
Journal of The Electrochemical
Society

     

OPEN ACCESS

Covalent Immobilization of Amino-β-Cyclodextrins on Glassy Carbon
Electrode in Aqueous Media
To cite this article: Karina Silva et al 2019 J. Electrochem. Soc. 166 G75

 

View the article online for updates and enhancements.

This content was downloaded from IP address 83.53.138.107 on 31/03/2020 at 14:38

https://doi.org/10.1149/2.0971908jes


Journal of The Electrochemical Society, 166 (8) G75-G81 (2019) G75

Covalent Immobilization of Amino-β-Cyclodextrins on Glassy
Carbon Electrode in Aqueous Media
Karina Silva,1 José F. Marco,2 and Claudia Yañez 1,∗,z

1Centro de Investigación de Procesos Redox, CIPRex, Facultad de Ciencias Químicas y Farmacéuticas, Universidad
de Chile, Santiago, Chile
2Instituto de Química Física “Rocasolano”, CSIC, 28006 Madrid, Spain

In the present work, the application of the amine electrooxidation method to achieve the grafting of amino β-cyclodextrins (CD-
amines) on glassy carbon electrodes (GCE) in aqueous media has been investigated. The results indicate that the electrooxidation
procedure of CD-amines on GCE effects their covalent immobilization without the need of additional linkers or intermediates. Cyclic
voltammograms of ferricyanide proved that the immobilized CDs cover at a large extent the GCE surface. This immobilization is due
to real grafting and not the result of a weak physisorption interaction. Indeed, the presence of contributions characteristic of amide
groups and the absence of peaks typical of amine groups in the XPS N 1s spectra of the modified GCE, support the evidence of the
covalent bonding of the CDs to the glassy carbon surface through amide bond formation. Electrochemical experiments demonstrated
that ferrocenemethanol and bentazon can be encapsulated within the cavity of the CDs immobilized on GCEs via the formation of
inclusion compounds. Overall, the results of the present work show that this simple amine-electrooxidation strategy is suitable to
immobilize CDs on glassy carbon surfaces while maintaining their inclusion abilities and, therefore, open the door to design cheap
and simple electrochemical sensors for environmental applications.
© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0971908jes]
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The modification of surfaces with a recognition element capable
of interacting specifically with a target analyte is a current important
challenge. Although biological molecules such as enzymes, antibod-
ies, DNA, and peptides are used as recognition elements that provide
high selectivity, they require purification processes that are both expen-
sive and time consuming. Besides, these biomolecules can also suffer
a decrease in their activity due to the denaturation produced by the
immobilization on an electrode surface.1–4 Non-biological molecular
systems with excellent recognition properties can be used to develop
less expensive and robust sensors.5–7 Among the different receptors,
cyclodextrins (CDs) are very important due to their recognition proper-
ties. The native α -, β - and γ -cyclodextrins are cyclic macromolecules
consisting of six, seven, and eight glucopyranose units, respectively.
Their peculiar structure consists of a truncated cone having an inner
hydrophobic cavity that can be used for the encapsulation of various
guest molecules, feature that has led to propose their use in sensors
and in the design of biomimetic systems, supramolecular architectures
and molecular machines.8–11 In order to obtain a robust and durable
immobilization, covalent bonding is preferred. CDs have been cova-
lently immobilized on gold using different methodologies.12–17 How-
ever, carbon materials are preferred because of their high mechanical
stability, good electrical conductivity, wide potential windows and
low-cost compared to precious metals. As compared with the gold
case, the number of reports of immobilization of CDs on carbon ma-
terials is not as high. However, some reports have shown that CDs can
be either adsorbed on carbon-based nanomaterials having high sur-
face area and high porosity as activated carbon (AC),18 immobilized
on the surface of carbon-coated cobalt nanomagnets,19 covalently im-
movilized at single-walled carbon nanotubes20 or electrochemically
deposited as a film on carbon paste.21 The grafting of native β-CDs
has been also investigated using glutaraldehyde and 1,4-phenylene di-
isocyanate as organic linker molecules on AC,22 however, this latter
procedure is very time-consuming due to the many hours involved in
the various steps of mixing.

