
He et al., Sci. Adv. 11, eadx3851 (2025)     13 August 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 11

A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Nanoscale acoustic oscillator for 
mechanoimmunology: NAOMI
Ye He1†, Ke Jin1†, Bo Pan2,3, Ke Li1, John D. H. Mai4, Xianchen Xu1, Ying Chen1, Zhiteng Ma1, 
Kaichun Yang1, Shujie Yang1, Kilian Shambaugh5, Mingyuan Liu6, Jianping Xia1, Yuqi Wu1,  
Luke P. Lee7,8,9,10,11*, Tony Jun Huang1*

Mechanoimmunology explores how mechanical forces orchestrate immune responses, offering insights into im-
mune cell functions and the mechanisms underlying mechanotransduction. A critical challenge in this field is the 
absence of reliable platforms that apply precise, consistent mechanical stimuli to individual cells while enabling 
reproducible immune activation. Here, we present a nanoscale acoustic oscillator for mechanoimmunology ap-
plications: NAOMI. NAOMI features micropatterned pillars that support uniform cell monolayer formation with an 
integrated acoustic transducer that delivers highly controlled 3D nanoscale oscillations (±1-nanometer devia-
tion) for up to 72 hours. Unlike conventional passive platforms relying on static stiffness or surface topography, 
NAOMI enables dynamic, programmable stimulation with high precision and reproducibility. Validation studies 
demonstrate that NAOMI notably enhances mechanical stress intensity and cell displacement, driving robust M1 
polarization in macrophages. NAOMI provides a practical and versatile platform for studying mechanoimmunol-
ogy, offering high precision, stability, and tunability. Its capabilities also position it well to support future research 
and drive innovative discoveries in the field.

INTRODUCTION
Human physiological activities and disease progression are often 
marked by dynamic changes in multiscale biological and biophysical 
properties. For instance, tissue stiffening during tumor invasion and 
reduced cell elasticity during cellular aging are well-documented 
phenomena (1–3). Immune cells, as central components of the body’s 
defense and homeostatic regulation systems, have an inherent ability 
to sense these biophysical cues, enabling them to perform immune 
surveillance and regulate physiological functions (4–6). This mecha-
nosensitivity is crucial for maintaining their normal function (7). For 
example, mechanical forces have been shown to activate lymphocytes 
by stimulating T cell antigen receptors or B cell antigen receptors (8). 
Similarly, mechanical stimulation can influence the activation of in-
nate immune cells such as macrophages, dendritic cells, and neutro-
phils (9). These insights highlight the growing importance of the 
emerging field of mechanoimmunology, which investigates how me-
chanical stimuli influence immune cell behavior and function.

Despite its potential, our understanding of how different forms of 
mechanical stimuli specifically affect diverse immune cells and the 
underlying molecular mechanisms remains incomplete. Most current 
immunotherapies primarily focus on biochemical cues to enhance 

immune cell efficacy. Advancing our knowledge in cellular mechano-
biology through the framework of mechanoimmunology could pave 
the way for innovative engineering strategies to modulate immune 
cell functions more efficiently, effectively, and sustainably.

There are now two main approaches to studying mechanoimmu-
nology. The first uses the extensive interactions between immune 
cells and the extracellular matrix (ECM) by designing materials 
with tailored physical features—such as stiffness, Young’s modulus, 
surface topography, spatial confinement, wettability, and roughness—
to examine their effects on immune cells (10–16). The second ap-
proach uses engineering techniques to apply dynamic mechanical 
loading or physical force fields, such as cyclic strain and shear stress, 
which have been shown to effectively induce macrophage polariza-
tion (17–19). Physical fields, including magnetic, electric, and fluidic 
flow fields, have also been used to dynamically stimulate immune 
cells, influencing their a dhesion, activation, and migration (20–24). 
While these methods have provided valuable insights, they have 
several limitations. Material-based methods often require complex 
fabrication and surface modification processes to mimic ECM me-
chanics (25, 26), and their physical properties are difficult to tune 
flexibly across a broad range. Strategies for introducing dynamic be-
havior, such as material degradation or responsiveness to external 
stimuli, further complicate precision control. Moreover, the mecha-
nisms by which material physical cues translate into intracellular 
signaling in immune cells remain poorly understood (27). Force field– 
based systems also face challenges: Magnetic and electric stimula-
tions often depend on exogenous tags or electrochemical interfaces 
that may introduce confounding factors. Additionally, fluidic flow, 
while capable of generating shear forces, lacks the spatial confine-
ment and resolution necessary for subcellular mechanotransduction 
studies (28, 29).

Recently, acoustics and acoustics-induced vibrations have dem-
onstrated strong potential as in vitro stimulation tools to regulate 
cellular functions and investigate mechanobiology-related pathways 
(30–35). These systems allow easy modulation of input parameters—such 
as resonance frequency, amplitude, and vibration mode—facilitating 
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the study of how dynamically tunable physical cues influence cellu-
lar behavior. However, a major limitation of most current acoustic 
and vibration platforms is their lack of uniformity, spatial precision, 
and long-term mechanical stability in delivering consistent force at 
targeted cellular or subcellular locations. For instance, low-frequency, 
low-intensity pulsed ultrasound (LIPUS), one of the most commonly 
used acoustic stimulation methods, has been shown to affect various 
cell types (36). Yet, its biological effects remain poorly understood 
due to the inconsistency of LIPUS-induced acoustic forces across the 
cell population, the lack of wavelength resolution for subcellular tar-
geting, and potential unintended interference with cellular signaling 
pathways (36–38). Considering immune cells are highly mechano-
sensitive, these limitations notably hinder the potential of current 
acoustics and vibration platforms for mechanoimmunology re-
search. These issues are particularly critical for mechanoimmunol-
ogy research, as immune cells are highly mechanosensitive and 
sensitive to even subtle variations in their mechanical microenvironment. 
Acoustic force spectroscopy is an emerging platform that enables 
highly controlled force application at the single-molecule level (39). 
While primarily used to probe molecular interactions, its principles 
hold promise for subcellular-resolution cell stimulation. However, 
its current single-cell format limits scalability, throughput, and inte-
gration, making it unsuitable in its present form for high-throughput 
mechanoimmunology applications.

