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A Nanocomposite Containing Carbon Nano-onions and
Polyaniline Nanotubes as a Novel Electrode Material for
Electrochemical Sensing of Daidzein
Piotr Olejnik,*[a] Marianna Gniadek,[b] Luis Echegoyen,[c] and Marta E. Plonska-Brzezinska*[a]

Abstract: Glassy carbon electrode (GCE) were modified
with nanocomposites containing conductive polyaniline
nanotubes (PANInt) and carbon nano-onions (CNOs).
Herein we report a simple and sensitive way for daidzein
(DA) determination at concentrations between 1 and
10 μM by linear sweep voltammetry using GCE/PANInt/
CNOs system. The DA electrochemical behavior was

examined in two buffer environments (pH 7.5 and 4.5)
using electrodes modified with the oxidized CNOs or their
derivatives containing carboxyl and benzylamino func-
tional groups. The direct electrooxidation of DA was
observed at +0.65 V and +0.8 V at pH 7.5 and at +0.7 V
and +1.1 V vs. Ag/AgCl at pH 4.5.
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1 Introduction

Currently, detection and quantification of daidzein (DA)
as a naturally occurring pharmotherapeutic compound is
very attractive due to its estrogen-like properties. DA,
interchangeably called 7,4-dihydroxyisoflavone, shows
low estrogenic activity, belonging to the group of phys-
toestrogene compounds [1–3]. As an individual represen-
tative of isoflavones, DA plays an important role in health
protection and nutrition chemistry. It reveals antioxidant,
antiallergic, antidiabetic and anticarcinogenic effects. DA
molecules present in the human body may bind to the
estrogenic and androgenic receptors and be responsible
for female hormonal disorders and male prostate prob-
lems. Due to the ability to widen the coronary vessels,
lower blood pressure, inhibit α-glucosidase activity and
prevent arrhythmia, DA is used for the treatment of
cardiovascular diseases, diabetes and menopause symp-
tom amelioration [4–9]. DA occurs in varieties of
leguminous plants (e.g., soybeans), which are members of
the bean family, and is therefore present in all soy
products such as milk or tofu, which makes DA an
ingredient widely used in diets [10–14]. Due to its
important role in human life and extensive range of
properties, it is understandable and necessary to discover
novel methods of DA detection and determination as well
as to develop and improve the currently used methods. In
the scientific literature, several methods of qualitative and
quantitative DA analysis have been described.

The most common analysis methods include high-
performance liquid and gas chromatography, which is
most often combined with mass spectrometry and ultra-
violet detection [15–17], enzyme-linked immunosorbent
assay techniques [18] or methods based on the
fluorescence resonance energy transfer effect [19]. DA
molecules might be sensed using electrochemical methods

by sensing devices. The electrochemical sensing devices
provide advantages such as: low detection limits, a wide
linear response range, long-term stability and reproduci-
bility. The standard construction of electrochemical sens-
ing systems assumes the presence of a transducer, which
transforms the response into a detectable signal, and a
chemically selective layer as a recognition part, which
interacts with the target analyte and isolates the signal
obtained as a result of chemical changes caused by the
interaction [20]. When the chemically selective layer that
is sensitive to the tested analyte, is not affected by other
influences, the largest electrical conductivity is guaranteed
to maximize the charge transfer rate to the electrode
surface. Due to the high specific surface at the nanometer
scale level and degree of coverage, the analytical signal is
enhanced.

So far, recently found nanomaterials have the widest
range of application in electrochemical sensor systems.
Their high surface to volume ratio and above average
dispersity directly improve the selectivity and sensitivity
parameters [21]. Among the most studied and currently
used nanomaterials in the electrochemical sensing field
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that meets the conditions of an ideally sensitive chemical
layer are carbon-based ones.

