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Abstract: Manipulating micro and nano-biological particles like extracellular vehicles (EVs), without extracting
them from their biological media, presents a big challenge for diagnosis purposes. Here we present the design and
fabrication of a sorting device based on the combination of microfluidic and electroacoustic modules that is
capable of aligning and sorting submicron biological particles according to their size, compressibility or mass
density, all in a tunable way. The device relies on a lithium niobate (LN) substrate to generate acoustic waves
assembled with a micromachined glass layer for microfluidic circuits. The interference between the two surface
acoustic waves (SAWs) generated by interdigitated transducers (IDTs) create a distribution of an acoustic
radiation force (ARF). This force affects differently particles depending on their physical proprieties. The device
is powered by an electronic circuit with a phase shifter to move the node of the standing surface acoustic wave
(SSAW) along the channel width. When the device is powered at resonance frequency of the IDTs, experiment
shows submicron particles alignment along the channel. By shifting the electrical signal between the two IDTs
we can translate the pressure node at any targeted position in the channel width. The particles are then driven to
one selected outlet.

Keywords: Nanotechnology, Microfluidic, Extracellular vesicles, Nanoparticles separation, Standing surface
acoustic wave, Acoustic radiation force.

of various sizes, but the limitation is that could not sort
out different materials of the same size and is
incapable of particle manipulation. Acoustic [3—-8] and
optical [9-13] tweezers have been developed to trap

1. Introduction

The ability to sort, sieve, and manipulate small
particles, especially in a tunable way, is highly

required for various applications ranging from Micro-
Nanoparticle sorting [1] to targeting drug delivery [2].
A conventional sieve uses a mesh of fixed size for
separating smaller particles from the particle mixture
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and manipulate nanoparticles [14-15], biomolecules
[16-17], and organisms [18], yet they can capture only
a few particles at a time and are difficult to scale up.
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Otherwise, manipulating micro and nano-
biological particles like extracellular vesicles (EVs),
without extracting them from their biological media,
presents a big challenge for the biological, clinical and
pharmaceutical communities. Since EVs represents a
highly important mediators in cell-to-cell communi-
cation [19-20], sorting and trapping them
allows a better detection and qualification for
diagnosis purposes.

Many technics have been used to improve the
efficacy of particle sorting devices. In acoustic
microfluidic devices, either bulk acoustic waves
(BAWSs) [21] or surface acoustic waves (SAWSs) [22]
are used to generate standing acoustic wave fields to
trap particles realizing meso-scale particle patterning.
This concept has become possible by the integration
of acoustic and microfluidic systems in the same chip.
It allows controlling the interaction between the
acoustic wave and the submicron particles flowing in
a channel of about tens microns wide.

In this work we introduce an acoustic sorting that
can align, sort, and transfer a large number of particles
in a liquid according to their physical proprieties (size,
compressibility or mass density), all in a tunable
manner. This device, based on the combination of
microfluidic and electroacoustic systems, not only
overcomes the shortfalls of a traditional sieve and
acoustic or optical tweezers, but also fulfills many
more functionalities.

The concept is motivated by the highly localized
radiation force induced by the artificially engineered
interdigitated (IDT) fingers patterned of a
piezoelectric substrate to fulfill acoustic field. It is thus
distinct from other acoustic techniques that rely on
bulk standing waves or Gaussian beams directly
generated by the acoustic transducer to trap one or
several identical particles [3—8]. Such a resonance
transmission and highly localized field in the region
between the two IDTs induce a large acoustic radiation
force that can be used to trap and sort small particles
of few 100 nm of size. These techniques target to sort
only one particle category (size range) at the same
time. While in the device we will present in this paper,
particles of different size can be gathered, at the same
time, in several parallel lines where each line contains
a distinct category in term of particle size.

2. Theoretical Analysis

When a particle in a viscous fluid interacts with a
stationary elastic wave, two types of forces act on this
particle: the acoustic force F, and the Stokes
forceFgiokes- Since the acoustic force has a sinusoidal
shape, it tends to move heavy and/or large size
particles from the extremum towards the nodes. The
Stokes force (so-called drag force) is a resistance force
to the acoustic force.

