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A B S T R A C T

Over the last years, paper technology has been widely spread as a more affordable, sustainable and reliable
support material to be incorporated in the design of point-of-care (POC) diagnostic devices. However, the single
work employing a paper-based device for 3-nitrotyrosine (3-NT), a relevant biomarker for oxidative stress (OS)
that is a major origin for many diseases, is incapable of reading successfully complex samples because every
species that oxidizes before ~0.75 V will also contribute to the final response. Thus, the introduction of a
selective element was made into this set-up by including a molecularly-imprinted polymer (MIP) tailored in-situ.
Herein, a novel MIP for 3-NT was assembled directly on a paper platform, made conductive with carbon ink

and suitable for an electrochemical transduction. The biomimetic material was produced by electro-
polymerization of phenol after optimizing several experimental parameters, such a scan-rate, number of cycles,
range of potential applied, monomer and template concentrations. Under optimal conditions, the label-free
sensor was able to respond to 3-NT from 500 nM to 1 mM, yielding a limit of detection of 22.3 nM. Finally, the
applicability of the (bio)sensor was tested by performing calibration assays in human urine samples and a good
performance was obtained in terms of sensitivity, selectivity and reproducibility.
Overall, the attributes of the herein described sensing approach can be compared to a very limited number of

other electrochemical devices, that are still using a conventional three electrode system, making this paper-
sustained device the first electrochemical (bio)sensor with potential to become a portable and low-cost diag-
nostic tool for 3-NT. In general, the incorporation of molecular imprinting technology coupled to electro-
chemical transduction enabled the fabrication of suitable smart sensors for wide screening approaches.

1. Introduction

In general, an electrochemical (bio)sensor constitutes an integrated
device that provides analytical information, by using a bio-recognition
element involved with an electrochemical transducer [1]. Additionally,
screen-printed electrodes (SPEs) have been preferred against the con-
ventional three-electrode system because these are disposable, easy-to-
use and may operate with minimal volumes of analyte solutions. The
basic steps in screen-printing microfabrication include the application
of a suitable conductive ink on planar substrate materials, followed by a
proper thermal cure [2,3]. Another great advantage of these electrodes
is their ability to be drawn in different shapes and sizes, using different
kinds of materials.

In recent years, paper has been chosen as the ideal support material
to develop screen-printed (bio)sensor devices, due to its special char-
acteristics, such as, flexibility, porosity, biocompatibility, facile mod-
ification, low-cost and sustainability [4,5]. The incorporation of this
light and widely available natural resource has boosted the develop-
ment of compact and miniaturized electrochemical devices, holding
high sensitivity and selectivity [6]. A facile paper-based visual sensor
for detecting anthrax molecule has been developed by using filter paper
immobilized with Tb/DPA@SiO2-Eu/GMP, enabling direct observation
of the colour switch from green to red by naked eyes under a UV lamp
[7]. Moreover, a disposable paper-based platform with a bipolar elec-
trochemical device was reported for the sensitive detection of the
cancer marker prostate specific antigen (PSA), highlighting important
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sensing features, such as simplicity, portability and disposability [8].
At this point, the combination of low-cost paper-based devices with

SPE technology has greatly spread their application as simplified ana-
lytical systems in different areas, like, biomedical, environment and
food monitoring. However, only very few studies have been able to
fully integrate paper as a material-platform for the development of
sensitive and selective electrochemical detection. As an example, fully-
printed SPE was developed to target 3-nitrotyrosine (3-NT) directly, by
means of its oxidation, with a maximum peak occurring at ~0.75 V [9].
Yet, this direct reading approach may lead to inaccurate data when
complex samples are analysed, because every compound present that
holds the ability to oxidize at lower potential shall contribute to a po-
sitive error.

To solve this drawback of direct electrochemical readings, the in-
troduction of a discriminating element in the sensing area may be re-
quired. Overall, the incorporation of molecularly imprinted polymers
(MIPs) in the architecture of (bio)sensors has been proven an efficient
way to enhance the selectivity of the sensor device [10–13]. MIP
technology tends to mimic the behaviour of antibodies, involving the
formation of specific recognition sites, that fit in both shape and size.
Among the different ways of MIP synthesis, electropolymerization en-
ables the direct deposition of the sensing material on the transducer
surface, allowing a facile and easy control of the film growth [14],
which are suitable features for point-of-care (POC) analysis. During the
electrosynthesis of MIPs, the compatibility of the functional monomer
against the target-molecule is a crucial issue that also dictates the
performance of the biosensing device [15,16].

