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A cell is the basic functional unit of living organisms. Bilayer lipid membranes (BLMs), 

which form cell membranes can be assembled by using artificial methods. The 

electrochemical characteristics of BLMs are normally investigated using electrochemical 

impedance spectroscopy (EIS); however, the equivalent circuit need to be modified by the 

experimental conditions. In this study, we formed plain BLMs to determine the underlying 

equivalent circuit model of free-standing BLMs, and we measured the electrical 

characteristics using EIS. To analyze the results of EIS, we proposed equivalent circuit 

models including electrical double layer effects on both sides of a BLM. We also extracted 

and evaluated the electrochemical parameters; the aperture-suspended BLMs using an Si 

chip having tapered edge recorded TΩ-order membrane resistances, which were one order 

higher than those reported in most previous studies. Regarding the capacitances of electrical 

double layers (EDLs), we compared the extracted values and the calculated results. 
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1. Introduction 

A cell is the basic functional unit of living organisms. The cell membrane separates the 

interior from the exterior, and regulates the transport of many substances. A bilayer lipid 

membrane (BLM), which is mainly composed of a cell membrane, can be formed using 

artificial methods for embedding ion-channel proteins. For example, free-standing BLMs 

using the folding method1) or the painting method2) are assembled in the form of aperture-

suspended BLMs. The mechanical stability or the life time of free-standing BLMs, which 

formed these methods depends on a micro- and nano-structures3,4) of a suspending chip and 

the aperture size.5) In other cases, supported lipid membranes6) (SLMs) and tethered bilayer 

lipid membranes7,8) (t-BLMs) are devised. BLMs formed by using these methods have high 

stability;9-10) however, they also have some problems. For instance, close surface proximity 

may denature the protein embedded in BLMs.11) In addition, these BLMs tend to record low 

membrane resistances.12) Both problems disturb the monitoring single channel events. To 

overcome these problems, advanced Si chips were fabricated.3,4,13-15) The Si chip has a 

sufficiently large aperture to fuse the proteins, and has a tapered edge to enhance durability; 

BLMs suspended from the aperture of the Si chip recorded long lifetimes.4) 

To measure the electrochemical characteristics of BLMs, electrochemical impedance 

spectroscopy (EIS) is commonly conducted. This method is commonly used for many 

electrochemical measurements, biosensors,16) and so on. The electrical characteristics of 

BLMs can be extracted and evaluated using equivalent circuit fittings. Membrane resistances 

and capacitances are typically measured by EIS; therefore, it is important to design suitable 

circuit models.17,18) An ordinary biological membrane is simply expressed as a resistor-

capacitor parallel circuit; however, this traditional model is not suitable for artificially 

formed BLMs because the overall impedance is affected by other elements, such as the 

supporting chip or the substrate, the surface charge of the hydrophilic heads of lipid bilayers 

and the condition of the solution. In particular, the electrical double layer (EDL) formed by 

the surface charge of BLM influences the electrical characteristics.5,14) 

In this study, we formed plain free-standing BLMs by using a folding method, and we 

investigated the fundamental electrochemical characteristics of the BLMs by measuring their 

AC characteristics using EIS. In addition, we proposed equivalent circuit models, which 

included electrochemical parameters that reproduced EDL effects on both sides of the BLM. 

A suitable model was selected by plots of fitting error. Moreover, we extracted 

electrochemical parameters from the proposed equivalent circuit model and evaluated the 

circuit parameters of a BLM, an Si chip, and EDLs; we obtained TΩ-order membrane 
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resistances. 

 

2. Experimental methods 

Figure 1 shows the schematic drawing of the overall experimental setup and procedure. 

Figure 1(a) shows a schematic illustration of the Teflon chambers and the measurement 

system. A mixed solution containing 2 M KCl, 5 mM HEPES and KOH was used as a buffer. 

Ag/AgCl electrodes were processed by electrolysis in 0.2 M KCl solution. Figure 1(b) shows 

the schematic illustrations of a detailed design of the Si chip and aperture-suspended BLM. 

Si chips were processed as described in Refs 3 and 4. Figure 1(c) shows a BLM-forming 

procedure (the folding method).1) Buffer solution (1,400 µL) was poured into both sides of 

the wells and the solution level decreased using the attached syringes. Then, 5 mg/mL 1,2-

diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), which is a mixed solution of 10 mg/mL 

DPhPC-chloroform and hexane, was dropped into both sides of the wells. After vaporizing 

chloroform and hexane, a BLM was formed at the aperture of the Si chip by raising the buffer 

solution level. The AC characteristics of BLMs were measured in a Faraday cage on an anti-

vibration table. EIS was conducted with a potentiostat (Bio-Logic, SP-300) in the frequency 

range from 1 MHz to 1 mHz with the signal amplitude of 70 mV. Equivalent circuit fitting 

was operated by using software (ZView®, Scribner Associates Inc.), excluding the initial 

and last two plots. 