In this study, we introduce nanoscale acoustic oscillator for 
mechanoimmunology (NAOMI), a platform designed to uniformly 
modulate immune cell function through precise and stable acoustic 
stimulation. NAOMI delivers contact-free, label-free, and spatially 
tunable mechanical signals with high temporal precision, eliminat-
ing the need for magnetic labeling or surface functionalization. Me-
chanical energy is transmitted directly via acoustic pressure fields 
that naturally interact with cell membranes and the surrounding 
ECM. This enables localized, oscillatory stimulation within physio-
logically relevant ranges, allowing for reproducible and biologically 
meaningful modulation of immune cell behavior at both cellular and 
subcellular levels. We confirmed that NAOMI transmits nanoscale 
acoustic waves uniformly to adherent cells, with tunable input param-
eters and treatment durations. Applying NAOMI to macrophages, we 
observed strong M1 polarization, accompanied by the up-regulation of 
integrin family genes, suggesting enhanced cell-substrate interactions 
after stimulation. Ultimately, polarized M1 macrophages exhibited no-
tably increased phagocytic activity and improved tumor cell–killing 
efficiency.

RESULTS
Design and operation of the NAOMI platform
To create NAOMI, an in vitro mechanobiological cell stimulation 
platform that applies mechanical loads to cells uniformly and pre-
cisely, we engineered a micropatterned silicon substrate to ensure 
consistent cell adhesion, defined as uniform cell distribution and 
reproducibility across experiments (figs. S1 and S2). This was achieved 
by fabricating microfeatures with uniform size, spacing, and aspect 
ratio (height-to-diameter ratio, 1.2; fig. S3) and by applying oxygen 
plasma treatment to generate a homogeneous surface chemistry. 
Coupling acoustic transducers to this substrate allowed acoustically 
generated, precise nanoscale oscillations to propagate through the 
micropatterned structures, thereby mechanically stimulating the cells 
(Fig. 1A). We selected macrophages as a representative immune cell 

type to demonstrate NAOMI’s capability in modulating immune 
function. Macrophages were seeded on the substrate overnight to 
form a monolayer. By tuning the input power and stimulation dura-
tion, we effectively induced M1 polarization through integrin sig-
naling (Fig. 1B), an effect associated with increased stress intensity 
and cell motion at the cell-micropattern interface (Fig. 1C).

The fabrication and characterization of the NAOMI platform
The NAOMI platform is fabricated through a few simple steps, en-
suring a cost-effective, scalable, and reusable design. Briefly, a sili-
con substrate was micropatterned using photolithography. Then, an 
acoustic transducer was fixed on the bottom of the silicon substrate 
(Fig. 1, D and E). When a voltage was applied, the oscillations of the 
piezoelectric actuator were transmitted through the integrated sub-
strate and triggered corresponding nanoscale displacements in the 
micropatterned surface (Fig. 1F). These nano-oscillations were 
measured using a laser Doppler vibrometer (MSA-600 Micro Sys-
tem Analyzer, Polytec) and showed high tunability and uniformity. 
First, as seen in Fig. 2A, the structure of the micropatterned silicon 
substrate is observed by scanning electron microscopy (SEM). The 
fabricated micropatterned pillars are highly ordered and uniform. 
The diameter of a single pattern is 10 μm. The spacing or pitch be-
tween patterns is also 10 μm. From a three-dimensional (3D) vi-
brometry analysis, the average displacement of the micropatterned 
pillars during oscillation had a high level of uniformity, with only 
±1 nm of deviation (Fig. 2B). This extraordinary uniformity is also 
observed from a broader view (which spans the entire substrate) 
and at a single pattern level (Fig. 2C). This result shows that this 
in vitro cell stimulation platform can transmit uniform mechanical 
stimulations to cells. Next, we report that these acoustics-induced 
nano-oscillations have a measured and mapped 3D oscillation mode. 
As shown in Fig. 2D, the magnitude of the z direction (indicated by 
the blue line) is much higher than the x and y directions (green and 
orange lines). The simulation results further support this finding, as 
shown in Fig. 1F, where the oscillation-induced structural displace-
ment occurs primarily out of plane rather than in plane. Therefore, 
this platform mainly transmits mechanical stimulation in a vertical 
direction. The magnitude peak occurs at a frequency of 5 kHz. We 
also studied the relationship between the input voltages and result-
ing oscillations (Fig. 2E). Five different frequencies are used to drive 
the structural oscillation (5, 10, 15, 25, and 35 kHz). All of them 
show a voltage-dependent increase in the oscillation magnitude.

Next, we numerically modeled and simulated these uniform 3D 
oscillations to evaluate their efficiency in mechanically stimulating 
cells. First, we simulated the nano-oscillations and experimentally 
measured the oscillations of the cells, micropatterned pillars, and 
the silicon substrate, respectively (Fig. 2, F and G). There were clear 
differences among these three targets. We considered that the oscil-
lations would increase the shear stress intensity at the cell-substrate 
interface and structure-induced cell oscillations. Before conducting 
experiments on live cells, we performed numerical simulations. As 
depicted in Fig. 1 (B and C) and fig. S4, after cells adhered to the 
micropatterned pillars, the dynamic oscillations originating from 
the base of the acoustic transducer induced nanoscale oscillations 
in the micropatterned pillars. The nanoscale oscillation also matched 
the amplitude and frequency of the silicon micropatterned pillars, 
as the micropatterned pillars’ Young’s modulus was 160 GPa. Cells 
have a Young’s modulus of ~49 kPa (40). Thus, they exhibited a re-
markably lower stiffness compared to the supporting micropatterned 

D
ow

nloaded from
 https://w

w
w

.science.org at E
W

H
A

 W
om

ans U
niversity on D

ecem
ber 02, 2025



He et al., Sci. Adv. 11, eadx3851 (2025)     13 August 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 11

pillars. When the micropatterned pillars vibrate at the driving fre-
quency of the acoustic transducer, the cells on top experience forced 
oscillations transmitted mechanically through the micropatterned 
pillars. Due to their lower stiffness, the cells undergo vibrations with 
amplitudes that are much larger than the micropatterned pillars. This 
stiffness mismatch leads to enhanced displacement and stress con-
centration near the cell-micropillar interface. Both numerical and 
experimental results (Fig. 1, C and F; fig. S4; and Fig. 2, B and C) 
confirm that the NAOMI platform generates stable, uniform 3D na-
noscale oscillations that are mechanically delivered to the cells, en-
abling effective mechanical stimulation.

