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Abstract 

In this research, we have designed, fabricated and characterized electrical double layer 

(EDL) gated AlGaN/GaN High electron mobility transistor (HEMT) biosensor array to 

study the transmembrane potential changes of cells. The sensor array platform is designed 

to detect and count circulating tumor cells (CTCs) of colorectal cancer (CRC) and 

investigate cellular bioelectric signals. Using EDL FET biosensor platform, cellular 

responses can be studied in physiological salt concentrations, thereby eliminating 

complex automation. Upon investigation, we discovered that our sensor response follows 

the transmembrane potential changes of the captured cell. Our whole cell sensor platform 
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can be used to monitor the dynamic change in membrane potential of cells. The effect of 

continuously changing electrolyte ion concentrations and ion channel blocking using 

cadmium are investigated. This methodology has the potential to be used as an 

electrophysiological probe for studying ion channel gating and interaction of 

biomolecules in cells. The sensor can also be a point-of-care diagnostic tool for rapid 

screening of diseases.  

Keywords: EDL FET biosensor; transmembrane potential; ion channel; circulating tumor 

cells 

Introduction 

Biosensing technologies developed for live cell sensing, cellular diagnostics, cell 

counting, and analysis have provided means to identify and classify cell based biomarkers 

for diseases and study the fundamental biology of cell. Currently optical based sensing 

methodologies are used for cell based diagnostics and investigation of cell signaling and 

communication (1-3). Cancer cells released into blood known as circulating tumor cells 

(CTCs) are detected and analyzed using immunofluorescence, which is the only FDA 

approved CTC detection technique used in clinical applications (4). But the technology 

suffers from poor sensitivity, complexity and lack of receptor specificity. Flow cytometry 

is one of the oldest optical technologies developed and is used widely in downstream 

applications for live cell imaging and several other cellular manipulations (5). Surface 

Plasmon Resonance (SPR) and Resonant Waveguide Grating (RWG) are other optical 

based techniques used in laboratory to perform whole cell sensing and in cell biology 

related studies (6, 7). However, the above-mentioned techniques are all primarily bench-
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top instruments that are bulky and extremely costly, and require trained laboratory staffs 

to perform the experiments.  

Currently vital bioelectric signals of cells like transmembrane potential or simple 

membrane potential (Vm) is monitored using electrophysiological techniques like patch 

clamp and molecular potentiometric probes (8-10). The patch clamp technique is invasive 

and often suffers from unstable cell-device interface. Potentiometric probes are non-

invasive, but suffer from problems commonly associated with fluorescent probes such as 

photo-bleaching and cross reaction with other biomolecules leading to variations. With 

the advancements in nanotechnology, newer platforms to study cellular biology have been 

developed (11). However, a whole cell sensing platform that can non-invasively detect 

cellular functions such as ion channel gating, in a single cell, is yet to be realized.  

Compact and simplistic diagnostic platforms can be developed with the help of 

miniaturization, such as in microfluidics-based cellular diagnostics (12). In this genre, 

semiconductor based electronic sensors are particularly interesting, as they are highly 

sensitive, simple and compact, have very low time and sample volume requirements and 

are extremely cost effective. Field effect transistor (FET) based biosensors have been 

reported to possess high sensitivity, less turnaround times, easy signal read out 

capabilities and offers label free cell detection (13, 14). However, the pronounced charge 

screening effect in high ionic strength solutions such as physiological solutions, and drift 
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in electrical characteristics due to harsh test environments are some of the disadvantages 

of FET based biosensors that have hindered their clinical applications (15). 

Previously, we developed a whole new sensing methodology using AlGaN/GaN high 

electron mobility transistor (HEMT) based biosensors, where electrical double layer 

(EDL) formed in the test solution is used to modulate the channel conductivity (16). 

Biological detection was also achieved in high ionic strength media in electrolyte gated 

organic FETs (17, 18). In the current research, we have employed the sensing platform of 

EDL FET biosensor to detect and enumerate CTCs in physiological salt environment 

without the need for any sample pre-treatments, and to study and investigate the 

bioelectric signals of cells. The sensor offers very high sensitivity due to the unique ion 

gating mechanism, with single cell resolution. A simple and robust biosensor array is 

fabricated to increase the throughput of enumeration of rare cell types such as CTCs of 

colorectal cancer (CRC) and to provide multiple recognition sites on a single sensor chip. 

