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Abstract
Acoustic cell assembly devices are applied in cell spheroid fabrication attributed to 
their rapid, label-free and low-cell damage production of size-uniform spheroids. 
However, the spheroids yield and production efficiency are still insufficient to meet 
the requirements of several biomedical applications, especially those that require 
large quantities of cell spheroids, such as high-throughput screening, macro-scale 
tissue fabrication, and tissue repair. Here, we developed a novel 3D acoustic cell 
assembly device combined with a gelatin methacrylamide (GelMA) hydrogels for 
the high-throughput fabrication of cell spheroids. The acoustic device employs three 
orthogonal piezoelectric transducers that can generate three orthogonal standing 
bulk acoustic waves to create a 3D dot-array (25 × 25 × 22) of levitated acoustic 
nodes, enabling large-scale fabrication of cell aggregates (>13,000 per operation). 
The GelMA hydrogel serves as a supporting scaffold to preserve the structure of cell 
aggregates after the withdrawal of acoustic fields. As a result, mostly cell aggregates 
(>90%) mature into spheroids maintaining good cell viability. We further applied 
these acoustically assembled spheroids to drug testing to explore their potency in 
drug response. In conclusion, this 3D acoustic cell assembly device may pave the way 
for the scale-up fabrication of cell spheroids or even organoids, to enable flexible 
application in various biomedical applications, such as high-throughput screening, 
disease modeling, tissue engineering, and regenerative medicine.

Keywords: Acoustic cell assembly; Levitated acoustic nodes; Cell spheroids; Drug 
screening; High-throughput fabrication

1. Introduction
During the last decades, cell spheroids as advantageous models were used in various 
biomedicine studies, such as drug screening[1], disease modeling[2], tissue engineering, 
and regenerative medicine[3]. Compared to commonly two-dimensional (2D) 
monolayer cultures, tumor spheroids represent better in vivo histological and biological 
characteristics, such as three-dimensional (3D) distribution of nutrients, metabolites 
and oxygen, as well as complex interactions of cells and extracellular matrix[4], making 
their drug responses similar to those found in vivo[5-7]. More recently, cell spheroids 
as building blocks promise to bring tissue engineering to next level[8-10]. Instead of 
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individual cells as building blocks, the high cell density 
of spheroids coupled with self-synthesized extracellular 
matrix endow fabricated tissues with faster maturation and 
better functionality[11-14]. With these merits, more advances 
based on spheroids have been potentially developed in 
several fields of high-throughput screening[15], precision 
medicine[16,17], and complex large tissue fabrication[18], 
however, which puts forward higher criteria on cell 
spheroids with identical morphology and physiology as 
well as in sufficient quantity[19,20].

To date, many technologies have been developed to 
fabricate cell spheroids[21-23]. A hanging drop was frequently 
used, due to easy handling and user-friendliness[24,25]. 
Based on gravity force, cells in small drops would settle and 
aggregate at the bottom of the drop, and eventually formed 
spheroids. This method generates spheroids in uniform 
size, but it is labor-intensive, time-consuming, and low-
throughput. Several commercially available methods, 
including spinner flask[26], rotary cell culture system[27], and 
low-attachment microplate[28], enable mass production. 
However, the shear stress may induce cell damage and 
poor size uniformity, and the microplate (e.g., AggreWell) 
is not cost-effective. Other engineering methods, such 
as microfluidic[29-31], electric[32], and magnetic-assisted[33] 
assembly of spheroids, are capable of size control, whereas 
they have some shortcomings, such as complex device 
fabrication, medium modification, and/or cell labeling. For 
example, cells were labeled by magnetic nanoparticles or 
suspended in a paramagnetic medium for robust assembly 
by magnetic forces, which might adversely affect cell 
growth or physiology[34,35]. Therefore, taking into account 
the problems with the above methods, more advanced 
spheroid-formation approaches are highly desirable to 
fulfill the requirements, including simplicity, ease of 
operation, biocompatibility, uniformity in size, and large-
scale production.

