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Abstract. Three-dimensional (3D) culture of multicellular spheroids, offering a desirable
biomimetic microenvironment, is appropriate for recapitulating tissue cellular adhesive complexity
and revealing a more realistic drug response. However, current 3D culture methods are suffering
from low-throughput, poor controllability, intensive-labor, and variation in spheroid size, thus not
ready for many high-throughput screening applications including drug discovery and toxicity
testing. Herein, we developed a high-throughput multicellular spheroid fabrication method using
acoustofluidics. By acoustically-assembling cancer cells with low-cost and disposable devices,
our method can produce more than 12,000 multicellular aggregates within several minutes and
allow us to transfer these aggregates into ultra-low attachment dishes for long-term culture. This
method can generate more than 6,000 tumor spheroids per operation, and reduce tumor spheroid
formation time to one day. Our platform has advantages in forming spheroids with high throughput,
short time, and long-term effectiveness, and is easy-to-operation. This acoustofluidic spheroid
assembly method provides a simple and efficient way to produce large numbers of uniform-sized
spheroids for biomedical applications in translational medicine, pharmaceutical industry and basic

life science research.
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1. Introduction

Traditional in vitro drug screening, normally based on 2D cell cultures on plastic surfaces, 1,2
cannot recapitulate the in vivo physiological conditions, such as the complex microenvironment
due to the lack of appropriate cell-cell and cell-matrix interactions and absence of tissue-specific
architecture, mechanical, and chemical cues that are essential for unigue functions of tissues and
organs in the body.s The lack of physical-biochemical characteristics of the cell monolayer
generally leads to greater efficiency of drugs reaching specific molecular targets, which in turn
contributes to the high failure rate of compounds at the latter stages of dug development. To
overcome this limitation, 3D cell culture methods have been developed to better represent the in
vivo microenvironment and mimic the physiological functions of living tissues when investigating

the response to therapeutic agents.s, s

3D tumor spheroid culture is considered as an improved in vitro model to mimic biological
properties of poorly vascularized regions of tumors and non-vascularized micro-metastases since
they retain the architecture and many morphological and physiological characteristics of their
tumor counterparts. s-s Spheroid formation is one of the most well characterized models for 3D
culture and screening due to its simplicity, reproducibility, and similarity to physiological tissues
as compared to other scaffold-based methods.s, 10 Spheroids are self-assembled spherical
clusters of cell colonies cultured in environments where cell-cell interactions dominate over cell-
substrate interactions, and they naturally mimic avascular tumors with inherent metabolic (oxygen)

and proliferative (nutrient) gradients.11-16

Although tumor spheroids have been widely recognized and served as excellent physiologic
tumor modelsi7, it has been difficult to scale up spheroid culture for screening and testing.
Traditional spheroid formation and culture systems used hanging dropsis, non-adherent
surfacesis, spinner flask cultureszo, scaffold structureszi, 22 or micro/nanostructureszs. However,
these methods require complex set-up, are time-consuming, low-throughput, and low-yielded,
and produce spheres of irregular size leading to many difficulties in scale up. Recently, various
microfluidic devices have been developed to increase spheroid formation efficiency and simplify
handling procedures.2ss1 The significant advantages of microfluidic devices include providing
controlled mixing, chemical concentration gradients, lower reagent consumption, continuous
perfusion and precision control of shear stress on cells.s2-33 Many of these techniques, however,
still suffer from problems such as inability to support long-term culture and incompatibility with
high-throughput drug screening.



Acoustics provides a promising alternative approach for spheroid fabrication, benefiting from its
excellent biocompatibility, flexibility, and contactless and label-free manipulation of cells while
preserving the cells’ native state.s-s1 In this paper, we describe a high-throughput acoustic
spheroid fabrication method in a simple disposable polydimethylsiloxane (PDMS) device. In
comparison with conventional 3D spheroid formation methods, the developed platform has the
following advantages: (i) high generation yield and reproducibility, (ii) fast spheroid assembly with
controllable size, (iii) long term culture that maintained high viability, (iv) applicability to a wide
range of cells lines, and (v) high-throughput drug screening with close-to-physiological medium

