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Materials and methods
Theoretical model for cell dielectrophoresis forces
[bookmark: _Hlk179406093]F models for spherical particles can be categorized into three types: homogeneous spherical model, single-shell model, and multi-shell model [1]. The homogeneous sphere model is the simplest dielectrophoretic force model. The calculation method for F acting on the homogeneous sphere is as follows [2]：

                                      (S1)
In the equation, m represents the dielectric constant of the medium surrounding the particle (F/m). r represents the radius of the single cell (m). Erms denotes the root mean square electric field (V/m). and Re[fcm()] is the real part of the Clausius-Mossotti (CM) factor.
[bookmark: OLE_LINK6]The calculation equation for Re[fcm()] is as follows [3]：

                                              (S2)
where *p is the complex dielectric constant of the single cell. and *m is the complex dielectric constant of the medium.
The calculation equations for *p and *m are:

[bookmark: _Hlk175405509]                                                      (S3)

                                                      (S4)
where p is the dielectric constant of the single cell (F/m). p is the conductivity of the single cell (S/m). m is the conductivity of the medium (S/m). i is the imaginary unit, and  is the angular frequency (rad/s).
The calculation equation for angular frequency (ω) is:

                                                          (S5)
where f is electric field frequency (Hz). The homogeneous sphere model is typically used for particles with simple structures, such as proteins, viruses, and algae (as shown in Figure 1B) [1]. For more complex particles, the model requires further optimization.
[bookmark: _Hlk100409807]The primary difference between the single-shell model and the homogeneous sphere model lies in the calculation method of Re[fcm()]. For biological analytes, the presence of charged chemicals or polarized molecules, such as biomembranes and biomatrices, leads to different dielectric properties (as shown in Figure 1B). These complex biological structures give rise to unique CM factors that cannot be calculated using the simple homogeneous sphere model. Therefore, the DEP model that characterizes biological properties is described as a core surrounded by a shell. The F expression in the single-shell model closely resembles that of the homogeneous sphere model [2]:

                                        (S6)
[bookmark: _Hlk181698472]where r2 is the outer radius of the membrane (m) (Figure 1B).
[bookmark: _Hlk100398085]The difference between the single-shell model and the homogeneous sphere model lies in the calculation method of Re[fcm()], which is expressed as [4]:

                                            (S7)
where *eff is the effective complex permittivity of the particle.
The complex dielectric constant *m of the medium is still calculated using equation (S4). The effective complex dielectric constant *eff of the single cell is used instead of *p to calculate Re[fcm()]. The calculation equation for *eff is given by [2, 4]:

                                          (S8)
where r1 and r2 is the iner and outer radius of the membrane respectively (m). *s is complex dielectric constant of the membrane. The complex dielectric constant *p of the particle is calculated using equation (S3), and the complex dielectric constant *s of the membrane is calculated as follows:
[bookmark: _Hlk100412248]                              [image: ]                         (S9)
where s is the dielectric constant of the membrane (F/m). and s is the electrical conductivity of the membrane (S/m). The single-shell model is primarily applicable to the F exerted on organisms or test objects, such as exosomes, endosomes, animal cells, liposomes, and droplets. The single-shell model is the most suitable model for animal cells.
[bookmark: _Hlk194346933]Theoretical model for cell viscosity force
In fluid mechanics, the fluid is treated as a continuous medium. In theoretical calculations, the fluid adheres to the mass conservation principle, meaning that the mass of fluid entering a microelement is equal to the mass exiting the microelement at the same time. The fluid's continuity equation is: 
                            [image: ]                       (S10)
For incompressible Newtonian fluids, the equation simplifies to:
                             [image: ]                         (S11)
where v is the velocity vector (m/s).  is the fluid density (kg/m³). and t is time (s). Based on the law of conservation of momentum, the Navier-Stokes equation (N-S equation) for the differential motion of the fluid can be derived, and its expression is: 

