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Abstract
It is well known that, in excitable cells, the dynamics of the ion currents (Ii) is extremely 
important to determine both the magnitude and time course of an action potential (Ap). To 
observe these two processes simultaneously, we cultured NG108-15 cells over a multi-walled 
carbon nanotubes electrode (MWCNTe) surface and arranged a two independent Patch Clamp 
system configuration (Bi-Patch Clamp). The first system was used in the voltage or current 
clamp mode, using a glass micropipette as an electrode. The second system was modified to 
connect the MWCNTe to virtual ground. While the Ap was recorded through the micropipette 
electrode, the MWCNTe was used to measure the underlying whole-cell current. This 
configuration allowed us to record both the membrane voltage (Vm) and the current changes 
simultaneously. Images acquired by atomic force microscopy (AFM) and scanning electron 
microscopy (SEM) indicate that cultured cells developed a complex network of neurites, which 
served to establish the necessary close contact and strong adhesion to the MWCNTe surface. 
These features were a key factor to obtain the recording of the whole-cell Ii with a high signal 
to noise ratio (SNR). The experimental results were satisfactorily reproduced by a theoretical 
model developed to simulate the proposed system. Besides the contribution to a better 
understanding of the fundamental mechanisms involved in cell communication, the developed 
method could be useful in cell physiology studies, pharmacology and diseases diagnosis.

Keywords: Bi-Patch clamp, MWCNTe, excitable cells, electrode characterization,  
virtual ground, cell adhesion, interface model

(Some figures may appear in colour only in the online journal)

1. Introduction

Simultaneous recordings of an action potential (Ap) and its 
associated ion current (Ii) are of vital importance to determine 

how a change in both the kinetics and magnitude of these cur-
rents could affect the firing frequency, amplitude, shape or 
other important characteristics of an Ap [1–3]. This informa-
tion could be useful for studies in basic science, cell physiology 
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and pharmacology, as well as for the detection of pathological 
conditions [4], mainly in cardiac muscle cells [5].

One of the first experimental techniques developed for the 
simultaneous recording of an Ap and Ii [6] allowed the experi-
menter to observe the Ap of a spontaneous firing cell along 
with the associated nonspecific Ii produced by a single or a 
few ion channels. Thus, due to the experimental configuration 
used, it was not possible to measure the whole-cell ion current 
Ii, since the registered Ii was produced only by the ion chan-
nels located in the patch of membrane surrounded by the tip 
of the pipette.

A pair of techniques called ‘action potential clamp’  
[7, 8], and its variation ‘dynamic action potential clamp’ [9], 
resolved the limitation of the technique described above by 
allowing the experimenter to register both the whole-cell and 
the specific Ii associated to an Ap. The main drawbacks of these 
improved techniques were that they are indirect- sequential 
techniques (not simultaneous), and that it is necessary to use 
specific ion channel blockers to acquire Ii. Furthermore, these 
techniques rely on the ohmic behavior of ion channels, despite 
the fact that Ii might also involve other currents produced by 
ion channels modulated by, for instance, intracellular messen-
gers during the development of an Ap, as in the case of intra-
cellular Ca++ [10, 11].

In a technique called ‘hybrid voltage clamp system’, [12], 
a special amplifier, capable of switching between current and 
voltage clamp rapidly enough, is used to measure the Ap and 
the underlying current simultaneously. The main disadvantage 
of this technique is that the normal development of the Ap is 
interrupted to measure the Ii.

The techniques described above are important since they 
were designed both to record the Ii behind an Ap and to evaluate 
the effect of a change in Ii on the development of an Ap. In this 
work, we report direct simultaneous recordings of an Ap and 
the associated whole-cell Ii in NG180-15 cells using a configu-
ration consisting of a two independent Patch Clamp modified 
system (Bi-Patch Clamp). The technique here proposed over-
comes the shortcomings of the techniques discussed previously, 
i.e. during the simultaneous recording of the Ap and the corresp-
onding Ii the normal activity of ion channels is not altered nor 
the recording process is interrupted during the experiment.

The Ap was registered with a conventional glass micro-
pipette and the whole-cell Ii was recorded with a plain 
multi-walled carbon nanotubes electrode (MWCNTe) in the 
extracellular mode. Recently, multi-walled carbon nanotubes 
(MWCNT) have been used to create a new generation of neural 
electrodes [13–15] or to improve the physicochemical proper-
ties as well as the performance of the current ones [16–18]. 
MWCNT mechanical, electrical and cell adhesion properties 
[19–21] provide a new type of interaction at cellular level to 
these electrodes; it is worthwhile to mention that the last prop-
erty is key to get a good signal to noise ratio (SNR). Moreover, 
MWCNT surfaces reduce the gap between the electrode and 
the cell [22–25] which mainly decreases the electrical resist-
ance in the electrophysiological recording pathway.

This work is organized as follows: the next section provides 
a brief explanation of the conventional Patch Clamp technique 
and how we modified it to perform direct measurements of 
the Ap and its associated Ii simultaneously. Section 3 shows a 
schema of the constructed MWCNTe and details the method-
ology followed to determine its morphological and electrical 
properties. In section 4 the methodology used in the culture of 
the NG108-15 cells on the MWCNTe surface and its electro-
physiological and morphological characterization is presented. 
In section 5, a basic theoretical model of the NG108-15 cell 
and the entire recording system is described. Finally, the main 
results (section 6) are discussed in section 7 and the conclu-
sions summarizing this work are presented in section 8.

