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Abstract— Mechanical stimulation has recently been shown
as a promising approach to induce targeted cancer cell death.
With precise field control, magnetic microrobots were navigated
to the tumor site for delivering mechanical stimulation as a
new treatment approach. However, most magnetic microrobots
suffer from low force output when generating mechanical
stimulation. Acoustic microrobots, with a microbubble as their
simplest form, generate strong mechanical stimulation yet lack
precise position control. In this paper, leveraging the force out-
put of the acoustic field and precision of magnetic field control,
we present a magnetic acoustic microbubble microrobot (MAM)
that integrates magnetic navigation and acoustic stimulation.
MAMs were fabricated with DSPC/PEG lipid shells and iron-
oxide nanoparticles (IONPs) using a flow-focusing microfluidic
method. The size of the fabricated monodispersed MAMs is
approximately 10 um. The fabricated MAMs were navigated
by a quadrupole magnetic tweezer system, with a maximum
field gradient of 2-3 T/m, and controlled to oscillate to generate
mechanical stimulation under an acoustic transducer at 1 MHz.
As a proof-of-concept, we applied MAM acoustic treatment
to breast cancers (MDA-MB-231) and showed that MAM
acoustic treatment led to reduced cell viability compared to
the control group and the acoustic-only group. Considering
all the components for MAM fabrication are FDA-approved
materials, MAM holds promise for clinical translation in tumor
mechanical stimulations.

I. INTRODUCTION

With recent advancements in mechanobiology for under-
standing how cancer cells sense force, mechanical stim-
ulation has emerged as a powerful method for causing
cell death [1], [2], [3]. Among the cancer cell stimulation
methods, magnetic microrobots stand out with its deep
tissue penetration and high precision [4], [5]. However, as
the field gradient-based magnetic force decays quickly in
space, delivering strong mechanical stimulation becomes a
fundamental challenge.

Relying on a period acoustic field, acoustic methods, espe-
cially commonly-used microbubbles, can generate strong os-
cillations for mechanical stimulation, yet suffer from limited
spatial control and targeting accuracy [6], [7]. Combining ac-
tuation from both the controllable magnetic and high-output
acoustic fields could deliver precise and strong mechanical
stimulation to individual cells in biological environments.
Microbubbles are proven to be capable of force generation
in the order of nanonewtons, sufficient to disrupt cellular
membranes and cause cell death [8], [9]. Their biocompati-
bility and wide clinical use as contrast agents further support
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Fig. 1: Conceptual illustration of the proposed MAM cell
disruption. MAMs fabricated from the microfluidic chip are
magnetically guided to the target cell and then acoustically
oscillated (via ultrasound) to disrupt cancer cells.
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their potential in biomedical microrobotics. Functionalization
of microbubbles with iron oxide nanoparticles would allow
magnetic position control and acoustic-generated stimulation
to apply targeted mechanical stimulation [10], [11] (Fig. 1).

Key challenges remain in the deployment of MAMs as
a robotic mechanical stimulation platform technology. First,
the fabrication and collection of microbubbles with a con-
sistent size is challenging due to their short half-time [12],
[13]. Second, incorporating sufficient magnetic components
without compromising acoustic response is difficult due to
trade-offs in shell stiffness and microbubble stability [14].
Finally, a lack of a quantitative model for navigation and
mechanical stimulation at the single bubble level hinders the
precise control and reproducibility of stimulation [6].

In this work, we present an integrated magnetic-acoustic
system designed to control magnetic-acoustic microbubbles
(MAM) for targeted cell disruption. The MAMs were fabri-
cated using a custom-made flow-focusing microfluidic chip.
The control platform combines a robotic quadrupole mag-
netic tweezer system with a 1 MHz acoustic transducer to
achieve control of 10 um magnetic microbubbles within a
6 mm workspace. Further, we developed and validated the
magnetic and acoustic model for the mechanical stimulation
using MAMs. This system enabled targeted positioning of
MAMs followed by ultrasonic oscillation to apply mechani-
cal stress directly to cancer cells. Using breast cancer cells,
we demonstrated that cell viability significantly decreased
24 hours after applying MAM acoustic treatment, providing
direct evidence of mechanical disruption induced by the
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Fig. 2: Quadrupole magnetic tweezer system. a) The CAD
design of the quadrupole magnetic tweezer assembly show-
ing annotated components (top view). b) Side view rendering
of the complete setup.

combined magnetic-acoustic actuation.

