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Abstract

:

Single-cell electrical properties (e.g., specific membrane capacitance (Cspecific membrane) and cytoplasm conductivity (σcytoplasm)) have been regarded as potential label-free biophysical markers for the evaluation of cellular status. However, whether there exist correlations between these biophysical markers and cellular status (e.g., membrane-associate protein expression) is still unknown. To further validate the utility of single-cell electrical properties in cell type classification, Cspecific membrane and σcytoplasm of single PC-3 cells with membrane staining and/or fixation were analyzed and compared in this study. Four subtypes of PC-3 cells were prepared: untreated PC-3 cells, PC-3 cells with anti-EpCAM staining, PC-3 cells with fixation, and fixed PC-3 cells with anti-EpCAM staining. In experiments, suspended single cells were aspirated through microfluidic constriction channels with raw impedance data quantified and translated to Cspecific membrane and σcytoplasm. As to experimental results, significant differences in Cspecific membrane were observed for both live and fixed PC-3 cells with and without membrane staining, indicating that membrane staining proteins can contribute to electrical properties of cellular membranes. In addition, a significant decrease in σcytoplasm was located for PC-3 cells with and without fixation, suggesting that cytoplasm protein crosslinking during the fixation process can alter the cytoplasm conductivity. Overall, we have demonstrated how to classify single cells based on cellular electrical properties.
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1. Introduction


Single-cell electrical properties (e.g., specific membrane capacitance (Cspecific membrane) and cytoplasm conductivity (σcytoplasm)) are promising biophysical markers for understanding cellular functions and status [1,2,3,4], enabling cell type classification (e.g., tumor cells [5,6,7,8,9], stem cells [10], red blood cells [11,12], and white blood cells [13,14]).



Techniques capable of characterizing cellular Cspecific membrane and σcytoplasm include patch clamping, electrorotation, and micro electrical impedance spectroscopy (μEIS) [4]. Although powerful, these techniques cannot obtain statistically meaningful data (data points from hundreds and even thousands of cells for each cell type) due to limited assay throughput (e.g., 20 cells per cell type based on electrorotation [15] and 23 cells per cell type based on μEIS [16]).



By combining μEIS with flow cytometry, Renaud et al. [17,18,19,20] and Morgan et al. [21,22,23] demonstrated the high-throughput characterization of single-cell electrical properties. Due to the lack of corresponding electrical models, raw size-dependent electrical data cannot be translated to size-independent intrinsic electrical parameters, limiting their functionalities in cell status evaluation and cell type classification.



Recently, we proposed microfluidic platforms to aspirate single cells through the constriction channel (cross sectional area smaller than cells) continuously with two-frequency impedance data sampled and translated to Cspecific membrane and σcytoplasm based on equivalent lumped [24] or distributed [25] electrical models. Leveraging these platforms, intrinsic cellular electrical properties of hundreds of single cells were obtained, enabling the classification of wild-type tumor cells and their counterparts with single oncogenes under regulation [6]. However, whether there exist correlations between label-free biophysical markers (e.g., Cspecific membrane and σcytoplasm) and cellular biochemical properties (e.g., membrane-associate protein expression) was still unknown.



To address this issue, in this study, the electrical properties of untreated and treated human prostate tumor cells (PC-3) (e.g., untreated PC-3 cells (GNS&NF), PC-3 cells with anti-EpCAM staining (GS&NF), PC-3 cells with fixation (GNS&F), and fixed PC-3 cells with anti-EpCAM staining (GS&F)) were characterized and compared (see Figure 1).
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Figure 1. (a) The cell preparation flow chart where four sub-types of human prostate tumor cells (PC-3) were prepared: untreated PC-3 cells (GNS&NF), PC-3 cells with anti-EpCAM staining (GS&NF), PC-3 cells with fixation (GNS&F), and fixed PC-3 cells with anti-EpCAM/FITC staining (GS&F). (b) Schematic of the microfluidic system for single-cell electrical property characterization where single cells are aspirated continuously through the constriction channel with impedance data and cell elongation length measured and translated to Cspecific membrane and σcytoplasm. 
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2. Materials and Methods


2.1. Materials


Unless otherwise indicated, all cell-culture reagents were purchased from Life Technologies Corporation (Carlsbad, CA, USA). Materials required for device fabrication included a SU-8 photoresist (MicroChem Corporation, Newton, MA, USA) and a 184 silicone elastomer (Dow Corning Corporation, Midland, MI, USA).




