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Abstract

This paper reports on the development of an amperometric method for the determination of myo-inositol. The method involves
coating of a glassy carbon electrode (GCE) with a molecularly imprinted polymer (MIP) and reduced graphene oxide (RGO) that
was modified with nickel nanoparticles (NiNPs). The MIP was prepared by electropolymerization of pyrrole on the surface of the
GCE in the presence of myo-inositol molecules. The construction steps of the modified electrode were monitored via cyclic
voltammetry, atomic force microscopy, scanning electron microscopy and X-ray Photoelectron Spectroscopy. The results were
evaluated using differential pulse voltammetry, in which hexacyanoferrate was used as an electrochemically active probe. Under
optimized experimental conditions, the imprint-modified GCE has a linear response in the 1.0 x 10 ' mol L' to 1.0 x 10™® mol
L' concentration range, with a 7.6 x 10""! mol L™" detection limit and an electrochemical sensitivity of 4.5 pA-cm™ pmol .
The method showed improved selectivity even in the presence of molecules with similar chemical structure. The GCE modified
was successfully applied to the determination of myo-inositol in sugarcane vinasse where it yielded recoveries that ranged from
95 to 102%.

Keywords Molecularly imprinted polymer - Metallic nanoparticle - Pyrrole - Electropolymerization - Electrochemical
determination - Polyol compounds

Introduction

Myo-inositol is a cyclic polyalcohol found in animals,
plants, seeds, fungi and some bacteria [1]. Its benefits to
human health include treatment and prevention of anxiety
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[2, 3], dietary supplement for the promotion of female
fertility [4], besides playing an important role in monitor-
ing the treatment of cardiovascular diseases [5], Alzheimer
[6], diabetes and renal disease [7].

Several methods have been used in the determination of
myo-inositol, including chromatographic methods such as
gas chromatography/mass spectrometry (GC-MS) [8], high
performance liquid chromatography (HPLC) [9], liquid chro-
matography tandem-mass spectrometry (LC-MS/MS) [10]
high-performance anion-exchange chromatography with
pulsed amperometric detection [11, 12]. As can be noted, no
reports have been published in the literature regarding the use
of electrochemical methods for direct determination of myo-
inositol.

While the methods reported in the literature offer relatively
good selectivity and low detection limit for myo-inositol, they
present some disadvantages such as high cost of equipment
and time-consuming sample pretreatment apart from requiring
the use of well-trained professionals to operate them. By con-
trast, electrochemical assays involve a fast, reliable, simple
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and low-cost determination mechanism with high sensitivity
and selectivity. In addition, this method is widely applied in
medical, biological and environmental analyses [13—16].

Although myo-inositol is known to be electroactive, the
direct oxidation of myo-inositol does not exhibit significant
current at a conventional glassy carbon electrode (GCE). On
the other hand, for electrodes modified with metal nanoparti-
cles (such as Ni, Cu and Au), oxidation occurs in alkaline
medium [13]. These conditions do not guarantee selectivity
of the electrode, since other molecules such as amino sugars,
alditols, and acidic sugars tend to cause interference in the
process.

To tackle this problem, researchers have developed a com-
bination of nanomaterials with molecular imprinting technolo-
gy, thus incorporating the selectivity feature into the construc-
tion of nanomaterial-based electrodes [14]. Usually, for the for-
mation of molecular imprinting polymer (MIP), a monomer is
polymerized in the presence of the molecule of interest.
Subsequently, this molecule is removed from the polymer ma-
trix leaving cavities tailored for further recognition.

Many studies show that the combination of MIP with
nanomaterials can increase the electrochemical signal, as it is
the case of reduced graphene oxide (RGO) and nickel nano-
particles (NiNP) [15, 16]. Nickel nanoparticles have high con-
ductivity, fast electron transfer and good stability and low cost
[17]. RGO is a derivative of graphene that possesses excellent
electrical conductivity and high surface area, apart from hav-
ing several functional groups found to be essentially important
for its functionalization [18]. The introduction of nickel nano-
particles onto RGO sheets helps to prevent the nanoparticles
from undergoing agglomeration, due to the peculiar structure
of RGO. In addition, the use of RGO provides a greater num-
ber of sites for the deposition of nanoparticles. One will note,
however, that the high surface area exhibited by these modi-
fied electrodes contributes to a better electropolymerization,
since more sites to form the complementary cavities of the
molecule of interest are formed.

