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ABSTRACT 

Cell patterning techniques play a pivotal role in 
the development of three-dimensional (3D) 
engineered tissues, holding significant promise in 
regenerative medicine, drug screening, and disease 
research. Current techniques encompass various 
mechanisms, such as nanoscale topographic patterning, 
mechanical loading, chemical coating, 3D inkjet 
printing, electromagnetic fields, and acoustic waves. 
In this study, we introduce a unique standing bulk 
waves-based acoustic cell patterning device designed 
for constructing anisotropic engineered glioma tissues 
containing acoustically patterned human glioblastoma 
cell U251. Our device features two orthogonal pairs of 
piezoelectric transducers securely mounted on a 
customized holder. The energy of standing bulk waves 
generated from these transducers can transmit into the 
medium in a Petri dish through its bottom wall. Cells 

in the medium can be directed to the local minima of 
Gor’kov potential fields and trapped by the resultant 
acoustic radiation force. Through proof-of-concept 
experiments, we validate the functionality of our 
acoustic patterning device and assess the morphology 
and differentiation of U251 cells within the engineered 
glioma tissues. Our findings reveal that cells can be 
arranged in different distributions, such as parallel-
line-like and lattice-like patterns. Moreover, the 
aligned cells exhibit more obvious elongation along 
the cell alignment orientation compared to the result of 
a control group. We anticipate that this study will 
catalyze the advancement in contactless cell patterning 
technologies within tissue engineering, facilitating the 
development of engineered tissues for applications in 
regenerative medicine and disease research. 

Keywords: Acoustic patterning, tissue 
engineering, cell patterning, standing acoustic waves, 
acoustic tweezers 

  



1 INTRODUCTION 
Engineered tissues[1] have garnered significant 

attention for various applications within the realms of 
regenerative medicine,[2,3] drug screening,[4,5] and 
disease modeling.[6,7] An ultimate goal of three-
dimensional (3D) engineered tissues is to emulate the 
cellular activities found in natural tissues and replicate 
the functional histoarchitecture of living tissues and 
organs. In the context of natural in vivo tumors, such 
as malignant gliomas, the arrangement of cells 
becomes oriented, a phenomenon distinct from benign 
states because of cell migration.[8] However, a key 
challenge to the construction of engineered tissues 
with biomimetic features is the precise arrangement of 
seed cells to construct anisotropic biomimetic tissues. 

Numerous interdisciplinary methods have been 
developed to achieve different cellular arrangements 
in 3D engineered tissues. These methods leverage 
different mechanisms such as nanoscale topographic 
patterning, [9,10] mechanical loading,[11] chemical 
coating,[12] 3D printing,[13] and electromagnetic 
fields.[14],[15] Recent advancements in acoustic cell 
patterning methods have shown promise in aligning 
neurons,[16],[17] muscle bundles,[18] and cardiac 
myocytes.[19],[20] This approach not only promotes 
significant tensile anisotropy but also offers a novel 
platform for achieving anisotropic tissue 
morphologies[21]. 

Here, we introduce a standing bulk acoustic 
waves (BAW)-based device capable of sending 
acoustic waves into a cell medium loaded in a Petri 
dish and further arranging cells using acoustic 
radiation forces without direct physical contact with 
the medium and cells. This BAW device utilize 
piezoelectric transducers to convert electrical 
excitation signals into mechanical waves. [22] 
Counter-direction acoustic waves generated by a pair 
to transducers interact with each other, further 
generating standing acoustic waves, which have 
spatially periodic pressure distribution in the liquid 
medium. The number of pressure nodes and antinodes 
generated in the domain of interest can be customized 
by adjusting the wave frequency. In a standing 
acoustic field, the acoustic radiation forces applied on 
cells highly affect the moving trajectory of cells and 
the distribution of cells at force equilibrium states. 
Through acoustic manipulation, cells can be precisely 
trapped at the pressure nodes of standing waves.[23] 

In our study, we designed and manufactured an 
in-Petri dish acoustic cell patterning device and then 
utilized this device to aggregate glioma cells in a 3D 
environment, facilitating closer growth and providing 
patterned 3D engineered glioma tissues. Additionally, 
we conducted microscopic characterization to evaluate 
the morphology of engineered tissues with patterned 
cells, as well as cell differentiation. Our experimental 

study demonstrates the capability of our acoustic 
patterning device for aggregating and patterning 
glioma cells in a 3D culturing environment, thereby 
facilitating the development of engineered glioma 
tissues with interconnected networks. 