flow conditions.
2. Results and discussion

Working mechanism: We developed a high-throughput cell spheroid fabrication method as a
new advance of our early work on surface acoustic waves (SAW) and acoustofluidics.s2-s5s The
spheroid fabrication device can be assembled by coupling a disposable PDMS device with
multiple cell assembly channels onto a reusable standing surface acoustic wave (SSAW)
generator using a thin layer of oil. The PDMS devices were fabricated by bonding a thick PDMS
stamp with parallel spheroid assembly channels onto a thin PDMS layer (Fig. 1(a)). Once the
radio frequency (RF) signal was applied, a SSAW field was generated by the SSAW generator,
propagated on the piezoelectric substrate, and leaked into the PDMS channels through the thin
layer of coupling oil between the SSAW generator and a PDMS layer. When the SSAW entered
into the PDMS channels and met with the liquid, a linear pressure node distribution was formed
inside of each channel. The suspended single cells were moved towards and trapped into the
sounding pressure node under the driven of acoustic radiation forces in each channel (Fig.1(b)).
With a 3 min acoustofluidic treatment, randomly distributed cells were moved to the nearby
pressure nodes and acoustically-assembled into 3D multicellular aggregates in a large-scale dot-
array pattern. In our experiments, we generated 12,000 pressure nodes at the same time within
one PDMS device, resulting in 12,000 cell aggregates. After an on-chip incubation, these 3D cell
aggregates were developing cell-cell contacts and self-assembled into mature aggregates. These
cell aggregates could be washed from the disposable PDMS device and cultured in the ultra-low
attachment dishes, while the SSAW generator could be reused for another spheroid assembly

experiment.

High-throughput and short time spheroid formation: In our previous work, we demonstrated

the generation of cell spheroids using directly bonded acoustofluidic devices or disposable glass



capillaries coupled with standing acoustic waves, however, the throughput of cell spheroid
generation was limited at around 300.se, 57 In this work, we developed a new strategy to
significantly increase the throughput of cell spheroid production from 300 to 6,000. In our
experiments, we generated surface acoustic waves with a wavelength of 300 um. The PDMS
device was designed with 60 parallel channels and each channel with a dimension of 3 cm x 150
pm x 150 um. Thus, about 12,000 pressure nodes could be formed at the same time within a
PDMS device. The suspended cells in each channel can be moved towards and captured in the
sounding pressure node as a 3D trap with a dimension of 150 pm x 150 pm x 150 pum resulting in
12,000 cell aggregates on the whole device (Fig. 1 (c)-(d)). In our experiments, mouse pancreatic
cancer cell line-Panc02ss were injected in the PDMS device. Before turning on the acoustic field,
all the cells were randomly distributed in each microfluidic channel. After applying the acoustic

field, the Panc02 cells were trapped into 3D cell aggregates in a large-scale, dot-array format (Fig.

2(a)-(b)).

To maintain the cell aggregates during transfer from the PDMS device into the ultra-low
attachment petri-dish, we optimized the on-chip incubation time from 1 to 5 hours. If the incubation
time was more than 2 hours for cell-cell adhesion, Panc02 spheroids remained largely intact after
this transfer process, at an efficiency of approximately 50% (50.54+1.43% to 52.75+2.58%)
(Figure 2(c)). Thus, we determined 2 hours as the optimal incubation time for cells aggregates to
form cell-cell contacts. With our acoustofluidic design, 12,000 cell clusters could be generated per
operation. The transfer of the acoustic assembly of cell clusters from the device to an ultralow
attachment dish yielded more than 6,000 cell spheroids after one day culture (Figure 2(d)) and
provided a much better production throughput with shorter formation time than other methods
(Table 1).

Additionally, we also compared our method with commercially available methods such as
Corning® spheroid microplates. Tumor spheroid cultures were visualized at day 0, day 0.5, day
1, day 3, day 5, and day 7. In Fig.3, Panc02 cells started to form spheroids at 12 hours using our
acoustic assembly approach, whereas spheroids were not formed until day 3 using commercial
microplates (Fig. 3). This suggests that our acoustic assembly platform has the ability to
accelerate spheroid formation, likely due to the initial compact cell aggregate formation by
acoustics. Therefore, we demonstrated a tumor spheroid formation technique with a greater high-

throughput and efficiency.