This technology can be used along with microfluidic CTC enrichment platform to 

perform quick and easy liquid biopsy tests. In this study, we have also systematically 

investigated the cellular response in different external media and confirmed that our EDL 

FET biosensor can be used to monitor the changes in transmembrane potential of the cell. 

Based on this discovery, we have investigated the dynamic sensor response to 

continuously changing extracellular ion concentrations and ion channel blocking effect as 
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well. This sensor methodology can be used in commercial diagnostics such as point of 

care diagnostics and in various biomedical applications related to fundamental cell 

biology. 

Materials and Methods 

AlGaN/GaN HEMT fabrication 

The GaN epi was grown on a 1mm silicon substrate with 3 µm GaN buffer layer, 260 Å 

AlGaN and 10 Å GaN cap layer using Metal-organic Chemical Vapor Deposition 

(MOCVD) system. Inductively Coupled Plasma (ICP) etch was performed by using 

BCl3/Cl2 gas mixture to form the transistor active area. Electron beam (E-Beam) 

evaporation method was used to deposit ohmic contacts consisting of Ti/Al/Ni/Au 

(200/800/400/1000 Å), which was followed by rapid thermal annealing (RTA) at 850 °C 

in N2 environment. Finally, E-Beam is used to deposit metal interconnects consisting of 

Ti/Au (200/2000 Å).  

Biosensor array fabrication 

In our previous works (19), we have shown a two-step GaN HEMT biosensor packaging 

technology. Briefly, HEMT devices are embedded in epoxy resin and thermally cured in 

steps of 125 and 165 °C, for 1 and 1.5 hours, respectively. Probing pads are deposited 

using e-beam evaporator and the entire array is passivated using photoresist. The sensing 
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regions are opened using photolithography so that sample solution can come in contact. 

The schematic of AlGaN/GaN HEMT is shown in Figure 1 (a). The gate electrode and 

transistor channels are opened using photolithography with an area of 10x60 µm2 

separated by a gap distance of 65 µm2. This is defined as the sensing region of the sensor. 

The packaged biosensor array chip image is shown in Figure 1 (b). The density and 

periodicity of sensor array can be optimized according to the requirements of the 

biosensing applications.  

 

Figure 1. Structure and design of EDL FET sensor and biosensor array. (a) Schematic diagram of AlGaN/GaN HEMT with 

and without passivation. (b) Top view image of AlGaN/GaN HEMT biosensor array. 

Cell line and reagents used 

The cell model used in this study is HCT-8 CRC cell line. Cells were cultured in RPMI-

1640 medium (Invitrogen Co., USA). While performing electrical measurements, cells 

were suspended in culture medium, 1X-phosphate buffered saline (PBS) or balanced salt 

solutions such as Hanks Balanced Salt Solution (HBSS) with and without calcium and 
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magnesium. The composition of each test medium is denoted in Table 1. After cells were 

captured and tested, sensors can be regenerated by washing the bound cells away with 

Tris-EDTA buffer or near neutral pH protein elution buffer. 

 

Table 1. Composition of test media (culture medium, PBS and HBSS) in which CTCs are 

suspended. Concentrations expressed in mM. 

Contents 
RPMI 1640 
(Cell culture 

medium) 

HBSS with 
Ca2+ & 

Mg2+ ions 

HBSS 
without 
Ca2+ & 

Mg2+ ions 

1X PBS 

Calcium Chloride (CaCl2) 
(anhyd.) 

1.05 1.25 - - 

Magnesium Sulfate (MgSO4) 
(anhyd.) 