 

3. Equivalent circuit model for a free-standing bilayer lipid 

membrane 

3.1 Establishment of equivalent circuit models 

Figure 2(a) shows the equivalent circuit model I proposed in a previous study.17) The parallel 

𝑅  and 𝐶  correspond to the BLM resistance and capacitance, which are in parallel 

with the 𝐶   of the Si chip’s capacitance, and 𝑅   is the overall series resistance. 

Equivalent circuit I is a unique model because it includes the effect of EDL formed on the 

BLM surface; the parallel 𝑅  and 𝑄  correspond to the charge-transfer resistance and 

EDL capacitance. 𝑄   is known as the constant phase element (CPE),5,17-20) which 

reproduces the electrostatic capacity of the EDL on the BLM surface; the CPE is generally 

used for electrochemical analysis. Based on the previous study,17) we proposed equivalent 

circuit models II and III including the effects of EDLs on both sides of a BLM as shown in 

Fig. 2(b). In the equivalent circuit model II and III, the capacitances and the CPEs, 
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respectively, are used as the components for EDL. Moreover, both circuit models II and III 

includes the parallel 𝑅   and 𝐶  , which are the effect of the measuring equipment to 

reproduce the one peak of the phase curve appearing every measurement. 

3.2 Parameters for the equivalent circuit 

The measured results of EIS were extracted by equivalent circuit fitting. We constructed 

equivalent circuit models with typical electrical parameters and electrochemical parameters. 

At first, the overall series resistance is shown as 𝑅 , which includes access resistance.21) The 

access resistance at the aperture of the Si chip is written as  

𝑅
 
.                        (1) 

Here, 𝜅  is the conductivity of the buffer solution, and 𝑑  is the diameter of the Si chip 

aperture. Access resistance exists at both sides of the aperture;22) therefore, the total access 

resistance at the aperture becomes double. In addition, as shown in Fig. 1(b), it is necessary 

to estimate the resistance of the square frustum area (upper base 𝑎 100 µm, lower base 

𝑏 400 µm). As a function of height 𝑙, the area 𝑆 𝑙  at the height 𝑙 is expressed as 

                      𝑆 𝑙
 

𝑙 𝑎 .                       (2) 

Here, 𝐿  is the height of the square frustum (equal to the thickness of Si). Therefore, the 

resistance of the square frustum area is calculated as follows: 

      𝑅 d𝑙 d𝑙 ln .        (3) 

The access resistance at the lower base of the frustum 𝑅  is expressed as 

𝑅
 
.                      (4) 

Generally, the access resistance is determined for a circular aperture;21) we approximated 

𝑅  for a circular aperture 400 µm in diameter. By using Eqs. (1), (3), and (4), we 

can express the overall theoretical resistance of 𝑅  as follows: 

                 𝑅 2𝑅 𝑅 𝑅 .           (5) 

An equally important parameter is the CPE,5,17-20) which reproduces the impedance of EDL 

with the parallel 𝑅   element. The electrochemical impedance of CPE is written as 

follows: 

                           𝑍  
 
.                         (6) 

𝑄  and 𝛼  used in Eq. (6) are important parameters. Here, 𝑍   behaves as a pure 

capacitance in the case of 𝛼 1. On the other hand, 𝑍  behaves as a pure resistance 

when 𝛼 0. The unit of 𝑄 is generally expressed as Fs , where F is Farad (the unit of 
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electrostatic capacity), and s is second (the unit of time). If it is assumed that 𝑍  is a 

parallel component of the resistance 𝑅  and 𝑍 , the real and imaginary parts of 𝑍  

can be expressed as 

          

⎩
⎨

⎧ Re 𝑍  

Im 𝑍
.           (7) 

Equation (7) includes the electrochemical parameters of 𝑄; therefore, it is necessary that the 

parameters of 𝑄  are converted for effective ELD capacitance 𝐶  .20) The effective 

capacitance associated with the CPE is expressed as follows: 

                          𝐶  𝑄 / 𝑅 / .                     (8) 

 

4. Results and discussion 

4.1 Equivalent circuit fitting and evaluation 

Figure 3(a) shows the plots obtained by EIS measurement and the fitting curves of the circuit 

models I, II, and III. At very low frequencies (1 -10 mHz), the impedance spectrum reaches 

