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Abstract
The mechanical and electrical properties of cells serve as critical indicators of their physiological and pathological state. Currently, distinct setups are required to measure the electrical and mechanical response of cells. In addition, most existing methods such as optical trap (OT) and atomic force microscope (AFM) are labor-intensive, expensive, and low-throughput. Here, we developed a microdevice that integrates automated cell trapping, deformation and electric impedance spectroscopy to overcome these limitations. Our device enables parallel aspiration of tens of trapped cells in a highly scalable manner by simply adjusting the applied pressures, allowing for rapid probing of the dynamic viscoelastic properties of cells. Furthermore, embedded microelectrodes enable concurrent investigations of the electrical impedance of cells. Through testing on different cell types, our platform demonstrated superior capabilities in comprehensive cell characterization and phenotyping, highlighting its great potential as a versatile tool for single cell analysis, drug screening, and disease detection. 
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   Increasing evidence has shown that the mechanical and electrical responses of cells play critical roles in many biological and pathological processes, highlighting their great potentials as novel markers for diagnostics and drug screening[1]. For instance, studies have verified that cancer cells are generally softer compared to their benign counterparts[2]. In addition, the stiffness of tumor cells has been found to be negatively correlated to their invasiveness, making it a valuable indicator for assessing the metastatic potential of cell populations[3]. Recently, the viscous properties of cells or tissues were also reported to be related to the progression of diseases[4,5]. On the other hand, the electrical properties of cells provide valuable insights into their membrane morphology, ion channel status, cytoplasmic composition, and nuclear size[6]. For example, the electrical response of cell membrane directly reflects its ion channel status (e.g. Na+/K+ pump), which is responsible for maintaining the concentration gradients of ions across the cell membrane[7]. Consequently, cellular electrical properties have been widely used in cell phenotyping[8], differentiation monitoring[9], and drug screening[10]. For these reasons, intense efforts have been invested in the past few decades to the development of novel methods for measuring these physical properties of living cells. 

[bookmark: _Hlk179291881]   Currently, mechanical characterization of cells at the single-cell level relies on techniques such as atomic force microscopy (AFM)[11], optical stretching[12], parallel plate rheometry[13], and pipette aspiration[14], where the underlying idea is to induce and analyze the deformation of cells under various external forces to extract its mechanical characteristics. However, the utilization of these methods typically requires expensive instruments and skilled personnel, making them difficult to achieve parallel measurement and impractical for non-specialized laboratory environments. Meanwhile, advancements have also been made in the field of cellular electrical property measurement, with methods such as impedance flow cytometry (IFC)[15-17] and electric impedance spectroscopy (EIS)[18-20] offering promising avenues. Most recently, efforts have been made to use the passage time or changed impedance signals [21] of cells in a narrow channel to estimate their deformation and mechanical properties. However, these kinds of measurements are indirect and therefore will be hard to achieve the precise control and accuracy of gold-standard single-cell characterization methods like AFM indentation and micropipette aspiration. 

      To increase the throughput for cell phenotyping, microfluidics has emerged as a promising strategy, facilitating the parallel manipulation of a significant cell population within purposefully designed testing zones, thus enabling rapid analysis. Indeed, various microfluidic devices have been developed to characterize the deformability[22], cortical tension, elastic modulus[23-25] and viscoelastic properties[26-28] of cells. Furthermore, advances in microfabrication technology have allowed the introduction of microelectrodes in the microfluidic chip, enabling functions such as electrorotation[29],  EIS and IFC[30]. In this letter, building upon these observations, we developed a novel device to achieve concurrent single-cell mechanical and electrical characterization in a rapid and automatic manner. The integrated chip consists of a layer of microfluidic channels for cell trapping at multiple locations and a glass substrate deposited with gold electrodes, which enables parallel micro-pipette aspiration and EIS tests on individual cells using the same device. Furthermore, by employing a self-developed algorithm for cell contour segmentation and impedance spectrum analysis, mechanical and electrical properties of cells are calculated automatically according to the tests. Finally, by applying our platform to MCF-7 and HUVEC cells, we have demonstrated its capability to achieve accurate and comprehensive cell characterization and phenotyping.

