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Abstract
Selected carbonaceous nanomaterial–modified carbon paste electrodes (CPEs) were compared for trace-level determination of
dopamine (DA) by direct cathodic square wave voltammetry (SWV). The advanced nanomaterials containing electrodes were
obtained from homemade multiwalled carbon nanotubes (MWCNTs) in their native and functionalized (ox-MWCNTs) forms,
commercially available MWCNTs, single-walled carbon nanotubes, and fullerene, by a very simple drop coating method, and
from classical CPE which consists of graphite powder and paraffin oil only. The comparative SWVmeasurements confirmed the
priority of ox-MWCNT/CPE as it exhibited the best analytical performance with a well-shaped and intensive DA signal, which
strongly depended upon pH and exhibited the most favorable characteristics at pH 6.3 (0.1 M phosphate buffer solution). The
cyclic voltammetric (CV) characterization of DA on ox-MWCNT/CPE confirmed the reversible process and much higher
sensitivity of this electrode in comparison with the other ones. Fourier transform infrared (FTIR) and Raman spectroscopic
measurements indicated a significant difference betweenMWCNTs and ox-MWCNTs, which is the consequence of the chemical
oxidation/functionalization of the latter one having a positive influence on its sensing properties. The optimized SWV method
was characterized by a linear concentration range of 16.15–192.70 ng mL−1 DA, a relative standard deviation (RSD) lower than
1.3%, and a detection limit in the model solution of 4.89 ng mL−1. Also, interferences from ascorbic acid were negligible. The
developed method was successfully applied for DA determination in injection/selected infusion matrix solutions, whereby the
obtained results were in good agreement with DA content declared by the producer with RSD of the method below 1.0%.
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Introduction

Dopamine (DA) is the predominant catecholamine neuro-
transmitter in the mammalian brain that plays a vital role in
maintaining the functional activities of central nervous, car-
diovascular, and hormonal systems [1–4]. Additionally, it in-
fluences a variety of activities such as behavior, attention,
memory, and learning [5]. DA can be found not only in brain
tissues but also in body fluids. Its unusual concentrations are
linked to many diseases including Parkinson’s disease,
Alzheimer’s disease, and schizophrenia [4–9]. Having inmind
the wide range of physiological and pathophysiological impli-
cations, the development of analytical method for precise and
selective measurement of DA (and/or its metabolites) at the
low concentration levels characteristic for living systems (26–
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40 nM (3.98–6.13 ng mL−1) and below) can make a great
contribution to disease diagnosis [10]. On the other hand, a
long series of experiments and clinical investigations lead to
the development of L-DOPA therapy and then to other types
of medications to improve the patient’s symptoms [11], so the
quality control of these products is of great interest as well.

In the last several decades, various analytical techniques
have been exploited for the analysis of DA in different matri-
ces. Based on the International Pharmacopoeia (Eighth
Edition) [12], potentiometric non-aqueous titration was pro-
posed as assay for DA hydrochloride determination consider-
ing its basic crystalline form. Since DA is a highly
electroactive molecule, electrochemical methods proved to
be convenient tools for its determination as well, due to their
numerous advantages over other traditional methods includ-
ing cost effectiveness, high sensitivity, simplicity, and fast
analytical response [13, 14]. Moreover, they can also enable
biomolecule detection in a miniaturized analytical device
which suggests their suitability for point-of-care testing [8].
However, at bare electrodes generally the electron-transfer
rate is slow, the electrochemical reactions are mainly irrevers-
ible and require high overpotentials, and the pronounced elec-
trode fouling often results in poor selectivity and reproducibil-
ity [15, 16]. Therefore, the electrode modification is required
to have a selective and sensitive method for DA determination
[17]. One of the main advantages of carbon paste electrodes
(CPE) is their easy and simple modification. Due to the het-
erogeneous, composite nature of the electrode material, mod-
ifying agents can be added directly to the paste, either to the
material in its final state or during its preparation [18]. Also,
manipulating the nature of the CPE surface is possible by
deliberately attaching chemical reagents to its surface which
can result in improvement of analytical performance of the
electrode for determination of different target analytes [19].
Nowadays, different carbon-based materials such as carbon
nanotubes (CNTs) are promising building elements of electro-
chemical sensors/biosensors. CNTs are known as rolled-up
graphene sheets that exist as hollow tubes, and they can appear
in a variety of forms including two basic types, i.e., single-
walled (SWCNTs) and multiwalled (MWCNTs) carbon nano-
tubes. Each of them has unique structure and mechanical, ther-
mal, and electronic properties that have led to a rising number
of important electroanalytical applications in recent years
[20–23]. CNTs increase the electroactive surface area and en-
hance electron transfer so the CNT-based electrodes are widely
used for determination of various biomolecules with high sen-
sitivity and selectivity among which are neurotransmitters/
neurochemicals [24, 25]. Additionally, in most cases the nano-
tubes are purified via oxidizing treatment, typically in mineral
acids such as HNO3 or H2SO4 to remove the end caps, which
creates defect sites and oxygen functional groups (e.g., qui-
nones and carboxylic acids in polar solvents), and therefore,
fine tuning the amount of such elements improves the