The use of MIP materials to improve the analytical signal generated
by paper-based SPEs was tested herein (for the first time in SPE-office
paper based technology) by tailoring a molecularly MIP material for 3-
NT on the working electrode area of the paper-based SPE. The MIP film
for 3-NT was grown in-situ by electropolymerizing phenol. The selec-
tion of 3-NT for the purposes of this work accounts the fact that it is a
biomarker of oxidative stress (OS), being ultimately related to chronic
disease installation. Under OS, reactive oxygen species (ROS) or, also,
reactive nitrogen species (RNS) are overproduced, yielding cellular
damage in proteins, DNA and lipids [17,18]. In this context, 3-ni-
trotyrosine (3-NT) is a sub-product generated during protein attack by
free radicals [19,20] and has been proposed as a relevant biomarker of
OS [21]. For now, there is no consensus related to the basal levels of
free 3-NT in human urine samples, but most reported methods have
presented concentrations of few nM in healthy subjects [22]. There are
some conventional methods to quantify 3-NT, including, liquid chro-
matography methods coupled with ultraviolet [23], fluorescence [24],
mass spectrometry [25] and electrochemical detection [26], gas-chro-
matography-mass spectrometry [27] and immunoassays [28]. Although
each one of these approaches holds unique advantages, mostly, high
sensitivity and low limits of detection, these methods involve expensive
apparatus and/or reagents, with complex procedure steps, being re-
stricted to laboratorial use. There are also few reported sensors for the
detection of 3-NT in biological matrices (Table 1), but these employ
complex arrangements and signal amplification steps, such as, the in-
corporation of nanostructured materials, in order to obtain low detec-
tion limits. These technical approaches increase the cost of the overall
sensing device and limit their disposability features, which are espe-
cially relevant if applied in wide screening approaches for early disease

diagnostics. These methods also employ a reading probe, for which the
development of a label-free method would be a beneficial feature in
POC use.

Thus, this work combines (i) the advantages of having a paper
substrate to design a low-cost and environmentally-friendly electro-
chemical sensing platform for the direct (and label-free) 3-NT detection;
with the (ii) requirements of having a selective element within the
sensing system, which is a molecular imprinting approach tailored in-
situ, in order to develop a sensitive and selective label-free electro-
chemical (bio)sensor for assessing 3-NT. Herein, after careful optimi-
zation, the electropolymerization of phenol was performed by cyclic
voltammetry (CV) over the potential range + 0.2 to +0.8 V in KCl
(0.1 M) aqueous solution at 50 mV/s scan-rate and using 5 cycles.
Moreover, our best electrochemical response for 3-NT was accom-
plished with a template-monomer ratio of 2:1.

2. Material and methods

2.1. Reagents

All reagents were of analytical grade and used without further
purification. Buffer and electrolyte solutions were prepared with ul-
trapure water Mili-Q laboratory grade. The pH measurements were
made in a pH meter from Crison Instruments, GLP21 model. Potassium
hexacyanoferrate III (K3[Fe(CN)6]), potassium hexacyanoferrate II
(K4[Fe(CN)6]) trihydrate and dipotassium hydrogen phosphate
(K2HPO4) were obtained from Riedel-de-Haen; potassium dihy-
drogenophosphate (KH2PO4) was obtained from Panreac; potassium
chloride (KCl) was from Merck; phenol (C6H5OH, for molecular
biology) and sulphuric acid 95–97% (H2SO4) were from Sigma-Aldrich;
phosphate buffered saline (PBS) tablets from Amresco and 3-nitro-L-
tyrosine 98% (3-NT) from Alfa Aesar. Potassium phosphate buffer so-
lutions (0.1 M, pH 6.0) and (0.2 M, pH 7.0) were prepared by mixing
the proper amount of K2HPO4 and KH2PO4. All experiments were per-
formed at ambient temperature.

2.2. Apparatus

The (bio)sensor device was assembled on fabricated paper-based
electrodes composed by a carbon-ink as the counter and working (5 mm
diameter) electrodes and, silver-ink as pseudo-reference electrode
(Fig. 1). Detailed description of the procedure of fabrication of these
electrodes was described elsewhere [9]. The electrochemical measure-
ments were carried out with a potentiostat/galvanostat from Metrohm
Autolab and a PGSTAT302N with an FRA module, through an interface
switch box from BioTid Eletrónica, and controlled by ANOVA software.
All the presented potential values are against the silver pseudo-re-
ference.

Raman spectroscopy was performed by using a Thermo Scientific
DXR Raman microscope system with a 785 nm excitation laser, com-
bined with a 50× objective magnification. Raman spectra were col-
lected with an incident maximum laser power of 3 mW and through a
slit aperture of 50 μm. Photobleaching was set to 20 min. For Raman
measurements, data analysis was performed with OMNIC software.