                       (S12)
where p is pressure (Pa).  is dynamic viscosity (Pa·s). and fV is the volume force per unit mass of fluid (m/s²).
Theoretical analysis of net force on the cell 
[bookmark: _Hlk192604353]This paper first employs theoretical analysis methods to obtain the theoretical values of cell dielectric parameters, medium dielectric parameters, electric field parameters, and flow field parameters for guiding the development of FEM analysis and experiments. Figure 1A illustrates the forces exerted on cells within a microfluidic chip. Cells primarily experience two forces in the horizontal direction: F and F. When the two forces are balanced, the cell is captured by the electrode. When the F is turned off, the cell is released due to the action of the F.
[bookmark: _Hlk192866008][bookmark: _Hlk192866018][bookmark: _Hlk192962512]The main factors influencing F are the dielectric constant and conductivity of both the cell and the medium, as well as the voltage and frequency of the electric field according to equation (S6). The dielectric constant and conductivity of the cell are primarily determined by cell type. The dielectric constant of the medium depends on the medium type and is difficult to modify, while its conductivity can be adjusted by changing ion concentration. The electric field parameters can be modified by controlling the voltage and frequency. This section will therefore examine cell dielectric parameters , medium conductivity (m), and electric field voltage (Vpp) and frequency (f) to identify optimal FEM analysis and experimental parameters.
[bookmark: _Hlk194174423][bookmark: _Hlk194174416]First, the cell dielectric parameters were examined. In theoretical calculations, the medium physical properties were: dielectric constant of 7.0810-10 (m), conductivity of 55 mS/m (m), density of 1000 kg/m3 (), and dynamic viscosity of 110-3 Pas (). The dielectric constants of the four cells are shown in Table S4 [5-7]. The voltage parameter of the electric field is Vpp=32 V.
Then, the optimal medium conductivity is determined through theoretical calculations. The medium physical properties were: dielectric constant of 7.0810-10 (m), conductivity of 2-1500 mS/m (m), density of 1000 kg/m3 (), and dynamic viscosity of 110-3 Pas (). K562 cells were chosen as model cells, with parameters detailed in Table 1. The voltage parameter of the electric field is Vpp=32 V.
Finally, theoretical calculations determine the effects of electric field voltage and frequency on dielectrophoretic force and establish their relationship with flow field velocity. The medium physical properties were: dielectric constant of 7.0810-10 (m), conductivity of 55 mS/m (m), density of 1000 kg/m3 (), and dynamic viscosity of 110-3 Pas (). K562 cells were chosen as model cells, with parameters detailed in Table S4. The voltage parameter of the electric field is Vpp=2-64 V.
FEM analysis of cell forces by coupling electric and fluid field
[bookmark: _Hlk201048075][bookmark: _Hlk201048095]The COMSOL Multiphysics simulation framework used in this study is illustrated in Figure S1A. The electric and flow fields within the microfluidic chip were first simulated to calculate the F and F. These results were then input into the particle tracking module to simulate cell trajectories and force distributions under the combined influence of F and F.
Design of the Model
[bookmark: _Hlk200811656]In the FEM analysis of cell forces, the electrode configuration was designed as an interdigital structure consisting of a repeating unit of paired electrodes. To minimize computational load and conserve simulation resources, the model was simplified by including only a single electrode pair, based on the structural symmetry and uniformity of the electric field distribution across the rest of the chip. However, due to notable variations in the physical field distribution and cell forces along the vertical axis of the microchannel, a three-dimensional (3D) model was implemented to ensure accurate representation of spatial effects (Figure S1B and S1C).
Grid independence verification
To determine the optimal mesh size for the simulation, a mesh independence study was conducted. Six different mesh sizes were configured (see Table S3 for detailed parameters), and simulations were performed using each mesh. The dielectrophoretic force at the electrode tip was calculated for each mesh configuration. The results were then compared and plotted to evaluate the sensitivity of the simulation outcome to mesh size and to confirm mesh independence.
Governing Equations and Parameter Settings
Poisson's equation, used to describe the electrostatic field, is given by:

                                                   (S13)
where  represents conductivity (S/m) and  is potential (V). Since the electric field adheres to the charge conservation law, the current follows the continuity equation, as given by:

                                                          (S14)
According to Ohm's law, the relationship between current density and electric field is given by:

                                                            (S15)
where j is the current density (A/m²) and E is the electric field, given by E=-（V/m）.
[bookmark: OLE_LINK16]The governing equations for the flow field module include the continuity equation and the Navier-Stokes equations, given by equations (S11) and (S12). The fluid physical parameters in the FEM analysis are set as follows: m is 55 mS/m, m is 7.0810-10,  is 1000 kg/m³, and  is 1.0110-3 Pas. In the current module, the electrode boundary is assigned a potential range of 1 and 32 (-1 to -32) V, while all other boundaries are set to electrical insulation. In the creeping flow module, the inlet velocity is set to 510-4 m/s, the outlet pressure is set to 0 Pa, and the remaining boundaries are no-slip walls (as shown in Figure 4A and S1C). To determine the optimal mesh size, a mesh independence study was performed. Six mesh configurations with varying element sizes were tested (see Table S3 for details). Among them, the finest grid (grid 4) had a minimum element size of 0.032 μm and a maximum element size of 0.002 μm. This mesh contained 3,771,387 tetrahedral elements, 216,690 triangular surface elements, 15,102 edge elements, and 36 vertex elements. The average unt mass of grid is 0.95. The flow field and electric field distributions are computed using the steady-state solver and frequency-domain steps, respectively.
The computed electric field and flow field are treated as a coupled multi-physics field. Additionally, the fluid flow particle tracking module in COMSOL was employed to track the movement and forces acting on the cells. The primary governing equation in the fluid flow particle tracking module is Newton's second law, expressed as:

[bookmark: OLE_LINK7]                                                        (S16)
In the equation, mp represents the mass of the cell (kg), vp is the velocity of the cell (m/s), t is the time (s) and F is the resultant force acting on the cell (N). In this calculation, the total force acting on the cell consists of the F and F exerted by the fluid, with all other forces neglected.
The particle parameters in the fluid flow particle tracking module are set according to the relevant properties of the K562 cell, as detailed in Table S4. The boundary conditions for the chip walls are set to rebound. The cell inlet releases one cell per second, with a random release position. The cell outlet is set to a frozen condition. The cell force is subjected to the F and F exerted by the fluid. A transient solver is used, inheriting the electric field and flow field results from above study. The remaining  FEM analysis parameters, such as fluid properties and grid settings, are consistent with the above settings.
Data Analysis
[bookmark: _Hlk201055116]To facilitate the visualization of electric and flow field distributions in the 3D simulation, various cross-sections of the channel were extracted. The flow field was displayed from the central section of the channel, while the electric field distribution was viewed from the central plane in the xz-direction (main view). In the xy-direction (top view), a 1 μm high cut was taken, corresponding to the top section of the electrode.
Erms2 is a key parameter influencing the F on cells and is closely related to the electric field strength. In the theoretical calculations above, Erms2 is challenging to determine as it depends on the electric field strength distribution. Therefore, this study employs FEM analysis to determine the value of Erms2 in the above theoretical calculations. The relationships between the x-, y-, and z-axis components of Erms2 at the electrode tip and Vpp are established separately. Additionally, the relationship between the modulus Em of Erms2 and Vpp is established. The electric field intensity Em , defined as the modulus of the Erms2, is calculated as follows: Em= ((Erms2)x2+(Erms2)y2+(Erms2)z2)0.5
Extract the x-, y-, and z-axis components of the F on the cell at the electrode tip from the FEM analysis results. Establish the relationship curves between each component and Vpp. Finally, determine the relationship between the F acting on the cell at the electrode tip and Vpp. Compare the FEM analysis results with the theoretical calculations from the previous section to validate their accuracy.
[bookmark: _Hlk200811882]FEM analysis of cell manipulation
Design of the Model
The purpose of the FEM analysis for cell capture and release was to simulate cell behavior under experimentally relevant conditions and to optimize electric and fluid field parameters for efficient capture. Unlike the FEM analysis of cell forces, this FEM analysis could not be simplified to a single electrode pair. Given that the channel height is only 10 μm, the flow behavior of cells under coupled electric and flow fields is not significantly influenced by the vertical dimension. Meanwhile, constructing a full 3D electrode model would incur substantial computational costs—for instance, simulating the trajectory of a single cell between two electrodes in 3D required over one week of computation, and the inclusion of multiple cells would further exacerbate the burden. Therefore, to balance computational efficiency and accuracy, a two-dimensional top-view model was employed in this analysis (as shown in Figure 5A and S1D).
Parameter Settings
[bookmark: _Hlk193639041]The physical properties of the medium and cells are the same as previously stated. The Vpp range for the current module is set between 2 and 64 V. The flow module sets the inlet flow rate range from 0.0005 to 5 m/s, with the outlet pressure fixed at 0 Pa. The boundary conditions for the fluid flow particle tracking module are set as described above (Figure S1D). The cell release method varies with flow rate, with the release count fixed at 400. The grid had a minimum element size of 1 μm and a maximum element size of 0.004 μm. This mesh contained 232180 triangular surface elements, 4868 edge elements, and 64 vertex elements. The average unt mass of grid is 0.96. The solver used is a transient solver, with calculation steps adjusted based on flow rate. To inherit the flow field and electric field results from the previous section, the dependent variable values in the transient solver are set to the required flow and electric field results from the previous calculations. Once the setup is complete, the flow and electric field distributions will not be recalculated, reducing computational load.
Microfluidics chip fabrication
The microfluidic chip was manufactured by soft lithography. The chip design drawing was constructed using AutoCAD (AutoCAD2018, Autodesk, USA) and the mask was processed by RDMICRO (Mask, RDMICRO, China). The main manufacturing process of microfluidic chips is as follows (as shown in Figure S2):
(1) Production of male molds
a) Substrate pretreat: To ensure the adhesion of the photoresist on the silicon wafer, the silicon wafer should be dehumidified before the experiment. Heat the wafers at 100°C for 2 hours using a heating plate (ASONE/CHPS-250DF, AS ONE, JAPAN);
b) Coat: Use a homogenizer (WS-650-8, mycro, USA) to evenly apply the photoresist(SU8-2025, Microchem, USA) to the surface of the wafer. According to the nature of the photoresist and the thickness of the chip, the parameters of the homogenizer are set to 500 rad/min, 10 s and 6750 rad/min, 30 s;
c) Soft bake: Place the homogenized silicon wafers on a heating plate at 100 °C for 10 min until the photoresist is completely dry;
d) Expose: Place the mask and wafer on the upper and lower substrates of the lithography machine. Based on the thickness of the photoresist, set the exposure time to 15s;
e) Post-exposure bake: The exposed wafers are heated again on a heating plate at 100 °C for 10 min;
f) Develop: Place the silicon wafers into a container with inverted developer solution, shake for 3-5 min;
g) Rinse and dry: Use acetone and nitrogen to clean the surface of the male mold.
(2) Microfluidic chip fabrication:
a) Weighing: take the appropriate mass of PDMS and mix the curing agent with a mass ratio of 10:1;
b) Casting: cast: PDMS on the male mold and vacuum until there are no bubbles;
Heat curing: Place the chip in a blast drying (WGL-65B, TEST, CHINA) oven at 60°C for 3 hours.
c)Perforation: Use a hole punch (0.75mm) to punch holes at the entrance and exit of the channel;
d)Bonding: The microfluidic chip is encapsulated with a glass substrate using oxygen plasma cleaning (PDC-002, mycro, USA).
Cell preparation
The K562 cell culture medium consists of three main components: culture medium (IDMEM, Corning, USA), fetal bovine serum (Every Green, China), and antibiotics (Biosharp, Hefei, China). These components were mixed at volume fractions of 89%, 10%, and 1% to prepare the final culture medium. The cell culture incubator was maintained at 37°C with 5% CO2. Before each experiment, the culture medium was removed by centrifugation, and the cells were diluted with a cell diluent. The cell diluent was prepared by mixing Tricin Buffer (Yuanye, China) and Optiprep (Stemcell, Canada) in a volume ratio of 8.4:1.6 .To maintain the osmotic pressure of the cells, 5% glucose (49159, Sigma Aldrich, USA) was added to the mixture. Tricine buffer was employed as the cell manipulation medium due to its moderate conductivity (tens of mS/m), strong buffering capacity, and favorable biocompatibility. OptiPrep was added to enhance cell dispersion and promote uniform cell distribution within the medium, thereby facilitating precise manipulation. Glucose was supplemented to regulate osmotic pressure and maintain cell viability, while exerting minimal influence on the overall conductivity of the medium.
[bookmark: _Hlk182160062]Instrument preparation
The hardware and software components involved in this technology can be categorized into five parts: a Python-based waveform control module, a microscopic imaging module, a precision injection module, a voltage generation module, and a microfluidic chip. The Python-based waveform control module primarily edits and controls the voltage waveform applied to the electrode. The microscopic imaging module includes a computer, a high-speed camera, and a microscope. Given the micron-scale dimensions of the microfluidic chip, a microscope (IX83, Olympus) is used to magnify and capture the chip image. The magnified image is captured by a high-speed camera (VEO 1010, Phantom, USA). The images are transmitted to a computer via optical fiber, where imaging software (PCC3.8, Phantom, USA) enable real-time observation. The precision injection module consists of a precision pump. The precision injection pump (OB1 Mk3, Elveflow, France) accurately controls the injection volume by regulating the injection pressure. The voltage generation module includes a signal generator and a power amplifier. The signal generator (AFG31052, Tektronix, USA) produces an adjustable high-frequency voltage signal. The voltage signal is amplified by a power amplifier (ATA-4315, Aigtek, China) to produce a high-frequency, high-voltage signal for cell capture and release. The microfluidic chip is the core element of the technology, providing the necessary microstructure for single cell capture and release.
Single cell capture and release
FEM analysis