We are interested in immobilizing CDs on glassy carbon (GC) by
covalent grafting in a simple way in order to achieve a strong attach-
ment to the surface and such that the CD cavities are exposed toward
the solution. To the best of our knowledge, only one work on the cova-
lent grafting of βCD on GC has been reported previously,23 in which
ferrocene was used as redox catalyst. In this process, ferrocenium ions
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are generated, which uptake one electron from the βCD monoanion
yielding an oxygen centred radical that can react either in solution
or with the carbon surface. However, the attached organic layer is
thick due probably to a branched growing attributable to the multiple
primary and secondary hydroxyl groups present in the βCD.

A route to graft organic molecules to the carbon surfaces in-
volves the electro-oxidation of amine-containing compounds. Al-
though different methodologies have been described for the grafting
of amine compounds on carbon surfaces,24–26 including some non-
electrochemical methods (for example, by chemical grafting through
a Michael reaction,27 or by mechanical polishing),28 the electro-
oxidation of amines has been proved to be an efficient method to obtain
a strong attachment to the surface. The grafting by anodic oxidation of
amine-containing compounds has been usually carried out in organic
media29–32 while only a few reports of this reaction in aqueous me-
dia have been published.33–36 The proposed mechanism involves the
generation of radicals, which react with the surface of polished glassy
carbon leading to a covalent bond to the surface (Scheme 1).30,37

According to a previous study,37 this reaction is not observed on
HOPG (Highly Oriented Pyrolytic Graphite). Therefore, in the method
we want to explore here, the immobilization following Scheme 1
would take place at the plane edge of GC since, as pointed out in
Ref. 37, the oxygen-containing functional groups like phenols,
quinones, and carboxylic acids present in that edge could have a rele-
vant role in the immobilization process.

In the present work, we have explored the use of the electrochem-
ical oxidation of amines for the grafting of CDs on glassy carbon in
aqueous media. The use of aqueous media for surface modification
is very convenient because is a green and simple procedure which
can expand the possibilities of application of the method. The study
is focused on establishing a two-step method which involves an oxi-
dation pre-treatment of the GC surface and the electrochemical oxi-
dation of the amine group of the βCD derivatives in aqueous media.
We have examined the direct reaction of two amine-βCD derivatives
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H

Scheme 1. General mechanism of the electrooxidation of amine-containing
compounds.
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containing one and seven amine groups for the modification of the
glassy carbon surface. The use of CDs containing a different number
of amine groups is aimed at evaluating the role of these groups in the
surface grafting as well as in the surface coverage. Cyclic voltammetry
has been combined with X-ray Photoelectron Spectroscopy (XPS) to
characterize the grafting and determine the nature of the bond with the
GC surface. In addition, in order to verify the ability of encapsulat-
ing organic molecules into the βCD cavities, ferrocenemethanol and
bentazon were used. The behavior of both molecules at βCD mod-
ified electrodes has been previously studied by our group and other
researchers38–41

Experimental

Reagents.—6-monodeoxy-6-monoamino-βCD (in the follow-
ing, CD-amine1) and heptakis-(6-amino-6-deoxy)-βCD (CD-amine7)
were supplied by Ara-Chem and used without prior purification.
The redox probes potassium ferricyanide (K3Fe(CN)6) and fer-
rocenemethanol (FcOH) were obtained from Merck and Sigma-
Aldrich, respectively. Herbicide bentazon was also from Sigma-
Aldrich. All other reagents were of analytical grade. 0.5 M and
2 M H2SO4, 0.1M KCl and 0.1 M phosphate buffer, pH 5.0 and
7.0, solutions were used. They were prepared with ultrapure water
(18.2 M� cm) from a Millipore Milli-Q system.

