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a b s t r a c t

In the present paper we describe a simple method to immobilize amino cyclodextrins (CDs) and
methylated-amino cyclodextrins on gold surfaces. We also report on the effect that the presence of
methyl groups in the broader rim of the cyclodextrin causes on the interaction with the guest molecule
bentazon. By means of electrochemical measurements, X-ray photoelectron spectroscopy and contact
angle experiments we have demonstrated that the CDs attach covalently to the gold surfaces by amide
bond formation and that the CD cavity is oriented opposite to the gold surface. We have shown that
methylated-CD/Au modified surfaces are more sensitive towards the recognition of the herbicide ben-
tazon than the non-methylated variants. The association constants for the corresponding interactions of
the immobilized CD with the guest molecule have been determined from surface plasmon resonance
experiments. The magnitudes of these constants (30.8± 1.0M�1 and 80.5± 4.2M�1 for amino-CD and
methylated-amino cyclodextrins, respectively) are consistent with the change of hydrophobicity caused
by methyl groups. The results demonstrate the feasibility of using CD-gold modified surfaces to
encapsulate herbicides such as bentazon within the macrocyclic receptor without necessity of carrying
out the experiments in solution.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclodextrins (CDs) have been proposed as macrocyclic re-
ceptors with adequate recognition properties based on host-guest
interactions. They can be used to develop less expensive and
robust sensors as an alternative to biological molecular systems.

Moreover, it is known that the chemical functionalization of the
broader rim of CDs increases the binding properties observed in
solution [1]. It has been demonstrated that chemically modified
CDs on the broader rim provide additional factors that contribute to
form amore stable inclusion complex due to additional interactions
with the guest [2,3]. Several functional groups (neutral, apolar,
polar, charged groups) have been used to produce these chemically
modified CDs on the broader rim: methyl-, ethyl-, hydroxypropyl-,
sulfobutyl-, etc. The polarity or the charge of the functional groups
as Químicas y Farmac�euticas,
can enhance the encapsulation ability depending on the charac-
teristics of the guest molecule. P�erez and Escandar [4] studied in-
clusion complexes in solution using different functionalized CDs
finding stronger interactionwith the guest molecules whenmethyl,
ethyl or hydroxypropyl-bCDwere used as comparedwith natural or
charged bCDs. Within this context, we have determined different
association constants using charged CD (sulfobutylether-bCD) in
solution and have compared them with those shown by native
bCDs [5].

Although a large number of studies about host-guest in-
teractions in solution have been reported, in the field of sensor
designing only a few studies have been performed out of solution,
that is, with the CDs immobilized on a surface, in order to take
advantage of the additional interactions provided by the func-
tionalization of the broader rim. Sometimes these studies report
conflicting or partial results respect to those carried out in solution
making comparisons difficult. For example, a thiolated methyl-bCD
[6,7] immobilized on gold has been tested for ibuprofen [8] using
ferrocene as electroactive marker; however the authors concluded
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that the native bCD is analytically favorable as compared to the
methylated receptor. The same authors have used thiolated 2,3 di-
O-methylbCD for measuring H2O2 and the protein Lacasse with
methylene blue included in its cavity as an active component of the
monolayer [9]. However, their discussion is focused mainly on the
improvement of the reproducibility of the monolayer and there is
no comparisonwith the native b-CD or with the CDs functionalized
with other groups.

Although the most common strategy to immobilize CDs is the
chemisorption of thiolated CDs on a gold surface in order to pro-
duce a self-assembled monolayer [10e17], and strategies using
amino-bCD have been informed [18e22], other different anchoring
groups are being tested (Hinge et al. [23], Tang et al. [24]) to
overcome limitations related with packing, mobility, orientation
and/or electronic transfer as pointed by Huskens et al. [25]. How-
ever, the synthesis of CDs with a specific anchoring group could
become a limiting step. We have shown that the building of a
platform via bottom-up approach using surfaces modified with
functional groups able to link the CDs is a strategy that might be
used for sensor design [22].

The present work is aimed at evaluating the effect that the
presence of methyl groups on the broader rim of bCDs immobilized
through a bottom-up approach on gold surfaces have on the host-
guest interactions towards the herbicide bentazon as compared
with those provided by non-methylated CDs immobilized in an
identical way. This post-emergence herbicide is widely used in
modern agriculture to control broad-leaved and grassy weeds in
rice and corn, among others. Bentazon is not readily adsorbed by
soil particles and is commonly found in both the surface and the
groundwater in rice-growing areas and, therefore, it constitutes a
health risk because of its toxicity [26]. Besides its practical impor-
tance in agriculture, bentazon (Fig. 1) was chosen as electro-
chemical probe since it has been shown that binds with both bCD
and Methyl-bCD in solution showing different association con-
stants [27]. In the context of the present paper, an effective differ-
ence in behavior when using surface immobilized functionalized
CDs can give important information (as compared with the results
obtained in solution) in order to produce systems that enhance the
selectivity in the molecular recognition of a specific analyte target
by means of its encapsulation within a macrocyclic receptor. The
modified surfaces were first characterized using different tech-
niques to verify both the effective anchorage of the macrocyclic
receptor as well as the appropriate orientation of its cavity. Elec-
trochemical and SPR techniques were used to monitor the host-
guest interactions.

1.1. Reagents

Some reagents were of analytic grade: 4-mercapto benzoic acid
Fig. 1. Molecular Structure of bentazon.
(4-MBA), N-hydroxysulfosuccinimide (NHS), N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide (EDC), ethanolamine
(EtOH-NH2) and bentazon (BTz) were from Sigma-Aldrich. The
amino-b-cyclodextrins (amino-b-CDs) used (AraChem,
Netherlands) were heptakis-(6-amino-6-deoxy)-b-cyclodextrin (b-
CD7, MW¼ 1128 g/molfree base) and heptakis-(2,3-di-O-methyl-6-
amino-6-deoxy)-b-Cyclodextrin (b-CD7Me, MW¼ 1325 g/molfree
base). Both contain 7 amine terminal groups at the narrow edge of
their structure (at each C6). The b-CD7Me contains 14 additional
methyl groups in the broad edge of its structure. Other chemicals
were of reagent grade and were used without further purification.
All solutions were prepared with ultrapure water (18MU cm) from
a MilliQ system.

1.2. Apparatus

All electrochemical experiments were conducted on a CHI-
Instruments 440D electrochemical Workstation, equipped with a
three electrodes system. Theworking electrodewas an amino-bCDs
surface-modified gold disk with a geometric area of 0.0314 cm2

(CH-Instruments, CHI 101). A Pt wire was used as counter electrode
and an Ag/AgCl/1M KCl electrode (CH-Instruments, CHI 111) was
used as reference electrode. The measurements were performed at
room temperature (25 �C, approx.); the pH adjustment was moni-
tored using an Oakton microprocessor pH meter (model 700).

1.3. Modification and Characterization of the surface of the gold
electrode

The amino-b-cyclodextrins immobilization protocol was per-
formed according to the method previously reported by our
research group [22]. Briefly, the amino-b-CDs were immobilized on
gold by amide bond formation with the carboxylic groups of a self-
assembled monolayer of 4-mercapto benzoic acid (4-MBA). As a
preliminary step to the modification of the gold electrode, the
surface was cleaned by three sequential treatments: (i) mechanical,
(ii) chemical and (iii) electrochemical. The real surface area was
determined from the reduction charge of the anodically formed
oxide. This charge was measured from 0.65 to 1.15 V (vs Ag/AgCl) in
the negative sweep and compared with the charge associated with
the oxide monolayer reduction for a polycrystalline gold electrode
equal to 482 mC cm�2, reported by Oeschand Janata [28]. The
roughness factor was obtained from the ratio of the real to geo-
metric surface area. The roughness factor used in this work was
2.6± 0.2.

