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Abstract

:

Electrical properties of living cells have been proven to play significant roles in understanding of various biological activities including disease progression both at the cellular and molecular levels. Since two decades ago, many researchers have developed tools to analyze the cell’s electrical states especially in single cell analysis (SCA). In depth analysis and more fully described activities of cell differentiation and cancer can only be accomplished with single cell analysis. This growing interest was supported by the emergence of various microfluidic techniques to fulfill high precisions screening, reduced equipment cost and low analysis time for characterization of the single cell’s electrical properties, as compared to classical bulky technique. This paper presents a historical review of single cell electrical properties analysis development from classical techniques to recent advances in microfluidic techniques. Technical details of the different microfluidic techniques are highlighted, and the advantages and limitations of various microfluidic devices are discussed.
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1. Introduction


Study of the cell has emerged as a distinct new field, and acknowledged to be one of the fundamental building blocks of life. Moreover, the cells have unique biophysical and biochemical properties to maintain and sense the physiological surrounding environment to fulfill its specific functions [1,2]. Cellular biophysical properties analysis, such as the electrical, mechanical, optical and thermal characterization of cells, provides critical knowledge to diagnostics, clinical science and pharmaceutical industry [1]. Biophysical properties of cells provide early signals of disease or abnormal condition to the human body, which make it them valuable as potential markers for identifying cancers [3,4,5,6,7], bacteria [8,9,10], toxin detection [11] and the status of tissues [12,13]. Furthermore rapid growing technologies (e.g., conventional patch-clamp, dual nanoprobe-ESEM (environmental scanning electron microscope) and microfluidics) to investigate the biophysical properties of cells have been invented and developed by the researchers in the last decades. The technologies are continually improved make substantial contributions to biology and the clinical research community [14,15].



Single cell analysis (SCA) has become a trend and major topic to engineers and scientists in the last 20 years to develop the experimental tools and technologies able to carry out single cell measurement. In addition, in depth analysis and more fully described activities of cell differentiation and cancer can only be accomplished with single cell analysis [16]. In conventional methods of cellular analysis, population based studies have been utilized for cellular processes such as metabolism, motility, cell growth and proliferation. Population methods use averages of cell properties to measure and predict the biophysical and biochemical parameters of cell. However, this method suffers from inaccurate measurements and often overlooks the essential information available in the cell due to the heterogeneity of cells (e.g., specific gene expression levels) [17]. For this reason, single cell studies have been emphasized to provide biologists and scientists to peer into the molecular machinery of individual cells. Single cell analysis has also been essential to our understanding of some fundamental questions, such as what makes single cells different biophysically, biochemically and functionally. Single cell analysis has been a key in probing of cancer [4,18], and thus helps doctors to develop a prognosis and design a treatment plan for particular patients.



Electrical properties of cells provide some insight and vital information to aid the understanding of complex physiological states of the cell. Cells that experience abnormalities or are infected by bacteria may have altered ion channel activity [19], cytoplasm conductivity and resistance [20,21] and deformability [22]. For instance, red blood cells (RBCs) infected by Plasmodium falciparum, which cause malaria in humans, reduce deformability of the RBC by producing cytoadherence-related neoantigens that increase the rigidity and internal viscosity of the cytomembrane [23,24]. Each RBC which experiences the deformation process, has difference resistance, where the average resistance value of normal RBCs and rigidified RBCs are 14.2 and 19.6 Ω respectively [23]. Since electrical properties of cells have several advantages in cells analysis such as counting, separating, trapping and characterizing of single cell, development of suitable devices for single cell electrical analysis in term of accuracy prediction, portable, and user friendly are very important. In this review, we present an overview of classical technique and microfluidics technique in single cell electrical properties analysis.




2. Classical Platforms


The classical technique for a cell’s electrical properties analysis was originated in 1791, when Luigi Galvani conducted the first experiment for measuring electrical activity in animals, which is evoking muscular contractions in frog nerve muscle preparations by electrical stimulation with metal wires [25]. From that study, tools for analyzing a cell’s electrical properties have development over the years. Conventional patch clamp and probing were have been the classical platform tools for characterization of single cell electrical properties.



2.1. Conventional Patch Clamp


The patch clamp technique is unique in enabling high-resolution recording of the ionic currents flowing through a cell’s plasma membrane. Since the introduction of the patch-clamp technique by Neher and Sakmann in 1976, patch-clamp was adopted by researchers in cellular and molecular biology research areas for studying and providing valuable information of biological cell electrical properties [26,27]. The patch-clamp technique is also capable to analyze ionic currents in the cell membrane under conditions of complete control over transmembrane voltage and ionic gradients. Figure 1a illustrates the basic principle of patch clamp technique. A glass micropipette is used as a probe to suck a cell membrane into a micropipette to form a high electrical resistance or also called as giga-seals (e.g., normally between 10 and 100 GΩ [28]. Thus, the ion current that flows through the pipette (containing an electrode) is measured through an amplifier. Patch clamp can be operated in two modes, which are voltage and current mode. Voltage mode is used to measure voltage specific activity of an ionic channel, while current mode is used to measure the potential change in membrane when a current pulse has been injected into the cell [29]. Furthermore, the patch clamp technique has five basic measurement configurations such as cell-attached patch (CAP), whole-cell (WC), inside-out patch (IOP), outside-out patch (OOP) and permeabilized-patch WC-configuration (ppWC) [30,31]. More detail on the working principle of the patch clamp technique has been described [32,33].



The work of Hamill et al. sparked an approach for obtaining information about the characteristics and distribution of ion channels in living cells [28]. They used frog muscle fibres and rat myoballs as cell samples to detail several variants of this technique to create complete electrical isolation of the patched membrane for a variety of cells. This whole cell configuration is the most often utilized mode of the patch clamp technique. Zhang et al. combined the whole-cell patch clamp with fluorescence ratio imaging for measuring the electric properties of a cell membrane [34]. Fluorescence dye was used to monitor the transmembrane potential change of the cell in the long term without seriously perturbing the intracellular milieu. Both techniques combined have been successfully used to distinguish between differentiated and undifferentiated N1E-115 neuroblastoma cells according to the values of the resting potentials.



The conventional patch clamp technique has several disadvantages. First, the patch clamp technique is time consuming process [29,35]. The entire dish of cells needs to be replaced after the extracellular fluid has been manipulated, before continue the recording. Second, the quality of the cell and suspension must remain in good condition for channel expression to be homogenous [29]. Third, an experienced operator is required to move the glass pipette over the single cell for measuring current and voltage changes across the membrane through ion channels without damaging the whole cell. Other issues arise such as recoding quality and temperature control. Nevertheless, the patch clamp technique offers high sensitivity (pA resolution) and allows low noise measurement of the currents passing through the low conductance (pS) ion channels [25]. The evolution of upgraded modifications of the patch clamp technique can be found elsewhere [36].




2.2. Nanoprobe


Nanoprobes could potentially be used to perform single cell’s electrical characterization. The nanoprobe capable to measure direct electrical properties of single cell and quantitatively determine the viability of single cells. M. R. Ahmad et al. developed a dual nanoprobe integrated with nanomanipulator units inside environmental scanning electron microscope (ESEM) to perform electrical probing on single cells for novel single cell viability detection [37]. Figure 1b illustrated the working principle of dual nanoprobe for single cell electrical measurement. Based on Ohm’s law, current flow passing through the intracellular area of the cell was measured when a dual nanoprobe penetrated the intracellular area. ESEM was used for high resolution observation while preserving the cell’s native state even when the cell is moving out of its buffer [38]. This technique successfully differentiated the live and dead cells of W303 wild yeast cells based on the electrical properties of the cell [37]. Recently, electrostatic force microscopy (EFM) was utilized to quantify the electric polarization response of single bacterial cells with high accuracy and reproducibility [39]. They demonstrated effective dielectric constants obtained from the different bacterial types (Salmonella typhimurium, Escherichia coli, Lactobacillus sakei and Listeria innocua), which were well correlated with the hydration state of bacteria. Figure 1c illustrated the working procedure of effective dielectric constant measurement using EFM. The electric polarization force between a bacterium and a nanometric-conducting tip mounted on a force-sensing cantilever was measured at different positions. Topographic images were used to obtain the geometry of the bacterium and finite element numerical simulations of a homogeneous bacterium were utilized to measure the effective dielectric constants of the cell [39,40]. A simple single cell electrical model was used in order to measure electrical properties of yeast cells. However, this technique requires a skilled operator to perform the measurement and is time consuming. The device is bulky system, which can only be performed in a restricted area, e.g., clean room [40].