Scanning Electron Microscopy (SEM) analysis was performed in
order to evaluate the morphology of the polymeric films modified on

Table 1
Comparison of the different sensors for 3-nitrotyrosine detection in biological matrices.

Method Substrate Linear range LOD Sample Ref.

Electrochemical detection + MIP Bimetallic Fe/Pd nanoparticles 21.6–3833 nM 5.3 nM Human blood Urine [30]
Electrochemical detection + MIP GCE electrode with AuNPs 0.2–50.0 μM 50.0 nM Human serum Urine [31]
Fluorescent detection + MIP Carbon dots 0.050–1.85 μM 17 nM Human serum [31]
HPLC detection with SPE + MIP ___ 11.1–243 nM 3.1 nM Human urine [32]
SPR detection Graphene 2.21–4421 pM 0.57 pM Human serum [33]

G.V. Martins, et al. Sensing and Bio-Sensing Research 28 (2020) 100333

2



the electrode surface, by using a Carl Zeiss AURIGA Crossbeam SEM-FIB
workstation, operating with a voltage of 5 kV.

2.3. Electrochemical assay

Initially, the carbon surface of the electrodes was electrochemically
cleaned by performing voltammetric sweeps between −0.2 V
and + 1.5 V in PBS at pH 7.4, until a stable voltammogram was ob-
tained (more or less 100 cycles). Before use, sensors were well dried
with nitrogen and stored at room temperature.

Cyclic voltammetry (CV) assays were performed at different po-
tential windows in order to evaluate the electroactive behaviour of the
compounds. Each modification performed on the paper-based elec-
trodes was electrochemically characterized by electrochemical im-
pedance spectroscopy (EIS) of a 5 mM solution of K3[Fe(CN)6] and
K4[Fe(CN)6], prepared in phosphate buffer solution (0.1 M, pH 6.0). EIS
experiments were carried out over the frequency range 0.01 Hz to
100 kHz. All measurements were performed by covering the three
electrodes of the paper-based sensor with a volume solution of 200 μl.

The detection of 3-NT molecule was followed by means of differ-
ential pulse voltammetry (DPV) in the potential range 0 V to +0.4 V, at
a scan-rate 25 mV/s, pulse amplitude 25 mV and pulse width 50 ms.
Before DPV measurement, the analyte was pre-concentrated at the
electrode surface by applying a potential value of −1 V, for an opti-
mized time of 60 s. All experiments were conducted in triplicate at
room temperature. Calibration curves were made with fresh 3-NT
standard solutions ranging from 100 nM to 1 mM.

2.4. Assembly of the imprinted-based (bio)sensor

The molecularly-imprinted polymer (MIP) film was deposited on the
surface of the carbon-coated electrode through bulk polymerization.
Initially, the electrodes were subjected to 5 voltammetric scans over the
potential range − 0.2 V to +1.5 V in H2SO4 0.5 M solution, as an
electrochemical cleaning procedure. Afterwards, the electro-
polymerization was performed by applying cyclic voltammetry sweeps
ranging between +0.2 V and + 0.8 V, at a scan-rate of 50 mV/s, in KCl
solution (0.1 M, pH 5.9) containing both phenol monomer and the
template molecule 3-NT. Then, the template removal was made by in-
cubation of the working electrode in a methanol:water solution (1:10,
v/v) for 2 h, at room temperature, followed by 1 h stabilization in
phosphate buffer solution. These solutions were prepared daily and all

experiments were carried out at room temperature. Moreover, ex-
cluding the presence of 3-NT molecule, a similar procedure was taken in
the fabrication of blank control material, named non-imprinted
polymer-modified electrodes (NIP).

2.5. Analysis of urine samples

The selectivity features of the MIP-based sensor were directly as-
sessed in human urine samples, due to their complex matrix. The urine
samples were collected in sterile falcon tubes to avoid contamination
and, afterwards, the fresh urine samples were frozen and stored in
aliquots of 1 ml. Before the analysis, the samples were diluted in
phosphate buffer solution (0.1 M, pH 6.0) in a 1:10 ratio. The detection
of 3-NT in urine samples was performed by immersing the MIP-based
device in the diluted samples, followed by a negative potential accu-
mulation and finally DPV analysis. The same procedure was taken to
the NIP control electrode.