Experimental set-up.—Cyclic voltammograms were recorded us-
ing a CHI 440 (CH Instruments Inc, USA) potentiostat and a 10 mL
home-made electrochemical cell. A glassy carbon electrode (GCE)
(3 mm diameter, CHI 104, from CH Instruments Inc.) was used as
working electrode. A platinum wire and an Ag/AgCl, 3 M NaCl elec-
trode (Bioanalytical System, model RE-5B) were used as counter and
reference electrodes, respectively. All the potentials are referred to the
Ag/AgCl electrode.

XPS data were recorded with a Phoibos 150 analyser and non-
monochromatic Mg Kα radiation under a base pressure better than 5
× 10−10 torr, using a constant pass energy of 100 eV and 20 eV for the
wide scan and narrow scan spectra, respectively. The position of the
main contribution to the C 1s spectra (284.6 eV) was used to calibrate
the XPS binding energy scale. Relative atomic concentrations were
calculated from the peaks area integration after Shirley background
subtraction using the Multiquant XPS software42

Surface modification.—The surface was modified in two succes-
sive steps. First, a pre-treatment of the GC surface was carried out:
the electrode was polished with 0.3 and 0.05 μm alumina slurries
(Buehler) followed by a profuse rinsing with water. The oxidation
step consisted of 5 potential cycles between −0.5 and 1.4 V in 0.5M
H2SO4 at a scan rate of 0.5 V/s followed by holding the GCE at 1.4 V
for 10 s.

Then, in a second step, the electrochemical grafting of the CD-
amine on the oxidized GCE was carried out by a potential cycle be-
tween 0.2 and 1.6 V in 8 mM CD-amine solutions in phosphate buffer
at a scan rate of 50 mV/s. No higher concentrations could be used
because of the solubility limit of these CD-amines. All the solutions
were degassed with argon prior to the experiments. We used an argon
flow during all the procedure instead of a nitrogen flow in order to
avoid any contamination which could arise from nitrogen adsorption
on the electrode surface. In such a way, we wanted to ensure that no in-
terferences were possible with the nitrogen functionalities of the CDs
during the XPS measurements.

Electrochemical behavior on modified surfaces.—The electro-
chemical response of 1 mM FcOH in 0.1M phosphate buffer was
studied by cyclic voltammetry at 100 mV/s. FcOH was used instead
of ferrocene because of its much higher aqueous solubility.

The electrochemical behavior of various concentrations of benta-
zon (20, 40, 60, 80, 100, 150 and 200 μM) prepared in 0.1 M buffer
phosphate at pH 7.0 was evaluated by differential pulse voltammetry
(DPV). Various tests were carried out using accumulation times be-
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Figure 1. Cyclic voltammograms of clean GCE in 0.1 M phosphate buffer
without (dotted line) and with CD-amine7. Scan rate: 50 mV/s.

tween 5 and 25 minutes but very minor changes in current intensity
were observed. We decided to use an accumulation time of 10 min-
utes as we have done in our previous studies with this herbicide.40

The potential scan rate, the pulse amplitude and the pulse width used
were 20 mV/s, 50 mV and 50 ms, respectively. The detection (LOD)
and quantitation limits (LOQ) of the method were calculated by using
the average and standard deviation of the blank estimated response,
the calibration curve slopes and signal/noise ratios of 3 and 10 as is
described in Ref. 43.

Results and Discussion

Grafting of CD-amine on glassy carbon.—To assess the covalent
grafting of the CD-amines on the GC surface in aqueous media, we
began with the electrochemical oxidation of these amino derivatives
on a clean GCE without any binder or linker molecule. We intended
to probe the feasibility of immobilizing CD-amine7 on clean GC by
applying a positive potential scan. Figure 1 shows that practically no
oxidation process was taking place. A similar result was obtained at
open circuit (not shown). Because no oxidation wave of CD-amine was
observed, the use of oxidized glassy carbon electrode was considered.
The oxidation, as described in the Experimental section, produces an
increase of the oxygen-containing functional groups on the carbon
surface. This issue will be discussed below (XPS characterization).