0.41 0.81 - - 

Magnesium Chloride 
(anhydrous) 

0.30 - - - 

Sodium Bicarbonate 
(NaHCO3) 

29.02 4.16 4.16 - 

Sodium Chloride (NaCl) 120.61 136.89 136.89 137 

Potassium Chloride (KCl) 4.16 5.36 5.36 2.7 

Sodium Phosphate 
monobasic (NaH2PO4-H2O) 

0.45 - - - 

Sodium Phosphate dibasic 
(Na2HPO4) anhydrous 

0.5 0.34 0.34 8.0 

Potassium Phosphate 
(KH2PO4) anhydrous 

- 0.44 0.44 1.53 

Glucose 17.5 5.55 5.55 - 
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CTC specific aptamer immobilization 

An aptamer specific to HCT-8 cells was screened by Lien et.al (20). The sequence is 5’- 

TACAGCACCACAGACCATGGTTGTGTTTTTTTTTGTGTGGCTTCGTATGTTGTT

GCGTGTTTGTCTTCCTGCC - 3’. The aptamer was reported to exhibit high specificity 

and high affinity towards HCT-8 cells. The aptamer was thiolated at one end to bind to 

the gold gate electrode. TCEP (tris(2-carboxyethyl)phosphine) was used to reduce the 

disulfide bonds and created free thiols to link the aptamer to the gold surface, during an 

incubation period of 24 hours at room temperature. After the incubation period, the 

unbound aptamer was washed away from the device surface using 1X PBS.  

Sensor measurements 

The source drain characteristics are measured and recorded by Agilent B1530/B1500A 

semiconductor parameter analyzer. The transistor is operated under constant source drain 

bias of 2.5 V and pulsed gate voltage of 2 V is applied as the gate bias to the gold gate 

electrode. Initially drain bias is turned on and gate bias is held at 0 V for 2 µs and then 

held at 2 V for 50 µs, after which gate and drain biases are turned off. The change in 

transistor drain current before and after applying the gate bias, is defined as current gain 

of the sensor. Measurement parameters are shown in detail in supplementary information. 
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Results and Discussion 

The sensing platform utilizing electrical double layer (EDL) gated FET biosensor is able 

to detect and count the number of CTCs present in the test solution with up to single cell 

resolution, and also be used to dynamically monitor the changes in the transmembrane 

potential of the captured cell. The sensing structure and working principle of EDL FET 

have been studied in our previous work (16). The sensing region of the HEMT biosensor 

is defined as the gate electrode open area (10x60 µm2) and the transistor channel open 

area (10x60 µm2), separated by a fixed and controlled distance of 65 µm. When high 

ionic strength solutions such as physiological fluids are dropped on the sensing region, 

electrical double layer is formed on the gate electrode and transistor channel interfaces. 

Further application of pulsed gate bias creates a potential drop across the test solution and 

the transistor dielectric, which modulates the channel conductivity and hence the 

transistor drain current. Therefore, the applied gate voltage is the sum total of potential 

drop across the solution and the transistor dielectric, as described in Equation 1, 

�� = ∆�� + ∆��       Equation 1 

The EDL created at the gate electrode and transistor dielectric interfaces sets up a solution 

capacitance Cs which modulates the dielectric capacitance Cd. If the solution and 
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dielectric capacitances are connected in series, from equation 1, the potential drop across 

transistor dielectric Vd can be described by Equation 2, 

∆�� =

�

	
��
�

	
��



�

	
��

× �� =
��

��
��
× ��              Equation 2 

Thus any change in solution capacitance influences the potential drop across transistor 

dielectric, which modulates the channel conductivity. In the case of GaN HEMT, the 

highly dense electron gas trapped in the interface of AlGaN and GaN layers forms the 

channel. When Vd changes as a result of changes in Cs, it readily influences the 2 

dimensional electron gas channel of HEMT as it is highly sensitive, thereby changing the 

transistor drain current Id. A detailed schematic showing the potential drops and 

capacitances across the sensor structure is provided in the supplementary information. 