Acoustically induced nano-oscillations enhance M1 
polarization of macrophages
We cultured cells from RAW264.7, a murine macrophage cell line, 
in the NAOMI platform to determine whether the macrophage ac-
tivities were affected. For cell experiments, ~50,000 RAW264.7 cells 
were cultured on the micropatterned pillars overnight to allow for 
thorough cell adhesion. The cell number was determined by forming 
a cell monolayer on the micropatterned pillars with limited cell over-
lapping. Next, the acoustics were activated to induce nano-oscillations. 
This experimental group is denoted as the acoustics-on group. Cells 
cultured on the micropatterned pillars without nano-oscillations are 
denoted as the acoustics-off group. Cells cultured on petri dishes are 
denoted as the petri dish control group. First, we observed the cell 

viability and morphological changes. As seen in Fig. 3A, according 
to the live/dead staining result, after 48 hours of treatment, all three 
groups exhibited good cell viability. Most cells are stained green 
(alive), and the number of red (dead) stained cells is negligible. Then, 
we observed the morphological changes by cytoskeleton staining. It 
was clear that the cells showed a certain level of elongation after being 
cultured on the micropatterned pillars. The cells maintained their 
morphology after nano-oscillation treatment. Then, we used a CCK-8 
(Cell Counting Kit-8) assay to measure cell viability quantitative-
ly. Figure 3B shows that all groups presented statistically similar vi-
ability, consistent with the live/dead staining results. Therefore, cell 
viability was not significantly affected after being cultured on mi-
cropatterned pillars and experiencing 48 hours of nano-oscillation 
treatment.

Subsequently, to explore whether the cellular functions of the 
RAW264.7 cells changed, we used several molecular technologies 
to study macrophage polarization at both the proteomic and ge-
netic levels. First, we used an enzyme-linked immunosorbent assay 
(ELISA) assay to quantitatively measure the exact secretion concen-
trations of two proinflammatory markers [tumor necrosis factor–α 
(TNF-α) and interleukin-1β (IL-1β)] and two anti-inflammatory 
markers (IL-4 and IL-10). For TNF-α, the acoustics-on group had 
the statistically highest concentration. The acoustics-off group was 
also higher than the control petri dish control group. For IL-1β, the 
concentration of the acoustics-on group was also higher than the 

Fig. 1. Schematics of the NAOMI platform and its capabilities in mechanoimmunology. (A) NAOMI is capable of delivering steady and uniform nanoscale oscillations 
to cells and modulating cellular functions through integrin activation. (B) The nanoscale oscillations induce macrophage proinflammatory response through integrin and 
downstream signaling. FAK, focal adhesion kinase; JAK-STAT, Janus kinase–signal transducer and activator of transcription; MAPK, mitogen-activated protein kinase; NF-
κB, nuclear factor κB. (C) The nanoscale oscillations increase shear stress intensity and cell displacement near the interface of the cell with the micropattern due to the 
localized displacement induced by the oscillation modes. A detailed explanation of the numerical simulation can be found in fig. S4. (D) Schematic of the nanoscale oscil-
lations induced by acoustics can activate integrin and induce M1 polarization of macrophages. (E) Acoustic waves applied across the micropatterned substrate induces 
nanoscale oscillations and delivers mechanical stimulations to the cells. (F) Numerical simulation results of the oscillation-induced structural displacement and the in-
creased shear stress intensity and cell displacement near the cell-micropattern interface due to the disparity in oscillation modes. This figure was generated partly using 
Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 4.0 unported license (https://creativecommons.org/licenses/by/4.0/deed.en) 
(Servier; https://smart.servier.com/).
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other two groups. However, the acoustics-off and petri dish control 
groups had no significant difference. As for IL-4 and IL-10, all three 
groups had similar secretion levels without significant differences 
(Fig. 3C). Subsequently, an inflammatory factor array was used to 
determine the secretion levels of various inflammatory factors qual-
itatively. As seen in Fig. 3D, there are 27 targets, including 24 proin-
flammatory factors/chemokines and three anti-inflammatory markers 
(IL-4, IL-10, and IL-13). According to these results, 21 targets had 
the highest intensity in the acoustics-on group for proinflammatory 
factors and chemokines. For the acoustics-off group, only three tar-
gets had the highest intensity. For the petri dish control group, all 
targets had the lowest intensity. As for the anti-inflammatory tar-
gets, although the acoustics-on group still had the highest intensity, 
the differences among the three groups were very small. Then, we 
used quantitative polymerase chain reaction (qPCR) to detect the 

gene expression level of eight proinflammatory factors (Fig. 3E). All 
eight targets were up-regulated in the acoustics-on group, compared 
to the other two groups. In addition, the gene expression of seven 
targets in the acoustics-off group was also higher than the petri dish 
control group. Then, we used flow cytometry to detect the expres-
sion of M1 and M2 cell markers. We used CD86 and CD206 as the 
representative M1 and M2 markers. In Fig. 3F, consistent with the 
above results, the acoustics-on group has the most CD86-positive 
cells compared to the other two groups. As for CD206-positive cells, 
according to the flow cytometry results, the positive number of cells 
in the acoustics-on group was lower than the other two groups.