3. Results and discussion

3.1. Electrochemical study

In the last years, the study of electrochemical oxidation of organic
substances has been employed as a promising technique for analytical
purposes. Herein, in order to evaluate the electrochemical behaviour of
3-nitrotyrosine (3-NT) in PBS solution (10 mM, pH 7.4), cyclic vol-
tammetric sweeps were scanned in different directions over the po-
tential range − 1.0 V and + 1.0 V, at a scan-rate of 50 mV/s. As de-
picted in Fig. 2A, two well-defined oxidation peaks were observed at
+0.20 V and + 0.93 V, and a reduction peak around −0.85 V. This
outcome is in accordance with our previous electrochemical study
performed with the same modified-electrodes [9] and interestingly, we
have found that the first anodic peak at +0.20 V depended of the oc-
currence of the cathodic peak. Hence, the results obtained by CV
seemed to indicate that the earlier oxidation reaction corresponded to
sub-species generated at the carbon surface after the reduction of 3-NT
occurred at −0.85 V. Although there are already some electrochemical
sensor devices based on the electro-oxidation of 3-NT for detection
applications [29,30], to the best of our knowledge, this is the first time
that this low oxidation peak potential (+0.20 V) has been chosen to
follow this target molecule. The main advantages of working with this
narrow potential window are that the oxidation reaction occurring on

Fig. 1. Illustration of the sensor film fabrication by molecular imprinting for recognition of 3-nitrotyrosine.
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the surface of the modified electrode is more favourable; there is no
need to apply high voltage to the electrode system that can cause an
overcharge and, consequently, could compromise the performance of
the silver pseudo-reference; and also, it allows to eliminate the inter-
ference of other electroactive species found in biological matrices (uric
acid, ascorbic acid, etc), which occurs at higher potential values
[34–36].

The effect of different buffer and electrolyte species on the oxidation
peak potential was also assessed by CV in a solution containing 4 mM of
3-NT (Fig. 2B). For this study, we have tested phosphate buffer solution
(0.2 M, pH 7.0), PBS solution (10 mM, pH 7.4) and KCl solution (0.1 M,
pH 5.9). Despite the difference on the salt species and concentration, it
could be noticed that PBS and phosphate buffer solutions exhibited
similar current and potential values, while in KCl solution we could
observe that the oxidation peak potential of 3-NT shifted to a more
positive position. This last result can be advantageous in order to
guarantee a wider potential window in which 3-NT molecule does not
display electroactive properties. Furthermore, Fig. 2C shows cyclic
voltammograms in KCl solution alone and 3-NT in KCl solution, con-
firming that in the potential range + 0.2 V to +0.8 V there is no evi-
dence of oxidation reaction of 3-NT.

Under the scope of this work, phenol has been chosen as the
structural monomer to grow the imprinted polymeric matrix. It is a non-
conducting material, holding good stability properties and typically
known electro-oxidation properties. Several mechanisms regarding the
oxidation of phenol and phenol derivatives have been described on gold
[37] and platinum [38,39] surfaces, but less on glassy carbon electrodes
[40,41]. Among others, experimental parameters, such as, temperature,
concentration of the monomer, electrolyte type and pH of the applied
electrolyte have proven to influence the electrochemical oxidation of
phenol [38,39].

Fig. 2D displays cyclic voltammograms scanned over the potential
range + 0.2 V to +1.2 V, at a scan-rate of 50 mV/s, for a 10 mM so-
lution of phenol and a 4 mM solution of 3-NT, individually, both pre-
pared in KCl 0.1 M solution (pH 5.9). As expected, these results in-
dicated an irreversible oxidation reaction of the phenol monomer
occurring on the electrode surface, around +0.9 V. Furthermore, in
accordance with our previous data, 3-NT alone exhibited an anodic

peak at higher potential values. Meanwhile, Fig. 2E showed the vol-
tammetric sweep performed on the mixture phenol and 3-NT in KCl
0.1 M solution and only one well-defined oxidation peak was observed,
meaning that under this experimental conditions it was not possible to
separate accurately phenol (Fig. 2F) and 3-NT (Fig. 2G) electro-oxida-
tions. In sum, the electropolymerization of phenol was carried out
herein over the potential range + 0.2 V to +0.8 V, in order to avoid
any kind of oxidation reaction that could modify or entrap irreversible
3-NT molecule in the polymeric matrix.

