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Abstract
This paper reports on a sensitive and selective electrochemical sensor for lactic acid. The sensor is based on molecularly
imprinted polymers (MIP), obtained on glassy carbon electrode (GCE) modified with reduced graphene oxide and gold nano-
particles. TheMIP was obtained by electropolymerization of the o-phenylenediamine (o-PD) on the modified surface of the GCE
in the presence of lactic acid. The steps involving the GCE modification and MIP construction were characterized by cyclic
voltammetry, electrochemical impedance spectroscopy, scanning electron microscopy and atomic force microscopy. The results
were evaluated using differential pulse voltammetry, using the hexacyanoferrate redox system as an electrochemical probe.
Under optimized experimental conditions, the imprinted sensor has a linear response in the 0.1 nM to 1.0 nM lactic acid
concentration range, with detection limit of 0.09 nM. The sensor exhibits excellent selectivity in the presence of molecules of
similar chemical structure. It was applied for the selective determination of lactic acid in sugarcane vinasse. The recovery values
ranged from 97.7 to 104.8%.
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Introduction

Lactic acid is an antioxidant, acidulate and humectant [1],
which make it suitable for application in diverse areas,
including the food, chemical, biochemical, medical, cos-
metics and pharmaceutical industries [2–4]. In addition,
lactic acid can be used as raw material for the large-
scale production of biodegradable polymers which can
substitute conventional plastic materials [5, 6]. Lactic acid

monitoring plays an essentially vital role in various fields.
The compound is often used as an indicator for the pres-
ence of bacteria in food, and thus can be used to deter-
mine the quality of food. Furthermore, the concentration
of lactic acid in the blood can be used for monitoring
respiratory insufficiency, heart failure and shocks [7, 8].

Many analytical methods for the determination of organic
acids have been reported in the literature, among the main
ones employed include those based on Gas Chromatography
(GC), Capillary Electrophoresis (EC) and High Performance
Liquid Chromatography (HPLC). Although these techniques
are found to be efficient for the detection and determination of
organic acids, they often present some non-negligible short-
comings, such as appropriate samples preparation, including
clean up and/or sample derivatization and the requirement for
employing well trained professionals to operate the equipment
[9–15].

In this sense, a simple, sensitive and selective method for
lactic acid detection is desirable and useful for the perfor-
mance of routine analytical practice. Electrochemical sensors
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exhibit high sensitivity, and involve low costs and relatively
shorter time of analyses compared to other analytical methods.
Remarkably, very few works have been published in the liter-
ature regarding the application of electrochemical detection
for lactic acids [4, 7, 8, 16–22]. Among the electrochemical
methods reported in the literature, the method involving the
use of amperometric biosensors using the enzyme lactate ox-
idase are considered the fastest, simplest and most selective
method for lactic acid monitoring. However, the unstable na-
ture of the enzymes (recognition agents) is regarded the main
demerit concerning the use of biosensors, especially when
working with complex and low pH samples, such as sugar-
cane vinasse.

Electrochemical sensors based on molecularly
imprinted polymers (MIP) have drawn considerable in-
terests in the last few years due to the fact that the
molecularly imprinted technique provides the sensor
with higher selectivity, in addition to greater reliability
and stability (mechanical and chemical). The molecular
imprinted process involves the polymerization of suit-
able functional monomers in the presence of a template
molecule (usually the analyte) and the subsequent ex-
traction of the template from the polymer network with
the aid of a solvent. This procedure generates selective
cavities, which are capable of recognizing the analyte
through a rebinding process in any matrices of interest
without interference [23].

The electropolymerization technique has become the most
widely employed technique for the development of electro-
chemical sensors based onMIP; the reason being that, in com-
parison to other techniques, this method presents far more
advantages. Among these advantages includes the control of
thickness of the electrodeposited film and its morphology
through electropolymerization conditions (e. g. number of cy-
clic scan, applied voltage), apart from the fact that the method
allows better adhesion of the polymeric film on the electrode
[24–26].

To date, only one article has been published in the literature
which sought to demonstrate the construction and application
of electrochemical sensors based onMIP for the determination
of lactic acid [27]. Although it shows a rapid response, the
method applied for the production of MIP (chemical polymer-
ization) may impair the analytical performance of the sensor
due to problems related to mass transport, lack of accessibility
to imprinting sites, agglomeration of cavities, and slow
kinetics.