The grafting procedure was examined both in 0.1M KCl and phos-
phate buffer (pH 5.0 and 7.0) solutions. No acidic media was tested in
order to avoid the possible hydrolysis of the CD. For the sake of sim-
plicity, we only show those results obtained in phosphate buffer at pH
7.0. Figure 2A shows the cyclic voltammograms of 8 mM CD-amine1
and CD-amine7 solutions in 0.1 M phosphate buffer using an oxidized
GCE at a scan rate of 50 mV/s. The response of the oxidized GC in
absence of CD-amines is also presented. A broad and irreversible ox-
idation wave is observed, the oxidation onset being close to 0.8 and
1.0 V for CD-amine7 and CD-amine1, respectively. This increase of
the anodic current from the onset potential to 1.60 V is similar to that
previously reported on the oxidation of alkyl amines on carbon-based
electrodes.37 Thus, the oxidation wave could be assigned to the oxi-
dation of the amine functionalities of the CD. For the CD-amine1, the
charge passed during the first scan is smaller than that measured with
the CD-amine7, something which is probably due to the lower amount
of amine-groups of the CD-amine1. To increase the anodic charge and,
therefore, increase the CD surface coverage, we attempted to generate
more electro-oxidized species on the GCE by cycling the potential
twice between 0.5 V and 1.60 V in the amine CD-containing solu-
tion. This procedure resulted in a significant decrease of the oxidation
wave, as it is illustrated for CD-amine 7 (Figure 2B). This decrease
of the anodic charge in a second scan is probably due to a passivation
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Figure 2. (A) Cyclic voltammograms of CD-amine1 and CD-amine7 (solid scan) on oxidized GCE in 0.1 M phosphate buffer (the dotted lines represent blank
solution). (B) Cyclic voltammograms of GCE in 0.1 M phosphate buffer before (dotted line) and after electrooxidation of CD-amine7: first scan (a) and second
scan (b). Scan rate: 50 mV/s.

phenomenon. This passivation effect has been previously observed in
the electrochemical oxidation of amines30,32 and it is attributable to
the formation of a coating on the electrode surface which blocks the
further oxidation of the amine group. Therefore, it is related to the
grafting of the amine-containing molecule to the electrode surface.

Although the electrochemical bonding/passivation has been re-
ported for amines in organic and aqueous media,30,32,35 we have consid-
ered to examine the behavior of amine-containing compounds (other
than CDs) in the same conditions used in this work. Thus, we have per-
formed electrochemical experiments at oxidized GCE using ethylene
diamine in 0.1M phosphate buffer at pH 7.0. The results are collected
in Figure 3. At ethylene diamine concentrations comparable to that of
CD-amine1 and CD-amine7 (8 mM), an increase in the anodic cur-
rent is observed during the first scan together with a decrease in the
anodic charge during the second scan (Figure 3, curve a and a′), very
similarly to that observed with the CD-amines. We have also tested
different ethylene diamine concentrations (Figure 3, curve b and c). In
these tests, the oxidation charge increases, a noticeable peak current
is observed at 1.22 V, and the onset potential is slightly shifted to less
positive values with increasing ethylene diamine concentration in the
solution. These results are, then, compatible with the electrochemical
oxidation of amines during the first scan and with the passivation effect
of the electrode during the second scan, as reported previously,30,32,35

and support the electrochemical oxidation of the amine functionality
of the CD.

The grafting of amine-CD at the oxidized GCE surface was fur-
ther studied by comparing the cyclic voltammogram of the bare and
modified electrodes using potassium ferricyanide as redox mediator.
Since ferricyanide ion does not form inclusion complexes with βCD,
we have used it to characterize the macrocycle-modified surfaces.38,39