2. Patch clamp standard system and its  
modification for the simultaneous Ap–Ii recording

Standard voltage and current clamp are two fundamental tech-
niques that have been used to study the electrophysiological 
properties of excitable cells. In the voltage clamp technique, 
the membrane voltage (Vm) of the cell is fixed by imposing 
voltage pulses of different magnitude from a determined 
holding voltage while the associated Ii is recorded. On the 
other hand, in the current clamp technique, current pulses of 
different magnitude are applied to the stimulated cell and the 
associated changes of Vm are recorded. Figure 1, shows a sim-
plified schema of the configuration used in this work to record 

Figure 1. Schema of the configuration of the standard Patch Clamp system. When the amplifier 1 is used in the Patch-Clamp (whole-cell) 
configuration for voltage clamp experiments, Cmdp represents the voltage pulses applied to the cell and Ii is the amplifier 1 output. On 
the other hand, when the amplifier 1 is used for current clamp experiments, CmdP now represents the applied current pulses and Vm is the 
amplifier 1 output.
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the electrophysiological activity of a NG108-15 cells with the 
standard voltage and current clamp techniques.

With both techniques, we confront some issues that could 
alter the recordings obtained. For example, in the current 
clamp technique, we observed an error in the Vm measurement 
due to the potential drop originated by Ii and the in series bath 
solution resistance to ground; especially if the Ii produced by 
the cell is considerable [26, 27]. Regarding the voltage clamp 
technique, the problem is that the SNR degrades [12] when 
small currents, like Ca++ currents, are being measured. But, 
the main limitation according to the scope of this work, is the 

impossibility of acquiring simultaneous recordings of the Ap 
and the underlying Ii with a good SNR.

Therefore, the experimental arrangement described above 
was modified in order to measure Ii at all times; regardless 
of whether the experiments were voltage or current clamp 
(Axopatch 200A WPI, USA). For this purpose, a second 
voltage clamp system was used to maintain the MWCNTe 
connected to virtual ground (figure 2). The system was con-
structed attending the Hamill specifications [28].

To observe an Ap and the resulting Ii at the same time, 
the amplifier 2 was added and connected to the MWCNTe 

Figure 2. Schema of the constructed Bi-Patch Clamp setup and the NG108-15 cells cultured in a MWCNTe. Amplifier 1 is used for the 
standard technique of voltage or current clamp using a glass micropipette as an electrode. Amplifier 2 maintains the MWCNTe as a virtual 
ground and measures Ii at all times.

Figure 3. Schema of the constructed experimental setup consisting of a Bi-Patch Clamp system and the NG108-15 cells cultured in a 
plastic Petri dish. Amplifier 1 was employed for the standard techniques of voltage or current clamp using a glass micropipette as an 
electrode. Amplifier 2 maintained the Ag/AgCl wire as a virtual ground and measures Ii at all times.
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through an electrically isolated silver wire. The simulta-
neous measurement of Ii is thus possible due to the injec-
tion of a current of both equal magnitude and time course 
as Ii but opposite in sign to keep the MWCNTe in virtual 
ground. During the experiment, amplifier 1 is connected to a 
glass micropipette to stimulate and record the cell response 
in voltage or current clamp configurations whereas through 
amplifier 2 the resulting Ii is measured simultaneously at all 
times.

It is important to mention that a control experiment using a 
chlorinated silver wire (Ag/AgCl wire) connected to a virtual 
ground instead of the MWCNTe was also performed in order 
to determine whether the use of the MWCNTe confers signifi-
cant advantages over the control case (figure 3).

3. MWCNTe construction, morphological  
and electrical characterization

3.1. MWCNTe construction

3.1.1. MWCNT dispersion. One milligram of MWCNT of 
10–50 μm length and 8–15 nm diameter (Cheap Tubes Inc., 
USA) were added in a mixture of 5 ml of ethyl alcohol and 
7 ml of Milli-Q water and sonicated for 1 min. Ten milligrams 
of Polyvinylpyrrolidone (PVP) (MP Biomedicals, USA) were 
added to the suspension and sonicated for another minute. 
The suspension stayed in the oven for 6 h at 60° C and then 
was sonicated again for the next 10 min. To remove the PVP 
excess, the suspension was ultra-centrifuged at 12 000 rpm for 
15–20 min and reconstituted with the same amount of water–
alcohol mixture.

3.1.2. MWCNT film. Using the vacuum-filtering method [29], 
3 ml of the MWCNT suspension were deposited over a cel-
lulose membrane of 0.45 μm pore size (Millipore, USA). The 
membrane with the MWCNT was then attached to a glass 
coverslip (12 mm diameter), which was previously cleaned 
with Milli-Q water and sonicated in absolute ethyl alcohol 
(J.T. Baker, USA) for 5 min. To remove the membrane, the 
coverslip was immersed in acetone until it was completely 
diluted leaving a clean MWCNT film. Finally, the coverslip 
covered with the MWCNT film was thoroughly rinsed with 
Milli-Q water to remove residuals.

3.1.3. Silver wire adhesion. A silver wire (Ag wire) of 30 mm 
in length (AGT0510 WPI, USA) was attached to the MWCNT 

film with carbon conductive paint (Pelco 16053, Ted Pella 
Inc., USA), and then allowed to dry at room temperature for 
approximately 12 h. In order to provide mechanical support 
and electrical isolation, part of the wire and the film-wire 
union were coated with Sylgard 184 Silicone Elastomer (Dow 
Corning, USA). Before using the MWCNTe (figure 4) for cell 
culture, it was sterilized in autoclave at 19–21 psi for 40 min 
(140 °C approx.) and exposed to UV light for 5 min.