3. Microfluidics Platforms


An advance in microfabrication technique, such as soft lithography, creates new opportunities for producing structures at micrometer scale inexpensively and rapidly [41]. For this reason, we have witnessed rapid development of microfluidics system for more than a decade ago for biology and medical research [1,14,42]. Microfluidics systems are a science and technology of manipulating fluids at the submillimetre length scale in the microscale fluidic channel. Microfluidics recognized as micro total analysis systems (µTASs) [43] or lab-on-a-chip (LoC) technologies have attracted attention because of the potential to improve diagnostics and biology research. Microfluidic systems have shown a potential to become widely adopted in modern clinical diagnosis and biology research (e.g., DNA analysis [44] and cell analysis [45]) because they are reproducible, have low power consumption, less sample and reagent consumption, are economical, amenable to modifications and can be integrated with other technologies [46,47]. The ability of microfluidics system to perform early cancer detection and address some problems in cellular analysis, make them suitable to replace the classical technique in single cell electrical analysis. Several microfluidic systems have been developed for single cell electrical properties analysis, such as electrorotation, impedance flow cytometry and microelectrical impedance spectroscopy (µEIS).
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Figure 1. (a) Schematic diagram of conventional patch clamp technique; (b) Single cell electrical measurement using dual nanoprobes incorporated with ESEM. Reprinted with permission from [37]; (c) Schematic of measurement of the effective dielectric constant of a single bacterium using electrostatic force microscopy. Reprinted with permission from [39]. 
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3.1. Electrorotation


A cell shows a rotated ability when it is placed into a rotating electric field within a medium with a non-uniform electric field. Analysis of these phenomena called an electrorotation (ROT), is commonly used for measuring the dielectric properties of cells without invasion. ROT measurement theory is based on rotational speed of cells/particles when the cell and the suspending medium have different electric polarizability, by referring to the frequency of a rotational electric field. This electric field is generated by quadrupole (arranged in a crisscross pattern) electrodes and each electrode is connected to an AC signal with a 90° phase difference from each other.



The quadrupole electrodes connected to sine wave was a famous design in ROT technique [48,49,50]. Figure 2a shows a working principle of ROT, four electrodes were energized by sinusoidal signal generator created rotating electrical field, E. Laser tweezers were used to drag a single cell to the center of a four-electrode chamber, then a single cell, P will rotate in either the same direction (co-field) or in the opposite direction (anti-field) to the rotating field [51]. The direction was taken by the cell depending to the dielectric properties of the cell and suspending medium along with the frequency of the electric field. The dielectric properties of a single cell can then be extracted by utilizing Maxwell’s mixture theory, to associate the complex permittivity of the suspension to the complex permittivity of the cell [49]. More detail on theory and working principle of electrorotation can be found in other articles [52,53,54] and a book [55].
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Figure 2. (a) An illustration of the working principle of electrorotation to analyse single cells; (b) The electrorotation (ROT)-microchip incorporated with the 3D octode. nQDEP (negative quadrupole dielectrophoresis) signal, Asin (ω1t + 0°) and Asin (ω1t + 180°) are used for a single cell trapping, while the ROT signals, Bsin(ω2t + 0°), Bsin (ω2t + 90°), Bsin (ω2t + 180°) and Bsin (ω2t + 270°) are used to simultaneously generate torque. Reprinted with permission from [56]. 
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In the ROT technique, the amplitude of the electric field remains unchanged because the cells are only rotated at a certain position in an electric field [57]. Therefore, it is suitable for fitting the rotation spectra at frequency range from 1 kHz to around 200 MHz to determine the intrinsic electrical properties of single cells such as cytoplasm conductivity, cytoplasm permittivity and specific membrane capacitance [48,58,59]. Electrorotation spectra are referred to cellular rotation rate versus frequency of the applied field. Jun Yang et al. [48] used frequency range between 1 kHz and 120 MHz, to fitting the rotation spectra in order to extract dielectric properties (membrane capacitance) of four main leukocyte subpopulations, i.e., T- and B-lymphocytes, monocytes, and granulocytes. From this experiment, ROT was capable to characterize the dielectric properties of cell subpopulations within a cell mixture. In addition, ROT was utilized to determine the cell viability at real time assessment [51,60,61]. C. Dalton demonstrated that electrorotation technique can be used to determine the viability of two intestinal parasites, i.e., Giardia Intestinalis and Cyclospora Cayetanensis [51]. An ellipsoidal two-shell model [58] was utilized to analyse the data and estimate the electrical parameter value.



Recently, the concept of negative quadrupole dielectrophoresis (nQDEP) and ROT signals superposed on each other in electrorotation technique was reported (Figure 2b). An accurate ROT spectrum was measured without any other disturbances because repulsive force by the nQDEP signal is stronger [56]. Specific membrane capacitance and cytoplasm conductivity of human leukocyte subpopulations (T-lymphocytes, B-lymphocytes, granulocytes, and monocytes) and metastatic cancer cell lines (SkBr3 and A549) were well achieved. Although the electrorotation technique is powerful tool, capable of extracting the electrical properties of the cell, such as cytoplasm conductivity and membrane permittivity, ROT technique has several drawbacks. Time consumption is a major factor for why the ROT technique has been unable to enter the modern clinical disease diagnosis as an analysis tool. G. De Gasperis et al. and M. Cristofanilli et al., utilized ROT technique to analyze single cells and it took approximately 30 min to test a single cell [62,63]. These reports indicate that electrorotaion is a slow technique. Electrorotation also requires a skilled operator to position a single cell in the middle of a rotating electric field and also count the number of revolutions made by particles [64]. Nevertheless, electrorotation is a noninvasive technique which allows it to be used in sequential investigations. ROT also operates at a single-organism level and does not require extensive cell preparations [59]. Table 1 shows a summary of a microfluidic device using electrorotation technique for single cell electrical characterization.
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Table 1. Microfluidic electrorotation device for single cell electrical analysis.
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Authors

	
Techniques

	
Experimental Samples

	
Frequency

	
Dielectric Parameter

	
Summary

	
Reference






	
X.B. Wang et al. (1994)

	
Four electrode in phase quadrature

	
DS19

	
10 kHz–100 Mhz

	
Specific membrane capacitance

	
Specific membrane capacitance was determined by the complexity of surface features.

	
[65]




	
DS19 (1.82 ± 0.24 µF/cm2)




	
DS19-HMBA (1.6 ± 0.25 µF/cm2)




	
F.F. Becker et al. (1995)

	
Four electrode in phase quadrature

	
MDA231, T lymphocytes and Erythrocytes

	
1 kHz–1 GHz

	
Specific membrane capacitance

	
Specific membrane capacitance, cytoplasm conductivity, and cytoplasm permittivity values were reported.

	
[66]




	
MDA231 (26 ± 4.2 mF/m2)




	
T lymphocytes (11 ± 1.1 mF/m2)




	
Erythrocytes (9 ± 0.80 mF/m2)




	
R. Hoizel (1997)

	
Four electrode in phase quadrature

	
Yeast cells

	
100 Hz–1.6 GHz

	
Membrane capacitance yeast (0.76 µF/cm2)

	
Specific capacitance of plasma membrane, periplasmic space and outer wall region values were reported.

	
[67]




	
J. Yang et al. (1999)

	
Four electrode in phase quadrature

	
Leukocyte (WBCs)

	
10 kHz–120 Mhz

	
Specific membrane capacitance

	
Four main leukocyte subpopulations were discriminate based on their electrical properties.

	
[48]




	
T-lymphocytes (10.5 ± 3.1 mF/m2)




	
B-lymphocytes (12.6 ± 3.5 mF/m2)




	
Monocytes (15.3 ± 4.3 mF/m2)




	
Granulocytes (11.0 ± 3.2 mF/m2)




	
C. Dalton (2001)

	
Four electrode in phase quadrature

	
Giardia intestinalis and Cyclospora cayetanensis

	
20–400 kHz

	
Membrane conductivity

	
Viable and nonviable Giardia intestinalis was differentiated based on dielectric parameter value.

	
[51]




	
Giardia intestinalis




	
2 ± 0.81 µS·m−1 (viable) &




	
10 ± 0.2 µS·m−1 (nonviable)




	
M. Cristofanilli et al. (2002)

	
Four electrode in phase quadrature

	
MCF/neo,MCF/HER2-11 and MCF/HER2-18

	
10 kHz–100 MHz

	
Specific membrane capacitance

	
Specific membrane capacitance of breast cancer cell lines was reported.

	
[63]




	
MCF/neo (2.09027 µF/cm2)




	
MCF/HER2-11 (1.70481 µF/cm2) MCF/HER2-18 (2.5684 µF/cm2)




	
S. Han (2013)

	
Four electrode in phase quadrature

	
Leukocyte (WBCs), SkBr3 and A549

	
10 kHz–10 MHz

	
Specific membrane capacitance

	
Specific membrane capacitance and cytoplasm conductivity of WBCs and cancer cells was determined using a single-shell dielectric model.