Among the wide range of methods employed for the prep-
aration of molecularly imprinted polymer (MIP), one can
mention free radical polymerization, photopolymerization,
and electropolymerization [18]. Electropolymerization has ad-
vantages over other methods in that it allows one the possibil-
ity of controlling the thickness of the electrodeposited film and
its morphology, this can be achieved through controllable pa-
rameters, such as applied potential difference and cyclic scan.
In view of that, we chose the mechanism involving
electropolymerization of polypyrrole (PPy) for the develop-
ment of our method as a result of its stability, excellent bio-
compatibility, ease of preparation and good conductivity [19].
A further advantage associated with the use of PPy is its ability
to incorporate anions into its polymer structure during
electropolymerization, rendering myo-inositol easily
imprinted for subsequent molecular recognition [20].
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After its construction, the modified electrode was applied
for the determination of myo-inositol in sugarcane vinasse
sample. Sugarcane vinasse was chosen because it is a highly
complex matrix that contains several molecules which are
similar to myo-inositol. Some molecules found in sugarcane
vinasse that deserve mentioning include D-mannitol, glycerol,
L-arabitol and erythritol. Clearly, the presence of these mole-
cules makes sugarcane vinasse interesting for the evaluation
of selectivity Moreover, the concentration of these compounds
in the matrix can reach up to 0.115 g L' [21]. Biorefineries
make the reutilization of these compounds possible in addition
to contributing towards aggregating value to them. The afore-
mentioned benefits of myo-inositol makes it suitable for ap-
plication in the pharmaceutical industry.

The present work reports the development of an electro-
chemical method for the determination of myo-inositol. To
this end, nickel nanoparticles anchored on reduced graphene
oxide were electrodeposited on GCE. After that, the
electropolymerization of PPy and myo-inositol was per-
formed on the modified NiNP/RGO-GCE for the formation
of molecularly imprinted polymer. All the steps involving the
development of the electrode were carried out electrochemi-
cally and under optimized conditions The method showed
good stability, reproducibility, rapid construction and selectiv-
ity for the determination of myo-inositol in sugarcane vinasse
sample.

Experimental
Materials and instruments

Pyrrole (purity: > 98%), myo-inositol (purity: > 98%), potas-
sium ferricyanide (K;[Fe(CN)g], purity: 99%), nickel sulfate
and graphene oxide (GO, purity: > 95%) were purchased from
Sigma—Aldrich (http://www.sigmaaldrich.com). Potassium
chloride, potassium dihydrogen phosphate, dipotassium
hydrogen phosphate, lithium perchlorate and sodium sulfate
were employed as supporting electrolyte and were also
purchased from Sigma—Aldrich. The redox solution applied
as probe was 5.0 x 103 mol L' K3Fe(CN)g in 0.10 mol L™!
KCI. Phosphate buffer (PB, 0.10 mol L™") of pH 6 was used as
the rebinding solution to myo-inositol.

Electrochemical voltammetric measurements were per-
formed using a potentiostat Autolab PGSTAT30 coupled
to a microcomputer that records and stores data using the
control software Nova 1.11. A conventional electrochem-
ical cell with three electrodes was used, Ag/AgCl (KCI
3.0 mol L") being the reference electrode, platinum wire
as the auxiliary electrode, and a galssy carbon electrode (GCE),
with diameter of 3.0 mm, as working electrode. To carry out the
measurements via differential pulse voltammetry (DPV), the
following conditions were applied: pulse amplitude of
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50 mV, pulse time of 100 ms, potential step of 2 mV
and scan rate of 10 mVs™'. A magnetic stirrer was used
for convective transport when necessary. All experi-
ments were carried out at room temperature.

Cleaning procedure for GCE

The GCE electrode was polished with 0.30 wm alumina pow-
der on a felt and electrochemically polished by successive
scans at potential range of —0.50 to +1.5 V in 0.50 mol L ™"
H,S0,4 at 50 mVs ' until voltammogram cyclic characteristics
of a cleaned GCE were obtained.

Preparation of RGO-GCE

The RGO was eletrodeposited on GCE as reported in previous
works by the authors [22]. Briefly, 0.50 mg mL ™" of graphene
oxide suspension (acquired from Sigma Aldrich) was dis-
persed in 0.10 mol L' Na,SO,, used as supporting electro-
lyte. For the electrodeposition process, the potential applied
was —1.5 V for 600 s. The electrode was subsequently dried at
room temperature.

