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Abstract: A synthesis of β-cyclodextrin (β-Cd) functional-
ized with polyamide dendrimer PAMAM G.0 complexed
with silver and potassium hexacyanoferrate (III) forming
a mixed-valence complex (β-Cd-PAMAM-Ag/Fe) was
proposed. This material was characterized by scanning
electron microscopy (SEM), infrared spectroscopy (FT-
IR), X-Ray diffraction (XRD), Energy Dispersion Spec-
troscopy (EDS) and Electron Paramagnetic Resonance

(EPR). The hybrid complex was electrochemically inves-
tigated using cyclic voltammetry and some parameters
(electrolyte, concentration of electrolyte, pH and scan
rate) were evaluate in order to obtain optimum analytical
responses. The β-Cd-PAMAM-Ag/Fe material was suc-
cessfully applied in the electrocatalytic oxidation of
dopamine (DOP) using Cyclic Voltammetry (CV) and
Square Wave Voltammetry (SWV).
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1 Introduction

Cyclodextrin (CDs) are cyclic oligosaccharides formed
through starch enzymatic hydrolysis which converts starch
linear chain into cyclic molecules. Their structures contain
six (α-CD), seven (β-CD) and eight (ϒ-CD) D-Glucopyr-
anose monomers linked by glycosidic bonds [1]. Groups
such as hydroxylic and glycosidic oxygen atoms, make
external and inner surface of CDs hydrophilic and hydro-
phobic, respectively [2]. The arrangement of D-Glucopyr-
anose monomers in form of chain conformation assigns to
cyclodextrins a specific truncated cone shape structure. A
dynamic rearrangement of structure is possible due to
rotation of D-glucose units around the glicosidic bonds,
affecting CDs optical and binding properties [3]. There is
a wide range for CDs applications, for example in the
food industry they could limit aroma degradation and
remove or deodorize undesirable components in foods,
since they form inclusion complex [4]. Besides, the most
desired food application is related to inclusion and release
of flavours [5]. Encapsulation of bioactive compounds
such as drugs for controlled release [6], excipients for
pharmaceutical formulations [7] and materials for metals
and organic pollutants adsorption and removal [1] are all
research areas that CDs are been focus.
Formation of “inclusion complexes” is known as host-

guest interaction which internal hydrophobic cavity acts
as a host and substrate (molecule of interest) acts as a
guest (the size must correspond to that of the host cavity).
The guest is hold on within the cavity by noncovalent
forces (hydrogen bonding, hydrophobic interactions, and
van der Waals forces) [8]. To enhance the host-guest
interaction, some chemical modifications have been
reported in the literature such as formation of nano-

sponges, selfassemblies and the introduction of polymers
or dendrimers which can be realized by several techniques
[9].
Dendrimers are considered polymeric materials with

an interesting, homogeneous and monodisperse architec-
ture consisting of arms or branches which are well
organized in the structure [10]. PAMAM
poly(amidoamines) dendrimers are the most used and
commercially available due to their properties as good
compatibility, hydrophilicity, high structural flexibility
and high mechanical and chemical stability [11]. At the
branch end there are a great number of primary amine
groups and there are other reactive groups as amide and
carbonyl. The amount of these groups increases according
to their generation, reaching up generation 10 [12]. The
spherical geometry of PAMAM dendrimers leads to
cavities inside where small molecules can be encapsulated
or complexed. Besides, the high reactivity of the PAMAM
surface primary amines and the lower reactivity of other
functional groups, allow changes on the surface without

[a] P. F. Pereira Barbosa, D. Ribeiro do Carmo
São Paulo State University (Unesp), School of Engineering,
Department of Physics and Chemistry, Campus of Ilha Sol-
teira, 15385-000, Brazil
E-mail: devaney.carmo@unesp.br

[b] V. R. Mastelaro
Sao Carlos Institute of Physics, University of Sao Paulo, 565-
905, São Carlos, SP, Brazil

[c] E. Guimarães Vieira
Department of Fundamental Chemistry, Institute of Chem-
istry, University of São Paulo, 05508-000 São Paulo-SP, Brazil
Supporting information for this article is available on the
WWW under https://doi.org/10.1002/elan.202100628

Research Article

© 2022 Wiley-VCH GmbH Electroanalysis 2023, 35, 2100628 (1 of 12) 2100628

Wiley VCH Montag, 02.01.2023

2301 / 251513 [S. 279/290] 1

https://doi.org/10.1002/elan.202100628


changing the interior. In this way PAMAM dendrimers
can act as an excellent platform for building new
materials.
Some approaches have been made to interact cyclo-

dextrins and PAMAM dendrimer to provide a new
material from the combination of two types of molecular
cavities enhancing physical and chemical properties
(sorption capacity, solubility, thermal stability), for exam-
ple Li et al. 2012 [13] prepared a copolymer formed
between these two molecules in order to study sorption of
chlorophenols from aqueous solution. Results showed
that the hybrid new material exhibited high sorption
amount and acceptable sorption equilibrium time toward
organic compound. Roessler et al. 2001 [14] added β-
cyclodextrin (β-CD) into a formulation of PAMAM/DNA
and it was observed that it affected physical and chemical
properties of the complexes resulting in smaller particles
and more evenly distributed on the surface of the solid
support favouring in situ transfection. Saraswathy et al.
2015 [15] synthesized multifunctional drug carriers using
PAMAM, (β-CD) and poly(ethylene glycol) for cancer
therapy target. High encapsulation capacity for hydro-
phobic drugs and desirable characteristics as promising
drug carriers were observed for the conjugated material.
As above discussed, the hybrid material formed by