	
[56]




	
T lymphocytes (7.01 ± 0.91 mF/m2)




	
B lymphocytes (10.33 ± 1.6 mF/m2)




	
Granulocytes (9.14 ± 1.06 mF/m2)




	
Monocytes (11.77 ± 2.12 mF/m2)




	
SkBr3 (14.83 ± 1.74 mF/m2)




	
A549 (16.95 ± 2.93 mF/m2)










3.2. Impedance Flow Cytometry


Flow cytometry is a fundamental and powerful analytical tool in cell biology and cellular disease diagnosis for many years. Flow cytometry has an ability to address some problems in single cell analysis such as identifiying, counting and sorting cells [68,69]. Based on laser-induced fluorescence detection in flow cytometry for single-cell studies within cell populations of relatively large sizes [70], flow cytometry creates an ideal scenario to analyze single cell electrical properties from a cell population. Coulter [71] developed the first flow cytometry tool having capability to measure the electrical properties of single particles, which is known as the microfluidic Coulter counter. A Coulter counter measures the changing of DC resistance between two electrically isolated fluid-filled chambers when microparticles act as an insulating layer at DC pass through a small connecting orifice. Figure 3 illustrates the working principle of the Coulter counter, where two large electrodes are placed on connecting chamber. When a particles or biological cells flow through a sensing aperture which has current flow, it will displace the conductive fluid and alters the resistance. The current flow was decreased as a particle passes through and for this reason, individual cells can be counted and sized [72]. The Coulter counter is limited to counting cells and classifying cell types based on size due to challenging of selecting electrode design and channel geometry [73]. The Microfluidic Coulter counter is incapable of characterizing electrical properties of cell. In order to determine the electrical properties of cells, Sohn et al. [74] developed flow cytometry based on capacitance principle to measure the DNA content of fixed eukaryotic cells. Electrical properties of individual cells were referred to distinct peaks measured by a capacitance bridge at 1 kHz frequency.
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Figure 3. Schematic diagram of the Coulter counter working principle. Reprinted with permission from [72]. 
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Gawad et al. [75] developed a significant device in single cell impedance technology, which is known as the impedance flow cytometry (IPC). This device used coplanar electrodes to measure clear differentiation of beads and also erythrocytes and ghost cells (ghosts are RBCs that have been lysed in hypotonic buffer, leaving behind a membrane sack filled with ionic solution). As shown in Figure 4a, three microelectrodes were fabricated on the bottom of a microfluidic channel. An AC voltage was supplied to energise the electrodes for generating a non-uniform electric field within the channel. The impedance value within channel was changed, when a single cell was flowing through the detection area. This impedance value was used to characterize the electrical properties of single cell. However, this electrode configuration may affect impedance measurement when single cell was at variation position. To address this issue, K. Cheung et al. [76] designed parallel facing electrodes in a microfluidic channel (Figure 4b). One pair of parallel electrodes was used to detect cells and measure electric current fluctuation, whereas the other one was acted as a reference. Then, the difference between the two signals was measured. The device has the ability to measure electrical properties of normal RBCs and glutaraldehyde-fixed RBCs. More details for the derivation of the electric field distribution for two different electrode configurations, based on Schwarz–Christoffel Mapping (SCM) have been described [77]. In addition, a similar system (parallel facing electrodes) was used by Kampmann et al. [78] to monitor frequency effect during conducted measurement processes. The result showed that the cell can be accurately sized at around 500 kHz, where low frequency behaviour is dominated by the electrical double layer (EDL). Meanwhile, at intermediate frequencies behaviour is dominated by the membrane capacitance and at high frequencies, the cell cytoplasm becomes important. High frequency (8.7 Mhz) measurements were used to detect infection of RBCs with the parasite Babesia bovis based on the changes in the electrical properties of the cell cytoplasm [79]. Recently, an impedance flow cytometry that covers frequency range from DC up to 500 Mhz was developed by Niels Haandbæk et al. [80]. The device has a capability of dielectric characterization of subcellular components of yeast cells, such as vacuoles and cell nuclei, and can be used for discriminating wild-type yeast from a mutant.
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Figure 4. (a) Illustration of a particle flowing over three electrodes inside a microfluidic channel, and a typical impedance signal for a single particle. Reprinted with permission from [75]; (b) A single cell flowing over one pair of electrode and second pair used as reference is shown. Reprinted with permission from [76]; (c) Schematic diagram of the micro impedance cytometer system, including the confocal-optical detection. Reprinted with permission from [81]; (d) Schematic of the complete microfluidic cytometer. The lock-in amplifier drives the series resonance circuit, formed by the discrete inductor and the impedance between the measurement electrodes, with an alternating current (AC) signal at a frequency close to resonance. Reprinted with permission from [82]. 
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Holmes et al. [81] demonstrated measurement and differential of single cells at a high speed level by using microfluidic flow cytometry with an attached fluorescence measurement unit (Figure 4c). The device accurately identified T-lymphocytes, monocytes and neutrophils of WBC and a full three-part differential count of whole human blood was achieved. Despite single cells being measured, the data represented the average of the population and was not accurately measured on an individual cell. In addition, similar research groups developed an integrated microfluidic impedance flow cytometry system with haemoglobin concentration measurement unit [83] and RBC lysis [84]. In order to increase the signal-to-noise ratio relative to a single-phase, unfocused stream, while to avoid large shear forces on cells, Mikael Evander [85] developed a microfluidic impedance cytometer that utilizes dielectrophoretic focusing technique. This technique was used to center cells in a fluid stream, thus forms the core of a two-phase flow. Then, this flow will pass between electrodes for analysis of cells at various frequencies from range 280 kHz to 4 MHz. As a result, this technique is able to distinguish between red blood cells and platelets and between resting and activated platelets.



A label-free cell cytometry based on electrophysiological response to stimulus was reported [86]. This method recorded a cell’s functionality rather than its expression profile or physical characteristics. In order to distinguish different cells types, they used nature electrically excitable cells that are activated by sufficient transmembrane electric fields. During this activation, the extracellular field potential (FP) signal from cells was produced and detected by electrode inside microchannel. Human induced pluripotent stem cell-derived cardiomyocyte (iPSC-CM) clusters from undifferentiated iPSC clusters were differentiated by using these signals. A contactless measurement method to perform single cell impedance cytometry using a disposable biochip integrated with a printed circuit board that has reusable electrodes was reported [87]. The device can detect and measure impedance of biological cells in a real biological sample (e.g., whole blood (sheep)) and also significantly reduces the manufacturing costs. Recently, a microfluidic impedance cytometer, incorporated with an electrical resonator was reported. This device is high sensitive and capable to measure at high frequencies. Figure 4d showed microfluidic system integrated with a resonant circuit which consists of a discrete inductor in series with the impedance between the measurement electrodes [82]. The cells detection principle is based on the resonance- enhanced phase shift of the measurement current induced by cells or particles passing through the microfluidic channel. Discrimination based on the differences in dielectric properties of E. coli and B. subtilis was well achieved. T. Sun et al. extends impedance measurements from one dimension to two or three dimensions by utilized electrical impedance tomography (EIT) [88]. A circular 16-electrode array with equal spacing was fabricated and images of Physarum polycephalum were reconstructed by measuring the voltages across sequential electrode-pair combinations. Human fibroblast cells were used to differentiate between an environment of growth medium with and without cells using EIT [89]. Table 2 shows a summary of microfluidic impedance flow cyometry techniques for single cell electrical characterization.
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Table 2. Microfluidic impedance flow cytometry device for single cell electrical analysis.
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Authors

	
Techniques

	
Experimental Samples

	
Frequency

	
Summary

	
Reference






	
K. Cheung et al. (2005)

	
Parallel facing electrodes

	
RBCs, ghost RBCs and fixed RBCs

	
602 kHz and 10 MHz

	
Controlled RBCs, ghost RBCs and fixed RBCs were distinguished using impedance opacity.

	
[76]




	
G. Benazzi et al. (2007)

	
Coplanar electrodes

	
Algae

	
327 kHz and 6.03 MHz

	
Three populations of algae were distinguished on the basis of impedance measurement.

	
[90]




	
C. Kuttel et al. (2007)

	
Coplanar electrodes

	
Babesia bovis infected RBCs

	
8.7 MHz

	
The real part and imaginary part of the impedance signal were used for cell type classification.

	
[79]




	
G. Schade-Kampmann et al. (2008)

	
Parallel facing electrodes

	
Jurkat cell, yeast cell and 3T3-L1

	
624 kHz and 1–15 MHz

	
Various cell lines, human monocytes and in vitro-differentiated dendritic cells and macrophages, viable and apoptotic Jurkat cells were discriminated. Yeast cell growth was also monitored using impedance measurement.

	
[78]




	
Y. Katsumoto et al. (2008)

	
Parallel facing electrodes

	
rabbit erythrocytes and human erythrocytes

	
10 kHz–100 MHz

	
Specific membrane capacitance and cytoplasm conductivity values were determined from their dielectric dispersion using new numerical method based on rigorous electric-field simulation combined with three-dimensional modeling of an erythrocyte.

	
[91]




	
D. Holmes et al. (2009)

	
Parallel facing electrodes

	
WBCs

	
573 kHz and 1.7 MHz

	
Microfluidic impedance flow cytometry was incorporated with fluorescence detection.

	
[81]




	
K.C. Cheung et al. (2010)

	
Parallel facing electrodes

	
Macrophage, MCF-7, RN22, blood cells and yeast

	
0.5–15 MHz

	
Macrophage differentiation, cell viability, blood cells, and RN22 with altered membrane potential and intercellular calcium concentration were distinguished.

