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Active (self-propelling) particles have emerged as innovative microscale tools in the field of single cell
analysis with the advantages of being untethered, remotely controlled, hybrid powered, with sub-cellular
(DEP) response and electro-mechanical
deformation of cell nuclei interacting with active metallo-dielectric Janus Particles (JPs) under an

precision. This study investigates the dielectrophoretic
externally applied electric field. An “equivalent droplet” two-phase model is employed to simulate the
bioparticle, coupling the Navier—Stokes equations with the phase field model to capture fluid motion
and interface dynamics. Good qualitative agreement is obtained among experimental, analytical, and
numerical results. The findings reveal a nonlinear relationship between nucleus deformation and its sur-

Received 7th May 2025, face coverage of the JP with respect to the applied voltage. The overall coverage ratio of the JP's

Accepted 22nd July 2025 dielectric hemisphere increases with voltage as the positive DEP force on the dielectric side strengthens,
DOI: 10.1039/d5sm00462d exhibiting a maximum at a certain voltage. The strong correlation between nucleus flexibility and JP sur-

face coverage suggests that the JP coverage ratio could serve as a biomechanical marker for nucleus
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1. Introduction

Self-propelling micromotors have garnered significant attention
in recent years for their potential as innovative microscale tools in
single-cell analysis."® These micromotors enable precise
manipulation® and probing of individual cells® and subcellular
components,’ advancing various biomedical applications.”®
Among the diverse range of micromotors and powering
mechanisms,’ ™ electrically powered metallo-dielectric Janus par-
ticles (JPs) have emerged as particularly useful due to their simple
fabrication and the advantages of electrical actuation—being fuel-
free, label-free, biocompatible, and easily controlled by adjusting
the electric field magnitude and frequency. These properties
enable complex electrokinetic JP actuations'™” and make them
particularly advantageous for label-free dielectrophoretic (DEP)
manipulations, where DEP forces'®'® and electro-deformation
effects®®*! can be harnessed to manipulate soft bioparticles, such
as cell nuclei,”” with high precision. These capabilities open new
possibilities in targeted drug delivery,* cell sorting,>* and single-
cell mechanical characterization.>®
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deformability, providing a novel method for in situ evaluation of nucleus mechanics.

The asymmetric design of JPs allows them to function as
mobile microelectrodes under an applied electric field, generating
localized field gradients that drive DEP forces.*® These forces can
trap and deform soft bioparticles, providing a dual mechanism for
both manipulation and mechanical assessment.”” The electro-
deformation of trapped cells and nuclei under DEP forces offers
valuable insights into cellular mechanics, which are critical for
understanding cellular health, disease mechanisms, and mechan-
ical phenotyping—that is, the assessment of structural integrity
and mechanical properties in both healthy and diseased cells.**>°
Notably, the nucleus, as the largest and mechanically dominant
organelle in most cells, plays a central role in this context. Its
deformability has been shown to correlate with metastatic
potential, chromatin organization, and a range of disease states
such as laminopathies and cancers.>***! These findings highlight
the potential of electric-field-based probing to reveal biologically
meaningful information about the mechanical behavior of soft
bioparticles such as nuclei and whole cells.

While experimental studies have provided valuable preli-
minary insights into JP-bioparticle interactions, intriguing
phenomena such as JP insertion and engulfment at cell mem-
branes have been observed.**** Our recent work has demon-
strated that active, polarizable metallo-dielectric JPs effec-
tively function as mobile microelectrodes, generating the neces-
sary field gradients for efficient DEP manipulation.>® Further-
more, we have highlighted the strong correlation between

This journal is © The Royal Society of Chemistry 2025
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DEP-induced electro-deformation of cell nuclei and applied field
strength, underscoring the potential of JPs as active carriers for
mechanical probing of subcellular components.*> However, to the
best of our knowledge, no systematic simulation studies have been
conducted to investigate these complex JP-bioparticle interactions,
particularly in DEP-based applications. This gap hinders the
comprehensive interpretation of experimental data and the opti-
mization of JP-bioparticle interactions for practical biomedical use.
To address this gap, the present study employs numerical simula-
tions using COMSOL Multiphysics 6.2°° to analyse the DEP-driven
interactions between JPs and deformable particles, with a parti-
cular focus on cell nuclei. Both the Janus particle and nucleus are
modeled as spheres with 10 pm diameters. To simulate nucleus
deformation under varying electric fields, we adopt an ‘equivalent
droplet’ two-phase model that combines the properties of the
cytoplasm and membrane (thickness ~ 10 nm)*”~*! (see Section 2).
This approach couples the Navier-Stokes equations with a phase-
field method**** to capture fluid dynamics and interface behavior,
accounting for the interplay of hydrodynamic and electric forces
driving nucleus motion and deformation.

