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A surface acoustic wave (SAW) is a sound wave travelling on the surface of an elastic material. SAW offers a
robust control of the acoustic energy leading to an unparalleled versatility. As an actuator, SAW can exert
acoustic forces on particles and fluids thus enabling dexterous micro/nanoscale manipulations. As a
sensor, SAW has a unique sensing capability upon changes in the environment. On-chip SAW technology,
in which SAW is integrated with modern lab-on-a-chip (LOC), has drawn a lot of attention in recent years
and found various exciting applications in micro/nanosystems. In particular, its well-known biocompatibil-
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ity provides on-chip SAW technology as an exceptional platform for biomaterials research at the small-
scale. In this minireview, we highlighted recent advances of on-chip SAW technology for biomaterials
manipulation and characterization with a focus on cell-based (e.g. single-cell and multicellular) biomater-
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ials. We also discussed and shared our perspective on future directions for this emerging research field.

1. Introduction

A surface acoustic wave (SAW) is an acoustic wave that propa-
gates on the surface of an elastic material. By actuating interdi-
gital transducers (IDTs) on the piezoelectric surface with alter-
nating current (AC) within radio frequency range, SAW with a
specified wavelength (1) can be directly generated on piezoelec-
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tric crystals (see Fig. 1). Owing to its simple operation, SAW is
often integrated with modern lab-on-a-chip (LOC) and micro-
fluidic devices. Numerous advantages of SAW LOC and micro-
fluidic devices have been summarized in the literature.'

An important characteristic of SAW LOC is the dual role of
SAW as both actuator and sensor. In a SAW LOC device, a
target system is usually coupled on the piezoelectric surface
where the SAW would propagate through. When the SAW
passes the interface between elastic material and target
system, two phenomena occur: (1) SAW exerts energy into the
target system, enabling dexterous dynamics and object
manipulation within the system; (2) The interaction between
SAW and the target system would affect the properties of the
propagating SAW, such as amplitude, velocity and phase, the
change of which in turn can serve as indicators of the pro-
perties of the target system. The former is called a SAW actua-
tor (Fig. 1) and the latter is called a SAW sensor (Fig. 2). There
are two working modes in SAW actuators: standing surface
acoustic wave (SSAW) by actuating pairs of IDTs or travelling
surface acoustic wave (TSAW) by actuating a single IDT as
shown in Fig. 1A and B respectively. In SAW sensors, there are
also two configurations. The most common one is called delay
line consisting of one pair of IDT as illustrated in Fig. 24,
where one IDT is used for SAW generation and the other is
used as a receiver to transform the resulting SAW into electri-
cal signal for analysis. The other one is called SAW resonator
consisting of one IDT and some grating reflectors as illustrated
in Fig. 2B, where the single IDT is used for both SAW gene-
ration and reception and the grating reflectors are used for
SAW trapping to enhance the SAW effect. It is worth mention-
ing that there are multiple types of SAW generated in these
SAW devices. Almost SAW actuators work with Rayleigh wave
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while a SAW sensor could work with either Rayleigh wave or
shear-horizontal (SH) wave."” Despite the similarity between
the configurations of SAW actuators and SAW sensors, they
function differently in real applications. More detailed infor-
mation on the fundamentals of SAW devices, such as design
parameters and working principles, have been described
elsewhere.'”””

The unique versatility of SAW along with its noninvasive-
ness and biocompatibility> '® establishes SAW-based miniatur-
ized devices as emerging and powerful tools for research in
biomedical fields such as bioanalytical chemistry."" On-chip
SAW technology also lends its merit to biomaterials science
developments with respect to biomaterial manipulation and
characterization in small scale. Albeit there emerge lots of
exciting on-chip SAW designs leading this area to a hot topic,
there has been limited attention to these discoveries possibly
due to nonexistent literature review of the topic. Therefore, the
objective of this minireview is to highlight recent on-chip SAW
technology in biomaterials science, particularly manipulation
and characterization of small biomaterials such as cell-based
biomaterials. We will also discuss the challenges and future
opportunities in this field. Ultimately, we hope this minireview
can spur the adoption of on-chip SAW technology for small
biomaterials manipulation and characterization.

