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and Renata P. Alves-Balvedi
Development of an Electrochemical Immunosensor for Specific Detection of Visceral
Leishmaniasis Using Gold-Modified Screen-Printed Carbon Electrodes
Reprinted from: Biosensors 2020, 10, 81, doi:10.3390/bios10080081 . . . . . . . . . . . . . . . . . . 269

Dardan Hetemi, Vincent Noël and Jean Pinson
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Abstract: Paper-based carbon working electrodes were modified with mercury or bismuth films for
the determination of trace metals in aqueous solutions. Both modification procedures were optimized
in terms of selectivity and sensitivity for the determination of different heavy metals, aiming their
simultaneous determination. Cd (II), Pb (II) and In (III) could be quantified with both films. However,
Cu (II) could not be determined with bismuth films. The modification with mercury films led to
the most sensitive method, with linear ranges between 0.1 and 10 µg/mL and limits of detection
of 0.4, 0.1, 0.04 and 0.2 µg/mL for Cd (II), Pb (II), In (III) and Cu (II), respectively. Nevertheless,
the bismuth film was a more sustainable alternative to mercury. Tap-water samples were analyzed
for the determination of metals by standard addition methodology with good accuracy, by using a
low-cost and easily disposable paper-based electrochemical platform. This system demonstrated its
usefulness for monitoring heavy metals in water.

Keywords: paper electrodes; bismuth films; mercury films; low-cost analysis; heavy
metal determination

1. Introduction

Electrochemistry research is looking at new materials and surfaces for sustainable technological
applications in microelectronics, energy or in the development of sensors. In this field, surface
characteristics of the electrodes are important for electron transfer steps or non-faradaic interactions,
like adsorption or ion-pair formation [1,2]. Mercury electrodes have been widely used for several
decades because of their large cathodic window, reproducibility and low background [3,4]. However,
mercury is a dangerous heavy metal because of its toxicity and bio-accumulation in many species.
This has triggered the search for less-toxic alternatives [5–7]. Nowadays, carbon is one of the
most advantageous materials for low-cost and flexible-design electrodes. Glassy carbon, carbon
paste or screen-printed carbon electrodes (SPCE) are easy to fabricate and to modify for sensor
development [8–10]. With the use of carbon electrodes, advantageous properties of mercury surfaces,
such as interactions with thiol peptides or potential windows down −2.5 V (vs. Ag/AgCl), are
restricted [2,11–14]. However, mercury can be electrochemically deposited on the conductive
carbon surface, forming a thin film which can have the same applications as conventional mercury
electrodes [15–17], but significantly reducing the required amount. Determination of trace metals
by stripping voltammetry is one of the most developed applications on this surface because of the
high affinity of mercury for metals [11,17–19]. The procedure followed for determining heavy metals
with stripping techniques involves the preconcentration of metal species on a solid electrode surface,
followed by a selective oxidation of each metal during an anodic potential sweep. The peak current,
being proportional to the concentration of the heavy metal in the solution, is recorded.

Biosensors 2020, 10, 52; doi:10.3390/bios10050052 www.mdpi.com/journal/biosensors1
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Nowadays, bismuth films are being used as an alternative to mercury films, with the objective
of using a more environmentally friendly platform [20–25]. Bismuth has very low toxicity and
possesses suitable electrochemical properties, such as a wide range of operating negative potentials,
low background currents and the ability to electrodeposit elements on its surface by formation
of intermetallic compounds or fused alloys. It has also a high-quality stripping performance,
and therefore is good for the replacement of mercury at the determination of heavy metals by
stripping voltammetry [23,26]. Likewise, bismuth films can also be formed by different ways on carbon
substrates, mainly by applying a negative potential in situ, (i.e., bismuth is in the sample solution
together with the analytes) [27–32], or ex situ by previous deposition, in a solution different from this
of the analyte [33–36]. Recently, heavy metals determination by using bismuth nanoparticles was
documented [37,38].

Bulk bismuth is the semimetal with the smallest electron effective mass [39]. This confers
advantages like more pronounced quantum confinement effects becoming a good option in the form
of a nanostructure. There are several chemical ways to form nanoparticles [40], like pyrolysis of
bismuth [41], adding reducing agents or photochemical activation [42]. Reductive methods like adding
sodium borohydride to bulk bismuth allow to control nanoparticles in terms of size and shape [43].
However, bismuth films can be generated electrochemically, with the advantage of faster in situ
modification, employing less reagents.

Bismuth and mercury films have been successfully formed on glassy carbon, carbon paste and
screen-printed carbon electrodes (SPCEs) [11,31,44–49], for the determination of heavy metals such
as Cd (II), Pb (II) or Cu (II), and they were also successfully applied to the determination of Tl
(I) [50]. Recent trends in analytical chemistry encourage the development of simpler alternatives that
could also be used in developing countries. Conventional glassy carbon and carbon paste electrodes
are not very appropriate for decentralized analysis, and although screen-printed electrodes are an
interesting alternative, very often they are developed on ceramic substrates. Searching for low-cost
and easy-to-dispose materials is then of enormous interest.

The use of paper as substrate for sensors is considered a good option for electrochemical
measurements [51–55]. It is composed of cellulose fibers which confer properties like roughness and
hydrophilicity, becoming easy to handle, with the possibility to form three-dimensional sensors [40–43].
Paper can also be modified by the addition of (i) hydrophobic materials, like wax, to form barriers
that allow customization of the electrochemical cell, (ii) appropriate inks to have a conductive surface
or (iii) nanostructures to improve selectivity and/or sensitivity [56–60]. Research literature on the
determination of heavy metals by using paper electrodes is scarce. Reports include colorimetric
or electrochemical determinations [58,61,62]. Films (e.g., bismuth) generated on paper can also be
modified with nanomaterials, to improve the sensitivity of the methodology [63].

In this work, we studied the ex situ deposition of bismuth films on a working paper-based
electrode developed in previous works [59,64,65] and compared the performance with that obtained
with more traditional mercury films.

These electrodes were tested with Cd (II), Pb (II), In (III) and Cu (II) aqueous solutions. The working
paper electrode prepared was placed over the working electrode of a screen-printed carbon card,
having also an auxiliary and reference electrode which can be reutilized without any interference
between measurements. On this platform, the bismuth and mercury films were electrodeposited
from the corresponding salts by applying a negative potential. After that, heavy metals previously
preconcentrated were analyzed by anodic stripping voltammetry. With this method, the paper electrode
used can be removed, allowing its use for other analysis without any contamination from the last
measurement. Bismuth films were chosen as an environmentally friendly alternative to mercury.
Both films were compared in terms of sensitivity and selectivity. The use of these kind of films allows
the development of sensors for heavy metals, by using paper-based carbon electrodes and low volumes
of reagents for the formation of films or the sample analysis. This results on great economical savings
and lower toxic waste generated. The electrochemical detection allows the characterization of heavy
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metals by using only the previously formed film, instead of using different reagents for every heavy
metal, as most colorimetric sensors do [66]. This also lowers the economic cost. Besides, the small size
of these foldable paper electrodes makes them portable and suitable for easy waste treatment. Paper
acts as storage, concentrating heavy metals in a porous solid substrate.

2. Materials and Methods

2.1. Reagents and Materials

Hg (II) acetate, sodium sulfate and Cu (II) nitrate trihydrate were purchased from Sigma-Aldrich
(USA). Cd (II) standard solution (1000 µg/mL) was acquired from Merck KGaA (Germany) (https:
//www.merckgroup.com/en). Standard solutions of lead and bismuth for ICP were acquired from
Fluka Analytical (https://www.lab-honeywell.com/products/brands/fluka/). In (III) chloride was
acquired from Alfa Aesar (Germany) (https://www.alfa.com/es/). Ultrapure water (18.2 MΩ) was
directly taken from a Millipore Direct-Q® 3 UV purification system from Millipore Ibérica (Spain)
(https://www.tecnoaqua.es/empresas/millipore-iberica-sa). N,N-dimethylformamide anhydrous (DMF)
was acquired from Sigma-Aldrich (https://www.sigmaaldrich.com).

A 0.1 M acetate buffer solution was prepared by mixing 0.1 M acetic acid with 0.5 M sodium
sulphate as background electrolyte and adjusting the pH with sodium hydroxide, until pH 4.0.
A 10−3 M bismuth solution was prepared in the acetate buffer solution, whereas a 10−3 M solution of
mercury was prepared by solving the corresponding amount of mercury (II) acetate in 0.1 M HCl.
All the solutions of heavy metals were prepared in 0.1 M acetate buffer pH 4, 0.5 M in sodium sulphate
(employed as background electrolyte).

Carbon paste (ref. C10903P14) was acquired from Gwent group (United Kingdom) (http://www.
gwent.org/). A wax printer (Xerox Colorqube 8570) was used to wax-print the paper. A thermostat
model (Nabertherm d-2804) was used to melt the wax. An ultrasonic bath sonicator (Elmasonic P) was
employed to homogenize carbon ink solutions. The spray adhesive 3M Spray MountTM was acquired
from a local store.

Screen-printed electrode cards were obtained from Metrohm.Dropsens (http://www.dropsens.com/)
(SPCEs, ref. DRP-110, Spain). Working and auxiliary electrodes were made of carbon ink, and the
pseudo-reference electrode was silver. They were connected to the potentiostat by a DSC connector
(ref. DRP-DSC) from the same company. Electrochemical measurements were carried out with a
potentiostat (Autolab, PGSTAT 10) controlled by the Autolab GPES software.

2.2. Fabrication of Paper-Based Electrodes

Paper-based working electrodes were prepared by a procedure previously developed in our
group [64]. Hydrophobic wax patterns designed by Inkscape software were printed on chromatography
paper Whatman Grade 1 as cellulose substrate. A temperature of 80 ◦C was applied on the paper until
wax was melted, followed by cooling at room temperature.

The next step was the modification of the paper by the addition of 2 µL of a carbon ink suspension
by drop casting on one of the sides (“bottom side”). The measuring solutions were added by the other
side (“upper side”). The carbon ink suspensions used to modify the chromatography paper were
made by dilution of commercial carbon paste in anhydrous N,N-dimethylformamide (DMF) to a final
concentration of 40% (w/w). Homogenization was performed by sonication for 1 h.

The whole process of preparation of the paper platform is shown in Figure 1. Each cellulosic
electrode was cut to obtain a circle with a diameter of 4 mm. The area was wide enough to cover
the working electrode (WE) of a screen-printed platform, as well as the ceramic surface between
the WE and the auxiliary (AE) and reference (RE) electrodes. The area of the cellulosic working
electrode was covered with a protective polymeric circular film before spraying with an adhesive.
Then, after removing the protective film, the working paper-based electrode was placed over the WE
of a screen-printed carbon electrode card (SPCE). Following this procedure, the carbon ink in the paper
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and that of the WE of the SPCE were in contact. Moreover, there was no interference from the adhesive
spray, which was only spread on the crown surrounding the protector. Thus, the WE of the SPCE acted
just as a connection. Before performing the measurements, it was verified that there was full overlap,
and also that the solution added on the surface of the paper WE did not wet the WE of the SPCE.
By ensuring this, the SPCE could be reused, without any interference from previous measurements.
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Figure 1. Schematic diagram showing the preparation of the paper-based electrodes. (A) Modification
of cellulose substrate by addition of carbon ink on one side, having the platform with two visually
different sides. Solution was added with a micropipette through the upper side. (B) Adhesive spraying
on the protected working electrode. (C) Overlapping process of the bottom side of the paper electrode
(the one with the ink) on the screen-printed card and modification with mercury (II) acetate or bismuth
(III) standard solutions.

2.3. Modification of Paper Electrodes: Deposition of Mercury and Bismuth Films

Mercury and bismuth films were generated in the paper electrode by using standard solutions of
10−3 M Bi (III) in 0.1 M acetate buffer (with 0.5 M sodium sulphate as background electrolyte) pH 4,
or 10−3 M Hg (II) in 0.1 M HCl. A potential of - 0.75 V was applied in both cases. Then, the paper
electrode was washed with Milli-Q water and was ready for the measurements.

2.4. Electrochemical Procedures

Linear sweep voltammetry was used to characterize the redox processes of each heavy metal (Cu
(II), In (III), Pb (II) and Cd (II)) and to optimize the formation of the film on the cellulose-based electrode.
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A potential of −1.2 V was applied to preconcentrate the analytes before the measurement. Then, the
reduced analyte was stripped away according to the next parameters: initial potential (Ei) = −1.2 V,
final potential (Ef) = 0 V, step potential (Es) = 2 mV and scan rate (v) = 50 mV/s.

All heavy metals’ measurements were carried out in 0.1 M acetate buffer pH 4, 0.5 M in sodium
sulphate, employed as background electrolyte.

Relative standard deviations (RSDs) were calculated for all analytes at concentrations located in
the middle of the linear range of each analyte. Different paper electrodes were tested (n = 3), using
different SPCEs for different analytes.

2.5. Water Analysis

Samples of tap water were collected in our laboratory for heavy metal determination. They were
spiked with standards of Cd (II) and Pb (II) before their analysis. The solutions were analyzed by
anodic stripping linear sweep voltammetry, but the parameters for the modification and measurement
steps in water samples were different depending on the type of film used.

For the determination at paper-based electrodes with mercury films, water samples were spiked
with different volumes of 10 µg/mL of Cd (II) and Pb (II). The spiked samples were diluted 1:10 in
0.1 M acetate buffer, pH 4, with 0.5 M sodium sulphate used as background electrolyte. Metals were
preconcentrated on paper electrodes modified with mercury films, by applying a potential of −1.2 V
for 600 s. Then, deposited heavy metals were stripped away by linear sweep voltammetry by applying
the following conditions: Ei = −1.2 V, Ef = 0 V, Es = 2 mV and v = 50 mV/s.

On the other hand, samples of tap water collected to be quantified by using paper-based electrodes
modified with bismuth films were spiked with different volumes of a standard solution of 25 µg/mL
of Zn (II), Cd (II) and Pb (II). The spiked tap-water sample was 1:10 diluted in 0.1 M acetate buffer,
pH 4, with 0.5 M sodium sulphate. A preconcentration potential of -1.3 V was applied for 600 s
according to a procedure previously published [36]. Afterward, deposited metals were stripped
anodically by sweeping the potential linearly from −1.3 to −0.6 V at 50 mV/s, with 2 mV of step
potential. Measurements were recorded in triplicate.

3. Results and Discussions

3.1. Electrochemical Characterization of Mercury/Bismuth Films at Paper Electrodes

The mercury or bismuth films electrochemically formed on the carbon ink deposited at the cellulose
matrix of paper electrodes were characterized by linear sweep voltammetry (LSV). The optimization
of the film formation method was done by measuring the intensity of the oxidation current of a Cd
(II) solution deposited on the paper electrode after the film formation. Cd (II) solution was chosen
because, among the heavy metals tested, this was the one with the most negative reduction potential.
A negative potential of −1.2 V was used to preconcentrate this metal for different deposition times,
varying from 60 to 300 s. Then, the reduced Cd (0) was stripped away by scanning the potential
anodically. Regarding the film generation, the application of −0.75 V for 240 s on an aliquot of 40 µL
of 10−3 M of bismuth or mercury standard solutions was the option that produced the most precise
signals with highest intensities for both mercury and bismuth films. Higher deposition times did not
increase the intensity of the oxidation currents. Therefore, this time was used for the film deposition at
the analysis of the heavy metals in water samples.

3.2. Determination of Heavy Metals at Paper-Based Electrodes with Mercury/Bismuth Films

Standard solutions of heavy metals such as Cd (II), Pb (II), In (III) and Cu (II) were prepared in
0.1 M acetate buffer pH 4 with 0.5 M sodium sulphate. This salt was used to increase the conductivity
of the solution. Firstly, all of them were electrochemically characterized by linear sweep voltammetry
on an individual base. Standard solutions of each analyte were added on paper electrodes modified
with mercury films, to perform individual measurements. A potential of −1.2 V was applied for the
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preconcentration step, and then the analyte was stripped away by applying an anodic potential scan
from −1.2 to 0 V. Different preconcentration times were tested, varying from 240 to 720 s, with 600 s
being the option with the highest peak current intensity for Cd (II), In (III), Pb (II) and Cu (II). Their
oxidation peak potentials were −905, −800, −720 and −180 mV, respectively, on paper electrodes
modified with mercury films.

In order to evaluate a more sustainable alternative with less toxicity, the same procedure was
carried out on paper electrodes modified with bismuth films. Following a similar procedure, in this
case, the oxidation peaks for Cd (II), In (III) and Pb (II) occurred at −1000, −920 and −780 mV. Cu (II)
could not be detected on paper-based electrodes modified with bismuth films because its analytical
signal overlapped with a bismuth oxidation peak that appeared at −300 mV. Cd (II), In (III) and Pb (II)
were successfully detected in both films. For a 10 µg/mL concentration of Pb (II), oxidation intensity
currents of 8 and 19 µA were obtained in paper electrodes modified with bismuth and mercury
films, respectively. For In (III), this was also higher in paper electrodes modified with mercury films,
obtaining values of 10 µA for a concentration of 2.5 µg/mL, and 2.5 µA for 2 µg/mL in bismuth films.
However, in the case of Cd (II), the intensity of peak currents was nearly similar in both cases (19 and
16 µA, respectively, for a concentration of 10 µg/mL). However, the linear range is wider in paper
electrodes modified with mercury films, and the limits of detection are lower.

Calibrations curves for the single determination of heavy metals (Cd (II), In (III), Pb (II) and Cu
(II)) were carried out by anodic stripping linear sweep voltammetry by employing the same parameters
(n = 3). Apart from LSV, different electrochemical techniques (differential pulse voltammetry (DPV)
and square wave voltammetry (SWV)) were tested. LSV was the best option because of the good
reproducibility obtained with all analytes tested. Thus, LSV was employed for the remaining work.
Table 1 shows the equations for the calibration curves, along with analytical characteristics, such as
the linear ranges and limits of detection obtained with paper electrodes modified with mercury or
bismuth films. Similar slopes for Cd (II) and Pb (II) obtained in mercury films can be explained because
they have similar diffusion coefficients in mercury (1.5 × 10−5 cm2/s for Cd (II), 1.25 × 10−5 for Pb (II)),
respectively [67].

Table 1. Analytical characteristics for Cd (II), Pb (II), In (III) and Cu (II) on paper-based electrodes
modified with bismuth or mercury films.

Bismuth Films

RSD (%) Linear Range (µg/mL) Limit of Detection (µg/mL)

Cd 4.3 2.5–10 1

Pb 14.6 1–10 0.7

In 9.6 1–4 0.6

Mercury films

RSD (%) Lineal range (µg/mL) Limit of detection (µg/mL)

Cd 6.4 0.5–10 0.4

Pb 10.9 0.5–10 0.1

In 9.1 0.1–5 0.04

Cu 4.3 0.25–6.35 0.2

Therefore, mercury films showed higher slopes for all the analytes, except for Cd (II). However,
Cd (II) in bismuth films is measured in a narrower linear range. In conclusion, paper electrodes with
mercury films have higher sensitivity for all analytes tested.

The limits of detection (LOD) for Cd (II), Pb (II), In (III) and Cu (II) were calculated as the
concentration corresponding to a signal equivalent to 3Sa/m, where Sa is the standard deviation of
the blank (intercept), and m is the slope of the calibration line of paper electrodes with mercury or
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bismuth films. The lowest LODs were achieved in all cases for the paper electrodes modified with
mercury films. The relative standard deviation (RSD) corresponding to a concentration located in
the middle of the linear range for each analyte is also reported. They were done by using the same
screen-printed electrode card for all the paper electrodes. Nevertheless, the RSD did not change by
using different SPCEs. Care should be taken in fixing and removing the paper electrodes, in order to
avoid ink losses and therefore, connection damage. In this way, screen-printed cards can be reused,
at least for ca. seven measurements.

Although for Cd (II) the methodology that employs paper electrodes modified with mercury
films has a better limit of detection (LOD), the precision was better for mercury films. In the case of
Pb (II), both sensitivity and reproducibility were better when mercury films were used. In (III) had
the best LOD for both types of films, being lower for mercury films. The RSDs are acceptable. Cu (II)
was only measured on paper electrodes modified with mercury films, obtaining the a wide linear
range. Therefore, in general, mercury films gave better results with higher sensitivity and allowed the
determination of Cu (II). However, bismuth films showed reliable results with the advantage of being
a material less toxic than mercury.

Among all the heavy metals tested, Cd (II) and Pb (II) are the most toxic, having legal limits
more restrictive in drinking water in comparison with In (III) and Cu (II). Legislation sets limits of
5 and 10 µg/L for Cd (II) and Pb (II), respectively, whilst Cu (II) has a limit of 2000 µg/L, making Cd
(II) and Pb (II) the most important ones for quality analysis [68,69]. There is no established limit for
In (III), an element whose toxicity and environmental effects are still not confirmed, but its use as a
component in alloys and also in the semiconductor industry makes its determination useful for quality
control purposes. With this procedure, Cd (II) and Pb (II) provided reliable results (using mercury
and bismuth films) in terms of linear range, reproducibility or sensitivity, concluding that they can be
determined in water samples different from drinking water because of the legislation limits. However,
our research group has proved that it is possible to decrease 800-fold the LOD of the determination
of a contaminant (diclofenac) in waters with this type of electrodes, by simply depositing several
aliquots of the sample and allowing the preconcentration in the paper matrix before launching the
measurement [70]. This opens the possibility to improve the sensitivity of the detections if required.
In the case of In (III), the methodology also showed reliable results, resulting in an In (III) sensor
in aqueous solutions for the semiconductor industry. Finally, in the case of Cu (II), mercury-film
paper-based electrodes can be used as a low-cost sensor for drinking water.

On the other hand, in order to study the possibility of making multianalyte determination,
with simultaneous measurements for all heavy metals studied, solutions containing different
concentrations of Cd (II), In (III), Pb (II) and Cu (II) were prepared. Determinations were carried out by
anodic stripping linear sweep voltammetry, employing the same parameters as before. It could be
observed that the oxidation reactions for Cd and In for concentrations of 10 µg/mL in paper electrodes
with mercury films overlapped, with potentials of −845 and −780 mV, respectively. In the case of
bismuth films, another overlap between the anodic peaks of Bi and Cu (with −234 and −140 mV
respective peak potentials) was observed. However, Pb (II) and Cd (II) could be identified with enough
resolution. Linear sweep voltammograms recorded in solutions containing Cd (II), In (III), Pb (II) and
Cu (II) for both films are shown in Figure 2.
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step: Ed = −1.2 V, td = 600 s). Stripping step: Ei = −1.2 V, Ef = 0 V, Es = 2 mV, v = 50 mV/s).

3.3. Analysis of Water: Determination of Cd (II) and Pb (II)

Water samples obtained from our laboratory were collected as a substitute for sewage-water
samples and spiked for Cd (II) and Pb (II) determination, using paper electrodes modified with mercury
and bismuth films.

Samples were spiked with 10 µg/mL of Cd (II) and 10 µg/mL of Pb (II) when paper electrodes
were modified with mercury films and with 25 µg/mL of each analyte for bismuth films.

For the determination on paper electrodes modified with mercury films, standard additions were
made with solutions prepared with an initial aliquot of 100 µL of the spiked sample (10 µg/mL of
Cd (II) and 10 µg/mL of Pb (II)). Then, different aliquots (100, 200, 300 and 400 µL) of a 10 µg/mL of
Cd (II) and Pb (II) standard solution in 0.1 M acetate buffer (pH 4) with 0.5 M sodium sulphate as a
background electrolyte were added. Finally, buffer solution was added until a final volume of 1 mL.
Solutions were analyzed by the stripping voltammetry method developed. The quantification of both
analytes was successfully carried out at mercury films. However, Pb (II) and Cd (II) quantification
on paper electrodes modified with bismuth films was quite irreproducible. This could be due to the
formation of intermetallic compounds (Pb/Cd) between the oxidation peaks for Pb (II) and Cd (II).
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This could alter the intensity of the peaks analyzed yielding lower concentration in solution for
both heavy metals. It has been described that the presence of Zn (II) in the solution could avoid
the formation of those intermetallic compounds with Cd and Pb and eliminate this interference [36].
Then, for the determination of Cd (II) and Pb (II) on paper-based electrodes modified with bismuth
films, Zn (II) was added to the solutions employed for the determination, following the standard
addition methodology. Therefore, the determination procedure was modified according to the method
previously published [36].

With this aim, samples of water were spiked with Zn (II), Cd (II) and Pb (II) standards, obtaining a
spiked sample of 25 µg/mL of Zn (II), 25 µg/mL Cd (II) and 25 µg/mL Pb (II) in 0.1 M acetate buffer pH
4 with 0.5 M sodium sulphate. For the determination on paper electrodes modified with bismuth films,
standard additions were carried out by taking 100 µL of the spiked sample. Then, different aliquots
(100, 200, 300 and 400 µL) of a standard solution with 10 µg/mL of Cd (II) and 10 µg/mL of Pb (II) were
added. Finally, buffer solution was added until a final volume of 1 mL. Solutions were analyzed by
stripping voltammetry with the next parameters: preconcentration step at −1.3 V for 600 s, followed
by anodic stripping linear sweep voltammetry and scanning the potential from −1.3 to 0 V at 50 mV/s
with 2 mV of step potential. With this procedure, samples of water spiked with Cd (II) and Pb (II) were
analyzed with a reproducibility similar to that obtained for mercury films.

Results obtained indicated a higher recovery of the spiked sample in analysis made on paper
electrodes modified with mercury films in comparison with bismuth films. Pb (II) determination had
a recovery of 98.8% on mercury films, whereas a recovery of 89.2% was obtained on bismuth films.
Recoveries obtained for Cd (II) determination were of 99.2% and 86.3%, concluding the efficacy of
using paper electrodes with mercury films. The results obtained for the sample with paper-based
electrodes with mercury films developed in this study are similar to those obtained on an analysis of
the sample by a method previously developed at SPCEs modified with bismuth films (103% Pb (II),
97.5% Cd (II)) [71]. In this case, the possibility of reusing the SPCEs with paper electrodes allows the
development of a sensor with a lower cost.

3.4. Comparison of Methods

The analytical characteristics reported in the literature for trace metals’ determination by using
paper-based electrodes are shown in Table 2. Heavy metal determination on paper devices was carried
out by different physicochemical principles, mainly spectrophotometric and electrochemical. However,
electrochemical devices can be used for the quantification of metals with less reagent consumption:
only those for the formation of the metallic films and electrolytes; therefore, it could be considered that
electrochemical methods offer a more economic option. In addition, this methodology was tested with
a higher variety of analytes obtaining characteristics like linear range, sensitivity and reproducibility,
in comparison with devices based on a colorimetric determination (Table 2).

Electrochemical devices for heavy metal determination in paper devices are scarce. The LOD
of our procedure might seem high compared with some electrochemical paper devices previously
published, but with the method developed in this work, other analytes, such as Cu (II) and In (III), could
be successfully analyzed, increasing the scope of application for this heavy metal sensor. The LOD for
Pb (II) and Cd (II) make it suitable for monitoring the levels in contaminated water. In the case of Cu
(II), the linear range obtained, together with the high reproducibility, is a promising low-cost alternative
to colorimetric sensors. Our work has an additional advantage regarding waste management, since all
heavy metals analyzed, as well as the films formed, stay in the working paper electrode. Therefore,
the SPCE platform can be reused without any contamination, and the paper electrodes used can be
easily disposed of due to their small size and easy portability.
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Table 2. Analytical characteristics of other paper devices described in the literature.

Sensor Detection Technique Analyte Linear Range (µg/mL) LOD (µg/mL)

Solid phase extraction-µPADs Colorimetric [72] Cu (II) 0.02–500 0.02

Rotational paper-based device Colorimetric [73]

Ni (II) 1.5–60 4.8

Cu (II) 0.5–80 1.6

Cr (VI) 0.5–10 0.18

Table style paper device Colorimetric [66]

Ni (II) 0.3–5 0.3

Cu (II) 0.6–3 0.6

Cr (VI) 0.2–3 0.2

Three-dimensional microfluidic
device

Colorimetric [58]

Cu (II) 5–20 0.29

Cd (II) 0.05–0.4 0.19

Ni (II) 5–20 0.33

Cr (VI) 0.2–1 0.35

Double-sided conductive adhesive
carbon tape with bismuth

Electrochemical
(SWASV) [62]

Pb (II) 0.002–0.5 0.002

Cd (II) 0.1–0.2 0.1

Zn (II) 0.1–0.2 0.1

BDDPE-µPADs Electrochemical
(SWASV) [61]

Pb (II) 0.001–0.2 0.001

Cd (II) 0.025–0.2 0.025

Graphite paper electrode with
sulfonated polyaniline/antimony

Electrochemical
(DPASV) [74]

Pb (II) 0.002–0.07 0.0002

Cd (II) 0.002–0.07 0.00041

Electrochemical device with silver
ink and office paper

Electrochemical
(SWASV) [75] Pb (II) 1.87–9.95 0.35

4. Conclusions

An analytical methodology for the study of heavy metals in paper electrodes modified with
mercury or bismuth films was successfully developed. Films were freshly generated by applying
a reduction potential in solutions containing mercury (II) or bismuth (III) ions, in order to develop
a paper platform to quantify heavy metals. The paper working electrodes were overlapped on the
working electrode of a screen-printed card. This working-to-working configuration provided the
following: (i) a homogeneous connection for all the electrode’s circular area; (ii) the possibility of
reusing the screen-printed card, since the ink in the paper covers the pores and the ink in the ceramic
card is not wetted; and (iii) auxiliary and reference electrodes required for film generation and further
measurements. Cd (II), Pb (II) and In (III) could be detected in both films, whereas Cu (II) could only be
detected in paper electrodes modified with mercury films. Furthermore, mercury films offered higher
sensitivity for all heavy metals tested, in comparison with paper electrodes modified with bismuth films,
with limits of detection of 0.4, 0.1, 0.04 and 0.2 µg/mL for Cd (II), Pb (II), In (III) and Cu (II). Cd (II) and
Pb (II) could be determined in spiked water samples with recoveries of 99.2% and 98.8% for mercury
films and 88.7% and 89.2% for bismuth films. Both types of paper-based electrodes modified with
films could be considered as low-cost sensors to the determination of heavy metals in contaminated
water. Analytical characteristics like linear range, sensitivity and reproducibility were calculated in a
higher variety of metals than paper sensors based on colorimetric detection. Mercury films were a
better option to determine heavy metals, and bismuth films were a more sustainable option. The small
size of the platform makes it very manageable and easy to treat in terms of waste management.
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21. Pauliukaitė, R.; Brett, C.M.A. Characterization and application of bismuth-film modified carbon film
electrodes. Electroanalysis 2005, 17, 1354–1359. [CrossRef]

22. Vereecken, P.M.; Rodbell, K.; Ji, C.; Searson, P.C. Electrodeposition of bismuth thin films on n-GaAs (110).
Appl. Phys. Lett. 2005, 86, 121916. [CrossRef]

23. Wang, J.; Lu, J.; Kirgöz, U.A.; Hocevar, S.B.; Ogorevc, B. Insights into the anodic stripping voltammetric
behavior of bismuth film electrodes. Anal. Chim. Acta 2001, 434, 29–34. [CrossRef]
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Abstract: Pesticides are among the most important contaminants in food, leading to important global
health problems. While conventional techniques such as high-performance liquid chromatography
(HPLC) and mass spectrometry (MS) have traditionally been utilized for the detection of such food
contaminants, they are relatively expensive, time-consuming and labor intensive, limiting their use
for point-of-care (POC) applications. Electrochemical (bio)sensors are emerging devices meeting
such expectations, since they represent reliable, simple, cheap, portable, selective and easy to use
analytical tools that can be used outside the laboratories by non-specialized personnel. Screen-printed
electrodes (SPEs) stand out from the variety of transducers used in electrochemical (bio)sensing
because of their small size, high integration, low cost and ability to measure in few microliters of
sample. In this context, in this review article, we summarize and discuss about the use of SPEs as
analytical tools in the development of (bio)sensors for pesticides of interest for food control. Finally,
aspects related to the analytical performance of the developed (bio)sensors together with prospects
for future improvements are discussed.

Keywords: screen-printed electrodes; electrochemical (bio)sensors; pesticides; point-of-care;
food control

1. Introduction

Pesticides are among the most used products in the agri-food industry for the control, prevention
and elimination of pests. According to the target pest, they can be classified in insecticides, acaricides,
fungicides, bactericides, herbicides, etc. The main pesticides are made of carbamates, dinitrocompounds,
organochlorines, organophosphates, pyrethroids, neonicotinoids or triazines, among others [1].
However, such compounds have a high toxicity. In this line, according to the World Health Organization
(WHO), they can be classified as carcinogenic, neurotoxic or teratogenic [2,3]. This makes necessary
their strict control in wastewater, soil, food, animals and human beings. In the European Union, the
Residual Maximum Limits (MRLs) allowed by the legislation are 0.1 µg/L for individual pesticides and
0.5 µg/L for total pesticides [4–6].

The United Nations (UN) estimates that 200,000 deaths from acute poisoning occur each year due
to pesticides, 99% belonging to developing countries [7]. Continuous exposure to these compounds
may cause cancer, Alzheimer’s disease and Parkinson’s disease, as well as neurological disorders,
fertility issues, allergies and hypersensitivity.

The official methods for the determination of pesticides are based on chromatography, such
as High Performance Liquid Chromatography (HPLC), HPLC-MS/MS and Gas Chromatography
coupled to Mass Spectrometry (GC-MS/MS) [8–13]. Despite their high sensitivity, these techniques
require very expensive equipment, long analysis times, high reagent sample volumes and qualified
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personnel. Due to these limitations, alternative methodologies for pesticides detection have been
proposed in the last years, being probably the most relevant ones those based on electrochemical
methods [14]. Electrochemical techniques have advantages over conventional ones related to their
simplicity, the low sample volumes required (typically in the order of µL), the low cost of instruments
and the short analysis time [15,16]. The main (bio)sensing routes for the electrochemical detection of
pesticides are based on (Figure 1): (i) enzymatic sensors (inhibition and enzymatic catalysis); (ii) direct
detection-based sensors (of electroactive pesticides); (iii) immunosensors (using specific antibodies
as receptors); iv) aptasensors (using specific aptamers as receptors) and (v) biological sensors (using
microorganisms as receptors).

Figure 1. Main (bio)sensing routes followed for the electrochemical detection of pesticides.

However, the use of traditional electrodes requires relatively high sample volumes and quite
complicated cell set-up, as they are not suitable for “in field” applications. In this sense, screen-printed
electrodes (SPEs) have emerged as outstanding alternatives, overcoming the limitations of traditional
electrodes. Screen printing is a well-developed technology widely used since the 1990s for the mass
production of disposable and economical electrochemical sensors. This production process is carried
out in several stages, as illustrated in Figure 2A [17].

Screen-printed electrodes (SPEs) are manufactured on ceramic or plastic substrates, in which
different types of inks (typically carbon, graphite, silver and gold) are printed. In addition, these inks
can be modified with nanomaterials or enzymes among other compounds, improving the analytical
characteristics of the (bio)sensors developed from such electrodes.

SPEs satisfy the need for highly reproducible, sensitive and cost-effective detection methods, with
additional advantages related to the low cost of production, flexibility in design, small size and ease of
electrode surface modification [18–23]. The main methods used for the immobilization of (bio)receptors
on the working electrode of SPEs for further pesticides detection are summarized in Figure 2B. The
portability of the electrochemical instruments typically used also makes these systems ideal for point
of care (POC) analysis [24–27]. The working electrode can be modified with various materials and
recognition elements such as noble metal nanoparticles (i.e., Cu, Ni, Au, Pt, Ag) [28–37], nanotubes
(CNT) [38–44], nanofibers (CNF) [43,45–49], graphene [50], graphene oxide (GO) [51–54], reduced
graphene oxide (rGO) [55–58], quantum dots (QDs) [59–64], magnetic beads (MB) [65–68], enzymes
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(AChE, ALP, GOD, HRP, FDH, OPH, Tyr) [69–80], antibodies [81–87], aptamers [88–93], DNA [94–98]
and biological agents [99–101].

In this review, recent applications of SPEs for the electrochemical detection of pesticides are
summarized, giving a critical vision on the advantages, drawbacks and perspectives.

Figure 2. (A) Stages of the manufacturing process of screen-printed electrodes (SPEs). (B) Main
methods used for the immobilization of (bio)receptors on the working electrode of SPEs for pesticides
detection (SAM: Self Assembled Monolayers).

2. Electrochemical Techniques Used for Pesticides Detection

The typical electrochemical techniques used for pesticides detection, after following one of
the (bio)sensing routes schematized in Figure 1, are: voltammetry (cyclic voltammetry, differential
pulse voltammetry, square wave voltammetry), chronoamperometry and electrochemical impedance
spectroscopy. The main characteristics of each technique are briefly described in this section.

2.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is used to study the different electrochemical processes that take
place when applying a potential scan. The measured peaks of current provide information on the
oxidation and reduction processes of an electroactive specie. In addition, it provides information on
the type of process object of study: (i) reversible; (ii) irreversible or (iii) quasi-reversible, depending
on the separation between the anodic and cathodic peaks. Another characteristic that popularizes
the CV is its ability to give information about the nature of a process in terms of adsorption and
diffusion characteristics.

2.2. Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) technique consists in applying a sequence of pulses of
constant amplitude superimposed on a stepped potential increase. The current intensity is measured
just before applying the pulse and at the end of it. The response obtained is the difference between
the two current intensities, in relation to the potential at the start of the pulse, giving rise to a
peak-like response.

This technique is used to determine oxidation or reduction processes depending on the analyte
concentration. In general terms, DPV has better sensitivity than cyclic voltammetry.
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2.3. Square Wave Voltammetry

In square wave voltammetry (SWV) technique, a large amplitude square wave potential sweep is
applied with a stepped potential ramp. Current intensity is measured at the end of each applied pulse
in the potential sweep cycle.