Tumor spheroid characterization: To characterize the developed cell spheroids, mouse

pancreatic cancer cell line-Panc02 cells were acoustically-assembled into cell spheroids as



described above and cultured for 7 days. Cell viability and proliferation rates were characterized
using live/dead staining and cell counting kit-8 tests. Fig.4(a) and Fig.4(b) showed the live/dead
staining of Panc02 cell spheroids over a 7-day culture, indicating that the majority of cells (>90%)
remained viable after 7 days of culture. Cell proliferation was assessed using the cell counting kit-
8. The cell number inside the Panc02 spheroids increased dramatically during the 7-day culture
indicating a healthy proliferation in the dish (Fig. 4(c)). In addition, the size uniformity of the
Panc02 cell spheroids was characterized from Day 1 to Day 3. Fig.4(d) showed the size
distribution of cell spheroids. As seen, the cell spheroids formed by our method had good
uniformity initially, and size difference increases as spheroids start to merge occasionally during

the boundary and matrix free culture (Fig. 2(d)).

To apply our method for various cell lines, we chose six different types of mouse and human
cancer cell lines. As shown in Fig.5, murine pancreatic cancer cell lines Panc02, UN-KC-6141,
murine breast cancer cell line EO771 and human breast cancer cell line MCF-7cell spheroids
showed smooth boundary and compact spheroidal shape after 7 days of culture, whereas human
ovarian carcinoma cell line A2780, and human lung cancer cell line A549 formed only loose
aggregates after 7 days of culture. The aggregates of human cancer cell lines can be easily
disrupted mechanically by pipetting, suggesting the cell-cell contacts established by these
cultures are weak. This difference between mouse and human cancer cell line spheroids is
consistent with other reports using scaffold free spheroid formation methods.s This observed
spheroid morphology did not change in cultures maintained up to 14 days. This suggests that our
acoustic cell assembly system produces both for both human and murine spheroids with

characteristics consistent with lower throughput methodologies.

In vitro spheroids have been reported to reflect in vivo nutrient, cytokine and oxygen distribution.
It has been reported that large spheroids consist of proliferative, quiescent and necrotic zones.11
Cells in the necrotic core have disintegrated nuclei and membranes, and they lose their activities
due to nutrients starvation and toxic waste accumulation. Beyond the diffusive limit, metabolic
wastes are accumulated in the inner layer of the spheroids, leading to the formation a necrotic
core. To examine the existence of hypoxia, the tumor spheroids were stained with the Image-IT™
Hypoxia Reagent. As shown in Fig.6, spheroids of mouse embryonic cell line P19, and mouse
pancreatic cancer cell lines Panc02 and UN-KC-6141 were cultured for 10 days to allow for
formation of the hypoxic core. As indicated by the staining, hypoxic cores were observed in the
center of the spheroid. The hypoxic centers of the spheroids were similar to those reported for

other assembly methodsiz.



Drug testing: We further demonstrated the compound screening with assembled tumor
spheroids using our acoustofluidic method. As Gemcitabine is the most common chemotherapy
used to pancreatic cancer,ss we evaluated its efficacy against Panc02 spheroids. Gemcitabine
was applied in a range of 0.1 uM~100 pM. Parallel experiments were set with traditional 2D
monolayer cell cultures to examine differential response of 2D and 3D cell cultures. Cell number
and viability were measured using MTT assay after 2 days of Gemcitabine treatment at the
concentrations of 0.1, 1, 10, 25, 50, and 100 puM. The IC50 value was calculated. For the
monolayer culture, the IC50 of Gemcitabine on Panc02 cells was 9.99+0.07 pM while the IC50
value for spheroids was 18.38 + 0.09 uM (Figure 7). From the regression curves, both spheroids
and monolayer cultures showed a dose-dependent response to the drugs. This indicates that
Panc02 cells grown in the form of spheroids retained dosage-dependent cytotoxicity of the drug.
However, spheroids were shown to confer a higher resistance to Gemcitabine treatment in
comparison to its monolayer counterpart, which could be attributed to several characteristics of