The present work proposes the construction of electro-
chemical sensor based on MIP obtained through the
electropolymerization of o-PD monomer on a modified sur-
face with RGO and AuNPs for the determination of lactic
acid. The proposed sensor benefits from the electrical proper-
ties of AuNPs, which help to provide a better electrochemical
response for the probe, and the high surface area of RGO,

which can help to prevent AuNPs agglomeration. The combi-
nation of these materials with MIP allows one to obtain an
electrochemical sensor with superior analytical performance.

Experimental

Reagents and apparatus

All the solutions were prepared with ultrapure water. Lactic
acid (purity ≥98%), o-phenylenediamine (purity: ≥ 98%), po-
tassium ferricyanide (K3[Fe(CN)6], purity: ≥ 99%), potassium
ferrocyanide (K4[Fe(CN)6] purity ≥99%, graphene oxide sus-
pension (purity: > 95%), chloroauric acid (HAuCl4) were pur-
chased from Sigma-Aldrich (https://www.sigmaaldrich.com).
Potassium chloride (KCl), potassium hydrogen phosphate,
and dipotassium hydrogen phosphate were used as
supporting electrolyte and for the preparation of buffer,
respectively. Acetonitrile (ACTN) was used to extract the tem-
plate molecule from the polymer matrix. Stock solution of 5.
0 × 10−2 mol L−1 lactic acid and o-phenylenediamine were
prepared in 0.1 mol L−1 phosphate buffer (PB) under pH 5.0
for electropolymerization. For rebinding, PB (0.1 mol L−1) of
pH 6.0 was used. The electrochemical active probe solution
applied was 5.0 × 10−3 mol L−1 in 0.1 mol L−1 of KCl.

The electrochemical measurements were performed using
potentiostat Autolab PGSTAT30 coupled to a microcomputer
which records data obtained using the control software Nova
1.11. A conventional three-electrode system was employed;
this consisted of glassy carbon electrode (3.0 mm in diameter)
used as working electrode, Ag/AgCl (KCl 3.0 mol L−1)
employed as reference electrode, and platinum wire as auxil-
iary electrode. All experiments were carried out at room
temperature.

Cleaning the glassy carbon electrode (GCE)

The GCE was polished with 0.30 μm alumina powder on a
felt and electrochemically polished by successive scans at po-
tential range of −0.50 to +1.50 V in 0.50 mol L−1 H2SO4 at
50 mV s−1 until cyclic voltammogram characteristics of a
cleaned GCE were obtained. Thereafter, the electrode was
sonicated for 2 min in deionized water.

Preparation of the AuNP/RGO/GCE

The reduced graphene oxide (RGO) film was electrodeposited
on GCE as reported in previous works by our research group
[28, 29]. Briefly, 0.50 mg mL−1 of graphene oxide (GO) sus-
pension was dispersed in 0.10 mol L−1 Na2SO4 used as
supporting electrolyte. The film was deposited by applying a
potential of −1.5 V for 600 s. using chronoamperometry. The
electrode was then dried at room temperature.
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The AuNPs were electrodeposited onto the RGO in solu-
tion containing 5.0 × 10−4 mol L−1 HAuCl4 in 0.50 mol L−1

H2SO4. The potential applied for the electrodeposition process
was +0.50 V for 100 s. This process was employed because it
allows the control of the RGO film thickness and the size of
the deposited AuNPs with excellent reproducibility and good
stability.

Preparation of imprint

The MIP was prepared by electropolymerization using CV in
the range of 0.0 V to 0.8 V at 50 mV s−1 for 25 consecutive
cycles in 0.10 mol L−1 PB under pH 5.0 containing 1.0 ×
10−3 mol L−1 o-PD as functional monomer and 2.0 ×
10−4 mol L−1 lactic acid as template. After undergoing
electropolymerization, the MIP modified electrode was
denomina t ed MIP/AuNP/RGO/GCE. Fo l lowing
electropolymerization, the electrode was soaked in PB solu-
tion of pH 5.0 aiming at removing non-polymeric monomers
on the electrode surface. Subsequently, the MIP/AuNP/RGO/
GCE was immersed in acetonitrile (ACTN) for 60 s at room
temperature under stirring in order to extract the embedded
lactic acid and form imprinted cavities. The cavities exhibit
strategically positioned functional groups which are capable
of interacting with the functional group of the lactic acid. In
addition, the cavities have shape and size similar to the acid
molecule; and this allows for a selective rebinding process.
For the purposes of comparison and control, a non-imprinted
polymer electrode, named NIP/AuNPs/RGO/GCE, was con-
structed based on the same procedure employed toward con-
structing the MIP modified electrode. Unlike the MIP modi-
fied electrode, the non-imprinted polymer electrode was con-
structed without the presence of lactic acid in order to evaluate
the reliability of the measurements.