Generally, SWV is more sensitive, faster and more selective than DPV, since the background
current is minimized.

2.4. Chronoamperometry

Chronoamperometry (AC) is a determination technique where a constant current intensity is
applied for a certain time. During to the application of such potential, the electroactive analytes
present in the solution are oxidized or reduced, generating and associated current, proportional to the
amount of analyte. The main advantage of this technique compared with voltammetries is related to
its simplicity.

2.5. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique commonly used to evaluate
parameters of charge transfer, corrosion processes, double-layer formation, or modification processes
of the electrode surface.

The EIS is given by the Nyquist diagram where values of the load transfer resistance and the
resistance of the solution are obtained. Depending on the semicircle obtained in the Nyquist diagram, it
can be determined if there is an impediment to the charge transfer or if it is favored by the modification
of the working electrode. This technique is widely used in label-free biosensing formats, where the
change in the impedance upon the analyte biorecognition allows its determination.

3. Enzymatic Sensors

Enzymatic sensors are the most widely used for the determination of pesticides on SPEs. Two
are the main detection routes based on enzymes: (i) enzymatic inhibition route, where the pesticide
inactivates the enzyme and (ii) catalytic route, where the pesticide is hydrolyzed by the enzyme
generating an electroactive compound [102,103].

3.1. Enzymatic Inhibition

As stated above, inhibition reactions make enzymes inactive in the presence of pesticides. This is
the case of acetylcholinesterase (AChE), butyrylcholinesterase (BChE), tyrosinase (Tyr) and alkaline
phosphatase (ALP).

Acetylcholine + H2O AChE→ Choline + Acetate (1)

AChE is one of the most commonly used enzymes for the determination of organophosphorus
pesticides (OP). The reaction catalyzed by AChE is the following:

The presence of OP results in the inhibition of the enzymatic activity due to phosphorylation of
the serine residue of the active center of the enzyme, which blocks the hydrolysis of acetylcholine
(ACh). Therefore, the higher the concentration of OP, the more blocked the active center will be and
the lower the signal of oxidation or reduction of the enzymatic products. Detection based on other
enzymes relies in the same principles.

As shown in Table 1, many publications on enzymatic inhibition-based detection of pesticides on
SPEs have been reported in the last years. For example, Solna et al. [74] developed a multi-analyte
device for pesticides and phenols based on the immobilization of enzymes (AChE, BChE, Tyr, HRP)
on different graphite and platinum working electrodes. AChE and BChe were immobilized on
platinum working electrodes while Tyr and HRP did on graphite working electrodes. The limits
of detection (LoDs) for the different pesticides studied depended on whether AChE or BChE were
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used, ranging from 0.8 to 130 nM for AChE and 2.8 to 2390 nM for BChE. Such difference in LoDs is
related to the different affinity of each enzyme for the corresponding pesticide. Industrial wastewater
was successfully analyzed with such system. Another biosensor based on the inhibition of AChE
on screen-printed carbon electrodes (SPCEs) was the developed by Dou et al. [104], where after
the manufacturing of the SPCEs, the enzyme was immobilized by polyacrylamide polymerization.
Dichlorvos, Monocrotophs and Parathion pesticides were determined with LoD of 18.1, 26.4 and 14.4
nM respectively. In both works the enzymes were immobilized on unmodified working electrodes,
giving rise to simple and fast sensors.

Table 1. Enzyme inhibition biosensors reported for pesticides detection on screen-printed electrodes.

Electrode Enzyme Analyte Lineal Range LoD Ref

SPGE (array)

AChE

Carbaryl
Heptenophos
Fenitrothion
Dichlorvos

Phosphamide 0.8 nM–2.4 µM

0.80 nM
9.2 nM
85 nM
77 nM

130 nM

[74]

BChE

Carbaryl
Heptenophos
Fenitrothion
Dichlorvos

Phosphamide

93 nM
2.8 nM
6.9 nM
14 nM

2390 nM

Thick-film SPCE Tyr Diethyldithio carbamate – 2 µM [79]

SPCE AChE
Dichlorvos

Monocrotophs
Parathion

16–28 nM
18.1 nM
26.4 nM
14.4 nM

[104]

PB/SPCE

AChE Aldicarb
Carbaryl

63–315 nM
124–497 nM

63 nM
124 nM

[105]
BChE Paraoxon

Chlorpyrifos-methyl oxon
7–18 nM
1.6–6 nM

7 nM
1.6 nM

PEDOT:PSS/SPGE AChE Chlorpyrifos-oxon 4–760 nM 4.4 nM [106]

TCNQ/SPGE AChE

Aldicarb
Carbaryl

Carbofuran
Methomyl

10–500 nM
5–500 nM
1–750 nM

2.5–700 nM

8 nM
4 nM
1 nM
2 nM

[107]

CoPc/SWCNTs/ SPCE AChE Paraoxon
Malaoxon

18–181 nM
6–159 nM

11 nM
6 nM [108]

GA/ZnONPs/ SPCE Tyr Chlortoluron 1–100 nM 0.47 nM [109]

Fe3O4/GR/SPCE AChE Chlorpyrifos 0.14–285 nM 0.06 nM [110]

Al2O3/SPCE AChE Dichlorvos 1–60 µM 0.8 µM [111]

CB/CoPc/SPCE BChE Paraoxon Up to 100 nM 18 nM [112]

CoPc/SPCE AChE Organophosphates 10−5–10−9 M – [113]

Cyst/GA/AuSPE AChE Paraoxon Up to 145 nM 7.3 nM [114]

CoPc/CGCE Tyr

Methyl parathion
Diazinon

Carbofuran
Carbaryl

22.8–379.9 nM
62.4–164.3 nM
22.6–406.8 nM
49.7–248.5 nM

– [115]

Nf/SPGE BChE Trichlorfon
Coumaphos

4 × 10−7–8 × 10−7 M
2 × 10−7–5.5 × 10−6 M

3.5 × 10-7 M
1.5 × 10-7 M

[116]

PB/SPGE ChO Paraoxon 0.1–1 µM 0.1 µM [117]

DEP-Au chips AChE Paraoxon
Carbofuran – 36.3 nM

36.1 nM [118]

GA/IrOxNPs/ SPCE Tyr Chlorpyrifos 0.01–0.1 µM 3 nM [119]

SPCE AChE Chlorpyrifos 1 × 10−6–5 × 10−2 M 5 µM [120]

DCHP/MWCNT/SPCE AChE Chlorpyrifos 0.14–2.85 nM 0.14 nM [121]

Nf/PB/DSPCE AChE
Isocarbophos
Chlorpyrifos
Trochlorfon

0.33–16.72 µM 0.33 µM [122]
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Table 1. Cont.

Electrode Enzyme Analyte Lineal Range LoD Ref

SPCE AChE Permethrin 6.2–41 µM 8.1 µM [123]

Cu3(PO4)2/HNFs/
SPCE AChE/ ChO Paraoxon 2.18 × 10−5–2.18 nM 21.8 fM [124]

GA/Nf/BSA/
CBNPs/SPGE BChE Paraoxon 18.2–109 nM 18.2 nM [125]

Nf/PB/ZrO2/
CNT/SPCE GMP-AChE Dimethoate 0.004–43.6 nM 2 pM [126]

TCNQ/SPCE BChE
Chlorpyrifos-methyl

Coumaphos
Carbofuran

3 × 10−8–3 × 10−7 M
1 × 10−7–4 × 10−6 M
3 × 10−8–1 × 10−7 M

20nM
50 nM
10 nM

[127]

PB/SPCE AChE/ ChO Chlorpyrifos-methyl
Carbofuran

4 × 10−8–5 × 10−7 M
1 × 10−8–1 × 10−7 M

30 nM
8 nM [127]

MWCNTs/SnO2/
CHIT/SPCE AChE Chlorpyrifos 0.14–2.85 × 103 nM < 0.14 nM [128]

CS/PVA NFM/SPCE AChE Pirimiphos-methyl oxon 1 × 10−10–8 × 10−9 M 0.2 nM [129]

OMC-CHIT/
Fe3O4-CS/SPCE AChE Methamidophos

Chlorpyrifos – 7.09 nM
0.14 nM [130]

SPSE AChE Chlorpyrifos 0–71.3 nM 7.13 nM [131]
CS/CB/SPCE AChE Paraoxon 0.36–1.82 nM 0.18 nM

MWCNT/SPCE AChE Paraoxon Up to 6.9 nM 0.5 nM [132]

ZnO/SPCE AChE Paraoxon Up to 5 µM 0.13 µM [133]

SPGE AChE Chlorpyrifos ethyl oxon 0–2 × 10−8 M
5 × 10−8–2 × 10−7 M

3.6 pM [134]

MWCNT/IL/ SPCE AChE Chlorpyrifos 0.14–2.85 × 105 nM 0.14 nM [135]

PBNCs/rGO/ SPCE AChE Monocrotophos 4.5–2688 nM 0.45 nM [136]

TCNQ/SPGE AChE
Carbaryl

Carbofuran
Pirimicard

Up to 5 × 10−7 M
Up to 1 × 10−7 M
Up to 5 × 10−7 M

10 nM
0.8 nM
0.2 nM

[137]

CoPc/SPCE AChE Carbofuran 10−10–10−8 M 0.5 nM [138]

TCNQ/Nf/SPGE AChE Chlorpyrifos methyl 3–930 nM 68 nM [139]

TCNQ/BSA/GA/
SPCE AChE Paraoxon 1.8 × 10−7–5.4 × 10−5

M
0.18 µM [140]

TCNQ/Nf/SPCE AChE Carbaryl
Parathion methyl

9.9–447.3 nM
3.8–379.9 nM

9.9 nM
3.8 nM [141]

CoPc/SPCE AChE
Dichlorvos
Parathion
Azinphos

1 × 10−17–1 × 10−4 M
1 × 10−16–1 × 10−4 M
1 × 10−16–1 × 10−4 M

fM
0.1 fM
0.1 fM

[142]

SPGE: Screen-printed graphite electrode; PB: Prussian Blue; PEDOT: Poly (3,4-ethylenedioxythiophene); PSS:
Poly(styrene sulfonate); TCNQ:7,7’,8,8’-Tetracyanoquinodimethane; GR: Graphene; Cyst: Cysteamine; GA:
Glutaraldehyde; AuSPE: Screen-printed gold electrode; CGCE: Acetylcelullose-graphite composite electrode;
Nf: Nafion; ChO: Choline oxidase; DEP: Disposable electrochemical printed; DCHP: Dicyclohexyl phthalate; DSPCE:
Dual-channel screen-printed carbon electrode; GMP-AChE: Gold magnetic particles-Acetylcholinesterase; HNF:
Hybrid nanoflowers; CBNP: Carbon black nanoparticles; CNT: Carbon nanotube; CHIT: Chitosan; PVA: Poly (vinyl
alcohol); NFM: nanofibrous membranes; OMC-CHIT: ordered mesoporous carbon–chitosan; SPSE: Screen-printed
silver electrode; IL: Ionic liquid; PBNC: Prussian Blue Nanocubes; rGO: reduced Graphene Oxide; BSA: Bovine
Serum Albumin.

However, in most cases working electrodes are modified with different materials so as to
improve the efficiency of the enzyme immobilization and thus the pesticide analysis. An example
of simple electrode modification is the reported by Arduini et al. [105] where Prussian Blue was
immobilized before the enzyme (AChE and BChE) did. The concentration of several organophosphorus
pesticides was determined, finding the highest sensitivity for Aldicarb and Carbaryl (LoDs 63
and 124 nM respectively) when AChE was used and for Paraoxon and Chlorpyrifos-methyl oxon
(LoDs 7 and 1.6 nM, respectively) when using BChE. River water and wastewater samples were
analyzed with such biosensor. Polymers like poly (3,4-ethylenedioxythiophene) polycation (PEDOT)
and poly (styrenesulfonate) polyanion (PSS) were also used for the carbon electrode modification
so as to increase its conductivity [106]. Organophosphorus pesticides such as Chlorpyrifos-oxon
were determined (LoD of 4.4 nM) based on the thiocholine oxidation. In the case of the biosensor
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developed by Silva Nunes et al. [107], a screen-printed graphite electrode (SPGE) was modified with
7,7,8,8-tetracyanoquinodimethane (TCNQ) and photopolymerized with poly (vinyl alcohol) bearing
styrylpyridinium groups (PVA-SbQ) to covalently immobilize AChE. This biosensor was applied
for the determination of different carbamates such as Aldicarb (LoD 8 nM), Carbaryl (LoD 4 nM),
Carbofuran (LoD 1 nM) and Methomyl (LoD 2 nM).

Different nanomaterials have also been proposed for the electrode’s modification. For
example, multi-walled carbon nanotubes (MWCNTs) were immobilized together with AChE and
Co-phthalocyanine (Co-Pc; used as mediator) on the working electrode of a SPCE [108]. Such
modification produces a decrease in the working potential, minimizing interferences and thus
improving the selectivity of the biosensor. This device was developed for the determination of
Paraoxon (LoD 11 nM) and Malaoxon (LoD 6 nM), even in tap and sparkling water. Metallic
nanoparticles (NPs) have also been used as modifiers of the working electrode. This is the case of
the Clortoluron sensing device developed by Haddaoui and Raouafi [109] using ZnO nNPs-modified
electrodes for the immobilization of tyrosinase (Tyr) enzyme (Figure 3). Clortoluron is detected here
with a LoD of 0.47 nM, having also a good performance in tap water, well water and river water.
The stability of immobilized AChE as well as the electronic transference were also improved using
magnetic nanoparticles (Fe3O4) coupled to a graphene (GR) film on a SPCE [110]. This biosensor was
applied for the determination of Chlorpyrifos at levels of 0.06 nM even in vegetable samples (spinach
and cabbage).

Figure 3. Enzyme inhibition biosensors for pesticides detection on screen-printed electrodes. (Left)
scheme of a biosensor for Chlortoluron using a SPCE modified with ZnO NPs for Tyr enzyme
immobilization; (Right) Chronoamperometric (CA) responses and calibration curve of inhibition % vs.
concentration of herbicide. Reprinted from [109], Copyright 2015, with permission from Elsevier.

Alternatively, enzymes can also be trapped in gel matrices with which the electrode is subsequently
modified. This is the case of the work developed by Shi et al. [111] where AChE is trapped in a sol-gel
matrix of Al2O3. Such matrix not only increases the stability of AChE but also catalyzes the oxidation
of thiocholine, decreasing the working potential and minimizing interferences. Dichlorvos pesticide
was determined at levels of 0.8 µM in river water samples.

As summarized in Table 1, the modification of SPEs with different materials highly improves the
analytical characteristics of the biosensors, lowering at levels as low as the femtomolar scale.

3.2. Catalytic Detection

As stated above, an alternative route for pesticides detection using enzyme receptors is based
on the pesticide hydrolysis by the enzyme generating an easily detected electroactive compound.
Organophosphorus anhydrolase acid (OPAA) and organophosphorus hydrolase (OPH) are the main
enzymes used for such purpose [143–147]. The OPAA is a more restrictive enzyme with respect to
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organophosphorus compounds, being only able of catalyzing P-F bonds, while OPH also catalyzes
organophosphorus containing P-O, P-S and P-CN bonds [148]. Therefore, OPH has a broader range of
catalytic effect, being used to develop biosensors for total organophosphorus pesticides.

The catalytic reaction of OP through the use of OPH gives rise to the electroactive p-nitrophenol
product. Consequently, the amount of OP is proportional to the production of p-nitrophenol. The
generic reaction catalyzed by OPH is as follows:

Aryldialkyl phosphate + H2O OPH→ Dialkyl phospahte + Aryl alcohol (2)

Table 2 summarizes the different biosensors reported for organophosphates detection based
on enzymatic hydrolysis. As in the case of the enzymatic inhibition, different materials have been
evaluated for the electrode modification so as to improve the performance of the biosensor.

Table 2. Enzymatic hydrolysis-based biosensors reported for pesticides detection on screen-printed
electrodes.

Electrode Enzyme Analyte Lineal Range LoD Ref

Nf/SPCE OPH Paraoxon
Methyl parathion

4.6–46 µM
Up to 5 µM

0.9 µM
0.4 µM [148,149]

MWCNT/SPCE OPH Demeton-S Up to 85 µM 1 µM [150]

Fe3O4@Au-NC/ SPCE MPH Methyl parathion 1.9–3799 nM 0.38 nM [151]

SPCE PH Parathion 34–343 nM 3.4 nM [152]

BSA/GA/SPCE OPH Diazinon – 0.59 µM [153]

Nf: Nafion; OPH: Organophosphorus hydrolase; NC: Nanocomposite; MPH: Methyl parathion hydrolase; PH:
Parathion hydrolase; GA: Glutaraldehyde.

As a representative example, Mulchandani et al. [149] modified the SPCE with Nafion (Nf) for
the OPH immobilization and subsequent determination of Paraoxon and Methyl parathion in river
water samples at 0.9 and 0.4 µM levels respectively. They and others [150], also evaluated the SPCE
modification with MWCNT for the enzyme immobilization finding worse sensitivity than for the
Nf-based modification.

Metallic NPs have also been proposed for the electrode modification. In particular, AuNPs
surrounding the core of magnetic Fe3O4 NPs were used for the immobilization of methyl parathion
hydrolase enzyme (MPH) which allowed the detection of Methyl parathion at levels as low as 0.38
nM (Figure 4) [151]. The use of the AuNP/ Fe3O4 NPs matrix also allowed to work at low potentials,
minimizing interferences when analyzing river water samples.

Figure 4. Enzymatic hydrolysis-based biosensors for pesticides detection on screen-printed electrodes.
(Left) Scheme of an approach based on the SPCE modification with AuNPs/ Fe3O4 NPs for MPH
immobilization and further determination of methyl parathion; (Right) SWV measurements of methyl
parathion at different concentrations and calibration plots for the electrode with (a) and without (b)
AuNPs. Reprinted from [151], Copyright 2013, with permission from Royal Society of Chemistry.
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4. Direct Detection of Electroactive Pesticides

In spite of their advantages, the use of enzymes entails important limitations related to their
low stability over time and their sensitivity to changes in temperature and pH [154]. Moreover,
some pesticides are electroactive compounds able to be electrochemically detected without the need
of enzymes [155,156]. For this reason, the growth of electrochemical sensors without enzymes is
continuously increasing, benefiting of their lower cost, greater simplicity and faster analysis. However,
in most cases the sensitivity of such direct detection on unmodified SPEs is not enough for detecting
the pesticides at the maximum levels allowed by the legislation. Working electrode modification with
different materials, mainly metallic nanoparticles (made of i.e., Ag, Zn, Cu, Ni) and carbon nanomaterials
such as nanofibers (CNF), nanotubes (CNT) or graphene, etc. has been extensively studied so as to
improve the electronic transference and thus the sensitivity of the pesticide detection.

Direct detection approaches for pesticides determination on SPEs are summarized in Table 3. As a
representative example of direct detection without electrode modification, Geto et al. [157] self-prepared
carbon made SPEs (SPCE) (Figure 5A) for the rapid determination of Bentazone (BTZN), an important
herbicide used in agriculture. The voltammetric oxidation of the tertiary amine in the pesticide was
selected as the analytical signal that allowed its quantification. A detection limit below the MRL (3.4 nM)
was obtained, also demonstrating the good performance of the sensor in groundwater and lake water.

Table 3. Direct detection-based biosensors reported for pesticides determination on screen-printed
electrodes.

Electrode Analyte Lineal range LoD Ref

SPCE Bentazone 0.19–50 µM 34 mM [157]

CB/SPCE

Carbofuran
Isoprocarb
Carbaryl

Fenobucarb

0.1–100 µM
0.1–100 µM
0.1–100 µM
0.1–100 µM

49 nM
79 nM
48 nM
80 nM

[158]

Thick-film Bi/SPCE

Imidacloprid
Thiamethoxam

Dinotefuran
Clothianidin
Nitenpyram

0–110.26 µM

2.97 µM
2.68 µM
7.67 µM
4.12 µM
4.36 µM

[159]

NiO/SPCE Parathion 0.1–5 µM and
5–30 µM 24 nM [160]

AuNPs/SPCE
Thiram

DEDMTDS
Disulfiram

0.29–62.39 µM
0.15–26.62 µM
1.69–50.58 µM

90 nM
50 nM
550 nM

[161]

MIP/AuNPs/ERGO/ SPCE Cyhexatin 2.60–1298.18 nM 0.52 nM [162]

CoPc/SWCNT/SPGE Thiocholine 0.07–0.45 mM 38 µM [163]

ZnONPs/MWCNTs/ SPCE
ZnONPs/Au-SPCE

Glyphosate
AMPA

1–10 µM
10–100 µM

300 nM
3 µM [164]

AG/AuNPs/SPCE Hydrazine 0.002–936 µM 0.57 nM [165]

CHIT/ZnO/SPCE 4-nitrophenol 0.5–400.6 µM 230 nM [166]

Graphene/Nf/SPCE
MWCNT/Nf/SPCE 4-nitrophenol 10–620 µM

25–620 µM
600 nM
1.3 µM [167]

MWCNT-SPE Sulfentrazone 1–30 µM 150 nM [168]

AuNP/CeO2/SPGE Hydrazine 0.01–10 mM – [169]

CuONPs/SPCE DCMU 0.5–2.5 µM 47 nM [170]

NG-PVP/ AuNPs/SPCE Hydrazine 2–300 µM 70 nM [171]

Nafion/CNT/SPCE Paraquat 0.54–4.30 µM 170 nM [172]

AuNPs/GO/SPCE Carbofuran 1–30 µM
30–250 µM 220 nM [173]

Ag@GNRs/SPCE Methyl parathion 0.005–2780 µM 0.5 nM [174]

CoHCF/SPGE Thiocholine 5 × 10−7–1 × 10−5 M 500 nM [175]

CB/CoPc/SPCE Thiocholine Up to 6 mM 4 µM [112]

CB: Carbon-black; NP: Nanoparticles; DEDMTDS: N,N-diethyl-N’,N’-dimethylthiuram disulfide; CoPc: Cobalt
phthalocyanine; SWCNT: Single-walled carbon nanotube; SPGE: Screen-printed graphite electrode; MWCNT:
Multi-walled carbon nanotube; AMPA: Aminomethyl phosphoric acid; MIP: Molecularly imprinting polymer;
ERGO: Electrochemical reduction graphene oxide; AG: Activ ated graphite; CHIT: Chitosan; Nf: Nafion;
DCMU: 3-(3,4-dichlorophenyl)-1,1-dimethylurea; NG: Nitrogen-doped graphene; PVP: Polyvinylpyrrolidone;
GNR: Graphene nanoribbons; CoHCF: Cobalt hexacyanoferrate.
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Figure 5. Direct detection-based biosensors for pesticides determination on screen-printed electrodes:
(A) Scheme of the preparation of SPE for the determination of BTZN, SWV measurements and calibration
curve. Reprinted from [157], Copyright 2019, with permission from Elsevier. (B) SPE modified with NiO
NPs to determine Parathion, DPV signals and calibration curve. Reprinted from [160], Copyright 2018,
with permission from Elsevier. (C) Use of MIP for the determination of CYT. Measurements by DPV
and inset the calibration curve. Reprinted from [162], Copyright 2019, with permission from Elsevier.

However, as stated above, in most cases SPE modification is required for improving the sensor
sensitivity. In this line, Della Pelle et al. [158] used black nanocarbon (CB) to develop a device for the
determination of phenylcarbamates (i.e., Carbaryl, Carbofuran, Isoprocarb and Phenobucarb). In this
case, the analytical signal corresponds to the voltammetric oxidation of the hydrolyzed forms of the
pesticides, which allowed to reach LoD ranging from 48 to 80 nM. Wheat and corn samples were also
analyzed after extraction and hydrolysis treatment.

Thick bismuth films have also been proposed as SPEs modifiers for the determination of
neonicotinoid pesticides such as Clothianidin, Imidacloprid, Thiamethoxam and Nitenpyram [159].
The voltammetric reduction of the nitro group of the pesticides to hydroxylamine allowed the use of
quantitative analysis, reaching LoDs at levels in the range 2.97–4.12 µM. Tap water, mineral water and
samples from rivers and lakes were successfully analyzed.

NiO NPs have also been used to improve the sensitivity and stability for the determination of
Parathion (Figure 5B) [160]. Such NPs catalyze the voltammetric reduction of the nitro group of the
Parathion to hydroxylamine, allowing the detection of the pesticide at 24 nM levels. Tap water and
human urine samples were analyzed without any pretreatment while a tomato juice sample only
required a simple filtration.

AuNPs were also used to increase the electrode surface of the SPCE and catalyze the amperometric
oxidation of Thiram, Disulfiram and N,N-diethyl-N’,N’-dimethylthiuram disulfide (DEDMTS)
pesticides [161]. Interestingly, in this case, this sensor was coupled to an Ultra High-Performance
Liquid Chromatography (UHPLC) system to perform a previous separation and improve the selectivity.
LoDs ranging from 0.05 to 0.55 µM were obtained with such system, also analyzing samples of apple,
grape and lettuce after extraction, filtration and centrifugation.

The high selectivity given by the use of molecularly imprinted polymeric membranes (MIP) has
also been approached for the specific pesticide detection. As an example, a MIP combined with AuNPs
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and reduced graphene oxide (rGO), was used for the specific voltammetric determination of Cyhexatin
(CYT) [162] (Figure 5C), reaching a LoD as low as 0.52 nM.

The SPEs electrodes used by Jubete et al. [163] were modified with single-wall carbon nanotubes
(SWCNT) and cobalt phthalocyanine (CoPc) for the determination of Thiocholine (TCh), by monitoring
its amperometric oxidation. This system gave a relatively low sensitivity with LoDs at 38 µM levels.
In contrast, when zinc oxide nanoparticles (ZnONP) were used in combination with multi-walled
carbon nanotubes (MWCNTs) [164] for the determination of Glyphosate and its hydrolysis product
(aminomethylphosphonic acid, AMPA) the LoDs were significantly better (300 nM and 3 µM).

5. Immunosensors

Immunosensors for pesticides detection are based on the use of antibodies and antigens as
recognition elements immobilized on the SPE. The main advantages of such biosensors over enzymatic
ones rely on the higher stability of antibodies/antigens together with greater selectivity and specificity.
However, the high cost and low availability of monoclonal antibodies is an important limitation that
should be considered. The small size of the pesticides also usually avoids sandwich-based approaches,
so competitive immunoassays are often required. Immunosensors for Imidacloprid, Parathion, Methyl
Chlorpyrifos, Chlorsulfuron and Atrazine can be found in the literature, as shown in Table 4.

Table 4. Immunosensors reported for pesticides determination on screen-printed electrodes.

Electrode Analyte Lineal range LoD Ref

Ab/fG-SPCE Parathion 0.3–3.43 × 103 pM 0.18 pM [176]

Ab/NH2-GQD/SPCE Parathion 0.03–3.43 × 106 pM 0.16 pM [177]

PO-SPCE Chlorsulfuron 0.03–3.88 nM 30 pM [178]
BSA-IMD/SPCE Imidacloprid 50–10000 pM 24 pM [179]

Ab/AuNP/SPCE Imidacloprid 50–10000 pM 22 pM [180]

BSA-Ag/Pt/SiO2/SPCE Chlorpyrifos methyl 1.24–62 nM 70 pM [181]

Ab/PANI/PVS/SPCE Atrazine 0.02–0.22 µM 4.6 nM [182]

Ab/ATPh/GA/AuSPE 2,4-D 45 nM–0.45 mM – [183]

Ab: Antibody; fG: functionalized graphene; PO: Peroxidase; BSA: Bovine serum albumin; IMD: Imidacloprid; GQD:
Graphene Quantum Dots; Ag: Antigen; ATPh: 4-aminothiophenol; GA: Glutaraldehyde; AuSPE: Screen-printed
gold electrode; 2,4-D: 2,4-dichlorophenoxyacetic acid.

In most cases, SPEs are modified with different (nano)materials so as to improve the efficiency
of the receptor immobilization. As example, graphene sheets [176] and graphene quantum dots
(GQDs) [177] modified with amino groups have been proposed for the oriented immobilization of
antibodies on SPCE. In both cases, anti-parathion antibodies were immobilized for the further Parathion
recognition and final detection by means of electrochemical impedance spectroscopy (EIS), reaching
LoDs as low as 0.16 pM, with high selectivity even in tomato and carrot samples after extraction
(Figure 6A).

Representative examples of competitive immunosensors are those based on the use of enzymatic
tags proposed for the determination of Chlorsulfuron [178] and Imidacloprid [179] at levels as low
as 22 pM, also taking advantage of the use of AuNPs [180] for the immobilization of the antibody.
Tap water, watermelon and tomato samples were analyzed here without the need of pretreatment
(Figure 6B).
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Figure 6. Immunosensors for the determination of pesticides on screen-printed electrodes. (A) Use of
GQDs to determine Parathion, Niquist curves and calibration curve. Reprinted from [177], Copyright
2017, with permission from Elsevier. (B) Direct competitive immunosensor using AuNPs for the
determination of Imidacoprid (IMD), chronoamperometroc measurements and calibration curve.
Reprinted from [180], Copyright 2020, with permission from Elsevier.

6. Aptasensors

Aptamers are single-chain oligonucleotides that can be produced through the technique of
“systematic evolution of ligands by exponential enrichment” (SELEX) [184]. These aptamers are able
to fold into three-dimensional structures to bind small compounds such as pesticides and drugs or
large organisms [185–190]. Aptamers and analytes are joined by Van der Waals forces, electrostatic
interactions or hydrogen bonds [191], thus being able to reverse the aptamer/analyte bond. Some
of the advantages of the use of aptamers are the lower cost with respect to enzymes and antibodies,
higher stability, long service life, regeneration possibilities and simplicity and rapid response [185,192].
Aptamers can also be easily functionalized and immobilized on the SPE for the development of
electrochemical aptasensors.

However, their use for the detection of pesticides has not been extensively reported, as shown in
Table 5. Again, SPE modification with different (nano)materials seems to be crucial for improving the
efficiency of both the aptamer immobilization and the electrochemical detection.

As example, polyaniline/AuNPs composites were proposed by Rapini et al. [193] for the
immobilization of an acetamiprid-specific aptamer (Figure 7A). The pesticide detection was based on a
competitive assay using an enzyme-tagged oligonucleotide complementary to the aptamer sequence,
reaching a LOD of 86 nM with high selectivity. Good performance was also obtained when analyzing
blackberry, apricot and peach juice samples.
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Table 5. Aptasensors reported for pesticides determination on screen-printed electrodes.

Electrode Analyte Lineal range LoD Ref

Apt/PANI/AuNPs/SPGE Acetamiprid 0.25–2 µM 86 nM [193]

BSA/Apt/rGO-CuNPs/SPCE

Profenofos
Phorate

Isocarbophos
Omethoate

0.01–100 nM
1–1000 nM

0.1–1000 nM
1–500 nM

3 pM
300 pM
30 pM

300 pM

[194]

Apt/MCH/AuNP/AuSPE Diazinon 0.1–1000 nM 17 pM [195]

Apt: Aptamer; PAMI: Polyaniline layer; SPGE: Screen-printed graphite electrode; MCH: 6-Mercapto-1-hexanol;
AuSPE: Screen-printed gold electrode.

Figure 7. Aptasensors for pesticides determination on screen-printed electrodes: (A) Immobilization
of aptamer on AuNPs-modified SPGE for the determination of Acetamiprid and the dose-response
curve of Acetamiprid and Atrazine. Adapted from [193], Copyright 2016, with permission from
Elsevier. (B) Immobilization of aptamer on AuNPs-modified gold SPE for Diazinon detection and DPV
measurements at different concentrations together with the calibration curve. Reprinted from [195],
Copyright 2018, with permission from Elsevier.

Aptamers have also been immobilized on SPE in composites with reduced graphene oxide
(rGO) and Cu nanoparticles (CuNP). That is the case of the work reported by Fu et al. [194] for the
determination of organophosphorus pesticides. The voltammetric signal decreases when increasing
the pesticide concentration, since the complex aptamer-pesticide hindered the transfer electron of the
[Fe(CN)6]3-/4- ions. Under the optimal conditions LoDs ranging from of 0.003 to 0.3 nM were obtained
for Profenofos, Phorate, Isocarbophos and Omethoate. The aptasensor was also successfully applied
for rapeseed and spinach samples, after an extraction treatment.

AuNP-modified SPEs were also proposed for the immobilization of an aptamer specific for
Diazinon (DZN) [195]. Increase in the impedance upon pesticide recognition was approached for its
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determination at levels as low as 17 fM, also taking advantage of the AuNPs as enhancers of the electronic
transference (Figure 7B). Rat plasma samples were also analyzed with good sensor performance.

7. Biological Sensors

Cells and microorganisms can also be used as recognition elements in biosensors. In this case the
analytical signal is commonly related to the activation or inactivation of cellular respiration upon analyte
interaction, leading to the production of electroactive metabolites. A representative approach consists
in the genetic modification of microorganisms with enzymes, such as OPH for the determination of
organophosphorus pesticides by measuring the enzymatically produced p-nitrophenol [102,196–198].

However, a key limitation of using microorganisms as a recognition element relies in their low
sensitivity and long analysis time because of the slow transport of substrate and product through
the cytoplasmic membranes of the cells. Due to this, few works on the use of microorganisms
for the development of pesticide biosensors on SPE are found in the literature, as summarized in
Table 6. From these works, the report by Touloupakis et al. deserves to be highlighted [199] which
employed Photosystem II (PS II) that has an oxidoreductase-like behavior. In this work, they used
the photosynthetic thylakoid of Spinacia oleracea, Senecio vulgaris and its atrazine resistant mutant
immobilized with BSA-GA on the SPE for the detection of herbicides that selectively block the electronic
transfer activity of PS II biomediators (Figure 8A). The developed multi-biosensor reached LoDs at levels
ranging from 15 to 41 nM for Diuron, Atrazine, Simazine, Terbuthylazine and Deethylterbuthylazine,
even in river water samples.

Table 6. Biological sensors reported for pesticides determination on screen-printed electrodes.

Bacteria Analyte Lineal range LoD Ref

Spinacia oleracea
Snecio vulgaris

DIU
ATR
SIM
TER
DET

1 × 10−8–1 × 10−6 M
1 × 10−8–1 × 10−6 M
1 × 10−8–1 × 10−6 M
1 × 10−9–1 × 10−6 M
1 × 10−8–1 × 10−6 M

15 nM
13 nM
41 nM
25 nM
24 nM

[199]

Rhodobacter
sphaeroides Terbutryn 0.001–10 µM 8 nM [200]

Escherichia coli Methyl parathion 2–80 µM 0.5 µM [201]

DIU: Diuron; ATR: Atrazine; SIM: Simazine; TER: Terbuthylazine; DET: Deethylterbuthylazine.

Alternatively Chatzipetrou et al. [200] used as recognition elements the bacterial reaction centers
(RC) of Rhodobacter sphaeroides immobilized on gold SPE for the determination of Terbutryn at 8 nM
levels (Figure 8B).

Finally, the biosensor reported by Kumar and D’Souza [201] is based on the immobilization of
whole cells of recombinant Escherichia coli on an SPCE for the detection of Methyl parathion. The
organophosphorus hydrolase enzyme that catalyzes the hydrolysis of organosphorus pesticides such
as Methyl parathion in p-nitrophenol is expressed in recombinant Escherichia coli cells, being an
electroactive compound through which the concentration of Methyl parathion is directly determined.
With this approach, Methyl parathion was detected at 0.5 µM levels.
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Figure 8. Biological sensors for pesticides determination on screen-printed electrodes: (A) Multi-flow
detector device for the determination of herbicides using PS II as oxidoreductase. Representation of
the current decrease with the herbicide’s concentrations. Reprinted from [199], Copyright 2005, with
permission from Elsevier. (B) Scheme of a biosensor using bacterial reaction centers on gold SPE for
the determination of Terbutryn. Photocurrents detected by LIFT and Terbutryn curves in absence and
presence of 80 µM of 2,3-dimethoxy-5-methyl-p-benzoquinone (UQ0) (inset the Dixon plot). Reprinted
from [200], Copyright 2016, with permission from Elsevier.

8. Conclusions

Screen-printed electrodes (SPEs) are emerging platforms with outstanding potential for their use
as transducers in electrochemical (bio)sensing of pesticides. Their well-known advantages in terms
of disposability, portability and low-volumes required, among others, make them ideal for the “in
field” detection of pesticides at the point of need. Moreover, their versatility and easy modification
with different materials is of key relevance for reaching ultralow detection limits that allow to detect
the pesticides at the maximum levels allowed by the legislation. In this line, the use of nanomaterials,
such as carbon-related ones (graphene, carbon nanotubes) and metallic nanoparticles is the object of an
extensive research in recent years.

The (bio)sensing strategy to be followed for the pesticide detection must be carefully studied for
each concrete case.

The simpler and faster strategy consists in the direct detection, taking advantage of the
electroactivity of some pesticides, that is the presence of functional groups with red-ox properties.
However, a limited group of pesticides can be sensitively detected through this route, typically at
levels of µM–nM.

Enzymatic sensors are the most widely used, benefitting from the wide range of pesticides able
to be detected and the high sensitivity reached, typically at levels of nM–pM. However, the use of
enzymes entails important limitations related to their low stability over time and their sensitivity to
changes in temperature and pH, among others, so alternative biosensing methods based on antibody
receptors, are becoming popular in the last years.

The main advantages of such immunosensors over the enzyme-based ones rely on the higher
stability of antibodies together with their superior selectivity and specificity. The detection limits
reached are quite similar to the ones obtained through the enzymatic route, typically at pM levels.
The high cost and low availability of monoclonal antibodies and the small size of the pesticides that
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usually avoids sandwich-based approaches are important limitations that should be considered before
selecting this biosensing approach.

In conclusion, the selectivity and sensitivity/detection limit required, and the availability of
specific enzymes and antibodies are the main parameters that should define the detection strategy
more suitable for each particular application.