The determination of the surface elemental composition and the
characterization of the various functional groups present on the
modified surfaces were carried out by X-ray photoelectron spec-
troscopy (XPS). The XPS spectrawere recordedwith a PHOIBOS-150
(SPECS) hemispherical electron energy analyzer under a base
pressure of 5$10�10 torr using Mg Ka radiation. Constant pass en-
ergies of 100 and 20 eV were used to record the wide scan and
narrow scan spectra respectively. The energy scale was referenced
to the binding energy (BE) of the Au 4f7/2 core level at 84.0 eV.

The hydrophilicity and hydrophobicity of the modified surfaces
were evaluated by means of contact angle measurements in a
Ram�e-Hart goniometer, model 200, equipped with a CCD camera
and DROPstandard image software. The gold surfaces used were
bare SPR sensor disks which were modified with amino-b-CDs
using the procedure described previously (see section 1.3 Modifi-
cation and Characterization of the surface of the gold electrode).
The contact angle was determined using the sessile drop method,
that is, by depositing on the gold surface a drop of 2 mL of ultrapure
water or phosphate buffer, as appropriate.

The modification of the gold electrodes with the amino-b-CDs
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was monitored by cyclic voltammetry (CV) at 0.100 Vs�1. We used a
1.0� 10�3M K3[Fe(CN)6] solution prepared in 0.1M phosphate
buffer at pH 8.0 was used as redox probe as we described in our
previous work [22]. The electrochemical measurements were per-
formed in triplicate, using independent electrodes, all modified at
the same time.

1.4. Electrochemical behavior of bentazon on modified surfaces

The electrochemical behavior of 5.0� 10�4M bentazon pre-
pared in 0.1M phosphate buffer at pH 6.0 was evaluated by dif-
ferential pulse voltammetry (DPV). Various accumulation times
were tested and no significant differences were found for accu-
mulation times longer than 15min. Therefore, we used an accu-
mulation time of 20min to ensure constant current values in the
differential pulse voltammograms. The potential scan rate, the
pulse amplitude and the pulse width used were 20mV s�1, 50mV
and 50ms, respectively.

1.5. SPR experiments

All experiments were carried out on a dual channel SPR 7500DC
(Reichert) using gold chips functionalized with a 4-
Mercaptobenzoic acid (4-MBA) self-assembled monolayer (SAM)
at 25 �C. This surface functionalization was performed ex situ
following the same procedure that we reported previously [22], i.e.
by immersion of the chip during 30min in a 10mM ethanolic so-
lution of 4-MBA. At the end of the adsorption step the substratewas
exhaustively cleaned with ethanol and dried under nitrogen flow.
The chips were cleaned before each experiment by washing them
exhaustively with ethanol and ultrapure water and dried with N2
flow.

Immobilization of CD procedure: The optimized immobilization
protocol has been described in detail previously [22] so the same
conditions of concentrations and pHwere used in the presentwork.
However, since in the current experiments a dual channel SPR with
a flow cell system was used, the experiment times were adjusted
accordingly. Thus, in a first step, the surface was stabilized with
phosphate buffer at pH 7.4 (PBS) at a flow rate of 20 mLmin�1(25 �C)
until a constant refractive index was obtained. Then, an EDC
(0.05M):NHS (0.05M) mixture in PBS was injected over both
channels (working and reference channels) for 7min at a flow of
20 mLmin�1 to achieve the transformation of the surface carboxylic
acid groups in ester groups (surface activation). Then, a 3 � 10�3M
cyclodextrin solution in PBS was injected only through the working
channel for 40min at 5 mLmin�1, to promote amide bond forma-
tion. Finally, the excess esters were deactivated by flowing a 1M
ethanolamine solution over both channels during 7min at
20 mLmin�1. Therefore, a b-cyclodextrin surface modified was ob-
tained in one channel (working channel) while the other (un-
modified) channel was used as a reference.

1.6. Determination by SPR of the association constant of the amino-
b-CDs/BTz inclusion complex

Binding experiments: A bentazon solution at different concen-
trations (3, 5, 7, 9, 11, 13, 15 and 17mM) prepared in 0.1M phos-
phate buffer at pH 6.0 with 5% DMSOwas injected into the cell over
both channels at a flow of 5 mLmin�1. Due to the low solubility of
bentazon in water (500mg/L), the addition of a co-solvent was
necessary to reach a larger range of concentrations similarly to
what has been reported for other analogous systems [29]. The
experimental datawere corrected for instrumental bulk artifacts by
double referencing, a control sensor chip surface (reference chan-
nel) and buffer injections using integrated SPRAutolink (Reichert,
USA). Data analysis was performed with TraceDrawer software. The
binding experiment was carried out at 5 mL min�1 with 17min for
association bentazon/b-cyclodextrin and 5min for the dissociation
of the inclusion complex, using a 0.1M phosphate buffer solution at
pH 6.0 with 5% DMSO as running buffer. The association time of
17min was determined injecting a 17mM bentazon solution and
letting it flow until equilibrium was reached, i.e., until the SPR
response remained constant. In such a way, it was possible to set
the minimum time required. To allow the system to reach the
equilibrium (in the interaction bentazon/b-CD) a delay time to
register the response is also necessary. Too short times do not allow
reaching the equilibrium (and then the Langmuir model cannot be
applied) while long times would unnecessarily lengthen the
experimental time.
2. Results and discussion

2.1. Characterization of modified surfaces

2.1.1. XPS measurements
The wide scan XPS spectra recorded from the different samples

were all very similar. A characteristic example is given in Fig. 2A
which corresponds to the Au/4-MBA/b-CD7 sample. The spectrum
is dominated by the lines corresponding to the gold substrate.
Minor contributions from oxygen, carbon, nitrogen and sulphur are
clearly observed (see labels in Fig. 2A). The spectrum shows some
small contributions corresponding to P (around 135 eV) and K
(295 eV) which must correspond to a minor contamination coming
from the phosphate buffer solution which was not completely
removed by washing.

Fig. 2 also shows the high resolution S 2p, N 1s and C 1s spectra
recorded from the same sample (the spectra of the rest of samples
were also very similar). Fig. 2B shows the S 2p spectrum recorded
from the above mentioned sample. Two contributions are
observed: one at 161.9 eV (76%) and a second at 164.0 eV (24%).
These values are similar to those reported by authors as Pensa and
Beulen et al. [30,31]. The lowest BE component corresponds to
thiolate groups bound to the gold surface, R-S-Au, while the
component appearing at higher BE values is attributed to R-SH
species that are unbound. It is important to note that there are no
traces of elemental sulfur impurities in our spectra, which would
give a signal at BEz 161 eV. The data indicate that the procedure
has been successful in immobilizing 4-MBA on the gold surface.

