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ABSTRACT: Intense acoustically driven microcentrifugation flows are employed to
enhance the assembly of cellular spheroids in the microwell of a tissue culture well plate.
This ability to interface microfluidics with commonly used tissue culture plasticware is a
significant advantage as it can potentially be parallelized for high throughput operation and
allows existing analytical equipment designed to fit current laboratory formats to be
retained. The microcentrifugation flow, induced in the microwell coated with a low
adhesive hydrogel, is shown to rapidly enhance the concentration of cells into tight
aggregates within a minute—considerably faster than the conventional hanging drop and
liquid overlay methods, which typically require days—while maintaining their viability. The
proposed method also affords better control of the compaction force and hence the
spheroid dimension simply by tuning the input power, which is a significant improvement
over other microfluidic methods that require the fabrication of different geometries and
microstructures to generate spheroids of different sizes. The spheroids produced are
observed to exhibit the concentric heterogeneous cell populations and tight cell—cell

interfaces typical of in vivo tumors, and are potentially useful in a broad spectrum of cancer biology and drug screening studies.
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1. INTRODUCTION

Cellular spheroids, comprising three-dimensional spherical cell
aggregates displaying cell—cell and cell-matrix interactions,
more closely mimic in vivo avascular tumor structure and
functionality than conventional monolayer cultures in which
intercellular contact is often lost." They can therefore
potentially be of fundamental importance to studies in cancer
biology, metastasis and invasion, in addition to therapeutic
screening.” Cellular spheroids have also been shown to play a
role in improving the differentiation efficiency of mesenchymal
stem cells.”

Various techniques have been used to produce these
spheroids, all of which involve first the formation of loose
cell aggregates, followed by their compaction into a tight
spheroidal cluster;' the different approaches vary primarily in
the way the cells are driven to aggregate, and the method by
which intercellular adhesion is promoted by preventing cell
adhesion to the surface of a tissue culture dish.* The most
widely used spheroidal culture technique to date is the hanging
drop method” in which cell suspensions are first dispensed onto
the lid of a Petri dish followed by inversion of the lid to form a
hanging drop, each of which leads to the formation of a single
cell aggregate. This method, however, requires careful balance
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between capillary and gravitational forces, is not practically
amenable to medium exchange,6 and is difficult to translate to
large-scale production because the maximum permissible drop
size is limited to SO uL.” There have been recent attempts to
address, for example, difficulties with medium exchange,8 and a
number of new commercial systems, such as the InSphero
GravityPLUS and Sigma HDP 1096 Perfecta3D, allow hanging
drops to form in well plates without the need for inversion,
although these systems are generally significant in terms of their
cost. Other systems, for example, the AggreWell by Stem Cell
Technologies, involve centrifuging the entire well plate,
therefore prohibiting individual addressability (because each
well experiences the same centrifugation conditions). More-
over, the cell pellets that result tends to be pyramidal in shape
with a large number of cells in poor contact with each other,’
and, as such, the method necessitates at least a day of
incubation to form the spheroid. In addition to its high cost, the
Aggrewell plate also requires an additional step after the one-
day period to filter out nonattached single cells prior to further
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incubation on the low attachment surface. Rotational
bioreactors such as spinner flasks, on the other hand, have
been employed for large-scale spheroid production and allow
for medium exchange and cell sampling, although costly
specialized culture equipment is required and the large shear
stresses exerted lead to a tendency to fragment cells.”

Liquid overlay methods, in contrast, involve culturing a cell
suspension over a three-day period on a weakly adhesive surface
such as a thin agarose layer, agar gel or temperature-responsive
methylcellulose coating atop a tissue culture dish.'” Although
simple, inexpensive, and amenable to scale-up, cell aggregation
occurs quite serendipitously in these methods and thus the
spheroids that are produced suffer from a fairly large variation
in spheroidal quality.'™"" Further, agar performs poorly as a
nonadhesive substrate.'’”® Additionally, agarose preparation
requires the reagent to be autoclaved for dissolution and
sterilization, followed by a long cooling period for the sol-gel
transition. Temperature-responsive methylcellulose hydrogels,
on the other hand, make medium exchange difficult because of
their high viscosity and stringent temperature requirements.10b
Other methods include suspension cultures in antiadhesive
bacterial grade dishes to inhibit the attachment of adherent
cells,'” although it can be difficult to control the size and
uniformity of the cell aggregates that are formed with these
methods.’