   As shown in Fig. 1a-c, our device consists of two layers, the top PDMS layer was fabricated from a standard soft lithography process, while the bottom glass substrate with patterned Au/Cr electrodes was fabricated with the lift-off technique, which were aligned and bonded via oxygen plasma to form a sealed device (refer to Supplementary Information for the fabrication details). Microchannels were subsequently treated with 1% Bovine Serum Albumin (BSA) solution to reduce possible adhesion between the cell and channel wall. In the PDMS layer, a series of hydrodynamic traps are connected for sequential cell separation and trapping. Due to the symmetry of the design, cells will travel through the middle channel by default and get trapped by the constriction part, and subsequent cells will go through the bypass channel and get trapped by the following traps. In this fashion, individual cells are sequentially trapped in designated locations in the chip. In our design, 20 trapping units are connected in series to form one single row of traps, which can be easily duplicated in parallel to increase the capacity. The width of the constriction channel is 5 μm so that cells with diameters larger than 8 μm can be robustly trapped, and the height of the channels is 15 μm so untrapped cells can flow freely (Picture of the device in Supplementary Fig. S1). 
   Similar to conventional micropipette aspiration, trapped cells can be further sucked into the constriction channel by aspiration pressure. As indicated in Fig. 1d, the dynamic response of cells during this process can be recorded and fed to an algorithm for automated measurement and calculation of their mechanical properties. Meanwhile, a potentiostat is connected to the electrode pairs on the substrate for conducting EIS, from which the electrical properties of cells can be inferred. In this fashion, the mechanical and electrical characteristics of cells can be obtained in a single setup. 
[image: ]
Figure. 1 a. Overview of the assembled device, which consists of a PDMS layer for cell trapping and a glass substrate deposited with interdigitated electrode pairs. b. A single-cell trapping unit with a symmetrical design enables sequential single-cell trapping. c. Enlarged view of cell deformation process where an aspiration pressure is exerted on the captured cell to trigger its deformation, meanwhile the impedance analysis can be conducted via the embedded microelectrodes. d. Experimental setup for achieving mechanical and electrical characterization of cells with our device. The deformation process was captured and analyzed using a computer vision algorithm for automated cell shape detection and calculation of mechanical properties. The electrode was connected to a potentiostat for conducting EIS, which enables electrical measurement of cells. 

   To accurately carry out parallel micropipette aspiration tests in our device, it’s essential to map out the pressure distribution throughout the chip. Here, both theoretical analysis and simulations were carried out to estimate the pressure drop (i.e. suction pressure) experienced by the trapped cells. For the simulation in Comsol Multiphysics 5.6, the fluid was set as liquid water. Pressure distribution within the domain was solved using the Laminar Flow module, and all channel boundaries were set as rigid walls with no slip conditions, we employed the design with two parallel rows of traps, each containing 20 cell trapping units in series. 

   Fig. 2a illustrates the simulated pressure contours and streamline distribution throughout the whole chip when all trapping sites are occupied, and the enlarged views of selected trapping units are given in the insets. When the device is employed for cell capture, we can assume the constriction channel is completely blocked by the captured cell and therefore the pressure drop is fully exerted on the cell (Fig. 2b). The velocity profiles at selected cross-sectional areas were obtained by numerical simulations, by which the corresponding flowrate at each channel can be calculated (Supplementary Fig. S2). The pressure distribution along the centerline of the microfluidic channel is extracted and plotted in Fig. 2c, and evidently, the pressure within the chip gradually decreases from the inlet to the outlet, and the pressure drops across different trapping sites are rather uniform with an average of 148 Pa and a standard deviation of ~1 Pa. However, once all the trapping sites are occupied, the pressure drop drastically increases to around 247±1 pa due to the increased hydraulic resistance. 
   In addition to flow simulation, theoretical analysis was also conducted where the microfluidic channel was simplified to a hydraulic circuit for pressure distribution calculation (Supplementary Fig. S3). Given the repetitive nature of our trapping unit design, the overall pressure distribution can be calculated from the hydrodynamic resistance (,) and flowrate (Q) associated with each unit. Specifically, under a fixed pressure applied at the device inlet, the pressure drop of each segment is inversely proportional to its hydraulic resistanceaccording to Hagen-Poiseuille’s law: ΔP = Q /, thus, the pressure distribution can then be determined from the number of trapping units and the hydrodynamic resistance of a single trapping unit. As indicated in Fig. 2d, this theoretical estimation agrees rather well with our simulation results. The small discrepancy could be due to the approximation of the hydrodynamic resistance of the microfluidic channel. For this reason, simulation results were adopted for the subsequent analysis in this study. 
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Figure. 2 a.  Simulated pressure and fluid velocity distributions throughout the whole chip, the inset images depict the enlarged view of different occupied cell trapping units. b. Microscopy image showing the trapping and aspiration of six trapped cells. c. Simulated pressure profile along the centerline of our device. As expected, there exists a pressure drop across each occupied trapping unit. d. Pressure drop across all trapping sites without or without cells, both numerical simulation results and analytical calculation results are shown. 