The present study systematically investigates how particle
composition, applied voltage, and nucleus stiffness influence
dielectrophoretic response and electro-deformation. By provid-
ing a comprehensive framework for understanding these inter-
actions, this research enhances fundamental physical insights,
predictive modelling, and the design of DEP-based biomanipu-
lation strategies, with broad implications for active particle-
based biomedical applications.

2. Numerical simulation methodology

To simulate the JP-nucleus interaction, the incompressible
Navier-Stokes equations are coupled with a multiphase frame-
work to resolve fluid dynamics and track interface evolution
under electric fields. In the analyzed microfluidic configu-
ration, both continuous and dispersed phases exhibit laminar
flow, with negligible influence from buoyancy and gravitational
forces. The governing equations, incorporating electric stresses
and surface tension, are formulated as:

pV-u=0

ou 1)
P, = V=Pl + u(Vut (Vu) )] + Fy + Fe

where u, I, p, u, p denote the velocity vector, identity tensor,

density, dynamic viscosity, and pressure, respectively. Fy repre-

sents the surface tension force, and F. denotes the Maxwell
electric force.

To track the interface during the transient evolution of two-

phase laminar flow, the phase-field method is employed for its

efficiency in accurately capturing interface deformation under

complex force interactions:***
o 3¢
Y 4+u-Vp=V -2V
! (b 22 ’ (2)
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where ¢ is the phase-field variable, and it is —1 in the dispersed
phase (nucleus) and 1 in the continuous phase (surrounding
medium), y denotes the surface tension coefficient. The numer-
ical parameter, &, determines the thickness of the fluid inter-
face where the phase-field variable ¢ varies from —1 to 1
smoothly, and y is the interface mobility coefficient—an inter-
nal COMSOL numerical parameter that governs the diffusion
rate of ¢ across the interface.

The density and viscosity are automatically calculated from
the phase-field variable ¢:

{p—pmﬂ+mﬁ

W=ty o+ s S

(3)

where the subscripts “n” and “s” indicate the nucleus and the
solution, respectively. The volume fractions of the nucleus
phase are f;, = (1 — ¢)/2, and the volume fraction of the solution
phase is f; = (1 + ¢)/2, which satisfies f,, + f; = 1. This guarantees
mass conservation and ensures that the physical properties
(e.g., density and viscosity) vary continuously across the inter-
face rather than abruptly, which is essential for numerical
stability in simulations.
The surface tension force is calculated as:

Fsl:Gvd)
e[y, (9114 (4)
szﬁ[ Vep + 2

The electric force is given by the divergence of the Maxwell
stress tensor by the equation below:"”*®

F.=V-T
{ (5)
T = ED’ — [(E- D)I}/2

wherein E is the electric field and D is the electric displacement
field with the following expressions:

E=-VV
{ (6)
D =¢E

Furthermore, the current conservation equation can be
solved to determine E:

V- (sa—E—i—aE) =0
ot

&= énfn tésfs

g = O'nfn + O'st

where ¢ is the permittivity and ¢ is the conductivity.

Directly solving these equations in the physical time domain
to simulate nucleus deformation at 1 MHz requires prohibi-
tively small time steps and incurs high computational costs. To
balance efficiency and accuracy, the electrical problem is solved
in the frequency domain, and a cycle-averaged electric force is
applied in the time domain.*® This is an appropriate approxi-
mation given the significant disparity in timescales between
fluid motion (~ms) and electrical excitation (~MHz). Conse-
quently, the governing equation for the electric field in the
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frequency domain becomes:
V- (ioeE + oE) =0
e=enfotesfs (8)
0= onfa+0sfs
while the cycle-averaged force is formulated as:*°
(Fe) =V -(T)
{ (T) = 0.25Re(?)[(EE* + E'E) — || E||*1]

Here, the tilde “~” denotes complex phasor quantities, and
the asterisk (*) denotes the complex conjugate of the phasor E.
Only the real part of the medium complex permittivity Re(¢) = ¢
appears in the Maxwell stress tensor because it represents the
in-phase component responsible for energy storage and elec-
trostatic forces, while the imaginary part relates to losses and
does not affect the time-averaged stress.