The acoustic force F, on a compressible and
spherical particle can be expressed as [23]:

2P, *R,* (4
E, = Tpﬂf ¢ (B, p) sin (%x) , (1)

where F, is the acoustic pressure, R, is the particle
radius, 5y is the compressibility of the fluid, ¢ (8, p)
is the acoustic contrast factor, A is the acoustic
standing wave wavelength and x is the particle
position across the fluidic channel (x = 0 in the center

of channel). The acoustic pressure is further
determined from the device characteristics:
PZ
P= |— 2
a= | @)

where Z is the acoustic impedance of the substrate, A
is the IDT area, and P is the power of the input signal.
The mechanical properties of MVs are represented by
the acoustic contrast factor:
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where p and f are the density and the compressibility
of the particle, respectively. The indexes p and f
corresponds to the particle and the fluid, respectively.

In the case of micro/nano-vesicles flowing in a
fluid buffer, ¢(B,p) will be positive. Therefore,
vesicles move toward the acoustic force
node positions.

According to the symmetry of the SAW system,
the initial position of the pressure node (without
applying a phase-shift) is normally located on the
SAW system symmetry line. Therefore, this position
corresponds to the center of the microfluidic channel.
A phase-shift between the electrical signals of
excitation of the IDTs makes it possible to shift the
node to any desired position over the width of the
channel, in a tunable manner.

The second force is the Stokes force Fgipxes:

Fstores = _67”7Rp (up - uf) ’ “4)

where 7 is the dynamic viscosity of the fluid, R,, is the
particle radius and u is the velocity. The indexes p
and f corresponds to the particle and the
fluid, respectively.

We obtain the motion characteristics of vesicles in
a viscous flow by solving the equation:

Fy + Fstores = 0, (5)
that gives:

m2PZR, By [(5pp — 2pf Bo\] . (Am
324 K 2pp+pf>’<ﬂ7>]s’“(7x> (6)

- 6m7Rp(up - uf) =0

The acoustic force is proportional to the particle
volume and the drag force to the particle diameter.
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This means that larger vesicles move faster to the
pressure nodes, while smaller vesicles continue to
move along the channel, at their original positions of
entry into the acoustic opening, very little affected by
acoustic force. Smaller particles will be aligned at the
bellies (extremums) positions because the larger
particles push them away of the nodes.

Indeed, the transit time T of MVs moving from the
channel center to the sheath flow is ~ 1/R,?, which
enables size-selective vesicles separation [23]. This is
why, in our design, we fixed the acoustic aperture at
5.2 mm to be larger than the distance traveled by the
particles in a time duration 7. In this configuration, we
can be sure that the particle motion reaches the steady
state regime before coming out of the acoustic zone.

3. Methodology: a Tunable Manner
for Nanoparticle Manipulation

The principal of particles manipulation using SAW
is to generate a standing wave starting from two
traveling surface acoustic waves (TSAW) that
propagates in two opposite directions. This SSAW
drives the particle toward one targeted position in the
channel center that correspond to the pressure node
(cf. Fig. 1).
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Fig. 1. Schematic of the acousto-fluidic device. It is
composed of two IDTs patterned on piezoelectric substrate
and a microchannel realized on glass substrate. The acoustic
force drives larger vesicles to move faster to the pressure
nodes, while smaller vesicles, very little affected, continue
to move along the channel.

The standing wave occurred in the microchannel
region generates an acoustic radiation force (ARF) that
affects differently particles in fluid depending on their
properties. The heavy and dense particles tend to
tighten towards the nodes while the light and
compressible particles remain on the antinodes
[24-25]. This allow aligning the large size particles in
the pressure node and the small size one in the
anti-nodes.