As far as we know, none of the reported electrochemical (bio)sensors for pesticides detection
on SPEs are commercially available yet. In this line, some important issues should be solved for
the implantation of such (bio)sensing systems for routine analysis, as alternative to centralized
laboratory-based methods (HPLC-MS/MS; GC-MS/MS). Efficiency and long-term stability of the
enzymes and the antibodies are crucial issues that are not addressed in most of the reviewed works.
Moreover, multi-detection abilities should be strongly required for real applications in pesticides
screening. Efforts in this sense should be the next at the current state of the art.

Overall, the higher potentiality of SPE-based pesticide (bio)sensors is in the decentralized “in
field” analysis, in our opinion. The combination of such miniaturized electrochemical transducers,
the cheap and portable electrochemical instruments and the stability of mainly the antibodies make
altogether ideal for such applications. In the case of the immunosensors, the most challenging issue is
related to the sampling, washing, etc. steps required, which limits their use by non-skilled people and
consequently their commercial implantation. The combination with microfluidics seems to be of key
relevance here, so high efforts in this sense are previewed for the coming years.
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Abstract: Recent progress in the field of electroanalysis with metal nanoparticle (NP)-based
screen-printed electrodes (SPEs) is discussed, focusing on the methods employed to perform
the electrode surface functionalization, and the final application achieved with different types of
metallic NPs. The ink mixing approach, electrochemical deposition, and drop casting are the usual
methodologies used for SPEs’ modification purposes to obtain nanoparticulated sensing phases
with suitable tailor-made functionalities. Among these, applications on inorganic and organic
molecule sensing with several NPs of transition metals, bimetallic alloys, and metal oxides should
be highlighted.

Keywords: metal nanoparticles; bimetallic alloys; metal oxides; screen printed electrode; ink-mixing;
drop casting; electrodeposition; electrocatalysis; enzymatic sensor; enzyme-free sensor

1. Introduction

Screen-printed electrodes are well-known suitable platforms for sensing devices’ development.
Technology involving its preparation implies the use of many different substrates, such as ceramic,
plastic, paper, or glass. In addition, the possibility of producing patterns of cells or electrodes
with different architectures, such as single electrodes or conventional three-or-more electrode
cells, interdigitated electrodes, flow cells, etc., affords a wide range of different applications.
Its easy preparation and cost-effective production allows mass production of customized electrode
configurations with devices made of different substrates, geometries, shapes, and sizes.

In addition to its principal advantage that is customable manufacturing, screen-printed electrodes
(SPEs) also offer the possibility of producing tailor-made surfaces to achieve desirable applications for
the detection of specific analytes in several fields, such as industry, clinical, or academic research.

Modification of the electrode surface in these devices is usually achieved by three well-known
methods represented in Figure 1: Ink mixing with the modifying agent, electrochemical deposition of
a metallic precursor, or drop casting of a preformed nanoparticulated material. The first method is
carried out before ink curing and has more critical parameters, such as the curing temperature and
mixing recipes, that need to be very well supervised in order to achieve batch reproducibility [1].
The other two methods are performed, after electrode preparation, on their surface, so they are more
suitable for working with commercially available SPEs.
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Figure 1. Schematic representation of the three main methodologies usually employed to modify SPEs
with metal NPs.

There is a vast literature on the use of metal NPs for the detection of heavy metal ions, and several
reviews have been published [2–6]. So, the scope of this review was only centered on applications
with the aim of detecting inorganic and organic molecules and the strategies employed to improve the
analytical signal when using NPs as the sensing phase.

2. Modification Methodologies

2.1. Ink Mixing Method

The first approach used for screen-printed electrode modification with nanoparticles copies the
usual methodology previously explored with modifiers onto carbon paste electrodes. Functionalization
in these devices was achieved by mixing modifying material with the carbon-based paste that was
subsequently pressed and polished.

In this way, ink mixing SPE modification consists in the preparation of an ink where three
main components are always presented: Conductive particles usually made of carbonous material,
a solvent/binder mixture that allows to transfer particulated matter onto the substrate, and the
modifying agent, metal NPs in this case. Depending on the final application, the main parameters that
should be optimized are the recipe of the ink, its rheology, substrate selection, and thermal curing.

Screen printing starts with the positioning of the printing media upon the mesh screen followed
by the application of pressure with a squeegee that forces printing medium through the previously
designed pattern. Finally, a curing temperature is applied to dry the ink. This procedure can be applied
several times in order to obtain more layers of the material onto the substrate, either conductive ink or
dielectric material. Further details of the procedure were reviewed elsewhere [7].

Being the first approach explored, original papers appear in the early 1990s. These publications
employed conductive material attached directly to metal particles, so the modification consists of
metallized carbon with platinum [8], palladium [9], or iridium [10,11] mixed with conventional inks
used for screen printing to obtain second generation enzymatic sensors, where metallic particles
are used as a catalyst. The main advantage of this methodology is in the fact that commercially
available materials were simply mixed with printing binders and solvents, so only the mixing recipe
was optimized.

Later, pristine metallic particles previously separated from carbon were mixed with conductive
material and binder [12,13]. Although the percentage of metal dispersion can modulate the reactivity of

42



Biosensors 2020, 10, 9

the supported metal substrates, when the ink mixing approach is used, the analytical response
is not equally affected. This behavior can be explained by the nature of the mixing process.
As nanoparticulated material is mixed together, agglomeration occurs, diminishing the degree
of dispersion, so, finally, bigger particles in the micro range are obtained with the same metal loading.
This is the reason why only a few publications [14,15] are based on ink mixing with metal NPs, since
the main advantage of NPs, a high surface area due to interparticle spacing and their nanometer size,
is lost.

Recently, an interesting paper deals with suitable ink mixing modification procedures to achieve
better results regarding the catalytic performance [14]. Due to the higher surface having more active
sites, an inkjet-printing approach was used with capped silver NPs. The inkjet approach is based in
the same principle, like screen printing, as an ink that is previously mixed is required. In this case,
the prepared ink passes through a nozzle so th printing material is applied directly onto the surface
and mild thermal treatment compared to heat curing is required. Moreover, environmentally friendly
organic solvents like glycerol are employed, so the printing conditions are less aggressive.

Although this technique is more suitable for printing detailed patterns onto flexible substrates,
inkjet printing affords thinner conductive substrates so more metallic particles are exposed to the analyte
solution, diminishing the aggregation effect when compared to the ink mixing method. Moreover,
inhibition is avoided due to the lack of paste additives used for ink mixing that can decrease the
catalytic activity. The results obtained with this methodology with silver NPs show a greater catalytic
response against hydrogen peroxide. One more improvement can be made by using a decapping
method, where hydrochloric acid is used to dissolve the capped agent of silver NPs. Following
this protocol, agglomerated particles can be interconnected, decreasing the resistance and affording
better electron transfer and, consequently, improving the analytical performance [14]. This is the only
approach, until now, that overcomes ink mixing drawback with metal NPs in a practical manner, but
no further metals were tested.

2.2. Drop Casting Method

This is the easiest method employed to modify screen-printed electrodes. Only one parameter
should be optimized: The final amount drop casted onto the electrode. This can be modulated by
changing the size of the drop and the concentration of the metal NPs dispersed in the solution.

Sensors developed with this methodology are based in two main strategies: Direct modification
of selected NPs onto the working electrode or ex-situ fabrication of composites made of NPs attached
with carbonous nanomaterials.

The first strategy is easier to carry out, as no functionalization step is necessary. So, many metal
NP solutions were used, such as bismuth [16], platinum [17–19], rhodium [20], gold [21], silver [22],
copper [23], and nickel [24]. Sensors, thus prepared, are stable, even in flow injection systems, making
easier and affordable sensing devices possible when compared to those obtained by the ink mixing
method. On the other hand, agglomeration is the main drawback observed in these devices. As NPs
were simply casted and dried onto the working electrode, NPs tends to aggregate while drying, so the
final material attached to the surface has a microparticulated appearance, even when a nanosized
material was casted initially.

In order to overcome this issue, the second strategy is more commonly used since more reproducible
nano-sized metallic centers are obtained. NPs are synthesized in this way onto a conductive carbonous
substrate, in a similar manner to the particulated metallized carbonous materials firstly employed
with the ink mixing method. When compared to the successive casting in the two steps of carbon
nanomaterial followed by NPs [21], these novel composites afford not only a “real” nanoparticulated
substrate but also an increased electroactive area due to the nature of the carbon nanomaterials
employed. Taking this advantage, platinum [25], silver [26], nickel [27], and gold [28] were used in
combination with carbon nanotubes [25], nanoporous carbon [27], and reduced graphene oxide [26] or
graphene oxide [28] to obtain novel composite sensing devices with improved catalytic performance.
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Recently, bimetallic clusters made of Cu-Ti, where porous titanium phosphate NPs were used as thee
carrier for copper NPs, were also tested in a similar manner to carbonous materials, offering novel
sensing platforms based only on metallic substrates [29]. All these published works are mainly focused
on the previously synthesized composite than on the methodology itself, since the main novelty of
these sensors is due to the use of a casted composite responsible for the improved catalysis.

2.3. Methods based on Electrochemical Deposition

This is the most common method used to modify SPEs with metal NPs because it is the best
method to control the morphology of NPs in an accurate way. This methodology is based on the
reduction of oxidized species, typically metallic water-soluble salts, at a fixed potential or current to
obtain tailor-made metal particles grown on conductive substrates.

The parameters usually optimized are separated in two main groups: The ones related to
the precursor solution where the salt type and concentration are involved, and the conditions
of electrochemical deposition. A list of usual salts employed are AgNO3 [30–34] for silver NPs;
HAuCl4 [31,35,36] and AuCl3 [37] for gold NPs; Bi(NO3)3 [16,38,39] for bismuth NPs; CoCl2 [40] for
cobalt NPs; CuCl2 [41], CuSO4 [42], and CuNO3 [43,44] for copper NPs; NiCl2 [40,45] and NiSO4 [46,47]
for nickel NPs; PdCl2 [48–50] for palladium NPs; H2PtCl4 [51], H2PtCl6 [30,52–56], and PtCl2 [37] for
platinum NPs; RhCl3 [57] for rhodium NPs, etc. Although higher concentrations of precursor allow
bigger particles to be obtained, the size and shape are usually controlled electrochemically; so, the
precursor concentration usually tends to be high enough to have sufficient material susceptible to be
deposited and it is not often optimized [33]. With this in mind, two parameters are crucial to control
the size and shape of growth NPs: The potential or current applied and the time of deposition. The last
one modulates the amount and size of metal onto the electrode in such a way that a longer time gives
rise to higher amounts of NPs with a bigger particle size [37]. The first parameter will be discussed
separately in subsequent sections since potential changes are the basis of potentiostatic techniques
while current changes are the basis of galvanostatic techniques.

2.3.1. Electrochemical Methods based on Potentiostatic Techniques

These methods are based on the application of a fixed potential. When a specific potential to
deposit NPs is applied, their size and shape can be modulated. As the potential becomes more negative,
the nucleation rate increases, so more NPs are obtained with a smaller particle size, increasing the
electroactive surface area. Focusing on the shape, negative potentials around −0.1 V (vs. a silver
pseudo-reference electrode) give rise to more spherical NPs since growth is favored more than
nucleation while a more negative potential affords an heterogeneous morphology [53]. Generally,
the sensitivity of sensors made by potentiostatic deposition increases as the deposition potential is
more negative in combination with a higher deposition time. In this way, when applying a deposition
potential equal or more negative than −0.5 V (vs. an Ag/AgCl pseudo-reference electrode), platinum
NPs’ fast growth creates a heterogeneous concentration of platinum ions around NPs, making the
formation of polyhedron shapes that grow up faster than the rest of the facets possible, forming
flower-like nanostructures [51]. Similar structures are obtained with bismuth [38] at −1 V and gold [58]
at −0.2 V vs. Ag/AgCl pseudo-reference electrodes.

Although morphology is important, “best photo” is not often the goal but improved analytical
performance, so the optimization has to be carried out to achieve a better response depending on the
application goal. For example, more negative potentials (−0.6 V vs. Ag/AgCl) and shorter deposition
times (190 s) than the ones employed to achieve nanoflowers are employed for the deposition of
platinum onto ultramicroelectrodes [52]. Mild reduction conditions are employed to obtain a wider
linearity range and higher sensitivity for bromide detection with rhodium NPs [57] and for ascorbic
acid detection with gold NPs [35].

Deposition is usually performed in one potentiostatic reduction step by applying a potential
negative enough to afford a reduction of the metal species to the zero-valence state, but sometimes,
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two steps [32] or more [54] are employed. In these cases, the objective is to more precisely control both
the nucleation and growth rates. NPs, thus prepared, show improved homogeneity and the possibility
of having more accurate results.

Examples of a well-controlled electrodeposition process are bimetallic alloys. These systems are
based on particles that combine two different metals in one single particle as a core shell [54] approach
or simply by co-deposition [59]. The main goal of nanoparticulated alloys is the combination of the
advantages from the different metals involved and the minimization of the disadvantages of each
one [60]. A good example of the accuracy level that is needed when these NPs are fabricated is the
nanoflower-like morphology obtained with the Pt-Pd system by using a multi-step potentiostatic
protocol [54]. A mixture of platinum and palladium salts are reduced under an initial constant
potential, provoking the formation of numerous crystal seeds. A subsequent multi-potential step
electrodeposition repeated for 50 cycles promotes precise growth of the colloidal nanostructures onto
preformed seeds. This protocol allows porous nanostructures with a large surface area and abundant
catalytic sites against peroxide reduction to be obtained. The application of only one of the steps from
the whole protocol affords particles with serious agglomeration that reduces the surface active sites
and electrocatalytic properties dramatically, so a very well controlled growth has to be achived with
these bialloy systems.

Electrodeposition protocol is not the only parameter that should be taken into account when
bimetallic alloys are developed. The selection of metals deposited, and the order of deposition are also
crucial to achieve the best results. For example, a hydrazine sensor prepared with core-shell Cu-Pd
NPs shows better results when copper is deposited first [61].

Cyclic voltammetry is also employed for electrodeposition, but control is more difficult because
more parameters need to be optimized, such as the scan rate, scan cycles, and potential window.
Published works that use this technique with noble metals are mainly focused on the novelty of the
substrates employed like graphite nanosheets [49], carbon nanotubes [55], fullerenes [48], graphene [46],
and graphene oxide [59] than electrodeposition itself.

Bimetallic alloys were also obtained when using cyclic voltammetry as the electrochemical
technique. Gold and silver have been deposited together onto the carbonous working electrode,
improving the sensitivity by slightly giving up the dynamic range [59]. Silver as a substrate was also
employed in another bimetallic system, where bismuth was electrodeposited onto silver SPE, creating
an alloy capable of catalyzing hydrogen peroxide oxidation, but the mechanism involved remain
unknown [39].

Cyclic voltammetry is a useful technique when copper as a metal is employed, since passivated
copper with an oxide/hydroxide layer is the species responsible for the catalysis of sugars and amino
acids. Since the catalytic properties of CuNPs towards these analytes depend on the size, shape,
and nature of CuNPs, several studies have been carried out to clarify the complex mechanism of
electrocatalysis [44,62]. The first approach consists of cyclic scans successively applied in several
cycles to achieve the deposition of copper onto the SPE and also passivation of the reduced metal to
obtain catalytic centers in a two-step protocol. This methodology affords well-controlled cubic copper
NPs without the aid of protective agents [43] with good sensing properties. Copper nanobelt can be
synthesized via the potentiostatic method by applying a high potential and longer time of deposition.
When nanobelts are compared with NPs, the response against sugar increases dramatically due to a
higher oxidized surface being obtained as a greater area is exposed to ambient self-oxidation [41].

Amino acids can also be detected with copper NPs because their carboxylic and amine terminals
act like a chelating agent in a bidentate ligand. Their complexation with oxidized species of copper
is capable of decreasing the detection potential at 0 V, while electrocatalysis increases this potential
from the +0.4 to +0.8 V range. Interestingly, this phenomenon only occurs when 100-nm-sized copper
NPs are electrodeposited onto SPEs, so accurate control of the particle size needs to be controlled.
For this reason, a photo-irradiated electrodeposition method was developed based on potentiostatic
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electrodeposition applied under a xenon light source, because the modulation intensity of light is
capable of controlling the size growth of copper NPs [44].

2.3.2. Methods based on the Galvanostatic Technique

These methods apply a constant negative current capable of reducing precursor metallic salt.
The more negative the current applied, the higher the nucleation rate achieved, similar to potentiostatic
methods. The deposition time is also a crucial parameter.

Although this technique is not extensively used, the employment of current instead of potentials
is more convenient when using SPEs [63]. Due to the pseudo-reference electrode, potentials can
change when oxidizing media are used in the deposition step. As the morphology of the nanoparticle
surface is responsible for the final analytical response of the sensor, small variations in the reference
potential give rise to less accurate results. The application of a constant current minimizes the effects of
pseudo-referenced systems [42] but good control of the current applied is still necessary. In this way,
negative current densities (around −0.2 mA cm−2) afford homogeneous nanoflower-like structures
when nickel is reduced [47] while a more negative current (around −1.8 mA cm−2) affords a more
heterogeneous particle size distribution when copper is deposited [42]. This phenomenon observed
with copper can be explained because nucleation and growth seem to take place at different times
so two different particle size are obtained. Taking into account the deposition time, a suitable time
window has to be applied when using sputtered paper as the substrate, as a larger time can produce
gold detachment [64].

The galvanostatic technique also offers the possibility of synthesizing porous metallic substrates
with a high surface area via hydrogen evolution-assisted electrodeposition. This methodology consists
in the application of a very large current density (around 1.4 A cm−2) to the electrode system, provoking
a quick reduction of metal ions at the working electrode of the SPE combined with the arising of
numerous bubbles of hydrogen, hindering normal diffusion of the remaining ions of the precursor salt.
Since no ion can occupy the space of hydrogen bubbles, the deposition is only achieved in the inner
space among these bubbles so the final result is the formation of highly porous architectures where
pores of hundreds of nanometers are easily obtained. This method has been employed to achieve
3D porous nickel structures with an extremely large electroactive area [45]. A greater surface area
to increase the electroactivity can be obtained with subsequent electrodeposition. A combination
of hydrogen evolution-assisted galvanostatic reduction followed by potentiostatic electrodeposition
was assayed in a two-step protocol [36]. Firstly, a large current density affords a highly porous gold
substrate, and secondly, several cyclic voltammetry cycles are applied to obtain conventional gold NPs
deposit. The final electrode is made of microporous and nanoparticulated gold, offering a dramatic
increase in the analytical signal.

Bimetallic alloys can also be obtained using galvanostatic methods to combine the advantages of
different metals. Nickel and cobalt can be co-deposited together, providing similar current values for
glucose detection than those obtained with cobalt NPs but at a lower applied potential [40].

Galvanic displacement was also explored for bimetallic alloys’ electrosynthesis [30]. It is based on
the phenomenon observed when a moderately active metal is partially replaced (e.g., oxidized) by
a less active or more noble metal. Based on this fact, silver NPs were deposited first to serve as the
active metal. Secondly, SPE modified with silver NPs is immersed into platinum salt solution and left
without the application of any potential or current. Platinum displaces silver on the surface so the
final particle is made of a core of silver and a shell of platinum, with no electrochemical step applied.
Platinum shell extension can be modulated by changing the time of contact. More time provides more
shell growth and a better response against peroxide catalysis.

2.4. Other Methods for NPs Modification

Although the majority of SPEs modified with metallic NPs are obtained with the above-mentioned
methods, there are others that have been used to fabricate these devices.
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Chemical deposition has been assayed for nanostructurated sensing phase synthesis. Reducing
precursor salt onto the SPE allows hydroxilated copper nanowires that can be oxidized via thermal
treatment to be obtained, affording a high catalytic surface area of copper oxide suitable for glucose
detection [65]. The main drawback is that the extension of the reduced material cannot be controlled
with accuracy with this approach. Chemical deposition of iridium onto graphene was also tested as a
pH sensor in a cheap and portable pHmeter [66].

In a more aggressive way, spark discharge was also applied onto SPEs. It is based on the
application of an electric field high enough to create an ionized electrically conductive channel through
air between two electrodes. Bismuth NPs were synthesized in this way by using a +1.2 kV DC power
supply, where bismuth wire is connected to the positive pole and the working electrode is connected to
the negative pole. Applying several electric discharge (sparking) cycles under atmospheric conditions,
homogeneously distributed bismuth NPs of 2–5 nm separated and covered with a carbonous layer are
produced in the surface of the working electrode. With this approach, it is possible to detect nanomolar
concentrations of riboflavin without deaeration of the sample due to the presence of the carbon shell
layer formed around the bismuth oxide NPs provoked by the own nature of the sparking process.
The presence of this layer restricts oxygen interaction with bismuth NPs during voltammetric detection,
affording lower blanks that allow measurements at lower concentrations [67].

3. Roles and Applications of Metal Nanoparticles

In this section, the main roles of the SPEs modified with NPs are revised. As mentioned above,
heavy metal detection is the main application of metallic particles, but the extensive bibliography
exceeds the scope of this review. Despite this, a brief mention is made of bismuth NPs that are the
most commonly sensing phase employed in the detection of heavy metals since they are considered
the most popular “green” substitutes for the classical mercury drop or film electrodes. Due to its wide
cathodic range and its low toxicity, this allows the detection of heavy metal ions in a similar manner as
mercury, but without the environmental risk of mercury waste disposal, such as bioaccumulation and
acute toxicity by vapor inhalation [68,69]. Electrodes modified with bismuth can be achieved by the
use of a precursor or simply by nanoparticle deposition using different modification methods [3].

In this section, the applications achieved with other metal NPS will be discussed, focusing on the
specific role developed in the sensing device. In this way, three main different roles are considered.
Metal NPs can act as a catalyst in enzymatic and non-enzymatic devices, as sensing phases for direct
detection of several analytes, or as anchorage substrates for sensing platforms. In addition, two tables
summarizing the real applications of SPEs based on metallic NPs (see Table 1) and bimetallic alloys
(see Table 2) are included for clarification.

3.1. As catalyst in Enzymatic and Non-Enzymatic Devices

Metallic NPs are capable of catalyzin relevant processes, such as peroxide reduction or
carbohydrates oxidation, making the detection of enzymatic products, sugars, and amino acids
in real samples possible. The following discussion is focused on the catalytical effect of several NPs
against these and other analytes.

3.1.1. Hydrogen Peroxide Monitoring

Hydrogen peroxide monitoring is essential because it participates in classical enzymatic reactions
extensively used in the biosensing field and it is an additive in many food, pharmaceutical, and
environmental goods. Among enzymatic sensing devices, the most commonly used ones are based on
peroxidases and oxidases due to their high selectivity and sensitivity. The reaction pathways of these
enzymes involve hydrogen peroxide as the reagent or product, respectively, so it is the target analyte
when detecting substrates with this two kind of enzymes. The monitoring is achieved directly in first
generation biosensors, by the use of mediators in second generation biosensors or by the catalytic
center of the enzyme in third generation biosensors. Although these successive improvements increase
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the use of enzymatic devices, they usually have poor chemical and long-term stability that limits their
fabrication and increases the cost of the final device.

Platinum group metallic NPs are a well-known electrocatalyst towards the oxidation or reduction
of hydrogen peroxide [70]. The mechanism involved [71] is shown in Figure 2a. Taking into account
its catalytical properties, it was possible to develop disposable glucose biosensor made by platinized
carbon particles [8]. Further studies based on platinum nanoflowers electrodeposited potentiostatically
affords a sensor with a wide linear range capable of monitoring glucose in serum samples [51].
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Similar to platinum, palladium shows high catalytic activity towards several electrochemical
processes, making it possible to perform sensors based on screen-printing technologies [12]. Although
being more expensive than platinum, oxygen reduction reaction onto palladium is only a slightly
lower potential than that onto platinum, so it is possible to monitor dissolved oxygen with good
reproducibility in ground and tap water [50]. As a peroxide catalyst, palladium NPs were employed
for monitoring glucose with an SPE strip based on palladium-dispersed carbon ink [9].

Iridium NP-modified SPEs by the ink mixing approach were also used as transducers for enzymatic
reactions. By means of peroxide detection, uric acid was detected via uricase reaction [10].

As noble metal NPs are capable of detecting peroxide at low overpotential when compared to bare
classical electrodes, they were also employed in enzyme-free devices. There are many advantages in
the electrochemical detection of peroxide without the presence of an enzyme, such as the improvement
in stability and reproducibility and the possibility of obtaining simple and inexpensive devices [72].
Moreover, it is now possible to prepare noble metal NPs with a highly controllable size, shape,
surface charge, and physicochemical characteristics for specific electrocatalytic applications [73–75].
Combining all these facts with other capabilities, such as low toxicity, high surface area, wide surface
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functionalization chemistry, and colloidal stability, these nanomaterials were extensively used in recent
years to perform new biosensing platforms and devices by themselves.

Platinum is the most common noble metal employed for non-enzymatic sensors. Due to its good
electrocatalytic activity towards peroxide, platinum can be used to detect this molecule in several real
samples, such as cosmetics [53], household goods [30], or food and beverages [25], with good recoveries.
A simple electrodeposition step is needed [37] to perform sensors with this method, affording a facile
and robust methodology to monitor peroxide “in-situ” and making it even susceptible to academic
demonstrations with hair lightener [56] and whitening strips [18] as real samples.

Like platinum, rhodium NPs were also used for peroxide detection. By a simple drop casting
method, SPEs modified with rhodium NPs were used to detect hydrogen peroxide produced by
autoxidation of polyphenols in tea extracts [20].

In a similar manner to platinum-like metals, other noble metals, such as gold, silver, and copper,
are employed in sensing devices. Sensors developed with these NPs show less catalytic activity
towards hydrogen peroxide and they are very dependent on the particle size and preparation steps but
offer cheaper devices compared to platinum-modified SPEs.

Silver NP-based SPEs offer better catalytic properties towards peroxide detection than bulk
silver electrodes. Unfortunately, sensors are only stable for a week because the main drawback of
silver-based nanomaterials relies on its inherent and fast oxidation, so the stability is compromised for
mass production purposes [14]. Drop casting methodologies were also applied in combination with
carbon nanomaterials attached directly to silver NPs [26] or by the ink mixing method [22] to enhance
the sensitivity.

Focusing on the field of biosensing and organic molecules, only a few works employing bismuth
NPs were published [76] because the detection capabilities with enzymes or organic compounds were
not comparable to those obtained with heavy metal stripping assays. Moreover, due to high background
limitations, these electrodes need to be deaerated before using in many practical applications when
very low detection limits are necessary.

Bismuth can act as a catalyst for hydrogen peroxide detection but only when it is combined with
silver. Electrodeposition of bismuth NPs onto silver electrodes forms an alloy capable of catalyzing the
reduction of hydrogen peroxide, including in real cosmetic samples. The existence of these alloys can
open the door to a new metallic catalyst for sensing devices [39].

Metal oxide nanoparticles were extensively used for sensing gases [77], but the applications related
to that field exceed the scope of this review. When focusing on electrochemical sensing and biosensing
devices, not many applications were developed when employing screen printing technology, and
much less in real samples [78]. Although transition metal oxides are sensitive to the same analytes
as their reduced counterparts, and similar modification methods were employed, the preparation
procedures do not allow nanoparticulated electrode surfaces to be obtained.

Acting as a catalyst for peroxide oxidation, metallic oxides can be classified depending on their
nature. The first group corresponds to common oxides, such as CuO [65,79,80] and NiO [81], with
MnO2 [82] as the most representative one, and the second group correspond to oxides of platinum
group metals, such as RuO2 [83], RhO2 [84] and PtO2, PdO, or IrO2 [85]. The latter afford more
expensive sensors but are more chemically stable. Electrodes modified with these compounds are
prepared by ink mixing [86], the electrodeposition method [80,87], or ex-situ growth of copper with
graphene and subsequent drop casting methodology [79]. Assays with real samples were only achieved
in the past years in combination with enzymes for glucose monitoring purposes in fruits [83] and
food [84].

Metal alloys prepared with several elements, such as Pt-Ag [30] and Pt-Pd [54], afford a better
response towards peroxide [30] and glucose [54] than each metal separately. Good detection is achieved
in real samples, such as antiseptic and laundry boosters [30].
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3.1.2. Carbohydrate Monitoring

Several metallic elements are capable of catalyzing the hydrolysis of carbohydrates, making the
detection of these analytes in real samples possible.

Copper-modified SPEs were evaluated for sugar detection. The proposed mechanism for sugars’
oxidation [62] onto copper NPs is schematized in Figure 2b. For this purpose, electrodeposition of
copper nanospheres [42] or nanobelts [41] and chemically synthesized copper nanowires [65] have been
prepared. Nickel NPs show good electrocatalytical properties towards sugar oxidation in a similar way.
They have been applied in non-enzymatic devices against glucose in food [24,42,47], blood [45], or
urine [46] as real samples. It is worth mentioning that a voltammetric or amperometric pretreatment
must be previously done with these NPs to obtain metal oxide species, such as oxyhydroxides, which
are responsible for the catalytic oxidation of carbohydrates.

Gold surfaces are also capable of catalyzing sugar oxidation due to the presence of chemisorpted
hydroxyl anions forming hydrous gold oxides, which are believed to be the catalytic component
of gold electrodes. The main applications of this behavior relies on the development of novel
non-enzymatic sensing in the health science field. In this way, glycated hemoglobin can be monitored
in serum with electrodeposited gold nano-flowers [58]. Glucose levels in serum and blood can also be
analyzed with electrodeposited porous gold nanostructures [36] or drop-casted gold NPs onto graphene
nanocomposites [28]. Sugars were also quantified in beverages with gold NPs electrodeposited onto a
gold-sputtered paper, obtaining similar results to those obtained using a commercial enzymatic kit [64].
In addition, advanced devices were also recently tested, like an enzymatic fuel cell to monitor glucose
and oxygen in human saliva [88].

Although metal oxides are capable of detecting hydroxide [81] directly and can be used
in non-enzymatic sensing of carbohydrates via commercial oxide powder modification [62] or
electrodeposition of nanoparticulated material [80], no real samples were assayed.

Bimetallic alloys based on NPs capable of catalyzing carbohydrate oxidation were prepared.
Cu-Ti [29] and Ni-Co [40] offer an improved response towards glucose, combining the capabilities of
both metals involved.
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3.2. As sensing Phase for Other Analytes

Metal NPs are also capable of monitoring other analytes, opening the path for new applications.
Platinum NPs are capable of catalyzing the oxidation of small organic molecules, such as ethanol and
formaldehyde, making the development of an alcohol sensor for wine and beer [19] and a gas sensor
against formaldehyde possible [52].

Palladium nanoparticles are also capable of detecting formaldehyde and other analytes, such
as hydrazine and sulphuric acid, with the classical approach of ink mixing. In addition, hydrogen
was also tested in a proof-of-concept assay, making possible the application of palladium-based
SPE sensors as gas detectors [12]. Although no real samples were assayed in this work, subsequent
publications based on carbon nanomaterial substrates were successfully applied to monitor dopamine
in pharmaceuticals [48] and hydrazine in wastewater samples [49]. Electrodeposition of rhodium NPs
also gives rise to a good platform to detect bromide in seawater and pharmaceuticals [57].

Iridium NPs are also capable of monitoring NADH produced in the dehydrogenase oxidation
of glycerol. With this approach, a triglyceride biosensor was developed with a good correlation in
bovine and human serum [11]. In a similar way to other proton-responsive metals, iridium oxide NPs
in combination with graphene were tested as pH sensor [66].

The affinity of sulphur against gold offers the possibility of performing direct detection of sulphur
species, obtaining devices capable of detecting sulfite in beverages [31] and free sulfide in tap water [59].
Other molecules were also detected directly onto gold NPs or by mediation of the ion association
complex [15], making the monitorization of ascorbic acid in serum [35], carbofuran in food [21], or
trazodone in a potentiometric sensor stable up to 7 months [15].

Silver affinity towards sulfur and halide species was also explored for sensor development
purposes. Sulfite was detected amperometrically with silver NPs in drinking water, pickle juice, and
vinegar [31], and bromide, chloride, and iodide were detected voltammetricallly in synthetic sweat [34].
Focusing on organic molecules, direct detection with electrodeposited silver NPs is possible against
metronidazole [32] and lamotrigine [33] in pharmaceutical tablets.

Direct detection with bismuth NPs was only achieved when using deposition onto SPEs by
sparking discharge. With this approach, it is possible to detect riboflavin in a nanomolar concentration
in multivitamin real samples [67].

Copper NPs are capable of a complex amino acid as previously mentioned, so α-,β- [44] and γ-
amino acids [43] can be monitored in flow systems with good correlation and detectability. Although
the potential employed for the detection of amino acid can be decreased dramatically when using
copper NPs via complexation, no real samples were assayed in these reports. Other analyte, such
as ascorbic acid, was tested with copper NPs via drop-casting methodology [23], but again, no real
sample was assayed. Only by using hydroxilated copper nanorods with an ink-mixing approach can
ascorbic acid be detected in urine with good recoveries [89].

Alloys of Cu-Pd [61] and Au-Ag [59] were developed to increase the sensibility for hydrazine [61]
and free sulfide [59] detection in real samples of tap water [59] and cigarettes [61].

Metal oxides were successfully tested for direct sensing of pharmaceuticals in real samples by
using other metal-transition oxides not previously mentioned like ZrO alone [90] or doped with rare
earth metals [91].

3.3. As platforms for Sensing Phases

Metallic NPs can also serve as carriers for sensing phases in other applications not mentioned before.
Gold NPs were extensively used as an anchoring platform. Easy functionalization and tailor-made

size, shape, and nature are advantages that offer a wide range of applications in the electrochemical
sensors field [92]. A recent review deals with different approaches and novelties published until
now with gold-based sensors for the detection of small molecules, DNA, and aptamers [93]. Another
advantage in the use of gold NPs consists in the strong binding of thiol ligands onto their surface due
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to the soft character of both gold and sulfur. Monolayers onto gold NPs were extensively used to
stabilize them and also for functionalization purposes in many different applications [94].

Bismuth NPs were also explored as a biosensing platform in mediator-free enzymatic SPE
devices. These NPs are capable of complex oxidase activity tissues, affording a substrate capable
of detecting phenolic compounds, thus direct monitoring the product of the enzymatic reaction
instead of hydrogen peroxide was achieved. Deposition of cationic bismuth and negatively charged
mushroom tissue together offers immobilization of polyphenol oxidase enzyme onto carbon SPEs,
making the determination of phenol possible [38]. With a similar approach, the same group developed
a tyrosinase-based biosensor against phenol and cathecol [16].

Only a few more metallic NPs were studied as platforms for sensing devices with a rich related
bibliography. Iron and cobalt NPs are one of the most assayed ones due to its low-cost production,
tailor-made magnetic properties, easy functionalization processes, and biocompatibility. Iron NPs are
often used as a magnetic carrier more than a catalyst [95] while cobalt NPs are mostly employed to
achieve inks for electronic 3D printing [96], so the applications and SPE-based devices achieved exceed
the scope of this review.

Bimetallic clusters can also serve for biotin labelling detection in multivitamin tablets with Cd-Ti
functionalized with neutravidin [97] and SERS enhancement effect to study 4-mercaptopyridine
adsorption-desorption onto electrodeposited dendritic Au-Ag NPs [98].

4. Conclusions

After practically 25 years from the first publication, metal NPs are still nowadays employed as
modifying agents in sensing devices based on screen printing technology. Ink mixing was the first
approach explored capable of offering metallized SPE for sensing development. The main drawbacks of
this method is the agglomeration of NPs, complex ink recipes, and bad reproducibility among batches.
Drop casting methodologies offer a suitable approach to modify SPEs since the modification is carried
out after ink preparation. NPs casted onto working electrodes offer a high active surface against analyte
but agglomeration is also achieved. Nanoparticulated material with accurate tailor-made sizes and
shapes is only obtained when using electrodeposition. Potentiostactic techniques are employed more
due to their use for years in the classical three-electrode cell with a well-controlled reference electrode.
However, galvanostatic techniques are more appropriate when working with SPEs. Deposition under
a controlled current is not affected by potential variations from the pseudo-reference electrode, offering
similar capabilities to control the nucleation and growth of metallic NPs as potentiostatic techniques.
Large-scale synthesis is the main drawback of this method due to electrodeposition having to be done
with each sensor separately, and the deposition step can be a large time-consuming process when
thinking in large batch preparation.

Recent scientific publications dealing with these sensing phases are focused on the development of
novel strategies capable of affording a better analytical performance based on an increasing surface area
or novel modifying agent synthesis. Newly developed electrochemical techniques that can increase
the electroactive area in a great amount are based on previous knowledge not applied before with
SPEs like hydrogen-evolution-assisted galvanostatic electrodeposition and spark discharge, or the
use of carbonous nanomaterials. On the other hand, bimetallic clusters as modifying agents can be
electrodeposited with an accurate growth control, affording novel surfaces with advantages from
several metals in one particle, offering unknown metal synergies suitable for future screen printing
devices based on metal NPs.
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Vytřas, K.; et al. Amperometric Hydrogen Peroxide Sensors with Multivalent Metal Oxide-Modified
Electrodes for Biomedical Analysis. In Proceedings of the 13th International Conference on Biomedical
Engineering, Singapore, 3–6 December 2008; pp. 829–833.

