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Abstract

The design and fabrication of functional tissues are critical in clinical applications such as
regenerative medicine. Cell patterns induced by native tissue architectures coupled with
mechanical and environmental cues play fundamental roles in regulating cellular functions.
Despite the interest in inducing cell spatial patterns for building tissue-relevant cell architectures,
conventional patterning methods suffer from numerous drawbacks. Heterogeneous constructs,
lack of dynamic geometric arrangements, long fabrication times, and reliance on high-energy or
contact-based mechanisms which hinder cell viability remain to be addressed. Acoustofluidics, the
combination of acoustics and microfluidics, has shown a great potential for patterning single and
multiple cells in a label-free and contactless nature within seconds with high biocompatibility. This
study first presents an overview of acoustofluidics, with an emphasis on surface acoustic waves,
for cell patterning and cell functionality modulation. We then present preliminary work using
standing surface acoustic waves (SSAWSs) for rapid and reproducible cell patterning of different
cell lines. SSAWs guided cells towards pressure nodal lines via acoustic radiation forces, with a
reproducible spacing of ~150um, creating contactless linear cell patterns in < 5s in culture media.
The acoustic platform was validated using adipose-derived mesenchymal stem cells in a
methacrylated collagen type | hydrogel, with consistent patterning in < 1 min in the hydrogel. After
3 minutes of ultra-violet light exposure, the acoustically patterned cells in hydrogel were
successfully crosslinked and could be retrieved from the platform for potential implantation.
Furthermore, the cell viability was preserved for acoustically patterned cells for up to 48hr,
confirming the gentle nature of high-frequency waves for cell manipulation. The metabolic and
alkaline phosphatase activities were also evaluated, in differentiation and growth media. Our
results confirmed higher metabolic and alkaline phosphatase activities for acoustically patterned
cells in hydrogel after 14 days in culture, suggesting higher proliferation rates and differentiation
potential. Conversely, preliminary results demonstrated the capacity of our platform to pattern cell
cocultures with an even nodal distribution, which could be suitable to study angiogenesis. The
results presented in this study suggest the vast potential of acoustofluidics as a rapid and
contactless method for creating functional in vitro tissue patches, which opens a new avenue of
opportunities to investigate their use in stem cell-based regenerative medicine.
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Résumé

Le design et la fabrication de tissus fonctionnels sont essentielles pour les applications cliniques
telles que la médecine régénérative. Les modeles cellulaires induits par les architectures tissulaires
natives en répondant a des signaux mécaniques et environnementaux, jouent un role fondamental
dans la régulation des fonctions cellulaires. Malgré 1'intérét pour I'induction d’arrangements spatio-
temporel cellulaires pour le génie tissulaire, les méthodes conventionnelles souffrent de
I’hétérogénéité du tissue régénérés, I’absence d'arrangements géométriques dynamiques, de la
long-durée de fabrication et de la nécessité d’application d’une énergie élevée, ou encore un
manque d’interaction intracellulaire qui pourraient ainsi entraver la viabilité cellulaire ou la
performance tissulaires. L'acoustofluidique qui est une combinaison de l'acoustique et de la
microfluidique, a montré un grand potentiel pour sa compatibilité élevée avec les cellules et pour
sa capacité de manipulation rapide, 1’ordre de quelques secondes, et ceci sans marquage. Ce travail
présente d'abord une vue d'ensemble de I'acoustofluidique, en particulier les ondes acoustiques de
surface, et sa capacité pour I’arrangements spatio-temporel des cellules avec une haute résolution
spatiale et la modulation de leur fonctionnalité. Nous présentons ensuite les travaux préliminaires
utilisant les ondes acoustiques de surface stationnaires pour une alignement rapide et reproductible
des cellules en forme des lignes paralléles dans le milieu de culture. Des ondes acoustiques
propagées a la surface ont guidé les cellules vers les lignes de nceuds de pression, avec une distance
nodale reproductible de ~150um. Ainsi les forces acoustiques radiales générées permettent un
arrangement linéaire des cellulaires, sans contact dans un temps inférieur a 5s dans le milieu de
culture. Cette plateforme acoustique a été validée en utilisant des cellules souches
mésenchymateuses dérivées du tissu adipeux. Nous avons obtenu un arrangement linéaire des
cellules dans un temps inférieur a une minute dans un hydrogel composé de méthacrylate-
collagene de type 1. Une fois cet arrangement cellulaire attient, une exposition de 3 minutes a la
lumiére ultraviolette, permet de confiner les cellules dans I’hydrogel, obtenir un film mince
contenant des cellules, le décoller et I'utilise comme un patch, par exemple a fin d’implantation et
la régéneération tissulaire. Nous avons démontré qu’une viabilité cellulaire supérieur a 90% a été
préservée apres 1’application des ondes acoustiques, confirmant la nature douce des ondes a haute
fréguence pour la manipulation des cellules. Les activités métaboliques et de phosphatase alcaline
ont également été évaluées, dans des milieux de différenciation et de croissance. Nos résultats ont

confirmé des activités métaboliques et de phosphatase alcaline plus élevées pour les cellules



arrangeées avec forces acoustiques dans I'hydrogel aprés 14 jours de culture, ce qui suggere des
taux de prolifération et un potentiel de différenciation plus élevés. Inversement, les résultats
préliminaires ont démontré la capacité de notre plateforme a structurer des cocultures cellulaires
avec une distribution nodale uniforme, ce qui pourrait convenir a I'étude de I'angiogenése. Par
conséquent, les résultats présentés dans cette étude suggérent le vaste potentiel de
I'acoustofluidique en tant que plateforme rapide et sans contact pour créer des patchs de tissus
fonctionnels in vitro, ce qui ouvre une nouvelle voie pour étudier leur utilisation en médecine
régénérative a base de cellules souches.

Mots clés : acoustofluidique, ondes acoustiques de surface stationnaires, modelage cellulaire,
cellules souches mésenchymateuses dérivées du tissu adipeux, différenciation cellulaire,

ingénierie tissulaire.
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CHAPTER 1: INTRODUCTION AND RESEARCH OBJECTIVES

1.1 Introduction and Research Rationale
Arranging cells in a controlled and organized manner, while preserving their structure and
functionality over time is one of the current challenges in tissue engineering and regenerative
medicine. Biological tissues are composed of cellular architectures that rely on
microenvironmental cues, including homotypic and heterotypic cell-cell contacts, extracellular
matrix (ECM) stimuli, physical forces, and biochemical signaling.® During tissue development,
cells organize in spatial and temporal patterns through cell growth, cell-cell adhesions and
actomyosin-based contractility, cell migration, and differentiation, which contribute to the
formation of a dynamic microenvironment.?* Cell-cell signaling has been reported to be crucial
in various biological processes, including the study of the kinetics of aggregation in new tissues,
cell aggregation for spheroid formation, directed outgrowth of neuronal cluster networks,
angiogenesis and organogenesis, wound healing and cell migration, and cell proliferation and
differentiation.>*! Tissue engineering methods aim to recreate the native environment of
biological samples by promoting external matrix stimuli, high cell density, growth factors, and by

inducing cell communication via nano- and micro-scale technologies.*?

Despite the interest in recapitulating the native tissue architecture, cell patterning techniques,
including photolithography stamps, optical tweezers, magnetic patterning, electrophoresis, and 3D
printing often suffer from limitations, including cell cytotoxicity, long fabrication times, lack of
cell density control, require conductive media, cell pattern heterogeneity, have low spatial
resolution, and/or lack of reproducibility.®*” Moreover, high-energy and contact-based cell
patterning methods can potentially affect the cell phenotype, which may hinder cell viability and
functionality. Acoustic-force integrated microfluidics, often termed as acoustofluidics, has been
widely explored in the past two decades due to its high spatial and contactless control of
biosamples, coupled with its rapid operating mechanism.*® Acoustic-force manipulation has shown
to offer a plethora of applications in biomedical sciences, from bioparticle manipulation, cell
sorting, cell patterning, tissue engineering, and therapeutics.®2? The contactless and label-free
nature of acoustofluidics and its ability to adjust its input energy and working frequency grant it

as a highly biocompatible method. Moreover, its high-resolution, rapid manipulating nature, and
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versatility with various media conditions including hydrogels, as opposed to electrophoresis and
optical tweezers, allow this method to easily recreate cell-cell interactions in ECM-like hydrogels

for more relevant in vitro tissues.

The working mechanism of acoustofluidics relies on the acoustic type used, the two most common
being bulk acoustic waves (BAWSs), where waves travel throughout the bulk body of the material,
and surface acoustic waves (SAWS), where waves travel at the surface of the material. SAWSs offer
greater advantages over BAWSs, due to their high working frequency in the megahertz (MHz) to
gigahertz (GHz) region which allows for high-spatial resolution patterning.-% SAWSs propagate
at the surface of the piezoelectric material and decay exponentially with respect to the thickness
of the material. This characteristic allows SAW-based devices to minimize the power input and
thus reduce the heating produced during cell patterning and cell manipulation.?® In SAW platforms,
the wavelength and resonant frequency are directly determined by the design of the interdigitated
transducers (IDTs) sets. Moreover, the configuration of IDTs can create either traveling or standing
waves. Standing surface acoustic waves (SSAWs), for instance, are often generated by two
opposing pairs of IDTs patterned on a piezoelectric substrate. Upon the activation of two equal
radiofrequency (RF) signals from each IDT set, two opposite traveling waves propagate at the
surface of the piezoelectric creating maximum and minimum acoustic pressure regions, i.e.,
antinodes and nodes. In the proximity of coupling fluid, waves leak and propagate throughout any
secondary material coupled to the piezoelectric, thus allowing to manipulate cells or particles via

mechanical vibrations.?’

In this study, we investigated the use of SSAWs for the rapid and contactless patterning of cells
with preserved viability and functionality. We designed a SSAW-based platform to arrange
different cells, including MDA-MB-231, MCF-7, MC3T3-E1, and adipose-derived mesenchymal
stem cells (ASCs) in various media conditions and a methacrylated collagen type | hydrogel
(PhotoCol®-LAP). An experimental methodology was used to demonstrate that the proposed
acoustofluidics platform can control the spatial alignment of cells in different geometrical
configurations using culture media and a hydrogel solution, while preserving the cell viability.
Microscopy techniques were used to study the nodal or linear geometric arrangements of cells and
their structural preservation over time. We validated our platform using multipotent ASCs as a

relevant cell model due to their self-renewal and differentiation potential into multiple lineages



including bone, cartilage, connective tissue, and muscle.>®8 Live/dead, alamarBlue™, and alkaline
phosphatase (ALP) enzymatic assays were used to investigate the effects of SSAW on viability,
metabolic activity, and osteogenic differentiation of patterned ASCs in the PhotoCol®-LAP matrix
up to day 14, respectively, cultured in differentiation and growth/culture media. Furthermore, the
expression of osteocalcin in acoustically patterned cells was compared to the control group via
confocal microscopy, to study the potential of the proposed SSAW-based platform for creating an

in vitro biomimetic tissue construct.

1.2 Hypothesis and Research Objectives
The objective of this study is to design, fabricate, and validate a SSAW-based acoustofluidics
platform for the manipulation and patterning of adipose-derived stem cells suspended in a
methacrylated collagen type | hydrogel (PhotoCol®-LAP) and to study the effects of SSAWSs on
cell survival, metabolic activity, differentiation potential, and retrievability as a 3D biomimetic

cell patch.
The aims of this study can be further divided into:

1. Design and optimization of a SSAW-based platform for controlled spatial patterning of
particles and cells.
1.1. Design and optimization of interdigitated transducers (IDTs) and culture chambers for
rapid, easy, reproducible, and optimal cell patterning in grow media and hydrogels.
1.2. Optimization of the amplitude, working frequency, and velocity of the SSAW-devices
for the rapid and controlled formation of pressure nodes to guide and manipulate

polystyrene (PS) particles.

2. Validation of the SSAW-based platform using MCF-7, MDA-MB-231, and MC3T3-E1
cells
2.1.Validation of the functionality and performance of the acoustic patterning platform
using MCF-7, MDA-MB-231, MC3T3-E1, and co-culture.
2.2. Study of the velocity, cell density, culture media conditions, patterning time, nodal
distance, and biocompatibility of the SSAW-platform.



3. Investigation of the potential of SSAWSs-based patterning for enhanced metabolic activity
and osteogenic differentiation of ASCs by inducing cell-cell communication.
3.1. Assessment of the effects of acoustic patterning on cell viability, metabolic activity,
and cell morphology.
3.2. Study of the effects of acoustic patterning on cell osteogenic differentiation via ALP

assay and osteocalcin signalling.

1.3 Thesis outline
Chapter 1 Provides a concise introduction and presents the rational and objectives of this

study.

Chapter 2 Introduces the literature review of acoustofluidics with an emphasis on surface
acoustic waves and discusses the applications of state-of-the-art surface acoustic

waves for cell patterning, tissue engineering, and as functional stimuli for cells.

Chapter 3  Presents the preliminary work of this research study, including the optimization
of design and experimental parameters prior to the results presented in the

submitted manuscript article.

Chapter 4  Presents the original work from the author in the form of a submitted manuscript

article.
Chapter 5  Provides an in-depth discussion of this study.
Chapter 6  Concludes this study and provides future perspectives of SAW-based platforms.

Chapter 7 Lists the references of this work.



CHAPTER 2: LITERATURE REVIEW

2.1. Acoustofluidics and Acoustic Cell Patterning

2.1.1 Acoustic Manipulation Phenomena

The mechanism to manipulate cells and particles using acoustic fields, often referred as
acoustophoresis, consists of an alternating electric current (AC), induced to a piezoelectric material
that due to the polarization of the dielectric material, causes the electrical field to be transduced
into mechanical vibrations.’® The path of propagation within the fluid medium coupled to the
piezoelectric material divides acoustic waves into two general types: surface acoustic waves
(SAW), which propagate at the surface of a material, and bulk acoustic waves (BAW), which travel
throughout the bulk of the material and are normal to the piezo element. In the following sections,
we briefly discuss the main types of acoustic waves and their mechanisms of wave propagation

for cell manipulation.