2.2. Cell Culture, Membrane Staining, and Fixation


Human prostate tumor cells (PC-3) were cultured with RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. As shown in Figure 1a, untreated PC-3 cells were harvested by trypsinization to form suspended single cells, which were then fixed (mixture with 0.1% paraformaldehyde for 3 min) and/or stained with anti-EpCAM/FITC (mixture with 0.05 μg/μL anti-Human EpCAM Alexa Fluor 488 (ebioscience, cat. 11-5791-82) for 30 min).




2.3. Device Fabrication and Operation


The two-layer polydimethylsiloxane (PDMS) device (constriction channel cross-section area of 10 μm × 10 μm) was replicated from a double-layer SU-8 mold based on conventional lithography. Briefly, the first layer of SU-8 5 was to form the constriction channel (10 μm) and the second layer of SU-8 25 was to form the cell loading channel (25 μm). PDMS prepolymer and curing agent were mixed, degassed, poured on channel masters, and baked in an oven. PDMS channels were then peeled from the SU-8 masters with reservoir holes punched through and bonded to a glass slide.



The operation process was summarized as follows (see Figure 1b). The cell samples were pipetted to the entrance of the cell loading channel of the microfluidic device, where a negative pressure of 1 kPa was applied to aspirate cells continuously through the constriction channel with two-frequency impedance data (1 kHz + 100 kHz) and images recorded.




2.4. Data Analysis


The detailed procedures for data analysis were described previously [24,25], and are summarized as follows. Raw impedance data at 1 kHz were used to evaluate the sealing properties of deformed cells with constriction channel walls, and raw impedance data at 100 kHz were used to quantify equivalent cellular membrane capacitance and cytoplasm resistance, respectively. By combining cell elongation length during its traveling process within the constriction channel based on image processing, equivalent membrane capacitance and cytoplasm resistance were further translated to Cspecific membrane and σcytoplasm.




2.5. Statistical Analysis


All results were expressed as means ± standard deviations. In the statistical analysis, the Student’s t-test was used for two group comparisons. P < 0.01 was considered statistically significant.





3. Results and Discussion


The experimental results of fixed PC-3 cells with and without anti-EpCAM staining (GNS&F vs. GS&F) were first compared since the only difference between these two sub-cell types is the stained membrane protein (anti-Human EpCAM Alexa Fluor 488), which selectively binds EpCAM expressed in PC-3 cell membranes. There is no disturbance of endocytosis and other cytoplasm activities due to the fixation of PC-3 cells. Figure 2a shows the bright field and fluorescent images of fixed and stained PC-3 cells (GS&F), which indicated the existence of anti-Human EpCAM Alexa Fluor 488.



Figure 2b shows a scatterplot of Cspecific membrane vs. σcytoplasm for GNS&F (ncell = 208) and GS&F (ncell = 252) cells, which were quantified as 2.16 ± 0.72 vs. 1.66 ± 0.46 μF/cm2 of Cspecific membrane and 0.59 ± 0.10 vs. 0.59 ± 0.10 S/m of σcytoplasm (Figure 2c). No significant difference in σcytoplasm was observed, indicating that for fixed PC-3 cells, surface antigen staining cannot alter cytoplasm properties. In addition, a significant difference in Cspecific membrane for GNS&F vs. GS&F cells was observed, indicating the contribution of anti-EpCAM on cellular membrane electrical properties as a correlation between a specific membrane protein and Cspecific membrane.
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Figure 2. (a) The bright field and fluorescent images of fixed and stained PC-3 cells (GS&F), which confirmed the existence of anti-Human EpCAM Alexa Fluor 488. (b) A scatterplot of Cspecific membrane vs. σcytoplasm for GNS&F (ncell = 208) and GS&F (ncell = 252) cells, which were quantified as 2.16 ± 0.72 vs. 1.66 ± 0.46 μF/cm2 of Cspecific membrane and 0.59 ± 0.10 vs. 0.59 ± 0.10 S/m of σcytoplasm, respectively. (c) No significant difference of σcytoplasm between GNS&F and GS&F was observed, suggesting that for fixed PC-3 cells, surface antigen staining cannot alter cytoplasm properties. In addition, a significant difference in Cspecific membrane was observed, indicating the contribution of anti-Human EpCAM Alexa Fluor 488 on cellular membrane electrical properties as a correlation between a specific type of membrane proteins and Cspecific membrane. 
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The experimental results of live PC-3 cells with and without anti-EpCAM staining (GNS&NF vs. GS&NF) were then compared to investigate the effect of surface antigen staining on electrical properties of live cells. Figure 3a shows the bright field and fluorescent images of stained PC-3 cells without fixation (GS&NF), which suggested the existence of anti-Human EpCAM Alexa Fluor 488.