	
[92]




	
C. Bernabini (2011)

	
Parallel facing electrodes + hydrodynamic focus

	
E. coli and 1 & 2 µm beads

	
503 kHz

	
A focusing technique mitigated the clogging issue and increased sensitivity.

	
[93]




	
J. Chen et al. (2011)

	
Constriction channel

	
MC-3T3

	
100 Hz–1 MHz

	
Specific membrane capacitance and cytoplasm conductivity values were determined using a simple equivalent circuit models.

	
[94]




	
X.J. Han (2012)

	
Parallel facing electrodes

	
RBCs and WBCs

	
573 kHz–1.7 MHz

	
The functions of blood dilution, RBCs lysis, and hemoglobin detection were integrated.

	
[84]




	
G. Mernier (2012)

	
Liquid electrodes + DEP focusing

	
Yeast Cells

	
500 kHz–15 Mhz

	
DEP was applied to reduce measurement variations by focusing particles in the middle of the channel.

	
[95]




	
Y. Zheng (2013)

	
Constriction channel + 7 fequencies measurement

	
AML-2 and HL-60

	
1–400 kHz

	
Specific membrane capacitance and cytoplasm conductivity values were determined at speed of 5–10 cell·s−1.

	
[96]




	
F.B. Myers (2013)

	
Electrophysiological cytometry

	
Pluripontent stem cells

	
N/A

	
Clusters of undifferentiated human-induced pluripotent stem cells (iPSC) were identified from iPSC-derived cardiomyocyte (iPSC-CM) clusters.

	
[86]




	
Haandbæk et al. (2014)

	
Parallel facing electrodes + resonant circuit

	
E. coli and B. subtilis

	
89.2 and 87.2 MHz

	
Discrimination based on the differences in dielectric properties of E. coli and B. subtilis.

	
[82]








RBC: red blood cell; WBC: white blood cell.








3.3. Micro Electrical Impedance Spectroscopy (µ-EIS)


Micro electrical impedance spectroscopy (µ-EIS) is a technique where dielectric properties in a frequency domain of a cell is measured to characterize and differentiate the various types of cell. Mainly this technique analyzed the current response when a single cell was trapped in a trapping system where an alternating current (AC) was applied across the trapping zone. A trapping system is a major contribution and significant part in µ-EIS device. For this reason, development of a trapping system is very crucial and varieties of the trapping system have been developed, such as hydrodynamic traps, negative pressure traps and DEP traps.



First development of micro electrical impedance spectroscopy (µ-EIS) was reported in 2006 [97]. They developed microfluidic device which utilized the negative pressure to capture the single cell into the analysis cavity (Figure 5a). This device was used to measure the electrical impedance of human breast cancer cell lines of different pathological stages (MCF-7, MDA-MB-231, and MDA-MB-435) [18]. However this device has a disadvantage to monitor the cell capturing process using a microscope because the contrast difference in the silicon nitride membrane composing the cell traps area and the surroundings. The same group, Cho et al. [4] developed an array of horizontal cell traps of an µ-EIS device to overcome the limitation of the previous device. Negative pressure was used to capture single cells and impedance measurement was performed to obtain the electrical impedance spectra of metastatic head and neck cancer (HNC) cell lines. This device also can minimize the leakage current due to the position of cells formed in direct contact between cells and electrodes.



Furthermore, the concept of vertical trapping system in µ-EIS has been used to monitor the dynamic change of single cell electrical properties over a period of time [98,99]. Hydrodynamic trapping system (e.g., micropillars) within a microfluidic channel was developed by Jang et al. [21]. Figure 5b showed the micropillars structure inside microfluidic channel and capable to capture physically single cells. A single human cervical epithelioid carcinoma (HeLa) was successfully captured by the micro pillars and its impedance was measured. Mondal et al. performed impedance measurement of HeLa cell based on two geometry structures of micropillars trapping system, namely, parallel and elliptical geometry [100]. Malleo et al. demonstrated a hydrodynamic trapping device which has a differential electrode arrangement that measures multiple signals from multiple trapping sites. Measurements was performed by recording the current from two electrode pairs, one empty (reference) and one containing HeLa cells [101]. The device continuously monitored the toxin activity at the single cell level.



Recently, the concept of dielectrophoresis (DEP) for trapping system was reported [102]. The non-uniform electric field distribution between the top and bottom electrodes caused the red blood cells (RBCs) to experience positive dielectrophoresis at 80 kHz frequency [103]. As a result, the red blood cells have been trapped inside microwells, thus the impedance of RBCs was measured [102]. Another DEP trapping technique was developed by Tsai et al. to capture a single HeLa cell, then impedance measurement was performed [104]. Figure 5c illustrated trapping system using DEP [104]. Despite that microelectrical impedance spectroscopy (µ-EIS) has several advantages such as label free, real time measurement and non invasive, µ-EIS also has some drawbacks. For example, µ-EIS requires theoretical model for data analysis [105] and time consuming (trapping and releasing process take time to be completed) [106]. Table 3 shows a summary of microelectrical impedance spectroscopy technologies for analyzing the single cell’s electrical properties.
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Figure 5. (a) Illustrated a micro electrical impedance spectroscopy system using multielectrode configurations within an analysis cavity. Reprinted with permission from [97]; (b) Shown 3D schematic of the µ-EIS device incorporated with micropillars structure for capture the single cells; (c) Schematic diagram of cell measurement using DEP cell trapping technique. Reprinted with permission from [104]. 
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Table 3. Microelectrical impedance spectoscopy device for single cell electrical analysis.
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Authors

	
Techniques

	
Experimental Samples

	
Frequency

	
Dielectric Parameter

	
Summary

	
Reference






	
A. Han et al. (2003)

	
Vertical hole

	
MCF-7,MCF-10A, MCF-MB-231 and MDA-MB-435

	
100 Hz–3 MHz

	
specific membrane capacitance

	
Impedance spectra were shown to be significantly different between the normal cell lines and each of the cancer cell lines.

	
[97]




	
MCF-10A (1.94 ± 0.14 µF/cm2)




	
MCF-7 (1.86 ± 0.11 µF/cm2)




	
MDA-MB-231 (1.63 ± 0.17 µF/cm2)




	
MDA-MB-435 (1.57 ± 0.12 µF/cm2)




	
L.S. Jang et al. (2007)

	
Micropillars

	
Hela

	
1 Hz–100 kHz

	
cell membrane Cc

	
A circuit model was developed to obtained and calculate electrical parameters of HeLa cells.

	
[21]




	
2.5 × 10−12 F




	
cytoplasm Rc




	
6 × 107 Ω




	
S.B. Cho et al. (2007)

	
Vertical hole

	
L929

	
1 Hz–100 MHz

	
N/A

	
A culture of L929 cells and the toxicity effect on impedance measurement were monitored on the micro hole. Cell growth and the membrane integrity can monitored without any labelling.

	
[98]




	
Y. Cho et al. (2009)

	
Parallel lateral trapping holes

	
686LN and 686LN-M4e

	
40 Hz–10 MHz

	
N/A

	
The phase part of impedances could be used to differentiate the poorly metastatic cell line from the highly metastatic cell line.

	
[4]




	
D. Malleo et al. (2010)

	
Hydraulic trapping

	
Hela

	
300 kHz

	
N/A

	
Effect of a surfactant and a pore-forming toxin on captured cells was monitored by referring the impedance value of captured cells.

	
[101]




	
C.L. Kung et al. (2011)

	
DEP trapping

	
Hela

	
1 Hz–100 kHz

	
N/A

	
An alternating current electrothermal effect (ACET) and a negative dielectrophoresis (nDEP) force was utilized to trap cells.

	
[107]




	
C.M. Kurz et al. (2011)

	
Vertical hole

	
Arpe-19

	
1 kHz

	
N/A

	
The subtoxic effect of cells was measured by monitoring impedance signals over time.

	
[99]




	
Y. Zhao et al. (2014)

	
Constriction channel + impedance measurement

	
95D and 95D CCNY-KD

	
1 and 100 kHz

	
specific membrane capacitance

	
Specific membrane capacitance and cytoplasm conductivity were determined.

	
[7]




	
95D (1.8–2.0 μF/cm2)




	
95D CCNY-KD (1.4–1.6 μF/cm2)




	
P. Shah et al. (2014)

	
pDEP trapping

	
CCL-149 (Rat lung epithelial cells)

	
1 Hz–10 MHz

	
impedance in absence 1.51 MΩ

	
Impedance spectrum used to monitoring in absence and in the presence of a single cell in microwell.

	
[108]




	
impedance in the presence of cell 17 MΩ




	
S.-B. Huang, et al. (2014)

	
Constriction channel with an incorporated pneumatically driven + impedance measurement

	
CCL-185

	
1 and 100 kHz

	
specific membrane capacitance 2.17 ± 0.58 µF/cm2

	
A pneumatically driven membrane-based active valve was utilized for unblocking cell aggregates at the entrance constriction channel.