2.1.1.1 Bulk Acoustic Waves

Bulk Acoustic Waves (BAWSs) based microfluidic devices are generated by mechanical vibrations
of piezoelectric transducers coupled to a fluid chamber. Piezoceramics, including lead zirconate
titanate (PZT) or glass, are commonly used in BAW systems where BAWS resonate, upon an
electrical signal, causing waves to travel throughout any intermediate medium and throughout the
total fluid volume.?® This contactless approach thus minimizes the lead toxicity as well as the heat
generated to biological specimens. BAW-based devices are characterized for operational
frequencies lower than 10-Megahertz (MHz), corresponding to wavelengths in the 100um realm.?
Since the wavelengths are often greater in magnitude than many biological samples, such as cells,
biomolecules, and extracellular vesicles, the manipulation precision of individual cells and
particles is limited in BAW devices. However, it is suitable for applications where bigger clusters
of particles are needed and can work with higher flow rates, being suitable for scaled up

applications.*

2.1.1.2 Surface Acoustic Waves
Conversely, surface acoustic wave (SAW) based devices are fabricated by patterning interdigitated

transducers (IDTs) on piezoelectric substrates, often lithium niobate (LiNbO3z) wafers. Upon the



activation of an alternating current to each set of ITDs, the conducted electrical signals are
translated into mechanical oscillations due to the piezoelectric effect, and propagate in the form of
surface acoustic waves.?3! The operating frequency of SAW devices are typically in the
megahertz (MHz) and lower-end gigahertz (GHz) regions. This high working frequency combined
with short working wavelengths, allows the acoustic waves to be confined to the surface of the
substrate. Therefore, SAWs minimize the power consumed and heat generated with a high spatial
resolution for the manipulation of single cell, nanoparticles, and extracellular vesicles.?’
Furthermore, SAWSs offer a higher versatility compared to BAWSs since by adjusting the period of
the IDTs, one can easily control the range of working frequencies, allowing for high-resolution
patterning. Additionally, SAW-based platforms offer a simple design and fabrication, compact

size, easy integration, low power consumption, and high biocompatibility.2432

2.1.2 SAW acoustic principles

The two main forces governing the manipulation of particles and cells using acoustic fields are
classified into acoustic radiation forces (ARFs) and acoustic streaming-induced drag forces.*
Cells and particles suspended in a fluid medium that are exposed to an external acoustic field,
experience hydrodynamic scattering forces that allow cells to be pushed to certain locations, often
termed as acoustic pressure nodes. Acoustic radiation forces (ARFS), which are the time-averaged
net force created by pressure fluctuations, govern the cell manipulation and patterning, and can be
classified in primary and secondary ARFs. Primary acoustic radiation forces emerge from the
direct irradiation of acoustic waves on cells/particles directing the cell/particle trajectory to defined
cell/particle trajectory paths, while both secondary radiation forces and drag forces are the resultant
of wave scattering on particles via indirect acoustic fields and are the main responsible for cell-

cell interactions.

The primary ARF (F:) acting on suspended, compressible, spherical particles in a liquid medium

is estimated as:34%

F, = = (222 6.8, p)sin (425 (Eq. 1)
&(B,p) =%—i—‘; (Eq. 2)



where po, Vp, 51, Po, pf, pp, 4, and x are the acoustic pressure, volume of the particle, compressibility
of the fluid, compressibility of the particle, density of the fluid, density of the particle, acoustic
wavelength, and the distance from a pressure node, respectively. The acoustic contrast factor
¢ (B, p), determines the direction of the cells towards a pressure node or antinode, if ¢ is positive
or negative, respectively.

Conversely, acoustic streaming-induced forces result from a secondary indirect force upon vortices
in the surrounding fluid of a cell/particle. Acoustic streaming forces and the resultant drag forces
on particles/cells can also determine the trajectory of suspended cells or particles in a fluid
medium. Suspended particles and cells with an initial velocity (v,) that are exposed to a streaming
velocity field (vs) experience a Stokes’ Drag Force, which determines the direction of motion of
suspended particles to the streamline of the vortices. The Stokes’ Drag Force can be defined as:*®
Fp = 6mpr (vs — vp) (Eq. 3)

Where p and r are the fluid viscosity and the radius of the particle, respectively.
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Figure 1: Acoustic schematic of forces exerted on cells upon an acoustic field. A) Acoustic
mechanism of cell-cell agglomerate formation in pressure nodes showing forces experienced by a
cell suspended in a medium and a cell near the piezoelectric substrate, where Fp is the drag force,
Fr is the primary acoustic radiation force, Fg is the buoyant force, and G is the force of gravity. B)
Simulation of the acoustic radiation pressure distribution around a pressure and microstreaming
phenomena.®® Reprinted with permission.



2.1.3 SAW operating mechanisms

Two main SAW acoustic operating mechanisms can be classified based on how ARFs interact
with cells and particles, being standing-waves and traveling-waves. Travelling surface acoustic
waves (TSAW) are often generated by depositing single IDTs on a piezoelectric substrate,
allowing waves to propagate throughout the microchannel and form arbitrary pressure nodes to
guide cells and particles.'®?® TSAW can be divided into active and passive tweezers. Passive
tweezers use predefined structures (IDTs) with a single acoustic source in order to form a pre-
designed acoustic field patterning. Conversely, active TSAWS tweezers, use one or multiple
transducers that can be simultaneously controlled to create an active and dynamic rotation of cells
in defined 3D paths. While active TSAW are commonly used for single cell sorting and cell
bioprinting, passive TSAW are more often used to manipulate and rotate cells levitated in 3D.
Furthermore, in TSAW-based systems the ARF scattering force continuously pushes particles in
the direction of the beam propagation, causing cells/particles to migrate from the acoustic source,
i.e., the IDT.

A 1D Patterning 2D Patterning

1IDT Pair 2 IDT Pairs

Figure 2: SSAW Patterning Schematic. A) One directional patterning using one pair of mirrored
IDTs thus creating parallel linear arrangements. B) Two directional patterning using two pairs of
IDTs in an orthogonal position creating cell agglomerates.

Standing Surface Acoustic Waves (SSAW), on the other hand, are formed by depositing two or
more even pairs of opposite-facing interdigitated transducers (IDTs) on a piezoelectric substrate.
Rayleigh, or leaky, waves leak into the liquid domain entering the liquid, where a SSAW field is
formed by the interference of two travelling waves. By tuning the phase difference and the working
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frequency between the two oppositely propagating acoustic waves, the position of the pressure
nodes can be easily tuned. In SSAW-based mechanisms, the resonant frequency is confined to a
singular frequency, dictated by the IDT design. The density of particles and fluid determines
whether the particles reside in the pressure nodes (particles with positive contrast ¢ (f3,p)>0), or
antinodes (particles with negative contrast ¢ (3, p)<0), creating regions of low and high pressure
that oscillate in time. In one-dimensional (1D) SSAW fields, cells are aligned in parallel pressure
node patters (Figure 2A), while by having two IDTs pairs, as it is the case of two dimensional (2D)
fields, particles and cells are arranged in orthogonal 2D arrays (Figure 2B). SSAW-based tweezers
are often used with polydimethylsiloxane (PDMS) chambers, where the PDMS sidewalls minimize
the wave attenuation to focus the cell patterning region.



2.2. SAW PATTERNING FOR TISSUE ENGINEERING AND ITS EFFECTS ON CELL
FUNCTIONALITY

As discussed in Chapter 1, the high working frequency of SAWSs allow them to have a high spatial
resolution for cell manipulation in comparison to BAW-based devices. Moreover, SAW-based
acoustic mechanisms are preferred for cell patterning as they allow for a dynamic and
reconfigurable manipulation of cells by adjusting the excitation frequency, voltage, phase, and the
geometry and orientation of IDTs. Furthermore, the label-free, precise, and high spatial control of
cells in SAWs, coupled with its gentle and non-contact manipulating mechanism ensures high
patterning efficiency with minimal effects on cell viability and functionality, making it an

attractive tool for tissue engineering applications.

2.2.1 SAW Cell Manipulation at a Single Level

At a single-level cell manipulation, SSAWs have been shown to allow for a dynamically and
reconfigurable manipulation of individual cells and organisms by modulating the phase, amplitude,
and excitation frequencies. As an example, Ding et al.®" used tunable SSAWs to guide and pattern
cells and C. elegans at a single level 1D by shifting the resonance frequency in chirped IDTs.
Integrating two actuating mechanisms, for instance phase-shifting and SSAW amplitude control,
has also shown the ability to control both planar and vertical (normal axis) trajectories of single
cells simultaneously.®® Similarly, SSAWSs can be used to precisely position cells into defined areas,
such as acoustic wells. By increasing the operating frequency of SSAW, the pressure node distance
was reduced to 15 um, allowing for only one cell to reside in each individual acoustic pressure
nodes, known as the ‘One Cell Per acoustic Well” (OCPW) approach.*

Non-standing SAWs can also be used to manipulate individual organisms in a defined manner.
For instance, Zhang et al.** designed a hollow-square-shaped IDT immersed in water as a sound
source to generate acoustic waves, and as a micropump to pump fluid in x and y orthogonal
directions to manipulate single zebrafish larvae in 2D. Wave number-spiral acoustic tweezers can
be also exploited to dynamically reshape SAW fields to various pressure distributions and allow
dynamic and programmable single-cell manipulation.*! By using this configuration, IDTs can be
controlled simultaneously and independently to manipulate single cells using two multitone

excitation signals.
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2.2.2 SAW Cell-Cell Patterning and Tissue Engineering
2.2.2.1 Cell-to-Cell Patterning

High-precision SSAWs-patterning platforms further allow to induce cell-cell interactions and
study collective functional behaviors of cell-cell and cell-ECM, including network formations and
neurite guidance, angiogenesis, cardiomyocyte beating, and functional 3D fibroblast networks.*!-
4 SSAWs can pattern cells into 2D or 3D constructs wherein suspended cells can be actively
guided and accurately organized in pressure nodes or antinodes, based on their compressibility and
density properties. These pressure sites can be designed to achieve various spatial patterns, which
can remain fixed or dynamically reconfigured over time by changing the frequency or by shifting

the phase.*®

For instance, Shi and colleagues proposed a SSAW-based patterning device to guide cells using
one or two pairs of IDTs in an opposite and parallel or orthogonal configuration for parallel lines
or node patterning, respectively.“® In another study, SSAWSs were used to control the cell spatial
arrangement and evaluate the intercellular gap junctions between homotypic and heterotypic
cells.*” To exploit cell-coculture dynamics, Li et al.*® patterned and cocultured epithelial cancer
cells (HeLa) and endothelial cells (HMVEC-d) showing real-time monitoring of HelLa cells
migration in monoculture, random co-culture, and acoustic co-culture by using a phase-shift
mechanism. To further integrate cell patterning and real-time visualization, a ZnO/Si-based
platform was integrated with a right-angle prism to reflect the light from the side of the
microchannel into the microscope and thus record the vertical motion and location of yeast cells

and particles.*

One limitation that should be considered with SAW devices compared to BAWS, is that their
resonant frequency is typically fixed by the IDT geometry. As a solution, Ding et al.>® proposed a
dynamic cell mechanism patterning using slanted-finger IDTs (SFITs). SFITs allow to change the
distance between the pressure nodal lines, and thus adjust the cell alignments in a more dynamic
manner. Circular slanted-finger interdigital transducers (CSFITs) were also reported to
dynamically manipulate particles using multi-tone excitation signals.>! Furthermore, both surface
and bulk standing waves can be integrated into one single platform. As an example, Cohen and
colleagues applied standing traps for scaled neuronal patterning and demonstrated directed
neuronal growth of DRG neurons due to cellular organization for up to 6 days.>
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Table 1: Summary of published work on cell patterning and applications of cell patterning for tissue engineering using SAWSs.

Application

Cell
Patterning

Tissue
Engineering
Preservation

Acoustic wave (control
method, # transducers)

SSAW (ARF)
SSAW (ARF, 2 pairs of IDTs)

SSAW (ARF phase shift, 1 pair
of IDTs)

SAW (ARF phase shift ZnO/Si
thin film, 1 pair of IDTs)
SSAW (ARF phase and
frequency shift, 1 - 2 IDT pairs)
SSAW (ARF, 1-2 slanted-
finger IDT pairs)

SAW (ARF frequency shift, 1
circular slanted-finger IDTs)
SSAW (Leaky waves, 1 pair
IDTs)

SSAW (ARF, 2 pairs of IDTs)

SSAW, slanted IDTs (2 pairs)
SSAW (1 IDT pair)

SSAW (1 IDT pair)

SSAW + SBAW PZT

Acoustic Parameters

200 mW, A=100um (1D) and 141pum (2D)
13.35 MHz, 30mW (horizontal); 13.45 MHz
10mW (vertical) (A=300pm)

12.78 MHz (A=300um), 20 Vpp

42.2,24.0 and 12.2 MHz (A= 100, 200, and
400pm), 3500mwW

7.47 MHz (1D), 3.45 and 3.43 MHz (2D)
12-18 MHz (A=300-200um) (1D), 10.5-18.5MHz
(A=400-700 pm) (2D), 23-26 dBm
13.5-16.3 MHz, 8-10 Vpp

12.65 MHz (A=400um), 1.5 W/cm?

A=300um, 24.85 dBm, 10 min (actuation)

3.4,4.6,6.4 MHz, -7 to -12 dBm
1.0, 3.4,5.4,7.5 MHz (A=1480, 435, 274, 197um)
13.928 MHz (A=280um)

19.4 MHz, 3-20 Vpp (SSAW) and 1.14 MHz, 10
Vpp (BAW)

Cell/Particle

(concentration) / Supporting material (culture
time)

1.9um PS beads (11 760 000 beads/mL); bovine

RBC; E. coli®

10pum PS beads; HEK293T; U87; HelLa S3 (0.5-
1.2x10°% cells/mL)*

HelLa, HMVEC-d (4-3 x 106 cells/mL)*

0.5, 6, 10um PS particles, Yeast cells*®
U937 cells (1.5 x 108 cells/mL)*
PS beads, bovine RBC, HL-60%°

PS 10.2um (1x10° beads/mL), K562 cells (1x107
cells/mL)%!

HelLa S3, MC3T3-E1, PC12 Adh cells (5 x 10°
cells/mL) in PEGDA, GelMA>

MCF-7 (4.68 x 106 cells/mL) in Collagen type I (1
day)s

Neonatal rat ventricular cardiomyocytes in GelMA,
(7 days of beating activity)*

NIH 3T3 (fibroblast) in Fibrin gels (30 hours)*
hADSCs, HUVECs, hiPSC-ECs (1 x 106 —2 x 107
cells/mL) in HA-CA catechol-conjugated hyaluronic
acid (28 days)®

DRG and PC12 in Collagen type | (6 days)’

Abbreviations: PS (polystyrene), RBC (Red blood cells), HEK293T (Human embryonic kidney cells), U937 cells (Human
macrophages), HeLa S3 (human cervix cancer cell), HMVEC-d (Human Lung Microvascular Endothelial cells), HL-60
(promyeoloblasts), K562 (human erythroleukemic cells), PC12 (catecholamine cells), PEGDA (Poly(ethylene glycol) diacrylate),
GelMA (Gelatin methacryloyl), MCF-7 (human breast cancer cells), NIH 3T3 (mouse fibroblasts), hADSCs (human adiposed derived
stem cells), HUVECs (Human umbilical vein endothelial cells), hiPSC-ECs (human induced pluripotent stem cells-endothelial cells),
HA-CA (Catechol-Functionalized Hyaluronic Acid), and DRGs (Dorsal Root Ganglion cells).
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2.2.2.2 Cell Patterning for Tissue Engineering

Reconstructing the physical architecture of the native tissue is one of the key aspects of tissue
engineering.>® Following the initial spatial organization of cells into the desired pattern, the cell
architecture preservation is crucial to establish cell-cell connections and for tissue maturation.* In
the previous section, we discussed the role of SSAWs to induce cell-cell contacts; this next section
mainly centers in the duration of exposure and the implementation of hydrogels for long-term
culture and acoustic patterning preservation. Maintaining the spatial pattern architecture over the
tissue development period is highly influenced by the cell type, cell-cell affinity, and cell-
environment interactions. Cells with higher affinity rapidly form a strong arrangement dictated by
the acoustic node design,®* while low-affinity cells can easily migrate from their initial position
and thus require a supporting matrix to retain the pattern and immobilize the cell arrangement, as

it is the case of hydrogels for guided vascularization.8>’

Random

(] 5 10 15
Incubation Time (day)