3D culture as investigated in other studies.so
3. Experimental

Cell preparation: Human breast cancer cell line MCF-7, human lung cancer cell line A549,
human ovarian cancer cell line A2780, and murine embryonic carcinoma cell line P19 were
purchased from the American Type Culture Collection (ATCC, Rockville, MD). MCF-7 cells, A549
cells, Panc02 cells, and UN-KC-6141 cells were maintained in Dulbecco’s modified Eagle medium
(GIBCO), supplemented with 10% fetal bovine serum (FBS; GIBCO) and 100U/mL
penicillin/streptomycin (P/S; GIBCO). A2780 cells were maintained in RPMI-1640 medium
(GIBCO), supplemented with 10% fetal bovine serum (FBS; GIBCO) and 100U/mL
penicillin/streptomycin (P/S; GIBCO). P19 cells were cultured in Alpha Modified Eagle’s Medium
(Corning, NY) supplemented with 10% fetal bovine serum (FBS; Gibco) and 100U/mL
penicillin/streptomycin (P/S; Gibco). All cells were cultured in a humidified incubator
supplemented with 5% CO:2 at 37 °C. Cell suspensions were made by dissociating cells with 0.25%
trypsin-EDTA (Gibco 25200, Invitrogen Co.), centrifuging dissociated cells at 400 g for 5 min at
room temperature and re-suspending in culture media. Cell density was enumerated using a

hemocytometer.

Device fabrication: Microfluidic device was produced by soft lithography from Sylgard 184
polydimethylsiloxane (PDMS) using molds made with SU-8.61, 62 After drilling holes for an inlet

and outlet with a puncher (1 mm diameter, Harris Uni-Core, USA), we took advantage of oxygen



plasma treatment (PDCO001, Harrick Plasma, USA) to bind the molded PDMS chamber to a thin
layer of PDMS film (25 pm thickness) that was spin coated on a surface polished silicon wafer.

The SSAW generator was fabricated by a standard soft lithography and lift-off process. A 7-um-
thick photoresist layer (S1813, MicroChem, USA) was spin-coated on the piezoelectric substrate
(a 500-pm-thick, double-side polished, 128° YX-propagation LiNbOs wafer). Then, the designed
IDT patterns of 40 electrode pairs with the 75 pym finger width and periodic spacing were
transferred from the plastic mask (Kunshan Kaisheng Electronics Co., Ltd, China) to the substrate
by UV exposure. The IDT patterns were developed in a photoresist developer (MF CD-26,
Microposit, USA) and deposited with double metal layers (Cr/50 A, Au/600 A) by a thermal
evaporation (JSD-350, Anhui Jiaoshuo Vacuum Technology Co., Ltd, China). IDTs on the
piezoelectric substrate were finally obtained after a standard lift-off process. Then the resonant
frequency of the fabricated SSAW generator was measured at around 13.13-13.41 MHz using a
network analyzer (E8362C, Agilent, USA).

Prior to the cell assembly, the PDMS device was sterilized by autoclaving at 121 °C for 30 min.
During experiment manipulation, the disposable PDMS device was assembled on top of a SSAW
substrate with a layer of coupling oil. The mineral oil (SLBX1961, SIGMA, USA) was chosen as
the coupling material to introduce the acoustic waves from the substrate to the above device. In
comparison with water or olive oil or other coupling materials, mineral oil can offer both a lower

evaporation rate and a better coupling performance with causing no harm to cell viability.

