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Abstract

Hydrogels, three-dimensional (3D) printing, and 3D bioprinting hold considerable
promise for biomedical applications. Compared to conventional hydrogel fabrication
strategies triggered by light, heat, or crosslinking agents, acoustic-assisted hydrogel
fabrication, 3D printing, and 3D bioprinting offer unique advantages, including
superior tissue penetration, high spatiotemporal controllability, and enhanced
biosafety. This review systematically elucidates the significant potential and
innovative mechanisms of ultrasound as a unique physical stimulus in these fields.
This review highlights the fundamental principles of acoustic effects—cavitation,
mechanical effects, and thermal effects—and their roles in hydrogel preparation. We
then comprehensively discuss the multiple pathways for acoustic-assisted hydrogel
fabrication, including cavitation-triggered free-radical polymerization, mechanically/
thermally induced polymerization, liposome-mediated and enzyme-catalyzed
polymerization, self-assembly systems for polymerization, and homogenization
effects in polymerization, highlighting their respective applications in biomedicine
and other related fields. Subsequently, advances in the emerging field of acoustic-
assisted 3D printing and 3D bioprinting are reviewed in detail, ranging from the
acoustic triggering of 3D printing with thermally curable/free-radical polymerization
inks to micrometer-scale 3D bioprinting using cell-laden bioinks. Finally, this review
highlights current bottlenecks and future research directions in acoustic-assisted
hydrogel fabrication, 3D printing, and 3D bioprinting.

Keywords: Ultrasound; Acoustic effects; Hydrogel; Three-dimensional printing; Three-
dimensional bioprinting

1. Introduction

Hydrogels are three-dimensional (3D) polymeric networks capable of absorbing and
retaining substantial amounts of water without dissolution.! A pivotal step in their
preparation involves the transition from a liquid precursor solution to a solid gel, a
process termed crosslinking, which fundamentally dictates hydrogel formation and
final properties.” The crosslinked network provides structural integrity, while the water
molecules confined within it create an environment akin to the extracellular matrix.
Crosslinking essentially connects linear or branched polymer chains via chemical bonds
(chemical crosslinking) or physical interactions (physical crosslinking), forming the
crucial 3D network, which is essentially a process of macromolecular polymerization.?
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Chemical crosslinking, typically involving covalent or
dynamic covalent bonds, results in permanent networks
known for their stability and superior mechanical
strength.*” In contrast, physical crosslinking relies on
reversible non-covalent interactions such as hydrogen
bonding, ionic interactions, and hydrophobic associations,
yielding networks with relatively weaker stability.®
Consequently, a pivotal aspect of hydrogel fabrication
is the method used to trigger crosslinking—that is, the
external or internal stimulus that initiates or drives the
gelation process through polymerization among polymer
molecules in the precursor solution. Common triggers
include light, heat, crosslinking agents, and free radicals.”
The selected fabrication method determines the gelation
kinetics, spatial resolution, biocompatibility, and ultimate
application. For instance, while photocrosslinking offers
exceptional precision, concerns regarding limited tissue
penetration depth and potential cytotoxicity persist.

Furthermore, the optimal trigger varies depending on
whether the hydrogel is derived from natural polymers
(e.g., collagen, polysaccharides) or synthetic polymers
(e.g., polyethylene glycol, polyacrylamide, polyvinyl
alcohol). Owing to their excellent biocompatibility and
tunable physicochemical properties, hydrogels hold an
indispensable position in biomedical engineering, serving
as 3D scaffolds for tissue regeneration,® carriers for
organoid culture in drug screening,’ and components in
flexible electronics for conduction and sensing.’* Equally
noteworthy are advanced fabrication strategies such as
3D bioprinting, in situ crosslinking, microfluidics, and
electrospinning, which enable the production of hydrogels
with diverse architectures, properties, and functions."

Three-dimensional printing, an advanced additive
manufacturing  technology,  has  revolutionized
manufacturing by enabling the precise fabrication of
complex, customized structures.”? In biomanufacturing
and biomedicine, 3D bioprinting has attracted significant
interest.”® Its core principle involves using additive
manufacturing techniques to fabricate predefined 3D
models into tissue- or organ-like scaffolds with complex
architectures and functions, utilizing hydrogels (bioinks)
laden with living cells and bioactive molecules."* Although
3D bioprinting integrates computer science, materials
science, and cell biology, its foremost tenet is maintaining
the viability and function of cells within the bioink, which
is critical for successful biomedical applications.'*'¢

Modulating the properties of hydrogel matrices,
whether natural or synthetic, is thus a decisive factor in
preserving overall bioactivity and ensuring successful
bioprinting. Predominant bioprinting technologies
include extrusion-based, vat photopolymerization (e.g.,

stereolithography), and inkjet-based printing. Extrusion-
based printing deposits bioinks through a nozzle via layer-
by-layer stacking, offering a simple principle, a controllable
process, and suitability for viscous inks.!”* However, its
resolution is limited, and the shear forces generated during
extrusion can damage cells. Photopolymerization employs
a nozzle-free approach, using light projection to pattern
and cure photosensitive materials layer by layer. It boasts
high resolution, fast printing speed, and minimal cell
damage, but is restricted to photoresponsive materials.'**
A key limitation common to these prevalent techniques is
the restricted tissue penetration depth of their triggering
stimuli (e.g., light). Even near-infrared light, which offers
the deepest penetration among optical methods, falls short
of enabling true in situ manufacturing within the body
for tissue engineering.” In situ fabrication allows for the
minimally invasive delivery of bioinks directly to a defect
site, potentially reducing complications associated with
surgical implantation, such as infection, hematoma, poor
healing, or damage to surrounding tissues.?

Ultrasound, a longitudinal wave capable of interacting
with various materials through diverse physical and
chemical effects, has long been used in imaging and
therapy.®* Recently, significant progress has been made
in acoustic-assisted fabrication technologies, particularly
in hydrogel polymerization and corresponding 3D
bioprinting.?**” Acoustic-assisted hydrogel fabrication
leverages ultrasound-induced physicochemical
effects—such as acoustic cavitation, acoustic radiation
force, acoustic streaming, and thermal effects—to trigger,
modulate, or enhance the polymerization process of
precursor solutions.” Acoustic-assisted 3D printing and 3D
bioprinting of hydrogels constitute an advanced subset of
the field. While both rely on ultrasound’s physicochemical
effects to trigger polymerization, the 3D printing modality
places greater emphasis on the spatial structuring process,
aiming to achieve “gelation with a predefined, complex
3D architecture” For bioinks used in acoustic-assisted 3D
printing and 3D bioprinting, demands for crosslinking
precision and speed are higher, heavily reliant on the
ink’s ultrasound responsiveness to achieve high spatial
resolution and rapid fabrication. Compared to traditional
crosslinking stimuli such as light or heat, ultrasound
offers distinct advantages of non-invasiveness, deep-tissue
penetration, excellent spatiotemporal controllability,
and biocompatibility, presenting a broader prospect for
biomedical applications.?*

However, a systematic review that comprehensively
addresses ultrasound-mediated hydrogel polymerization,
3D printing, and 3D bioprinting is currently lacking.
Prior literature includes only a few reviews on hydrogel
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fabrication strategies that mention ultrasound-triggered
hydrogel formation in a sporadic manner.** To the best
of our knowledge, there is still no review that provides
a systematic and in-depth discussion of studies on
ultrasound-assisted hydrogel fabrication. In this review,
starting from the underlying acoustic mechanisms, we
comprehensively summarize and classify ultrasound-
triggered gelation/polymerization pathways, and further
link these pathways to acoustic-assisted 3D printing
and 3D bioprinting technologies for in situ fabrication.
Garciamendez-Mijares et al.*» have reviewed acoustic-
assisted techniques in droplet-based, light-polymerization-
based, and extrusion-based bioprinting, and summarized
deep-penetration ultrasound polymerization methods as
emerging examples. Our review fills the gap in ultrasound-
assisted hydrogel fabrication, and these insights may, in
turn, inform and potentially reshape the development of
ultrasound-based 3D printing approaches (Figure 1).

2.Basic mechanisms
2.1. Acoustic cavitation

Acoustic cavitation is a unique physical phenomenon
triggered by oscillating sound pressure in liquid media,
centered on the dynamic formation, oscillation, and
collapse of cavitation bubbles.* It originates when intense,
alternating acoustic pressure (particularly during the
rarefaction/negative pressure phase) locally reduces the
pressure below the liquid’s saturated vapor pressure or
gas solubility limit, effectively “tearing” the liquid apart to

form microscopic cavities (cavitation bubbles) filled with
vapor or dissolved gas.*® These bubbles typically nucleate
preferentially at heterogeneous sites within the medium,
such as solid particle surfaces, suspended impurities, pre-
existing microbubbles, or hydrophobic interfaces. The
onset of cavitation has a minimum pressure threshold
dependent on ultrasound frequency, liquid properties
(e.g., viscosity, surface tension, gas content), ambient
pressure, and temperature.’® Generally, lower frequencies
facilitate cavitation. The mechanical index (MI), a key
dimensionless parameter in clinical and research settings,
is used to assess the potential risk of bioeffects associated
with cavitation.””*® The MI is calculated as the derated in
situ peak negative pressure (PnP) divided by the square
root of the center frequency ( F,) as Equation 1:

_ PnP ]
~JE (1)

where the units of PnP and F_are MPa and MHz,
respectively.