71. Katsounaros, I.; Schneider, W.B.; Meier, J.C.; Benedikt, U.; Biedermann, P.U.; Auer, A.A.; Mayrhofer, K.J.J.
Hydrogen peroxide electrochemistry on platinum: Towards understanding the oxygen reduction reaction
mechanism. Phys. Chem. Chem. Phys. 2012, 14, 7384–7391. [CrossRef]

72. Dhara, K. Recent advances in electrochemical nonenzymatic hydrogen peroxide sensors based on
nanomaterials: A review. J. Mater. Sci. 2019, 54, 12319–12357. [CrossRef]

73. García-Cruz, L.; Montiel, V.; Solla-Gullón, J. Shape-controlled metal nanoparticles for electrocatalytic
applications. Phys. Sci. Rev. 2018, 4, 1–34. [CrossRef]

74. Cao, S.; Tao, F.F.; Tang, Y.; Li, Y.; Yu, J. Size- and shape-dependent catalytic performances of oxidation and
reduction reactions on nanocatalysts. Chem. Soc. Rev. 2016, 45, 4747–4765. [CrossRef] [PubMed]

75. Leong, G.J.; Schulze, M.C.; Strand, M.B.; Maloney, D.; Frisco, S.L.; Dinh, H.N.; Pivovar, B.; Richards, R.M.
Shape-directed platinum nanoparticle synthesis: Nanoscale design of novel catalysts. Appl. Organomet.
Chem. 2014, 28, 1–17. [CrossRef]

76. Lezi, N.; Vysko, V.; Economou, A. Electroanalysis of Organic Compounds at Bismuth Electrodes: A Short
Review. Sens. Electroanal. 2012, 7, 71–78.

77. Dey, A. Semiconductor metal oxide gas sensors: A review. Mater. Sci. Eng. B Solid-State Mater. Adv. Technol.
2018, 229, 206–217. [CrossRef]

78. George, J.M.; Antony, A.; Mathew, B. Metal oxide nanoparticles in electrochemical sensing and biosensing:
A review. Microchim. Acta 2018, 185. [CrossRef]

79. Sun, C.L.; Cheng, W.L.; Hsu, T.K.; Chang, C.W.; Chang, J.L.; Zen, J.M. Ultrasensitive and highly stable
nonenzymatic glucose sensor by a CuO/graphene-modified screen-printed carbon electrode integrated with
flow-injection analysis. Electrochem. Commun. 2013, 30, 91–94. [CrossRef]

60



Biosensors 2020, 10, 9

80. Leonardi, S.G.; Marini, S.; Espro, C.; Bonavita, A.; Galvagno, S.; Neri, G. In-situ grown flower-like
nanostructured CuO on screen printed carbon electrodes for non-enzymatic amperometric sensing of glucose.
Microchim. Acta 2017, 184, 2375–2385. [CrossRef]

81. Hallam, P.M.; Kampouris, D.K.; Kadara, R.O.; Jenkinson, N.; Banks, C.E. Nickel oxide screen printed
electrodes for the sensing of hydroxide ions in aqueous solutions. Anal. Methods 2010, 2, 1152–1155.
[CrossRef]

82. Beyene, N.W.; Kotzian, P.; Schachl, K.; Alemu, H.; Turkušić, E.; Čopra, A.; Moderegger, H.; Švancara, I.;
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Abstract: Food spoilage is caused by the development of microorganisms, biogenic amines, and other
harmful substances, which, when consumed, can lead to different health problems. Foodborne
diseases can be avoided by assessing the safety and freshness of food along the production and supply
chains. The routine methods for food analysis usually involve long analysis times and complex
instrumentation and are performed in centralized laboratories. In this context, sensors based on
screen-printed electrodes (SPEs) have gained increasing importance because of their advantageous
characteristics, such as ease of use and portability, which allow fast analysis in point-of-need scenarios.
This review provides a comprehensive overview of SPE-based sensors for the evaluation of food
safety and freshness, focusing on the determination of bacteria and biogenic amines. After discussing
the characteristics of SPEs as transducers, the main bacteria, and biogenic amines responsible for
important and common foodborne diseases are described. Then, SPE-based sensors for the analysis
of these bacteria and biogenic amines in food samples are discussed, comparing several parameters,
such as limit of detection, analysis time, and sample type.

Keywords: screen-printed electrode; electroanalysis; electrochemical sensor; biosensor; immunosensor;
food analysis; bacteria; biogenic amines; histamine

1. Introduction

The impact of food contamination by microorganisms and other poisonous substances is considered
a major public health and safety concern. According to the World Health Organization (WHO), each year
600 million people (almost 1 in 10) fall ill because of contaminated food [1]. Pathogens have the ability
to adapt to various environments, causing contaminations in different stages of the food production
and supply chains. Thus, they can appear in raw food but also at any point of the food production
process and even after the consumer acquires the food if the necessary precaution to transport and
store is not taken. Many microorganisms are affected by heat and can be destroyed or inactivated
after cooking [2,3]. However, some of them, and substances such as histamine (the main biogenic
amine), are not affected by cooking, freezing, or canning processes [3,4]. Taking this into account,
the importance of the control of contamination along the whole food chain is clear. Analytical methods
and devices for real-time control of food safety and quality provide immediate information that allows
corrective actions to be taken before the food products are made available for consumption.
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Among the microorganisms that cause foodborne illnesses, bacteria are the most important
because of their high occurrence [1,5]. These bacteria can be detected by appropriate techniques and
methods such as cell culture and colony counting, polymerase chain reaction (PCR) and immunological
assays [3,6]. Biogenic amines are nitrogenous species usually present in different foods that, at normal
levels, do not entail health risks. However, their levels increase when food, especially fish, is stored for
a long time and/or at an inadequate temperature (>4 ◦C) [7–9]. Therefore, the quantification of biogenic
amines, especially histamine, is included in the routine analysis of many food industries. The analysis
of biogenic amines is often performed through chromatographic methods (mainly liquid) coupled to
different detectors [10]. Enzymatic kits are also employed since they are simpler and require cheaper
instrumentation [11].

Although the above-mentioned methods (i.e., cell culture and colony counting, PCR, chromatography)
are very useful, robust and provide accurate results, they are time consuming, involve complex processing
steps and require highly trained analysts and expensive/complex instrumentation (Figure 1A). Therefore,
the analyses have to be performed in centralized laboratories and the results are not available in
real-time. Taking into account the time the different steps of the analytical process take (sampling, sample
preparation, analysis, results interpretation, and communication) and the short shelf life of food products,
the development of analytical methods that allow rapid screening of pathogens and spoilage indicators is
critical to ensure food safety.

Figure 1. Schematic representation of (A) the advantageous features of ideal analytical methods
vs. disadvantageous features of conventional ones and (B) the advantages of screen-printed based
biosensors. The last one adapted from [12] with permission from Elsevier.

In this context, electrochemical (bio)sensors based on screen-printed electrodes (SPEs) have gained
increasing interest as analytical tools for food analysis since SPEs provide great advantages that make
these kind of sensors have the important characteristics of ideal biosensors (Figure 1B) [12]: ease of use,
low-cost, and portability [13,14]. So, the screen-printed technology has significantly contributed to the
transition from the traditional unwieldy electrochemical cells to miniaturized and portable electrodes
that meet the needs for on-site analysis [12,15]. Although a screen-printed electrode (SPE) is not as
robust as a conventional electrode, such as glassy carbon or gold disk, and the surface of its working
electrode is not as perfect as the one of a mirror-like polished solid electrode, the advantages of SPEs
regarding cost and size led to their increasing use in the last years as transducers in (bio)sensing.
The use of SPE-based sensors in the control of food spoilage as complementary analytical tools to the
conventional methods allows a rapid screening at any point of the food production chain, preventing
the occurrence of foodborne illnesses and the reduction of food waste.

The purpose of this article is to review SPE-based biosensors for the analysis of bacteria and
biogenic amines related with food spoilage, focusing on the analyte, and discussing the different
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approaches and trends in the development of these sensors. The main characteristics of SPEs as
transducers and the main challenges on improved SPE-based biosensors are also highlighted.

2. Screen-Printed Electrodes as Transducers

2.1. Production and Design of Screen-Printed Electrodes

The screen-printing technology was adapted from the microelectronics industry and is used,
among others, to produce screen-printed electrodes (SPEs) (Figure 2A,B). These electrodes offer the
main characteristics required to obtain electrochemical sensing platforms for on-site analysis. Although
this technology exists in its present form since the 20th century [16], it began to be used for the
fabrication of electrochemical cells in the 1990’s. Since then, the use of SPEs as transducers for many
different electrochemical sensors has steadily increased (Figure 2C). Nowadays, the screen-printing
technology is a common and well-established technique for the conception of electroanalytical devices
with assorted applications: from point-of-care (POC) devices for biomedical applications [17–19] to
portable sensors for food analysis [13,14] and detection of environmental contaminants [12,20,21].
SPEs usually contain an electrochemical cell composed of three electrodes (working-WE-, reference-RE-,
and counter-CE-electrodes) printed on a solid substrate (Figure 2A). Different inks (the most common
are carbon and metallic inks) to print the electrodes [22] and different substrates (often ceramic or
plastic) can be used. The SPE’s fabrication process is fast and allows large scale and highly reproducible
production of small-sized, cheap, and disposable electrodes. Therefore, it is not necessary to clean
and/or polish them, avoiding tedious pretreatment steps, saving a lot of time. In contrast, the robustness
of the printed electrodes and their electrochemical features are not as good as those of conventional
electrodes (e.g., glassy carbon, gold disk, etc.). However, SPEs show adequate electroanalytical features
for sensing applications and this, together with their low-cost and ease of use (which avoids the need
of highly skilled analysts) make SPEs clearly advantageous as transducers for applications in which
on-site one-point measurements are required. Moreover, the miniaturized design of SPEs not only
allows to transport them to perform on-site measurements for real-time analysis, but also avoids the
use of high amounts of reagents and samples. All these characteristics are in accordance with the
principles of Green Analytical Chemistry [23,24].

Briefly, the fabrication of SPEs consists of the following steps: (i) design of the screen or mesh that
will define the geometry and size of the SPE; (ii) selection and preparation of the conductive inks and
selection of the substrate material; (iii) layer-by-layer deposition of the chosen inks on the solid substrate
and (iv) drying and curing [17,20]. By covering the electrical circuits with an insulating material it
is possible to perform the analytical measurement by depositing a single drop of the reagent/sample
solution onto the SPE, by immersing it into a solution or by including it in a flow system. Regarding the
inks for the WE, as mentioned before, the most popular ones are based on carbon (graphite, graphene,
fullerene, carbon nanomaterials, etc.) because of their suitable features for electroanalysis (i.e., good
conductivity, chemical inertness, ease of modification, low background currents, and a wide potential
range) and their low costs [17,25]. Besides carbon inks, conductive metallic inks have increasingly
been used; among them gold ink is the most common due to its high affinity with thiol moieties
that allows easy surface modification with proteins by the formation of self-assembled monolayers
(SAMs). SPEs with a WE made of other metallic inks such as silver, platinum or palladium are also
available on the market [26] but their use is scarce and limited to specific applications. The use of SPEs
with an optically transparent WE, made of indium tin oxide (ITO), PEDOT or even gold (obtained by
sputtering process) or carbon (made of carbon nanotubes), is increasing because of the growing interest
in spectroelectrochemistry [26–31]. The RE is often made of silver or silver/silver chloride ink. This is
considered a pseudo-reference or quasi-reference electrode since its potential is not as stable as that of
an ideal reference electrode (e.g., conventional silver/silver chloride RE, which is the most common).
Therefore, the applied potential is not as exact and reproducible as when an Ag/AgCl electrode is used.
This can be problematic for electrochemical studies in which the control of the potential is essential;
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however, for sensing applications, this is rarely a problem. The CE is usually made of the same ink as
the WE. Because the composition of the inks defines the electrochemical characteristics of the electrode,
SPEs are highly versatile. However, the versatility of SPEs is not only due to the use of different
inks, but also because of the ease of modification of the WE. The purpose of these modifications is
to enhance the electroanalytical characteristics of the SPEs (such as sensitivity, precision, operational
stability) and to improve the immobilization of the recognition element (which are often biological
elements (e.g., proteins, DNA, etc.), but can also be synthetic (e.g., molecularly imprinted polymers
(MIPs), see Section below)) [17]. For example, great enhancements of the analytical features have been
achieved by using carbon nanomaterials (nanotubes, nanofibers, graphene, among others) and metallic
nanoparticles (primarily gold nanoparticles, since they are cheaper than a WE made of gold ink) [18,32].
Besides these nanomaterials many other materials can be used: redox mediators, polymers, complexing
agents, metallic oxides, etc. The simplest procedure to modify SPEs is by deposition of the modifying
agent onto the WE; this procedure is facilitated because of the planar nature of the SPE, so it can be
performed through an automatic dispenser in a mass-producible way. However, the WE of an SPE
can also be modified by adding the modifier to the ink before printing, by chemical adsorption or by
electrochemical deposition (a good example is the in-situ generation of metallic nanoparticles) [32–34].

Figure 2. (A) Scheme of the most common configuration of a screen-printed electrode. (B) Examples of
commercial screen-printed electrodes with different configurations and designs. Reproduced from [19]
with permission from Wiley. (C) Number of publications per year when searching “screen-printed
electrode” and “screen-printed electrode sensor” in Scopus database for the last 30 years (1990–2019).

Another source of the SPE’s versatility is the possibility of printing the electrochemical cell on
a wide variety of substrates. The choice of the substrate will determine the stability, robustness,
disposability, and applicability of the SPE. As mentioned before, the most common are rigid substrates
such as ceramics. However, although printing the electrodes on non-planar and non-rigid surfaces
is not so easy as on rigid ones, there are several works describing SPEs that were fabricated using
paper sheets, cloths, stretch and foldable films, and even epidermis [18,20,25,35–38]. To choose the
correct substrate, it is important to keep the final application in mind: for example, ceramics are easy to
print on and are highly robust but are more expensive than paper. Paper is light and easy to transport
but its flexibility and moisture tolerance is limited. Polymeric substrates, especially flexible ones,
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are interesting for wearable sensors; in these cases, the limitation is related to the bending endurance
of the printed electrodes.

So, SPEs offer numerous advantages, but the most important one is their high adaptability.
This adaptability is not confined to the materials to fabricate them (inks and substrates); it also covers
their design. As said before, the most common option is printing one electrochemical cell (with three
electrodes) on the substrate, but many others configurations are possible: SPEs with more than one
WE sharing the same RE and CE, platforms with several complete electrochemical cells, 96-well SPE
plate or even SPEs with an integrated micro-well/reactor [20,26,39,40] (Figure 2B). Thus, their high
versatility together with their ease of use and portability make SPEs one of the main transducers for
the development of electroanalytical devices.

2.2. (Bio)Sensors Based on SPEs

As mentioned before, there are a great amount and variety of (bio)sensors based on SPEs with
applications in very different fields. A biosensor is a type of chemical sensor; it can be defined as an
analytical device able to provide (bio)chemical information, usually the concentration of a substance in
a complex matrix, which consists of two main parts: a biological recognition element that selectively
identifies the analyte of interest, and a transducer that transforms that recognition event into an
measurable signal (Figure 3A) [41,42]. A biosensor should therefore contain biological elements that
can be, mainly, (i) enzymes (catalytic biosensors) and (ii) proteins (antibody or antigen), or DNA
or RNA strands (affinity biosensors) (Figure 3C). However, because of the advantages of artificial
biomimetic receptors, such as MIPs and aptamers, regarding physical and chemical stability, it is
increasingly accepted to include them in the “biosensor” category [25].

Figure 3. (A) A schematic representation of a biosensor with electrochemical transduction. Reproduced
from [43] with permission from The Royal Society of Chemistry. (B) Distribution of different types of
techniques for signal transduction using biosensors (data retrieved from the Scopus database from 2017
to August 2019). Reproduced from [25] with permission from Springer 2019. (C) Schematic illustration
of enzymatic reaction on catalytic-based biosensors (top) and three different types of affinity-based
biosensors (bottom). Reproduced from [25] with permission from Springer 2019.

The most common SPE-based biosensors for food analysis are enzymatic- and immunosensors.
Enzymatic biosensors are based on the highly selective interaction of the target analyte with an enzyme
through its active sites, forming a complex that transforms the analyte into a (or more than one)
product(s) [25,44]. The determination of the analyte is usually carried out by measuring the amount
of generated product. Nevertheless, since co-factors or other co-reagents are sometimes needed,
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their consumption can be also used to monitor the analyte–enzyme interaction. Immunosensors are
based on antibody–antigen interactions and take advantage of the high specificity of an antibody
towards the corresponding antigen. In these sensors, the target analyte can either be the antibody or the
antigen. Briefly, there are two main ways of following the immunoreaction: (i) using a label attached to
a one of the immunoreagents, e.g., an enzyme or a nanoparticle that produces a detectable signal, and (ii)
through label-free detection; in this case, the formation of the immunocomplex (antibody–antigen)
produces a detectable physical/chemical change [14,19]. Immunosensors are highly specific and can
be applied to a wide variety of analytes provided that an antibody that interacts with the analyte is
available. Moreover, different strategies (e.g., the use of different labels or nanomaterials) can be used
to improve their sensitivity. However, compared to enzymatic sensors, immunosensors are usually
more labour intensive and less robust since several steps with long incubation times are required.

Independent of the type of recognition element, they have to be immobilized on the surface of
the WE. The versatility of SPEs allows to choose between many different immobilization procedures:
from the simplest one, the direct adsorption of the receptor by incubating it on the WE surface, to others
that require more steps such as crosslinking, SAM formation, covalent binding, entrapment, or affinity
binding (e.g., using the avidin-biotin system). By taking advantage of the transducer, immobilization
of the recognition element through electrodeposition is also possible (a good example is the case
of electrogenerated MIPs [45]). These immobilization methods are extensively described in several
previous reviews [32,44,46–48].

When using biosensors, mainly electrochemical techniques are used for signal transduction,
but colorimetric (without instrumentation), optical, magnetic, piezoelectric, and thermal techniques can
also be employed (Figure 3B) [25,49]. In electrochemical biosensors, the analytical signal can be provided
by different techniques: amperometry and voltammetry (based on current measurement), electrochemical
impedance spectroscopy (EIS), potentiometry or conductometry [43,50,51]. The amperometric and
voltammetric sensors are the most widely used because of their simplicity and applicability. Nevertheless,
EIS sensors are gaining interest since there is no need for labels (especially used in immunosensing),
but their sensitivities are often lower than the amperometric and voltammetric sensors [43].

3. Parameters Related to Food Spoilage

The production of safe and high-quality foodstuffs requires the control of several parameters at
different points of the food production and supply chain: the quality of raw ingredients, the hygienic
conditions of food production, the suitability of storage conditions, and the nutritional properties of the
finished products [2]. Inadequate conditions at any stage of this chain often lead to food spoilage, involving
chemical and physical changes (e.g., oxidation, colour changes, nasty smells, physical damages, etc.).
Although food spoilage can be originated by various causes, the growth of microorganisms is the most
common [1,5]. Many factors can contribute or accelerate food deterioration, such as exposure to inadequate
levels of oxygen, moisture, light, or temperature. The microorganisms responsible for food spoilage
include several bacteria, viruses, moulds, and yeasts. Among these, the bacteria Salmonella, Escherichia coli,
Campylobacter, and Listeria are the most common foodborne pathogens [1,34]. Besides microorganisms,
mycotoxins, which are toxic metabolites produced by fungi, are also important causes of foodborne
illnesses [1]. Another common parameter to evaluate food safety and freshness is the level of biogenic
amines, which are produced by the microbial decarboxylation of amino acids present in some foodstuffs
such as fish, meat, and fermented foods [10,52,53].

3.1. Bacteria

Bacteria are the most common cause of foodborne illnesses. It is often difficult to notice
their presence at low but harmful levels since visual or olfactory changes are not always easy to
observe. Consequently, the consumer can ingest food contaminated with bacteria without realising it,
causing illnesses with important implications. Although there are a great variety of bacteria responsible
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for foodborne illnesses, Campylobacter, Escherichia coli, Salmonella, and Listeria are the most common
causes [1,5,42,54,55]. Therefore, these bacteria will be focussed on in this review.

Campylobacter are Gram-negative bacteria that live as commensals organisms in the gastrointestinal
tract of humans and many domestic animals [56,57]. Campylobacteriosis is the most commonly reported
gastrointestinal infection in humans in the EU [54,55]. It normally produces symptoms such as diarrhoea
and vomiting that can last from 2 to 10 days. Its main food sources are undercooked meat (specially
poultry), unpasteurized milk and vegetables [3,58]. Within the genus Campylobacter, the species C. jejuni
is responsible for more than 80% of Campylobacter infections [3].

Escherichia coli (E. coli) are Gram-negative bacteria belonging to the Enterobacteriaceae family that
inhabit the gastrointestinal tract of humans and warm-blooded animals. As commensal microorganism,
E. coli live in mutually beneficial association with its host without causing diseases [59,60]. However,
there are several E. coli strains with virulent attributes associated mainly with three clinical syndromes:
diarrhoea, urinary tract infections or meningitis. [3,60]. Its ease of handling and the availability of its
complete genome sequence makes E. coli an important microorganism in biotechnological, medical and
industrial applications [59]. Among the intestinal pathogenic E. coli there are six well-describes variants
known as pathovars or pathotypes: Enteropathogenic E. coli (EPEC), Enterotoxigenic E. coli (ETEC),
Enteroaggregative E. coli (EAEC), Enteroinvasive E. coli (EIEC) and Diffusely adherent E. coli (DAEC)
and Shiga toxin-producing E. coli (STEC, which includes the Enterohemorrhagic E. coli-EHEC-) [3,60].
Foodborne illness outbreaks related with E. coli can be associated with many types of food: from meats
and unpasteurized milk or fruit juice to vegetables such as lettuce and spinach [3]. Symptoms of
E. coli infections can be minor for some people; however, sometimes the infection may become a
life-threatening illness causing serious problems such as kidney failure. STEC is the third most common
cause of foodborne zoonotic illness [54]. E. coli O157:H7 currently accounts for most of the EHEC
infections worldwide [3].

Salmonella are Gram-negative bacteria that belong to the Enterobacteriaceae family and is classified
into two species: S. bongori and S. enterica. The latter are associated with the main public health
concern [3,61]. Based on the Kaufmann-White scheme, Salmonella spp. are subdivided into serotypes
and consequently, they are usually referred to by their serotype names [61]. Within S. enterica,
which includes more than 2500 serotypes, S. Typhi and S. Paratyphi are responsible for typhoid
illness (typhoid and paratyphoid fever, respectively) characterized by fever, headache, abdominal pain,
and diarrhoea which can be fatal if suitable treatment is not provided [3,42,61,62]. Besides typhoidal
illness, the other Salmonella serotypes can cause gastrointestinal illness (salmonellosis) that is less serious
and its symptoms normally last for a few days [3]. In 2018, nearly 30% of the total foodborne illness
outbreaks reported in the EU (5146 outbreaks affecting 48,365 people) were caused by Salmonella [54].
These outbreaks were mainly linked to eggs [54], however salmonellosis can also occur by the ingestion
of other animal-derived contaminated foods such as milk, meat, or poultry, or even of contaminated
fruits or raw vegetables [3,63].

Listeria are Gram-positive bacteria that comprise seventeen species, including Listeria monocytogenes,
which is responsible for Listeriosis that, although presenting a low incidence, leads to high
hospitalizations and mortality rates [50,55,64]. L. monocytogenes is highly persistent: it is salt-tolerant
and can survive, and even grow, at temperatures below 1◦C unlike many other pathogens [3]. Listeria
can grow in several kinds of foods: raw milk, smoked fish, meats, and raw vegetables [3,50].

The main methods for the detection of these pathogens in foods are based on culturing and colony
counting, which are characterized by laborious and time-consuming procedures, consumption of high
amounts of reagents and the need for highly-trained personnel [3,5]. Alternative methods are those
based on polymerase chain reaction (PCR) or real-time (quantitative) PCR that considerably reduce the
analysis time (24 h or 3–6 h, respectively) but also involve laborious procedures [3,5,6,42]. Other detection
methods are those based on immunoassays. Among them, enzyme-linked immunosorbent assays
(ELISA) are the most common since their commercialization as kits facilitate their use and large-scale
application [5,50,51].
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3.2. Biogenic Amines

Biogenic amines (BAs) are nitrogenous low-molecular weight compounds that are mainly produced
by the microbial decarboxylation of amino acids. There are eight BAs commonly present in animals,
plants, and foods and can be classified in three groups based on their structure: (i) aliphatic (putrescine,
cadaverine, spermine, and spermidine); (ii) aromatic (tyramine and phenylethylamine); and (iii)
heterocyclic (histamine and tryptamine) (Table 1) [7–9,52]. BAs are important in several physiological
processes, such as neuromodulating functions, and each one of them has key roles in organisms [7].
For example, histamine acts as a neurotransmitter, is related with intestinal physiological functions,
and is involved in allergic reactions; tyramine has antioxidant effects, and putrescine is an important
constituent of all mammalian cells [52,65].

Table 1. Classification and basic information of the eight most common biogenic amines. Adapted
from [52] with permission from Elsevier.

Classification Name Molecular
Formula Structure Molecular Weight

(g/mol)

Heterocyclic

Histamine (HIS) C5H9N3 111.15

Tryptamine (TRYP) C10H12N2 160.21

Aromatic

Phenylethylamine
(PHEN) C8H11N 121.18

Tyramine (TYR) C8H11NO 137.18

Aliphatic

Spermidine (SPD) C10H26N4 145.25

Spermine (SPM) C7H19N3 202.34

Cadaverine (CAD) C5H14N2 102.18

Putrescine (PUT) C4H12N2 88.15

In suitable levels BAs have beneficial effects, but the consumption of an excessive amount of
BAs can be toxic to humans. The most common example is histamine fish poisoning (also known
as scombroid poisoning) which is generally caused by the consumption of fish with high levels
of histamine. The symptoms are headache, gastrointestinal, and skin problems, and their severity
depends on the dosage [4,7,9]. The rapid increase of the concentration of histamine in fish is induced by
unsuitable storage conditions (mainly temperatures >4 ◦C and long storage times) [4,7]. Fish with high
levels of histidine (such as sardine or tuna) are more prone to develop histamine than histidine-poor
fish. Moreover, histamine shows a high temperature stability, so it is not affected by cooking or freezing
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nor by sterilization or canning processes [4,7]. Thus, the concentration of histamine is a common
parameter that is used in the fish industry as a quality and freshness indicator.

Although histamine is the main BA of concern due to its toxicity, the other BAs can also induce
harmful effects on human health; for example, tyramine, phenylethylamine, and tryptamine cause
hypertension, and putrescine and cadaverine can cause hypotension and bradycardia, and potentiate
the toxicity of other amines, especially of histamine [7,8,66,67].

Besides fish and sea-food, BAs are found in several daily-life foodstuffs (wine, beer, cheese,
other fermented foods and meat) [9,10,66]. Because of their microbiological origin, the concentration
of BAs has been used for the assessment of the freshness of certain foods. With this aim, the biogenic
amine index (BAI) has been proposed; this parameter can include different BAs depending on the type
of food to be evaluated [10]. The most widely used BAI includes histamine, cadaverine, putrescine,
and tyramine. A BAI lower than 5–10 mg/kg indicates a good quality and fresh food [8,52,66].

Hence, the concentration of BAs in food is an important parameter to control. The main methods
for their quantification are based on chromatographic techniques combined with different extraction
techniques such as solid phase extraction, ultrasound-assisted extraction or dispersive liquid–liquid
microextraction [10,52,66,67]. Regarding chromatographic techniques, the most common is liquid
chromatography (LC) combined with ultraviolet or fluorescence detectors (in which the BAs need to
be derivatized since they exhibit neither UV absorption nor fluorescence emission), or tandem mass
spectrometry [8,10,52,65–67].

4. SPE-Based (Bio)Sensors for the Determination of Food Spoilage Parameters

When a bibliographic search for articles about SPE-based sensors for determining parameters
related to food spoilage is performed, a considerable number of works is found. However, this number
is lower than for clinical or biomedical applications. Therefore, the development of these kind of sensors
in this area will surely continue to be explored in the next years. Among the SPE-based sensors, there are
several enzymatic- and immunosensors, but aptasensors were also described. The electroactivity
of some of the analytes is also explored in some studies, avoiding the use of a recognition element.
In the following section, different SPE-based sensors for the determination of important food spoilage
parameters are discussed. The classification of these sensors is based on the analytes and mainly
focuses on those with applications in food analysis.

4.1. SPE-Based (Bio)Sensors for Bacteria Detection

As mentioned before, among the bacteria responsible for foodborne diseases the main contributors,
because of their incidence and the illnesses they cause, are Campylobacter, Salmonella, E. coli, and Listeria.
Because of this, numerous biosensors have been developed for the determination of these microorganisms
in food, as a whole or through target indicators of their presence (for example, specific cell membrane
proteins or toxins). The wide incidence of salmonellosis has led to the development of many biosensors
for the determination of Salmonella in foods such as milk or chicken meat (Table 2): most of them
are immunosensors, for the serotype Salmonella Typhimurium, and based on SPEs with a carbon WE,
both unmodified [68,69] or modified with nanomaterials [70–72], polymers [70], or an ionic liquid [71].
Although immunosensors are the main type of sensors, an aptasensor for Salmonella detection in
apple juice is also reported [73] (Figure 4B). This is a label-free impedimetric sensor that used an
SPCE modified with diazonium salt through chemical grafting on which the aminated-aptamer is
immobilized. With this approach a concentration range between 101 and 108 CFU/mL and a limit
of detection (LOD) of 6 CFU/mL was achieved. Several sensors use magnetic beads on which either
the capture or the detection antibody is immobilized. A good example of this is the one developed
for Ngoensawat et al. [74] in which the monoclonal capture antibody is immobilized on carboxylic
acid-modified Fe2O3 magnetic particles on which multiwalled carbon nanotubes (MWCNT) modified
with Methylene blue (the detection label) are immobilized. Once the immunomagnetic separation of
Salmonella from the sample is performed, the detection is carried out through a sandwich type assay on
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an avidin-modified SPCE on which a biotin-labelled polyclonal antibody is immobilized. Using DPV as
detection technique, a good LOD in milk samples is obtained: 17.3 CFU/mL. As in this case, using labels
for monitoring the immunoaffinity event is the most common: the enzyme horseradish peroxidase is
widely used. However, the use of nanomaterials such as gold nanoparticles (AuNP) [69,75,76] and CdS
nanocrystals [68] is also frequent. A remarkable label is the one based on a polymeric dendron modified
with CdTe Quantum Dots (QD) which was recently developed by Murasova et al. [77]. Using a specific
anti-Salmonella antibody modified with this label, a sandwich immunoassay is performed using an
antibody attached to magnetic beads. The detection is carried out through square-wave anodic stripping
voltammetry (SWASV) on an SPCE modified with an on-site generated bismuth film obtaining a LOD
of 4 CFU/mL. Viswanathan et al. explored the fact that metals show different redox potentials by using
different metallic nanoparticles (CuS, CdS and PbS) to construct a multiplexed immunosensor for the
simultaneous determination of Salmonella, E. coli, and Campylobacter [78]. The sensor consisted of a
MWCNT-polyallylamine-modified SPCE on which specific antibodies for each one of the bacteria are
immobilized. The sandwich is formed with detection antibodies specifically labelled with each one of the
three different nanocrystals (Figure 4A). Using SWASV as technique detection, calibration curves in the
range 103–5 × 105 cell/mL, and LODs of 400 cell/mL for Salmonella and Campylobacter and 800 cell/mL for
E. coli are obtained. Another approach to develop sensors able to perform simultaneous measurements
is the use of SPEs with more than one WE or more than one electrochemical cell. Examples of these
sensors for Salmonella detection are also reported: from SPEs with two WEs [79], to a microfluidic system
with eight WEs [75] (Figure 4C) or a 96-well-SPE plate [80].

Table 2. SPE-based sensors for Salmonella and Listeria detection in foods.

Serotype Sensor Construction Detect.
Tech. Conc. Range LOD Analysis

Time Sample Ref.

Salmonella
Pullorum and

Salmonella
Gallinarum

Immunoassay; HRP as
indirect label;

ERGO/PVA-PDMS/SPCE
CV 10–109 CFU/mL 1.61 CFU/mL ≈31 min Chicken,

eggs [70]

Salmonella
Pullorum and

Salmonella
Gallinarum

Immunoassay
(sandwich); HRP as label;

IL/Ab/AuNP/SPCE
CV 104–109

CFU/mL 3 × 103 CFU/mL ≈81 min Chicken,
eggs [71]

Salmonella
Typhimurium

Immunoassay
(sandwich); Ab-coated
MB; Ag measurement;

Avidin-SPCE

DPASV 10–106 CFU/mL 12.6 CFU/mL ≈105 min

Milk,
green bean

sprouts,
eggs

[81]

Salmonella
Typhimurium

Immunoassay; Au-coated
MB/SAM/Ab; CdSNP as

label; SPCE
SWASV 10–106 cell/mL 13 cells/mL ≈40 min Milk [68]

Salmonella
Typhimurium

Immunoassay
(sandwich); Ab on

MB-MWCNT-Methylene
Blue (which is the label);

Avidin-SPCE

DPV
10–106 CFU/mL

in buffer and
milk

7.9 CFU/mL in
buffer;

17.3 CFU/mL in
milk

≈55 min Milk [74]

Salmonella
Typhimurium

Immunoassay
(sandwich); Capture Ab
on MB; AuNP as label;

SPCE

DPV 103–106 cell/mL 143 cells/mL ≈95 min Milk [69]

Salmonella
Typhimurium

Immunoassay; Label free;
Ferrocyanide
measurement;
rG-GO/SPCE

EIS − 101 CFU/mL in
samples

≈15 min
Water,
orange

juice
[72]

Salmonella
Typhimurium

Aptasensor; Label free;
diazonium salt- modified

SPCE
EIS 10–108 CFU/mL 6 CFU/mL ≈45 min Apple

juice [73]

Salmonella
Typhimurium

Paper-based
immunoassay (sandwich);

AuNP as label; SPCE
C 10–108 CFU/mL 10 CFU/mL ≈35 min Water [76]
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Table 2. Cont.

Serotype Sensor Construction Detect.
Tech. Conc. Range LOD Analysis

Time Sample Ref.

Salmonella
Typhimurium

Immunoassay
(sandwich); HRP as label;

SPAuE
CA 10–107 CFU/mL ≈20 CFU/mL ≈150 min Chicken [82]

Salmonella
Typhimurium

Immunoassay
(sandwich); HRP as label;

SAM/Protein A/SPAuE
CA − 10 CFU/mL ≈125 min Milk [62]

Salmonella (no
serotype)

Immunoassay
(sandwich); Capture Ab

on MB; QD (CdTe)
dendron as label; BiSPCE

SWASV − 4 CFU/mL ≈80 min Milk [77]

Salmonella
Typhimurium

Immunoassay; Label free;
SAM/GA/Ab/2-SPAuE EIS 103–108

CFU/mL 103 CFU/mL ≈20 min Milk [79]

Salmonella.
Typhimurium

(and E. coli
O157:H7)

Immunoassay
(sandwich); Capture
biotinylated Ab on

stretavidin-MB; GOX-as
label; SP-IDME (gold)

EIS
102–106

CFU/mL for
both

1.66 × 103

CFU/mL (3.90 ×
102 CFU/mL for

E. coli)

≈180 min

Chicken
carcass

(ground
beef for E.

coli)

[83]

Salmonella
Typhimurium and
Salmonella aureus

(and E. coli)

Antimicrobial petide
melittin on MB; SP-IDME

(silver)
EIS

10–104 CFU/mL;
10–106 CFU/mL
(1–106 CFU/mL

for E. coli)

10 CFU/mL for
both (1 CFU/mL

for E. coli)
≈30 min Water,

apple juice [84]

Salmonella
Pullorum and

Salmonella
Gallinarum

Immunoassay
(sandwich); Capture Ab
on AuNP-modified MB
(SiO2/Fe3O4); HRP as

label; 4-SPCE

CV 102–106

CFU/mL
32 CFU/mL ≈70 min Chicken [85]

Salmonella
Typhimurium

Immunoassay
(sandwich); Capture Ab
on MB; AuNP as label;

µFD-8-SPCE

DPV 10.0–100.0
cell/mL in milk 7.7 cells/mL ≈75 min Milk [75]

Salmonella (no
serotype)

Immunoassay
(sandwich); HRP as label;

96-well SPCE plate
IPA 5 × 106–5 × 108

CFU/mL 2 × 106 CFU/mL ≈100 min
Pork,

chicken,
beef

[80]

Salmonella (no
serotype)

(Multiplexed: E.
coli,

Campylobacter)

Immunoassay
(sandwich); specific

nanolabel for each specie
(CuS, CdS, PbS);

MWCNT-PAH/SPCE

SWASV 103–5 × 105

cell/mL

400 cells/mL for
Salmonella and
Campylobacter;

800 cells/mL for
E. coli

≈70 min Milk [78]

Listeria
monocytogenes

Immunoassay
(sandwich); Ab capture

on MB; Ab
detection/urease (as label)
modified AuNP; SP-IDE

(gold)

EIS 1.9 × 103–1.9 ×
106 CFU/mL

1.6 × 103

CFU/mL
≈115 min Lettuce [86]

Listeria innocua
Serovar 6b

Label-free; Bacteriophage
endolysin CBD500

covalent immobilized on
SPAuE

EIS 104–109

CFU/mL
1.1 × 104

CFU/mL
≈25 min Milk [87]

4-SPCE: screen-printed carbon electrode with 4 working electrodes; 2-SPE: screen-printed electrode with 2 working
electrodes; 8-SPCE: screen-printed carbon electrode with 8 working electrodes; µFD: microfluidic device; Ab:
antibody; AP: alkaline phosphatase; AuNP: gold nanoparticles; BiSPCE: Bi film-modified screen-printed carbon
electrode; C: conductometry; CA: chronoamperometry; CdSNP: CdS nanoparticles; CV: cyclic voltammetry;
DPASV: differential pulse anodic stripping voltammetry; DPV: differential pulse voltammetry; EIS: electrochemical
impedance spectroscopy; ERGO: electrochemically reduced graphene oxide; GA: Glutaraldehyde; HRP: horseradish
peroxidase; GOX: glucose oxidase; IL: ionic liquid; IPA: intermittent pulse amperometry; MB: magnetic beads;
MWCNT: multiwalled carbon nanotube; n.r: not reported; LSV: linear sweep voltammetry; PAH: polyallylamine;
PDMS: polydimethylsiloxane; PVA: polyvinyl alcohol; QD: Quantum Dot; rG-GO: reduced graphene-graphene
oxide; SPAuE: screen-printed gold electrode; SPCE: screen-printed carbon electrode; SP-IDME: screen-printed
interdigitated electrode; SWASV: square wave anodic stripping voltammetry.
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Figure 4. (A) Schematic representation of the multiplexed immunosensor developed by Viswanathan
et al. for E. coli, Salmonella, and Campylobacter detection and the analytical signals obtained for the
three bacteria by square-wave anodic stripping voltammetry (SWASV). Reproduced from [78] with
permission from Elsevier. (B) Schematic representation of the aptasensor developed by Bagheryan et al.
for Salmonella detection and the electrochemical impedance spectroscopy (EIS) signals obtained for
different Salmonella concentrations included in the calibration curve. Reproduced from [73] with
permission from Elsevier. (C) Schematic representation of the immunoassay based on magnetic beads
developed by T.R. de Oliveira et al. using the microfluidic multiplex system shown in the picture.
Reproduced from [75] with permission from Elsevier.

