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1. Introduction

In-Petri-dish traveling and standing acoustic
wave-assisted fabrication of anisotropic
collagen hydrogels
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Anisotropic biomaterials containing oriented collagen fibers have shown great potential for various
biomedical research areas, such as wound dressing, corneal grafting, and the study of cancer cell invasion
in biomimetic microenvironments. To fabricate such anisotropic biomaterials, previous studies have used
electric, microfluidic, magnetic, and mechanical methods to align collagen fibers during the fabrication
process. In this study, we put forward traveling and standing acoustic wave-based approaches that enable
the rapid in-Petri-dish fabrication of anisotropic biomaterials containing acoustically arranged collagen
fibers. To develop these approaches, we investigated the effects of traveling and standing acoustic waves
on collagen self-assembly and the micro/nanoscale architectures of the fabricated collagen-based
biomaterials. Our results reveal that traveling acoustic wave-induced fluid streaming can transport
collagen molecules, thereby influencing the collagen self-assembly process, while standing acoustic waves
can accumulate self-assembled collagen fibers, increasing their concentrations in acoustic potential valleys
periodically distributed. Using our acoustics-assisted approach, we successfully manufactured anisotropic
collagen hydrogels containing aligned collagen fibers, which provide anisotropic microenvironments for
cell growth and development. Notably, we demonstrated the functionality of these fabricated anisotropic
collagen hydrogels in facilitating cell elongation along the acoustically aligned collagen fibers. Compared
to previous methods, our acoustics-based approaches are easy to operate without requiring customized
chambers for loading collagen and are capable of rapidly fabricating anisotropic collagen hydrogels
directly in commercial Petri dishes, thus allowing our approaches to be readily integrated into existing
laboratory workflows and combined with other test protocols. In the long run, we expect this work to
inspire the development of useful tools that will benefit biomedical researchers working in tissue
engineering, regenerative medicine, biomaterials, and bioprinting.

and functions of these tissues. In muscle tendons, collagen fibers
are organized into clustered bundles aligned along the direction

Biomaterials containing collagen fibers have garnered increasing
attention in various research fields, such as tissue engineering,"”
bioprinting,>* tumor research,”® and wound healing.>’ The
internal collagen fibers play a pivotal role in affecting the mechan-
ical properties of biomaterials,® creating biomimetic physiological
environments,” and modulating biological processes such as
tumor progression,'® and cell migration,'"'? signaling,”*™ and
differentiation.'®"” In native tissues, such as muscle tendons,"®*°
cornea,”® bone, and skin, collagen fibers exhibit various
arrangements, contributing to the distinct material properties
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of muscle contraction, contributing to the mechanical properties
and tissue function.>® Native corneas have multiple layers of
collagen fibers oriented in different directions, contributing to
their unique mechanical and optical properties.”> In wound
healing, the regenerated scar tissue is found to have collagen
fibers in parallel orientation.*®*” The tumor extracellular matrix
features aligned collagen architectures that have been shown to
facilitate cancer metastasis.*® Collagen fiber orientation in bone
affects the bone’s mechanical properties and mineralization
process and can vary depending on the type of bone tissue. For
example, collagen fibers exhibit a plywood-like arrangement in
lamellar bone, increasing the bone’s strength in multiple direc-
tions, and collagen fibers in long bones are predominantly
oriented along the longitudinal axis to enhance tensile
strength.?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Because of the aforementioned pivotal roles of collagen fiber
arrangements, there is increasing interest in developing tech-
nologies to manufacture biomaterials containing organized
collagen fibers for tissue engineering, as well as for fundamental
research on the effects of collagen fiber arrangements on biolo-
gical processes.® Multiple methods have been established to
arrange collagen fibers and assist in the fabrication of collagen-
based biomaterials, such as those based on electrospinning,***>
microfluidics,° mechanical loading,’*™** electric fields,**°
and magnetic fields.>’>* Among these, the magnetic method
requires incorporating magnetic beads into collagen solutions;
however, these beads are difficult to remove from collagen
hydrogels.”>>® The electric approach requires a customized thin
chamber with an anode and a cathode to apply a strong electric
field for collagen fiber alignment.”” Mechanical loading is typi-
cally used as a post-treatment step to cyclically stretch fabricated
collagen hydrogels.”® Microfluidic techniques require customized
microchannels for effective collagen fiber alignment.”® Despite
the success of these methods in arranging collagen fibers, none
can conveniently arrange collagen fibers within Petri dishes,
which are common laboratory supplies, for the quick fabrication
of customized biomaterials containing organized collagen fibers.
We believe that a technology filling this gap could be more easily
integrated into existing laboratory workflows and combined with
other test protocols, benefiting researchers working in tissue
engineering and bioprinting applications, as well as fundamental
studies on the effects of collagen fiber arrangements on biological
processes.