MI

Based on the value of MI, cavitation is categorized
into stable and inertial types. At lower acoustic pressures
(typically MI < 0.4-0.5), bubbles undergo periodic,
nonlinear stable oscillations about an equilibrium radius
over hundreds to thousands of acoustic cycles without
violent collapse, termed stable cavitation.* At higher
acoustic pressures (typically MI > 0.7), bubbles are
violently compressed during the compression/positive

Figure 1. Acoustic-assisted hydrogel fabrication and 3D printing/bioprinting and their underlying basic mechanisms
Abbreviation: 3D: Three-dimensional. Created in BioRender. Rong, X. (2026) https://BioRender.com/ivtfhvn.
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pressure phase, failing to sustain stable oscillations and
collapsing intensely within one or a few cycles; this is
known as inertial cavitation.**!

At the final stage of inertial collapse, transient extremes
are generated within the bubble: ultra-high temperatures
(>5,000 K), pressures (>1,000 atm), and high-speed
microjets (reaching hundreds of meters per second). The
intense mechanical effects can cause physical disruption
to nearby cells, tissues, or drug carriers, while the high
temperature and pressure can induce pyrolysis of water
vapor inside the bubble, generating highly reactive free
radicals (e.g., hydroxyl radical [«OH], hydrogen radical
[He]). The chemical and mechanical effects of acoustic
cavitation, particularly inertial cavitation, are commonly
leveraged to mediate hydrogel polymerization.

2.2. Acoustic streaming

Acoustic streaming refers to steady or quasi-steady
fluid flows induced in a medium due to acoustic energy
dissipation or momentum transfer as sound waves
propagate.*? It primarily arises from the effective transfer
of acoustic momentum to the fluid medium, driven by
boundary layer effects or acoustic attenuation, which
induces steady circulatory or directional flows.”® Acoustic
streaming can directly drive fluid motion or exert a
drag force on objects suspended within the fluid. It can
manifest as “bulk streaming” (macroscopic flow along the
sound propagation direction) or “microstreaming” (local
vortices or circulatory flows around stably oscillating
microbubbles).” The shear stress generated by streaming
can disrupt the stability of drug carriers, which is
applicable in liposome-mediated hydrogel fabrication.*
Furthermore, by driving macro- or micro-scale flows
within precursor solutions, acoustic streaming enhances
convection and local mass transfer coeflicients, indirectly
optimizing fabrication processes such as uniform mixing
and degassing.

2.3. Acoustic radiation force

Acoustic radiation force is a steady-state force arising from
the transfer of momentum by the acoustic field, primarily
acting along the sound propagation direction.” When a
sound wave encounters an obstacle (e.g., cells, particles,
bubbles), scattering, absorption, and reflection occur. This
process involves momentum transfer, resulting in a net
force on the object.”” This force can be directly applied
to target objects, with its magnitude and direction highly
dependent on the object’s position within the acoustic field
and its acoustic properties.*®

Gor'’kov® developed a model to quantify the
acoustic radiation force acting on Rayleigh particles at

locations where the acoustic field exhibits standing-wave
characteristics or, more generally, where the acoustic
energy density varies spatially. As expressed in Equation 2,
the radiation force is obtained from the negative gradient
of the Gor’kov potential U.

F=-VU )

The potential U is formulated in terms of the time-
averaged acoustic pressure and particle velocity, as given
in Equation 3:

3)

2
x| sl
3 | 2p.c 4

with the prefactor 474’ /3 representing the particle
volume. The associated scattering coefficients f, and f,,
defined in Equation 4, depend on the particle and medium
properties:

(2, —£)
2
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(4)

here, p, and ¢, denote the particle densityand longitudinal
sound speed, respectively,and f and f, correspond to the
monopole and dipole contributions.

This enables direct, non-contact manipulation of
the spatial distribution of functional particles (e.g.,
microparticles, cells) within hydrogel precursors. By
engineering the acoustic field (e.g., using standing waves,
traveling waves, or complex phased arrays), “acoustic
potential wells” can be formed, allowing for precise,
label-free capture, translation, rotation, and patterning of
particles, cells, or even organisms.® This homogenizing
capability may play a role in hydrogel preparation.

It is worth noting that the microjets and shear forces
generated during inertial cavitation collapse represent
transient, extreme-intensity mechanical effects, typically
discussed separately from the steady-state acoustic
streaming and radiation force, though all belong to the
broader category of ultrasound-induced mechanical
effects.

2.4. Thermal effect

The thermal effect of ultrasound—a core physical process
in its interaction with matter—refers to the conversion of
absorbed acoustic energy into heat during propagation.**¢
Its essence lies in acoustic energy dissipation: the
relative displacement and friction of the medium during
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alternating compression and rarefaction cycles convert
sound energy into heat; periodic compression and
expansion under acoustic pressure may also contribute to
minor temperature fluctuations.”

The thermal effect is influenced by ultrasound
frequency (high frequencies enable superficial, precise
heating, whereas lower frequencies allow deeper, uniform
heating), intensity, duty cycle, and focusing. For instance,
focused ultrasound (FUS) can concentrate energy into a
small focal zone (typically millimeter-scale), enabling
localized temperature rises without affecting surrounding
materials.>** Based on this thermal effect, ultrasound can
directlytrigger the solid-to-gel transition of thermosensitive
polymers or assist in triggering thermosensitive carriers to
release crosslinking agents, thereby initiating gelation. The
precise and efficient thermal effects of FUS provide a basis
for the feasibility of acoustic-assisted 3D printing and 3D
bioprinting.

3. Acoustic-assisted fabrication of hydrogels

Leveraging cavitation, ultrasound can trigger free-radical
polymerization in hydrogels. Alternatively, its mechanical
and thermal effects can induce polymerization via other
mechanisms, often without requiring chemical initiators,
yielding hydrogels with uniform structure and complex
functionality.* Beyond direct triggering, ultrasound
can indirectly induce polymerization through liposome
disruption, enzyme catalysis, or modulation of self-
assembly systems. Homogenization is another significant—
though often indirect—contribution of ultrasound in
hydrogel preparation. Compared to other irradiation
methods (e.g., light), the acoustic-assisted process has
deeper tissue penetration, offers superior spatiotemporal
control, and is considered safer. With advancing ultrasound
technology and deeper investigation into influencing
factors, future mechanisms may extend beyond those
listed, leading to more refined fabrication protocols. This
section systematically reviews the mechanisms, roles,
and applications of ultrasound in hydrogel fabrication,
organized by the underlying principle.

3.1. Cavitation-triggered free-radical polymerization

As described in Section 2.1, inertial cavitation provides
strong radical generation that can initiate free-radical
polymerization. This section discusses how formulation
and acoustic parameters modulate network formation
and its properties.’”*® In the process, viscous media such
as glycerol can enhance radical generation while reducing
polymer solubility and slowing depolymerization,®
allowing reaction rates to be tuned by adjusting the glycerol/
water ratio.®° Ultrasound frequency and irradiation time
are also critical parameters, modulating the hydrogel’s

mechanical properties and microstructure, thereby
affecting pore size, compressive modulus, degradation
behavior, and reaction rate.*® For instance, Yang et al.®!
reported ultrasonic interfacial crosslinking of titanium
dioxide-based nanocomposite hydrogels, demonstrating
that 80 kHz irradiation produced the densest network and
highest mechanical strength (compressive modulus = 80.64
kPa), while 120 kHz yielded optimal sonodynamic activity,
achieving a 99.86% bactericidal rate against Staphylococcus
aureus with good biocompatibility.

Another study noted that different ultrasonic
frequencies differentially affect pea protein reorganization
and hydration properties, leading to higher structural
strength compared to traditionally induced gels.
Research on pea protein-psyllium hydrogels showed
irradiation duration significantly impacts structure;
longer treatment (10 min vs. 5 min) led to decreased
encapsulation efficiency, reduced physical stability,
antioxidant degradation, and weaker gel strength,
though it promoted aggregate dispersion and improved
homogeneity.** Conversely, extending ultrasound time
from 10 to 90 min for nanocellulose hydrogels decreased
interfibrillar spacing from 86.81 nm to 6.05 nm, resulting
in a denser network and enhanced strength.® Increased
ultrasonic intensity, time, and power were also reported to
improve the fibrillation rate and water retention value of
nanofibrillar hydrogels, enhancing network structure and
hydrophilicity.® Therefore, specific monomer or polymer
systems with appropriately selected ultrasonic parameters
are key influencing factors in optimizing the acoustic-
assisted fabrication process.