3.2. Electropolymerization of phenol - MIP versus NIP

Herein, electropolymerization was the approach chosen to assemble
the biomimetic material because we can precisely tune the thickness
and growth of the film in-situ, without using additional initiator spe-
cies. Briefly, electro-oxidation of phenol occurs through the formation
of the phenoxy radical, that can react with other species present in the
solution generating products or else reacts with other phenol molecules
producing a dimeric radical. Usually, the rate-determining step for
phenolic compounds is one electron reaction, such as phenoxy radical
forming [35]. The polymerization curves corresponding to the mole-
cular (MIP) and non-molecular (NIP) imprint polymers for the 1st and
5th scan cycles are shown in Fig. 3A and B, respectively. As expected,
voltammograms displayed an irreversible oxidation reaction of the
monomer for both NIP and MIP materials, with NIP holding a higher
current peak. It was also observed that the potential of the oxidation
peak did not suffer any change with the increasing of the number of
cycles. This behaviour was attributed to the electrode fouling produced
by the formation of a non-conductive polymeric layer resulting from
phenol oxidation that blocks the electrode surface. Moreover, the cur-
rent peaks gradually decreased with the number of cycles, which is
another characteristic assigned to the growth of non-conducting poly-
mers [37]. In addition, no significant difference was observed in the
cyclic voltammograms with and without the template molecule, shown
in Fig. 3B, by the similar amplitude current obtained in the end of the
polymerization reaction.

One of the great advantages of using an electropolymerization ap-
proach is their ability to finely tune the amount of deposited polymer,

Fig. 2. Cyclic voltammograms of 3-nitrotyrosine in A) PBS solution, at different scan directions, over the potential range − 1 V to +1 V; B) three different electrolyte
solutions, over the potential range − 0.4 V to +1.2 V; and C) KCl solution, over the potential range + 0.2 V to +0.8 V. Cyclic voltammograms of D) phenol and 3-
nitrotyrosine, individually and E) mixture phenol +3-nitrotyrosine. Chemical representation of F) phenol and G) 3-nitrotyrosine.
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by adjusting the duration of the applied voltage (number of cycles), the
scan-rate and the potential window. The thickness (d) of the polymer
film can be roughly estimated from the charge (Q) passed during
electropolymerization, according to Faradays law [37]. By applying the
following relation:

=d QM/FA

where M is the molar mass of the monomer, F is the Faraday constant
(96,485C/m2), ρ is the density of the polymer, taken to be 1 g/cm3 for
polyphenols and A is the electrode surface geometric area. Herein, the
thickness of the polymeric film was about ~2.5 nm. One of the lim-
itations of using non-conducting polymers, such as phenol and phenol
derivatives, is because of their self-limited growth on the electrode
surface and, therefore, resulting in very thin films (< 100 nm) [38].
Here, the target molecule to be imprinted is quite small and, conse-
quently, there is no need to assemble thicker films. Moreover, previous
electrochemical studies have used imprinted electrodes, modified with
non-conducting films, holding ultrathin polymeric layers in order to
improve the sensitivity of the device [39].

Nowadays, impedance techniques are being widely applied to
monitor variations in electrical properties as a direct response of the
bio-recognition events that take place at the surface of the electrodes.
Moreover, EIS holds the advantage of not causing any damage to the
analysed surface and do not introduce any disturbance in the studied
system. Herein, along the fabrication of MIP and NIP, the electrodes
were stepwise characterized by means of EIS, using as redox probe a

5 mM solution of K3[Fe(CN)6] and K4[Fe(CN)6] prepared in 0.1 M
phosphate buffer. Usually, the impedance spectrum includes a semi-
circular portion at higher frequencies and a linear portion at lower
frequencies which corresponds to the electron-transfer resistance (Rct)
and the diffusion process, respectively. Fig. 3 also displays the Nyquist
plots showing each step of the modification of the fabricated NIP
(Fig. 3C) and MIP (Fig. 3D) electrodes. As expected, the electro-
polymerization of phenol resulted in a substantial increase of the Rct
value due to the blocking of electron transfer by the polymeric matrix.
Moreover, the results obtained for NIP and MIP after electro-
polymerization suggested that the non-imprinted coated electrode ex-
hibited stronger insulating properties, which constitutes an evidence of
the presence of the template molecule on the imprinted material, which
partially hinders the growth of polyphenol film. Afterwards, the re-
moval step caused a small decrease of the Rct value only on the MIP
modified electrode, suggesting that the formation of the imprinted
cavities occurred and, consequently, electronic diffusion was fa-
cilitated. In the literature, there are different approaches to extract a
template molecule from the polymeric matrix of MIP-based sensing
devices, including washing with sulphuric acid, acetic acid, methanol,
ethanol, etc. Furthermore, previous works have already been well
succeeded in the removal of template protein by using mixed organic
solvents, such as, PBS:methanol (10:1, v/v), without causing degrada-
tion of the polyphenol film [37] or even incubation in ethanol:water
(5:1, v/v) mixture [40]. In the current study, a mixture methanol:water
(1:10, v/v) was chosen as the mix solvent with more satisfactory results,

Fig. 3. Cyclic voltammograms of NIP and MIP electrodes during electrochemical polymerization of phenol for the A) 1st and B) 5th scan cycle, in KCl solution (0.1 M,
pH 5.9). EIS obtained for each step of the construction for C) NIP and D) MIP electrodes, in 5 mM solution of K3[Fe(CN)6] and K4[Fe(CN)6] prepared in phosphate
buffer solution (0.1 M, pH 6.0).