    To test the trapping performance, cells were centrifuged and washed with PBS solution twice to get rid of debris. Air in the microfluidic chip was depleted using a PBS solution containing 1% BSA to ensure cells’ smooth loading. Afterwards, both MCF-7 cells and HUVEC cells were introduced into the microfluidic chip at an operating pressure between 3.45 kPa to 6.89 kPa, which is large enough to drive the cells in the chip yet not too excessive to squeeze trapped cells out of the constriction channel. As shown in Fig. 3a, a trapping efficiency of >92% was observed for both cell lines.  After successful trapping of cells, a controlled pressure was used to trigger their aspiration deformation. To eliminate human errors, an algorithm for automated cellular deformation measurement and data interpretation was developed. The algorithm is based on computer vision which enables automated cell segmentation, geometric parameters extraction, and mechanical properties calculation. The workflow of the algorithm is illustrated in Fig. 3b.  Essentially, the cell deformation process is first recorded in video format, which is then fed into the algorithm. For each frame, the algorithm performs binary image conversion by applying a proper threshold to facilitate edge detection and the determination of cell contours. After that, a transparent red mask is overlaid on top of the cell to indicate the cell shape and boundary, and a green bounding box is added to indicate the cell position. The pressure applied can be user-defined as the input for the algorithm and thus can easily be varied for different tests. Based on these, parameters like cell aspiration length and its evolution can be easily extracted from which key mechanical properties such as the elastic modulus and viscosity can be estimated. Fig. 3c demonstrates a microscopy view of multiple cells captured in serially connected trapping units, and Fig. 3d displays a series of time-lapsed images of the cell overlaid with the red mask under increasing aspiration pressure. Here, the thick green line segment marks the aspiration length under the applied pressure drop given at the bottom of each image. Not surprisingly, the aspiration length is positively correlated to the aspiration pressure. 
[image: ]
Figure. 3 a.  The trapping efficiency of our device is above 92%. b. The pipeline of a custom developed computer vision algorithm for automated cell segmentation and measurement, where key quantities such as protrusion length, cell width, cell length, cell area, (gray value), and cell perimeter can all be measured and displayed in real time. c. A microscopy view of the device at work where trapped cells were marked by red squares. The scale bar represents 50μm. d. Demonstration of different protrusion lengths of a trapped MCF-7 cell under a continuously increasing aspiration pressure. The cell images were automatically segmented and overlaid in red color. A bounding box in green was also used to indicate the position of the cell. e. Schematic drawing of a deformed cell under aspiration, where  is the protrusion length, W is the channel width, and  is a constant. 