For Listeria detection in food samples scarce works were found. A noteworthy example is the one
developed by Tolba et al. [87] that used the cell wall binding domain (CBD) of bacteriophage-encoded

74



Biosensors 2020, 10, 139

peptidoglycan hydrolases (endolysin) as biorecognition element. CBD500 was immobilized by
covalent binding on an SPE with a gold WE. After the reaction with the Listeria present in the sample,
the analytical signal was obtained by EIS using [Fe(CN)6]3−/4− as redox probe.

As in the case of Salmonella, the SPE-based sensors for E. coli detection in foods are mostly based
on immunoassays (Table 3). A simple biosensor was developed by Yueh-Hui Lui et al. that consisted
of a sandwich immunoassay. The capture antibody was immobilized on an SPCE modified with AuNP
and ferrocene dicarboxylic acid (FeDC) [88]. The detection antibody was labelled with HRP and H2O2

was used as substrate. The combination of AuNP and FeDC resulted in a significant improvement
of the current intensity (studied by CV) when compared with an SPCE that was modified only with
AuNP or FeDC. The SPCE contained two electrodes, both made of carbon ink: one acting as working
and the other acting as both reference and counter electrodes. Using chronoamperometry (at 300 mV
vs. carbon counter/reference electrode) as detection technique, the obtained immunosensor showed a
quite good LOD of 600 CFU/mL. A lower LOD (309 CFU/mL in tap water and 457 CFU/mL in minced
beef) was obtained by Hassan et al. [89] who immobilized the capture antibody on magnetic beads
and carried out a sandwich immunoassay using a AuNP-modified detection antibody (Figure 5A).
The quantification of the bacteria was performed through the Hydrogen Evolution Reaction (HER)
catalysed by the AuNP using chronoamperometry (applying +1.35 V for 60 s and then, −1.00 V
for 100 s) and an SPCE as transducer. Wenchao Dou et al. used a nanocomposite consisting of
gold-platinum core/shell nanoparticles, neutral red, and reduced graphene oxide (rGO-NR-Au@Pt)
to develop different sensors for E. coli determination [90–92]. Using this nanocomposite to label the
detection antibody, a sandwich-type immunosensor was developed by immobilizing the capture
antibody on an AuNP/polyaniline-SPCE [90]. E. coli was quantified by taking advantage of the
catalytic effect of the Au@Pt particles on the reduction of H2O2, achieving a high LOD of 2840 CFU/mL.
Using a similar immunoassay and detection system (measurement of the reduction of H2O2 by CV
on SPCE), Wenchao Dou et al. achieved a much better LOD (450 CFU/mL) by immobilizing the
capture antibody on magnetic beads and using thionine as electron mediator [91]. They achieved
an even lower LOD (91 CFU/mL), introducing HRP as a label (to catalyse the H2O2 reaction) in the
rGO-NR-Au@Pt-detection antibody composite [92] (Figure 5B).

Table 3. SPE-based sensors for E. coli O157:H7 detection in foods.

Sensor Construction Detect.
Tech. Conc. Range LOD Analysis

Time Sample Ref.

Immunoassay (sandwich);
HRP as label;

AuNP/FeDC-SPCE
CA 102 to 107

CFU/mL
600 CFU/mL ≈35 min Milk [88]

Immunoassay (sandwich);
Ab capture on MB; AuNP as
label (catalysing HER); SPCE

CA
102–105

CFU/mL in
samples

309 CFU/mL in
tap water,

457 CFU/mL in
minced beef

≈70 min Water,
minced beef [89]

Immunoassay (sandwich);
rGO-NR-Au@Pt

nanocomposite-detection Ab
(measurement of H2O2

reduction);
AuNP/PANI-SPCE

CV 8.9 × 103–8.9 ×
109 CFU/mL

2840 CFU/mL ≈110 min Milk, pork [90]

Immunoassay (sandwich);
Capture Ab on MB;

rGO-NR-Au@Pt
nanocomposite-detection Ab

(measurement of H2O2
reduction); Thionine as

mediator; SPCE

CV 4 × 103–4 ×
108 CFU/mL

450 CFU/mL ≈115 min Milk, pork [91]
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Table 3. Cont.

Sensor Construction Detect.
Tech. Conc. Range LOD Analysis

Time Sample Ref.

Immunoassay (sandwich);
Capture Ab on MB;

rGO-NR-Au@Pt
nanocomposite

HRP-modified detection-Ab;
HRP as label; Thionine as

mediator; 4-SPCE

CV 4 × 102–4 ×
108 CFU/mL

91 CFU/mL ≈135 min Milk, pork [92]

Immunoassay; Label-free
(measurement of

Fe(CN)6
3−/4−); AuNP-SPCE

CV 1.19 × 103–1.19
× 109 CFU/mL

594 CFU/mL ≈55 min Milk powder [93]

Immunoassay; Label-free
(measurement of

Fe(CN)6
3−/4−);

AuNP/PANI-SPCE

DPV 4 × 104–4 ×
109 CFU/mL

7980 CFU/mL ≈45 min Milk [94]

Immunoassay (sandwich);
Ab photochemical

immobilization; Label free;
SPAuE

EIS
102–103

CFU/mL in
drinking water

30 CFU/mL ≈70 min Drinking
water [95]

Immunoassay; Capture Ab
on MB; Label free; SP-IDME

of gold
EIS 104–107

CFU/mL 104.45 CFU/mL ≈60 min Ground beef [96]

Immunoassay; Ab on
AuNP/MB-GOX@PDA;

Filtration step; GOX as label;
Prussian Blue-modified

SP-IDME of gold

A 103–106 CFU/g
in ground beef

190 CFU/g ≈75 min Ground beef [97]

4-SPCE: screen-printed carbon electrode with 4 working electrodes; A: amperometry; Ab: antibody; AuNP:
gold nanoparticles; CA: chronoamperometry; CV: cyclic voltammetry; DPV: differential pulse voltammetry; EIS:
electrochemical impedance spectroscopy; FeDC: ferrocene dicarboxylic acid; HER: hydrogen evolution reaction;
HRP: horseradish peroxidase; ITO: indium tin oxide; MB: magnetic beads; NP: nanoparticles; NR: neutral red;
PANI: polyaniline; PDA: polydopamine; rGO: reduced graphene oxide; SPAuE: screen-printed gold electrode; SPE:
screen-printed electrode; SP-IDME: screen-printed interdigitated microelectrode.

Among the label-free sensors for E. coli detection, it is worthy to note the one recently developed
by Cimafonte et al. for drinking water [95]. It consisted of a sandwich-type immunosensor in which
the capture antibody was immobilized with a suitable orientation on a SPAuE by a photochemical
technique. The determination was performed by EIS using the [Fe(CN)6]3−/4− redox probe, achieving a
very low LOD of 30 CFU/mL.

Studies using screen-printed interdigitated electrodes were also found. An interesting one is the
sensor developed by Xu et al. [97] that used a Prussian blue (PB)-modified screen-printed interdigitated
gold microelectrode achieving a LOD of 190 CFU/g. An anti-E.coli antibody was immobilized on
magnetic beads that were coated with polydopamine and modified with glucose oxidase (GOX) and
AuNP. After the immunoreaction with the bacteria, a filtration was performed (through a paper with
0.8µm pores) to separate the immunocomplex formed with the bacteria from the free nanocomposite-Ab.
The analytical signal was recorded by amperometry dropping the filtered solution onto the PB-modified
electrode together with a glucose solution (enzymatic substrate for GOX).

4.2. SPE-Based (Bio)Sensors for Biogenic Amines Detection

As mentioned before, histamine is the main BA. This explains the large number of sensors
developed for its determination when compared to those developed for the other BAs. The most
frequently reported SPE-based sensors for the determination of BAs in food samples (mainly fish)
are enzymatic, although some immunosensors [98,99] or sensors based on the electroactivity of the
amines [100,101] can also be found (Table 4). An interesting example among the immunosensors for
histamine determination is the one recently developed by Shkodra et al. [98] using a flexible SPE with

76



Biosensors 2020, 10, 139

a WE made of a silver polymeric paste. The three-electrode cell is screen-printed on a polyethylene
terephthalate (PET) flexible substrate to obtain a sensor that withstands frequent bending without
signal loss (Figure 6A). To perform the immunoassay, an anti-histamine antibody is immobilized on
the WE, previously modified with oxygen plasma-treated carbon nanotubes. Then, the competitive
immunoassay is carried out using HRP-labelled histamine to compete with the histamine of the
sample. Using 3,3′,5,5′-tetramethylbenzidine (TMB) as enzymatic substrate and chronoamperometry
as detection technique, a sensor with a very low LOD (0.022 nM) and a high selectivity (tested using
other BAs (cadaverine, putrescine, and tyramine) was obtained.

Figure 5. (A) Schematic representation of the magneto immunoassay developed by Hassan et al.
for E.coli O157:H7 detection based on the Hydrogen Evolution Reaction electrocatalyzed by AuNP;
chronoamperograms for different bacteria concentration; cyclic voltammograms in absence (red line)
and presence of bacteria (blue line). Reproduced from [89] with permission from Elsevier. (B) Schematic
representation of the magneto immunoassay, using rGO-NR-Au@Pt nanocomposite and HRP as label,
developed by Wenchao Dou et al. E. coli O157:H7 detection. Reproduced from [92] with permission
from Springer 2018.
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Among the large number of enzymatic sensors reported for the determination of BAs in food, most are
based on the use of the enzymes monoamine oxidase (MAO) or diamine oxidase (DAO). These enzymes
catalyse the oxidation of BAs, producing hydrogen peroxide [102,105,106,116–118]. The detection in
these sensors is usually carried out by amperometric techniques and the use of redox mediators, such as
[Fe(CN)6]3−/4− [103], ferrocene [104,112], or tetrathiafulvalene (TTF) [106,107,115,116] is very common.
The use of these mediators decreases the detection potential, improving the selectivity of the sensor.
An interesting work was reported by S. Leonardo et al. in which different mono- (DAO) and bienzymatic
(DAO and HRP) sensors using magnetic beads and different mediators (Co(II)-phthalocyanine (CoPh),
Prussian Blue (PB), and Os-polyvinylpyridine (Os-PVP)) were developed and compared [117] (Figure 6C).
Although calibration curves for histamine, putrescine and cadaverine were obtained for each one of
the sensors (DAO-MB/CoPh-SPCE, DAO-MB/PB-SPCE, and DAO-MB/Os-PVP-HRP/SPCE), obtaining
LODs from 0.47 µM to 5.13 µM, the one that included Prussian Blue as mediator was chosen for the
determination of BAs in sea bass.

Figure 6. (A) Photograph of a flexible three-electrode SPE with silver working electrode used as
transducer of an immunosensor for histamine, and flexibility test of that sensor (current intensity
obtained after bending it). Reproduced from [98]). (B) Schematic representation of the enzymatic
reaction occurring at the surface of the HRP/SPCE sensor for tyramine detection; Compound I
and compound II are reaction intermediates (compound I (oxidation state +5) comprising a ferryl
species (Fe4+=O) and a porphyrin radical cation; compound II (oxidation state +4) is formed by
the first reduction of the porphyrin radical cation). Reproduced from [113] with permission from
Wiley. (C) Scheme of the enzymatic and electrochemical reaction occurring on DAO-MB mono- and
bi-enzymatic sensors for biogenic amines (BAs) detection. Reproduced from [117] from Springer 2016.

The use of nanomaterials is also frequent: single or multi-walled carbon nanotubes [104,109],
graphene [108], nanoparticles [110,111,114,116], or the combination of different kind of nanomaterials [105].
An example is the sensor developed by Pérez et al. [104] that combines the use of two enzymes, DAO and
horseradish peroxidase (HRP), with MWCNT and ferrocene as mediator. In this case, an SPCE with two
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WEs was used: one contained the enzymes immobilized on a polysulfone/MWCNT/ferrocene membrane
and the other only contained the membrane. With this strategy, the response towards any electroactive
species present in the samples that could interfere in the determination is eliminated, improving the
selectivity of the sensor.

Sensors based on DAO and MAO or oxidase enzymes such as putrescine oxidase or plasma
amine oxidase sometimes show problems regarding selectivity when just one biogenic amine is the
target analyte [102,106,107,112,121]. Since for many food applications the objective is obtain the BAI
(biogenic amine index), this fact could be not a problem and indeed, several sensors based on DAO
and MAO are focused on the quantification of the total amount of BAs [117–120]. With the aim of
obtaining more selective enzymatic sensors, the use of other enzymes as recognition element has
been reported: e.g., tyrosinase [109] and histamine dehydrogenase [115]. A noteworthy example of a
selective SPE-based enzymatic sensor for tyramine is the one developed by Calvo-Pérez et al. [113].
In this work HRP was used as recognition element for tyramine, which is not among the common
substrates for this enzyme. The recognition of tyramine through HRP is based on the oxidation of the
–OH group present in the molecular structure of tyramine (Figure 6B). Two immobilization procedures
were assessed: (i) cross-linking with glutaraldehyde and bovine serum albumin and (ii) mixing the
carbon ink used for screen-printing the WE with HRP. Since the second procedure was easier and
provided better reproducibility, the sensor obtained in that way was the chosen for its application in
real samples. A high selectivity of this HRP-sensor was demonstrated; no response was observed
when calibration curves for other BAs (putrescine, cadaverine, histamine, tryptamine, spermine and
spermidine were evaluated) in the same concentration range than for tyramine were performed.
Another approach to greatly improve the selectivity is to add a separation step before the measurement
with the sensor as reported by Li et al. [110]. In this work, a sensor based on an SPCE modified with a
conductive polymer (PEDOT.PSS), AuNP and 1-methyl-4-mercaptopyridine (1m-4-MP) was developed
to detect tyramine using DPV as technique detection. Before the electrochemical sensing, a sample
was treated through a solid-phase extraction based on MIP technology (using a MIP synthetized with
methacrylic acid as monomer). The combination of the MIP-based solid phase extraction with the
1-m-4-MP/AuNP/PEDOT:PSS/SPCE provided a LOD of 2.31 nM.

5. Conclusions

Nowadays, food safety is a key concern because it is directly related to public health. Therefore,
the development of methods that allow rapid and on-site analysis has gained special relevance in
food safety and quality assurance. Disposable electrodes, such as screen-printed electrodes (SPEs),
have attracted attention worldwide since they allow the development of easy-to-handle and cost-efficient
biosensors. The easy mass-production of reproducible SPEs allows the use of SPE-based sensors as
one-shot devices. Besides the concern from the food industry and public-health-related administration
about food safety and quality, the growing consumer concern about the security and healthiness
of the food they eat enormously increases the interest in point-of-need sensors that can be used by
untrained people.

Although there are many published papers on biosensors for food applications, the number of
those commercially available is scare since the knowledge transfer from research laboratories to the
market is hard. The main challenge for the commercialization of biosensors (for any kind of application)
is often the low stability of their recognition element since they are biological compounds that requires
special storage conditions. In the case of biosensors for food applications, another important difficulty
is related to the sample since it is usually solid, and the measurements normally have to be performed
in aqueous medium. This is an important limitation when compared with biosensors for clinical
application that are typically applied to bodily fluids. Although the development of multiplex
biosensors is increasing, multi-analyte detection is still a big challenge. In the case of food sensors,
this is a key issue since, for example, a biosensor can be able to selectively determine a single bacteria
serotype (i.e., S. typhimurium) but does not provide any information about the presence of other
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serotypes that can also be harmful. In those cases, the selection of a biological recognition able to detect
several serotypes (or kinds of analytes) or the design of a multiplex devices is of paramount importance.

Therefore, it is obvious that biosensors cannot replace the conventional methods (e.g., PCR or
HPLC-MS), since these show better features in terms of accuracy, selectively, sensitivity, or multi-analyte
detection ability. However, the advantages of SPE-based biosensors mentioned in this review make
them exceptional devices for on-site screening. The hard work of electroanalytical researchers to make
portable sensors a suitable alternative to the centralized analysis, together the great advances in digital
communication networks is leading to promising tools for food control and analysis. Nowadays, in a
growing number of situations, it is much more advantageous to have simple tools for fast and on-site
screening than sophisticated instrumentation in centralized laboratories.
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114. Kaçar, C.; Erden, P.E.; Dalkiran, B.; İnal, E.K.; Kiliç, E. Amperometric biogenic amine biosensors based on
Prussian blue, indium tin oxide nanoparticles and diamine oxidase—Or monoamine oxidase–modified
electrodes. Anal. Bioanal. Chem. 2020, 412, 1933–1946. [CrossRef] [PubMed]

87



Biosensors 2020, 10, 139

115. Henao-Escobar, W.; Román, L.D.T.-D.; Domínguez-Renedo, O.; Alonso-Lomillo, M.A.; Arcos-Martínez, M.J.
Dual enzymatic biosensor for simultaneous amperometric determination of histamine and putrescine.
Food Chem. 2016, 190, 818–823. [CrossRef] [PubMed]

116. Henao-Escobar, W.; Domínguez-Renedo, O.; Asunción Alonso-Lomillo, M.; Julia Arcos-Martínez, M.
Simultaneous determination of cadaverine and putrescine using a disposable monoamine oxidase based
biosensor. Talanta 2013, 117, 405–411. [CrossRef]

117. Leonardo, S.; Campàs, M. Electrochemical enzyme sensor arrays for the detection of the biogenic amines
histamine, putrescine and cadaverine using magnetic beads as immobilisation supports. Microchim. Acta
2016, 183, 1881–1890. [CrossRef]

118. Alonso-Lomillo, M.A.; Domínguez-Renedo, O.; Matos, P.; Arcos-Martínez, M.J. Disposable biosensors for
determination of biogenic amines. Anal. Chim. Acta 2010, 665, 26–31. [CrossRef]

119. Di Fusco, M.; Federico, R.; Boffi, A.; MacOne, A.; Favero, G.; Mazzei, F. Characterization and application of a
diamine oxidase from Lathyrus sativus as component of an electrochemical biosensor for the determination
of biogenic amines in wine and beer. Anal. Bioanal. Chem. 2011, 401, 707–716. [CrossRef]

120. Telsnig, D.; Kalcher, K.; Leitner, A.; Ortner, A. Design of an Amperometric Biosensor for the Determination of
Biogenic Amines Using Screen Printed Carbon Working Electrodes. Electroanalysis 2013, 25, 47–50. [CrossRef]

121. Lange, J.; Wittmann, C. Enzyme sensor array for the determination of biogenic amines in food samples.
Anal. Bioanal. Chem. 2002, 372, 276–283. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

88



biosensors

Review

Screen-Printed Electrodes: Promising Paper and
Wearable Transducers for (Bio)Sensing

Paloma Yáñez-Sedeño *, Susana Campuzano and José Manuel Pingarrón

Departamento de Química Analítica, Facultad de CC. Químicas, Universidad Complutense de Madrid,
E-28040 Madrid, Spain; susanacr@quim.ucm.es (S.C.); pingarro@quim.ucm.es (J.M.P.)
* Correspondence: yseo@quim.ucm.es

Received: 19 June 2020; Accepted: 7 July 2020; Published: 9 July 2020
����������
�������

Abstract: Screen-printing technology has revolutionized many fields, including that of electrochemical
biosensing. Due to their current relevance, this review, unlike other papers, discusses the relevant
aspects of electrochemical biosensors manufactured using this technology in connection to both paper
substrates and wearable formats. The main trends, advances, and opportunities provided by these
types of devices, with particular attention to the environmental and biomedical fields, are addressed along
with illustrative fundamentals and applications of selected representative approaches from the recent
literature. The main challenges and future directions to tackle in this research area are also pointed out.

Keywords: screen-printed; electrochemical (bio)sensing; paper; wearable; environmental monitoring;
clinical analysis

1. Screen-Printed Paper Electrodes for (Bio)Sensing

Electrochemical paper-based analytical devices (e-PADs) combine the inherent advantages of
electrochemical detection—such as high sensitivity and low detection limits (LODs), the possibility of
enhancing selectivity by applying different potential values or using modified electrodes, and low
cos—with those of paper—such as porosity, allowing liquid transport by capillarity, high surface
area/volume ratio, and easy waste disposal by incineration [1]. Paper-based platforms are interesting
alternatives to develop disposable, eco-friendly, and inexpensive electrochemical sensors. Lightness
and flexibility are additional characteristics of these sensors, which confer unique exploitable properties
for application in electroanalysis. Since 2009, when Dungchai et al. introduced e-PADs [2], research in
this field has been intensive. Different fabrication procedures [3,4], materials [5], and various practical
aspects [6–8] have been reviewed. Akyazi et al. [9] reported a critical overview on the fabrication
techniques, production limitations, and the commercialization of paper devices.

In addition to general reports, a variety of methods using different configurations of (bio)sensors
and paper-based microfluidic designs as detection platforms have been proposed. With the aim
of providing comprehensive information, Tables 1 and 2 summarize the fundamentals and main
characteristics of relevant electroanalytical methods involving screen-printed paper-based devices
applied to environmental and clinical monitoring, respectively.

2. Screen-Printed Paper Electrochemical (Bio)Sensors

2.1. Environmental Applications

An area in which screen-printed paper electrodes have shown particular relevance is environmental
monitoring (Table 1). Different types of paper impregnated with suitable reagents [10], modified
with metal nanoparticles or carbon nanostructures both in the absence or in the presence [11] of
specific enzymes, have been used to determine contaminants such as heavy metals [12], anions [13],
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and gases [14,15]. For instance, the electrocatalytic activity of polyoxymetalates (POMs) toward
the electrochemical reduction of chlorate was employed to prepare a vanadium-containing POM
([PMO11VO40]5−) for the determination of ClO3

− in soils. Just like in other paper-based designs,
the SPCE brought the electrodes and the paper together to create the appropriate cell volume for the
electrolyte solution, resulting in a thin layer cell for electrochemical detection [10]. Moreover, in this
particular application, paper also acted as a filter for soil analysis. Using chronocoulometry, a LOD of
0.31 mg mL−1 ClO3

−was achieved. Using a similar configuration, a disposable gas-sensing paper-based
device (gPAD) was fabricated in origami design, integrating in a single device activated carbon as
the gas adsorbent and the electrochemical detection consisting of a screen-printed graphene electrode
modified with copper nanoparticles. Both NO and NO2 (as NOx) were detected with the same current
responses measured by differential pulse voltammetry (DPV) achieving LODs of 0.23 vppm and
0.03 vppm with exposure times of 25 min and 1 h, respectively. Relative standard deviation (RSD)
values less than 5.1% (n = 7 devices) for 25, 75, and 125 vppm NO2 were reported, and the gPAD was
applied to detect NOx in air and exhaust gases from cars [14].

The nerve agent VX gas is prohibited as a chemical warfare agent. Since it cannot be used in
research experiments, dimethyl methylphosphonate (DMMP) is utilized as a model. A conductive paper
prepared with poly(aniline) (PANI) nanofiber and graphene sheet was used to detect DMMP at parts per
billion within few seconds. The intermolecular forces between the cellulosic paper and the conductive
additives were improved by using the copolymer poly(vinylbutyral-co-vinyl-alcohol-co-vinyl acetate)
(Figure 1). The resulting sensor exhibited a detectable level of 3 ppb and a response time of 2 s [15].
In this field, strategies consisting of electrodes screen-printed onto a filter paper support allows
enzymes and other reagents to be pre-loaded into the cellulose network. An illustrative example
is the paper-based wearable electrode constructed for the detection of mustard agent, one of the
most dangerous chemical warfare agents (CWAs). It is an origami-like device where the detection is
based on the inhibitory effects of the analyte toward the enzyme choline oxidase. The amperometric
responses were measured at a carbon black/Prussian blue nanocomposite distributed on the electrode
surface and profiting its electrocatalytic activity for H2O2 reduction. A Keithley 2400 current source
meter (Keithley Co., Cleveland, OH, USA) was used to measure the electrical properties and sensing
performance of the conductive papers. The LOD attained in the aerosol phase was 0.019 g min m−3 [11].
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Figure 1. Fabrication process of conductive paper containing sensor patterns for dimethyl
methylphosphonate (DMMP) based on poly(aniline) (PANI)/graphene composite. Reproduced and
adapted with permission of American Chemical Society [15].

A carbon-nanotubes-based ink prepared with sodium dodecyl sulfate (SDS) and chitosan (CS)
absorbed onto cellulose fibers was used to prepare a paper electrode for the determination of Pb2+ trace
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levels in water samples. Square-wave anodic stripping voltammetry (SWASV) using a bismuth film
prepared by in situ plating of Bi into the CNT-CS-SDS paper electrodes made the determination of Pb2+

in the presence of Bi (10–200 ppb) with a LOD of 6.74 ppb possible [12]. Furthermore, a paper-based,
disposable electrochemical platform was developed for the determination of nitrite. Graphene
nanosheets and gold nanoparticles were assembled to form a three-dimensional structure onto mixed
cellulose ester (MCE) filter papers, leading to thin layer rather than planar diffusion behavior of nitrite
at the paper-based electrode. The resulting platform provided larger currents compared to conventional
gold or glassy carbon electrodes and, consequently, allowed an improved sensitivity. Importantly,
this design effectively avoided the fouling arising from the adsorption of oxidation products thus
allowing the determination of nitrite in environmental samples such as waters and industrial sewage.
The calibration curve at +0.74 V covered a wide concentration range of 0.3–720 µM, and the LOD was
0.1 µM (S/N = 3) [13].

Contamination of water by microbial pathogens leading to water-borne diseases requires strict
controls in drinking water resources, particularly in poor regions, to reduce mortality incidence.
Although not included in Table 1, various methods related to the detection of microorganisms should
be highlighted. For instance, a simple low-cost paper-based impedimetric sensor for the detection
of bacteria in water was prepared using carbon electrodes screen-printed with a conductive ink onto
a commercial hydrophobic paper. Concanavalin A covalently immobilized onto the carboxylated
electrode surface was used as the biorecognition element due to its ability to selectively interact with
mono- and oligo-saccharides on bacteria. In this method, the hydrophobicity of the cellulose paper used
as a substrate prevented any unspecific adsorption. The biosensor was applied to bacterial cultures
from sewage sludge that were grown in synthetic water, then filtered and enumerated for defining the
stock solution. The calibration plot showed an increase in the charge transfer resistance (RCT) over the
103 to 106 colony forming unit (CFU) mL−1 range, with an estimated LOD of 1.9×103 CFU mL−1 [16].
A fast-flow paper-based electrochemical sensor was developed by Channon et al. for the label-free
detection of virus particles [17]. West Nile viruses were detected by electrochemical impedance
spectroscopy using antibody functionalized Au microwires, achieving a LOD of 10.2 particles in 50 µL
of cell culture media. The sensing approach is easily controllable by means of a smartphone and
may presumably be applied to a range of biological targets. Toxins secreted from pathogens can
also be detected in bacterial cultures using paper-based electrochemical sensors. This is the case of
pyocyanin, a toxin solely produced by Pseudomonas aeruginosa, whose detection was performed using
an inexpensive approach involving electrode printing of carbon ink on photo paper and square wave
voltammetry [18]. It is worth noting that some authors have also exploited the bacterial enzyme
activity (expression of β-glucosidase by Enterococcus spp. and the production of β-galactosidase and
β-glucuronidase by E. coli) for their determination at paper-based electrochemical sensors [19].

The use of biological indicators to determine the toxicological effect of environment pollutants is
an interesting research area where microorganisms combined with paper-based electrochemical sensors
provide important advantages. In this context, a µPAD for highly integrated biotoxicity measurements
was prepared involving screen-printing with conductive carbon ink and chromatographic paper.
The µPAD contained three functional units for injection, separation, and detection zones with
hydrophobic barriers. The E. coli cell incubation and the fluid-cell separation were integrated as
special microfluidic units, and an interesting scheme for determination making use of inhibition
of the microorganism respiratory chain was utilized. The procedure involved the addition of
benzoquinone (BQ) to react with the electron or hydrogen carriers including enzymes, co-enzymes,
prosthetic groups, or co-factors, which compose the respiratory chain, to form hydroquinone (HQ).
When toxic environment inhibits the cellular respiratory chain, the quantity of HQ decreases leading
to lower electrochemical current. The relationship between toxicant and HQ production provided the
fundamentals for the biotoxicity assay. As proofs of concept; two heavy metals, Cu2+ and Pb2+ in
water and soil; the antibiotic penicillin in soil; and the pesticides acetamiprid, triazolone, and acephate
in vegetable juices were detected [20].
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2.2. Clinical Applications

Sensitive and selective sensors constructed with screen-printed electrode (SPEs) have been
developed for different analytes of clinical relevance. These sensors exhibit great advantages allowing
fabrication of attractive designs for single and multiple determination even in the absence of biological
elements. In this context, the special features of paper as support material for the preparation of
diagnostic devices, together with those of screen-printed platforms, represents an important advance for
easy self-testing and point-of-care (POC) assessment. Table 2 summarizes the analytical characteristics
and the main properties of some recent and representative methods applied to analytes of clinical
interest in biological samples [27–60]. Some selected examples are discussed below.

An illustrative example is a wax-printed paper-based device reported by Martins et al. [27] for
the electrochemical detection of 3-nitrotyrosine (3-NT), a biomarker of oxidative stress. The paper
was modified to become a hydrophobic support, and then carbon and silver conductive inks were
applied to generate a three electrode-system on a small spot. Square wave voltammetry (SWV)
was employed to determine 3-NT in a range from 500 nM to 1 mM with a low LOD of 49.2 nM.
More recently, a disposable paper-based printed electroanalytical strip has been reported for the rapid
and high-throughput detection of glutathione in blood [28]. The detection involved a thiol-disulfide
exchange reaction giving an electroactive product easily oxidizable at a Prussian Blue/carbon black
nanocomposite screen-printed onto a wax-patterned filter paper. The resulting configuration, where the
paper provides a reagents-free device, allowed the detection of glutathione up to a concentration 10 mM,
with a LOD value of 60 µM, and was employed to quantify blood glutathione at physiological levels.

Hydrogen peroxide is an important biomarker associated with respiratory and pulmonary
diseases such as asthma and lung cancer. A disposable cellulose paper-based electrochemical sensor
integrated into a commercial respiratory mask was reported for on-site testing of H2O2 in exhaled
breath (Figure 2) [29]. The device involved a Prussian-Blue-mediated carbon electrode for H2O2

detection and a carbon blank electrode for subtracting the background currents. In the presence
of the analyte, the oxidation product formed from Prussian Blue was electrochemically reduced
providing amperometric responses related to the H2O2 concentration. This configuration did not
exhibit influence from environmental conditions or interferents due to differential measurements.
In addition, the use of paper as flexible substrate and hygroscopic porous support eliminated the need
for additional membranes.
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(D) Image of respiratory mask with the commercial filter extension with customized sidewalls, 

Figure 2. (A) Schematics of fabrication steps and (B) computer-aided design (CAD) drawing of
the disposable cellulose paper-based electrochemical sensor for on-site testing of H2O2 in exhaled
breath with poly-methylmethacrylate (PMMA) carrier. (C) Model of a filter extension for respiratory
mask. (D) Image of respiratory mask with the commercial filter extension with customized sidewalls,
containing the sensor chip. Reproduced and adapted with permission of American Chemical Society [29].
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Molecularly imprinted polymers (MIPs) used as electrode surface modifiers allow high selective
recognition, although they sometimes lack the required sensitivity due to the poor conductivity of
building materials. To improve the analytical performance, nanostructured configurations yielding
larger currents and fast responses have been proposed. The resulting nano-sized MIPs have been
combined with paper-based analytical devices to obtain three-dimensional electrochemical PADs
(3D-ePADs), which provide additional advantages such as lower cost and smaller sample and reagents
volumes. An interesting example is the method involving filter papers prepared by alkyl ketene dimer
(AKD)-inkjet printing of a circular hydrophobic detection zone coupled with screen-printed graphite
electrodes drop coated with Fe3O4@Au@SiO2-MIP nanocomposites (Figure 3), for the voltammetric
determination of serotonin. Linear sweep voltammetry at +0.39 V provided a linear range from 0.01 to
1,000 mM with a LOD of 0.002 mM. The resulting MIPs exhibited strong affinity for the analyte, and the
electrochemical sensor showed electrocatalytic activity toward the oxidation of serotonin. The sensor
was successfully applied to the analysis of pharmaceutical capsules and urine samples [30].
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Figure 3. (A) Synthesis of Fe3O4@Au@SiO2-MIP, (B) preparation of the sensor for serotonin, and (C)
electrochemical detection using the 3D-ePAD. Reproduced and adapted with permission of Elsevier [30].

Human C-reactive protein (CRP) is a nonspecific pentameric protein produced by hepatocytes in
the liver upon stimulation by endogenous proinflammatory cytokines. CRP is an important biomarker
for various cardiovascular diseases and its determination requires sensitive and accurate methods
with high selectivity for application in complex clinical samples. Pinyorospathum et al. [31] developed
a single step method for the determination of CRP in human serum involving a AuNP-modified
SPCE self- assembled with PADs tethered with a biomimetic polymer consisting of thiol-terminated
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC-SH). The approach took advantage of the
specific binding of protomers subunits forming the CRP structure to the phosphorylcholine group
in the presence of calcium ion [32]. Figure 4A shows that PMPC-SH copolymer reacts with AuNPs;
then, [Fe(CN)6]3−/4− current at the resulting PMPC-SH/AuNPs-SPCE is measured by DPV to further
subtracting it from the response in the presence of CRP. Figure 4B–F shows the preparation of the PAD
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in three parts—the middle where SPCE is placed, the green flap for the storage of calcium ions and
dropping the sample, and the purple flap used for the detection with the [Fe(CN)6]3−/4− redox probe.
The current decreased in the presence of CRP and Ca2+ over the 5 to 5,000 ng mL−1 CRP concentration
range with a LOD value of 1.6 ng mL−1. The use of a PMPC-modified surface reduced the nonspecific
adsorption of proteins, and the sensor response was not interfered by bilirubin, myoglobin, or albumin.
The sensor was successfully applied to the determination of CRP in certified human serum.
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Figure 4. (A) Preparation of thiol-terminated poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC-SH)-AuNPs/SPCE. (B–F) Steps for preparation of the PMPC-SH-AuNPs/SPCE/PAD sensor for
the differential pulse voltammetry (DPV) determination of C-reactive protein (CRP). Reproduced and
adapted with permission of Springer [31].

Electrochemical enzyme paper biosensors (EPADs) have been shown to provide an adequate
microenvironment for direct measurements, while physical adsorption of the enzyme did not affect its
native structure, function, and electrocatalytic activity [32]. An illustrative example is a biosensor for
phenylketonuria (PKU) screening based on the determination of phenylalanine (Phe). The biosensor
was implemented by immobilization of phenylalanine dehydrogenase (PheDH) over paper microzones
placed onto an electrochemically reduced graphene oxide (ERGO)-modified SPCE. The detection
of the NADH formed in the presence of NAD+ provided a sensitive, low-cost, and fast method for
PKU monitoring in neonatal blood samples [33]. An original paper-based biosensor was developed
for the detection of acetylcholinesterase (AChE) [34]. This enzyme catalyzes the hydrolysis of
acetylcholine neurotransmitter and its abnormal function can promote and accelerate the aggregation
of amyloid-betapeptides closely related to Alzheimer’s disease. The bioelectrode was fabricated by
immobilization of acetylthiocholine on a sheet prepared with double adhesive tape. The enzyme
samples were dropped on the backside of the electrode where, after hydrolysis, amperometric detection
was performed and provided a LOD value of 0.1 U mL−1 AChE.