mediator/electrocatalytic properties of nanotubes [24, 26]. Up
to now, different strategies were employed for designing elec-
trochemical sensors based on CNTs for determination of DA
individually or simultaneously with some other biomolecules
that coexist together with DA in biological systems. For this
purpose, a glassy carbon electrode (GCE) was coated with
MWCNTs dispersed in dihexadecyl hydrogen phosphate [27]
or Nafion [28], then with acid-functionalized MWCNTs [21],
boron-doped CNTs [29], poly(allylamine hydrochloride) [30]
and poly(diallyldimethylammonium chloride) [31] functional-
ized helical CNTs or layer-by-layer assembled MWCNTs [32].
Additionally, not only GCE was used for fabrication of DA
working electrodes but also CNT-modified graphite [33, 34],
gold [35], screen-printed [36] electrodes, carbon fiber [37, 38],
and boron-doped ultrananocrystalline diamond [-
39] microelectrodes, as well as carbon nanotube paste electrode
based on bromoform as binder [40]. Most of published papers
dealt with the oxidation of DA, whereby one of the recent
elaborated sensitive methods was proposed by Tan et al. [39]
for DA detection down to 9.5 nM (1.46 ng mL−1) using a 100-
nm “thin” film microelectrode in model solutions. In contrast, a
very small number of reported methods are based on electro-
chemical reduction of DA. One such example is GCEmodified
with hybrid material SiO2/graphene oxide decorated with Ag
nanoparticles which was used for simultaneous determination
of epinephrine and DA employing square wave voltammetry
(SWV), and the achieved detection limit for DA was
0.26 μmol L−1 (39.83 ng mL−1) [41].

In this work, CPE based on graphite powder and paraffin
oil was surface modified with different carbonaceous
nanomaterials (SWCNTs, commercially available and home-
made native MWCNTs, chemically oxidized homemade
MWCNTs (ox-MWCNTs), and fullerene (C60)) by a simple
drop coating method. The applicability of prepared working
electrodes was investigated for trace-level determination of
DA by direct SWV and mainly based on its electrochemical
reduction. After optimization steps concerning the selection of
the working electrode, the pH of the supporting electrolyte,
and the amount of the CPE modifier, the developed analytical
method was applied for determination of DA in the pharma-
ceutical formulation sample, i.e., DA hydrochloride injection,
in its basic form, and later after dilution with three different
infusion solutions as well.

Materials and methods

Chemicals and reagents

All used chemicals were of analytical reagent grade, and the
solutions were prepared with doubly distilled water. Stock
solution of DA hydrochloride (99%, Acros Organics,
Belgium) at a concentration of 1.0 × 105 ng mL−1 was
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prepared by dissolving the appropriate amount of solid sub-
stance in doubly distilled water, and for experimental work, it
was further diluted as required. Ascorbic acid (Merck) was
used for interference study. Phosphate buffer solutions
(0.1 M) in the pH range from 5.8 to 8.0 were obtained by
mixing corresponding volumes of 0.1 M Na2HPO4 (p.a.,
Alkaloid, Skopje, R. Macedonia) and 0.1 M KH2PO4 (p.a.,
Merck-Alkaloid, Skopje, R. Macedonia) aqueous solutions.
Native MWCNTs were synthesized by catalytic chemical va-
por deposition [42], and they were functionalized by refluxing
in conc. HNO3 for 6 h to receive their oxidized form (ox-
MWCNTs) after their first washing with room temperature
conc. HNO3. The standard carbonaceous nanomaterials,
SWCNTs, MWCNTs, and C60 were purchased from Sigma.
Absolute ethanol (Carlo Erba, Italy) was used to prepare sus-
pensions of mentioned carbon-based nanomaterials which
were necessary for surface modification of the CP working
electrode. DA hydrochloride injection (Dopamin Admeda
50, concentrate for infusion solution, 50 mg/5 mL, Haupt
Pharma Wülfing GmbH for Admeda Arzneimittel GmbH,
Germany) was analyzed as real sample. Based on the declara-
tion of the producer, besides having DA hydrochloride as an
active component, the injection also contains other ingredients
as follows: L-cysteine hydrochloride monohydrate, sodium
chloride, citric acid monohydrate, sodium hydroxide, water
for injections, and hydrochloric acid. Three types of infusion
solutions (0.9% NaCl, 5% glucose, and Ringer’s solutions,
Hemofarm, Vršac, Serbia) were obtained from a local phar-
macy in Novi Sad and served for preparation of DA infusions.

Apparatus

All voltammetric measurements were performed on an
Autolab PGSTAT12 electrochemical analyzer operated via
GPES 4.9 software (Metrohm, Netherlands). The
voltammetric cell included a three-electrode system with an
unmodified CPE or CPE surface modified with SWCNTs,
MWCNTs, ox-MWCNTs, or C60 (SWCNT/CPE, MWCNT/
CPE, ox-MWCNT/CPE, and C60/CPE, respectively) as the
working electrode, a saturated calomel electrode (SCE) as
reference, and a platinum auxiliary electrode. All potentials
referred in this work are given as values against the SCE.

The physical characterization of the commercially avail-
able and homemade native MWCNTs was performed by a
FEI Tecnai G2 200-kV HR transmission electron microscope
(TEM). Additionally, Fourier-transform infrared (FTIR) spec-
tra of MWCNTs and ox-MWCNTs were recorded using a
Bruker Vertex 70 IR spectrometer, while Raman spectra were
acquired in a Thermo Scientific DXR Raman microscope.

pH values were measured with a digital pH meter
(inoLab® Multi 9620 IDS, Germany) using a combined glass
electrode.

Characterization of nanomaterials by TEM, FTIR,
and Raman spectroscopy

The TEM imaging was performed for native commercially
available and homemade MWCNTs under the same magnifi-
cation. FTIR spectra were recorded for homemade native
MWCNTs and ox-MWCNTs in the wavenumber range of
4500–500 cm−1 on solid samples prepared by the KBr meth-
od. Namely, 10.0 mg of nanomaterials was mixed with
100.0 mg KBr, pressed into pellets, and measured in the trans-
mission mode. Raman spectra were measured at 532-nm laser
excitation with 2.5 mW power, using a long focus objective
(×50) in the case of same materials. All spectra were collected
with three accumulations of 20 s each and then corrected for
background effects.