Compared with other materials, carbonaceous nano-
structures offer simple processes for manufacturing while
maintaining a minimal number of defects. The most
common carbon allotropes such as graphene, carbon
nanotubes (CNTs), carbon dots, carbon nanofibers and
nanodiamonds (NDs) provide chemical inertness, a rela-
tively wide potential window, and low background
currents; these allotropes are suitable for various analytes
[22,23]. In their shade are still less popular structures
resembling multi-layer fullerenes called carbon nano-
onions (CNOs). The sensing ability of some of these
carbon nanomaterials has been tested for DA detection.
Liang et al. successfully applied graphene functionalized
by poly(sodium 4-styrenesulfonate) for DA determination
in human serum [24]. The SnO2 decoration of graphene
allows DA to be analyzed in a concentration range of
0.01–1 μM [25]. Ordered Langmuir-Blodgett films of
CNTs modified by polyaniline provide good sensitivity
towards DA on the level of 7.349 μA μM� 1 [26]. This
result confirms and is consistent with the fact that DA is a
polyphenolic compound with phenolic hydroxyl groups,
that can be easily oxidized. Unfortunately, the direct
determination process of DA is characterized by a low
values of analytical parameters. It might be caused by the
high potentials required to initiate the redox reaction and
results in background current increase and therefore
sensitivity loss [28]. Additionally, DA is able to electro-
polymerize which may lead to electrode surface deactiva-
tion [29].

To overcome these disadvantages, there is still a need
for novel sensing materials that increase the sensitivity
and shorten the time of response. The combination of
carbon nanomaterials with conducting polymers is very
often used in the construction of electrochemical sensors.
This combination significantly increases the specific sur-
face area, induces high porosity, facilitates charge con-
duction, increases the number of active sites and improves
the cycling stability [30–32]. Among the conductive
polymer applied in the electrochemical sensing field,
polyaniline stands out. The combination of PANI with
CNOs is known in the scientific literature [33,34]. The
replacement of macromolecular PANI by PANI nano-
tubes (PANInt) may offer advantages due to their good
biocompatibility, high conductivity (up to six times higher
from macromolecular PANI, for PANInt with a diameter
of 100 nm it is ca. 50 Scm� 1), high chemical stability, and
ease and low cost of preparation. Recently, it has been
proven that the composition PANInt/CNOsox (oxidized
form of CNOs) revealed a high specific capacitance of
950 Fg� 1 [31]. Moreover, PANInt is able to efficiently
eliminate the impact of additional chemical interactions
on the electrochemical response [35–37]. One of the most
effective and simple methods of PANInt production is
chemical template synthesis. The use of an easily soluble
matrix allows for the control of nanotubes size, which
determines the final properties of the polymer [31,38,39].

Moreover, PANInt conductivity can be enhanced by
increasing the degree of nanostructured arrangement,
with the most effective orientation being perpendicular to
the surface [40].

Thus, the aim of this work was to establish a selective
and sensitive electrochemical method for the detection
and determination of DA using PANInt/CNO nanocom-
posites as the sensing material. Most of the discussed
nanocomposites include the CNOsox due to the high
efficiency of CNOsox for DA electrochemical sensing.

2 Results and Discussion

2.1 Synthesis of Pristine Nanomaterials and
their Composites, Spectroscopic and Microscopic
Characterization

The synthesis of PANInt was achieved using template
method (Scheme 1A) proposed by Martin [36]. Polycar-
bonate (PC) membranes containing a 200 nm pore
diameter were applied as matrices. The PANInt fabricat-
ing step was achieved in 1 M sulfuric acid medium using
ammonium persulfate as the oxidant for the aniline

Scheme 1. (A) The simplified template synthesis of PANInt and
(B) modification procedure of the pristine CNOs, CNOsox and
CNOsBA.
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monomer. For the purposes of this experiment, PC
membranes were coated one-sidedly with a few nano-
meters of uniform gold layer. The process was conducted
by vapor deposition in a plasma sputter coater. The Au-
covered templates were soaked 30 min in 5 mL of 0.3 M
acidic aniline solution and then mixed with equivalent of
0.3 M oxidant in 1 M of sulfuric acid solution. The
chemical polymerization process was performed at 4 °C
for 3 h. After that, the membranes were removed by
dissolving in chloroform solvent. The PANInt anchored on
thin gold layer were thoroughly rinsed using Milli-Q
water.