3.2. MWCNTe characterization

3.2.1. MWCNTe surface characterization. Optical images of 
the electrode surface were taken with a Carl Zeiss microscope 
and digitalized with a Cannon camera. Atomic force micros-
copy (AFM) images were acquired with a Nanoscope III 
Multimode SPM microscope (Digital Instruments, USA) in 
tapping mode at a scan rate of 0.3 Hz using TESP tips (Veeco, 
USA). Scanning electron microscopy (SEM) micrographs 
were taken with a JEOL JSM-5900LV microscope (JEOL 
Ltd, Japan). To obtain the latter it was necessary to coat the 
MWCNTe with a gold film. In order to get the thickness of the 
MWCNT film, images were taken at different sample angles.

3.2.2. MWCNTe electrical characterization. Electrical conti-
nuity between the Ag wire and the electrode was verified by 
using a multimeter (Fluke 179, USA) to perform a conductiv-
ity test. To ensure the conductivity and to measure the superfi-
cial resistivity of the MWCNTe, the four-point measurement 
technique [30] with a SP4 probe head (Lucas Labs, USA) was 
utilized.

4. NG108-15 cell culture, morphological  
and electrophysiological characterization

4.1. NG108-15 cell culture

NG108-15 cell line obtained from ATCC (Lot No. 58078652), 
was cultured with a Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco, cat.21063029) supplemented with 10% fetal 
bovine serum (FBS Gibco, cat. No 16000), 1 μM hypoxan-
thine, 0.4 μM aminopterin, 16 μM thymidine (50X HAT) 
(Sigma Aldrich, USA), and 1% penicillin-streptomycin 
(GIBCO, cat. No. 15140) in a humidified incubator equili-
brated with 5% CO2 and 95% air at 37 °C. Cells were sub-
cultured from 15–20 times before seeding on the plastic Petri 
dish (control) and on the MWCNTe.

MWCNTe was placed in a plastic Petri dish (Corning 
35 mm, USA) and was completely covered with the sup-
plemented DMEM and maintained at the same environment  
conditions for 1 d. NG108-15 cells were seeded at a density of 
1.251  ×  105 cells ml−1. One week after seeding, the differen-
tiation process started by reducing the FBS to a concentration 
of 5% and by adding 1 mM of N6,2′-O-Dibutyryladenosine 
3′,5′-cyclic monophosphate sodium salt (dbcAMP) (Sigma 
Aldrich, USA) [31]. This process lasted for three to four 
weeks. The supplemented medium was changed every 48 h 
until the beginning of the electrophysiological studies.

Figure 4. Schema of the MWCNTe constructed for this work.
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4.2. NG108-15 cell culture characterization

4.2.1. NG108-15 morphological characterization. For AFM 
and SEM characterization the samples were fixed in 5% 
glutaraldehyde for 2 h, and dehydrated in 30–100% ethanol. 
Studies of the cell morphology were performed by AFM in 
the same manner as described for the MWCNTe AFM char-
acterization. To take SEM micrographs, cells were dried with 
the critical point drying method [32] and coated with gold.

4.2.2. NG108-15 electrophysiological characterization. Intra-
cellular solution was prepared with 8 mM NaCl, 132.5 mM 
KCl, 0.02 mM CaCl2, 2 mM MgCl2, 0.04 mM EGTA, and 
10 mM HEPES; pH adjusted to 7.2 with NaOH. Extracellular 
or bath solution contained 130 mM NaCl, 3 mM KCl, 2 mM 
CaCl2, 1.2 mM MgCl2 and 10 mM HEPES; pH adjusted to 7.4 
with NaOH (all reagents were from Sigma Aldrich, USA). 
Solutions were filtered with membranes of 0.22 μm pore size 
(Millipore, USA). Glass micropipettes electrodes had resist-
ances between 2 and 5 MΩ (WPI Inc., USA).

Electrophysiological properties of NG108-15 cells cultured 
both in plastic Petri dish (control) and on the MWCNTe sur-
face were evaluated. Standard voltage and current clamp experi-
ments were performed with an Axopatch 200A amplifier (Axon 
Instruments, USA) in the whole-cell mode. Stimulation protocols 
generation and data acquisition were controlled with pClamp 
software (Axon Instruments, USA). Records were acquired 
with a Digidata 1200 converter card (Axon Instruments, USA), 
and were processed and analyzed with Clampfit 10.2 (Axon 
Instruments, USA) and Prisma 6.0 (GraphPad, USA) software.

Then, a comparative analysis of Ii (INa
+ , IK

+) between the 
two cultures was made. Results are reported as means  ±  SE. 
Student’s t-test was done to detect significant differences 
between them. It is important to mention that in both cases, 
i.e. the plastic Petri dish and in the MWCNTe, NG108-15 
cells did not present an electrically homogeneous popula-
tion [31]. Voltage clamp recordings showed three different 
Na+, K+ conductance scenarios: low (⩽9 pA pF−1), high  
(⩾400 pA pF−1) and an intermediate value within this 
interval, which was the most frequently observed scenario 
and was therefore considered as the normal or standard sce-
nario. The comparative analysis was done only in this normal 
conductance scenario.