	
[20]




	
cytoplasm conductivity 0.74 ± 0.20 S/m











4. Discussion


The rapid development of single cell analysis tools (e.g., biophysical and chemical characterizations) can be seen based on the hundreds of review and technical papers currently published every year [109]. Clearly, the growing interest in this research field demonstrates its practical value from the viewpoint of proof of concept and applications. The traditional platform is a basic foundation to provide the most straight-forward mechanisms to analyze electrical properties of individual cell. However this approach suffers from low throughput, delicate protocol, requires an experienced operator and bulky experimental set-up [110]. For instance, in clinical application, high throughput devices are significantly required to test a large number of cells (e.g., blood) in order to obtain low numbers of meaningful data (e.g., CTC cells) [57]. Nevertheless, traditional platforms have provided fundamental insights to the microfluidic development. The microfuidics device is a promising technique to understand the cellular heterogeneity and overcome the limitation of traditional technique. For that reason, three microfluidics techniques (electrorotation, impedance flow cytometry and microelectrical impedance spectroscopy) have been developed to analyze and characterize the single cell’s electrical properties. Among these techniques, microfluidic impedance flow cytometry (IFC) is a technique used widely in clinical diagnosis because of high throughput during count and differentiation of the WBCs. For example, parallel facing electrodes device achieved ~100 cells·s−1 and is capable of testing a large number of cells for obtain statistically meaningful data [81]. Microfluidic impedance flow cytometry has been demonstrated to distinguish various single cells (16 types of cell) based on the electrical properties conditions. Meanwhile, 13 types of cell were distinguished by electrorotation and microelectrical impedance spectroscopy.



Electrical measurements can also be incorporated with a cell sorting unit to collect cells having different physical properties for further biochemical assaying. AC dielectrophoretic (DEP) for sorting live cells from interfering particles of similar sizes by their polarizabilities under continuous flow was reported [111]. DEP forces induced by the AgPDMS electrodes were used to manipulate cells to move toward high or low electric field regions, depending on the relative polarizability between the cells and their suspending medium. Jun Yang et al. utilized magnetically activated cell sorting (MACS) for obtaining the subpopulations from human peripheral blood (B-lymphocytes and monocytes), thus performing the single cell electrical properties measurement by electrorotation techniques [48].



Microfluidic devices have demonstrated great potential in realizing electrical measurements on single cells at a higher testing speed and label free approach. Electrical measurements on single cells can be used to indicate possible diseases and it suitable for disease prescreening application. From prescreening processes, future examinations can be done to evaluate the disease condition. Table 4 shows a summary of comparisons between three microfluidic methods. The microfluidic techniques were discussed have some potential applications in biological and medical application [18,44,92,101,112].
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Table 4. Comparisons between three microfluidic techniques.
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Approaches Technique

	
Advantages

	
Disadvantages

	
Applications






	
Electrorotation

	
Capable to quantifying a cell’s intrinsic electrical properties

	
Low throughput and limitation to low conductivity sucrose buffer solution

	
Monitor parasite; Cell separation




	
Impedance flow cytometry

	
High throughput

	
low specificity

	
Cell sorting and counting; Cell impedance variations; DNA hybridization detection




	
Microelectrical impedance spectroscopy

	
Characterizing ion channel activity

	
Low throughput and size-independent parameters

	
Cancerous stage screening; Toxin detection










5. Conclusions


The presented review of selected research works on single cell electrical properties provides information on technological development in single cell electrical characterization from traditional approaches to current microfluidic approaches. Microfluidics technology opens a new paradigm in cellular and microbiology research for early disease detection and provides critical information needed by research scientists and clinicians for improved clinical diagnosis and patient outcome. The recent excellent achievements in microfabrication techniques have enabled the rapid development of microfluidic technologies for further practical applications for the benefit of mankind. Furthermore, microfluidic technological progress has provided additional advantages such as reduced complexity of experiment handling, lower voltage on the electrodes, faster heat dissipation, small volume of reagents used, and in situ observation of the cell response [113].







Acknowledgments


This work was supported by grants from the Ministry of Education Malaysia (grant No. 4L640 and 4F351) and Universiti Teknologi Malaysia (grant No. 02G46, 03H82 and 03H80).




Author Contributions


Muhammad Asraf Mansor and Mohd Ridzuan Ahmad wrote and edited the review.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



El-Ali, J.; Sorger, P.K.; Jensen, K.F. Cells on Chips. Nature 2006, 442, 403–411. [Google Scholar] [CrossRef] [PubMed]

	



Suresh, S. Biomechanics and Biophysics of Cancer Cells. Acta Biomater. 2007, 3, 413–438. [Google Scholar] [CrossRef] [PubMed]

	



Coley, H.M.; Labeed, F.H.; Thomas, H.; Hughes, M.P. Biophysical characterization of MDR breast cancer cell lines reveals the cytoplasm is critical in determining drug sensitivity. Biochim. Biophys. Acta 2007, 1770, 601–608. [Google Scholar] [CrossRef] [PubMed]

	



Cho, Y.; Frazier, A.B.; Chen, Z.G.; Han, A. Whole-cell impedance analysis for highly and poorly metastatic cancer cells. J. Microelectromech. Syst. 2009, 18, 808–817. [Google Scholar]

	



Zhao, Y.; Chen, D.; Luo, Y.; Li, H.; Deng, B.; Huang, S.-B.; Chiu, T.-K.; Wu, M.-H.; Long, R.; Hu, H.; et al. A microfluidic system for cell type classification based on cellular size-independent electrical properties. Lab Chip 2013, 13, 2272–2277. [Google Scholar] [CrossRef] [PubMed]

	



Byun, S.; Son, S.; Amodei, D.; Cermak, N.; Shaw, J.; Kang, J.H.; Hecht, V.C.; Winslow, M.M.; Jacks, T.; Mallick, P.; et al. Characterizing deformability and surface friction of cancer cells. Proc. Natl. Acad. Sci. USA 2013, 110, 7580–7585. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Zhao, X.T.; Chen, D.Y.; Luo, Y.N.; Jiang, M.; Wei, C.; Long, R.; Yue, W.T.; Wang, J.B.; Chen, J. Tumor cell characterization and classification based on cellular specific membrane capacitance and cytoplasm conductivity. Biosens. Bioelectron. 2014, 57, 245–253. [Google Scholar] [CrossRef] [PubMed]

	



Radke, S.M.; Alocilja, E.C. A high density microelectrode array biosensor for detection of E. coli O157:H7. Biosens. Bioelectron. 2005, 20, 1662–1667. [Google Scholar] [CrossRef] [PubMed]

	



Bow, H.; Pivkin, I. V; Diez-Silva, M.; Goldfless, S.J.; Dao, M.; Niles, J.C.; Suresh, S.; Han, J. A microfabricated deformability-based flow cytometer with application to malaria. Lab Chip 2011, 11, 1065–1073. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Du, E.; Ha, S.; Diez-Silva, M.; Dao, M.; Suresh, S.; Chandrakasan, A.P. Electric impedance microflow cytometry for characterization of cell disease states. Lab Chip 2013, 13, 3903–3909. [Google Scholar] [CrossRef] [PubMed]

	



Asphahani, F.; Zhang, M. Cellular impedance biosensors for drug screening and toxin detection. Analyst 2007, 132, 835–841. [Google Scholar] [CrossRef] [PubMed]

	



Gabriel, C.; Gabriel, S.; Corthout, E. The dielectric properties of biological tissues: I. Lit. Surv. 1996, 41, 2231–2249. [Google Scholar]

	



Stoneman, M.R.; Kosempa, M.; Gregory, W.D.; Gregory, C.W.; Marx, J.J.; Mikkelson, W.; Tjoe, J.; Raicu, V. Correction of electrode polarization contributions to the dielectric properties of normal and cancerous breast tissues at audio/radiofrequencies. Phys. Med. Biol. 2007, 52, 6589–6604. [Google Scholar] [CrossRef] [PubMed]

	



Yager, P.; Edwards, T.; Fu, E.; Helton, K.; Nelson, K.; Tam, M.R.; Weigl, B.H. Microfluidic diagnostic technologies for global public health. Nature 2006, 442, 412–418. [Google Scholar] [CrossRef] [PubMed]

	



Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [Google Scholar] [CrossRef] [PubMed]

	



Brehm-Stecher, B.F.; Johnson, E.A. Single-cell microbiology: tools, technologies, and applications. Microbiol. Mol. Biol. Rev. 2004, 68, 538–559. [Google Scholar] [CrossRef] [PubMed]

	



Marcus, J.S.; Anderson, W.F.; Quake, S.R. Microfluidic single-cell mRNA isolation and analysis. Anal. Chem. 2006, 78, 3084–3089. [Google Scholar] [CrossRef] [PubMed]

	



Han, A.; Yang, L.; Frazier, A.B. Quantification of the heterogeneity in breast cancer cell lines using whole-cell impedance spectroscopy. Clin. Cancer Res. 2007, 13, 139–143. [Google Scholar] [CrossRef] [PubMed]

	