G.V. Martins, et al. Sensing and Bio-Sensing Research 28 (2020) 100333

5



because it was able to efficiently extract the 3-NT template without
causing any degradation or modification to the polymeric material.

3.3. Optimization of experimental conditions during MIP assembly

3.3.1. Effect of scan-rate and number of electropolymerization cycles
Beside thickness, the density of polyphenol films can also be ad-

justed by controlling some variables during electropolymerization, such
as, the rate of film growth and the number of voltammetric sweeps.
Hence, comparative studies were performed by using EIS to char-
acterize the charge transfer properties of different modified electrodes,
at various experimental conditions.

Herein, the MIP-based electrodes were assembled with three dif-
ferent scan-rate values, as shown in the Nyquist plots of Figs. S1A–C.
Firstly, the only MIP-coated material that presented a decrease of the
Rct value as the result of the creation of imprinted cavities was the one
assembled at a scan-rate of 50 mV/s, while the others suffered an in-
creasing variation. Moreover, the electropolymerization performed at
50 mV/s scan-rate was responsible for the formation of a less insulating
surface (366 Ω), which could be an advantage for the successful ex-
traction of the template molecule from the MIP matrix [38]. In addi-
tion, Fig. S1D–F illustrate the Nyquist diagrams obtained during the
fabrication of the MIP electrodes using 2, 5 and 10 CV cycles, respec-
tively. Generally, the detection capability of a sensor is highly affected
by the number of scanning cycles used in the formation of the poly-
meric material. For instance, a lower number of cycles is often asso-
ciated to a favourable analytical performance whereas a higher number
of voltammetric cycles can led to the formation of a thicker film with
less accessible imprinted sites and, consequently, less sensitivity
[40,41]. Furthermore, a high number of scanning cycles increased the
possibility of 3-NT template molecules becoming trapped in the
polymer matrix. Herein, our data showed that the higher % of template
removal was obtained for the MIP prepared with 5 scanning cycles
(~10%), when compared with 2 cycles (~4%) and 10 cycles (~3%).
Therefore, 5 cycles with a scan-rate of 50 mV/s were selected for the
growth of the non-conductive polymer layer.

3.3.2. Effect of monomer concentration
Among others already mentioned, polyphenol films hold a great

advantage as a biomimetic matrix because it can be easily synthetized
by electropolymerization from aqueous solutions of the monomer. In
addition, the thickness of the imprinted layer can also be adjusted by
optimization of the monomer concentration. Herein, EIS was used to
follow the construction of NIP and MIP sensors, with two distinct
concentrations of phenol: 1.0 mM (Fig. S2A) and 0.25 mM (Fig. S2B).
As expected, the Rct values of both NIP and MIP are shifted towards
higher values for increasing phenol bulk concentration. It was inter-
esting to observe that the stronger insulating character of the non-im-
printed coated electrode compared to the imprinted-device was main-
tained in both concentrations. The obtained data also have showed that
in the case of 1 mM of phenol (Fig. S2A) the films formed were quite
resistive (4 kΩ < Rct < 7 kΩ), which may be a limitation in terms of
sensor sensitivity.

In addition, the rebinding of 3-NT molecule was quantified by
means of differential pulse voltammetry (DPV). In practice, the current
data accounted the occupation of the imprinted cavities in the MIP
electrode by the template molecules, followed by their electro-oxida-
tion. Fig. S2C presents DPV calibration curves plotted with the loga-
rithm of current of MIP sensors against the logarithm concentration of
3-NT. The comparison of the two curves have showed that a lower
concentration of phenol (0.25 mM) enabled lower detection limits
when compared to 1 mM concentration of phenol, which is in agree-
ment with our previous conclusions that thicker films hold less number
of imprinted cavities and, consequently, less sensitive responses. So, a
concentration of phenol monomer of 0.25 mM was chosen for further
studies.

3.3.3. Effect of imprinted 3-NT concentration
The concentration of the template was another crucial parameter

that could influence the MIP performance. Specifically, the ratio tem-
plate-monomer of MIP determines the number of binding sites available
for the selective rebinding of the molecules and, consequently, the
detection limit of the (bio)sensor. In parallel, the interaction of these
molecules with the phenol units during the assembly of the polymeric
matrix also dictates the formation of stable and specific binding cav-
ities. Phenol-based MIP films have been widely applied as recognition
matrices in (bio)sensors due to their ability to interact with other mo-
lecules through the existence of the π donor-acceptor interactions [39].