PAMAM and cyclodextrin offers many advantages, can
be used for several purposes and can be synthesized by
different routes. However, in electrochemical field, there
is a disadvantage associated to unsuitable conductivity of
the material for detecting specific molecules in some
potential. In order to overcome this difficult, the con-
ductivity can be improved through incorporation of
conducting materials such as metals into the hybrid
material structure. In this way, silver have attracted much
attention due to its quantum characteristics and large
specific surface area of small diameter [16] which can be
attached into the structure. Here we propose a formation
of a hybrid material formed by β-CD/PAMAM G.0
(generation 0) acting as a platform for silver ions,
followed by a subsequent reaction with potassium hex-
acyanoferrate (III).
Dopamine (DOP) is one of the most important

excitatory chemical catecholamine neurotransmitters
present in the brain to lead transmission from one nerve
cell (neuron) to another, regulation emotion, cognition,
action and motivation [17]. For some diseases (Hunting-
ton, Parkinson and Schizophrenia) the level of DA found
in human bodily fluids is elevated, thus, DA is a vital
diagnostic biomarker for these diseases [18]. Several
methodologies have been applied in DA quantification
including spectrometry [19], high performance liquid
chromatography (HPLC) [20] and electroanalytical tech-
niques [21], but electroanalytical ones are considered the
most attractive because they relatively low-cost, rapid and
sensitive [22]. There are no available publications con-
cerning this hybrid material (citrate of β-cyclodextrin
functionalized with PAMAM dendrimer doped with silver

and iron) used as an electrochemical sensor for DOP
detection and its application in synthetic urine samples.
The idea is that β-CD/PAMAM-Ag/Fe can provide a

good electron transfer between the substrate (i. e.,
enzyme) and the electrode. Additionally, the presence of
PAMAM and β-CD, which are electron acceptors, can
provide a stabilizing microenvironment around the sub-
strate. After rigorous voltammetric studies, the hibrid
material will be tested for the electrocatalytic determina-
tion of DOP.

2 Experimental

2.1 Reagents and Solutions

β-cyclodextrin, polyamidoamine dendrimer (Generation
0, 20 wt% solution in metanol), L-dopamine, graphite and
potassium hexacyanoferrate (III) were purchased from
Sigma-Aldrich. Citric acid, boric acid, silver nitrate
(AgNO3) and n-propanol and all others reagents used in
this work were analytical grade (Reagen, Nuclear, Vetec,
Dinâmica) and were used without further purification. All
solutions were prepared using deionized water with
resistivity of not higher than 18.2 MΩcm. L–Dopamine
solutions were prepared immediately before use.

2.2 β-cyclodextrin Modification

3.0 g of β-cyclodextrin, 1.0 g of citric acid and 10 mL of
deionized water were added to a round-bottom flask and
were maintained under magnetic stirring and heating at
80 °C for 3 hours in order of enhancing β-cyclodextrin
capacity to bond with other molecules. The mixture was
washed exhaustively with n-propanol and vacuum filtered
to remove unreacted binder and the solid was dried in a
vacuum oven at 45 °C for 24 hours. Figure 1 shows the
schematic representation for the formation of β-CD-cit

Fig. 1. Schematic representation of the formation of β-CD-cit.
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2.3 Functionalization of β-cyclodextrin Citrate with
Poly(Amidoamine) Dendrimer

β-cyclodextrin citrate was functionalized according to the
procedure described in the literature [23], but with some
modifications as shown the scheme illustrated in Figure S1
(Supplementary Information). In a 50 mL round-bottom
flask, 2.21 g of β-cyclodextrin citrate, 2.23 mL of den-
drimer, and 20.0 mg of acid boric (as catalyst) were
dissolved in 25 mL of n-propanol. The mixture was
refluxed for 48 hours at 95 °C and when the reaction was
completed the solid product was vacuum filtered and
washed with the solvent used. The final product was dried
in a vacuum oven at 60 °C for 8 hours. The obtained
material was named as β-CD-PAMAM.

2.4 Preparation of β-CD-PAMAM-Ag/Fe Hybrid
Material

The formation of the hybrid material with the mixed
valence complex linked in the structure was prepared
following two steps. First, 500 mg of β-CD-PAMAM was
dissolved in 25 mL of hydroalcoholic solution (n-propa-
nol/deionized water) (50% v/v) of silver nitrate
(0.01 molL� 1). The system was kept under stirring for
3 hours at room temperature and the solid phased was
vacuum filtered and washed with water/n-propanol. The
obtained material β-PAMAM-Ag was dried at 45 °C. In
the second step, 250 mg of β-CD-PAMAM-Ag were
added to 25 mL of potassium hexacyanoferrate (III)
solution (0.01 molL� 1) (water/n-propanol 50% v/v) and
kept under stirring for 3 hours. The solid phase was
separated by vacuum filtration, washed with water/n-
propanol and dried at 45 °C. The material was stored from
the light and described as β-CD-PAMAM-Ag/Fe, which
presented dark blue color.

2.5 Preparation of β-PAMAM-Ag/Fe Modified Graphite
Paste Electrode

The graphite paste electrode (GPE) modified with the
hybrid material was prepared by mixing 20 mg of β-CD-
PAMAM-Ag/Fe with 80 mg of graphite and 20 μL of
mineral oil. The mixture was homogenized and placed on
tip of electrode avoiding possible air gaps.