More recently, various microfluidic strategies have been
proposed for on-chip spheroid culture. These include micro-
array devices that immobilize cells on selectively adhesive
patterned structures,'* cell trapping barriers,"> or nonadhesive
microwells;'® bubble and droplet-based methods in which the
cells are encapsulated within bubble*” or gelated capsules;'” cell
trapping in microwells by ultrasonic actuation;'® and micro-
wells in which rotational flow of a cell suspension is induced."’
Microarray methods possess the advantage of large-scale
production of uniformly sized cell aggregates, although the
aggregate size tends to be limited by the dimensions and the
geometry of the patterns. Large numbers of cells also need to
be seeded as any cells that are not immobilized tend to be
washed away and lost.">* Bulk ultrasonic actuation, on the other
hand, typically requires large transducers and custom-made
microwells that facilitate the transmission of sound energy into
the wells, and the necessity for relative high power is associated
with considerable heating as well as long stabilization times
(typically 15 min), which can be detrimental to the cells.'®
Bubble and droplet methods possess similar limitations as the
aggregate sizes are dependent on that of the capsule, which, in
turn, is restricted by the surface properties and dimensions of
the microfluidic system. In addition, bubble methods suffer
from low cell capture efficiencies. The rotational flow device, on
the other hand, allows cell aggregates of different sizes to be
produced from microwells of a single dimension, therefore
circumventing the need to fabricate different devices to obtain
aggregate size variation. However, the requirement of a
filtration system to prevent cell clots from entering the device
not only reduces the efficiency of the method due to loss of a
large number of cells but also introduces further complexity
embodied by the necessity for an additional channel shredder
to break up large cell clots by shear."”* In addition, the closed
microfluidic device restricts practical sampling and collection of
cell aggregates, for example, for plating the cell aggregates to
stimulate cell differentiation.”’

Whichever approach is chosen, the low take-up of micro-
fluidic technology at the bench has primarily been due to the
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inertia of practitioners such as laboratory technicians in
adopting new and sophisticated technology, preferring instead
to continue using familiar equipment and protocols even if
these are inefficient and cost ineffective.”’ Another reason for
their preference for existing laboratory formats in lieu of new
technology can also be attributed to the existing compatibility
of these methods to a vast array of ancillary laboratory
technology, e.g., microscope stages, microplate readers, etc.,
that are already available without needing to invest in costly
new equipment to accommodate the new format.

We therefore propose to interface a novel surface acoustic
wave (SAW) microcentrifugation tool for rapid spheroid
generation with a laboratory format that practitioners are
already intimately familiar with and which has already been
customized to fit a vast array of existing ancillary equipment for
laboratory analysis, with the aim of exploiting the advantage of
process improvement through new technology while allowing
the user the benefit of retaining an existing format that they are
accustomed to: the tissue culture microplate (Figure 1).
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Figure 1. Schematic depiction of the setup used (not to scale) for
rapid spheroid generation in a microwell on a well plate. The SAW
device is interfaced from beneath using a fluid coupling layer.
Representative images of the SAW device and the setup used are
shown in Figure SI.

Microcentrifugation driven by SAWs—nanometer amplitude
electromechanical waves localized on a chip-scale piezoelectric
substrate>—has already been demonstrated for a variety of
purposes, including chaotic micromixing™ and rapid particle
concentration”* and sorting,25 as well as to drive the rotation of
small disks on which microchannels for a wide range of
microfluidic operations can be patterned—the so-called
miniaturized lab-on-a-disc;*® this is in addition to the vast
array of other microfluidic manipulations enabled by the
SAW.”” Unlike high-shear rotational bioreactors or other bulk
ultrasonic devices which typically operate below 1 MHz, the
10—100 MHz order frequency SAWs which operate at very low
(<1 W) powers, given the efficiency of the device, have
significantly less tendency to denature large biomolecules and
cells as there is insufficient time between the field reversal at
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these frequencies compared to the shear relaxation time of
molecules or cells; furthermore, cavitation—a common cause
of biomolecular or cellular damage in ultrasonic devices—is
also suppressed at these high frequencies and low powers.”®
SAWs, for example, have been employed not only to trap and
position cells but also to control interactions between them.*’
Additionally, it has been shown that the MHz order SAW does
not have any noticeable effect on the proliferation and
differentiation characteristics of the cells.*’