As an alternative solution, acoustic assembly technique 
may generate better cell spheroids because it enables 
excellent biocompatibility and provides label-free 
manipulation of cells[36-38]. Commonly, this technique 
employs acoustic waves to create standing acoustic fields 
that have spatial distribution of periodic array of acoustic 
nodes (ANs)[39-41]. In these fields, suspension cells in culture 
medium are moved to the nearby ANs and assembled into 
cell aggregates under the action of acoustic radiation force, 
thereby rapidly generating cell spheroids with uniform 
size[42]. So far, several designs of acoustic assembly device 
have been developed for the generation of spheroids. For 
instance, standing surface acoustic waves (SAWs) were 
combined with a disposable capillary or multi-PDMS 
channels to form a 1D (1 × 30) or 2D (200 × 60) dot-array 
of ANs, respectively[38,43]. The latter can assemble more 

than 12,000 uniform cell aggregates per operation. One 
problem of this system is that the structure of the loosely 
assembled cell aggregates was easily damaged during 
the process of transferring from the channel to the Petri 
dish, resulting in a low maturation efficiency of spheroids. 
Besides, the ANs of SAW-based device was located near 
the substrate surface, limiting the capability to create 
more ANs to further improve the yield of aggregates[36,44]. 
In contrast, bulk acoustic waves (BAWs)-based devices 
enabled the formation of standing wave fields throughout 
the chamber[40,45,46]. Jeger-Madiot presented a multi-trap 
acoustic levitation device to create a 1D (1 × 30) plane-
array of ANs, where cells can be levitated into multiple 
paralleled layers vertically and self-organized from cell 
sheets to cell spheroids[47]. Cai et al. used two standing 
BAWs to create a 2D (10 × 10) column-array of ANs so 
that 100 cell aggregates can be generated horizontally[48]. 
Despite this, the number of ANs produced by existing 
BAW-based devices was still small for mass production of 
cell spheroids. Nevertheless, these above works inspired 
us to investigate whether the 2D column-array of ANs in 
BAWs-based devices could be divided into 3D dot-array of 
ANs, when applying an acoustic levitation field, to create 
10 × 10 × 30 dot-array of ANs so as to enable further 
improvement of yield of cell aggregates or spheroids by 
more than an order of magnitude.

Herein, we developed a 3D acoustic assembly device 
based on BAWs capable of creating a 3D dot-array of 
levitated acoustic nodes (LANs) for high-throughput 
fabrication of cell spheroids. Three orthogonal piezoelectric 
transducers (PZTs) were employed in this acoustic device 
to generate three orthogonal standing BAWs. We illustrated 
that these standing BAWs can create 3D dot-array (25 × 
25 × 22) of LANs, through simulation and experiment 
validation. In this case, more than 13,000 aggregates were 
generated, and their number can be further increased by 
raising the position of the vertical PZT. To improve the 
maturation efficiency of cell aggregates into spheroids, we 
adopted GelMA hydrogels that can be rapidly photocured 
as supporting scaffolds to maintain and preserve the 
structure of cell aggregates after the withdrawal of acoustic 
fields or during the process of transferring them into Petri 
dish. As a result, most of cell aggregates (>90%) matured 
into cell spheroids with uniform size and high viability 
(>90%). Finally, we confirmed that these cell spheroids can 
be easily retrieved from the GelMA scaffold for subsequent 
drug testing.

2. Materials and methods
2.1. Acoustic device fabrication
To generate levitated acoustic nodes in three dimensions, 
three orthogonal acoustic standing waves are acquired, thus 
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the 3D acoustic assembly device was designed composed 
of three PZTs (PZT-41, Yantai Xingzhiwen Trading Co., 
Ltd.), a square acrylic chamber (21 × 21 × 10 mm), and 
a manual Z-axis moving apparatus (minimum step, 10 
μm). The spacing between the two opposite walls of the 
chamber was an integer multiple of the half wavelength 
(λ = 500 μm). Two PZTs (20 × 10 mm; frequency, 3 MHz) 
were glued to the X and Y outer chamber with epoxy, 
respectively, and another PZT above the chamber was 
affixed to acrylic substrate (20  × 20 ×10 mm) that was 
mounted on the Z-axis moving apparatus (Figure S1a in 
Supplementary File). Each PZT was driven independently 
by a radio frequency (RF) signal generator (DG5352, 
Rigol) and a power amplifier (LCY-22 +, Minicircuit). To 
hold the cell suspension, a 1-mm thick acrylic sheet was 
glued to the chamber bottom.