Acoustics-based techniques for manipulating micro/nano-
sized objects®®™®> have shown great potential for biomedical,
biological, and chemical research due to their biocompatible,
non-invasive, contactless, and label-free features. For example,
acoustic waves have been successfully used to manipulate
objects of different sizes, such as exosomes,*® cells,®”"%®
bacteria,®® and zebrafish larvae,”>”" and have been applied in
applications such as cell sorting’>’* and cell separation,”*””
and drug delivery.”®”” Additionally, some studies demonstrated
the ability of using acoustic waves for aligning collagen
fibers.”®®' Zhang et al. successfully aligned collagen fibers in
a microfluidic chamber using an electric field, which were
induced by high-frequency standing surface acoustic waves
generated on a lithium niobate piezoelectric wafer.®*® However,
this approach primarily relied on the dielectrophoretic forces,
and the effects of acoustic radiation force and streaming were
not investigated. Norris et al. used an ultrasound transducer in
a bulky water bath tank to influence collagen fiber arrangement
in a multi-well plate placed on the top surface of the
bath.”®7%8! This setup was difficult to integrate with inverted
microscopes for real-time observation of the collage fiber
arrangement process. They demonstrated that collagen fibers
could be arranged in a radial distribution surrounding a
collagen-absent region’® and suggested that the underlying
mechanism for collagen arrangement might involve acoustic
streaming or cavitation. However, key experiments, such as
acoustic streaming field measurements and real-time visualiza-
tion of the collagen arrangement process, were not conducted
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to clearly elucidate the ultrasound-induced collagen alignment
mechanism. Additionally, the effects of standing bulk acoustic
waves on collagen self-assembly and fiber arrangement were
not covered in those studies.”® !

In this study, we established traveling and standing acoustic
wave-based approaches that enable the rapid fabrication of
anisotropic biomaterials containing acoustically arranged col-
lagen fibers directly in Petri dishes. Moreover, we unveiled the
effects of traveling wave-induced streaming and standing waves
on collagen self-assembly in Petri dishes, as well as the dis-
tribution and orientation of collagen fibers in fabricated col-
lagen hydrogels. Through experiments, we found that acoustic
streaming generated by traveling acoustic waves can transport
collagen molecules, thereby affecting the self-assembly of col-
lagen in Petri dishes. This mechanism enables a traveling
acoustic wave-assisted approach for fabricating anisotropic
collagen hydrogels with oriented collagen fibers in Petri dishes.
On the other hand, our experimental results reveal that standing
acoustic waves can increase the concentrations of self-assembled
collagen fibers in periodically distributed acoustic potential val-
leys. This mechanism enables a standing acoustic wave-assisted
approach for in-Petri-dish fabrication of collagen hydrogels with
periodically and parallelly arranged macro-bundles densely
packed with collagen fibers. Compared to previous methods for
fabricating biomaterials with organized collagen fibers,>** our
acoustics-based approaches are easy to operate and compatible
with microscopes for real-time observation and allow for rapid
fabrication directly in commercial Petri dishes, making them
more readily integrated into existing laboratory workflows and
easily combined with other test protocols requiring organized
collagen fibers.

2. Results and discussion

2.1 Mechanisms of traveling and standing acoustic wave-
assisted fabrication of anisotropic collagen hydrogels

In the fabrication of collagen hydrogels, the self-assembly of
collagen molecules typically leads to randomly distributed col-
lagen fibers, as illustrated in Fig. 1(a). This self-assembly process
lacks an active force field exerting on collagen molecules to
control their distributions during assembly. Acoustic waves pro-
pagating through fluids are known to apply acoustic radiation
forces on micro/nano-sized objects in fluids, as well as generate
acoustic streaming (i.e., fluid flow), which can apply drag forces
on these in-fluid objects.®* In particular, this study finds that
acoustic wave-induced potential valleys and drag forces have the
potential to actively control the collagen self-assembly process,
enabling the rapid and easy-to-operate fabrication of anisotropic
collagen hydrogels in commercial Petri dishes.

Since traveling and standing acoustic waves lead to different
acoustofluidic phenomena, such as directional streaming flows
and an array of potential wells arranged periodically, we
investigated the effects of both traveling and standing acoustic
waves on collagen self-assembly, specifically their effects on the
orientations of assembled collagen fibers and the micro/
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Fig. 1 Schematics illustrate the mechanisms of traveling and standing
acoustic wave-assisted fabrication of anisotropic collagen hydrogels. (a)
Without acoustic waves, the self-assembly of collagen molecules results in
randomly distributed collagen fibers. (b) With traveling acoustic waves,
acoustic streaming is generated, transporting collagen molecules and
resulting in aligned collagen fibers after self-assembly. (c) With standing
acoustic waves, the self-assembled collagen fibers tend to group together
in the acoustic potential valleys, forming a periodic pattern with regions of
low and high collagen concentrations.

nanoscale architectures of fabricated collagen hydrogels. As
illustrated in Fig. 1(b), in-liquid traveling waves, typically
generated by a single transducer, can induce a directional
acoustic streaming flow parallel to the acoustic wave propaga-
tion direction. When the directional streaming flow encounters
the Petri dish wall, the flow direction alters, creating a pair of
reflux flows, which further lead to a pair of counter-chirality
streaming vortices. During collagen self-assembly, the stream-
ing flow can transport collagen molecules along its direction,
thereby influencing the collagen self-assembly process, the
orientations of collagen fibers, and the micro/nanoscale archi-
tectures of the fabricated collagen hydrogels. This study, in
particular, finds that the self-assembled collagen fibers tend to
align along the streaming flow direction, demonstrating the
potential of using traveling acoustic wave-induced acoustoflui-
dic streaming to align collagen fibers and fabricate anisotropic
collagen hydrogels.

In contrast to traveling acoustic waves, in-liquid standing
acoustic waves, typically generated by a pair of parallelly
arranged transducers, have parallelly arranged, periodic acous-
tic potential peaks and valleys to exert periodic acoustic force
fields on in-liquid particles. With these features, standing
acoustic waves are capable of arranging small particles in
periodic patterns. Therefore, applying standing acoustic waves
during the collagen self-assembly process affects the final
arrangement of collagen fibers and the micro/nanoscale archi-
tecture of the fabricated hydrogels. Particularly, this study finds
that the self-assembled collagen fibers tend to group together
in the acoustic potential valleys, facilitating the fabrication of
collagen hydrogels containing low and high collagen concen-
trations in periodic patterns, as illustrated in Fig. 1(c).