2. SAW actuators for biomaterials

The development of SAW actuator began when people discov-
ered that SAW could be coupled with microfluidics to provide
effective control and manipulation of fluid as well as objects
in the fluid around 1990s."” This phenomenon is attributed
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B. Travelling Surface Acoustic Wave (TSAW)
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Fig. 1 Schematic illustration of the working principles and representative applications of SAW actuators for biomaterials. Two mode of operations
for SAW actuators are standing surface acoustic wave (A) and travelling surface acoustic wave (B). Applications of SAW actuators for biomaterials
include cell seeding in hydrogel (C), protein thermal shift assay using SAW (D), long-term cell aggregation for tumor spheroid generation (E), cell
deformation in suspension (F), adherent cell-induced microstreaming during SAW exposure (G), SAW-induced flow for profiling cell-substrate inter-

action (H), cell lysis (I), SAW-induced cell growth promotion (J), and intracellular delivery (K).

to the trapping of most acoustic energy adjacent to the inter-
face between the piezoelectric substrate and the fluid. The
acoustic energy dissipates into the fluid to induce streaming
effect and exert forces on any objects inside the fluid bound-
ary without physical contact. Since then, SAW actuators have
been widely used in microfluidic control and micromanipula-
tion. Recently, various systems of small biomaterials have also
been extensively studied with SAW actuators. In this section,
different emerging SAW actuators for biomaterials will be
introduced.

1576 | Biomater. Sci, 2021, 9,1574-1582

2.1 Bioparticle patterning

The SAW actuators have a unique function of template-free
and contactless bioparticle patterning in standing SAW mode
(see Fig. 1A). By simply generating identical SAWs propagating
towards each other, 1D (using one pair of IDTs) or 2D (using
two pairs of IDTs) pattern of acoustic pressure nodes could be
formed. The bioparticles with positive acoustic contrast
factors,"”” such as cells, will accumulate in these pressure
nodes by acoustic forces to form the corresponding 1D/2D pat-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Schematic illustration of the working principles and representative applications of SAW sensors for biomaterials. Two different SAW sensors
configuration include delay line (A) and one-port resonator (B) devices. Applications of SAW sensors for biomaterials include proteins detection (C),
DNAs detection and analysis (D), exosomes detection (E), adherent cells quantification (F), cell contractility assessment (G), and single-cell stiffness

analysis (H).

terns with no pre-designed templates. The 1D pattern consists
of parallel lines with equal spacing while the 2D pattern
resembles checkerboard-like distribution of dots. The pattern-
ing performance highly depends on parameters in the on-chip
SAW devices (e.g. such as the SAW wavelength and microfluidic
channel dimensions®'*>'%) and the operation modes (e.g.
phase modulation of the SAW). Therefore, such patterning is
highly tunable, which drives the following exciting biomaterial
research:

Researchers investigated the patterning as well as immobil-
ization of cells in biodegradable, photocurable hydrogels, to
create 3D biomimetic tissue structures (Fig. 1C). Typical suc-
cessful cases include HeLa cells in poly(ethylene glycol) diacry-
late (PEGDA) and methacrylated gelatin (GelMA) gels,"® cardiac
cells in GelMA gels,'® co-aligned endothelial and stem cells in
hyaluronic acid hydrogels,"” and leukemia cells in GelMA gel
pillars.'® Li et al. proved the concept of co-culturing two cell
types simultaneously by modulating the phase of SAW.>* This

This journal is © The Royal Society of Chemistry 2021

application of SAW for biofabrication facilitates vascularization
in synthetic tissue that is important for long-term organ-on-
chip study and artificial organ manufacturing.