Additionally, studies have shown that output power
and energy can precisely control reaction rates; higher
power accelerates radical generation and shortens gelation
time. Adjusting ultrasound dose, frequency, and substrate
concentration allows control over crosslink density,
swellability, and mechanical properties.®® At 622 kHz, a
10% hydrophilic polyethylene glycol diacrylate (PEGDA)
solution formed a macroscopic gel within 30 s, whereas
hydrophobic polyethylene glycol dimethacrylate gelled
more slowly, initially forming microgels before producing
a macro-gel with lower crosslink density.¥” Using tert-
butanol as an «OH radical scavenger, it was confirmed that
polymerization was primarily initiated by «OH radicals
from water, highlighting monomer hydrophilicity as a key
factor.

Solute concentration is another consideration: if too
low, radicals self-quench; if too high, increased viscosity
impedes cavitation and requires more reaction sites per
unit volume. A 5-15% range is often optimal.®® Solution
pH also affects structure. Ching et al.®® reported using
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cavitation energy (exceeding hydrogen bond energy) to
process microcrystalline cellulose, gradually reducing
its size to nanocellulose hydrogel. They investigated the
role of acid: without acid, cavitation physically peeled
outer layers of fiber bundles, producing high-aspect-ratio,
slender nanofibers that formed a stable 3D network at
very low gelation concentration. With acid present, acid-
catalyzed hydrolysis of glycosidic bonds broke cellulose
chains, producing shorter fibers with a lower aspect ratio,
leading to a looser hydrogel structure requiring higher
fiber concentration for gelation. For greater surface area
and adsorption, adding acid during sonication optimizes
pore structure; for high-stability nanocellulose hydrogels,
acid-free sonication is preferable.®®

Beyond ultrasonic parameters and solution factors,
ambient oxygen threatens radical stability. In radical-
dependent syntheses, an inert atmosphere is often crucial.
In PEGDA systems, gels formed within 30 s under
argon but failed to gel even after 2 h of sonication in
oxygen-saturated solutions.® Thus, prior understanding
necessitates degassing and inert gas reactions in acoustic-
assisted hydrogel fabrication. Recent research, however,
introduced glycerol as an additive to confer oxygen
tolerance. Electron paramagnetic resonance spectroscopy
proved glycerol’s central role: signals for alkyl radicals
(DMPO"-R) were far stronger than for hydroxyl radicals
(DMPO*-OH) in glycerol-containing aqueous solutions
under sonication.® This indicates that glycerol molecules
cleave under cavitation, generating abundant additional,
more stable radicals. When the radical concentration
at initiation sites is sufficiently high, it can effectively
outcompete local oxygen molecules. Even if some radicals
are quenched by oxygen, enough remain to initiate
monomer polymerization, significantly promoting the
reaction. Additionally, glycerol’s viscosity slows the oxygen
diffusion from the atmosphere into the solution, providing
an extended timeframe for radical polymerization.®

3.2. Mechanically/thermally triggered polymerization

Based on the mechanical and thermal pathways
summarized in Sections 2.3 and 2.4, this section highlights
representative hydrogel systems where ultrasound primarily
promotes physical crosslinking (mechanical-dominant) or
thermosensitive polymerization (thermal-dominant).”
For example, Norris et al.” exploited the thermal effect to
fabricate collagen-fibronectin composite hydrogels. In a 25
°C water bath at 8.2 W/cm?, the internal temperature rose
from 25 °C to 32.3 °C. This temperature change altered
the collagen fibril microstructure, increasing fibril density
and inducing polymerization, with temperature-matching
experiments confirming the dominance of the thermal
effect. Interestingly, another study fabricated collagen

hydrogels where the mechanical effect was predominant,
as heating alone could not replicate the ultrasonic-induced
fibrillar structural changes, confirming that collagen
realignment was not thermally driven.”” This hydrogel
served as a skin dressing in genetically diabetic mice,
promoting cell infiltration and matrix remodeling in the
wound microenvironment.”

Another study utilized ultrasonic mechanical forces
to prepare alginate/collagen hydrogel microbeads. By
disrupting lateral hydrogen bonds between collagen fibers
and reorganizing them into nano-dimensions without
inhibiting cell proliferation, these beads enabled the culture
of uniform 3D tumor spheroids, with potential applications
in anticancer drug testing and screening.” An ultrasound-
assisted directional freezing technique was also proposed
to tune the pore size of chitosan-based hydrogels. By using
ultrasound’s mechanical effect to fragment and control
ice crystal growth, hydrogels with finer pores, enhanced
mechanical strength, greater intermediate water content,
and faster evaporation rates were prepared.’

Even when preparing collagen hydrogels, other
substances within the system can influence the dominant
effects of ultrasound. Jonnalagadda et al”™ reported a
system for rapid hydrogel formation via high-intensity
FUS (HIFU) in the presence of excess zinc perchlorate
salt. Initially, HIFU-induced mechanical stress (as
acoustic streaming) disrupted nano-dispersion structures,
promoting ligand coordination with Zn?* and inducing
gelation. As the gel volume increased, ultrasound
absorption caused a bulk temperature rise, further
enhancing coordination polymerization and strengthening
the gel structure. The study noted that this synergy
produced structurally stronger hydrogels than heating
alone, and HIFU operating at higher frequencies (>100
kHz) can be focused to a rice-grain-sized volume, offering
spatiotemporal controllability.” Representative examples
of ultrasound-assisted hydrogel formation discussed in
Sections 3.1 and 3.2 are summarized in Figure 2.

3.3. Liposome-mediated polymerization

Ultrasound can serve as a remote trigger for polymerization
by stimulating responsive carriers to release crosslinking-
promoting substances. It can induce transient pore
formation in the membranes of carriers such as liposomes,
releasing encapsulated ions or enzymes that subsequently
initiate hydrogel polymerization. This approach was first
demonstrated in 2020, where ultrasound-stimulated
calcium-loaded liposomes were used to release Ca?*, which
then activated transglutaminase (TGase). TGase catalyzed
covalent crosslinking between fibrinogen molecules,
forming a hydrogel.”” By varying ultrasound exposure
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Figure 2. Schematic representation and effects of cavitation, mechanical polymerization, and thermal polymerization for hydrogel preparation. (A)
Formation of titanium dioxide@thiol-functionalized mesoporous silica/norfloxacin-dextran (TiO,@MS-SH/Nor-Dex) nanocomposite hydrogel via
ultrasound-triggered thiol-norbornene click reaction and its antibacterial effect. Reprinted with permission from Yang et al.®® Copyright © 2023, The
Royal Society of Chemistry. (B) Schematic illustration of ultrasound-assisted preparation of nanocellulose hydrogel and its reversible gel-solid transition
(scale bar = 1 pm). Reprinted with permission from Ni et al.** Copyright © 2022, Elsevier. (C) Influence of ultrasound on the microstructure of collagen—
cellulose composite hydrogels (scale bar = 500 pum). Reprinted from Norris et al.”* (D) Rapid hydrogel formation induced by high-intensity focused
ultrasound. Reprinted with permission from Jonnalagadda et al.”® Copyright © 2020, Wiley-VCH. (E) Non-thermal effects of ultrasound on collagen
assembly and structure. Reprinted with permission from Norris et al.’” Copyright © 2019, Elsevier. (F) Ultrasound-initiated preparation of high-strength
hydrogels without initiator under oxygen-tolerant conditions (scale bar = 100 um; scale bar = 400 pum; scale bar = 500 um). Reprinted from Cheng et al.*’
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time, the amount of released Ca?* could be controlled,
linearly regulating the initial reaction rate and catalytic
activity of TGase, thereby tuning hydrogelation kinetics
and mechanical properties.”

Building on this, another study co-encapsulated Ca**
and thrombin within liposomes. Released Ca*" activated
TGase, while thrombin catalyzed the hydrolysis of
fibrinogen to fibrin monomers. These monomers were
then covalently crosslinked by activated TGase, forming
a covalently crosslinked fibrin network in situ.’® This
hydrogel promoted microvascular network reconstruction
in damaged tissue, largely addressing permeability
barrier issues and significantly enhancing microvascular
formation.”® Furthermore, liposome-microbubble
complexes can enhance ion release efficiency, further
improving gelation rate and control. Microbubbles are
often used with FUS systems to precisely trigger gelation
at specific locations, suitable for scenarios requiring local
repair or drug delivery, offering spatiotemporal control
and high penetration depth.”

3.4. Enzyme-catalyzed polymerization

The use of TGase represents a cold-set approach for
preparing protein-based hydrogels. Compared to thermal
setting, TGase better protects bioactive substances
and nutrients, is cost-effective, safe, and represents
an ideal compound for promoting protein hydrogel
polymerization.” Ultrasound primarily acts to promote the
TGase-catalyzed polymerization reaction in this context.
It facilitates protein disaggregation and exposure of active
sites, reducing aggregate size, exposing hydrophobic
groups, and altering conformation, making proteins more
amenable to TGase catalysis. Compared to using TGase
alone, the synergistic ultrasonic treatment leads to the
formation of denser, more uniform 3D networks with
higher mechanical strength and improved water-holding
capacity.”