2.6 Interference Study

The possible interference effect was investigated using
SWV for the β-CD-PAMAM-Ag/Fe system in the electro-
oxidation of dopamine, since some compounds such as
urea (UR) and ascorbic acid (AA) are used in association
with some pharmaceutical drugs or present in biological
fluids (e.g., urine), it is important to evaluate the
interference signal obtained. Two solutions were pre-
pared, solution A (L-dopamine 0.01 molL� 1) and solution
B (UR+AA 0.01 molL� 1). In the electrochemical cell
(KNO3 as electrolyte) was added 3.0×10

� 6 molL� 1 of

solution A and in sequence aliquots of different concen-
trations of solution B were added (1.0×10� 5 molL� 1, 2.0×
10� 5 molL� 1, 4.0×10� 5 molL� 1 and 5.0×10� 5 molL� 1).

2.7 Application of the Method in Synthetic Urine Samples

As a simple and fast application, the modified electrode
was used to detect/quantify DOP in synthetic urine,
prepared as Laube et al. [24]. Where 2 mmol L� 1 of citric
acid, 25 mmol L� 1 of Sodium Bicarbonate, 170 mmol L� 1

of urea, 2.5 mmol L� 1 of Calcium Chloride, 90 mmol L� 1

of Sodium Chloride, 2.0 mmol L� 1 of Magnesium Sulfate,
25 mmol L� 1 of Ammonium Chloride, 7 mmol L� 1 of
Potassium dihydrogen phosphate and 7 mmol L� 1 of
dipotassium hydrogen phosphate were added to a 500 ml
bottom flask and completed with deionized water. The
solution pH was adjusted to 6 using hydrochloric acid.
Quantification of DOP samples was performed in a
solution of KNO3 1.0 molL

� 1 using spiked method. The
solution was spiked by adding four aliquots of different
concentrations in the KNO3 solution containing synthetic
urine. This procedure was made three times (n=3) for
square wave technique. The recovery studies allowed to
evaluate the accuracy of the proposed method.

2.8 Techniques of Characterization

2.8.1 Fourier Transform Infrared Spectra (FTIR)

The vibrational spectra of β-PAMAM-Ag/Fe and its
precursors were recorded at a Nicolet 5DXB FTIR
spectrometer. Where 150 mg of KBr were grounded in a
mortar and 15 mg of the solid sample was grounded with
KBr to produce a 1 wt.% mixture, resulting in pellets. 128
scans were collected for each sample at a resolution of
�4 cm� 1 and at the range of 4000 to 400 cm� 1.

2.8.2 X-ray Photoelectron Spectroscopy

The XPS analysis was performed using a Scienta Omicron
ESCA spectrometer with monochromatic source of Al kα
emission (1486.7 eV) and a hemispheric analyzer EA125
with passer energy adjusted to 50 eV. All XPS spectra
were analyzed using the CasaXPS software, and the high-
resolution spectra data were treated using the Shirley
method and the remaining noises were corrected based on
the C 1s energy (284.6 eV). The spectra were deconvolved
using the product of the Gaussian and Lorentzian
functions, while the peak areas were determined using the
Ag3d5/2 and Ag3d3/2 standards.

2.8.3 Electron Paramagnetic Resonance Analyses (EPR)

Wave EPR data were recorded in a CW-Bruker instru-
ment, model EMX, operating at X-band (9.4 GHz, 20 mW
power, 100 kHz frequency amplitude). The magnetic field
was calibrated using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) as standard (g=2.0036). MATLAB 2015a pro-
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grams (MathWorks) were used to adjust the simulation
data by the EasySpin package [25].

2.8.4 Scanning Electron Microscopy (SEM) and Energy
Dispersion Spectroscopy (EDS)

The β-PAMAM-Ag/Fe and its precursors microstructures
and constituents (EDS) were obtained after coating with
gold thin film in Sputter Coater Bal-Tec SCD-050. The
materials morphology was examined using a Carl Zeiss
EVO LS15 model scanning electron microscope. EDS
spectra was obtained using a coupled apparatus to SEM
and it was used to evaluate the purity of the materials and
for verifying their constituents.

2.8.5 X-ray Diffraction

The X-ray diffraction patterns (XRD) were obtained
using a Siemens D 5000 diffractometer with CuKα
radiation λ=1.5406 Å, submitted to 40 KV, 30 mA, 0.05○

s� 1 and exposed to radiation from 5 up to 60○ (2θ).

2.8.6 Electrochemical Measurements

Cyclic voltammograms were performed using the Micro-
quimica (MQP1-PGST) potentiostat. The three-electrode
system used in this study consisted of a modified working
electrode (graphite paste electrode), an Ag/AgCl(sat.)
reference electrode, and a platinum wire as the auxiliary
electrode.