The cell nucleus is modelled as a homogenized “‘equivalent
droplet” with effective electrical properties that capture the
combined influence of the nucleus membrane and nucleus
cytoplasm, as illustrated in Fig. S1 (ESIT). The characteristic
dielectric properties of the nucleus membrane and cytoplasm,
obtained from the literature, are summarized in Table S1
(ESIt). The DEP response across a broad frequency range,
evaluated using the Clausius-Mossotti factor, is presented in
Fig. S2 (ESIt). Table S2 (ESIt) provides the physical properties
of the nucleus and the surrounding fluid, selected to satisfy the
experimental condition that a positive DEP (pDEP) force arises
at the experimentally investigated frequency of 1 MHz.

The governing equations are solved with the following
boundary conditions: the upper and lower walls act as electro-
des with applied voltages, while the left and right channel
edges are set to electric insulation. Since our primary focus is
on simulating the high frequency domain (~1 MHz), consis-
tent with the preliminary experiments,* we neglect induced-
charge electro-osmosis (ICEO) effects and the effective
Helmholtz-Smoluchowski slip boundary condition on the metal
hemisphere. This simplification is justified as the operating
frequency is significantly higher than the RC frequency asso-
ciated with the formation of the induced electrical double layer
(EDL) (frc = 1/2nt = 1.3 kHz refers to the characteristic charging
frequency, where t = AR/D is the induced charge relaxation time;
R=5pm is the radius of JP; 1 = /& D /o is the Debye length; o =
6 x 10°* S m™" is the solution conductivity; & = 78¢, is the
solution permittivity and e, = 8.854187817 x 10~ > Fm ™' is the
vacuum permittivity; D = 2 x 107° m? s ' is the diffusion
coefficient of the ionic species®). Accordingly, the JP is mod-
eled by assigning distinct boundary conditions to its two hemi-
spheres: a floating electrode condition for the metallic (gold)
hemisphere and an insulating condition for the dielectric
(polystyrene) hemisphere.** Validation results in the ESIt con-
firm that the applied boundary conditions effectively capture
JP-nucleus interactions at 1 MHz (see Fig. S3 and S4, ESIY).
Additionally, Fig. S5 (ESIf) presents the Clausius-Mossotti
factor and the corresponding JP-nucleus interaction, derived
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from the parameters in Table S2 (ESIT) and simulations using
the floating boundary condition. These results indicate that, as
frequency increases beyond 1 MHz—where positive dielectro-
phoresis (pDEP) is observed experimentally—a transition to
negative DEP (nDEP) occurs, leading the nucleus to migrate
toward regions of lower electric field strength. The strong
agreement between analytical predictions and numerical simu-
lations further supports the validity and robustness of the
proposed modeling approach.

In addition, no-slip boundary conditions are imposed on all
solid walls, which is justified at the examined frequency
(~1 MHz), well above the RC frequency fxc = 1/2nt = 1.3 kHz.
A time-dependent solver is used to capture the dynamic JP-
nucleus interaction, with the focus placed on the quasi-steady-
state results, as illustrated in Fig. S6 (ESIf). To accurately
resolve the complex interactions in the system, second-order
numerical schemes are employed in conjunction with a locally
refined mesh (see Fig. S7, ESIt), concentrating computational
effort in regions with steep field gradients. Four computational
grids with varying cell counts (see Table S3, ESIt) are used to
assess numerical errors arising from limited spatial resolution.
The results confirm that a fine mesh with approximately 30 000
cells provides accurate and grid-independent solutions. Further
details on the grid-independence validation are provided in Fig.
S8 of the ESL.}

3. Results and discussion

3.1. Overview of JP-nucleus interaction

Our previously studied experimental setup® consists of a
simple microfluidic chamber, formed by positioning a 120
pm-high space between two parallel indium tin oxide (ITO)-
coated glass substrates. JPs consisting of gold half-coated
polystyrene spherical particles, are introduced into the cham-
ber along with target cell nuclei. The manipulation and trans-
port of the JPs are controlled by an externally applied electric
field, as schematically illustrated in Fig. 1A. Fig. 1B schemati-
cally represents the nucleus as a homogeneous ‘“‘equivalent
droplet” incorporating the combined properties of the
nucleus’s cytoplasm and membrane.