TΩ order, and the phase spectrum rises monotonously. This indicates that the BLM behaves 

resistively; and it shows TΩ-order membrane resistance. Moreover, the phase spectrum has 

three peaks; it means that the equivalent circuit model has three or more resistance-

capacitance or resistance-CPE parallel components apart from the 𝑅  -𝐶   parallel 

component. EIS was conducted three times, and each result showed similar behavior (|𝑍| at 

1 Hz: 3.45, 3.54, and 2.04 GΩ; θ at 1 Hz: 83.2°, 82.3°, and 81.0°; |𝑍| at 1 MHz: 

14.5, 17.9, and 18.2 kΩ; θ at 1 MHz: 63.1°, 62.2°, and 60.9°). Figure 3(b) shows 

the fitting errors between the plots obtained by the EIS measurement and the fitting curves. 

As shown in Fig. 3(b), the fitting errors of circuits I and II tended to be higher than that of 

circuit model III in the high-frequency region (1 kHz -1 MHz). In conclusion, the EDL 

components (parallel 𝑅  and 𝑄 ) improve the fitting accuracy; circuit model III is the 

most suitable model among these three circuit models. 

4.2 Discussion of the extracted parameters 

Table I shows the fitting parameters extracted from the equivalent circuit models I, II, 

and III. As shown in Tab. I, the membrane resistance 𝑅  of 2.34 TΩ was obtained, which 

is one order higher than that obtained in many previous researches.5,8-12,17,18,23-28) One reason 

for TΩ-order resistance could be that the micro- and nano-structures of the Si chip enhanced 

the durability of a BLM and prevented ion leakage through the lipid bilayer. Moreover, to 
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measure such a high membrane resistance, we introduced sensitive equipment of SP-300 as 

a chemical potentiostat that could detect very low currents, which enabled the TΩ-order 

resistance observation. There are many studies about the on-chip type BLMs (SLM and t-

BLM); although these types of BLMs have some merits, the aperture-suspended-type BLM 

(free-standing BLM) is superior in terms of insulation. 

On the other hand, the total value of the capacitance of the membrane 𝐶  and the 

capacitance of the Si chip 𝐶  was 59.4 pF. To estimate 𝐶 , we calculated the area of 

the aperture. The diameter of the aperture of the Si chip used in this work was approximately 

51 µm, and the area was approximately 2043 µm2. Using 0.4-0.9 µF/cm2 as the specific 

capacitance of a BLM,4,24) 𝐶  was obtained as 8.24-18.5 pF. By subtracting this value 

from the total capacitance of 59.4 pF, 𝐶  was estimated to be in the range of 40.5-50.8 

pF. 

The series resistance 𝑅  can be estimated from Eq. (5). 𝑅 5.32 kΩ obtained from 

the circuit model III was approximately six times higher than the calculated results of 0.81 

kΩ (2𝑅 0.65 kΩ, 𝑅 0.12 kΩ, 𝑅 0.04 kΩ). Therefore, the 

impedance of the electrodes needed to be considered in eq. (5). As shown in Fig. 3(b), errors 

tend to be large, especially in the very-low-frequency region (1 mHz -10 mHz) and in the 

high-frequency region (1 kHz -1 MHz). For the problem of the equivalent circuit model III, 

it is necessary to consider the impedance of the Ag/AgCl electrodes with the Warburg 

element or other suitable components. Low-frequency measurements are challenging 

because they need long measurement time and extremely small current detection. Moreover, 

BLM affected by time changes; therefore, it is difficult to reduce the errors at low frequencies. 

It is necessary to discuss the parameters of EDLs. There are three typical theories 

describing double layer capacitances: Helmholtz, Gouy-Chapman and Stern’s theory. The 

Helmholtz model assumes a parallel-plate capacitor, whereas the Gouy-Chapman model 

assumes Boltzmann distribution. The Stern model is a synthesis of both models. Based on 

Gouy-Chapman’s theory,29-30) the potential distribution and the EDL capacitance are 

obtained from the Poisson equation solving. The theoretical EDL capacitance is written as 

                  𝐶  cosh .                  (9) 

Here, 𝑛  is bulk concentration of the KCl buffer solution, and 𝜑  is the surface potential; 

𝜑  obtained from Poisson equation is written as 

                   𝜑  sinh .                  (10) 

Here, 𝜎  is the surface charge density, which is determined by the occupied area of the 
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DPhPC head group, which is 77 Å .31) Against Gouy-Chapman theory, we calculated the 

EDL capacitance using Kornyshev’s theory.32) This theory has mean-field character based 

on the Poisson-Boltzmann lattice-gas model and was modified to account for the finite 

volumes occupied by the ions. Kornyshev’s EDL capacitance is written as follows: 

               𝐶 .             (11) 