3 Results and Discussion

3.1 X-ray Photoelectron Spectroscopy

The XPS spectrum of C 1s for β-CD-citrate, illustrated in
Figure 2 (A), presented the main energy peaks at 284.6;
286.5 and 288.5 eV corresponding to the C� C, C� O and
C=O bonds, respectively [26]. For the material β-CD-
PAMAM (Figure 2 (B)) some components were ob-
served, however with greater intensity. The peak observed
at 286.3 eV is associated to C� O or may to C� N, resulted
from the amine groups present in the dendrimer structure
and the peak at 288.5 eV is associated to the C=O bond.
As showed in the Figure 2 (C), the XPS spectrum of O

1s for material β-CD-citrate presented the components
referring to C� O and OC=O- around 532.8 and 534.1 eV,
respectively, present in β-CD-citrate, but only one
component in 532.8 was found in β-CD-PAMAM (Fig-
ure 2 (D)), probably due to the increase of CO groups in
the composite or the decrease of available groups of β-
CD-citrate, after the functionalization reaction.
The N1s XPS illustrated by Figure 2 (E), indicates that

β-CD-PAMAM has been successfully synthesized. Amine
groups of the dendrimer was converted into-NC=O
groups (399.8 eV) due to functionalization of the free
amine (NH2) groups with carboxylic groups of β-CD-
citrate (HO� C=O). A component was also observed in

401.8 eV. The central component at 401.8 eV may be
related to the N� C and HN� C of dendrimer structure[27].
In β-Cd-PAMAM G.0-Ag/Fe (Figure 2 (F)), precursor

components of C1s spectrum (Figure 2 (B)) were ob-
served, where a slight increase and decrease in the
intensity of C=O and C� C bonds, respectively occurred.
For O 1s spectrum (Figure 2 (G)), the same components,
C� O and OC=O� at 532.3 and 534.3 eV of β-CD-citrate
were observed. Additionally, OC=O� was not found in β-
CD-PAMAM O 1s spectrum, but when added metals to
that material, this bonding site appeared again, an
indicative that one metal ion may be attracted to this site
weakening the bond between O and β-Cd in –(CH2-
COOCD), as proposed by Figure S1. Or the external
hydroxyl group of β-Cd might lose its H and a carbonyl
group could be formed, so this is a possible site that metal
ions are attracted. The N 1s spectrum consists of one
doublet due to spin orbit coupling, it is clear that the
profile is subtly different from Figure 2 (E). The peak at
397,5 eV is assigned to N=C, probably placed on amide
carbon which electron pair can be delocalized between N
and O [28]. This peak suggests that a possible interacion
or a bond between O and a ion metal happened, thus the
electron pair is in N [29] [30]. As expected, two peaks
with binding energies were observed for Fe (Figure 2 (I)),
at 708.4 eV and 721.3 eV assigned to Fe 2p3/2 and Fe 2p1/2,
respectively [31]. And finally, in Figure 2 (J) two compo-
nents at 369.3 and 377.4 eV corresponding to the spin
orbit coupling of the Ag 3d5/2 and Ag 3d3/2 were observed,
respectively, which are characteristic of Ag as oxidation
number zero (metallic silver) [32].

3.2 Vibrational Spectra of β-CD-PAMAM-Ag/Fe and its
Precursors

The three first spectra are related to β-cyclodextrin and its
modification and functionalization with PAMAM den-
drimer. All spectra were recorded in the middle of
infrared (4000 to 400 cm� 1). Figure 3 (A) shows β-cyclo-
dextrin (β-CD) and its characteristics bands, a broadband
is observed in the region of 3455 cm� 1 attributed to O� H
bond of water and stretching vibration of O� H from β-
CD and at 2917 cm� 1 there is a stretching vibration of
C� H [33]. Other peaks are observed in the regions of
1643, 1081, 1057 and 1028 cm� 1 corresponding to δ(O� H)
bending vibration, νs(C� O� C) glucosydic stretching vibra-
tion, ν(C� C) stretching vibrations and ν(C� O) stretching
vibrations, respectively, which are in accordance with
those reported in the literature [34], [35]. When citrate
group was added into β-CD structure (Figure 3 (B)), the
same band and peaks were observed with a very slight
increase and decrease of the wavenumber, for example,
O� H bond appeared at 3361 cm� 1 and it was wider,
suggesting the possible formation of hydrogen bond
between this group and νass(COO� ) and νs(COO� ) stretch-
ing from citrate. The other peaks occurred at 1627, 1157,
1080 and 1029 cm� 1. A new peak was observed at
1722 cm� 1 attributed to stretching of carbonyl group
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ν(C=O) from citric acid [36]. Besides, the intensity of the
peaks attributed to νs(C� O� C), ν(C� C) and ν (C� O)
stretching vibrations was increased. Finally, β-CD-PA-
MAM spectra (Figure 3 (C)) presented the characteristic

peaks of modified β-CD and most changes related to
interactions between β-CD and PAMAM components
were observed with the appearing of two peaks at 1653
and 1573 cm� 1 attributed to ν(C=O) and ν(N� H) stretch-

Fig. 2. XPS spectroscopy of: (A) C 1s β-CD-Citrate, (B) C 1s C 1s β-CD-PAMAM, (C) O 1s β-CD-Citrate, (D) O 1s β-CD-PAMAM,
(E) N 1s β- CD-PAMAM and (F), (G), (H), (I), (J) β- CD-PAMAM-Ag/Fe of C 1s, O 1s, N 1s, Fe 2p and Ag 3d, respectively.
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ing vibrations of amide groups from PAMAM structure
[37].
When compared spectra of β-CD-PAMAM and β-

CD-PAMAM-Ag/Fe (Figure 3 (D)) is possible to observe
that peaks at 2926, 1653,1657,1158,1081 and 1028 cm� 1 of
β-CD-PAMAM-Ag/Fe are the same of its precursor with
no significant displacement change, but at 2029 cm� 1 an
important vibration is observed, referring to stretching
vibrations of C�N(υC�N), characteristic of potassium
hexacyanoferrate (III) (HCFIII) stretching. Although the
stretching vibrations υC�N was displaced about 85 cm

� 1 to
lower frequencies in relation to (HCFIII). This displace-
ment indicates that the an intervalence complex was not
been formed (FeIII-CN-AgI) [38]. Furthermore, the broad
band attributed to δ(O� H) bending vibration (3326 cm� 1)
is less intense and narrower when compared to β-CD-
PAMAM spectra, suggesting a possible interaction be-
tween hydrogen atoms with the intervalence complex
formed and breaking of hydrogen bond of β-CD structure
[36] [39].