Herein, the effect of 3 different concentrations of 3-NT was in-
vestigated during phenol electropolymerization. Fig. S3A illustrates the
charge variation that MIP electrodes suffer during the 5 scanning cycles
and Fig. S3B displays the corresponding Nyquist diagrams obtained
after the electropolymerization step. Data showed that for increasing
concentrations of 3-NT the tendency was to obtain a less insulating
polymeric layer, which is in agreement with our previous results, where
the presence of the template molecule can partially hinder the growth
of polyphenol film. Afterwards, the rebinding of 3-NT molecule was
also investigated by means of DPV for the 3 different concentrations,
0.05 mM (Fig. S3C), 0.25 mM (Fig. S3D) and 0.50 mM (Fig. S3E).
Overall, the higher concentration of imprinted molecule (0.50 mM)
enabled the detection of lower concentrations in comparison with the
other imprinted concentrations of 3-NT, which constitutes a strong in-
dication that using higher concentration of template molecule results in
the creation of more imprinting sites available for the rebinding (see
Fig. S3F).

Although not presented here, along this optimization study the ex-
perimental conditions of the DPV measurements where finely tuned in
order to get the higher response current. Specifically, one of the great
advantages of our approach was the elimination of long incubation
periods, by applying a pre-accumulation potential before each electrical
measurement, in order to attract the target molecule to the region near
the electrode surface. In addition, this pre-concentration step of 3-NT
on the sensor surface before each DPV measurement is also necessary to
promote the reduction of the species that will be afterwards oxidize at
+0.20 V.

In all experiments, the accumulation potential value used before the
DPV measurement was −1 V and different accumulation times were
tested, namely 30, 60 and 180 s. Our best electrochemical response was
obtained for 60 s of accumulation at −1 V and so, these conditions
were applied along this work.

3.4. Characterization of the modified paper-electrodes

Raman spectroscopy has been widely used as a popular tool for the
characterization and structural organization of carbon materials.
Herein, Fig. 4A presented the Raman spectra for the different mod-
ifications performed on the paper-based electrodes. Firstly, all samples
presented two well distinct peaks occurring typically in graphite-based
substrates, the so-called G and D peaks, lying at around 1570 and
1310 cm1, respectively. In the clean carbon-coated electrode, the G
band appeared at 1584 cm−1 and was assigned to the C/C stretching in
graphitic materials, composed of sp2 bonded carbon in planar sheets
[42]; the D band appeared around 1307 cm−1 and is often referred to as
the disorder band or the defect band. In order to characterize the level
of disorder within the carbon material, the intensity peak ratio between
the D and G bands (ID/IG) was analysed.

Table 2 displays the peak positions of the G and D bands in the
materials that were investigated, as well as the corresponding in-
tensities. Although the ID/IG ratios showed a similar tendency among
the different electrodes, it was interesting to observe that the in-
troduction of the polymeric material, on both NIP and MIP cases, re-
sulted in a carbon system with less level of disorder. Moreover, another
typical Raman band of carbon related materials is the 2D band, usually
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located around 2700 cm−1. As can be seen on Fig. 4A, this band is
almost absent in the spectrum of the clean carbon-coated chip, but on
both NIP and MIP materials this signal appears enhanced, which con-
stitutes another strong evidence of the deposition of the polymeric
material.

Surface morphology of the prepared NIP and MIP electrodes was
further studied by means of SEM, as can be seen in Fig. 4B and C, re-
spectively. The main difference observed between both materials was
that the NIP surface presented a higher distribution of small islets while
in the MIP surface the growth of the polymeric film seemed more even
and well spread on the electrode. Moreover, the globular structure
obtained for the phenol polymeric film was in agreement with a pre-
vious study, performed in a different substrate material [12]. Although
it was not possible to visualize the imprinted cavities, due to the small
dimensions of 3-NT molecule, the differences observed in the SEM
images can be an indication of the presence of 3-NT molecule during
electropolymerization that resulted in a different structural polymeric
growth.