The fast (1—10 s order) SAW-driven microcentrifugation
together with the use of a quick gelling hydrogel (carboxyl-
methyl cellulose tyramine; CMC-TYR) coating facilitates rapid
production of tumor spheroids with controllable and uniform
dimensions using standard tissue culture plasticware, in
addition to allowing easy access for medium exchange and
sampling, thus constituting a promising platform for studies in
cancer biology and drug screening. We demonstrate the
platform using human mammary gland carcinoma (BT-474)
cells and primary cells, in particular, rat mesenchymal stem cells
(MSCs). The former was employed because BT-474 cell lines
exhibit tumorigenic potential in vivo’' and has the propensity
to form spheroids whose properties are well documented,”
thus constituting a good model cancer cell line. The latter was
adopted not only because MSCs have been shown for spheroid
formation in previous work,” but also because they are less
prone and hence more difficult to form spheroids compared to
cancer cells. Although SAWSs have been previously coupled into
superstrates on which sessile drops are manipulated,”* the use
of SAWs to drive microcentrifugation in a standard tissue
culture well plate has yet to be demonstrated. Moreover, we
will show that the technique not only allows rapid cell
aggregation with small numbers of cells, but also facilitates
control of the spheroid dimension simply by tuning the power
input to the SAW, therefore removing the need, for example,
for elaborate fabrication of different microstructures.

2. MATERIALS AND METHODS

We outline in this section the method employed for the generation
and characterization of the spheroids. The materials used and other
methods associated with the fabrication of the SAW devices, the
synthesis of the hydrogel, the cultivation of the cells, and the
examination of the F-Actin organization in the spheroids, are given in
Section S1 in the Supporting Information, whereas details on the
hydrogel characterization are given in Section S2.

$2.1. Spheroid Generation. A cell suspension was first prepared
by suspending the BT-474 cells or primary cells comprising GIBCO
rat MSCs with the desired cell density (2 X 103 4 X 10% 5 X 103, or 6
X 10° cells/mL for the BT-474 cells and 500 cells per well for the
MSCs) in cell culture medium, followed by the addition of 1% gelatin
to the cell culture medium as an intercellular linker to assist cell
aggregation. Here we demonstrate the feasibility of generating the
spheroids using SAW microcentrifugation in both a 12-well plate and
96-well plate. Specifically, the microwells of the microplate were
coated with a thin layer of CMC-TYR (167 pL/cm?) that functioned
as a low-adhesive coating and subsequently filled with 20 uL of cell
suspension. Acoustic energy was then transmitted into the microwell
to induce the microcentrifugation flow within it for the purpose of
driving the cells to aggregate. This was carried out by placing the SAW
device beneath the microwell, sandwiching a thin layer of fluid
couplant consisting of KY Jelly (Chemist Warehouse, Virginia, QLD,
Australia) in between. This technique for acoustic energy coupling
from the SAW device into a superstrate layer was first demonstrated by
Hodgson et al,*** and later employed for a variety of acousto-
microfluidic operations on superstrates.**” The microcentrifugation
flow itself is generated by introducing asymmetry in the delivery of the
acoustic wave with respect to the geometry of the drop or microwell,*®
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achieved most easily here by simply offsetting the drop or microwell
with respect to the elliptical single-phase unidirectional transducers
(SPUDTS).

The SAW device, details for the fabrication of which are given in
Section S1.2, was activated by supplying an oscillating electrical signal
at the resonance frequency of 30 MHz to the SPUDT for 1 min using
a multifunction synthesizer (Wave Factory WF1966 2CH, NF
Corporation, Yokohama, Japan) and coaxial amplifier (Mini-Circuits
ZHL-1-2W, RS Components Pty. Ltd., Sunshine West, VIC,
Australia) to induce the microcentrifugation flow within the well in
order to drive the cell aggregation. Once the cell aggregate was formed,
100 uL of medium was carefully added to the well; we note that the
volume of medium that can be added depends on the dimensions of
the well—greater volumes up to milliliters can typically be employed
for wells with larger radial dimensions which allow more transmission
of the acoustic energy from the device into the well as long as the
aperture of the acoustic wave is not exceeded. The position of the
SAW device beneath the well plate was then moved under other wells
in order to repeat the same spheroid generation process as required,
although multiple SAW devices, one under each well, are currently
being developed to run multiple microcentrifugation processes in
parallel for high throughput operation.