When exposed to an electric field, the JP attracts and
deforms the nucleus onto its surface, enabling it to carry and
transport the loaded nucleus® (Fig. 1C, the reduced contrast of
the nucleus in the final experimental frame is due to a slight
displacement in the z-direction during interaction, causing the
nucleus to move partially out of the focal plane). Fig. 1D shows
numerical simulation snapshots (a cross-sectional view of plane
A-A in Fig. 3A) illustrating the JP-nucleus interaction over time.
The nucleus is attracted to the JP by DEP forces, gradually
deforming and migrating until it reaches a steady-state shape,
settling on the JP’s surface and covering parts of both the gold
and polystyrene hemispheres. The initial spacing between the JP
and the nucleus was set arbitrarily at 2.5 pm. This behaviour
aligns qualitatively with experimental observations (see Movie S1
in the ESIt) though there is an orientation mismatch.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Experimental and numerical system setups and overview of JP-nucleus interactions: (A) schematic of the experimental setup® (Copyright 2020
John Wiley and Sons). (B) Schematic representation of the simulation model. (C) Time evolution of JP-nucleus interaction observed experimentally,
showing nucleus attraction and deformation onto the JP (inset: side-view schematic)®*®> (Copyright 2020 John Wiley and Sons). (D) Corresponding
numerical simulation snapshots. (E) Normalized electric field intensity distributions at different normalized (scaled by the characteristic DEP migration
time t; = 3.1 ms at Voo = 10 V, f = 1 MHz, see ESI,{ for more details) time points (white line indicates the nucleus surface contour).

Fig. 1E presents the time-evolving normalized electric field
distribution, further supporting the experimental findings.
Both nucleus and JP undergo polarization in the electric field,
with the JP inducing perturbations that generate distinct die-
lectrophoretic (DEP) potential wells, labelled ®-® in the first
panel of Fig. 1E. Local maxima in the electric field at locations
® and ® indicate regions where positive DEP (pDEP) trapping
of bioparticles is likely, while a weaker pDEP well appears on
the polystyrene side at location @. Conversely, locations @, ®,
and ® correspond to negative DEP (nDEP) trapping sites due to
local electric field minima. The electric field asymmetry arises
from the Janus particle’s intrinsic surface asymmetric dielectric
properties (gold vs. polystyrene, where the former is ideally
polarizable while the latter is insulating) in contrast with a
homogenous particle where symmetry does exist. In response
to a positive dielectrophoresis (pDEP) force,*® the nucleus,
behaving as a homogeneous dielectric droplet, moves toward

This journal is © The Royal Society of Chemistry 2025

the high-intensity potential well at location ®. Upon contact
with the JP, the electric field intensity at the JP-nucleus inter-
face (location @) gradually decreases until the system reaches a
steady-state deformed nucleus configuration.

3.2. Interactions between nuclei and different particles

The spatial variation of induced dielectrophoretic (DEP)
potential wells on the JP’s surface plays a crucial role in
governing JP-nucleus interactions, depending on their relative
positioning. To further investigate this, we conducted a com-
parative numerical analysis of interactions involving four
nuclei positioned around three types of particles: homoge-
neously conductive, homogeneously dielectric, and Janus
(Fig. 2). The conductive gold particle exhibits positive DEP
trapping at the top and bottom, while negative DEP regions
appear on its lateral sides, whereas the dielectric particle shows
the opposite behaviour. Consequently, nuclei above or below

Soft Matter, 2025, 21, 6550-6558 | 6553
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(A)

(B) a dielectric particle, and (C) a Janus particle at different normalized time points (scaled by the characteristic DEP migration time t; =

1 MHz, see ESI,T for more details).

the gold particle are attracted to it, while those on the lateral sides
experience repulsion, and vice versa for the dielectric particle.
Interactions with the JP combines the effects of both the gold
(conductive) and dielectric particles. Nuclei located above or
below the JP predominantly migrate toward the conductive side
due to positive DEP, while nuclei adjacent to the conductive
lateral surface are repelled, and those near the dielectric side
are attracted. The hybrid nature of the JP thus enables complex,
spatially selective interactions with target nuclei.