Commercially available powder of nanodiamonds
(NDs, Carbodeon Diamond®Molto, Vantaa, Finland)
with a 4 to 6 nm crystal size and ND content >97 wt%
was applied for fabricating the CNO spheres according to
Kuznetsov’s procedure [45]. NDs were placed in an Astro
carbonization furnace and annealed at 1650 °C under a
1.1 MPa He atmosphere using a heating rate of 20 °C
min� 1. The final temperature was maintained for 1 h.
Next, the material was slowly cooled to room temper-
ature, and the CNOs were annealed in air at 400 °C to
eliminate amorphous structures (Scheme 1B).

The pristine CNOs oxidation was achieved by Lieber
et al. procedure used for single CNTs [51]. The amount of
100 mg of pristine CNOs was 30 min ultrasonicated and
refluxed for 48 h in 3.0 M aqueous nitric acid. After that,
the mixture was centrifuged for 10 min followed by
collection of the black precipitate that aggregated in the
bottom of the test-tube. According to Salzmann’s protocol
CNOsox were purified [52]. The CNOsox were stirred in
3.0 M NaOH and rinsed several times using Milli-Q water
until a final pH of 7 was reached, then the samples were
dried overnight at 110 °C (Scheme 1B).

Further functionalization of the CNOs was conducted
according to the procedure proposed by Giordani et al.
[53]. Benzylamine and amyl nitrite were added to the
pristine CNOs in DMF, and the reaction was performed
under an inert N2 atmosphere. The reaction was stirred
overnight at 60 °C, and then the modified CNOsBA were
separated from the reaction mixture by centrifugation
(Scheme 1B).

Nanocomposite preparation was accomplished using
the procedure briefly described below. In the first step,
the template synthesis of PANInt was accomplished using
a PC membrane, which was thoroughly described pre-
viously (Scheme 1A). The PANInt/Au film was immedi-
ately immobilized on the GCE surface. Then, the CNOsox
were anchored onto the GC/Au/PANInt electrode using
aqueous solutions of carbodiimide (EDC) and N-hydrox-
ysuccinimide (NHS) [31]. Briefly, 1 mg of CNOsox was
placed in a solution of 10 mM NHS and 40 mM EDC for
1 h. After the activation step, the CNOsox were separated
and dispersed in 1 mL of ethanol using an ultrasonic bath
for 0.5 h to receive a black, homogeneous, and stable
suspension. Finally, the activated CNOsox suspension was
immobilized onto GCE/Au/PANInt surface, where amide
bonds were formed, then the excess of unattached CNOsox

were also removed. The CNOs and CNOsBA were
immobilized using simple physical adsorption on the
GCE/Au/PANInt surface by controlling the carbon nano-
structure concentration in the solvent. The electrodes
prepared in this way (GCE/Au/PANInt/CNOs, GCE/Au/
PANInt/CNOsox and GCE/Au/PANInt/CNOsBA) were used
as the working electrodes in the analyte determinations,
and their performances were evaluated.

2.2 Spectroscopic and Microscopic Studies of
PANInt/CNO Nanocomposites

Figure 1A shows the Raman spectrum of CNOsox regis-
tered at 514 nm excitation. The spectrum exhibits four
signals characteristic of carbon nanomaterials [41,42]. The
signals are closely related to the hexagonal mode present
in graphene and graphitic structures. The G band at a
typical frequency of 1577 cm� 1 is the best recognizable
signal, and is due to the in-plane vibration of two related
carbon atoms with sp2 hybridization on the hexagonal ring
in graphite [43,44]. The intensity and width of the G signal
reflects the disorder of chains and hexagonal rings. The
spectrum of CNOs is dominated by the D band occurring
at 1340 cm� 1. Such a high intensity of the D band confirms
the higher number of defects present on the outer
graphitic layer, which in the case of CNOsox is directly
connected with the structural disorder caused by the
presence of surface functional groups containing oxygen.
Moreover, the D band corresponds to the presence of sp3-
hybridized carbon atoms.

Figure 1B shows the Raman spectrum for nanocompo-
sites containing PANInt and CNOsox. The characteristic
signals for the carbon nanostructure are still clearly visible
(D and G bands). The D/G intensity ratio decreases due
to the high interference of the PANInt signals between
1518–1622 cm� 1, that provide information about the
stretching vibrations of C� C and C=C bonds. The addi-
tional bands derived from polymeric nanostructures
appeared around 1170 and 1500 cm� 1, which are attrib-
uted to in-plane benzenoid ring bending and N� H
bending, respectively [45].