 
2 METHODS 
2.1 Acoustic cell patterning device 

Figure 1 depicts a BAW-based standing wave 
device designed for cell patterning. The device utilizes 
two orthogonal pairs of piezoelectric transducers 
(PZTs) with dimensions of 20 × 15c × 2.1mm 
(STEINER & MARTINS, INC.) and resonance 
frequencies of 3.20, 5.44, and 7.50 MHz. A 
customized 3D fixture, designed to support the 
vertically inserted PZTs, is positioned within 
deionized (DI) water. A glass-bottom Petri dish (Nest, 
35 mm diameter) is then inserted into the assembled 
device. Beneath the glass-bottom Petri dish, there is a 
thin layer of DI water that is considered as a coupling 
medium for transmitting acoustic waves generated by 
the PZTs into the Petri dish. To excite the two pairs of 
transducers for generating standing acoustic waves, 
continuous sinusoidal signals at transducer resonance 
frequencies are generated by a function generator 
(Tektronix, AFG3022C). The generated signals are 
amplified using a power amplifier (E&I, model A150) 
before being applied to the transducers. The entire 
acoustic cell patterning process is completed within 5 
minutes. 

As depicted in Figure 1, the acoustic patterning 
device is specifically designed for patterning cells in 
Petri dishes. Its unique feature lies in its ability to 
arrange suspended cells loaded in a Petri dishes, a 
common biomedical lab supply, making it an easy-to-
use tool for cell arrangement with minimized 
contamination.

 
FIGURE 1: Schematic of the in-Petri dish acoustic 
patterning device, which has two orthogonal pairs of PZTs 
to arrange cells in a Petri dish into different patterns. 

2.2 Cell and tissue culture 
The human glioblastoma cell line, U251 cells, 

was sourced from the Biomedical Engineering 



Department (Virginia Tech). Before experiments, 
U251 cells were cultured in Dulbecco’s Modified 
Eagle’s Medium supplemented with High Glucose and 
L-Glutamine, (DMEM; GenClone, USA), 10% fetal 
bovine serum (FBS), and 1% Penicillin-Streptomycin 
(GenClone, USA), and maintained at 37°C in a 5% 
CO2 incubator. Passaging was conducted twice weekly 
using 0.05% trypsin-EDTA (sc-363354, Santa Cruz 
Biotechnology, Inc.), followed by resuspension in 
culture medium. The adhesive culture method was 
employed for U251 cell culture. 

A collagen solution was utilized to construct the 
cell scaffold due to its excellent cytocompatibility and 
biodegradability. To prepare a collagen solution 
containing cells, initially, the pH of a 200μl 5mg/mL 
collagen stock solution was adjusted by adding 15μL 
of 0.1 N NaOH. Subsequently, it was added into the 
collagen solution that a mixture of 1×106 cells/mL 
150μl cell suspension and 35μL 10× PBS was 
prepared to maintain a final concentration of 
2.5mg/mL and pH in the range of 7.2-7.4. After 
gelation of the collagen solution, an engineered 
collagen hydrogel construct containing U251 cells 
were cultured in a culture medium for 7 days, with the 
culture medium being replaced every three days. 

 
2.3 Construct a glioma tissue with 

acoustically patterned U251 cells 
The collagen solution containing cells was kept 

on ice to prevent pre-crosslinking of the collagen and 
then transferred into a glass-bottom Petri dish, which 
was then placed at the center of the acoustic device. 
Prior to cell patterning, the deionized water (i.e., a 
coupling layer between acoustic transducers and the 
Petri dish) was also cooled to a low temperature for 
prevent pre-crosslinking of the collagen before tuning 
on acoustic waves. The excitation frequency of the 
PZTs was adjusted to their respective working 
frequencies, such as 3.20, 5.44, and 7.50MHz. An 
excitation amplitude of 20 Vpp was set for trapping 
cells at the acoustic pressure nodes within the cell 
suspension. Cell patterns were constructed and further 
kept in the acoustic field for 5 minutes during the 
collagen gelation, which was triggered by the slight 
temperature increase induced by acoustic waves. 
Subsequently, the Petri dish with the constructed cell 
patterns was transferred to a 37°C incubator to further 
facilitate collagen gelation. The control tests with 
randomly distributed cells were performed using an 
identical protocol but without acoustic patterning. 
 