The electric field distributions in Fig. 2A and B exhibit
bilateral (mirror) symmetry about the vertical axis due to the
uniform material properties of the conductive (Au) and dielec-
tric (PS) particles, respectively. This symmetry is preserved from
the initial state to the quasi-steady state, resulting in symmetric
field lines and DEP forces acting radially and evenly around the
particle. In contrast, the Janus particle in Fig. 2C introduces
asymmetry due to the distinct material properties of its Au and
PS hemispheres. This breaks the mirror symmetry of the field
distribution, concentrating electric field gradients near the
metallo-dielectric interface. As a result, the nucleus experiences
a directional DEP force, leading to asymmetric migration and
deformation. The comparison underscores the role of particle
symmetry in governing field gradients and the resulting
mechanical response of nearby soft particles.

3.3. Impact of the applied electric field on the Janus-nucleus
interaction

Our previous experimental study®> demonstrated that a nucleus
trapped by a JP can spread onto the polystyrene (PS) hemi-
sphere, with the extent of coverage directly correlated to the

6554 | Soft Matter, 2025, 21, 6550-6558
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Fig. 2 Normalized electric field distributions (scaled by 10° V m~?) are shown for nuclei positioned at various locations around (A) a conductive particle,

3lmsatVy,, =10V, f=

applied voltage. Fig. 3 provides a comprehensive analysis of this
interaction, comparing experimental observations®> with numer-
ical simulations. Both 2D and 3D models are employed to
simulate the JP-nucleus interaction. As shown in Fig. 3A, results
from the central plane of interest (plane A-A, which is also shown
in Fig. 1) in the 3D simulations closely align with those from the
2D simulations, confirming the viability of the 2D approach.
Therefore, given the high computational cost and time demands
of 3D simulations, we propose using the more efficient qualitative
2D simulations to systematically investigate the impact of the
applied electric field on JP-nucleus interactions. Fig. 3B shows
experimental images®® of the nucleus (in red) and the JP surface
(outlined by a dotted yellow circle) at 4 V and 18 V. The increasing
coverage of the JP’s PS hemisphere by the nucleus (shaded sector)
indicates enhanced electro-deformation under higher electric
fields. Besides, the nucleus at 18 V becomes narrower than at
4V, indicating that the nucleus becomes more ellipsoidal in the
stronger electric field. The corresponding simulation snapshots in
Fig. 3C further support the experimental observation, showing
increased nucleus coverage on the PS hemisphere as voltage rises.
The agreement between experimental and numerical results
validates the simulation approach, reinforcing its utility for
further analysis.

Fig. 3D illustrates the electric field magnitude distribution
around the JP and nucleus at different voltages, demonstrating
how the field evolves as the applied voltage increases. As
described in Section 2.1, the nucleus experiences pDEP forces,
migrating toward regions of higher electric field intensity.
Initially, the strongest field intensity at location @ serves as
the primary trapping site. However, as the nucleus is captured,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 JP-Nucleus interaction under varying electric fields at 1 MHz: (A) Comparison of 3D and 2D simulation results. (B) Experimental images of the
nucleus (red) and Janus particle (JP, dotted yellow outline) reconstructed using Imaris 5.0%2 at the central plane. The green region represents the
polystyrene (PS) hemisphere of the JP, while the shaded circular sector denotes the PS portion covered by the nucleus. The red color of the nucleus in
the experimental image highlights its shape, as extracted from fluorescence microscopy> (Copyright 2020 John Wiley and Sons). (C) Numerical images
of the nucleus (white) and JP, with the dashed circular sector indicating the PS hemisphere region covered by the nucleus. (D) Simulated electric field
distributions during JP-nucleus interactions at different applied voltages. (E) Experimental and simulated dielectrophoretic coverage ratio of the PS
hemisphere versus applied voltage. (F) Total coverage ratio (including both PS and Au hemispheres) versus applied voltage. (G) Deformation ratio of the

nucleus versus applied voltage.

this pDEP well weakens, and other wells, particularly on the PS
side (location ®), become more influential. The increasing field
intensity at @ at higher voltages enhances the nucleus’s attrac-
tion to the polystyrene hemisphere.