The C 1s spectrum (Fig. 2C) contains four contributions at 285.0,
285.9, 287.1 and 288.7 eV which have been reported to be charac-
teristic of b-CD films [25,32]. The assignment of the different peaks
to functional groups is given as an inset in Fig. 2C. Fig. 2D depicts
the N 1s spectrum which contains a main, major contribution at
400.3 eV and a much smaller, minor contribution at 403.5 eV. There
is a large, general consensus in the scientific literature [33] that
identify the contribution at 400.3 eV with the presence of amide
bonds and that state that the amine-type bonds would appear at
smaller binding energy (around 399.0 eV). The contribution
appearing at larger binding energywould correspond to quaternary
nitrogen. This latter species has been reported [32] to be present in
the spectra recorded from b-CD films and has no clear origin. In any
case it represents a small part of the N 1s spectral area (about 8%).
Taken together, the XPS results indicate that the b-CDs compounds
have been effectively immobilized on the gold surface and that the
condensation reaction of the amine groups present in the original
cyclodextrinwith carboxylic acid has generated amide groups. So, it
can be concluded that the CDs have been anchored covalently to the
gold surface via amide bond formation with the carboxylic groups
of 4-MBA previously immobilized on the surface.



Fig. 2. (A) Wide XPS spectrum recorded from Au/4-MBA/b-CD7, (B) S 2p, (C) C 1s and (D) N 1s spectra recorded from Au/4-MBA/b-CD7.
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2.1.2. Contact angle measurements
Contact angle measurements have been performed to deter-

mine the hydrophobicity of the surface in order to obtain infor-
mation related to the composition and structure of the different
surfaces. Static contact angles of water drop both at a bare gold
surface and at a gold modified surface were measured.

The Au surface was firstly modified with 4-MBA (Au/4-MBA). As
described in the experimental section (and as it was corroborated
by the XPS results, see above), the CD derivatives were covalently
attached to Au/4-MBA in a phosphate buffer solution at pH 7.4
where the carboxylic groups exposed to the solutionwere activated
using EDC þ NHS [34].

Table 1 shows the contact angle values obtained for the 4-MBA
gold-modified surface by depositing on it a drop of a 0.05M
phosphate buffer solution with different pH values. The contact
angles remain about constant in the pH range 5.0e7.4 and then
decrease abruptly at pH¼ 8.0 in agreement with the apparent
Table 1
Contact angle values measured on the Au/4-
MBA surface by depositing a drop of 2 mL of a
0.05M phosphate buffer solution with different
pH values.

pH q (º)

5.0 58.25± 0.07
6.0 62.20± 2.40
7.4 57.47± 1.56
8.0 28.23± 1.98
surface pKa of carboxylic groups previously reported [35e37]. At
pHs close to 8.0, the surface is negatively charged providing elec-
trostatic interactions that facilitate the reaction with EDC and NHS,
with the subsequent immobilization of the CD derivatives.

Fig. 3 shows the drop profiles obtained from the bare gold and
cyclodextrin modified-gold electrodes. The static contact angle at
the bare gold surface was 88.70± 0.17� in good agreement with
previously reported values [38] while the contact angle for Au/
MBA/b-CD7 was 36.36± 0.06� indicating an increase of the hydro-
philicity andwettability of themodified surfacewith respect to that
of bare gold.

This is surely related with the presence of secondary hydroxyls
(which are highly hydrophilic) on the broader rim of the cyclo-
dextrin structure. When amino-b-CD7Me is immobilized on the
surface (Au/MBA/b-CD7Me) the contact angle value changes to
66.97± 0.06�, what can be explained by the presence of the methyl
groups located at the broader rim of the cyclodextrin structure, that
bring about an increase in the hydrophobic nature of the surface
with respect to that of the non-methylated CD [25,31]. The contact
angle results in both CDs modified surfaces with respect to those
shown by the bare gold surfaces is an indication that the amino-CD
molecules lay on the surface in such a way that the broader rim is
oriented to the solution.
2.1.3. Electrochemical characterization of the modified electrodes

2.1.3.1. Reductive desorption. According to the well-known
behavior of thiolated modified gold electrodes [39], the reductive
desorption in basic media allows determining the monolayer



Fig. 3. Characterization of the amino-b-CDs-modified gold surface by contact angle measurements. Images of a 2 mL water droplet in contact with a gold bare substrate (A), gold
substrate modified with amino-b-CD7 (B) and (C) with amino-b-CD7Me.

Fig. 5. Cyclic voltammograms obtained in 1.0� 10�3M K3[Fe(CN)6] in 0.1M phosphate
buffer solution pH 8.0 on bare gold (dashed line); Au/4-MBA/b-CD7 (A) and Au/4-MBA/
b-CD7Me (B). v¼ 0.100 V s�1. Current density is normalized by the real area. Inset:
Cyclic voltammograms obtained in 1.0� 10�3M K3[Fe(CN)6] in 0.1M phosphate buffer
solution pH 8.0 on bare gold (dashed line); Au/4-MBA (dotted line) and Au/4-MBA/
EDC þ NHS (solid line). v¼ 0.100 V s�1.
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coverage. As a preliminary step to the immobilization of the amino-
b-CDs on gold, the coverage of Au/4-MBA was determined through
reductive electroadsorption.

Cyclic voltammograms of the Au/4-MBA electrodes were
recorded applying a sweep of potential towards negative values
(from �0.2 V to �1.4 V) at 0.1 V s�1 in 0.1M NaOH solution. Only
one reduction peak at �0.9 V corresponding to reductive desorp-
tion of Au-S was observed (Fig. 4). The surface coverage was
determined from the integration of the desorption peak area cor-
responding to the Au-S bond using the real area of the gold elec-
trode (0.107± 8.2� 10�3 cm2) calculated on the basis of the
procedure reported in Ref. [28]. The value obtained was
9.13� 10�10 ± 0.59mol cm�2 which is in good agreement with the
data reported by other authors [40,41] for a compact monolayer.

2.1.3.2. Cyclic Voltammetry. The immobilization of the amino-b-
CDs derivatives on the gold electrodes was characterized by cyclic
voltammetry using K3[Fe(CN)6] as the redox probe. According to
previous reports, ferrocyanide does not form inclusion complexes
with the amino-b-CDs, therefore the electronic transfer between
the ferrocyanide and the gold surface is inhibited if the cyclodextrin
derivatives are immobilized on the latter. Therefore, the study of
this electron transfer inhibition can be used to gain insight on the
effective immobilization of the amino-b-CDs on the gold surface
[42,43]. The cyclic voltammograms of 1.0� 10�3M [Fe(CN)6]3- in
0.1M phosphate buffer solution at pH 8.0 on both bare and modi-
fied gold electrodes are shown in Fig. 5. A reversible electron
transfer process with a cathodic (Epc) and anodic (Epa) peak
Fig. 4. Cyclic voltammogram of stripping of the 4-MBA SAM on a polycrystalline gold
surface obtained in 0.1M NaOH solution. Scan rate¼ 0.100 V s�1.
separation, DEp¼ (68 ± 3) mV is observed in the voltammogram of
the bare Au electrode (dashed line). The formal potential (E00),
taken as the average of Epc and Epa, was 200 mV. This Au electrode
wasmodifiedwith 4-MBA and thenwith EDCþNHS to promote the
immobilization of the amino-bCDs. These steps have been already
studied [22] and are shown in the inset in Fig. 5. As pointed out
previously, a decrease in current density and a higher DEp are
observed at Au/4-MBA (dotted line), as compared with the bare
gold electrode (dashed line), due to the electrostatic repulsions
between the highly negatively charged ferricyanide and the
deprotonated carboxylic terminal group of 4-MBA. The subsequent
voltammogram at Au/4-MBA/EDC þ NHS (solid line) is very similar
to that obtained on the bare electrode because the activation of the
carboxylic groups with EDC þ NHS neutralizes the charge on the
surface.