Currently, studies have successfully prepared
egg white-bovine gelatin composite hydrogels® and
pea protein hydrogels® via high-intensity ultrasonic
pretreatment followed by TGase-catalyzed polymerization,
both exhibiting promising properties for food and
pharmaceutical  applications.  Different  ultrasonic
durations also exert distinct effects: a 10-min treatment
formed hydrogels with a uniform honeycomb structure,
significantly improved gel strength, water-holding capacity,
and mechanical properties, whereas a 1-min treatment
yielded hydrogels with high viscosity and good support,
self-repair, and printability.®!

3.5. Self-assembly systems for polymerization

The primary mechanism for ultrasound-triggered
hydrogel formation based on self-assembly systems
involves sonication, disrupting intramolecular hydrogen
bonds, converting molecules into an activated state primed
for intermolecular interactions. Subsequently, via non-
covalent interactions, such as intermolecular hydrogen
bonding and m-m stacking, molecules self-assemble into
a 3D crosslinked network.® Utilizing this principle,
Chen et al.®® developed a hydrogel using a reduced-end
free glucose aminobarbiturate as a gelator. Ultrasound
triggered its self-assembly into a 3D network while
enabling the in situ synthesis and stable encapsulation
of silver nanoparticles without additional reductants or
stabilizers. The composite demonstrated good antibacterial
activity against both Gram-positive and Gram-negative
bacteria, highlighting its potential as a broad-spectrum,
antibiotic-free antimicrobial hydrogel containing silver
nanoparticles.®

Such systems also show promise in drug delivery. An
ultrasound-inducedasparticacid derivative supramolecular
hydrogel could load 500 mg of the drug niclosamide per
mL. Niclosamide release was faster in the first 24 h, then
slowed, sustaining release for 15-22 days, demonstrating
excellent sustained-release capability alongside good
mechanical properties and biocompatibility.®*> Another
study developed a novel L-lysine-based low-molecular-
weight hydrogelator suitable as a cell scaffold for tissue
engineering. It self-assembles via hydrogen bonding and
ni-7t stacking into fibers that further crosslink into a 3D
network. Ultrasonic treatment dramatically accelerated
gelation from 3 h to 30 s. Microscopy revealed that
untreated samples exhibited short, irregular fibers, while
sonicated samples exhibited longer, more uniform fibers
with consistent diameters, promoting ordered assembly
and yielding hydrogels with better mechanical properties.®
Fibroblasts cultured on this hydrogel exhibited good
adhesion, spreading, migration, and proliferation.®

Additionally, ultrasound can convert precipitates into
hydrogels via self-assembly. For instance, cyclo(L-Tyr-L-
Lys) typically precipitates in water but forms a hydrogel
under ultrasonic assistance. Sonication promotes more
orderly molecular aggregation, inducing nucleation
and self-assembly into a fibrous network instead of
precipitation.®”

Ultrasound-triggered hydrogel fabrication based
on self-assembled systems can also be used to prepare
hydrogels with specific structures. Ma et al® first

Volume 12 Issue 3 (2026)

doi: 10.36922/1JB026070058


https://doi.org/10.36922/IJB026070058

International Journal of Bioprinting

Acoustic-assisted 3D printing and bioprinting

developed naphthalimide derivative-based self-assembled
nanotube structures that undergo instantaneous transition
from suspension to hydrogel upon ultrasound triggering,
without heating or other aids. The nanotubes have a
hydrophilic exterior but hydrophobic inner cavities
inaccessible to water at rest. Ultrasound generates
powerful physical forces that “inject” water molecules into
the cavities, triggering hydrogel formation. The gelation
process and final morphology can be tuned by ultrasonic
parameters, showing stimulus responsiveness, with
different morphologies also forming at different pH values.
The hydrogels exhibit a good in situ drug-loading capacity.®
Ultrasonic duration also affects self-assembled structure:
short durations (<1 min) yield fine fibers coexisting with
crystals, while longer durations (>5 min) promote fiber
growth and crystal disappearance.” Although ultrasound-
induced hydrogels have higher mechanical strength, when
dealing with crystalline materials, they may be less stable
and rapidly revert to crystalline precipitates.®

3.6. Homogenization effects in polymerization

Beyond  directly  causing  polymerization, the
homogenization effect arising from cavitation and
mechanical effects plays a crucial, albeit indirect, role in
hydrogel preparation. Ultrasound disrupts intermolecular
forces between particles, preventing agglomeration,
improving dispersity, reducing particle size, and ensuring
more uniform distribution, thereby optimizing the final
hydrogel structure and properties.”” Qu et al.”® employed
ultrasonic homogenization to prepare a thermoresponsive
lignin-reinforced poly(ionic liquid) double-network
hydrogel, uniformly dispersing lignin and ionic liquid in
water to promote monomer mixing and polymerization,
contributing to a uniform polymer network and enhancing
mechanical and conductive properties. This hydrogel was
used for human motion detection, body temperature
monitoring, and as a flexible touch panel for letter
recognition and Braille input.”

Another study used ultrasonic homogenization to
successfully embed nanobentonite as a filler and crosslinker
into a polymer network, improving hydrogel structure
and adsorption performance.”” The homogenization
effect not only disperses substances but can also disperse
macromolecules and uncoil their structures, increasing
surface binding sites. Moderate ultrasonic power (e.g.,
60%) can form the most uniform and dense network,
while excessive power (e.g., 80%) may break molecular
chains, causing irregular aggregation.”” Therefore,
ultrasonic homogenization serves as an efficient physical
pretreatment method, providing dispersion to prevent
particle agglomeration,” while also modulating hydrogel
structure, properties, and reaction rates.”

3.7.Other mechanisms

Kang et al.*® utilized surface acoustic wave (SAW)-induced
steady flow vortices for non-contact, spatiotemporally
precise control over hydrogel polymerization. SAW
generated local fluid vortices that captured hydrogel
microparticles in solution. During polyacrylamide
hydrogel formation, vortex positions developed
denser PAAM polymer networks, while other regions
formed coarser networks. SAW propagation creates a
unidirectional fluid jet in the solution and a reverse flow
at the polydimethylsiloxane (PDMS) interface, with
their interaction generating flow vortices that capture
and concentrate microparticles at vortex centers. During
polymerization, polymer chains and microparticles are
transported to vortex centers, where concentrated particles
interconnect, forming high-density gel networks; regions
between vortices form relatively sparse networks. Thus,
SAW creates structural and property gradients (from center
to edge) within a single hydrogel. This gradient hydrogel
was used as a cell culture substrate, successfully regulating
cell morphology (NIH-3T3 fibroblasts and human
adipose-derived stem cells exhibited position-dependent
morphologies: rounded in central/stiffer regions and
elongated in peripheral/softer regions), demonstrating
potential for interface tissue engineering to simulate soft-
hard tissue interfaces and for applications in soft robotics
and biosensors.

Another study utilized ultrasound energy to drive
the breakage and reformation of coordination bonds,
facilitating a chemical transformation from a kinetically
stable amine complex to a thermodynamically more stable
terpyridine complex.” Ultrasound has also been used not
for synthesis but to modulate local mechanical properties
of pre-formed hydrogels. FUS triggered acoustic droplet
vaporization, converting emulsion droplets into bubbles
whose formation and growth radially compressed the
surrounding fibrin matrix, increasing local density and
stiffness. By controlling the focus location and parameters,
regions with different stiffness could be precisely generated
within the hydrogel.”®

Figure 3 illustrates the overview of representative
“indirect” mechanisms that enable ultrasound-responsive
gelation beyond direct radical/thermal routes.

3.8. Applications of acoustically fabricated hydrogels

In biomedical applications, ultrasound-fabricated
hydrogels offer unique advantages: rapid synthesis,
more uniform 3D structure, and commonly enable
polymerization in the absence of chemical initiators.*'®
Ebrahimi et al.** synthesized acrylate hydrogels in water/
glycerol media under ultrasonic irradiation, demonstrating
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Figure 3. Other mechanisms and effects of ultrasound in hydrogel preparation. (A) Ultrasound-triggered enzymatic gelation (scale bar: 50 um). Reprinted
with permission from Wang et al.”” Copyright © 2023, Wiley-VCH. (B) Schematic diagram of ultrasonic preparation of lysine-terpyridine conjugate
(LysTPY). Reprinted with permission from Guo et al.”” Copyright © 2021, American Chemical Society. (C) Acoustically responsive scaffold: hydrogel
matrix embedded with phase-transition emulsion droplets enabling local modulation of stiffness via focused ultrasound (scale bar: 200 um). Reprinted
with permission from Farrell et al.®® Copyright © 2022, Elsevier. (D) Fabrication of hydrogels using surface acoustic waves. Reprinted with permission
from Kang et al.”® Copyright © 2024, Elsevier. (E) Schematic diagram of ultrasound-induced liposome disruption triggering gelation. Reprinted from Nele
etal”

Volume 12 Issue 3 (2026) 10 doi: 10.36922/1JB026070058


https://doi.org/10.36922/IJB026070058

International Journal of Bioprinting

Acoustic-assisted 3D printing and bioprinting

significantly faster synthesis (a few minutes) compared to
non-sonicated controls, with more uniform microstructure
and higher swellability. pH-dependent drug release studies
(pH 5-9) revealed high pH sensitivity and reversible
pH-responsive swelling/deswelling, indicating potential
as tissue engineering materials and intelligent drug
delivery systems capable of site-specific release in the
gastrointestinal tract.