5. Theoretical model of the NG108-15 cell-MWCNTe 
interface

To corroborate the experimental results, an equivalent model 
of the NG108-15 cell-MWCNTe interface was developed 
and implemented in Matlab and Simulink (Mathworks, 
USA) (table 1). Employing the NG108-15 cell model devel-
oped by Wu et al [33] with slight modifications, the Ap, as 
well as the whole-cell Ii were simulated. The experimental 
values acquired from the electrical characterization of 
the MWCNTe were utilized to model and to simulate the 
MWCNTe component of the model. Other parameters were 
obtained directly from published high-quality data [34, 35]. 
The voltage clamp system used to maintain the electrode 
at virtual ground was also simulated. The electrical para-
meters used for the model of this component were obtained 
directly from the electronic design of the system [28] and 
from the specification sheet of the op-amp LF353 (TI, USA). 
At the input of this element a NDF9401 FET (Field Effect 
Transistor) (NS, USA) stage was added to increase the 
impedance to 1013 Ω and also to get an input bias current 
of 0.3 pA.

6. Results

6.1. MWCNTe morphological and electrical characterization

6.1.1. MWCNTe surface characterization. The characterization 
of the MWCNTe surface shows the distribution of the MWCNT 
and the arrangement that they adopt when using the vacuum-fil-
tering method to build the film. In the optical microscopy image 
(figure 5(a)), it is possible to observe that the MWCNT dis-
tribute uniformly, although it can also be seen that some small 
areas of the glass coverslip were not completely covered. This 
observation was confirmed by the SEM micrograph, where a 
complex network of disoriented MWCNT, as well as the uncov-
ered areas were clearly observed. In fact, since the MWCNT 
dispersion was not completely effective, some aggregates in the 
network could also be noticed (figure 5(b)).

To be able to observe the thickness of the prepared film, 
we use a side SEM image of the MWCNTe (figure 5(c)). 
Although it is not exactly uniform, the average thickness of the 
film is 3.362 μm. While trying to determine the thickness of 

Table 1. Equivalent model of the NG108-15-MWCNTe interface.

Interface parameters model

Bath solution resistance (Rs) 0.647 Ω m−1

Electrode-bath solution  
impedance (at 1 kHz) (Ze)

56.3 kΩ

Electrode surface resistivity (Re) 8.728 kΩ sq−1

Cell-electrode gap 10 nm
Cell diameter 20 μm

Meas. Sci. Technol. 27 (2016) 085701
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the film with more accuracy we observed individual MWCNT 
(of approx. 60 nm diameter and 433 nm height) or bundles 
of MWCNT placed vertically (figure 5(c) box). This struc-
tural phenomenon was later confirmed by the analysis of the 
AFM images. The AFM image shown in figure 5(d) reveals 
a network of entangled MWCNT and small bundles of them 
(of around 200 nm in diameter and 400 nm height, which we 
called nanopeaks). Those features were regularly identified at 
the MWCNTe surface but not always in the exact range of 
dimension. Therefore, the Rms (Rq) factor was used to describe 
the electrode roughness. In this case, on a surface area of  
9 μm2, the Rms (Rq) factor was found to be around 158.75 nm.

6.1.2. MWCNTe electrical characterization. Electrical char-
acterization of the MWCNTe surface was done to prove that 
it is able to transmit electrical signals and also to measure its 
surface resistivity. The four-point measurement technique 

showed that the MWCNTe has a relatively large surface 
resistivity of about 9 kΩ per square. To calculate the volume 
resistivity, the average thickness of the MWCNT surface was 
multiplied by the surface resistivity. A summary of these mea-
surements is presented in table  2. The electrical continuity 
between the Ag wire and the MWCNTe was successfully veri-
fied through a conductivity test.

6.2. NG108-15 cell culture, morphological  
and electrophysiological characterization

6.2.1. NG105-15 morphological characterization. Growth of 
the NG108-15 cell line on the MWCNTe surface was moni-
tored on a daily basis by optical microscopy at the different 
proliferation and differentiation stages. During this evalua-
tion, cells showed good adhesion, a positive growth rate and 
finally, they develop an extensive complex network of neu-
rites all over the electrode surface. Cells diameters fluctuated 
from 15 to 30 μm approximately (figure 6(a)). In the SEM 
micrograph shown in figure  6(b) it is possible to observe a 
well adhered cell with its neurites and a regular cell body in 
good conditions. It is also clearly visible in figure 6(c) that 
cells developed filopodia towards the MWCNTe to be able to 
anchor to the surface. AFM images gave us details of a cell 

Figure 5. Morphological characterization of the MWCNTe surface. (a) Optical microscopy image of the MWCNT distribution over the 
glass coverslip surface. (b) SEM micrograph shows a complex network of disoriented MWCNT with some aggregates. (c) SEM side 
micrograph of the MWCNT film. In the box, a single MWCNT is displayed. (d) Detailed 3D AFM image of the MWCNT arrangement on 
the glass coverslip surface forming a network of entangled MWCNT with the regular presence of nanopeaks (aggregates of MWCNT).

Table 2. Measurements of the resistivity of the MWCNTe obtained 
using the four-point technique (n  =  5).

Surface resistivity (kΩ sq−1) Volume resistivity (Ω m)a

8.72  ±  1.76 0.02  ±  0.006

a Using an average thickness of 3.362 μm.
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neurite in close contact with the MWCNT surface. This is 
shown in figure 6(d) where it can be observed that the neurite 
was surrounded by the nanopeaks formed in the MWCNTe 
surface. These cell-electrode interactions, related to the inva-
sion of the cell by the MWCNT could be one of the key fac-
tors to get high SNR electrophysiological records.

