral
dimensions as the coverslip (Fig. 2 P1-4).

The HMADs were formed by sandwiching the low acoustic
impedance material, i.e., the Parafilm sheet with the channel,
between the high acoustic impedance material, i.e. the glass
plates (Fig. 1). Once in place, the Parafilm was pressed upon by
the glass substrate and subjected for five minutes to 55 + 1 °C to
improve its adherent properties. The seal was completed with
epoxy glue deposited along the edges of the coverslip. The two
piezoelectric ceramic actuators were then coupled to the device

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on the glass coverslip (Fig. 1b), because the resonance improved
if the transducers were on the thinner glass plate. These
transducers could be located parallel (Fig. 2 P2||) or perpen-
dicular to each other (Fig. 2 P3 1), and parallel (Fig. 2 P2||; Fig. 2
P3 1 T,)or perpendicular (Fig. 2 P3 L T,) to the position of the
channel.

The final dimensions of the channels inside the HMADs
were measured using an Olympus BXM15M reflection micro-
scope (Olympus Corp., Tokyo, Japan) with Olympus Stream
Basic 1.9 Software that had been spatially calibrated. The
dimensions of the hybrid devices can be reviewed in the ESLT

The acoustic field was created by two ceramic actuators
driven by a 10 V peak-to-peak signal from a two-channel wave-
form generator (AFG3102C, Tektronix Inc., Beaverton, OR, USA)
at the same frequency to establish the resonance in the device.
Due to the thickness of the glass coverslip and the two piezo-
electric transducers that vibrate at the same frequency simul-
taneously, the acoustic experiments could be carried out
without a power amplifier. Finally, the images and video
recordings of the motion of the different samples inside the
HMADs were obtained by BX51M reflection microscopy with an
Olympus SC100 digital camera connected to a computer
running Olympus Stream Basic 1.9 software.

2.2 Sample preparation

To identify the main resonance modes in the HMADs, suspen-
sions of particles were prepared using polystyrene beads (Poly-
bead Microspheres, Polysciences, Inc., Warrington, PA, USA) of
diameters 4.5 and 10.0 pm. 100.0 or 150.0 pL of these particles
were diluted in 1 mL of deionized and distilled water to obtain
different concentrations. After finding the main resonance
modes with these samples, 1 mL of the different biological
samples were used in the acoustic experiments.

The biological samples were cells with a concentration of
(~0.4 x 10° cells per mL), assumed spherical in suspension, of
the breast cancer cell line MCF-7 (ATCC HTB-22) or the cervical
cancer SiHa line (ATCC HTB-35), cultured at 37 + 1 °C and 5%
CO, in 25 cm? flasks in RPMI (ThermoFisher, Waltham, MA,
USA) supplemented with 10% heat inactivated fetal bovine
serum (FBS CVFSVF00-01 eurobio scientific) and kept at 7.4 pH.
Cells were passed upon reaching 80% confluence (~1 x 10°
cells per mL) by enzymatic treatment with 1 mL of 1% trypsin-
EDTA solution (Trypsin-Versene (EDTA) Mixture (1X), Lonza,
Basel, Switzerland).

A smaller non-spherical and mobile cell was also explored.
Leishmania panamensis promastigotes, a protozoan parasite of
relevance to public health, isolate HOM/PA/71/LS94, kindly
donated by the Centro Internacional de Entrenamiento e
Investigaciones Meédicas (CIDEIM, Cali, Colombia), were
cultured at 26 + 1 °C in 25 cm” completely closed flasks in
10 mL of Schneider's Insect Medium (ThermoFisher, Waltham,
MA, USA) supplemented with 10% FBS at pH 7.4. To maintain
this parasite state, approximately half of the culture was
removed and replaced by fresh medium when the promastigote
culture reached 95% (~2 x 10° cells per mL). Dead parasites
were removed by gravitational sedimentation at 1 g.