2.2. Cell culture
Human hepatocellular carcinoma cell line C3A cells were 
cultured in Dulbecco’s modified Eagle medium (Gibco) 
supplemented with 10% fetal bovine serum (Gibco) and 
1% penicillin–streptomycin (Invitrogen, PA). The cells 
were cultivated in a humidified incubator at 5% CO2 and 
37°C in a T75 flask. At 80% confluence, cells were harvested 
with 0.25% trypsin-EDTA (Gibco) for sub-culture or cell 
suspension preparation.

2.3. Acoustic particle/cell assembly assay
The acoustic assembly device was placed on the fluorescence 
microscope stage, and a yellow light source was placed on 
the side of the acoustic device to supplement the upper 
bright light blocked by the vertical PZT, for observation of 
the assembly process. Then, fluorescent particles or fresh 
cell suspension (2 × 106 cells/mL) in 6% (w/v) GelMA 
(Regenovo) solution supplemented with 0.5% (w/v) 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 
(Sigma-Aldrich) were introduced to the acoustic chamber. 
Before acoustic assembly assays, a ring-shaped polyimide 
heating film placed underneath the device was used to 
maintain the surrounding temperature around 37°C by 
a proportional-integral-derivative (PID) controller, in 
order to keep the GelMA’s solution state. After that, the 
PZT located above the chamber slowly descended to the 
solution interface via Z-axis moving apparatus. To obtain 
good assembly pattern, the two PZTs in the horizontal 
direction were first applied with RF signals (frequency, 
3.12 MHz, 3.10 MHz; 2–5 Vpp) to get a clear pattern of 
2D array. Then, the vertical PZT was applied with another 
RF signal (2–5 Vpp) and the frequency of the signal 
(3.15 ± 0.2 MHz) was slowly adjusted until a periodical 
pattern of 3D dot-array appeared in the Z direction. Once 
particles or cells were assembled by desired patterns, 
the GelMA solution was crosslinked rapidly by a blue 

light (405 nm, 60 mW/cm2, 30 s) to form a 3D hydrogel 
scaffold. Subsequently, the scaffold encapsulating particles 
or cell aggregates were transferred to a Petri dish (35 mm, 
Biosharp) for confocal imaging or culture, respectively. 
For the cell assembly culture, the hydrogel scaffold was 
further divided into smaller pieces (2 × 2 × 3 mm) using a 
sterile surgical blade to sustain the supply for oxygen and 
nutrients for encapsulated cells.

2.4. Spheroid retrieval
After 3 days of culture, cell aggregates were grown in the 
GelMA scaffold and mostly fused into spheroids. Then, 
these spheroids were released by dissociating the GelMA 
scaffold using GelMA lysis buffer (EFL-GM-LS-001, EFL) 
according to the kit instructions. The scaffold was washed 
with phosphate-buffered saline (PBS) three times and 
then incubated with GelMA lysis buffer at a ratio of 1:200 
dilution with cell culture medium for 30 min at 5% CO2 
and 37°C. The spheroids were released, centrifuged, and 
resuspended, and then evenly transferred into an ultra-
low attachment 96-well plate (Corning) with fresh cell 
culture medium in an incubator set at 37°C and 5% CO2 
for subsequent drug testing.

2.5. Cell viability assay
The cell viability was assessed with Live-Dead kit 
(Beyotime) following manufacturer’s instructions. Briefly, 
cell aggregates in GelMA scaffold or cell spheroids in ultra-
low attachment 96-well plate were washed with PBS thrice 
and then immersed in fresh Calcein-AM/propidium iodide 
(PI) staining solution (2 μM Calcein-AM and 4 μM PI in 
PBS). After 30 min of incubation at 5% CO2 and 37°C, cell 
aggregates or spheroids were washed with PBS thrice and 
subsequently observed under a fluorescence microscope 
(Nikon, Ti-U, Japan). The cell viability was calculated as 
the ratio of the fluorescent area (green) to the total area 
using ImageJ software.