When the amino-b-CD7 is immobilized on the prepared gold
electrode (Au/4-MBA/b-CD7), a decrease of the current density
together with a loss of the reversibility of the redox process is
observed (Fig. 5, curve A). At this modified surface, DEp is increased
to 120 ± 5mV, E00 is shifted to 190mV, and ipa and ipc decrease by
about 25 and 30%, respectively. An even more significant change in
reversibility is observed in the case of the methylated-cyclodextrin
sample Au/4-MBA/b-CD7Me in whose voltammogram (Fig. 5, curve
B) a much larger DEp value is observed (330mV). Besides, ipa



Fig. 6. Differential pulse voltammetry curves for 5.0� 10�4M bentazon on bare gold
electrode (dashed line), (A) Au/4-MBA/b-CD7 and (B) Au/4-MBA/b-CD7Me in 0.1M
phosphate buffer pH 6.0 using an accumulation time of 20min.
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decreases by about 25% while ipc decreases by around 40%.
From the analysis of the reduction peak currents measured on

the bare and modified Au electrodes, we can determine the hin-
drance (B) as an estimation of the CD layer density, as we have
previously reported for this kind of immobilizations [42]. The B
values obtained for Au/4-MBA/b-CD7 and Au/4-MBA/b-CD7Mewere
very similar: 0.25 and 0.27, respectively, suggesting that the layer
density is similar in both samples. Both derivatives, b-CD7 and b-
CD7Me, have the same number of amino groups located on the
narrow edge of their structure, therefore, it is expected that a
similar immobilization can be reached in both cases since all of
these amino groups are capable to bond with the carboxylic group
of the 4-MBA molecules present on the surface. Although it has
been informed that the secondary hydroxyl groups (located at the
C2 and C3, i.e. at the broader rim) can facilitate the formation of
intermolecular hydrogen bonds between neighboring CDs [44],
resulting in a more rigid network in the amino-b-CD7 case, this
seems to have a very minor effect on the layer density. Therefore, it
is reasonable to infer that the change in reversibility of the electron
transfer processes can be mainly attributed to the greater hydro-
phobicity presented by b-CD7Me, due to the exposedmethyl groups
located in the broad edge of its structure.

According to the characterization results described above, it can
be concluded that the CD derivatives are effectively chemisorbed
on the surface through the 4-MBA molecule and that the CD cav-
ities are exposed towards the solution.

2.2. Electrochemical and SPR studies of modified surfaces

The host-guest interactions of CD derivatives immobilized on
gold surfaces have been studied using bentazon (BTz) as a guest.
This herbicide has a keto-enol tautomerism, is a weak acid with a
pKa of 3.3 and, therefore, its oxidation is independent of the pH
providing this is above 3.5. The formation of inclusion complexes
with different b-CDs has been previously studied and the corre-
sponding association constants in solution have been determined
[27,45]. Therefore, bentazon was used in this study as a model
molecule to test the interactionwith the immobilized cyclodextrins
on gold surfaces as well as to evaluate the effect of the hydropho-
bicity of the methyl groups on the broader rim of the cyclodextrins
in this interaction. The formation of an inclusion complex of BTz/b-
CD has been previously studied at pH 6.0 and the corresponding
association constant being determined at pH 6.0 by differential
pulse voltammetry [2]. Since the pKa is 3.3, BTz predominantly
exists in its anionic form in phosphate buffer at pH 6.0. Besides, it
shows a definite and reproducible oxidation signal on glassy carbon
and gold at this pH [46]. Therefore, we decided to use the same pH
conditions in the present study.

The electrochemical behavior of BTz on both bare gold and
amino-b-CDs-modified gold surfaces was studied using differential
pulse voltammetry (DPV) with the aim of obtaining well defined
oxidation peaks. Fig. 6 shows DPVs performed in 0.1M phosphate
buffer at pH 6.0 using an accumulation time of 20min in order to
promote the inclusion of BTz. On the bare gold surface (dashed line)
an oxidation process is observed with a peak potential
Ep¼ 916± 4mV and a current density Ipa¼ 94± 6 mA cm�2. Rahemi
et al. have proposed that the oxidation process of BTz occurs in the
nitrogen of the tertiary amine, since the high electron density
caused by the free electron pair of nitrogen makes it susceptible to
oxidation [46]. The oxidation of BTz on the Au/4-MBA/b-CD7 sur-
face (Fig. 6, curve A) is observed at Ep¼ 984± 4mV, with a
displacement of 68± 4mV to more positive potentials together
with a peak broadening and an increase in the current density of
28% (Ipa¼ 121± 8) mA cm�2, as compared with that observed in the
bare gold electrode. In the case of Au/4-MBA/b-CD7Me (Fig. 6, curve
B) the oxidation of BTz takes place at the same potential value than
in the bare gold surface but showing an increase in current density
of 50% (Ipa¼ 141± 6) mA cm�2. Both modified gold electrodes show
a current variation coefficient close to 5.0%. The increase in current
intensity can be explained on the basis of the formation of an in-
clusion complex between the amino-b-CDs and BTz. The increase in
peak current is larger in the Au/4-MBA/b-CD7Me surface due to the
larger hydrophobicity that the methyl groups located on the
broader rim of its structure confer to this cyclodextrin.

While the increase in current is observed in both modified
surfaces, only in the sample Au/4-MBA/b-CD7 a change in peak
potential is observed. This can be explained taking into account
that, as it has been previously suggested [3,27], an inclusion com-
plex having the benzene ring inside the cavity of the cyclodextrin
can have been formed in this case. Therefore, since the electroactive
moiety of the BTz molecule is located outside the cavity, there
would be a host-guest complexation processes, coupled to an
electron transfer reaction, which would require a short additional
potential. This effect is no observed in Au/4-MBA/b-CD7Me which
might suggest that a higher association would be occurring due
either to presence of methyl groups in the broad rim of the cyclo-
dextrin or to the formation of an inclusion complex having a
different structure than in the non-methylated case. This latter
assumption, however, would be unlikely taking into account the
results of previous investigations carried out in solution [3] where
an inclusion complex with a 1:1 stoichiometry was formed but no
changes in its structure were found for different b-CD derivatives
(sulfobutylether-, methyl-, dimethyl-CD, etc) [2,3].

These variations on the peak potential could be explained taking
into account two possible effects. On one hand, a double layer effect
can be considered: when the Au surface is chemically modified, the
electric field felt by the guest molecule is probably smaller than on
the unmodified Au surface, where for the same potential drop
across the interface the outer Helmholtz plane can be closer to the
metal surface. On the other hand, a thermodynamic effect could be
also playing a role: there is an increase of the activity of the guest
molecule due to its complexation with the CDs and a shift in the
equilibrium potential is produced.

It is reasonable to think that the double layer effect is similar in
both methylated and non-methylated CDs, resulting in a positive
shift, respect to the unmodified surface, due to the smaller electric
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field. However, the higher activity of the guest molecule due to the
complexation with both CDs (methylated and non-methylated)
produces a shift of the equilibrium potential in the negative di-
rection. Due to the higher affinity, the negative shift is larger in the
methylated CD and, therefore, counteracts the positive shift due to
the double layer effect. A similar compensation of effects has been
discussed by Cuesta et al. [47].

Therefore, in order to evaluate the effect of methyl groups, SPR
experiments were carried out to obtain the association constants of
the interaction between BTz and the different immobilized amino-
b-CDs on gold surfaces. A dual channel SPR was used (which allows
a double correction of blank), with a flow cell system that allows
transporting the BTz solutions towards the immobilized CDs. b-CD7
and b-CD7Mewere immobilized on SPR sensors following the same
protocol of chemisorption on a 4-MBA self-assembled monolayer,
using the amine coupling procedure by means of the above
described EDC/NHS reaction.