We also performed immunofluorescence staining to visualize the 
CD86 expression levels in all three groups. As shown in Fig. 3G, com-
pared to the petri dish control and acoustics-off group, the acoustics-
on group exhibited greater CD86 signals. Last, we provided the flow 

Fig. 2. Device fabrication and characterization of the NAOMI platform. (A) A SEM image of the micropatterned pillar arrays (10-μm diameter with 10-μm spacing). 
(B) Vibration analysis histogram of the measured amplitude response of the micropatterns (count, 600), which shows a high level of uniformity during actuation. The aver-
age deformation difference between pillars at the nanoscale level is ±1 nm. (C) Vibration analysis of the whole micropatterned substrate. The vibration distribution in the 
whole field and a single pattern (insert image) is uniform. Scale bar, 400 μm. (D) 3D vibration characterization of the micropatterns. The amplitudes in the three orthogo-
nal directions (x, green line; y, orange line; z, blue line) are presented for applied acoustic frequencies. (E) Response of the vibration amplitudes at five different frequencies 
with increases in input voltages. (F) The numerically simulated result for the displacement distribution of the vibrating NAOMI device, where the silicon structure is on the 
top. The magnified structure of the silicon structure shows that the bottom actuator drives the oscillation of micropatterned pillars. (G) The measured distribution of the 
vibration amplitudes varies at different positions (i.e., at the cells, top of the micropatterns, and bottom of the substrate).
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cytometry results at different intervals to explain why 48 hours of acous-
tic treatment is selected as the best practical treatment time. As shown 
in fig. S5, cells were treated for 24, 36, and 72 hours, respectively. 
Then, the expression of CD86 and CD206 was detected by flow cy-
tometry. We found that, after 24 and 36 hours of treatment, the inten-
sity of CD86 in the acoustics-on group remained higher than the other 
two groups. However, compared to the results of the 48-hour treat-
ment, the difference was much smaller. After 72 hours of treatment, 
the result was relatively clear, as the CD86 intensity was much higher 
than the other two groups. However, due to the fast cell proliferation pro-
file of macrophages, a 72-hour cell culture was too long, and the mono-
layer cell culture was difficult to maintain. Therefore, 48 hours was 
selected as the most appropriate treatment duration. Overall, these results 
strongly suggested that the acoustics-induced nano-oscillations can 
improve the M1 phenotype polarization of macrophages.

NAOMI increased the expression of the integrins family
Because macrophages are effectively polarized to the M1 phenotype, 
the NAOMI platform has proven capable of regulating cell functions 
through mechanical stimulations. Accordingly, we explored the un-
derlying molecular mechanisms. We used RNA sequencing (RNA-
seq) techniques to study the overall gene expression profile and the 
changes in specific functional gene groups following the nano- 

oscillation treatment. Based on the above results, cells in the acoustics-
off group had similar M1 polarization levels to the petri dish control 
group. The M1 polarization of macrophages in the acoustics-on 
group should, thus, be attributed to the nano-oscillations. Therefore, 
we collected the mRNA from the acoustics-off and acoustics-on groups 
and studied the gene expression differences via RNA-seq.

First, we compared the overall gene expression difference. In Fig. 4A, 
compared to the acoustics-off group, 449 genes were up-regulated, 
and 147 genes were down-regulated. A total of 13,926 genes were 
not changed. We have summarized all changed genes in a heatmap 
(Fig. 4B). Each group has three biological repeats, and we can see that 
the tendency in each repeat is relatively consistent. Next, Gene Ontol-
ogy (GO) pathway enrichment analysis was performed to examine 
cell function and signal pathway changes. In Fig. 4C, compared to 
the acoustics-off group, the acoustics-on group displays remark-
able enrichment in proinflammatory reactions, such as defense 
responses, positive regulation of innate immune responses, cell 
chemotaxis, TNF superfamily cytokine production, acute inflamma-
tory response, and macrophage activation. These results verified that 
macrophages in the acoustics-on group were polarized to the M1 
phenotype to have higher proinflammatory responses.

We also found that macrophages in the acoustics-on group pre-
sented significant enrichment in cell-substrate interactions compared 

Fig. 3. NAOMI improves M1 polarization of macrophages. (A) Optical microscope images of live/dead stained cells and stained cytoskeleton. (B) CCK-8 assay measur-
ing cell viability under different experimental conditions (absorbance at 450 nm was measured) (n = 8). (C) Enzyme-linked immunosorbent assay (ELISA) assay measuring 
the secretion of tumor necrosis factor–α (TNF-α), interleukin-1β (IL-1β), IL-4, and IL-10 from different groups (n = 8). (D) Heatmap presenting the secretome profiles of in-
flammatory factors for different experimental conditions. MIP-2β, macrophage inflammatory protein 2β; G-CSF, granulocyte colony-stimulating factor; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon-γ; TIMP-1, tissue inhibitor of matrix metalloproteinase 1. (E) Quantitative polymerase chain reaction 
(qPCR) assay testing the gene expression level of various proinflammatory genes. TLR4, Toll-like receptor 4; MMP9, matrix metalloproteinase 9; NOS2, nitric oxide synthase 
2. (F) Flow cytometry analysis detecting the percentage of CD86- and CD206-positive cells for the different conditions. (G) Immunofluorescence staining images of CD86 
signal of different conditions. Statistical analysis was performed using one-way analysis of variance (ANOVA) with Tukey’s post hoc test. Cells cultured on flat petri dishes 
are referred to as the petri dish group, while those on micropatterns with or without nano-oscillations are labeled as the acoustics-on and acoustics-off groups, respec-
tively. Data are presented as means ± SD.
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to the acoustics-off group. This includes interactions such as cell-
substrate adhesion, cell adhesion molecule binding, integrin bind-
ing, and integrin signal pathways. These results demonstrate that 
after 48 hours of nano-oscillation treatment, macrophages have no-
tably higher interactions with the micropatterned substrate, which 
may regulate their polarization. Next, Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analysis was performed 
to study which signal pathways were changed considerably. As shown 
in Fig. 4D, several integrin-mediated signal pathways, such as phos-
phatidylinositol 3-kinase–Akt, mitogen-activated protein kinase, 
and nuclear factor κB, have changed remarkably. These results indi-
cate that the up-regulation of the integrin family might be a potential 
regulator of macrophage M1 polarization. To verify this hypothesis, 
we examined the gene group of the integrin family. In fig. S6, most 
genes of the integrin family were up-regulated in the acoustics-on 
group. We also used qPCR to detect the expression of three integrin 
markers (ITGα5, ITGβ2, and ITGβ7). In Fig. 4E, the acoustics-on 
group had statistically the highest expression level of these three 
markers, and the other two groups had no significant differences. 
Therefore, it is reasonable to conclude that the integrin family is up-
regulated following the nano-oscillation treatment. In addition, we 
did not observe the enrichment of any well-known mechanical-
responsive signal pathways in the RNA-seq results, such as mecha-
nosensitive and voltage-gated ion channels.