The quantitative analysis of the dielectrophoretic coverage
ratio (Fig. 3E), defined as the fraction of the JP’s PS hemisphere
covered by the nucleus (; = (64/n) x 100%, where 6, is the
angular coverage), further supports the validity of the 2D
simulations. Despite the limited number of 3D data points
due to computational constraints, both 2D and 3D simulations
show good agreement with experimental results, using surface

This journal is © The Royal Society of Chemistry 2025

tension as the sole fitting parameter to the differing deform-
ability of MDA-MB-231 and MCF-7 nuclei.

Generally, the coverage ratio increases with the applied
voltage up to approximately 14 V, after which a slight decline
is observed. This non-monotonic behaviour may result from
competing mechanisms: on one hand, increased electric field
intensity enhances pDEP-driven attraction toward location ®,
promoting greater nucleus coverage of the dielectric side; on
the other hand, elongation of the nucleus along the field lines
reduces its effective contact area with the JP, thereby decreasing
0,. This elongation also influences the total coverage ratio

Soft Matter, 2025, 21, 6550-6558 | 6555
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(72 = (05/21) x 100%), which declines with increased voltages
(Fig. 3F). Although the 2D simulations qualitatively match the
3D results on the plane of interest in terms of coverage ratios,
they do not fully replicate the deformation ratio of the 3D
system (Fig. 3G). The deformation ratio, defined as the percen-
tage increase in the nucleus’s surface area (¢ = (AS/S) x 100%),
quantifies how much the nucleus stretches under the electric
field. Since 2D simulations inherently capture deformation in
only two directions, the deformation ratios are different from

Transmigration-Based Deformability Assay (TDA)

View Article Online
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those from 3D simulations. Hence, while the 2D simulations
have quantitative limitations in predicting deformation ratios,
they provide valuable insights into the key mechanisms of JP-
nucleus interaction.

3.4. Impact of the nuclei stiffness on the Janus-nucleus
interaction

Nucleus deformability plays a critical role in shaping the
interaction dynamics between a nucleus and a JP under an
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Fig. 4
from ref. 35 (Copyright 2020 John Wiley and Sons) demonstrating the deformability of MDA-MB-231 and MCF-7 cells. (B) Comparison of experimenta
(Copyright 2020 John Wiley and Sons) and numerical results for JP-nucleus interactions with varying nucleus stiffness (MDA-MB-231 and MCF-7) at 4 V
and 18 V. (C) Simulated dielectrophoretic coverage ratio as a function of applied voltage for different nucleus stiffnesses (represented by equivalent
surface tension, I'); (D) simulated dielectrophoretic coverage ratio as a function of equivalent surface tension (I') at the applied voltage of 18 V.

Influence of nucleus stiffness on JP-nucleus interaction at 1 MHz: (A) schematic of the transmigration-based deformability assay (TDA) and results
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applied electric field. To investigate this, we studied JP inter-
actions with two cell nuclei of differing stiffness: the more
deformable MDA-MB-231 nucleus and the stiffer MCF-7
nucleus. This distinction is biologically relevant, as increased
nuclear deformability has been associated with enhanced
migratory ability and metastatic potential in aggressive cancer
cell lines such as MDA-MB-231,* though this correlation does
not imply direct causation.

To quantify nucleus deformability, the transmigration-based
deformability assay (TDA) using Transwell inserts with 5 pm
and 8 um pores was employed in ref. 35. In this assay, MDA-MB-
231 cells - known for their high deformability - exhibited
increased transmigration, with over 180 cells passing through
both pore sizes. This high rate of passage suggests that their
nuclei can easily deform and squeeze through narrow open-
ings. In contrast, MCF-7 cells, with lower deformability, depict
limited transmigration, with only about 50 cells passing
through the 8 pm pores and very few through the 5 pm pores,
highlighting the stiffness of their nuclei (Fig. 4A).