Thus, the variations on the electrochemical response of the redox me-
diator at the modified surface can be indirectly associated with the CD
coverage.17,38 Figure 4 shows the cyclic voltammograms of potassium
ferricyanide in 0.1 M phosphate buffer, pH 7.0, on both bare and CD-
amine modified GCEs. A reversible electron transfer process of the
redox mediator is observed on the bare GCE with a cathodic (Epc)
and anodic (Epa) peak separation, �Ep = (68 ± 3) mV. The cyclic
voltammograms show a decrease of the current density together with
an increase in �Ep to (270 ± 9) and (310 ± 8) mV for GC/CD-amine7
and GC/CD-amine1, respectively. As mentioned before, ferricyanide
does not form inclusion complexes with the β-CDs, so the electron
transfer between the redox probe and the electrode surface can be par-
tially inhibited by the cyclodextrin derivatives immobilized on the GC
surface. As we have reported in our previous work on the immobiliza-

tion of CDs on gold,17 this behavior of the redox mediator could be
associated with a partial CD surface coverage or with the formation
of a CD thin layer- Thus, the ferricyanide electron transfer reaction
would take place even through the CD barrier in an analogous manner
as that observed by Kubota et al. in a monolayer of short-chain thiols
chemimisorbed on gold.44 For the GC/CD-amine modified surfaces,
we determined the hindrance (B) in order to quantify the layer den-
sity. We used procedures previously described38,45 where the ratio of
the reduction peak of ferricyanide measured at both the modified (Ipc
(CD)) and the bare (Ipc (GCE)) electrode are considered. Taking this
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Figure 3. Cyclic voltammograms of 8 mM ethylene diamine on GCE in 0.1 M
phosphate, first scan (a) and second scan (a’). Cyclic voltammograms of 15 mM
(b) and 30 mM (c) ethylene diamine on GCE in 0.1 M phosphate. Scan rate:
50 mV/s.
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into account, the hindrance can be expressed as:

B = 1 − [
Ipc (CD) /Ip (GCE)

]
[1]

Values of 39 and 42% were obtained for GC/CD-amine1, GC/CD-
amine7, respectively. These values are much higher than those ob-
tained for CD immobilized on gold.17 The calculated B values and the
cyclic voltammograms of the modified electrodes (Fig. 2A), suggest
that a slightly more compact layer is obtained for GC/CD-amine7 than
for GC/CD-amine1. However, we were unable to obtain any experi-
mental evidence concerning the number of CD-amines attached to the
surface.

Stability of the grafting of CD-amines.—To confirm that this
attachment is due to real grafting and not to physorption we have car-
ried out several tests where the modified electrodes were: (i) profusely
rinsed with water and subsequently with ethanol; (ii) immersed in hot
water (∼70°C); (iii) sonicated in water for 10 minutes, (iv) immersed in
2M H2SO4 for 10 minutes. After each one of these procedures we have
recorded the corresponding voltammograms of ferricyanide in 0.1 M
phosphate buffer, pH 7.0. For evaluating the surfaces after the tests,
ferricyanide was used as redox probe. The results for GC/CD-amine1
are presented in Figure 5 (the same results were obtained for GC/CD-
amine7). After the tests, the cyclic voltammograms show very little
variation as compared with the GC/CD-amine1 modified electrode,
except in the case of the treatment in H2SO4 where the voltammo-
gram shows an intermediate situation between that of the bare GCE
and that of the GC/CD-amine1. The behavior of the modified sur-
faces remained stable after two months (this stability was determined
considering that the CD grafted on the electrodes can still block the
electrochemical reaction of ferricyanide in the same way). The behav-
ior of the surface was very persistent and could only be reversed by a
mechanical polish of the electrode. Taken together, the results would
discard the occurrence of physisorption and support the covalent at-
tachment of CD-amines on the GC surface. For the particular case of
H2SO4, it appears that the results would be due not only to the removal
of the CD-amines from the GC surface but also to the destruction of
the cyclodextrin structure itself resulting from the hydrolysis of the
α-1,4 glycosidic bonds in a such strong acid solution.46

X-Ray photoelectron spectra (XPS) characterization.—In order
to obtain a chemical insight of the interactions occurring between the
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Figure 5. Cyclic voltammograms obtained in 1.0 mM K3[Fe(CN)6] in 0.1 M
phosphate buffer solution pH 7.0 on bare GCE (a, solid line); GC/CD-amine1
(b, dashed line) and after GC/CD-amine1 was rinsed with water and subse-
quently with ethanol (c, dotted line), rinsed with hot water (d, dash dot line),
sonicated in water for 10 minutes (e, dash dot dot line) and immersed in 2M
H2SO4 for 10 minutes (f, short dash line). Scan rate = 100 mV/s.