Figure  S7 summarizes the gene expression profiles, including 
calcium voltage-gated channels, potassium voltage-gated channels, 
sodium voltage-gated channels, piezo channels, transient receptor 
potential cation channels, voltage-dependent anion channels, and 

chloride voltage-gated channels. We found no significant differences 
in gene expression between the acoustics-off and acoustics-on groups 
for any of these pathways. This result is interesting because mecha-
nosensitive ion channels (such as piezo) and voltage-gated channels 
are well-known to be responsive to various mechanical stimulations, 
especially acoustics and vibrations. These results showed that only the 
integrin family is up-regulated, indicating that the nano-oscillations 
are transmitted to cells through better cell-substrate interaction 
rather than direct mechanical stimulation pathways (Fig. 4F).

M1-polarized macrophages prepared using NAOMI exhibit 
enhanced phagocytic capacity and increased tumor 
cell–killing efficiency
Because M1-polarized macrophages exhibited proinflammatory re-
sponses, we next explored the potential therapeutic applications of 
the nano-oscillation-treated RAW264.7 cells. First, we examined 
their phagocytosis capacity. Commercially available pHrodo biopar-
ticles and a cell labeling kit were used. The pHrodo bioparticles and 
labeled cells can only exhibit fluorescence when the environmental 
pH value is about 4, close to that found within macrophage lyso-
somes. Therefore, if a fluorescence signal was detected, then the 
macrophages had already phagocytosed the bioparticles and labeled 
cells. Here, we labeled suspended Raji tumor cells as the target cells. 
After collecting RAW264.7 cells from each group, pHrodo biopar-
ticles and labeled Raji cells were cocultured with the RAW264.7 cells 
for 1, 2, 6, 12, and 24 hours (Fig. 5A). We used both confocal micros-
copy and flow cytometry to obtain the following results. According to 
confocal microscopy imaging (Fig. 5, B and C), after 2 hours of 

Fig. 4. NAOMI induced proinflammatory response of macrophages through up-regulation of the integrin family. (A) Volcano plots showing the differentially ex-
pressed genes in each group. (B) Heatmaps displaying the differentially transcribed genes of interest in each group. Each group has three biological repeats. (C and 
D) Gene Ontology (GO) pathway enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. (E) qPCR assay measuring the 
gene expression of ITGα5, ITGβ2, and ITGβ7 of each group (n = 3). (F) Illustration of how NAOMI up-regulated the expression of the integrin family and improved the M1 
polarization of macrophages. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. Data are presented as means ± SD.
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coculture, it is clear that RAW264.7 cells from the acoustics-on 
group had the highest phagocytosis capacity for the bioparticles. After 
24 hours of coculture, the acoustics-on group also showed excellent 
phagocytosis capacity for the Raji cells. Then, we used flow cytometry 
to measure the phagocytosis profile. In Fig. 5 (D and E) and fig. S8, 
for pHrodo bioparticles, the acoustics-on group exhibits a rapid 
phagocytosis behavior at the beginning (the first 6 hours). After 
24 hours of coculture, all groups showed a similar phagocytosis ca-
pacity. As for Raji cells, at the first 6 hours, all groups displayed little 
differences. However, after 12 hours, the acoustics-on group gradu-
ally showed a better phagocytosis capacity.

Subsequently, the tumor cell–killing efficiency was examined. 
Raji cells were selected as the representative suspended tumor cell 
type, and 4T1 cells were selected as the representative adherent tu-
mor cell type. The conditional medium from each group was col-
lected to incubate tumor cells for 2 days and observe their viability 
and apoptosis levels. First, flow cytometry was used to detect the 
apoptosis level (Fig. 5, F to H). For 4T1 cells, 22.4% were apoptotic in 
the acoustics-on group. Only 8.79 and 7.28% of cells were apoptotic in 
the acoustics-off and petri dish control groups. For Raji cells, 18.7% 

were apoptotic in the acoustics-on group. Only 7.74 and 2.09% of cells 
were apoptotic in the acoustics-off and petri dish control groups. The 
flow cytometry test had three biological repeats. According to the 
statistical analysis, the acoustics-on group had a significantly higher 
ability to induce apoptosis in both 4T1 and Raji cells. The other two 
groups exhibited no significant differences. Last, we used a CCK-8 
assay to study the cell viability. A control group entailed culturing 
two tumor cells in their culture medium without adding the condi-
tional medium of macrophages. The results are shown in Fig. 5 (I and 
J). The viability of both 4T1 and Raji cells is lowest in the acoustics-
on group. The acoustics-off group also showed statistically lower vi-
ability compared to the control group.