Figure 3: Acoustic linear patterning. A) SSAW-induced vascularization of HUVECs, stained
with CD31 , and hADSCs, stained with CD44 at different HUVEC/hADSC ratios (1:0, 5:1, 2:1)
(Scale bar = 100um).?! B) SSAW-patterned cardiac cells forming interconnected cellular networks
after 7 days of culture with evidence of spontaneous beating rates over time.** C) 3D fibroblasts
patterned in fibrin gels using SAWSs with different cellular structures: a network, cages with
different sizes, and unidirectional bundles with different diameters after 30 hours. The tissues are
acoustically patterned with fibroblasts and then cultured for 30 hours.*! Reprinted with permission.
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As an example of the first method, SSAWSs were used to pattern cells in parallel lines, where cells
were then gently deposited by gravity on a collagen-treated surface for cells to adhere.*” The linear
arrangement of HEK293T cells was observed 40 minutes after turning off the SAWSs, where
acoustically patterned cells were successfully adhered to the collagen-treated surface after 1 hour.
Despite the simplicity of this scaffold-free approach to preserve cell patterns, it can be very time-
consuming (>1h) and the patterns can be easily deformed.*” Hence, the use of scaffolds has
increased the interest as a preserving step for patterned cell architectures. For instance, Kang et
al.® demonstrated the formation of a functional collateral cylindroid transplanted in a mouse model
for ischemia therapy by acoustically patterning HUVECs and hASCs cells in a catechol-
conjugated hyaluronic acid scaffold. Patterned structures exhibited higher secretion of angiogenic
(VEGF) and anti-inflammatory cytokines (IL-10) factors for up to 7 days (Figure 3A). Three-
dimensional fibroblast tissues were also successfully formed but using fibrin gels via SSAWSs.
NIH3T3 fibroblasts were patterned in lines (1D) and mesh-like (2D) geometries, which showed to
influence the interlink of cells. 3D networks, cell-cages with different sizes, and unidirectional
bundles with different diameters were observed after 30 hours in culture for 1D and 2D patterns,
where the initial fibroblast pattern influenced the post-culturing cellular architectures (Figure
3C).4

Another solution to retain defined acoustically patterns in a more rapid way is to use UV
crosslinkable hydrogels. HeLa, MC3T3-E1, and P12 Adh cells were acoustically patterned in
photocurable polymers (PEGDA700, PEGDA3400, and GelMA) using SSAWSs and cultured in
capillary tubes to create cellular fibers in few minutes.®® A similar approach was used to
acoustically pattern MCF-7 breast cancer cells in a 3D polymerized-collagen hydrogel. After UV-
crosslinking, the scaffold could be removed from the platform and the chamber could be reused.
Their results showed no significant differences in cell viability for up to 24h.>> Moreover, nodal
alignment using slanted-finger interdigital transducers (SFITs) was shown for patterning
cardiomyocytes in GelMA within less than 10 seconds.** Patterned cardiac cells demonstrated
beating activity after 5-7 days with preserved cell viability and functionality after acoustic
induction (Figure 3B).
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2.2.2.3 Spheroid Formation

In addition to lines, significant work on spheroid formation via standing waves has been
conducted. SAWSs can form spheroids by modulating pressure nodes for controlled cellular
aggregation. Chen et al.*® used SSAWSs as a size controllable and rapid assembly method for
HepG. and HEK?293 aggregates, where after 24h a smooth spheroid surface was observed with
high proliferation and viability for up to 7 days (Figure 4A). For its part, Hu et al.>® developed an
SSAW-based acoustic force assembly to engineer 3D multicellular human mononuclear leukemia
spheroids (THP-1) in a photosensitive GelMA hydrogel. These spheroids showed good tumor
model resemblance where the cell aggregate activity was inversely proportional to the drug
concentration with a lower sensitivity to drug toxicity in comparison to monolayers.*® Single
SSAW fields have also been shown to generate mono-sized spheroids by coupling capillary tubes
to the piezoelectric substrate®*°%6! along the wave propagation direction (Figure 4C). The potential
of acoustic force-directed platforms via single SSAW fields was evidenced by patterning HelLa
cell spheroids suspended in polymerizable hydrogels (PEGDA and GelMA) inside capillary
tubes.>* Using this method, spheroid embedded fibers were successfully formed and could be
retrieved from the capillaries after UV-crosslinking. Taking a step further, single pressure nodal
lines can be exploited to form spheroids in polydimethylsiloxane (PDMS) channels perpendicular
to the IDT direction (length). As an example, various cancer cell lines (Panc02, UN-KC-6141,
EO771, and MCF-7) were injected into a PDMS chamber with parallel channels to cell clusters
within seconds with high throughput (12,000 cell clusters) (Figure 4B).%2 After 7 days in culture,
well-defined spheroids were formed and they could be used for drug (Gemcitabine) testing with
an evidenced higher dose-dependent response to the drug compared to cell monolayers. Therefore,
SSAWSs have shown their potential for rapid patterning to create functional tissue architectures.
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Figure 4: Cell spheroid formation using SSAWS with preserved V|ab|I|ty over time. A)
SSAW-based spheroid formation platform using orthogonal IDT configuration (top) for HepG2
cells after 7 days. Live cells were labelled with calcein AM (green) and dead cells with propidium
iodide (red) (Scale bar = 50pm).%® B) SSAW-based spheroid formation platform consisting of a
capillary tube coupled to a parallel IDT setup for mouse embryonic carcinoma (P19) cells spheroid
formation. Acoustically-assembled cell clusters grow into spheroids on an ultralow attachment
dish after two days in culture. (Scale bar = 200um).®° C) High throughput SSAW-based spheroid
formation platform (top) for PAnc02, UN-KC-6141, EO771, A2780, A549, MCF-7 spheroids for
7 days (bottom) (Scale bar = 100um).%? Adapted and reprinted with permission.

2.2.3 SAWs Modulate Cell Functionality
In addition to forming relevant tissue constructs, acoustofluidics and surface acoustic waves can
be used to study their effect on cellular functionality, including cellular metabolic activity,
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morphology, permeability, and wound healing. As an example, mesenchymal stromal cells, human
keratinocytes, mouse osteosarcoma, and mouse fibroblasts were induced to a 48.5 MHz SAW for
the study of changes in cell viability, morphology, substrate attachment, and proliferation.®® No
significant differences were reported for cell viability and nuclear morphology after exposure;
however, less cell attachment and spreading in mesenchymal stromal cells and mouse
osteosarcoma was reported. Moreover, SAWSs have shown to increase the metabolic activity in
human keratinocytes and mouse fibroblasts showing that acoustic excitation directly enhanced the
cell’s proliferation rate.®® In another study using a similar frequency of 48.8MHz but with a SAW-
based streaming platform on a Petri-dish, a 36% increase in the cell proliferation rate was reported

due to more efficient culture media circulation.?

In another work, SSAW patterning was used to align primary neuron cells to study the cell growth
and adhesion direction after acoustic exposure.*> Results showed that neurite outgrowth was
aligned in the direction of the SSAW pressure nodal line axes, suggesting the alignment of the
cytoskeleton and ECM.®#? Furthermore, the nature of SSAWSs, combining both mechanical
stimulations and electrical triggers, can influence the cell growth and cell migration. Stamp et al.?
showed a 17% increase in Saos-2 cell migration indicating a better healing rate of an in vitro
artificial wound. The effects of frequency, amplitude, and wave modes were also used to study the
proliferation rate and reactive oxygen species (ROS) levels of various cell lines. Cells exposed to
piezo-mechanical SAWSs showed an increased growth rate and a 135 *+ 85% enhancement in the
wound-healing speed, while cells exposed to electrode-generated electrical fields did not show any
differences. These results would indicate that vibration and mechanical stimulation enhance

wound-healing and overall proliferation.®®

SAWSs have been also reported as an efficient stimulus for wound healing by promoting tissue
oxygenation in ischemic feet. Human patients treated with a commercial SAW Patch device
(NanoVibronix), experienced an increase in oxygen saturation and an overall reduction in pain.®’
Neuronal activities have also been shown to change in SAW devices by altering the intensity,
duration, signal continuity, and frequency of pulses. Low-intensity pulsed SAW signals were used
to stimulate brain slices from epileptic patients. A reduced epileptiform activity by over 65% after
30 min exposure pled in favor of SAWSs as a potential non-invasive treatment for epilepsy. In

another study, pulsed (10s) and continuous SAWSs were induced in C. elegans to promote traumatic

17



brain injury in worms.®® The continuous exposure, although with less acoustic pressure than that
of the pulsed, caused a temporary paralysis of the worms and reduced chemotaxis learning and
short-term memory loss. Therefore, acoustic fields have shown their potential as relevant methods
not only to organize cells into defined patterns but to study their influence on cell and tissue

functionality.
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CHAPTER 3: OPTIMIZATION OF DESIGN AND EXPERIMENTAL
PARAMETERS OF THE SSAW PLATFORM FOR CELL PATTERNING

3.1 Introduction
The state-of-the-art literature review presented in Chapter 2 showed the potential of acoustic cell
patterning as a rapid and biocompatible method to fabricate cell spheroids, cell cages, cell fibers,

8,415560.70.71 Ag discussed, cell

and tissue patches with similar in vivo physiological conditions.
patterning allows inducing cell-cell interactions and studying the kinetics of tissue development in
order to fabricate more relevant tissue architectures.”? Considering the findings and challenges
from our literature review on acoustic patterning, in this chapter we present the design and
optimization of experimental parameters of the SSAW platform for cell patterning and cell
functionality studies. This section thus presents the preliminary work done prior to the submission
of an original manuscript article titled “Enhancing Metabolic Activity and Differentiation Potential
in Adipose Mesenchymal Stem Cells via High-Resolution Surface Acoustic Waves Contactless

Patterning”, found Chapter 4.

Different channels and interdigitated transducer (IDT) configurations were trialed for the
optimization and reproducibility of pressure nodal lines, velocity and efficiency of manipulation,
working frequency, working media, and cell density. This section also presents the challenges and
limitations of the tested microfluidic chambers and IDTs configurations to achieve the final design
for the cell patterning module and its application in tissue engineering. Two different cell pattern
geometries were studied, using four sets of IDTs to create a mesh-like cell agglomerates

arrangements, and two sets of opposite facing IDTs to generate parallel linear cell arrangements.

3.2 Materials and Methods

3.2.1 Materials

Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine Serum (FBS), Penicillin-
Streptomycin (P/S), and microscope glass slides were purchased from Thermo Fisher Scientific
(MA, USA). Dulbecco’s Phosphate Buffered Saline 1X (PBS, without calcium chloride and
magnesium chloride) was purchased from Sigma Aldrich (M1, USA). Trypsin-EDTA (0.25%) and
Live/Dead Viability Assay Kit (L3224) were purchased from Invitrogen (MA, USA). A positive
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photoresist (S1813) and a negative photoresist (SU-8 2050) were obtained from MicroChem Corp.
(TX, USA). Polydimethylsiloxane (PDMS) was purchased from Dow Corning Corp. (QC,
Canada). A p-Slide 2 well co-culture chamber was purchased from ibidi GMBH (WI, USA). 4-
inch 127.86° Y-cut, X-Propagating SAW grade Lithium Niobate wafers were purchased from
Precision Micro-Optics (MA, USA). Human breast adenocarcinoma cells MDA-MB-231 and
human breast cancer cells MCF-7 were purchased from the American Type Culture Collection
(ATCC, VA, USA).

3.2.2 SSAW Device Fabrication

The SSAW device was fabricated by spin coating a 500 um thick double-sided polished 127.86°
LiNbOs piezoelectric wafer with a positive photoresist (S1813) to a 10 um-thickness. A double
layer of titanium and gold (Ti/Au 0.1/1.0 kA 10 nm 100 nm) was then deposited on the substrate
using an e-beam evaporator (bjd1800, Airco Temescal, CA, USA). Next, the substrate was
submerged in a developer (MF319, Microposit) at 70° C under sonication to lift-off the undesired
coating and form the desired sets of interdigitated transducers (IDTs). The design of IDTs was
comprised of 75 um even finger and spacing gaps (Asaw/2 = 150 um) for a total of 40 electrode
pairs. For the cell agglomerate design, two orthogonal IDT pairs were deposited on the
piezoelectric wafer with an offset of 45° from the X-propagation direction, allowing SAWSs to
share a similar resonance frequency. For the parallel cell linear design, one pair of mirrored IDTs
was deposited on the piezoelectric wafer in parallel direction to the X-propagation, to allow
maximum resonance frequency.

The master mold for the microfluidic chamber was fabricated by spin coating a negative
photoresist (SU-8 2050) on a silicon wafer in two layers with a baking time, spin speed, and
lithography dosage following the manufacturer’s protocol for a 150 pm final thickness. The master
mold was silanized and poured with standard 10:1 PDMS solution for replica molding with
different configurations, a square chamber with a dimension of 1 cm x 1 cm x 150 um (w x | % h)
and a chamber with 10 parallel channels with a dimension of 1cm x 150 um % 150 pm (I x w x h).
The PDMS chambers were bonded, respectively, to microscope glass slides using plasma bonding
treatment, and the glass slides were then coupled to the LiNbO3z wafer using a drop of water to
transfer the waves from the piezoelectric wafer to the chamber. A rectangle quartz capillary tube
(Vitrocom Inc, NJ, USA) with a dimension of 0.3 mm x 0.4 mm x 100 mm was tested for the

optimization of mesh-nodal patterning. The capillary tube was placed diagonally to the orthogonal
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IDT pairs, and it was coupled to the SAW wafer using a drop of water. For the final linear cell
patterning design, a commercial p-Slide well co-culture chambered coverslip (ibidi® GmbH, MI,
US) with 2 major well dimensions of 21.5 x 23.6 x 6.8 mm3 (w x | x h) and 9 minor well
dimensions of 6.1 x 6.8 x 1.3 mm3 (w x | x h) was used.

A B .

Figure 5: SSAWSs Platforms and chambers designs for cell agglomerate and linear patterning.
A) Square PDMS coupled to orthogonal IDTs pairs for cell agglomerate formation and B) Ibidi
channel coupled to mirrored IDT pairs for linear patterning.

3.2.3 Cell culture and sample preparation

For the optimization of chambers and cell patterning efficiency, 9.9 um polystyrene (PS) particles
MCF-7 cells, MDA-MB-231 cells, and were used. MCF-7 and MDA-MB-231 were cultured in
Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (P/S). Cells were cultured in a humidified incubator supplemented
with 5% CO; at 37° C. Cell suspensions were made by detaching cells using 0.25% trypsin-EDTA
(Gibco 25200, Invitrogen Co.) when reaching an 80% confluency. Dissociated cells were
centrifuged at 250 g for 5 min at room temperature and re-suspended in culture media. The cell
density was measured using a Countess Il FL Cell Counter (Invitrogen, Thermo Fisher Scientific,

MA, USA). 9.9 um PS particles were suspended in deionized water prior to experiments.

3.2.4 Cell Agglomerate Patterning Experimental Setup

For the cell/particle agglomerate formation module, an orthogonal setup was proposed, where four
sets of intersecting IDTs were deposited 45° with respect to the X-propagation direction (Y-cut)
to create a mesh-like orthogonal nodal distribution (Figure 5A). A cell/particle suspension was
first injected into the square PDMS microfluidic chamber. Next, two independent radiofrequency
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(RF) signals of frequencies were generated via a function generator (AFG3102C, Tektronix, USA)
connected to each pair of IDTs and modulated with an amplifier (25A100A, Amplified Research,
USA). Cells/particles aggregated into pressure nodes by the overlap of four intersecting and
travelling waves forming a mesh-like pressure nodal distribution, within seconds. The input
voltage varied from 10 Vpp to 40 Vpp and the frequency range varied between of 12.5 to 13.7
MHz. The cell/particle movement was tracked and recorded using a QImaging camera (Retiga
2000R) connected to an inverted microscope (TE2000U, Nikon, USA).