Preparation of NiNP on RGO-GCE

Following the drying of the RGO, NiNP was prepared as
previously reported [23]. The NiNP was electrodeposited onto
the RGO in solution containing 5.0 x 10> mol L™" NiSO, in
0.10 mol L ™! Na,SO,. The film was deposited under a con-
stant potential of —1.3 V, using chronoamperometry with
charge controller, the process continued until the charge of 5
mC was reached as demonstrated in SI, Fig. S1.

Preparation of imprinted myo-inositol

The MIP was prepared by cyclic voltammetry (CV) in the
range of 0.0 V to 1.0 V at 50 mV s™' for 10 cycles in
0.10 mol L™ LiClO4 solution containing 7.0 x 10~ mol L™"
myo-inositol and 2.5 x 102 mol L™" pyrrole. The MIP mod-
ified electrode was denoted as MIP/NiNP/RGO-GCE.

For the formation of imprinted cavities, the MIP/NiNP/
RGO-GCE was overoxidized in solution of 0.10 mol L™
NaOH using CV. The CV employed here ranged from 0.0 V
to 1.8 Vat 50 mV sfl, the process lasted until the stabilization
of the current, which occurred in the 8th cycle. This mecha-
nism enables the removal of myo-inositol trapped in the poly-
mer matrix, thus forming cavities. These cavities exhibit the
same size and shape, and are capable of interacting with the
same positioning of the functional groups of the template
molecule. Non-imprinted polymer modified electrode (NIP/
NiNP/RGO-GCE) used as control was prepared under the
same aforementioned experimental conditions without adding
myo-inositol.

Experimental measurements

To rebind the target molecule prior to performing electro-
chemical measurements, the MIP/NiNP/RGO-GCE was im-
mersed in a PB (pH 6.0) containing 5.0 x 10~ mol L™" of
myo-inositol under mildly magnetic stirring at 500 rpm for
20 min. The electrode was then washed carefully with distilled
water to remove the physisorbed compounds. After that, the
electrode MIP/NiNP/RGO-GCE was used as working elec-
trode in a three-electrode conventional cell. Solution of
5.0% 107> mol L™! [Fe(CN)s]>"* in 0.10 mol L' KCI was
used as an electrochemical active probe to evaluate the perfor-
mance of the electrode. This probe was chosen due to the poor
electroactivity of myo-inositol under neutral pH. When the
imprinted cavities are formed, they can provide pathway for
the diffusion of the probe. When myo-inositol are rebound in
these complementary cavities, they block the transfer of elec-
trons from the [Fe(CN)s]>"*~ probe to the electrode sur-
face. In this sense, the electrochemical signal intensity is
found to be related to myo-inositol concentration. As a
result, all the electrochemical experiments were carried
out in 0.1 mol L' KCI containing 5.0 x 10> mol L™
[Fe(CN)6]37/47 using different electrochemical techniques,
including CV and DPV.

The analytical data were obtained based on the varia-
tion of the current. The current shift (AI) was calculated
taking into account the oxidation peak currents before and
after the combination of the cavities formed with myo-
inositol. After each experimental run, the MIP/NiNP/
RGO-GCE was cleaned by immersing the electrode in
0.10 mol L™" NaOH with CV scanning between 0.0 and
1.8 V until stabilization of cycles. The electrode was
reused after this cleaning process.

The figures of merit including limit of detection (LOD),
limit of quantification (LOQ) and amperometric sensitivity
(As) were calculated. LOD and LOQ were calculated accord-
ing to the equation LOD =3.3 SD/S and LOQ =10 SD/S,
where SD is the standard deviation of the intercept, and S is
the slope of the calibration curve.

To study the morphology of the original surface, scanning
electron microscope with field emission gun (SEM-FEG) of
Jeol, model JSM 7500F was used. Furthermore, atomic force
microscopy (AFM) of Bruker nanoscope V, operating in tap-
ping mode with 256 x 256 pixels resolution and scan rate was
2.0 um s ' was also used to characterize the surface. For the
monitoring of chemical interactions of the surface, X-ray
Photoelectron Spectroscopy, XPS, model commercial spec-
trometer (UNI-SPECS UHYV) were used. The analysis was
performed at a pressure of less than 10~’ Pa. Here MgK« line
was employed (v = 1253.6 e¢V) and the analyzer pass energy
was set to 10 eV. Shirley’s method was used to substract the
core-level spectra of the inelastic background of Nils, N1 s,
Ols and Cls electron. The composition (in %) was
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determined by Scofield’s sensitivity factors of the elements
with an accuracy of £10% based on the ratio of the corrected
relative peak areas. Aiming at correcting the binding energy
scale of the spectra, the value of 285 eV was set for Cls
hydrocarbon component. Multiple Voigt profiles were used
without placing constraints to fit the spectra. The width at half
maximum (FWHM) varied between 1.2 and 2.1 eV while
accuracy of the peak positions was +0.10 eV.

