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ABSTRACT: In this study, we have developed a nanostructured electrochemical sensor based on modified graphene nanoribbons
tailored for the analysis of nonelectroactive compounds via a surface competitive assay. Stigmasterol, a nonelectroactive phytosterol,
was selected as a representative case. Chevron-like graphene nanoribbons, chemically synthesized, were immobilized onto glassy
carbon electrodes and covalently functionalized to allow the on-surface formation of a supramolecular complex. To this end, the
nanoribbons were first modified through a diazotization process by electrochemical reduction of a 4-azidoaniline diazonium salt,
leaving the electrode surface with azide groups exposed to solution. Next, the incorporation of a ferrocene group, as a redox probe,
was carried out by a click chemistry reaction between ethynylferrocene and these azide groups. Finally, the recognition event leads to
the formation of a supramolecular complex between ferrocene and a macrocyclic receptor on the electrode surface. To this end, the
receptors cucurbit[7]uril, cucurbit[8]uril, and β-cyclodextrin were evaluated, with the better results obtained with β-cyclodextrin.
Atomic force microscopy and scanning electron microscopy measurements were performed for the morphological characterization of
the resulting electrochemical platform surface. The ability of β-cyclodextrin to form an inclusion complex with ferrocene or with
stigmasterol allows to perform a competitive assay, which translates into the decrease and recovery of the ferrocene electrochemical
signal. For stigmasterol determination, a linear concentration range between 200 and 750 μM and a detection limit of 60 μM were
obtained, with relative errors and relative standard deviations less than 7.1 and 9.8%, respectively.

1. INTRODUCTION
Carbon-based nanomaterials with different dimensionalities,
and consequently different properties,1,2 have been widely
used, either alone3−6 or in combination with metal complexes
and oxides,7−14 as electrode modifiers in electrochemical
sensors, leading to enhanced performances. Among carbon
nanomaterials, graphene nanoribbon (GNR) applications have
been scarcely explored.15 GNRs are composed of strings of sp2

carbon atoms and exhibit improved and novel properties
compared to graphene. These properties can be tailored by
controlling their width and edge structure, prompting
researchers to control GNR synthesis at the atomic level.16

Synthesis methods of GNRs can be classified into two main
groups: bottom-up and top-down. Unzipping single- and
multiwalled carbon nanotubes, employing metal catalysis or
oxidation exfoliation methods, is among the most commonly
used top-down approaches. However, these methods typically
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result in GNRs with widths exceeding 10 nm and offer limited
control over their edge structure.17 Bottom-up synthesis
involves assembling molecular building blocks to form GNRs
via on-surface or solution synthesis.15,16 In this case, the
resulting GNRs exhibit a more precise edge structure and
higher yields, making these methodologies preferable.
GNRs can be functionalized by noncovalent and covalent

methods in order to enhance their applicability. Noncovalent
functionalization can be achieved by the adsorption of
molecules on the GNRs surface, but this method presents as
major drawback that these molecules can be easily detached
from the surface. Covalent functionalization of GNRs improves
their chemical reactivity and electronic properties, making it
the most controllable functionalization method.18,19 Electrode
surfaces can be modified with diazonium salts, via the
electrografting method, allowing further covalent reactions to
adapt the functional groups to the final application of the
sensors.15,20−22 In this electrografting approach, diazonium
salts are electrochemically reduced to generate reactive radicals
that bind covalently to the electrode surface, forming a strong
covalent bond between the electrode and the diazonium
compound. Furthermore, these diazonium compounds can
undergo 1,3-cycloaddition click chemistry reactions to attach
other molecules or functional groups. For example, this can
include the incorporation of electrochemically active species
such as ferrocene,22 which modulates the electrochemical
activity of the sensor improving its performance. The
employment of these strategies over GNRs enables their
covalent functionalization, thereby overcoming the application
limitations associated with these nanomaterials.
Host−guest interactions via supramolecular receptors

improve the performance of electrochemical sensors due to
their enhanced selectivity.23 Macrocyclic receptors used for
this purpose have been extensively studied in the past decade,
with cyclodextrins being the most employed molecules. These
cyclic oligosaccharides consist of six, seven, or eight D-glucose
units bonded via α-1,4- glycosidic linkages, forming a
nonsymmetric toroidal structure with a hydrophilic outer
surface and a lipophilic central cavity of varying sizes.24−26

These structural characteristics make cyclodextrins a highly

selective family of macrocyclic receptors, depending the
recognition of a given analyte not only on the size of the
analyte but also on its solubility properties, enabling them to
form inclusion complexes with a wide range of molecules. β-
cyclodextrin (β-CD), composed of seven D-glucose units, is the
most commonly used due to its abundance in nature.
Moreover, since the beginning of this century, other macro-
molecular receptors, known as cucurbit[n]urils (CB[n]s), have
emerged as a powerful alternative to cyclodextrins in various
applications, including sensor construction.27 CB[n]s (n= 5−
10) are pumpkin-shaped cyclic polymeric synthetic com-
pounds composed of n glycoluryl units. They feature two
symmetrical portals delimited by carbonyl oxygen atoms,
allowing guests to be accommodated within the hydrophobic
cavity.28