      Two schemes of pressure profiles were applied to conduct parallel micropipette aspiration. In the first scheme, a slowly increasing pressure was applied at the inlet and real-time cell protrusion lengths under different pressure values were analyzed. Representative relationships between the aspiration length () and the applied pressure for MCF-7 cells and HUVEC cells are shown in Fig. 4a (as well as in Fig. S4). By treating the cell as a homogeneous elastic solid [31], its apparent modulus E can be estimated from the pressure drop  and  as:
=                                                (1)
where  refers to the hydraulic radius of the constriction channel with the width ( and height (being  and  respectively (see Fig. 3e), and  is a geometry-related constant that typically assumes a value of 2.1[31]. As Fig. 4a indicates, the  curve exhibits a bilinear trend, characterized by a gradual increase in aspiration length with the applied pressure initially. However, once a pressure threshold is surpassed, exhibits a much more rapid growth with respect to , which is likely due to the friction between the channel/micropipette tip and the cell membrane that makes the initial entrance of the cell body into the channel difficult.  By conducting line fitting on the data points above the critical pressure threshold from 20 trapped cells according to Eq. (1), the moduli of HUVEC and MCF-7 cell line were estimated to be ~201 and 448 Pa (Fig. 4b). These values are in broad agreement with previous studies[32,33]. 
    Interestingly, after treatment with TNF-α at a concentration of 100ng/ml, a significant decrease (~30% for MCF-7 and ~20% for HUVEC cells) in the modulus of cells was observed. This is also consistent with the common knowledge that, as an inflammatory cytokine, TNF-α can increase membrane permeability[32,34], change intracellular ion concentrations [35,36] and subsequent cytoskeleton organization[37] of cells, eventually altering their mechanical properties.
   
    In the second testing scheme, a fixed pressure of 4psi (~27.58 kPa) and 2psi (~13.79 kPa) was applied for MCF-7 and HUVEC cells respectively, and the time-dependent deformation response (i.e. the evolution of aspiration length ) was monitored, which allowed us to extract the viscoelastic properties of the cell. Specifically, according to Needham and Hochmuth[38], the apparent viscosity  of the cell can be estimated as
                                                           (2)
where R is the cell radius, and m is a constant taking the value of 6 empirically[39]. According to this equation, the viscosity of cells should be inversely proportional to the aspiration rate . It’s worth mentioning that this model treats the entire cell as a homogeneous droplet enclosed by the cell membrane while the influence of factors like cytoskeleton and nucleus are neglected. Therefore, the measured viscosity effectively reflects the combined effect of these subcellular structures along with the cytoplasm. Representative  vs t curves obtained from our tests on both HUVEC and MCF-7 cells are provided in Fig. 4c (also see Fig. S4), and the corresponding viscosities for these two cell lines are calculated (based on 10 independent tests) to be around 1700 and 3000 Pa. s (Fig. 4d), respectively. It must be pointed out that many factors such as cell cycle and metabolic state have been found to influence the time-dependent response of cells, and therefore the cell viscosity measured from different methods varies in a relatively wide range, i.e. from ~10 to 104 Pa. s [40]. To validate the versatility of our measurement, a cell solution with mixed cell types each labeled with distinct dyes was loaded into the chip and successfully differentiated based on their mechanical responses (refer to Fig. S5). 
[image: A screenshot of a computer screen

Description automatically generated]
Figure. 4 a. Representative plot demonstrating the aspiration length of the cell as a function of the applied pressure difference. The linear region (above a threshold pressure) is fitted with Eq. (2) and the slope value is extracted for cell modulus estimation. b. Measured elastic moduli of different cell groups using our platform. 20 cells for each group were tested, error bars represent the standard error of the mean, and p values were obtained from the student’s t-test. c. Representative plot showing the aspiration length of cells as a function of time under a suddenly applied aspiration pressure from which the viscoelastic characteristics of cells can be inferred. d. Measured viscosity of HUVEC and MCF-7 cells. (two-tailed Student's t-test; *, 0.05 ≤ P < 0.1; **, +0.01 ≤ P < 0.05; ***, 0.001 ≤ P < 0.01; ****, p < 0.001).