CD-amine layers and the GC surface, XPS measurements were per-
formed. The XPS wide scan spectra recorded from the different sam-
ples are dominated by a very intense carbon signal and a relatively
intense oxygen signal. The presence of oxygen in the clean GC is
usual and corresponds to various moieties which can be present on its
surface. The electrochemical oxidation of the clean GCE brings about
a significant increase in oxygen concentration (7.0% in the clean GCE
vs. 21.8% in the oxidized GCE). The GC/CD-amine surfaces also dis-
play a much more important oxygen contribution than the clean GCE
although it is, in both cases, slightly smaller than in the oxidized GCE
(17.0% and 17.7% for GC/CD-amine1 and GC/CD-amine7, respec-
tively). In the case of the clean GCE, the presence of a very minor
nitrogen signal (traces), of difficult quantification, was observed. The
presence of nitrogen traces on the surface of clean GCEs is not unusual
and, in fact, has been reported in numerous occasions.37,47 The spectra
recorded from the GC/CD-amine surfaces show an identifiable and
measurable nitrogen signal (1.6% and 3.4% for GC/CD-amine1 and
GC/CD-amine7, respectively).

The high resolution C 1s spectra recorded from the various samples
are shown in Figure 6. The C 1s spectra of the clean GCE contains
four different contributions, which appear also in the rest of the sam-
ples but with different intensities. Their binding energies, 284.6 eV,
285.8-286.0 eV, 287.0-287.5 eV and 288.6-288.9 eV are very similar
to those reported previously in similar samples48–50 and can be as-
signed to graphitic/aliphatic-type groups (C-C or C-H), phenolic-type
groups (C-N or C-O), carbonyl-type groups (C=O, O-C-O, N-C=O)
and carboxyl-type groups (C-O-C=O, HO-C=O), respectively. It is
interesting to note that in the oxidized GCE the contributions due to
carbonyl–type and carboxyl-type groups increase significantly, from
10% in total in the clean GCE to 24% in the oxidized GCE (Figures 6a
y 6b). The C 1s spectra recorded from the GC/CD-amine samples are
very similar to that reported for a β-CD film.50 In this respect, it is
interesting to note, especially in the GC/CD-amine7 (Figure 6d), the
increasing importance of the contributions characteristic of C-O (19%
and 22% for GC/CD-amine1 and GC/CD-amine7, respectively) and
N-C=O groups (8% and 16% for GC/CD-amine1 and GC/CD-amine7,
respectively) as compared with the 13% (C-O) and 6% (C=O, O-C-O,
N-C=O) of the clean GCE. However, in the present case, the inten-
sity of the main peak, due to aliphatic or graphitic carbon, is higher
than that reported in Ref. 50 This could indicate that, in the samples
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Figure 6. C 1s XPS spectra of the various samples: (a) clean GC, (b) oxidized
GC, (c) CD-amine1, (d) CD-amine7.

reported in our paper, there is still some contribution from the GCE
due to a partial coverage of the CD-amine on GC surface.

Figure 7 shows the N 1s spectra recorded from the GC/CD-amine
surfaces. The major contribution, accounting for 86–89% of the spec-
tral area, appears at around 400.1 eV. It is quite well established that
amine groups are characterized by binding energies of the N 1s core
level of 398.5-399.4 eV while the N 1s binding energies associated to
amide groups are higher and lie within 400.0-400.3 eV.27,37,50–53 There-
fore, the main nitrogen signal in the CD-amine modified GC surface
could correspond to amide nitrogen. We would like to mention that
some reports34,35 claim the formation of carbon-nitrogen bonds, pro-

(a)

(b)

NH4+

O=C-N
(amide)

NH4+

O=C-N
(amide)

Figure 7. N 1s XPS spectra of the various samples (a) CD-amine1, (b) CD-
amine7.