Spheroids were also produced using the liquid overlay method for
comparison. In brief, a 20 uL cell suspension containing the
intercellular linker was prepared in the same manner and with the
same seeding density as those used for the SAW microcentrifugation.
The cell suspension was transferred to microwells that were precoated
with a thin layer of CMC-TYR (167 uL/cm?) and topped up with 100
puL of medium. In both cases, the microwell plates were then
transferred to a 5% CO, humidified incubator for further spheroid
cultivation at 37 °C. Wells that were not subjected to the acoustic
irradiation were used as controls.

$2.2. Characterization of the Spheroid Viability, Morphol-
ogy, and Proliferation. Cell viability was evaluated using a LIVE/
DEAD Cell Viability Assay (Life Technologies, Mulgrave, VIC,
Australia) according to the manufacturer’s protocol prior to which
the cells were incubated for 2 h after the SAW irradiation. To
investigate the cell distribution within the spheroid, we cultured the
spheroids produced for 10 days and then collected by centrifuging at
300 rpm. The collected spheroids were subsequently fixed with 4%
paraformaldehyde followed by rinsing in PBS, and finally subjected to
Tissue Tek O.C.T. (Sakura Finetek Inc., Torrance, CA) embedding.
Histochemical analysis was then performed on S pm sections of the
spheroid. The sections were further stained by hematoxylin and eosin
(H&E) using standard procedures.”® The morphology of the H&E,
calcein AM and propidium iodide (PI) stained spheroids were
visualized using optical microscopy (CKX41, Olympus Pty. Ltd,
Notting Hill, VIC, Australia) and laser scanning confocal microscopy
(LSCM; Eclipse Ti Confocal Microscope, Nikon Instruments Inc.,
Melville, NY), respectively. The diameter and cross-sectional area as
well as the perimeter of the spheroids were measured from different
angles using Image] across multiple samples (National Institutes of
Health, Bethesda, MD). The irregularity parameter IP, defined as the
ratio of the diameter of the minimum circumscribed circle D to that of
the maximum inscribed circle d (Figure SS), i.e, IP = D/ d,>” was used
as an indicator to evaluate the circularity of a spheroid; an IP with a
value of 1 indicates a perfect circle, whereas a large IP value indicates
that the spheroid exhibits irregular morphology. For the spheroid
proliferation studies, the spheroids were cultured and subsequently
monitored for a period of 10 days after being exposed to the SAW.
The same viability and morphology characterization studies were
employed as that detailed above. The spheroids were collected for
trypsinization at different time points, and the number of cells
proliferating within was determined by measuring the DNA content
using the QuantiiT PicoGreen dsDNA Assay (Life Technologies,
Mulgrave, VIC, Australia).38 For the control, cells were allowed to
aggregate using the conventional liquid overlay method on a CMC-
TYR coated well plate, and monitored in the same way.
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3. RESULTS AND DISCUSSION

3.1. SAW Microcentrifugation Driven Cell Aggrega-
tion as a Precursor to Spheroid Formation. Representative
images of the BT-474 spheroids generated using the SAW
device compared to the control experiment in which the
acoustic irradiation and hence the microcentrifugation flow was
absent are shown in Figure S6. Also shown are the
representative results when the hydrogel low-adhesive coating
was absent. It can generally be seen for the uncoated microwell
(top row images in Figure S6) that more cells were
concentrated as a result of the microcentrifugation flow in
the well due to the applied acoustic irradiation compared to the
control experiment in which no external forces were applied
and the cells simply sedimented under gravity.

We observe the yield of the SAW microcentrifugation
method to be high, wherein 87.0 + 4.2% of the seeded cells
were found to aggregate into a single spheroid (Figure S7 in the
Supporting Information). Moreover, we observed that all the
cells recovered from the SAW microcentrifugation appeared to
be viable. The relationship between the number of cells in the
aggregate as a function of the input power is discussed below.
Nevertheless, we note that despite the concentration arising
from the SAW microcentrifugation flow, particularly for the
case of the microwell (which remains qualitatively similar to
that in a sessile drop™), a large number of cells remained in a
spokelike pattern instead of being concentrated into a tight
pallet at the center of the well. We believe this is due to
standing waves that arise as a consequence of the reflection of
sound waves from the walls of the well; in other words, the well
forms an effective acoustic cavity. It is well-known that particles
and cells with densities greater than the surrounding fluid are
easily trapped at the nodes of standing waves where the
acoustic radiation pressure is at its minimum.*’ In addition, the
absence of a weakly adhesive coating meant that the cells
tended to adhere to the bottom of the well.