II. SYSTEMS AND EXPERIMENTS
A. Magnetic Actuation System

A compact quadrupole magnetic tweezer was built,
adapted from [15], to actuate MAMs within a 6-mm mi-
croscope workspace (Fig. 2). Four identical electromagnets
were symmetrically arrayed around the sample chamber
and canted by 30° relative to the horizontal, generating
simultaneous in-plane and out-of-plane field components for
3D force control. Each pole used a 20-mm-diameter iron core
(~90% purity) machined to a 2-mm conical tip to concen-
trate magnetic flux in the workspace, and was wound with
300 turns of 20-AWG enameled copper wire. The magnet
assemblies were mounted on 3D-printed supports fixed to a
laser-cut acrylic frame, yielding a rigid, low-profile structure
compatible with an inverted microscope stage (Fig. 2b). Coils
are driven independently by OPA549 linear power amplifiers
(£3 A per coil) commanded by two ESP32 microcontrollers
and powered from two DC supplies. Field magnitude and
gradients will be simulated via finite element analysis and
calibrated by Hall-probe Gauss meter measurements. The
tweezer is integrated with an inverted optical microscope
(OPTIKA IM-300D) for real-time visualization, enabling
coordinated magnetic positioning of MAMs before acoustic
stimulation.

B. Acoustic Stimulation System

To achieve the mechanical stimulation of cancer cells
within the target workspace via oscillating MAMs, we de-
signed a compact acoustic stimulation system (Fig. 3). A
2-mm-thick piezo-ceramic ring transducer (inner diameter
10 mm, outer diameter 20 mm) is employed to generate
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Fig. 3: The piezo-ceramic ring is attached to a 3d printed
transducer support by a glass slide cover (b) to mount directly
at the centre of the petri dish loaded with cell culture (a) scale
bar = 10 mm

ultrasound at 1 MHz, driven by a function generator and
an amplifier at 48 V.

The piezo-ceramic transducer is affixed to a glass cover
slide using acoustically transparent epoxy and mounted di-
rectly onto a standard 35-mm petri dish containing the cell
culture. This top-down configuration ensures that the trans-
ducer surface is immersed in the culture medium, positioned
precisely 2 mm above the bottom surface of the dish.

This setup enables localized acoustic excitation of MAMs
within the magnetic workspace, allowing in situ mechanical
stimulation of adherent cancer cells. The choice of 1 MHz
operating frequency is motivated by its proven compatibility
with microbubble resonance dynamics [14], [16], [17], which
offers an optimal balance between spatial resolution and
penetration depth in biological tissues. Previous studies have
demonstrated that microbubbles can generate nanonewton-
scale stimulation at these frequencies, sufficient to induce
mechanotransduction or disrupt cellular membranes [18],
[19], [20].

C. Microfluidic Device Fabrication

A flow-focusing microfluidic chip was designed and fabri-
cated by standard soft lithography to generate 10 ym MAMs
with controlled size and shell composition (Table 1). Briefly,
a 4-inch Si wafer was coated with SU-8 2025 (5000 rpm,
30 s) to a target thickness of 15 um, soft-baked at 95 °C,
exposed on a maskless aligner (4x objective, 365 nm; focus
offset 0.263 mm; 0.9 s), post-exposure baked at 95 °C, and
developed to yield the channel master. PDMS (Sylgard 184;
10:1 base:curing agent) was mixed, degassed, cast on the
master, and cured at 65 °C for 2 h. The PDMS layer was
peeled, inlets/outlets were punched (0.5 mm), and the device
was oxygen-plasma treated and irreversibly bonded to glass
(Fig. 4b).

The final layout comprises a central gas inlet, two lig-
uid side inlets, and a single outlet (Fig. 4a). During the
experiment, nitrogen was supplied to the gas inlet (70
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TABLE I: Microfluidic Device Parameters

Parameter Value
Liquid inlet channel width 100 pm
Gas inlet channel width 50 um
Channel depth 15 pm
Orifice (nozzle) width 10 pm
Gas pump pressure 70 kPa
Liquid flow rate 5 uL/min

kPa) and the liquid phases — 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) and Fe304 iron-oxide nanoparticles
(IONPs, 1 mg/mL in deionized water) — were delivered
through the side channels by syringe pumps (5 pL/min). At
the 10 um flow-focusing orifice, the gas thread was pinched
into discrete bubbles that acquired a stabilizing lipid—IONP
shell (Fig. 4c)

