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Abstract
Novel films consisting of nitrogen-doped multi-walled carbon nanotubes (N-MWCNTs) were fabricated by means of chemical 
vapor deposition technique and decorated with gold nanoparticles (AuNPs) possessing diameter of 14.0 nm. Electron optical 
microscopy analysis reveals that decoration of N-MWCNTs with AuNPs does not have any influence on their bamboo-shaped 
configuration. The electrochemical response of fabricated composite films, further denoted as N-MWCNTs/AuNPs, towards 
oxidation of dopamine (DA) to dopamine-o-quinone (DAQ) in the presence of ascorbic acid (AA) and uric acid (UA) was 
probed in real pig serum by means of cyclic voltammetry (CV) and square wave voltammetry (SWV). The findings demon-
strate that N-MWCNTs/AuNPs exhibit slightly greater electrochemical response and sensitivity towards DA/DAQ compared 
to unmodified N-MWCNTs. It is, consequently, obvious that AuNPs improve significantly the electrochemical response 
and detection ability of N-MWCNTs. The electrochemical response of N-MWCNTs/AuNPs towards DA/DAQ seems to be 
significantly greater compared to that of conventional electrodes, such as platinum and glassy carbon. The findings reveal 
that N-MWCNTs/AuNPs could serve as powerful analytical sensor enabling analysis of DA in real serum samples.

Keywords  Ascorbic acid · Dopamine · Electrochemical biosensors · Gold nanoparticles · Nitrogen-doped multi-walled 
carbon nanotubes · Pig serum · Uric acid

Introduction

Sensors based on multi-walled carbon nanotubes (MWC-
NTs) were extensively applied in electrochemical analysis 
since they provide great electrochemically active area, high 
electrical conductivity, extremely high reactivity and selec-
tivity, and enhanced electrochemical stability [1]. Further-
more, MWCNTs exhibit improved electric transport proper-
ties as well as electro-catalytic activity, and thus are capable 
to reduce the overpotentials and thereby to improve the cur-
rents of redox systems [2–4]. In addition, MWCNTs display 

high sensitivity and detection capability, and consequently, 
they improve the reaction rate and amplify the stability and 
reproducibility of the electrode’s response [5].

The modification of MWCNTs with metal nanopar-
ticles, such as gold nanoparticles (AuNPs), seems to be 
quite promising for the enhancement of their electrochem-
ical performance. Namely, it is well known that such a 
combination improves significantly the electrochemical 
response of MWCNT-based sensors towards redox sys-
tems. For instance, it has been observed that although the 
electrochemical activity of either MWCNTs or AuNPs 
films (individually) exhibits a good response towards 
numerous redox systems, several biomolecules do not 
undergo electrocatalysis on these materials. To overcome 
this difficulty, various modification processes were car-
ried out in order to prepare composite films consisting 
of both MWCNTs and AuNP materials. Thus, according 
to literature reports, MWCNT-based electrodes modified 
with AuNPs were applied in electroanalysis for the deter-
mination of various redox systems. In those studies, both 
MWCNTs and AuNP materials were used for the modifi-
cation of conventional electrodes, such as carbon paste [6], 
glassy carbon [7, 8], and platinum [9], and relatively high 
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detection ability and sensitivity were observed for these 
modified electrode systems.

Dopamine or 2-(3,4-dihydroxyphenyl)ethylamin (further 
abbreviated as DA) is a member of the catecholamine fam-
ily and one of the best-known neurotransmitters that acti-
vates five known types of dopamine receptors (D1-D5) and 
their variants [10]. DA has a wide variety of functions in 
the brain, including important roles in pleasure, behavior, 
understanding, controlled movement, motivation, sleep, 
mood, attention, working memory, and learning. DA is 
strongly associated with the pleasure system in the brain, 
and its release provides feelings of enjoyment and supports 
the activities, which result from these feelings. Disorders in 
DA levels cause declines in neurocognitive functions like 
memory, attention, and problem-solving. Furthermore, the 
lack of DA results in Parkinson’s disease, schizophrenia, 
and other related disorders [1, 13]. Over the past several 
years, there has been great interest in developing sensitive 
and simple analytical methods, such as spectroscopy and 
chromatography, for the determination of DA and the diag-
nosis of some diseases caused by DA deficiency [14–18] 
However, it is well known that in clinical medicine the 
development of an electro-analytical method for studying 
electron transfer processes is quite advantageous. Since 
DA is an electrochemically active compound, it can be eas-
ily analyzed in unknown biological samples by means of 
electrochemical methods based on its anodic oxidation. As 
was already suggested [19], the oxidation of DA can be in 
general characterized as a two-electron transfer process that 
leads to the formation of corresponding di-ketone, namely 
dopamine-o-quinone (further referred as DAQ), according 
to the following reaction:

However, detailed schemes published in the literature 
suggested that DA is firstly oxidized to DAQ that is trans-
formed to more oxidizable 5,6-dihydroxyindoline or leuco-
dopaminechrome, which is further oxidized to aminochrome 
or dopaminechrome [19].

Numerous studies for electrochemical determination of DA 
on various electrodes including also those based on nanostruc-
tured carbon materials were already carried out and reported in 
the literature [20–38]. In those studies, a variety of novel elec-
trode materials with greatly enhanced electrochemical perfor-
mance was successfully used for the analysis of DA in unknown 
biological samples. However, a literature survey demonstrates 
that comprehensive studies of DA on N-MWCNT/AuNP-based 
electrodes were not carried out so far. Thus, there is a pressing 
need to gain insight into the electrochemical behavior of such 
composite materials in biosensing.