It can, however, be seen from the bottom row images in
Figure S6 that these difficulties in attempting to drive the cells
into a tightly packed aggregate, which have a direct effect on the
quality of the spheroids that can be formed, can be
circumvented simply by coating the microwell with the
hydrogel. In the presence of the coating, we observe the cells
to be concentrated into a tight aggregate; it can also be clearly
seen that a considerably larger aggregate cell density can be
achieved when the cells are concentrated by the SAW-driven
microcentrifugation flow. The disappearance of the spokelike
cell patterns with the use of the hydrogel coating also suggests
that the hydrogel plays a twofold role in not only preventing
cell adhesion along surfaces but also in absorbing the sound
wave and thus preventing its reflection and hence the
generation of standing waves in the well.

The effect of the applied SAW power, which has a direct
consequence on the velocity of the induced microcentrifugation
flow in the well, is shown in Figure S8. The viability of the cells
is also indicated in the figure given that the cells were stained
with calcein AM which is not only permeable through the cell
membrane but also fluoresces when internalized and hydro-
lyzed by live cells; further, no PI stained cells (dead cells) were
observed. Consistent with previous findings on the effect of
SAW irradiation on the viability of cells,”® we observe the
majority, if not all, of the cells to remain intact and to fluoresce
with the green calcein AM stain, indicating the retention of
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their viability across the range of applied powers (0.5—1.53 W)
employed.

The morphology of the cell aggregates and hence the
subsequent spheroid formation, however, depends intimately
on the applied power as well as the cell seeding densities (2 X
10* to 6 X 10 cells/ml) employed. In order to obtain
quantitative morphometric characterization, we examine both
the spheroid cross-sectional area and irregularity parameter IP
as a function of these system parameters. The former is a
measure of the compactness of the spheroid formed, whereas
the latter is a measure of the circularity of the spheroid (IP
values close to 1 correspond to more circular spheroids). Figure
2 shows that for a fixed applied power, the cross-sectional area
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Figure 2. Effect of the applied SAW power on (a) the cross-sectional
area, and, (b) the irregularity parameter IP of BT-474 spheroids. The
spheroids were obtained 2 h after the SAW was applied to drive the
microcentrifugation flow. The error bars represent the standard
deviation (n = 3).

of the BT-474 spheroids increased with increasing seeding
density, for the simple reason that more cells aggregate into the
spheroid thus leading to a larger intrinsic volume; at low cell
seeding densities, the correlation between power is less obvious,
because a critical cell number has not been reached to produce
a measurable difference in the IP and spheroid cross-sectional
area.

Beyond this critical seeding density, however, we find that
the smallest spheroid cross-sectional area, ie. the most
compact and circular spheroids were obtained at intermediate
powers around 1 W, consistent with previous findings on SAW
microcentrifugation driven particle concentration which found
that the tendency for particles to concentrate increased with the
applied power and hence the intensity of the micro-
centrifugation flow until a point beyond which the increasingly
rapid convective flow overcame the diffusion-driven particle
concentration dynamics thereby leading to redispersion of the
particles.”> The existence of an optimum at intermediate
applied powers is also true for IP values close to 1 given that
excessive convective dispersion at high microcentrifugation
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Figure 3. Representative confocal microscopy images showing the viability of BT-474 spheroids cultured using both the liquid overlay (LO, top
panel) and SAW microcentrifugation (SAW, bottom panel) methods over a period of 10 days. In both cases, the spheroids were prepared from a
seeding density of 5 X 10° cells/mL. In the latter case, the input power to the SAW device is 1.06 W. The spheroids were stained using the live/dead
cell viability assay. Live cells, which appear green, are stained by calcein AM; dead cells, which appear red, are stained by propidium iodide (identical
figures showing separate red and green channels are provided in Figure S11). The necrotic core of the cells can thus be seen given the absence of
coloration in the center of the spheroids. Scale bars represent 100 ym lengths.