Detection of myo-inositol in sugarcane vinasse
sample

The vinasse samples were centrifuged at 4000 rpm for 20 min
aiming at removing the solid particles. The supernatant was
collected and filtered with filters 0.47 and 0.22 pm of porosity.
Subsequently, 5.0 puL of the filtered vinasse were diluted in
10 uL of PB under pH 6. For the analyte determination myo-
inositol concentrations ranging from 2.0 x 10°'® mol L™! to
6.0 x 10 ' mol L ™" were added to the sample by the standard
addition method. Recovery tests were done by adding a de-
fined concentration of myo-inositol to the samples.

Results and discussion
Preparation of the GCE modified with MIP/NiNP/RGO

In order to obtain a good molecular imprint, the substrate
needs to guarantee a good adhesion to the monomer to be
electropolymerized. In view of that, nanomaterials are
regarded interesting structures used as substrates for the for-
mation of MIPs. This class of materials is endowed with spe-
cific characteristics, such as good electrical properties, strong
adsorption ability, high surface reaction activity, small particle
size and good surface properties. In this work, reduced
graphene oxide with nickel nanoparticles was employed with
the aim of increasing the surface area and conductivity, thus
allowing us to obtain a highly sensitive electrode. The anode
peak current of NiNP/RGO-GCE is found to be about 3.2
times greater than that of NiNP/GCE, as it has already been
demonstrated by our research group in a recently published
work [24]. This can be attributed to the larger surface and the
better conductivity of the surface of the modified GCE.

The electropolymerization process on the NiNP/RGO-
GCE using CV is shown in Fig. S2. The formation of the
PPy film can be easily seen by increasing the intensity of the
peaks as the film grows. A large oxidation peak was observed
at the peak potential of +0.15 V. During this process, myo-
inositol diffuses towards the electrode surface and is trapped
in the polymer matrix; this can be explained by the ability of
these molecules to interact with the pyrrole units.
Theoretically, this interaction is considered possible due to
the interactions of hydrogen between the hygrogen of the
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hydroxyl group of the template molecule and the nitrogen
atom of the N-H group of the pyrrole units.

The stepwise preparation of the modified electrodes
was characterized by CV, using 0.10 mol L' KCI con-
taining 5.0 x 10> mol L' [Fe(CN)¢]** at 50 mV s ' in
the range of —0.20 to 0.60 V as shown in Fig. 1. In curve
¢, well defined reversible redox peaks can be observed on
the bare GCE. When the GCE is modified with NiNP and
RGO, an increase in the peak current is observed. This
result suggests that the modification of the GCE results in
a larger electrochemical surface area while contributing
towards accelerating electron transfer of [Fe(CN)g]*/*
probe (curve e). The modified surface provides more
room for the formation of the MIP, thus increasing its
capacity by up to 15 times [25]. However, when the
NiNP/RGO-GCE is electropolymerized with PPy and
myo-inositol to form MIP/NiNP/RGO-GCE, the pair of
the redox peaks undergoes a noticeable decline as can
be seen in curve a. This is attributed to the fact that the
[Fe(CN)6]37/ 4 molecules are unable to penetrate through
the polymer layer and reach the surface of the electrode.
The same behavior was observed for NIP/NiINP/RGO-GCE
after electropolymerization, as demonstrated in Fig. S3.

