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Abstract A novel film consisting of multi-walled carbon

nanotubes (MWCNTs) was produced by means of a flexo-

graphic printing process on polycarbonate substrate. The

electrochemical response of this MWCNT-PC film towards

oxidation of dopamine to dopamine-o-quinone was investi-

gated in phosphate buffer solution (pH 7) by means of cyclic

voltammetry and electrochemical impedance spectroscopy.

The findings demonstrate that the MWCNT-PC film pos-

sesses good performance for the electrochemical oxidation of

dopamine. Namely, the fabricated MWCNT-PC film having a

detection limit and sensitivity of 4.06 lM and 0.823

A M-1 cm-2, respectively, seems to have greater detection

ability towards dopamine/dopamine-o-quinone compared to

other novel electrodes reported in the literature. The results of

the present work are very promising and demonstrate that the

MWCNT-PC film could be suitable for the electrochemical

analysis of molecules with biological interest.

Keywords Biosensors � Dopamine �
Multi-walled carbon nanotubes � Printed polymer thin film �
Polycarbonate substrate

Introduction

Dopamine or 2-(3,4-dihydroxyphenyl)ethylamine (DA) is

a member of the catecholamine family and one of the best

known neurotransmitters that activates five known types

of dopamine receptors (D1–D5) and their variants [1]. DA

has a wide variety of functions in brain, including

important roles in pleasure, behavior, understanding,

controlled movement, motivation, sleep, mood, attention,

working memory, and learning. In other words, DA reg-

ulates the flow of information and affects the way that the

brain controls our movement. It is strongly associated

with the pleasure system in the brain, and its release

provides feelings of enjoyment and supports the activities

that provide these feelings. Disorders in DA levels cause

declines in neurocognitive functions like memory, atten-

tion, and problem-solving. Furthermore, lack of DA

results in Parkinson’s disease, schizophrenia, and other

related disorders [2–4]. Over the past several years, there

has been great interest in developing sensitive and simple

analytical methods, such as spectroscopy and chroma-

tography, for the determination of DA and the diagnosis

of some diseases [5–9]. However, it is well known that in

clinical medicine it is often advantageous to develop an

electro-analytical method for studying electron transfer

processes. Since DA is an electrochemically active com-

pound it can be easily determined by electrochemical

methods based on its anodic oxidation. Consequently,

numerous studies on the electrochemical determination of

DA on various electrode materials have been reported

[10–19]. In those studies a variety of novel electrode

materials with greatly enhanced electrochemical perfor-

mance were successfully used for the analysis of DA.

However, a search of the literature failed to reveal any

comprehensive studies on DA or other biomolecules on

printed multi-walled carbon nanotube (MWCNT)-based

electrodes, and thus, there is a pressing need to gain

insights into the electrochemical behavior of such

systems.
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Our research activities at the TU Ilmenau currently

involve the development of MWCNT-based electrodes by

means of chemical vapor deposition (CVD). We have

developed novel and rapid-response sensors based on car-

bon nanotube arrays that are able to selectively detect DA

down to micromolar concentrations [20]. Furthermore, the

research activities at TU Chemnitz are oriented towards the

production of mass-printed sensors, and thus we have great

experience concerning their fabrication processes and

materials [21–23]. In the present work we extend our

research activity into electrochemical studies on DA on

printed MWCNT-based films. Specifically, the aim of the

research work is the investigation of the electrochemical

response of films fabricated upon printing of MWCNTs

onto polycarbonate substrate towards the electro-oxidation

of DA. The goal of the present article is to establish a

simple and sensitive electrochemical method for the

determination of DA from tissue in vivo and in vitro. The

obtained results reveal that the novel printed MWCNT-

based films exhibit an improved response and sensitivity

towards the dopamine (DA)/dopamine-o-quinone (DAQ)

redox couple and thus suggest the application of such

materials in biomolecule sensing.

