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Introduction

For decades, traditional chemotherapy has served as a 
cornerstone in cancer treatment, which relies on cytotoxic 
drugs to eliminate cancer cells for therapeutic purposes. These 
chemotherapy drugs are designed to eliminate cancer cells 
through various mechanisms, including DNA intercalation 
[1,2], microtubule disruption [3], and inhibition of essential 
metabolic pathways [4,5]. Despite considerable advances in 
drug development, systemic toxicity, poor tumor penetration, 
and the inevitable emergence of drug resistance continue 
to challenge the efficacy and feasibility of conventional 
chemotherapies [6–11]. In response to these issues, researchers 
have proposed a novel strategy that utilizes mechanical 
stimuli to temporarily enhance cellular activity and membrane 
permeability in target cancer cells, thereby improving drug 
delivery and potency [12–14]. The convergence of mechanical 
force and chemical therapeutics—mechano-chemotherapy-
represents a frontier in oncology with significant potential to 
overcome the limitations of conventional chemotherapy.

To date, various mechanical stimulation modalities have 
been explored, including magnetic stress, hydrodynamic 
shear, and ultrasonic cavitation [15–19]. While each has 
demonstrated potential, they are burdened by significant 
limitations. Magnetic approaches often contend with issues 
of off-target accumulation [20]. Microfluidic-based shear 
forces, while precise, are difficult to scale for clinical use [21–
23]. Among existing techniques, conventional low-frequency 
ultrasound techniques, sonoporation, which rely on inertial 
cavitation of microbubbles [19,24,25]. While this technique 
has demonstrated considerable efficacy, ongoing debates 
persist regarding the biosafety of micro/nanobubbles and the 
risk of off-target activation in healthy tissues due to bubble 
diffusion [26,27]. The clinical field, therefore, is in pressing 
need of a mechanical stimulation platform that offers non-
invasiveness, high spatial precision, and dynamic tunability to 
safely and effectively modulate cell and tissue responses. 

To circumvent these issues, the authors of this study 
developed a bubble-free acoustofluidic stimulation method, 
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the Chemotherapy-enhanced tunable acoustofluidic 
permeabilization (ChemoTAP) platform. Moving beyond 
the paradigm of cavitation, this innovative approach utilizes 
high-frequency (9.63 MHz) standing surface acoustic waves 
(SSAWs) generated by focused interdigital transducers (fIDTs), 
which leverages strong, highly localized acoustic radiation 
forces to directly exert mechanical stress on cell membranes, 
eliminating the requirement for microbubbles and their 
associated variability. Previous studies have indicated that 
cavitation effects diminish significantly when ultrasound 
frequencies exceed 3 MHz [19], effectively eliminating the 
possibility of bubble-induced sonoporation. We further 
confirmed the absence of microbubble formation during 
experiments through high-magnification microscopic 
observation. The fundamental operating principle involves 
the generation of resonant acoustic fields that create precisely 
controlled mechanical stresses on target cells, resulting in 
transient and reversible modulation of membrane properties 
without the collateral damage associated with inertial 
cavitation. 

Core Working Principle of the Proposed Platform  

The ChemoTAP utilizes high-frequency SSAWs to operate a 
precise mechanotransductive stimulation to target tumor cells 
(Figure 1). To initiate localized and intense acoustic radiation 
forces capable of exerting direct mechanical stress on cellular 
membranes, we employed a pair of focused interdigital 
transducers with a 20° arc configuration (Figure 1). This 
specialized design concentrates acoustic energy into a highly 
focused region, enabling precise mechanical stimulation 
[28]. This stimulus reversibly activates mechanosensitive ion 
channels, triggering rapid ion influx that disrupts intracellular 
homeostasis. This microenvironment imbalance will cause 

reactive oxygen species (ROS), which subsequently induce 
functional impairment of organelles, including mitochondria, 
endoplasmic reticulum, nucleus, and so on [29–31], ultimately 
initiating the programmed cell apoptosis pathway (Figure 1). 
Conventional ultrasound strategies rely on high-power bulk 
acoustic wave pulses to physically disrupt cells, which may lead 
to damage to healthy tissue cells as well [17,27]. In contrast, 
the proposed ChemoTAP operates tumor cell killing through 
a fundamentally different mechanism. By selectively targeting 
mechanosensitive ion channels, the proposed method 

employs a more controllable method to either directly trigger 
apoptosis or synergistically enhance chemotherapeutic 
efficacy. 