Electrochemical measurements

After the extraction step, the modified GCE was subjected to
rebinding experiments. The rebinding of lactic acid in the cav-
ities formed in the polymer was performed through the immer-
sion of the MIP/AuNPs/RGO/GCE electrode in different con-
centrations of lactic acid solution in 10 mL of 0.10 mol L−1 PB
(pH 6.0) under stirring for 10 min. After that, the electrode was
subsequently placed in a three electrode conventional cell with
the MIP/AuNPs/RGO/GCE acting as the working electrode.
The redox pair [Fe(CN)6]

3−/4- was chosen as electrochemical
active probe in order to study the performance of the sensor. A
solution of 0.10 mol L−1 KCl containing 5.0 × 10−3 mol L−1

[Fe(CN)6)
-3/−4 was used to conduct the study .

The analytical data were obtained using DPV technique
based on the peak current variation of the probe [Fe(CN)6]

3

−/4-. To this end, the current shift (ΔI) was calculated taking
into account the oxidation peak currents of the probe after

removing the lactic acid molecules with ACTN and following
the rebinding of the lactic acid molecules in the cavities gen-
erated after 10 min of contact.

The figures of merit: limit of quantification (LOQ), limit of
detection (LOD) and amperometric sensitivity (As), were cal-
culated. LOQ and LOD according to the equation LOQ = 10
SD/S and LOD = 3.3 SD/S, where SD is the standard devia-
tion of the intercept, and S is the slope of the calibration plot.

After the electrodeposition of RGO and AuNPs and the
construction of the MIP, electrochemical impedance spectros-
copy (EIS) was employed in order to characterize the electron-
ic transfer properties of the sensor. The EIS was carried out at
a potential of 0.22 V over the frequency range of 5 mHz to
100 kHz and amplitude rms of 10 mV. In addition to the EIS,
cyclic voltammetry analysis was also employed as part of the
electrochemical characterization.

Scanning electron microscopy with field emission gun
(SEM-FEG) was employed aiming at studying the morpholo-
gy of the surface after the electrodeposition of RGO and
AuNPs along with the formation of the MIP. Furthermore,
atomic force microscopy (AFM) was also used to characterize
the modified surface in the stages of electropolymerization,
removal and rebinding during the construction of the MIP.

Determination of lactic acid in sugarcane vinasse
sample

The sugarcane vinasse samples were centrifuged at 4000 rpm
for 25 min in order to remove the solid particles. The superna-
tant was collected and filtered using filters of 0.47 and 0.22 μm
porosity. Subsequently, 5.0 μL of the filtered vinasse were
diluted in 50 mL of PB solution under pH 6.0. For the analyte
determination in sugarcane vinasse, lactic acid concentrations
ranging from 4.0 × 10−10 mol L−1 to 8.0 × 10−10 mol L−1 were
added to the samples by the standard addition method.
Recovery tests were performed by adding a defined concentra-
tion of lactic acid in the sugarcane vinasse samples.

Results and discussion

Preparation of the molecularly imprinted polymer
(MIP)

Among the various monomers available for the construction
of MIP, o-phenylenediamine has become increasingly promi-
nent in recent years, being widely used for the construction of
electrochemical sensors. The growing popularity of this
monomer lies, mainly, in the fact that it allows the production
of thin and compact films on the electrode surface, which
improves the sensor response.