High levels of cholesterol in blood lead to cardiovascular
diseases;29 thereby, there has been plenty of research focused
on human cholesterol in comparison to phytosterols, despite
the beneficial properties of this family of compounds, such as
reducing blood cholesterol levels30 or their potential anticancer
properties.31 Phytosterols are molecules with a structure
similar to animal cholesterol, which can be found in vegetables.
Their study has been carried out over the years with good
results, using various techniques, mainly gas chromatography
(GC) and high-performance liquid chromatography (HPLC)
coupled with detectors such as a mass spectrometer (MS).
Other research approaches include Fourier transform infrared
spectroscopy (FTIR), colorimetric assays, and UV−vis spec-
troscopy. The choice of technique for analysis depends largely
on the nature of the sample.32−39 However, these techniques
have several disadvantages, primarily related to expensive
equipment, the need for skilled personnel to handle the
analysis, and the tedious methods required for sample
preparation before analysis. In this regard, electrochemical
techniques represent a promising alternative since they are
more cost-effective, require less complex equipment, and are
suitable for conducting in situ analysis. Numerous articles
demonstrate these advantages, showing the high versatility and
variety of novel electrochemical sensors that enable the
development of platforms specifically designed for different

Scheme 1. Steps of the Sensor Construction and Competitive Assay for Stigmasterol Determination
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analytes. However, the number of studies focused on the
electrochemical determination of phytosterols is limited due to
the lack of electroactivity of these compounds. In this sense, we
have selected one member of this family, stigmasterol (STG),
as a representative phytosterol to demonstrate the ability of
our method for determining this kind of compound. The
method, enabling quantification of analytes with no electro-
chemical response, is based on combining the use of
macrocyclic receptors with the modification of electrodes
with moieties presenting redox activity. The receptors tend to
diminish the electrochemical signal from the moieties
immobilized on the electrode by forming a supramolecular
complex. Then, in the presence of the analyte, competition is
established between the moiety and the analyte for the
receptor cavity. If the receptor’s affinity for the analyte is higher
than for the electrochemical moiety, the receptor will be
released into the solution to form a complex with the analyte,
thereby recovering the electrochemical signal.
Here, we present a novel electrochemical sensor based on

modified GNRs for the analysis of stigmasterol, a non-
electroactive phytosterol, using a surface competitive assay. To
achieve this, (i) GNRs were drop-cast onto a glassy carbon
electrode (GCE) surface and subsequently modified by
electrografting with a diazonium salt (GCE/GNRs/diazo).
(ii) A 1,3-cycloaddition click reaction was then performed to
attach a ferrocene group (Fc), generating a redox signal
(GCE/GNRs/diazo/Fc). (iii) This signal was inhibited when a
supramolecular complex with β-cyclodextrin was formed
(GCE/GNRs/diazo/Fc@β-CD). (iv) The competitive assay
between the analyte, stigmasterol, and ferrocene for the β-
cyclodextrin cavity allowed the recovery of the ferrocene signal,
which is the basis of the application of the sensor.

2. RESULTS AND DISCUSSION
The main goal of the electrode modification was to construct a
supramolecular complex onto the electrode surface with an
electroactive guest. Scheme 1 shows the different steps
followed to prepare the nanostructured electrode surface.
First, the electrode is modified with a GNR suspension (GCE/
GNRs) and left to dry. Afterward, the electrode is immersed in
a diazonium salt solution, previously formed by the reaction
between 4-azidoaniline and sodium nitrite, in which it is
electrografted on the GNR surface (GCE/GNRs/diazo). In
the third step, the azide group attached to the electrode reacts
with the alkyne group of the ethynylferrocene through a “click”
reaction (GCE/GNRs/diazo/Fc). The incorporation of this
ferrocene moiety on the electrode surface can be easily
followed by electrochemical measurements. Ferrocene was
selected as a electrochemical probe as it is a well-known guest
of different macrocyclic receptors. Once the supramolecular

receptor (CB[7], CB[8], or β-CD) was incorporated, leading
to GCE/GNRs/diazo/Fc@CB[n] and GCE/GNRs/diazo/
Fc@β-CD sensors, the electrochemical signal of the ferrocene
was diminished. Finally, after a competitive assay with the
nonelectroactive analyte, stigmasterol, the increase of the
electrochemical signal will allow the analyte determination.

2.1. Effect of the Electrode Nanostructuration and
Click Chemistry on the Electrochemical Signal. We
studied the effects of both electrode nanostructuration with
GNRs and the use of click chemistry for immobilizing the
ferrocene moiety on the electrochemical signal of GCE/
GNRs/diazo/Fc. In Figure 1A, the effect of performing the
electrografting over a GNR-modified GCE instead of onto a
bare GCE is depicted. It can be observed that this step is highly
efficient if it is performed over GNRs. Clearly, we got a higher
Fc amount on the electrode with GNRs (GCE/GNRs/diazo,
voltammogram b) than without GNRs (GCE/diazo, voltam-
mogram a), as can be deduced from the higher oxidation and
reduction signals recorded for the first mentioned system.

These results suggest that the presence of GNRs on the
electrode surface enhances its performance, likely due to
increased electron charge transfer and a larger effective surface
area. To validate these points, we compared the interfacial
electrochemical properties and electroactive surface areas of
the GCE and GCE/GNRs systems.