Preparation of the working electrodes

Bare CPE was made by thoroughly hand-mixing of 0.5 g
graphite powder (< 20 μm, synthetic, Sigma-Aldrich) with
0.2 mL paraffin oil (Kemika, Zagreb, Croatia) as binding liq-
uid in accordance with our previously published papers
[43–45]. The piston type of the Teflon holder with a diameter
of 2 mm [46] was filled with carbon paste, and before the
measurements, the CPE surface was renewed mechanically
by squeezing out a small amount of paste from the electrode
body and wiping the electrode surface with a piece of clean
smooth filter paper. The suspensions for CPE surface modifi-
cation were prepared by dispersing 1.5 mg of selected carbon
nanomaterial in 1.0 mL of absolute ethanol and sonicating for
20 min using ultrasound bath (Bandelin) similarly as it was
elaborated in our previous works [44, 45, 47]. The surface
modification of CPE was carried out as follows: 3.0 μL of
prepared suspensions was drop coated by a micropipette on
the electrode surface, and after drying at room temperature,
the obtained working electrodes were used for voltammetric
measurements. In the case of ox-MWCNT/CPE, 3.0 μL,
4.0 μL, and 5.0 μL of ethanol suspension were tested for the
optimization of modifier amount on the CPE surface.

Voltammetric measurements in model systems

Cyclic voltammetric (CV) characterization of the prepared
working electrodes was performed in 10mMFe(CN)6

3−/4- test
solution containing 0.5 M Na2SO4 in the potential range from
1.0 to − 0.4 V starting in cathodic direction at different scan
rates (v). As for the target analyte characterization, CVexper-
iments were carried out with CPE and ox-MWCNT/CPE in
0.1 M phosphate buffer solution pH 6.3 in the absence and
presence of 7343 ng mL−1 DA. In this case, the voltammo-
grams were recorded in the potential span from 0.6 to − 0.4 V
while v was 25, 50, 75, 100, 150, 200, 250, 300, 350, 400,
450, or 500 mV s−1.
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SW voltammograms of DA were recorded using CPE,
SWCNT/CPE, MWCNT/CPE, ox-MWCNT/CPE, and C60/
CPE in the presence of 10.0 mL of phosphate buffer solution
pH 6.3 (0.1M) as the supporting electrolyte in appropriate DA
concentration range depending on the working electrode. For
the optimization of pH of the supporting electrolyte, SWV
measurements were performed with ox-MWCNT/CPE in the
phosphate buffer in the pH interval from 5.8 to 8.0 (0.1 M),
while the concentration of DAwas 120.97 ng mL−1. The mea-
surement parameters in SWV were as follows: potential range
from 0.60 to − 0.80 V, the pulse amplitude 25 mV, step poten-
tial 4 mV, and frequency 50 Hz. Prior to the SWV measure-
ments, all investigated working electrodes were electrochem-
ically activated by cycling in the phosphate buffer of appro-
priate pH value (0.1 M, 3 cycles, from 0.60 to − 0.80 V,
100 mV s−1) similarly as in our earlier works [45, 47, 48].

Real sample analysis

The DA hydrochloride injection sample was diluted with
bidistilled water or with three different infusion solution ma-
trices (0.9% NaCl, 5% glucose or Ringer’s solution) in the
volume ratio 1:100. The content of DA in these samples was
determined by the standard addition method using optimized
analytical protocol (ox-MWCNT/CPE, 0.1 M phosphate buff-
er pH 6.3). During SWV measurements, after recording the
baseline (10.0 mL 0.1 M phosphate buffer pH 6.3), 5.0 μL of
diluted sample was added into the voltammetric cell, followed
by three standard additions of DAwith their final concentra-
tions as: 19.36, 38.71, and 58.02 ng mL−1. All measurements
were performed in triplicates.

Results and discussion

TEM, FTIR, and Raman spectroscopic characterization
of the native MWCNTs and ox-MWCNTs

A few techniques including TEM, FTIR, and Raman spectros-
copy were employed for characterization of native and oxi-
dized forms of MWCNTs, which served, among others, as
surface modifiers of CPE. TEM images of commercially
available (Fig. 1a) and homemade (Fig. 1b) native
MWCNTs showed that the nanotubes have the analogous ba-
sic structure with a similar length. In the case of commercially
available MWCNTs, three different fractions with outer diam-
eters of around 5, 10, and 20 nm were recognized, and their
thickness is comparable with homemadeMWCNTs which are
with outer diameters from 10 to 30 nm with two dominant
fractions as 10 and 20 nm. These homemade MWCNTs were
further characterized by FTIR and Raman spectroscopy to-
gether with their chemically oxidized form. The obtained
FTIR spectra for both forms were compared (Fig. 1c). As