Figure 3b shows a scatterplot of Cspecific membrane vs. σcytoplasm for GNS&NF (ncell = 415) and GS&NF (ncell = 417) cells, which were quantified as 2.21 ± 0.49 vs. 1.97 ± 0.39 μF/cm2 of Cspecific membrane and 0.77 ± 0.15 vs. 0.90 ± 0.13 S/m of σcytoplasm, respectively (Figure 3c). A significant difference in Cspecific membrane for GNS&NF vs. GS&NF cells was observed, indicating the contribution of anti-EpCAM on Cspecific membrane values. Compared to the difference of Cspecific membrane between GNS&F and GS&F (2.16 ± 0.72 vs. 1.66 ± 0.46 μF/cm2), a smaller difference of Cspecific membrane was observed between GNS&NF and GS&NF (2.21 ± 0.49 vs. 1.97 ± 0.39 μF/cm2), which may result from the endocytosis of anti-EpCAM after binding with surface antigen EpCAM. In addition, a significant difference in σcytoplasm for GNS&NF vs. GS&NF cells was observed, further suggesting the possibility of surface antigen endocytosis and the triggering of the downstream signal pathways [26].



As to the effects of fixation on cellular electrical properties, a significant difference in σcytoplasm (0.77 ± 0.15 vs. 0.59 ± 0.10 S/m) rather than Cspecific membrane (2.21 ± 0.49 vs. 2.16 ± 0.72 μF/cm2) was observed for GNS&NF (ncell = 415) vs. GNS&F (ncell = 208) (see Figure 4). This significant decrease in σcytoplasm of fixed cells compared to live counterparts may result from the crosslinking of cytoplasm proteins in the fixing process, which was consistent with previous results [19].
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Figure 3. (a) The bright field and fluorescent images of stained PC-3 cells without fixation (GS&NF), confirming the existence of anti-Human EpCAM Alexa Fluor 488. (b) A scatterplot of Cspecific membrane vs. σcytoplasm for GNS&NF (ncell = 415) and GS&NF (ncell = 417) cells, which were quantified as 2.21 ± 0.49 vs. 1.97 ± 0.39 μF/cm2 of Cspecific membrane and 0.77 ± 0.15 vs. 0.90 ± 0.13 S/m of σcytoplasm, respectively. (c) Significant differences in both Cspecific membrane and σcytoplasm for GNS&NF and GS&NF cells were observed, suggesting the potential contribution of anti-Human EpCAM Alexa Fluor on Cspecific membrane and the possible existence of surface antigen endocytosis of anti-Human EpCAM Alexa Fluor, which may trigger downstream signal pathways in cytoplasm. 
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Figure 4. (a) A scatterplot of Cspecific membrane vs. σcytoplasm for GNS&NF (ncell = 415) and GNS&F (ncell = 208) cells, which were quantified as 2.21 ± 0.49 vs. 2.16 ± 0.72 μF/cm2 of Cspecific membrane and 0.77 ± 0.15 vs. 0.59 ± 0.10 S/m of σcytoplasm, respectively. (b) A significant difference in σcytoplasm rather than Cspecific membrane for GNS&NF vs. GNS&F cells was observed, which may result from the crosslinking of cytoplasm proteins in the fixing process. 
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4. Conclusions


In summary, this paper reported the electrical properties of four sub-types of PC-3 cells: Cspecific membrane of 2.16 ± 0.72 μF/cm2 and σcytoplasm of 0.59 ± 0.10 S/m for GNS&F cells (ncell = 208), Cspecific membrane of 1.66 ± 0.46 μF/cm2 and σcytoplasm of 0.59 ± 0.10 S/m for GS&F cells (ncell = 252), Cspecific membrane of 2.21 ± 0.49 μF/cm2 and σcytoplasm of 0.77 ± 0.15 S/m for GNS&NF cells (ncell = 415), and Cspecific membrane of 1.97 ± 0.39 μF/cm2 and σcytoplasm of 0.90 ± 0.13 S/m for GS&NF cells (ncell = 417). For GNS&F vs. GS&F, a significant difference was observed only in Cspecific membrane rather than σcytoplasm, as a correlation between anti-Human EpCAM Alexa Fluor and Cspecific membrane. Furthermore, for GNS&NF vs. GS&NF, significant differences in Cspecific membrane and σcytoplasm were observed, indicating the contribution of the anti-Human EpCAM Alexa Fluor 488 on cellular membrane electrical properties and the possible trigger of downstream signal pathways in the process of live cell staining. In addition, for GNS&NF vs. GNS&F, a significant decrease in σcytoplasm was observed, suggesting the potential effect of fixation in cytoplasm protein crosslinking, leading to decreased ion transportation capabilities. On the whole, we have demonstrated how to classify single cells based on cellular electrical properties.
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