To evaluate the increase in the electrochemical active surface
area (ECSA) due to the presence of GNRs on the electrode
surface, we recorded cyclic voltammograms using hydro-
quinone (HQ) as the redox probe for GCE/GNRs and GCE
systems at 100 mV/s (Figure S1A). The electrochemical
surface area was determined from the Randles−Sevcik
equation:

I n AD v C(2.6910 )pa
5 3/2 1/2 1/2= (1)

where Ipa is the anodic peak current measured in Figure S1A, n
is the number of electrons (n = 2), A is the electrochemical
surface area, D is the hydroquinone diffusion coefficient (2.3 ×
10−5 cm2 s−1), v is the scan rate (100 mV/s), and C is the
concentration of the hydroquinone (2.5 mM). Under these
conditions, an increase of around 21% in the electroactive
surface was obtained for the GCE/GNRs system. This increase
in area can explain the higher efficiency of the electrografting
process when performed on an electrode modified with GNRs.
Moreover, the interfacial electrochemical properties were
evaluated using electrochemical impedance spectroscopy
(EIS) employing 2.5 mM HQ in a 0.1 M phosphate buffer
pH 7.0 (see Figure S1B). The Nyquist plot for the bare
electrode displays a semicircle followed by a linear segment.
The semicircle corresponds to the electron transfer-limited

Figure 1. (A) Cyclic voltammetry response of (a) GCE/diazo/Fc and (b) GCE/GNRs/diazo/Fc sensors. (B) Cyclic voltammograms recorded
with (a) GCE/GNRs/diazo/Fcads and (b) GCE/GNRs/diazo/Fc. 0.1 M NaClO4. Scan rate = 100 mV/s.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06639
ACS Omega 2024, 9, 39242−39252

39244

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06639/suppl_file/ao4c06639_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06639/suppl_file/ao4c06639_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06639/suppl_file/ao4c06639_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


process, with its diameter indicating the electron transfer
resistance at the electrode interface. The linear segment at low
frequencies represents the diffusion process. In contrast, the
Nyquist plot for the GCE/GNRs shows a straight line,
indicating a significant improvement in charge transfer with a
diffusion-limited transport process being observed.
Next, the effect of immobilizing the Fc group through a click

chemistry reaction was studied. As shown in Figure 1B, the
immobilization of Fc without performing the click chemistry
reaction (GCE/GNRs/diazo/Fcads, voltammogram a), where
Fc is adsorbed but not covalently attached, led to a small and
poor response. This is in contrast to the reversible redox
response recorded with an electrode surface, where Fc groups
have been covalently attached in a more controlled way
(GCE/GNRs/diazo/Fc, voltammogram b).
In order to confirm the reversible behavior for the GCE/

GNRs/diazo/Fc system, we have performed a Laviron analysis,
consisting of recording cyclic voltammograms in NaClO4 0.1
M at different scan rates (v) and plotting E°′−Ep versus ln v
(see Figure S2). In the Laviron equations,

E E
RT
nF

nFv
RTk

lnpc
0

ET
=

(2)

E E
RT

nF
nFv

RTk(1 )
ln

(1 )
pa

0

ET
=

(3)

Ep is either the cathodic or the anodic peak potential, E°′ is
the formal potential, α is the electron transfer coefficient, n is
the number of electrons (n = 1), kET is the electron transfer
rate constant, and R, F, and T have the usual meaning. From
the slope of the linear part of the plot, a α value of 0.51 is
obtained, which is in agreement with the reversible process. In

conclusion, although Fc groups can be adsorbed on the GNRs
in a nonspecific way, the electrografting step is essential for the
subsequent “click chemistry” reaction through which we
incorporate the redox probe (Fc) to the electrode.

2.2. Optimization of the Sensor Construction. Once
we have demonstrated the suitability of nanostructuring the
electrode surface with GNRs and covalently attaching Fc
through click chemistry, we optimized each step of the sensor
construction.

2.2.1. GNR Concentration and Solvent. As the first step in
sensor construction involves the modification of the GCE with
GNRs, it is critical to obtain a homogeneous and well-
dispersed initial suspension of this nanomaterial. The literature
reveals the use of N-methylpyrrolidone (NMP) as one of the
best solvents for GNR dispersion.40 In addition to this solvent,
we evaluated, as a greener option, a mixture of EtOH/H2O
(1:1, v/v). The influence of the solvent employed to prepare
the GNR suspension was studied by following the ferrocene
voltammetric response obtained for sensors prepared with each
GNR suspension (GCE/GNRs-NMP/diazo/Fc and GCE/
GNRs-EtOH-H2O/diazo/Fc). From the results (Figure 2A), a
slightly higher Fc oxidation current was recorded with the
GNRs dispersed in NMP (votammogram a, Ip = 2.7 μA) than
that obtained in EtOH/H2O (votammogram c, Ip = 2.3 μA).
These results seem to indicate that modification of the
electrode with GNRs in NMP allows the adsorption of a
greater amount of Fc groups. However, when the GCE/
GNRs/diazo/Fc system is subjected to supramolecular
complexation, better results are obtained using EtOH/H2O,
as reveals the decrease in Fc signal after the supramolecular
reaction (voltammogram d). This decrease is less pronounced
in the case of using GNRs in NMP (voltammogram b). In

Figure 2. (A) Cyclic voltammetric response of (a) GCE/GNRs-NMP/diazo/Fc, (b) GCE/GNRs-NMP/diazo/Fc@CB[7], (c) GCE/GNRs-
EtOH-H2O/diazo/Fc, and (d) GCE/GNRs-EtOH-H2O/diazo/Fc@CB[7] sensors. (B) Cyclic voltammetric response of (a) GCE/GNRs/diazo/
Fc (0.25 mg/mL GNRs) and (b) GCE/GNRs/diazo/Fc (0.50 mg/mL GNRs) sensors with 0.1 M NaClO4. Scan rate = 100 mV/s.