Most recently, Ding et al.'® achieved to measure the protein
stability by pattering the protein molecules in the pressure
nodes and/or antinodes (Fig. 1D). The proteins unfolded and
aggregated in the nodes due to the local heating effect and
acoustic forces from SAW. In particular, the protein unfolding
could be quantified by measuring the gray intensity of precipi-
tated proteins in the nodes and the change of gray intensity as
a function of SAW time was analyzed to reveal the protein
thermal stability. Comparing to conventional protein thermal
shift assay methods, they demonstrated that this novel acousto
thermal shift assay (ATSA) enables ultrafast (with ~1 minute)
and highly sensitive (7-34 folds higher) monitoring of protein
thermal stability change. Such superiority is promising for
applications in fast diagnosis of blood disorder and hemoglo-
binopathies such as sickle cell disease.

Biomater. Sci,, 2021, 9,1574-1582 | 1577
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By designing the SAW wavelength and channel height to
the same order of cell diameter, single-cell 2D patterning can
be achieved, where each node was occupied with a single
cell.*® This unique patterning approach can be used for either
assessing cellular response to effector molecules®® or growing
neural networks.?

When the wavelength and the channel height are designed
as tens of times of cell diameter, multicellular spheroid, which
is an important 3D cell culture biomaterial for tissue engineer-
ing, could form atop the pressure nodes owing to a combi-
nation of acoustic force and SAW-induced
microstreaming."***** Chen et al. recently demonstrated a
high-throughput SAW actuator that can produce more than
6000 tumor spheroids in a single operation (Fig. 1E).>*

2.2 Cell mechanical characterization

The mechanical properties of single-cell biomaterials provide a
significant label-free marker for cell physiological conditions.
Many on-chip platforms have been developed for single-cell
mechanical characterization.”> Recently, SAW actuators have
been emerging as a new approach to characterizing cell
mechanics.

With a novel design of SAW actuator, Link et al. quantitat-
ively probed the viscoelasticity of single red blood -cells
(RBCs).>® A single RBC was trapped by the combined effects
from SAW and fluid motion, and then was deformed by modu-
lating the SAW power (see Fig. 1F). Typically, the degree of the
deformation and the time required for the deformation
process were recorded and analyzed to extract the elasticity
and the viscosity of single RBCs respectively.

Salari et al. used SAW to oscillate an adherent MCF-7 cell in
a microfluidic channel. This oscillation provided an indirect
and qualitative way to probe cell stiffness as illustrated in
Fig. 1G.*” The cell oscillation generated nontrivial acoustic
flow in the channel, which was visualized by adding tracer (e.g.
fluorescent particles) in the fluid. They systematically studied
the correlation between the flow properties (e.g. pattern style,
velocity magnitude) and the cell properties. One of the discov-
eries was that the oscillation of cells with different stiffness
would generate flows with different maximum velocities.

SAW actuators have also been developed to characterize cell
adhesive properties,”®! where the working principle is to use
SAW to induce hydrodynamic flow to detach adherent cells on
the substrate (Fig. 1H). Generally, there are two approaches to
evaluate cell adhesive properties. First, the SAW power was
gradually increased until all the adherent cells were attached,
and this critical power was recorded to characterize the cell
adhesion. Second, SAW with constant power was applied for a
certain period of time and the percentage of the detached cells
was recorded to characterize the cell adhesion.

2.3 Cell lysis

SAW can be used to impose physical forces that dissociate cell
membranes and produce chemical-free cell lysates (Fig. 1I).
Applying SAW into a droplet containing cells induced shear
force that is enough to lyse target cells. Usually, the use of
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SAW is combined with other physical structures or particles to
enhance cell lysis efficiency. Reboud et al. demonstrated that
patterning phononic lattices on the SAW propagation area
intensified the generated vortex streaming.**** The phononic
lattices consisted of circular wells in a square array configur-
ation. The size of wells and the spacing between wells should
be adjusted depending on the SAW frequency. They used circu-
lar wells with a radius of 82 pm and a pitch spacing of 203 pm
for SAW frequency of 10 MHz. Another strategy was to incor-
porate diamond-shaped micropillars with sharp edges along
the droplet streaming area intended to serve as disruption
structures as reported by Luo and colleagues.** The micropil-
lars have 50 pm by 50 pm side length, 100 pm height, and
100 pm spacing in between. Instead of fabricating fixed micro-
structures, Wang et al. added microparticles to the droplet con-
taining cells to increase the collision likelihood that would
break the cells apart.*® The effective size of the microparticles
was around 4-5 um which resulted in a higher cell-microparti-
cle collision frequency compared to particle sizes that are
smaller (0.1 um) or larger (15 pm). Overall, all these SAW-
based techniques are capable to lyse cells up to 100%
efficiency.