Key Technological Advantage of the Proposed 
Platform

The core advantage of ChemoTAP lies in its exceptional 
tunability. By simply adjusting the input voltage and pulse 
duration of the SAW, the level of mechanical force applied 
can be precisely calibrated. In the work with HeLa cells, an 
optimal parameter set (90 Vpp, 250 ms) that maximized the 
permeabilization response was explored, inducing a 2.73-fold 
increase in intracellular calcium flux. This tunability is crucial, 
as it suggests the platform can be adapted to the unique 
"mechanophenotype" of different cancer types, which may 
express varying suites and sensitivities of mechanosensitive 
ion channels. To achieve this, different types of cancer cells 
can be separately seeded and cultured in glass-bottom Petri 
dishes. Leveraging the platform’s tunability, each cell type will 
receive SAW pulse stimulation with sweeping pulse voltages 
and duration. For mechanophenotypic characterization, 
we will continue to use the Fluo-4 AM fluorescence dye to 

Figure 1. ChemoTAP operation process and mechanical stimulation pathway. Step 1: Surface acoustic wave (SAW) pulse stimulation; Step 
2: The mechanosensitive ion channel is activated by SAW pulses; Step 3: Ca2+ overload; Step 4: intracellular ROS level is elevated; Step 5: 
High level ROS leads to mitochondrial damage, DNA disruption, and so on, which causes cell death.
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measure calcium flux dynamics, supported by qRT-PCR to 
quantify the expression of mechanosensitive ion channels 
(MICs). This allows us to plot MIC activity changes vs SAW 
pulse duration/voltage curves across different cell types. 
Distinct cancer cell types may exhibit unique optimal SAW 
parameters for maximal responsiveness. We can generate 
"MIC activity-voltage" or “MIC activity-pulse duration” curves 
for each cell type—analogous to I-V curves—with distinct 
profiles expected across different cell lines. These curves will 
serve as the indicators for mechanophenotype properties for 
each cancer cell type.

The therapeutic efficacy of the ChemoTAP platform is rooted 
in its ability to engage specific molecular pathways through 
precisely controlled biomechanical stimulation. Through 
experiment, we have demonstrated that acoustic radiation 
forces directly activate mechanosensitive ion channels 
rather than causing non-specific membrane disruption. To 
support this conclusion, we utilized the gadolinium (Gd3+), 
a broad-spectrum inhibitor of mechanosensitive channels, 
to treat tumor cells. Being blocked by Gd3+, the viability of 
tumor cells being treated by the ChemoTAP platform was 
significantly increased. The essential role of specific ion 
channel activation distinguishes ChemoTAP from cavitation-
based approaches that often cause non-selective membrane 
poration, highlighting the selectivity and biocompatibility of 
this acoustofluidic approach. This calcium-mediated signaling 
subsequently induces a measurable increase in intracellular 
ROS, creating oxidative stress that further propagates cell 
apoptosis. Concurrently, ChemoTAP stimulation induces 
mitochondrial membrane depolarization and endoplasmic 
reticulum stress. These coordinated effects disrupt cellular 
homeostasis and promote apoptosis.