Figure 3. (A) Influence of the reaction time on the diazonium salt formation: (a) 15, (b) 30, (c) 60, and (d) 70 min. HCl 0.5 M under a N2
atmosphere. T = 4 °C. (B) Influence of the number of CV scans on the diazonium salt electroinjection. Scan rate = 200 mV/s.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06639
ACS Omega 2024, 9, 39242−39252

39245

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06639/suppl_file/ao4c06639_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06639?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


addition, NMP results are difficult to eliminate, leading to a
worse nanostructuration of the electrode surface. Likewise, the
greater amounts of Fc would lead to an excessive proximity
between them, which hinders, to a certain extent, the
formation of the supramolecular complex. Moreover, the
mixture EtOH/H2O presents the advantage of getting dried
much faster than NMP. Therefore, EtOH/H2O (1:1, v/v) was
selected as a solvent.
Next, the amount of GNRs employed to prepare the

suspension in EtOH/H2O was also optimized. As can be
observed in Figure 2B, a lower capacitive current and better-
defined Fc signals are obtained with 0.25 mg/mL GNR
suspensions with respect to those with a higher concentration.
Consequently, the next experiments were performed employ-
ing 0.25 mg/mL GNR suspensions in an EtOH/H2O (1:1, v/
v) mixture.

2.2.2. Diazotization Process. The optimization of the
diazotization step was performed on the basis of different
procedures previously reported.41−43 We studied both the time
required for achieving the reaction between 4-azidoaniline and
NaNO2 and the optimum number of cyclic voltammetric scans
to generate and covalently attach the aryl radical of the
diazonium salt onto the surface.
First, 4-azidoaniline and NaNO2 were let to react for 15, 30,

60, or 70 min, and as before, the Fc electrochemical signal after
the click reaction was used to test the effect of this variable.
Figure 3A shows that Fc current increases while increasing the
reaction time from 15 to 30 min, but longer times do not lead
to higher Fc signals. Therefore, we kept 30 min for further
experiments.
Next, we scanned the potential between 0.1 and −1.0 V

during 10 cycles at 200 mV/s (see Figure 3B). The decrease of
the reduction wave at −0.7 V with successive cycles confirms
the electrochemical grafting of the diazonium salt on the
surface. From the results, it is established that 10 scans are
enough to ensure that the electrografting process is complete,
and no more salt can be electroinjected.

2.2.3. Click Chemistry Reaction. Different parameters
involved in the “click chemistry” reaction (i.e., ethynyl-Fc
concentration, the ratio EtOH/H2O employed as a solvent,
and the incubation time) were studied. Figure 4A shows the
influence of the ethynyl-Fc concentration when it was varied
between 0.3 and 1.0 mM. As the 0.3 mM concentration
allowed the highest Fc current, it was selected for the rest of
the experiments. In order to confirm this point, we also tested
0.2 mM, observing a slight decrease compared to 0.3 mM (data
not shown).
Due to the different solubilities of the reagents involved in

the click reaction, the relation of both solvents (EtOH and
water) was tested as depicted in Figure 4B. The best response
was obtained when the reaction was performed with an EtOH/
H2O 4:1 (v/v) ratio.
Finally, the incubation time for this click reaction was also

studied by varying the time during which the GCE/GNRs/
diazo dispersion was immersed in the ethynyl-Fc solution in
the presence of the reducing agent (ascorbic acid) and the
catalyst (Cu I). As depicted in Figure 4C, the number of Fc
groups attached on the electrode surface increases until 18 h as
can be concluded from the increase of the oxidation Fc current
recorded in the experiments, diminishing for higher times.
For a clear overview of the sensor preparation procedure, the

optimized parameters and optimal conditions for obtaining a
highly sensitive sensor are summarized in Table S1.

2.2.4. Supramolecular Complex Formation. The last step
in electrode surface nanostructuration is the on-surface
supramolecular complex formation. To this end, different
macrocyclic receptors, i.e., CB[7], CB[8], and β-CD, were
assayed as hosts of the Fc moiety. The experiments were
performed as follows: the GCE/GNRs/diazo/Fc sensor was
immersed into the corresponding aqueous receptor solution,
and the Fc oxidation current was monitored, at regular
intervals of time from 0 to 24 h. To better monitor the signal
changes and increase the sensitivity of the method, we
employed differential pulse voltammetry for these and further
experiments.