To elucidate the mechanisms by which traveling and stand-
ing acoustic waves control the collagen self-assembly process,
we designed test devices compatible with commercial Petri
dishes, characterized the acoustic and fluid streaming fields
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generated in Petri dishes using laser Doppler vibrometry and
particle image velocimetry, respectively, and investigated the
effects of traveling and standing waves on collagen self-
assembly. The arrangement of collagen fibers in the manufac-
tured collagen hydrogels was characterized by confocal ima-
ging. Key results are presented in the following subsections of
Results and Discussion, and their related experimental proce-
dures are detailed in the Experimental section.

2.2 Design and characterization of devices for acoustics-
assisted in-Petri-dish collagen hydrogel manufacturing

To investigate the effects of traveling and standing acoustic
waves on collagen self-assembly and to achieve acoustics-
assisted in-Petri-dish collagen hydrogel fabrication, we
designed test devices (illustrated in Fig. 2(a)) composed of
plate-type piezoelectric transducers (PZTs) and commercial
Petri dishes, which serve as the chambers for acoustic field
generation and collagen molecule manipulation. When a single
transducer is dipped into the solution loaded in a Petri dish
(Fig. 2(a), left), traveling acoustic waves, as well as their result-
ing acoustic streaming, are generated. When a pair of parallel
transducers are dipped into the solution in a Petri dish
(Fig. 2(a), right), standing acoustic waves with parallelly
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Fig. 2 Acoustic device design and characterization. (a) Experimental
setup schematics for using traveling acoustic waves generated by a
piezoelectric transducer and standing acoustic waves generated by a pair
of transducers to influence the self-assembly of collagen molecules
loaded in Petri dishes. The piezoelectric transducers are excited by
harmonic signals generated by a function generator and amplified by a
power amplifier. (b) Schematic of the setup for characterizing pressure
acoustic waves generated by a piezoelectric transducer propagating in a
liquid layer in a Petri dish. Through point-by-point scanning, the laser
Doppler vibrometer can acquire a time-space wavefield u (t, x, y).
(c) Acquired wavefield at different time points showing the propagation
of straight wavefront pressure acoustic waves in a Petri dish.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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arranged potential valleys are generated. Notably, our approach
is compatible with commercial Petri dishes, avoiding the need
for customized chambers compared to electric and microfluidic
methods.>*#*% Additionally, the acoustics-assisted collagen
hydrogel fabrication devices can be placed on the translation
stages of either inverted or upright microscopes, allowing for
easy real-time observation of acoustic effects on the collagen
hydrogel gelation process.

Before applying our devices to control collagen self-
assembly, we characterized the acoustic transducers’ operating
frequencies using a network analyzer, the generated acoustic
fields using a laser Doppler vibrometer, and the generated
streaming fields using particle image velocimetry. The network
analyzer revealed the first- and second-order resonance fre-
quencies of the transducer at 3.09 and 9.60 MHz. To measure
the high-resolution acoustic fields generated in a liquid layer
preloaded into a Petri dish, we used a laser vibrometry setup
illustrated in Fig. 2(b). A function generator was used to excite
the transducer to generate acoustic waves in a thin liquid layer
in a Petri dish. A laser Doppler vibrometer directed a laser beam
perpendicularly through the liquid layer, which then reflected
back from a reflective tape placed under the Petri dish. The
acoustic waves propagating in the liquid layer affected the laser
beam transmission, enabling the characterization of acoustic
waves overlapping with the laser path, similar to previous
studies on measuring pressure acoustic waves in water.*® By
adjusting the laser head position with a linear motion stage and
performing measurements at multiple points on a two-
dimensional grid, a multi-dimensional time-space wavefield u
(¢, x, y) was acquired, revealing the propagation of the generated
acoustic waves. Fig. 2(c) shows the acquired acoustic pressure
fields at different times when the transducer was excited with a
tone burst signal at a frequency of 3.09 MHz (i.e., the transdu-
cer’s first-order resonance frequency). These results confirm
the successful generation of directional traveling pressure
acoustic waves with parallel wavefronts in the liquid layer
loaded in a Petri dish. Additionally, a needle-type hydrophone
(HNR-0500, ONDA Co.) was used to characterize the acoustic

Transition Unidirectional
region flow region

Vortex
region

./
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pressure in the Petri dish. We found that the acoustic pressure
increased from approximately 10 to 15 kPa when the excitation
voltage of the piezoelectric transducer was raised from 7
to 10 V.