Correspondingly, simulations have been conducted by mod-
elling the nucleus deformability through an effective surface
tension parameter (y). Fig. 4B presents experimental images
and simulation snapshots comparing interactions of the JP
with nuclei of varying deformability (represented by the nor-
malized equivalent surface tension, I' = y/y,, with yo =
0.0002 N m™" (ref. 54)) at 4 V and 18 V. For the highly
deformable MDA-MB-231 nuclei, simulations with lower
I' values (indicating higher deformability) show increased
coverage of the JP’s polystyrene side. Conversely, stiffer MCF-
7 nuclei exhibit reduced coverage, in qualitative agreement with
experimental observations. Fig. 4C quantifies the dielectro-
phoretic coverage ratio (1;) as a function of applied voltage
for nuclei with varying surface tension values. Across all
deformability levels, #; increases with voltage, but the rate of
increase is strongly influenced by nucleus stiffness. Softer nuclei
(lower I' values, e.g., MDA-MB-231) exhibit a steep rise in 7,
indicating their greater ability to conform to the JP’s surface under
stronger electric fields. Conversely, stiffer nuclei (higher I values,
e.g., MCF-7) show a more gradual and limited increase in #,
reflecting their resistance to deformation. All curves follow a
similar trend: an initial rapid rise in #,, followed by a reduced
growth rate beyond a critical transition voltage. This transition
voltage shifts higher for stiffer nuclei, highlighting the interplay
between deformability and electric field strength.

Fig. 4D shows an inverse correlation between #, and I" at
18 V and 1 MHz, indicating that stiffer nuclei (higher I')
exhibit lower dielectrophoretic coverage due to reduced
deformability. This suggests that JP coverage ratio may
serve as a biomechanical marker of nucleus stiffness. Unlike
the population-based TDA assay, which uses mechanical
squeezing for indirect, high-throughput screening, our
electro-deformation approach employs electrostatic forces
for direct, single cell resolution. While TDA is simple and
scalable, EDA offers quantitative, real-time insight into single-
cell mechanics. Together, they provide complementary per-
spectives on nuclear deformability.

This journal is © The Royal Society of Chemistry 2025
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4. Conclusion

This study investigated the DEP response and electro-
deformation of soft bioparticles, specifically cell nuclei, inter-
acting with a metallo-dielectric JP under varying electric fields.
Using numerical simulations validated against previous experi-
mental observations, we analysed how applied voltage and
nucleus deformability influence DEP-induced deformation
and the extent of nucleus coverage on the JP surface. Our
findings reveal a nonlinear relationship between the dielectro-
phoretic coverage ratio of the deformable nucleus on the JP’s
polystyrene hemisphere and the applied voltage. Initially, the
coverage ratio increases with voltage, reaching a maximum
before slightly declining at higher voltages. This behaviour
arises from the dynamic interplay between the soft nucleus
and the multiple potential wells formed around the JP’s sur-
face. At lower voltages, the strongest positive DEP (pDEP) well
at the JP interface attracts and traps the nucleus. However, once
the conductive nucleus attaches, this potential well weakens,
allowing other pDEP wells—particularly the one on the poly-
styrene side—to dominate, pulling the nucleus in that direction
and stretching it. Nucleus deformability plays a crucial role in
modulating the JP-nucleus interaction. Highly deformable
nuclei (e.g., MDA-MB-231) exhibit greater coverage and adapt
more readily to the JP surface, whereas stiffer nuclei (e.g., MCF-
7) show limited interaction due to their reduced ability to
deform. These findings highlight the potential of JPs as micro-
scale tools for probing nucleus deformability—a key mechan-
ical biomarker associated with different cellular states and
diseases. Since nucleus stiffness strongly influences electro-
deformation, it enables selective manipulation and sorting of
cells and their nuclei by controlling their loading and position-
ing on the JP surface. These findings offer valuable guidance for
utilizing DEP forces in biomedical applications such as single-
cell and organelle mechanical probing, sensing, and selective
manipulation based on mechanical and dielectric properties.
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