Another study used acoustic cavitation to synthesize
sodium lignosulfonate-grafted poly(acrylic acid-co-
vinylpyrrolidone) hydrogels loaded with amoxicillin. The
hydrogel better preserved drug activity, achieved high
loading, and showed clear pH-responsive release (51.5%
cumulative release in simulated gastric fluid vs. 84.5% in
simulated intestinal fluid over 24 h), suitable for oral drug
delivery with diffusion-controlled release for sustained
action and reduced side effects.'™ A phenylalanine-
derived hydrogel fabricated via acoustic cavitation was
used to encapsulate anticancer drugs—5-fluorouracil and
methotrexate. The ultrasound-induced hydrogel exhibited
higher network density and mechanical stability, with
smoother and more uniform fiber surfaces, resulting
in higher drug encapsulation efficiencies (83% for
5-fluorouracil and 81% for methotrexate). It maintained
drug release behavior in acidic environments, supporting
its use as a tumor microenvironment-responsive delivery
platform, and the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (also known as MTT
assay) confirmed good biosafety.'*

Ultrasound can also trigger in vivo hydrogel formation.
Zhu et al'® developed an ultrasound-triggered in
situ hydrogel system (2,2’-azobis[2-(2-imidazolin-2-yl)
propane] dihydrochloride/PEGDA/doxorubicin [DOX]/
catalase-chlorin e6). Under ultrasound, 2,2’-azobis[2-(2-
imidazolin-2-yl) propane] dihydrochloride decomposed
into alkyl radicals, initiating PEGDA polymerization to
form a hydrogel that localized catalase-chlorin e6 and
DOX at the tumor site. Long-term hydrogel retention
allowed catalase to continuously decompose endogenous
hydrogen peroxide into oxygen, alleviating hypoxia and
enhancing photodynamic therapy, while DOX was slowly
released for combined chemo-photodynamic therapy. In
vivo experiments showed significant synergistic antitumor
efficacy with a single injection and no obvious side effects.

Beyond drug delivery, cavitation-fabricated hydrogels
show promising potential in flexible sensors and tissue
engineering.””* Li et al.' synthesized polyacrylamide-
sodium alginate double-network hydrogels using MXene
(titanium carbide) as a reductant and potassium persulfate
as an oxidant. Acoustic cavitation decomposed MXene
and potassium persulfate to generate radicals, initiating

polymerization and yielding highly tough and conductive
hydrogels. As a strain sensor attached to a finger, it
monitored bending motions via resistance changes. It
also showed potential for electrocardiogram monitoring
as hydrogel electrodes, demonstrating high stability and
reproducibility for real-time cardiac health monitoring.'**

In tissue engineering, ultrasound via cavitation causes
molecular collisions, generating local high pressure and
temperature, which disrupt protein non-covalent bonds,
partially unfolding proteins to expose hydrophobic
groups and disulfide bonds, increasing crosslink density®®
and promoting protein aggregation. This was used to
induce the solid-to-gel transition of sericin protein.'”®
Cell experiments validated its potential as a cell carrier/
culture platform: mouse fibroblasts on the hydrogel surface
proliferated, adhered, migrated, and survived up to 42
days, with adhesion rates and viability comparable to those
on conventional culture plates. Horseradish peroxidase
encapsulation demonstrated sustained release capability,
establishing sericin hydrogel as a versatile platform for cell
culture and drug release.’®®

Beyond biomedical applications, cavitation-fabricated
hydrogels are applied in food and environmental
sectors.'®%” Their efficiency, green nature, and precision
offer broad prospects in food (e.g., encapsulating heat-
sensitive bioactive componentslike probiotics or liposoluble
vitamins'®) or as food additives.’® In environmental
remediation, an ultrasound-assisted in situ free-radical
copolymerization method was used to synthesize a
magnetic double-network nanocomposite hydrogel for the
adsorption of organic pollutants, especially phenols, with
recyclability and regeneration capabilities.'®

Ultrasound improved the adsorption capacity and
mechanical properties. The hydrogel also showed pH
responsiveness, adsorbing phenol optimally at pH 9
and 4-nitrophenol at neutral pH, allowing performance
adjustment based on water acidity.'” Another approach
combined hydrogel preparation with hydrodynamic
cavitation to enhance dye removal efficiency, offering a
new strategy for wastewater treatment intensification.'?
An ultrasound-assisted in situ free-radical polymerization
method was used to synthesize poly(acrylic acid)/
bentonite/iron-cobalt nanocomposite hybrid hydrogels for
the adsorption of the cationic dye crystal violet. High shear
gradients from cavitation helped control molecular weight
and promoted precursor (e.g., iron[II] chloride, cobalt[II]
chloride ) dispersion within bentonite interlayers.'"! This
hydrogel exhibited pH responsiveness (optimal adsorption
at pH 11 due to carboxyl group dissociation, enhancing
electrostatic attraction with cationic dyes, decreasing
in acid) and temperature responsiveness (increased
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adsorption with temperature up to 35 °C, as heating relaxes
the polymer network), making it suitable for treating dye
wastewater from textiles, printing, and cosmetics.'!

Another study used ultrasound to prepare poly(acrylic
acid)-kaolin hybrid hydrogels for adsorbing cationic
dye Brilliant Green, retaining similar advantages, while
kaolin addition enhanced mechanical strength and
water retention, suggesting uses in soil amendment and
slow-release fertilizer carriers."” Such hydrogels also
adsorb metal ions. Wang et al.'** synthesized a hydrogel
via ultrasound-assisted free-radical polymerization that
effectively adsorbed Co?" ions, outperforming many
traditional adsorbents for cobalt-containing wastewater
from electroplating, alloy, and catalyst industries.
Another study developed a sodium lignosulfonate-based
superabsorbent hydrogel via an ultrasound-assisted
method for effective Ni** ion adsorption, with potential
application in treating nickel-containing wastewater
from electroplating and battery manufacturing, and with
additional capacity to adsorb other metal ions."**

Application-oriented  examples of  acoustically
fabricated hydrogels are illustrated in Figure 4, spanning
biosensing, drug delivery, in situ tumor therapy, and
environmental remediation. The characteristics of different
mechanisms for ultrasound-induced hydrogel formation
are summarized in Table 1.

4, Acoustic-assisted 3D printing and 3D
bioprinting

As understanding of ultrasound-triggered hydrogel
fabrication mechanisms, materials, conditions, and
applications matured, acoustic-assisted 3D printing and
3D bioprinting have attracted increasing attention. 3D
printing and 3D bioprinting hold immense potential
in tissue engineering and personalized medicine for
constructing specific tissue substitutes and complex
scaffolds for repair.'” However, its clinical translation
is limited by reliance on invasive surgical implantation,
conflicting with the minimally invasive paradigm.''¢
Acoustic-assisted 3D printing and 3D bioprinting,
leveraging ultrasound’s deep tissue penetration, potential
for high precision, biocompatibility, and real-time imaging
capability, offer a promising new pathway by enabling in
situ printing at defect sites—an advantage lacking in
traditional light-based or extrusion techniques.?"!'”!®
Several researchers have explored the application of
ultrasound mechanisms—cavitation, mechanical effects,
thermal effects, and liposome-mediated polymerization—
in acoustic-assisted 3D printing and 3D bioprinting.

4.1.Three-dimensional printing

Debbi et al.'* utilized inertial cavitation to locally generate
free radicals, polymerizing PEGDA and poly(vinyl
alcohol) methacrylate. Their results showed complete
polymerization of 10% PEGDA or poly(vinyl alcohol)
methacrylate solutions under 37 kHz or 1 MHz ultrasound.
A five-second exposure at 2.2 W cm™ achieved complete
polymerization, while lower intensities yielded the same
results with prolonged exposure time, aligning with prior
literature.®® They further explored cell encapsulation
within such ultrasonically polymerized hydrogels. Due to
radical cytotoxicity,' cells required additional protection
via alginate or fibrin encapsulation, boosting viability
from 60% to 89% while preserving function."® Finally, by
increasing the acoustic inK’s viscosity to enhance localized
cavitation energy release, reduce radical diffusion, and
accelerate polymerization decay, they achieved millimeter-
scale acoustic-assisted 3D printing. Combined with cell
encapsulation results, they demonstrated the potential
for cavitation-based acoustic-assisted 3D bioprinting,'*
though limitations include low resolution, difficulty
printing complex 3D structures, and inherent radical
cytotoxicity.”