   For electrical properties measurement of cells, the electrode pairs on the microfluidic substrate were connected to a potentiostat, and a voltage of 0.5V was applied to the trapped cells with the frequency sweeping from 103 Hz to 107 Hz for conducting EIS. Here, we adopted a common single-shell spherical model in which the cell is represented by a homogeneous conducting cytoplasm enclosed by a dielectric shell[41,42]. When the cell is in an electric field, its dielectric response can be described by Maxwell’s mixture theory, the modeled electric circuit representation is shown in Fig. 5a[43]. Here, the cell is represented by a capacitor  (capacitance of the membrane) and a resistor (resistance of the cytoplasm) connected in series.  and  denote the capacitance and resistance of the surrounding medium, whereas  represents the double-layer capacitance originated from the contact between electrode and medium, and  represent the stray capacitance. Thus, the overall impedance of the cell and the surrounding medium can be expressed as:
                         (3)
where  is the angular frequency of the electric signal. The predicted overall impedance of the whole system then takes the form:
 .                                     (4)
Fig. 5b shows the generic shapes of the impedance magnitude and phase spectrum from this model (Supplementary Fig.S6). Note that, the spectra will be dominated by  in low-frequency range (~10-104 Hz) while  becomes the dominant factor when the frequency is high (107-109 Hz) [44]. Therefore, the middle-frequency range is more suitable for extracting cellular electrical properties, such as the cell membrane capacitance  and cytoplasm conductivity . Typical recorded impedance magnitude and phase spectrum of cells during our tests are plotted in Fig. 5c-f. Specifically, these electric properties can be estimated by minimizing the difference between the measured impedance and theoretical impedance through this expression:
                                              (5)
where i represents the experimental/theoretical data points. By adopting typical values from literatures[41,45] for cytoplasm permittivity ( and medium permittivity( 36, 39, and directly measuring other parameters such as cell radius (R), medium conductivity (, double layer capacitance (, and stray capacitance () in our system (Table S1 in Supplementary material), the specific membrane capacitance (capacitance per unit area) and cytoplasm conductivity for HUVEC cells were estimated to be 6.14 mF/m2 and 0.32S/m on average, while MCF-7 cells exhibit higher values with membrane capacitance being 11.28 mF/m2 and cytoplasm conductivity being 0.53S/m (Fig. 5g), which are comparable to previous reports [46,47]. Furthermore, to exhibit the comprehensive characterization and phenotyping capability, we showed all measured properties in a 3D plot (Fig. 5h), where different cell groups exhibit clear separations. As discussed earlier, both mechanical and electrical properties of cells play vital roles in their differentiation, pathogenesis and other activities such as migration and division. Thus, a method allowing us to measure these properties simultaneously offers great advantages over conventional single-metric measurement approaches in drug screening, diagnostic applications, and single cell studies. 
[image: ]
Figure. 5 a. Schematic of the electric circuit representing a single cell suspended in medium with a pair of planar electrodes according to Maxwell’s mixture theory. b. Representative plot showing the generic trend of the impedance magnitude and phase as functions of the frequency of the applied electric field. c.  Measured relationship between the impedance magnitude and frequency of the excitation electric signal for pure PBS solution, HUVEC and MCF cells. 10 cells for each cell group were tested. d. Enlarged view of Figure c. e. EIS results showing the relationship between the impedance phase and frequency of the excitation electric signal. f. Enlarged view of figure e. g, h. Phase diagram illustrating the clear separation of MCF and HUVEC cells according to their cytoplasm conductivity and membrane capacitance (g), and modulus (h). Lighter colors correspond to deeper positions in the plot. 

[bookmark: _Hlk179292272]Table 1. Comparison of various cell characterization methods
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   In summary, we have utilized the advantages of microfluidics to design an integrated device for characterizing the mechanical and electrical properties of cells at the single-cell level and addressing a significant gap in most existing cell characterization methods. By implementing serially connected cell trapping units in a highly scalable fashion, individual cells can be efficiently separated and trapped at designated spots on our chip, achieving a trapping efficiency exceeding 90 percent. Subsequently, parallel aspiration and EIS can be conducted to investigate the mechanical and electrical responses of each trapped cell. We then validated the comprehensive characterization and phenotyping capabilities of our device by testing HUVEC and MCF-7 cell lines. Key cellular properties, including elastic modulus, viscosity, cytoplasm conductivity, and specific membrane capacitance, were obtained and compared to their reported values.   
   As presented in Table.1, our approach offers several clear advantages over classic single-cell characterization methods such as AFM and micropipette aspiration. These advantages include scalability for parallel measurement, ease of operation and deployment, and automated data processing, making it potentially applicable for disease detection, drug screening, and cell phenotyping outside specialized laboratory settings.

Supporting information: Additional experimental details, methods, and data, including the simulation of flow field and analysis of the single-cell impedance model.  
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