2.6. Drug testing
The retrieved C3A spheroids were tested for drug treatment 
using sorafenib, a targeted drug for advanced hepatocellular 
carcinoma, while the 2D culture was set up as control. To 
prepare the 2D culture, 2 × 104 cells were seeded in each 
well of a tissue culture-treated 96-well plate (Corning, 
3916), while the retrieved spheroids were transferred to 
an ultra-low attachment 96-well plate (Corning, 3474). 
After 24 h of culture, both the spheroids and 2D cultures 
were treated with different concentrations of sorafenib 
solution (0, 0.1, 1, 5, 10, 25, 50 μM) in triplicate wells for 
48 h of incubation at 5% CO2 and 37°C. Then, the sorafenib 
solution was carefully removed, and fresh Calcein-AM/PI 
staining solution (2 μM Calcein-AM and 4 μM PI in PBS) 
was added to access cell viability.
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2.7. Numerical simulation
To simulate acoustic field in our MLANs device, a 3D 
finite element analysis (FEA) model was developed using 
COMSOL Multiphysics 5.4a. To reduce the computational 
amount, we only considered the fluidic domain. The three 
PZTs were considered plane wave radiation boundary 
conditions at the X, Y, Z sides of the fluidic domain 
(Figure S1b in Supplementary File). A frequency domain 
solver was used to calculate the 3D acoustic field.

2.8. Statistical analysis
All data presented are quantified from at least three 
independent experiments. All values are presented as 
mean ± standard error of the mean. Significant differences 
between experiment groups were evaluated by Student’s 
t-test, and P < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Device design and working principle
To improve the yield of spheroids using acoustic cell 
assembly devices, the presence of more acoustic nodes 
is a prerequisite for fabricating more spheroid. Here, we 
developed a 3D acoustic cell assembly device for high-
throughput fabrication of cell spheroids (Figure 1). The 
device was made of three PZTs (20 × 10 mm; frequency, 
3 MHz) located at the three orthogonal walls of the square 
chamber. After applying the RF signals, the PZTs excited 
three orthogonal BAWs that propagated into the bulk 
of the solution and coherently interfered with their own 
reflected waves from the opposed chamber wall to form 
three orthogonal standing BAWs. As a result, a 3D dot-
array (25 × 25 × 22) of LANs was formed in the acoustic 
chamber. The number of LANs (>13,000) was higher than 
those obtained with currently used BAWs-based (>30) 
and SAWs-based (>12,000) acoustic devices[43,47], which 

meant that more cell aggregates could be fabricated by 
our acoustic devices. In this case, the suspended cells in 
GelMA solution were moved to the nearby LANs under 
the action of acoustic radiation force, and finally assembled 
into a 3D cell aggregate array. To facilitate the maturation 
of cell aggregates, aggregates need to be transferred into 
incubators. However, the process of transferring them will 
inevitably disrupt their aggregation structure, resulting in 
low maturation efficiency of spheroids[38]. To overcome 
this problem, we adopted biocompatible GelMA hydrogels 
that were photocured as supporting scaffolds[49], enabling 
to maintain and preserve the structure of cell aggregates. 
After that, the acoustic fields were withdrawn and these 
acoustically assembled cell aggregates within the GelMA 
hydrogel can be easily and non-disruptively transferred 
into Petri dishes for further incubation. During the 3 days 
of culture, most of cell aggregates (>90%) matured into 
cell spheroids, and were ready to be retrieved from the 
GelMA hydrogel dissociated by a GelMA lysis buffer for 
subsequent drug testing.

3.2. Characterization of 3D dot-array of LANs
In order to verify that the 3D dot-array of LANs was 
created, a numerical model was first used to predict 
the acoustic pressure field of the 3D acoustic assembly 
device (Figure  2a). The results showed that there are 
periodic distribution of levitated acoustic nodes in all 
three directions, as a result of a 3D dot-array of LANs 
created in the acoustic field. In general, suspended cells or 
particles are pushed toward the LANs under the action of 
acoustic radiation force (Figure  2b), and assembled into 
aggregates[42-44]. We used 10-μm fluorescent polystyrene 
particles to investigate it. To obtain good assembly pattern, 
the two PZTs in the horizontal direction were first applied 
with RF signals (frequency, 3.12 MHz, 3.10 MHz; 2–5 Vpp) 
to obtain a clear pattern of 2D array (Videoclip S1, with 