To characterize the acoustic streaming field, particle image
velocimetry was performed. The motions of 5-um green, fluor-
escent tracing particles, induced by acoustic streaming, were
recorded by a camera attached to an inverted microscope. The
acquired time-sequential fluorescent microscopy images were
then processed using particle image velocimetry analysis®”**® to
obtain the streaming velocity field. Fig. 3(a) shows an image
obtained by stacking a series of images acquired at different
times when the transducer was excited at 3.09 MHz with a
voltage of 8 V. As the traveling wave-induced acoustic streaming
field in a round Petri dish is symmetric with respect to the wave
propagation direction, Fig. 3(a) only shows the result acquired
from one side of the flow field. Fig. 3(b) presents the acquired
streaming velocity field, with the arrows indicating streaming
velocity directions and the image intensities representing
streaming velocity magnitudes. These results reveal a predomi-
nant unidirectional flow near the center of the Petri dish, a
vortex flow near the dish’s side induced by reflux, and a
transition region between the vortex and the central unidirec-
tional flow. Movie S1 shows particle motions in three regions of
the streaming field, including the vortex streaming region,
transition region, and central directional flow region. The
generated streaming field in the Petri dish is influenced
by the transducer’s position, resonance mode shape, and excita-
tion signal power. Therefore, the streaming field can be mod-
ified through several approaches, including adjusting the
transducer’s position; changing the input frequency to excite
different resonance modes (such as in-plane and out-of-plane
modes), each with distinct mode shapes; and tuning the input
power of the transducer. As shown in Fig. 3(c), the average
streaming velocity in the central flow region gradually increases
as the excitation voltage of the piezoelectric transducer rises
from 7 to 10 V. In contrast, the streaming velocity decreases with
increasing collagen concentration (from 0.5 to 2.5 mg mL ™ ") due

7 8 9 10

Transducer excitation voltage (V)

0.4 I 0.5 mg/mL
I 1.0 mg/mL
0.3 2.5 mg/mL

Streaming velocity (mm/s)
o o
= [}

Fig. 3 Characterization of traveling acoustic wave-induced fluid streaming in a Petri dish. (a) A stacked microscopic image revealing the motions of
fluorescent tracing particles induced by acoustic streaming. (b) Streaming velocity field obtained through particle image velocimetry. The velocity
magnitude distribution is indicated by the intensity field, and the streaming flow directions are indicated by the arrows. These results reveal a
unidirectional flow region near the center of the dish, a vortex streaming region off-center, as well as a transition region in between. (c) Streaming
velocities in the unidirectional flow region for cases with different transducer excitation voltages and collagen concentrations. The streaming velocity
increases with increasing excitation voltage (from 7 to 10 V), but decreases with increasing collagen concentration (from 0.5 to 2.5 mg mL™?).
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to the higher viscosity of the collagen solution. The effects of
transducer position and resonance mode shape on the stream-
ing fields are beyond the scope of this work and will be
investigated in future studies.

2.3 Traveling acoustic wave effects on collagen self-assembly

To investigate the effects of traveling acoustic waves on collagen
self-assembly, we used a device with a piezoelectric transducer
dipped into the collagen solution loaded in a Petri dish (see
Fig. 2(a)). After gelation, the fabricated collagen hydrogels were
characterized using confocal imaging to analyze the collagen
fiber orientations and the hydrogels’ internal micro/nanoscale
architectures. The diagram in Fig. 4(a) illustrates the key test
procedures. A stock solution of type I collagen (concentration
5 mg mL ") was diluted with deionized water, neutralized with
0.1 N NaOH, and mixed with phosphate-buffered saline to
obtain test solutions with varying concentrations, such as 0.5,
1.0, and 2.5 mg mL". The preparation step was performed on
ice to maintain a low temperature (~4 °C). The prepared test
solution was quickly added into a Petri dish, which was then
placed on the microscope stage for real-time monitoring of the

NI
a [ Acoustics- d C
| E— — assisted _—.i —
. . collagen
C (

Y self-assembly
Test solution preparation

= Stock collagen solution = PBS

= Deionized water = 0.1M NaOH

b c i o

o —
| GL

\ ; 400 um
Before turning on Acoustic Collagen gelation
acoustic waves waves ON completed

Control: Self-assembly
without acoustic waves

Experiment: Self-assembly
with acoustic waves
Fig. 4 Results show the effects of traveling acoustic waves on collagen
self-assembly and gelation. (a) Schematics illustrate key steps for preparing
collagen test solutions and the setup for traveling acoustic wave-assisted
collagen self-assembly. (b)—-(d) Brightfield microscopic images acquired at
different time points: before turning on acoustic waves, after turning on
acoustic waves, and after collagen gelation. (e) and (f) Confocal fluores-
cent microscopic images of the fabricated collagen hydrogels showing
randomly distributed collagen fibers in the control group (without acoustic
waves) and collagen fibers with clear directionality in the experimental

group (with acoustic waves).
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collagen gelation process. A piezoelectric transducer was
dipped into the collagen solution and activated to generate
traveling acoustic waves and acoustic streaming, thereby influ-
encing the collagen self-assembly process. After 5-10 min, the
liquid collagen solution transformed into a collagen hydrogel
containing self-assembled collagen fibers. In this process, the
piezoelectric transducer excited at 10 V generated a small
amount of heat, which slightly increased the temperature of
the collagen solution to approximately 26.5 °C, as measured by
a thermal camera (TIM-400, Micro-Epsilon). This temperature
rise accelerated the collagen self-assembly process and the
transformation from a solution to a hydrogel without causing
collagen denaturation.®°° This observation is consistent with
previous studies, which found that type I collagen undergoes
entropy-driven self-assembly when the temperature of a neu-
tralized collagen solution rises above 25 °C.3%3%4!