2.4 Immunofluorescent staining  

Engineered glioma tissues were washed in 1× 
PBS to remove the culture medium and then fixed with 
4% paraformaldehyde (Sigma) for 10 minutes at room 
temperature. Following fixation, all tissue samples 

were blocked and permeabilized using a 5% bovine 
serum albumin (BSA) solution and 0.1% Triton X-100 
for 30 minutes at room temperature. Subsequently, the 
samples were incubated with a polyclonal GFAP 
fluorescent antibody (1:100, Bio Legend) overnight at 
4°C. On the following day, the samples were rinsed 
twice with 1× PBS and then counterstained with DAPI 
before observation. 

 
2.5 Image analysis 

Engineered glioma tissues were imaged using a 
confocal laser scanning microscope (Zeiss, LSM 800) 
equipped with 5× and 10× objectives. GFAP Alexa 
488 fluorescence was excited using an Argon laser at 
488 nm, while DAPI fluorescence was excited using a 
UV laser at 350 nm. 

All experiments were conducted independently 
and repeated at least three times to ensure 
reproducibility. Additionally, each experimental 
group consisted of at least six samples to provide 
statistically meaningful results. 

 
2.6 Analytical simulations 

To predict the acoustic pressure, intensity, and 
radiation force fields generated by one parallel pair 
and two orthogonal pairs of PZTs, we developed an 
analytical model. Figure 2 shows the schematics of 
cases with different transducers turned on. The codes 
were written based on the MATLAB language. 

 
3 RESULTS 
3.1 BAW-based device mechanism 

Figure 1 depicts a schematic of the standing 
BAW-based in-Petri dish cell patterning device and 
illustrates the different patterns (such as parallel-like-
line and lattice-like patterns) that can be generated by 
our device. This device generates acoustic waves that 
are converted into elastic waves in Petri dish’s glass 
bottom. Subsequently, the wave energy leaks into the 
cell medium in the Petri dish to form standing acoustic 
waves. These standing waves create Gor’kov potential 
wells, typically located at pressure nodes, acting as 
virtual, non-contact acoustic tweezers trapping cells 
for patterning. As shown by simulation results in 
Figure 2j, 2k, and 2l, the device can generate acoustic 
radiation forces having directions towards acoustic 
pressure nodes. 

Figures 2g-2i display various cell patterns 
achieved by the acoustic patterning device, when 
different pairs of PZTs are excited. One parallel pair 
of PZTs, either a horizontal or vertical pair of PZTs, 
can produce different parallel-line-like acoustic 
patterns (Figures 2d and 2e), while the activation of 
two orthogonal pairs of PZTs results in a dot matrix-
like acoustic pattern (Figure 2f). The bright field 
image (Figure 2i) reveals cells assembled in multiple 



clusters within the acoustic potential wells, forming 
the dot pattern. Figures 2g and 2h demonstrate the 
alignment of cell cells along pressure node lines. 

 
FIGURE 2: Schematics and results of using our acoustic 
device for cell patterning. (a-c) Schematics showing the 
locations of the excited PZTs. (d-f) Simulated acoustic 
intensity fields when using different PZTs (high intensity, 
red; low intensity, black). The scale bar is 500µm. (j-l) 
Simulated acoustic radiation force fields (arrows). The scale 
bar is 50µm. (g-i) Brightfield microscopic images showing 
different cell patterns. The scale bar is 250µm.  

 
3.2 Constructing different patterns of U251 

cells at different acoustic frequencies 
At different operation conditions such as different 

frequencies and different pairs of transducers, our 
device can generate different cell patterns. Figure 3 
given obtained cell patterns at different conditions. 
First, we excited the horizontal pair of PZTs at three 
different frequencies: 3.20, 5.44, and 7.50 MHz. 
Figures 3a-3c show parallel-line-like cells patterns 
constructed as those three frequencies, and they show 
the change in the spacing between cell lines at 
different excited frequencies. Additionally, a dot 
matrix-like cell pattern was constructed, when the two 
orthogonal pairs of PZTs were excited at different 
frequencies. Figure 3d, for example, depicts a 
rectangular dot matrix pattern achieved at the 
excitation frequency combination of 3.20×5.44 MHz, 
compared to the square dot matrix pattern shown in 
Figure 2i. 

FIGURE 3: Captured brightfield images showing 
constructed cell patterns when using at different acoustic 
frequencies. The excited frequencies contain (a) 3.20MHz; 
(b) 5.44MHz; (c) 7.50MHz; (d) 3.20MHz × 5.44MHz. 