The SPR spectrometer measures changes in the refractive index
of the solution close to the surface, which can be related with
interaction processes between the analyte in solution and the
molecules adsorbed on the electrode surface. Fig. 7 shows a sche-
matic representation of the experimental curves related to associ-
ation and dissociation processes. First, the modified surface is
stabilized with a 0.1M phosphate buffer solution at pH 6.0 with 5%
DMSO (baseline). Then, the interaction of BTzmolecules with the b-
CDs immobilized on the surface is evaluated following the increase
of the refractive index (RIU) until a maximum is reached once the
equilibrium is achieved and the refractive index remains constant
(association). At this point, each b-CD available on the surface binds
to a BTz guest molecule, considering a 1:1 stoichiometry. Then, the
guest molecules contained in the flow begin to be replaced by
water molecules and/or phosphate buffer. Within this dynamics,
BTz molecules start being located outside the hydrophobic cavity of
the b-CDs consequently causing a decrease in the response in units
of refractive index (dissociation). Before starting each injection of
the BTz solutions, the surface is regenerated, stabilizing the base-
line as previously described, with awaiting time of 10min between
each injection to obtain a newly available surface for the BTz/b- CDs
interaction.

Each curve observed in Fig. 8A and B corresponds to the injec-
tion of BTz at different concentrations. The asterisk in the graphs
denotes the beginning of the association and dissociation phases.
For both sensorgrams the saturation is not reached in the BTz
concentrations range analyzed.
Fig. 7. Schematic representati
Fig. 8C and D show the equilibrium response vs. BTz concen-
tration curves. A plateau in the response is reached for the inter-
action of BTz with Au/4-MBA/b-CD7Me (Fig. 8 D) while this is not
observed for Au/4-MBA/b-CD7 (Fig. 8C). The 1/Req vs. 1/[BTz] plots
shown as insets in these figures follow a clear linear trend. Mea-
surements in equilibrium are not affected by mass transport, which
makes possible the use of a high cyclodextrin concentration and
low flow rates [48].

The association constant was determined considering the
Langmuir isothermmodel. In this analysis a non-lineal global fitting
(taking into account all concentrations employed) was used ac-
cording to the equation:

Req ¼ Bmax ½BTz�
ð½BTz� þ KDÞ

;

where KD is the association constant, Bmax is the maximal response,
Req is the equilibrium response to a given concentration and [BTz] is
the bentazon concentration.

The Langmuir model was applied considering that: i) the in-
clusion complex corresponds to a 1:1 stoichiometry (benta-
zon:cyclodextrin), ii) Inclusion only involves the cyclodextrin
localized on the surface and iii) the saturation coverage corre-
sponds to the complete occupancy of the exposed cyclodextrins.
Finally, no interaction between neighboring adsorbed molecules or
atoms is assumed.

The association constant values obtained for BTz with Au/4-
MBA/b-CD7 and Au/4-MBA/b-CD7Me are 30.8± 1.0M�1 and
80.5± 4.2M�1, respectively. It is worth noting that the reproduc-
ibility of the values is good in spite of the low magnitude of the
observed response. The substitution of the cyclodextrin secondary
alcohol groups by methyl groups modifies the host-guest in-
teractions, increasing the inclusion constant of the BTz by around
2.5 times.

This methylation effect could be explained on the basis of a
different orientation of the guest molecule within the cavity of the
methylated CD with respect to that adopted within the non-
methylated host. Bethanis et al. [49] reported such a difference in
guest orientation in the case of tri-methylated-bCD and bCD
although, as a consequence, a smaller penetration of the guest was
observed in the tri-methylated-bCD. However, as mentioned
before, this assumption would be unlikely taking into account the
present electrochemical results.

The larger value measured for the association constant in the
on of typical sensorgram.



Fig. 8. Interaction sensorgrams of bentazon with Au/4-MBA/b-CD7 (A) and Au/4-MBA/b-CD7Me (B). The arrow marked ‘[BTz]’ indicates the direction of increasing bentazon
concentration from 3 to 17mM. Equilibrium response of the interaction at different bentazon concentrations for Au/4-MBA/b-CD7 (C) and Au/4-MBA/b-CD7Me (D). Inset in C and D:
The 1/Req vs. 1/[BTz] plots.
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methylated CD could be attributed to the hydrophobic character of
the host. Biswas et al. [50] have reported that the association
constant determined for a DMO/DIMEB inclusion complex (where
DIMEB is a methyl derivative-bCD) is larger than for a DMO/bCD
inclusion complex. The larger wavelength shift and the higher
quantum yield that they observe in the fluorescence results ob-
tained from the DMO/DIMEB inclusion complex can be rationalized
on the basis of the more hydrophobic character of the cavity of the
methyl derivative as compared with that of the native bCD, what
agrees with our contact angle results. Therefore, bentazon could be
better accommodated within the methylated-bCD since the non-
polar benzene ring would find a more comfortable inclusion in
this hydrophobic host cavity. An alternative additional effect could
be related with the methoxy groups that could form slightly
stronger H bonds with water molecules than the bCD hydroxyl
groups [50]. Those water molecules could play a role in the stabi-
lization of the negative charge associated to the part of the benta-
zon molecule that remains outside of the host cavity.

Since our method is based on a flow system, a direct comparison
with previous association constants reported in the literature could
be complicated although still useful [51]. Besides, variations in Ka
values reported in the literature depend, among other factors, on
the method used for their determination [45]. Our association
constants values are coherent with those determined using fluo-
rometric measurements [27] for the inclusion complexes of BTz
with b-CD and Methyl-b-CD in solution, although those found in
solution are higher, 105± 8 and 160± 14M�1 respectively, than
those measured in the present investigation. Lower association
constants obtained by SPR than those measured in solution were
reported for the complexation of steroids with b-CD [52]. The dif-
ference has been attributed to space constraints due to the
immobilization of cyclodextrin on a surface together with the ef-
fects introduced by the flow system used for their determination by
SPR.

The use of different techniques for the determination of asso-
ciation constants usually results in different values for these con-
stants. So, as we have reported recently for bentazon/b-
cyclodextrin complexes in solution, values such as 118± 20, 140± 7
and 102± 5 have been determined by differential pulse voltam-
metry, UVeVis and fluorescence techniques, respectively [45].
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Sometimes the differences found are very large. For example in the
case of hydroxypropyl-bcyclodextrin, association constant values of
244± 19 and 103± 30 were determined by differential pulse vol-
tammetry and fluorescence, respectively [45]. In consequence, the
results of the present paper indicate the effect produced by the
derivatization of CDs can be indeed evaluated by SPR beyond the
specific values of the association constants.

Thus, the tendency observed in this work follows that reported
in solution. An increase in the hydrophobicity of the broader rim
favors the inclusion equilibrium for the organic molecule bentazon.
The advantages of the procedure reported here are clear because
knowing the effect of specific groups on the broader rim, the
behavior of the modified surface can be controlled.

3. Conclusions

Amino-cyclodextrins can be anchored covalently to gold elec-
trodes employing simple methods via amide bond formation with
the carboxylic groups of 4-mercaptobenzoic acid previously
immobilized on the gold surface. The results show that using this
procedure the CD cavity is oriented opposite to the gold surface. In
such a configuration, the host-guest interactions can be enhanced
for the encapsulation of certain analytes within the macrocyclic
receptor cavity. In particular, we have proved the sensitivity of the
modified surfaces for the encapsulation of the herbicide bentazon.
This sensitivity is higher when methyl groups are present in the
broad rim of the CD because of their large hydrophobic character.