RSC Adv, 2025, 15, 25473-25482 | 25475
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Table 1 Characterization of the resonance frequencies of HMADs
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Piezoelectric
Channel Transducers transducers resonance
HMAD  geometry position frequency (MHz) frequency (MHz)

HMAD experimental

Theoretical and electrical
characterization acoustic Q
resonance (MHz) (FPW-like mode)

BAW-like mode: 5.834

BAW-like mode: 5.704 eqn (1)

5 . . X 15.6
FPW-like mode: 5.443 FPW-like mode: 5.134 Fig. 6a
P1]| 2 FPW-like mode: 1.872 FPW-like mode: 1.872 Fig. 6b 8.2
s BAW-like mode: 5.900 BAW-like mode: 5.704 eqn (1)
FPW-like mode: 5.141 FPW-like mode: —
P2 2 FPW-like mode: 2.019 FPW-like mode: 1.950 Fig. 6¢  10.7
5 BAW-like mode: unidentified =~ BAW-like mode: 5.704 eqn (1) 0.8
% T FPW-like mode: 4.901/3.275 FPW-like mode: 4.908 Fig. 6d ’
P31 ' I Ry 2 FPW-like mode: 2.141 FPW-like mode: — —
s BAW-like mode: 5.810 BAW-like mode: 5.704 eqn (1)
FPW-like mode: 5.337 FPW-like mode: —
P4|| CR s 2 FPW-like mode: 1.790 FPW-like mode: — —

3 Results and discussion
3.1 HMADs device resonance modes in P|| configuration

The acoustic tests revealed two main resonance modes of
interest in the different HMADs built (Table 1), when the two
piezoelectric ceramic actuators of 2 or 5 MHz, located in
parallel, were driven at the same frequency (Fig. 3 and 4).

Fig. 3 HMAD in BAW-like mode. (a) Explanatory diagram of the BAW-
like mode generated by the reflection of waves between the glass slide
and the glass coverslip. Here w corresponds to the thickness of the
Parafilm; (b) circular aggregates formed in BAW-like mode in an HMAD
built with Parafilm sheet P1 and two transducers at 5 MHz located in
parallel, obtained at the frequency 5.834 MHz with microparticles of
4.5 um diameter. Scale bar ~100 pm.

25476 | RSC Adv, 2025, 15, 25473-25482

The BAW-like mode was established in HMADs coupled to 5
MHz transducers for experimental resonance frequencies close
to 5.8 MHz, at which the formation of very stable circular
aggregates was observed (Fig. 3 and Video 17). To explain the
formation of these aggregates, it can be assumed that the
acoustic waves generated by the transducers are reflected
between the rigid walls of the channel defined by the glass

Direction
of waves

on the glass cover

Fig. 4 HMAD in FPW-like mode. (a) Explanatory diagram of the FPW-
like mode generated by the interference of Lamb waves propagating
on the glass coverslip in opposite directions. Here w corresponds to
the thickness of the Parafilm; (b) linear aggregates formed in a HMAD
built with a Parafilm sheet P1 and two transducers at 2 MHz located in
parallel, obtained at the frequency 1.872 MHz with microparticles of
4.5 um diameter. Scale bar ~100 pm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Aggregates formed by microparticles of 4.5 um diameter in the HMADs using two transducers of 5 MHz oriented perpendicularly with the
P3 geometry. (a) Two parallel linear aggregates for an experimental frequency 4.901 MHz, and (b) diagonal aggregate for an experimental
frequency of 3.275 MHz. Scale bars ~100 pm.

coverslip and the glass slide to induce a standing wave inter- device in which standing waves are generated by the interfer-
ference pattern with a nodal plane in the center of the device ence of reflected waves between the rigid walls of the resonant
(Fig. 3a). In this mode, the HMAD operates as a traditional BAW  cavity.»*** In this case, the resonant frequency can be calculated
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Fig. 6 Measurements of electrical conductance G of the HMADs coupled to two piezoelectric transducers. In (a and b) the electrical response
(HMAD P1|| geometry) is shown, when the device is attached to two piezoelectric ceramic actuators of 5 MHz or 2 MHz respectively. (c) Electrical
response of a HMAD with P2|| geometry coupled to transducers of 2 MHz; and (d) electrical characterization of a HMAD with P3 L geometry
attached to transducers of 5 MHz.
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from the thickness of the Parafilm (w = 130 pm), assuming that
a pressure node is established in the z direction at the center of
the channel for a resonance condition of A/2 (Fig. 3a). The
unidimensional expression for the resonance frequency is then

£ = z"—w = 5.704 MHz (1)
where c, is the sound velocity in the liquid medium, 1483 ms™".
The theoretical resonance frequency defined by eqn (1) is near
the value 5.834 MHz identified experimentally in the HMAD P1
coupled to 5 MHz transducers (Table 1 and Fig. 3b). The
difference between these frequency values may be accounted for
by changes in the Parafilm thickness during the construction
process, as the heat and pressure applied can vary.