3.3 Electron Paramagnetic Resonance (EPR)

X-band EPR spectrum for β-CD-PAMAM-Ag/Fe carried
out in solid state at 77 K is shown in Figure S2. The
observed spectrum displays an intense signal at g ~4.3 in
the region of 160 mT. Numerous interpretations regarding
g-values have been elucidated. The g ~4.3 has been
assigned to both tetra- or octo-coordinated iron (III), and
rhombic distortion of both tetrahedral and octahedral
iron (III) [40]. Taking into account the shape of the EPR
spectrum observed in Figure S2, it was assumed this peak
is characteristic of high-spin (I �3/2 and S=5/2) iron (III)
compounds with low symmetry as the case of β-CD-
PAMAM-Ag/Fe material. In addition, the EPR measure
might reveal the presence of a rhombic shape with gx ¼6 gy

¼6 gz. Also, this typical signal has been found in several
solid-state materials, metalloproteins and chelates [41].
Additionally, at low temperature (77 K) no sign of Ag

can be seen by the EPR despite the ICP technique
showing a concentration of 818.82 mg/Kg (ICP) however
a signal related to Ag+ (diamagnetic) at 298 K can be
seen for silver as show Figure S3. This signal suggests a
strong Ag� O bond that possibly formed between OH
ligands of cyclodextrin.

3.4 Scanning Electron Microscopy (SEM)

Figure S4 shows the micrographs of: β-cyclodextrin (A),
citrate of β-cyclodextrin (B), β-CD-PAMAM (C) and β-
CD-PAMAM-Ag/Fe (D), with a magnification of 20,000
X. β-CD and its citrate present crystal morphology with
rectangular regular shapes of similar size [42] where no
significant change in the microstructure can be observed
between them, just the crystals (Figure S4 (B)) seem to be
bigger and more organized. When β-CD is functionalized
with PAMAM dendrimer (Figure S4 (C)), a reduction in
particle size is observed, resulting in effective conjugation.
Β-CD-PAMAM-Ag/Fe (Figure S4 (D)) exhibited differ-
ent sizes of irregularly blocky crystal structures, there
were small particles attached to the crystals surface and
this is very different from modified material without silver
and iron particles, demonstrating that the interaction of
these metals with the β-CD-PAMAM complex was
successfully carried out.

3.5 X-ray Diffraction (XRD)

Figure 4 shows the diffractions pattern of samples. β-
cyclodextrin (Figure 4 (A)) exhibited many crystalline
peaks between 2 and 50° (2θ=4.47, 6.18, 8.91, 9.69, 10.22,
11.64, 12.43, 22.68, 27.02 and 31.91°) indicating that β-CD
mainly existed in a crystalline form, also seen and

Fig. 3. Vibrational spectra of: (A) β-cyclodextrin, (B) CD-Citrate,
(C) β-CD-PAMAM and (D) β-CD-PAMAM-Ag/Fe.

Fig. 4. XRD diffractograms of: (A) β-cyclodextrin, (B) β-CD-
PAMAM and (C) β-CD-PAMAM-Ag/Fe.
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described in a similar way by Trindade et al. [43]. When
PAMAM is introduced into the β-CD structure (Figure 4
(B)) some changes can be observed, for example, some
peaks decrease the intensity (4.47, 6.18 and 8.91°) while
others increase (10.22 and 12.4°), the peak at 31,91°
disappeared and from 13 to 28° the peaks seem to have
higher intensity and some of them disappeared, besides
reduction of the number of peaks, suggesting the
formation of a material with an amorphous characteristic.
The loss of crystallinity can be possibly attributed to the
formation of a polymer chain β-CD and PAMAM. Β-CD-
PAMAM-Ag/Fe diffractogram (Figure 4 (C)) [44] also
exhibited several characteristic peaks attributable to β-
PAMAM, but from 13 to 28° occurs appearance of new
peaks and they present higher degree of crystallinity. It
can be explained by crystalline domains in silver and iron
particles that were introduced.

3.6 Energy Dispersion Spectroscopy (EDS)

In Figure S5 (A), the main elements observed are carbon
an oxygen being in agreement with β-CD atoms and
Figure 5S (B) it was observed the same elements and
nitrogen due to amines groups present in PAMAM

dendrimer. For the hybrid material (Figure 5S (C) it was
observed the presence of C, O, and N, characteristic of its
precursor, besides the presence of Fe. It was expected the
presence of Ag in this analyze but it did not occur,
probably due to the region of the material that was
investigated which was poor in Ag content. To overcome
this situation, Ag presence was confirmed by EPR, as
shown in Figure S3 and Figure S4.