DISCUSSION
The biological functions and fate of immune cells, such as macro-
phages, are closely related to mechanobiological signals during their 
entire lifecycles. Immune cells are exposed to mechanical inputs 
from different tissues, the hydrodynamic forces within circulating 
systems, and even the pathogenic progressions accompanied by 

Fig. 5. M1-polarized macrophages have better phagocytosis capacity and tumor cell–killing efficiency. (A) Illustrations describing the macrophage phagocytosis 
analysis and tumor cell–killing efficiency tests. (B) Immunofluorescence stained images of macrophage phagocytosis for pHrodo bioparticles after 2 hours of incubation 
with respect to different experimental conditions. (C) Immunofluorescence stained images of macrophage phagocytosis for pHrodo Raji cells after 24 hours of incubation 
for different groups. (D and E) Flow cytometry analysis measuring macrophage phagocytosis for pHrodo bioparticles and pHrodo Raji cells after 1, 2, 6, 12, and 24 hours 
of incubation, with respect to the different experimental conditions. (F) Flow cytometry analysis measuring cell apoptosis levels of 4T1 cells and Raji cells after coculturing 
with the conditional medium from different groups. (G and H) Statistical summarization of flow cytometry results for cell apoptosis measurement (n = 3). (I and J) CCK-8 
assay measuring cell viabilities of 4T1 cells and Raji cells after coculturing with the conditional medium from different groups [absorbance (ABS) at 450 nm was measured] 
(n = 8). Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. Data are presented as means ± SD. This figure was generated partly using 
Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 4.0 unported license (https://creativecommons.org/licenses/by/4.0/deed.en) 
(Servier; https://smart.servier.com/).
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physical changes (27, 41). Mechanotransduction is a faster and more 
effective way to regulate immune cell functions than biochemical 
cues, triggering timely and appropriate immune reactions. Thus, 
mechanoimmunology offers a promising and strong future for regu-
lating immune cells. Nevertheless, in contrast to biochemical regu-
lation, the influence of mechanical stimulation on immune cells 
presents numerous unresolved questions. These include achieving an 
optimal immunological effect and the molecular mechanisms involved.

To this end, this study presents an acoustically induced nano-
oscillation platform, NAOMI, which provides uniform and precise 
mechanical stimulations to macrophages. The silicon micropat-
terned pillars serve as focal points for adhesion for macrophages to 
improve precise mechanotransduction and transmit a uniform me-
chanical loading to each cell. Traditional mechanical stimulation 
platforms often struggle to deliver uniform mechanical forces to 
cells. For instance, in microfluidic devices, mechanical forces rap-
idly diminish from the center toward the boundaries, while in 
acoustic devices, pressure waves dissipate as they travel from proxi-
mal to distal regions. These limitations remarkably compromise the 
reliability and consistency of such platforms for studying mechano-
immunology. Our NAOMI platform maintains an oscillation mag-
nitude deviation of just ±1 nm across the entire substrate. When a 
monolayer of macrophages is cultured on NAOMI, each cell experi-
ences uniform mechanical stimulation, greatly enhancing experi-
mental reliability.

While NAOMI exhibits considerable precision and uniformity, 
several limitations must be recognized. First, the mechanical stimu-
lation is transmitted primarily in a quasi-two-dimensional configu-
ration and does not fully replicate the complex 3D mechanical 
environment found in native tissues and cells. Second, the operating 
frequency is constrained by the design of the acoustic transducer 
and substrate, which may require reoptimization for applications 
involving suspension cells, organoids, or mechanically distinct tis-
sues, as well as for the selective activation of target organelles or spe-
cific molecular pathways. The design of the acoustic transducer is 
a critical factor that must carefully integrate multiple parameters—
including geometry, frequency, power, and vibration mode—to achieve 
optimal acoustic field performance tailored to specific applications 
(42–48). For instance, ring-shaped transducers can generate hollow, 
annular acoustic fields suitable for localized enhancement. In con-
trast, rectangular or strip-shaped transducers exhibit good direc-
tionality, producing planar acoustic waves that are ideal for uniform 
stimulation over large areas. Circular transducers have the capabili-
ty to deliver relatively uniform fields in symmetric configurations. 
Moreover, the vibration mode (for instance, thickness, shear, or ra-
dial) determines the direction of wave propagation and the distribu-
tion of energy.

In this study, the chosen transducer structure demonstrated 
commendable control and uniformity of the acoustic field. None-
theless, future efforts may aim to further optimize geometric design 
and vibration modes to improve overall performance. Furthermore, 
it is worthwhile to investigate how various vibration modes and spa-
tial acoustic distributions affect cellular responses. Additionally, 
while the platform is theoretically scalable for high-throughput ap-
plications, the present utilization of opaque substrates such as silicon 
limits compatibility with inverted microscopy and live-cell imaging. 
To address these limitations, we plan to develop transparent substrate 
variants, including those made from glass, to enhance optical acces-
sibility and facilitate integration with conventional imaging and 

screening systems. These improvements aim to expand the utility of 
NAOMI in both fundamental research and translational applications.

Macrophages were chosen as the representative immune cell 
type for several key reasons. First, as a crucial component of the in-
nate immune system, macrophages play a fundamental role in im-
mune regulation, making the study of their functions and underlying 
mechanisms highly important. Second, their remarkable plasticity 
is a defining characteristic, with distinct phenotypes such as M1 and 
M2, along with subtypes like M2a, M2b, and M2c, each contribut-
ing to critical physiological processes (49–51). However, their 
high mechanosensitivity has historically introduced experimental 
variability, as different force types, mechanical dosages, and treat-
ment durations can lead to divergent outcomes. Given these fac-
tors, macrophages provide both a practical and clinically relevant 
model for evaluating our NOAMI platform’s stability and reproduc-
ibility while offering a reliable method for precisely regulating 
macrophage functions.

Our results showed that, while cell morphology changed in the 
acoustics-off group, integrin family gene expression did not exhibit 
statistically significant up-regulation compared to cells cultured in 
petri dishes, suggesting that the micropatterned pillars alone were 
insufficient to induce substantial changes in integrin expression. 
However, after 48 hours of nano-oscillation treatment, integrin fam-
ily gene expression was significantly up-regulated. The expression of 
several commonly reported protein channels, including mechano-
sensitive ion channels and voltage-gated channels, remained un-
changed. This suggests that nano-oscillation treatment primarily 
enhances macrophage interactions with the micropatterned pillars 
to regulate cell functions rather than directly stimulating cells through 
mechanical forces, which aligns with the fact that nano-oscillation is 
a relatively gentle form of mechanical stimulation. Integrins, exten-
sively reported to mediate cellular responses to mechanical stimuli, 
have been implicated in similar mechanisms; for instance, a previ-
ous study demonstrated that a microbubble system attaching to cells 
via integrins influenced stem cell differentiation when exposed to 
ultrasound-induced microbubble vibrations (52, 53). Similarly, other 
studies have shown that vibration-induced cell differentiation and 
adhesion are largely attributed to integrin activity, further support-
ing our findings (54–56).