3.2.5 Parallel-Lines Cell Patterning Experimental Setup

For the linear cell patterns, only one independent and controllable RF signal was generated using
a function generator connected one pair of mirrored IDTs and modulated with an amplifier (Figure
5B). The working frequencies varied between 12.5 and 13.7 MHz. Different chamber
configurations were tested as described in 3.2.2 SSAW Device Fabrication, where cells were
injected into the chamber and the chamber was then coupled to the lithium niobate wafer using a
drop of water to transfer the SAWSs. Upon a RF signal, cells aggregated into pressure nodal lines
by the overlap of two opposite travelling SAWSs. The cell/particle movement was tracked and
recorded using a QImaging camera (Retiga 2000R) connected to an inverted microscope
(TE2000U, Nikon, USA).

3.2.5 Live Dead Assay

Living cells were labeled with green fluorescence using calcein AM, while dead cells were labeled
with red fluorescence using ethidium homodimer-111 (Live/Dead viability kit) following the
manufacturer’s protocol. The cellular viability was calculated as the percentage ratio of green-

fluorescent cells divided by the total fluorescent cell area using ImageJ.

F(Calcein)94/517nm—F(Eth Hom 1) s528/617nm

% Cell Viability = x 100% (Eq. 4)

F(Calcein)494/517nm+F(Eth Hom I11) 528 /617nm
3.3 Results and Discussion

3.3.1 Cell Agglomerate Patterning using Orthogonal IDTs
To create mesh-like patterning with cells aggregated in pressure nodes, the first proposed device
consisted of two orthogonal pairs of IDTs deposited at 45° from the Y-cut (X-propagating)
direction of the LiNbO3z substrate. A hollow PDMS square was bonded to a glass slide via plasma

bonding, and it was then coupled to the piezoelectric substrate using a drop of water. Due to the
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piezoelectric effect, surface vibrations in the form of SSAWs are formed at the surface of the
piezoelectric substrate by applying independent RF signals to the two pairs of IDTs, creating a
mesh-array of nodes and anti-nodes (Figure 6A). These waves, also known as Rayleigh waves, are
then transferred to the PDMS chamber via the substrate-liquid interface where leaky waves transfer

to the medium inducing cells to agglomerate into pressure nodes (Figure 6B).

A

Figure 6: Cell agglomerate patterning module. A) Schematic of cell agglomerate formation
upon two SAWs in orthogonal directions due to ARFs. B) Cell aggregate formation after <30s of
SSAW induction. Scale bar is 50 pm.

The primary acoustic radiation force is the main responsible to guide cells towards pressure nodes
areas pushing cells to aggregate and form a nodal distribution. In the acoustic standing wave field,
the acoustic radiation force, acting on a cell or particle is described by Eq. 1.*°® The acoustic
contrast factor ¢ (B, p) as described in Eq. 23* determines the direction of the cells towards a
pressure node or antinode, if ¢ is positive or negative, respectively. For particles that are denser
than the medium, ¢ (B, p) becomes positive and the primary ARF is directed towards the pressure
nodes, which is the case for cells or particles suspended in culture media or DI water.

3.3.2 Formation of Cell Agglomerates in Different Culture Chambers

Prior to the optimization of the cell agglomerate formation module, the effects of activating one or
two pairs of IDTs on PS particle aggregation were evaluated. As observed in Figure 7A, upon the
activation of one pair of IDTs with a frequency of 12.51MHz and a 20V, amplitude, PS particles
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successfully aligned to the orientation of the active IDTs, showing a consistent and well-defined
linear pattern with a pressure nodal line distance of 145.48 + 14.35 um, matching the theoretical

half-of-a-wavelength relationship, Asaw/2=150um (or twice the IDT finger thickness, Asaw=4t).
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Figure 7: Particle/Cell Aggregation using two pairs of IDTs at 45° from the X-propagation
direction of the LiNbOs. A) Effects of one and two IDT pairs activated for PS particles
aggregation. B) Cell patterning upon activation of two pairs of IDTs in a PDMS Square Chamber
bonded to a glass slide for MCF-7 and MDA-MB-231 cells, and capillary tube for MCF-7 and
MDA-MB-231. Scale bar is 100 pum.

Upon the activation of the second pair of IDTs using a similar frequency and voltage, particles
started aggregating in a dotted-like distribution with around 52.36 + 8.79 um particles being
aggregated, and a pressure nodal distance of 152.78 + 11.56 um for the opposite orientation. This
mechanism was further evaluated using MCF-7 and MDA-MB-231 cells (Figure 7B). However,
as noticed, poor efficiency in the cell agglomerate patterning was observed in comparison to PS
particles due a reduced contrast factor (¢ (8, p)) between cells and culture media, thus challenging

cells to move to towards pressure nodes. Despite potential solutions to improve the manipulation
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efficiency of cells, increasing the working voltage, or amplitude, leads to overheating problems

which can damage the piezoelectric device and can also hinder the cell viability.

Therefore, as an attempt to improve the patterning efficiency, capillary rectangular tubes were
used to reduce the acoustic impedance and enhance the acoustic wave transfer throughout the
liquid medium and alleviate problems with the viscous PDMS square chamber, which could
dampen the waves upon reaching the chamber’s walls. As observed, cells aggregated more
efficiently in pressure nodes with a higher cell density per node. However, working with capillary
tubes have some challenges, including non-uniformity of patterns throughout the capillary tube, as
only the region enclosed by the IDTs is patterned. Moreover, streaming due to the open ends of
the capillary affected the stability and efficiency of patterning, which could also bring challenges
with preserving the cell viability. Additionally, retrievability was challenging after cell patterning,
as the pattern was easily disrupted, which did not allow to culture the cell agglomerates for long-

term.

3.3.3 Linear Cell Patterning using Parallel IDTs

In order to solve challenges with stability and efficiency of the cell agglomerate patterns and
further induce cell-cell interactions for tissue development, a different approach was proposed.
This configuration was comprised of one pair of opposite-facing IDTs deposited parallel to the Y-
Cut (X-propagating) to maximize the wave intensity. A PDMS chamber with parallel channels
was bonded to a glass slide (Figure 8A) and coupled to the piezoelectric platform using a drop of
water. Upon an RF signal, opposite traveling SAWSs intersect and create regions of maximum and
minimum amplitude, corresponding to pressure antinodes and nodes. Particles are pushed towards
pressure nodes due to acoustic radiation forces, thus creating linear and parallel particle patterns.
This method was first validated using 9.9um PS particles, where particle agglomerates were
formed after 5 seconds of SSAW induction, with a consistent pressure nodal distance of 151.45 +
4.51 um (Figure 8B).
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Figure 8: Linear patterning module. A) Linear-Patterning Schematic using one pair of IDTs
opposite-facing each other with parallel PDMS channels. B) PS particles being patterned after
SSAW was induced for 5 seconds. Scale bar is 200 pum.

To validate the platform, MCF-7 and MDA-MB-231 cells in suspension were injected into the
PDMS parallel channels, separately, and the setup was subjected to SSAWSs with a frequency of
13.17MHz and 40Vpp. When the SSAWSs transmitted through the bottom glass slide bonded to the
parallel PDMS channels, come in contact with the liquid medium, a linear pressure node
distribution is formed inside each parallel channel. Cells aggregate to form cell clusters due to
primary acoustic radiation forces pushing them to pressure nodes, and scattering forces from
secondary acoustic radiation forces inducing cell-cell contacts (Figure 9A).% Cell clusters have a
nearly uniform density as they are evently separated by the same pressure nodal distance
(Asaw/2~150 pm) and the same channel boundaries (w=150 pm, h=150 pm).
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Figure 9: Linear Patterning using Parallel channels. A) Before and after SAW patterning of
MCF-7 (left) and MDA-MB-231 (right) showing cell pressure lines. B) Effects of thinner and
wider channels for linear node patterning with better reproducibility for wider channels.

One challenge of this method, however, is that after a few seconds of SSAW induction,
microstreaming is present, causing cells to attach to the boundaries of the channels, thus disrupting
the cell agglomerates. Conversely, with the induction of SSAWs for only a few seconds, cells do
not form strong connections among them, thus clusters are easily disrupted. Interestingly, when
observing the patterning behaviour in wider channel areas (Figure 9B, top) we observed that
patterning was better mainted, leading to more uniform linear arrangements of cells, as
microstreaming drag forces suggest to be reduced in wider channels (Figure 9B, bottom).”
Another limitation of this platform is the retrievability of cell-cell patterns for long-term culture,

which challenges the fabrication of relevant tissue constructs for tissue engineering applications.

Therefore, to further optimize the linear patterning module and create more reproducible cellular
patterns for long term culture, while allowing waves to transfer more effectively into the fluid
medium, both in-lab and commercial chambers were used with MDA-MB-231 cells suspended in
DMEM. Figure 10A, B, C show three different chambers to form linear pressure node patterns,
consisting of a square PDMS channel bonded to a glass slide (1.21x10° cells/mL), glass-PDMS
bonded to a glass slide (0.97x10° cells/mL), and a p-Slide 9 x 2 well (ibidi®) (1.32x10° cells/mL).
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Poor linear patterning of cells was observed in the PDMS-glass slide configuration due to potential
wave attenuation and damping of the wave once it reaches the PDMS walls. Another challenge
with this setup was that often bubbles get trapped inside the channel, which can lead to undesired
microstreaming causing cell patterns to get disrupted. As previously reported, bubbles exposed to
an external acoustic field, are subjected to hydrodynamic forces that scatter around them thus
leading to oscillations nearby the boundary of the bubble.?®’* The glass-PDMS bonded to a glass
slide allowed for a slightly better patterning of cells, however, it still remained as an inefficient
and unreproducible patterning method. Another challenge of this platform was the presence of air
bubbles after gravity sealing of the top glass slide to the chamber, due to surface tension, leading

to problems with microstreaming.

A Cells in Glass-PDMS channel (SSAW ON)

D cells in Ibidi Channel (SSAW OFF - 30min after)
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Figure 10: Linear Patterning Optimization. A) MDA-MB-231 cells contained in a square
PDMS bonded to a glass slide. B) MDA-MB-231 cells contained in a hollow square PDMS bonded
to two glass slides (top and bottom). C) MDA-MB-231 cells acoustically patterned in a p-Slide
channel (ibidi®). D) MDA-MB-231 cells showing pattern preservation in the u-Slide 30 minutes
after being acoustically patterned. Scale bar is 250 pm.
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Conversely, a 9 x 2 well u-Slide (ibidi®) allowed to culture and pattern cells in different wells
while preserving a sterile environment with its chambered coverslip. SSAWSs leaked more
efficiently due to the polymer-based wells in comparison to the PDMS channel configurations,
where defined pressure lines were observed after a few seconds (<30 s) of SSAW induction. As
such, MDA-MB-231 cells formed linear patterns in DMEM 30 minutes after SSAWSs were turned
off (Figure 10D) with high reproducibility. Therefore, this platform was used for the rest of the
experiments. Indeed, despite the well-established photolithography and replica molding
manufacturing techniques for PDMS-based chambers, limitations including long fabrication times,
single-use nature, imperfect surface wall finishing, limitations with sterility and long-term culture,
and improper material bonding leading to undesired microstreaming can challenge the use of
PDMS platforms for high-throughput applications in cell patterning and tissue engineering. The
proposed u-Slide well channel successfully allowed consistent and well-defined nodal lines, while
proving that these lines could be preserved for up to 30 minutes in regular media after SSAWSs
were turned off (Figure 10D). Moreover, the simple manipulation of cells using this platform, with
no need for sterilization, easy injectability of cells-media solution into the platform, compatibility
with hydrogels, easy coupling to the piezoelectric wafer, and facile imaging, make this method to

be more reproducible for high-throughput applications.

3.3.4 Cell viability and Co-Culture Cell Patterning

To validate the SSAW platform and study the effects of SSAW patterning on cell behaviour, we
quantified the cell viability using the Live/Dead Assay kit. SSAWSs were induced and fluorescent
images were taken after 15 and 30 min of continuous induction of SSAWSs at 40Vpp voltage and
a constant frequency (13.11 MHz) (Figure 11A, B). As observed, the cell viability does not seem
to be compromised (>85%) between 0 to 30 min of continuous SSAW induction, being a
significantly longer time than the actual average time to aggregate cells into pressure nodes (<30
s). These results confirmed the biocompatible nature of SSAWs for cell patterning to promote cell-
cell interactions, and thus would open a new avenue of opportunities in inductive tissue

engineering.
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Figure 11: Platforms Validation via Cell Viability and Co-Culture Patterning. A) Calcein AM
(green)/homodimer-I11 (red) stained MDA-MB-231 cells showing cell viability preservation after
30 min of SSAW activation at 40Vpp using a PDMS Square chamber bonded to a glass slide (Scale
bar = 100pm), Capillary Tube (Scale bar = 100um), PDMS Parallel Channel (Scale bar = 250um),
and 9 x 2 well p-Slide (ibidi®) (Scale bar = 250um). B) Cell viability for different chambers after
30 min of SSAW activation without significant changes in viability suggesting its high
biocompatibility. C) Proof of concept of co-culture patterning prior (1) and after (1) SSAW
induction using MCF-7 (blue) and MDA-MB-231 (red) (Scale bar = 500um).

In addition to the studies of cell viability using homotypic cell-cell patterning, our SSAW platform
was further used to investigate the potential of cell-cell interactions in coculture. As a proof of
concept, a preliminary experiment demonstrated that two cancer cell lines MCF-7, in blue, and
MDA-MB-231, in red, (Figure 11B) can be successfully patterned at defined node locations using
SSAWSs. The two cells were evenly distributed with defined pressure node lines and similar
densities after a few seconds of SSAW induction (<15 s). Therefore, the results presented in this
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preliminary work section, showed the potential of using surface acoustic waves to form linear
homo- and heterotypic cell arrangements. The preserved viability during SSAW induction and its
rapid and contactless operating nature motivated us to further study SSAWSs for spatial and
temporal patterning of multipotent cells, such as mesenchymal stem cells, allowing for cell-cell
communication to potential benefit the differentiation process. Moreover, the easy manipulation
using a 9 x 2 well p-Slide (ibidi®) coupled with the theory of SSAWSs may allow us to introduce
hydrogels to preserve cell patterns for long term culture that can be potentially used as regenerative
patches. The next chapter will discuss the role of SSAWSs for adipose-derived mesenchymal stem
cells patterning in hydrogels and the influence of cell-cell patterning on metabolic activity and

osteogenic differentiation potential of adipose derived stem cells.
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4.1 Abstract

Acoustofluidics has shown great potential for label-free bioparticle patterning with excellent
biocompatibility. Acoustofluidics patterning enables inducing cell-cell interactions, which play
fundamental roles in organogenesis and tissue development. One of the current challenges in tissue
engineering is not only to control the spatial arrangement of cells but to preserve the cell pattern
over time. In this work, we developed a standing surface acoustic wave-based platform and
demonstrated its capability for well-controlled and rapid cell patterning of adipose-derived
mesenchymal stem cells in a high-density homogenous collagen hydrogel. The biocompatible
hydrogel is easily UV crosslinked and can be retrieved in 3 minutes. Acoustic waves successfully
guided cells towards pressure nodal lines, creating a contactless alignment of cells within < 5s in
culture media and <1min in the hydrogel. Acoustically patterned cells in hydrogel did not show a
decrease in cell viability (>90%) 48hr after acoustic induction. Moreover, a 45.53% and 30.85%
metabolic activity increase was observed in growth and differentiation media, respectively, at day
7. On day 14, the change in the metabolic activity was 32.03% using growth media, and no
significant difference was observed in differentiation media. The alkaline phosphatase activity
showed an increase of 80.89% and 24.90% at days 7 and 14, respectively, for acoustically
patterned cells in the hydrogel. These results confirm the preservation of cellular viability and
improved cellular functionality using the proposed high-resolution acoustic patterning technique
and introduce unique opportunities for the application of stem cell regenerative patches for the
emerging field of tissue engineering.