In the current manuscript, we report our recent studies on 
the electrochemical response of nitrogen-doped multi-walled 
carbon nanotubes (N-MWCNTs) modified with gold nano-
particles (AuNPs) possessing a diameter of 14.0 nm, further 
denoted as N-MWCNTs/AuNPs, towards dopamine (DA) in 
the presence of ascorbic acid (AA) and uric acid (UA) in real 
pig serum samples. The N-MWCNTs were grown directly 
on an oxidized porous silicon wafer upon decomposition of 
acetonitrile (source of carbon and nitrogen) in the presence 
of ferrocene (catalyst) by means of a chemical vapor deposi-
tion technique. The fabricated N-MWCNT-based films were 
characterized by means of X-ray photoelectron spectroscopy 
(XPS), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM) combined with energy 
dispersive X-ray spectroscopy (EDX). For the electrochem-
istry measurements, the cyclic voltammetry (CV) and square 
wave voltammetry (SWV) techniques were applied. It is 
well known that CV and SWV are the most widely used 
voltammetry techniques for studying redox reactions since 
they provide information on the steps involved in electro-
chemical processes with only a modest expenditure of time 
and effort in the acquisition and interpretation of data. To 
our knowledge, there has been no report so far regarding 
the effect of AuNPs-modification on the electrochemical 
response of N-MWCNTs, directly grown on silicon/silicon 
oxide wafers, towards DA oxidation. In the present research 
work, we are going to demonstrate that the decoration of 
surfaces of carbon nanotubes with AuNPs improves signifi-
cantly their electrochemical activity for the detection of DA 
in the presence of ascorbic acid (AA) and uric acid (UA) in 
real pig serum samples.

Experimental

Chemicals and solutions

Acetonitrile (> 99.9%), ferrocene (> 98.0%), and dopa-
mine (> 99.0%) were purchased from Sigma-Aldrich, while 
L( +)-ascorbic acid (> 99.7%) and uric acid (> 98.0%) were 
obtained from Merck. The pig serum was purchased from 
BIO&SELL (Germany). The phosphate buffer solution (pH 
7.0) was prepared using monosodium phosphate and its con-
jugate base, disodium phosphate, both purchased from Merck. 
All reagents were of analytical grade and were used with-
out any further purification. Initial electrochemistry studies 
were carried out to determine the best BS-to-PBS ratio for 
the electrochemistry measurements (Fig. S1; ESM). Accord-
ing to obtained results, the ratio of 1:10 (BS to PBS) seems 
to be quite optimum for the electrochemical analysis. The 
solutions of DA of desired concentrations in the range of 
0.010–0.350 mM were prepared directly in an electrochemical 
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cell with the addition of proper volumes of stock solutions of 
DA into pig serum mixed with phosphate buffer solution in a 
ratio of 1:10. The concentration of AA (0.500 mM) and UA 
(0.100 mM) was kept constant in all measurements.

Fabrication of N‑MWCNTs

The N-MWCNT-based films were synthesized by means 
of the chemical vapor deposition (CVD) technique onto an 
oxidized porous silicon wafer using acetonitrile as carbon 
and nitrogen source materials in the presence of ferrocene 
that serves as catalyst [39]. The scheme of the pyrolysis 
apparatus and experimental details for the application of the 
CVD technique for the synthesis of carbon nanotubes were 
reported in previously published articles [40–42].

Synthesis of AuNPs

Colloidal noble AuNPs possessing a diameter of 14.0 nm 
were fabricated using the photochemical segmented flow 
technique [43, 44]. A representative scheme of appara-
tus used for the fabrication of AuNPs is shown in Fig. S2 
(ESM). The setup was built up of three PC-controlled 
syringe pumps, PTFE-tubing with an inner diameter of 
0.5 mm, standard fluid connectors, and one 4-port-manifold 
(both made of polyether ether ketone). The segmented flow 
technique is suitable for the micro continuous-flow synthe-
sis of plasmonic nanoparticles with high-size homogeneity 
and for tuning nanoparticle properties. It causes a narrow 
residence time distribution for all volume elements of the 
reactant mixture under the UV ray and a high reproduc-
ibility of the fluid motion in this range. The noble AuNPs 
were prepared using the metal salt solution with a concen-
tration of 1.0 mM. The salt solution was mixed with the 
polyvinylpyrrolidone/photoinitiator solution (PVP/PI) in a 
4-port-manifold and segmented with perfluoromethyldecalin 
(PP9). The PVP/PI solution was previously prepared from 
PVP solution (2 wt%) and 2-hydroxy-4′-(2-hydroxyethoxy)-
2-methylpropiophenone solution (3.0 mM). The nucleation 
starts with the irradiation of the segments in the photo initia-
tion element (length of focus of 2 mm; irradiation time of 
135 ms). A diagram showing the size distribution for AuNPs 
is shown in Fig. S3 (ESM).

Decoration of N‑MWCNTs with AuNPs

For the modification with AuNPs, the N-MWCNT-based 
films were initially immersed in an aqueous solution of 
sodium citrate (2.5 mM) and left in the solution for about 
10 min. After this treatment, the films were dried in the air 
for about 2 h at the room temperature. Afterwards, the fabri-
cated colloidal solution of AuNPs was dropped onto treated 
N-MWCNT films using a micropipette and left for drying 

under room conditions. Finally, the prepared N-MWCNT/
AuNP composite films were carefully washed with distilled 
water and dried in the air for about 24 h. For the construc-
tion of N-MWCNTs and N-MWCNT/AuNP-based working 
electrodes, the films were connected to platinum wire by 
using a silver conducting coating. Once the silver coating 
was dried (~ 24 h), the silver conducting part of the films 
was fully covered with a varnish protective coating. Once the 
protective coating was dried (~ 12 h), the films were ready 
to be used as working electrodes for the electrochemistry 
measurements. The various stages for the construction of 
working electrodes used in the present work are shown in 
Fig. S4 (ESM). It must be mentioned that the N-MWCNTs 
and N-MWCNT/AuNP-based films were quite stable and no 
detachment of the electrode’s contacting part occurred during 
the electrochemistry measurements.