Results and discussion

For characterizing the electrochemical performance of the

fabricated novel MWCNT-PC film towards oxidation of

DA to DAQ, cyclic voltammetry (CV) experiments were

performed in phosphate buffer solution (PBS, pH 7) at

various scan rates (0.05–0.12 V s-1). For comparison

reasons electrochemistry experiments were also performed

on a film consisting of MWCNTs that were grown on

oxidized silicon substrate. The MWCNT-based film

(MWCNT-ACN) was fabricated by means of CVD with

decomposition of acetonitrile (ACN) and using ferrocene

as a catalyst [24, 25]. Representative CV curves recorded

on MWCNT-PC and MWCNT-ACN films are shown in

Fig. 1. It is apparent from the CV curves that there is an

electrochemical response of MWCNT-PC film towards oxi-

dation of DA that leads to the appearance of two couples of

oxidation (I, III) and reduction (II, IV) CV waves. The double-

peaked CV waves demonstrate the occurrence of more than

one redox process involving DA. The mechanism of the

electro-oxidation of DA at physiological pH is somehow

complicated, and consequently, there is a lot of confusion

concerning this redox process. However, detailed schemes

showing the processes upon electro-oxidation of DA pre-

sented in the literature demonstrate that DA is firstly oxidized

to the diketone dopamine-o-quinone that is transformed into

the more readily oxidizable leucodopaminechrome which

is further oxidized to dopaminechrome [14, 26, 27].

Specifically, upon the electrochemical treatment of DA one

chemical and two redox procedures take place. The first redox

process concerns the facile oxidation of DA to DAQ via two-

electron transfer that leads to the anodic CV peak I at about

?0.38 V (vs. Ag/AgCl) and the inverse procedure, namely

the reduction of DAQ to DA which results to the cathodic CV

peak II at about ?0.10 V (vs. Ag/AgCl). The electrochemi-

cally formed DAQ undergoes nucleophilic attack of amine in

the side chain and after an intramolecular proton transfer the

generation of short-lived species occurs. Under the influence

of water, the short-lived species undergo an elimination

reaction to form the stable aromatic phenolate anion [28, 29].

Finally, upon protonation of phenolate anion, the electro-

active compound 5,6-dihydroxyindoline or leucodopamine-

chrome (DHI) is formed that can be oxidized at about

-0.19 V (vs. Ag/AgCl) via elimination of two electrons to

form aminochrome or dopaminechrome (AC) (CV peak III).

Thus, the cathodic CV peak IV which lies at about -0.44 V

(vs. Ag/AgCl) can be attributed to the inverse process, namely

the reduction of AC to DHI. As it can be seen in CV curves

shown in Fig. 1 the MWCNT-ACN film exhibits a well-

defined reproducible quasi-reversible redox response towards

DA/DAQ, whereas the response of MWCNT-PC film seems

to be irreversible. It is noticeable that at MWCNT-PC the

cathodic peak current is much smaller than the anodic peak

current showing that only a part of the initial DA, which still

remains in the DAQ form, can be regenerated (CV wave II),

whereas the rest is consumed owing to the competing chem-

ical reaction and finally reduced at more negative potential

(CV wave IV). In other words, it is obvious that the kinetics of

the DA/DAQ redox couple at MWCNT-PC film are somehow

slow and consequently the coupled chemical reaction for the

conversion of DAQ to DHI prevails over its reduction at this

particular electrode. The peak potential separation for the

redox couple DA/DAQ on MWCNT-PC was estimated as
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DEp = 0.285 V, considering that the CV peaks I and II lie at

about Ep
ox = ?0.381 V and Ep

red = ?0.096 V (vs. Ag/AgCl),

respectively. The determined DEp value seems to be signif-

icantly greater from the expected DEp value for a

two-electron transfer process (*0.059/n V, where n is the

number of electrons transferred) and demonstrates slow

electron transfer kinetics [30]. It is interesting that the DEp

value obtained for DA/DAQ on MWCNT-PC seems to be

about 0.130 V greater compared to that determined for the

same redox couple on MWCNT-ACN (DEp = 0.155 V).

According to theory [31, 32], the greater DEp reflects the

slower kinetics of electron transfer reaction, specifically DEp

is expected to be inversely related to the heterogeneous

electron transfer rate constant (ks). Thus, the ks value deter-

mined by means of the electrochemical absolute rate

relation for DA/DAQ on MWCNT-PC film (ks = 0.51 9

10-3 cm s-1) seems to be about four times smaller compared

to that determined for the same redox couple on MWCNT-

ACN (ks = 2.08 9 10-3 cm s-1). Furthermore, the electron

transfer rate constant of ks = 2.25 9 10-3 cm s-1 obtained

for DA/DAQ on modified carbon paste electrode [33]