3.5. Performance of the imprinted-sensor

3.5.1. Calibration curve
The main analytical features of the 3-NT (bio)sensor were evaluated

by DPV calibration curves, carried out under the optimal experimental
conditions (potential range 0 V to +0.4 V, at a scan-rate 25 mV/s, pulse
amplitude 25 mV and pulse width 50 ms with a pre-accumulation step
at −1 V for 60 s). Fig. 5A and B shows the calibration curves plotted
with the logarithm concentration of 3-NT versus the logarithm of cur-
rent for MIP and NIP sensors, respectively. As can be seen, a linear
tendency was obtained for both imprinted and non-imprinted materials
from 500 nM to 1000 μM, but the MIP sensor showed higher sensitivity
(slope = 0.7591 ± 0.0613, abscissa = −1.154 ± 0.468), better

linearity (r2 = 0.9943) and better reproducibility (smaller error-bars)
in comparison with the NIP (slope = 0.5941 ± 0.1886, ab-
scissa = −0.903 ± 0.700). The limit of detection (LOD) was 22.3 nM,
calculated as three times the standard deviation from the blank mea-
surement (in the absence of template molecule). The inset graphic re-
presentation illustrated in Fig. 5A concerns the DPV data obtained for
the MIP-based sensor for the respective concentrations of 3-NT mole-
cule. The precision of both modified-electrodes, for 3 different in-
dependent experiments, is also presented on Fig. 5, over the entire
concentration range.

Compared with other methods (see Table 1), the LOD found here is
in agreement with the works reported in literature involving a mole-
cular imprinting technology coupled with electrochemical sensing. In-
terestingly, when reviewing the construction of these imprinted-based
sensors, it was generally found that the use of amplification steps, such
as, the incorporation of nanomaterials, was required to achieve such
low detection limits. Besides, another relevant advantage of our elec-
trochemical device is the use of a label-free approach that enables de-
creasing substantially the analysis time and, consequently, becoming
more affordable. The use of a paper support is also a great advantage in
terms of cost.

3.5.2. Urine samples
In order to evaluate the applicability of the proposed MIP-modified

electrode in real samples, the electrochemical readings of 3-NT stan-
dards were performed in a background of human urine samples. Thus,
diluted blank urine samples (1:10 in phosphate buffer) were spiked
with different concentrations of 3-NT and analysed by means of DPV
measurements. As can be seen in Fig. 6A, the MIP material enabled the
quantification of 3-NT from 5 μm to 1 mM, with relative standard de-
viations (RSD) ranging 1 to 2%. In contrast, the NIP material (Fig. 6B)
showed a non-reproducible response along a narrow range of con-
centrations, which could be a strong indication of the non-specific ad-
sorption phenomena occurring at the surface of the polymeric material.

Overall, these results demonstrated the capability of this imprinted-
modified sensor assembled on paper support to sensitively quantify 3-
NT in urine samples. Despite the existence of few sensor devices with
similar LODs for the detection of 3-NT, our purpose herein was the
development of a quick, facile, reproducible and low-cost paper-based
(bio)sensor suitable to be applied as a portable tool in POC screening.
Besides the lower LOD, the introduction of a molecularly imprinted

Fig. 4. A) Raman spectra of clean carbon-based electrode, NIP and MIP-modified surfaces. SEM images of B) NIP and C) MIP materials.

Table 2
Analytical data obtained from the Raman spectra related to the different
modifications.

Sample D Position (cm−1) Intensity G Position (cm−1) Intensity ID/IG

Clean chip 1307.21 347.10 1584.77 269.56 1.29
NIP 1308.13 233.63 1574.36 188.59 1.24
MIP 1310.11 320.74 1572.68 290.53 1.10
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coating enabled our paper-based electrochemical platform with good
selectivity performance. Comparing this work to our previous work [9]
in terms of analytical performance, it was clear that the MIP was re-
sponsible for the high selectivity to the electrochemical signal, which in
turn enabled the analysis of complex samples (something not tested
before).

4. Conclusions

This study reports a label-free electrochemical (bio)sensor platform
for in-situ detection of 3-NT. Herein, the application of an imprinted
material could enable specific rebinding of molecules into the im-
printed cavities of MIP-modified films, improving selectivity features of
the (bio)sensor device. The optimization of some experimental para-
meters during electropolymerization, such as, scan-rate, number of
cycles, monomer and template concentration, among others, allowed to
finely tune the thickness and growth of the polymeric matrix.

The imprinted-based sensor showed high electrochemical perfor-
mance on the oxidation of 3-NT biomarker over the concentration range
500 nM to 1 mM and a low detection limit (22.3 nM). Selectivity to-
wards 3-NT over a wide range of concentrations was also successfully
obtained with the analysis of urine samples. Although the obtained LOD
was not the lower value found in the literature, the electrochemical
performance of this paper-based (bio)sensor greatly satisfies the re-
quirements of a selective, reproducible, disposable and sustainable
sensing platform. Overall, the main advantage of this (bio)sensor device
in comparison with other existing sensors is its potential to be easily
and costly miniaturized in the future.
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Fig. 6. Calibration curves corresponding to the response of A) MIP and B) NIP sensors against the concentration of 3-nitrotyrosine, performed in 1:10 diluted human
urine samples.
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