can be seen, an intensive band at wavenumbers around
3400 cm−1 was recognized in both cases which according to
the literature data [49–51] belongs to stretching vibrations of
isolated surface –OHmoieties and/or –OH in carboxyl groups
and in adsorbed water. Additionally, the bands in the 1750–
1550 cm−1 range can be assigned to C=O groups in carboxylic
acid or ketone/quinone groups and to C=C in aromatic rings,
while the presence of C–O bonds can be confirmed by the
bands in the range of 1300–950 cm−1 [49–51]. In the present
case, the FTIR studies showed some distinct differences be-
tween the native and ox-MWCNTs. Additional bands at 1707,
1634, and 1564 cm−1 were observed on ox-MWCNT spectra
proving the presence of C=O groups, and similar as it is elab-
orated by Stobinski et al. [49], the increase and partial separa-
tion of bands in the 1250–950 cm−1 range can be also recog-
nized indicating the increased amount of hydrated surface
oxides compared to MWCNTs. In the next step, the Raman
spectra of synthesized MWCNTs and ox-MWCNTs were re-
corded and the obtained results (Fig. 1d) are comparable and
in accordance with those found in the literature for MWCNTs
[49, 50, 52, 53]. Native homemade MWCNTs showed two
typical graphite bands at 1344 cm−1 and 1580 cm−1 assigned
as D and G bands, respectively. The G band is related to the in-
plane vibration of the C–C bond, and the D band is activated
by the presence of a disorder in carbon systems [49, 50, 52,
53]. Also, one intensive band called the G′ band appears at
2682 cm−1 and it is attributed to the overtone of the D band. In
the case of ox-MWCNTs, the intensity of mentioned bands is
increased visibly, and they are a little bit shifted (around
5 cm−1) to more positive values compared to MWCNTs.
Additionally, the G band is with a shoulder around
1617 cm−1 called the D′ band, typical of defective graphite-
like materials. The integrated D and G band Raman intensity
ratio (ID/IG) was calculated for both homemade native
MWCNTs and ox-MWCNTs, and obtained values were 0.78
and 1.07, respectively. Since this parameter can be used to
evaluate the disorder density of the nanotube walls, i.e., low
ID/IG represents low defect concentration [50, 52], it is con-
firmed that there are obvious differences between the native
MWCNTs and ox-MWCNTs.

Cyclic and square wave voltammetric characterization
of the working electrodes

In addition to the structure characterization of synthesized
nanomaterials, voltammetric measurements were carried out
to get a deeper insight into the electrochemical behavior of
advanced working electrodes in the Fe(CN)6

3−/4− test solution
and into their performance with respect to the DA redox reac-
tion similarly as it was described in previously published pro-
cedures for electroanalytical determination of different target
analytes [54–56].
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As first, CV characterization of the working electrodes,
CPE (Fig. S1a), SWCNT/CPE, MWCNT/CPE, ox-
MWCNT/CPE (Fig. S1b), and C60/CPE, were performed by
Fe(CN)6

3−/4-(10 mM) test solution in Na2SO4 supporting elec-
trolyte (0.5 M) with v between 25 and 500 mV s−1. In the case
of all tested electrodes, the well-defined oxidation peak with a
peak potential (Ep,a) in the range from around 0.3 to 0.4 Vand,
in reverse half cycle, one reduction peak with peak potential
(Ep,c) from around 0.1 to 0.0 V were received with recogniz-
able shifts at different v, and with almost equal anodic (Ip,a)
and cathodic (Ip,c) peak maxima ratios at all v. The Ep,a and
Ep,c differences,ΔEp, were considered as well, and for exam-
ple at v = 50 mV s−1 they were 0.173, 0.128, 0.140, 0.227,
0.094, and 0.226 V for CPE, SWCNT/CPE, MWCNT/CPE,
MWCNT(homemade)/CPE, ox-MWCNT/CPE, and C60/
CPE, respectively. These values indicate the deviation from
ideal reversible behavior of the electrode processes, but due to
the presence of paraffin oil pasting liquid in CPE, ΔEp is not
ideal even for reversible systems and as a consequence wid-
ening of the distance between anodic and cathodic peak po-
tentials can occur for such substrate electrode, which is in
accordance with earlier reported data [57, 58]. Additionally,
as it can be seen this value can be influenced significantly by
the surface chemistry of the modifier layer(s) as well [59]. The
correlation of Ip,a and Ip,c peak currents vs the square root of
scan rates (v1/2) for all electrodes can be described by linear
equation which confirms the diffusion-controlled behavior of
the redox processes, and for the CPE and ox-MWCNT/CPE it
could be expressed with the ones elaborated in Table S1. By

comparing the slopes of Ip-v
1/2 dependences, it can be con-

cluded that ox-MWCNT/CPE has almost 2.7 times higher
surface area than the basic CPE. In the case of SWCNT/
CPE and both MWCNT/CPEs, the value of this slope was
something lower than the value received by ox-MWCNT/
CPE. However, it should be kept in mind that Fe(CN)6

3−/4−

is an outer-sphere redox system concerning its charge transfer
reaction which is quite complex and dependent both on the
electrode surface chemistry, conductivity of the material, and
interactions with cations in solution [60, 61]. It seems that the
C60/CPE in present form showed a similar performance as
CPE, while the carbon nanotube–modified electrodes were
with increased peak currents especially the ox-MWCNT/
CPE due to the enlarged highly conductive surface area of
the electrode, pronounced hydrophilic property, and, proba-
bly, possible catalytic effect of the surface functional groups.