High-throughput acoustic cell assembly: In the cell patterning experiment, cells were
aggregated into linear assembly arrays in PDMS channels by applying a radio frequency signal
produced by a function generator (AFG3102C, Tektronix, USA) and modulated with an amplifier
(25A100A, Amplifier Research, USA) to the IDT pair. The movement of cells was monitored and
recorded by a microscope (IX-81, Olympus, Japan) with a CMOS camera (ORCA-Flash 4.0,
HAMAMATSU, Japan) connected to a computer (Cellsens) The input voltages on the devices
were from 10 to 60 Vpp. Different kinds of cells were resuspended in type | collagen (Life
Technologies, USA) and injected after the acoustic field was formed. The whole acoustic cell
aggregation process took one minute. To form cell spheroids, the cell clusters were incubated in
PDMS device for a short period and subsequently transferred into ultra-low attachment plates
(Corning, 3471, USA) with fresh cell culture medium. The cell cluster plate was incubated and
maintained at 5% CO:2 and 37 °C. These cell clusters were imaged and recorded every day for

several days until spheroids like structure formed.



Spheroid formation by Corning® spheroid microplates: Panc02 cells used in this study were
harvested as single cell suspension with 0.25% Trypsin-EDTA solution (Gibco 25200, Invitrogen
Co) for 2 min at 37 °C, centrifuged at 400 g for 5 min and resuspended in their respective culture
media. To induce 3D spheroid formation, the harvested cells were seeded at fixed density of 500
cells per well into Corning® spheroid microplates (Corning, USA), spun down at 400 g for 3 min
and incubated at 37 °C, 5% CO2. Spheroid cultures were visualized at 0~7 days using a

microscope.

Tumor spheroid proliferation and viability tests: Cell proliferation was assessed using the cell
counting kit-8 (CCK-8; Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. Control cells were exposed to an equivalent amount of vehicle. Tumor spheroids or
cultured tumor cells were incubated in the CCK-8 solution for 4 h, and the supernatants were
transferred to 96-well plates. Cell proliferation was assessed by measuring the absorbance at 450
nm using the Epoch™ microplate spectrophotometer (Bio-Tek Instruments, USA). The viability
testing was achieved by the live/dead stain assay (live/dead viability kit, L3224, Thermo Fisher
Scientific Inc.). Tumor spheroids were stained with a mixture of 2 yM Calcein AM and 4 uM
ethidium homodimer-1 to stain for live and dead cells, respectively. Brightfield and fluorescent

images were captured using a microscope (IX83, Olympus, Japan).

Tumor spheroids hypoxia characterization: To examine hypoxia, the tumor spheroids were
stained with the Image-IT™ Hypoxia Reagent (Invitrogen™, USA) according to the
manufacturer’s instruction. The reagent was added to the spheroids at a final concentration of 10
MM and incubate at 37 °C for 48 hours. The spheroids were then imaged on the fluorescence

microscope with excitation/emission of 490/610 nm.

Cytotoxicity assay: The cytotoxic effect of the chemotherapeutic drug Gemcitabine (LC
Laboratories, Woburn, MA, USA) on Panc02 cell spheroids culture was compared to the cytotoxic
effect on monolayer culture. For the cytotoxic assay, 1x104 cells suspended in complete medium
were seeded in each well of a 96-well plate. The 4-day-old Panc02 spheroids were transferred to
a new 96 ultra-low attachment well plate. The next day, the cells and spheroids were treated with
different concentrations of Gemcitabine solution (0, 0.1, 1, 10, 25, 50, 100 puM) in sextuplicate
wells. After incubating the cells with Gemcitabine for 48 h, 20 pl of MTT solution (5 mg/ml) was
added into each well, and the cells were incubated for 4 hours. While the monolayer culture was
left untouched in the original plate, the content of each well containing the tumor spheroids culture
was transferred to a new, flat bottom 96-well plate before the plate was centrifuged at 200xg for

5 minutes. Then, 100 ul of media was aspirated from each well from the plates containing the



monolayer and spheroids cultures. The plates were then blotted dry on paper towels, followed by
the addition of 100 pl of DMSO. Finally, absorbance was recorded at 570 nm using the Epoch™
microplate spectrophotometer (Bio-Tek Instruments, USA). The assay was carried out with 3

replicates for each culture.

Statistical analysis: Data presented in this study are representative of at least three independent
experiments. All values are expressed as arithmetic mean * standard deviation (SD). Statistical
difference between experimental groups was determined using Student's t test, when P

values<0.05 were considered statistically significant.