MAM generation was visualized on an inverted micro-
scope with a high-resolution CMOS camera; size distribu-
tions were quantified in MATLAB R2024b. Shell composi-
tion and IONP incorporation were assessed by Transmission
Electron (TEM), following a previous protocol: MAM sus-
pensions were deposited on carbon-coated copper grids and
negatively stained to enhance lipid—IONP contrast. The gen-
erated MAMs were observed using an inverted microscope
equipped with a high-resolution CMOS camera. MATLAB
R2024b image processing tools were used to evaluate the
MAM size distribution. TEM was employed to evaluate the
shell composition and confirm ion oxide nanoparticle incor-
poration, following the methodology outlined by Owen and
Stride in their protocol for phospholipid microbubble coating
analysis [21]. Specifically, MAM suspension is deposited
onto carbon-coated copper grids and negatively stained to
enhance lipid-IONP contrast.

D. Cancer Cell Experiment

MDA-MB-231, a metastatic breast cancer cell line, was
obtained from the American Type Culture Collection (ATCC,
USA). Cells were cultured in T-75 flasks using MDA
medium [F-12K (Gibco, USA) supplemented with 10 % fetal
bovine serum (FBS) (Wisent, Canada) and 1 % penicillin-
streptomycin (P/S) (Wisent, Canada)]. Cultures were kept at
37°C in a humidified incubator with 5 % CO2 and passaged
every 3 days, up to passage 25. For the subculture, con-
fluent cells were removed with 0.25 trypsin-EDTA (Wisent,
Canada), collected by centrifugation (7 min at 1200 rpm),
and counted using a hemocytometer. The experiments were
carried out in 35mm glass-bottom culture plates seeded at
a density of 3.0 x 10° cells/dish in 2 ml of medium. After
stimulation, cells were incubated for an additional 24 hours
for the viability analysis.

III. METHODS
A. Microfluidic Fabrication of MAMs

Delivering controllable and reproducible mechanical stim-
ulation requires (i) precise size control so each mag-
netic—acoustic microbubble (MAM) resonates near the driv-

ing frequency, and (ii) stable loading of iron-oxide nanopar-
ticles (IONPs) into the lipid shell without compromis-
ing interfacial stability. Bulk emulsification (e.g., agita-
tion/sonication) yields highly polydisperse bubbles, produc-
ing non-uniform oscillation amplitudes and inconsistent me-
chanical output [22], [23]; meanwhile, uneven IONP incorpo-
ration can precipitate shell failure and loss of both magnetic
and acoustic responsiveness [11], [24].

To overcome these limitations, we employed a flow-
focusing microfluidic device (see Systems and Experiments
session for the detailed fabrication process), which enables
hydrodynamic control of bubble breakup (Fig. 9). In this
microfluidic system (Fig. 4c), a central nitrogen gas stream
is pinched by two lipid—IONP liquid streams at a narrow
orifice (w, = 10um). The dynamics of bubble formation are
governed by the capillary number,

ca = MY (1)

Y

where  is the dynamic viscosity of the fluid, U the mean
liquid velocity at the orifice, and ¥ is the gas-liquid surface
tension. In the regime Ca < 1, interfacial tension dominates,
and the breakup process yields highly monodisperse bubbles.
This regime is critical for achieving reproducible microbub-
ble sizes.

The resulting microbubble diameter d;, can be empirically
expressed as a function of the orifice width w, and the gas-
to-liquid flow-rate ratio ¢ = Q,/0;:

dy = Cw,¢?, 2

where C is a geometry-dependent constant and o € [0.3,0.5]
for gas-liquid microfluidic systems. By operating in this
predictable scaling regime, the device consistently generated
MMBs within 8-12 pm. This fabricated size is close and
centered around 10 um, whose theoretical acoustic resonance
range at around 1 MHz [14].

A second challenge arises from the incorporation of iron-
oxide nanoparticles (IONPs) into the lipid shell. The orifice
width is only 10 pum, meaning even micron-scale aggregates
or microbial contaminants can easily accumulate and then
block the channel. This not only interrupts MAM formation
but also destabilizes the lipid shell. To prevent clogging, we
implemented a passive filtration structure at the entrance of
both liquid inlets, inspired by recent advances in geometric
microfluidic separation [25]. The filter consists of periodic
micro-post arrays that remove particles and debris larger than
20 pm before entering the main channel, thereby ensuring
smooth flow and homogeneous nanoparticle loading.