Fig. 4(b)-(d) show images acquired before, during, and after
the collagen self-assembly process. Before activating the acous-
tic waves, collagen molecules were randomly distributed in the
liquid phase (see Fig. 4(b)). After the acoustic waves were
activated, acoustic streaming propelled the collagen molecules
to flow along the streaming direction (see Fig. 4(c)), thereby
affecting their self-assembly into collagen fibers. Upon comple-
tion of the collagen self-assembly process, the liquid phase
transformed into a hydrogel layer, with oriented collagen fibers
aligned by acoustic streaming (see Fig. 4(d)). To visualize the
traveling wave-assisted collagen gelation process, Movie S2 was
recorded during an experiment. It shows that the traveling
wave-induced streaming transports collagen macromolecules
along the streaming flow. It also shows gelled collagen in the
imaging domain’s left part (closer to the streaming vortex)
where the streaming velocity is relatively lower.

To better reveal the collagen fiber orientations, the fibers in
fabricated hydrogels were fluorescently labeled and then ana-
lyzed through confocal imaging. Fig. 4(e) and (f) (see Fig. S1a and
b for high-resolution images) compare the confocal imaging
results of control (acoustics off) and experimental (acoustics
on) groups, unveiling the effects of traveling acoustic waves on
collagen self-assembly. In the control group, collagen fibers are
randomly distributed, whereas, in the experimental group with
traveling acoustic waves, the collagen fibers are predominantly
aligned by acoustic streaming. Moreover, the collagen fibers in
the acoustics on group are mostly stretched compared to the
control group, where the fibers exhibit curved morphologies. We
also demonstrated the feasibility of our acoustic approach for
different collagen concentrations. The results in Fig. 5(a)-(c) (see
Fig. S2b-d for high-resolution images) for collagen concentra-
tions of 0.5, 1, and 2.5 mg mL ™', respectively, all show collagen
fibers aligned by acoustic streaming, induced by traveling acous-
tic waves at 3.09 MHz (i.e., the transducer’s first-order resonance
frequency). In addition, when using traveling acoustic waves at
9.60 MHz (ie., the transducer’s second-order resonance fre-
quency), acoustic streaming was also generated, affecting the
collagen gelation process and resulting in a hydrogel containing
aligned collagen fibers, as shown in Fig. 5(d) (see Fig. S2e for a
high-resolution image).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Frequency 9.60 MHz
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Fig. 5 Microscopic images showing acoustically oriented collagen fibers under different traveling wave frequencies and collagen concentrations:
(a) 3.09 MHz waves, 0.5 mg mL~! collagen concentration, (b) 3.09 MHz waves, 1.0 mg mL™! collagen concentration, (c) 3.09 MHz waves, 2.5 mg mL™*
collagen concentration, and (d) 9.60 MHz waves, 0.5 mg mL™* collagen concentration.

2.4 Collagen fiber orientations in different regions of a
traveling acoustic wave-induced streaming field in a Petri dish

The acoustic streaming field generated in a Petri dish has
different streaming directions and velocities, as revealed by
the particle image velocimetry results (Fig. 3), exhibiting a
unidirectional flow region along the Petri dish’s center, a vortex
streaming region near the dish’s slide, and a transition region
between the unidirectional flow and vortex regions. To

understand the effects of different acoustic streaming patterns
on collagen fiber arrangements, the collagen fiber orientations
in these three flow regions were analyzed. Fig. 6(a) shows a
stitched brightfield microscopic image acquired after collagen
gelation, covering the unidirectional flow region (right), flow
transition region (middle), and vortex region (left). From the
acquired microscopic image, we analyzed the orientations of
collagen fibers in three boxed areas (areas 1 to 3 in Fig. 6(a)),
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Fig. 6 Characterization of collagen fiber orientations in different regions of the traveling acoustic wave-induced streaming field in a Petri dish.
(a) A stitched microscopic image of a fabricated collagen hydrogel showing the collagen fiber orientations in the area near the streaming vortex (left),
the transition region (middle), and the area close to the Petri dish’s center (right). (b) Polar plots showing collagen fiber directionality analysis results for
Areas 1, 2, and 3, indicated by black boxes in (a). No data is shown in the polar plot for Area 3, as collagen fibers are barely observed in that region.
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which are within the three regions with different streaming
patterns. The results reveal distinct collagen fiber orientations
in different regions of the traveling acoustic wave-induced
streaming field in a Petri dish. In area 1 located in the vortex
streaming region, collagen fibers are oriented in multiple direc-
tions without showing clear directionality (see Fig. 6(b), left). In
Area 2, within the transition region, the analysis result (Fig. 6(b),
middle) shows strong directionality, with the majority of col-
lagen fibers oriented between 120 to 150 deg, correlated to the
acoustic streaming flow direction in the flow transition region.
In area 3, within the unidirectional flow region, almost no
collagen fibers are observed. The absence is attributed to the
higher flow velocities in the unidirectional flow region compared
to other regions, resulting in the transportation of collagen
molecules continuously away from this area.

2.5 Standing acoustic wave effects on collagen self-assembly

In addition to traveling acoustic waves, we also experimentally
investigated the impact of standing bulk acoustic waves on
collagen self-assembly and compared the effects of standing
and traveling acoustic waves. Fig. 7(a) illustrates a schematic of
the test setup (top view), with a pair of piezoelectric plate-type
transducers facing each other in a Petri dish. A collagen
solution was added to the Petri dish, and the two piezoelectric
transducers were turned on simultaneously to generate stand-
ing bulk acoustic waves in the solution. After the completion of
collagen gelation in 5-10 min, a collagen hydrogel containing
acoustically arranged collagen fibers was obtained. It was then
imaged through brightfield and fluorescent microscopy.