Translational Potential of the Proposed Platform

The ChemoTAP platform holds particular promise for 
addressing some of the most challenging scenarios in 
clinical oncology. In this commentary, we extend our recent 
work for further discussion. Although the study successfully 
demonstrated that pulsed acoustic stimulation significantly 
activates mechanosensitive channel activities and enhances 
the intracellular delivery of chemotherapeutic agents, we 
identify two key areas for further investigation. First, beyond 
conventional solid tumors, ChemoTAP technology should be 
further developed for managing non-adherent tumor cells, 
such as circulating tumor cells (CTCs) [32]. To achieve this, the 
current ChemoTAP platform requires specific optimization 
for non-adherent cells. The first improvement will focus on 
the cell confinement system. The current experimental setup 
uses commercial glass-bottom Petri dishes to hold cells, but 
non-adherent cells will not stay in position under acoustic 
stimulation because of acoustic streaming. In addition, non-
adherent cells distribute uniformly in the culture medium, 

particularly in the vertical direction. This means the SAW 
stimulation intensity will be attenuated when reaching 
cells located in the upper regions of the culture medium. 
A potential experimental setup should therefore focus on 
the design and integration of microfluidic channels within 
the Petri dish. By precisely tuning the dimensions of the 
microchannels, non-adherent cells can be restricted by 
the channel walls when passing through the acoustic field, 
ensuring they remain within the region of maximum acoustic 
intensity. Another promising experimental approach involves 
leveraging the siphon effect to construct a unidirectional 
fluidic pumping within the microchannel. This setup enables 
continuous, one-way flow of cells, preventing uneven 
stimulation. Our ongoing work to extend this research to 
circulating tumor cells represents a logical and potentially 
transformative application of the technology. The ability 
to target non-adherent cancer cells in circulation requires 
therapeutic approaches that can selectively sensitize tumor 
cells from the surrounding healthy tissues. Recent advances 
in acoustic technologies for biological manipulation provide 
encouraging precedent for this application, with researchers 
developing acoustic virtual 3D scaffolds that enable precise 
spatial organization of cells without physical substrates 
[33,34]. Such acoustic patterning techniques could potentially 
be integrated with ChemoTAP's permeabilization capabilities 
to create comprehensive platforms for flowing cells detection, 
trapping, and stimulation.

Another potential improvement lies in the in vivo therapy 
efficacy evaluation. While the in vitro efficacy of ChemoTAP 
is robust and compelling, the translation of this technology 
toward clinical impact requires thoughtful consideration 
of the necessary developmental pathway. The current 
acoustofluidic stimulation setup is designed for in vitro Petri 
dish cultures. Future work should transition from simple 
cell culture to various tumor models that accurately mimic 
the tissue architecture and microenvironmental conditions. 
Even though promising, transiting ChemoTAP to in vivo 
experiments is particularly challenging. First, current SAW 
stimuli are electrodes patterned on a rigid piezoelectric 
ceramic substrate. This rigid substrate restricts in vivo 
applications because it can neither be inserted into the body 
nor conform well to the surface of tumor tissues. Therefore, 
soft piezoelectric materials are crucially needed for in vivo 
translation. Secondly, the in vivo tumor microenvironment is 
much more complex than the in vitro Petri dish cultures. In 
vivo, tumor cells grow in a spheroid shape, which prevents 
acoustic wave penetration, therefore limiting the mechanical 
stimulation efficiency. Studies on quantifying acoustic 
attenuation in various tissue types will be essential for the 
in vivo translation. Refining dosage parameters for different 
anatomical locations and confirming the biocompatibility of 
the proposed acoustofluidic platform are potential research 
focal points when interacting with biological systems. 
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Conclusion

In conclusion, the ChemoTAP system represents a 
significant advance in the field of mechanobiology and 
oncology, providing a non-invasive, tunable, and highly 
effective approach for synergizing mechanical stimulation 
with chemotherapy. By enabling precise modulation of cell 
permeability through targeted activation of mechanosensitive 
ion channels, ChemoTAP significantly enhances cisplatin-
induced apoptosis in cancer cells while maintaining 
exceptional control over mechanotransduction responses. 
Beyond its immediate applications, this technology offers key 
insights into the broader biological implications of acoustic 
stimulation, highlighting its potential for advancing targeted 
drug delivery, overcoming chemotherapy resistance, and 
enabling next-generation mechano-chemotherapy strategies. 
As research in this field progresses, the integration of 
acoustofluidic technologies with other therapeutic modalities 
promises to open new frontiers in precision oncology, 
potentially transforming our approach to some of the most 
challenging clinical scenarios in cancer management.
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