Figure 1. Working mechanism of the 3D acoustic assembly device for the high-throughput fabrication of cell spheroids. In 3D acoustic fields, the randomly 
suspended C3A cells in gelatin methacrylamide (GelMA) solution were acoustically levitated and assembled into cell aggregates with an 3D array pattern, 
once three orthogonal bulk acoustic waves (BAWs) generated by piezoelectric transducers (PZTs) were introduced. Then, blue light was turned on to 
photocrosslink the GelMA solution to maintain the structure of cell aggregates. After 3 days of culture, cell spheroids were formed and then retrieved for 
drug testing.
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description in Supplementary File). Then, the vertical 
PZT was applied with another RF signal (2–5 Vpp) and 
the frequency of the signal (3.15 ± 0.2 MHz) was slowly 
modulated until the spherical aggregates alternately 
appeared and disappeared in the Z direction as the 
microscope’s focus continued upward from the bottom 
(Videoclip S2, with description in Supplementary File). 
Subsequently, the GelMA solution was crosslinked by a 
blue light (405 nm, 60 mW/cm2, 30 s) to fix the assembled 
particle aggregates. To visualize the location of aggregates 
within the GelMA hydrogel, a confocal microscopy 
was used. From the 3D confocal images (Figure 2c; 
Videoclip  S3, with description in Supplementary File), 
the particle aggregates showed periodic distribution in 
both horizontal and vertical dimensions, forming a 3D 
dot-array pattern, which is consistent with our simulation 
result. Besides, the aggregates can be counted from the 
bright image as 25 × 25 × 9 = 5625 (Figure 2d).

3.3. High-throughput fabrication of aggregates
To obtain more cell spheroids, more LANs needed to be 
created in the acoustic device. Given that the standing 
BAWs present in the bulk of the solution, the number of 
LANs could be increased by adding more solution into the 
acoustic chamber; as a result, the height (H) of the solution 

was increased. In turn, the position of the vertical PZT was 
also elevated and positioned at the level of the solution. 
Theoretically, the number of created LANs can be estimated 
as 25 × 25 × L from Figure 2d. The L represented the layer 
of LANs in the Z direction, which was equal to H/(λ/2), 
when H (mm) was an integer multiple of half wavelength 
(λ = 500 μm in this acoustic device, so that L = 4H)[39-41]. 
Thus, the more layers of LANs were created, the greater 
the total number of LANs. To verify it, we implemented 
an experiment: Suitable volume of GelMA solutions was 
repeatedly added into the acoustic chamber to form six H 
values (3, 3.5, 4, 4.5, 5, 5.5 mm). Then, the vertical PZT was 
exactly positioned at the level of the solution by a manual 
Z-axis moving apparatus (minimum step, 10 μm). Once 
particles were assembled by desired patterns, the GelMA 
solution was photocrosslinked rapidly to form a GelMA 
hydrogel within 30 s of blue light exposure, for all the 
liquids with the above-mentioned H values. To visualize 
the Z-direction distribution of aggregates, the GelMA 
hydrogel was placed side-down on a glass slide for the 
observation of an inverted microscope. Figure 3a shows 
that the aggregates have a good array pattern, and the 
numbers of the layered aggregates, by observation, are 12, 
16, and 20, corresponding to H values of 3, 4, and 5 mm, 
respectively. Figure 3b shows that the layer of LANs was 

Figure 2. Characterization of the acoustic pressure field generated by the 3D acoustic assembly device. (a) Stereogram (left) and top view (right) of the 
simulated acoustic pressure field. The levitated acoustic nodes (minimal pressure) are periodically distributed in a 3D dot-array pattern. (b) In this acoustic 
field, the randomly suspended cells will move to the adjacent levitated acoustic nodes (LANs) under the action of acoustic radiation force (ARF). (c) 3D 
confocal images of the acoustically assembled particle aggregates. Scale bar: 250 μm. (d) Bright image of the particle aggregates periodically distributed in 
the gelatin methacrylamide (GelMA) hydrogel scaffold. Scale bar: 1 mm.
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linearly proportional to the H, having a good agreement 
with the simulation results. Accordingly, the total number 
of aggregates was also increased. At the H value of 5.5 mm, 
the number of aggregates was more than 13,000.

3.4. Acoustic assembly of cell spheroids
Having demonstrated the 3D acoustic assembly device’s 
ability to produce high-throughput particle aggregates in a 
3D-dot array pattern, we then applied them to fabricate cell 
spheroids. Hepatocellular carcinoma cell line, C3A cells, 
were evenly suspended in the 6% (w/v) GelMA solution 
(2 × 106/mL) containing 0.5% (w/v) LAP, and added into 
the acoustic chamber. The height of the solution was 
controlled at 3 mm. Once applying RF signals, a 3D-dot 
array of cell aggregates was generated, as shown in a serial 
view (Videoclip S4, with description in Supplementary 
File). It was observed that the acoustically assembled 
cell aggregates alternately appeared and disappeared as 
the microscope’s focal layer continued to move upward 
from the bottom. Figure 4a shows the distribution of cell 
aggregates at three different layers. It clearly demonstrates 
that cell aggregates in each layer were arranged in a dot-
array pattern, and had the same periodical distribution 
characteristic (Figure 4b). In this experimental setup, 7500 
(25 × 25 × 12) cell aggregates were fabricated per operation.