To investigate the redox behavior of the DA at bare CPE
(Fig. 2a) and particularly at the ox-MWCNT/CPE (Fig. 2b, c),
CVs of the target analyte were recorded in phosphate buffer
solution pH 6.3 (0.1 M). In the case of both working elec-
trodes, one pair of reduction/oxidation peak was clearly rec-
ognized. The larger background current was obtained with ox-
MWCNT/CPE which can be attributed to the enlarged surface
of the electrode. Comparing the cathodic and anodic DA peak
potentials, the modification of CPE with ox-MWCNTs results
in the significant decrease in ΔEp; for example, at v =
25 mV s−1 the values were 0.198 V and 0.020 V for CPE
(Fig. 2a) and ox-MWCNT/CPE (Fig. 2b), respectively.
Moreover, the peak current maxima were more than 15 times

Fig. 1 TEM images of
commercially available (a) and
homemade (b) native MWCNTs.
FTIR (c) and Raman spectra (d)
of homemade native MWCNTs
(black lines) and their oxidized
form (red lines)
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higher in the case of the modified electrode. The obtained
results indicate that additionally to the enlarged surface
area there is probably a catalytic effect of ox-MWCNTs
toward DA redox reaction together with enhancement of
the hydrophilic surface behavior, electron transfer kinetics,
and reversibility of the process. Furthermore, CVs of DA
recorded at different v with ox-MWCNT/CPE (Fig. 2c) and
CPE (not shown) were tested and the Ip-v

1/2 correlations
for anodic (1) and cathodic (2) processes were constructed
as it is presented in Fig. 2d. From these experiments, de-
rived data are summarized in Table 1. In both cases, the
peak currents increase linearly with the square root of the
scan rate, which implies that the electrode reaction is dif-
fusion controlled [59].

Comparing the nanomaterial-modified CPEs and substrate
CPE by direct cathodic SWV for the target analyte reduction,
DA signals were recorded at the same experimental condi-
tions, and the obtained results were analyzed (Fig. 3). At the
investigated concentration of DA (1584 ng mL−1), the ox-
MWCNT/CPE (Fig. 3a) gives a sharp, well-defined reduction

peak with a maximum close to 0.2 V at pH 6.3 (which is the
optimal pH value of supporting electrolyte; see later). In con-
trast, the DA reduction signal obtained by MWCNT (home-
made)/CPE (Fig. 3b) is recognizable, but the baseline peak
which appeared at around 0.05 V interferes with the DA signal
and as the consequence of this unfavorable effect the possible
LOQ is at a higher concentration as 800.0 ng mL−1.
Obviously, the separation between these two peaks is not ap-
propriate at a higher concentration of DA as 7343 ng mL−1,
too (inset, Fig. 3b). The SWCNT/CPE (Fig. 3c) showed a DA
reduction signal at around 0.2 V, but in comparison to the ox-
MWCNT/CPE, its response is with significantly lower inten-
sity (more than 200 times based on their peak maxima com-
parison). In the case of MWCNT (commercially available)/
CPE (Fig. 3d) and C60/CPE (Fig. 3e) due to the presence of the
dominant baseline peaks, they disable the determination of
DA as these peaks probably overlapped the DA reduction
signal, and the same holds for signals recorded by both elec-
trodes at the higher DA concentration (insets, Fig. 3d and e).
The bare CPE (Fig. 3f) showed poor analytical response in the

Fig. 2 Cyclic voltammetric
measurements performed in
phosphate buffer supporting
electrolyte pH 6.3 (0.1 M) by
CPE (a) and ox-MWCNT/CPE
(b) in the absence (dashed lines)
and in the presence of
7343 ng mL−1 DA (full lines) at
v = 25 mV s−1. CVs of DA
(7343 ng mL−1) recorded by ox-
MWCNT/CPE at different v as
25, 50, 75, 100, 150, 200, 250,
300, 350, 400, 450, and
500 mV s−1 (curves from 1 to 12,
respectively, c) together with
corresponding Ip-v

1/2 correlations
(d) for the anodic (1) and cathodic
(2) processes

Table 1 The equations for cyclic
voltammetric characterization of
DA at different scan rates by CPE
and ox-MWCNT/CPE

Working electrode Anodic process
equationa

Correlation
coefficient

Cathodic process
equationa

Correlation
coefficient

CPE Ip,a = 0.043v
1/2 + 0.03 0.996 Ip,c = − 0.060v1/2 + 0.12 − 0.999

ox-MWCNT/CPE Ip,a = 2.51v
1/2–8.97 0.997 Ip,c = − 2.43v1/2 + 1.01 − 0.997

a Ip,a (μA); Ip,c (μA); v
1/2 [(mV s−1 )1/2 ]
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examined concentration range of DA. So, it can be concluded
that the ox-MWCNT/CPE is the most appropriate working
electrode for development of the direct cathodic SWVmethod

for DA determination, while the SWCNT/CPE can be the
second choice although the response of this electrode is with
lower sensitivity.

Fig. 3 Comparison of SW
voltammograms recorded by
CPEs modified with ox-
MWCNTs (a), homemade
MWCNTs (b), commercially
available SWCNTs (c),
MWCNTs (d), C60 (e), and bare
CPE (f) in the absence (dashed
lines) and presence of
1584 ng mL−1 DA (full lines).
Insets (b, d, e) presents SWVs
recorded at higher concentration
level of DA (7343 ng mL−1).
Supporting electrolyte, 0.1 M
phosphate buffer pH 6.3. Volume
of modifier suspension, 3.0 μL

Fig. 4 Effect of ox-MWCNTs amount on the ox-MWCNT/CPE: a cyclic
voltammograms recorded by ox-MWCNT/CPEs made from CPE and
3.0 μL (curve 1), 4.0 μL (curve 2), or 5.0 μL (curve 3) of ox-
MWCNTs suspension for supporting electrolyte pH 6.3 (0.1 M) and b

direct cathodic SWVs recorded by ox-MWCNT/CPE made from CPE
and 3.0 μL (curves 1 and 2) or 5.0 μL (curves 3 and 4) of ox-MWCNTs
suspension for supporting electrolyte (curves 1 and 3) and DA
(80.57 ng mL−1) in supporting electrolyte (curves 2 and 4)
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Optimization of the analytical method for DA
determination by ox-MWCNT/CPE