The results show the feasibility of using the modified surfaces
for molecular recognition as an alternative route to other biological
or enzymatic approaches. The procedure reported here can repre-
sent, however, a much simpler and more advantageous approach
than those.

Acknowledgements

The authors thank FONDECYT Grant 1151329 (Chile), CONICYT-
FONDEQUIP EQM 140112 and CONICYT by national doctoral stu-
dent grant 21160174.

References

[1] F. Bellia, D. La Mendola, C. Pedone, E. Rizzarelli, M. Saviano, G. Vecchio,
Selectively functionalized cyclodextrins and their metal complexes, Chem.
Soc. Rev. 38 (2009) 2756, https://doi.org/10.1039/b718436k.

[2] C. Ya~nez, M. Araya, S. Bollo, Complexation of herbicide bentazon with native
and modified b-cyclodextrin, J. Inclusion Phenom. Macrocycl. Chem. 68 (2010)
237e241, https://doi.org/10.1007/s10847-010-9750-3.

[3] C. Y�a~nez, P. Ca~nete-Rosales, J.P. Castillo, N. Catal�an, T. Undabeytia, E. Morillo,
Cyclodextrin inclusion complex to improve physicochemical properties of
herbicide bentazon: exploring better formulations, PLoS One 7 (2012),
e41072, https://doi.org/10.1371/journal.pone.0041072.

[4] R.L. P�erez, G.M. Escandar, Spectrofluorimetric study of estrogenecyclodextrin
inclusion complexes in aqueous systems, Analyst 138 (2013) 1239, https://
doi.org/10.1039/c2an36395j.

[5] J. Basualdo Legue, Estudio electroquímico y cromatogr�afico de complejos de
inclusi�on estrona/ciclodextrina, Universidad de Chile, 2006.

[6] M. Wazynska, A. Temeriusz, K. Chmurski, R. Bilewicz, J. Jurczak, Synthesis and
monolayer behavior of amphiphilic per(2,3-di-O-alkyl)-a-and b-cyclodextrins
and hexakis(6-deoxy-6-thio-2,3-di-O-pentyl)-a-cyclodextrin at an airewater
interface, Tetrahedron Lett. 41 (2000) 9119e9123, https://doi.org/10.1016/
S0040-4039(00)01628-2.

[7] K. Chmurski, A. Temeriusz, R. Bilewicz, Beta-cyclodextrin-based ferrocene-
imprinted gold electrodes, Anal. Chem. 75 (2003) 5687e5691, https://
doi.org/10.1021/ac0340096.

[8] K. Chmurski, A. Temeriusz, R. Bilewicz, Measurement of ibuprofen binding to
mixed monolayers containing b-cyclodextrin active sites, J. Inclusion Phenom.
49 (2004) 187e191, https://doi.org/10.1023/B:JIPH.0000031134.27231.e5.

[9] K. Chmurski, A. Koralewska, A. Temeriusz, R. Bilewicz, Catalytic Au Electrodes
Based on SAMs ofper(6-deoxy-6-thio-2,3-di-O-methyl)-b-cyclodextrin, Elec-
troanalysis 16 (2004) 1407e1412, https://doi.org/10.1002/elan.200302954.

[10] C. Quintana, S. Su�arez, L. Hern�andez, Nanostructures on gold electrodes for the
development of an l-tyrosine electrochemical sensor based on hosteguest
supramolecular interactions, Sensor. Actuator. B Chem. 149 (2010)
129e135, https://doi.org/10.1016/j.snb.2010.06.011.

[11] A. Kaifer, M. Gomez-Kaifer, Supramolecular electrochemistry, in: A. Kaifer,
M. Gomez-Kaifer (Eds.), Supramol. Electrochem, Wiley-VCH Verlag GmbH,
Weinheim, Germany, 1999, pp. 1e241, https://doi.org/10.1002/
9783527613601.

[12] S. Choi, S. Park, Electrochemical characterization of nanosized electrode arrays
prepared from nanoporous SAMs, Bull. Kor. Chem. Soc. 23 (2002) 699e704.

[13] M.T. Rojas, R. Koeniger, J.F. Stoddart, A.E. Kaifer, Supported monolayers con-
taining preformed binding sites. Synthesis and interfacial binding properties
of a thiolated .beta.-Cyclodextrin derivative, J. Am. Chem. Soc. 117 (1995)
336e343, https://doi.org/10.1021/ja00106a036.

[14] Y. Maeda, T. Fukuda, H. Yamamoto, H. Kitano, Regio- and stereoselective
complexation by a self-assembled monolayer of thiolated cyclodextrin on a
gold electrode, Langmuir 13 (1997) 4187e4189, https://doi.org/10.1021/
la9701384.

[15] I. Carrillo, C. Quintana, A.M. Esteva, L. Hern�andez, P. Hern�andez, Self-assem-
bled submonolayer of b-cyclodextrins on gold electrode for the selective
determination of 4-aminobiphenyl, Electroanalysis 23 (2011) 2862e2869,
https://doi.org/10.1002/elan.201100499.

[16] M.D. Porter, T.B. Bright, D.L. Allara, C.E.D. Chidsey, Spontaneously organized
molecular assemblies. 4. Structural characterization of n-alkyl thiol mono-
layers on gold by optical ellipsometry, infrared spectroscopy, and electro-
chemistry, J. Am. Chem. Soc. 109 (1987) 3559e3568, https://doi.org/10.1021/
ja00246a011.

[17] C. Lagrost, G. Alcaraz, J.-F. Bergamini, B. Fabre, I. Serbanescu, Functionalization
of silicon surfaces with SieC linked b-cyclodextrin monolayers, Chem. Com-
mun. (2007) 1050e1052, https://doi.org/10.1039/B617477A.

[18] M. Lahav, K.T. Ranjit, E. Katz, I. Willner, A b-amino-cyclodextrin monolayer-
modified Au electrode : a command surface for the amperometric and
microgravimetric transduction of optical signals recorded by a photo-
isomerizable bipyridinium e azobenzene diad A b-amino-cyclodextrin
monolayer assemble, Chem. Commun. 0 (1997) 259e260, https://doi.org/
10.1039/A606189C.

[19] E.Y. Katz, A chemically modified electrode capable of a spontaneous immo-
bilization of amino compounds due to its functionalization with succinimidyl
groups, J. Electroanal. Chem. 291 (1990) 257e260, https://doi.org/10.1016/
0022-0728(90)87193-N.

[20] J.M. Campi~na, A. Martins, F. Silva, Immobilization of b-cyclodextrin on gold
surfaces by chemical derivatization of an 11-amino-1-undecanthiol self-
assembled monolayer, Electrochim. Acta 55 (2009) 90e103, https://doi.org/
10.1016/j.electacta.2009.08.013.

[21] M. Guerrouache, C. Karakasyan, C. Gaillet, M. Canva, M.C. Millot, Immobili-
zation of a functionalized poly ( ethylene glycol ) onto b-Cyclodextrin-coated
surfaces by formation of inclusion Complexes : application to the coupling of
proteins, J. Appl. Polym. Sci. 100 (2005) 2362e2370, https://doi.org/10.1002/
app.23082.

[22] M. García, S. Bollo, G.A. Rivas, N.F. Ferreyra, C. Y�a~nez, Bottom up approaches
for amino b-CD adsorption on gold surfaces. A comparative study, Electro-
chim. Acta 203 (2016) 292e300, https://doi.org/10.1016/
j.electacta.2016.04.030.