To further mature the cell aggregates, these loosely 
formed aggregates need to be transferred into an incubator. 
However, the transfer process would inevitably disrupt their 
aggregation structure, resulting in low production efficiency 
and low yield of spheroids. To prevent that, we employed the 
GelMA material to constitute the cell suspension. It has two 
major characteristics: (i) rapid photopolymerization into a 
crosslinked hydrogel to maintain and protect the structure 
of acoustically assembled cell aggregates, and (2) superior 
biocompatibility to enable the growth and maturation of 

cells or cell aggregates[49,50]. In this experiment, once the 
cell aggregates were acoustically assembled, blue light was 
turned on for 30 s to initiate the photopolymerization 
of GelMA to form a hydrogel scaffold. Consequently, 
cell aggregates encapsulated in GelMA hydrogel can be 
easily and non-disruptively transferred into Petri dish 
supplemented with corresponding medium for a week 
and cultured in a humidified incubator. To sustain the 
supply of oxygen and nutrients for encapsulated cells, the 
GelMA hydrogel scaffold was divided into smaller pieces 
(2 × 2 × 3 mm). Figure 4c shows the dynamic growth of 
the cell aggregates within the GelMA scaffold. At day 1, 
these loosely assembled aggregates were still composed 
of individual cells. Interestingly, at day 3 they formed 
compact spheroids with smooth contours. At day 7, 
the spheroids further matured and become darker. We 
determined the formation efficiency of spheroid, which 
depends on the incubation time, by calculating the ratio 
of the number of compact spheroids to the total number of 
initial cell aggregates.

Figure 4d shows that the efficiency of spheroid formation 
had reached more than 90% at day 3. Furthermore, we 
tested the viability of cells during the acoustic assembly 
and culture process (Figure 4e and f). The results revealed 
good cell viability (>90%) and no significant difference as 
compared to cells without acoustic treatment. Together, 
these results demonstrated that the novel 3D acoustic 
assembly device enabled to fabricate cell spheroids in a 
high-efficiency, high-throughput, and low-cell damage 
manner.

3.5. Cell spheroid retrieval
To flexibly apply the cell spheroids for diverse biological 
studies, such as high-throughput drug screening and tissue 
engineering, the acoustically fabricated cell spheroids need 

Figure 3. High-throughput fabrication of aggregates. (a) The number of aggregates fabricated by the 3D acoustic device were controllable with the 
adjustment on the height (H) of the solution. Scale bar: 1 mm. (b) Both the number of aggregate layer (L) and the yield show an increasing relationship 
with the H. In this acoustic device, more than 13,000 aggregates were fabricated.
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to be retrieved from the GelMA hydrogel scaffold. Here, 
we used a GelMA lysis buffer, which can dissociate the 
GelMA hydrogel to release the encapsulated spheroids. 
After a 3-day culture in incubator, the pieces of GelMA 
hydrogel were incubated with GelMA lysis buffer for 
30  min. Figure 5a shows that hundreds of spheroids 
could be released. These retrieved C3A cell spheroids still 
retained their intact morphology and preserved specific 
albumin expression. The size distribution of the retrieved 
cell spheroids was further counted. In Figure 5b, the results 
showed that 80% of the spheroids were distributed in the 
size range of 90–120 μm. Furthermore, we observed the 
growth of cell spheroid after the dissociation treatment. 
The retrieved cell spheroids were transferred into a low-
attachment culture plate for a 1-week culture. In Figure 5c, 
the results showed that the spheroid tended to be round 
and enlarged. Figure  5d shows the diameter of cell 
spheroids increased with the growth process. In addition, 
we evaluated the viability of cell spheroids by Calcein-AM/
PI staining (Figure 5e). The retrieved spheroids remained 
viable (>90%) throughout the 1-week culture (Figure 5f). 
To conclude, we demonstrated that the acoustically 
fabricated spheroids can be easily retrieved from the 
GelMA hydrogel scaffold using GelMA lysis buffers, and 
the high cell viability remained, enabling them to be used 

as reliable and sufficient models for further studies, such as 
drug screening.