Some MIP-based electrochemical sensors may suffer from
low conductivity, depending mainly on the nature of the
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polymeric film and its thickness. Often, in the search for a
larger number of selective sites, a very thick polymer is ob-
tained; this makes the probe difficult to reach to the electrode
surface in order to obtain the signal. To overcome these prob-
lems, newMIPs have been constructed on nanostructured sur-
faces, which offer a larger number of locations for the molec-
ular printing process. Among these nanomaterials, gold nano-
particles have drawn considerable interest. The reason being
that gold nanoparticles are found to offer other advantages
when it comes to the construction of electrochemical sensors.
Among these additional advantages include excellent electri-
cal conductivity and good compatibility with a wide range of
polymers.

The cyclic voltammogram recorded during the
electropolymerization of o-PD monomer in the presence of
lactic acid on the glassy carbon electrode (GCE) modified
with reduced graphene oxide (RGO) and gold nanoparticles
(AuNPs) are shown in Fig. S1.

In the first scan cycle, one notices the oxidation peak of o-
PDmonomer at 0.43 V, the radical cation formed in this step is
responsible for triggering and maintaining the polymerization
reaction. The results obtained show that the process is
completely irreversible. In the second scan cycle, one will
observe that the peak current decreases progressively with
each cycle, tending to zero. This behavior confirms the for-
mation of a compact and poorly conductive polymer layer on
the modified surface of the electrode.

The molecular imprinted process is shown in Fig. 1, where
one can observe the possible formation of hydrogen bonds
between the hydrogen of the N-H groups present in the o-
PD monomer and the carboxyl and hydroxyl groups of lactic
acid (pKa = 3,9). These interactions are mainly responsible for
the process of rebinding of lactic acid (in the form of lactate) in
the imprinted cavities of the MIP, allowing its recognition in a
complex matrix.

Electrochemical characterization
of MIP/AuNP/RGO/GCE

For each step involving the GCE modification in the sensor
construction, electrochemical characterization was performed
by CV and EIS analyses using 0.10 mol L−1 KCl containing
5.0 × 10−3 mol L−1 [Fe(CN)6)

-3/−4. All CV experiments were
performed at a scan rate of 50 mV s−1. The cyclic voltammo-
grams obtained for the first step involving GCE modification
with RGO and AuNPs are shown in Fig. S2.

The typical of pair of redox peaks related to the probe can
be observed on the bare GCE electrode (curve a). After the
modification of the GCE with RGO, a sharp increase is ob-
served in the peak current (curve b). The increase in peak
current is attributed to the increase in both the electrical con-
ductivity and the surface-to-volume ratio triggered by the elec-
trodeposited RGO on the GCE surface.

When the RGO/GCE electrode is modified with gold nano-
particles, a considerable increase in current is observed again
(curve c). This behavior is associated with the increase in the
surface area of the electrode and in the size of the electrode-
posited nanoparticles, which facilitates the occurrence of elec-
tronic transfer.

The EIS analysis was also used to characterize the interface
properties of the modified electrode in terms of charge transfer
resistance (Rct), which is calculated using the diameter of the
semicircle in the Nyquist diagram.

The Nyquist diagram obtained for different steps involving
the modification of the electrode surface are shown in Fig. S3.
One will clearly observe that the value of Rct decreases pro-
gressively when the GCE electrode Rct = 710.3 Ω (curve a) is
first modified with RGO Rct = 520.7 Ω (curve b) and subse-
quently with AuNPs Rct = 290.7 Ω (curve c). This behavior
confirms that the redox process for the [Fe(CN)6]

-3/−4 species
is facilitated when the modifications are performed on the
electrode surface.

The equivalent electrical circuit, which best represents the
experimental data obtained, is shown in the inset of Fig. S3.
The circuit is formed by a resistance (Rs), which is related to
the solution resistance, connected, in series, to the arrange-
ment formed by a constant phase element (CPE); the CPE is
related to the double layer capacitance, which is connected in
parallel to a second resistance (Rct) - the charge transfer resis-
tance. The charge transfer resistance is connected in series to
the Warburg element (W), which indicates that the redox pro-
cess on the electrode surface is controlled by diffusion.

After the modification of the electrode surface, the
electropolymerization of o-PD monomer was carried out with
the aim of constructing the MIP and the NIP electrode. The
cyclic voltammograms obtained for each of the stages involv-
ing the construction of the MIP sensor are shown in Fig. 2A.
After electropolymerization, no redox peaks are observed for
the MIP (curve a) and NIP (curve d). The behavior observed
here suggests the formation of a compact and poorly conduc-
tive film on the surface of the modified electrode; this inhibits
the electronic transfer of the probe, thus confirming the suc-
cess of the electropolymerization step.