To ensure a high-quality sensing process of DA, the basic
requirement was to optimize the implemented amount of mod-
ifier on the CPE surface which was performed by drop coating
different volumes of ethanol ox-MWCNT suspension from
3.0 to 5.0 μL. Based on Fig. 4a, the CVs were recorded in
the supporting electrolyte pH 6.3 with electrodes obtained by
drop coating 3.0 μL (curve 1), 4.0 μL (curve 2), and 5.0 μL
(curve 3) modifier suspension, and the increase in background
current was observed which indicates that the electrode sur-
face increased as well. Under mentioned conditions with all
three types of ox-MWCNT/CPEs, two reduction peaks were
recognized on the CVs of the supporting electrolyte with max-
ima close to − 0.1 V and – 0.4 V and with counterparts in the
positive half cycle of polarization. It is clearly visible that by
the increase in the modifier amount at the CPE surface layer,
the peaks of the baselines are with much pronounced form.
The DA test solution SWV response recorded by ox-
MWCNT/CPEs made from 3.0 μL (curve 2) and 5.0 μL
(curve 4) together with appropriate blank curves (curves 1
and 3, respectively) confirmed that the increase in the amount
of ox-MWCNTs on the electrode surface deteriorates the in-
tensity of the SWV DA reduction signal (Fig. 4b), as the
baseline peak is overlapped notably with the analytical one.
It is important to note that the ox-MWCNTs have remarkable
affinity to the substrate CPE, and thanks to such favorable
mutual interaction the modifier is immobilized spontaneously
forming a stable self-assembled surface layer of the ox-
MWCNTs with appropriate mechanical stability of the ensem-
ble for analytical purposes without significant leaching/losing
of the nanomaterial from the working electrode.

The influence of the pH of the supporting electrolyte on the
DA signal was examined by direct cathodic SWV from 0.40
to − 0.20 V and ox-MWCNT/CPE in phosphate buffer solu-
tions in the pH range from 5.8 to 8.0 (0.1 M). Illustrative
responses at selected pH values are shown in Fig. 5a. As it
can be seen, one well-defined reduction peak of DA appears
with maxima from 0.233 to 0.101 V depending on the pH
value. This signal is suitable for analytical purposes between
pH 5.8 and 7.4 since under such conditions it can be consid-
ered as separated acceptably from the characteristic peak of
the baseline. The DA peak potentials shift to the negative
direction with the increasing pH of the supporting electrolyte,
and the same holds for the baseline peak as well. The Ep-pH
dependence of the DA reduction peak (Fig. 5b) is described
with the following equation: Ep[V] = 0.577–0.05924 pH,
r = – 0.999, which shows that the number of the exchanged
electrons and protons in the direct cathodic electrochemical
reaction is the same as its slope value is very close to the
Nernstian one. The intensity of the DA reduction peak maxi-
ma increases from pH 5.8 to 6.3, and after that it decreases up

to pH 8.0 for more than two times (Fig. 5c), so pH 6.3 was
selected as the optimal value for the experimental work.

For the development of the trace-level analytical method,
simply direct cathodic SWV measurements were performed
by ox-MWCNT/CPE in the concentration range of DA from
16.15 to 192.70 ng mL−1 in 0.1 M phosphate buffer pH 6.3
(Fig. 6a) and the calibration curve was constructed from the
peak maxima intensities and corresponding DA concentra-
tions (inset, Fig. 6a). The basic analytical parameters were
evaluated from there and are presented in Table 2. The repeat-
ability of the analytical signal was investigated by six

Fig. 5 SWV signals of DA (120.97 ng mL−1) recorded by ox-MWCNT/
CPE in 0.1 M phosphate buffers of different pHs (a) marked on the
curves. The obtained Ep-pH (b) and Ip-pH (c) dependences
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subsequently recorded SWV curves with the same sensor sur-
face for the DA concentration of 80.57 ng mL−1 (Fig. 6b), and
the relative standard deviation (RSD) was 1.23%. The repro-
ducibility was evaluated from the DA signals obtained with
three different electrode surfaces which were prepared by the
three times independently repeated optimized drop coating
protocol, and the RSD did not exceed 4.5% for the
abovementioned DA concentration level.

Having in mind the reversibility of DA redox reaction, the
oxidation of this target analyte by ox-MWCNT/CPE and opti-
mized SWV method was examined as well. The direct anodic
SW voltammograms are presented in Fig. S2a together with
the corresponding calibration curve (inset, Fig. S2a). It can be
seen that although a wider linear range was achieved, the ox-
idation signals of DA are with lower intensity/peak maxima
compared to reduction ones, which consequently leads to
four times higher LOQ and LOD values (Table 2). The repeat-
ability (Fig. S2b) was measured/calculated as 1.95%.
However, it was also noticed that if the anodic run is started
immediately after recording the cathodic SWV in the potential
range from 0.6 to − 0.8 V, the DA oxidation signal is with
similar intensity in comparison to the reduction one, but with
the next three subsequent anodic runs, it decreases significantly

(around three times) to the constant value. So, it can be as-
sumed that to receive the highest sensitivity in anodic determi-
nation, some additional cathodic activation of the working
electrode is recommended to be applied before every single
run, which made the determination process more time
consuming.

Although the sensitivity of the method is lower at pH
values higher than 6.3, the applicability of ox-MWCNT/
CPE for cathodic SWV determination of DA at pH 7.4 was
investigated as well, since this pH is very close to physiolog-
ical one. The reduction peak currents increased linearly with
the concentrations of DA in the range of 24.21–
224.60 ng mL−1 (for details, see Table 2). The very similar
sensitivity was obtained in the 0.1 M phosphate buffer solu-
tion pH 7.4 that contains 0.9% of NaCl. However, it was
noticed that in this case the peak of DA is slightly broadened
in comparison with that obtained without the NaCl concerning
its shape, but the designed electrode is still applicable for DA
determination in such environment confirming its good ana-
lytical potential in the case of in vitro physiological samples.