The extreme temperatures, pressures, and heating/
cooling rates induced by cavitation have been exploited
for thermal polymerization in acoustic-assisted 3D
printing.'?'"'* Habibi et al.'** applied FUS within a chamber
filled with a thermally curable polymer (primarily PDMS).
By leveraging the rapid heating/cooling at the FUS focus,
they achieved 3D printing of PDMS, terming the method
direct sound printing (DSP). The printing process involved
moving the FUS focus point-by-point along a preset path
within the chamber, depositing cured voxels onto a platform
or previously cured voxels, achieving approximately 280
um resolution, albeit with severely limited speed due to
point-by-point writing.'”® To improve printing speed,
they subsequently proposed holographic DSP (HDSP).'*
HDSP uses acoustic holography to generate a sound
pressure pattern across an entire image plane, inducing
polymerization simultaneously across a cross-section
rather than point-by-point. While a single hologram can
print simple two-dimensional shapes, moving the build
platform with a robotic arm along a 3D path enables more
complex structures.'” Leveraging FUS penetration, both
DSP and HDSP can achieve remote, deep-tissue printing
(e.g., through 15 mm-thick biological tissue). However, the
extreme temperatures from inertial cavitation may limit
their use with cell-laden bioinks. Furthermore, the method
has been primarily demonstrated with PDMS; other
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Figure 4. Biological applications of ultrasound-prepared hydrogels. (A) Ultrasound-assisted synthesis of lignin-reinforced poly(ionic liquid) hydrogels
for biosensor applications. Reprinted from Qu et al.”* (B) Ultrasound-fabricated phenylalanine-derived hydrogel as an efficient drug delivery platform.
Reprinted from Buxaderas et al.'? (C) In situ synthesis of hydrogel for antitumor therapy. Reprinted with permission from Zhu et al.'*® Copyright © 2025,
Wiley-VCH. (D) Ultrasound-assisted synthesis of gelatin (GL)/chitosan (CS) hydrogel for the adsorption of heavy metals in the environment. Reprinted
with permission from Jiang et al.'”” Copyright © 2019, Elsevier. (E) Ultrasound-synthesized poly(acrylic acid) hydrogel for wastewater treatment. Reprinted
with permission from Shirsath et al.' Copyright © 2013, Elsevier. (F) Mechanism of ultrasound-induced redox reaction between MXene and potassium
persulfate and its biosensing application. Reprinted with permission from Li et al.'® Copyright © 2023, The Royal Society of Chemistry.
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Table 1. Comparative summary of mechanisms for ultrasound-induced hydrogel formation

Mechanisms Gelation time Cytocompatibility Applicable materials References
Cavitation-trieeered free- Ranging from tens PEGDA, PEGDMA, nanocellulose
. gaeree of seconds to tens of Mouse embryo fibroblasts hydrogels, microcrystalline cellulose, and 61,64,66
radical polymerization . ;
minutes Pluronic F127
Mechanically/thermally Varying from minutes to  Fibronectin-null mouse Type I rat tail collagen, ECM, alginate/ 70-74
triggered polymerization tens of minutes embryonic fibroblasts collagen, and chitosan
Llposorn-e—rr.ledlated 30s Human umblhc.al cord Collagen, fibrin, agarose, and alginate 75-77
polymerization blood endothelial cells
Enzyme-catalyzed . . . . .
o 1 min Excellent Pea protein, egg white, protein, and gelatin 79,80
polymerization
Self-assembly systems for Wlthlr,l a timeframe HelLa cells, mouse NIH 3T3  L-lysine, aspartic acid derivative, and
o spanning tens of seconds L . 83,85,88
polymerization . fibroblasts naphthalimide derivative
to tens of minutes
Homogenization effects in Fu.nctlomng as an Therm9resp0nswe, polyacrylamlde./
o adjunct to other - bentonite hydrogel, hawthorn pectin, and 91-93
polymerization . .S
mechanisms soybean protein isolate
. Spatiotemporally Fibroblast cells, adipose- .
Surface acoustic wave modulated derived stem cells Polyacrylamide hydrogel 96
. . Spatiotemporally
Acoustically responsive modulated (focused Human dermal fibroblasts ~ Fibrinogen 98
scaffold
ultrasound)

Abbreviations: ECM: Extracellular matrix; PEGDA: Polyethylene glycol diacrylate; PEGDMA: Polyethylene glycol dimethacrylate.

thermally curable materials require further exploration,
and printing capability for complex 3D structures requires
further development.

Another study successfully printed three types of
thermosets with different polymerization mechanisms
using combined thermal and cavitation effects of
ultrasound: PDMS (via hydrosilylation), acrylates (via
free-radical polymerization), and epoxy resins (via
cationic ring-opening polymerization).'” The technology
enabled continuous fabrication of homogeneous and
heterogeneous thermosets, including functionally graded
composites. By directly inserting an ultrasonic transducer
into the liquid thermoset or integrating it with a nozzle,
rapid in situ gelation occurred at the transducer’s output
face. Integrated robotic arms enabled 360° omnidirectional
manufacturing, allowing rapid printing of structures like

vertical and lateral spirals with spatiotemporal control.

However, resolution is influenced by printing
parameters and transducer diameter, currently lacking
micrometer precision. Additionally, the thermosets have
limited potential for cell-laden bioprinting.'** Another
study used FUS for 3D printing of thermally curable
acrylate resins.'” The resin (PEGDA and 2-hydroxyethyl
acrylate) was infused into an opaque foam scaffold.
Moving the FUS focus within the foam triggered resin
curing, enabling support-free, layerless, freeform 3D
fabrication. The modulus could be tuned from hard to soft
by adjusting PEGDA/2-hydroxyethyl acrylate ratio. The
foam scaffold mitigated acoustic streaming in low-viscosity
ink, improving precision, and provided support for curing
parts, enabling fabrication anywhere within the foam.
However, resolution was also non-microscale (around 6
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mm minimum feature size), and reliance on a sacrificial
foam scaffold poses practical limitations for removal and
structural integrity.'”” Figure 5 summarizes representative
acoustically assisted 3D printing strategies.

4.2. Three-dimensional bioprinting

While the pioneering studies discussed in Section
4.1 achieved high-precision, non-contact, controlled
3D printing, their application in bioprinting remains
constrained by cell damage risks from cavitation-generated
radicals, thermal effects, and bioink biocompatibility
limitations.

Kuang et al'*® developed a self-enhancing, phase-
transition, ultrasound-responsive bioink for FUS-guided
volumetric bioprinting. The bioink comprised PEGDA
or other vinyl oligomers (e.g., gelatin methacryloyl)
as the base, agarose microparticles as a rheological
modifier, poly(N-isopropylacrylamide) (PNIPAm) as
a self-enhancing acoustic absorber, and ammonium
persulfate as a thermal initiator. PNIPAm undergoes a
coil-to-globule phase transition upon heating, significantly
increasing viscosity." The ink also exhibited strong shear-
thinning behavior. This bioink addressed the conflict
between acoustic penetration depth and streaming:
shear-thinning promoted deep penetration under high-
frequency sound, while phase-transition-induced
viscosity increase markedly reduced streaming, enhanced
acoustic absorption, and enabled rapid, localized heating,
significantly improving printing precision.

As a direct result of self-enhanced attenuation and
viscosity, the ink showed rapid, self-enhanced heating:
within seconds of FUS exposure, the focal zone temperature
rose rapidly to 60-80 °C. Through this thermal effect,
the thermal initiator ammonium persulfate generated
radicals to trigger vinyl oligomer polymerization, leading
to rapid bioink gelation.””® This approach enabled
direct, contact-free volumetric printing without a build
platform, advantageous for in vivo applications. Both
PEGDA-based and gelatin methacryloyl-based acoustic
inks using NTH/3T3 fibroblasts showed minimal to no
cytotoxicity.'*"*? Printing precision reached the sub-
millimeter scale, with the capability for centimeter-sized
constructs. The use of confocal dual transducers could
further improve resolution and speed while minimizing
potential tissue side effects.

The study validated the potential of acoustic-assisted
3D printing for deep-tissue engineering, demonstrating
penetration printing in ex vivo tissues and non-contact
ink solidification for left atrial appendage occlusion in
an ex vivo goat heart. Leveraging ink versatility, they also
formulated a PEGDA/agarose/PNIPAm nanocomposite

ink with 5 wt% hydroxyapatite nanoparticles for printing
bone repair scaffolds and created a doxorubicin-loaded
PEGDA/agarose/PNIPAm  hydrogel for sustained
targeted chemotherapy in liver tumors in situ. Despite
this breakthrough, potential cytotoxicity from high
polymerization temperatures remains a concern.'”®

A recent study addressed the biosafety issue of
thermal polymerization during printing. Davoodi et al.'*®
developed an in vivo acoustic printing platform based
on low-temperature-sensitive liposomes (LTSLs). In
this technology, LTSLs encapsulate crosslinkers and are
designed to release their payload at a temperature slightly
above body temperature upon FUS exposure. This released
crosslinker can then trigger gelation via various mechanisms
(e.g., ionic crosslinking, oxidative crosslinking, radical
polymerization) in the base material. Incorporating small
amounts of lysolipid and PEGylated lipid into the LTSL
formulation creates grain boundary defects in the lipid
bilayer, which rapidly expand upon heating"**'** enabling
controllable payload release while minimizing premature
leakage at physiological temperatures, ensuring acoustic
responsiveness and printing precision. Using 8.75 MHz
FUS at a printing speed of 40 mm s', the study achieved
unprecedented 150 pm line-width resolution, maintained
at sub-millimeter scale even through 15 mm-thick porcine
muscle tissue.'®

Due to the biocompatibility of both base materials and
LTSLs and a crosslinking temperature controlled below
42 °C, the technology showed good cytocompatibility.
The platform is highly versatile, enabling the printing of
various functional biomaterials. For example, mixing
ultrasound contrast-agent microcapsules into the bioink
allowed real-time monitoring, precise focal positioning,
and in situ crosslinking verification via capsule rupture
during printing. Adding conductive additives (e.g., carbon
nanotubes, silver nanowires, MXene) to an alginate-LTSL
system enabled fabrication of personalized bioelectronic
devices for health monitoring.”** Mixing drugs into the
bioink allowed sustained local drug delivery post-printing.
Formulating tissue-adhesive bioinks enabled non-invasive
wound closure.