velocities leads to increasingly chaotic flow” that promotes
increasing irregularity in the cell aggregates. Further, we note
that the optimum shifts slightly to higher powers for larger cell
seeding densities given that greater microcentrifugation velocity
thresholds are necessary to concentrate and also to disperse
larger numbers of cells given the increase in the intrinsic
viscosity with higher cell concentrations.*'

In contrast to directly centrifuging the entire well plate atop a
rotary shaker, which tends to lead to the formation of pyramidal
shaped cell pellets in which a large number of cells are in poor
contact with each other, the ability of the SAW micro-
centrifugation to drive cells rapidly to the center of the well at
an optimum applied power to allow some degree of control
over the uniformity of the spheroid formation for different cell
densities is a significant advantage given the importance of the
uniformity of spheroids, especially for many cell-based
assays.'”* Nonuniform spheroids commonly lead to nonun-
iformities in the exposure and diffusion of reagents to the cells,
thus resulting in large variation in the observed cell behavior. In
addition, image analysis in these studies is also complicated by
irregularity in the spheroid morphology.*” This is in contrast to
other microfluidic techniques such as the microarray and
microcapsule based approaches, which can only yield spheroids
of a fixed size range for a given system geometry, therefore
requiring expensive and laborious steps in tailoring different
photomasks for the fabrication of different microstructures for
each cell seeding density and desired size range.

3.2. Spheroid Proliferation. The representative confocal
microscopy images in Figure 3 shows that the size of the BT-
474 spheroids generated by both the SAW microcentrifugation
method as well as the liquid overlay method (control)
increased over time, indicating the proliferation of cells within;
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the viability of cells inside the spheroids again being evaluated
using live/dead cell viability staining in which live cells were
stained by calcein AM and appear in green whereas dead cells
on the other hand were stained by PI and appear in red.
Notwithstanding the limitation of confocal microscopy imaging
to a 50 um depth, thus restricting the ability to observe the core
of large spheroids—which could explain the absence of
coloration in the center of the spheroids in Figure 3, a likely
possibility is that most of the cells on the periphery of the
spheroids remain viable, thus forming a shell around a necrotic
core that is evidenced by an absence of coloration in the center
of the spheroids. Although PI can penetrate through the leaky
membrane of dead cells to stain the cell nuclei, it is nevertheless
impermeable to live cells in contrast to calcein AM.* As such,
PI therefore does not infiltrate the outer viable cell layer to
reach the cells at the center of the spheroids. Such necrotic
cores are common in tumor spheroids, especially in older and
larger spheroids, where the cells in the center of the tumor
spheroid are deprived of oxygen and nutrients due to diffusion
limitations.”>** It was observed that the ratio of the size of the
necrotic core to that of the whole spheroid increased with time
(Figure S9), because of the increasing severity of these nutrient
deprivation conditions as the spheroid grows. As in vivo tumors
are known to develop necrotic cores as their sizes increase,”
spheroids with necrotic cores are therefore employed as an in
vitro mimic of tumor development patterns.*® Parenthetically,
we also note that a small number of dead cells can be seen on
the spheroid surface in Figure 3 (corresponding to the non-
100% yield in Figure S7), which are likely to be free-floating
cells present in the cell culture medium that were not
completely washed off by the rinse step during staining, despite
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Figure 4. Representative confocal microscopy images showing the viability of MSC spheroids cultured using both the liquid overlay (LO, top panel)
and SAW microcentrifugation (SAW, bottom panel) methods over a period of 10 days. In both cases, the spheroids were prepared from a seeding
density of 500 cells/well. In the latter case, the input power to the SAW device is 1.06 W. The spheroids were stained using the live/dead cell
viability assay. Live cells, which appear green, are stained by calcein AM; dead cells, which appear red, are stained by propidium iodide (identical
figures showing separate red and green channels are provided in Figure S11). Scale bars represent 100 ym lengths.

this being carried out gently to avoid distortion of the
spheroids.