The SEM images shown in Figure 2 confirm the
formation of the nanocomposites containing PANInt and
CNOs on the polymeric nanotube’s surface. The morphol-

Fig. 1. Raman spectra of (A) CNOsox on a GCE surface and (B)
PANInt/CNOsox nanocomposite on a GCE/Au surface recorded
at 514 nm excitation.
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ogies of PANInt depend on the preparation conditions
including the concentration of CNOs in the solution and
type of CNOs. The thickness of the PC membrane and
the diameter of the membrane pores define the PANInt
size. The average length and diameter of PANInt is ca.
1 μm and 200�30 nm, respectively. The pores density in
the PC template reflects the distribution of PANInt
attached to the surface [31]. SEM images also confirmed
that the polymeric nanotubes are empty inside. Our
studies also indicate that the PANInt extends perpendicu-
larly to the surface, creating brush-like nanostructures
(Figures 2C and 2D). As previously described, PANInt
forms on the Au surface (Figure 2A), and then the
pristine CNOs or their derivatives are immobilized in a
covalent or noncovalent manner on the GCE/Au/PANInt
surface. Figure 2B shows that the carbon nanostructures
immobilized on PANInt. CNOs tend to aggregate, what is
caused by van der Waals intermolecular forces between
the nanoparticles, and it can be seen that the CNOs show
a granular morphology. Figure 2E presents the high-

resolution transmission electron microscopy (HR-TEM)
for CNOsox randomly dispersed on a copper mesh. For
our studies, 5 nm, spherical CNO nanoparticles were
used. After functionalization, the concentric graphitic
layers of CNOs were not destroyed and no visible changes
in the structure of the CNOs were observed.

2.3 Electrochemical Studies of PANInt/CNO Composites

Figure 2F shows cyclic voltammograms (CVs) registered
in a model electrochemical system containing mixture of
Fe(CN)6

3� /Fe(CN)6
4� at a sweep rate 50 mVs� 1. The shape

of recorded curves indicates that the layer of PANInt/
CNO nanocomposite material is able to transfer the
electrons in the electrode process. The PANInt immobi-
lized on the GC electrode surface affect the CVs shape
but the distance between cathodic and anodic peaks
increased slightly indicating good conductivity of the
layer. To explore the potential application of PANInt/
CNO composites for electrochemical sensing of DA, the
synthesized samples were used as the working electrodes
using CV in buffer solution at a sweep rate 100 mVs� 1.
Figure 3 shows the electrochemical responses of the GCE/
Au/PANInt/CNOs, GCE/Au/PANInt/CNOsox and GCE/
Au/PANInt/CNOsBA electrodes in the presence of the
analyte (50 μM DA). To optimize the detection and
determination of DA, the response of a GCE/Au/PANInt/

Fig. 2. SEM images of (A) pure PANInt and (B) PANInt/CNOsox
nanocomposites on the GCE/Au surface. Pure PANInt randomly
oriented on the Au surface images captured by (C) optical
microscopy in light field mode and (D) SEM. (E) HR-TEM
image of CNOsox. (F) CVs for GCE/CNOox (pointed line), GCE/
PANInt (green line) and GCE/Au/PANInt/CNOsox (dashed line)
in the presence of 5 mM Fe(CN)6

3� /4� in 0.1 M PBS (pH=7.4) at
50 mVs� 1.