The idea here is to manipulate the position of the
aligned particles simply by a continuous variation of
the electrical signal phase between the two IDTs. This
allows translating the node of the standing wave from
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the channel center to any targeted position situated in
the channel width. As so, we can align and drive
particles toward one desired channel outlet among the
other outlets of the microfluidic circuit. Fig. 2 shows
MATLAB software simulations of the electrical phase
shifting effect on the position of pressure node, and
this for fours relative phase shifting angles of 0°; 60°;
120° and 180°.
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Fig. 2. Simulations of the tunable manner to translate the
pressure node position from the center of the channel to the
right wall, by shifting the electrical signal of 0°; 60°; 120°
and 180°.
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4. Experimental Results
4.1. Design and Geometrical Parameters

The design of the implemented acousto-fluidic
system with the details of the microfluidic circuit and
the network of fingers that compose the IDTs are
presented in Fig. 3. It is composed of two layers of
3x3 cm? area: a glass layer for the microfluidic
circuit and a piezoelectric layer for the acoustic
wave generation.

The microfluidic circuit contains a main channel
of I, of length, w, of width and h, of depth, and six
secondary channels. Each one of them ends on a
circular hole that crosses the entire glass wafer
thickness. Three holes are considered as “inlets” for
the fluid injecting while the other three holes as
“outlets” to recover either buffer or sorted particles.

Fig. 3. A schematic view of the submicron particles
separation micro-device with (top) the glass layer
and (bottom) the piezoelectric layer. For the glass layer, we
consider the three holes on the right side of as inlets while
the other three holes as outlets for the fluidic.

The glass channel of 9 mm of length can be
functionalized and coated to limit unwanted
adsorptions. The use of glass allows a better
biocompatibility, and a multi-use system. It is also to
overcome limitation of PDMS for biology. Indeed,
this elastomer ages, is sensitive to exposure at some
chemicals and permeable enough to gas [26].

Two interdigital transducers (IDTs) are patterned
on piezoelectric substrate of a lithium niobate
(LiNbO3). This material is very used for the
manufacture of surface acoustic wave devices because
of it high piezoelectric coupling factor. The two IDTs
generate SSAW and thus acoustic force is created
inside the channel. We fixed the width of the fluidic
channel to 60 pm in order to match the acoustic half-
wavelength. Based on the speed of sound of the SAW
and the acoustic wavelength, the frequency of 40 MHz
is used to supply the SAW transducers. In these
conditions, the microchannel has one pressure node
located at the center and two pressure anti-nodes
located close to the walls. However, this position can
be altered via a phase shift to any wanted position
between the two IDTs.

The IDT electrode geometry is shown in Fig. 4,
where the single-electrode-type (so-called solid-
electrode-type) configuration has been adopted for the

excitation of SAWs. The single-electrode-type IDT is
widely used because of its structural simplicity and
relatively wide strip width (~ A/4), which reduces the
required resolution of photolithography [27].

The width w, and pitch p, of IDT electrodes are all
25 um. This configuration generates SAW with
wavelength A of 100 um. The distance between IDTs
L is 700 um. Because the behavior of SAW excitation
at the IDT limit is somewhat different from that in its
center region, the acoustic aperture W have to be large
(here W = 5.2 mm); this is to avoid a significant
diffraction effect of the traveling wave that take place
in the IDT edge [27]. Furthermore, a larger aperture let
a long nanoparticles-SSAW interaction time, allowing
high flow particle sorting. The number of IDT finger-
pairs (N=20) must be large enough to generate
acoustic power capable of interacting with the
nanoparticles but not very large to make the
characteristics of IDT complex. This complexity is
caused by the reflection of Bragg which occurs when
A~p, corresponding to the resonance condition for
SAW excitation [27].

A

Fig. 4. Scheme of the SAW interdigitated transducer
with the parameters of the electrode fingers.

4.2. Summary of the Fabrication Process

The acousto-fluidic device microfabrication
process is mainly composed of three steps:

1) The realization of IDTs electrode onto a 128°
Y-cut LiNbO; piezoelectric substrate.

2) The micro-machining of microfluidic circuit on
a glass wafer: the wafer top side was micro-machined
by deep reactive ion etching (DRIE) to achieve
microchannels design. A femtosecond (FS) laser
boring technic is used on the wafer backside to achieve
holes of 500 um in diameter for the fluidic inlets
and outlets.

3) Both lithium niobate and glass wafers were
stacked together in order to close the microfluidic
circuit and to allow fluidic and acoustic interaction.