duced by electro-grafting of amine compounds on carbon electrodes
in aqueous media, based on the presence in the corresponding N 1s
spectra of contributions located at 399.6 and 399.9 eV. However, in
these works there is no clear information on the calibration of the
binding energy scale, what precludes a direct comparison with the
values observed in our work. In any case, we think that the results
found in the present study are a clear indication of the formation of a
N-C bond to oxygen-containing functional groups (C=O) at the GC
surface, although the details of the mechanism remain unclear. The
spectrum shows a second minor contribution at 402.0 eV (11-14%)
that could correspond to a quaternary ammonium nitrogen species.54

Although the origin of this nitrogen species is not clear, we would
like to mention that it has been also observed in the XPS of other β-
cyclodextrin films.50 It is worth mentioning that the data recorded from
the GC/CD-amine7 show a larger nitrogen contribution than those of
the GC/CD-amine1 as well as more intense N-C=O contributions (see
above) indicating, again, that they have been successfully attached to
the carbon surface.

Comparison of the voltammograms in Figure 2A, where the an-
odic current observed for GC/CD-amine7 is somewhat higher than for
GC/CD-amine1 together with the calculated B values, suggest that the
surface coverage by the CD-amine7 is slightly higher. The larger nitro-
gen concentration found in XPS for GC/CD-amine7 must result from
the combination of both a larger number of nitrogen groups present
in this cyclodextrin and the higher coverage observed in this latter
case, since both contributions cannot be easily disentangled. In any
case, this is, indeed, an additional proof that the grafting process used
to modify the GC surface is effective to attach the CD-amines to the
surface.

Behavior of the modified surface.—To investigate whether the
abilities of CD to form inclusion complexes have not been affected
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by the grafting procedure, we have evaluated their behavior using
ferrocene-methanol (FcOH) and bentazone (Btz). Both molecules are
able to fit into the CD cavity.38–41 Figure 8 shows the cyclic voltam-
mograms of 1.0 mM FcOH in 0.1 M pH 7.0 phosphate buffer on bare
GCE and modified GCE/CD-amine1. The electrochemical mechanism
involves a one-electron-transfer step.55 No differences were observed
respect to the CVs of bare GCE: oxidation and reduction potentials
remained constant, and only a negligible decrease of the peak currents
was observed. As expected, the grafting procedure of CD-amine on the
GC surface did not hinder the redox process of FcOH, since this under-
goes encapsulation in the βCD cavity (the association constant of the
ferrocene/βCD inclusion complex in aqueous media is close to 1.65
× 104 M−1),56 thereby having nearly direct access to the GC surface.
We also have tested the ability of the grafted CD-amine to form inclu-
sion complexes with the herbicide bentazon. βCD modified electrodes
have been used to determine Btz taking advantage of the formation
of inclusion complexes with CDs.41 In this case, we have used differ-
ential pulse voltammetry (DPV).40 Figure 9 shows the DPV recorded
from different bentazon concentrations on bare GCE (Fig. 9A) and
on GCE/CD-amine7 in buffer phosphate (Fig. 9B). In the former, the
voltammograms show broad, ill-defined peaks whose maxima shift
to higher potentials as Btz concentration increases. This behavior has
been previously observed.41,57 According these reports, the electro-
oxidation mechanism of Btz at GCE involves an electrochemical step
followed by a chemical dimerization reaction of the products, which
are strongly adsorbed on the electrode surface causing poisoning of
the surface.

When the modified electrode is used, the peaks are very well-
defined, they do not shift with applied potential and appear at slightly
higher potential than on GCE. This is a clear indication that, in the
case of the modified electrodes, the electron transfer reaction occurs
through the CD cavities and, with all likelihood, an inclusion com-
plex is being formed what requires a short additional potential. The
response of Btz on modified GC surfaces exhibited a linear behavior
in the range from 20 to 200 μM (Figure 10). Interestingly, in the case
of Btz, the current intensity on GC/CD-amine7 is slightly higher than
GC/CD-amine1, an effect that, for the same accumulation time (10 sec)
is more noticeable at high Btz concentrations. For Btz, the formation of
an inclusion complex where the electroactive moiety of the molecule
is located outside the cavity while the benzene ring is oriented toward
the CD cavity, has been previously suggested.58,59 Thus, we can as-
sume that the observed behavior would arise from the combination of
the inclusion complex structure together with the fact that the GC/CD-
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Figure 9. Differential pulse voltammetry curves for bentazon on bare GCE
(A) and GCE/CD-amine7 (B) in 0.1 M phosphate buffer, pH 7.0 using an
accumulation time of 10 minutes. Bentazon concentrations employed 20, 40,
60, 80, 100, 200 μM (numbered from 1 to 6, respectively).