Kunzelmann, K. Ion Channels and Cancer. J. Membr. Biol. 2005, 205, 159–173. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.-B.; Zhao, Y.; Chen, D.; Lee, H.-C.; Luo, Y.; Chiu, T.-K.; Wang, J.; Chen, J.; Wu, M.-H. A clogging-free microfluidic platform with an incorporated pneumatically driven membrane-based active valve enabling specific membrane capacitance and cytoplasm conductivity characterization of single cells. Sens. Actuators B Chem. 2014, 190, 928–936. [Google Scholar] [CrossRef]

	



Jang, L.-S.; Wang, M.-H. Microfluidic device for cell capture and impedance measurement. Biomed. Microdevices 2007, 9, 737–743. [Google Scholar] [CrossRef] [PubMed]

	



Abdolahad, M.; Sanaee, Z.; Janmaleki, M.; Mohajerzadeh, S.; Abdollahi, M.; Mehran, M. Vertically aligned multiwall-carbon nanotubes to preferentially entrap highly metastatic cancerous cells. Carbon N. Y. 2012, 50, 2010–2017. [Google Scholar] [CrossRef]

	



Katsumoto, Y.; Tatsumi, K.; Doi, T.; Nakabe, K. Electrical classification of single red blood cell deformability in high-shear microchannel flows. Int. J. Heat Fluid Flow 2010, 31, 985–995. [Google Scholar] [CrossRef][Green Version]

	



Dondorp, A.M.; Kager, P.A.; Vreeken, J.; White, N.J. Abnormal blood flow and red blood cell deformability in severe malaria. Parasitol. Today 2000, 16, 228–232. [Google Scholar] [CrossRef]

	



Zhao, Y.; Inayat, S.; Dikin, D.A.; Singer, J.H.; Ruoff, R.S.; Troy, J.B. Patch clamp technique: review of the current state of the art and potential contributions from nanoengineering. Proc. Inst. Mech. Eng. Part N: J. Nanoeng. Nanosyst. 2008, 222, 1–11. [Google Scholar] [CrossRef]

	



Sakmann, B.; Neher, E. Patch clamp techniques for studying ionic channels in excitable membranes. Annu. Rev. Physiol. 1984, 46, 455–472. [Google Scholar] [CrossRef] [PubMed]

	



Neher, E.; Sakmann, B. The patch clamp technique. Sci. Am. 1992, 266, 44–51. [Google Scholar] [CrossRef] [PubMed]

	



Hamill, O.P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F.J. Improved Patch-clamp techniques for high-resolution current recording from cells and cell-free membrane patches. Pflugers Arch. Eur. J. Physiol. 1981, 391, 85–100. [Google Scholar] [CrossRef]

	



Jain, G.; Muley, N.; Soni, P.; Singh, J.N.; Sharma, S.S. Patch clamp technique: conventional to automated. Curr. Res. Inf. Pharm. Sci. 2009, 10, 9–15. [Google Scholar]

	



DeFelice, L.J. Electrical Properties of Cells: Patch Clamp for Biologists; Springer Science & Business Media: New York, NY, USA, 1997. [Google Scholar]

	



Marty, A.; Neher, E. Tight-seal whole-cell recording. In Single-Channel Recording; Sakmann, B., Neher, E., Eds.; Springer US: Boston, MA, USA, 2009; pp. 31–52. [Google Scholar]

	



Ogden, D.; Stanfield, P. Patch Clamp techniques for single channel and whole-cell recording. In Microelectrode Techniques; The Company of Biologists Ltd.: Cambridge, UK, 1994; pp. 53–78. [Google Scholar]

	



Karmazínová, M.; Lacinová, L. Measurement of cellular excitability by whole cell patch clamp technique. Physiol. Res. 2010, 59, S1–S7. [Google Scholar] [PubMed]

	



Zhang, J.; Davidson, R.M.; Wei, M.D.; Loew, L.M. Membrane electric properties by combined patch clamp and fluorescence ratio imaging in single neurons. Biophys. J. 1998, 74, 48–53. [Google Scholar] [CrossRef]

	



Willumsen, N.J.; Bech, M.; Olesen, S.-P.; Jensen, B.S.; Korsgaard, M.P.G.; Christophersen, P. High throughput electrophysiology: New perspectives for ion channel drug discovery. Recept. Channels 2003, 9, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Bébarová, M. Advances in patch clamp technique: towards higher quality and quantity. Gen. Physiol. Biophys. 2012, 31, 131–140. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, M.R.; Nakajima, M. Single cells electrical characterizations using nanoprobe via ESEM-nanomanipulator system. IEEE Conf. Nanotechnol. 2009, 8, 589–592. [Google Scholar]

	



Hafiz, A.; Sulaiman, M.; Ahmad, M.R. Rigid and conductive dual nanoprobe for single cell analysis. J. Teknol. 2014, 8, 107–113. [Google Scholar]

	



Esteban-Ferrer, D.; Edwards, M.A; Fumagalli, L.; Juárez, A.; Gomila, G. Electric polarization properties of single bacteria measured with electrostatic force microscopy. ACS Nano 2014, 8, 9843–9849. [Google Scholar] [CrossRef] [PubMed]

	



Sulaiman, A.H.M.; Ahmad, M.R. Integrated dual nanoprobe-microfluidic system for single cell penetration. In Proceedings of the 2013 IEEE International Conference on Control System, Computing and Engineering (ICCSCE), Mindeb, 29 November–1 December 2013; pp. 568–572.

	



Unger, M.A.; Chou, H.P.; Thorsen, T.; Scherer, A.; Quake, S.R. Monolithic microfabricated valves and pumps by multilayer soft lithography. Science 2000, 288, 113–116. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, C.; Quake, S.R. Microfluidics in structural biology: Smaller, faster...better. Curr. Opin. Struct. Biol. 2003, 13, 538–544. [Google Scholar] [CrossRef] [PubMed]

	



Reyes, D.R.; Iossifidis, D.; Auroux, P.-A.; Manz, A. Micro total analysis systems. 1. introduction, theory, and technology. Anal. Chem. 2002, 74, 2623–2636. [Google Scholar] [CrossRef] [PubMed]

	



Javanmard, M.; Davis, R.W. A microfluidic platform for electrical detection of DNA hybridization. Sens. Actuators B Chem. 2011, 154, 22–27. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Li, Y.; Griffis, C.L.; Johnson, M.G. Interdigitated microelectrode (IME) impedance sensor for the detection of viable salmonella typhimurium. Biosens. Bioelectron. 2004, 19, 1139–1147. [Google Scholar] [CrossRef] [PubMed]

	



Valencia, P.M.; Farokhzad, O.C.; Karnik, R.; Langer, R. Microfluidic technologies for accelerating the clinical translation of nanoparticles. Nat. Nanotechnol. 2012, 7, 623–629. [Google Scholar] [CrossRef] [PubMed]

	



Tian Wei-Cheng, E.F. Microfluidics for Biological Applications; Springer Science + Business Media, LLC: New York, NY, USA, 2008. [Google Scholar]

	



Yang, J.; Huang, Y.; Wang, X.; Wang, X.B.; Becker, F.F.; Gascoyne, P.R. Dielectric properties of human leukocyte subpopulations determined by electrorotation as a cell separation criterion. Biophys. J. 1999, 76, 3307–3314. [Google Scholar] [CrossRef]

	



Cen, E.G.; Dalton, C.; Li, Y.; Adamia, S.; Pilarski, L.M.; Kaler, K.V.I.S. A Combined dielectrophoresis, traveling wave dielectrophoresis and electrorotation microchip for the manipulation and characterization of human malignant Cells. J. Microbiol. Methods 2004, 58, 387–401. [Google Scholar] [CrossRef] [PubMed]

	



Arnold, W.M.; Zimmermann, U. Rotating-field-induced rotation and measurement of the membrane capacitance of single mesophyll cells of avena sativa sites. Z. Naturforsch 1982, 37c, 908–915. [Google Scholar]

	



Dalton, C.; Goater, A.D.; Burt, J. P.H.; Smith, H.V. Analysis of parasites by electrorotation. J. Appl. Microbiol. 2004, 96, 24–32. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.P.; Yu, K.W. First-principles approach to electrorotation assay. J. Phys. Condens. Matter 2002, 14, 1213–1221. [Google Scholar] [CrossRef]

	



Huang, J.; Yu, K.; Gu, G. Electrorotation of a pair of spherical particles. Phys. Rev. E 2002, 65. doi:org/10.1103/PhysRevE.65.021401. [Google Scholar]

	



Jones, T.B. Basic theory of dielectrophoresis and electrorotation. IEEE Eng. Med. Biol. Mag. 2003, 22, 33–42. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, H.; Green, N.G. AC Electrokinetics: Colloids and Nanoparticles; Microtechnologies and Microsystems Series; Research Studies Press: Hertfordshire, UK, 2003. [Google Scholar]

	