Fig. 3. The CV curves for 50 μM DA on (A) PANInt/CNOs, (B)
PANInt/CNOsBA, (C) PANInt/CNOsox electrodes in 0.1 M PBS
(pH=7.4), (D) PANInt/CNOs, (E) PANInt/CNOsBA, and (F)
PANInt/CNOsox electrodes in 0.1 M ABS (pH=4.5) at
100 mVs� 1. Dashed curves represent nonmodified GCE.
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CNOs electrode was investigated in the following buffer
solutions: 0.1 M phosphate buffer (PBS) (pH 7.4) and
0.1 M acetate buffer (ABS) (pH 4.5). Regardless of the
pH, the composite electrodes showed negligible activity
towards DA. The highest electrode activity was registered
for the PANInt/CNOsox nanocomposite. The DA oxida-
tion current increased for the applied nanostructured
carbon electrodes in the following order: pristine CNOs<
CNOsBA<CNOsox. According to the mechanism of the
DA electrooxidation process proposed by Fernandes
et al., the CVs should exhibit two consecutive, separated
and irreversible characteristic peaks [46]. The peak clarity
depends on the CNO derivative used. In the case of
PANInt/CNO and PANInt/CNOBA electrodes, only one
characteristic signal for DA electrooxidation at lower
potential values is visible. The pair of redox peaks is
visible on CV curves for the PANInt/CNOsox nanocompo-
site. Its presence testifies to the higher efficiency and
electron transfer rate of CNOsox, caused by electroactive
functional groups abundant in oxygen atoms including
free electron pairs that enhance the conductivity.

The potential of the DA the oxidation peaks is
dependent on the pH value of the used electrolytes, see
Figure 4. At a pH of 7.5, the first well-defined, character-
istic oxidation signal occurs at +0.65 V vs. Ag/AgCl,
which results from the effective electrochemical oxidation
of DA. The second oxidation signal, at ca. +0.8 V, is
barely visible in the presence of CNOsox. Similarly, in the
case of a more acidic medium in 0.1 M ABS at pH 4.5, the
characteristic signals for DA oxidation are well-resolved
for the electrodes containing CNOsox. The peaks are
shifted towards higher oxidation potential values at +0.75
and +1.1 V vs. Ag/AgCl. These results show that the
oxidation process of DA on the PANInt/CNOsox electrode
is a function of the pH value and occurs at more positive
potentials with increasing pH. The results for PANInt/
CNOsox indicate that PBS is a more suitable electrolyte
due to the larger oxidation current. Therefore, the PBS
solution was chosen as the supporting electrolyte for
further analyses.

The CV studies clearly indicate that most of the
hydroxyl functional groups present on the DA structure
are electroactive (Figure 4). The DA molecule has two
different � OH groups attached to benzene rings I and II.
Based on the CVs, the hydroxyl groups attached to
benzene ring I are easier to oxidize. In the second process,
the less intense anodic peak II corresponds to the
hydroxyl groups from benzene ring II at higher anodic
potentials. The mechanism of both oxidation reactions
assumes the creation of two transient, equal radical forms.
Their presence allows for simultaneous oxidation of the
DA molecules to quinone or to polymerization [47,48].
The DA polymerization process results in polymer
product adsorption and rapid electrode surface passiva-
tion. This irreversible process is observed after the first
cycle in Figure 4, where the dashed curves correspond to
the less intense and developed second cycles of DA
oxidation.

To understand the electrochemical response of DA on
the PANInt/CNOs electrode, the dependence of the
catalytic current vs. sweep potential was examined (Fig-
ure 5). Due to the highest efficiency of the DA electro-
oxidation on the nanocomposite containing CNOox in
0.1 M PBS (pH 7.4), the GCE/Au/PANInt/CNOsox elec-
trode was chosen for further investigations. The CVs were
registered at different sweep rates in the range between
40 and 300 mVs� 1. A linear dependence is observed for
the relationship between the logarithm of anodic current
(Ipa) and the logarithm of potential sweep rate (v) (Fig-
ure 5C), as described by the following equation:

logIpa mAð Þ ¼ 0:8472logu Vs� 1
� �

� 0:3367 (1)

Fig. 4. The scheme of the DA electrooxidation process on
PANInt/CNOsox electrodes in (A) 0.1 M PBS, pH=7.5 and (B)
0.1 M ABS, pH=4.5 at 100 mVs� 1 for 50 μM DA. The dashed
curves represent the second cycle.