appears to be four times greater than that obtained on

MWCNT-PC. In addition, the ks values of ks = 2.26 9

10-3 cm s-1 and ks = 3.10 9 10-3 cm s-1 obtained for

DA/DAQ on a gold electrode modified with 3-amino-5-

mercapto-1,2,4-triazole [34] and a poly(3,4-ethylenedioxy-

thiophene)/tosylate microelectrode [35], respectively, are

also greater than that measured on MWCNT-PC. The find-

ings indicate that the reversibility of the redox couple DA/

DAQ at MWCNT-PC is somehow weaker compared to other

novel electrodes, something that may be related to the elec-

trode fouling caused by the deposition of DA and its

oxidation product on the electrode surface [36]. It is, never-

theless, interesting that the kinetics of the DA/DAQ couple

on novel MWCNT-PC seem to be slightly faster from that

measured on bare glassy carbon electrode (ks = 0.39 9

10-3 cm s-1) [37] and considerably faster from that obtained

on boron-doped diamond film (2.08 9 10-5–6.60 9

10-5 cm s-1) [38]. Consequently, the final conclusion that

can be made on the basis of this evidence is that the elec-

trochemical response of the printed MWCNT-PC towards

DA oxidation is quite good.

The oxidation of DA at MWCNT-PC film (Ep
ox =

?0.381 V vs. Ag/AgCl) is shifted at about 0.092 V to more

anodic potential compared to that at MWCNT-ACN

(Ep
ox = ?0.289 V vs. Ag/AgCl). This result shows that the

ability of MWCNT-PC to decrease the overpotential of

DA/DAQ is weaker compared to that of MWCNT-ACN.

However, it is interesting that the oxidation potential of DA

at MWCNT-PC seems to be less anodic compared to that

measured on other electrode materials. For example,

Robinson et al. [39] reported an oxidation potential of

Ep
ox = ?0.60 V (vs. Ag/AgCl) for DA on a carbon fiber

microelectrode that seems to be more anodic compared to

that measured on MWCNT-PC. Furthermore, Fujishima

et al. [40] reported that the oxidation potential of DA on

boron-doped diamond film is Ep
ox = ?0.80 V (vs. SCE) or

Ep
ox = ?0.845 V (vs. Ag/AgCl) that is significantly more

anodic compared to that measured on the MWCNT-PC

electrode. These results demonstrate that MWCNT-PC

favors the decrease of overpotential of DA.

The possibility of using the MWCNT-PC film for the

determination of DA in practical samples was tested. For

this purpose CVs for different concentrations of DA were

recorded on MWCNT-PC film in PBS (pH 7). Represen-

tative CVs are shown in Fig. 2a. The results indicate that

the anodic peak current was proportional to the concen-

tration of DA in two intervals, namely in the concentration

ranges of 0.035–0.155 and 0.155–0.292 mM with correla-

tion coefficients of 0.9979 and 0.9986, respectively

(Fig. 2b). This behavior can be explained by the saturation

of PBS in DA at *0.16 mM that leads to the decrease of

the slope of the current versus concentration curve. The

detection limit of MWCNT-PC towards DA was estimated

to be 4.06 lM at a signal-to-noise ratio (S/N) of 3. DA was

repeatedly determined several times on different MWCNT-

PC samples in order to investigate the reproducibility of the

fabricated printed films. Thus, the detection limit of an

additional MWCNT-PC sample towards DA was deter-

mined as 3.97 lM in the concentration range of

0.004–0.060 mM (Fig. 3a, b). These findings demonstrate

that the relative standard deviation for the detection limit is

about 2.2 %, which is quite acceptable. It must be men-

tioned that the current versus concentration plots exhibit

near-zero intercept indicating adsorption of DA on the

electrode surface. Considering that the active surface area

of the MWCNT-PC film is 5.98 cm2, the detection sensi-

tivity of the MWCNT-PC film towards DA/DAQ was

estimated to be 0.823 A M-1 cm-2. It is very interesting

that the sensitivity of MWCNT-PC towards DA is greater

compared to that of other electrodes reported in the liter-

ature. For instance, Cosnier et al. [41] reported that a

polypyrrole-modified carbon fiber microelectrode incor-

porating polyphenol oxidase has a sensitivity towards DA

of about 0.059 A M-1 cm-2, i.e., about 14 times smaller

compared to that observed on MWCNT-PC. Furthermore,

Védrine et al. [42] reported that a poly-3,4-ethylenediox-

ythiophene-modified glassy carbon electrode incorporating

polyphenol oxidase exhibits a sensitivity to DA oxidation

of about 0.133 A M-1 cm-2, i.e., about six times smaller

compared to that determined for MWCNT-PC. This com-

parison confirms the good quality of the MWCNT-PC film.