Instrumentation

All electrochemistry measurements were performed on the 
electrochemical working station Zahner (IM6/6EX, Ger-
many). The results were analyzed by means of Thales soft-
ware (version 4.15). A three-electrode system consisting of 
either N-MWCNTs or N-MWCNT/AuNP-based working 
electrode, platinum auxiliary electrode, and Ag/AgCl (satu-
rated KCl) reference electrode was used for electrochemistry 
measurements. Details regarding electrochemistry measure-
ments were reported in the previously published article [45]. 
The morphology and elemental composition of N-MWCNTs/
AuNPs were examined by scanning electron microscope 
(Zeiss ULTRA Plus SEM) and transmission electron micro-
scope equipped with an energy dispersive X-ray spectrometer 
(FEI Titan S/TEM 80-300 kV) [46, 47]. The chemical com-
position of fabricated N-MWCNTs was studied by means of 
X-ray photoelectron spectroscopy in normal emission using 
an ultra-high vacuum (UHV) system equipped with a Physical 
Electronics 10–610 X-ray source in combination with an Omi-
cron XM1000 monochromator for the generation of mono-
chromated Al Ka radiation (hv = 1486.7 eV) and a 7 channel 
EA125 hemispherical electron analyzer operated at constant 
pass energy of 13 eV for detailed and 35 eV for survey spec-
tra. More details regarding XPS analysis were reported in the 
previously published article [48]. Surfaces were bombarded 
for 5 min by Ar+ ions with an energy of 3 keV to avoid the 
investigation of adsorbates on the surface.

Results and discussion

XPS analysis of N‑MWCNTs/AuNPs

The XPS spectrum recorded for N-MWCNT/AuNP composite 
film is shown in Fig. 1. For comparison reasons, XPS spectrum 
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for undecorated N-MWCNTs was recorded and presented along 
with that of N-MWCNTs/AuNPs in Fig. 1. In the detailed spec-
tra of the C1s orbital, the typical shape of the photo electron 
peak of MWCNTs is found and confirms the production of 

MWCNTs. The XPS-analysis results are reported in Table 1. 
Nitrogen, iron, and carbon were found in composite films of 
N-MWCNTs. Composite films of N-MWCNTs/AuNPs show 
additional appearances of oxygen, gold, and sodium. The 

Fig. 1   XPS survey spectra 
recorded as well as Fe2p, C1s, 
O1s, and N1s detailed spectra of 
N-MWCNTs and N-MWCNTs/
AuNPs after sputtering with 
Ar+ for 5 min with an energy 
of 5 keV
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findings confirm that the carbon nanotubes are doped with 
nitrogen.

SEM and TEM/EDX analysis of N‑MWCNTs/AuNPs

The SEM and TEM techniques were applied to investigate 
the morphology of synthesized N-MWCNT/AuNP compos-
ite films. Representative SEM and TEM images taken for 
N-MWCNTs/AuNPs (14.0 nm) are shown in Fig. 2. SEM 
and TEM images of undecorated N-MWCNT films were 
already published in a previous article [49]. The low magni-
fication SEM images exhibit that the surface of N-MWCNT/
AuNP-based film is quite homogeneous and mainly free 
from amorphous carbon. The thickness of N-MWCNT/
AuNP-based films was estimated to lie in the range of 
26–28 µm. The high magnification SEM micrographs exhibit 
that the packing organization and thus the arrangement of 
aligned carbon nanotubes on an oxidized silicon substrate 
are quite enhanced. This observation is attributed to the 
bamboo-shaped configuration of carbon nanotubes that are 
doped with nitrogen [50]. In addition, the SEM micrographs 
reveal that the deposited metal nanoparticles are dispersed 
homogeneously onto the surface of N-MWCNTs and that no 
agglomeration of metal nanoparticles occurs. TEM analysis 
confirms that the N-MWCNTs modified with AuNPs pos-
sess the so-called bamboo structure similar to unmodified 
N-MWCNTs, commonly observed for carbon nanotubes 
that incorporate nitrogen into their structure. Furthermore, 
the TEM images demonstrate that the bamboo structure of 
modified N-MWCNTs shows no significant changes upon 
decoration with AuNPs compared to unmodified N-MWC-
NTs. In addition, the TEM images reveal that the metal 
nanoparticles get deposited on the side walls of nanotubes 
and are dispersed homogeneously all over the surface of the 
carbon nanotubes. Besides, the TEM images confirm that 
the carbon nanotubes contain a small amount of iron catalyst 
residue. Combined TEM/EDX analysis of AuNPs deposited 
on N-MWCNTs/AuNPs confirms that the observed nanopar-
ticles consist of high-purity gold (Fig. S5; ESM).

Electrochemical response of N‑MWCNTs/AuNPs 
towards DA

For characterizing the electrochemical performance of fab-
ricated novel N-MWCNTs/AuNPs towards oxidation of DA 

to DAQ, CVs were recorded in PBS (pH 7.0) and BS/PBS 
(1:10) at various scan rates (in the range of 0.02–0.12 V∙s−1) 
and analyte concentrations (in the range of 0.010–0.350 mM). 
For comparison reasons, electrochemistry experiments were 
also carried out on unmodified N-MWCNTs under similar 
conditions. Representative CVs recorded for oxidation of DA 
on N-MWCNTs and N-MWCNTs/AuNPs in PBS and BS/
PBS (1:10) are shown in Fig. 3. The curves showing the vari-
ation of oxidation peak current density with a concentration 
of DA on N-MWCNTs and N-MWCNTs/AuNPs in PBS, BS, 
and BS/PBS (1:10) are presented in inset plots of Fig. 3. The 
electrochemical parameters determined for DA/DAQ redox 
system on N-MWCNTs and N-MWCNTs/AuNPs in PBS and 
BS/PBS are presented in Table 2.