Similar to that observed for BT-474 spheroids, Figure 4
shows that the size of the MSC spheroids generated by both
the SAW microcentrifugation method as well as the liquid
overlay method increased with time, indicating the propensity
of the cells that constitute the spheroid to continue
proliferating. This is confirmed by the live/dead cell viability
assay, which demonstrated that the majority of the MSCs
within the spheroids remained viable (which appear green).
These results further verify that the SAW microcentrifugation
technique does not pose adverse effects on the cells regardless
of their type, especially because MSCs are considerably more
fragile than those from cancer cell lines. Additionally, these
results also further validate the feasibility of the SAW
microcentrifugation technique for spheroid cultivation in a
primary cell line less prone to spheroid formation.

The proliferation of the cells forming the spheroids was
assessed by determining their DNA content, given that DNA is
a cellular component that accurately reflects the cell number.
Figure 5 shows that the number of BT-474 cells in the
spheroids cultured using both the SAW microcentrifugation
method (p = 0.01, n = 3) and liquid overlay method (p <
0.001) increased gradually over a 7-day period indicating that
the cells proliferate within the spheroids. This is confirmed by
the quantitative data in Figure 6 showing the mean diameter for
the BT-474 spheroids produced from the SAW micro-
centrifugation method (p < 0.0001, n = S) increasing over
time. Meanwhile, the spheroids produced using the liquid
overlay method exhibit relatively large variation in diameter
within the same sample group due to their irregular shapes. We
note in general that the spheroid size is smaller and that a lower
irregularity parameter of the spheroid closer to a value of 1 was
obtained using the SAW microcentrifugation method compared
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Figure S. Gradual increase in the proliferation of BT-474 cells in
spheroids cultured using both the liquid overlay (LO) and SAW
microcentrifugation methods (at an applied power of 1.06 W) over a
period of 7 days. In both cases, the spheroids were prepared from a
seeding density of 5 X 10% cells/mL. The error bars represent the
standard deviation (n = 3).

to spheroids obtained with the liquid overlay method. This is
more likely related to the shape and compactness of the
spheroids rather than to their viability given the absence of
adverse effects due to the SAW microcentrifugation on the
cells, as indicated by the results from the live/dead cell viability
(Figure S8) and proliferation (Figure 5) assays. In any case, this
result alludes to the possibility of synthesizing more uniform
and compact spheroids using the SAW microcentrifugation
method, and allowing them to be potentially more useful for
cell-based assays.

Moreover, the BT-474 spheroids that were produced via
both methods appeared to exhibit heterogeneous cell
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Figure 6. (a) Diameter and (b) irregularity parameter IP of BT-474
spheroids obtained using both the conventional liquid overlay (LO)
and SAW microcentrifugation (SAW) methods with a seeding density
of 5 X 10° cells/ml. In the latter case, the input power to the SAW
device is 1.06 W. From (a), it can be seen that the mean diameter of
the spheroids produced by SAW microcentrifugation increased over
time (p < 0.0001). The single and double asterisks indicate p values
below 0.05 and 0.01, respectively. The error bars represent the
standard deviation (n = 5).

subpopulations that contained viable cells at their periphery and
nonviable cells in their necrotic core. Figure S10 is a
representative histological section of a spheroid produced
with the SAW microcentrifugation method showing the
distribution of cells within; nuclei appear in violet given the
H&E staining. It can be observed that a large number of cells
are tightly packed within the spheroid, typical of tumor
morphology.™ It is this tight packing that limits nutrient and
oxygen diffusion into the spheroid interior, thus resulting in the
necrotic cores observed in Figure 3. Indeed, such concentric
heterogeneous cell populations of spheroids mimic the
avascular stage of tumors in vivo,*’ making the in vitro
spheroid model a useful tool for cancer biology studies.

3.3. F-Actin Organization. The cytoskeleton organization
and focal adhesion contact of the spheroids that were generated
using the SAW microcentrifugation method compared to that
of monolayer cells are shown by the representative images in
Figure 7. Actin filaments in the cytoskeleton of the spheroids
were stained by TRITC-conjugated phalloidin and shown in
red, while the focal adhesion marker vinculin was stained by
fluorescently labeled antivinculin monoclonal antibody and
shown in green. It can be seen that the monolayer cells
exhibited the usual spindle morphology and displayed more
well-spread actin filaments and typical cell—substrate adhesion.
In contrast, the organization of the actin filaments is more
irregular in the spheroids whereas the vinculin appears co-
localized especially at the center of the spheroid; such co-
localization was first observed in the SAW generated spheroids
after 7 days of cultivation and increased progressively over 20
days. Compared to monolayer cells, the mean fluorescence
intensity (MFI) of vinculin observed in the LSCM images of
the SAW spheroids was found to be significantly higher (p <
0.0001, n = 20), as shown in Figure 8, again indicating greater
co-localization of vinculin in the spheroids. This is simply