Fig. 5. (A) CVs for 50 μM DA in 0.1 M PBS, pH=7.4 on the
PANInt/CNOsox at the different sweep rate: 40, 60, 80, 100, 120,
140, 200, 250, and 300 mVs� 1. (B) The linear dependence of DA
oxidation peak potential (Epa) vs. ln v. (C) The linear relationship
between the logarithm of DA oxidation anodic current (Ipa) and
the logarithm of the sweep rate. (D) The linear dependence of
DA oxidation peak potential (Epa) vs. potential sweep rate.
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The theory for such linear dependence assumes that a
slope value close to 0.5 corresponds to diffusion-con-
trolled process; however, when the value is close to 1, it is
due to an adsorption-controlled electrode process [49].
The slope for the dependence of this experiment is 0.8472,
between 0.5 and 1.0, which suggests that the DA oxidation
process is non-Fickian and results from simultaneous
adsorption and diffusion processes. Figure 5B shows the
linear relation between the potential of the anodic peak
(Epa) of the DA oxidation process and ln v. This depend-
ence is expressed by:

Epa Vð Þ ¼ 0:0635lnu Vs� 1
� �

þ 0:8561 (2)

where the slope is in accordance with the theory described
by Laviron [50] and the following equation:

RT=aNF ¼ 0:0635 (3)

where R is the gas constant (8.314 JK� 1mol� 1), F is the
Faraday constant (96 487 C mol� 1), T is temperature (K),
N is the number of transferred electrons, and α represents
the charge transfer coefficient. Assuming that α=0.5, N
may be calculated as 0.8, which proves that the DA
oxidation, according to the reaction schemes in Figure 4,
is a one-electron process.

Assuming N to be 1, the experimental value of α is
equal to 0.4. In accordance with the following equation
[50]:

ks ¼ 1 � að ÞNFu=RT (4)

Electrode reaction rate constant ks for DA is calcu-
lated as 1.17�0.06 s� 1 and can be compared with ks values
for compounds from isoflavones group such as rutin
(1.59 s� 1) [51], puerarin (1.72 s� 1) [52] or other with a
similar structure like epinephrine (1.35 s� 1) [53]. The
formal standard potential for DA oxidation Epa

o (+
0.65 V) was determined by extrapolation of the linear
regression curve for the relation Epa vs. v (Figure 5D).

DA oxidation on the PANInt/CNOs electrode is an
irreversible process, so for further DA determination,
linear sweep voltammetry (LSV) was performed. Fig-
ure 6A shows the superimposed curves illustrating the

dependence between the anodic current for the oxidation
peak and various concentrations of DA. The current of
the DA oxidation signal increased linearly with DA
concentration in the range of 1 to 10 μM (Figure 6B). The
linear regression equation is:

Ipa mAð Þ ¼ 1:828C mMð Þ � 1:412 ðR2 ¼ 0:9731Þ (5)

with a detection limit of 0.77�0.04 μM.
Table 1 gives an overview regarding the DA determi-

nation using electrochemical sensors. According to the
literature, the major disadvantages regarding these sen-
sors are their low sensitivity and low stability, associated
with the competitive adsorption and polymerization
process of DA. The PANInt/CNOsox electrode may be a
competitive sensor, showing good sensitivity, enhanced
electron transfer kinetics and a wide linear range of DA
detection.

2.4 Reproducibility and Stability

The reproducibility was investigated for GCE/Au/PANInt/
CNOsox system in 0.1 M PBS at pH 7.4 in the presence of
5 μM DA. The experiment was carried out for three
similarly prepared electrode. The relative standard devia-
tion was calculated for DA oxidation current and equals
2.4%. The experiment was repeated after 3 days and the
slightly visible decrease of oxidation peak was observed.
The results proves high reproducibility and stability of
created electrochemical sensor.

3 Conclusion

A new class of biocompatible nanocomposites including
PANInt decorated with CNOs has been proposed as a
promising material for electroactive determination of DA.
The applied CNOs enhance the electron transfer between
DA and GC surfaces, providing the ideal platform for
enzymatic biocatalytic detection. The experiment also
confirms that the DA oxidation process is irreversible and

Fig. 6. LSV responses for the anodic peak of DA on the PANInt/
CNOsox electrode in 0.1 M PBS, pH=7.4 at 0.1 Vs� 1 for: 1, 2, 5, 6,
7, 8, 10 μM DA. (B). Linear dependence between Ipa and
concentration of DA.