In this study, FEM analysis was performed to simulate cell capture and release under fixed-frequency excitation. The materials, model geometry, meshing strategy, and solver settings were consistent with those described in the FEM analysis of cell manipulation setion (see Figure S1D). The boundary conditions were defined as follows: for the flow field, the inlet velocity was set to 2 × 10-4 m/s and the outlet pressure was set to 0 Pa; for the electric field, Vpp was 64 V at a frequency of 3.11 MHz. A periodic voltage control was applied such that the electrode potential was set to 0 V for 0.2 s in every 0.8 s cycle.
Experimental research
The m, a critical parameter affecting the F  for cell capture, was experimentally measured and adjusted using standard protocols. The m was measured using a conductivity meter (Orion Star™ A212, Thermo Fisher Scientific, USA). The tested media included: PBS buffer, Tricine buffer, Tricine buffer with 16% optiprep, Tricine buffer with 16% optiprep and cells, and Tricine buffer with 16% optiprep, cells, and glucose at concentrations of 0%, 1%, 2%, 3%, 4%, and 5%. Each sample was measured in triplicate, and the mean and variance were calculated.
After configuring the cell dilution solution, this section investigates the effects of vl (vc) and Vpp on cell capture. Due to the use of a gas precision sampling pump, the actual vc cannot be directly measured by the instrument. This section first examines the vc under varying inlet pressure conditions. The inlet pressure range for the cells was set between 140 and 180 mbar. For each experimental group, the inlet pressure was increased by 5 mbar, and the flow rates of 20 cells were measured to calculate the average and variance. The vc was calculated by recording cell movement with a high-speed camera. The vc was calculated by measuring the distance traveled by the cells and the time taken. Simultaneously, the effect of vc on capture efficiency was analyzed. For each pressure condition, three experimental groups were conducted, with the capture of 50 cells counted per group. The average capture rate and variance were then calculated. 
Vpp and f were identified as key electric field parameters influencing cell capture. The theoretical cell flow rate at 1 Hz is 2.83×10-4 m/s. Therefore, an inlet pressure of 160 mbar was selected. To investigate the effect of Vpp on capture rate, the f was set to 3.11 MHz, and Vpp was incrementally increased from 4 V to 20 V in steps of 2 V. For each Vpp, three experimental groups were analyzed, with the capture rate of 50 cells calculated for each group. The cell capture rate was determined by recording the capture process using a camera. After the experiment, the number of cells passing through the first pair of electrodes and the number of successfully captured cells were manually counted from the recorded videos. Three experimental groups were analyzed, with 50 cells per group. The capture rate was calculated as the ratio of the number of captured cells to the total number of cells passing through the electrode region. To study the effect of f on capture rate, the inlet pressure was 160 mbar, Vpp was 20 V, and f of 1, 2, 3.11, 4, and 5 MHz were tested. The capture rate was analyzed using the same statistical method as for the voltage study. To verify the device ability to capture and release droplets at a fixed frequency, the experiment was conducted at a capture and release frequency of 1 Hz. The flow field parameter, cell inlet pressure, was set to 160 mbar. The electric field parameters were set to a Vpp of 20 V and a f of 3.11 MHz. The voltage waveform is shown in Figure S9.
As the device operates using an alternating electric field to manipulate cells, cell viability after processing is a critical parameter for evaluating device biocompatibility. To assess this, cells treaded with the cell were stained with Calcein-AM (live-cell indicator) and Propidium Iodide (PI, dead-cell indicator) . Calcein-AM (ZY140632, Zeye, China) was used for cell staining, with an excitation wavelength of 490 nm. Prior to staining, cells were washed 2-4 times with sterile phosphate-buffered saline (PBS; Thermo Fisher, USA) to remove endogenous esterase. Calcein-AM solution was then added to fully cover the cells, followed by incubation in a 37 ℃ water bath in the dark for 20–30 minutes. Following Calcein-AM staining, cells were washed 2–4 times with PBS and resuspended in PI solution. The samples were then incubated in a 37 °C water bath in the dark for 20 minutes. After incubation, the cells were washed and resuspended again in PBS. For imaging, the samples were placed under a fluorescence microscope and sequentially excited with 488 nm and 535 nm light to assess cell viability based on fluorescence signals.
Results and discussion
[bookmark: _Hlk192599530]Theoretical analysis of net force on the cell
Selection of Model Cells
In this study, K562, MDA-MB-231, BxPC-3, and PANC-1 cell lines were selected as model systems for investigating dielectrophoretic (DEP) behavior due to their clinical relevance, dielectric diversity, membrane-specific properties, and diagnostic significance. From a clinical perspective, these cell lines represent major cancer types across both hematological and solid tumors: K562 is derived from chronic myelogenous leukemia, MDA-MB-231 from triple-negative breast cancer (TNBC), and BxPC-3 and PANC-1 from pancreatic adenocarcinomas with moderate and poor differentiation, respectively. Their wide usage in therapeutic and diagnostic research provides a strong translational foundation. K562 is a standard model in leukemia screening and cytometry studies, MDA-MB-231 is extensively used in invasive breast cancer research, while BxPC-3 and PANC-1 represent two contrasting pancreatic cancer phenotypes in terms of aggressiveness and metastatic potential.
[bookmark: OLE_LINK14]Regarding dielectric diversity, these cells exhibit distinct dielectric profiles, including differences in cellular structure, size, conductivity, and polarization frequency, which facilitate comparative DEP studies. K562 cells are suspended with high nucleus-to-cytoplasm ratio and low membrane capacitance, showing strong frequency-dependent DEP shifts [8, 9]. MDA-MB-231 has irregular morphology and rich membrane protrusions, yielding complex high-frequency responses [10]. BxPC-3 shows moderate conductivity with low crossover frequencies, while PANC-1 cells possess highly active cytoplasmic content and broad DEP response profiles due to their aggressive nature [5, 11].
In terms of membrane properties, K562 cells have relatively simple membrane structures and low capacitance, making them ideal for baseline modeling. MDA-MB-231 cells display complex and dynamic membranes typical of metastatic cells. BxPC-3 has stable and compact membranes, while PANC-1 demonstrates increased membrane activity and instability, with enhanced polarization capacity, especially under varying frequency fields. These characteristics enable in-depth studies of how membrane features modulate DEP behavior.
For diagnostic significance, all four cell types are commonly used in the development of label-free electrokinetic detection platforms. K562 supports the creation of rapid leukemia detection methods [12], MDA-MB-231 is a key model for label-free TNBC diagnostics [13], and the dielectric contrast between BxPC-3 and PANC-1 provides valuable insights for differentiating pancreatic cancer subtypes and isolating circulating tumor cells (CTCs) [14, 15]. Together, these models offer a balanced framework to explore both theoretical and applied aspects of DEP-based manipulation, with relevance to real-world diagnostic challenges.
In this paper, K562 cells were selected as model cells to evaluate the performance of the device for the following reasons:
(1) Clinical significance: K562 cells are classical model cells derived from the blast phase of chronic myeloid leukemia and serve as a key tool in studying leukemia pathogenesis, targeted therapies, and mechanisms of drug resistance.
(2) Representative structural and morphological characteristics: K562 cells are suspension cells with regular morphology, moderate size (approximately 10 μm), a single-cell structure, and high uniformity among individual cells. These morphological features ensure good stability during electrical manipulation.
(3) Distinctive and sensitive dielectric response: K562 cells exhibit low membrane capacitance, moderate cytoplasmic conductivity, and pronounced dielectrophoretic (DEP) responses across varying frequencies and voltages, making them particularly suitable for assessing electric field effects, frequency window selection, and platform sensitivity.
(4) Widely adopted “standard model”: K562 cells are extensively used in the literature and platform validations as benchmark cells. Their dielectric parameters (e.g., membrane capacitance and conductivity) have been well characterized, facilitating comparison and verification of experimental results. Consequently, K562 is regarded as a “standard electrical model cell” for rapid validation of core device functionalities and performance metrics.
Analysis of cell force under high frequency conditions
[bookmark: _Hlk192862712]It can be found that under high-frequency conditions, the positive and negative F on different cells vary. This phenomenon occurs because, under extreme high-frequency conditions, *effp as shown in equation S8. And substituting *eff into equation S7. When pm, the cells are ultimately influenced by positive F at high frequencies. Conversely, when pm, the cells experience negative F at high frequencies. For the four cells studied, the p in BxPC3 and PANC-1 exceeds that of m, resulting in positive F at high frequencies. In contrast, K562 and MDA-231 cells are influenced by negative F under high-frequency conditions. 
FEM analysis of net force on the cell
Analysis of flow field distribution 