When the EDL FET is used as a biosensor, the test solution is normally a biological 

solution with physiological salt concentration, containing biological analytes. In this 

study, the test solutions used are cell culture media, standard reaction buffers like 1X PBS 

or balanced buffers like HBSS. In these test solutions, the salt concentration is very high 

and roughly the same as physiological ionic strength. According to equation 2, when 

ionic strength increases, solution capacitance increases, which would lead to an increase 

in potential drop across dielectric and hence an increase in transistor drain current. This 

means that our sensor is gated by the means of effective capacitance of the test solution. 
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This solution capacitance is modulated not only by the ionic strength, but also by surface 

functionalization of the gate electrode and the subsequent capture of biological analytes at 

the gate electrode. In other words, when aptamer is immobilized on the gate electrode 

open area, it changes the local charge distribution within the EDL, which directly 

influences the solution capacitance Cs. Similarly, when cells are captured by the 

immobilized aptamer, the solution capacitance changes, corresponding which the 

transistor drain current changes. Hence the transistor drain current can follow the capture 

of cells on the gate electrode area and the magnitude of change in drain current is 

proportional to the number of cells captured. Throughout this study, we have used current 

gain as the sensor signal instead of absolute drain current. Current gain is defined as the 

difference of transistor drain current before and after applying gate voltage Vg. Current 

gain or simply gain is more stable sensor index as absolute drain current of the transistor 

may be prone to variations. 
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Figure 2. Detection and enumeration of CTCs in culture medium and 1X PBS. (a) through (c) drain current 

characteristics of EDL FET biosensor when 1 cell, 2 cells and 3 cells are captured on the device (in inset), respectively, in 

cell culture medium. (d), (e) drain current characteristics of EDL FET biosensor when 1 cell, 2 cells are captured on the 

device (in inset), respectively, in 1X PBS.  

Figure 2 depicts the capture, detection and enumeration of CTCs in culture medium and 

1X PBS. The baseline of the sensor is measured after the immobilization of the aptamer, 

in the same test solution in which CTCs are suspended. Figure 2 (a) through (c) shows the 

electrical characteristics of detection of CTC in culture medium. After measuring aptamer 

baseline, CTCs suspended in culture medium is introduced into the flow channel and 

allowed to incubate on the sensor surface for 10 mins. Gentle perturbation using pipetting 

is provided so that the frequency of collision between the cells and their aptamer 

increases. After incubation, the unbound cells are gently washed away and optical 

microscope is used to monitor the capture of CTCs on the sensor surface and the 
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corresponding electrical readings of the EDL FET sensor are recorded. Figure 2 (a) 

through (c) shows the change in current gain for 1 cell, 2 cells and 3 cells captured on the 

sensor, in culture medium. The change in sensor signal, that is the current gain, is 

proportional to the number of cells captured on the sensor. Similarly, when cells are 

suspended in 1X PBS, the change in sensor signal follows the number of cells captured on 

the sensor, as seen in Figure 2 (d) and (e). Although the change in current gain, which is 

regarded as the sensor signal is indicative of the number of cells captured, both in culture 

medium and 1X PBS, the direction of change, that is change in current gain with respect 

to the aptamer baseline, is different in different test media, That is, in culture medium 

(Figures 2 (a) through (c)) the current gain increases from the aptamer baseline and in 1X 

PBS (Figure 2 (d) and (e)) the current gain decreases with respect to the aptamer baseline. 

This phenomenon of relative change in current gain was found to be interesting and 

indicated that the EDL FET sensor platform can not only be used for detection and 

enumeration of rare cell types such as CTCs, but also be used in the study of cellular 

response as a function of external stimuli. 
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Figure 3. Sensor characteristics in different test solution in the presence and absence of divalent cations. Drain current 

characteristics of EDL FET biosensor (a) through (c) in HBSS with Ca
2+

 and Mg
2+

. (d) through (f) in HBSS without Ca
2+

 

and Mg
2+

. (g) through (i) in HBSS with only Ca
2+

. (j) and (k) in HBSS with only Mg
2+

. 
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A quick comparison of the contents of culture medium and 1X PBS, indicated the 

presence and absence of divalent cations such as Ca2+ and Mg2+, respectively. Since 1X 

PBS is not a balanced buffer, osmotic pressure needs to be balanced in order to prevent 

the cells from dying of osmotic shock. Hence we performed experiments in HBSS and 

intentionally provided external stimuli to CTCs, in the form of the presence and absence 

of Ca2+ and Mg2+ ions. When extracellular Ca2+ and Mg2+ ions, denoted as [Ca2+]o and 