As it was mentioned above, the SWCNT/CPE can be also
considered/employed for cathodic DA determination, but in
comparison with ox-MWCNT/CPE, the calibration curve can

Fig. 6 SW voltammograms recorded at ox-MWCNT/CPE for different
DA concentrations in 0.1 M phosphate buffer solution pH 6.3 for its
cathodic reaction (a) together with the corresponding calibration curve
(insets, a). Dashed line illustrates the appropriate voltammogram of the

baseline. The repeatability (b) of reduction DA signals at the
concentration level of 80.57 ng mL−1 by the direct SWV method (n =
6). The volume of modifier suspension, 3.0 μL

Table 2 Selected analytical parameters of DA determination in model solutions by ox-MWCNT/CPE and SWCNT/CPE

Parameter ox-MWCNT/CPE SWCNT/CPE

Cathodic process Anodic process Cathodic process

pH 6.3 7.4 6.3 6.3 6.3

Linear range (ng mL−1) 16.15–192.70 24.21–224.60 64.49–571.30 80.69–281.71 281.71–1583.72

Intercept (A) − 7.49 × 10−8 3.11 × 10−9 − 2.70 × 10−7 3.75 × 10−9 9.84 × 10−8

Slope [A/(ng mL−1)] − 7.12 × 10−8 − 4.69 × 10−8 1.29 × 10−8 − 4.01 × 10−10 − 7.32 × 10−10

Correlation coefficient − 0.999 − 0.998 0.999 − 0.997 − 0.999
LOD (ng mL−1) 4.89 7.34 19.54 24.45 –

LOQ (ng mL−1) 16.15 24.21 64.49 80.69 –
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be described by two linear parts (80.69–281.71 ng mL−1 and
281.71–1583.72 ngmL−1), while the achieved LOQ and LOD
values were about five times higher (Table 2).

It is very important to underline that the LOQ and LOD
values of the developed very simple direct cathodic SWV
method in combination with ox-MWCNT/CPE are signifi-
cantly lower or at last in the same range as the majority of
previously reported ones related to determination of DA by
various advanced electrodes with more expensive
nanomaterials including some noble metals solely or their
nanocomposite forms, and/or contemporary organic polymer
building units as well, which served firstly for the measure-
ments of the target analyte oxidation signals, as can be seen
from selected examples presented in Table 3.

Beside the 0.9% NaCl, ascorbic acid (AA) is usually pres-
ent in vivo at concentrations 100 to 1000 times higher than
DA [28, 66] and therefore is one of the main interfering

substances during DA determination, so its influence was in-
vestigated. As can be seen from Fig. 7a when the baseline
SWV response (curve 1) was compared with SWV recorded
in the presence of AA (curve 2, 1.0 mM), no reduction peak
was found for AA in the investigated potential range at
pH 6.3, which is in accordance with the well-known behavior
of AA since its electrochemical reaction can be described as
irreversible oxidation process [41]. Furthermore, after record-
ing the SWV curves in the same supporting electrolyte in the
absence (curve 1) and presence of DA (curve 2,
153.17 ng mL−1, i.e., 1.0 μM), subsequent SWVs were re-
corded in 500 and 1000 times higher molar concentrations
of AA than DA (Fig. 7b, curves 3 and 4, respectively). It is
evident that the intensity of the DA reduction peak does not
change to a great extent in the presence of AA (the relative
error was less than 2.6%), indicating good selectivity of the
proposed method.

Table 3 Comparison of the parameters obtained from the
electrochemical detection of DA with different methods and modified
electrodes

Electrode Method Linear range (μM) LOD (μM) Ref.

Catechol grafted GCE CV 5.0–100 and 100–750 0.86 [4]

PAH–HCNTsa/GCE DPV 2.50–105 0.50 [30]

Acid-treated MWNTs/gold electrode Amperometry 0.5~400 0.2 [35]

Au/CoS2/IL-GN
b/GCE DPV 0.1–400 0.040 [54]

CuNCs/SiO2NPs
c/CPE DPV 10.0–900.0 0.43 [62]

EBNBHCNPEd DPV 0.1–40 and 40–900 0.087 [63]

EPPGEe-SWCNT–Fe2O3 SWV 3.2–31.8 0.36 [64]

P/C-CPEf DPV 1.0–20.0 and 20.0–1500.0 0.42 [65]

ox-MWCNT/CPE SWV 0.105–1.258 0.032 This work

a Poly(allylamine hydrochloride)-functionalized helical carbon nanotubes
b Reduced graphene oxide nanosheets, functionalized with gold nanoparticles, CoS2, and an ionic liquid
c Glutathionecapped copper nanoclusters silica nanoparticle composite
d Carbon nanotube paste electrode modified with 2,2′-[1, 2-ethanediylbis(nitriloethylidyne)]-bis-hydroquinone
e Edge-plane pyrolytic graphite electrode
f Carbon nanotube paste electrode modified with 2,2′-[1,4–phenylenediyl-bis(nitrilomethyl-idene)]-bis(4-hydroxyphenol)

Fig. 7 Interference study from
AA: a SWVs of the supporting
electrolyte (curve 1) and 1.0 mM
AA (curve 2), b voltammogram
of the baseline (curve 1) together
with SWV signals of
153.17 ng mL−1 (1.0 μM) DA in
the absence (curve 2) and
presence of 500 (curve 3) and
1000 (curve 4) times higher molar
concentration of AA. Supporting
electrolyte, 0.1 M phosphate
buffer solution pH 6.3
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Determination of DA in injection and selected
infusion matrix samples