3.6. Drug testing
After obtaining a large number of spheroids using our 
3D acoustic assembly devices, we further applied these 
acoustically fabricated spheroids in drug testing. As 
sorafenib is a first-line targeted drug for advanced liver 
carcinoma, we tested its efficacy against C3A spheroids[51,52]. 
The retrieved spheroids were dispensed into an ultra-low 
attachment 96-well plate and arranged into seven groups 
for six different drug concentrations (0.1, 1, 5, 10, 25, 
50  μM) and control (vehicle only). Traditional 2D cell 
cultures were set as parallel experiments. After treatment 
with drug for 48 h, cell viability was measured using a 
live/dead staining assay. As shown in Figure 6a, dead cells 
appeared in the C3A spheroids at a drug concentration of 
25 μM, while cell death in 2D cultures distinctly occurred 
at a drug concentration of 10 μM. The IC50 value was 
further calculated. Figure 6b shows that the IC50 value of 
spheroids (16.03 μM) was slightly higher than 2D cultures 
(13.52 μM), indicating higher drug resistance in spheroids, 
which could be attributed to several characteristics of 
3D cultures[4-7]. In addition, the dead cell percentage 
increased rapidly in both 2D and spheroid cultures as the 

Figure 4. Cell spheroid fabricated by the 3D acoustic assembly devices. (a) Bright images of the acoustically assembled C3A cell aggregates at different 
layers. (b) The corresponding normalized line scan intensity curves at layer 1 (green), layer 2 (red), and layer 3 (blue). (c) The loosely assembled cell 
aggregates were gradually fused into compact cell spheroids during a 1-week culture. (d) The dependence of spheroid formation efficiency on incubation 
time. At day 3, the formation efficiency of cell spheroids was higher than 90%. (e) Live/dead staining and (f) viability assessment of the cell aggregates or 
spheroids during a 1-week culture. All scale bars: 250 μm each.
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concentration of sorafenib increased, showing a dose-
dependent response to the drug. Taken together, these 
results demonstrated that our acoustically fabricated 
spheroids can be used to evaluate drug efficacy and have 
great potential for high-throughput drug screening.

4. Conclusion
In this work, we presented the ability to improve the 
production yield of cell spheroids using our novel 3D 
acoustic assembly device. This device was capable of 

creating levitated acoustic nodes (LANs) in three directions, 
forming a 3D dot-array (25 × 25 × 22) of LANs. Based 
on this characteristic, a large number of cell aggregates 
arranged with the LANs were successfully assembled. To 
further improve the aggregate maturation, we adopted 
a 3D GelMA hydrogel scaffold strategy to maintain the 
structure of cell aggregates during the transfer process or 
incubation period. As a result, most cell aggregates (>90%) 
matured into spheroids that can be easily retrieved from 
the GelMA hydrogel in a non-destructive manner. The 
acoustically fabricated spheroids also manifested a higher 

Figure 5. Retrieval of acoustically fabricated cell spheroids. (a) The first two bright images on the left show hundreds of spheroids released from the GelMA 
hydrogel scaffold, and the image on the right shows immunofluorescence staining for cell nuclei (DAPI, blue) and albumin (ALB, green) in the spheroid. 
(b) Spheroid size distribution. (c) Bright images of retrieved spheroid grown during a 1-week culture. (d) Bar chart of the spheroid diameter. (e) Live/dead 
staining and (f) viability assessment of the retrieved spheroids. All scale bars: 100 μm each.

Figure 6. Anticancer target drug (sorafenib) testing on acoustically fabricated C3A spheroids. (a) Live/dead staining of C3A spheroids and 2D cultures 
after 48 h treatment with sorafenib. (b) The cell viability was measured. The statistical analysis showed significant differences between the spheroids and 
2D cultures for different drug concentrations. *P < 0.05. Scale bar: 100 μm.
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level of drug resistance than the traditional 2D cultures. We 
expect that the 3D acoustic cell assembly device will serve 
as a powerful tool for the scale-up fabrication of spheroids 
or even organoids for further biomedical applications, 
including as models for drug screening or as building 
blocks for tissue engineering and regenerative medicine.
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