[23] J.S. Diget, H.N. Petersen, H. Schaarup-Jensen, A.U. Sørensen, T.T. Nielsen,
S.U. Pedersen, K. Daasbjerg, K.L. Larsen, M. Hinge, Synthesis of b-cyclodextrin
diazonium salts and electrochemical immobilization onto glassy carbon and
gold surfaces, Langmuir 28 (2012) 16828e16833, https://doi.org/10.1021/
la302329x.

[24] X. Wang, H. Fan, F. Zhang, Y. Qi, W. Qiu, F. Yang, J. Tang, P. He, Synthesis of a b-
cyclodextrin derivate and its molecular recognition behavior on modified
glassy carbon electrode by diazotization, Tetrahedron 66 (2010) 7815e7820,
https://doi.org/10.1016/j.tet.2010.07.052.

[25] A. M�endez-Ardoy, T. Steentjes, T. Kudernac, J. Huskens, Self-Assembled
monolayers on gold of b-cyclodextrin adsorbates with different anchoring
groups, Langmuir 30 (2014) 3467e3476, https://doi.org/10.1021/la500172a.

[26] A. L�opez-pi~neiro, D. Pe~na, �A. Albarr�an, J. S�anchez-llerena, M. Rato-nunes,
M. �Angeles, Behaviour of bentazon as influenced by water and tillage man-
agement in rice-growing conditions, Pest Manag. Sci. 73 (2017) 1067e1075,
https://doi.org/10.1002/ps.4546.

[27] J. a. Porini, G.M. Escandar, Spectrofluorimetric study of the herbicide benta-
zone in organized media: analytical applications, Anal. Meth. 3 (2011) 1494,
https://doi.org/10.1039/c1ay05028a.

[28] U. Oesch, J. Janata, Electrochemical study of gold electrodes with anodic oxide
filmsdI. Formation and reduction behaviour of anodic oxides on gold, Elec-
trochim. Acta 28 (1983) 1237e1246, https://doi.org/10.1016/0013-4686(83)
85011-7.

[29] V. Singh, Y. He, C. Wang, J. Xu, X. Xu, H. Li, P. Singh, P. York, L. Sun, J. Zhang,
A comparison report of three advanced methods for drug-cyclodextrin
interaction measurements, J. Pharmaceut. Biomed. Anal. 134 (2017)
252e258, https://doi.org/10.1016/j.jpba.2016.11.037.

[30] E. Pensa, A.A. Rubert, G. Benitez, P. Carro, A.G. Orive, A.H. Creus,
R.C. Salvarezza, C. Vericat, Are 4-mercaptobenzoic acid self assembled
monolayers on Au(111) a suitable system to test adatom models? J. Phys.
Chem. C 116 (2012) 25765e25771, https://doi.org/10.1021/jp306545v.

[31] M.W.J. Beulen, J. Bugler, B. Lammerink, F. a J. Geurts, E.M.E.F. Biemond,
K.G.C. van Leerdam, F.C.J.M. van Veggel, J.F.J. Engbersen, D.N. Reinhoudt, Self-
assembled monolayers of heptapodant beta-cyclodextrins on gold, Langmuir

https://doi.org/10.1039/b718436k
https://doi.org/10.1007/s10847-010-9750-3
https://doi.org/10.1371/journal.pone.0041072
https://doi.org/10.1039/c2an36395j
https://doi.org/10.1039/c2an36395j
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref5
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref5
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref5
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref5
https://doi.org/10.1016/S0040-4039(00)01628-2
https://doi.org/10.1016/S0040-4039(00)01628-2
https://doi.org/10.1021/ac0340096
https://doi.org/10.1021/ac0340096
https://doi.org/10.1023/B:JIPH.0000031134.27231.e5
https://doi.org/10.1002/elan.200302954
https://doi.org/10.1016/j.snb.2010.06.011
https://doi.org/10.1002/9783527613601
https://doi.org/10.1002/9783527613601
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref12
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref12
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref12
https://doi.org/10.1021/ja00106a036
https://doi.org/10.1021/la9701384
https://doi.org/10.1021/la9701384
https://doi.org/10.1002/elan.201100499
https://doi.org/10.1021/ja00246a011
https://doi.org/10.1021/ja00246a011
https://doi.org/10.1039/B617477A
https://doi.org/10.1039/A606189C
https://doi.org/10.1039/A606189C
https://doi.org/10.1016/0022-0728(90)87193-N
https://doi.org/10.1016/0022-0728(90)87193-N
https://doi.org/10.1016/j.electacta.2009.08.013
https://doi.org/10.1016/j.electacta.2009.08.013
https://doi.org/10.1002/app.23082
https://doi.org/10.1002/app.23082
https://doi.org/10.1016/j.electacta.2016.04.030
https://doi.org/10.1016/j.electacta.2016.04.030
https://doi.org/10.1021/la302329x
https://doi.org/10.1021/la302329x
https://doi.org/10.1016/j.tet.2010.07.052
https://doi.org/10.1021/la500172a
https://doi.org/10.1002/ps.4546
https://doi.org/10.1039/c1ay05028a
https://doi.org/10.1016/0013-4686(83)85011-7
https://doi.org/10.1016/0013-4686(83)85011-7
https://doi.org/10.1016/j.jpba.2016.11.037
https://doi.org/10.1021/jp306545v


A.M. M�endez-Torres et al. / Electrochimica Acta 282 (2018) 860e869 869
14 (1998) 6424e6429, https://doi.org/10.1021/la980936þ.
[32] N. Kistamah, C.M. Carr, S. Rosunee, X-ray photoelectron spectroscopic study of

Tencel treated with a cationic b-cyclodextrin derivative, Surf. Interface Anal.
41 (2009) 710e713, https://doi.org/10.1002/sia.3076.

[33] O. Olivares, N.V. Likhanova, B. G�omez, J. Navarrete, M.E. Llanos-Serrano,
E. Arce, J.M. Hallen, Electrochemical and XPS studies of decylamides of a-
amino acids adsorption on carbon steel in acidic environment, Appl. Surf. Sci.
252 (2006) 2894e2909, https://doi.org/10.1016/j.apsusc.2005.04.040.

[34] Z.-H. Wang, A.S. Viana, G. Jin, L.M. Abrantes, Immunosensor interface based on
physical and chemical immunoglobulin G adsorption onto mixed self-
assembled monolayers, Bioelectrochemistry 69 (2006) 180e186, https://
doi.org/10.1016/j.bioelechem.2006.02.001.

[35] J. Zhao, L. Luo, X. Yang, E. Wang, S. Dong, Determination of surface pK a of SAM
using an electrochemical titration method, Electroanalysis 11 (1999)
1108e1111.

[36] C.D. Bain, G.M. Whitesides, A study by contact angle of the acid-base behavior
of monolayers containing .omega.-mercaptocarboxylic acids adsorbed on
gold: an example of reactive spreading, Langmuir 5 (1989) 1370e1378,
https://doi.org/10.1021/la00090a019.

[37] S.R. Holmes-Farley, R.H. Reamey, T.J. McCarthy, J. Deutch, G.M. Whitesides,
Acid-base behavior of carboxylic acid groups covalently attached at the sur-
face of polyethylene: the usefulness of contact angle in following the ioni-
zation of surface functionality, Langmuir 1 (1985) 725e740, https://doi.org/
10.1021/la00066a016.