Figure 5A summarizes the results of such a set of assays. As
observed, the results are similar, irrespective of the macrocyclic
used as all three are good Fc hosts. In all cases, the Fc signal
decreases quickly in the presence of the receptor and remains
constant after 7−8 h. Both CB[8] and β-CD lead to the
minimum Fc signal, which is the most favorable situation for
the competitive assay. As β-CD is cheaper and quite better
soluble in water than CB[8], it was employed for the sensor
preparation and for the competitive assay with stigmasterol.
Figure 5B displays the DPV measurements after the supra-

Figure 4. GCE/GNRs/diazo/Fc response for sensors prepared
employing (A) different ethynyl-Fc concentrationss, (B) different
ratios of the EtOH/H2O solvent, and (C) different incubation times
of the GCE/GNRs/diazo electrode in the 1.0 mM ethynyl-Fc
solution. Scan rate = 100 mV/s.
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molecular complexation event (23 h of immersion time) for
the three receptors employed. As no Ip variation was produced
for immersion times longer than 18 h, this value was selected
for the rest of the experiments.
Finally, the charge transfer behavior of GCE/GNRs/diazo/

Fc before and after being complexed with β-CD was studied by
CV and EIS using NaClO4 0.1 M as an electrolyte. As can be
seen in the Nyquist plot displayed in Figure S3B, the GCE/
GNRs/diazo/Fc shows a linear segment with a slope higher
than one, characteristic of adsorbed species. As evidenced by
both the diminution of the response in the CV (Figure S3A)
and the semicircle observed in the Nyquist plot (Figure S3B)
for the GCE/GNRs/diazo/Fc@β-CD system, the encapsula-
tion of the Fc in a hydrophobic environment hinders the
charge transfer.
2.3. Morphological Characterization of the Building

Steps in the Sensor Construction. We have characterized
by scanning electron microscopy (SEM) the morphology of
the electrode surface after each building step of the sensor
(Figure S4). In Figure S4A is displayed a low-magnification
image of the drop-cast GNR solution on the GCE surface. A
wide size distribution of the GNRs features is obtained, with
size from a few nanometers up to ∼10 μm. The darkest
structures, which display perimeters with well-defined angles,
likely correspond to thin GNR layers. This is supported by the
atomic force microscopy (AFM) image of the same sample
shown in Figure S5, which displays topographical and phase-
contrast images on a given area of the sample. The GNR flake
is clearly observed in the phase-contrast image. In contrast, in

the topographical image, this structure is not apparent, which is
due, likely, to its extreme thinness as well as to the GCE
surface roughness.

Figure S4B−D also shows characteristic high- (insets) and
low-magnification images of the different building steps
(GCE/GNRs/diazo, GCE/GNRs/diazo/Fc, and GCE/
GNRs/diazo/Fc@β-CD, respectively). The images show that
no substantial changes are induced along the building process,
as the wide size distribution and morphology of the GNRs
structures are similar. It is worth noting that the organic
material deposited in these steps is difficult to detect by SEM
due to the relatively high electron energy employed in the
measurements.

Because of this lack of contrast by SEM imaging, we have
studied these samples by AFM. Due to the wide GNR size
distribution, we have to look for small GNRs flakes that can be
reliably measured. Figure 6A shows a large scan of the GCE/
GNRs/diazo/Fc sample. In the top right corner, a thick (>350
nm) GNR structure is observed. Its surface looks rather flat. In
order to better asses the surface morphology of the flakes, the
inset of Figure 6A shows a detail of one flake (placed at the
right half of the inset) together with the surface profile along
the white solid line. The flake is just 3 nm thick, and its surface
shows corrugations below the nanometer.

It should be noted that similar features were found for the
GCE/GNRs/diazo sample. In this system, we performed force
curve studies on top of the modified GNR flakes with the aim
to assess the diazo layer thickness formed on the surface. These
curves display the cantilever deflection (vertical axis) as the tip
approaches the surface from the right of the horizontal axis and
contacts it, and the tip further presses on the surface. We have
made a similar analysis, with the same tip, on the GCE and
GCE/GNRs surfaces as the stiff references. The results are
plotted in Figure 6B. The curves present a horizontal region at
the right, indicating that the tip is far from the surface and
there is no interaction between them (i.e., there is no cantilever
deflection). Then, moving to the left, the deflection goes
downward due to the van der Waals tip−sample interaction,
indicating that the tip is close to the surface. Then, the
deflection begins to increase sharply because the tip touches
the surface and the repulsive interaction operates. For the GCE
and GCE/GNRs surfaces from the contact point to the left, the
behavior is a straight line, indicating that both surfaces are
stiffer than the cantilever. In contrast, for the GCE/GNRs/
diazo surface, once the tip contacts the surface, there is,

Figure 5. (A) Ip recorded with the GCE/GNRs/diazo/Fc after
different incubation times in CB[7] (black line), CB[8] (red line),
and β-CD (blue line) solutions. (B) Differential pulse voltammograms
of GCE/GNRs/diazo/Fc before (voltammogram a) and after 23 h of
incubation in CB[7] (voltammogram b), CB[8] (voltammogram c),
and β-CD (voltammogram d).

Figure 6. (A) AFM image of the GCE/GNRs/diazo/Fc system, showing a large and thick GNR structure at the top right. Inset: high-magnification
image of a 3 nm-thick GNR flake whose profile along the white solid line is also depicted. (B) Force curves obtained with the same cantilever on
GCE (green), GCE/GNRs (black), and GCE/GNRs/diazo (red). The thickness of the diazo layer is 3 nm as indicated. In the plot are indicated
the different tip−sample interaction regimes, namely, no interaction, attractive van der Waals, contact point, and repulsive region.
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initially, a certain curved region before reaching the linear
dependence with the same slope as that observed for GCE and
GCE/GNRs. The curved region corresponds to the tip
sampling the soft diazo layer, whereas once the tip has gone
through this layer, the linear regime is attained, as the tip is
already interacting with the stiffer GCE or GCE/GNRs. This
fact makes that the constant slope regime of the force curve for
the GCE/GNRs/diazo shifts leftward with respect to that of
GCE and GCE/GNRs. This shift of 3 nm is the thickness of
the soft diazo layer. This value agrees with previous reports of
multilayer deposition.41,44−46