6.2.2. Electrophysiological characterization of the NG108-15 
cells. Standard voltage and current clamp experiments were 
performed in order to characterize the electrophysiological 
response of the NG108-15 cells cultured in a plastic Petri dish 
(control). The registered cells showed typical Na+ and K+ Ii  
(figures 7(a) and (c)) and Ap (figure 7(e)) [36]. The elec-
trophysiological behavior observed is similar to what was 
reported in other studies of NG108-15 cells [33, 37]. Conduc-
tance curves, which gives us valuable information about how 
the different populations of ion channels in the plasma mem-
brane influence the changes in Vm [36], were obtained from 
both the Na+ and K+ currents. The negative peak values of Ii, 
produced by the Na+ current were used to construct the gNa+ 
conductance curve (gNa+ versus Vm, figure 7(g)). On the other 
hand, the gK+ conductance curve (figure 7(h)) was obtained 
from the positive K+ Ii peak values at the steady state of the 

current traces (almost at the end of the current recording). It 
is worth noting that in order to take into account the size of 
the analyzed cells, the current changes were normalized to the 
corresponding cell capacitance, which is known to be directly 
proportional to the cell surface area. The same procedures to 
obtain the conductance curves were followed for the cells cul-
tured on the MWCNTe surface (figures 7(b), (d), (f) and (h)).

The Na+ and K+ Ii records obtained from the cells cul-
tured on the MWCNTe were similar to those observed for the 
cells cultured in the plastic Petri dish; i.e. Na+ Ii showed both 
rapid activation and inactivation while the K+ Ii presented a 
considerably slow activation and the absence of inactivation. 
Moreover, the gNa+-Vm and gK+-Vm curves for both substrates 
were also similar. In fact, the comparative analysis of both the 
gNa+ and the gK+ conductances indicate that there are not 
significant differences between the two cultures (p  >  0.05 for 
both gNa+ (n  =  10) and gK+ (n  =  13)).

6.3. Patch Clamp modification for the simultaneous  
recording of Ap and Ii

With a modified Patch Clamp system including two ampli-
fiers, it was possible to apply voltage stimulation pulses to the 

Figure 6. Morphological characterization of the NG108-15 cells cultured on the MWCNTe surface. (a) Optical microscope image of the 
NG108-15 cells grown on the MWCNTe surface. After two weeks of culture, cells grew and developed a complex network of neurites 
all over the electrode surface and cell bodies with diameters between 15 and 30 μm. (b) SEM micrograph of a single cell adhered to the 
MWCNTe surface with a neurite and a regular cell body. (c) Detailed image showing how the cell developed filopodia to anchor to the 
surface of the MWCNTe. (d) 3D AFM image of a neurite surrounded by MWCNT of the electrode surface. Close contact between  
the neurite and the MWCNT, as well as the nanopeaks formed can be observed.

Meas. Sci. Technol. 27 (2016) 085701
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Figure 7. Electrophysiological characterization of the NG108-15 cells. Representative recordings obtained from standard voltage and current 
clamp experiments are displayed. (a) and (b) Na+ Ii evoked by 10 ms depolarizing voltage pulses from a holding potential of   
−60 mV in increments of 10 mV obtained from the cells cultured in the plastic Petri dish (a) and the MWCNTe (b). (c) and (d) K+ Ii evoked 
by 100 ms depolarizing voltage pulses from a holding potential of  −60 mV in increments of 10 mV obtained from the cells cultured in the 
plastic Petri dish (a) and the MWCNTe (b). (e) and (f) Typical Ap recorded from cells cultured in the plastic Petri dish and in the MWCNTe 
respectively. (g) and (h) Conductance curves (±SE) obtained from the cells cultured in the plastic Petri dish and the MWCNTe respectively.
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cell and to measure the changes in the cell Ii with amplifier 1, 
while amplifier 2 was configured for simultaneous extracel-
lular recording of the whole-cell Ii. The whole-cell Ii record-
ings obtained through both the Ag/AgCl wire and through the 
MWCNTe are presented in figure  8 with the corresponding 
typical Ii records superimposed. In both cases, positive short 
(10 ms) (figures 8(a) and (b)) and long (100 ms) (figures 8(c) and 
(d)) depolarizing voltage pulses from a potential of  −60 mV  
in increments of 10 mV were applied to the cell in order to 
artificially open the ion channels in the cell membrane.

In these experiments it is possible to observe that the 
typical Ii records have exactly the same amplitude and time 
course as the Ii recorded both through the Ag/AgCl wire and 
the MWCNTe. As the presented results show, the Ag/AgCl 
wire is not the most convenient strategy for the extracellular 
recording of Ii since a lower SNR is clearly obtained when 
compared to the recordings acquired through the MWCNTe.

With the modified Patch Clamp system designed to per-
form simultaneous recordings, it was also possible to apply 
current stimulating pulses to the cell and measure the changes 
in the cell Vm with amplifier 1; simultaneously, amplifier 2 
was configured for the extracellular recording of the whole-
cell Ii. In figure 9, both the Ag/AgCl wire and the MWCNTe 
experiments are shown. Initially, in both cases, a DC current 

was applied to maintain the resting potential fixed. Then, posi-
tive short current pulses were imposed to the cell through the 
glass micropipette. Consequently, the cell membrane depolar-
ized until an Ap was fired (blue traces in figures 9(a) and (b)).  
At the same time, the biphasic Ii associated to the Ap was 
recorded (orange traces in figures 9(a) and (b)). At the begin-
ning of the recordings of both Vm and Ii, an artifact due to 
the stimulating pulses appeared, although it should be noted 
that it did not affect the adequate visualization of the record-
ings of interest, since it is possible to clearly distinguish the 
magnitude and the temporal course of both the Ap and Ii. In 
the two cases considered (Ag/AgCl wire and MWCNTe), the 
current recordings showed a negative deflection associated to 
the inward Na+ Ii produced during the depolarization phase of 
the Ap. Similarly, during the repolarization phase of the AP, a 
positive deflection in the current trace was observed, which 
can be associated to the outward K+ current. It can also be 
seen that the current recordings acquired through the Ag/AgCl 
wire have a low amplitude and are immerse in noise, whereas 
the recordings obtained through the MWCNTe showed both 
higher amplitude and SNR.