Transducer

o

Collagen solution Q)
in a Petri dish

Transducer

Q

S] BN

N
(=1
S

=
3
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In the acquired brightfield microscopic image (Fig. 7(c)), the
fabricated collagen hydrogel exhibits a parallel line-like pat-
tern, indicated by multiple line-like high-contrast regions. We
also simulated the generated acoustic potential field using an
analytical method presented in our previous work.”" The simu-
lated wavefield of standing acoustic waves at 3.09 MHz showed
parallel acoustic potential valleys (Fig. 7(b), blue regions). The
spacing between potential valleys in the simulated acoustic
field is almost identical to the spacing between the line-like
high-contrast regions observed in the brightfield microscopic
image. To reveal the collagen fiber distribution, the fabricated
collagen hydrogel was stained for fluorescent imaging. The
acquired fluorescent images in Fig. 7(d) and (e) show collagen
bundles consisting of densely packed collagen fibers, and these
bundles are aligned parallel to the potential valleys of the
generated standing acoustic waves. However, within each bun-
dle, the small collagen fibers are not well oriented along the
potential valley, as shown in Fig. 7(e), implying that the forces
applied by 3.09 MHz standing acoustic waves on collagen fibers
are not sufficient to control their orientation. As presented
above, our experimental results reveal that standing acoustic
waves have the potential to increase collagen fiber concentra-
tions in acoustic potential valleys and create parallelly arranged
macroscale bundles that are densely packed with nanoscale
collagen fibers.

2.6 Cell elongation in hydrogels with aligned collagen fibers

To demonstrate the functionality of collagen hydrogels fabri-
cated by our acoustics-assisted self-assembly approach, human

Normalized potential

Standing acoustic wave-induced
periodic pattern composed of
parallel, line-like high-contrast regions

Fig. 7 Results showing the effects of standing acoustic waves on collagen self-assembly and gelation. (a) Schematic illustrating the test setup with two
piezoelectric transducers facing each other to generate standing acoustic waves in a Petri dish loaded with a collagen solution. (b) Analytical simulation
result of the generated acoustic potential field at 3.09 MHz, showing parallel, periodic acoustic potential valleys (blue regions). (c) Brightfield microscopic
image of a fabricated collagen hydrogel showing parallel, line-like high-contrast regions induced by standing acoustic waves. (d) A confocal image
showing multiple bundles formed by acoustically concentrated collagen fibers. (e) A magnified confocal image showing the details of a single bundle
containing numerous randomly arranged collagen fibers. These results indicate that standing acoustic waves at 3.09 MHz can increase collagen fiber
concentrations at acoustic potential valleys and create collagen fiber bundles.
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Collagen fiber direction

Fig. 8 Cell elongation in collagen hydrogels fabricated by acoustics-assisted self-assembly process. Collagen hydrogels contain acoustic streaming
aligned collagen fibers. The directions of cell elongation are consistent with the orientation of aligned collagen fibers. (a) and (d) Brightfield and fluorescence
microscopy images showing cell elongation and collagen fiber orientation, respectively. (b) and (e) Zoom-in views of (a) and (d), respectively. (c) and (f)
Brightfield images showing cell arrangement and elongation in regions with collagen fibers arranged along curved paths in the streaming transition region.

glioblastoma U251 cells were seeded in collagen hydrogels and
cultured. We then analyzed the distribution and elongation of
cells within these hydrogels, which contained acoustically
aligned collagen fibers. Initially, cells were mixed into the
collagen solution before activating the traveling acoustic waves
for assisted collagen self-assembly. Upon completion of this
process, we obtained collagen hydrogels containing both cells
and acoustically arranged collagen fibers, which function as
scaffolds with oriented nanoscale collagen fibers influencing
cell growth. Cells were then cultured within the collagen hydro-
gel for three days, followed by examining cell growth and
morphological changes. The acquired brightfield microscopy
images (Fig. 8(a) and (b)) show cell distributions and elongated
morphologies. The acquired fluorescence images (Fig. 8(d)
and (e)) reveal acoustically aligned collagen fibers. The compar-
ison of cell elongation and collagen fiber orientation indicates
that cells predominantly elongate along the aligned collagen
fibers, confirming that acoustic wave-induced collagen fiber
alignment influences cell growth orientation and morphology.
This also indicates that the acoustically aligned collagen acts as
guides or scaffolds, providing adhesion sites for embedded cells
and guiding the cell growth and elongation. We also demon-
strate the potential for guiding cell growth along curved paths by
acoustically arranging collagen fibers along curved paths. As
shown in Fig. 8(c) and (f), cells in the streaming flow transition
region, where collagen fibers are arranged along a curved

© 2025 The Author(s). Published by the Royal Society of Chemistry

trajectory, elongate along that trajectory. The above demonstra-
tion proves that collagen hydrogels assembled under acoustic
waves can serve as functional biomaterials to regulate cell
arrangement and growth direction.

Compared to the traveling wave-based method that induces
collagen fiber alignment, the standing wave-based approach
achieves different collagen fiber arrangements. Hence, the effects
of standing wave-induced collagen fiber arrangements on cell
behavior should differ from those of traveling wave-aligned collagen
fibers. We hypothesize that cells located in regions with densely
packed collagen fibers (within the acoustic potential valleys) experi-
ence limited migration due to increased matrix resistance, and the
morphologies of these cells tend to be more rounded and compact.
In contrast, cells located in regions with lower collagen fiber
concentrations (outside the acoustic potential valleys) are more
likely to migrate due to lower matrix resistance and tend to spread
along local collagen fibers, exhibiting spindle-like morphologies. In
future work, we will conduct additional experiments to test these
hypotheses and further investigate how collagen architectures
induced by standing acoustic waves influence cell behavior.