[38] M.E. Abdelsalam, P.N. Bartlett, T. Kelf, J. Baumberg, Wetting of regularly
structured gold surfaces, Langmuir 21 (2005) 1753e1757, https://doi.org/
10.1021/la047468q.

[39] A.J. Bard, L.R. Faulkner, Electrochemical Methods Fundamentals and Applica-
tions, second, 2001.

[40] C.A. Widrig, C. Chung, M.D. Porter, The electrochemical desorption of n-
alkanethiol monolayers from polycrystalline Au and Ag electrodes,
J. Electroanal. Chem. Interfacial Electrochem. 310 (1991) 335e359, https://
doi.org/10.1016/0022-0728(91)85271-P.

[41] A.H. Suroviec, Determining surface coverage of self-assembled monolayers on
gold electrodes, Chem. Educ. 17 (2012) 83e85, https://doi.org/10.1333/
s00897122424a.

[42] S. Bollo, C. Y�a~nez, J. Sturm, L. Nú~nez-Vergara, J. a Squella, Cyclic voltammetric
and scanning electrochemical microscopic study of thiolated b-cyclodextrin
adsorbed on a gold electrode, Langmuir 19 (2003) 3365e3370, https://
doi.org/10.1021/la0267995.
View publication statsView publication stats
[43] H. Cui, L. Chen, Y. Dong, S. Zhong, D. Guo, H. Zhao, Y. He, H. Zou, X. Li, Z. Yuan,
Molecular recognition based on an electrochemical sensor of per(6-deoxy-6-
thio)-??-cyclodextrin self-assembled monolayer modified gold electrode,
J. Electroanal. Chem. 742 (2015) 15e22, https://doi.org/10.1016/
j.jelechem.2015.01.031.

[44] R.K. Pandey, V. Lakshminarayanan, Cyclodextrin inclusion complexes with
thiocholesterol and their self-assembly on gold: a combined electrochemical
and lateral force microscopy analysis, Thin Solid Films 562 (2014) 367e371,
https://doi.org/10.1016/j.tsf.2014.04.063.

[45] C. Ya~nez, G. Günther, Is the determination of the association constant of
cyclodextrin inclusion complexes dependent on the technique, J. Chil. Chem.
Soc. 59 (2014) 2523e2525, https://doi.org/10.4067/S0717-
97072014000200028.

[46] V. Rahemi, J.M.P.J. Garrido, F. Borges, C.M. a Brett, E.M.P.J. Garrido, Electro-
chemical determination of the herbicide bentazone using a carbon nanotube
b-cyclodextrin modified electrode, Electroanalysis 25 (2013) 2360e2366,
https://doi.org/10.1002/elan.201300230.

[47] C. Wildi, G. Cabello, M.E. Zoloff Michoff, P. V�elez, E.P. Leiva, J.J. Calvente,
R. Andreu, A. Cuesta, Super-nernstian shifts of interfacial proton-coupled
electron Transfers: origin and effect of non- covalent interactions, J. Phys.
Chem. 120 (2016) 15586e15592, https://doi.org/10.1021/acs.jpcc.5b04560.

[48] M.J.E. Mol, J. Nico, P.A. Fischer, Van Der Merwe, Surf. Plasmon Reson. (2010),
https://doi.org/10.1007/978-1-60761-670-2.

[49] K. Fourtaka, E. Christoforides, D. Mentzafos, K. Bethanis, Crystal structures and
molecular dynamics studies of the inclusion compounds of b-citronellol in b-
cyclodextrin, heptakis(2,6-di-O-methyl)-b-cyclodextrin and heptakis(2,3,6-
tri-O-methyl)-b-cyclodextrin, J. Mol. Struct. 1161 (2018) 1e8, https://
doi.org/10.1016/j.molstruc.2018.02.037.

[50] S. Biswas, S. Santra, S. Yesylevskyy, J. Maiti, M. Jana, R. Das, Picosecond sol-
vation dynamics in Nanoconfinement : role of water and host-guest
complexation, J. Phys. Chem. B 122 (2018) 3996e4005, https://doi.org/
10.1021/acs.jpcb.7b10376.

[51] S.E. Brown, C.J. Easton, J.B. Kelly, Surface plasmon resonance to determine
apparent stability constants for the binding of cyclodextrins to small immo-
bilized guests, J. Inclusion Phenom. Macrocycl. Chem. 46 (2003) 167e173,
https://doi.org/10.1023/A:1026311003881.

[52] M.R. De Jong, J. Huskens, D.N. Reinhoudt, Influencing the binding selectivity of
self-assembled cyclodextrin monolayers on gold through their architecture,
Chem. Eur. J. 7 (2001) 4164e4170, https://doi.org/10.1002/1521-
3765(20011001)7:19<4164::AID-CHEM4164>3.0.CO;2-Q.

https://doi.org/10.1021/la980936&plus;
https://doi.org/10.1002/sia.3076
https://doi.org/10.1016/j.apsusc.2005.04.040
https://doi.org/10.1016/j.bioelechem.2006.02.001
https://doi.org/10.1016/j.bioelechem.2006.02.001
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref35
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref35
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref35
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref35
https://doi.org/10.1021/la00090a019
https://doi.org/10.1021/la00066a016
https://doi.org/10.1021/la00066a016
https://doi.org/10.1021/la047468q
https://doi.org/10.1021/la047468q
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref39
http://refhub.elsevier.com/S0013-4686(18)31337-9/sref39
https://doi.org/10.1016/0022-0728(91)85271-P
https://doi.org/10.1016/0022-0728(91)85271-P
https://doi.org/10.1333/s00897122424a
https://doi.org/10.1333/s00897122424a
https://doi.org/10.1021/la0267995
https://doi.org/10.1021/la0267995
https://doi.org/10.1016/j.jelechem.2015.01.031
https://doi.org/10.1016/j.jelechem.2015.01.031
https://doi.org/10.1016/j.tsf.2014.04.063
https://doi.org/10.4067/S0717-97072014000200028
https://doi.org/10.4067/S0717-97072014000200028
https://doi.org/10.1002/elan.201300230
https://doi.org/10.1021/acs.jpcc.5b04560
https://doi.org/10.1007/978-1-60761-670-2
https://doi.org/10.1016/j.molstruc.2018.02.037
https://doi.org/10.1016/j.molstruc.2018.02.037
https://doi.org/10.1021/acs.jpcb.7b10376
https://doi.org/10.1021/acs.jpcb.7b10376
https://doi.org/10.1023/A:1026311003881
https://doi.org/10.1002/1521-3765(20011001)7:19<4164::AID-CHEM4164>3.0.CO;2-Q
https://doi.org/10.1002/1521-3765(20011001)7:19<4164::AID-CHEM4164>3.0.CO;2-Q
https://www.researchgate.net/publication/326149093

	Amino β-cyclodextrins immobilized on gold surfaces: Effect of substituents on host-guest interactions
	1. Introduction
	1.1. Reagents
	1.2. Apparatus
	1.3. Modification and Characterization of the surface of the gold electrode
	1.4. Electrochemical behavior of bentazon on modified surfaces
	1.5. SPR experiments
	1.6. Determination by SPR of the association constant of the amino-β-CDs/BTz inclusion complex

	2. Results and discussion
	2.1. Characterization of modified surfaces
	2.1.1. XPS measurements
	2.1.2. Contact angle measurements
	2.1.3. Electrochemical characterization of the modified electrodes
	2.1.3.1. Reductive desorption
	2.1.3.2. Cyclic Voltammetry


	2.2. Electrochemical and SPR studies of modified surfaces

	3. Conclusions
	Acknowledgements
	References