3.7 Electrochemical Measurements

3.7.1 Study of Cations and Anions Effect

The first electrochemical study that was taken place was
the electrolyte type study, because it is known that
transition metals hexacyanoferrates have a structure with
a three-dimensional cubic network that allows the inflow
and outflow of alkali metals (K+, Na+, Li+, NH4

+) of
crystal lattice, thus the electro-activity and selectivity
dependent on the electrolyte nature used. This process
can modify the voltammetric performance of the material.
So, in this study was verified which ions did not
significantly affect the formal potential (Eθ’), neither the
current intensity of anodic/cathodic peak, indicating that
the channels of the reticulum formed are larger than the
radii diameters of the hydrated cations of the electrolytes
tested. The electrolyte tested were KNO3, NaNO3, NH4
NO3, and Ca(NO3)2. Figure 5 (A) shows the cyclic
voltammogram of β-CD-PAMAM-Ag/Fe on those above-
mentioned electrolytes. The voltammogram exhibited a
well-defined peak with formal potential (Eθ’) of 0.27 for
KNO3 (1.00 molL� 1; ν=20 mVs� 1), assigned to FeII

(CN)6/Fe
III(CN)6 redox process.

Through Table 1, it was observed that the nature of
ion did not substantially influence the formal potentials
(Eθ’) of redox pair, neither the current intensity, present-
ing almost the same voltammetric behavior, but for K+

anodic and cathodic peaks showed to be more defined
and Ipa/Ipc value was 1, considered the better one. It can
be explained by the fact that K+ cation has hydrated
radius of (0.24 nm), as a result, it easier diffuses into the
cavities of β-CD-PAMAM-Ag/Fe formed, presenting
better voltammetric response. For subsequent studies,
KNO3 was chosen as supporting electrolyte. Additionally,
the Ipa/Ipc ratio and ΔEp varied from ~0.87 to 1.0 V and
from ~0.11 to 0.13, respectively, characterizing the

Fig. 5. (A) Cyclic voltammograms of the modified graphite paste
with β-CD-PAMAM-Ag/Fe on different support electrolytes
(20% w/w; v=20 mVs� 1; 1.0 molL� 1) and (B): cyclic voltammo-
gram of GPE modified with β-CD-PAMAM-Ag (KNO3; 20% (w/
w); v=20 mVs� 1; 1.0 molL� 1).

Table 1. Electrochemical parameters of graphite paste modified with β-CD-PAMAM-Ag/Fe in different supporting electrolyte (20% w/w;
v=20 mVs� 1; 1.0 molL� 1).

Electrolyte Ipa (μA) Ipc (μA) (Ipa/Ipc) Epa (V) Epc (V) *(E°’) (V) *(ΔEp) (V) *DHC (nm)
[47]

KNO3 3.28 3.27 1.00 0.32 0.21 0.27 0.11 0.24
NaNO3 2.81 3.06 0.92 0.33 0.20 0.27 0.13 0.36
NH4NO3 2.75 3.15 0.87 0.33 0.22 0.28 0.11 0.24
Ca(NO3)2 3.02 3.11 0.97 0.34 0.23 0.29 0.11 0.41

* E°’ (V)= (Epa+Epc)/2; ΔEp (V)= jEpa� Epc j and *DHC=Diameter of hydrated cation.
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process as quasi-reversible [45]. This peak (at this
potential) has a contribution of Ag redox process (Fig-
ure 5 (B)), but the bimetallic complex cannot be identified
because in the complex, the silver hexacyanoferrate redox
couple occur at a more positive potential (~0.7–0.8 V).
There was an electrostatic interaction between the
reactive groups of β-CD-PAMAM and hexacyanoferrate
ion (cation) [Fe(CN)6]

3� , while silver acts as a proton
possible attached to the PAMAM N site or β-CD O site.
[46].

3.7.2 Influence of Supporting Electrolyte Concentration

Figure S6 (A) shows the voltammetric behavior of β-CD-
PAMAM-Ag/Fe at KNO3 concentrations of 1.0×
10� 2 molL� 1 to 2.0 molL� 1. A linear displacement of the
formal potential (E°’) for positive values (0.25 to 0.28 V)
was observed with increasing the concentration of
supporting electrolyte. As well, the current intensity
increased by increasing the concentration of the cation
K+, suggesting that the ion K+ is involved in the redox
process.
A linear relationship between formal potential (E°’)

and the log of K+ concentrations is observed in Figure S6
(B). The slope of the straight line was 28 mV per decade
of potassium ion concentration, indicating a quasi Ners-
tian process with the transfer of two electrons [48]. The
dependence of the formal potential on the logarithm of
the electrolyte concentration can be explained through
charge equilibrium between the cations and β-CD-
PAMAM-Ag/Fe material. The electrolyte concentration
chosen for subsequent studies was, therefore, of
1.0 molL� 1, due to the fact that this concentration led to
parameters closer to reversibility (Ipa/Ipc=0.98), as well
as better voltammetric performance.

3.7.3 Study on the Effect of Different Hydrogen
Concentrations

The effect of hydrogen ion concentration was also
evaluated from pH 8 to 2. From the obtained data is
possible to observe that pH did not significantly change
the main parameters as the (Eθ’) formal potential, current
intensity and Ipa/Ipc relation. Just for pH 5, 4 and 3 an
increase was observed in the current intensity (Figure S7)
[49]. pH 7 was chosen for subsequent studies.