3. Conclusion

In this study, we investigated the effects of traveling and
standing bulk acoustic waves on the self-assembly of collagen

Mater. Adv,, 2025, 6, 6394-6405 | 6401
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molecules into collagen fibers, for achieving in-Petri-dish fabrica-
tion of anisotropic collagen hydrogels. Through experimental
studies, on one hand, we found that acoustic streaming generated
by traveling acoustic waves can transport collagen molecules in a
solution, thereby influencing the collagen self-assembly process,
achieving aligned self-assembled collagen fibers along the stream-
ing flow direction, and affecting the micro- and nanoscale archi-
tecture of the fabricated collagen hydrogels. Meanwhile, the
temperature of the collagen solution slightly increases to approxi-
mately 26.5 °C, which accelerates the collagen self-assembly
process without causing collagen denaturation.*>*® Based on
these effects, the traveling acoustic waves enable rapid fabrication
of anisotropic collagen hydrogels containing aligned collagen
fibers. On the other hand, we found that standing bulk acoustic
waves, which have parallel, periodic acoustic potential peaks and
valleys, also influence the collagen self-assembly process and
micro- and nanoscale architectures in collagen hydrogels after
gelation, while the effects differ from those of traveling acoustic
waves. Our study reveals that standing acoustic waves affect the
distribution of self-assembled collagen fibers, with higher fiber
concentrations in the acoustic potential valleys. Based on this
effect, standing acoustic waves have been demonstrated to
achieve the quick fabrication of collagen hydrogels containing
low and high collagen fiber concentrations in periodic distribu-
tions. Additionally, our experimental results show that anisotropic
collagen hydrogels containing aligned collagen fibers achieved by
acoustic waves can affect the cell arrangement and elongation.
Cells cultured in our fabricated hydrogel exhibit elongation along
the direction of acoustically aligned collagen fibers.

To investigate the aforementioned acoustic effects and
enable rapid in-Petri-dish fabrication of anisotropic collagen
hydrogels, we designed customized acoustic devices, which can
generate traveling bulk acoustic waves when placing one plate-
type piezoelectric transducer in the collagen solution loaded in
a Petri dish and generate standing bulk acoustic waves when
using a pair of transducers facing each other. Using the design
with one transducer, we successfully fabricated anisotropic
collagen hydrogels containing directional collagen fibers
aligned by traveling wave-induced acoustic streaming. Using
the design with a pair of transducers, we demonstrated the
ability to increase collagen fiber concentration using the
potential valleys of standing acoustic waves and to create
periodically and parallelly arranged macroscale bundles den-
sely packed with nanoscale collagen fibers. These experimental
results validate the effectiveness of our devices for rapid, in-
Petri-dish fabrication of anisotropic collagen hydrogels. Since
the resulting collagen distributions depend on the generated
acoustic fields, it should be possible to tailor these distribu-
tions by controlling the acoustic fields through various
approaches, such as changing transducer positions, adjusting
excitation signals, and combining traveling and standing
waves. We will investigate these strategies in future work to
enable the fabrication of hydrogels containing customized
collagen distributions.

Compared to other methods for aligning collagen fibers
(such as those using external electric fields, microfluidics,
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and cyclic tensile loading), our acoustic approaches are easy
to operate, capable of fabricating anisotropic collagen hydro-
gels within minutes, and do not require customized chambers
for loading collagens. They are compatible with commercial
Petri dishes, which are common in research laboratories. With
these features, we expect our acoustic approaches to be easily
integrated into existing laboratory workflows and combined
with other test protocols. Compared to previous bulk acoustic
wave-based collagen fiber arrangement methods,”®”*®! our
approach does not require bulky water bath tanks, which are
difficult to integrate with inverted microscopes. Moreover, this
work more clearly elucidates the mechanisms of collagen self-
assembly and fiber alignment induced by traveling and stand-
ing acoustic waves, through acoustic field measurements and
streaming field visualization. In our future work, we will
quantitatively characterize the material properties (such as
direction-dependent strength and modulus) of anisotropic
collagen hydrogels fabricated using our acoustics-assisted
approaches. We will also quantitatively analyze how these
anisotropic hydrogels affect cell morphology and migration.
Additionally, we will explore the potential applications of our
fabrication method for various biomedical research areas, such
as tissue model development and hydrogel-based biosensor
fabrication. In the long term, we anticipate that our research
on acoustics-assisted collagen self-assembly will lead to valu-
able tools that benefit biomedical researchers working in tissue
engineering, cancer cell invasion research, bioprinting, and
biomaterials, as well as applications in wound dressings,
corneal grafts, and regenerative medicine.