Figure 7A shows a characteristic AFM image of the general
morphology of the GCE/GNRs/diazo/Fc@β-CD system. The

background shows the surface of the polished GC electrode, in
which some parallel lines are observed, which are due to the
initial treatment. Scattered on the surface are found relatively
flat flakes (see the bottom part and the bottom left part of the
image). They present different tiltings with respect to the GCE
surface. Figure 7B shows a close view of two of these flakes
observed at the bottom of Figure 7A.
Figure 7B suggests that the surface of the flakes presents a

certain structure in contrast to those of the previous systems.
This fact is confirmed when a single flake is imaged (Figure
7C). Clearly, this figure shows that the flake surface is covered
by a layer of globular structures, which was absent when the
flake was modified with diazo and Fc (see the inset in Figure
6A). Accordingly, the surface roughness of the flake increases

with respect to that of the bare GNR flakes (around 0.5 nm,
see ref 41) up to 2.2 nm). Now, corrugations up to 4−5 nm
high can be measured on top of the flakes (Figure 7E), while in
the GCE/GNRs/diazo/Fc, they were below 1 nm. Here, it is
important to stress the fact that the load applied by the tip
during the imaging process can affect the visualized surface.
This is exemplified by Figure 7C,D that corresponds to the
same flake imaged at low (Figure 7C) and high forces (Figure
7D). When a low force is employed, the globular structures are
clearer. However, when a higher force is applied, these
structures become blurred and wider. This is due to their soft
character that allows their deformation and distortion under
the tip load. Accordingly, the surface roughness of the same
flake reduces to 1.4 nm. The effect of the applied force on the
morphology is better appreciated in Figure 7E where the
surface profiles along the same locations of the flake for both
load conditions are plotted. That one obtained at low force
shows a richer morphology with higher roughness and lateral
resolution. These results evidence the soft nature of this layer.
These structures can be ascribed, due to the small size of the
ferrocene, to β-CD. The size of the globular imaged structures,
in the 6−8 nm range, is larger than that of one β-CD molecule.
This is explained by the tendency of CDs to aggregate leading
to larger structures.47 Finally, it should be noted that when the
surface is imaged again at a low tip load, the globular structures
recover their initial appearance, which indicates that the
aggregate was deformed elastically and not plastically.

2.4. Evaluation of the GCE/GNRs/diazo/Fc@β-CD
Sensor Response toward Stigmasterol Concentration.
Finally, we evaluated the ability of the dispersion to
electrochemically respond to nonelectroactive compounds. In
this case, stigmasterol was selected as the analyte for the
competitive assay. First, we studied the incubation time
required for recovery of the Fc signal. To this end, the GCE/
GNRs/diazo/Fc@β-CD sensor was submerged in a 750 μM
STG solution at various times. Figure 8A shows how, from the
response of the GCE/GNRs/diazo/Fc@β-CD dispersion
(voltammogram a), the increase of the incubation time led
to the progressive recovery (voltammograms c, d, and e) of the
initial GCE/GNRs/diazo/Fc signal (voltammogram b). From
the results, 30 min was enough for the competitive assay to
take place and, therefore, selected to evaluate the response of
the dispersion toward different STG concentrations.

In these conditions, we found that the recovery of ferrocene
signal increased linearly with stigmasterol concentration in the
200−750 μM concentration range, according to the equation
(I/I0) 100 = (0.07 ± 0.01) [STG] μM + (35 ± 6), r = 0.97
(Figure 8B), where I0 and I are the intensity obtained with
GCE/GNRs/diazo/Fc@β-CD before and after incubating in
increasing concentrations of stigmasterol, respectively. From
the results, detection and quantification limits of 60 and 198
μM were obtained, respectively.

The accuracy and precision (in terms of repeatability and
reproducibility) of the proposed methodology were evaluated
at different stigmasterol concentration levels in the linear
range. As shown in Table 1, relative errors (Er %) lower than
7.1% and relative standard deviation (RSD %) values lower
than 7.1 and 9.8% for repeatability and reproducibility were
obtained, respectively. Recoveries, higher than 92.9% are also
included in the table. Finally, the high stability of the sensor
over time (82% of the initial ferrocene signal is maintained
over 30 days) confirms the strong ferrocene covalent grafting
on the electrode.

Figure 7. AFM images of the CGE/GNRs/diazo/Fc@β-CD system.
(A) 4 × 4 μm2; (B) 500 × 500 nm2 image showing two flakes. (C,D)
300 × 300 nm2 images of a single flake obtained at low (C) and high
(D) loads. (E) Surface profiles along the white solid lines depicted in
(C) and (D).
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As mentioned above, only a scarce number of electro-
chemical sensors for stigmasterol determination can be found
in the literature due to its lack of electroactivity. In particular,
to the best of our knowledge, only one study involving the
employment of β-cyclodextrins in the sensor construction has
been published.32 In contrast, other methods requiring more
complex instrumentation, such as gas chromatography (GC)
and high-performance liquid chromatography (HPLC)
coupled with various detectors, have been employed to this
end.33,35−39 In Table S2, a comparison of the linear
concentration range, the detection limits, and the reproduci-
bility obtained with different methods is presented. As can be
observed, our developed method presents a comparable linear
concentration range and reproducibility to others, with the
advantages of being more cost-effective, requiring less complex
equipment and not needing sample preparation. Although a
higher detection limit is obtained, it is sufficient for achieving
phytosterol determination, considering the typical concen-
tration of these compounds in real samples.
Finally, we selected two compounds with similar size and

polarity characteristics, amantadine and cholesterol, to be
evaluated as potential interferences in the determination of
stigmasterol. For this, increasing concentrations of the
interferent were added to a solution containing 250 μM
STG. To be considered an interferent, the compound had to
produce a change in the initial signal equal to or greater than
10%. For amantadine, no interference is produced up to a
concentration 5-fold higher than that of STG. Under these
conditions, a variation of 7% occurs. In the case of cholesterol,
interference is produced at a 1:1 ratio of cholesterol-to-STG
concentration.