The optimized SWV method in combination with ox-
MWCNT/CPE was applied for determination of DA in real
samples, i.e., DA hydrochloride injection with the aim of its
quality control concerning the target analyte content.
According to the manufacturer’s instructions, this injection
is intended solely for intravenous infusion and may be used
only after dilution with an appropriate infusion solution such
as 0.9% NaCl, 5% glucose, or Ringer lactate. So, it is also
important to control the concentration of the active ingredient
DA after its dilution in the recommended way. DA injection
was diluted with bidistilled water or appropriate infusion so-
lution (for details, see “Materials and methods”), and then the
concentration of DAwas determined in 0.1 M phosphate buff-
er pH 6.3 as supporting electrolyte by the standard addition
method to avoid the possible influence of the matrix. All mea-
surements were performed in triplicates whereby one set of
measurements/experiments involves recording SW voltam-
mograms of the sample and three standard additions of DA.
It was noted that in the case when the injection sample is
diluted with bidistilled water, four sets of measurements could
be performed with the same ox-MWCNT/CPE surface with-
out significant loss of method sensitivity. On the other hand,
when the infusion solutions were used for injection dilution,
more reliable was to prepare a new electrode surface for each
set of measurements because with every new set, a faster

saturation of analytical curve was observed probably due to
the influence of some components of the matrix and passiv-
ation of the electrode surface. However, the modification of
CPE with ox-MWCNTs is very simple, it is not time consum-
ing, and, above all, reproducibility is very good which makes
the proposed electrode suitable for real sample analysis with
such surface renewing. In Fig. 8, representative examples of
SWV determination of DA in the injection sample after its
dilution with 0.9%NaCl solution with two independently pre-
pared ox-MWCNT/CPE surfaces (a, b) are presented together
with corresponding analytical curves (insets), demonstrating
the good reproducibility of the method as well as drop coating
procedure. As it can be seen from Table 4, the obtained results
for the DA hydrochloride content in the injection sample were
in good agreement with the declared value by the producer
(50 mg in 5 mL of injection solution) in all cases with RSD of
the method below 1.0% and recovery in the range from 99.44
to 99.94%. Also, it can be concluded that the expected con-
centration of DA hydrochloride was found in all investigated
types of infusion solutions meaning that the matrix did not
affect the change in concentration of the active ingredient.

The present study elaborates a very simple, easy to prepare
and use advanced working electrode design, made only from
the oxidized form of MWCNTs and a classical CPE, and its
excellent analytical voltammetric behavior via direct cathodic
SWV determination of DA in the low micromolar concentra-
tion range. The superior DA reduction signal generation on
ox-MWCNT/CPE in regard to those received by homemade

Fig. 8 SWV determination of DA
in injection sample previously
diluted with 0.9% NaCl infusion
by the standard addition method
and two independently prepared
ox-MWCNT/CPE surfaces (a, b).
The curves: baseline (1), sample
(2), and successive DA standard
additions (3–5). The insets
present the appropriate analytical
curves. Supporting electrolyte,
0.1 M phosphate buffer pH 6.3

Table 4 The results of DA
determination in the injection
sample by optimized direct
cathodic SWV method. Declared
value by the producer, 50 mg DA-
HCl/5 mL injection

Solution used for dilutiona Found (× 103 ng mL−1

DA-HCl) after dilutionb
Found (mg DA-HCl/5
mL injection)b

RSD (%) Recovery (%)

Bidistilled water 98.44 49.72 0.71 99.44

0.9% NaCl 98.86 49.92 0.09 99.84

Ringer 98.73 49.86 0.53 99.72

5% glucose 98.95 49.97 0.84 99.94

a DA-HCl injection sample: solution for dilution = 1:100 (volume ratio)
b Average value of three replicate measurements by freshly prepared ox-MWCNT/CPE surfaces
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and commercially available MWCNTs containing CPEs and
the SWCNT/CPE allows the assumption that the further fine
chemical tuning of the types and amounts of oxo functional
groups at the MWCNTs can lead to the next stage of direct
cathodic DA analytical signal sensitivity enhancement.

Conclusions

A very simple, low-cost, and reliable direct SWV method for
trace-level determination of DA based on its reduction was
developed. Different carbon-based nanomaterials either
homemade or commercially available were used for CPE sur-
face modification, whereby the best analytical performance
showed an electrode modified with chemically oxidized
MWCNTs (ox-MWCNT/CPE) which exhibits remarkable
electrocatalytic effects on the DA redox reaction. ox-
MWCNT/CPE in the optimized form concerning the amount
of the modifier together with 0.1 M phosphate buffer pH 6.3
as supporting electrolyte proved to be a convenient analytical
tool for an enhanced trace-level detection of DA down to
4.89 ng mL−1 in the model solution. Beside the easy prepara-
tion procedure, good sensitivity, and selectivity, the designed
sensor showed excellent repeatability and reproducibility.
Additionally, it was successfully applied for determination of
DA content in the injection sample after its dilution with the
appropriate type of infusion solution using the optimized an-
alytical protocol. So, the developed SWV method was found
to be effective for obtaining fast information in terms of qual-
ity control of pharmaceutical formulations containing DA as
active ingredient. Further work will be directed toward the
improvement of the existing method as well as expansion of
the application field of ox-MWCNT/CPE and similar types of
electrodes, especially concerning the determination of some
other biologically important compounds.
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