amine7 system would form a slightly more compact layer (B values
of 39 and 42% for GC/CD-amine1 and GC/CD-amine7, respectively)
favoring the inclusion of more Btz molecules in the GC/CD-amine7
electrode. The calibration curves were described by the following re-
gression equations: Ip [μA] = 0.0199 [μA/μM] × C [μM] +0.1379
[μA] (r = 0.9993); Ip [μA] = 0.0142 [μA/μM] × C [μM] +0.11069
[μA] (r = 0.9979); Ip [μA] = 0.0098 [μA/μM] × C [μM] + 0.0344
[μA] (r = 0.9961) for GC/CD-amine7, GC/CD-amine1 and GCE,
respectively. The limit of detection (LOD), obtained from five runs,
were 2.4, 2.9 and 8.7 μM and the limit of quantification (LOQ) were
3.8, 4.5 and 14.3 μM for GC/CD-amine7, GC/CD-amine1 and GCE,
respectively. Intra-day and inter-day reproducibilities (RSD%) were
lower than 5.0% for GC/CD-amine7 and GC/CD-amine1. RSD val-
ues of 9.2% were obtained for GCE. LOD values obtained in this
work are slightly higher than other reported for modified electrodes,
for example, a PANI-β-CD/fMWCNT/GC modified electrode showed
a LOD of 1.6 μM.41 Even lower LOD values were obtained with a
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Figure 10. Peak current intensity (Ip) versus bentazon concentration for
GCE (�), GC/CD-amine1 (•) and GC/CD-amine7 (�). Ip values were deter-
mined from differential pulse voltammetry curves for bentazon on bare GCE,
GCE/CD-amine7 and GCE/CD-amine1 in 0.1 M phosphate buffer, pH 7.0 us-
ing an accumulation time of 10 minutes.
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boron-doped diamond electrode (LOD of 0.5 μM),60 although this one
is an unmodified electrode. For bare GCE, a LOD value of 10−5 M
has been reported.57 Although the LOD values obtained by us are
no showing improved results as compared with other reported meth-
ods, the larger currents measured at low bentazon concentrations on
the CD.amine modified surfaces as compared with those observed
on GCE, indicate that the former have a larger sensitivity for ben-
tazon detection (sensitivity of 19.9 and 14.2 μA mM−1 for GC/CD-
amine7 and GC/CD-amine1, respectively; for GCE the sensitivity is
9.9 μA mM−1). The proposed method is simple and shows an im-
proved response when compared with bare GCE. Besides, no signif-
icantly high current intensities were expected taking into account the
association constant, Ka, of the Btz/βCD obtained in aqueous media
by DPV (Ka = 118 M−1).61 The use of these modified surfaces for
the determination of analytes with higher association constants will
be investigated in ongoing studies.

Conclusions

We have reported a method to immobilize CD-amines on oxidized
GC substrates by means of the electrochemical oxidation of the amine
group of the CD in aqueous media. The data presented in the paper in-
dicate that CD-amines reach a significant coverage of the electrode sur-
face and that they are strongly attached (and not weakly physisorbed)
to the substrate, most probably, as the XPS data indicate, by means
of covalent bonding through amide bond formation. The electrochem-
ical results concerning the encapsulation of ferrocenemethanol and
bentazon showed that the inclusion abilities of the immobilized CD
are maintained. Thus, this method proves useful to prepare in an easy
way CD modified-GCEs, in which the inclusion abilities could be
exploited.
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