When myo-inositol is removed from the polymer ma-
trix, the current response increases, as one can observe in
curve d. It seems that cavities are formed when the tem-
plate is removed from the polymeric matrix. The forma-
tion of these cavities enables the electronic transfer, which
in turn allows the reversible redox peak to be observed
again. When the MIP/NiNP/RGO-GCE is placed in a so-
lution containing 5.0 x 10™® mol L' of myo-inositol for
20 min, a decline is observed in the electrode response - see curve
b. This result shows that some of the cavities can be rebinding to
the myo-inositol, resulting in the availability of less cavities for
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Fig. 1 Cyclic voltammograms of (a) MIP/NiNP/RGO-GCE after
electropolimerization (b) bare GCE, (¢) MIP/NiNP/RGO-GCE after
20 min rebinding in 5.0 x 10~° mol L' myo-inositol solution (d) MIP/
NiNP/RGO-GCE sensor after removal of myo-inositol (e) NiNP/RGO-
GCE. All measurements were performed in solution containing 5.0 x
10> mol L™ [F e(CN)6]3 7 in 0.10 mol L' KCI, scan rate 50 mV s
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the transfer of electrons from the redox probe to the electrode
surface.

The removal of myo-inostol templates from the polymeric
matrix was necessary for the creation of complementary
imprinted sites for subsequent rebinding. To this end, the elec-
trochemical overoxidation process of PPy was employed. The
irreversible oxidation is referred to as overoxidation of the
PPy, as reported by Beck et al. [26]. Overoxidation is found
to occur relatively more easily in the presence of strong nu-
cleophiles, such as OH , at potential around 1.0 V [27]. In
alkaline solutions, myo-inositol undergoes oxidation on the
surface modified with NiNP/RGO-GCE at the potential of
0.70 V, as can be seen in Fig. 2. Nonetheless, the oxidation
is not observed in neutral and acid solutions [13]. Figure 2b
shows the first and the last cycle of overoxidation of PPy by
scanning potential in the range of 0.0 V to +1.8 Vin 0.10 mol
L' NaOH at a rate of 50 mV s ' in the presence and absence
of myo-inositol. During the elution scan, an irreversible
voltammetric peak is observed at 0.70 V when myo-inositol
is present. Another wide peak was also found at 1.3 'V, this is
attributed to PPy overoxidation. Essentially, electrochemical
overoxidation leads to the removal of myo-inositol from the
polymer matrix while carboxylic groups are inserted. As such,
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Fig. 2 Cyclic voltammogram for (a) NINP/RGO-GCE in (blue line)
0.1 mol L™ NaOH and (black line) 1.0 x 10™* mol L' of myo-inositol
in 0.1 mol L' Na,SO, and (red line) 0.1 mol L ™! NaOH. In (b) the first
and the last cycle of overoxidation for PPy in 0.1 mol L ™! NaOH in the
presence (red line) and absence (black line) of myo-inositol

subsequent scan cycles exhibit a decrease in peak current as a
result of the conductivity loss of PPy during this process [19].

Characterization of MIP/NiNP/RGO-GCE

The surface morphological analysis was conducted by SEM
and AFM. Fig. S4 shows surface morphologies of NiNP/
RGO-GCE and MIP/NiNP/RGO-GCE using SEM. Fig. S4a
and Fig. 4Sb shows the image of a uniform electrodeposition
of NiNP on the graphene nanosheets with a homogeneous
distribution on the GCE. This indicates the success of the
deposition of nickel nanoparticles onto the RGO-GCE sur-
face, with dimensions of 50 nm in diameter. As can be seen
in Fig. S4c, MIP/NiNP/RGO-GCE was successfully con-
structed. Fig. S4d shows MIP/NiNP/RGO-GCE following
the overoxidation of PPy for myo-inositol removal, exhibiting
a smoother and less wrinkled surface. The overoxidation pro-
cess leads to some rearrangement of the polymer chain pack-
ing. By analyzing the images, it appears that the overoxidized
structure has more pores compared to the PPy film. In both
cases, it is possible to see the typical ‘cauliflower’
morphology.

The AFM 3D is shown in Fig. 3. In Fig. 3a, one can
observe the homogeneous modification of the electrode by
NiNP/RGO, with nanoparticles having an average of 62 nm
of diameter and 28 nm of height. The value of roughness,
expressed in terms of the root-mean-square (RMS) value
(RMS is proportional to roughness), is 10 nm. A marked
change in roughness is evident when the electrode is mod-
ified with the polymeric film during the molecular imprint-
ing process. The RMS values obtained for the MIP was
88 nm (Fig. 3b) and for the NIP was 70 nm (Fig. 3d). The
average height of the PPy film before the overoxidation
process was 297 nm; this shows that the film was relatively
flat and compact. The RMS value for MIP after removal of
myo-inositol is 42 nm (Fig. 3c). When the PPy film is
overoxidized it becomes more porous, and its original mor-
phology is altered due to degradation. This degradation pro-
cess is able to remove the imprinted molecule, generating
complementary cavities.