Last, we examined the therapeutic potential of macrophages fol-
lowing NAOMI treatment. Our findings indicated that macrophages 
were polarized to the M1 phenotype, resulting in increased release 
of proinflammatory factors. Consequently, we investigated their 
phagocytic capacity and ability to kill tumor cells efficiently. Previ-
ous studies reported that macrophages with different phenotypes 
may present distinct phagocytosis profiles (57, 58). M1 macrophages 
can be rapidly activated by pathogens. In our study, they demon-
strated a swift and robust phagocytic response against bioparticles 
(bacteria) and sustained superior phagocytic activity against tumor 
cells, aligning with previous findings. In addition, we observed dis-
tinct phagocytic dynamics toward bacterial bioparticles and tumor 
cells. For bacterial targets, the acoustics-on group exhibited a rapid 
initial response, but the difference among groups diminished by 
24 hours, likely because unactivated (M0) macrophages still retain 
baseline phagocytic capacity and gradually internalize bacteria 
over time. In contrast, tumor cell phagocytosis showed a sustained 
enhancement in the acoustics-on group throughout the entire 
time course, suggesting a more persistent effect. This difference 
likely reflects the inherent complexity of tumor cell clearance, which 
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generally requires stronger activation cues, prolonged engagement, 
and enhanced expression of phagocytic receptors. Therefore, while 
NAOMI primarily accelerates early-stage phagocytosis of readily 
recognized targets like bacteria, it appears to accelerate and amplify 
macrophage-mediated clearance of more challenging targets such as 
tumor cells. Furthermore, M1 macrophages effectively targeted both 
adherent and suspended tumor cells, inducing apoptosis with high 
efficiency. These results underscore the potential of the NAOMI plat-
form for generating M1 macrophages as a powerful therapeutic strat-
egy against cancer and infectious diseases.

MATERIALS AND METHODS
Device fabrication
Our device features a reconfigurable sandwich-style assembly com-
posed of three main components: silicon micropatterned pillars, a 
modified petri dish serving as a bioreactor, and an acoustic trans-
ducer. Each element can be independently assembled and recon-
figured based on experimental needs (figs. S1 to S3). The silicon 
micropatterned pillars were created through photolithography and 
subsequently bulk-etched using deep reactive ion etching. A silicon 
wafer with 500 μm thickness was first spin coated with a positive 
photoresist (Shipley S1813, Marlborough, MA). Then, it was pat-
terned, exposed, and developed to form 10-μm circles. After clean-
ing and drying, a Pegasus deep silicon etcher (SPTS Technologies) 
was used to etch the structure into the silicon micropatterned pillars. 
After that, the silicon wafer was diced into silicon plates (175 mm by 
175 mm). We developed a platform by replacing the glass bottom 
of a polystyrene culture dish (Nest Scientific 801002, Jiangsu, China) 
with fabricated silicon micropatterned pillars. The space between the 
silicon micropatterned pillars and the culture dish was filled with 
poly(dimethylsiloxane) and cured at 65°C, ensuring biocompatibili-
ty and soft sealing. The micropattern aspect ratio (height to diame-
ter) was maintained at 1.2. Last, an acoustic transducer (PUI Audio 
AB2746B-LW100-R, Fairborn, OH) was securely attached to the bot-
tom of the silicon plate using an epoxy bond. A portable signal gen-
erator i(GH-CJDS66-A, Koolertron) is used to power the NAOMI 
bioreactor which can be easily placed in cell culture incubator.

Vibration measurement
A microscope-based laser vibrometer was used to assess nanometric 
displacements. Two Micro System Analyzers (MSA-500-3D and 
MSA-600, Polytec) were used to measure the 2D and 3D vibrations, 
respectively. A laser beam mounted on a movable stage can be fo-
cused on targeted spots to track their position and velocity accu-
rately. In-plane and out-of-plane deformation and vibration modes 
were recorded with nanometer amplitude resolutions. The frequen-
cies were set to 5 kHz. During the vibration experiments, we applied 
a peak-to-peak voltage of 18 Vpp. The detection area was ~3 mm2, 
which corresponds to about 1/20 of the total usable stimulation re-
gion. This area represents the maximum field of view achievable 
with the 5× objective of the vibrometer and was selected to ensure 
consistency across measurements and to support the statistical rel-
evance of the analyzed region. The data were processed and ana-
lyzed with PSV (10.2) software.

Cell culture
Cryopreserved RAW264.7 murine macrophage cell line, lymphoblast- 
like Raji cell line, and 4T1 cell line were obtained from American 

Type Culture Collection (ATCC; TIB-71, CCL-86, CRL-2539). Cells 
were cultured in Dulbecco’s modified Eagle’s medium culture me-
dium (ATCC 30-2002, for RAW264.7 cells) and RPMI-1640 medi-
um (ATCC 30-2001, for Raji cells and 4T1 cells), with 10% of fetal 
bovine serum (v/v) under a 5% CO2 atmosphere at 37°C. The me-
dium was replaced on the first day and every 2 days thereafter. Cells 
in the third passage were used in this study.

Sample preparation
Before cell experiments, the devices were ultrasonically cleaned 
with ethanol and distilled water and sterilized by UV light over-
night. Next, a 250-μl droplet of suspended RAW264.7 cells (~5 × 104 
cells) was added to each device. Then, the cell samples were cultured 
overnight in a cell incubator to allow cell attachment. After that, the 
devices were connected to function generators. After turning the 
acoustics on, each sample was treated for 48 hours. The acoustic pa-
rameters were set to a peak-to-peak voltage of 18 V and a frequency 
of 5 kHz. The cell samples were cultured for 48 hours without acous-
tics for the petri dish control and acoustics-off groups.

Cell morphology observation
To observe cell morphology, after 48 hours of treatment, RAW264.7 
cell samples were stained by a Phalloidin-iFluor 555 Reagent (Abcam, 
ab176756) and Hoechst 33342 (Invitrogen, H3570). Then, the samples 
were imaged using an upright confocal microscope (Zeiss 780).