Keywords: acoustofluidics, surface acoustic waves, cell patterning, cell differentiation, metabolic

activity, adipose-derived mesenchymal stem cells, collagen, hydrogel, tissue engineering.
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Flgure 4.1: Graphical Abstract — CeII patternlng working mechanism. A) lllustrative
schematic of cell aggregation upon the activation of SAWSs traveling in opposite directions to
create standing waves. B) Working principle of cell patterning, showing cells getting guided into
pressure nodes due to ARFs. C) LIVE/DEAD pictures of SSAW patterned cells (11) with defined
location and high spatial resolution and control cells with no SSAW induced (1). Scale bar is
500pum.
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4.2 Introduction

Biological tissues rely on microenvironmental cues, including homotypic and heterotypic cell-cell
contacts, extracellular matrix (ECM) stimuli, mechanical forces, and chemical signaling. Cell-to-
cell signaling is crucial in numerous biological processes, including the kinetics of aggregation in
new tissues, cell migration, proliferation, differentiation, and organogenesis 81011447576
Intercellular communication is also instrumental during cell aggregation and cell assembly
processes, being the first step in tissue development. Three processes are often involved in the
compaction and formation of cellular patterns, including the interactions between the ECM and
integrin as physical linkers to promote cellular attachment, the upregulation of cadherins upon cell-
cell aggregation, and the homophilic interactions of E-cadherins to initiate strong cell adhesion.””"
Intercellular adhesion proteins, including connexins and pannexins, also regulate cell-cell
interactions and respond to the forces experienced by the cell, which modulate the strength of
adhesion, the activity of mechanosensitive signaling pathways, and contribute to the formation of
cell patterns and organized structures.’®® By facilitating the cell-cell contacts via controlled spatial
arrangements, cell signaling and communication can be enhanced improving the tissue

functionality and replicating the native tissue architecture.”

Despite the interest in creating complex cellular constructs to mimic organized tissues, fabrication
methods to control the spatial location of cells, face many limitations with efficiency and
practicality. Conventional methods for cell patterning, including photolithography stamps,®
optical tweezers,® magnetic patterning,’® dielectrophoresis,'® and 3D printing,!’ often experience
long fabrication times, cell pattern heterogeneity, lack of cell density control, cell cytotoxicity,
require conductive media, have low spatial resolution, and/or lack reproducibility. Furthermore,
contact and high energy-based cell patterning methods can also cause alterations in the cell
phenotype, which may affect the cell viability and functionality.

Acoustofluidics, the combination of acoustics and microfluidics, has been widely explored in the
past two decades due to its high spatial and contactless control, coupled with its rapid operating
mechanism. These characteristics together with its compatibility with hydrogels, allowing to
preserve the cell pattern, render acoustofluidics as an attractive method in tissue engineering for
cell spatial patterning. Typically, the first step in tissue engineering using acoustic radiation forces

involves an initial organization of the cells into the desired pattern. This step is then followed by
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a preservation step, in which the cell patterns are maintained over time in order for cells to establish

connections and mature into tissues.*

While there are two main acoustic modes for cell manipulation, being Surface Acoustic Waves
(SAWs) and Bulk Acoustic Waves (BAWSs), SAWs offer greater advantages for cell patterning as
they have higher resolution and lower power losses. The high frequency range of SSAWSs in the
mega-hertz to giga-hertz region allows for short wavelengths,?® which minimizes the power
consumption, making it a gentle manipulation method.?*8" Moreover, the micron-order
wavelengths in SAWs characterize them with high spatial resolution for the manipulation of single
cells, where the operating frequency is confined to a singular frequency and it is dictated by the
design of the interdigitated transducers (IDTs). Due to the piezoelectric effect, an electrical
potential results in mechanical vibrations that propagate across the surface of the piezoelectric and
through any secondary material coupled to the SAW device.?” The configuration and location of
the IDTs also determines the type of SAW, which can generate traveling or standing waves.
Particularly, standing surface acoustic waves (SSAWSs) are formed by placing opposite-facing
pairs of IDTs on a piezoelectric substrate. Upon a radio frequency signal to the pair of IDTs, the
opposite travelling waves create regions of low and high acoustic pressure, namely pressure nodes
and antinodes, respectively. Therefore, cells can be guided towards the pressure nodes to create

defined patterns.

Different biomaterials for cell-patterning preservation have been proposed to help build the tissue
architecture. For instance, 3D fibroblast tissues were formed using NIH 3T3 fibroblasts in a
solution of thrombin mixed with fibrinogen at an adjustable concentration where structures were
crosslinked in 10 minutes.** Cage-like structures were shown after 30 hours due to cell migration,
growth, and interactions with F-actin alignment. Conversely, in a collagen type I hydrogel, MCF-
7 cells were patterned and polymerized after 10 min at neutral pH and 37°C by heat transferred
from the IDTs, thus preserving cell viability.>® In another study, co-aligned HUVECs and hASCs
were patterned and preserved in a catechol-conjugated hyaluronic acid scaffold, and further
implanted in a mouse model to create a functional collateral vascularized cylindroid for ischemia

therapy.®
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One limitation of these biomaterials, however, is the crosslinking time and uniformity of the
scaffolds. As a solution, hydrogels that polymerize rapidly, such as photocurable polymers, can
combine SSAW rapid patterning and crosslinking within a few minutes. Using different
concentrations of PEGDA and GelMA® it allowed to rapidly crosslink HeLa, MC3T3-E1, and
P12Adh cells via UV light to form cell-hydrogel patterns in capillary tubes in less than 5 minutes.>*
In a similar way, cardiomyocytes were mixed with a GeIMA® solution followed by SSAW-
patterning and UV crosslinking, where cardiomyocytes showed beating activity for up to 7 days.*
Despite the similarity of the working methods for linear SSAW patterning, the effects of acoustic
patterning of adipose-derived stem cells in a 3D environment for the preservation of cell viability,
the improvement of the metabolic activity on patterned cells, and the differentiation of patterned
stem cells into an osteogenic lineage as a proof-of-concept of a regenerative tissue patch, has not
yet been reported to our knowledge.

Therefore, in this work we propose a SSAW-based cell patterning platform to fabricate rapid cell-
laden hydrogel constructs using a methracylated collagen type | hydrogel (PhotoCol®-LAP) with
the capability of being retrieved from the platform <3 min of photo crosslinking. Collagen is the
most abundant component of the ECM and it is commonly used in tissue engineering as it
recapitulates the native tissue microenvironment.® Furthermore, the flexibility of PhotoCol®-LAP
as a UV sensitive hydrogel can preserve the high resolution of SSAWSs by rapidly crosslinking the
aligned cells. A systematic experimental plan was used to demonstrate that the proposed acoustic
force-based microfluidics platform has the capability to rapidly control the spatial alignment of
cells in a 3D matrix, while preserving the viability and improving the functionality of patterned
cells. Bright-field and confocal microscopy techniques were used to study the linear arrangements
of adipose-derived stem cells and their structural preservation over time. Live/dead cell assay,
alamarBlue™ assay, and alkaline phosphatase enzymatic activity were assessed to investigate the
effects of SSAWSs on viability, metabolic activity, and osteogenic differentiation, respectively, of
patterned cells in the hydrogel matrix for up to 14 days. Furthermore, the expression of osteocalcin
in patterned cells in comparison to control cells was imaged using confocal fluorescence
microscopy to confirm the potential of this SSAW-based platform for tissue engineering by

creating an in vitro biomimetic tissue construct.
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4.3 Results and Discussion
4.3.1 Parameters Optimization of SSAW Platform Using PS particles and MC3T3-E1 Cells
4.3.1.1 SSAW Working Mechanism and Device Fabrication and Working Principles

Figure 4.2A illustrates the SSAW patterning device, which is comprised of one pair of mirrored
IDTs deposited on a LiNbO3 substrate. Standing surface acoustic waves (SSAWS) are generated
upon a radio frequency (RF) signal is being applied to each set of IDTs, where two identical but
opposite traveling waves propagate on the surface of the LiNbOs. The interference between the
two traveling SAWs forms a periodic distribution of pressure nodes and antinodes with minimum
and maximum pressure amplitudes, respectively. Each set of IDTs consisted of 40 pairs of
electrodes with a finger thickness (tior) and periodic spacing of 75um. The wavelength (1) of the
SSAW is 300um, defined as twice the pitch (d) of the IDT (d=2tipt), and thus the distance between
each pressure node is 150um, or half a SSAW wavelength. Prior to the optimization of the
platform, the theoretical resonant frequency, was approximated calculated as f =c,/A =
13.27MHz, where ¢s and A are the speed of sound in LiNbO3 (3980m/s) and the theoretical SSAW
wavelength (300um), respectively. The working frequency was, however, experimentally
optimized and determined to be 13.11MHz based on both the efficiency of manipulation, i.e., how

rapid the cells were guided towards the pressure nodes, and the stability of the pressure lines over

time.
SSAWs Patterning
B Cells-Hydrogel Injection and UV-Crosslinking
Seeding —
A Acoustic Cell Patterning SRl “ 2
Device <N 2
|

Patterned IDTs

ASCs in
PhotoCol®-LAP ‘/

\ < M-Slide ibidi G

channel

\

Piezoelectric
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Figure 4.2: SSAW patterning platform and workflow of patterning mechanism and
retrievability. A) Schematic of SSAW platform. B) Cells-Hydrogel solution is seeded into the
platform. B) SSAW waves are induced to the IDTs via a function generator to create cell patterns.
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D) UV light is applied to the patterned cells in the hydrogel to crosslink the scaffold. E) Short
incubation of UV-crosslinked cells-hydrogel scaffold is done to complete the gelation of the cell-
patch. F) Cell-Patch is retrieved from the platform for potential implantation. G) Cell analysis is
performed at days 1, 7, and 14.

The governing force for cell patterning is the acoustic radiation force (ARF), or the time-averaged
net force created by pressure fluctuations, and it can be classified in primary and secondary ARF.
Primary acoustic radiation forces emerge from the direct irradiation of acoustic waves on cells,
which in turn directs the cell trajectory to the defined pressure nodes; while both secondary
radiation forces and drag forces induce and promote cell-cell interactions.®2 The primary ARF (Fy)

acting on suspended, compressible, spherical particles in a liquid medium can be estimated as:3*

F, = - (Z222) g g, psin (%) (Eq.1)
DB.p) =T -2 (Eq.2)

where po, Vp, Bt, Bp, pf, pp, A, and x are the acoustic pressure, volume of the particle, compressibility
of the fluid, compressibility of the particle, density of the fluid, density of the particle, acoustic
wavelength, and the distance from a pressure node, respectively. The acoustic contrast factor
¢ (B, p), determines the direction of the cells towards a pressure node or antinode, if ¢ is positive
or negative, respectively. Therefore, for particles that are denser than the medium, ¢(j,p)

becomes positive and the primary ARF is directed towards the pressure nodes.

Rayleigh waves, also known as leaky waves, are often used in SSAW devices to pattern cells, as
they can efficiently leak into the fluid medium in contact with the fluid path.®® When the resonating
Rayleigh wave encounters the liquid medium, it generates longitudinal-mode leaky waves, leading
to pressure fluctuations within the medium.*®84 By coupling the channel to the piezoelectric
substrate via a drop of water, the waves can efficiently leak and create pressure nodal lines with
defined boundaries. Polyimide tape was used in the proposed platform to enclose the SSAW

working region, and thus improve the intensity of the ARF to pattern cells more efficiently.

For the cell-laden hydrogel constructs, the cells suspended in media were mixed with PhotoCol®-
LAP to a 1:3 ratio. In the proposed design, a commercial ibidi p-Slide channel was used due to its
excellent optical quality and low acoustic damping. After activating an RF to each of the IDT pairs
simultaneously, cells in PhotoCol®-LAP were patterned in parallel lines in less than 1 minute. In

order to preserve the pattern of the cell-laden hydrogel constructs, UV light was applied at 10 cm
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from the ibidi® coverlid for <3 minutes to induce gradual crosslinking while minimizing
detrimental effects on cells. The samples were then placed in an incubator for less than 30 minutes
to complete the gelation process. Retrievability of patterned cell-laden hydrogel constructs was

achieved using conventional tweezers for potential implantation.

4.3.1.2 Device and Experimental Parameter Optimization

For the optimization of the patterning module, parameters including the cell tracking velocity,
frequency, and voltage were carried out using MC3T3-E1 cells in growth media (alpha-MEM).
Figure 4.3A shows the efficient patterning of SSAWSs, prior (i) and after (ii) RF activation,
revealing that the proposed SSAW platform is suitable as a high-resolution cell patterning method.
For its part, the velocity was calculated using the ImageJ TrackMate plugin,® where videos were
pre-processed to track individual cells at a 50 fps rate. Ten different voltages were used to capture
the displacement of MC3T3-E1 cells where, as expected, the velocity of manipulation with the
working voltage increases linearly (Figure 4.3B). Furthermore, Figure 4.3C shows the velocity
distribution of MC3T3-E1 cells following a nearly normal distribution where the majority of cells

are moving with an average velocity of ~50pum/s in aMEM media.