The surface chemistry of the MIP was also characterized
using XPS (Fig. 4). This characterization was aimed at
confirming the imprinting process in addition to investigat-
ing the oxidation level (verifying the effect of overoxidation
conditions on the imprinting process) as well as the nature
of the chemical bonding of the polymer. The high-resoluton
Cls spectra of the MIP after electropolymerization (Fig. 4a)
can be deconvoluted into five components. A component
with BE, corresponding to peaks 285.0 (C-H), which is de-
rived from the aromatic carbon of PPy. The remaining com-
ponents corresponding to peaks 285.5 (C-H), 286.8 (C-0O),
287.7 (C=0) and 289.2 (O-C=0) eV and are attributed to the
groupings that occur during the formation of the polymer

@ Springer
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Fig. 3 AFM imagens, (a) NiNP/RGO-GCE electrode, (b) MIP before template removal, (¢) MIP after template removal and (d) NIP

film. During the electropolymerization process, there is a
possible occurrence of oxidation of polypyrrole carbons,
generating C-OH group in the first step and C=0 group in
the subsequent step.

Figure 4c shows the presence of nitrogen. In the polymer
matrix PPy, N atoms can be present in the form of imine (=N-
with binding energy, BE at 399.4 e¢V), amine (-NH; BE ~
399.5 eV) and electron deficient nitrogen (N+; BE ~
401.5 eV) [28].

The high-resolution Ols spectra of the PPy film can be
deconvoluted into four components corresponding to oxygen
atoms in different functional groups at 531.8 (0O=C), 532.3 (C-
0), 533.6 (O-C=0) and 535.0 (H,O) (Fig. 4b). The formation
of these groups reinforces the possible occurrence of polypyr-
role overoxidation during electropolymerization. For illustra-
tion purposes, the curves in Fig. 4b show the O1s spectra after
the overoxidation of molecularly imprinted PPy film aimed at
removing myo-inositol. The increase observed in the intensity
of the O-C, O=C and O-C=0 groups indicates the
superoxidation of the film.

Optimization of experimental parameters

The main parameters that can crucially affect the formation of
the MIP are: pyrrole concentration, myo-inositol concentra-
tion, number of cycles during electropolymerization, number
of cycles of pyrrole overoxidation for the removal of the tem-
plate molecule, incubation time and pH of the incubation
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solution, as shown in Fig. S5. These parameters were chosen
because they are key factors that allow one to determine the
thickness, physical stability of the polymer and quality of the
cavities formed on the electrode. To evaluate the ideal condi-
tions for the development of the MIP, the current change
[Fe(CN)g]*" + (AI) was evaluated using DPV. In the SI, we
discuss how each parameter affects the development of the
MIP.

In short, the optimized experimental conditions included
the following: electropolymerization carried out within the
potential range of 0.0 to 1.0 V for 10 cycles in 0.10 mol L™
LiClO, solution containing 7.0 x 10> mol L™ myo-inositol
and 2.5 x 1072 mol L™! pyrrole. For the template removal, the
polymer was overoxidized by scanning the potential in the
range of 0.0 to 1.8 V for 10 cycles. Myo-inositol rebinding
in the formed cavities occurred after 25 min of treatment in PB
under pH 6.

Analytical performance

Sensitivity is one of the most important features of the
imprinted electrode. In this study, both the sensitivity and
linear range of the MIP/NiNP/RGO-GCE were evaluated by
DPV under pH 6.0 using 5.0 x 10> mol L' [Fe(CN)s]* "+ as
probe. Figure 5 demonstrates the analytical and DPV curves
of the MIP/NiNP/RGO-GCE after rebinding with a series of
concentrations of myo-inositol solutions. The peak current
was found to decrease as the myo-inositol concentration was
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Fig. 4 Deconvoluted Cls (a), A 6000 B 8000 -
Ols (b) and N1 s (¢) XPS C1s O1s .
spectrum beforte overoxidation, 5000 4 a
and Cls (d) and Ols (e) XPS
spectrum after overoxidation of
the MIP/NiINP/RGO-GCE QL 40007 P
o (@]
3000 -
2000
292 260 288 286 284 282 538 536 534 532 530
Binding Energy (eV) Binding Energy (eV)
C 3900 D 6000 -
3600 - 5000 1
8 3300 4 &) 4000 1
O [&]
3000
3000 4
' 2000
2700 4 e
404 402 400 398 396 292 200 288 286 284 282
Binding Energy (eV) Binding Energy (eV)
E 10500 - "
O1s AN
W 3
9000 -
.
o
& 7500 g
[&]
6000 -
4500 o