The study performed the first in vivo printing
assessments in live animals: for instance, precisely printing
a gel construct targeting bladder cancer tissue within a
mousebladder, monitored via ultrasound imaging, enabling
surgery-level targeted therapy while minimizing systemic
toxicity. Printing gel lines in deep muscle tissue of a rabbit
model further validated the platform’s potential in tissue
engineering. Post-implantation analysis confirmed high
biocompatibility and structural/functional integrity over
time, validating platform efficacy.’® The key innovation
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Figure 5. Acoustic-assisted 3D printing.(A) Fabrication and 3D printing of hydrogels (PEGDA or PVA-MA) via acoustic cavitation-triggered free-radical
polymerization. Reprinted with permission from Debbi et al.'*® Copyright © 2024, Wiley-VCH. (B) Schematic diagram and photograph of the voxel-by-
voxel printing process in DSP. Reprinted with permission from Habibi et al.'** Copyright © 2022, Nature Portfolio. (C) Schematic diagram and image of
the printing process in HDSP based on acoustic holography. Reprinted from Derayatifar et al.'® (D) Concept, working principle, and image of continuous
thermal polymerization printing based on an integrated ultrasonic transducer. Reprinted with permission from Yao et al.'* Copyright © 2024, Wiley-
VCH. (E) Working principle and photograph of 3D printing of thermally curable acrylate resins using FUS. Reprinted from Lee et al.’’

Abbreviations: 3D: Three-dimensional; DSP: Direct sound printing; FUS: Focused ultrasound; HDSP: Holographic direct sound printing; PEGDA:
Polyethylene glycol diacrylate; PVA-MA.: Poly(vinyl alcohol) methacrylate.
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lies in a leap in temperature safety: by using LTSLs to
encapsulate crosslinkers, the triggering temperature was
successfully reduced from 60-80 °C in traditional acoustic
thermal polymerization to 41.7 °C, significantly lowering

thermal damage risk."’

acoustic bioprinting paradigms: self-enhancing sono-
inks for volumetric printing and low-temperature, as
well as liposome-mediated in vivo sound printing. The
characteristics of representative studies of acoustic-assisted

3D printing and 3D bioprinting are summarized in Table 2.

Figure 6 presents two representative deep-tissue

Table 2. Characteristics of representative studies on acoustic-assisted three-dimensional printing/bioprinting

Technique Resolution Scalability/ Energy requirements  Acoustic field design Process Equipment
throughput parameters
Printable materials
include heat- Printing as low as
::ng;ﬁxi;ce 20 W; some at 20 W
450 um lines with 25 printing through girsigl;;ﬁtﬂg.\/vﬂf;rm lz\dllfIzMril{oZnaoIE}ij PDMS Sylgard Build volume:
DSP um gap at 2.15 MHz; opaque obstacles; intensity ~1 0’ OPW / & s her)icall focused 184; 10:1 porous, limited by the
280 um lines with 186 ex vivo deep om? at 2);) W: printin tfans duceZ‘ single- >13:1 transparent chamber and
pm gap at 2.4 MHz printing; for P & ; SIng (13:1 borderline)  motion range
example 15 mm pressure <2 MPa; element focus
xampre: simulated max 3 MPa
tissue + 18 mm at platform in a setu
PDMS (total 33 P P
mm)
Diffraction-limited
~M2 in hlgh—pr.essure Acoustic pf)wer 5-25 Frequency: 1.86-2.85
areas, but practical Speed: 30-90 s W depending on . ) .
. . . MHz; amplitude via Build volume
image thickness ~A; (HDSP) vs. 4-13 complexity (to reach ower and ~2 MPa limited b
hologram printed by min (DSP) for ~2 MPa threshold); fhr‘g’shol d: t0o hich holo ran?/
HDSP's SLA with nominal 125  comparable wall; DSP: 1.18 W, ~12.56 ower de ? rades & PDMS (following transgducer
pm (~Aw/5 in water remote distance min, ~889 J deposited; Pni formitg a DSP paradigm) aperture
at 2.2 MHz); confocal ~ printing through ~ ~7,536 J system input; ;ltreamin y;n le- afl d rgbot
scan shows <30% area  opaque media/ HDSP: 23.18 W, ~0.5 & Sing
. . . . element flat transducer workspace
deviates >150 pm, tissue min, ~695 J deposited; + passive hologram
inducing unwanted ~2,790 ] system input passiv 8
lobes
Open-cell
. PU foam +
Smallest cured .Fre.e»form curing  Frequency: 916 kiz, thermally curable Build volume
. . inside opaque duty cycle 100%, power ~ Frequency: 916 kHz; .
HIFU cylinder diameter: ~6 . acrylate resins bounded
curin mm at 2 s ~19 mm at open-cell foam 50-250 W, thermal single-element HIFU; (PEGDA or HEA by foam/vat
insideg 10s; focal)size' 1.76 (not layer-by- imaging: >80 °C in geometric focus: 63.2 formulations); gZOmetrY and
foams'?’ mm (width) x 12.91 layer); multi- foam within 5 s, bulk mm; focal depth: 51.6 exposure 10-15 reachable focal

mm (length)

material via resin
exchange

resin max ~32 °C due
to streaming

mm

s for static
and toolpaths
retraced 5-7x

region

(contd...)

Volume 12 Issue 3 (2026)

17

doi: 10.36922/1JB026070058


https://doi.org/10.36922/IJB026070058

International Journal of Bioprinting

Acoustic-assisted 3D printing and bioprinting

Table 2. (Continued)

Technique Resolution Scalability/ Eflergy Acoustic field design Process Equipment
throughput requirements parameters
Multiscale via Frequency: 40-50
transducer-size kHz; Langevin
Minimum feature and pressure Controller (?utput longitudinal 4
. control; six-axis ~ 0-100 W with auto transducer with
200 pm; with mask K PDMS (10:1), .
robot enables frequency tracking; concave end-face Build volume
templates <100 pm; e . . epoxy, acrylate .
SCPp . . omnidirectional  sound pressure: focusing; single ; limited by robot
resolution mainly . . or composites;
. unsupported 1.1-3.0 MPa; multi-  emitter; shaped . workspace
determined by o . 30-60 °C
transducer diameter  Printng: material examples by end geometry;
multi-material ~2.95-4.33 MPa focal size at 46 kHz
thermosets and reported (e.g., 3/1.5/1
composites mm)
Materials:
Acoustic-pressure No build Frequency: 2.05, PEGDA + agar
FWHM of focal platform; 3.41, and 6.86 microparticles
zone: 0.3-0.7 mmy; volumetric MHz; amplitude + PNIPAm
for example, focal deposition but expressed as peak absorber + Build volume:
zone 0.45 mm at 3.41  still scanned- Input power: <100 acoustic pressure APS initiator; ink tank
DAVP! MHz; in-plane curing  focus writing; W; peak pressure: (tens of MPa); array ~ example ratio: thickness
size improved from through-tissue up  35-55 MPa; duty geometry: single 20/10/3 wt%; example
7.6to .6 mmwhen  to~17mmwith  cycle: 90% focus; focal length up ~ curing threshold 10 mm for
the scan speed was layered phantom to ~64 mm; depthof Tc=67°C (0.5  characterization
0.4 to 0.8 mm/s. Axial example (skin/ focus: 5.58 mm (2.05  wt% APS),
curing size: 5.0-9.9 fat/muscle 3/5/7 MHz) vs. 1.69 mm reducible to 62
mm mm) (6.86 MHz) °C with higher
APS
Speed: up Ultrasound ink
to 40 mm/s; Frequency: 1.1, 2.65, = biopolymer
Demonstrated In vivo/tissue 8.75 MHz; Single- + LTSL- Build volume
DISP' Reported resolution:  in vivo near examples: 7-24 W element FUS (models  encapsulated limited by the
~150 pm diseased mouse at 2.65 MHz, 10-20 ~ H102, H108); Array  crosslinker; injected volume
bladder areas mm/min geometry: single- trigger: stable at  and stage travel
and deep within element 37 °C, releases at
rabbit leg muscles ~41.7°C
PEGDA or
PVA-MA; can
ngl erization 37 kHz or 1 MHz; :;ilqﬁ\r/}gz. ?711:?; or be enriched with  Build volume:
Ultrasound- Potential deep-body poym intensity 0.3-2.2 W/ P ECM proteins/ tissue thickness
. . demonstrated 5 focused); transducers:
mediated FUS resolution <1 through 1-3 cm? exposure 5-30 s; 1-MHz planar/ minerals; 1-3 cm; max
polymerization®® mm 81 full polymerization in P exposure: part size not
cm thick tissues multiple conditions focused probes; 5/10/30 s; <1 uantified
(muscle/brain) P 37-kHz sonicator ? 9