The realized SAW interdigitated transducer is
presented in Fig. 5. It is composed of IDT-1 on the top
and IDT-2 on the bottom, separates by the fluidic
microchannel. The first wave propagates from top to
down while the second one propagates in the opposite
direction to fulfill a standing acoustic wave.
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Fig. 5. The picture of the SAW interdigitated transducer that
actuates with nanoparticles presents in a liquid. The last one
is flowing in microchannel deposited on the LiNbO;
substrate. The first wave propagates from top to down. The
second one propagates in the opposite direction.
The acoustic aperture is of 5.2 mm and the IDTs length
is of 700 pm.

The microfluidic circuit is dry etched through a
single step of photolithography until 30 um of depth.
Thus, the effective section of the channel is of
trapezoidal shape with w;=59.75 um of width on the
surface level and w»=32.17 pm of width at the bottom
level of the channel. Fig. 6 shows picture of the micro-
acousto-fluidic device for nanoparticles manipulating
and sorting.

Fig. 6. A picture of the acousto-fluidic nanoparticles
manipulator device. It is composed of a glass layer
for the microfluidic circuit stacked to a lithium niobate
layer for the acoustic standing wave.

4.3. Electrical M easurements

In order to characterize the microsystem, we have
manufactured a mechanical support (Fig. 7) allowing
to (1) host the device, (2) ensure the six fluidic
connections to a controlled injection system and (3)
connect IDTS for both the electrical characterization
and SAW generation.

Fig. 7. The realized acousto-fluidic device with electric
and microfluidic connections.

In Fig. 8 we represent a schematic view of the
experimental setup. The device is powered by an AC
sinusoidal signal generated by a, Anritsu 68147C
synthesized signal generator. A power splitter divides
the signal in two ways (0° and 180°) to supply the two
IDTs. The first line (upper one) is used for the
excitation of IDT-1. It contains an analog phase shifter
to create a phase shift between the 2 IDTs electrical
signal input. This allows to continuously tuning the
SSAW pressure node along the channel width.
Whereas the second line (downer one) is used for the
excitation of IDT-2. Since the phase-shift response is
not linear, the electric signal amplitude in the IDT-1
input might be different from those for IDT-2. That is
why we use an attenuator in the bottom line to balance
the electrical signal amplitude at the inputs of both
IDT-1 and IDT-2.

$0-02-411 | ZFDC-10-21 |
o— & o &> ST P2 ‘
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Fig. 8. Electronic circuit for the excitation of SAW interdigital transducer for the submicron acousto-fluidic sorting device.
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For radio-frequency (RF) circuit analysis, the
scattering parameters is widely used. The network
analyzer commonly used for SAW device
characterization. In fact, this makes it possible to
measure insertion losses, rejection, bandwidth and the
frequency of resonance of the SAW system.

Fig. 9 shows the insertion loss and reflection
coefficient as a function of the frequency under these
conditions. We can see that the central frequency: fj is
39.8 MHz which is very close to the simulation
(40 MHz). The bandwidth is about 2 MHz, the loss of
insertion is 30 dB and the rejection is 15 dB. Even if
those parameters are not optimal, we were able to
generate SSAW capable to drive submicron particles.

When the SAW system resonance frequency is
determined, we can proceed with the optimization of
the circuit by adding an electronic stage for an
impedance matching of the IDTs by using the smith
chart. The impedance between the RF source to the
IDT electrodes need to be matched to maximize the
electrical-mechanical energy transfer.

20

F11

-TO|

-80 > g 2 5 I - = : 3 5
30 32 34 36 38 40 42 44 46 48 50
Frequency [MHz]

Fig. 9. Frequency response of the SAW interdigital
transducer onto a 128° Y-cut LiNbO; substrate
(for four identical devices F11, F12, F21 and F22).
The central frequency fy = 39.8 MHz. The bandwidth
is about 2 MHz, the loss of insertion is 30 dB and the

rejection is 15 dB.

4.4, Microfluidic M easurements

In the following experiment, fluorescent
calibration beads (480 nm in diameter/polymer) will
be used to show the influence of surface stationary
wave on submicron particles. We used a submicron
synthetized beads from Micro particles GMBH®:
MEF-FITC-COOH, fluorescent beads (abs/em:
506/529 nm) with the diameter of 480 nm. These
beads present carboxylic acid function allowing
protein grafting on their surface, which permit to
perform immunocapture, after sorting and recovery
of particles.