2.4 Cell healing and growing

Controlling the amount of SAW energy applied to the cell can
improve their growth as opposed to deteriorating the cell.
Stamp et al. reported that exposing SAW directly to the cells
increased their migration velocity leading to a 17% healing
rate of an artificial wound in vitro as depicted in Fig. 1J.%°
This positive effect of SAW in wound healing likely arose from
mechanical and/or electrical stimulation as they claimed. The
fluid streaming during SAW excitation can also dynamically
recirculate the culture medium in a Petri dish thus increase
the proliferation of suspension cells as demonstrated by
Greco et al.’’ The Petri dish was coupled to the SAW device
using a thin layer (700 pum) of PDMS. The SAW-treated
chamber has 36% more cell proliferation compared to the
untreated control. The associated effects of SAW on living
cells strongly depend on the type of cell being used.
Devendran et al. reported the negative effects of SAW at a rela-
tively high frequency (48.5 MHz), such as inhibited cell
attachment and decrease in cell spreading, in mesenchymal
stromal cells and mouse osteosarcoma.*® On the other hand,
exposing SAW to human keratinocytes and mouse fibroblasts
increased their metabolic activity. Therefore, further study to
decipher the biological impacts of SAW in different cells is
necessary.

2.5 Intracellular delivery

Engineering cells as a living biomaterial, which is essential for
cell-based tissue engineering, often requires intracellular deliv-
ery of biomolecules into target cells. Techniques for intracellu-
lar delivery include using virus vector, chemical carriers, or
physical methods.*® Compared to other intracellular delivery
methods, physical methods have shown various advantages for
in vitro and ex vivo delivery such as high delivery performance

This journal is © The Royal Society of Chemistry 2021
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and less dependence on cell or cargo types.*’™** In particular,
intracellular delivery using acoustic waves does not require
direct contact of physical probes to the target cell and is gener-
ally gentler thus preserving cell viability. Ramesan et al
demonstrated the use of SAW for intracellular delivery of lipid-
siRNA complexes to adherent HEK cells using 10 MHz fre-
quency for 5 minutes (see Fig. 1K).*> The internalization
efficiency reached 39% with practically no decrease to cell via-
bility. Unfortunately, they did not report the possibility to
deliver naked siRNA using SAW which is more beneficial due
to the elimination of the cost and preparation of the lipid vesi-
cles. SAW also mediated intracellular transfer of cryopreserva-
tion agent into human umbilical cord matrix mesenchymal
stem cells, a type of cells that is vital for cell-based therapies.**
The conventional method to load and unload cryopreservation
agent required centrifugation and decreased the cell viability
down to ~25%. In contrast, the SAW-based method preserved
cell viability up to ~70%. When implemented at the tissue
level, SAW can also assist drug delivery up to 1 mm tissue
depth.”> By combining with responsive materials, such as
temperature-sensitive liposome, SAW could also enable con-
trolled drug release to target cells.*®

2.6 Other applications

Besides the cases mentioned above, there are other designs of
SAW actuators for some unique biomaterial applications.
Ambattu et al. found that SAW could be used to promote
exosome generation.”” Hu et al. patterned cells in versatile bio-
mimietic arrays with six IDTs and phase modulation.*®
Alhasan et al. proposed a new method to use SAW for spher-
oids generation, other than the patterning-based approach
described previously, where the SAW induced flow in a tissue
culture plate to assemble the cells.*’ Also using SAW-induced
flow generated by a C-shaped IDT design, Cai et al. was able to
trap multiple spheroids.”® By proper alignment between the
microfluidics and SAW propagation, researchers have demon-
strated cell washing with high purity’® or cell coating with
chemicals with high efficiency.”