After the extraction of lactic acid molecules, using aceto-
nitrile as solvent, the redox peaks for the species [Fe(CN)6]

-3/

−4 can be visualized again (curve b). This confirms the forma-
tion of imprinted cavities in the MIP, which facilitates the
electronic transfer of the probe. When the modified GCE is
placed in 0.1 mol. L−1 PB (pH 6.0) containing a solution of
5.0 × 10−10 mol L−1 of lactic acid for 10 min, one notices a
significant decrease in the peak current (curve c). This indi-
cates that some imprinted cavities obtained in the previous
step were again occupied by lactic acid in a rebinding step,
making it difficult the electronic transfer of the probe.

The preparation steps of the MIP were also studied using
the EIS technique; the results obtained with the aid of the
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Nyquist diagram are shown in Fig. 2B. When one observes
the Nyquist diagram after polymerization (curve a), one no-
tices the presence of a new resistance; in other words, one
observes the presence of a new intercept on the real impedance
axis (Z’ axis) in the region of high frequencies, which is con-
firmed by the inset in Fig. 2B.

The new resistance observed in the Nyquist diagram
was associated with the (polymer matrix) film diffusional
resistance (Rf), which make difficult the electronic trans-
fer. This behavior is confirmed by the increase in Rct

value. After polymerization, the Rct value obtained was
44.1 kΩ (curve a); this result confirms the compact and
non-conductive nature of the polymeric film obtained on
the electrode surface, which makes it difficult for the
probe to reach the electrode surface.

Upon the removal of the lactic acid molecules from the
polymer matrix, a decrease is observed in the Rct = 8.3 kΩ
values (curve b), suggesting that the imprinted cavities have
been successfully obtained and the probe can reach the elec-
trode surface more easily. The value of Rct (23.7 kΩ) increases
again (curve c) after the rebinding step; this is attributed to the
fact some imprinted cavities are once again occupied by the
lactic acid, making it difficult for the probe to reach the surface
of the electrode.

As performed in the first step involving the electrode mod-
ification, the results obtained in the preparation of MIP were

also interpreted in terms of equivalent electrical circuit (inset
of Fig. 2B). The best fit circuit for the data consists of two
arrangements, similar to the circuit obtained for, which is com-
posed of the following elements: Rs, CPE, Rct and W (the
same as the previous step of electrode modification). These
elements are connected in series with a parallel arrangement of
those elements related to the polymer film on the electrode
surface, a new CPEf - which is related to interfacial capaci-
tance of the film, and a new resistor Rf - which is related to the
film diffusional resistance imposed on the probe inside the
polymer film [30, 31].

In order to verify some preliminary results obtained via the
EIS technique, studies were conducted using the CV tech-
nique to confirm the nature of the electrode process on the
electrode surface for the probe after the removal of the tem-
plate molecule. As can be seen in Fig. S4, the anodic (Ipa) and
cathodic (Ipc) peak currents on the imprinted electrode were
found to increase with an increase in scan rate ranging from 25
to 250 mV s−1; here, the values of Ipa and Ipc are seen to vary
linearly with the root square of scan rate. The Ipa and Ipc
showed a linear dependence with the root speed (v1/2), which
can be expressed as: Ipa (μA) = 2.7 × 10−6v1/2 + 8.3 × 10−6

(R2 = 0.998) and Ipc (μA) = −2.7 × 10−6v1/2 – 8.7 × 10−6

(R2 = 0.998). This behavior indicates that the proposed elec-
trochemical sensor has a diffusion-controlled redox process
for the [Fe(CN)6]

-3/−4 species used as probe, thus confirming

Fig. 1 Schematic representation of molecular imprinting of lactic acid using o-PD as functional monomer
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the preliminary results obtained through the EIS technique.
Essentially, the results show an ideal behavior required of an
electrochemical sensor.