[Mg2+]o where present in HBSS, the sensor response was similar to that in culture 

medium, i.e., the current gain increased with respect to aptamer baseline. This is depicted 

in Figure 3 (a) through (c). On the other hand, when [Ca2+]o and [Mg2+]o was absent from 

HBSS, the capture of CTCs caused a decrease in current gain with respect to the aptamer 

baseline, as seen in Figures 3 (d) through (f). This behavior of sensor is similar to that 

recorded in 1X PBS test environment. From the results in Figures 3 (a) through (f), it can 

be concluded that divalent cations do provide stimuli to CTCs leading to a cellular 

response that results in change in sensor signal. To find out the effect contributed by each 

of the divalent cation, tests were performed with CTCs suspended in only [Ca2+]o 

containing HBSS solution and only [Mg2+]o containing HBSS solution. Consequently, in 

both cases, depicted in Figures 3 (g) through (k), the current gain decreases with respect 

to the aptamer baseline, indicating a response similar to that in 1X PBS. This sensor 

behavior prompted us to investigate previous literature that suggests what type of 
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response is exhibited by cells when they are subjected to external stimuli such as 

modulating the concentration of divalent cations. Cancer cells have been known to 

possess increased permeability to divalent cations and leaky channels by which their 

transmembrane potential is easily modulated (21). Previous studies have demonstrated 

that the absence of divalent cations such as Ca2+ and Mg2+, alter the transmembrane 

potential from their resting potential, towards more depolarized potential (21-25). 

Similarly, when either of the divalent cations are absent, i.e., [Ca2+]o or [Mg2+]o, the 

transmembrane potential attains more depolarized potential values. This is due to the 

imbalance in the electrochemical and ionic gradient caused by the extracellular and 

intracellular distribution of ions, which results in a shift in transmembrane potential (21). 

When the transmembrane potential of the cell changes, the impedance is altered, like an 

RC element, which influences the local charge distribution in the vicinity of EDL (like a 

biorecognition event), resulting in a change in Cs and hence the current gain.  
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Figure 4. Sensor response during KCl induced step depolarizations. (a) and (b) schematically represent the cell 

responses with Ca
2+

 and Mg
2+

 buffer and higher concentration (30mM) of KCl, respectively. (c) Current gain vs. external 

KCl concentration of the sensor, with and without cell. (d) Sensor response (change in current gain with respect to 

aptamer baseline) to external KCl concentration. 

The sensor response to changes in transmembrane potential of the cell can be confirmed 

by providing known depolarizing stimuli to the cells and recording the sensor signal. 

Figure 4 depicts the sensor characteristics when captured CTCs are subjected to step 

depolarizations by increasing the extracellular KCl concentrations. This method of 

depolarizing the membrane potential by changing KCl concentrations has been used to 

calibrate the existing membrane potential measurement technique which utilizes 

potentiometric fluorescent probes (26, 27). Figures 4 (a) and (b) schematically depict the 
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cellular responses when step depolarizations are introduced. As observed from Figure 4 

(c), when KCl concentration in HBSS is increased from 5 mM to 30 mM, the current gain 

of the sensor increases. This is due to the significant increase in total ion concentration of 

the test solution, which increases the Cs and hence the current gain. Incidentally, when 

CTCs are allowed to be captured by the aptamer, and extracellular KCl concentration is 

increased, the current gain decreases with respect to their corresponding aptamer baseline, 

as shown in Figure 4 (c). This decrease in current gain is synonymous with results in 

Figures 2 (d) and (e), Figures 3 (d) through (k), where the membrane potential attains 

more depolarized values. In the case of increasing extracellular KCl concentrations, 

depolarization is induced in cells because [K+]i concentration increases due to increased 

influx of K+ from outside the cell membrane, which leads to the inside of cell being less 

negative and hence, depolarized. Figure 4 (d) depicts the sensor signal, defined as the 

change in current gain with respect to the aptamer baseline, as a function of extracellular 