Han, S.-I.; Joo, Y.-D.; Han, K.-H. An electrorotation technique for measuring the dielectric properties of cells with simultaneous use of negative quadrupolar dielectrophoresis and electrorotation. Analyst 2013, 138, 1529–1537. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Nguyen, J.; Wei, Y.; Sun, Y. Recent advances in microfluidic techniques for single-cell biophysical characterization. Lab Chip 2013, 13, 2464–2483. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.F.; Markx, G.H.; Pethig, R. Effect of biocide concentration on electrorotation spectra of yeast cells. Biochim. Biophys. Acta 1996, 1281, 60–64. [Google Scholar] [CrossRef]

	



Hölzel, R. Non-invasive determination of bacterial single cell properties by electrorotation. Biochim. Biophys. Acta 1999, 1450, 53–60. [Google Scholar] [CrossRef]

	



Dalton, C.; Goater, A.D.; Drysdale, J.; Pethig, R. Parasite viability by electrorotation. Colloids Surfaces A Physicochem. Eng. Asp. 2001, 195, 263–268. [Google Scholar] [CrossRef]

	



Goater, A.D.; Burt, J.P. H.; Pethig, R. A combined travelling wave dielectrophoresis and electrorotation device: Applied to the concentration and viability determination of cryptosporidium. J. Phys. D Appl. Phys. 1997, 30, L65–L69. [Google Scholar] [CrossRef]

	



De Gasperis, G.; Wang, X.; Yang, J.; Becker, F.F.; Gascoyne, P.R.C. Automated electrorotation: dielectric characterization of living cells by real-time motion estimation. Meas. Sci. Technol. 1998, 9, 518–529. [Google Scholar] [CrossRef]

	



Cristofanilli, M.; de Gasperis, G.; Zhang, L.; Hung, M.C. Automated electrorotation to reveal dielectric variations related to HER-2/neu overexpression in MCF-7 sublines. Clin. Cancer Res. 2002, 8, 615–619. [Google Scholar] [PubMed]

	



Hughes, M.P. Computer-aided analysis of conditions for optimizing practical electrorotation. Phys. Med. Biol. 1998, 43, 3639–3648. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.B.; Huang, Y.; Gascoyne, P.R.; Becker, F.F.; Hölzel, R.; Pethig, R. Changes in friend murine erythroleukaemia cell membranes during induced differentiation determined by electrorotation. Biochim. Biophys. Acta 1994, 1193, 330–344. [Google Scholar] [CrossRef]

	



Becker, F.F.; Wang, X.B.; Huang, Y.; Pethig, R.; Vykoukal, J.; Gascoyne, P.R. Separation of human breast cancer cells from blood by differential dielectric affinity. Proc. Natl. Acad. Sci. USA 1995, 92, 860–864. [Google Scholar] [CrossRef] [PubMed]

	



Hölzel, R. Electrorotation of single yeast cells at frequencies between 100 Hz and 1.6 GHz. Biophys. J. 1997, 73, 1103–1109. [Google Scholar] [CrossRef]

	



Davey, H.M.; Kell, D.B. Flow cytometry and cell sorting of heterogeneous microbial populations: The Importance of single-cell analyses. Microbiol. Rev. 1996, 60, 641–696. [Google Scholar] [PubMed]

	



Shapiro, H.M. The evolution of cytometers. Cytom. Part A 2004, 58, 13–20. [Google Scholar] [CrossRef] [PubMed]

	



Givan, A.L. Flow Cytometry: First Principles; John Wiley & Sons, Inc.: New York, NY, USA, 2001. [Google Scholar]

	



WH, C. High speed automatic blood cell counter and cell analyzer. Proc. Natl. Electron. Conf. 1956, 12, 1034–1040. [Google Scholar]

	



Sun, T.; Morgan, H. Single-cell microfluidic impedance cytometry: A review. Microfluid. Nanofluid. 2010, 8, 423–443. [Google Scholar] [CrossRef]

	



Saleh, O.A.; Sohn, L.L. Quantitative sensing of nanoscale colloids using a microchip coulter counter. Rev. Sci. Instrum. 2001, 72, 4449. [Google Scholar] [CrossRef]

	



Sohn, L.L.; Saleh, O.A.; Facer, G.R.; Beavis, A.J.; Allan, R.S.; Notterman, D.A. Capacitance cytometry: Measuring biological cells one by one. Proc. Natl. Acad. Sci. USA 2000, 97, 10687–10690. [Google Scholar] [CrossRef] [PubMed]

	



Gawad, S.; Schild, L.; Renaud, P.H. Micromachined impedance spectroscopy flow cytometer for cell analysis and particle sizing. Lab Chip 2001, 1, 76–82. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, K.; Gawad, S.; Renaud, P. Impedance spectroscopy flow cytometry: On-chip label-free cell differentiation. Cytom. Part A 2005, 65, 124–132. [Google Scholar] [CrossRef] [PubMed]

	



Sun, T.; Green, N.G.; Gawad, S.; Morgan, H. Analytical electric field and sensitivity analysis for two microfluidic impedance cytometer designs. IET Nanobiotechnol. 2007, 1, 69–79. [Google Scholar] [CrossRef] [PubMed]

	



Schade-Kampmann, G.; Huwiler, A.; Hebeisen, M.; Hessler, T.; di Berardino, M. On-chip non-invasive and label-free cell discrimination by impedance spectroscopy. Cell Prolif. 2008, 41, 830–840. [Google Scholar] [CrossRef] [PubMed]

	



Küttel, C.; Nascimento, E.; Demierre, N.; Silva, T.; Braschler, T.; Renaud, P.; Oliva, A.G. Label-free detection of babesia bovis infected red blood cells using impedance spectroscopy on a microfabricated flow cytometer. Acta Trop. 2007, 102, 63–68. [Google Scholar] [CrossRef] [PubMed]

	



Haandbæk, N.; Bürgel, S.C.; Heer, F.; Hierlemann, A. Characterization of subcellular morphology of single yeast cells using high frequency microfluidic impedance cytometer. Lab Chip 2014, 14, 369–377. [Google Scholar] [CrossRef] [PubMed]

	



Holmes, D.; Pettigrew, D.; Reccius, C.H.; Gwyer, J.D.; van Berkel, C.; Holloway, J.; Davies, D.E.; Morgan, H. Leukocyte analysis and differentiation using high speed microfluidic single cell impedance cytometry. Lab Chip 2009, 9, 2881–2889. [Google Scholar] [CrossRef] [PubMed]

	



Haandbæk, N.; With, O.; Bürgel, S.C.; Heer, F.; Hierlemann, A. Resonance-enhanced microfluidic impedance cytometer for detection of single bacteria. Lab Chip 2014, 14, 3313–3324. [Google Scholar] [CrossRef] [PubMed]

	



Van Berkel, C.; Gwyer, J.D.; Deane, S.; Green, N.G.; Green, N.; Holloway, J.; Hollis, V.; Morgan, H. Integrated systems for rapid point of care (PoC) blood cell analysis. Lab Chip 2011, 11, 1249–1255. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.; van Berkel, C.; Gwyer, J.; Capretto, L.; Morgan, H. Microfluidic lysis of human blood for leukocyte analysis using single cell impedance cytometry. Anal. Chem. 2012, 84, 1070–1075. [Google Scholar] [CrossRef] [PubMed]

	



Evander, M.; Ricco, A.J.; Morser, J.; Kovacs, G.T.A; Leung, L.L.K.; Giovangrandi, L. Microfluidic impedance cytometer for platelet analysis. Lab Chip 2013, 13, 722–729. [Google Scholar] [CrossRef] [PubMed]

	



Myers, F.B.; Zarins, C.K.; Abilez, O.J.; Lee, L.P. Label-free electrophysiological cytometry for stem cell-derived cardiomyocyte clusters. Lab Chip 2013, 13, 220–228. [Google Scholar] [CrossRef] [PubMed]

	



Emaminejad, S.; Javanmard, M.; Dutton, R.W.; Davis, R.W. Microfluidic diagnostic tool for the developing world: Contactless impedance flow cytometry. Lab Chip 2012, 12, 4499–4507. [Google Scholar] [CrossRef] [PubMed]

	



Sun, T.S.T.; Tsuda, S.; Zauner, K.-P.; Morgan, H. Single cell imaging using electrical impedance tomography. In Proceedings of the 4th IEEE International Conference on Nano/Micro Engineered and Molecular Systems, Shenzhen, China, 5–8 January 2009; pp. 858–863.