Figure 4B shows the front and top views of the flow field distribution in the central section of the three-dimensional model, as calculated by FEM analysis. Since the flow in the microfluidic chip occurs at a low Re (Re1), the flow field exhibits laminar flow characteristics. To gain a better understanding of the flow field distribution, flow velocities along three cross-section lines (AA`, BB`, and CC`) in the channel were sampled and plotted as curves. Figure S5A shows the velocity distribution curve along the channel width at section AA` in the top view. The curve is parabolic, consistent with the typical flow velocity distribution across a cross-section under laminar flow conditions. Figure S5B shows the flow velocity distribution along the cross-section lines BB` (red curve) and CC` (blue curve) in the front view. In the front view, the 1 μm thickness of the electrode causes a slight increase in velocity above the electrode compared to the non-electrode area. However, the effect of electrode thickness on the velocity is negligible. In actual experiments, the electrode thickness is smaller, so its effect on the velocity in the flow field can be ignored.
Analysis of electric field distribution 
The electric field distribution significantly influences the F on cells in the experiment. Figure 4C shows the distribution of potential and electric field intensity in the electrode area at Vpp=64 V. Figure 4C indicates that the electric potential decreases uniformly along the field lines, reaching 0 V at the center between the electrodes. The potential drop primarily occurs in the space between the electrodes. The electric field intensity distribution follows the trend of the potential drop. The electric field intensity is higher in the central region between the electrodes. The electric field intensity is low in the area above the electrodes. Consequently, when a cell experiences positive F, it moves toward the center between the electrodes, where the electric field intensity is higher. The maximum electric field intensity occurs at the electrode tip. Thus, cells would theoretically be trapped at the electrode tip. Figure S5C presents the relationship between Vpp and electric field intensity. The figure shows a linear relationship between Vpp and electric field intensity. The linear fitting equation of the two is y=2.54105x, R2=1. Figure S5D illustrates the effect of electrode spacing on electric field intensity. The figure shows an inverse relationship between electric field intensity and electrode spacing: smaller electrode spacing results in greater electric field intensity at the same voltage. Thus, higher voltage in experiments favors cell capture. In electrode design, reducing the distance between electrodes maximizes electric field intensity.
FEM analysis analysis cell manipulation
[bookmark: OLE_LINK4]Figure 5C presents the simulated cell distribution under five different states.In the weak focusing state, the fast vl results in the F being greater than the F, preventing cell capture. The cells pass through the electrode area more quickly, with minimal longitudinal displacement due to the F, resulting in no obvious cell focusing. In the strong focusing state, the F exceeds F, preventing cell capture. As the vl decreases, the time to pass through the electrode area increases, leading to greater longitudinal displacement and more pronounced cell focusing. In the transition state, F is greater than F. The cells decelerate while passing through the electrode area. The vl varies depending on their position in the channel. F does not reduce the velocity of all cells to 0 m/s. Therefore, only a subset of the cells passing through the electrode area is captured. In the cell capture state, F exceeds F. The cells decelerate as they pass through each electrode pair, eventually reducing their speed to 0 m/s and being captured on the electrodes. In the strong cell capture state, the F is much smaller than the F. Here, the cell velocity drops sharply upon entering the electrode area and is captured at the first electrode. By precisely controlling vl and Vpp, the state of the cell passing through the capture electrode area can be accurately regulated.