These two strategies eliminate size polydispersity and
aggregation-induced clogging, enabling stable production
of monodisperse MAMs with diameters of approximately
10 ym and uniform lipid-IONP distribution. The MAMs
maintained acoustic responsiveness and structural stability,
making them suitable for subsequent magnetic manipulation
and ultrasound-driven mechanical stimulation.
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Fig. 4: Fabrication of MAMs in a flow-focusing microfluidic
device. (a) Schematic of the flow-focusing device show-
ing inputs of DSPC lipid solution, iron-oxide nanoparticle
(IONP) solution, and nitrogen gas, the liquid inlet filter
structure, and the collection of MAMs at the outlet. Syringe
pumps control liquid flow rates, while a nitrogen tank with
a pressure gauge supplies the gas phase. (b) Picture of an
assembled PDMS—glass microfluidic chip; the inlets and the
outlet are connected to Teflon tubes (0.6 mm inner diameter)
via 0.6 mm blunt needles. (c) Optical microscope image of
the flow-focusing orifice for MAM formation, imaged under
a 10x objective lens.

B. Modeling of the Quadrupole Magnetic Tweezers and
Microbubble Dynamics

Precise manipulation of MAM to apply mechanical stimu-
lation to cancer cells requires generating sufficiently high and
uniform magnetic field gradients in a confined workspace,
accurately modeling the magnetic field distribution for real-
time force estimation, and capturing the coupled dynamics
between magnetic, hydrodynamic, and buoyancy forces at
the microscale. To meet these requirements, we adopt a
physical modeling approach grounded in magnetic monopole
theory and validated through finite element simulations and
experimental calibration.

1) Magnetic Field Modeling: Inspired by the analyti-
cal framework proposed by [15] and [26], we model the
quadrupole magnetic tweezer configuration using the virtual
magnetic charge model. Although magnetic monopoles do
not exist in nature, modeling the coils as point “magnetic
charges” ¢; at predefined locations offers a tractable yet
effective method for predicting the magnetic field B,

4 .
B(r) =Y Hdiy 3)

where r; = |[r —r;| is the distance from the i-th source to
the field point, and f; is the corresponding unit vector. This
method allows effective computation of field distributions
and serves as a foundation for magnetic force and trajectory
planning.

2) Modeling of the Induced Magnetic Moment: When
actuated, MAMs are magnetized and its magnetic moment
interacts with the control magnetic field. We model the
induced magnetic moment myam using the linear isotropic
susceptibility model:

myam = VMaM %B ) €]

where Vpupple 1s the MAM volume and %, is its magnetic sus-
ceptibility. This formulation simplifies numerical treatment
and directly integrates with force computation models.

3) Magnetic Force Computation: The magnetic force
exerted on the MAM is derived from the gradient of the
magnetic potential energy:

MAMXm

V(B-B 5
o BB), 5

F;nag = V(WlMAM 'B) =
This equation highlights the dependency of force on the
spatial variation (gradient) of the magnetic field magnitude.
Near the center of the workspace, the field B can be
approximated as a linear function of the coil currents I =
(I},1r,15,14] 7. Introducing a normalized current vector I=
I/Inax and a constant matrix Ny encoding system geometry
and material factors, we simplify the force model at the
center as:

F.=kV (I"Nol), (6)

This compact form enables real-time optimization of [ to
generate desired force vectors for MAM manipulation.

4) MAM Dynamics under Combined Forces: Modeling
the MAM’s motion requires integrating the magnetic force
with other microscale forces, including viscous drag, gravity,
and buoyancy (Fig. 5b). The full equation of motion is
expressed as:

d’r

"

where m is the mass of the MAM, 7 is the fluid viscosity, and

r is MAM’s radius. The gravitational and buoyant forces act

along the vertical axis, introducing vertical drift components
that must be compensated for in trajectory control.