3. CONCLUSIONS
In this work, we have demonstrated the role that both click
chemistry and supramolecular chemistry can play in the
electrochemical sensor field for applications related to the
determination of nonelectrochemically active analytes. The
preparation of a nanostructured electrode surface based on

chevron-like graphene nanoribbons functionalized by electro-
grafting of a diazonium salt allowed us the covalent attachment
of a ferrocene moiety, which plays a double role: providing a
redox signal and acting as a host for the receptor leading to an
on-surface supramolecular complex. Among the different
macromolecular receptors assayed to this end, namely,
CB[7], CB[8], and β-CD, the latter one showed the best
performance for the complete sensor design (GCE/GNRs/
diazo/Fc@β-CD). AFM images of the CGE/GNRs/diazo/
Fc@β-CD surface reveal flakes ascribed to GNRs covered by a
layer of globular structures of aggregated β-CDs. These
aggregates were elastically deformed by the tip. The proposed
strategy, based on a competitive assay, allowed us to develop
an electrochemical method for detecting the nonelectroactive
compound stigmasterol at the 60 μM level with very good
accuracy and precision (Er < 7.1% and reproducibility as RSD
< 9.8%, respectively). The developed methodology offers a
promising alternative to other conventional methods due to its
cost-effectiveness, potential for miniaturization enabling in situ
analysis, and the requirement for less complex equipment.

4. EXPERIMENTAL SECTION
4.1. Reagents. Phenanthrene-9,10-quinone, 1,3-diphenyla-

cetone, N-bromosuccinimide (NBS), diphenylacetylene, bis-
(1,5-cyclooctadiene) nickel(0) (Ni (COD)2), iron trichloride,
sodium perchlorate, cholesterol, amantadine, 4-azidoaniline,
ascorbic acid, ethynylferrocene (ethynyl-Fc), cucurbit[n]urils
(n = 7 and 8, denoted as CB[7] and CB[8], respectively), and
β-cyclodextrin (β-CD) were obtained from Sigma-Aldrich.
Ethanol absolute (EtOH) (99%), N-methylpyrrolidone
(NMP), copper sulfate pentahydrate, and sodium nitrite
were purchased from Scharlab S.L. All reagents were of
analytical grade and used without further purification.
Ultrapure water was obtained from a Milli-Q system of
Merck Millipore.

4.2. Apparatuses. The electrochemical measurements
were carried out with an Autolab PGSTAT 302N potentiostat
employing Gpes software (both from Metrohm Autolab)
equipped with a frequency response analyzer (FRAII).

Atomic force microscopy (AFM) data were obtained with a
Nanoscope IIIa system (Veeco) operating in dynamic mode
(intermittent contact mode). Contact mode was discarded
because of the soft character of some of the materials involved
in sensor construction. Accordingly, silicon cantilevers
(Bruker) with a relatively low force constant (1−5 N/m)
were employed with the aim to image these soft surfaces, such

Figure 8. (A) Differential pulse voltammograms recorded with GCE/GNRs/diazo/Fc@β-CD before (a) and after a given incubation time (c,d,e)
in a solution of 0.1 M HClO4 containing [STG] = 750 μM. The response obtained for GCE/GNRs/diazo/Fc is also included (b). (B) Recovery of
the Fc signal after incubating GCE/GNRs/diazo/Fc@β-CD for 30 min in increasing concentrations of stigmasterol (250, 350, 500, and 750 μM).
Each concentration was measured three times (n = 3).

Table 1. Er % (n= 3), RSD % (n = 3), and Recovery Values
for the Developed Method at Different STG Concentrations

[STG]
(μM)

Er
(%)

repeatability RSD
(%)

reproducibility
RSD (%)

recovery
(%)

350 7.1 5.9 4.3 92.9
500 7.0 4.5 2.3 93.0
750 3.5 7.1 9.8 96.5
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as the cyclodextrin structures. In this sense, low free
amplitudes were used in order to minimize the tip−sample
interaction and, thus, to reduce the extent of the distortion of
the soft structures during the imaging process. The images
were composed of 512 pixels × 512 pixels. The scan rate was
∼1 Hz. The nominal cantilever radius was ∼8 nm.
We also performed force curve studies on top of the GNR

structures on some systems. In this case, we employed an
Agilent 5500 (PicoPlus) microscope that operates in the
intermittent contact mode but that allows to perform force
curves on selected spots of the image. We want to note that we
mainly addressed these studies to relatively small flakes since
when larger, rougher ones were visualized, the tip became
damaged to some extent that avoided reliably imaging the flake
surface.
SEM measurements were done with NOVA NANOSEM