Supplementary Figures
	[bookmark: _Hlk200832481][image: ]

	Figure S1 FEM analysis procedure and model. Schematic diagrams of simulation work flow (A) and simulation model (B). Schematic diagrams of FEM analysis model of cell force (C) and cell capture and release (D) with material physical property parameters, boundary conditions, geometric parameters and equationsto calculate the Newton’s second law, electrostatic and Navier–Stokes simulation .
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	Figure S2 Microfluidics chip fabrication.
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	Figure S3 The relationship between Vpp and the peak F applied to the cell.
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	Figure S4 Cell force FEM analysis grid. A. Grid independence verification results. B. Grid structure of the simulation domain (mesh 4).
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	Figure S5 The FEM analysis of cell forces under the coupling of the electric field and flow field. A. Flow velocity distribution along the channel width (AA`).; B. Flow velocity distribution along the channel height (BB` and CC`); C. The relationship between electric field intensity and peak-to-peak voltage (Vpp); D. The relationship between electric field intensity and electrode spacing.
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	Figure S6 Erms2 distribution in electrode area.
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	[bookmark: _Hlk182420900]Figure S7 FEM analysis results of Erms2. The components of Erms2 in the x (A), y (B), and z (C) axes vary with the Vpp. FEM analysis results of F. The components of F in the x (A), y (B), and z (C) axes vary with the Vpp.
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	Figure S8 The FEM analysis of cell capture. The effects of (A) vl and (B) Vpp on cell capture rate. 
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	Figure S9 Design of a fixed-frequency waveform for cell capture and release.
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	Figure S10 Amplifier output signal characterization. A. Relationship between output Vpp and input Vpp at an output signal frequency of 3.11 MHz. B. Variation of input Vpp with frequency when the output Vpp is fixed at 20  V.
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	[bookmark: _Hlk201522665]Figure S11 Variation of Re[fcm()] with frequency at m=55 mS/m
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	Figure S12 Repeatability test of microfluidic chips. A. Cell capture rates from three independent experiments using the same microfluidic chip (n = 100). B. Cell capture rates from the same sample processed using three different microfluidic chips (n = 100).