Surface morphological characterization of the imprint

Figure S5a shows the SEM images of RGO/GCE, by
observing the images, one will notice the characteristic
wrinkled appearance of electrodeposited graphene nano-
sheets. This characteristic graphene arrangement is re-
sponsible for the increased surface area of the electrode.
Fig. S5b shows the image of a uniform electrodeposi-
tion of AuNPs on graphene nanosheets with homoge-
neous distribution on the RGO/GCE; this image indi-
cates the success of the deposition of gold nanoparticles

on the RGO/GCE surface. As can be seen in Figs. S5c
and S5d, the electropolymerization process was success-
fully performed for MIP/AuNPs/RGO/GCE and NIP/
AuNPs/RGO/GCE, respectively, covering the AuNPs
electrodeposited on the graphene nanosheets. The EDX
spectrum is shown in Fig. S5e; it confirms the presence
of gold on the electrode surface (the electrode surface
presented an average diameter of 90 ± 15 nm, see Fig.
S5f). The AFM 3D images for each of the steps involv-
ing the MIP construction are shown in Fig. 3. One can
observe the homogeneous modification on the electrode
surface after electropolymerization of the monomer for
MIP/AuNPs/RGO/GCE.

The AFM 3D images obtained were analyzed in terms of
roughness of the electrode surface after each step involving
the construction of the MIP. The results were evaluated in
terms of the root-mean-square (RMS) value, which is propor-
tional to the roughness of the surface. For the MIP/AuNP/
RGO/GCE and NIP/AuNP/RGO/GCE electrodes, the values
obtained were 43.9 nm and 31.4 nm (Fig. 3a and d), respec-
tively. After the removal of the template using acetonitrile as
solvent (see Fig. 3b), a significant change was observed in the
RMS value - the value obtained was 64.9 nm. This increase in
RMS value is attributed to the changes provoked by the sol-
vent in the polymer structure, which allowed the removal of
the lactic acid molecules, thus forming cavities in the polymer
matrix. After rebinding (see Fig. 3c), the RMS value obtained
was 51.7 nm. This decrease in RMS value may be related to
the occupation of some cavities formed in the previous stage.

Optimization of conditions for MIP preparation

The nature of monomer, the ratio of monomer to template, the
pH and the number of CV scan cycle during the
electropolymerization, removal time and rebinding time are
key factors that tend to influence the performance of the
MIPmodified sensor. All these parameters allow one to obtain
a polymer with adequate thickness and good physical stability
on the electrode surface, thus paving the way toward obtaining
selective cavities capable of recognizing the analyte. In view
of that, these factors were studied and optimized in order to
achieve the best experimental conditions for the development
and application of the MIP. Discussions on each of the opti-
mized parameters can be found in the Supplementary Material
section.

All the experiments related to the optimization step were
performed using the DPV technique. In addition, changes in
the current (ΔI) related to the oxidation of the probe after the
removal of template and after rebinding were taken into ac-
count so as to evaluate the optimum condition for each
parameter.

In summary, the experimental conditions optimized to ob-
tain the MIP were as follow: electropolymerization performed

Fig. 2 (A) Cyclic voltammograms, at scan rate of 50 mV s−1, for: (a)
MIP/AuNP/RGO/GCE after electropolymerization (b)MIP/AuNP/RGO/
GCE after template removal and (c) MIP/AuNP/RGO/GCE after lactic
acid rebinding (d) NIP/AuNP/RGO/GCE. (B) Nyquist diagrams for (a)
MIP/AuNPs/RGO/GCE after electropolymerization (b) MIP/AuNPs/
RGO/GCE after template removal and (c) MIP/AuNP/RGO/GCE after
lactic acid rebinding in solution containing 5.0 × 10−3 mol L−1 [Fe(CN)6]
3−/4- in 0.10 mol L−1 KCl. The frequency range in EIS was from 5mHz to
100 kHz
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in the potential range of 0.0 V to 0.8 V for 25 cycles in PB
solution at pH 5.0, using o-PD as functional monomer (at a
concentration of 1.0 × 10−3 mol L−1) and lactic acid as tem-
plate (at a concentration of 2.0 × 10−4 mol L−1).

Analytical performance

After optimization, preparation and characterization of the
MIP/AuNP/RGO/GCE, the analytical curve was obtained
using the DPV technique after rebinding of different concen-
trations of lactic acid. The analytical curve obtained is shown
in Fig. 4.