3.7.4 Scan Rates Influence

The electrochemical behavior of GPE modified with β-
CD-PAMAM-Ag/Fe at different scan rates (20–
150 mVs� 1) is displayed in Figure S8 (A). Through cyclic
voltammograms, an increase in the anodic/cathodic peak
current and a displacement of (Eθ’) for more positive
potential were observed. Increases in scan rates lead to
slight increases in resistance, leading to increased ΔEp.
Some peaks are appearing with increasing scan rate and
they are rising to more positive potential, probably silver

hexacyanoferrate was formed in some site of hybrid
material, but its amount was not sufficient to suppress Fe
signal.
A linear dependence between current intensity of the

peak (anodic/cathodic) and the square root of the scan
rate is displayed in Figure S8 (B), and this is characteristic
of an electrodic process controlled by diffusion for a
quasi-reversible system [50]. As at 20 mVs� 1 presents a
better voltammetric behavior and parameters, it was
chosen to perform electro-oxidation tests.

3.8 Dopamine Electrocatalytic Oxidation

The material showed a good response in the dopamine
detection, for both cyclic voltammetry and square wave
techniques. DOP electrooxidation using GPE modified
with β-CD-PAMAM-Ag/Fe by cyclic voltammetry is
shown in Figure 6. The cyclic voltammograms of: (C)
represents the graphite paste modified with the hybrid
material in the absence of DOP and (D) the modified
GPE in the presence of 1.0×10� 4 molL� 1 of this drug. An
increase in the current intensity of the anodic peak
followed by a decrease in the current intensity of the
cathodic peak were observed in comparation with voltam-
mogram C. The increase in the anodic peak was of
4.18 μA (almost three times higher), considering a good
response taking in account that redox couple presents low
current. On the other hand, graphite paste electrode did
not show any redox couple in the absence of the drug
(curve A) in the potential range of � 0.2 to 0.8 V and in
the presence of DOP (1.0×10� 4 molL� 1) (curve B) an
irreversible peak at 0,37 V attributed to dopamine
oxidation process was observed. In addition, the modified
GPE decreased DOP electrooxidation potential in 20 mV,

Fig. 6. (A) Cyclic voltammograms from GPE modified with β-
CD-PAMAM-Ag/Fe in the presence of different concentrations
of DOP (1.0×10� 5 to 1.0×10� 4 molL� 1). (B) The analytical curve
of the anodic peak for DOP detection (KNO3; 1.0 molL

� 1; 20%
(w/w); pH 7.0).
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probably due to an electrostatic interaction of hydroxyl
group of DOP with the hybrid material surface [51].
The increase in the current intensity of the anodic

peak is proportionally with the additions of DOP
(increasing its concentration in the system), as illustrated
in Figure 6 (A). The electrooxidation of DOP leads to
formation of semiquinone as intermediate product where
phenolic groups of DOP are not present in dissociate
form and the amino groups is present in protonated form
[52] which mechanism includes the transfer two electrons
and two protons and thus radical formation is expected
and at pH 7.0 this process rapidly occurs, facilitating the
oxidation [53]. So, the electrochemical response is based
on DOP oxidation with the metal center Fe (III) in the
internal [54].
An electrochemical and a chemical processes occur as

described in equation 1 and 2, respectively. The anodic
scan produces Fe (III) which oxidizes DOP, in sequence,
Fe (III) is reduced to Fe (II), as a result, it is electro-
chemically oxidized in Fe (III) again, repeating the cycle.

EE 2 K4½FeIIðCNÞ6�! 

2 K3½FeIIIðCNÞ6� þ 2 Kþ þ 2e�
(1)

EC 2 K3½FeIIIðCNÞ6� þ 2Xþ 2 Kþ2! 

K4½FeIIðCNÞ6� þYþ 2Hþ
(2)

where X=L-dopamine and Y=dopaminequinone
A linear response was achieved as DOP concentration

was increased, from that an analytical curve was plotted
from anodic current intensity as function of DOP
concentration. The linear response (Figure 6 (B)) was
found in the range of 1.0 ×10� 5 to 1.0 ×10� 4 molL� 1, with
the corresponding equation Y(μA)=2.11+42.46 [Dopa-
mine] and correlation coefficient of 0.9931. This method
presented a detection limit (3SD/slope) of 7.55
×10� 6 molL� 1 with relative standard deviation of 3% (n=

3) and amperometric sensitivity of 42.46 m A/mol L� 1.
The DOP electroanalytical oxidation in the GPE

modified with the hybrid material was also carried out
employing SWV as illustrated in Figure S10, where curves
A and B represent the behavior of unmodified GPE in
the absence and in the presence of 1.0×10� 5 molL� 1of
DOP, respectively. The modified GPE (curve D) in the
presence of 1.0×10� 5 molL� 1 of DOP, showed a peak
close to 0.27 V which its current increased 0.22 μA when
compared with β-CD-PAMAM-Ag/Fe behavior (curve
C), this increase in the current was also observed by CV.
The system was made under the following conditions:
KNO3 1.0 molL

� 1; f=10 Hz; (ω)=50 mV. The increase in
the current intensity of the anodic peak is proportionally
with the additions of DOP as presented in Figure 7 (A).
Figure 7(B) illustrates the analytical curve used to detect
dopamine.
The analytical curve presented a linear response in the

concentration range of 1.0×10� 6 to 1.0×10� 5 molL� 1 with

a corresponding equation Y(μA)=1.10+27.15 [Dopa-
mine] and correlation coefficient (r2) of 0.999. The limit of
detection (3SD/slope) was 2,61×10� 7 molL� 1 with a
relative deviation of �1% (n=3) and amperometric
sensitivity of 27.15 m A/mol L� 1.
According to the results, SWV compared to CV

provided a current of highly sensitivity and better
detection as demonstrated by the limit of detection and it
is in agreement with other works in the literature [55]-
[57]. The performance of the fabricated electrode com-
pared with any sensor reported once is comparative or
better than those cited in the literature, as demonstrated
by Table 2.
Both techniques achieved good results and evidenced

the sensing ability of the electrode in the presence of
DOP. However, quantification of DOP encounters one
problem related to the interference of several other
biological molecules due their overlapping potentials,
leading to poor selectivity and reusability [61], [62]. For
example, interfering compounds such as urea (UR) and
ascorbic acid (AA) have the same oxidation potential of
DOP, influencing the reproducibility and selectivity of the
electrode [63]. In this way, a study an interference study
was conducted with the purpose of evaluating UR and
AA current signal toward DOP electrooxidation.