The second part of the figure (figures 9(c) and (d)) shows the 
responses of Vm to the stimulating current pulses of increasing 
amplitude for the two cases considered (Ag/AgCl wire and 

Figure 8. Comparison between the simultaneous recordings of the whole-cell Ii obtained through the glass micropipette and both the  
Ag/AgCl wire and MWCNTe. Recordings were obtained with the same patch system. (a) and (c) Positive short (10 mV, 10 ms) and long 
(10 mV, 100 ms) depolarizing voltage pulses from a Vm  =  −60 mV in increments of 10 mV were applied to the cell and the produced Ii was 
recorded through the glass micropipette electrode (blue dashed trace). Simultaneously, Ii was recorded through the Ag/AgCl wire (orange 
continuous trace). (b) and (d) The same experiment described in (a) and (c) was performed for the MWCNTe. (*) Artifact due to amplifier 
saturation.
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MWCNTe). In both cases, the first stimulating pulse applied 
was not able to depolarize the cell membrane and Vm did not 
reach the threshold potential needed to fire an Ap (black trace 
in figures  9(c) and (d)). Consequently, Ii was not recorded. 
The second stimulating pulse of a higher magnitude was then 
applied, enabling the NG108-15 cell to fire an Ap (orange trace 
in figures 9(c) and (d)). As expected, the underlying currents Ii 
appeared. A third stimulating pulse, higher in magnitude than 
the previous one, was then applied and a new Ap was pro-
duced (blue trace in figures 9(c) and (d)), although it should 
be noted that the cell membrane reached the threshold for Ap 
firing faster than for the previous stimulating pulse and con-
sequently, the delay for both the Ap and the associated Ii to 
appear was considerably shorter.

In figure  10, the recordings acquired with the MWCNTe 
when long positive stimulating current pulses were applied 
to the cell are shown. The applied pulses produced the same 
response as for the case of short stimulation pulses (see figure 9) 
where an Ap is fired (blue trace in figure 10(a)). The associated 
biphasic Ii was equally recorded (orange trace in figure 10(a)) 
but, in contrast to the previous experiments, the associated 

currents were mounted over the long stimulation pulse. Still, the 
recordings of both the Ap and Ii were clearly visible, allowing 
us to distinguish the magnitude and temporary course of the Ap 
and Ii. In this experiment, stronger current stimulation pulses 
evoked the firing of two Aps, being the first one greater in ampl-
itude than the second (orange trace in figure 10(b)). The same 
behavior was observed for the associated Ii.

This section presents a special case describing the response 
of a spontaneous firing NG108-15 cell. In the experiment 
shown in figure 11(a), a negative current stimulation pulse was 
applied (orange trace). The negative current pulse hyperpolar-
ized the cell membrane although Vm returned to the resting 
potential once the end of the pulse was reached, as expected 
according to the properties of the passive cell membrane, as 
can be seen in the first part of the voltage signal (blue trace 
in figure  11(a)). Interestingly, the cell membrane continued 
depolarizing, eventually reaching the firing threshold for the 
cell and an Ap was produced. A second Ap was fired immedi-
ately, although smaller in magnitude and then, after a brief 
period of time, another Ap was fired, showing a higher ampl-
itude than the previous one. The same behavior was observed 

Figure 9. Comparison of the experiments using the Ag/AgCl wire and the MWCNTe for simultaneous recording of Ap and Ii. Recordings 
were obtained with the same two patch clamp system. In both cases, positive short current pulses were applied to the cell until an Ap was 
fired (blue traces in (a) and (b)). At the same time, the associated biphasic Ii was recorded (orange traces in (a) and (b)). At the beginning 
of the recordings of Vm and Ii a stimulation artifact (*) appeared. The association between the temporal courses of the depolarization and 
repolarization phases of the Ap and the Na+ and K+ currents, are indicated by the yellow and green bars in (a) and (b). (c) and (d) Show 
the response of Vm to the increasing amplitude stimulation current pulses. The first applied pulse was not capable of depolarizing the cell 
membrane (black trace in (c) and (d)) and consequently, no Ii was recorded. A second stimulating pulse of higher magnitude enable the 
cell to fire an Ap (orange trace in (c) and (d)) and the corresponding Ii appeared. A third stimulating pulse of a higher magnitude than the 
previous pulse produced a new Ap, although the cell membrane reached the threshold for Ap firing faster than for the previous stimulating 
pulse. The current recordings obtained during the Ag/AgCl wire experiments presented a low amplitude and were immerse in noise, 
whereas the recordings obtained through the MWCNTe showed both higher amplitude and SNR.
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in the recording of the associated Ii, where the first current 
spike had a greater amplitude than the spikes underlying the 
second and third Aps (orange trace in figure 11(a)).

In figure  11(b), a recording of the membrane potential 
of the spontaneous cell is presented. It can be observed that 
the NG108-15 cell started firing Aps spontaneously (blue 
trace in figure 11(b)). It is important to mention that current 
stimulation was not needed for this cell to produce the Aps. 
Simultaneously, it was possible record the associated Ii (orange 
trace in figure 11(b)) through the MWCNTe. This results show 
that the system is capable of recording spontaneous electro-
physiological activity of cells, also allowing to observe the 
temporal course of both the Ap and the underlying currents Ii.