Before introducing beads in microchannel, several
conditioning steps are performed in the device: we wet
the channel by using a water/methanol solution
(50/50). The running buffer was PBS solution

(Phosphate buffered saline) with Tween™ 20 (0.1 %
v/v) from Thermo Fischer for a better wettability. To
control the flow, the MFCS-EZ system from
Fluigent® was used. The system allows the injection
of sample in the microfluidic circuit depending on the
pressure, from 0 to 1 bar but the working pressure was
around 20 mbar. The experiment was monitored in
real time by using a fluorescent microscope (AXIO
SIP61023, ZEISS®).

5. Discussion

Fig. 10 presents a first analysis showing a laminar
flow in the microchannel.

Initially, when we introduce nanoparticles in the
inlet 1, it is automatically that the all particles exit
from outlet 1. The beads are randomly dispersed along
the half-channel in dynamic fluidic mode [28].

On the other hand, when we activate SAW with a
normally phase—shifting of 180° between the IDTs, the
randomly dispersed beads are aligned in a narrow line
along the channel. This line is situated in the middle of
the channel width which correspond to the pressure
node position in the normally case (without
supplementary phase-shifting) (cf. Fig. 11).

By shifting the SSAW phase with a relative phase
shifting ranging from 0 to 180°, we translate beads
from outlet 2 to outlet 1 or 3 according to the phase-
shift we apply. As so, we realize sorting by driving
480 nm in diameter particles to one of the three
channel outlets (Fig. 11). This is the first result
showing that we can control vesicles flow and
destination in specific outlet, just by acting on the
phase of SSAW, to drive them from one side to
other side.

Fig. 10. Laminar flow experimentation using 480 nm
in diameter beads in a buffer flowing throw a 60 pm
of width fluidic channel: (left) optical view and (right)
fluorescence microscopy images.

SAW OFF: laminar flow

Fig. 11. Nanoparticles manipulation results using
nanoparticles of 480 nm in the inlet 1. When we apply the
SAW, we can move the particles from outlet 1 to outlet 2
or to outlet 3 according to the phase-shift we apply.
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6. Conclusion

The main idea of this project is to be able to
manipulate and sort the nanoscale vesicles by
acoustic waves.

In this work, we experimentally validate the
submicron particles alignment and sorting using
SSAW microsystem. Experience has shown a
submicron particles alignment at a fixed position along
the channel. By shifting the SSAW phase, we can
drive particles to one of the three outlets.

We have successfully fabricate an acoustic-based
glass microfluidic system for label-free and
continuous sorting of NP. We experimentally
validated the particle manipulation and sorting using
one type of 480 nm particles in glass microchannels.
We validate the new concept of standing wave
monitoring using phase-shifting.

By controlling the radiation force, a large number
of particles can be manipulated in the same time. In
fact, if a multiple particle sizes are presented in a
continuous flow, each particle species of same
size could be driven to one of the multiple
microfluidic outlets.
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Nanosensors: Materials and Technologies aims to provide the readers with some of
the most recent development of new and advanced materials such as carbon
nanotubes, graphene, sol-gel films, self-assembly layers in presence of surface active
agents, nano-particles, and conducting polymers in the surface structuring for sensing
NANOSENSORS: applications. The emphasis of the presentations is devoted to the difference in
 Materials and Technolagies properties and its relation to the mechanism of detection and specificity.
- Miniaturization on the other hand, is of unique importance for sensors applications.
' The chapters of this book present the usage of robust, small, sensitive and reliable
sensors that take advantage of the growing interest in nano-structures. Different
chemical species are taken as good example of the determination of different
chemical substances industrially, medically and environmentally. A separate chapter
in this book will be devoted to molecular recognition using surface templating.
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The present book will find a large audience of specialists and scientists or engineers
working in the area of sensors and its technological applications. The Nanosensors:
Materials and Technologies will also be useful for researchers working in the field of
electrochemical and biosensors since it presents a collection of achievements in
different areas of sensors applications.
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