To obtain the analytical curve, after the extraction of the
template, the sensor was subjected to successive rebinding
processes using solutions containing different concentrations
of lactic acid (from 1.0 × 10−10 mol L−1 to 1.5 × 10−8 mol L−1)
for 10 min. At the conclusion of the rebinding step for lactic
acid, the peak current was measured for the electrochemical
probe oxidation.

The peak current for probe oxidation was found to decrease
with an increase in lactic acid concentration (DPV - inset Fig.
4). This may be attributed to the fact that the MIP cavities are
being progressively occupied by the lactic acid molecules,
which makes it difficult to diffuse the probe inside the poly-
mer matrix to the electronic transfer on the electrode.

Figure 4 shows that the current response for the probe
oxidation is proportional to the concentration of lactic acid
in two different concentration ranges: from 1.0 × 10−10 to
1.0 × 10−9 mol L−1 and from 2.0 × 10−9 to 1.5 ×
10−8 mol L−1. The first linear range was used to calculate the
figures of merit. The linear regression equation obtained was:
ΔI (μA) = 1.9 × 105 CLactic acid + 1.4 × 10−5 with a correlation

coefficient of 0.998, LOD = 8.9 × 10−11 mol L−1, LOQ =
1.9 × 10−10 mol L−1, and amperometric sensitivity (As) of
1.9 × 105 μA L mol−1.

Table 1 shows the results obtained for the MIP/AuNP/
RGO/GCE in comparison with other methods reported in
the literature for lactic acid detection. The method proposed
in this work exhibited relatively lower detection and

Fig. 3 AFM images: (a) MIP/
AuNP/RGO/GCE before the re-
moval of template (b) MIP/
AuNP/RGO/GCE after the re-
moval of template (c) MIP/
AuNPs/RGO/GCE after
rebinding and (d) NIP/AuNP/
RGO/GCE

Fig. 4 Calibration curve for lactic acid detection using the MIP/AuNP/
RGO/GCE in different lactic acid concentrations (from 1.0 ×
10−10 mol L−1 to 1.5 × 10−8 mol L−1) in PB solution of pH 6.0, after
10 min of rebinding, using 5.0 × 10−3 mol L−1 [Fe(CN)6)]

3−/4- as probe.
The inset on the upper left corresponds to the curve obtained in the lactic
acid concentration ranging from 1.0 × 10−10 mol L−1 to 1.0 ×
10−9 mol L−1). The inset at the bottom corresponds to the DPVobtained
after each rebinding step
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quantification limits compared with the methods reported in
the literature.

Rebinding study

The existence of two linear concentration ranges is related to
the presence of selective recognition sites in the MIP with
different affinities for the analyte molecules. When the lactic
acid concentration is lower, the molecules tend to occupy the
cavities with more affinity, located at the upper region of the
polymeric film.

Inversely, the sites with the lowest affinity located inside
the film are occupied only when all the sites with higher af-
finity are already occupied, i.e. when the lactic acid concen-
tration is increased. This condition leads to a decrease in the
sensor response, and consequently triggers a decline in the
slope of the line to the second linear range.

Based on the existence of these two types of binding sites
in the MIP, a binding isotherm (Fig. 5) was obtained with the
aim of evaluating the analyte interaction in the MIP cavities.
The calculation was done based on eq. 01 below [32, 33].

ΔI
I0

¼ Bmax C
Kd þ C

þ NsC ð1Þ

Where C is the bulk concentration of analyte, Bmax is the
maximum number of binding sites in the MIP, Kd being equi-
librium dissociation constant, and Ns representing the binding
constant for non-specific adsorption. The value ofKd obtained
with the fitting was 4.9 × 10−7 mol L−1 (R = 0,997); this im-
plies that the lactic acid exhibited a high affinity for the MIP
recognition sites.

To evaluate the sensor stability, the imprinted sensor was
stored at room temperature (25 °C) for 21 days after template

removal and rebinding. At the end of this period, the electrode
still displayed 89.7% of the initial current, with RSD of 3.2%.
These results indicate that the electrode (modified with RGO,
AuNPs and MIP) proposed in this work presents good
stability.

Selectivity of the MIP/AuNPs/RGO/GCE

The selectivity of the MIP/AuNP/RGO/GCE was studied by
comparing the DPV response (ΔI) for probe oxidation after
rebinding of lactic acid and the response for probe oxidation
after rebinding of some molecules found in sugarcane vinasse
that can act as interferents. For each of the molecules, the
electrodes were constructed under optimized conditions. For
the rebinding process, 10 nM solutions were used for each of
the interferents.