The FPW-like mode is established by the interference of
waves propagating in opposite directions on the glass coverslip
(Fig. 4a). In this mode, linear aggregates form parallel to the
position of the transducers when the resonance frequency of
the device is near the vibration frequency of the piezoelectric
transducers (see Fig. 4b and Video 27). The wave interference
generates a standing wave acoustic field on the glass coverslip
that is transmitted to the fluid with the sample near the thin
glass plate in the form of compressional acoustic waves. This
field exerts an acoustic radiation force on the sample suspended

View Article Online
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in the liquid that forms parallel linear aggregates at the pres-
sure nodes of the standing wave (Fig. 4). It should be pointed
out that the operating principle to establish interference is
similar to that used in conventional SAW devices, where the
manipulation of particles or cells is performed with a stationary
acoustic field generated by the superposition of two surface
acoustic waves that propagate in opposite directions through
the solid-liquid interface at a piezoelectric substrate.»*™
Because the thicknesses of the transducers and the glass
coverslip are in the same range this thin glass plate is deformed,
generating Lamb waves in the HMADs shown here, as opposed
to Rayleigh waves that propagate on the surface of an standard
SAW device. In the FPW-like mode, the waves propagate in the
entire volume of the glass coverslip perpendicularly to the
direction of its deformation (Fig. 4), establishing vibration
modes on this glass plate that can be symmetric or antisym-
metric as described previously.**>*

It is important to note that the resonance modes reported
here were identified in all HMADs built with transducers placed
in parallel. In particular, the resonance frequency in the BAW-
like mode was similar in all devices in which measurements
were made, ranging between 5.750 and 5.900 MHz (Table 1) and
frequencies in the FPW-like mode close to the vibration
frequency of the transducers (Table 1).

b)

linear aggregate —>
of parasites 2

<t+— circular aggregate
of parasites

Fig. 7 Aggregates formed by different cell populations in both resonance modes inside HMADs. (a and b) Show linear aggregates formed by the
cervical cancer line SiHa and L. panamensis promastigotes, respectively, in the FPW-like resonance mode for an experimental frequency of 1.873
MHz in the HMAD P1|| attached to 2 MHz transducers. (c and d) Show circular aggregates formed by cells of the breast cancer line MCF-7 and L.
panamensis promastigotes, respectively, in the BAW-like resonance mode using an experimental frequency of 5.810 MHz in the HMAD P4||

attached to 5 MHz transducers. Scale bars ~100 pm.
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3.2 HMADs device resonance modes in P_L configuration

Additional and more complex resonance modes were observed
in the HMADs with P3 geometry, where the transducers were
arranged perpendicularly (Table 1 and Fig. 2 P3 1 ). In the case
of the 5 MHz transducers, two different aggregates formed: one
parallel to the channel walls, at a frequency close to the vibra-
tion frequency of the transducers (Fig. 5a), and another diag-
onal (Fig. 5b) at a lower frequency. For 2 MHz transducers, only
diagonal linear aggregates were observed, similar to those
shown in Fig. 5b, at an imposed frequency of 2.141 MHz, near
the vibration frequency of the transducers.

It is important to highlight that the linear aggregates ob-
tained in the perpendicular configuration of the transducers (2
or 5 MHz) can be associated with the FPW-like mode and the
experimental resonance frequencies found, which have values
close to the vibration frequencies of the transducers as shown in
Table 1, HMAD P3 | . Moreover, in the perpendicular configu-
ration of the transducers for frequencies close to 5.8 MHz, the
circular aggregate formation was not observed, which suggests
that the BAW-like mode is not induced. We may suppose
therefore that the BAW-like mode does not depend only on the
reflection of the waves between the glass slide and coverslip in
the z direction, but may involve a more complex mechanism, in
which the waves generated in the (x, y) plane on the coverslip
and the Parafilm also participate.

As the form and location of the aggregates generated in the
HMADs shown in Fig. 3-5 are different, it is concluded that the

a)

t=13s; A0=30°

Direction of Motion
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pressure field inside the channel changes according to the
transducer orientation, i.e. parallel vs. perpendicular. However,
the aggregates shown in Fig. 5 were difficult to reproduce and in
addition were unstable, suggesting that the acoustic equilib-
rium zones inside the HMADs with the perpendicular configu-
ration of the transducers require further analysis to understand
practical applications.