4. Experimental section
4.1 Acoustic test setup and operation

To perform experiments with traveling and standing acoustic
waves, we used the setups illustrated in Fig. 2(a). A collagen
solution was loaded into a 35 mm-diameter glass-bottom Petri
dish (Mattek, USA) to fully cover the glass bottom. For traveling
wave generation, our test setup adopted a plate-type piezo-
electric transducer (Steiner & Martins, Inc., USA) with dimen-
sions of 26 x 8 x 0.7 mm. The transducer was dipped into the
solution loaded in the dish. For standing wave generation, we
used a pair of parallelly arranged piezoelectric transducers. To
ensure the transducers were perpendicular to the Petri dish’s
bottom, a customized transducer holder was fabricated via three-
dimensional printing. Before using the transducers for collagen
self-assembly experiments, a network analyzer (E5061B, Key-
sight) was used to characterize their operating frequencies. Their
first- and second-order resonance frequencies were found at 3.09
and 9.60 MHz, respectively. For acoustic wave generation, sinu-
soidal excitation signals were generated by a function generator
(AFG3102, Tektronix), amplified by a power amplifier (A075,
E&I), and then sent to the transducers. To perform acoustics-
assisted collagen self-assembly and hydrogel fabrication experi-
ments, the acoustic transducers were excited for 5 to 10 min
until the completion of collagen gelation. Additionally, the Petri

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dish with acoustic transducers could be placed on the micro-
scope stage for real-time monitoring of the acoustic effects on
the collagen hydrogel fabrication process. In this study, the
thickness of the collagen solution was approximately 1.5 mm.
For other thicknesses, our devices can still generate traveling
and standing acoustic waves to assist in collagen hydrogel
fabrication. However, their performance in arranging collagen
fibers will differ, as changes in the solution thickness alter the
generated acoustic pressure and streaming fields.

4.2 Laser Doppler vibrometry

To characterize the acoustic field generated in the liquid layer
within a Petri dish, we used the test setup illustrated in
Fig. 2(b). The piezoelectric transducer was excited by a voltage
signal with three-cycle tone bursts modulated by a Hanning
window, generated by an arbitrary waveform generator
(AFG3102, Tektronix). The excitation signal’s center frequency
was 3.09 MHz. To measure the generated acoustic fields, a laser
Doppler vibrometer (VFX-1-130, Polytec Inc.), equipped with a
10x objective (VIB-A-10x LENS), was mounted on a three-axis
linear motion stage. Its laser beam (with focused laser spot
diameter approximately 3 um) transmitted perpendicularly
through the liquid layer in the Petri dish and reflected back
from a reflection film placed under the dish. The output voltage
signal from the laser Doppler vibrometer was acquired by an
oscilloscope (TDS 2014C, Tektronix). This method allowed the
acquisition of waveforms containing information about the
acoustic waves overlapping with the laser path, similar to
approaches used in other studies for characterizing acoustic
waves in water.®® By changing the laser head position using a
linear motion stage, the characterization system performed
measurements at multiple points in a 6 X 6 mm area with a
step interval of 0.1 mm (i.e., 61 x 61 = 3721 measurement
points). At each sensing position, eight waveforms were
acquired and averaged to obtain a low-noise waveform. By
combining the averaged waveforms for all laser measurement
positions, a multi-dimensional time-space wavefield u (¢, x, y)
was obtained, revealing the propagation of acoustic waves
generated in the liquid layer in the Petri dish.

4.3 Particle image velocimetry

To characterize the traveling acoustic wave-induced streaming
field, particle image velocimetry experiments were performed.
Fluorescent particles with a diameter of 5 um were used as
tracing particles, which were added to the liquid for acoustic
streaming characterization. The prepared particle solution was
added to the Petri dish, and the acoustic waves were then
activated. Due to the drag forces applied to the tracing particles,
they were transported following the streaming lines. An
inverted microscope equipped with a camera was used to
record a video of particle motions. The frames from the
acquired video were analyzed using a particle image velocime-
try toolbox (PIVlab, version 2.62) in MATLAB R2023b%”% to
obtain a velocity magnitude field showing the streaming velo-
city distribution, along with a vector field indicating flow
directions at different locations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.4 Collagen solution preparation

This study used purified, acid-solubilized rat tail tendon type I
collagen (50201, Ibidi GmbH). The collagen stock solution
(5 mg mL ") was diluted to different concentrations, including
0.5, 1, and 2.5 mg mL ', by adding deionized water, 0.1 N
NaOH, and phosphate-buffered saline. For example, to prepare
1 mL of solution with a collagen concentration of 1.0 mg mL ™",
200 pL of collagen stock solution was mixed with 690 L of
deionized water, 20 puL of 0.1 N NaOH for neutralization, and
90 pL of 10x phosphate-buffered saline. Additionally, the
collagen solution preparation was conducted on ice to maintain
a low temperature (~4 °C).

4.5 Cell culture

The human glioblastoma cell line (U251 cells) was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Genesee Scientific)
supplemented with 1% glutamine, 10% fetal bovine serum (FBS)
and 1% Penicillin-Streptomycin (30-002-CI, Corning). The cells
were maintained at 37 °C in a humidified incubator with 5% CO,.
Passaging was performed twice weekly using 0.05% trypsin-EDTA
(sc-363354, Santa Cruz Biotechnology, Inc.), followed by resuspen-
sion in the culture medium. Prior to the arrangement of cells
within the collagen solution, U251 cells were suspended in the
collagen solution at a density of 1 x 10° cells per mL.

4.6 Microscopic imaging

To characterize the collagen fiber morphology, confocal laser
scanning microscopy (LSM 880, Zeiss) was performed. Both
brightfield and fluorescent images of the fabricated collagen
hydrogels were acquired. For fluorescent imaging, the collagen
fibers were fluorescently labeled (HY-66019, MedChem Express)
after collagen hydrogel fabrication. To analyze collagen fiber
orientation in a specific region of the acquired microscopic image,
the region of interest was divided into 10 x 10 subregions. The
orientation of the majority of fibers in each subregion was then
identified, falling into one of six ranges: 0-30, 30-60, 60-90,
90-120, 120-150, or 150-180 deg.
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