5) Validation of the Generated Magnetic Field and the
Analytical Model: To validate the accuracy of the field
model and assess actuation performance, we conducted a
finite element simulation using COMSOL Multiphysics 6.1.
A single corner coil was activated at 3 A to generate
a localized magnetic flux, visualized via heatmaps (Fig.
5a). The predicted field was verified against experimental
calibration using a Hall-probe Gauss meter (Figure 5c),
the uncertainty between the simulation results and actual
measurements comes from the impurity of the iron rod that
we use to fabricate the magnetic tweezer. The estimated
field gradient ranged between 0.6 and 0.8 T/m across the
workspace (Fig. 5d), which matches well with theoretical
expectations. By leveraging the principle of superposition,
the combined magnetic field generated by all four coils can
produce a spatial field gradient as high as 2-3 T/m across
the workspace. The equation of motion described in Eq.
(7) can be solved by ODE15s solver in MATLAB R2024b,
and the calibrated gradient field is sufficient to generate
magnetic forces that overcome viscous drag and buoyant

dr . .
= Finag + 677:an +mgZ+ PavidgVmamz, (7N
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Fig. 5: (a) FEA simulation results within the 6 mm
workspace when activating one pole of the magnetic tweezer,
(b) Free body diagram of the MAM in liquid. The simulation
and calibration results of magnetic flux density (c), and the
computed magnetic field gradient (d).

forces, enabling stable and controllable microbubble motion.

C. Acoustic Modeling for MAM Oscillation

Acoustic microbubbles have been used to excite adherent
cells in liquid, but three factors limit control and interpre-
tation. First, the microbubble dynamics under the acous-
tic field are highly non-linear, and a lack of an effective
experimental calibration method limits the prediction of
corresponding biophysical effects [27], [28]. Second, the
localized microstreaming flows generated by microbubbles
can induce shear stresses on nearby cells, which are difficult
to characterize both experimentally and numerically due to
the microscale geometry and transient nature of the field
[29], [30]. Finally, accurately predicting the biophysical
response of cells to this localized shear stress remains an
open problem, especially when considering interactions with
compliant or deformable substrates [31], [32].

Here, we adopt a multi-physics modeling approach that
couples nonlinear microbubble oscillation dynamics with the
incompressible Navier—Stokes equations to estimate local
streaming patterns and shear stress distributions. This mod-
eling framework builds upon recent advances in acoustic
microbubble modeling [33], [34].

1) Nonlinear Bubble Oscillation Under Acoustic Excita-
tion: Microbubble oscillation is governed by the internal gas
pressure, external acoustic driving pressure, surface tension,
viscous drag, and shell viscoelasticity. The instantaneous
pressure on the MAM surface is defined as:

29\ (Ro\* 2y 4ur
= P —_— _— —_—
B ( o+ Ro) (R ) R R
2k,R

4 () 0 N
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Fig. 6: (a) FEA simulation of the acoustic pressure field in
liquid induced by the ring transducer. (b) FEA simulation
of the local microstreaming pattern around a single MAM.
(c) Shear stress induced by the streaming flow on the glass
bottom +100um from the center of MAM.

Here, R and R( are the instantaneous and initial radii of
the MAM, pu is the dynamic viscosity of the fluid, y is
surface tension, k is the polytropic gas index (k = 1.07), kg
and & represent the shell stiffness and damping coefficient,
respectively, and P(¢) is the time-varying external acoustic
pressure. This equation provides a physical approach to
compute the oscillation amplitude of the MAM and serves
as the primary input for modeling acoustic streaming.

2) Acoustic Field and Streaming-Induced Shear Stress:
In our experimental configuration, a piezoelectric ring trans-
ducer is driven at 1 MHz with a peak-to-peak voltage of 48V.
This setup can generate an acoustic field with a maximum
pressure amplitude of approximately 500 kPa in the liquid
medium, as verified via simulation (Fig. 6a).

To model the resultant microstreaming, we couple the
pressure on the surface of the microbubble (£,) to the incom-
pressible Navier-Stokes equation, assuming a low Reynolds
number and negligible compressibility. The MAM-induced
streaming creates rotational flow structures near the sub-
strate, which are particularly significant for MAMs located
adjacent to the bottom surface of the Petri dish (where
adherent cancer cells reside). As shown in (Fig. 6b), these
localized streaming flows generate non-uniform shear stress
distributions. Quantitative simulation results reveal shear
stresses exceeding 50 kPa in regions within 10 um of the
MAM surface (Fig. 6c). These stress levels are sufficient
to translate mechanobiological stimulation to target cells,
demonstrating the feasibility of this actuation method for
cellular manipulation and stimulation.