230 equipment (FEI) and using a low-voltage and high-
contrast detector (vCD). The landing electron beam energy
was 3−4 keV.
A Bandelin Sonopuls ultrasonic probe was used for the

preparation of the graphene nanoribbon suspension.
4.3. Procedures. 4.3.1. Chevron-like Graphene Nano-

ribbon Synthesis. GNRs were synthesized according to
previously reported protocols.15,17,41 Briefly described, after
bromination of phenanthrene-9,10-quinone with n-bromosuc-
cinimide, a condensation step with 1,3-diphenylacetone, and a
reaction with diphenylacetylene, a monomer was obtained. In
the next step, GNRs were obtained by Ni (COD)2-promoted
polymerization of this monomer followed by FeCl3-promoted
cyclodehydrogenation. Finally, a 0.25 mg/mL GNR suspension
was prepared in EtOH/H2O 1:1 (v/v) and treated with an
ultrasonic probe during 2 min with a 70% amplitude.

4.3.2. Electrochemical Sensor Preparation. The GCE/
GNRs/diazo/Fc@β-CD-modified surface was prepared by
successive modifications steps, as described below.

4.3.2.1. GCE/GNRs Preparation. The GCE surface was
polished with an alumina powder (0.3 μm), sonicated
alternatively in water/ethanol for 3 min, and dried with a N2
stream. Next, it was modified by drop casting with 10 μL of the
GNR suspension and dried in an oven at 70 °C during 1 h.
The morphological and structural characterization of GCE/
GNRs was reported in previous works.15,41

4.3.2.2. GCE/GNRs/diazo/Fc: Electrografting and “Click
Chemistry” Reaction. The functionalization of the GCE/
GNRs with a ferrocene group was carried out by electro-
grafting of a diazonium salt followed by a click chemistry
reaction42 with ethynylferrocene. For this click reaction to
occur, the presence of an azide group exposed to
ethynylferrocene is necessary. Therefore, the diazonium salt
was prepared from diazotization of azidoaniline as follows: 250
μL of sodium nitrite (0.2 M) was added to a N2-purged 4-
azidoaniline solution (5.9 mM) prepared in HCl 0.5 M (10
mL) and thermostated at 4 °C. This mixture was let to react
during 30 min under a nitrogen atmosphere. Next, the
electrografting on the GCE/GNRs surface was produced by 10
successive cyclic potential scans from 0.1 to −1.0 V at 200
mV/s in the diazonium salt solution. This procedure led to
covalent attachment of the corresponding aryl radical on the
GNR surface (GCE/GNRs/diazo).
The latter GCE/GNRs/diazo modification was performed

by click chemistry through the azide group and the alkyne
group of the ethynylferrocene. This reaction was catalyzed by
Cu(I) ions. To this end, the GCE/GNRs/diazo system was

submerged in a solution containing a mixture of 4-
ethynylferrocene (0.3 mM) in EtOH/H2O (4:1), CuSO4
(0.6 mM), and ascorbic acid (3 mM), during 18 h. After the
incubation time, the resulting system, denoted as GCE/GNRs/
diazo/Fc, was sonicated in EtOH/H2O for 1 min to remove
the ferrocene that was adsorbed but not covalently attached.

4.3.2.3. GCE/GNRs/diazo/Fc@β-CD: Supramolecular Inter-
action. Once the electrode was functionalized with the
ferrocene group, the interaction with the supramolecular
receptor was carried out by dipping the electrode into the
corresponding solution (β-CD = 0.6 mM) for 18 h. The
supramolecular complex formation was monitored by the
decrease of the Fc electrochemical signal with time until it
attained a constant minimum value. This procedure was also
employed when other supramolecular receptors, such as CB[7]
or CB[8], were evaluated.

The GCE/GNRs/diazo/Fc@β-CD surface was visualized by
AFM. The samples for AFM and SEM measurements were
prepared in the same way described above but by employing
glassy carbon rod surfaces.

4.3.2.4. Electrochemical Measurements. The electro-
chemical measurements were performed with a three-electrode
cell incorporating a GCE/GNRs/diazo/Fc@β-CD as a work-
ing electrode, a Ag/AgCl/KCl (3M) reference electrode, and a
platinum wire as the counter electrode. Cyclic voltammetry
(CV) measurements were recorded at 100 mV/s from −0.25
to 0.90 V, except for the diazotization procedure (CVs
recorded at 200 mV/s from 0.10 to 1.0 V). Differential pulse
voltammetry (DPV) measurements were carried out from 0.0
to 0.70 V in 0.1 M sodium perchlorate as the supporting
electrolyte. The scan rate and the pulse amplitude employed
were 30 and 90 mV, respectively.

4.3.2.5. Evaluation of the Sensor Response: Competitive
Assay. The evaluation of the sensor response toward
stigmasterol was performed by following the electrochemical
signal of the ferrocene group, and it was based on the different
affinity of the supramolecular receptor (CB[7], CB[8], or β-
CD) for the redox probe (ferrocene) and the analyte
(stigmasterol). The electrochemical response of the ferrocene
group in the GCE/GNRs/diazo/Fc system was clearly
diminished when the supramolecular complex between
ferrocene and the corresponding supramolecular receptor
was formed. After immersion of the sensor in a solution
containing stigmasterol, a new complex between stigmasterol
and the supramolecular receptor was formed, and the
electrochemical signal of ferrocene clearly increased.
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