One challenge of using high voltages (>40V ) that should be considered in the design of an SSAW
platform, is the proportional square increase of the heat generated on the piezoelectric substrate.
In our platform, the working time in which the function generator is activated to translate electrical
potentials into surface acoustic waves is very short (< than 30 seconds). Due to this short exposure
time, even at high voltages (20 Vpp or 0.1 W ~ 20 dBm, for an impedance of 3.7kQ at the IDT
resonant frequency measured using an Agilent Precision Impedance Analyzer) no cell survival
hindering is expected. Working with this input voltages and setup (including the coupling layer)
did not lead to a significant increase in the temperature for the short time exposure. This was
confirmed by the absence of crosslinking in the PhotoCol® hydrogel which is a temperature
sensitive biomaterial, when the SAW was activated but UV light was absent. The biocompatible
and low heat generation in controlled working conditions, for instance for the manipulation of
HeLa cells, was previously shown using SAWS.®” This work showed that even after a high-power
exposure (23 dBm) for up to 10 minutes, no significant physiological damages were found to the
cell viability and proliferation, where the temperature of the piezoelectric substrate increased less

than 3 degrees (25°C to 27.9°C). It was also reported by the same group that even at a higher input
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power of 25 dBm for the manipulation of larger organisms, such as C. elegans, the temperature
reached a maximum temperature of 31°C after 10 minutes, thus not being detrimental to cell
viability.®” In another work, U-937 monocyte cells were induced to high-power SAWs (26.7 dBm)
and cultured for up to 48hrs. These authors showed no detrimental effects on cell viability with
maximum heating of the culture medium of only 0.5 +/- 0.2°C even in the presence of acoustic
streaming.® It is important to note that for applications in biological research, a temperature under
40°C prevents protein denaturation and physiological damage to cells, which is significantly
greater than the values that have been reported in the literature using SSAW devices for cell
manipulation.8” Another important design feature of our setup is the use of a non-elastomeric ibidi
chamber which allows us to reduce the absorption of acoustic radiation, resulting in less heat being
absorbed and as well as limiting the high-power consumption improving the efficiency of the

device.8®

Furthermore, parameters including the patterning time, the pressure node distance, the pattern
preservation criteria, and cell viability were determined using different media conditions, including
oaDMEM complete media, serum-free aDMEM media, PBS 1X, PhotoCol® 2.0mg/mL,
PhotoCol® 2.5mg/mL, and PhotoCol® 3.0mg/mL (Table 1). The time to guide cells towards the
pressure nodes was very rapid in taDMEM complete media, serum-free tDMEM media, and PBS
(1X) (<5 seconds). However, the cell pattern was not preserved over time, and it was easily
disrupted few seconds after the SSAW signal was ceased. For the PhotoCol® samples, the time to
guide cells was longer but still within seconds (<1 min). One other advantage of PhotoCol®-
embedded samples is that the cell pattern was maintained over time by rapidly gelling the cell-

laden hydrogel using UV light in less than 3 minutes.

Pressure nodal lines, which serves as an indicator of how reproducible our acoustic patterning
method is, were calculated by averaging 100 different pressure nodal lines using ImageJ. The
average distance between pressure lines for MC3T3-E1 suspended in growth media was 149.56 +
5.03 um. For serum-free media and PBS 1X solutions, the nodal location corresponded to 156 *
1.21 pm and 149.24 + 3.21 um, respectively. Finally, for the cell-laden PhotoCol® samples the
pressure node distance was measured for 3, 2.5, and 2 mg/mL (initial PhotoCol® concentration)
to be 130.04 + 8.53, 140.02 £ 10.41, and 152.02 + 11.21 um, respectively. All samples were
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consistent and matched the theoretical value of 150 um, or half a SSAW wavelength, suggesting

the reproducibility of this method.
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Figure 4.3: A) Cells prior SSAW activation and after SSAW activation with kymograph image
showing nodal line distribution and distance. B) Velocity vs voltage plot. C) Velocity distribution
of cells in culture media. Scale Bar is 500pm.

Interestingly, cell viability of >90% was shown for both regular growth media and serum-free
media samples, proving the gentle nature and stress-free mechanism of SSAWSs. However, for
samples suspended in PBS 1X, cells were compromised 24hr after SSAW exposure (<60% cell
viability), due to potential insufficient nutrients in the culture media. In addition, PhotoCol®-
embedded samples showed lower viability for 2 mg/mL initial collagen concentration after 24 hrs,
which can be attributed to the higher acetic acid content of the PhotoCol® solution at this lower
concentration. In contrast, high viability (>90%) was observed for both 3 and 2.5 mg/mL collagen
concentrations after 24 hrs. Therefore, a collagen concentration of 2.5 mg/mL was found to be not
only highly biocompatible but also have a lower viscosity, reducing the patterning time with higher
patterning flexibility.
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Table 2: Parameter selection for SSAW-patterning optimization

Parameter/ Cell density Time to Guide  Pressure Node  Cell viability  Cell pattern
Condition (cells/mL) Cells to Nodes  Location (um) (24hr) preserved
(s) (24hr)

Culture Media 1.25 x 108 1.14 +0.03 149.56 + 5.03 93.12+3.23 X
Serum-Free Media 1.53 x 108 1.94 +0.26 156.02 +1.21 90.51+2.01 X

PBS 1X 1.23 x 108 0.94 +£0.26 149.24 +3.21 81.09+2.11 X
Collagen 3mg/mL 9.45x 10° 25.09+1.26 130.04 +8.53 93.23+4.34 v
Collagen 2.5mg/mL 1.02 x 108 18.94 + 1.46 140.02 + 10.41 90.07 £ 3.25 v
Collagen 2mg/mL 9.91x 10° 16.45 +2.42 152.02 +11.21 76.18 + 4.36 v

Different cell conditions were also used to optimize the acoustic patterning module using culture
media. Samples with different cell concentrations (2.5 x 10°, 1.3 x 10°, and 0.6 x 10° cells/mL)
were injected into the ibidi chamber and were acoustically patterned. For these three different cell
concentrations, the node distance and velocity of manipulation were very similar, indicating that
the cell density has a negligible influence on the acoustic patterning using our platform (Figure
4.4C).

In addition to the initial organization of the cells into the desired pattern, a preservation step is
fundamental to establish cell-cell connections and induce tissue maturation.*® To preserve the cell
pattern, ECM-based hydrogels are commonly used due to their high biocompatibility and tunable
gelation, allowing to maintain cellular arrangements over time. For our platform, a UV-sensitive
collagen-based matrix (PhotoCol®-LAP) was used to form cell-laden hydrogel constructs that can
be retrievable after gelation. This dose allowed the hydrogel to crosslink in less than 3 minutes.
As seen in Figure 4.4A, the retrievability of the cell-laden hydrogel constructs from the mini well
is shown, after being exposed to UV light for 3 minutes. The easy manufacturing steps and easy
retrievability using conventional tweezers suggest the great potential of our acoustic patterned cell-
laden hydrogel as a regenerative tissue patch for transplantation.
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Figure 4.4: Cell Patterning Sample Optimization. A) Retrievability of cell-hydrogel construct
after 3 min of UV-exposure. B) Velocity distribution of different cell-suspension conditions. C)
Cell patterning for various cell densities (1)2.5 x 10°, (11) 1.3 x 10°, and (l11) 0.6 x 10° cells/mL
showing defined patterned lines. Scale bar is 250um.

Furthermore, three different PhotoCol® initial concentrations were trialed, being 2, 2.5, and
3mg/mL, and compared to the velocity distribution results obtained using regular growth media.
As observed in Figure 4.4B, the velocity of MC3T3-E1 cells being acoustically patterned is
significantly faster in cells suspended in growth media due to a lower viscosity in comparison to
cell-laden PhotoCol® samples. As expected, the higher the viscosity of the suspension medium is,
the longer and less efficient becomes the cell manipulation. The velocity of patterning was reduced
to nearly 50% when cells were suspended in PhotoCol® solution (Figure 4.4B). However, the
average time to guide the cells towards the pressure nodes and form the linear patterns was still

less than 1 minute.
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4.3.2 SSAW patterning of Stem Cells Enhances Cell Viability, Metabolic Activity and

Osteogenic Differentiation

4.3.2.1 SSAW-Patterning Improves ASCs Cell Viability and Metabolic Activity

To validate the biocompatibility of our proposed SSAW platform, we evaluated the cell viability
over time using a Live/Dead cell kit. ASCs and MC3T3-E1 were stained and mixed with media or
hydrogel solution before injecting them into the channel for acoustic patterning. Three test groups
were prepared, including ASCs suspended in PhotoCol®-LAP (3.3x10* cells/mL), ASCs
suspended in DMEM/F-12 (5.1x10° cells/mL), and MC3T3-E1 suspended in oMEM (5.5x10°
cells/mL). Fluorescent images were taken at Ohr (control), 24, and 48hrs after SSAW was
activated. Our results confirm that high cell viability (>90%) was preserved for all groups 48hrs
after being exposed to SSAWs (Figure 4.5A). There is no significant difference between the
control (Ohr) and the acoustically patterned groups MC3T3 in aMEM and ASCs in PhotoCol®-
LAP for 24hr and 48hr after SSAW induction (p<0.0001, Anova Two-Factor with Replication,
n=3), which proves the gentle nature of SSAWSs that suggests to not affect the cell viability. A
difference in cell viability was observed between 24 and 48hrs for the ASC-DMEM/F12 (media)

group, nonetheless with over 85% cell survival.

One of the challenges of tissue engineering, in addition to preserving the cell viability, is to
maintain the cellular spatial arrangement over time.® By using a methacrylated collagen hydrogel,
we could preserve the linear patterns after UV crosslinking, which could also prevent the early
degradation of tissues prior to cell differentiation and migration. Figure 4.5B confirms the
preservation of the cell pattern in PhotoCol®-LAP 48hrs after of SSAW activation, where dense
and defined lines are observed. No significant differences in cell viability were observed between
the control and acoustically patterned group.

The effects of UV light on cell-hydrogel photopolymerization and cell viability have been widely
reported.**%-%3 For instance, Lin et al.?? showed that endothelial colony-forming cells (ECFCs)
and mesenchymal stem cells (MSCs) remain viable (>93%) for up to 120s of UV, and were only
negatively affected beyond 300s of UV light exposure (7.5mW/cm?). Moreover, this group
demonstrated that by increasing the UV exposure time, the spreading capacity of cells inside their
hydrogel (GelMA) diminished, which is directly correlated to the degree of GelMA

polymerization, as expected. In another study, the effects of UV light on human MSCs photo-
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encapsulated in GelMA were studied. Results showed that upon the induction of UV light (490-
510 nm) with an intensity of 20mW/cm?, good cell viability (>75%) was maintained after 4
minutes of light exposure with a 3% reduction after 10 minutes.*® Our results confirmed this similar
behaviour as cell viability was preserved for UV-exposed samples exposed < 3 min to an intensity
of 1 mW/cm? at 10 cm from the source based on the Live/Dead assay. After 48 hrs of incubation,
high viability >90% is shown, with no significant differences observed after crosslinking cells with
UV light.

To further investigate the effects of acoustic cell patterning on cell functionality, we quantified the
metabolic activity of acoustically patterned ASCs in hydrogel solution (PhotoCol®-LAP) and non-
patterned ASCs (control) in PhotoCol®-LAP via alamarBlue™. After sample fabrication, the
control and the acoustically patterned group were cultured in growth and differentiation media,
where alamarBlue™ assay was performed at days 1, 7, and 14. As seen in Figure 4.5E, both control
and acoustically patterned cells-hydrogel groups cultured in growth media showed a continuous
proliferation between days 1 to 14. Acoustically patterned cells-hydrogel constructs cultured in
growth media showed a 45.53% and 32.03% increase in metabolic activity after day 7 and day 14,
respectively. Interestingly, a different behavior was observed for the acoustically patterned and
control groups cultured in differentiation media after day 7, where a constant metabolic activity
was noticed. This null change in the cell-laden hydrogel metabolic activity from day 7 to day 14,
suggests that cells start differentiating upon the induction of differentiation media, with a similar
behavior for both the control and the acoustically patterned groups.
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Figure 4.5: Cell viability and metabolic activity for patterned and non-patterned cells. A)
Cell viability for patterned ASCs and MC3T3-E1 with and without PhotoCol® for up to 48hr after
SSAW induction (n=3; *: p < 0.05; **: p < 0.01; ***: p <0.001; ****: p <0.0001). B) Live/Dead
showing high cell viability after (I) Ohr and (Il) 48hrs of SSAW induction. C) Acoustically
patterned ASCs showing aligned nucleus (Hoechst 33342) and actin (Phalloidin-iFluor 594) fibers
aligned after one week in growth media. D) ASCs cells-cell structure alignment of non-patterned
() and patterned (11) cells in PhotoCol® at day 14. E) Metabolic activity of acoustically patterned
and non-patterned ASCs cultured in growth media and differentiation media. Scale bar is 250 pm.

More interestingly, the acoustically patterned group cultured in growth media showed an
enhancement in metabolic activity at days 7 (17.43%) and 14 (11.44%) compared to that of the
control group (p<0.0001, Anova Two-Factor with Replication, n=3) (Supplementary Figure 1A).
In a similar manner, the acoustically patterned group cultured in differentiation media showed a
significant increase in metabolic activity compared to that of the control group at days 1 (28.82%),
7 (35.36%), and 14 (36.43%) (Supplementary Figure 1B).

In addition, Figure 4.5C shows acoustically patterned cells within PhotoCol®-LAP, where the cell
nucleus and actin fibers are shown to be aligned with a predominant unidirectional orientation after
1 week in culture. For its part, Figure 4.5D shows the cell-cell arrangement and the multicellular

structure of the control group and acoustically patterned samples after 14 days in culture using
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differentiation media. As observed, the cell-cell structural morphology and directional alignment
is different between the control (Figure 4.5D(l)) and acoustically patterned (Figure 4.5D(Il))
groups. Non patterned cells, show a lack of cellular interconnections with a non-spreading cell-
cell morphology. Acoustically patterned samples, in contrast, show the extension of elongated
protrusions at the end of the cell membrane, which suggests to guide the cellular migration and
interconnection.®*% This geometrical difference could be a result of better cell-cell junctions due
to patterning, which suggests the improvement of cell communication due to an upregulation of
cadherins, receptors, integrins, and signaling proteins.* It has been also previously reported, that
the extension of pseudopodia and tissue branching increases the strength of intercellular
connectivity, which facilitates rapid, long-range communication between cells throughout the
organism. Therefore, these qualitative results coupled to the metabolic activity data discussed,
indicate that cadherin-mediated connections from cell-cell contacts could influence the cell

behavior, including the metabolic rate, as previously reported.®’

4.3.2.2 SSAW-Patterning Enhances ASCs Cell Osteogenic Differentiation

To further validate our SSAW platform and investigate the effects of acoustic patterning on cell
functionality, we assessed the differentiation potential of acoustically patterned ASCs in
PhotoCol®-LAP cultured in differentiation media via ALP activity and osteocalcin signaling. ALP
is a membrane-bound enzyme present in osteoblasts and involved in bone mineralization, that has
been widely used as an early marker of osteogenic differentiation.?®*® As seen in Figure 4.6A, both
acoustically patterned and control groups cultured in differentiation media showed an increase in
ALP activity between days 7 and 14, coinciding with the results obtained for the metabolic activity.
As ASCs start their differentiation process and change their phenotype, they stop proliferating.1®
Acoustically patterned samples enhanced their ALP activity by 80.62% between days 1 and 7 and
by 53.71% between days 7 and 14. Furthemore, SSAW-based patterning shows to enhance the
differentiation potential of ASCs, where Figure 4.6A confirms an increase difference percentage
in ALP activity of 88.89% at day 7 and 24.90% at day 14 for the acoustically patterned samples in
comparison to the control group. Therefore, acoustically patterned cells experience an higher ALP
activity due to cell-cell and cell-matrix junctions which modulate the strength of adhesion and

activate mechanosensitive signaling pathways that can influence the cell differentiation process.?
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Figure 4.6: Osteogenic Differentiation Potential of Acoustically Patterned Cells. A) ALP
Activity for non-patterned and patterned cells encapsulated in PhotoCol®-LAP hydrogel at days
1,7 and 14 (n=3; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001). B). Confocal images
of non-patterned (control) cells (I) and acoustically patterned cells (1) with an equal density of 2.5
x 108 cells/mL after 14 days of culture in differentiation media, where osteocalcin is shown in red
and the nuclei in blue. C) Osteocalcin percentage difference between acoustically patterned and
non patterned groups. Confocal images were analyzed using ImageJ to quantify the ratio of the
osteocalcin signal area percentage versus the total stained area, (n=3; ****: p < 0.0001). Scale bar
is 250 pm.