It is apparent from CV curves that there is an electro-
chemical response of both N-MWCNTs and N-MWCNTs/
AuNPs towards oxidation of DA to DAQ that leads to the 
appearance of two couples of oxidation and reduction CV-
waves demonstrating the occurrence of more than one redox 
process involving redox behavior of DA. The mechanism of 
the electro-oxidation of DA in physiological pH is some-
how complicated, and thus, there is confusion concerning 
this redox process. However, detailed schemes showing the 
processes upon electro-oxidation of DA published in the 
literature demonstrate that DA is firstly oxidized to the di-
ketone dopamine-o-quinone (DAQ) that is transformed to 
the more oxidizable leucodopaminechrome, which is further 
oxidized to dopaminechrome [51, 52]. Specifically, upon 
the electrochemical treatment of DA, one chemical and two 
redox procedures take place. The first redox process con-
cerns the facile oxidation of DA to DAQ via two-electron 
transfer that leads to the anodic CV-peak at about + 0.240 V 
(vs. Ag/AgCl) and the inverse procedure, namely the reduc-
tion of DAQ to DA which results in the cathodic CV-peak 
at about + 0.200 V (vs. Ag/AgCl). The electrochemically 
formed DAQ undergoes nucleophilic attack of amine in 
the side chain, and after an intra-molecular proton trans-
fer, a generation of short-lived species occurs. Under the 
influence of water, the short-lived species undergoes an 
elimination reaction to form the stable aromatic phenolate 
anion [53]. Finally, upon protonation of phenolate anion, 
the electro-active 5,6-dihydroxyindoline or leucodopamine-
chrome (further referred to as DHI) is formed that can be 
oxidized at about −0.180 V (vs. Ag/AgCl) via elimination 
of two electrons to form aminochrome or dopaminechrome 
(further referred to as AC). Thus, the cathodic CV peak that 

Table 1   Elemental % composition of N-MWCNTs and N-MWCNTs/AuNPs determined based on quantitative analysis of the XPS core level sig-
nal assuming a homogeneous distribution of all components. The total percentage uncertainty of the measurements lies at about 2.5%

Material C Fe N O Au Na

N-MWCNTs 96.8 0.9 2.2 0.0 0.0 0.0
N-MWCNTs/AuNPs 92.8 1.1 2.4 2.8 0.1 0.9
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Fig. 2   SEM (a, b, c) and TEM (d, e, f) micrographs taken for N-MWCNT/AuNP (14.0 nm) composite film
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lies at about −0.270 V (vs. Ag/AgCl) can be attributed to 
the inverse process, namely to the reduction of AC to DHI.

As can be seen in the CV curves shown in Fig. 3, both 
N-MWCNTs and N-MWCNT/AuNP films exhibit irrevers-
ible redox response towards DA/DAQ in both PBS and 
BS/PBS solvent media. Consequently, it is noticeable that 
the cathodic peak current density is much smaller than the 
anodic peak current density (thus ip

ox/ip
red > 1) (Table 2) 

showing that only a part of the initial DA, which still 
remains in the DAQ form, can be regenerated, while the 
rest is consumed due to the competing chemical reaction 
and finally reduced at a more negative potential (−0.270 V 
vs. Ag/AgCl). It is, therefore, obvious that the kinetics of 
DA/DAQ redox couple on N-MWCNTs and N-MWCNTs/
AuNPs is not enough fast, and consequently, the coupled 
chemical reaction for the conversion of DAQ to DHI prevails 
over its reduction to DA.

The anodic and cathodic peak potential separa-
tion (ΔΕp) for DA/DAQ redox couple on N-MWCNTs 

and N-MWCNTs/AuNPs in PBS was estimated as 
ΔΕp = 0.050 V and ΔΕp = 0.032 V, respectively (Table 2). 
The determined ΔΕp value on N-MWCNTs appears to be 
greater than the expected ΔΕp value for the two-electron 
transfer process (~ 0.059/n in V) demonstrating slow elec-
tron transfer kinetics on this particular film [54]. How-
ever, the ΔΕp value on N-MWCNTs/AuNPs seems to 
approach the expected theoretical ΔΕp value showing a 
faster electron transfer kinetic process on this particular 
electrode. The greater ΔEp reflects slower kinetics of elec-
tron transfer reaction, specifically, ΔEp is expected to be 
inversely related to heterogeneous electron transfer rate 
constant (ks). The ks values for DA/DAQ redox system on 
N-MWCNTs and N-MWCNTs/AuNPs were determined by 
means of electrochemical absolute rate relation: ψ = (Do/
DR)a/2ks(nπFvDo/RT)−1/2, where ψ is the kinetic parameter, 
a the charge transfer coefficient, Do, DR the diffusion coef-
ficients of oxidized and reduced species, respectively, and 
n the number of electrons involved in redox reaction [55, 
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Fig. 3   CVs recorded for various concentrations of DA in range of 
0.010–0.350 mM in PBS (a, b), BS/PBS (1:10) (c, d) on N-MWC-
NTs (a, c) and N-MWCNTs/AuNPs (b, d) at the scan rate of 0.02 V⋅

s−1. The insets exhibit the variation of oxidation peak current density 
with concentration of DA observed in recorded CVs
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56]. The maximum error in the estimation of rate constants 
lies at about 2.0%. Consequently, the kinetic parameter ks 
determined by means of electrochemical absolute rate rela-
tion for DA/DAQ on N-MWCNTs (ks = 0.14 cm⋅s−1) seems 
to be more than ten times smaller compared to ks estimated 
on N-MWCNTs/AuNPs (ks = 1.76 cm⋅s−1). These findings 
demonstrate the important role that plays modification 
of N-MWCNTs with AuNPs in the improvement of the 
film’s electrochemical response (kinetic). Furthermore,  
the kinetic of DA/DAQ on N-MWCNTs (ks = 0.25 cm⋅

s−1) and N-MWCNTs/AuNPs (ks = 2.54 cm⋅s−1) in BS/
PBS solutions seems to be slightly faster indicating that  
the fabricated composite films can be successfully applied 
in real serum samples.