min in some
contexts

Abbreviations: APS: Ammonium persulfate; DSP: Direct sound printing; ECM: Extracellular matrix; FWHM: Full width at half maximum; HDSP:
Holographic direct sound printing; HEA: 2-hydroxyethyl acrylate; HIFU: High-intensity focused ultrasound; LTSL: Low-temperature-sensitive
liposomes; PDMS: Polydimethylsiloxane; PEGDA: Polyethylene glycol diacrylate; PNIPAm: Poly(N-isopropylacrylamide); PU: Polyurethane.

Volume 12 Issue 3 (2026)

18

doi: 10.36922/1JB026070058


https://doi.org/10.36922/IJB026070058

|nternati0nal Journal Of Bioprinting Acoustic-assisted 3D printing and bioprinting

Figure 6. Acoustic-assisted 3D bioprinting. (A) Bioink composition, working principle, setup, and printing process of deep-penetration acoustic volumetric
bioprinting (DAVP). Reprinted with permission from Kuang et al."*® Copyright © 2025, Nature Portfolio. (B) Photographs of ex vivo printing constructs
and the in vivo model printing process using DAVP. Reprinted with permission from Kuang et al.'*® Copyright © 2023, AAAS. (C) Schematic of the
acoustic printing platform based on low-temperature-sensitive liposomes and the results of its deep-tissue penetration printing in vivo. Reprinted with
permission from Davoodi et al.'”** Copyright © 2025, AAAS.
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5. Conclusion

This review highlights the significant potential and
innovative mechanisms of ultrasound as a unique
physical stimulus in the fields of hydrogel fabrication, 3D
printing, and 3D bioprinting. Compared to traditional
external stimuli (e.g., light, heat), ultrasound—by virtue
of its diverse physicochemical effects—offers distinct
advantages, including deep tissue penetration, high
spatiotemporal controllability, good biocompatibility,
and often milder processing conditions, driving the field
toward more profound, precise, and clinically relevant
applications.

In summary, recent studies have successfully elucidated
multiple pathways for ultrasound-triggered hydrogel
formation, each offering distinct advantages in terms of
gelation kinetics, biocompatibility, material applicability,
and spatiotemporal controllability. Among these,
cavitation effects and ultrasound-triggered self-assembly
systems enable rapid gelation, typically completing within
tens of seconds to a few minutes, rendering them suitable
for applications requiring rapid in situ solidification. In
contrast, enzymatic and liposome-mediated gelation
strategies exhibit longer gelation times, ranging from
several minutes to tens of minutes.

Nevertheless, ultrasound can function as a “remote
switch” by stimulating responsive carriers (e.g., liposomes)
torelease enzymes, ions, or crosslinkers on demand, thereby
enabling precise modulation of crosslinking dynamics
and achieving highly biocompatible gelation through an
indirect mechanism. This confers unique advantages on
these strategies in cell encapsulation and tissue engineering.
Mechanistically, mechanical and thermal effects primarily
contribute to the rearrangement of polymer chains and
the densification of network structures, while ultrasonic
homogenization plays an auxiliary role in enhancing
dispersion and optimizing structural uniformity. Notably,
mechanisms such as acoustic streaming induced by SAW's
and acoustic droplet vaporization enable spatiotemporal
control over gel formation and subsequent properties,
facilitating the construction of hydrogels with structural
gradients or locally tailored mechanical characteristics.

In the aspect of acoustic-assisted hydrogel fabrication,
future research may adopt tailored methodologies based
on specific application scenarios. Although considerable
progress has been made in elucidating the mechanisms
underlying ultrasound-mediated hydrogel formation,
current understanding remains largely qualitative. Future
efforts should prioritize the application of advanced in situ
characterization techniques to probe the interplay between
cavitation effects and polymer crosslinking. In particular,
the synergistic effects between mechanical and thermal

perturbations remain insufficiently resolved. Moreover,
accurately predicting optimal ultrasound parameters
(e.g., frequency, intensity, duty cycle) based on material
properties remains a critical challenge. The establishment
of a comprehensive structure-property relationship
database correlating ultrasound parameters with hydrogel
performance would facilitate the transition from empirical
knowledge to data-driven guidance, substantially
enhancing research efficiency and accuracy.

At the forefront of 3D printing and 3D bioprinting,
acoustic-assisted ~ technologies  are  overcoming
the inherent limitations of conventional methods.
Predominant techniques such as extrusion-based and
vat photopolymerization face challenges in printing
resolution, cell-friendliness, and crucially, the capability
for in situ biomanufacturing. The evolution from
millimeter-scale printing via cavitation-based radical
polymerization, to penetration-capable volumetric
printing using FUS-induced thermal effects with self-
enhancing phase-transition inks, and most recently to
sub-millimeter resolution printing via a low-temperature
trigger strategy based on LTSLs, marks a clear trajectory
toward transforming the paradigm from “construct-then-
implant” to “in situ precise construction.” The ultimate goal
is to deliver bioinks to deep target tissues percutaneously or
minimally invasively, then utilize ultrasound’s penetration
and focusing capabilities to directly print biocompatible,
functional tissue repair scaffolds conforming to the defect
morphology in vivo.

Acoustic-assisted 3D printing and 3D bioprinting are
transitioning from “proof-of-feasibility” to a stage where
engineering performance boundaries and translational
viability are the central focus. Representative studies,
employing different mechanistic approaches, have
demonstrated: (i) feature sizes in the hundreds of
micrometers (e.g., reported line widths/minimum features
in the 100-300 pm range); and (ii) centimeter-scale
energy delivery through tissue/scattering media to enable
in situ gelation/curing (e.g., maintaining printability
under 15-40 mm tissue coverage, or achieving focal-
zone temperature elevation to 60-80 °C within seconds at
<100 W input power). However, these results also clearly
expose a tightly coupled relationship among resolution—
penetration depth-throughput-energy-biosafety, making
them difficult to optimize simultaneously. For example,
in deep-penetration situations, thermal diffusion and
acoustic streaming can broaden the theoretical focal spot
into millimeter-scale cured dimensions, with pronounced
anisotropy. In cavitation-triggered polymerization,
increasing power can markedly raise streaming velocity
and degrade shape fidelity.
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Currently, the primary bottleneck limiting acoustic-
assisted hydrogel fabrication, 3D printing, and 3D
bioprinting is biosafety concerns associated with these
processes. Ultrasound action, particularly cavitation
and thermal effects, may cause unintended damage to
bioactive macromolecules, and the degradation products
of hydrogels applied in vivo require more systematic safety
evaluation. Moreover, when hydrogels are intended for
cell encapsulation, cell viability may be compromised
by ultrasound exposure. A significant challenge lies
in optimizing acoustic parameters to ensure robust
fabrication outcomes while preserving high cell viability.
Additional hurdles include balancing fabrication resolution
with structural complexity, pushing the boundaries of
printability, expanding the library of ultrasound-responsive
bioinks, and establishing standardized protocols for these
emerging manufacturing processes.

Future efforts should focus on several key directions.
First, acoustic-assisted 3D printing and 3D bioprinting
currently lack unified reporting standards and key data,
particularly regarding acoustic field design and energy
parameters, making rigorous quantitative comparison
and replication across different studies challenging.
Inconsistencies in terminology and unclear quantitative
boundaries also persist: resolution is often ambiguously
referred to as either “acoustic focal spot” or “cured line
width,” and throughput metrics lack a standardized
definition. These parameters urgently require systematic
establishment and standardization. Second, further
theoretical and experimental investigation into the
fundamental interactions between acoustic fields and
materials is needed to guide the rational design of both
sound fields and hydrogel systems. Third, developing novel
acoustic-responsive biomaterials, particularly hydrogel
systems with additional desirable properties, is crucial.
Fourth, research should be directed toward specific
clinical applications that best leverage ultrasound’s unique
advantages, such as repairing deep-seated or surgically
inaccessible tissue defects or irregular cavity-shaped
organs, thereby driving the design of tailored material
systems and complete therapeutic workflows. Finally,
rigorous standardization of acoustic-assisted hydrogel
fabrication and 3D bioprinting technologies is essential
to facilitate their transition from promising laboratory
innovations to transformative tools with significant impact
in biomedicine.
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