Confocal fluorescent images of acoustically patterned and control groups at day 14 (Figure 4.6B)
were in concordance with the ALP activity results. Acoustically patterned ASCs-PhotoCol®-LAP
constructs cultured in differentiation media for up to 14 days had a 10 times higher osteogenic
signal (Figure 4.6C), quantified as the ratio of osteocalcin area, divided by the total stained area.
Osteocalcin is a bone-specific protein synthesized by osteoblasts, that is typically used as an early

marker for osteogenic differentiation in rat mesenchymal stem cells. ! Therefore, we can observe
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from Figure 4.6B that rat adipose-derived stem cells differentiate into osteoblasts more efficiently
for the acoustically patterned group, due to improved cell-cell microenvironments that can
efficiently coordinate cellular functions,'% such as cellular differentiation and proliferation for

regenerative medicine applications.

Furthermore, our culture platform consisting of major well dimensions of 21.5 x 23.6 x 6.8 mm?®
and minor well dimensions of 6.1 x 6.8 x 1.3 mm?, allowed us to study the effects of cell patterning
in 3D. Cells-PhotoCol®-LAP solution was evenly divided between control and acoustically
patterned groups with an even density of 2.5 x 10° cells/mL. Therefore, Figure 4.6B suggests that
acoustically patterned cells are aligned throughout the z-direction as ASCs are localized and
condensed at the pressure nodal line. Previous work, however, has shown that the cell-cell nodal
alignment slightly changes with respect to the height of the channel, where a higher acoustic force
is experienced at the surface of the piezoelectric element.** We imaged acoustically patterned cells
after 1 week in culture in vertical cross-sections (z-stacks) using confocal microscopy. As shown
in Supplementary Figure 6, cells aligned into pressure nodes more efficiently closer to the surface
of the piezoelectric substrate and disperse at the surface of the hydrogel, though, still maintaining
their general pattern. This work thus allowed us to study the structural changes of acoustic
patterning coupled to insightful information about the cell-cell behaviour, including enhanced

proliferation and differentiation of stem cells.

4.4 Conclusion

In this work, we implemented an SSAW-based contactless cell patterning platform to rapidly
fabricate high-resolution cell-hydrogel linear arrangements of adipose-derived mesenchymal stem
cells with the capability of being retrieved from the SSAW platform after UV crosslinking. The
fast arrangement of cells in linear patterns with a reproducible linear nodal separation of ~150pum
was successfully shown in <5 seconds for culture media and <1 minute in PhotoCol®-LAP
hydrogel. We demonstrated the capability of creating multiple biomimetic tissue patches from
aligned adipose-derived stem cells in a UV-crosslinkable PhotoCol®-LAP hydrogel that can be
easily retrievable from the platform as a proof-of-concept of tissue regeneration. We studied the
effects of acoustic cell patterning for enhanced cellular proliferation and osteogenic differentiation,
which has never been directly correlated to SSAW-patterning using adipose-derived stem cells.

The acoustically patterned cells remained viable with an increased metabolic activity and enhanced
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osteogenic differentiation potential, as revealed by the quantification of alamarBlue™, ALP
activity, and osteocalcin signaling for up to 14 days. Cell-cell interconnection was also improved
in acoustically patterned cells, which is critical for cell communication, cell migration, and tissue
development. Together, these results confer to the proposed acoustofluidics platform a great
avenue of opportunities to construct tissue patches with induced cell-cell contacts for their

application in tissue regeneration and wound healing.

4.5 Materials and Methods

4.5.1 Materials

Methacrylated Type | Collagen with LAP photoinitiator kit (PhotoCol®-LAP) was purchased from
Advanced Biomatrix (CA, USA). StemXVivo® Osteogenic/Adipogenic Base Media and
StemXVivo® Osteogenic Supplement were purchased from R&D Systems (MN, USA).
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12), Minimum Essential
Medium (MEM-Alpha/a-MEM), Fetal Bovine Serum (FBS), Penicillin-Streptomycin (P/S),
Antibiotic-Antimycotic, Formaldehyde solution, and TrypLE™ Express Enzyme were all
purchased from Thermo Fisher Scientific (MA, USA). Bovine Serum Albumin (BSA) and
Dulbecco’s Phosphate Buffered Saline 1X (PBS, without calcium chloride and magnesium
chloride) were purchased from Sigma Aldrich (MI, USA). AlamarBlue™ Cell Viability Reagent,
Live/Dead Viability Assay Kit (L3224), and Hoechst 33342 (Trihydrochloride, trihydrate — 10
mg/mL solution in water) were purchased from Invitrogen (MA, USA). Alkaline Phosphatase
(ALP) Assay Kit (Colorimetric) and the antibody Phalloidin iFluor 594 conjugate (ab176757)
were purchased from Abcam (Cambridge, MA). Osteocalcin Rabbit Polyclonal Antibody (primary
antibody) was purchased from Proteintech (IL, USA) and Alexa Fluor Plus 647-Goat anti-Rabbit
IlgG (H+L) High Cross-Absorbed Secondary Antibody was purchased from Thermo Fisher
Scientific (MA, USA). A u-Slide 2 well co-culture chamber was purchased from ibidi GMBH (W1,
USA). 4-inch 127.86° Y-cut, X-Propagating SAW grade Lithium Niobate wafers were purchased
from Precision Micro-Optics (MA, USA). Murine pre-osteoblasts (MC3T3-E1) were purchased
from the American Type Culture Collection (ATCC, Virginia, USA). Subcutaneous adipose tissue
was harvested by Dr. Hadil Al-Jallad and Antoine Karoichan from two 3-4 months old Wistar rats
provided by the Research Institute of McGill University’s Health Centre’s (RI-MUHC) animal

facility, as described previously.'®
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4.5.2 Fabrication of the SSAW platform

The SAW device was fabricated using standard soft-lithography, e-beam evaporation, and lift-off
methods. A 7 um-thick photoresist layer (51813, MicroChem, TX, USA) was spin-coated on a
500 um thick double-sided polished 127.86° LiNbOs piezoelectric wafer. A double layer of
titanium and gold (Ti/Au 0.1/1.0kA 10nm 100 nm) was deposited on the substrate using an e-beam
evaporator (bjd1800, Airco Temescal, CA, USA). Next, the substrate was submerged in a
developer (MF319, Microposit) at 70° under sonication to lift-off the undesired coating and form
a pair of interdigitated transducers (IDT). The design of IDT is comprised of finger and spacing
gaps of 75um (or a period of 300um) for a total of 40 electrode pairs. A commercial p-slide well
co-culture channel with major well dimensions: 21.5 x 23.6 x 6.8 mm? (wx | x h) and minor well
dimensions 6.1 x 6.8 x 1.3 mm?3 (wx | x h) was used to chamber the cells by coupling it to the
piezoelectric substrate using a drop of water. Polyimide tape was used to delimit the SSAW

working area and eliminate any interactions of SSAWSs with the outer substrate region.

4.5.3 Cell Culture

ASCs were seeded in 0.1% gelatin coated T75 flasks and cultured in growth medium Dulbecco’s
modified Eagle medium (DMEM/F-12), supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (P/S), and 1% antibiotic-antimycotic (AA). At a 70-80% confluency cells
were trypsinized using TrypLE Express Enzyme (1X), where cells were used before passage 7 for
all experiments. MC3T3-E1 were cultured in alpha-DMEM, supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S, GIBCO, USA) in T-75 flasks. Before the
experiments, cells were detached to flasks using 0.25% trypsin-EDTA. The cell density was

measured using a Countess Il FL Cell Counter (Invitrogen, Thermo Fisher Scientific, MA, USA).

4.5.4 Experimental setup for cell patterning platform

For the optimization of the cell patterning parameters, including the amplitude, working frequency,
velocity, and cell density, both 9.9 um polystyrene (PS) particles and MC3T3-E1 cells were used.
PS particles and MC3T3-E1 cells were suspended in deionized water and growth media
(aDMEM), respectively. At passages 20-30, MC3T3-E1 were retrieved using 0.25% trypsin-
EDTA. For Live/Dead, alamarBlue™, and ALP activity quantification, ASCs were used. At
passage 4, ASCs were retrieved using TrypLE 1X for a final cell concentration of 500,000 cells in
200uL DMEM/F-12 media.
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PhotoCol®-LAP was prepared following the manufacturer’s protocol. Briefly, methacrylated type
| collagen (PhotoCol®), diluted in acetic acid to a concentration of 3 mg/mL, was neutralized and
mixed with 2% LAP (photoinitiator, 17 mg/mL in PBS 1X). ASCs cells in 200uL. media were
further diluted with the PhotoCol®-LAP solution at a ratio of 1:3.

Cell-laden hydrogel constructs without SSAWSs activation, i.e., no cell patterning (control) group,
were compared to cell-laden hydrogel constructs subjected to SSAWS, i.e., acoustic cell patterning.
For the control group, cells-hydrogel solution (50ul) was evenly injected into the minor wells of
an ibidi p-Slide channel with a random cell distribution. No acoustic force was applied.
Conversely, for the acoustically patterned group, the same density of cell-hydrogel solution was
injected into the minor wells of an ibidi p-Slide channel. Two pieces of polyimide tape (3M,
Maplewood, MN, USA) were placed on the LiNbOs substrate to delimit the SSAW working region
and to create a space for the coupling liquid between the piezoelectric substrate and the channel.
The ibidi channel was then coupled to the piezoelectric substrate using a drop of water. One
independent and controllable AC radiofrequency (RF) signal was generated using a function
generator (AFG3022C, Tektronix, OR, USA) connected to an amplifier (25A250A, Amplifier
Research, PA, USA). The input voltage was set between 10-40Vpp and working frequencies varied
between 12.5-13.11MHz. The cell movement was tracked and recorded using a QImaging camera
(Retiga 2000R, ARI, USA) connected to an inverted microscope (TE2000U, Nikon Eclipse, MA,
USA).

Once the patterns were formed (< 1 min), the function generator was turned off and both control
and acoustically patterned cells-hydrogel constructs were exposed to UV light (405nm,
~ImW/cm?) at a distance of 10 cm from the surface of the ibidi® coverlid for <3 minutes to induce
gradual crosslinking. The photo-crosslinked constructs were then placed in a 37°C incubator for
30 minutes. After short incubation, ImL DMEM/F-12 media (growth media) or StemXVivo®
Osteogenic Base Media (differentiation media) was added to each of the 2 major wells. Growth or

differentiation media was changed every 3-4 days for up to 14 days.

4.5.5 Live Dead Cell Evaluation

For this set of experiments, three test groups were analyzed, ASCs suspended in PhotoCol®-LAP,
ASCs suspended in DMEM/F12, and MC3T3-E1 suspended in aMEM. Briefly, 50uL of ASCs-
PhotoCol®-LAP (3.3x10* cells/mL), ASCs-DMEM/F12 (5.1x10° cells/mL), or MC3T3-E1-
oMEM (5.5%10° cells/mL) were injected into the mini-wells of the ibidi channel. The channel was
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coupled to the LiNbO3z wafer and an RF signal of 13.11MHz at 40Vpp was exerted to induce
SSAWs for <1 min. SSAWSs were turned off, and fluorescent images were captured after Ohr, 24hr,
and 48hr. Living cells were labeled with green fluorescence using calcein AM, while dead cells
were labeled with red fluorescence using ethidium homodimer-I11 (Live/Dead viability Kit)
following the manufacturer’s protocol. The cellular viability was calculated as the percentage ratio
of green-fluorescent cells (Live) divided by the total fluorescent cell area (both Live and Dead)

using ImagelJ. A replicate of three samples were used for the analysis.

4.5.6 Metabolic activity of encapsulated ASCs

To study the effects of acoustic cell patterning on cell metabolic activity, we compared both
non-patterned (control) and acoustically patterned cell-hydrogel constructs. Both groups
were cultured in growth media (DMEM/F12) and differentiation media (StemXVivo®
Osteogenic Base Media) to further investigate the impact of acoustic cell patterning on
osteogenic differentiation. AlamarBlue™ assay was used to measure the metabolic activity
of ASCs-PhotoCol®-LAP constructs following the manufacturer’s protocol. At days 1, 7,
and 14, media was removed, and the cell-hydrogel constructs were washed twice with PBS.
The samples were then covered with a 10% alamarBlue™ reagent solution in complete
growth medium and incubated for 4 hours at 37°C and 5% CO3>. After incubation, the
supernatant was collected in a 96 well plate and the absorbance was measured at 570 nm
(excitation) and 600 nm (emission) wavelengths using spectrophotometry (SpectraMax i3,
SoftMax Pro 6.3, Molecular Devices, CA, USA). The samples were prepared in triplicates
and the absorbance from each replicate was also measured in triplicates. The measurements
were averaged and used to calculate the percent reduction of alamarBlue™ following the
equation:

(e0x)600 x A570 — (e0x)570 x A600
(ered)570 x A°600 — (ered)600 x A570

where A is the absorbance value of the experimental sample, A° is the absorbance value of
the control, (e0x)570 = 80,586, (e0x)600 = 117,216, (ered)570 = 155,677, and (ered)600
=14,652.

%X 100

4.5.8 Alkaline phosphatase (ALP) activity for osteogenic differentiation
The supernatant of acoustically patterned and control ASCs-PhotoCol®-LAP constructs was
collected in 1.5 mL microcentrifuge tubes and snap frozen in liquid nitrogen at days 1, 7, and 14.
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Samples were then stored at -80°C until the assay was performed. The ALP activity was quantified

using a commercial ALP kit (colorimetric), following the manufacturer’s protocol.

4.5.9 Immunofluorescence

At day 14, the supernatant was removed from the ibidi channel and cells-hydrogel constructs were
washed twice with PBS 1X. Cells were fixed in 4% paraformaldehyde for 30 minutes and
permeabilized with 0.1% Triton-X in PBS for 10 minutes and blocked with 2% BSA solution in
PBS for 30 minutes. After blocking, the samples were incubated with osteocalcin rabbit polyclonal
antibody (1:100) in 0.2% BSA solution and were incubated overnight at 4°C. The next day, the
samples were incubated with the secondary antibody, Alexa Fluor Plus 647-Goat anti-Rabbit 1gG
at a 1:500 dilution in 0.2% BSA for 1 hour at room temperature. The cellular nuclei and actin were
stained with Hoechst 33342 (1:1000) and Phalloidin iFluor 594 (1:1000), respectively, in 0.2%
BSA solution for 1 hour at room temperature. Samples were stored at 4°C until imaging.
Fluorescent images were captured using confocal laser scanning microscopy (LSM 710, Zeiss

AxioObserver).