It is interesting that the electrochemical kinetics of 
DA/DAQ on N-MWCNTs and N-MWCNTs/AuNPs esti-
mated in the present work appears to be considerably 
faster compared to that reported in the literature for the 
same redox system on either bare glassy carbon electrode 
(ks = 0.39 × 10−3 cm⋅s−1) [57] or boron-doped diamond film 
(2.08 × 10−5–6.60 × 10−5 cm⋅s−1) [58]. Consequently, based 
on this evidence, the final conclusion that can be made 
is that the electrochemical response of N-MWCNTs and 
N-MWCNTs/AuNPs towards DA/DAQ is rather fast.

Slightly higher oxidation and reduction current density 
values were obtained on N-MWCNTs/AuNPs compared to 
unmodified N-MWCVNTs indicating the strong effect of 
metal nanoparticles on the improvement of the electrochemi-
cal performance of the electrodes. The variation of oxida-
tion peak current density with the concentration of DA was 
found to be linear in the investigated concentration range of 

0.010–0.350 mM on both N-MWCNTs and N-MWCNT/
AuNP films (inset plots Fig. 3). Consequently, the lower limit 
of detection (S/N = 3) and the sensitivity of fabricated com-
posite films towards DA/DAQ were estimated from the linear 
calibration curves and are presented in Table 2. The findings 
demonstrate that the sensitivity of carbon nanotubes modi-
fied with AuNPs is obviously higher. Namely, an increase  
up to about ~ 30% of sensitivity occurs upon modification of 
carbon nanotubes with AuNPs. This finding confirms that 
metal nanoparticles improve further the electrochemical per-
formance of carbon nanotube–based electrodes [59]. Further-
more, the sensitivity tends to decrease slightly (about ~ 4%) 
in PBS solutions containing BS due probably to the uncom-
pensated resistance effect that is more obvious in BS. Similar 
conclusions have been extracted from the estimated detec-
tion limits of composite films towards DA. Thus, the detec-
tion capability of carbon nanotubes tends to increase (up to 
about ~ 20%) upon their modification with AuNPs. Besides, 
the detection capability of fabricated composite films towards 
DA weakens slightly in BS solutions (Table 2).

Electrochemical analysis of the DA/DAQ redox system 
on conventional electrodes such as platinum (Pt) and glassy 
carbon (GC) was also carried out in BS/PBS for comparison 
reasons (Fig. S6; ESM). The significantly lower sensitivi-
ties estimated for Pt (0.082 A ⋅M−1⋅cm−2) and GC (0.105 A ⋅
M−1⋅cm−2) electrodes towards DA/DAQ compared to those 
obtained for N-MWCNT-based films indicate the advantage 
of incorporating carbon nanotubes along with metal nano-
particles in electrochemical sensors. Histograms showing 
the comparison of sensitivities and lower limits of detection 
of various electrodes applied towards DA/DAQ in BS/PBS 

Table 2   Anodic peak potential 
(Ep

ox), cathodic peak potential 
(Ep

red), half-wave potential 
(E1/2), anodic and cathodic 
peak potential separation 
(ΔEp), anodic and cathodic 
peak current ratio (ipox/ipred), 
heterogeneous electron transfer 
rate constant (ks), lower limit 
of detection (LOD), and 
sensitivity (S) for DA/DAQ on 
N-MWCNTs and N-MWCNT/
AuNP composite films in PBS 
and BS/PBS (1:10)

a All potentials are reported versus Ag/AgCl (saturated KCl) reference electrode
b The E1/2 values were determined as the average values of Ep

ox and Ep
red

c The ks values were determined from obtained ΔEp considering that the diffusion coefficient of DA is 
6.0 × 10−6 cm2⋅s−1 [70]
d The LOD and S values were estimated by means of CV technique in concentration range of 0.010–
0.350 mM
e The S values were estimated by means of SWV technique in concentration range of 0.010–0.300 mM
f The LOD were estimated at signal-to-noise ratio of 3 (S/N = 3)

Parameters N-MWCNTs N-MWCNTs/AuNPs

PBS BS/PBS PBS BS/PBS

Ep
ox / Va 0.245 ± 0.003 0.240 ± 0.003 0.237 ± 0.003 0.225 ± 0.003

Ep
red / Va 0.195 ± 0.003 0.195 ± 0.003 0.205 ± 0.003 0.195 ± 0.003

E1/2 / Vab 0.220 ± 0.006 0.218 ± 0.006 0.221 ± 0.006 0.210 ± 0.006
ΔEp / V 0.050 ± 0.006 0.045 ± 0.006 0.032 ± 0.006 0.030 ± 0.006
ipox/ipred 3.3 ± 0.2 3.7 ± 0.2 3.8 ± 0.2 3.9 ± 0.2
ks / cm·s−1c 0.14 ± 0.02 0.25 ± 0.03 1.76 ± 0.04 2.54 ± 0.05
LOD / μMdf 1.90 ± 0.07 2.50 ± 0.09 1.60 ± 0.06 1.90 ± 0.06
S / A ⋅M−1⋅cm−2d 0.434 ± 0.011 0.416 ± 0.011 0.565 ± 0.015 0.548 ± 0.014
S / A ⋅M−1⋅cm−2e 0.369 ± 0.007 0.349 ± 0.006 0.480 ± 0.009 0.466 ± 0.009
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(1:10) are presented in Fig. S7 (ESM). According to reports 
published in the literature, a possible mechanism for the oxi-
dation of DA on carbon nanotubes modified with AuNPs 
involves π-π-interactions through the π-electron cloud of DA 
with the π-electron cloud of carbon nanotubes [60].