3.9 Interference Study

The selectivity of the method was studied evaluating the
effect of UR and AA in the current intensity of the DOP
anodic peak in the modified electrode using SWV. When
3.0×10� 6 molL� 1 of DOP was added in the electrochem-
ical an increase in the current intensity was observed, but
when added 4 different concentrations of UR+AA

Fig. 7. (A) Square wave voltammograms from GPE modified
with β-PAMAM-Ag/Fe in the presence of different concentra-
tions of DOP (1.0×10� 6 to 1.0×10� 5 molL� 1) and (B) The
analytical curve of the anodic peak for DOP detection (KNO3
1.0 molL� 1; f=10 Hz; (ω)=50 mV).
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solutions no significant increase in the current was
observed as illustrated in Figure 8.

Analyzing the results (Table S1), it is possible to
observe that even at high concentrations, 10 times higher
than DOP solution, the variation in the current intensity
was less than 5%, being an analytically permissible
variation. These results confirmed that the excellent
selectivity of our material towards DOP among the
interferences of UR and AA. Therefore, the modified
electrode can be used in the DOP detection in real
samples, as synthetic urine [64]-[66].

3.10 Detection of DOP in Synthetic Samples

To verify the applicability of the proposed electrochem-
ical sensor in practical applications using SWV, synthetic
urine was prepared and reinforced with DOP (1.0×
10� 2 molL� 1) and 8 μL of this solution was added in the
electrochemical cell, followed by four standard additions
of DOP (spiked method) (dark and light blue, green and
pink lines) [67],[68]. As seen in Figure 9 (A) an increase
in the current intensity was observed and an analytical
curve (Figure 9 (B)) was plotted.
The recoveries data ranging from 99.22 to 100.88%

(n=3) (Table S2) indicating the good accuracy of the
method, being compatible with some recent reports in the
literature [69], [70].
The use of an electrode modified graphite paste offers

several advantages over other analytical techniques, such
as, easy preparation, low cost, excellent limits and
detection ranges and can be performed effectively several
measures in short time.

4 Conclusion

To summarize, a new material was synthesized and
characterized by FTIR, XRD, EPR, SEM and EDS, the
results confirm that the modification really occurred (the
functionalization of β-cyclodextrin with PAMAM, as
expected. The hybrid material adsorbed silver, but is not
complexed with hexacyanoferrate ion. The voltammetric
performance was evaluated in different supporting elec-
trolytes, in different electrolyte concentrations, pH and
scan rate in order to obtain the ideal parameters for DOP
detection. The voltammogram exhibited a well-defined
peak with formal potential (E○

’) of 0.27 assigned to FeII

(CN)6/Fe
III(CN)6 redox process. Electrooxidation of DOP

was performed using CV and SW getting a linear response

Table 2. Comparison of this work previous reports of dopamine detection.

Electrode Material Technique Linear Range (molL� 1) LODa (molL� 1) Ref.

CuHSA/GPE DPVc 5.0×10� 5 to 1.0×10� 4 1.70×10� 4 [38]
Cu-MOFs/GCEb DPVc 5.0×10� 6 to 1.25×10� 4 1.0×10� 6 [58]
LaMnO3/GCE

b CVd 5.0×10� 6 to 5.0×10� 5 6.22×10� 6 [59]
MoS2 NSs/N� Gr/GPE CVd 3.2×10� 6 to 5.68×10� 3 1.19×10� 5 [60]
β-CD-PAMAM-Ag/Fe/GPE CVd 1.0 ×10� 5 to 2.0×10� 4 9.17×10� 6 This work
β-CD-PAMAM-Ag/Fe/GPE SWe 1.0×10� 6 to 1.0×10� 5 1.77×10� 7 This work

a Limit of detection; b Glassy Carbon Electrode; c Differential Pulse Voltammetry; d Cyclic Voltammetry; e SW Square Wave.

Fig. 8. Interference study of dopamine using modified GPE by
SWV varying concentration of UR+AA solution (KNO3;
1.00 molL� 1; f=10 Hz; 20% (w/w); (ω)=50 mV; pH=7.0).

Fig. 9. Square wave voltammograms: (A) and calibration curve
(insert) (B) for synthetic urine (KNO3; 1.00 molL

� 1; f=10 Hz;
20% (w/w); (ω)=50 mV; pH=7.0).
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in the concentration range from 1.0 ×10� 5 to 1.0 ×10� 4

and from 1.0 ×10� 6 to 1.0 ×10� 5, respectively, resulting in
detection limits of 7.55×10� 6 molL� 1 for CV and 2.61×
10� 7 molL� 1 for SWV, being consisting with those re-
ported in the literature. The CV and SWV studies
evidenced the sensing ability and selectivity of the
electrode in the presence of UR and AA, which did not
show significantly interference in the current signals.
Besides, the developed sensor was successfully applied for
electrochemical determination of DOP in synthetic urine
samples
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