4.5.10 TrackMate Analysis

The TrackMate plugin was used to evaluate the cell-patterning velocity. A Laplacian of Gaussian
(LoG) filter was used with Blob diameter and intensity threshold inputs. The Bright field videos
were processed by first inverting the contrast using the Invert LUT from the Lookup Tables and
applying a Variance filter to give a fluorescent-like image appearance to detect individual cells.
The Blob diameter was estimated as the cell diameter (15um). These spots were then linked into
trajectories using the Linear Assignment Problem (LAP) tracker. The velocity was then calculated
from the Spots data for a 50fps, such as:

(S675%)

4.5.11 Statistical analysis

Three independent replicates (n=3) of each group were performed for each experiment. Data were
presented as mean + SD. Two-way analysis of variance (ANOVA) with Tukey’s test was used to
assess the statistical significance of the data at 95% confidence. Graphs were prepared using
GraphPad Prism.
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4.7 Supplementary Information
Enhancing Metabolic Activity and Differentiation Potential in Adipose Mesenchymal Stem

Cells via High-Resolution Surface Acoustic Waves Contactless Patterning

Karina Martinez Villegas,' Reza Rasouli,! and Maryam Tabrizian* 2

! Department of Biological and Biomedical Engineering, 2 Faculty of Dental Medicine and Oral
Health Sciences, McGill University, Montreal, QC, Canada

Supplementary Figure 1: Brightfield images of high-resolution standlng surface acoustic
wave patterning of MC3T3-EL1 cells showing 20 well-defined pressure nodal lines. A) Non-
patterned cells showing random distribution of cells. B) Acoustically patterned cells showing
defined lines of high-density cells (1.5 x10° cells/mL) in growth media. Scale bar is 250pm.
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Supplementary Figure 2: Metabolic activity as an indicator of cell proliferation of
acoustically patterned and non-patterned (control) cells in PhotoCol®-LAP hydrogel
cultured in growth and differentiation media. A) Acoustically patterned cells in PhotoCol®-
LAP cultured in growth media show a significantly different increase in metabolic activity
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compared to control samples for days 7 and 14 (n=3; ****: p < 0.001). B) Metabolic activity of
patterned and control samples, where acoustically patterned samples have an increase in showing
a sign increase for acoustically patterned cells in PhotoCol®-LAP cultured in differentiation media
with statistical significance for days 7 and 14 (n=3; ****: p < 0.0001).

ALP Activity in Growth Media ALP Activity of Acoustically Patterned vs Non-Patterned Cells

- kK

[
*%*

I deokkok

== Day1 i ‘
3 Day7 ]

*kkk
Bl Day 14 0.8- . |

ns ‘

ns *k *k | Hkdede

0.20-y

mm Day 1
1 Day7
= Day 14

s
a

ALP Activity (U/mL)
o
S

ALP Activity (U/mL)

5
o
a
1

T
Non-Patterned, Patterned, Non-Patterned, Patterned, Non-Patterned, Patterned,
Growth Media Growth Media Growth Media Growth Media Differentiation Media Differentiation Media

Supplementary Figure 3: Alkaline Phosphatase Activity of acoustically patterned cells in
PhotoCol®-LAP hydrogel cultured in growth and differentiation media. A) Alkaline
Phosphatase activity showing slight upregulation of ALP activity at day 14 of acoustically
patterned samples cultured in growth media with statistically significance for days 1 and 14 (n=3;
*:p <0.05; **: p <0.01; ***: p <0.001;****: p < 0.0001). B) Alkaline Phosphatase Activity of
all groups combined showing significant difference between growth and differentiation media with
an increase in ALP for cell-laden hydrogels cultured in differentiation media after days 1, 7, and
14 (n=3; *: p < 0.05; **: p < 0.01; ***: p <0.001;****: p < 0.0001).

Supplementary Figure 4: Acoustically patterned adipose-derived stem cells (ASCs) showing
nucleus (Hoechst 33342) in single pressure node cultured in growth media after (A) one week of
culture and (B) two weeks of culture. Scale bar is 250um.
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Supplementary Figure 5: Cell morphology for control and acoustically patterned adipose-
derived stem cells in PhotoCol®-LAP hydrogel after 14 days cultured in differentiation
media. A) Random distribution of ASCs led to poor cellular interconnections with few cell
membrane protrusions. B) Acoustically patterned cells showed high-levels of cellular
interconnections with a dense spreading-like morphology suggesting strong cell-cell
interconnections. Scale bar is 250um.
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Supplementary Figure 6: Z-stack projection of acoustically patterned adipose-derived stem cells
(ASCs) showing aligned nucleus (Hoechst 33342) and actin fibers (Phalloidin-iFluor 594) cultured
in growth media after one week of culture from closer point to the piezoelectric substrate (A) to
furthest point from the substrate (D). Scale bar is 250um.
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CHAPTER 5: GENERAL DISCUSSION

Acoustofluidics has shown a great potential for the manipulation of bioparticles and cells, from
cell separation, cell sorting and cell patterning to biosensing.?®?’” The nature of piezoelectric
materials in converting electrical potentials into mechanical vibrations, provide several advantages
for acoustic tweezers including preserved biocompatibility due to their contactless and gentle
handling nature. Moreover, the principles of acoustic tweezers relying on acoustic radiation forces
for particle and cell manipulation rather than changing the media configuration, e.g., in
dielectrophoresis, allow cells to maintain their biological environment and better preserve their
viability. The versatility of acoustofluidics and acoustic tweezers rely on different factors including
the ability to manipulate particles regardless of their geometrical, electrical, magnetic, or optical
properties in different suspension media (e.g., complete growth medium, serum-free medium,
differentiation medium, DI water, and hydrogels), and the simple, reusable, and easy integrability
nature of these platforms, being compatible with well-established microfabrication techniques. As
outlined in Chapter 2, the goal of this study is to demonstrate that acoustofluidics-based platforms
can be used as a safe and effective method for manipulating and patterning cells in different media

conditions.

This study therefore proposes a Standing Surface Acoustic Wave (SSAW)-platform for high-
resolution and contactless cell manipulation in culture media and a hydrogel solution. A
methacrylated collagen type | (PhotoCol®-LAP) hydrogel was selected to preserve the cell
patterns due to its capability of being UV-crosslinked within minutes and being retrievable from
the culture channel as a tissue patch. To fulfill the first objective of this study, the design and
fabrication of an acoustofluidics platform for cell patterning, we proposed and tested different
culture chambers and interdigitated transducer configurations using both polystyrene particles and
cells. We experimentally optimized the design of the acoustofluidics platform using two
configurations of IDTs creating pressure nodes for cells to orientate and aggregate. The first design
included two pairs of orthogonal IDTs deposited at 45° from the X-propagating direction to form
a mesh-like pressure nodal distribution, while the second configuration comprised of one pair of
mirrored IDTs parallel to the X-propagating direction, thus generating parallel pressure nodal
lines. The orientation of the IDTs on the piezoelectric substrate highly influenced the efficiency of
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patterning as evidenced by the number of cells guided towards the pressure node lines instead of
resting in the antinode regions, where IDTs deposited in the same direction of the X-propagating
direction led to stronger, more reproducible, and uniform cell linear patterns.*® Therefore, by
shifting the IDTs 45° to the X-propagating direction, waves propagated with less intensity as
evidenced by a poor alignment of cells. Despite the preliminary results using polystyrene particles
suspended in deionized water and the orthogonal IDT configuration for cell nodal agglomerates,
the lower acoustic contrast factor of cells in growth media, did not lead to consistent cell aggregates
that could be maintained over time. In contrast, when we placed the IDTs parallel to the X-
propagating direction, SAWSs transferred stronger and more efficiently through the piezoelectric
substrate, thus leading to better and more reproducible results, where most cells that are initially
in a random distribution are aligned more uniformly. Moreover, the effects of the acoustic working
frequency and voltage on cell patterning optimization were also evaluated. The working frequency
was experimentally selected based on both the speed of patterning and the stability of patterns over
time. The theoretical frequency differed from the experimental working frequency due to physical
phenomena in the culture medium, including microstreaming. The voltage was also experimentally
selected based on how fast the particles are guided towards the pressure nodes, while limiting
overheating problems in the platform. As expected, the velocity of cell patterning increased
linearly with increasing voltage, where acoustic radiation forces (ARFs) push cells towards the
pressure nodes more strongly. However, one of the challenges of using high voltages (>40Vyp), is
the proportional square increase of the heat generated on the piezoelectric substrate, which can
hinder cell viability. Another constraint of using high voltages is the presence of undesired
microstreaming which prevented us from preserving pressure nodal lines for cells to aggregate and
form strong cell-cell connections. However, we successfully demonstrated that heat effects on cell
viability are negligible in our setup due to short SSAW exposure time which preserves high cell

viabilities.

As part of our second objective, the evaluation of the platform for reproducible and stable cell
patterns, different culture chambers were experimentally tested. These chambers included a square
PDMS on a glass slide, a square glass-PDMS on a glass slide, a glass rectangular capillary tube,
and a9 x 2 well polymer p-Slide (ibidi®). Standing waves leaked through the glass slide efficiently
using a drop of water as our coupling layer; however, the high-viscosity of PDMS caused waves

to dampen and did not allow SAWs to efficiently propagate inside the chamber. Glass capillary
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tubes transferred waves more efficiently due to the low acoustic impedance of glass; however,
long-term culture using this setup was challenging and retrievability of the patterns was not
successful. Conversely, the p-Slide (ibidi®) channel was simple, could pattern multiple cells in
different wells, and could be maintained sterile throughout the experiment due to the chambered
coverslip setup. Moreover, this setup enabled a rapid formation of linear patterns in <5 seconds
for culture media and <1 min in a hydrogel solution with well-defined and reproducible linear
nodes at a spacing of ~150um (Asaw/2). The retrievability of the photo-cured cell patterns in
hydrogel was also demonstrated using the p-Slide channel, suggesting its potential to fabricate
biomimetic tissue patches. Therefore, this channel was chosen to validate our platform for adipose-
derived mesenchymal stem cells (ASCs) patterning and to study the effects of acoustic patterning
on cell viability, metabolic activity, and differentiation potential of stem cells as part as our third

objective.

With SSAWs being induced for <1 min, the viability of acoustically patterned ASCs in the
methacrylated collagen type | hydrogel assayed for up to 48 hours, was preserved (>90% live
cells). Cell-cell contacts were also improved in acoustically patterned cells, evidenced by
elongated protrusions at the end of the cell membrane with a spreading-like morphology, being
critical for cell communication, cell migration, and ultimately, tissue development.** Moreover,
the metabolic activity of acoustically patterned cells in the hydrogel and the control group (random
distribution of cells within the hydrogel) was assessed using growth media and differentiation
media. Acoustically patterned cells in hydrogel cultured in growth media showed a statistically
significant enhancement of their metabolic activity compared to the control group for days 7 and
14. These results thus suggest that by inducing cell-cell contacts, a higher cell proliferation is
evidenced. However, acoustically patterned cells in hydrogel and the control group cultured in
differentiation media, showed a different behavior. After day 7, both acoustically patterned cells
and control groups cultured in differentiation media stopped their proliferation process, as
evidenced by a constant metabolic activity via alamarBlue™, which has been previously reported
to be correlated to the differentiation of stem cells.’® Therefore, SSAWS do not seem to limit the
functionality of stem cells with a similar trend for both control and patterned cells.

To confirm these results, the alkaline phosphatase activity, an early marker of osteogenic

differentiation, was compared for both groups. Acoustically patterned cells and control groups
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cultured in differentiation media showed a significant increase in the ALP activity after day 7,
coinciding with the results obtained for metabolic activity. As ASCs start their differentiation
process and change their phenotype, they stop proliferating. More interestingly, acoustically
patterned samples significantly enhanced the ALP activity in comparison to the control group for
days 7 and 14. These results thus suggest that acoustically patterned cells could experience a
higher ALP activity due to induced cell-cell and cell-matrix contacts, which modulate the strength
of adhesion and activate mechanosensitive signaling pathways that can influence the cell
differentiation process.? Confocal fluorescent images were used to confirm the upregulation of
osteocalcin, a bone-specific protein synthesized by osteoblasts, as a differentiation marker. At day
14, acoustically patterned cells showed a higher osteocalcin percentage signal than that of to the
control group. These results thus evidenced the relevance of spatial patterning cells to study cell-
cell behavior and functionality changes in vitro.
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CHAPTER 6: CONCLUSIONS AND FUTURE PERSPECTIVE

This study presented the design and fabrication of a SSAW-based platform, its optimization for
cell patterning in pressure nodes and pressure nodal lines, its validation using different cell lines
suspended in media and hydrogel solutions, and finally the use of adipose-derived mesenchymal
stem cells to study the effects of acoustic patterning on cell viability, metabolic activity, and
osteogenic differentiation. The introduction of the working principles of surface acoustic waves
for cell manipulation and cell patterning and its use in tissue engineering and cell functionality
studies led to the hypothesis of this work, the fabrication of a rapid and contactless cell patterning
method for the study of adipose-derived stem cells’ proliferation and osteogenic differentiation.
The preliminary work presented in this study helped us optimize the design and configuration of
IDTs and culture chambers for the effective and reproducible patterning of different cell lines with
proven preservation of cell viability after SSAW induction. These results led to the submitted
manuscript article on ASCs patterning within a hydrogel solution that can be rapidly photo-cured

to create tissue patches as a proof of concept of tissue regeneration.

It would be of interest, however, to further study the unique capabilities of acoustofluidics, and
ultrasonic waves, for the reorganization of the native tissue architecture of heterotypic cell co-
cultures, cell-cell interactions for organogenesis, changes in cell adhesion and migration over time,
and the influence of SAWSs on cellular phenotypes. We reported on the role of acoustic patterning
for cell co-cultures using MDA-MB-231 and MCF-7. Therefore, by acoustically patterning two or
more cell types in a controlled manner, for instance, adipose-derived stem cells and endothelial
cells (HUVECS), angiogenesis could be induced. This platform would allow to better preserve the
tissue constructs for long-term culture with a minimal interference to the cellular environment.
Moreover, the miniaturization and flexibility of SAWSs, acting as both actuators and sensors, could
also allow to integrate manipulation and characterization modules in a single chip as a lab-on-a-
chip device.?” An ideal platform may be able to use SAW acoustophoresis to pattern endothelial
cells and stem cells, where the detection of biomolecules (e.g., VEGF proteins) could be detected

by immobilizing corresponding binding-molecules on the substrate of a SAW sensing module.1%

Conversely, most applications using SAWs only rely on a small range of operating frequencies,

typically in the MHz region, therefore, it could be of interest to explore the effects of GHz,
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particularly on cell phenotype changes. High-frequency (GHz) ultrasound waves have been
reported to induce changes in neurite outgrowth and to accelerate the delivery of growth factors
into cells,*®* ion channel stimulation for human neuromodulation,'® nanoparticle enrichment for
biosensing,'% and the delivery of plasmid DNA through cell permeabilization (sonoporation).1%’
Therefore, it would be of interest to use new methods and materials to explore higher frequencies,
for example, implementing complementary oriented piezoelectric thin films.1% Finally, research
in the field of acoustofluidics should also focus on the standardization of fabrication methods for
easy adaptation to fields such as biology and medicine, as they can significantly benefit from
acoustic tweezers for single-cell analysis, cell-cell interactions, and cell migration studies, which
are critical applications in biomedicine. Current limitations of acoustofluidics platforms, that
should be addressed by miniaturizing these devices, include the integration of function generators,
amplifiers, piezoelectric wafers, transducers, and signal processors into a compact all-in-one
system. Owing to the biocompatible and flexible materials of acoustofluidics, it could be of interest
to implant these devices inside the body or as wearable devices to deliver continuous, localized
and high-frequency acoustic waves with minimal energy. New trends advocate for the integration
of low-cost and portable imaging systems, such as smartphones, with acoustic micro-imaging
techniques to revolutionize the field of PoC sensing.'®® As an example, smartphones can be
integrated to acoustofluidics platforms for point of care testing,'*® where the digital input and
output of acoustic biosensors facilitate both the activation and the electronic readout. Hence, a
plethora of applications and opportunities in tissue engineering remains yet to be explored and to

be developed.
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