— . . .
540 538 536

—
534

T " T !
532 530 528

Binding Energy (eV)

increased. This can be said to be as a result of the occupation
of the cavity sites in the MIP film by myo-inositol, which
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Fig. 5 Calibration curves for myo-inositol detection using MIP/NiNP/
RGO-GCE in 5.0 x 107> mol L ™' [Fe(CN)s]* "+ after 20 min of rebinding
in phosphate buffer of pH 6.0. DPV in accordance with myo-inositol
concentration in the range of 1.0x 107'% to 1.0 x 10™® mol L™ are in
the bottom-left inset

blocks the diffusion of the Fe(CN)> "+ probe. The decreased
peak current (Al) is related to the concentration of myo-ino-
sitol. Accordingly, the reduction in Al was proportional to the
myo-inositol concentration in two linear ranges: 1.0 x 107" to
1.0x 10 mol L ™" and 1.0x 10" to 1.0 x 10" mol L™, this
is the first interval used to calculating the figures of merit. The
linear regression equation was AI(pA)=4.5 x 10? Cryo-
inostol + 3.24 % 10°° with a correlation coefficient of 0.997,
LOD of 7.6 x 10" mol L', LOQ of 2.0x 10™'® mol L™!
and amperometric sensitivity (As) of 4.5 mA L mol !, (n=3).

The existence of two linear ranges is attributed to the
affinity between the imprinted sites and myo-inositol.
When the myo-inostol concentration is lower, the mole-
cules tend to prefer the cavities with high affinity cav-
ities located in the upper part of the film. Conversely,
the lower affinity sites located more deeply are occupied
when the myo-inositol concentration is higher, causing a
decline in the linear slope.

The performance of the MIP/NiNP/RGO-GCE was com-
pared with that of other methods reported in the literature for
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Table 1 Comparison of the linear range and detection limit for some reported methods used in determination of myo-inositol
p g P 3

Detection method Linear range (mol LY Detection limit (mol L™!) Reference
Gas chromatography/mass spectrometry 14x10°-14x107° 27%107° [8]
HPLC-ESI-MS? 25x10%-5.0x1077 25%107° [9]
LC/MS/MS® 55x107-55%x10"* 1.6x1077 [10]
Inductively coupled plasma atomic emission spectrometry 0-1.0x107° 971078 [29]
High-performance liquid chromatography 28x10°-1.1x107* 28x10°° [30]
High-performance anion-exchange chromatography 8.0x107°-8.0x10" 8.0x1077 [12]

with pulsed amperometric detection®
MIP/NiNP/RGO-GCE 1.0x107°-1.0x107® 7.6x 107" This work

*HPLC-ESI-MS refers to High-performance liquid chromatography coupled with electrospray ionization mass spectrometry

® LC/MS/MS refers to liquid chromatography tandem mass spectrometry

¢ Cu,O—CCE as the working electrode

myo-inositol detection. The methods reported in the litera-
ture include the following: gas chromatography/mass spec-
trometry, liquid chromatography tandem mass spectrome-
try, inductively coupled plasma atomic emission spectrom-
etry, high-performance liquid chromatography coupled
with electrospray ionization mass spectrometry and high-
performance anion-exchange chromatography with pulsed
amperometric detection. Our method exhibits a relatively
lower detection limit compared to those reported in the lit-
erature (Table 1).

The reproducibility of the MIP/NiNP/RGO-GCE was
evaluated before and after the rebinding of 5.0 x 10® mol
L! myo-inositol in five different electrodes, which have
been independently prepared. Each electrode was construct-
ed in three replications under the same conditons. The rela-
tive standard deviation (RSD) was 4.2%. The repeatability
was assessed three consecutive times using the same elec-
trode with RSD of 2.5%. Following the storage of the MIP/
NiNP/RGO-GCE at room temperature (25 °C) for 30 days,
the electrode still showed 87% of the initial current, proving
to have good stability. It is worth pointing out that, the MIP/
NiNP/RGO-GCE developed in this study can be used ap-
proximately 20 times. Essentially, these results demonstrate
that our electrode presents excellent repeatability, reproduc-
ibility and stability. Such features make the method suitable
for myo-inositol analysis.