Figure 6 shows the current intensity response for the probe
oxidation after 10 min contact of the MIP for the rebinding of
lactic acid and the rebinding of possible interferents under
investigation. Here, one notices that the response relative to
lactic acid is considerably higher compared to the response
related to the interferents; this confirms that the sensor has
excellent selectivity for the analyte detection.

To evaluate the specificity and selectivity of the MIP/
AuNPs/RGO/GCE, the imprinting factor (α) and selectivity
factor (β) were calculated according to eqs. 02 and 03 below:

α ¼ ΔI MIPð Þ
ΔI NIPð Þ ð2Þ

β ¼ α lactic acid
α interferent

ð3Þ

Table 1 Comparison of linear range and detection limits of the method
proposed in this study with those reported in the literature for the
determination of lactic acid

Detection
method

Linear
range (mol L−1)

Detection
limit
(mol L−1)

Reference

Gold electrode 5.0 × 10−6 –
340 × 10−6

0.96 × 10−6 [7]

NiO and Ni(OH) 1.0 × 10−5 –
3.27 × 10−2

5,3 × 10−4 [16]

ZnO nanorods 1.0 × 10−7 –
1.0 × 10−3

1.0 × 10−7 [17]

MIP/MWCNTs/PVC 1.0 × 10−6 –
1.0 × 10−1

7.3 × 10−7 [23]

Nafion/Lox/
(PPy-F127)/GCE

1.5 × 10−5 –
3.75 × 10−5

8.8 × 10−6 [30]

MIP/AuNPs/
RGO/GCE

1.0 × 10−10 –
1.5 × 10−8

8,93 × 10−11 This
work Fig. 5 Rebinding isotherm for MIP/AuNP/RGO/GCE electrode
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The results obtained are summarized in Table S1. The val-
ue obtained for the imprinted factor (α) for lactic acid was
found to be relatively higher than that obtained for the
interferents; this shows that the imprinted cavities of the sen-
sor exhibit excellent selectivity for analytes detection. The
result is confirmed through the analysis of the values of the
selectivity factor (β). This behavior suggests that the size and
conformation of functional groups in the imprinted cavities
were formed specifically to be selective for the detection of
lactic acid molecules.

Determination of lactic acid in sugarcane vinasse

The sensor was applied for the determination of lactic acid in
sugarcane vinasse samples. The standard addition method,
which consists of adding known concentrations of the analyte
in the sample, was employed in this investigation. The con-
centrations of lactic acid applied ranged from 4.0 × 10−10 to
8.0 × 10−10 mol L−1.

The samples were prepared as described in the experimen-
tal section. All the measurements were performed in triplicates
using different electrodes, and the DPV technique was used to
conduct the experiments. The results obtained are presented in

Table 2. The lactic acid concentration found was 2.3 ×
10−6 mol L−1 ± 3.1 × 10−7 mol L−1.

The average recoveries obtained in this investigation
ranged from 97.7% to 104.8% with values for RSD between
2.1 and 4.9%. These results indicate that the method proposed
in the study exhibits good accuracy for the determination of
lactic acid in sugarcane vinasse; furthermore, the matrix was
found to exert no significant effect on the sensor. Based on the
data presented, it is strongly believed that the MIP-
modified GCE can be successfully applied for the determina-
tion of lactic acid in sugarcane vinasse.

Conclusion

A sensor of type MIP/AuNP/RGO/GCE for the determination
of lactic acid was obtained by electropolymerization of the o-
phenylediamine monomer, on surface modified with reduced
graphene oxide (RGO) and gold nanoparticles (AuNPs). The
materials used to modify the electrode allowed to obtain low
detection limits, limit quantification and good selectivity in
the presence of molecules with similar chemical groups and
sizes. The recovery values were found to range from 97.7%
and 104.8% with RSD values between 2.1% to 4.9%. These
results show that the method presents good degree of accuracy
with no significant matrix effect. The MIP proposed in this
work is stable, fast and inexpensive and does not require pre
sample preparation. Thus, the sensor proved to be a good
alternative for the determination of lactic acid in complex
samples.
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