	



Chai, K.T.C.; Davies, J.H.; Cumming, D.R.S. Electrical impedance tomography for sensing with integrated microelectrodes on a CMOS microchip. Sens. Actuators B Chem. 2007, 127, 97–101. [Google Scholar] [CrossRef]

	



Benazzi, G.; Holmes, D.; Sun, T.; Mowlem, M.C.; Morgan, H. Discrimination and analysis of phytoplankton using a microfluidic cytometer. IET Nanobiotechnol. 2007, 1, 94–101. [Google Scholar] [CrossRef] [PubMed]

	



Katsumoto, Y.; Hayashi, Y.; Oshige, I.; Omori, S.; Kishii, N.; Yasuda, A.; Asami, K. Dielectric cytometry with three-dimensional cellular modeling. Biophys. J. 2008, 95, 3043–3047. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, K.C.; di Berardino, M.; Schade-Kampmann, G.; Hebeisen, M.; Pierzchalski, A.; Bocsi, J.; Mittag, A.; Tárnok, A. Microfluidic impedance-based flow cytometry. Cytometry. A 2010, 77, 648–666. [Google Scholar] [CrossRef] [PubMed]

	



Bernabini, C.; Holmes, D.; Morgan, H. Micro-impedance cytometry for detection and analysis of micron-sized particles and bacteria. Lab Chip 2011, 11, 407–412. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Zheng, Y.; Tan, Q.; Zhang, Y.L.; Li, J.; Geddie, W.R.; Jewett, M.A.S.; Sun, Y. A microfluidic device for simultaneous electrical and mechanical measurements on single cells. Biomicrofluidics 2011, 5, 14113. [Google Scholar] [CrossRef] [PubMed]

	



Mernier, G.; Duqi, E.; Renaud, P. Characterization of a novel impedance cytometer design and its integration with lateral focusing by dielectrophoresis. Lab Chip 2012, 12, 4344–4349. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Shojaei-Baghini, E.; Wang, C.; Sun, Y. Microfluidic characterization of specific membrane capacitance and cytoplasm conductivity of single cells. Biosens. Bioelectron. 2013, 42, 496–502. [Google Scholar] [CrossRef] [PubMed]

	



Han, A.; Frazier, A.B. Ion channel characterization using single cell impedance spectroscopy. Lab Chip. 2006, 6, 1412–1414. [Google Scholar] [CrossRef] [PubMed]

	



Cho, S.; Thielecke, H. Micro Hole-based cell chip with impedance spectroscopy. Biosens. Bioelectron. 2007, 22, 1764–1768. [Google Scholar] [CrossRef] [PubMed]

	



Kurz, C.M.; Büth, H.; Sossalla, A.; Vermeersch, V.; Toncheva, V.; Dubruel, P.; Schacht, E.; Thielecke, H. Chip-based impedance measurement on single cells for monitoring sub-toxic effects on cell membranes. Biosens. Bioelectron. 2011, 26, 3405–3412. [Google Scholar] [CrossRef] [PubMed]

	



Mondal, D.; Roychaudhuri, C.; Das, L.; Chatterjee, J. Microtrap electrode devices for single cell trapping and impedance measurement. Biomed. Microdevices 2012, 14, 955–964. [Google Scholar] [CrossRef] [PubMed]

	



Malleo, D.; Nevill, J.T.; Lee, L.P.; Morgan, H. Continuous differential impedance spectroscopy of single cells. Microfluid. Nanofluid. 2010, 9, 191–198. [Google Scholar] [CrossRef] [PubMed]

	



Ameri, S.K.; Singh, P.K.; Dokmeci, M.R.; Khademhosseini, A.; Xu, Q.; Sonkusale, S.R. All electronic approach for high-throughput cell trapping and lysis with electrical impedance monitoring. Biosens. Bioelectron. 2014, 54, 462–467. [Google Scholar] [CrossRef] [PubMed]

	



Sano, M.B.; Caldwell, J.L.; Davalos, R.V. Modeling and development of a low frequency contactless dielectrophoresis (cDEP) platform to sort cancer cells from dilute whole blood samples. Biosens. Bioelectron. 2011, 30, 13–20. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, S.-L.; Chiang, Y.; Wang, M.-H.; Chen, M.-K.; Jang, L.-S. Battery-powered portable instrument system for single-cell trapping, impedance measurements, and modeling analyses. Electrophoresis 2014, 16, 2392–2400. [Google Scholar] [CrossRef] [PubMed]

	



Sin, M.L.Y.; Mach, K.E.; Wong, P.K.; Liao, J.C. Advances and challenges in biosensor-based diagnosis of infectious diseases. Expert Rev. Mol. Diagn. 2014, 14, 225–244. [Google Scholar] [CrossRef] [PubMed]

	



Han, K.-H.; Han, A.; Frazier, A.B. Microsystems for isolation and electrophysiological analysis of breast cancer cells from blood. Biosens. Bioelectron. 2006, 21, 1907–1914. [Google Scholar] [CrossRef] [PubMed]

	



Lan, K.C.; Jang, L.S. Integration of single-cell trapping and impedance measurement utilizing microwell electrodes. Biosens. Bioelectron. 2011, 26, 2025–2031. [Google Scholar] [CrossRef] [PubMed]

	



Shah, P.; Zhu, X.; Chen, C.; Hu, Y.; Li, C.-Z. Lab-on-chip device for single cell trapping and analysis. Biomed. Microdevices 2014, 16, 35–41. [Google Scholar] [CrossRef] [PubMed]

	



Klepárník, K.; Foret, F. Recent advances in the development of single cell analysis—A Review. Anal. Chim. Acta 2013, 800, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, I.; Ahmad, M. Trends in characterizing single cell’s stiffness properties. Micro Nano Syst. Lett. 2014, 2. [Google Scholar] [CrossRef]

	



Lewpiriyawong, N.; Kandaswamy, K.; Yang, C.; Ivanov, V.; Stocker, R. Microfluidic characterization and continuous separation of cells and particles using conducting poly(dimethyl siloxane) electrode induced alternating current-dielectrophoresis. Anal. Chem. 2011, 83, 9579–9585. [Google Scholar] [CrossRef] [PubMed]

	



Goater, A.D.; Pethig, R. Electrorotation and dielectrophoresis. Parasitology 1998, 117, S177–S189. [Google Scholar] [CrossRef] [PubMed]

	



Čemažar, J.; Damijan Miklavčič, T.K. Microfluidic devices for manipulation, modification and characterization of biological cells in electric Fields—A Review. J. Microelectron. Electron. Compon. Mater. 2013, 43, 143–161. [Google Scholar]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-16-12686


  
    		
      ijms-16-12686
    


  




  





media/file11.png
Trapped

Analysis

Impedance analyzer Bl coutiecior
(¢)





media/file1.png
Ground Electrode

Bath

Solution

Amplifier
= Extracellular
Glass Pipette (100 % hllll'lld.lt}’)

(a) (b)

data computer
Acquisition modealling
processing
- =
topography capacitance finite elements

gradient AC'(z)

humidity sensor

(¢)






media/file2.png
Rotating
I field
* [ | generator
e e E -
X_/
P Planar gold
4 ‘] electrode
L
(a)

~90°
Asin(w ,t +180°)+Bsin(w ,t +90°)

K R 0
Asin(a 4t +0°)+Bsin(a ,t +0°) 2
~180°
Asin(a 4t +0°)+Bsin(a ,t +180°)

~270°
Asin(w £ +180°)+Bsin(w ,t +270°)

(b)





media/file7.png
[

Flow Profile

=; —_— .

I |

Cellsignal /\ A
Zac-Zgc \/me






media/file9.png
| |
Flow Profile

. AC current lines

N N\

@M Electrodesf @

Cell | i
Signal
Zpae-Z -
Sl Y 1\/2 t/ms

®

= ]
Cal
Flow aline
Profile golul
Cellsignal

Zpac-Zgc \/me





media/file10.png
Function (r\_,}
generator

Front-end PCB

Fluorescence light source
UHFLI lock-in amplifier

Data acquisition

Host PC

Microfluidic device I

Q)

Syringe

pump

focusing electrodes

Flow profile

Inductor

PA

Control

/

el
~
2

%)
<

|_|>

FIFO

Recording

'

Dielectrophoretic / Measurement /

/
electrodes .
Obijective

Auxiliary ADC

(d)

Analysis






media/file5.png





media/file12.png
Trapped
Cells

Analysis \
Cayity / \ Electrodes

Fluid
Interconnects

Single
HelLa cell

Glass substrate =5
Au electrode

(a) (b)

0.5 K,

(1lass substrate

Impedance analyzer

(¢)

22X connector






media/file3.png
Rotating
field

v generatar

> o ° <

Fl

Planar gold
.1- _________ [
4 electrode

—~90°
Asin(a ,f +180°)+Bsin(a .t +90%)

s
Asin(a ,f +0°)+Bsin(a f +0°)

o4

e
%

/.\"‘ 1304
Asin(w ,t +0°)+Bsin(w .t +180°%)

ﬂ s 2?09

Asin(w ,f +180°)+Bsin(w ,t +270°)

(b)






media/file0.png
Ground Electrode Glass Pipette
Bath

Solution

(a)

photodiode

(o), F..(2) o h
‘*\, capacitance
Y N topography gradient AC'(2) finite elements

humidity sensor

(¢)





media/file8.png
gFluorescenoe light source
UHI

}4

Data acquisition

FLI lock-in amplifier

Front-end PCB

Microfluidic device

_@ndumor

e
AR EBEN]
Cell

L
4444444
A B

A
c2v

Flow profile

Dielectrophoretic / Measurement /

focusing electrodes

electrodes

Objective’

Auxiliary ADC

(d)





media/file6.png
T A—