KCl concentrations, or step depolarizations. Thus, our EDL FET sensor can be used to 

monitor the bioelectric signals of cells, in their native conditions. This method of 

monitoring transmembrane potential of cells has several advantages over the conventional 

methods. Our method is non-invasive, unlike microelectrode or patch clamp method. The 

currently popular method uses potentiometric molecular probes to measure the membrane 

potential of a group of cells. Fluorescent probes are prone to photo-bleaching issues and 
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cellular uptake of probes. Our EDL FET biosensor platform can provide the means to 

monitor membrane potential changes of a single cell, without the need for extensive 

calibration procedures. Several studies have reported the key role of transmembrane 

potential in indication of disease progression in non-excitable cells (28), cell proliferation 

and differentiation (29) and cell-cell communication (30). A simplistic and sensitive 

platform like EDL FET biosensor for membrane potential monitoring can be useful in 

cancer therapeutics, regenerative medicine and early disease diagnosis.

 

Figure 5. Dynamic sensor response to continuously changing divalent cation concentrations.  (a) through (c) 

schematically represent the cell responses without Ca
2+

 and Mg
2+

, low concentration (10µM) Ca
2+

 and physiological 

concentrations of Ca
2+

 (1.2mM) and Mg
2+

 (0.8mM), respectively. (d) Current gain vs. external Ca
2+

 and Mg
2+
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concentration of the sensor, with and without cell. (e) Sensor response (change in current gain with respect to aptamer 

baseline) to external Ca
2+

 and Mg
2+

 concentration. 

As described in Figure 3, the presence and absence of divalent cations changes the 

membrane potential and sensor signal accordingly. In Figure 4, we have verified that 

EDL FET biosensor does indeed follow the changes in transmembrane potential, by 

causing step depolarizations using well known method of extracellular stimulus. It was 

interesting to investigate the effects of varying concentrations of divalent cations or in 

other words, dynamically monitor the sensor response with continuous change of external 

stimulus. We designed an experiment to steadily increase [Ca2+]o and [Mg2+]o from 

extremely low concentrations ([Ca2+]o=0 mM; [Mg2+]o=0 mM) to the physiological 

concentrations ([Ca2+]o=1.2 mM; [Mg2+]o=0.8 mM) and record the sensor response 

dynamically. Figure 5 describes the sensor response to continuously changing divalent 

cation concentrations. Figures 5 (a) through (c) schematically depict the cellular 

responses to changing divalent cation concentrations. As observed from Figure 5 (d), the 

aptamer baseline does not change significantly when the divalent cations’ concentrations 

are increased. This is because the change in overall ionic concentration of the test solution 

is negligible and hence the current gain of the sensor remains steady. When CTCs 

suspended in HBSS without Ca2+ or Mg2+, are allowed to be captured on the sensor, the 

current gain decreases with respect to aptamer baseline (shown in Figure 5 (d)), as 

previously seen in Figure 2. The [Ca2+]o and [Mg2+]o concentrations are increased in steps 
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and after 5 minutes sensor signal is recorded. As seen in Figure 5 (d), the current gain 

keeps increasing with respect to the signal at zero concentration of Ca2+ and Mg2+. Figure 

5 (e) shows the change in current gain with respect to aptamer baseline, as a function of 

changing concentrations of divalent cations. The current gain decreases in zero 

concentration of divalent cations, indicating depolarized membrane potentials and keeps 

increasing with further addition of divalent cations, which represent repolarization of cell. 

This dynamic sensor response to continuously changing ion concentrations indicates that 

EDL FET biosensor can be used to monitor the effect of ions or biomolecules on the 

transmembrane potential or cell membrane capacitance. Investigating these capacitive 

changes in cell as a response to ion or biomolecular interaction can have profound 

implications in biomedical engineering.  
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Figure 6. Cadmium block of calcium channels. (a) through (c) schematically represent the cell responses with only Ca
2+

 

buffer, low concentration (10µM) Cd
2+

 and higher concentration (100µM) Cd
2+

, respectively. (d) Current gain vs. 

external cadmium concentration of the sensor, with and without cell. (e) Sensor response (change in current gain with 

respect to aptamer baseline) to external cadmium. 