3. SAW sensors for biomaterials

“SAW sensors” came out earlier than SAW actuators in the
1960s, when they were still regarded as SAW delay lines or SAW
resonators instead of sensors and the main application was for
signal processing and filtering in telecommunication
industries.>>>* Later on, researchers realized the potential of
these SAW devices as effective sensors and capitalized their
sensing capabilities, which shed light on the field of SAW
sensors. Compared to the bulk acoustic wave (BAW) sensor,
such as quartz crystal microbalance, the SAW sensor is more
advantageous due to its high sensitivity, low cost, minimal
power consumption, precise control and ease of scaling
down.” The past thirty years have witnessed the rapid develop-
ment of SAW sensors in numerous applications,”>® where SAW
sensors have been proven as promising tools for characteriz-

This journal is © The Royal Society of Chemistry 2021
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ation of multiscale biomaterials, from molecular to cellular
level.”’° A common strategy adopted for the SAW sensor
design is to immobilize biomaterial-specific molecules on the
substrate to capture biomaterials from the suspension, which
would lead to the phase shift of the SAW or the resonance fre-
quency shift of the SAW sensor. On the one hand, only tar-
geted biomaterial would be caught on the substrate so that the
SAW sensor could be used for label-free detection of certain
biomaterials. On the other hand, more biomaterials caught on
the substrate will cause more change of the phase or the reso-
nance frequency. In this way, SAW sensor could be used to
quantify the biomaterials in suspension.

In the past thirty years, detection and quantification have
been the two major and conventional applications of SAW
sensors for biomaterials characterization. Since then, many
new SAW sensor designs have emerged. These sensors are
characterizing either new biomaterials or new properties of
biomaterials. In this section, different SAW sensors for bioma-
terials would be introduced based on the scale of the bioma-
terials. Particularly, this section would focus on these emer-
ging new SAW sensors in the past several years. For more
examples and details of the conventional SAW sensors for bio-
materials, interested readers are referred to Linge et al.,””
Gronewold et al.,’® Rocha-Gaso et al.,*® and references therein.

3.1 Biomolecules

SAW sensors are able to detect different types of biomolecules
(e.g. protein, antigen, DNA) by immobilizing the corres-
ponding binding-molecules on the substrate. For example,
the SAW sensor can detect proteins in solution when immobi-
lizing the corresponding antigens on the substrate (Fig. 2C).
Also, the SAW sensor can detect single-stranded DNAs
(ssDNAs) in solution when immobilizing their complementary
strands (i.e. probe DNA) on the substrates (Fig. 2D). Recently,
several works show that the concentration of ssDNAs can
actually be quantified, where the concentration is in pro-
portional to the measured phase shift of the SAW.>>®07¢3
Some of these SAW sensors can detect the mismatch with the
resolution of up to single base pair. Such high sensitivity can
be achieved by applying GHz SAW as reported by Cai et al.,*
employing silver-nanoparticle amplification technique as
reported by Zhang et al®® and coating the piezoelectric
surface with a sensitive layer as reported by Ji et al.®' Sensing
the mismatch is important in modern structural DNA nano-
technology where ssDNAs are used to self-assemble compli-
cated structures for different applications,®® as the mismatch
is an indicator of the defect in the DNA-assembled biomater-
ials. From this perspective, SAW sensors hold great promise
to become new characterizing tools for evaluating the quality
of the DNA-based biomaterials.

3.2 Exosomes

In the latest work, researchers reported the detection of exo-
somes for the first time using SAW sensor,® where anti CD63
antibody was immobilized on the substrate to interact with the
exosomes (Fig. 2E). The gold nanoparticle-amplification tech-
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nique was integrated in the sensor to improve the sensitivity,
which led to the final detection capability of 1.1 x 10> particles
per mL exosomes. The exosome concentration in solution was
also demonstrated to have a linear relationship with the phase
shift of the SAW. This SAW sensor for exosome detection will
promote new diagnostic applications such as early diagnosis
of cancer in clinical practice.