Electrochemical studies of N-MWCNTs and N-MWCNT 
films towards DA in PBS and BS/PBS were additionally 
carried out by means of the SWV technique (Fig. 4). From 
the linear variation of oxidation current density with the 
concentration on DA (inset plots Fig. 4), the sensitivity of 
composite films towards DA was estimated once more and 
compared with those obtained by means of CV technique 
(Table 2). The sensitivity of N-MWCNTs/AuNPs towards 
DA appears to be slightly greater (up to about ~ 30%)  
compared to that estimated for unmodified N-MWCNTs. 
Furthermore, the sensitivity estimated for both composite 
films in BS appears to be slightly smaller (up to about ~ 5%) 
compared to that measured in pure PBS solutions due to 
the uncompensated resistance effect, which is more obvi-
ous in BS solutions. These findings are in absolute agree-
ment with those obtained by means of the CV method. It is, 
however, interesting to mention that the sensitivities of both 
N-MWCNTs and N-MWCNTs/AuNPs towards DA obtained 
by means of SWV appear to be about 10–15% smaller com-
pared to those obtained using the CV technique.

The stability of N-MWCNTs and N-MWCNT/AuNP 
films was tested systematically for a period of 1 week,  
and no significant loss of electrochemical activity was 
observed. Anyhow, the electrochemical response (oxida-
tion current density) after continuous use for a period of 
1 week decreases at about 10–15% of the initial response. 
The repeatability and reproducibility of fabricated com-
posite films were also evaluated. The reproducibility of 
the method was studied by measuring the electrochemical 
response of five different films towards DA/DAQ. In all 
cases, reproducibility in the range of 2.5–3.5% was esti-
mated. Furthermore, the method’s repeatability was studied 
by monitoring the current response of the same composite 
film towards DA/DAQ for 10 different successive measure-
ments. The estimated repeatability of about 3.0% can be 
considered quite acceptable.

Electrochemical response of N‑MWCNTs/AuNPs 
towards DA in the presence of AA and UA

The analysis of DA in the presence of AA and UA was car-
ried out on N-MWCNTs and N-MWCNT/AuNP-based films 
by means of the CV technique to study possible interference 
effects. For this purpose, CVs were recorded for various con-
centrations of DA in the range of 0.010–0.350 mM, while 
the concentration of AA (0.500 mM) and UA (0.100 mM) 
was kept constant (Fig. 5). The estimated electrochemical 
parameters are presented in Table 3.

Previously published studies demonstrated that UA can 
be electrochemically oxidized via two-electron oxidation 
process to its diimine [61], while the electro-oxidation of 
AA to dehydroascorbic acid takes place via quasi-reversible 
two-electron transfer process followed by irreversible chemi-
cal reactions [62]. However, the electrochemical oxidation 
of AA on conventional electrodes, such as platinum (Pt) 
and glassy carbon (GC), requires a higher potential than 
the expected oxidative potential of AA; namely, it needs a 
so-called overpotential. The CVs recorded on N-MWCNT-
based films display that the oxidation overpotential of AA 
(+ 0.005 V vs. Ag/AgCl) decreases significantly on carbon 
nanotubes leading to great potential separation (in the range 
of 200–270 mV) between the oxidation waves of AA and 
DA analytes preventing, thus, their overlapping. Further-
more, the separation between oxidation waves of DA and 
UA analytes (in the range of 115–135 mV) is enough large 
to prevent their overlapping and permit their simultaneous 
analysis. Thus, three non-overlapped (well-separated) waves 
corresponding to oxidation of AA (+ 0.005 V vs. Ag/AgCl), 
DA (+ 0.240 V vs. Ag/AgCl), and UA (+ 0.355 V vs. Ag/
AgCl) can be clearly seen in CVs recorded on N-MWCNT-
based films. The findings demonstrate a slightly greater 
separation between oxidation waves of studied analytes onto 
N-MWCNTs/AuNPs compared to unmodified N-MWCNTs 
confirming once more the strong effect of metal nanoparti-
cles on the improvement of electrochemical activity of car-
bon nanotubes.

It is though, interesting to mention, that similar studies 
on Pt reveal overlapped oxidation waves for AA and DA, 
due to the great oxidation overpotential of AA on this par-
ticular electrode. Furthermore, quite a weak (no clear) oxi-
dation wave has been observed for UA on the Pt electrode 
(Fig. S8; ESM). According to literature reports, oxidation 
of AA on GC and Pt electrodes requires potentials of about 
0.400 vs. SCE and 0.600 V vs. SCE, respectively [63]. In 
the present work, the oxidation potential of + 0.005 V vs. 
Ag/AgCl measured for AA on N-MWCNTs/AuNPs is con-
verted to −0.040 vs. SCE (considering that SCE vs. Ag/AgCl 
is + 0.045 V) that is significantly less anodic compared to 
potentials reported on GC and Pt. These observations dem-
onstrate once more the importance of the incorporation of 
carbon nanotubes along with metal nanoparticles in elec-
trochemical sensors to diminish the overpotentials of redox 
systems and improve their sensitivity.