One of the methods to study the effects of ion interaction with cell is to use a well-known 

channel blocker to close ion channels present on the cell membrane, which would result 

in a shift in transmembrane potential of cell. Cadmium ions are well-known calcium 

channel blockers (31). Divalent cations can behave as calcium antagonizer, which is the 

reason why [Mg2+]o can close calcium channels and maintain physiological [Ca2+]i 

concentrations (25). The outer radius of Ca2+ and Cd2+ ions are similar and hence Cd2+ 

ions can also block calcium channels present on the cell membrane (32). Cd2+ is known to 
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be a permeant channel blocker sensitive to the changes in membrane potential (31). This 

means that Cd2+ can not only close the calcium channels but also enter into the 

intracellular space and compete with [Ca2+]i in the cytoplasm (32). Since Cd2+ block of 

calcium channels are known to be more effective in depolarized membrane potentials, we 

first suspended CTCs in HBSS containing only Ca2+ and allowed CTCs to be captured on 

the sensor and sensor signal was recorded. Figures 6 (a) through (c) schematically depict 

the cellular responses to changing external cadmium concentrations. Figure 6 (d) shows 

the decreased current gain with respect to aptamer baseline, when CTCs are suspended in 

Ca2+ only solution. Cd2+ concentrations in the extracellular medium was increased in 

micromolar concentrations, from 5 µM to 100 µM and sensor signal was recorded. Figure 

6 (e) shows the dynamic sensor response as a function of continuously changing 

concentrations of extracellular Cd2+. Current gain increased with respect to zero 

concentrations of Cd2+ until 20 µM Cd2+. This sensor response agrees with the 

physiological phenomenon of channel blocking by Cd2+, as low micromolar 

concentrations of extracellular Cd2+ have been previously known to block calcium 

channels (33). Thus, the membrane potential which was depolarized due to open calcium 

channels (decreasing current gain values in Figure 6), steadily progresses towards more 

negative membrane potentials or in other words achieves repolarization due to the closing 

of calcium channels (increasing current gain values in Figure 6). When the Cd2+ 
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concentration is further increased from 20 µM to 100 µM, the current gain decreases. 

This phenomenon can be attributed to the property of Cd2+ being a permeant channel 

blocker and higher concentrations of Cd2+ have been previously reported to increase 

intracellular concentration of Cd2+ (32, 34). This is also the pathway of Cd2+ induced 

cytotoxicity. The permeant Cd2+ ions increase basal [Ca2+]i which further depolarizes the 

cell, and hence the current gain of the sensor decreases, as shown in Figure 6. Test results 

depicted in Figure 6 demonstrate that EDL FET biosensor can offer a highly sensitive 

platform to study the bioelectric signature of cell, focusing on ion channel investigating 

and cellular response to drugs. The study of ion channels is a constantly evolving field of 

cell biology and our EDL FET sensor may be used to study the functioning of ion 

channels. Since we have demonstrated that we can capture close biomolecular 

interactions, EDL FET biosensor may find applications in drug discovery and 

development as well. 

Conclusion 

We have designed, fabricated and characterized an EDL FET biosensor for the detection 

and enumeration of CTCs and the investigation of bioelectric signals of captured cells. In 

this research, we have used EDL FET biosensor platform to monitor transmembrane 

potential changes of the cell and apply the methodology to study the functioning of ion 

channels. High electric field applied at the gate electrode creates EDL in the test solution 
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which modulates the transistor drain current. Since our FET biosensor is EDL gated, it 

offers very high sensitivity, with single cell resolution, in physiological salt 

concentrations without any sample pre-treatments. The sensor signal changes as the 

number of CTCs captured on the gate electrode area changes. This change in sensor 

response is different in different external test media. The investigation of cellular 

response and hence sensor response in different test environments, elucidated that sensor 

response changes as the transmembrane potential of cell changes. This has been 

confirmed by causing step depolarizations using well known method and recording the 

corresponding sensor response. The electrical response of sensor is dynamically 

monitored by continuously changing divalent cation concentrations and the effect of 

cadmium as a calcium channel blocker is investigated as well. Our cell based EDL FET 

biosensor has bright prospects in cell based diagnostic platforms, the study of 

fundamental cell biology and drug discovery and development.  
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