The combination of SPEs with simple paper-based microfluidics (µ-PEI) exhibits several advantages
for the preparation of electrochemical biosensors compared with conventional analytical devices
fabricated with other substrates (glass, silicon, or polymers). The resulting devices are inexpensive,
easy to fabricate, and compatible with a variety of chemical or biochemical applications [35]. Cellulose
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papers with high surface area have become useful substrates in combination with SPEs for prototyping
new point of care testing devices (POCTs) involving microfluidic systems in clinical diagnostics.
Among the recent designs, those involving immunoassays constitute a challenge where the stability
of the immunoreagents and the preparation of a surface capable of promoting electronic transfer to
effectively enhance the assay sensitivity and selectivity, are critical factors. An illustrative method is that
reported for the determination of alpha-fetoprotein (AFP). The method used paper-based microfluidic
channels to integrate sampling, detection, and adsorption zones, as well as an rGO-tetraethylene
pentamine (TEPA)/AuNPs nanocomposite for immobilization of specific AFP antibodies and sensitive
detection (Figure 5) [35]. AFP is one of the most important biomarkers in diagnosing hepatocellular
carcinoma, and in the case of pregnant women, it is the first serologic biomarker to detect birth defects
in a developing baby [36,37]. The immunoreaction was performed by applying the tested solution to
the sample zone and letting it elute slowly to the detection zone where AFP was captured. Then, gold
nanorods decorated with horseradish peroxidase and detector antibodies (HRP-GNRs-Ab2) were
dropped onto the sample zone to form a sandwich-type configuration on the working electrode and
SWV detection was carried out in the presence of H2O2. The calibration plot showed a wide linear
range (0.01–100.0 ng mL−1) with a low LOD value of 0.005 ng mL−1.
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an immunosensor for the determination of alpha-fetoprotein (AFP) using paper-based microfluidic
channels to integrate sampling, detection and adsorption zones, and a reduced graphene oxide
(rGO)-tetraethylene pentamine (TEPA)/AuNPs nanocomposite for immobilization of specific AFP
antibodies. Reproduced with permission of Elsevier [35].
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Oher configurations involving label-free paper-based immunosensors with immobilized capture
antibodies have been reported for the detection of hormones [40,42], CRP [43], interferon (IFN-γ) [45],
cancer biomarkers [44,46], and cardiac biomarkers [41,47]. Among them, it is worth mentioning
the platform described by Ruecha et al. [45] involving a paper-based microfluidic device coupled
with a label-free electrochemical impedimetric immunosensor for the detection of IFN-γ in serum.
This multifunctional cytokine, originally characterized by its viral activities, is primarily secreted by
natural killer T cells as a part of the innate immune response to intracellular pathogens [48] and plays
a crucial role related to inflammatory and antoimmune diseases. In Ruecha’s method, a wax-printing
strategy was implemented to fabricate the paper electrode, which was screened with graphene modified
ink to deposit polyaniline (PANI) and further covalent immobilization of the specific anti- IFN-γ
antibodies. The increase of the charge transfer resistance with the cytokine loading provided a linear
relationship with logarithmic concentrations of IFN-γ in the 5–1000 pg mL−1 range with a LOD of
3.4 pg mL−1.

Although the number of paper-based electrochemical biosensing platforms has increased in
the last few years, the vast majority of the reported methods involve the use of enzymes and
antibodies as recognition elements, and so far, they have not been expanded to nucleic acid-based
assays. In this context, Liu et al. [38] prepared a paper modified with signal molecule-labelled DNA
and a screen-printed electrode along with target recognition solutions to achieve the detection of
multiple biomarkers. The method is based on the target-induced synthesis of Mg2+- dependent
DNAzyme for catalyzing the cleavage of substrate DNA from paper, taking advantage of the
high specific target-triggered polymerization/nicking and DNAzyme-catalyzed signal amplification.
The performance of this method was evaluated using a microRNA recognition probe for lung
cancer-specific miR-21, a phosphorylated hairpin probe for targeting alkaline phosphatase (ALP),
and a DNA aptamer for carcinoembryonic antigen (CEA). Ferrocene-labeled DNA (Fc-DNA) was
immobilized on paper by functionalizing it with aldehyde groups and further Schiff-based reaction
(Figure 6A). Then, the paper-electrochemical biosensor was prepared by sticking the Fc-DNA modified
paper onto a plastic slide and carbon nanotubes modified SPE. As an example, the fundamentals
of miR-21 detection are illustrated in Figure 6B. After incubation with the recognition solution that
contains the ssDNA probe (P1), KF polymerase and nicking endonuclease Nt.BbvCI, the polymerization
via KF activity is initiated to extend the 3’-end, providing dsDNA with recognition site for endonuclease
whose activity to cut one strand of dsDNA generates new replication sites. Then, the Mg2+-dependent
DNAzyme strand is displaced and released. This cycle produces a large amount of DNAzyme strands
that fold into the catalytically active loop structure and bind to immobilized Fc-DNA resulting in the
release of DNAzyme strands and cleaved Fc-shorter ssDNA from the paper, which diffuses to the
surface of CNTs-SPE giving a DPV response.

Among paper-based electrochemical DNA sensors, configurations developed for the detection of
human papillomavirus (HPV) [54] and human immunodeficiency virus (HIV) [55] are particularly
relevant. Teengam et al. [54] reported a graphene-PANI modified electrode with immobilized
anthraquinone-labeled pyrrolidinyl peptide nucleic acid probe (AQ-PNA) for the detection of a synthetic
14-base oligonucleotide target with the sequence of HPV type 16 DNA by electrochemical measurement
of the AQ response by SWV. A linear range of 10–200 nM and a LOD value of 2.3 nM were obtained.
The performance of this biosensor was tested with the detection of PCR-amplified DNA. On the other
hand, Cinti et al. [55] developed a series of paper-based strips for the electrochemical detection of single
and double stranded DNA, which were successfully applied to a synthetic PCR amplified dsDNA
sequence related to HIV in serum samples. Paper-based AuNPs-SPE platforms and triplex forming
oligonucleotides (TFO) including Methylene Blue (MB) were used as the recognizing probes.
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3. Wearable Printed Electrodes for Biosensing Applications

Due to the booming research activity in the field of wearable and/or flexible printed electrodes,
excellent reviews have been recently reported highlighting the versatility and tremendous potential
of these devices [61–69]. Therefore, this section is just limited to give a rough overview of late
advances and prospects to draw the current landscape of wearable and flexible printed electrodes
(not implantable) for biosensing. Accordingly, only a few of the most representative methods reported
during 2018 and 2019, applied mainly to clinical diagnosis and environment monitoring, are critically
discussed. Table 3 summarizes the main features of these methods.

SPEs can be easily printed in a variety of shapes (flower, skull, marijuana, panda bear, etc.,
Figure 7a–d) and sizes and can be modified with different biological elements and nanomaterials.
Leveraging on these advantages, screen printing has been employed to construct affordable wearable
printed electrochemical sensors to provide real-time information on both the wearer’s health and
performance (opening the door to individualized medicine) and the surrounding environment. In the
physiological monitoring field, the active sensor surface is in close contact with the epidermis (oral
mucosa in the mouth, stratum corneum or skin) to detect relevant biomarkers such as glucose [70]
and ethanol [71] in different informative biofluids (saliva, sweat, tears). However, for monitoring the
wearer’s environment, the sensor faces away from the epidermis in the direction of the surrounding to
detect risk of exposure to chemicals [63]. Moreover, the recently explored robotic assisted strategy
implies that the robot fingertips are kept in close contact with the target sample [72].

The spectacular growth witnessed in wearable printed sensors is largely due to the development
of novel materials that imparted the resulting sensors the capabilities to fold, bend, stretch, and repair,
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ensuring their performance during on-body applications under extreme tensile stress [73]. Wearable
electrochemical sensors have been implemented on head-to-toe wearable platforms and in connection
to different biofluids, environments and analytes [64]. For the realization of wearable applications
matching the non-planarity and mechanical properties of the human body, electrochemical sensors
have been printed on temporary tattoo, bendable bandage, gloves, contact lens, water-soluble silk
thin-film substrates (transferred to tooth enamel) or textile substrates (GORE-TEX and Neoprene)
(Figure 7e–j) [63] or incorporated in mouthguards, eyeglasses, or rings (Figure 7k–m). The great
progress experienced by electronics in terms of flexibility and miniaturization [65,74–76], in the
development of effective methods for stimulating/controlling of non-invasive bio-fluids collection and
the proliferation of smart-phones and connected devices, together with a growing consumer demand
for health awareness, and the imperative need for doctors to obtain as much objective and quality data
from their patients as possible, have been crucial aspects in the development of fully implementable
wearable electrochemical devices and in opening up new avenues for body-integrated electronics
previously unattainable [74]. However, powering is still the main Achilles’ heel of these devices and
the size and weight of the power source may limit the wearability of the biodevices and hinder the
wearer’s activity. Therefore, the rational integration of power sources with biosensors is a desperate
requirement and additional efforts are required to develop anatomically compliant, miniaturized,
stretchable and flexible power sources [64,77].

In general, there are three different modes of integrating wearable biosensors and power supplies:
(1) an external circuit connection which is bulky and cumbrous; (2) a flexible substrate-based integration;
and (3) all-in-one integration [78]. The last two strategies, made possible by advances in device
designs and micro/nanofabrication technologies, are more widely used. The second strategy implies
each component is relatively independent and can be considered a general integration strategy
applicable to diverse sensing systems without having to worry about structural compatibility between
components but difficult to allow the level of miniaturization required. The third strategy is effective
for miniaturized designs in which all the components suffer from similar deformations simultaneously.
However, the endurability difference among them should be minimized to guarantee the normal
function of the respective component.

Currently, wearable biodevices are powered mainly by (i) safe high energy wearable batteries;
(ii) energy conversion devices (piezoelectric and triboelectric nanogenerators, which harvest the
mechanical energy in human motions, such as walking, breathing, and waving arms; solar cells,
which harness light energy; thermoelectric supercapacitors; biofuel; and water-voltage cells); (iii) energy
storage devices (mechanically flexible energy storage elements, mainly supercapacitor, and lithium-ion
battery); (iv) hybrid power supplies combining energy conversion with energy storage; and (v) wireless
energy transfer (wireless coils, like RF antennas). Significant progress have also been made in self-power
and energy-efficient or even energy-free systems devices, fueled by the development of high-efficiency
energy acquisition approach and ultra-low power consumption technique [68,69,78–80].
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Figure 7. SPEs printed on flower (a), skull (b), panda bear (c), and marijuana (d) shapes. SPEs fabricated
on a temporary tattoo (e), bendable bandage (f), textile substrate (g), glove (h), water-soluble silk
thin-film substrates (transferred to tooth enamel) (i), contact lens (j), or incorporated in a mouthguard
(k), eyeglasess (l) or ring (m). Reprinted and adapted with permission of Springer [68] (e,j,k) Wiley [81]
(f), Elsevier [82] (a,g), Elsevier [82](b), Wiley [83] (c), Wiley [65] (h), Nature Research [84] (i), Elsevier [85]
(l), and Elsevier [86] (c,m).

As a previous step to on-body measurements, Payne et al. made an exhaustive study to characterize
the effects of five different salts in physiologically relevant concentration ranges on the performance
of a printed, flexible, wearable biosensor involving lactate oxidase and tetrathiafulvalene for the
amperometric detection of lactate in sweat [87].

The extensive and pioneering work performed by Wang’s group in the development of wearable
and flexible printed electrodes for biosensing in healthcare, food, and security fields should be noted.
Wang’s team proposed the use of fully integrated wearable bendable bandage and minimally invasive
microneedle-based sensors modified with catechol (CAT) for rapid and decentralized screening of skin
melanoma through the amperometric detection of the benzoquinone (BQ) generated in the presence
of the tyrosinase (TYR) biomarker (Figure 8). The bandage sensor exhibited high resiliency against
mechanical strains due to the use of stress-enduring inks for its printing. These skin-worn sensors were
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interfaced to flexible electronic board that controlled the electrochemical operation and transmitted
data wirelessly to a mobile device, and were used to screen biomarkers both on the skin surface
(bandage sensor) or under the skin (microneedle device). They were applied to analyze TYR-containing
agarose phantom gel and porcine skin [81]. These epidermal sensors allow skin cancer screening in
less than 4 min obviating the need of painful solid biopsies and the associated delays and anxiety.
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Figure 8. TYR biosensing using a bandage electrochemical sensor modified with a CAT-containing
agarose gel and involving wireless chronoamperometric data transmission to a smart device (a).
Chronoamperometric responses provided by the bandage sensors before (black line) and after (red line)
2 min interaction with skin pork samples untreated (1) and treated with 0.5 (2), and 2.5 mg mL−1 TYR
(3) (b). Reprinted and adapted with permission of Wiley [81].

The same group reported a strategy using a single wearable and flexible epidermal platform for the
simultaneous yet independent noninvasive sampling and analysis of two different epidermal biofluids
(sweat and skin interstitial fluid (ISF) with a blood-like composition) at two physically separate
locations. This approach involves parallel operation of iontophoretic delivery of the sweat-inducing
pilocarpine into the skin and reverse iontophoretic ISF extraction across the skin at anode and cathode,
respectively (Figure 9a,b) [83]. The developed wearable device was implemented using a cost-effective
screen-printing technique with body-compliant temporary tattoo materials for disposable single use
and conformal wireless readout circuits, and integrated amperometric GOx and AOx biosensors
(Figure 9c). It was used for real-time monitoring of alcohol and glucose levels in sweat and ISF,
respectively, from individuals consuming food and alcoholic drinks.
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Figure 9. Wearable iontophoretic biosensing device developed on a printed tattoo platform for
simultaneous glucose and alcohol monitoring in interstitial fluid (ISF) and sweat, respectively,
and wireless real-time transmission of the recorded response (a). Schematic display of the iontophoretic
operation to simultaneously induce generation of alcohol-containing sweat by iontophoretic delivery
of pilocarpine at the anode and sampling of ISF glucose at the cathode by reverse iontophoretic (b);
biosensing operations to detect amperometrically alcohol in the stimulated sweat and of glucose in
the extracted ISF by measuring the hydrogen peroxide generated in the AOx and GOx enzymatic
reactions (c). Reprinted and adapted with permission of Wiley [83].

Flexible epidermal tattoo and textile-based electrochemical biosensors using stretchable
organophosphorus hydrolase (OPH) enzyme electrodes have been developed for continuous
vapor-phase detection of organophosphorus (OP) threats [82] (Figure 10a). These wearable sensors
were fabricated with elastomeric inks and displayed resiliency toward mechanical stress expected
from the wearer’s activity without compromising the biosensing performance. They were coupled
with a fully integrated conformal flexible electronic interface providing square-wave voltammetry
(SWV) detection of the enzymatically-generated nitrophenol product (Figure 10b) and wireless data
transmission. The sensor achieved a LOD of 12 mg L−1 in terms of OP air density. The same group
proposed also a wearable tattoo OPH–pH biosensor for real-time on-body potentiometric monitoring
of G-type nerve agent simulants (using fluorine-containing OP nerve agent simulant diisopropyl
fluorophosphate, DFP, as model) in both liquid and vapor phases. The OPH biocatalytic recognition
phase was coupled on a flexible printed transducer with a pH-responsive poly(aniline) PANI layer
for monitoring the proton release during the enzymatic hydrolysis of DFP by OPH. This skin-worn
OP potentiometric sensor withstands severe mechanical strains without compromising the analytical
performance and displays a wide dynamic range, fast response, high selectivity towards DFP and
good reproducibility. These wearable OP biosensing devices hold considerable promise for real-time
on-body detection and warning exposure to chemical threats such CWAs and pesticides in a variety
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of scenarios for triggering timely countermeasure actions, changing dramatically the protection of
civilians, farmers, and military personnel.Biosensors 2020, 10, x FOR PEER REVIEW 19 of 31 
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Figure 10. Epidermal tattoo organophosphorus hydrolase (OPH)-based biosensor for vapor-phase
detection of OP through SWV measurements of the p-nitrophenol generated after interaction of the
MPOx micro-droplets released from the nebulizer with the OPH layer (a). Pictures of the OPH based
epidermal tattoo (up) and textile (down) biosensors integrated with the flexible electronic interface and
SWV responses they provide upon spraying 0 (i), 5 (ii), 10 (iii), and 15 (iv) mM MPOx in the vapor
phase (b). Reprinted and adapted with permission of Elsevier [82].

Wang’s team reported recently a wearable eyeglasses-based tear biosensing system for non-invasive
monitoring of key biomarkers [85]. The wearable tear bioelectronic platform integrates a microfluidic
electrochemical detector into an eyeglasses nose-bridge pad and the wireless electronic circuitry into
the eyeglasses frame and yielded a fully portable, convenient-to-use fashionable sensing device placed
outside the eye region addressing drawbacks of sensor systems involving direct contact with the
eye as the contact lenses platform (Figure 11a). The concept was used for real-time non-invasive
detection of alcohol, glucose and multiple vitamins in tears in connection with enzymatic (AOx and
GOx) biosensing fluidic system (alcohol and glucose) and rapid voltammetric scanning (vitamins).
This tear alcohol sensing strategy exhibited good correlation to concurrent blood alcohol concentration
(BAC) in the monitoring of alcohol intake in individuals over multiple drinking courses.

A novel sensor ring concept, comprising a powerful wireless electronic board embedded into
a ring platform and a readily replaceable printed dual-sensor electrode cap, was developed for the
simultaneous, direct and rapid field detection of D9-tetrahydrocannabinol (THC) and alcohol in diluted
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saliva [86]. The ring sensing platform contained a voltammetric THC sensor based on a multi-walled
carbon nanotubes MWCNTs/carbon electrode and an amperometric alcohol biosensor involving
Prussian-blue (PB) mediator, coated with AOx/chitosan reagent layer on the ring cap (Figure 11b).
The dual-analyte THC/alcohol ring sensor system showed no cross talk and high sensitivity (0.5 µM
THC and 0.2 mM alcohol). THC and alcohol were determined simultaneously in the same diluted
saliva sample within 3 min without any interference from the matrix. This new wearable THC/alcohol
ring sensor, readily expanded to detecting other drugs of abuse, is very promising for rapid testing of
suspected drivers and for alerting users to their own levels before driving.
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Figure 11. Schematic cartoon of the fluidic device, wireless electronics integrated into the eyeglasses
platform, enzymatic detections of alcohol and glucose by chronoamperometry and non-enzymatic
determination of vitamins by SWV in collected tears (a). Ring-based sensor platform embedded with
marijuana designed sensor for detecting THC and alcohol in undiluted saliva samples using SWV and
chronoamperometry (b). Reprinted and adapted with permission of Elsevier [85] (a) and [86] (b).

The same group have also reported in a pioneering way advances in wearable chemical sensor
technology and flexible electronics to develop chemical sensing robotic fingers (printed on the robotic
glove) for rapid discrimination between sweetness, sourness, and spiciness, via electrochemical
monitoring of glucose, ascorbic acid, and capsaicin in different drinks (juices, sport and soft drinks and
coffee) and extracts (green chili, red paprika and red pepper) (Figure 12) [72]. It is worth remarking
that although it was out of the period to which this section has been restricted this group proposed
also glove type wearable devices for use in forensic analysis (gunshot residues and nitroaromatic
explosive compounds) [88]. This chemical sensing robotic skin is a key demonstration to spur future
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development of wearable printed electrodes, which offers great opportunity for automated chemical
sensing machinery, facilitating robotic decision in a wide range of applications and even in potentially
hazardous environments for human counterparts.Biosensors 2020, 10, x FOR PEER REVIEW 21 of 31 

 

Figure 12. Automated taste discrimination in food samples through chemical sensing at the robot 

fingertips (a) Prototype of the screen-printed robotic sense fingers (carbon-printed sour-finger in 

green, GOx PB-printed sweet-finger in blue and carbon-printed spicy-finger in red) with long 

connections to the electronic interface (b). Images and corresponding electrochemical responses (in 

red) of: robotic sour-finger dipped in orange juice and the square wave voltammetry (SWV) signature 

of ascorbic acid (i), robotic sweet-finger in cherry juice and amperometry data of glucose (ii), spicy-

finger on green-pepper, and SWV feedback response to the presence of capsaicin (iii). For comparison 

purposes the response obtained in phosphate buffer saline (PBS) response are displayed in black 

dotted lines (c). Reprinted and adapted with permission of American Chemical Society [72]. 

Wang’s group has reported very recently an epidermal AAOx biosensor able to monitor the 

dynamics of vitamin C in sweat after the intake of vitamin C pills and fruit juices [89]. This method 

combines the use of a flexible vitamin C tattoo patch fabricated on a polyurethane substrate with a 

localized iontophoretic sweat stimulation system. Chrono-amperometric cathodic detection of the 

oxygen cosubstrate consumption during the enzymatic reaction, demonstrates very interesting 

potential for personalized nutrition solutions. 

[Ciui et al., 2018ACSS]

a) b)

c)

Figure 12. Automated taste discrimination in food samples through chemical sensing at the robot
fingertips (a) Prototype of the screen-printed robotic sense fingers (carbon-printed sour-finger in green,
GOx PB-printed sweet-finger in blue and carbon-printed spicy-finger in red) with long connections to
the electronic interface (b). Images and corresponding electrochemical responses (in red) of: robotic
sour-finger dipped in orange juice and the square wave voltammetry (SWV) signature of ascorbic
acid (i), robotic sweet-finger in cherry juice and amperometry data of glucose (ii), spicy-finger on
green-pepper, and SWV feedback response to the presence of capsaicin (iii). For comparison purposes
the response obtained in phosphate buffer saline (PBS) response are displayed in black dotted lines (c).
Reprinted and adapted with permission of American Chemical Society [72].

Wang’s group has reported very recently an epidermal AAOx biosensor able to monitor the
dynamics of vitamin C in sweat after the intake of vitamin C pills and fruit juices [89]. This method
combines the use of a flexible vitamin C tattoo patch fabricated on a polyurethane substrate with
a localized iontophoretic sweat stimulation system. Chrono-amperometric cathodic detection of
the oxygen cosubstrate consumption during the enzymatic reaction, demonstrates very interesting
potential for personalized nutrition solutions.
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Wang’s group has reported very recently an epidermal AAOx biosensor able to monitor the
dynamics of vitamin C in sweat after the intake of vitamin C pills and fruit juices [89]. This method
combines the use of a flexible vitamin C tattoo patch fabricated on a polyurethane substrate with
a localized iontophoretic sweat stimulation system. Chrono-amperometric cathodic detection of
the oxygen cosubstrate consumption during the enzymatic reaction, demonstrates very interesting
potential for personalized nutrition solutions.

4. General Considerations, Challenges to Face, and Future Prospects

The advances that have occurred in recent years in screen-printing technology provide
unimaginable possibilities in electrochemical sensing and biosensing. Paper-based and wearable
(bio)sensors are two of the areas that benefit from such advances.

e-PADs show excellent opportunities for sensing and biosensing mainly in the environmental and
clinical fields. For these purposes, different types of paper impregnated with the suitable reagents,
modified with different nanomaterials (metal nanoparticles, carbon nanostructures, and nano-sized
MIPs) either in the absence or in the presence of specific bioreceptors (enzymes, lectins, antibodies,
and, to a much lesser extent, nucleic acids) have been proposed. The resulting devices exploit the
interesting features offered by nanomaterials in terms of electrocatalytic properties, biocompatibility
and high surface area, and the strong selectivity of biological molecules or MIPs, with the advantages of
electrochemical detection. In the environmental field, e-PADs have been applied to the determination
of heavy metals (Cu2+, Pb2+, Cd2+), anions (ClO3

−, NO2
−), gases (NO, NO2, DMMP), CWAs (mustard

agent) microbial pathogens (E. coli), or other biotoxics (antibiotics or pesticides).
In the clinical field, e-PADs have been utilized for the determination of a wide variety of

biomolecules including miRNAs, hormones (17β-estradiol, FSH), viruses (HPV, HIV), proteomic
biomarkers of relevance in cancer and cardiovascular diseases (CRP, BNP, IFN-γ, CA125, cTnI, AFP,
BChE activity, MMP9, and CEA), and other clinically relevant analytes (3-NT, glutathione, glucose,
H2O2, serotonin, L-Tyr, Phe, acetylcholine and Cl−). Paper-based electrochemical (bio)sensors have
been employed to determine target analytes in highly variable matrices—soils, exhaust gases, waters
and industrial sewage, cellular extracted DNA, blood, plasma, serum, urine, sweat, exhaled breath,
and pharmaceutical capsules. Remarkable achievements include the development of disposable gPADs
and the combination of SPEs with simple paper-based microfluidics (µ-PEI) with great interest in
clinical diagnostics for prototyping new POCTs.

Apart from the interesting features derived from the use of paper as substrate such as porosity,
capillarity, high surface area/volume ratio, disposability, lightness, flexibility, eco-friendliness,
and low-cost, the filtration properties of this particular substrate have also been exploited.
Moreover, some of these (bio)devices exhibit antifouling properties that are highly pursued to
ensure the proper functioning of the devices in real world matrices and their use to determine low
levels of analytes directly in such matrices involving simple and straightforward protocols.

Focusing on printed wearable devices devoted to electrochemical biosensing, new generation
of printed wearable devices include soft, biocompatible, stretchable, and anatomically compliant
devices with multifunctional characteristics that enable efficient bio-integration and withstand high
tensile stress associated with on-body applications. Over the past two years, their applications have
been geared mostly toward healthcare and environmental fields. To date, they have demonstrated
preliminary potential for individual or multiplexed electrochemical determination in or near real
time of relevant analytes in the agro-food, clinical and environmental areas (ethanol, drugs of abuse,
lactate, glucose, vitamins, TYR, OP nerve agents) in different matrixes such as biofluids (sweat, saliva,
tears, and ISF), vapor phases, and skin. So far, printed temporary tattoo and bandage sensors and
printed sensors mounted in mouthguards, eyeglasses, or rings have been proposed for healthcare
applications. Regarding environmental applications sensors have been printed on textile and gloves.
Particularly noteworthy is the use of this type of sensors to screen biomarkers related with cancer in
skin, the pioneering coupling with a parallel iontophoretic mechanism (extraction and delivery) for
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simultaneous sampling of different biofluids at separate locations, the enclosing within a microfluidic
chamber for continuous monitoring and the development of a wearable taste-sensing robotic technology
to discriminate between different flavors in liquid and solid food samples and an epidermal enzymatic
biosensor for noninvasive nutrition status assessments.

However, it should be noted that, at present, the remarkable capabilities for taking preventive
intervention of health and environmental risks, have been proved using proof-of-concept prototypes and
for a limited number of samples, analytes, and biosensing approaches. Therefore, a thorough validation
with large population studies and coordination and collaboration with medical practitioners to correctly
interpret the data, and a better understanding of the correlations between analyte concentrations in
the blood and noninvasive biofluids are required to underpin clinical acceptance. In addition, their
extension to bioaffinity assays, particularly challenging since they require complex, multistep and
usually not reversible protocols, is highly demanded to make other important biomarkers (proteins,
DNAs, and RNAs) accessible to monitoring. Indeed, despite the great customization potential of
these printed wearable electrochemical devices, important efforts are required for advancing them
from prototypes to field devices and for their widespread commercial exploitation. Additional efforts
are required to improve durability and robustness of wearables’ batteries. Solutions are required to
decrease the power consumption of devices for extended monitoring periods, which include battery
consumption minimization, and developing of replaceable and flexible power source with continuous
and long-time output or self-powering wearable devices.

It is evident that the development of wearable printed electrochemical devices, which so far has
only scratched the surface of their tremendous potential, is poised to grow very rapidly over the next
decade, bringing a considerable advance to the field of wearable devices. Although many challenges
that impede the widespread adaptation of this field for commercial applications have been addressed
due to the recent years endeavors in material science, microfluidics, nanotechnology, and biotechnology,
together with the work in unison of researchers from diverse fields, there are still some outstanding
issues before their full potential will be realized and exploited in our real lives. However, there is clearly
room for them within many applications (forensic, food assessment, healthcare, security), where rapid
screening and timely chemical information is critical.

The exciting new developments anticipated to come in the foreseeable future in both paper-based
and wearable electrochemical (bio)sensors will certainly change and improve our daily lives providing
eco-friendly, affordable and efficient solutions for smart healthcare (preventive medicine, precision
medication and management of chronic diseases) and wellness moving the lab to our body (skin,
mouth, and eyes), minimizing risks of exposure to chemical threats and drug impaired driving concerns.
Taking into account the demands for ordinary users facing other issues such as the diversity of analytical
targets in the practical applications and the selectivity, stability and recyclability of these screen-printing
biodevices, additional future research can be predicted in this field. Moreover, continuous investment
in material preparation and fabrication process perfection (including ingenious structural designs) and
in achieving higher integration between the multifunction sensing units and auxiliary components
(power supply, communication and even signal processing and displaying) will play a significant role
in constructing cost-effective and consistent (bio)sensors, easily adopted by current society.

Indeed, today, it is timely to stress that the adaptation of mask filtration systems to include
transducers for aerosol/viral detection, although very difficult, would represent a disruptive technology
for the detection of pandemics such as the SARS-CoV-2 coronavirus we are experiencing.
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Abstract: Screen-printed technology has helped considerably to the development of portable electro-
chemical sensors since it provides miniaturized but robust and user-friendly electrodes. Moreover,
this technology allows to obtain very versatile transducers, not only regarding their design, but also
their ease of modification. Therefore, in the last decades, the use of screen-printed electrodes (SPEs)
has exponentially increased, with ceramic as the main substrate. However, with the growing interest
in the use of cheap and widely available materials as the basis of analytical devices, paper or other
low-cost flat materials have become common substrates for SPEs. Thus, in this revision, a compre-
hensive overview on paper-based SPEs used for analytical proposes is provided. A great variety of
designs is reported, together with several examples to illustrate the main applications.

Keywords: microfluidics; electroanalysis; paper-based devices (µPADs); paper-based electroanalyti-
cal devices (ePADs); screen-printed electrodes

1. Introduction

In the last decades, the great advances in (micro)electronics, (nano)technology, and ma-
terial science have led to an easy availability and management of increasing information.
In turn, society requires real-time information to deliver an immediate feedback if nec-
essary. In this knowledgeable society, it is obvious the interest in developing low-cost,
miniaturized and easy-to-use analytical devices that provide on-site quantitative informa-
tion in a fast and easy way. The high potential of these devices makes them useful in very
assorted fields: from clinical and biomedical applications [1–5] to food analysis and quality
control [6–8], as well as environmental monitoring [9–12].

As it is well-known, screen-printed electrodes (SPEs) have contributed enormously to
the great development of electroanalytical devices. Conventional cells employed in am-
perometric/voltammetric measurements usually consisted of pen-like electrodes; namely,
working (WE), reference (RE), and counter (CE) electrodes in a potentiostatic system of
three electrodes. If only two electrodes were employed, apart from the WE, an auxiliary
electrode acts as both, RE to apply a stable potential and CE to close the electrical circuit.
Before the spread of solid electrodes, a mercury electrode delivered renewable drops from
a glass capillary, following also a pen-like format. All the electrodes were introduced in a
glass container of ca. 10 or 20 mL of volume (Figure 1A).
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Figure 1. (A) Picture of conventional electrochemical cells with pen-like electrodes. (B) Examples of commercial screen-
printed electrode cards from DropSens (ceramic substrate [13]) and MicruX (polymeric substrate [14]). (C) Schematic
drawing of the stencil-printing process to fabricate several low-cost electrodes on a transparency sheet, with pictures
showing the integration of the transparency electrode onto the cap of a sample vial for on-site water analysis. (D) Pictures
of a paper-based electrochemical cell containing the three electrodes (top and bottom views), also inserted in a commercial
interface that connects electrodes to the potentiostat. (C) and (D) are reprinted from [15] (Chapters 4 and 25), Copyright
(2020), with permission from Elsevier.

This configuration, that resulted appropriate for centralized labs, was associated to an
instrumentation (potentiostat) that was also a bench equipment, with clips and cables that
usually connected to the top of each pen-like electrode. A stand with mechanized holes
was used for adding the solutions and also for nitrogen purging in case deoxygenation
was required. Different cell designs were available, even thermostatized. Mass transport
was easily controlled by locating the cell over a magnetic stirrer and introducing a stir bar
in the cell. Alternatively, rotating rods and electrodes were also applicable. In this way,
measurements could be done under forced convection or pure diffusion regimes. Apart
from this, flow cells were also accessible, with the WE located in a flow cell with wall-jet
or thin-layer configurations as the most common, with RE/CE placed downstream, in a
specific container leading to the waste.

The use of thick-film technology (producing layers of thickness in the micrometer
scale) employed by electronic engineers (as e.g., screen-printing) using conductive inks
allowed the development of flat platforms that included all the three electrodes of the
electrochemical cell in the same plane (Figure 1B). This takes advantage of the interfacial
nature of electrochemical measurements. Since only a surface able to transfer electrons
in one way or another (oxidation or reduction) is required, the thickness is not an im-
portant variable. This simplifies enormously the design of the electrochemical cell and
expands the possibilities. Then, the 3D-electrode/cell ensemble is converted into a 2D
electrochemical cell, where the electrolyte can be deposited in such a way that drop analysis
becomes possible. Although these flat cells could also be introduced in a conventional glass
container, measurement-on-drop procedures have led the field. This change supposed
a very important contribution to Green (Analytical) Chemistry (GAC) [16]. Regarding
e.g., pollution detection, this was historically conducted with field sampling protocols that
require extensive effort to be brought to a laboratory where extensive work-up generated
large volumes of solvents and waste. Therefore, analysis of an environmental problem
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often contributed to other environmental problems. With the use of real-time in-field
analysis, the necessary measurements can be taken without wasting time, material and
energy. Actually, most of the 12 principles of GAC [17] are followed by miniaturized
electroanalytical devices.

Then, screen-printing technology allows to easily obtain small-size flat electrochemical
cells which are robust, cheap, and mass-produced. Alternatively, in many cases, a stencil
is used instead of a screen, especially in handmade devices. Therefore, the term stencil-
printed electrodes, closely related, is also found in the bibliography. The disposability of
platforms avoids polishing/cleaning/activating treatments required by other solid elec-
trodes [18] such as carbon paste [19], glassy carbon [20,21], or noble metal [22] electrodes.
Moreover, (bio)assays could be performed in parallel. Although the most common com-
mercial screen-printed electrode (SPE) card contains the three electrodes (WE, RE and CE)
of the electrochemical cell, different configurations are possible due to the high versatility
in design, one of the most important advantages of SPEs [2,6]. Currently, platforms with
more than one electrochemical cell and cells with more than one WE can be found in the
market [13,14,23]. Multianalyte determination (with e.g., spatial separation), as well as
recording simultaneous measurements of both redox or non-redox active analytes, becomes
available, and constitutes a field of enormous interest [24].

There is a great variety of inks that can be used for printing the electrochemical cells.
Carbon continues to be the most common because of its good characteristics for electro-
analytical applications, although metallic inks based on e.g., gold or platinum are also
used [13,25,26]. (Bio/nano)modifiers can also be added, before or after the screen-printing
process [2,27,28]. For the RE, silver-based inks are common, resulting in pseudo-reference
(literally “false” reference) or quasi-reference (“almost” or “essentially” reference) elec-
trodes [29]. The main difference between true reference and pseudo-reference electrodes is
the lack of thermodynamic equilibrium in the latter case, since there is no common compo-
nent in the two adjacent phases. Apart from their simplicity, and because they are immersed
directly into the electrolyte used in the cell, the ohmic drop is small, no liquid junction
appears and, usually, there is no contamination of the test solution by molecules/ions that
a conventional reference electrode might transfer. Although there are also some drawbacks
(e.g., they are not ideally nonpolarizable and work over a limited range of conditions such
as pH or temperature), under selected conditions, the potential (although unknown) might
be surprisingly constant during experiments. Direct exposure to the test environment could
limit its applicability in complex sample matrices, but their short conditioning time allows
performing measurements with insignificant potential drift. Moreover, since paper-based
devices are often conceived for single-use measurements, the required operational stability
of the RE is limited to one unique measurement and not to a large number, as in the case
of conventional REs. However, where uninterrupted gathering of sensor data over longer
periods of time is required, as in the case of inaccessible or remote locations where sensor
replacement is difficult, potential stability has to be thoroughly studied [30].

The increasing use of multimodal detection systems that merge electrochemical and
optical techniques such as spectroelectrochemistry, has led to the commercialization of
electrochemical cells that combine screen-printed RE and CE with optically transparent
WEs made of e.g., indium tin oxide, carbon (made of carbon nanomaterials) or gold
(obtained by sputtering) [13]. Regarding the substrate, the electrochemical cell was usually
printed on rigid materials such as ceramic [13]; however, nowadays the use of SPEs on
flexible polymers are increasingly common, either commercial [14] or homemade [31]
(Figure 1B,C, respectively).

Taking into account all the advantageous characteristics of the SPEs (mainly their
disposability combined with precision), their success as transducers in electroanalytical
devices is understandable. While the use of SPEs on ceramic and polymeric materials be-
came widespread, in 2007, paper was demonstrated as innovative substrate for developing
promising microfluidic analytical devices (µPADs) [32]. When compared with conven-
tional microfluidic analytical devices, commonly based on glass or polymers, µPADs result
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simpler, cheaper, and then disposable. Moreover, paper is a lightweight and flexible ma-
terial with the ability of transporting liquids without the need of external forces [33,34].
The first µPADs were colorimetric but this detection principle provided just qualitative
or semiquantitative information and poor sensitivity [35,36]. However, due to the above
mentioned advantages of screen-printing technology for the fabrication of electrodes, it is
not surprising that the first microfluidic paper-based electroanalytical device (ePAD) was
based on SPEs [37] (Figure 5A). After this pioneering design, electrochemical detection
was continuously and easily integrated with paper-based devices because of its ability for
miniaturization, low-cost and simplicity of the required instrumentation [38]. In the last
years, the development of paper-based electroanalytical devices has experienced an enor-
mous increase and, although other kind of electrodes (e.g., metallic film and wires [39–41])
have been also integrated in these devices, paper-based SPEs continue to be among the
most reported. SPEs printed on or integrated with paper-based devices have been devel-
oped for the construction of different types of biosensors (e.g., enzymatic, immunosensors,
DNA/aptasensors), with many different designs and for a wide variety of applications (clin-
ical, food or environmental analysis) [5,11,12,34–36,38]. Alternatively, paper and ink can be
combined by simple deposition of a conductive carbon dispersion (WE), very useful when
both paper faces are employed in the design of the electrochemical cell (Figure 1D) [15,42].

Considering that the field of paper-based analytical devices is currently a very ac-
tive research area and that SPEs are the most common transducers in biosensors and
point-of-need devices, the purpose of this work is to review their integration to produce
interesting miniaturized devices with different innovative designs and promising appli-
cations. The main approaches and trends in the development of these paper/SPE-based
devices will be here discussed.