4. Conclusions

Our study presents a proof-of-concept in improving the cell spheroid formation throughout and
time using acoustofluidics, for the purpose of drug efficacy, metabolism and toxicity studies.
Compared to the traditional spheroid formation and culture methods, our approach generates a
larger number of spheroids in a short time. Like other spheroid methods, the scaffold-free nature
of the presented approach has the potential to eliminate the effects associated with stiffness,
roughness and chemical composition of these substrates that affect cell behavior and phenotype.
We expect that the acoustofluidic cell assembly technique can be used as a powerful tool for high-

throughput screening in new drug development processes.
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Figures and captions

(a) \ (b) Acoustic Cell Assembly

Culture

Fig.1. Working mechanism of acoustofluidic cell spheroid fabrication. (a). Schematic plot of high-
throughput acoustofluidic cell spheroid assembly device. This device contains a disposable
(polydimethylsiloxane, PDMS) device with multiple cell assemble channels and a reusable
surface acoustic wave generator. (b) Schematics show acoustic cell assembly. The cells were
randomly distributed in the microchannel without acoustics (c), aggregated into cell clusters with
acoustics (d), and then transferred and cultured in an ultra-low attachment dish after an on-chip

incubation (e).
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Fig.2. High throughput and short time cell spheroid formation. (a)-(b). Microscopic images of
large-sale acoustofluidic assembled of cells before(a) and after(b) in the PDMS device. (c). The
dependence of spheroids formation efficiency on on-chip incubation time. (d) Panc02 cell

spheroid cultures in the ultra-low attachment petri-dish after one day culture. Scale bar: 500 um



Acoustic assembly

Spheroid microplate |
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Fig.3. Acoustofluidic spheroid assembly vs Corning® spheroid microplate. Images of spheroid
cultures at day 0, day 0.5, day 1, day 3, day 5 and day 7 were acquired using a microscope.

Panc02 cell spheroids were formed around 0.5 day with our acoustic assembly method, while the

Panc02 cell spheroids were not very well generated for 3 days with spheroid microplate method.

Scale bar: 100 pm
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Fig.4. Cell spheroid characterization. (a). Panc02 cell spheroids were cultured in an ultra-low
attachment dish for one week. Live cells were labeled with Calcein AM (green), and dead cells
were labeled with ethidium homodimer-1(red). (b). The viability of Panc02 cells in the spheroids
from day 1 to day 7. (c). Cell proliferation test of Panc02 cell spheroids with CCK-8 kit. (d). The
sizes of Panc02 cell clusters and spheroids were measured from day 1 to day 3. Scale bar: 100

um
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Fig.5. Cell spheroid formation with different cell types using our acoustofluidic method. Panc02,
UN-KC-6141, EO771 and MCF-7 cell spheroids were round and compact after 7 days of culture.

While A2780 andA549 formed only loose aggregates of cells after 7 days of culture. Scale bar:
100 pm
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Fig.6. Hypoxic core of tumor spheroids. (a). Schematics shows the three-layered structure of the
tumor spheroids including proliferating zone, quiescent zone, and necrotic zone (from outside to
inside). (b)-(d) Hypoxic regions (in red) of P19 cell spheroid (b), Panc02 cell spheroid (c), and UN-
KC-6141 cell spheroids(d). Scale bar: 200 pum
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Fig.7. The drug (gemcitabine) resistance comparison between the monolayer cultures (black) and
spheroid models (red) using MTT assays. Monolayer and spheroidal cultures of Panc02 cells
were exposed to gemcitabine for 2 days. The results were presented as means + S.E.M of three

independent experiments. (*P<0.001)



Table 1. Cell spheroid formation methods

Technique Time required Cell Number Number of Uniformity
[Day] required [x10e] spheroids Control
Acoustic assembly 1 0.2 High (>6,000) Yes
Spheroid microplatess 3-7 0.5 Low (96-384) No
Hanging dropaz 7 0.5 Low (96-384) Yes
Magnetic levitationea 7 0.5 Low (96) Yes
Spinner-flaskes 14-35 5 High No