From the linear variation of oxidation current density 
of DA with its concentration (inset plots Fig. 5), the lower 
limit of detection (S/N = 3) and the sensitivity of fabricated 
composite films towards oxidation of DA in the presence 
of AA and UA were estimated and are included in Table 3. 
As was expected, slightly greater sensitivity was observed 
for N-MWCNTs/AuNPs compared to unmodified N-MWC-
NTs confirming once more the strong influence of metal 
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nanoparticles on the enhancement of electrochemical activ-
ity carbon nanotubes. It is, however, obvious that the sen-
sitivity of both composite films towards DA/DAQ tends to 
decrease somewhat (up to ~ 5%) in the presence of AA and 
UA (compared to sensitivity estimated for DA in the absence 
of AA and UA). However, this difference lies within the 
experimental error of the method.

It would be very interesting to compare the sensitivities 
of N-MWCNTs and N-MWCNTs/AuNPs towards DA/DAQ 
obtained in the present work with those reported in the lit-
erature for other novel composite films (Table 4) [71–85]. 
In general, the comparison demonstrates that both N-MWC-
NTs and N-MWCNTs/AuNPs exhibit in some cases greater 
sensitivity towards DA/DAQ compared to other novel elec-
trodes reported in the literature. For instance, the sensitivity 
values estimated for glassy carbon electrode modified with 
either graphene (0.07 A ⋅M−1) [79] or copper oxide nano-
particles (0.04 A ⋅M−1) [81] seem to be significantly smaller 
compared to those obtained in the present work. Likewise, 

the sensitivity reported for carbon paste electrode modified 
with either copper oxide nanoparticles (0.29 A·M−1) [82] or 
iron nanoparticles (0.16 A·M−1) [83] appears to be smaller 
compared to those determined on our composite films in 
present work.

A further extended comparison of lower limits of detec-
tion of N-MWCNTs/AuNPs towards DA/DAQ obtained in 
the present work with available published values is pre-
sented in Table S1 (ESM). This comparison exhibits that 
the detection capability of N-MWCNTs/AuNPs appears 
to be either analogous or greater compared to other novel 
composite films. For instance, the detection limits of 
52.4 μM reported for carbon paste electrode modified with 
poly(xylenol orange) [64], 24 μM measured for glassy car-
bon electrode modified with PtNPs, AuNPs, and 1-cysteine 
[65], and 8.0 μM published for glassy carbon electrode 
modified with cobalt penta-cyano-nitrosyl-ferrate [66] 
appear to be significantly greater, in other words, poorer, 
compared to those obtained on N-MWCNTs/AuNPs in the 
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Fig. 4   SWVs recorded for various concentrations of DA in the range 
of 0.010–0.300 mM in PBS (a, b), BS/PBS (1:10) (c, d) on N-MWC-
NTs (a, c) and N-MWCNTs/AuNPs (b, d) at the scan rate of 0.02 V⋅

s−1. The insets exhibit the variation of oxidation peak current density 
with concentration of DA observed in recorded SWVs
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present work. In addition, the detection limits of 1.7 μM 
estimated for film consisting of phosphorylated zirconia-
silica oxide particles modified with methylene blue [67], 
1.8 μM measured for glassy carbon electrode modified with 

cysteine [68], and 2.3 μM obtained for glassy carbon elec-
trode for indirect analysis based on laponite/tyrosinase [69] 
seem to be comparable to that measured on N-MWCNT/
AuNP composite film.
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Fig. 5   CVs recorded for various concentrations of DA in range of 
0.010–0.350 mM in presence of AA (0.500 mM) and UA (0.100 mM) 
in PBS (a, b), BS/PBS (1:10) (c, d) on N-MWCNTs (a, c) and 

N-MWCNTs/AuNPs (c, d) at the scan rate of 0.02 V⋅s−1. The insets 
exhibit the variation of oxidation peak current density with the con-
centration of DA observed in recorded CVs

Table 3   Oxidation peak potential difference of AA and DA analytes 
(Ep

ox
DA − Ep

ox
AA), oxidation peak potential difference of DA and UA 

analytes (Ep
ox

UA − Ep
ox

DA), lower limit of detection (LOD), and sen-

sitivity (S) for DA/DAQ in the presence of AA (0.500 mM) and UA 
(0.100 mM) on N-MWCNTs and N-MWCNT/AuNP composite films 
in PBS and BS/PBS (1:10)

a All potentials are reported versus Ag/AgCl (saturated KCl) reference electrode
b The LOD and S values were estimated by means of CV technique in concentration range of 0.010–0.350 mM
c The LOD were estimated at signal-to-noise ratio of 3 (S/N = 3)

Parameters N-MWCNTs N-MWCNTs/AuNPs

PBS BS/PBS PBS BS/PBS

(Ep
ox

DA − Ep
ox

AA) / Va 0.230 ± 0.006 0.203 ± 0.006 0.270 ± 0.006 0.215 ± 0.006
(Ep

ox
UA − Ep

ox
DA) / Va 0.130 ± 0.006 0.115 ± 0.006 0.135 ± 0.006 0.120 ± 0.006

LOD / μMbc 2.10 ± 0.07 2.80 ± 0.09 1.80 ± 0.06 2.40 ± 0.08
S / A ⋅M−1⋅cm−2b 0.427 ± 0.011 0.400 ± 0.010 0.541 ± 0.014 0.505 ± 0.013