It would be very interesting to compare the detection

ability of MWCNT-PC film towards the DA oxidation with

that of other electrodes reported in the literature. The

comparison shows that the novel MWCNT-PC film
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fabricated in the present work exhibits in general good

detection capability towards DA. Specifically, Kurniawan

et al. [43] reported that the detection limit of electrodes

based on gold nanoparticles towards DA is 4.0 lM, i.e.,

comparable to the limit of detection measured for

MWCNT-PC. Furthermore, Min and Yoo [44] reported a

detection limit towards DA of about 5 lM for single-

walled carbon nanotube-film modified with polypyrrole,

which is slightly poorer compared to that determined on

MWCNT-PC. In addition, Doyle et al. [45] published a

detection limit towards DA of 20 lL for a platinum

electrode modified with polypyrrole, i.e., significantly

poorer compared to that obtained for MWCNT-PC film. It

is also remarkable that a MWCNT electrode modified with

polyaniline exhibits a detection limit of 38 lM towards DA

[46], i.e., considerably poorer compared to that measured

on MWCNT-PC film. However, it must be mentioned that

the electrochemical response of MWCNT-PC seems to be

significantly poorer compared to that of MWCNT-ACN. It

is amazing that the detection capability of MWCNT-ACN

seems to be about 100 times better compared to that of

MWCNT-PC. A detailed comparison of the detection

limits of novel MWCNT-PC film fabricated in the present

work with those of numerous modified or unmodified

electrodes reported in the literature is shown in Table 1.

From the comparison it can be clearly seen that MWCNT-

PC exhibits great detection capability towards DA con-

firming, thus, the strong catalytic function of MWCNTs for

oxidation of DA.

The effect of concentration of DA on the kinetics of the

electron transfer process was further tested by means of

electrochemical impedance spectroscopy (EIS). Represen-

tative EIS spectra in the form of Nyquist diagrams recorded

for DA on MWCNT-PC in the concentration range of

0.035–0.292 mM are displayed in Fig. 4. In EIS spectra the

complex impedance is presented as a sum of the real (Zre)
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Fig. 2 a CVs recorded for DA at different concentrations (from inner
to outer 0.068, 0.099, 0.128, 0.155, 0.206, 0.251, and 0.292 mM) on

MWCNT-PC in PBS (pH 7) at v = 0.10 V s-1. b Effect of variation
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to outer 0.004, 0.008, 0.021, 0.026, 0.031, 0.037, 0.046, 0.054, and

0.060 mM) on MWCNT-PC in PBS (pH 7) at v = 0.10 V s-1.
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and imaginary (Zimag) components. As it can be observed in

Fig. 4, in all cases similar shaped EIS spectra can be dis-

tinguished, namely one significantly depressed semicircle

in mid-frequency range, a part of another depressed

semicircle in the high-frequency range, and a 45� inclined

straight line which lies in the low-frequency range can be

observed. The high-frequency semicircle is due to the

surface quality of the electrode, namely to its rough surface

or to formation of passive film on its surface, whereas the

mid-frequency semicircle corresponds to the electron

transfer process that occurs at the surface of MWCNT-PC

film. Furthermore, the straight line is attributed to the

Warburg diffusion. It is well known that depressed

semicircles are usually obtained owing to highly porous

electrode/electrolyte interfaces and this effect can be usu-

ally considered by introducing a constant phase element

(CPE) in the place of double layer capacitor [47]. It is

interesting that when CPE was used in place of a pure

capacitor an improved fit of the EIS data was observed

[48]. It is well known that for rough and fractal-electrode

surfaces the double layer capacitance is modified by an

exponent n (it is also known as roughness exponent) [49,

50], which is directly connected to the effective fractal

dimension (d) according to the relation n = 1/(d - 1). For

rough electrode surfaces the fractal dimension is between

2 and 3 and consequently n \ 1, whereas for smooth

Table 1 Detection limits of MWCNT-PC and other films reported in the literature towards DA/DAQ redox couple