3.3 Electrical behavior of the HMAD

The electrical responses of some HMADs were studied to obtain
information on their resonance modes in a non-destructive
characterization using admittance data. The electrical conduc-
tance in the piezoelectric ceramics was monitored by an HP
4192A Impedance Analyzer (Hewlett-Packard, Palo Alto, CA,
USA). For three selected HMADs, well-defined peaks are seen at
specific frequencies (Fig. 6, red arrows) that correspond to
values close to the resonance frequencies found experimentally
with particles in the FPW-like resonance mode during the
formation of linear aggregates. Table 1 summarizes these
frequencies and those at which aggregation was observed. It
should be noted that in this electrical characterization no
higher resonance frequencies close to the BAW-like resonance
mode were identified.

Based on the electrical conductance G data (Fig. 6), the
quality factor Q related with the FPW-like resonance mode was
estimated (Table 1) and the upper and a lower frequencies f,
and f; at which the maximum conductance reaches half of its

b)

£,=29.55; 40=15°

e
Direction_of Motion

Fig. 8 Position manipulation of an aggregate of SiHa cells in HMAD P1]| in the FPW-like resonance mode due to a phase change in the acoustic
wave generated by transducer 1 (Ty). (@) Movement of the aggregate toward the right when increasing the phase difference between the
transducers; and (b) movement of the aggregate toward the left when decreasing the phase difference between the transducers. Resonance was
obtained with piezoelectric ceramic actuators of 2 MHz at frequency 1.873 MHz.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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value were identified. With the values f, and f, the bandwidth Af
= fu — fi was determined to find the Q factor when dividing the
resonance frequency f;, by Af.**

The Q factor of the HMADs in FPW-like mode presented here
varies between 8 and 16 for resonant frequencies in the range of
1 to 6 MHz (Table 1). We note that the Q factor values reported
in different acoustofluidic devices are quite variable, as this
parameter measures the efficiency with which a resonant
system stores and dissipates energy. Under low damping
conditions, there is little energy dissipation and Q is high, and
conversely under high damping conditions more energy is
dissipated, resulting in a low Q. The Q value is seen to be
affected by the device design, the materials used in its
construction, and the operating conditions.

The Q values for the HMADs studied here are low, which may
be due to the low acoustic impedance of Parafilm, an elastic
material that absorbs a large part of the acoustic energy issued
by the transducers. Furthermore, the dimensions of the Paraf-
ilm and the glass slide increase the mass loading of the HMADs,
which are considered passive elements of the system, unlike the
transducers. The gain of the piezoelectric ceramic actuators
therefore decreases, reducing Q. In any case, the Parafilm
HMADs require only small amount of low electrical power for
their operation, and the supply voltage of the transducers can
be increased using a power amplifier or, in our case, imple-
menting a dual transducer system to minimize degradation of
performance.

3.4 Acoustic manipulation and control of cells

Different HMAD transducer positions were chosen to study the
dynamics of particles or cells exposed to the acoustic field
(Table 1). Cell shape and size acted as differential parameters in
the generation of stable aggregates (Fig. 7) for both operational
modes. For example, levitation in linear aggregates (2D) results
when the FPW-like resonance mode is imposed (Fig. 7a, b; and
Videos 3, 47), whereas circular aggregates (2D) are formed in the
resonance BAW-like mode (Fig. 7¢c, d; and Videos 5, 61), which
are very stable in time despite the presence of flow established
inside the channel.

The acoustophoretic motion of both cancer cell lines studied
is similar to that observed in experiments with particles of
diameter 4.5 and 10.0 um, indicating that shape is important;
note that these cells tend to be spherical in suspension. Because
of their shape and size, 15 to 20 pm diameter, the radiation
force is the main acoustic force that moves the cells towards the
pressure nodes in the acoustic standing waves formed in both
resonance modes described (Fig. 7a, ¢; and Videos 3, 51).

Leishmania promastigotes are elongated, mobile, and have
only about 10% of the volume® of the particles or cells studied
here. The small volume is expected to result in a significantly
reduced acoustic radiation force, which is directly proportional
to volume.® In addition, the acoustophoretic motion of pro-
mastigotes towards the pressure node depends on their initial
angular position since the parasite experiences an acoustic
torque due to their elongated shape that generates rotational
movement while being driven towards the pressure node.?
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Although the initial angular positions of Leishmania pro-
mastigotes are important for its acoustophoretic motion, unlike
that of the cells previously described, the parasites also form
aggregates in both operational HMAD resonance modes
(Fig. 7b, d; and Videos 4, 61). However, with their small volume
and elongated shape, their acoustophoretic motion is strongly
influenced by the drag force induced by the acoustic streaming
which results in longer aggregation times and a less orderly
motion of the parasites towards the pressure node (Videos 4 and
61).