3.3 Biological cells

Recent advances show SAW can also be used to detect and
quantify biological cells (see Fig. 2F).°*"*® Chang et al. demon-
strated the quantification of MCF-7 cells concentration from 1
x 10” cells per ml to 1 x 107 cells per ml, with a detection limit
of 32 cells per m1.°® They used aptamers to increase the coup-
ling between MCEF-7 cells and the piezoelectric crystal substrate
to improve the sensitivity. Wang et al. coupled cell culture well
on SAW sensors and achieved real-time quantification of A549
cancer cell and RAW 264.7 macrophages in cell cultures.®”
Future potential application of this technique is to incorporate
SAW into 3D in vitro cancer models for continuous real-time
measurement of cell growth in a 3D environment.

The mechanical properties (e.g. viscoelasticity, stiffness) of
biomaterials are important measures to understand their be-
havior in biological conditions. In recent years, the cell
mechanical properties (e.g. stiffness, elasticity) have emerged
as significant label-free markers for cell physiological con-
ditions. Wei et al.®® used a SAW sensor to study the contrac-
tile properties of HL-1 cardiomyocytes as depicted in
Fig. 2G. In the experiment, they added different chemicals
that can change the contractile properties of cardiomyocytes
in the solution and measured the amplitude shift and the
phase shift of the SAW. They found that the cardiomyocytes
with different contractile properties could be distinguished
by the amplitude shift. Senveli et al. developed an approach
for characterizing the single-cell mechanical stiffness by
coupling the SAW sensor with a microcavity where a single
cell can be trapped (Fig. 2H).”° They measured the phase
shifts when the microcavity was filled with solution only and
with a single cell in solution. By combining both experiment
and simulation, they were able to estimate the single-cell
elastic modulus of four different tumor cell types. Although
the design of this SAW sensor is not conventional as the
interaction between SAW and cell does not happen directly
on the piezoelectric surface, this method poses a new para-
digm to encourage more creative developments of SAW
sensors to overcome challenges of the normal SAW sensor
design. Conventionally, trapping single molecule, cell and
organism on a bare piezoelectric surface is known to be
challenging.

4. Conclusion

In the past decade, on-chip SAW technology indeed has perme-
ated into the field of biomaterials science despite a limited
attention from the scientific community. The unique flexibility
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of SAW, compared to other on-chip technologies, acting as
both sensor and actuator brings this field various novel tools
for biomaterials characterization and manipulation. Although
SAW technology has shown promising applications in bioma-
terials science, there are many opportunities for continued
development of the technology.

First, trapping single molecule, cell and organism on the
bare substrate directly is difficult when using SAW sensor to
characterize their mechanical properties. The single-cell trap-
ping proposed by Senveli et al. is inherently a gravity-assisted
trapping,”® where the etched cell-trapping structure affects the
SAW propagation, thus voiding the high sensitivity and versati-
lity of SAW sensing. Ideally, the cell trapping is done without
intruding the substrate so that first principles can be used to
get an ideal estimate of cell mechanical properties.”! A poss-
ible solution as well as future direction is to integrate novel
coupling approaches (e.g. electric, magnetic, optical, mechani-
cal and etc.) for single molecule and single cell trapping on
SAW sensors.

Moreoever, SAW can efficiently assemble simple multicellu-
lar structures such as spheroids. However, future SAW-assem-
bly should aim for more sophisticated multicellular systems
such as organoids with arbitrary shapes. Therefore, another
potential research direction is to come up with new strategies
for complex shape assembly, such as combining SAW with
other force fields or programming the SAW in a specific way.
Furthermore, another promising future direction is to inte-
grate multiple SAW actuators or SAW sensors in a single chip
platform which can handle multiple biomaterials tasks simul-
taneously. For example, one ideal chip platform may be able to
use SAW actuation to manipulate different types of cells to
different locations so that these cells can either be lysed or
drug-treated by a second SAW actuation. Another ideal chip
platform is expected to assemble biomaterials by SAW actua-
tion and then characterize these biomaterials properties (e.g.
mechanics, defects) using SAW sensing. Finally, we hope this
minireview can spark interests from communities of both SAW
microfluidics and biomaterials science to this emerging inter-
disciplinary topic which eventually fosters the adoption of
SAW technology in biomaterials science to further advance its
development.
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