Electrode material Technique Detection limit/lM References

MWCNT-PCa CV 4.06 This work

MWCNT-PCa CV 3.97 This work

MWCNT-ACNb CV 0.03 [20]

GCc DPV 0.50 [11]

GCd CV 8.90 [12]

GCe SWV 2.80 [13]

CPEf CV 0.10 [15]

CPEg DPV 0.20 [16]

GCh SWV 0.25 [17]

GCi LSV 0.09 [7]

CPEj SWV 0.84 [33]

CPEk AMP 5.60 [18]

Aul CV 4.0 [43]

SWCNTm AMP 5.0 [44]

Ptn CV 20 [45]

MWCNTo AMP 38 [46]

GCp DPV 0.47 [19]

The detection limits were estimated on the basis of signal-to-noise (S/N) ratio of 3 by means of cyclic voltammetry (CV), amperometry (AMP),

differential pulse voltammetry (DPV), square-wave voltammetry (SWV), and linear scan voltammetry (LSV)
a Values obtained in the present work for two different samples of MWCNT-PC
b MWCNTs grown onto oxidized silicon substrate with decomposition of acetonitrile
c Glassy carbon electrode modified with polymerized acid chrome blue K
d Glassy carbon electrode modified with nafion/cobalt hexacyanoferrate
e Glassy carbon electrode modified with L-diphenylalanine nanotubes/[Cu4(apyhist)4]4?/Nafion
f Carbon paste electrode modified with alcian blue
g Carbon paste electrode modified with palladium nanoparticle/carbon nanofibers
h Glassy carbon electrode modified with polymerized 2-hydroxy-1-(1-hydroxynaphthyl-2-azo)-naphthalin-4-sulfonic acid
i Glassy carbon electrode modified with electro-polymerized tetraaminophthalocyanatonickel(II)
j Carbon paste electrode modified with 2,20-[1,7-hepthandiylbis(nitriloethylidyne)]-bis-hydroquinone and TiO2 nanoparticles
k Carbon paste electrode modified with Th(IV)hexacyanoferrate
l Electrode consists of gold nanoparticles
m Single-walled carbon nanotubes modified with polypyrrole
n Platinum electrode modified with polypyrrole
o MWCNT-based film modified with polyaniline
p Glassy carbon electrode modified with carboxylized single-walled carbon nanotubes
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electrode surfaces the effective fractal dimension is d = 2

which leads to n = 1 [51]. The roughness exponent for

MWCNT-PC film was determined to be *0.47 implying

that MWCNT-PC has a rough surface [52]. The simulation

results indicate that the charge transfer resistance (Rct)

decreases progressively from 326 to 230 X with the

increase of the concentration of DA from 0.035 up to

0.099 mM, respectively, and attains the minimum value of

221 X at a concentration of about 0.128 mM. With further

increase of DA concentration, Rct slightly increases up to

250 X and remains unaffected by higher DA concentra-

tions (c [ 0.206 mM). The greater Rct values determined

for MWCNT-PC compared to that obtained for MWCNT-

ACN (18 X) reflect the weaker electrochemical response of

MWCNT-PC. However, comparable charge transfer resis-

tance (Rct & 278 X) was also reported for the oxidation of

DA on a poly(3,4-ethylenedioxythiophene)-modified Pt

electrode [53]. These findings reveal that the quality of the

MWCNT-PC electrode can be considered quite acceptable.

Conclusions

The present work describes an experimental procedure for

the analytical determination of DA on printed MWCNT-

PC films. The fabricated MWCNT-PC films exhibit good

electrochemical response with a relatively low detection

limit (4.06 lL) and high sensitivity (0.823 A M-1 cm-2)

towards DA oxidation that make them very useful for

construction of simple devices for the determination of DA

in clinical and pharmaceutical preparations. It is hoped that

this method will be suitable for application in electro-

chemical studies on biological systems.

Experimental

Reagents

Dopamine ([99.0 %) was purchased from Aldrich and

used as received. All measurements were carried out by

using phosphate buffer solution (pH 7.0). The aqueous PBS

was prepared immediately prior the electrochemical exper-

iments by using doubly distilled water having a specific

conductivity of 0.1 lS cm-1. A stock solution of DA

(1.0 mM) was prepared in PBS medium and the measured

solutions, in the concentration range from 0.004 to

0.292 mM, were prepared directly in the electrochemical

cell by progressive addition of an appropriate volume of

stock solution in PBS medium.