Changing the phase between the piezoelectric ceramic
actuators in the FPW-like resonance mode allowed control and
manipulation of particles and the different cells used in this
study (Fig. 8 and Videos 7, 8t). This appears to be proportional
to the phase, as the increase or decrease of 7/6 radians in the
phase between the waves induces changes in position of the
cellular aggregates of approximately 30 pum to the right (Fig. 8a)
or to the left respectively (Fig. 8b). Similarly, microparticles of
10 pm diameter move between the two transducers upon
changes in the phase difference (Video 8 and Fig. 5 of ESI{); the
linear aggregates in the HMAD P2| (Table 1) move 50 pm
towards the right for a phase variation of 5m/6 radians if only
the T, phase is modified, and to the left by the same distance if
the T, phase is changed (Fig. 6 of ESI¥).

In HMAD P3 L (Table 1), the phase difference between the
two acoustic waves resulted in a rotatory motion in the FPW-like

3)
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o ©®
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%
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Fig.9 Microparticle rotational motion in the HMAD P3 L coupled with
2 MHz piezoelectric ceramic actuators at resonance frequency 1.818
MHz. (a) 4.5 um particles rotating clockwise around a fixed particle
under a positive phase difference; (b) non-rotating particles under zero
phase difference; and (c) particles rotating counterclockwise under
a negative phase difference.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mode (Fig. 9 and Video 91). If the phase difference between the
waves generated by the transducers was larger than zero, the
particle's direction of rotation was clockwise (Fig. 9a), with two
latex microparticles of 4.5 pm diameter rotating around a fixed
particle. When there was no phase difference between the
waves, no rotational movement was established in the micro-
particles (Fig. 9b), and when the phase difference between the
waves was less than zero, the particle's direction of rotation was
counterclockwise (Fig. 9c). The angular velocity varied
depending on the phase difference, increasing when large and
decreasing when small, respectively. This dependence of the
rotation rate of microparticles or cells on the phase difference is
consistent with this phase difference causing a change in the
acoustic streaming pattern around the particles.

4 Conclusions

In this paper we present a method for easy, low-cost construc-
tion of HMADs that can be used in laboratories with no clean
room facilities or lithographic technology, and is portable for
field or classroom use. These devices can be used in under-
graduate Biophysics laboratories to demonstrate basic princi-
ples of acoustofluidics in the manipulation and sorting of
particles or cells. It is also possible to study cell adhesion or
aggregation, and to build model tissues, as previously described
using a similar device.*®

The HMADs are operationally flexible, as was identified
experimentally due to their adaptability to either BAW-like or
FPW-like devices, depending on the selected vibration
frequency, which permits one to conceive of its use in varied
applications. They show high frequency versatility and can be
simply manufactured as described above. The choice of Paraf-
ilm in this implementation is a key step that allows for rapid
construction of multiple channels with different desired
geometries depending on the application (Fig. 2 and Table 1).
The soft elastic thermoplastic material has been used as struc-
tural material in microfluidic devices,'®?*° where it is noted
that its properties of hydrophobicity, softness, and adhesion at
low temperatures make it an attractive material. In addition,
due to the low melting point, HMADs and other MADs built
with this material can be fabricated without the need for glue in
the channel.*®?**

Although Parafilm has low acoustic impedance, its softness
and elasticity can interfere with the establishment of standing
waves in the liquid phase contained between the walls of the
channel. However, the HMADs presented here demonstrate
well-defined resonance modes that allow aggregation and/or
manipulation of particles and different cell types, when two
small rectangular PZ26 transducers are used in parallel or
perpendicular configuration.

The manipulation of particles or cells in HMADs (Fig. 8 and
9) can be relevant to basic and clinical work, since controlling
the positions of the aggregates by phase change may improve
our capability to separate and isolate these materials. In addi-
tion, manipulating position and/or rotational orientation of
single cells potentially allows measurement of cell mechanical
properties, such as elasticity or density, which may be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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important as they can be used in the differential diagnosis of
pathologies such as cancer,* malaria,* or SARS-CoV-2.*>

Finally, it is shown that manipulation of particles and cells
with different shape and mobility with micrometric precision is
achieved in these hybrid devices by varying the phase between
the piezoelectric ceramic actuators. The BAW-like mode addi-
tionally allows the formation of stable aggregates despite the
flow of the liquid medium, and the FPW-mode permits precise
manipulation and control of position and rotation of the
particles or cells.
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