6.4. Theoretical model of the NG108-15 cell-MWCNTe interface

Simulations using the equivalent model of the NG108-15 
cell-MWCNTe interface, including the electrophysiological 
activity of the NG108-15 cell, the MWCNTe and the voltage 
clamp system (table 1), were performed (the parameters used 
were derived both from the experimental results and from 
other previously published studies). The interface simulations 
results were then compared to the electrophysiological data 

acquired experimentally. As can be observed in figure 12(a), 
the model was capable of reproducing both the Ap (blue trace) 
and the whole-cell Ii (orange trace) observed experimentally.

The model of Wu et al [33] is capable of reproducing the 
electrophysiological behavior of only a specific population for 
NG108-15 cells (as we have seen experimentally, the electro-
physiological activity of the NG108-15 is not homogeneous) 
and consequently, the results of the simulated recording 
system with the MWCNTe showed slight differences when 
compared to the experimental results (figure 12(b)). The main 
differences can be observed in the temporal course of Vm just 
after the repolarization phase, where a more negative value 
is achieved in comparison to the experimental Ap. Overall, 
the simulated data clearly indicates that the designed exper-
imental array allows us to perform the simultaneous extracel-
lular recording of the Ii underlying the production of the Ap, as 
well as the Ap itself.

7. Discussion

In this work we present advances in the design and construc-
tion of a MWCNTe. Our results show that the method used for 
the fabrication of the electrode surface allowed the MWCNT 

Figure 10. Simultaneous recordings of Ap and Ii through the MWCNTe. Positive long stimulation current pulses were applied, evoking 
the firing of an Ap (blue trace in (a)) due to the associated biphasic Ii (orange trace in (a)). This time both features are mounted over the 
stimulation pulse. Longer and stronger current stimulation pulses evoked two Ap, being the first one greater in amplitude (orange trace  
in (b)). The associated Ii presented the same behavior.

Figure 11. Special case of a spontaneous firing NG108-15 cell. (a) The negative current stimulation pulse (*) induced the firing of a series 
of Aps with different amplitudes following the recovery of the resting potential (blue trace). The associated Ii was recorded simultaneously 
through the MWCNTe (orange trace). (b) Recording of the membrane potential of the spontaneous cell showing firing of Aps without the 
need of current stimulation (blue trace). The associated Ii was recorded simultaneously through the MWCNTe (orange trace).
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to be well dispersed and completely disoriented within the 
film (figure 5). The electrode presented an adequate electrical 
conductivity and was able to transmit electrical signals suc-
cessfully although, due to the fabrication method, the surface 
showed a high resistivity (table 2), which could interfere with 
the recording process. It was possible, however, to reduce the 
resistivity of the electrode surface by increasing the surface 
uniformity by adding more MWCNTs, or by applying other 
surface treatments [38–40].

During the morphological characterization of the electrode 
surface, we found some distinctive surface features that we 
think may facilitate the adhesion and the electrophysiolog-
ical records of the NG108-15 cells (figure 5). These distinc-
tive features, formed by vertical placed single or aggregated 
MWCNT (nanopeaks), were found regularly on the surface 
and produced an increase in the roughness of the film. As 
has been reported before, rough surfaces favor the adherence 
of cells to substrates [41–43]. Furthermore, the individual 
MWCNT or the nanopeaks can penetrate or at least can be 
in close contact with the cell membrane, thus diminishing the 
gap between them. As a result, the electrical/ionic resistance is 
decreased, facilitating the electrical conductivity and allowing 
us perform better recording procedures [41, 44, 45].

Cell culture grown on MWCNTe were similar to that 
obtained in the plastic Petri dish in terms of cell adhesion and 
proliferation, such that it was possible to cover the MWCNTe 
surface with NG108-15 cells within a few days of culture, 
which demonstrates the biocompatibility of the built surface 
(figure 6). On other hand, SEM and AFM images showed that 
cells had good adherence to the fibrous rough structure of 
the MWCNTe surface due to the filopodia developed along 
the cell body and the neurites as in other reported substrates 
[46–48]. In addition, it is highly probable that body cells and 
neurites have grown and extended over both the single vertical 
MWCNT and the nanopeaks.

Comparison of the Ii recorded using standard Patch Clamp 
techniques in the cells cultured on the MWCNTe surface and 
in a plastic Petri dish (controls) indicated that there are not sig-
nificant differences between the two measurements. Regarding 
to the generation of Ap, we showed that the NG108-15 cells 
cannot be considered a homogeneous population [31], since, 

for instance, some cells showed slow firing of the Ap while 
others were able to evoke an AP considerably faster. Also, 
three different conductance scenarios were observed during 
the analysis of the recorded Ii: high, low, and the most frequent 
or normal scenario, characterized by an intermediate value 
within the range delimited by the high and low scenarios.

A quantitative analysis of the performance of the voltage-
dependent ion channels was made by constructing the con-
ductance versus Vm curves. No significant differences were 
found both in the gK+-Vm and the gNa+-Vm curves between 
the cells cultured in plastic Petri dish and those cultured on the 
MWCNTe surface. We also showed that neither the voltage-
dependent gNa+, which is vital for the depolarization phase 
of the Ap, nor the gK+, key for the repolarization phase of the 
Ap, were affected by the MWCNTe. These results, allows us to 
conclude that the electrode presents an adequate structural and 
functional biocompatibility with the NG108-15 cells.