DAPI

Phalloidin

Overlay

Figure 7. Representative confocal microscopy images revealing the focal adhesion points and nuclei of monolayer BT-474 cells (top panel, control)
and that of a 20-day old BT-474 spheroid generated using the SAW microcentrifugation device at an applied power of 1.06 W (bottom panel).
Nuclei were stained by DAPI and displayed in blue, focal contacts were stained by antivinculin antibody and displayed in green, whereas F-actin was
stained by TRITC-conjugated phalloidin and displayed in red. Images were overlaid in the last column. The scale bars represent 100 gm lengths.
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Figure 8. Mean fluorescence intensity (MFI) of vinculin expressed in
monolayer BT-474 cells (control) and 20-day old BT-474 spheroids
generated using the SAW microcentrifugation device at an applied
power of 1.06 W. We observe the mean fluorescence intensity in the
former is significantly lower than that in the latter (p < 0.0001). The
error bars represent the standard deviation (n = 20).

because more cells are packed in the 3D structure compared to
that in the monolayer culture. Together, these reveal the
possibility for the production of 3D spheroid structures with
the SAW microcentrifugation method.

4. CONCLUSION

In summary, we demonstrate the feasibility of interfacing a
SAW microfluidic device with a superstrate, which could
constitute a tissue culture dish or a microarray well plate, for
the controlled generation of uniform cellular spheroids. This
has considerable advantages over other microfluidic devices for
spheroid production given that existing laboratory formats
already well familiar with biologists and laboratory technicians
and for which ancillary equipment such as microscopes and
plate readers have been designed to fit are retained without
requiring further investment into new analytical equipment.
Further, the chip-scale dimensions of the SAW device, as well
as its low-cost by exploiting the economies-of-scale associated
with large volume nanofabrication, facilitate scale-out (i.e.,
numbering up) for high throughput operation: while we have
demonstrated the use of a SAW device to enhance spheroid
production in a single microwell on a standard tissue culture
microplate, the use of multiple SAW devices in parallel, one
under each well, for example, can easily be envisaged. This is
relatively straightforward and allows the possibility for
individual addressability of each well, although necessitating
the development of a circuit controller.

The acoustic irradiation is coupled into the microwell
through a fluid couplant layer sandwiched in between. Through
symmetry breaking of the sound waves in the liquid, an intense
microcentrifugation flow can be induced in the microwell,
which drives the concentration of the cells into a tight
aggregate. This is aided by the use of a low-adhesive hydrogel
coating on the microwell walls, which prevents cell adhesion to
the wall and suppresses standing sound waves which trap cells
at nodal positions away from the center. We show that compact
and circular spheroids can be generated, whose size can be
controlled by tuning the input power of the SAW: the most
compact and uniform (in terms of circularity) spheroids were
obtained at intermediate powers since a trade-off exists between
the increasing concentration and aggregation of cells with more
intense microcentrifugation flow as the power is increased and
the increasingly dispersive nature of the intense chaotic flow at
high powers beyond a threshold value. This optimum power is
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observed to depend on the cell seeding density. In any case, the
ability for spheroidal size control simply through the input
power represents a distinct improvement because it circum-
vents the need for the fabrication of multiple devices with
various geometric designs. Moreover, only a small number of
cells are needed for the seeding which is important for
applications in which cells are scarce, for example, in the
generation of embryoid bodies from human stem cells or
human induced pluripotent stem cells. Furthermore, the cell
concentration process is rapid, requiring only a minute,
compared to other conventional methods such as the liquid
overlay methods which require at least a day; the fast gelation
rate of the CMC-TYR hydrogel also considerably reduces the
preparation time for coating the tissue culture surface.
Compared to the conventional hanging drop method, the
SAW microcentrifugation method has the advantage of being
able to handle larger fluid volumes through parallelization by
scaling out the operation. Further, the resulting spheroids
exhibited the concentric heterogeneous cell population arrange-
ment and tight cell-to-cell interfaces typically observed in solid
tumors in vivo, thus demonstrating the potential usefulness of
the platform for improving cancer biology and drug screening
investigations.
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