 
3.3 U251 cell patterns in collagen hydrogel 

constructs 
Our primary objective is the construction of 

developed glioma tissues, necessitating the 
observation of U251 cell differentiation within the 
engineered tissues. Utilizing 2.5 mg/mL collagen with 
a single horizontal pair of PZTs at a frequency of 3.20 
MHz, we conducted experiments to arrange cells and 
then assess the differentiation of cells. Figure 4 
presents the bright field images of patterned (test 
group) and randomly distributed cells (control group) 
in different collagen hydrogel constructs. On day 0, 
random distributions of cells were observed in the 
control groups (Fig. 4a), while cells in the 
experimental groups were aligned and aggregated by 
acoustic pressure nodes, forming parallel lines (Fig. 
4c). After three days of culture, cells experienced 
differentiation and extended their lengths (Fig. 4b and 
4d). In the control groups, cells remained in a random 
distribution and extended in various directions (Fig. 
4b). Conversely, in the experimental groups, cells 
predominantly aligned along the lines, exhibit 
increased lengths along the alignment direction. The 
closer proximity of cells within the lines facilitated 
cellular communication. 

To verify cellular connection and differentiation 
in the engineered glioma tissues, Figure 5 presents 
fluorescent images for both control and experimental 
groups on Day 3. Immunostaining revealed 
widespread expression of GFAP, indicating 
differentiation of U251 cells into glial cells. Notably, 
the control groups exhibited a more random 
organization, whereas experimental groups displayed 
organized and highly aligned cell networks. Our 
results also demonstrate the ability to establish 



connections between cell lines after acoustic 
patterning, with cells forming long bundles by Day 3. 
Consequently, effective intercellular connections are 
increased in patterned samples.  

 
FIGURE 4: The bright field results of cell morphology in 
unpatterned and patterned groups. (a, b) Results of 
unpatterned cells on days 0 and 3. (c, d) Results of patterned 
cells on days 0 and 3.  

 
FIGURE 5: Confocal fluorescence microscopy images 
showing the unpatterned and patterned groups on day 3. (a) 
Results of unpatterned groups. (b) Results of patterned 
groups. (Green, GFAP; Blue, DAPI) 
 
4 DISCUSSION AND CONCLUSION 

In this study, we built and validated an acoustic 
patterning device for constructing 3D engineered 
glioma tissues. The device comprises two orthogonal 
pairs of piezoelectric transducers positioned around a 

glass-bottom Petri dish. These transducers generate 
standing BAWs within the fluid layer under the glass-
bottom Petri dish, and the wave energy can further 
transmit into the cell medium in the Petri dish for 
patterning cells. This acoustic approach is easy-to-use 
and minimized direct contact with cells and the 
medium to ensure low cross contamination during cell 
patterning. Our experimental findings demonstrate 
that U251 cells can be effectively patterned within a 
viscous collagen solution using our acoustic patterning 
device. When compared with samples having 
unpatterned cells, the constructed glioma tissues with 
patterned cells exhibited a closer cellular arrangement, 
with cells displaying extended lengths along the cell 
alignment direction. This arrangement with controlled 
intercellular distances can foster stronger intercellular 
connections, facilitating cellular communication, as 
well as the passage of chemical or electrical signals 
between interacting cells. 

Of particular note, our device transmits energy 
indirectly to cell clusters through the water layer 
serving as an ultrasound coupling layer, rather than 
directly placing transducers in the cell medium. As a 
result, our device operates more gently and minimizes 
possible contamination. Moreover, our acoustic 
platform enables cell patterning in Petri dishes without 
the need to place transducers within the dish, thereby 
reducing the risk of cross-contamination between 
different tests. Unlike other patterning methods such 
as nanoscale topographic patterning, acoustic 
patterning offers dynamic reconfigurable cell patterns. 
Furthermore, the distribution of the acoustic wells can 
be adjusted by varying the input powers and 
frequencies for the used piezoelectric transducers. 

Our acoustic patterning device is user-friendly 
and easy-to-fabricate. Its excellent biocompatibility 
and the ability to accommodate different sample sizes 
allow for the manipulation of single cells, cell clusters, 
and cell spheres. We anticipate that our acoustic 
patterning device will serve as a valuable tool in tissue 
engineering, particularly in utilizing engineered 
glioma tissues as tumor models. These models offer 
insights into the behavior of tumor cells within a three-
dimensional environment and can facilitate the study 
of the interactions between tumor cells and their 
surrounding environment, thereby enabling effective 
investigations into glioblastoma cell migration. 
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