The use of the MWCNTe and two Patch Clamp systems 
(one in a conventional voltage or current clamp configuration 
and the other slightly modified to keep the electrode in vir-
tual ground), presented several advantages (figure 2). First, 
this setup allowed us to measure the Ii through one amplifier 
regardless if experiments were performed in voltage or cur-
rent clamp mode as was shown in figures 8 and 9. Secondly, 
this system gave us the possibility of measuring both the Ap 
and the underlying Ii simultaneously. In addition, the superi-
ority of the culture of the NG108-15 cells on the MWCNTe 
over the Ag/AgCl wire electrode to perform electrophysi-
ological measurements was demonstrated. This advantage 
of the MWCNTe can be attributable to the location, morpho-
logical and electrical characteristics of the MWCNTe surface  
(figures 8 and 9). For instance, the biphasic current recorded 
through the Ag/AgCl wire electrode presented both a low 
amplitude and a poor SNR whereas the recordings acquired 
through the MWCNTe had both a considerable higher ampl-
itude and SNR; as has been reported previously [16]. This 
indicates that it is not enough to include another Patch Clamp 
system in the experimental setup, but that it is also necessary to 
have a cell culture surface with these specific characteristics. 
Finally, the constructed system can also be used to measure 
the temporal course of Iis from cells showing spontaneous 

Figure 12. Theoretical model of the complete recording system implemented in Matlab and Simulink. (a) Simulated electrophysiological 
activity of the NG108-15 cell, Ap (blue trace) and the underlying Ii obtained through the voltage clamp simulated system (orange trace).  
(b) Experimental Ap obtained through the glass micropipette and the Ii obtained through the MWCNTe. Stimulation artifacts (*).
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electrophysiological activity (Ap), without needing a second 
voltage/current clamp amplifier (figure 11).

The technique here proposed, that uses a second amplifier 
to maintain the MWCNTe in virtual ground, allowed us to 
measure the electrophysiological activity directly and simul-
taneously, overcoming the main limitations of the techniques 
discussed above, i.e. during the simultaneous recording of the 
Ap and the corresponding Ii the normal activity of ion channels 
is not altered nor the recording process is interrupted during 
the experiment. Other techniques require the use of a special 
amplifier [12], or simply the experiments are performed in 
an indirect and sequential way [5]. Furthermore, to obtain 
the whole-cell Ii it is necessary to integrate all the individual 
currents, which can be considered an inconvenience when the 
interaction among them is not linear and when there are sev-
eral ion channels contributing to the current than expected. 
This technique depends on the specificity of the blockers and 
on the assumption that the blocker does not affect the activity 
of other channels [7]. It should be considered that voltage 
gated ion channels are not the only mechanisms responsible 
for the changes of the cell Vm, since several different channels 
regulated by ligands can be also present in the cell membrane 
[49, 50], as is the case of ion channels modulated by intracel-
lular Ca++ [10, 11] during the development of an Ap.

The presented technique could be particularly impor-
tant for the study of the electrophysiological properties of  
cardiac cells, given that for decades, several attempts have 
been made to perform simultaneous measurements of the 
Ap and the underlying membrane currents. For example, the 
origin of the Ii that producing the Ap in pacemaker cells is 
still subject of the most current research [51–53]. Finally, the 
proposed technique could also be used to measure the effect 
of pharmacological agents known to affect the behavior of 
the ion channels. In general, this technique, by allowing to 
measure both the Vm and the associated ionic currents simul-
taneously, could be extremely useful for the study of the elec-
trophysiological properties of excitable cells.

8. Conclusion

We developed a simple but efficient method to perform simul-
taneous recordings of the Ap and the underlying whole-cell Iis 
produced by the NG108-15 cell through a MWCNTe using 
a Bi-Patch Clamp system. This method, in contrast to other 
techniques, does not interfere with the normal activity of ion 
channels nor it interrupts the recordings during the experi-
ments. This is of vital importance to accurately determine how 
a change both in the kinetics and the magnitude of the currents 
affect the firing frequency, amplitude or other characteristics 
of the Ap. Also, in auto excitable cells, the proposed tech-
nique allows us to measure the Ii by using only the MWCNTe, 
without needing a second voltage/current clamp amplifier.

This method is based on a modified version of the con-
ventional Patch Clamp system, which was adapted to connect 
one electrode to virtual ground. It also relies on the mechan-
ical, electrical and cell adhesion properties of the MWCNT.  
In addition, the electrode surface, used as the cell growth 

substrate is structurally and functionally biocompatible and 
for this reason, the MWCNTe does not affect neither the 
growth nor the electrophysiological activity of the cells. This 
work represents a major advance in the field with two main 
contrib utions: the simultaneous measurement of the Ap and 
the associated Ii and the improvement of the SNR.

In particular, SEM and AFM micrographs indicate that the 
MWCNTe surface is suitable for cell growth and proliferation 
since cells were strongly adhered and presented neurites or cyto-
plasmic extensions and regular somas with good morph ology. 
Due to the quality of the obtained recordings it can be concluded 
that the MWCNT substrate does not affect the passive electro-
physiological properties of the cell nor the cell normal electro-
physiological activity. These observations support the idea that 
the MWCNT is fully biocompatible as a substrate for cellular 
growth and therefore can be used safely for this sort of studies.

The simultaneous measurement of the Aps and the under-
lying Iis in excitable cells by means of the MWCNTe, reveal 
new insights in the field of electrophysiology and can comple-
ment or increase the knowledge about intracellular signaling 
processes. This work has possible applications in basic sci-
ence, cell physiology, prosthetics or neural interfaces and can 
be potentially used for the study of the origin development 
and treatment of diseases related to excitable cells.
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