IV. RESULTS

A. MAM Production and Characterization

MAMs are fabricated using our custom-designed flow-
focusing microfluidic device. The MAMs are pinched off
through the orifice (Fig. 7a) and accumulated at the outlet and
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were collected in a 5 ml glass vial for subsequent analysis
(Fig. 7b).

In characterization, 10 puL of the floating layer of freshly
generated MAMs is extracted by a pipette transfer and
diluted in phosphate-buffered saline (PBS) (1:10 ratio) to
reduce concentration and minimize overlapping during imag-
ing. Bright-field microscopy at 10x magnification enabled
visualization of both undiluted and diluted samples (Fig. 7c
and 7d), highlighting the stability and spherical morphology
of the MAMs. TEM images of MAMs in (Fig. 7f) demon-
strates the deposition of DSPC lipid layers with embedded
iron oxide nanoparticles, which corresponds to the successful
incorporation of the lipid—IONP shell on MAM. Although
the discontinuities on the coating could be seen, clusters of
IONPs are still visible at higher magnification.

The size distribution of the diluted MAMs was quantified
by processing 10 random microscopy images using the
MATLAB R2024b image processing toolkit. Approximately
200 MAMs were detected and fitted to a normal distribution,
yielding a mean diameter of 9.8 um with a standard deviation
of 1.8 um (Fig. 7e). TEM images of the MAMs in (Fig.
7f) demonstrate the deposition of DSPC lipid layers with
embedded iron oxide nanoparticles, which corresponds to the
successful incorporation of the lipid—IONP shell on MAM.
Although the discontinuities in the coating could be seen.
These results confirmed that the flow-focusing microfluidic
approach produced monodisperse MAMs suitable for acous-
tic and magnetic actuation studies.

B. Magnetic Actuation of MAM

The quadrupole magnetic tweezer system was configured
to generate a strong diagonal magnetic field gradient across
the desired workspace. Specifically, the coil at the lower
right corner was driven at +3 A, while the remaining three
coils were set to -3 A, resulting in a net magnetic gradient
directed along the diagonal axis (Fig. 8a). A single MAM
with a diameter of approximately 13.8 um was selected for
magnetic actuation under the magnetic field.

Upon activation of the magnetic field, the MAM translated
along the expected direction, achieving a total displacement
of 160 pum within 50 s. The trajectory was recorded in
real time at 30 frames per second, with position tracking
performed in MATLAB. The target trajectory and experi-
mentally recorded path are shown in Fig. 8b. Despite minor
deviations from the ideal path, the maximum uncertainty
between the real-time trajectory and the target trajectory was
9.9 um, which is smaller than the body size of the manipu-
lated MAM. These results indicate that the quadrupole mag-
netic tweezer system provides stable and accurate magnetic
actuation at the single-MAM scale.

C. Cancer Cell stimulation by MAM

Cell experiments were performed in 35-mm glass-bottom
dishes seeded at 3.0 x 10° cells per dish in 2 mL of medium.
Six dishes were prepared per run and assigned to three
conditions (n = 2 technical replicates per group): (i) static
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Fig. 7: (a) MAM formation at the microfluidic orifice, scale
bar = 50 um. (b) Collected MAMs accumulate at the floating
layer in a glass vial. Bright-field microscopy image of
undiluted (c) and diluted MAMs (d), scale bar = 50 um.
(e) Size distribution histogram with Gaussian fit (mean: 9.8
um, std: 1.8 um). (f) TEM image showing DSPC lipid layer
and embedded IONPs in the shell, scale bar = 2 um.

control (no treatment), (ii) ultrasound only, and (iii) MAM-
coupled ultrasound. For the MAM-coupled group, 100 uL
of diluted MAM suspension was added to each 2 mL dish,
and MAMs were magnetically guided to the vicinity of
the cell monolayer using the quadrupole magnetic tweezer
system. All exposed dishes then received a 1 MHz ultrasound
field for 1 min to induce MAM oscillation in proximity to
cells; the static control received no insonation. Following
treatment, dishes were returned to the incubator. Following
treatment with MAM-enhanced acoustic stimulation, cancer
cell viability was assessed at 0, 12, and 24 hours across
three groups: Control group, acoustic-only group, and MAM
+ acoustic group. Quantitative analysis of viable cells from
ten randomly selected microscopy images per condition per
culture dish revealed a progressive and significant reduction
in cell survival over time, with the treatment effect of lower
cell viability observed in the MAM + acoustic group (Fig.
9).