2656	 Journal of Solid State Electrochemistry (2023) 27:2645–2658

1 3

Further additional interference studies demonstrated 
that norepinephrine (NEP) and glucose (GL) will probably 
interfere with the electrochemical analysis of DA. Namely, 
the peak potentials for oxidation of NEP and GL appear-
ing at about 0.250 V (vs. Ag/AgCl) and 0.200 V (vs. Ag/
AgCl), respectively, overlap with the oxidation wave of DA 
(0.240 V vs. Ag/AgCl). However, epinephrine (EP) and 
acetaminophen (AC) do not interfere with the analysis of 
DA. Specifically, onto N-MWCNTs/AuNPs an irreversible 
oxidation peak at about 0.370 V (vs. Ag/AgCl) occurs cor-
responding to the oxidation of EP. This oxidation peak does 
not overlap with that of DA that lies at about 120 mV less 
anodic potential. In addition, electrochemical analysis of 
AC on N-MWCNTs/AuNPs demonstrates that the oxidation 
of AC occurs at about 0.445 V (vs. Ag/AgCl), and conse-
quently, an interference of AC in the analysis of DA cannot 
be expected, since DA displays an anodic wave in much less 
anodic potential (about 205 mV les anodic potential). As 
an example, representative CVs recorded for interference 
studies of GL in the electrochemical analysis of DA in the 
presence of AA and UA are reported in Fig. S9 (ESM). In 
these CVs, it can be clearly seen that the selective detection 
of DA in the presence of AA and UA cannot be carried out 
due to strong interference arising from the oxidation of GL.

Conclusions

N-MWCNTs were fabricated by means of CVD, decorated 
with AuNPs (14.0 nm), and applied for electrochemical 
sensing of DA in the presence of AA and UA in real BS 
samples. The oxidation wave of DA was not overlapped 
with those of AA and UA, since the oxidation overpotential 
of AA decreases significantly on N-MWCNT-based films. 
Consequently, the three well-defined CV peaks of analytes 
are separated enough in order to permit the successful analy-
sis of DA in the presence of AA and UA in BS samples. 
N-MWCNTs/AuNPs exhibit greater sensitivity (0.505 A ⋅
M−1⋅cm−2), and accordingly, lower detection limit (2.4 μM) 
towards DA in the presence of AA and UA compared to 
unmodified N-MWCNTs (0.400 A ⋅M−1⋅cm−2; 2.8 μM). 
These findings confirm the strong influence of metal 
nanoparticles on the improvement of the electrochemical 

Table 4   Comparison of sensitivities (S) obtained in present work for 
N-MWCNTs and N-MWCNTs/AuNPs towards DA/DAQ with those 
of other novel electrodes reported in literature. The sensitivities were 
determined by means of either cyclic voltammetry (CV), square wave 
voltammetry (SWV), amperometry (AMP), or differential pulse vol-
tammetry (DPV) technique

a Values obtained in present work for DA/DAQ in presence of AA and 
UA in PBS
b Values obtained in present work for DA/DAQ in presence of AA and 
UA in BS/PBS (1:10)
c Values obtained in present work for DA/DAQ in BS/PBS (1:10)
d Value obtained in present work for DA/DAQ on platinum electrode 
in BS/PBS (1:10)
e Value obtained in present work for DA/DAQ on glassy carbon elec-
trode in BS/PBS (1:10)
f Electrode consisting of pure gold nanoparticles
g Single-walled carbon nanotubes modified with poly-(pyrrole)
h Glassy carbon electrode modified with poly-(3-methylthiophene)
i Gold electrode modified with platinum nanoparticles/osmium redox 
polymer/Nafion
j Carbon screen printed electrode modified with chitosan/nitrogen-
doped graphene quantum dots
k Carbon paste electrode modified with zinc oxide nanoparticles; S in 
A·M−1

l Pencil graphite electrodes modified with copper/copper oxide nano-
particles; S in A·M−1

m Glassy carbon electrode modified with functionalized carbon nano-
tubes with titanium dioxide; S in A·M−1

n Glassy carbon electrode modified with graphene; S in A·M−1

o Nanostructured gold electrode; S in A·M−1

Electrode’s material Technique S / A·M−1·cm−2 Reference

N-MWCNTsa CV 0.427 This work
N-MWCNT/AuNPsa CV 0.541 This work
N-MWCNTsb CV 0.400 This work
N-MWCNT/AuNPsb CV 0.505 This work
N-MWCNTsc CV / SWV 0.416 / 0.394 This work
N-MWCNT/AuNPsc CV / SWV 0.548 / 0.466 This work
Ptd CV 0.082 This work
GCe CV 0.105 This work
Auf CV 10 Ref. [71]
SWCNTs/PPyg AMP 0.467 Ref. [72]
GC/PMTHh DPV 1.21 Ref. [73]
Au/Pti DPV 0.50 Ref. [74]
CS/N-GQDsj DPV 0.418 Ref. [75]
CPE/ZnOk CV 0.42 Ref. [76]
PGE/Cu/CuxOl DPV 0.51 Ref. [77]
GC/CNTs/TiO2

m SWV 0.042 / 0.043 Ref. [78]
GC/GRn DPV 0.07 Ref. [79]
Auo DPV 0.14 Ref. [80]
GC/CuOp DPV 0.04 Ref. [81]
CPE/CuOq DPV 0.29 Ref. [82]
CPE/Fer DPV 0.16 Ref. [83]
GC/MIPs/CuOs CV 0.27 Ref. [84]
CuOt DPV 0.0229 / 0.664 Ref. [85]

p Glassy carbon electrode modified with copper oxide nanoparticles; 
S in A·M−1

q Carbon paste electrode modified with copper oxide nanoparticles; S 
in A·M−1

r Carbon paste electrode modified with iron nanoparticles; S in A·M−1

s Glassy carbon electrode modified with polymers and copper oxide 
nanoparticles; S in A·M−1

t Copper oxide nanoleaf electrode; S in A·M−1

Table 4   (continued)
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performance of carbon nanotube–based electrodes. Com-
parison with available literature data demonstrates that the 
sensitivity of fabricated N-MWCNT/AuNP composite films 
towards DA is quite enhanced permitting their future appli-
cation for sensing DA in real BS samples.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10008-​023-​05562-2.
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