Cell viability evaluation
First, to visually observe cell viability, after 48 hours of treatment, 
RAW264.7 cell samples were labeled with the LIVE/DEAD Viabili-
ty/Cytotoxicity Kit (Invitrogen, L3224) and imaged using the up-
right confocal microscope (Zeiss 780). Second, a CCK-8 assay was 
performed to study cell viability quantitatively. In brief, a 10% (v/v) 
CCK-8 working solution (GlpBio, GK10001) was mixed into the cell 
culture medium. After a 2-hour incubation period, the mixture was 
measured by a spectrophotometric microplate reader (BioTek In-
struments Inc.) at 450 nm.

Phenotype switch studies of RAW264.7 cells
For flow cytometry analysis, RAW264.7 cells were incubated with a 
Pacific Blue anti-CD86 antibody (BioLegend, 105021) and a fluores-
cein isothiocyanate anti-CD206 antibody (BioLegend, 141703) for 
30 min, respectively. After incubation, the cells were analyzed by 
flow cytometry (BD Biosciences, USA). For protein array assay, the 
supernatant of each sample was collected and incubated with an in-
flammatory cytokine array (Abcam, ab133994) according to the 
manufacturer’s instructions. For the cytoimmunofluorescence stain-
ing, the cell samples were fixed with 4% paraformaldehyde, permea-
bilized by 0.2% Triton X-100, and blocked with a 1% bovine serum 
albumin solution. After that, the CD86 antibody (Abcam, ab119857) 
was used to stain cells. Cell nuclei were stained using Hoechst 33342. 
Then, the samples were imaged by the upright confocal microscope 
(Zeiss 780). For qPCR testing, the qPCR array kits were provided by 
ScienCell Research Laboratories (Carlsbad, CA, USA). cDNA first-
strand synthesis and PCR amplification were carried out following 
the manufacturer’s instructions. The CFX Duet Real-Time PCR 
System (Bio-Rad) detected and analyzed the results. For ELISA 
tests, the secretion of TNF-α, IL-1β, IL-4, and IL-10 was measured 
by Mouse TNF alpha ELISA Kit (Abcam, ab208348), Mouse IL-1 beta 
ELISA Kit (Abcam, ab197742), Mouse IL-4 ELISA Kit (Abcam, 
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ab100710), and Mouse IL-10 ELISA Kit (Abcam, ab100697), re-
spectively.

RNA-seq analysis
After 48 hours of treatment, RAW264.7 cell samples were collected 
and frozen rapidly. Then, the RNA extraction and high-throughput 
sequencing were performed by GENEWIZ from Azenta US Inc. 
(USA). For the data analysis, the fastQ files of mouse cell RNA-seq 
data were trimmed and filtered using Trim Galore (v.0.6.8). Then, 
they were aligned to the GRCm38/mm10 mouse genome using 
STAR (v.2.7.11) with the following parameters: outSAMtype BAM 
Unsorted- quantMode TranscriptomeSAM. The transcript abun-
dance for each sample was estimated using salmon (v.1.4.0) to quan-
tify the transcriptome defined by Gencode vM25. Gene level counts 
were summed across isoforms, and genes with low counts (maxi-
mum expression < 10) were filtered out from downstream analyses. 
We tested genes for differential expression in DESeq2 (v.1.38.2) in R, 
and GO/KEGG analysis was performed using clusterProfiler (v.3.10.1) 
package in R. The heatmap (v.1.0.12) package produced the heatmaps 
of gene expressions. Next-generation sequencing data have been de-
posited into the NCBI’s Gene Expression Omnibus database under 
accession number GSE303278. 

qPCR test for the integrin family
ScienCell Research Laboratories (Carlsbad, CA, USA) provided the 
qPCR kits. cDNA first-strand synthesis and PCR reaction were per-
formed according to the manufacturer’s instructions. The CFX Duet 
Real-Time PCR System (Bio-Rad) detected and analyzed the results.

Macrophage phagocytosis analysis
pHrodo Cell Labeling Kit and pHrodo Bioparticles for Incucyte 
Phagocytosis Assays were purchased from Sartorius Co. (USA). Raji 
cells were labeled according to the manufacturer’s instructions for 
cell labeling. To perform the phagocytosis analysis, RAW264.7 cells 
of each group were collected and incubated with the pHrodo Raji 
cells and bioparticles for 1, 2, 6, 12, and 24 hours, respectively. Then, 
the RAW264.7 cells were cleaned and centrifuged according to the 
manufacturer’s instructions and detected by the upright confocal 
microscope (Zeiss 780) and flow cytometry (BD Biosciences, USA).

Tumor cell–killing efficiency assays
We selected 4T1 and Raji cells as the representative adherent and 
suspended cell types. To test the killing efficiency of macrophages, 
first, the culture medium of RAW264.7 cells from each group was 
collected and centrifuged to remove cells. After that, the medium of 
each group was mixed with the medium of 4T1 cells and Raji cells 
(1:1), respectively, to prepare the conditional medium. Then, 4T1 
and Raji cells were cultured for 2 days using the conditional medi-
um. Next, the cell apoptosis level was detected by flow cytometry 
(BD Biosciences, USA). Cell viability was assessed by CCK-8 assay, 
as described before.

Statistical analysis
All statistical analyses were performed with one-way analysis of 
variance (ANOVA) and Tukey’s post hoc test using GraphPad Prism 
9.0. All images were processed by ImageJ (National Institutes of Health, 
USA). The data are presented as means ± SD of multiple biological 
replicates, as indicated in the figure legends. For qPCR results, the 
data were processed by CFX Maestro Software for CFX Real-Time 

PCR Instruments and presented as normalized expression ± expres-
sion SEM. n.s., not significant.

AI use
Portions of this manuscript were refined with assistance from OpenAI’s 
ChatGPT (GPT-4). Prompts used included “Improve text concise-
ness,” “Improve text clarity,” and “Refine the abstract’s flow.” All 
AI-assisted edits were critically reviewed, revised, and approved by 
the authors.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Supplementary Text for fig. S4
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