Table 1. Comparison of electrochemical sensors for DA determination

Sensor Sensitivity
(μA μM� 1)

Linear
range (μM)

Detection
limit (μM)

Ref.

GCE/MWCNTs [a} 1.479 6–100 0.72 [54]
GCE/MWCNTs-
PANI-LB[b]

7.349 0.1–9 0.08 [26]

CPE/ZrOCl2
[c] 1.739 0.03–2 0.01 [55]

GCE/SnO2/
PDDA-GR [d]

29.2 0.02–1 0.0067 [25]

GCE/PANInt/
CNOsox

[e]
1.828 1–10 0.77 This

work

[a] MWCNTs – multiwalled carbon nanotubes, GCE – glassy
carbon electrode, [b] PANI-LB – polyaniline Langmuir-Blodgett
layer, [c] CPE – carbon paste electrode, [d] PDDA – poly
diallyldimethylammonium, GR – graphene, [a-e] DA determina-
tion was carried out using LSV technique.
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requires only one electron per molecule. The good
electrochemical response of PANInt/CNOox towards DA
and the linear dependence between the DA oxidation
current and its concentration provide a simple and stable
method for DA determination. In the future, the
proposed method may also be applied for the determi-
nation of various phenolic biomolecules using in vivo and
in vitro analyses.

4 Experimental Section

4.1 Materials

Aniline and sulfuric acid 96% were supplied by POCh
(Gliwice, Poland). The Whatman Nuclepore 200 nm
polycarbonate (PC) membranes, synthetic 98% DA (7,4-
dihydroxyisoflavone), ammonium persulfate 98%
(NH4)2S2O8, N-hydroxysuccinimide 98% (NHS), and N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride, commercial grade (EDC) were supplied by
Sigma Aldrich (Buchs, Switzerland). A standard stock of
the DA (1 mM) was prepared with ethanol and kept in
the dark at 4 °C. Chloroform was obtained from Chempur
Piekary Slaskie, Poland). The GC electrodes were
polished using Texmet/alumina pads from a BASi PK-4
Polishing Kit. The 0.05 μm aluminum oxide powder was
supplied by Buehler Micropolish (Esslingen, Germany).
Used reagents were of analytical purity and applied as
received. All supporting electrolyte solutions for electro-
chemical studies were prepared using deionized water,
which was further purified with a Milli-Q system from
Merck (Darmstadt, Germany).

4.2 Methods

The PANInt/CNOs nanocomposite layers were deposited
on the surface of the GC and imaged using an FEI Tecnai
S-3000 N (Tokyo, Japan) and a Merlin (Zeiss, Germany)
field emission scanning electron microscope (FESEM).
The structure of the CNOs was studied by a high-
resolution transmission electron microscope (HR-TEM)
system Libra 120 (Zeiss, Germany). The surface area of
the nanocomposite and its organization were imaged and
mapped by optical microscope HIROX KH-87000 (To-
kyo, Japan).

Raman measurements were carried out by Renishaw
Raman InVia Microscope (Wotton-under-Edge, United
Kingdom) combined with a high-sensitivity ultralow-noise
Charge Coupled Device (CCD) detector and a microstage
for sample analysis using reflective method. The experi-
ment was conducted with Ar ion laser with an excitation
of 514 nm. Three scans, with a duration of 10 s each, were
registered at the spectral resolution of 4 cm� 1 and
averaged to receive a single spectrum.

The electrochemical responses were collected by
AUTOLAB (Utrecht, The Netherlands) potentiostat/
galvanostat using the NOVA AUTOLAB software
(Utrecht, The Netherlands). The measurements were

carried out using three-electrode system consisting of a
working GC disk electrode (2 mm diameter), an Ag/AgCl
reference electrode (with saturated KCl), and the auxil-
iary Pt electrode. The geometrical surface area of the GC
working electrode was estimated to be about 0.0314 cm2.
The GC electrode was mirror-polished using 0.5 micron
alumina oxide powder on an alumina polishing pad and
rinsed repetitively with Milli-Q water and ethanol before
use. All electrochemical experiments were carried out
under anaerobic conditions at room temperature (23 °C).
The dissolved oxygen was removed from the measuring
cell by Ar-purging within 15 min
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