Selectivity of the modified GCE

Fundamentally, the selectivity of the electrode is influenced
by two factors: the positioning of functional groups and the
size of the molecule. Molecules with different chemical
structures are found to be relatively more difficult to cause
interference in the analysis; this is largely as a result of steric
hindrance [31]. As such, four molecules of similar weight,
structure and position of the hydroxyl groups, which are
also found in the sample in relevant quantities, were chosen

@ Springer

aiming at evaluating the selectivity of the MIP. The mole-
cules included L-arabitol, D-mannitol, erythritol and glu-
cose. The changes in current response (AI) of [Fe(CN)g]?
/% on the MIP/NiNP/RGO-GCE and NIP/NiNP/RGO-
GCE, at the same concentration (5.0 x 10 *mol L) of each
molecule that can interfere in the analysis, were determined
by DPV method, as shown in Fig. 6. The respective CVs are
shown in Fig. S6.

As can be noted in Fig. 6, the response of the MIP and NIP
to myo-inositol was found to be about 10 times higher for the
MIP. This is, in effect, a clear proof of the formation of selec-
tive cavities. The values for L-arabitol, D-mannitol, erythritol
and glucose were 2.5, 3, 1 and 4.5 respectively. These results
indicate that the rebinding of myo-inositol to the MIP cavities
was much more specific for myo-inositol than for other similar
molecules, thus confirming the selectivity relative to this
molecule.

Al/pA

SO e

\ ) ) (
. N (\‘0 0%

A0 A a0 LRI
\\MO v N O-N\ Y
Fig. 6 Selectivity comparison between the MIP and NIP sensors.
Concentration of 5.0 x 10~® mol L™" in PB of pH 6.0 for each molecule
analyzed (rebinding time: 20 min). Response in DPV for solution
contained 5.0 x 10> mol L™' [Fe(CN)s]> 7 in 0.1 mol L' KCl
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Table 2  Determination of myo-inositol in sugarcane vinasse samples

(n=3)

Sample Amount added Amount detected Recovery (%) RSD (%)
A0 %mol L™ (10 mol LY

Vinasse — 7.6+0.5 -
2.0 57+0.1 95 5.0
4.0 37+02 97.5 4.7
6.0 14+02 102 3.6

Determination of myo-inositol in sugarcane vinasse
samples

To evaluate the applicability of the developed MIP/NiNP/
RGO-GCE, myo-inositol was determined in sugarcane
vinasse samples. The samples were prepared as described
in “Detection of myo-inositol in sugarcane vinasse sample”
section. The standard addition method was used for deter-
mining the concentration of myo-inositol in the samples.
The concentration of myo-inostol applied in this work
ranged from 2.0 x 107" to 6.0 x 10 '° mol L™". All mea-
surements were conducted in triplicate using different elec-
trodes. The DPV technique was used to perform the mea-
surements. The results are presented in Table 2. The con-
centration of 91 +5.1 mg of myo-inositol was the concen-
tration found per liter of vinasse. The production of ethanol
for 2017/2018, in Brazil, is estimated to be around 24.70
billion liters. This will yield nearly 308.7 billion liters of
vinasse [32]. Biorefinery can be used for myo-inositol re-
covery in the billion liters of vinasse that are often thrown
away. When properly treated, approximately 2400 tons can
be recovered and used by the pharmaceutical, food and
chemical industries.

Conclusion

The MIP/NiNP/RGO-GCE developed in this work exhib-
ited low limits of detection and quantification, wide linear
concentration range, excellent selectivity, good repeatabil-
ity and stability for up to 30 days upon storage. The MIP/
NiNP/RGO-GCE can be reused approximately 20 times.
The recovery value ranged between 95 and 102%, this
demonstrates that the method presents excellent degree
of accuracy. The MIP/NiNP/RGO-GCE was successfully
applied toward the determination of myo-inositol in com-
plex samples such as sugarcane vinasse. The applicability
potential of the MIP for the selective recognition of myo-
inositol renders it excellent as an alternative for the deter-
mination of myo-inositol. The MIP reported in this study
is a fast method that is free of interferents and does not
require pre-sample preparation.
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