	[image: ]

	Figure S13 Cell viability assay




Supplementary Tables
Table S1  Parameters influencing the F on cells
	Symbols
	Introduction
	Symbols
	Introduction

	m
	Dielectric constant of the medium (F/m)
	*m
	Complex dielectric constant of the medium

	[bookmark: _Hlk182402924]m
	Conductivity of the medium (S/m)
	*p
	Complex dielectric constant of the particle

	p
	Dielectric constant of the particle (F/m)
	*s
	Complex dielectric constant of the membrane

	p
	Conductivity of the particle (S/m)
	*eff
	Effective complex permittivity of the particle

	s
	Dielectric constant of the membrane (F/m)
	Erms
	Root mean square electric field (V/m)

	s 
	Conductivity of the membrane (S/m)
	Vpp
	Peak-to-peak voltage 
(V)

	r1
	Iner radius of the membrane (m)
	
	Angular frequency (rad/s)

	r2
	Outer radius of the membrane (m)
	[bookmark: OLE_LINK1]fe
	Electric field frequency (Hz)

	Re[fcm()]
	Real part of the Clausius-Mossotti (CM) factor.
	i
	Imaginary unit




Table S2  Parameters influencing the F on cells
	Symbols
	Introduction
	Symbols
	Introduction

	
	Fluid density (kg/m³)
	v
	Velocity vector (m/s)

	t
	Time (s)
	p
	Pressure (Pa)