Here 𝛾 is equal to 2𝑛 /𝑛 , the dimensionless potential of 𝑢  is equal to 𝑒𝜑 /𝑘𝑇, and 

the Debye length of 𝐿   is equal to 𝜀𝜀 𝑘𝑇/2𝜋𝑒 𝑛  . Figure 4(a) shows the theoretical 

curves of EDL capacitances calculated by Gouy-Chapman’s and Kornyshev’s theory. EDL 

capacitance of Gouy-chapman’s theory is clearly higher than the extracted results of 53.6 pF 

and 127 pF. Figure 4(b) shows the details of Kornyshev’s theoretical capacitance curve for 

several ion concentration, which exhibits good agreement with the extracted values in 

condition of the dielectric constant range from 2.09 to 8.36. For most of ionic liquids, the 

value of epsilon varies near 10;33) therefore, calculated EDL capacitances are reliable. 

 

5. Conclusions 

We formed plain free-standing BLMs using a folding method, and we investigated the 

electrochemical characteristics of BLMs. The proposed equivalent circuit models II and III 

based on previous research17) include EDL effects on both sides of a BLM. We found that 

the fitting errors of the circuit model III that adopt CPEs was lower than the circuit model II 

adopting capacitances. We also evaluated the electrochemical parameters extracted from the 

fitting results of the circuit model III, and found that the obtained membrane resistance of 

2.34 TΩ is higher than many previous researches reporting GΩ-order resistance;5,8-12,17,18,23-

28) the tapered edge of the Si chip increased the membrane resistance. Regarding the 

capacitances of EDLs, we compared the extracted values and the calculated results. The 

theoretical curves expected from Gouy-Chapman’s theory29-30) was much higher than the 

extracted values, whereas the calculated results of Kornyshev’s theory32) showed good 

conformity with the obtained parameters by assuming dielectric constants of 2.09 and 8.36. 
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Figure Captions 

Fig. 1. (Color online) Schematic illustration of the overall experimental setup and a method 

for forming a BLM. (a) The Si chip was sandwiched between the Teflon chambers; 2 M KCl 

and 5 mM HEPES mixed buffer solution was poured in both wells. EIS was conducted with 

a chemical potentiostat in a Faraday cage. (b) (left) The aperture-suspended BLM with the 

Si chip, (middle) a cross-sectional view, (right) side view of the frustum area. (c) Free-

standing BLMs were formed by using the folding method.1) 

 

Fig. 2. (Color online) (a) Equivalent circuit model I proposed in previous research.17) (b) 

Equivalent circuit model II including 𝑅 𝐶  parallel circuits for the EDL effects on both 

sides of BLM, and equivalent circuit model III including the 𝑅 𝑄   parallel circuits 

proposed in this study. 

 

Fig. 3. (Color online) (a) The results of EIS measurement (plots) and fitting curves of the 

circuit model I-II (dashed black lines) and III (solid color lines). (b) The relative fitting errors 

were calculated with the measured values as true values. 

 

Fig. 4. Capacitance of electrical double layer calculated by Gouy-Chapman’s theory29-30) 

and Kornyshev’s theory32) as a function of a dielectric constant. (a) The Gouy-Chapman’s 

theoretical curve was calculated by using these values: temperature 𝑇 293 K , bulk 

concentration 𝑛 2 M. (b) Kornyshev’s theoretical curve calculated by using the same 

values of the Gouy-Chapman’s theoretical curve. The additional parameter of 𝑛

4.58 M  is the maximal possible local concentration of ions. It was calculated by using 

solubility, atomic weigh of KCl, and water density at 293 K.34) 
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Fig. 1. (Color online) 

 

Fig. 2. (Color online) 
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Fig. 3. (Color online) 
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Fig. 4.  

 

Circuit 
type 

Electrical double layer II 
 

Other elements 

𝑅 /MΩ 𝑄 /pFs  𝐶 /pF 𝛼  𝑅 /GΩ 𝐶 /pF 𝑅 /kΩ 

Circuit I - - - -  - - 6.95 

Circuit II 16.1 - 106 -  1.63 111 12.3 

Circuit III 18.5 132 127 0.99  1.65 113 5.32 

 

Table I.  Parameters extracted from fitting results of equivalent circuit model I, II and III.  
 

Circuit BLM and chip  Electrical double layer I 

type 𝑅 /TΩ 𝐶 𝐶 /pF  𝑅 /kΩ 𝑄 /pFs 𝐶 /pF 𝛼

Circuit I 2.37 60.3  3160000 225 209 0.82 

Circuit II 2.33 59.5  222 - 29.2 - 

Circuit III 2.34 59.4  456 632 53.6 0.77 

 