Apparatus and procedures

The cyclic voltammograms (CVs) were recorded using a

computer-controlled system Zahner (model IM6/6EX). The

experiments were carried out using a three-electrode cell

configuration. The working electrode was MWCNT-PC

film (active surface area 5.98 cm2), the counter electrode

was a Pt plate (geometric area 2.0 cm2), and the reference

electrode was Ag/AgCl (sat. KCl). For the electrochemistry

experiments, a three-compartment electrochemical cell

specially designed to minimize the distances between the

electrodes with a total solution volume of 30 cm3 was used.

Before each measurement process the solution was purged

with high purity argon to eliminate interference from
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Fig. 4 a EIS recorded on MWCNT-PC for different concentrations

of DA in PBS (pH 7): c1 = 0.035 mM (filled square), c2 =

0.068 mM (filled circle), c3 = 0.099 mM (open upward triangle),
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oxygen. The CVs were recorded in the potential range from

-0.8 to ?0.8 V (vs. Ag/AgCl) with scan rates ranging

from 0.05 to 0.10 V s-1. All measurements were carried

out at room temperature (22 �C). The electrochemical

impedance spectra (EIS) were recorded with a computer-

controlled system Zahner (model IM6/6EX) by applying

very a small amplitude of the alternate voltage (10 mV) in

the frequency range from 0.1 Hz to 100 kHz at room

temperature (22 �C). All electrochemistry experiments

were performed with the same three-electrode system used

for CV. The EIS spectra were recorded at the oxidation

potential of the investigated redox couple DA/DAQ

(?0.381 V vs. Ag/AgCl). The recorded EIS spectra were

analyzed by means of the equivalent electrical circuit

(Rs ? Cf ? (Cdl/Rct) ? Zw) (software Thales, version

4.15) (inset Fig. 4). The elements of the circuit can be

explained as follows: Rs is a resistor representing the

uncompensated resistance of the cell that includes the

resistance of electrolyte, separator, current collectors, and

electrical leads; Rct is a resistor representing the charge

transfer resistance of the redox reaction; Cdl and Cf are

capacitors corresponding to the double layer capacitance

that arises at the electrode interface with electrolyte

solution and the electrode surface capacitance, respec-

tively; and Zw represents the Warburg diffusion impedance.

The mean and maximum modified impedance errors

derived from the simulation process were estimated to be

in all cases less than 0.4 and 7.2 %, respectively.

Production of printed MWCNT-PC films

The printed MWCNT-PC film was fabricated by means of

a mass flexographic printing process based on transfer of

water-dispersed MWCNTs onto polymer substrate. The

material CarboDis TN (Future Carbon GmbH), used for the

experiments, consisted of an aqueous dispersion of

MWCNTs (2 wt %) and electrically neutral surfactant.

For the printing procedure the printing parameters (printing

speed, contact pressure), the properties of surfaces that

make contact with the printing ink during the printing

process (substrate, printing unit), and the ink’s properties

(dynamic viscosity, surface tension) were carefully con-

trolled. Printing tests were carried out on a flexographic

test printing press FlexiProof 100–630 (Erichsen, Ger-

many). Using a print layout in the form of areas with

dimensions of 35 9 50, 40 9 60, and 50 9 70 mm2, we

transferred the dispersed MWCNTs onto flexible PC film

(thickness 1.7 mm) by means of printing plate nyloflex

ACE (Flint Group, Germany) with printing factor of 20

(number of printing steps). The ceramic anilox roller used

had a scooping capacity of 25 cm3 m-2. The printing speed

for rotation of the impression cylinder substrate was varied

from 25 to 50 m min-1. The device-specific gap between

the plate cylinder and the impression cylinder was set to

0.74. In order to construct the working electrode for

electrochemical measurements, the MWCNT-PC film was

connected to the platinum wire by using the silver

conducting coating. Once the silver coating was dried

(after 24 h), the silver conducting part of the MWCNT-PC

film was fully covered with varnish protective coating.

However, it is important to mention that a difficulty

regarding the electrode’s stability was experienced during

the measurements. Namely, it was observed that after

repeated handlings a part of the MWCNT forest collapsed

resulting in a significant weakening of the electrode’s

performance and therefore making the MWCNT-PC films

essentially single-use electrodes.
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