	
	Dynamic viscosity (Pa·s)
	fV
	Volume force per unit mass of fluid (m/s²)




Table S3  Grid independence verification
	Grid number
	Maximum grid size (m)
	Minimum grid size (m)
	Average grid quality

	1
	0.100
	0.010
	0.78

	2
	0.080
	0.008
	0.81

	3
	0.050
	0.005
	0.90

	4
	0.032
	0.002
	0.95

	5
	0.022
	0.001
	0.96

	6
	0.012
	0.0005
	0.97





Table S4  Cell dielectric parameter [5-7]
	Cell type
	[bookmark: _Hlk192865927]p
（10-10）
	p
（S/m）
	s 
(10-11)
	s
（S/m）
	r1
（μm）
	r2
（μm）

	[bookmark: _Hlk182403366]K562
	[bookmark: OLE_LINK33]3.54
	0.21
	7.08
	1.810-6
	5.80
	5.81

	MDA231
	4.60
	0.62
	13.01
	1.010-6
	7.99
	8.00

	BXPC3
	8.06
	0.45
	10.09
	1.010-6
	8.09
	8.10

	PANC1
	7.97
	0.48
	8.34
	1.010-6
	12.09
	12.10




Table S5  Table of dielectric parameters of medium in theoretical calculation of cell dielectric parameters
	Parameter names
	Parameter valve
	Parameter names
	Parameter valve

	Dielectric constant (m)
	7.0810-10
	Conductivity (m)
	55 mS/m

	Density ()
	1000 kg/m3
	Dynamic viscosity ()
	110-3 Pas



  

Table S6 The parameters of the curve equation (y=ax2+bx+c) for the relationship between Vpp and (Erms2)x, (Erms2)y, (Erms2)z and Erms2
	
	A
	B
	C
	R2

	(Erms2)x
	1.631016
	7.05102
	-1.92104
	1

	(Erms2)y
	2.691015
	9.30103
	-4.23104
	1

	(Erms2)z
	4.641015
	3.68103
	-3.01104
	1

	Em
	1.721016
	4.58103
	-4.49104
	1




Table S7 The parameters of the curve equation (y=ax2+bx+c) for the relationship between Vpp and (F.)x, (F.)y, (F.)z and F.
	
	A
	B
	C
	R2

	(F.)x
	2.9010-9
	2.9910-22
	-1.2810-21
	1

	(F)y
	5.7810-9
	4.4610-22
	-1.2210-21
	1

	(F)z
	3.3310-9
	7.9510-11
	-1.1510-9
	1

	F
	6.8810-9
	7.1610-11
	-6.6710-9
	1




Table S8 Results of medium conductivity measurements
	Type of medium
	Conductivity（mS/m）

	PBS buffer
	1507.0

	Tricin buffer
	46.5

	[bookmark: OLE_LINK2]Tricine+16%optiprep
	34.7

	Tricine+16%optiprep+K562
	59.7




[bookmark: _Hlk201523013]Table S9 Variation of Re[fcm()]with frequency when the conductivitym=55 mS/m
	Frequency (MHz)
	Log(f)
	Re[fcm()]

	1
	6.000
	0.4046

	2
	6.301
	0.4532

	3.11
	6.493
	0.4594

	4
	6.602
	0.4575

	5
	6.699
	0.4522




Table S10 Parameter settings corresponding to cell release frequency
	fc（Hz）
	vc（m/s）
	Cell inlet pressure（mbar）
	Vpp (V)
	f (MHz)

	1
	2.83
	160
	20
	3.11

	5
	14.15
	800
	44
	3.11

	10
	28.33
	1600
	63
	3.11

	15
	42.45
	1800
	78
	3.11




Table S11  Comparison between this work and existing technologies
	Reference
	Method
	Target
	Capture single cell or not
	Release or not
	Capture rate (%)
	Throughout

	This work
	Interdigital electrode
	K562
	Yes
	Yes
	97%
	1 Hz

	[16]
	Microtrap and DEP
	HEK and 3T3
	Yes
	No
	90%
	3080 nanowells

	[17]
	
	Melanoma
	Yes
	No
	100%
	/

	[18]
	
	Microbaeds
	Yes
	Yes
	63%
	96 microtrap

	[19]
	
	Lymphocyte
	Yes
	Yes
	/
	/

	[20]
	Electrode microtrap
	Hela
	Yes
	Yes
	/
	/

	[7]
	
	Hela, MCF-7, Junkat and GM12878
	Yes
	Yes
	/
	/

	[21]
	
	U87 and Ln 18
	Yes
	Yes
	/
	/

	[6]
	Interdigital electrode
	Ht-29 and RBC
	No
	Yes
	/
	/

	[22]
	
	K562
	Yes
	Yes
	55 %
	/
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