At 0 hour (right after treatment), the MAM + Acoustic
group exhibited a significant decrease in viability (Control
vs. MAM+Acoustic: 127.9 + 37.2 vs. 1039 £ 15.1 , P=
0.008; Acoustic-only vs. MAM + Acoustic: 127.4 £ 20.7
vs. 103.9 £ 15.1, P =0.001), while the acoustic field alone
did not affect the cell viability (Control vs. Acoustic only:
1279 £ 37.2 vs. 127.4 + 20.7, P = 0.96).

At 12 hours post-treatment, the MAM + Acoustic group
exhibited a significant decrease in viability (Control vs.
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Fig. 8: (a) Time-lapsed images of an MAM under a 20x
objective lens at t = 0, 25, and 50 s, showing translation
along the applied diagonal magnetic field. (b) Comparison of
the targeted versus tracked trajectory of the MAM, recorded
at 30 fps.

MAM + Acoustic: 140.3 £+ 24.2 vs. 87.6 £ 9.8, P < 0.001;
Control vs. Acoustic-only: 140.3 £ 24.2 vs. 126.2 + 14.2,
P =0.03; Acoustic-only vs. MAM + Acoustic: 126.2 £ 14.2
vs. 87.6 & 9.8, P < 0.001). This translates to a 35.4% lower
mean viability in the MAM group compared to the control
and a 30.7% reduction compared to acoustic-only, indicating
a more pronounced cytotoxic effect.

At 24 hours, the disparity widened further. The Static
group maintained moderate viability (mean = 98.3 £+ 13.5),
while Acoustic-only showed mild decline (mean = 85.1 +
16.0). In contrast, the MAM + Acoustic group showed a
dramatic drop (mean = 37.6 £+ 11.2; Control vs. MAM +
Acoustic: P < 0.0001; Acoustic-only vs. MAM + Acoustic:
P < 0.0001; Control vs. Acoustic-only: P = 0.007), amount-
ing to a 61.7% reduction in mean viable cells relative to
control, and a 55.8% reduction compared to Acoustic-only.
These differences were consistent across replicate images
and statistically significant.

V. CONCLUSIONS AND DISCUSSIONS

In this paper, we present a magneto—acoustic platform
that employs microfluidically fabricated, shell-engineered
magnetic—acoustic microbubbles (MAMs) to deliver targeted
and repeatable mechanical stimulation to cancer cells. The
core novelty lies in integrating (i) microfluidic flow-focusing
to produce narrowly distributed, ~ 10 um bubbles with res-
onance set by size and with iron-oxide nanoparticle (IONP)
loading, and (ii) magnetic and acoustic field models that
guide a custom magneto—acoustic actuation system to pre-
cisely navigate MAMs and generate strong mechanical stim-
ulation. Leveraging precise magnetic navigation and strong
acoustic actuation, the mechanical stimulation generated by
MAMs produced a reduction in cancer cell viability.

(d) I Control M Acoustic-only MAM+Acoustic
P <0.001
| |
245, 0.001 P <0.001 P <0.0001
° i | .
2104 P=0.03 P < 0.0001
£ 175{ = 1 —oma |
E ; P =0.007
< 140~ M
3 105+
2 701
-
354
0
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Fig. 9: Effect of MAM-based stimulation on cancer cell
viability. a) Bright-field image of the control group showing
healthy morphology. b) Acoustic-only group shows partial
detachment. ¢c) MAM + Acoustic stimulation group shows
major disruption and collapse. d) Quantification of viable
cells across conditions and time points. All figures are
imaged after 24-hour post-stimulation. N = 20 captured
images per column. Error bar: standard deviation. Scale bar
=100 pm.

Nevertheless, limitations remain in coating magnetic
nanoparticles onto the lipid shell, which is constrained by
the concentration of the IONP solution introduced into the
microfluidic device. The extremely small orifice (10 pm)
restricts loading capacity and thus limits the magnetic sus-
ceptibility of the MAMs. To enable future closed-loop con-
trol of MAMs in three dimensions—including high-precision
vertical positioning—higher effective nanoparticle concentra-
tions or alternative surface-functionalization strategies will
be required to further enhance magnetic responsiveness.
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