2. Paper as Substrate in (Electro)analytical Platforms
2.1. Paper as Material: Some Properties

A rapid development of calligraphy by archaic Chinese scholars, their spontaneous
adoption of a camel-hair brush and fluid pigment, together with the urgent need of a
writing substance cheaper and more practical than those already used, e.g., woven textile,
inspired Ts’ai Lun in the year 105 to invent true paper [43]. It was defined as a thin,
felted material formed on flat, porous molds from macerated vegetable fiber. This process
separated each individual filament as a unit, and after adding water, fibers were filtered
and dried leaving a sheet upon. Paper sheets were very advantageous compared to
previous substrates because e.g., wooden strips were difficult to write upon and difficult
to store to preserve records, as they had to be tied into bundles consuming much space.
Nowadays, this flat configuration is still one of the main advantages for the design of
electrochemical cells.

The process of paper manufacturing involves the mechanical or (bio)chemical con-
version of a fibrous raw material (commonly wood) into pulp (free fibers separated to the
unusable fraction) and later, bleaching and further treatment (with mineral fillers, poly-
meric additives . . . ) depends on the type and grade of paper that is to be produced [44].
In the paper factory, the pulp is dried and pressed to produce paper sheets.

2.1.1. Paper Source

Although vegetable (and then cellulosic) materials are mainly considered when refer-
ring to paper, other materials such as e.g., glass or polymers that also form fibers (Figure 2)
and can be pressed to form sheets, could also be included. Then, a first classification
(Figure 3) would distinguish among cellulosic (based on cellulose, a polymer of ß-linked
D-glucose units) and non-cellulosic paper, depending on its source. Both are very interest-
ing, although cellulosic materials exceed, by far, the rest of paper materials. In each of the
classes, subclasses could be made according to the different vegetable species (also bacteria)
in the first or the different materials in the second one. Bacterial cellulose, an extracellular
polymer produced by some microorganisms, chemically pure and with high water-holding
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capacity and mechanical stability, has been proposed to develop enzymatically active paper
including lipase [45] and also lactate oxidase, in this case for electrochemical detection of
lactate in sweat [46].
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Figure 3. Classification of paper-based platforms according to different criteria and properties.
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Cellulose can be also modified for changing the properties of the final product, being
cellulose acetate or nitrocellulose the most common outputs. Cellulose acetate [47] is one
of the most important esters of cellulose, obtained by reaction of cellulose with acetic
anhydride and acetic acid in the presence of sulfuric acid. Nitrocellulose is the nitrate ester,
obtained by nitrating cellulose with nitric and sulfuric acids. The analytical applications
are numerous in both cases, as e.g., electrophoresis on cellulose acetate [48] or lateral
flow immunoassays employing nitrocellulose membranes [49]. There are other different
cellulose-based materials that can be employed for analytical purposes, such as the case of
cellophane, brand name for cellulose films that are manufactured by regenerating cellulose
from cellulose xanthate (viscose). It has been proposed for use in microfluidics either coated
(with a micron thick coating of nitrocellulose or polyvinylidene chloride) or uncoated [50].

2.1.2. Hydrophilicity

Cellulose fibers, the building blocks of paper, are hollow tubes (ca. 1.5 mm long, 20-µm
wide, with a wall thickness of ca. 2 µm) that form a porous, hydrophilic material that take
up more than their own mass of water [51]. However, although hydrophilicity is one of the
main characteristics that defines paper, in some cases is not desirable. In the fabrication
process, “sizing” agents can be employed to lower surface energy, increasing water-contact
angle and lowering rates of water penetration [52]. Alternatively, cellophane or also pre-
treated cellulose-based paper, as in the case of this silanized with decyltrichlorosilane [53]
to render it hydrophobic, or with fluoroalkyl trichlorosilanes to obtain omniphobic pa-
per [54], could be employed. In this last case, the paper is both hydrophobic and oleophobic,
repelling water and aqueous solutions containing ionic and non-ionic surfactants but also
organic liquids or other complex liquids such as blood.

2.1.3. Porosity

Surface chemistry and porosity influence wet properties of paper, very important
especially in the development of devices for flow assays. In non-porous paper, only the
macroscopic external surface is accessible. The availability of the inner surface and then,
the specific surface area that is accessible, increases with porosity. Related to this, there are
two correlated macroscopic properties of paper that have to be considered: thickness (in m)
and basis weight (g.m−2), which is the mass of dry paper per square meter [51]. Using both
parameters, the total pore volume can be estimated. In the case of the most commonly
used paper in analytical devices (Whatman No. 1 filter paper, 180-µm thick with a basis
weight of 87 g.m−2, and then a density of 483 kg.m−3), considering a density of the solid
component of wood fiber of 1540 kg.m−3, the pore/volume ratio results approximately
0.69 [51]. This porosity arises from spaces between the fibers, uncollapsed fiber lumens,
and the intrinsic porosity of the fiber walls.

Porosity changes depending upon tree species, pulping type and drying after pulping,
which can cause some of the pores to collapse. Alternatively, the porosity of paper-based
platforms can be mechanically tuned, as is the case of the laminated paper-based ana-
lytical devices [55], enclosed between plastic sheets using a roll laminator. Apart from
providing mechanical strength to the paper device, compression changes the structure
since lamination reduces the thickness of the paper and the effective pore size, and in turn,
the flow rate. The Washburn’s equation [56] that describes the capillary flow in a bundle of
parallel cylindrical tubes, can be extended to a paper strip: L2 = γDt/4η, where L is the
length of the strip, γ the effective surface tension, D the pore diameter, t the time, and η
the dynamic viscosity of the fluid, can be rearranged as L/t = γD/4ηL, where L/t is the
flow rate. Its linear dependence upon the pore diameter (D) is clear. Although it could
seem an inconvenience, decreasing the flow rate increases the residence time what could
be interesting when using paper as a (bio)reactor. This useful equation indicates variables
that alter linear velocity. Thus, to increase velocity, a high surface tension, low viscosity
or low density (if the liquid runs upward) liquid could be employed [57]. On the other
hand, the surface energy of paper can be lowered to increase the contact angle of a liquid,
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what can be achieved by depositing material into the pores or chemically bonding groups
to hydroxyl groups on cellulose. As commented before, treatment with organosilanes in
gas phase [54] is a way to increase the contact angle (θH2O >> 140

◦
).

2.1.4. Cristallinity

Another parameter that can be correlated to paper hydrophilicity is the degree of crys-
tallinity of cellulosic fibers (usually 50%). Cellulose is made up of bundles of fibrils called
microfibrils, each individual consisting of crystalline and amorphous regions. Crystalline
domains do not swell with water but by contrast, amorphous cellulose swells in water and
is more susceptible to chemical reactions. Depending on the applications, paper surfaces
can be saturated with water that forms slightly anionic water swollen hydrogel of amor-
phous cellulose and hemicellulose. Then, negatively charged particles, polymers or DNA
have little tendency to adsorb [51]. In this context, cellulose nanofibers and nanocrystals
(rod-shaped crystalline part that remains after removal of the amorphous domains) can
be extracted from vegetable cellulose to produce nanopaper with different properties [58].
Apart from the crystallinity, the size of cellulose microfibrils in a paper is in the microme-
tre scale and consequently their specific surface area and hydrogen bond intensity are
much less than that of nano-sized cellulose fibres [59]. As happens with the definition of
paper, nanopaper can also come from different sources. Being a thin sheet mainly made
of tightly packed nanostructures, those based on cellulose, chitin or chitosan nanofibers,
are considered as fully bionanopapers. At the other side of the classification are the fully
non-bionanopapers, based on nanographene (oxide), silicon carbide, carbon nanotubes
or even synthetic polymers (polyurethane, polypropylene, polyvinylfluoride, etc.). In be-
tween, mixed bio/non-bionanocomposites including a main matrix component with other
secondary components embedded are possible. In all the cases, interesting applications are
being developed, including also the incorporation of screen-printed electrodes [60].

The classification of paper-based platforms according to different criteria, including
properties of the material, is summarized in the schematics of Figure 3.

2.2. Paper in (Electro)analytical Platforms

The main use of paper in analytical (bio)platforms dates back to the 1930s with the
development of paper chromatography [61], although estimation of pH with litmus paper
and employ of paper as filter are even older (see Figure 4, [57]). Home-based pregnancy
tests were based on the use of porous materials and pioneered analysis decentralization in
the 1980s [62]. An impressive renaissance was done by Whitesides’ group who patterned
microfluidic channels in two dimensional platforms for multianalyte clinical analysis [32].
They were devised in a time when the need for cheap diagnostics in low-resource settings
was urged [63]. The developing world does not have access to many of the best medical
diagnostic technologies; these require air-conditioned laboratories, refrigerated storage of
chemicals, a constant supply of calibrators and reagents, stable electrical power, highly
trained personnel, and rapid transportation of samples. In remote zones, running water
and electricity may or not be available, power is at best intermittent with wide fluctuations
in voltage. The ambient temperature can range from 10 ◦C to more than 40 ◦C. Dust, wind
and contaminating pathogens are very common. Potentially high-risk human samples are
routinely handled with few precautions. Maintaining and calibrating even moderately com-
plex instruments still presents a challenge. Actually, microfluidic paper-based analytical
devices (µPADs) were conceived for useful application to the diagnostics in the developing
world [33]. The scheme in Figure 4 shows the milestones in the history of paper science,
with special focus on analytical devices. It includes the paper spray ionization, where the
sample is deposited onto a sharp tip cut out of paper, aligned in front of a mass spectrome-
ter [64] and should be completed with the introduction of the electrochemical detection
by Henry’s group in 2009 [37] to generate electrochemical paper-based analytical devices
(ePADs) (Figure 5A). This detection, initially based on the use of screen-printed electrodes,
the topic of this revision, fits perfectly with the concept of decentralization analysis.
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2.2.1. Configuration: Static or Flow Assays

Hydrophilicity and porosity, commented in Section 2.1, are the main causes of capillary
forces, in such a way that a liquid can easily flow through the gaps in porous media without
using any extra energy due to the inherent capillary action. Then, paper allows passive
transport of solutions and also can be used to absorb liquids. Then, both static and flow
analytical devices are possible, as shown in the classification of Figure 3. In the first case,
a volume of liquid can be deposited over a delimited hydrophilic area [42] or aspirated
through a sampler [67] to perform the analysis. In the case of flow assays, lateral or vertical
flow platforms [68] have been designed. Lateral flow platforms have been the pillar of
rapid point-of-care diagnostics due to its simplicity, rapid process, and low cost. However,
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vertical (or flow-through) assays have emerged as an interesting alternative due to its
rapidity and design possibilities.

2.2.2. Dimensions

Additionally, a basic classification of analytical platforms can be made according to
their dimensions. One-dimensional channels can be made from paper sheets in two ways:
by cutting two-dimensional paper to obtain physical boundaries or by forming hydropho-
bic boundaries through impregnation of agents. In both cases the methodology can be
simple and cheap or more complicate and expensive. Precision depends also on the proce-
dure (handmade or automatized). Thus, scissors and razor blades could be used as well as
craft-cutting machines or lasers for delimiting the paper-based platform. In this case, due to
the fibrous structure, paper tearing can occur and due to the fiber orientation, different
profiles are obtained when cutting is made in parallel to the y- or x-axis, which have to be
previously considered since fluid transport may depend upon the angle at which the paper
strip is cut. Additionally, the z-axis (thickness) has to be taken into account, since the mass
distribution in a paper sheet is usually not constant, with the maximum density in the
center and decreasing near the surfaces [51]. One of the best examples of one-dimensional
platforms are those employed for already introduced lateral flow immunoassays [69],
where after assembling all the components required for the assay on a two-dimensional
adhesive backing (i.e., sample pad, conjugate pad with detection antibodies, nitrocellulose
membrane with test and control lines of immobilized capture antibodies, and absorbent
pad) different units are cut. Being one-dimensional is one of the main advantages of other
low-cost platforms, e.g., thread-based devices, allowing not to delimit channels in colori-
metric [70] or electrochemical, either amperometric [71] or potentiometric [72] platforms.
However, when delimiting a hydrophilic working area (by photolithography, wax printing,
etc.) is required in paper-based devices, a two-dimensional structure usually is employed,
including in most of the cases several one-dimensional channels. Apart from this, the flat
structure of paper allows easy generation of 3D platforms, by stacking layers of similar
or different composition (e.g., adhesive tape, polymeric films, etc.). Separate layers can
be piled up or, alternatively, taking advantage of the foldability of paper, origami-based
devices [50,73] can be employed, as well as other “pop-up” electrochemical platforms [74].
In this last case, a single sheet of paper is folded into a three-dimensional device that
changes the shape and integrates fluidic and electrical connectivity by simply folding and
unfolding the structure. The reconfigurable 3D structure provides mechanical support
and allows control timing. Similarly, a sliding strip microfluidic device enables perform
colorimetric ELISAs on paper [75]. The possibilities of multilayer devices are enormous.
An interesting example is the use of both paper and hollow channels in the same analytical
platform [76,77]. Removing the cellulose matrix from within a predefined channel and
leaving the bottom of the channel hydrophilic, the flow rate of solution in the channel
can be enhanced without requiring external equipment. In this way, analysis time is re-
duced, and larger fluidic networks can be employed. Non-specific adsorption is decreased,
and micrometer-sized objects could flow freely. Colorimetric [77] and electrochemical [76]
detection have been demonstrated, in the last case for voltammetry and amperometry,
under flow and no flow conditions.

2.2.3. Functions: Lab-on-Paper Devices

These multilayer devices (made of a folded continuous layer or several piled up) allow
the integration of different functions, approaching the concept of lab-on-paper. Although
these could be included in single-layer devices, the use of several layers brings more
possibilities. The analytical process is that performed with the aim of obtaining information
that allows solving social, economic, scientific, or technical problems. The analysis can be
qualitative (with a binary yes/no answer obtained) or (semi)quantitative. Steps go from
sampling to data treatment, including detection and several operations carried out with
the aim of obtaining sensitive and selective methodologies (here most separation steps
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are included as well as (bio)interactions for recognition purposes or to obtain detectable
species). Technological improvements, especially in sample processing, fluid flow control,
signal amplification and component integration increased the applicability of PADs to
real-world problems [78]. Several strategies can be employed for controlled fluid actuation
and manipulation and thus, slipping, channeling, delaying delivery of reagents, switching
to initiate flow on demand, or fluid mixing (considering that the flow is generally laminar)
is possible. Moreover, inclusion of nano- and microsized objects as well as filtration [79] or
separation [80], and also dilution or preconcentration [81], have been demonstrated.

One of the reasons why paper is excellent substrate for the development of analytical
platforms is its versatility. Many different systems and applications can be converted into
paper-based formats, taking advantage of its tunable properties. As an example, regarding
the detection, multiplexed devices including several electrochemical cells with multiple
electrodes can be easily designed [65] (Figure 1B).

2.2.4. Paper as a Warehouse

In a more general way, paper can be considered as a huge warehouse where different
elements can be stored using weak or strong bindings, mainly: (i) hydrophobic materials,
already commented, to delimit microfluidic areas in two-dimensional platforms, (ii) bio-
logical materials, as active reagents for the development of bioassays, (iii) samples that
could be even dried for further analysis, allowing transportation from remote settings [82],
and (iv) conductive materials, very interesting for electroanalytical purposes. Combination
of some of them introduces the concept of electrofluidics [66], by monolithic integration of
microfluidics and electronics (Figure 5C). Thus, in the same paper device a hydrophobic
barrier (insulated non-microfluidic electrical conductor), and microfluidic channels with
and without electronic conductivity could coexist by modification with wax and carbon
nanotubes (or conductive polymers). In this case, since an aqueous dispersion of con-
ductive elements is employed, the flow is not impeded, what could happen when dense
inks are employed. The same idea could be exploited using micropatterned conductive
structures where the conductors (carbon nanotubes or silver nanowires) are monolithically
integrated with nanocellulose-based paper [83].

Introducing electrode integration and coming back to the history of papermaking,
even when paper dates back from year 105, printing was long retarded, with the first
text printed upon paper finally completed in the year 770 by Empress Shotoku of Japan,
more than 665 years later [43]. The use of a soft and pliable paper made possible to make
an impression from a wood block spread with pigment. After putting the paper over
the block, a ball was rubbed by hand until a definite impression was made upon the
paper. In Europe, fibers from macerated linen and cotton cloth formed sheets that were
impregnated with gelatin when Gutenberg established his printing office in Mainz using
metal blocks. Similar to what happens nowadays, the type of paper influenced the process
and readout. Thin and transparent Oriental paper allowed writing on one side, meanwhile
thick and opaque European paper allowed writing or printing on both sides. Obviously,
the process has evolved and improved with time and nowadays, screen-printed thick-film
technology is one of the more successful in the development of electroanalytical devices,
also in paper-based devices, as commented in more detail in the following section. Actually,
the first electrochemical cell for paper devices was made by a screen-printing process of
conductive inks [37]. Since fibers are pressed and acquire a flat configuration, paper is very
appropriate for integration of electrochemical cells, in a similar way that is done for the rest
of the substrates. However, similarly to what happens at the beginning of the process, as
paper is a porous substrate, if an electrolyte is employed, ionic conduction exists between
the two faces. Then, electrodes do not need to “share” the same surface, and screen-
printed technology, that commonly uses a pattern to locate all the electrodes required for
electrochemical readout in the same face, is not required. Simple deposition of ink in a
wax-delimited area, without the need of screens or stencils, can be employed. Two more
pins are used as electrodes that connect the electrolyte by the other side (Figure 1D, [42,67]).

128



Biosensors 2021, 11, 51

However, since this technology is commonly employed with non-porous substrates (as
ceramics or polymers), the translation into paper was done performing the same procedure,
considering paper as one more flat surface with unconnected faces. However, this is a
very differential advantage when compared to the rest of substrates employed in SPEs.
Moreover, printing and coating technologies are based on the application of almost any
fluid onto dry paper. Aqueous or organic solutions could be employed. Usually, aqueous
solutions are particularly easy because capillary forces and the hydrophilic nature of
cellulose promote rapid sorption, but in SPE technology conductive elements are dispersed
in organic solvents and curing is necessary. Moreover, biomolecules can be also spotted or
printed onto dry paper without denaturation.

3. Paper-Based Screen-Printed Electrodes

As mentioned before, besides being a flat substrate, paper can have other utilities
such as storage of reagents or sample [84,85], support for (biological) reactions [42,86–89],
or platform for taking [67,90] or treating the sample (e.g., preconcentration [81,91] or
separation [79,92,93]). Taking this into account, paper-based electroanalytical devices
integrating SPEs can be designed in different formats: (i) combining paper with a SPE
card fabricated on ceramic or polymeric materials [79,84–89,91,92,94–102]; (ii) combining
one electrode of the electrochemical cell (e.g., WE) made on paper with other electrodes
(e.g., RE and CE) of a SPE card printed on a conventional material [42,103–105]; and (iii)
printing the SPE directly on paper [5,106–108]. In the last case, 2D devices are the most
basic but, by stacking and/or folding the paper along the vertical axis, devices with 3D
formats (multilayer and origami) can be easily constructed. Obviously, the fabrication of
2D devices is much simpler but 3D platforms can improve analytical characteristics (mainly
reproducibility and sensitivity) and reduce the steps of the analytical procedure as well as
time analysis [108]. Here, electrodes could be included in the same or different layers.

3.1. SPE Cards Combined with Paper Elements

In the case of the lowest degree of integration (paper and SPE ceramic card), the paper
is mainly used as support for biological components (enzymes [85,86,95,97–99], but also
antibodies [87] or nucleic acids [88]) where reactions with components of the sample take
place. Paper was also used as a medium for cell culture. In this case, the SPE platform
allowed the on-line evaluation of cell viability by monitoring dopamine release from cell
damage models [109]. Alternatively, the paper was also combined with a SPE card for
sampling, as in the tear sampling system developed by Honikel et al. using Whatman No
41 ashless filter paper [90].

In a following step of the analytical process, the assembling of layers of different
types of paper has been also used for the treatment of the sample. A clear example of this
application is the analysis of whole blood as in the glucose sensor developed by Noiphung
et al. [79] in which Whatman No. 1 and blood separation paper, VF1 and VF2, were
combined with a Prussian Blue screen-printed electrode. A wax-dipping technique was
used to design microfluidic patterns that consisted of two separation zones and one more
for detection, where the enzyme glucose oxidase was immobilized (Figure 6A). Paper can
be employed for separating analytes before their detection as in the microfluidic platform
developed by Primpray et al. [92]. This device used Whatman SG81 paper, which is an
ion exchange paper that combines cellulose with large pore silica gel, for the separation of
dexamethasone or prednisolone steroids (Figure 6B). Moreover, and taking advantage of the
white color of paper and of the intense blue color produced by the interaction of tetrazolium
blue with steroids, this reagent was added to the channels with the aim of visualizing the
exact position of each steroid, facilitating the subsequent electrochemical detection [92].
Lateral flow immunodevices are also composed of different layers overlapping one another.
Then, screen-printed electrodes can be included just below the test line (this containing
the antibody to capture the analyte) of the membrane for detection, in this case taking
advantage of the vertical flow [110], or even on the same membrane [111,112]. Alternatively,
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another possibility is to include the capture antibody directly over the screen-printed
working electrode in a mixed biosensing approach [113]. Apart from these examples in
which a lateral flow is produced, the combination of paper-based working electrodes
with electrodes from screen-printed cards have been used in static systems with the aim of
reducing the cost by reusing the RE and CE of the same SPE for different paper WEs [42,103],
but also for the in situ electrogeneration of nanoparticles on paper-based carbon [104] or
gold [105] electrodes, the last one employed for the chronoamperometric determination of
arsenic in white wines (Figure 6C).
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On the other hand, several layers of paper can be added in vertical flow configurations,
with each layer for a different function as in this multiplex platform developed by Yang et al.
for the detection of organophosphorus pesticides [95]. The detection and identification of
the pesticides were performed recording impedance time-sequence spectra after inhibition
of the enzymatic activity of acetylcholinesterase by pesticides. This platform consisted of
five layers for: (1) injection, (2) enzyme immobilization, (3 and 4) sample transport, and (5)
substrate (indophenol acetate) immobilization (Figure 6D). The layers 3 and 4 were hollow
and their function was to allow interaction between sample and enzyme for a long enough
time. In a similar way, stacking different layers over a SPE has been employed for electro-
chemical detection of specific sequences of DNA by combining recombinase polymerase
amplification with an electroactive mediator [116]. In this case, a disposable paper strip
that incorporates a carbon SPE card is included in a handheld device that accomplishes
thermoregulation and enables electrochemical detection of Mycobacterium smegmatis and
M. tuberculosis. On the other hand, origami paper devices (folded multilayer platforms)
can be also combined with SPEs printed on ceramics or polymers [85,117] as in the case
of the device developed by Pinyorospathum et al. [117] for the determination of human
C-reactive protein (CRP), which is an important biomarker for different cardiovascular
diseases. This platform consisted of a SPE printed on a PVC substrate, that was wrapped
in between the two paper folded layers containing reagents for detection.

3.2. Fully-Integrated Devices: Electrochemical Cells Printed on Paper

Although there are numerous different designs that combine SPEs (in ceramic/polymer
substrates) with paper devices, the most integrated approach is achieved by printing elec-
trodes directly onto the paper creating 2D and 3D devices, with all the three electrodes in
the same or different layers [78,108]. In two-dimensional devices, the sample is deposited in
the same layer in which the electrochemical cell is printed or flows toward it by capillarity.
As commented before, platforms are commonly fabricated by patterning a single piece
of paper with a hydrophobic material (e.g., wax or photoresist) that delimits hydrophilic
microfluidic channels, areas or reservoirs [118–136]. Other materials such as adhesive
tape can be used either as an additional stencil for printing the electrodes [121,137] or to
delimit the area of the working electrode once the ink has been spread on a specific piece
of paper [138]. In this last case, screen or stencil printing is not necessary since the ink is
directly deposited on a piece of paper. Delimiting the area of the working electrode with hy-
drophobic wax would avoid the need of an additional tape layer [42,67]. Different specific
(bio)reagents (enzymes [129,130], antibodies [139], nucleic acids [120,131,140]), or nanoma-
terials [124,134,141]), which react with the sample, can be immobilized on delimited areas.
On the other hand, multiplexed devices can be easily designed [65]. The combination of
paper and screen-printed technology allows to obtain flexible devices, able to be bended
or even twisted without loss of analytical signal as in the case of this designed by Cinti
et al. [114] (Figure 6E).

Taking advantage of how easy it is to fold, stack, or cut the paper, there was a subse-
quent development of 3D multilayer and origami paper-based devices [73,93,117,142–156],
including integration of electrodes directly on paper. These seem to require more laborious
procedures of construction but the use of software for transferring wax and ink designs to
paper makes this an easy task, especially useful when more sophisticated operations are
enabled: e.g., sampling [143,157,158], sample delivery [146,159], or sample treatment [93].
As mentioned before, in many of these devices, the electrodes of the electrochemical cell
are printed on different layers of the devices with the aim of improving the contact of the
electrodes with the sample or decreasing the size of the device [73,142,144,152,160–166].
Moreover, vertical microfluidics, in comparison with lateral flow, helps to reduce the con-
sumption or reagents and the loss of sensitivity due to the diffusion of the analyte. An
example of these origami devices is the one developed by Arduini et al. for the multi-
plexed detection of three pesticides (paraoxon, 2,4-dichlorophenoxyacetic acid and atrazine)
of different classes exploiting their capability to inhibit the activity of enzymes butyryl-
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cholinesterase, alkaline phosphatase and tyrosinase [115]. The configuration of this device
can be seen in Figure 6F. It consisted of two office paper-based SPEs cells, printed on the
front and the backside of the device. Different filter paper strips were combined with
these electrodes using adhesive tape, with the aim of determining the initial and residual
enzymatic activity and therefore, the concentration of the pesticides. Each filter paper strip
(from a total of three) was constituted of two pairs of different pads (A and C in the figure),
one for containing the enzyme, and the other the substrate, separated by an empty paper.
To determine the initial enzymatic activity, enzyme- and substrate-pads were contacted,
and distilled water was added to perform the measurement. After cutting the first used
pads, the sample was analyzed putting in contact the other enzyme- and substrate pads of
the following strip and letting the sample incubate. After addition of water, the analyti-
cal signal was recorded. This device performs 6 measurements for recording the signals
corresponding to the three pesticides [115].

Origami devices have been widely developed for clinical and biological applica-
tions [5,106,107]. For many of them, biological reagents such as enzymes or antibodies
are used but those based on molecularly imprinted polymers (MIPs) are also useful ap-
proaches [121,137,155]. Amatatongchai et al. developed a MIP-based origami paper
using alkyl ketene dymer (AKD)-inkjet printing to create circular hydrophobic areas [155].
The graphite working electrode of the screen-printed electrochemical cell was modified
with a Fe3O4@Au@SiO2-MIP nanocomposite, showing electrocatalytic activity toward
the oxidation of serotonin, determined by linear sweep voltammetry in pharmaceutical
capsules and urine samples [155].

Foldability is also highly useful for the creation of wearable devices for on-site moni-
toring of important parameters in non-invasive samples. One example is the origami paper-
based platform developed by Cao et al. for the determination of glucose in sweat [158].
This 3D-microfluidic device was fabricated patterning the paper with wax and folding it
to form five layers with different functions: sweat collector, vertical and transverse chan-
nels, electrode layer, and sweat evaporator (Figure 7A). In this way, sweat was absorbed
by the collector and flowed toward the electrochemical cell by capillary forces. Sweat
evaporation on the evaporator allowed continuous flow keeping fresh sample flowing
across the electrochemical cell and avoiding sweat accumulation [158]. An on-body test
was carried out to validate the device, but still the stability has to be evaluated and the
size reduced. On the other hand, using 3D or origami approaches, paper-based SPEs can
be directly integrated in wearable devices as in the case of the mask developed by Maier
et al. for the continuous real-time monitoring of exhaled hydrogen peroxide (H2O2), an
important biomarker in respiratory diseases [167]. The electrochemical cell was printed
on a wax-patterned paper in which a solution of electrolyte was evaporated to form a
solid electrolyte. Two carbon working electrodes were printed: one with Prussian Blue
as mediator, for the H2O2 detection, and the other without modification, for subtracting
the background signals (Figure 7B). This screen-printed electrochemical cell was placed
inside a respiratory mask so the user breath directly onto it. This sensing mask was tested
in simulated breath.
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In a similar way, the high versatility of screen-printing technology, which allows
to produce miniaturized electrodes, is also applicable not only to paper and other two-
dimensional materials such as transparency sheets [31,168–170], but also other such as
textiles or plastics, leading to a wide variety of wearable devices [106,171–173] such as
bandages [174–176], gloves [177], rings [178,179], or pacifiers [180].

4. Conclusions and Perspectives

Paper has demonstrated to be an excellent substrate for the design of extremely in-
novative analytical platforms. The thick-film technology of screen-printing fits perfectly
with this material that, in turn, is very appropriate for electroanalysis. Paper is an ex-
cellent container for both electrodes and electrolytes required for interfacial techniques.
The possibilities are enormous, and the classification includes many varieties according to
paper properties (porosity, crystallinity, hydrophilicity, etc.) and platform characteristics
(dimensions, flow, etc.). Most of them have been applied to the clinical field and a challenge
is to expand their utilization to other areas. Actually, paper-based electroanalytical devices
would be very useful to the agri-food sector, to evaluate the presence of certain molecules
and/or the freshness of a beverage/foodstuff [6–8]. In this way, these devices could reduce
the gap between complex laboratory analysis and simple point-of-need testing, lowering
costs, simplifying procedures, and reducing waste generation.

As reported in the bibliography as recommendation for future paper-based research
by Verpoorte’s group [57], if these devices are to provide society with the tools to perform
on-site analyses, one have to learn from previous successes (e.g., regarding LFAs, avoiding
the use of pipets for sample application (as e.g., in [67]) or of complicated readout systems)
and look beyond the piece of paper to increase the functionality, by including various
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elements or by integrating electronics (as e.g., in [66]). Paper is so versatile that true
lab-on-paper platforms are possible by incorporating the different steps of the analytical
process. Moreover, combination with portable electrochemical readers approaches the
analysis to the point where is required. It is possible to find nowadays potentiostats in
the “do-it-yourself” format [181–183], with wireless control from smartphones [184,185],
or wired in case of older mobile generations [186]. Apart from the instrumentation, other
components required such as the energy source could also be incorporated in paper format,
as e.g., paper-based fuel cells [187]. Paper potentiostats have also been suggested for
integrated biosensing [188], even including a screen-printed manganese dioxide battery and
an electrochromic display, which approaches the concept of “use-and-throw” instruments
in what can be considered as promising paradigm-changing new products [189].

Notwithstanding the above, the commercialization of these devices continues to be a
challenge since the knowledge transfer from laboratories to the society is still complicated.
Although general printed electrochemical devices represent a unique opportunity to enable
low-cost, fast, non-invasive and/or continuous monitoring of analytes, metrological aspects
such as sensitivity, repeatability and stability represent very challenging aspects [190].
It is important to note that, in the laboratory, many of the fabrication and assembling
steps are handmade, which affects the precision. Therefore, automatization and mass
production could help to improve it. Although operational stability is not a concern when
single-use platforms are aimed, an important issue is storage stability, especially relevant
when biological reagents are involved. However, despite these yet unmet challenges,
the potential of paper-based printed devices is clear as well as the relevance they will have
in the future [191]. In an increasingly knowledgeable society with growing globalized
problems, as is the current pandemic, simple tools that provide fast, reliable, and on-site
responses will be undoubtedly, and increasingly required.
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Abstract: We demonstrate a facile methodology for the mass production of graphene oxide (GO)
bulk-modified screen-printed electrodes (GO-SPEs) that are economical, highly reproducible and
provide analytically useful outputs. Through fabricating GO-SPEs with varying percentage mass
incorporations (2.5%, 5%, 7.5% and 10%) of GO, an electrocatalytic effect towards the chosen
electroanalytical probes is observed, which increases with greater GO incorporated compared
to bare/graphite SPEs. The optimum mass ratio of 10% GO to 90% carbon ink produces an
electroanalytical signal towards dopamine (DA) and uric acid (UA) which is ca. ×10 greater in
magnitude than that achievable at a bare/unmodified graphite SPE. Furthermore, 10% GO-SPEs
exhibit a competitively low limit of detection (3σ) towards DA at ca. 81 nM, which is superior to that
of a bare/unmodified graphite SPE at ca. 780 nM. The improved analytical response is attributed to
the large number of oxygenated species inhabiting the edge and defect sites of the GO nanosheets,
which are able to exhibit electrocatalytic responses towards inner-sphere electrochemical analytes.
Our reported methodology is simple, scalable, and cost effective for the fabrication of GO-SPEs
that display highly competitive LODs and are of significant interest for use in commercial and
medicinal applications.

Keywords: graphene oxide; electroanalytical sensing; dopamine; uric acid; screen-printed electrodes

1. Introduction

Graphene oxide (GO), a two-dimensional oxygenated carbon nanosheet, previously considered
by many researchers as solely a precursor for the synthesis of graphene, possesses a number of
unique chemical properties that make it a beneficial material in its own right [1–3]. Whilst researchers
have found niche applications for GO in an array of technologies, such as hydrogen storage [4],
supercapacitors [5], and biosensors [6], GO is often overlooked due to its limited application in
electrically active devices/materials. This is a result of its reported high electrical resistance that stems
from carboxyl, hydroxyl, and epoxy groups located on the periphery of the GO sheet [7]. It is however,
these hydrophilic oxygenated functional groups which assist in biorecognition during biosensing
by promoting favourable interactions with specific analytes [1,8–10], allowing GO to be used as the
underlying electrode material for a biosensor towards a number of biological/organic molecules, such
as DNA [11,12] and peptides [13]. In many cases where GO is utilised for sensing applications, it is
as a component/supporting framework within a more complex catalyst [14,15]. GO’s ability to act
singularly as a (bio)sensor has yet to be observed within the literature. A study by Brownson et al. [16]
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demonstrated that GO, when immobilised upon the surface of graphitic electrodes, exhibited intriguing
electrochemical responses, with the redox probes studied giving rise to electrochemical responses
dependent upon the C/O content [17]. This suggests that GO could be beneficially utilised as an
electrochemical platform where oxygenated electrocatalytic reactions are involved.

In this paper, we take this prior work one-step further [17] by fabricating GO bulk-modified SPEs
and explore their performance towards a range of electroanalytically interesting analytes, namely
dopamine (DA) and uric acid (UA). The preferred method of detection is via electrochemical techniques,
as they offer rapid, portable and low cost analysis. It is evident that the literature focuses (See Table 1)
on graphene rather than GO as an electrochemical sensing platform, where the chosen nanomaterial
is drop casted upon a supporting carbon electrode, allowing it to be electrochemically wired. The
use of drop casting as a method to modify a supporting electrode has several drawbacks, such as
the supporting electrode has to be prepared for each measurement, which can be time consuming,
and the drop-casting process results in an uncontrollable distribution of the nanomaterial upon the
electrode’s surface, that in turn results in poor reproducibility [18,19]. In order to overcome these issues,
screen-printed electrodes (SPEs) have proven to be mass-producible electrochemical sensing platforms
that offer versatility in electrode design and repeatability in the signal output [20]. The screen-printing
technique can produce a vast number of SPEs that exhibit uniform heterogeneous electron transfer
kinetics, thereby enabling separate electrodes to be used for independent measurements and give
consistent/reliable responses. SPEs can also be readily adapted with respect to the composition of the
ink utilised in their production, allowing for the incorporation of materials that alter the electrocatalytic
behaviour displayed by the SPE [18].

Table 1. Comparison of current literature reporting the use of graphene and related electrocatalytic
materials explored towards the electroanalytical sensing of dopamine (DA) and uric acid (UA).

Electrocatalyst Electrode
Material

Deposition
Technique

Dopamine
LOD (M)

Uric Acid
LOD (M)

Electrochemical
Method Reference

GO-MWCNT/
MnO2AuNP GC Drop Cast 1.7 × 10–7 – CV [14]

pCu2O NS-rGO GC Drop Cast 1.5 × 10–8 1.1 × 10–7 DPV [21]
G-SnO2 GC Drop Cast 1.0 × 10–6 – DPV [22]

DA-ERG/PMB GC Drop Cast 1.0 × 10–7 – DPV [23]
GSCR-MIPs GC Drop Cast 1.0 × 10–7 – LSV [24]

NG GC Drop Cast 2.5 × 10–7 4.5 × 10–8 DPV [25]

Bare/unmodified SPE Screen
Printed 7.8 × 10–7 2.3 × 10–6 CV This Work

2.5% GO-ink SPE Screen
Printed 2.9 × 10–7 1.6 × 10–6 CV This Work

5% GO-ink SPE Screen
Printed 1.3 × 10–7 1.0 × 10–6 CV This Work

7.5% GO-ink SPE Screen
Printed 1.0 × 10–7 9.6 × 10–7 CV This Work

10% GO-ink SPE Screen
Printed 8.1 × 10–8 6.1 × 10–7 CV This Work

GC, glassy carbon; GO-MWCNT/MnO2AuNP, graphene oxide multi-walled carbon nanotubes with manganese
dioxide, poly(diallyldimethylammonium chloride) and gold nanoparticles; –, value unknown or not applicable;
CV, cycling voltammetry; pCu2O NS-rGO, porous cuprous oxide nanospheres on reduced graphene oxide; DPV,
differential pulse voltammetry; G-SnO2, graphene-tin oxide; DA-ERG/PMB, dopamine-grafted reduced graphene
oxide/poly(methylene blue); GSCR-MIPs, graphene sheets/Congo red molecular imprinted polymers; LSV, linear
sweep voltammetry; NG, nitrogen doped graphene; SPE, screen-printed electrode.

In order to explore this principle, this paper reports the bulk modification of SPEs, with
varying percentage mass incorporations of GO and electrochemically exploring the capabilities
of GO bulk-modified screen-printed electrodes (GO-SPEs), in comparison to bare/unmodified SPEs, as
potential electroanalytical sensing platforms towards DA and UA (separately) for the first time.
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2. Experimental Section

All chemicals used were of analytical grade and were used as received from Sigma-Aldrich
without any further purification. All solutions were prepared with deionised water of resistivity no less
than 18.2 MΩ cm–1 and were vigorously degassed prior to electrochemical measurements with high
purity, oxygen free nitrogen. The GO powder utilised was commercially purchased from Graphene
Supermarket [26].

Electrochemical measurements were performed using an Ivium CompactstatTM (Eindhoven,
The Netherlands) potentiostat. Measurements were carried out using a typical three-electrode system,
with a Pt wire counter electrode and a saturated calomel electrode (SCE) reference. The working
electrodes were screen-printed graphite electrodes (SPEs), which have a 3.1 mm diameter working
electrode. The SPEs were fabricated in house, the methodology of which is outlined in the electronic
supporting information (ESI). Following production of the standard SPE, modification/production of
the GO variation was achieved as follows: the GO powder was incorporated into the bulk graphitic
ink on the basis of the weight percentage of MP to MI, where MP is the mass of particulate (in
this case the GO) and MI is the mass of the ink formulation used in the printing process, i.e.,
% = (MP/MI) × 100. The weight percentage of MP to MI varied from 2.5%, 5%, 7.5% to 10%, resulting
in 4 separate GO bespoke inks that are then screen printed upon the working area of bare SPEs; see
the ESI for further details. Note, the maximum amount of GO that can be incorporated into the
graphitic ink was found to correspond to 10% with any further percentage incorporation resulting
in an increase in the resultant ink viscosity to where it is not screen printable via the technique used
within this manuscript.

Physicochemical characterisation was performed utilising Raman spectroscopy, transmission
electron microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
Details of the instrumentation utilised are reported in the ESI.

3. Results and Discussion

Initially, it was essential to perform a full physicochemical characterisation of the commercially
purchased GO powder in order to ascertain its quality/properties prior to being incorporated into the
SPEs (as reported in the experimental section). Raman spectroscopy, SEM, TEM, XPS and XRD analysis
were all conducted. Figure 1A displays a TEM of the GO nano-platelets indicating that they exhibit a
particle size (lateral width) of between 300 and 600 nm, which strongly agrees with the size stated by
the commercial manufacturer, of ca. 500 nm [26].

Next, Raman spectroscopy was utilised to confirm the presence of GO by structural characterisation.
The obtained spectra can be viewed in Figure 1B and displays the D and G vibrational band peaks at
ca. 1350 and 1590 cm–1, respectively; which are typically characteristic of GO [27,28]. Additionally, the
composition of the GO sample is confirmed via XRD in Figure 1C, in which a characteristic ‘sharp’ peak
is evident at 2θ = 11.5◦, corresponding to the (001) diffraction peak of disordered GO [29]. Lastly, XPS
analysis was performed to determine the GO’s elemental composition, with Figure 1D showing the
gathered survey spectra and Figure S1 displaying the individual spectra for the C and O regions. The
GO was observed to contain 66.8% carbon and 28.6% oxygen, with trace amounts of nitrogen, sulphur
and chlorine, which are likely mere contaminants. The combination of surface and physicochemical
analysis presented above and expanded upon within the ESI confirm that the commercially sourced
GO herein utilised is of high quality/purity.
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Figure 1. Characterisation of the commercially sourced GO; (A) image of the GO nanosheet (Scale bar:
100 nm), (B) Raman spectra of GO deposited onto a silicon wafer between 100 and 3400 cm, (C) X-ray
diffraction (XRD) spectra between 5 and 75 2θ, and (D) high-resolution XPS survey spectra.

The GO-SPEs (the design and fabrication of which are outlined within the ESI) were
electrochemically evaluated using the near ideal ‘outer-sphere’ redox probe 1 mM [Ru(NH3)6]3+/2+ in
0.1 M KCl [30]. SEM was utilised to image the surface of a bare SPE and a 10% GO-SPE. However, the
obtained images were indistinguishable due to the GO nanosheets having a very similar appearance to
graphitic nanoplatelets found within the SPE bulk ink (see Figure S2). Whilst the bare/unmodified
SPEs and the GO-SPEs were visually indistinguishable at the microscale, the incorporation of the
GO into the SPEs bulk ink significantly altered their electrochemical performance, as described
below. Utilising a 10% GO-SPE as a representative example, the observed voltammetric profiles
are presented in Figure S3. Note that the electrochemical reduction peak current increased from
3.6 to 32 µA on the bare SPE compared to the 10% GO-SPE, respectively. Note, however, that the
10% GO-SPE displayed a smaller oxidation peak than the bare SPE. This alteration in the obtained
cyclic voltammetric (CV) response is characteristic of an EC’ type reaction as described previously by
Brownson et al. [16], who explored the electrochemistry of GO towards select redox probes by drop
casting it onto an edge plane pyrolytic graphite (EPPG) support electrode. Such a response suggests
that, as the amount of GO incorporation into the GO-SPEs is increased, so too is the proportion of
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oxygenated species present, resulting in a larger amount of oxygenated species available to catalyse
the chemical reaction. Note that the electrochemical response of “graphene” towards [Ru(NH3)6]3+/2+

does not display the catalytic behaviour herein observed at GO [31]. This inference could allow for an
electrochemical test to differentiate the presence of “true” graphene and GO, as they have unique CV
signal responses. The proposition that it is the C-O groups that produce such a response is as pointed
out by Brownson et al. [17], who observed similar electrochemical signatures [16], making GO a much
more promising electrocatalyst for sensing applications than graphene—especially when the amount
and coverage of GO is highly controlled, as is the case with the GO-SPEs produced herein.

Next, the electroanalytical efficacy of the GO-SPEs was explored towards the sensing of dopamine
(DA). DA is a neurotransmitter essential for bodily functions, such as memory and emotional
regulation [32,33], where the detection of DA within body fluids is widely studied, as its concentration
within bodily systems is linked to numerous neurological disorders [16].

Additions of DA were made into to a phosphate buffer (pH 7) solution, incrementing the DA
concentration from 5 to 50 µM. The obtained CVs and calibration plots are presented within Figure 2.
Using the 10% GO-SPEs as a representative example of all the GO-SPEs, Figure 2A shows that the
oxidation peak current at a 5 µM DA concentration was 1.21 µA, which subsequently increased to
15.24 µA by 50 µM. There was a corresponding anodic shift in the onset potential from + 0.212 to
+ 0.316 V (all values are deduced from an average of N = 3). Of note is the large capacitive effect
observed when GO is incorporated into the bulk of the SPEs (see Figures 2 and 3). This is to be
expected, as previous literature has noted GO’s capacitive nature [34]. The bare/unmodified SPEs
do not display this capacitive effect (see Figures S4 and S5). It is clearly observable from Figure 2B
that in agreement with the 10% GO-SPE, all the GO-SPEs display a greater anodic peak current than
the bare SPE (see Figure S4). This can be associated with the oxygenated species present on GO
facilitating the oxygenated electrocatalytic reactions. This is further supported by the observation
that the greater percentage incorporation of GO into the GO-SPE the larger the observed anodic peak
current (see Figure 2B). However, as the percentage of GO within the electrode increases from 0 to
10%, the activation potential for DA oxidation increases. A similar trend was observed when UA was
utilised in the exact manner as above rather than DA (see Figure 3 and Figure S5), with a 10% GO-SPE
displaying a ca. ×10 increase in the achievable peak current density when compared to a bare SPE. For
a full description, see the ESI.

In terms of the analytical utility of the GO-SPE towards DA and UA sensing, there is a clear
correlation between the percentage mass incorporation of GO and the electrode’s limit of detection.
Of note is the appearance of two linear ranges within a number of the trend lines for the separate
electrodes in Figures 2 and 3. In these cases, the initial linear range was utilised as the slope for
LOD calculations. As shown in Table 1, a bare/unmodified SPE displays an analytical useful limit
of detection (LOD, based on 3σ) for DA and UA at 0.78 and 2.3 µM respectively. The 10% GO-SPE
exhibited the lowest limit of detection of 81 nM and 0.61 µM for DA and UA respectively. The LOD
values for the GO-SPE are highly competitive to those found within the current literature. They are also
within the medically relevant range, given that the baseline concentration of DA within the striatum is
ca. 10–20 nM, with unusual activity (i.e., burst firing) associated with neurological disorders exhibited
by high DA concentrations in the hundreds of µM range [35]. The above observations suggest that the
synergy between GO and the SPE offers huge beneficial electrocatalytic responses towards DA.
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Figure 2. (A) Typical cyclic voltammetric response obtained utilising 10% GO-SPEs by sequentially
adding aliquots of DA into pH 7.4 PBS, from 5 to 50 µM. (B) Calibration plot of the anodic peak current
associated with the electroanalytical oxidation of DA over the concentration range for a bare SPE (black
square), a 2.5% GO-SPE (orange circle), a 5% GO-SPE (blue triangle), a 7.5% GO-SPE (purple inverted
triangle), and a 10% GO-SPE (green star). Error bars are on the data points and represent the average
standard deviation (N = 3). Scan rate utilised: 100 mVs–1 (vs. SCE).
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Figure 3. (A) Typical cyclic voltammetric response obtained utilising 10% GO-SPEs by sequentially
adding aliquots of UA to pH 7.4 PBS, from 20 to 200 µM. (B) Calibration plot of the anodic peak current
associated with the oxidation of UA over the concentration range for a bare SPE (black square), a
2.5% GO-SPE (orange circle), a 5% GO-SPE (blue triangle), a 7.5% GO-SPE (purple inverted triangle),
and a 10% GO-SPE (green star). Error bars are on the data points and represent the average standard
deviation (N = 3). Scan rate utilised: 100 mVs–1 (vs. SCE).

The intra-repeatability of the GO-SPEs was tested (N = 3). The percentage relative standard
deviation (%RSD) for the observed peak current observed at the bare/unmodified SPE, 2.5%, 5%, 7.5%,
and 10% GO-SPEs is shown via error bars in Figures 2B and 3B. With respect to the observed oxidation
peak current, there is clearly a trend of increasing %RSD corresponding to an increase in the percentage
of GO within the GO-SPEs. We postulate that this is due to a greater percentage of GO present, leading
to a larger number of variations within the orientation of the modified GO structure, whereby there
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will be a greater chance for a different proportional of the GO oxygenated species to be present on
the electrodes surface. The %RSDs at 50 µM for the bare/unmodified SPE, 2.5%, 5%, 7.5%, and 10%
GO-SPEs are 1.7, 2.2, 3.4, 5.1 and 5.8 percent, respectively. These low %RSD values for the anodic
oxidation peak attest to the high/favourable reproducibility of the screen-printing technique utilised
herein to produce the GO-SPEs.

4. Conclusions

We have designed, fabricated and evaluated GO bulk-modified SPEs, which demonstrate
electrocatalytic capabilities towards the sensing of DA and UA. The application of GO in this
manner takes advantage of the oxygenated surface species inhabiting the edge and defect sites of the
GO nanosheets to create a cheap, mass producible and tailorable sensing platform for applications
requiring oxygenated electrocatalysis. Through increasing the amount of GO present (to a maximum
of 10%), we observe a correlation between the number of oxygenated species and the magnitude of DA
and UA electroanalytical signals.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/3/27/s1.
Includes the following sections: Electrode production, Experimental details on physicochemical characterization,
Scan rate study, Dopamine electrochemistry, and Uric acid electrochemistry. Supporting Information figures:
Figure S1. High-resolution XPS spectra of C and O regions of the GO utilised herein (A and B respectively).
Figure S2. SEM images of the graphite and GO electrode surfaces in the supercapacitor device show little
variation in the surface morphology of the surfaces with variation in GO content. Given this, it is apparent that
the dominating influence of the morphology of the electrodes is in fact the carbon ink. This indicates that the
improvement in the performance is a result of physicochemical properties of the graphene oxide, and not a result
of any morphological differences induced by the addition of the GO. Figure S3. Typical cyclic voltammetric
response of a bare SPE and a 10% GO-SPE recorded 1 mM [Ru(NH3)6]3+/2+ in 0.1 M KCl solution. Scan rate
utilised: 5 mVs–1 (vs. SCE). Figure S4. Typical cyclic voltammetric response obtained utilising a Bare/unmodified
SPE by sequentially adding aliquots of 0.5 mM DA to pH 7.4 PBS, additions from 5 to 50 µM. Figure S5. Typical
cyclic voltammetric response obtained utilising a bare/unmodified SPE by sequentially adding aliquots of 2 mM
UA to pH 7.4 PBS, altering the bulk solution from 20 to 200 µM.
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Abstract: Medical diagnostics is trending towards a more personalized future approach in which
multiple tests can be digitized into patient records. In cancer diagnostics, patients can be tested for
individual protein and genomic biomarkers that detect cancers at very early stages and also be used
to monitor cancer progression or remission during therapy. These data can then be incorporated
into patient records that could be easily accessed on a cell phone by a health care professional or the
patients themselves on demand. Data on protein biomarkers have a large potential to be measured
in point-of-care devices, particularly diagnostic panels that could provide a continually updated,
personalized record of a disease like cancer. Electrochemical immunoassays have been popular
among protein detection methods due to their inherent high sensitivity and ease of coupling with
screen-printed and inkjet-printed electrodes. Integrated chips featuring these kinds of electrodes
can be built at low cost and designed for ease of automation. Enzyme-linked immunosorbent assay
(ELISA) features are adopted in most of these ultrasensitive detection systems, with microfluidics
allowing easy manipulation and good fluid dynamics to deliver reagents and detect the desired
proteins. Several of these ultrasensitive systems have detected biomarker panels ranging from four to
eight proteins, which in many cases when a specific cancer is suspected may be sufficient. However,
a grand challenge lies in engineering microfluidic-printed electrode devices for the simultaneous
detection of larger protein panels (e.g., 50–100) that could be used to test for many types of cancers,
as well as other diseases for truly personalized care.

Keywords: screen-printed electrodes; inkjet-printed electrodes; immunoassays; cancer; biomarkers; protein

1. Introduction

Growing rates of incidence and mortality have made cancer a global pandemic, a key impediment
for increasing life expectancy and quality of life [1,2]. Most of the current cancer diagnostic tests rely
on tissue biopsies and imaging techniques. First of all, these techniques require a physical tumor to be
detectable. Biopsies analyze tissue morphology and cellular arrangement, but the precise location of
the tumor is needed, they are highly invasive and can easily miss tumor cells. Imaging techniques such
as mammograms or colonoscopies only allow tumor detection and do not allow early diagnosis before
the onset of tumor development [3,4]. These techniques are relatively expensive and require expert
technical knowledge for the test and its interpretation (especially for mammograms), limiting their
widespread accessibility. Relying only on these tests, cancer cells can spread through the body before

Biosensors 2020, 10, 115; doi:10.3390/bios10090115 www.mdpi.com/journal/biosensors153



Biosensors 2020, 10, 115

being diagnosed, drastically reducing survival rates [1,5,6]. Thus, a new strategy has been developing
for personalized cancer diagnosis which will enable patients to access health or disease conditions early.
This approach will rely on fast, quick, sensitive, and accurate assays with no or minimum invasion,
utilizing samples such as blood, urine, and saliva. Full implementation of this approach, which has
thus far been very slow to take hold in the clinical realm, has the potential to greatly improve rates of
survival and quality of life of millions of cancer patients across the globe.

Cancer progression is marked by abnormal cell division, followed by the expression of specific
molecules (biomarkers) that are otherwise absent or typically expressed in small amounts in healthy
cells [7–10]. A biomarker is an indicator of a person’s health, disease condition, or responses to therapy
and collective of a broad range of biomolecules from proteins, glycoproteins, nucleic acids to a variety
of other small molecules found in bodily fluids [3,4,6,8–11]. Nucleic acids such as DNA and RNA
mainly act as prognostic biomarkers providing a risk assessment of cancer [4,9], whereas protein
biomarkers serve as diagnostic/predictive biomarkers of cancer, to provide a quick picture of the
patient’s health [9,12,13]. The most accurate way to use these tools is to measure multiple biomarkers
for each type of risk, or in the case type of cancer (Figure 1). Thus, the majority of cancer biomarker
research focuses on protein detection for early diagnosis, post-surgery reoccurrence, and cancer
staging [5,9].
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Figure 1. A simple overview of cancer biomarkers and their clinical importance.

Despite significant research gains in this area, only a handful of protein cancer biomarkers
and no protein panels are approved by the US Food and Drug Administration (FDA) [3,5,14,15]
(Table 1) for clinical practice. This discrepancy between research and clinical practice is due to
three main factors: (a) Lag in development of point-of-care (POC) devices for detection of panels of
biomarkers [5,9,13] (b) lack of sufficient National Institutes of Health (NIH) funding for translational
research in development and validation of effective biomarker panels, and (c) inability to detect rare
biomarkers due to poor sensitivity for low concentration biomarkers coupled in a panel with more
abundant proteins [16–19]. Detection of a panel of biomarkers enables better diagnostic accuracy than
single proteins. Current commercial assays, including multiplexed enzyme-linked immunosorbent
assay (ELISA), LC-MS/MS [5,9,19], mesoscale electrochemiluminescence (ECL) [20], luminex [19,21],
and single-molecule counting system Simoa-HD [22], struggle to truly answer the above challenges,
slowing translation of protein biomarker research into clinical practice.
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The inherent sensitivity and ease of multiplexing of electrochemical immunosensors has placed
them among the most utilized methods of biosensors. Coupled with simplicity of instrumentation,
low cost, the capability of miniaturization, automation, and ease of integration to microfluidic devices
has made electrochemical immunosensors an excellent platform for fabrication of POC devices [24,25].
The detection ability of each electrode-sensor is based on the desired function of a specific electrode,
the electrode material, surface modification, and dimensions [26]. Over the past several decades
miniaturization and the production cost of electrodes that make up the electrochemical sensor platform
has improved with the advent of a variety of thin-film technologies. Common methods in developing
these thin-film electronic devices include chemical vapor deposition (CVD) [27], photolithography [28],
stencil printing [29], screen printing [30], and inkjet printing [31,32]. Inkjet printing has also been
used to make flexible thin-film transistors that can be used as sensors [33]. All these methods
allow for well-defined electrode fabrication and insulation. However, in terms of mass production,
screen-printing and inkjet printing have emerged to become the favored approach to produce disposable
electrochemical sensing platforms and arrays [9,34–36].

In this review, we cover some of the key cancer biomarker research done using printed electrodes
focusing on the evolution of immunosensors invented by our group, as well as examples from
recent literature landmarks of printed electrode biosensors. We focus mainly on screen-printed
electrodes (SPEs) with a few illustrations of inkjet-printed electrode sensors. The primary focus on
SPEs is driven by the numerous applications of SPEs to POC devices, including the poster-child of
biosensors—the glucose biosensor [25].

2. Immunoassay Techniques for Printed Electrodes

2.1. Immunoassay Protocol

Heineman and coworkers pioneered the introduction of ELISA-type techniques into
electrochemical biosensors, allowing a floodgate of research that led to modern electrochemical
immunoassays [37]. Many immunoassays on printed electrodes adopted the sandwich ELISA platform,
where the capture or primary antibodies (Ab1) are bound onto the sensor electrode surface and capture
the protein antigens (Ag), which then entrap a detection or secondary antibody (Ab2), providing,
in many cases, higher sensitivity and selectivity than classical optical detection ELISA and related
techniques [3] (Scheme 1H). When coupled with microfluidics, electrochemical immunosensors can
surpass the traditional drawbacks associated with ELISA to build a diagnosis platform at a lower
sample volume, low reagent consumption, more efficient mixing, faster response times, and continuous
monitoring [38–41].

Layer-by-layer (LBL) techniques have gained popularity in biosensor fabrication, following its
introduction by Lvov and Decher in the early 1990s, and have been used frequently for the attachment of
Ab1 on printed electrodes [42–45] (Scheme 1B). Carbon electrode surfaces carry a net negative charge in
neutral solutions, and metal electrodes can be derivatized with anionic thiols, like mercapto-propionic
acid, to give them a negative charge at pH < 6 [43]. Hence these negative surfaces can be layered
with adsorbed polycations such as polyethyleneimine (PEI), poly(diallyldimethylammonium chloride)
(PDDA), or poly(allylamine hydrochloride) (PAH) [44] (Scheme 1B). Then, the negatively charged
nanomaterials can be adsorbed as the next layer (see Section 3.1 for use of nanomaterials in surface
modification of electrodes) (Scheme 1C), followed with Ab1 immobilization, commonly through
amidization [46] (Scheme 1D,E). Sharafeldin et al. further discussed different strategies of Ab1

immobilization on screen-printed carbon electrodes (SPCEs), such as (a) electrochemical adsorption
of glutathione-coated gold nanoparticles (GSH-AuNP); (b) electrochemical deposition of graphene;
(c) passive adsorption of antibodies directly to the carbon surface through the Fc region, with Fab region
orientated towards the antigen-binding; (d) passive adsorption with random orientation; (e) chitosan
films; and (f) covalent bonding of antibodies to GSH-AuNP. According to their study, sensitivity of
the sensor mainly depends on the active area and antibody coverage enhanced by nanostructures
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(discussed later in detail), whereas a greater degree of orientation will extend the linear dynamic range
to higher concentrations but not lower detection limits [47] (Figure 2).
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(A) A typical screen-printed carbon electrode, (B) Surface modification by LBL where polycations are
coated on the electrode surface, (C) Equipping the surface with nanostructures, (D) Amidization
reaction with surface functional group via linkers such as EDC 1-(3-(Dimethylamino)propyl)-3-ethyl
carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHSS) [17], (E) Ab1 immobilization
followed by incubation, (F) Reduction of NSB by washing with detergents and BSA or casein proteins,
(G) Introduction of a signal generating labeled Ab2 for detection of analyte, (H) Final arrangement of
Ab1, Ag and Ab2 to give a sandwich type ELISA, (I) Electrochemical detection through voltammetry,
amperometry, or impedance.
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Following Ab1 immobilization, analyte protein is introduced into a solution contacting the sensor,
which then selectively captures Ab2, which is often accompanied by a detection label [9–11] (Figure 3).
Labels can be anything that can produce a signal, including conductive polymers, nanoparticles,
electroactive metal ions and complexes, and liposomes with electroactive species. Very often enzyme
labels are used for detection [6,9–11,48]. Commonly, enzymes such as horseradish peroxidase (HRP),
glucose oxidase, or alkaline phosphate (ALP) are used as labels to provide a high, reproducible,
stable signal amplification [45]. A considerable amount of recent research focuses on the use of
Ab2-HRP conjugates to immobilize the labels on the electrodes to avoid diffusional cross-talk between
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sensor elements [6]. Multiple HPR labels associated with one Ab2 can also enhance sensitivity
tremendously, and, in some cases, nanoparticles have been used to bring Ab2 and HRP or other labels
together [9,10]. Ab2-HRP can be achieved by streptavidin–biotin association with most of the Ab2 now
commercially available in biotinylated form, or can easily be biotinylated using commercial kits [49–51].
Other similar associations with biotin include avidin and neutravidin [52,53]. Avidin tends to increase
non-specific binding (NSB) due to its basic isoelectric pH (10.5), making it highly positively charged in
physiological pH, hence, interacting with negatively charged surfaces [54]. Neutravidin is a promising
alternative over both streptavidin and avidin due to its higher association with biotin and lower
NSB [49,55].
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Typically, after the immobilization of Ab1 and the analytes captured, the electrodes are washed by
detergent and/or an NSB blocking protein, such as bovine serum albumin (BSA) or casein, to reduce the
NSB that greatly decreases the signal/noise (S/N) ratio [9–11,17,24]. (Scheme 1F) NSB arises when the
Ab2 molecules bind to non-antigen sites of the electrodes, providing a signal which is not proportionate
to the analyte concentration, increasing the LOD and damaging the sensitivity. Casein and BSA
are used to prevent NSB by sterically blocking the non-analyte sites, whereas detergent such as
phosphate-buffered saline-Tween 20 (PBS-T20) or Tris buffer solution (TBS), with sodium dodecyl
sulfate (SDS) or Triton 100-X, help to wash away weakly-bound Ab2 on non-analyte sites [17,56].
Another approach on reduction of NSB is through chemical attachments of the electrode surface
to reduce protein adsorption through (a) polymerization strategies (polyethylene glycol (PEG),
conducting polymers), (b) modification of allotropic carbons (carbon nanotubes), (c) sol-gel modification,
(d) surface modification by diazonium salts, (e) metal nanoparticles (magnetic beads, gold and silver
nanoparticles), (f) self-assembled monolayers (SAMs) [52]. In our hands, these chemical modifications
are not so efficient in reducing NSB, and detergent and BSA or casein are still needed [6,9,10].

The signal generated by Ab1-Ag-Ab2 conjugation on the sensor may be detected through
a variety of electrochemical techniques, including amperometry, voltammetry, square wave
voltammetry (SWV), differential pulse voltammetry (DPV), stripping voltammetry, cyclic voltammetry,
and impedance [11] (Scheme 1I).

2.2. Ultrasensitive Detection

The signal amplification provided through the enzyme label alone is not sufficient to reach the
ultra-sensitivities required for many clinical cancer biomarker diagnoses. Thus, additional amplification
strategies have to be adopted on the printed electrode systems [3,6,9–11]. Approaches include (a) redox
cycling by using reversible redox couples regenerated electrochemically, chemically, or enzymatically
(discussed in detail by Yang et al.) [48]; (b) multiple labeling such as multi-enzyme nanoparticles or
polymers that provide a manifold of electrochemical events per bound analyte [48]. Other approaches
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include secondary antibody tags with dissolvable nanoparticles and multi-enzyme Ab2 conjugates
(Figure 3) [9–11,17,48].

2.2.1. Dissolvable Nanoparticles

Dissolvable nanoparticle (NP) labeling has been used in biosensor development due to ease of
mass-scale synthesis, chemical stability, high surface: volume ratio, low cost, and higher stability over
enzyme labels, increasing the shelf life of the sensor [57–59]. Replacement of enzymes by NPs has
opened a new chapter of research coined “nanozymes”. Examples include metal NPs, quantum dots
(QDs), and most recently, carbon-based nanoparticles [57,60–62].

Pioneering work on metal NPs on SPEs was done by Dequaire et al. using colloidal gold
particles tagged with Ab2, following acid digestion and detection of the produced Au (III) particles
via anodic stripping voltammetry (ASV) detecting immunoglobulin G (IgG) at µg mL−1 LODs [63].
Following, Joe Wang and his team did ground-breaking research on metal NPs for protein detection
during the 2000s, including cyclic accumulation of gold nanoparticles to catalyze the precipitation of
silver [64–67]. AuNPs were used by Lai at el. with a less destructive mode for multiplexed detection of
α-fetoprotein (AFP) and carcinoembryonic antigen (CEA) with 3.9 and 3.5 pg mL−1 LODs, respectively.
After immobilization of Ab1 on the electrode surface using chitosan linking, electrodes were incubated
with AFP and CEA, followed by secondary antibodies anti-AFP and anti-CEA conjugated with AuNP
tags. Next, silver nanoparticles (AgNPs) solution was deposited on the SPE and the Ag reduction was
detected by linear sweep voltammetry (LVS) from−0.15 to 0.25 V at 50 mV s−1 in 1.0 M KCl solution [68]
(Figure 4). Following this, a variety of NPs were used for protein biomarker detection, including silver
NPS [68–70], platinum NPs [71–74], palladium NPs [57,75], copper NPs [76], and iridium NPs [57,77].
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Figure 4. Schematic diagram of the assay protocol for multiplexed detection of AFP and CEA tumor
biomarkers through silver NP reduction through AuNP-Ab2 conjugates. Reprinted with permission
from [68], copyright 2012 Elsevier B.V.

Additionally, multi-metal NP tags and hybrids of different metals are being reported [57,75].
Kalyoncu and coworkers used three different hybrid nanotags CuAu@GFe2O3, ZnAu@GFe2O3,
and PbAu@GFe2O3 for multiplexed detection of vascular endothelial growth factor (VEGF), AFP,
and CEA by binding Ab2 molecules with the respective nanotags. DPV was used for the detection of
the oxidation peaks of Cu, Zn, and Pb ions obtained by acid dissolution of the hybrid NPS at +0.8, +1.3,
and +0.1 V, respectively [78] A similar study was done by Putnin et al. with polyethylenimine-coated
gold nanoparticles (PEI-AuNPs) conjugated with four different electroactive metal ions—Cd (II), Ag (I),
Pb (II), and Cu (II)—as labels. They also used the same PEI-AuNPs for surface modification of the SPEs
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and detected four tumor biomarkers—PSA, AFP, CEA, and interleukin-8 (IL-8)—with LODs from 0.9
to 1.7 fg mL−1 [79].

QDs are attractive for designing bar-coded labels for multiplexed detection of biomarkers by
differential tuning of the potentials specific for each QD [57,75,80,81]. In principle, such barcodes could
be used for the simultaneous detection of thousands of biomarkers using computational deconvolution.
The most widespread practice in detecting QDs is through ASV proceeded by acid digestion [82,83].
Merkoci et al. were among the first to demonstrate a less aggressive strategy by direct detection of CdS
through the redox cycling of Cd (II). Water-soluble, glutathione-modified CdS QDs were introduced
onto the electrode surface, followed by a deposition potential of −1.1 V for 120 s to reduce the Cd(II)
in QDs to Cd(0), and SWV detection with a potential ranging from −1.1 to −0.7 V to oxidize the
accumulated Cd(0) [84].

Carbon-based nanoparticles became a “hot topic” after the discovery of graphene that worked its
way into immunosensors. Graphene, fullerenes, and carbon nanotubes (CNTs) are among the most
used carbon-based NPs [75]. Wang and coworkers pioneered the use of CNTs in immunosensors
for the detection of DNA and proteins [85] and upright high surface area carbon nanotube forest
sensors, with Ab1 attached at their ends, were developed by our research team [86–89] for detection of
tumor biomarkers on pyrolytic graphite electrodes, and can be easily adapted to printed electrodes.
More recently, we used graphene oxide (GO) nanosheets on SPEs to detect prostate-specific antigen
(PSA) and prostate-specific membrane antigen (PSMA) with LODs of 5–15 fg mL−1. Mediator-free,
Ab2−Fe3O4@GO particles were used as labels, and Fe3O4 shows peroxidase activity mimicking HRP,
and reduces H2O2 to generate amperometric current at −0.3 V vs. Ag/AgCl in a microfluidic device.
GO nanosheets are bound with multiple Fe3O4 nanoparticles to obtain paramagnetic Fe3O4@GO,
to which Ab2 are immobilized using EDC/NHSS amidation to obtain Ab2−Fe3O4@GO, which first
captures the biomarkers. This system is then introduced to a microfluidic device housing screen-printed
carbon (Kanichi) arrays decorated with electrochemically-reduced graphene oxide (ERGO) immobilized
with Ab1. The dynamic range was tunable based on the concentration of Fe3O4@GO used [90] (Figure 5).
Pingarrón’s group designed a nanotag with graphene quantum dots (GQDs) and multiwalled carbon
nanotubes (MWCNTs) hybridization for the detection of two metastatic proteins, IL-13 receptor-α2
(IL-13Rα2) and cadherin-17 (CDH-17), with sub-ng mL−1 detection using SPCE modified with
p-aminobenzoic acid for covalent immobilization of Ab1. Assays were performed for 3 h with 0.5 µg of
sample [91].

2.2.2. Multi-Enzyme Conjugates

HRP and ALP are frequently used for multi-enzyme labels in conjugates, such as Ab2-magnetic
beads, carbon-based multi-enzymes (Carbon nanotubes, graphene, carbon spheres), silica nanoparticles,
metal nanoparticles (Au, Ag), and polymerized enzymes. Generally, these multi-enzyme tags require a
mediator for their effective functionality as the bulky particles provide a steric and distance barrier
for direct electron transfer between the enzyme and the sensor electrode surface. Hydroquinone is a
frequently used mediator coupled with H2O2 that is being used on SPE systems [17,48,82,84].

Magnetic beads (MBs) have drawn attention to the conjugation of multiple enzymes due to
advantages over other nanoparticles such as ease of separation and ease of bioconjugation through the
surrounding polymer layer [92]. Our research team exploited MB-based nanotags for the detection of
various cancer biomarkers proteins. In our first paper using MBs in 2009 with Mani et al., we developed
a sensitive assay for PSA with 7500 HRP molecules per MB to attain LODs of 0.5 pg mL−1 [93]. Later,
collaborations with Munge et al. synthesized MBs with about 50,000 HRP enzymes, pushing LODs
down to 1 fg mL−1 for interleukin 8 (IL-8) detection [94]. These studies were then extended for
ultrasensitive single and multiplexed detection of cancer biomarker proteins on both SPEs and
inkjet-printed electrodes coupled in microfluidic devices [31,95–103] (Figure 6).
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Figure 5. Schematic illustration of protein capture and detection by Fe3O4@GO sheets. After the analyte
is captured by the GO sheets, it is captured on the SPCE surface coated with Ab2 and an amperometric
signal is generated using H2O2. Reprinted with permission from [90], copyright 2016 Elsevier B.V.

Clinical diagnosis of oral cancer through the multiplexed detection of IL-6, IL-8, VEGF-C,
and VEGF with LODs from 5 to 50 fg mL−1 [96] and prediction of mucositis reaction from oral
cancer treatment through detection of cytokines; tumor necrosis factor α (TNF-α), IL-6, Interleukin-1β
(IL-1β), and c-reactive protein (CPR) at 10–50 fg mL−1 LODs [101] are good examples of clinical
applications of MB-based systems. Furthermore, Krause et al. developed a sandwich immunoassay on
inkjet-printed electrodes with greatly reduced assay times to achieve clinically-relevant 5 pg mL−1

LODs for IL-6 and IL-8, trading off sensitivity for speed, to achieve a clinically promising system
for quick diagnosis [98]. Otieno et al. then modified this microfluidic device with an online protein
capture chamber, where the analytes are separated from the serum in an isolated compartment with
Mb-Ab2, before being introduced into the detection channel with the electrodes [99]. Otieno et al.
further detected parathyroid hormone-related peptide (PTHrP) fragments which act as biomarkers
for bone metastasis of breast and prostate cancer obtaining LODs of 3 fg mL−1,1000-fold less than the
traditionally used immunoradiometric assay (IRMA) [100].

Extending the application of MB-enzyme conjugates further, Uliana et al. developed an elegant
and inexpensive method to produce a fully disposable microfluidic electrochemical device (µFED) using
SPE arrays for detection of breast cancer biomarker estrogen receptor alpha (ERα). Silhouette software
was used for the designing of the electrodes and the patterned electrodes were transferred on to the
vinyl sheets, followed by a vinyl mask and carbon ink from Henkel, which was poured on to the
surface and then allowed to cure. Ag/AgCl ink was then deposited on the electrodes to obtain a µFED
by sandwiching the SPEs using a double adhesive polystyrene card. Using this method, authors note
that dozens of inexpensive ($0.20) devices could be constructed in just a few hours. Working electrodes
were modified with DNA sequences known as estrogen response elements that are specific for Erα.
A bioconjugate was developed using magnetic particles heavily labeled with ERα antibodies and
enzyme labels of HRP were used to capture ERα in solution. The bioconjugate was injected into the
µFED. Limits of detection of 10.0 fg mL−1 were achieved through amperometric detection with reduced
incubation times [104].
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Figure 6. The microfluidic set-up used by our group in electroimmunosensors. (I) Schematic diagram
of the pump (used for the flow of wash buffers and hydroquinone mediator into the detection chamber),
HPLC injector (used for the injection of the sample into the detection chamber), switching valve
(for alternation of the direction of fluids into the detection chamber, capture chamber or the waste),
microfluidic chamber (houses the electrodes and the detection chamber), and the eight-channel
multipotentionstat for amperometric detection of the analytes. (II) The microfluidic chamber with a poly
(dimethoxy) silane channel (1.5 mm × 2.8 cm) sandwiched between two hard poly (methylmetacrylate)
(PMMA) plates. The upper PMMA plate houses the platinum counter electrode and the Ag/AgCl
reference electrode. Reprinted with permission from [101], copyright 2015 Springer Nature.

While MBs are attractive labels to reach ultrasensitive recognition of proteins, the synthesis of
MBs is a cumbersome process with issues in reproducibility, bioconjugation, and characterization.
Moreover, when integrated into microfluidic devices, the bulky MBs are often found to block the
tubing, requiring additional cleaning or periodic replacement of the tubes [92].

Recent developments in producing multi-enzyme tags for detection of printed electrodes include
the use of the polymerized form of enzymes, particularly HRP (poly-HRP) [105,106]. These polymers
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are conjugated with streptavidin molecules to bind with biotin-Ab2 via streptavidin–biotin interactions.
Commercially, streptavidin-poly-HRP conjugates, such as strep-poly-HRP20, strep-poly-HRP40,
and strep-poly-HRP80, are readily available. These conjugates contain five homopolymers,
each carrying either 20, 40, or 80 HRP molecules covalently coupled with multiple streptavidin
molecules [107]. Our group used strep-poly-HRP on a disposable, patterned array made from
gold compact discs (CDs) for the detection of IL-6 with LOD 10 fg mL−1, at a cost of $0.2 per
array [108]. Pingarrón et al. developed a magnetoimmunosensor on SPCE for detection of IL-6
coupled with carboxyl-functionalized magnetic microparticles for Ab1, but only reached a LOD of
0.4 pg mL−1 using poly-HRP80 [109]. The same strategy was later used for transforming growth
factor-β (TGF-β) detection with LOD of 10 pg mL−1 [110]. They further modified the array with
4-carboxyphenyl-functionalized double-walled carbon nanotubes to improve the detection for multiplex
proteins, TNF-α and IL-1β, with LODs 0.85 and 0.38 pg mL−1, respectively [111]. Meanwhile,
our group recently published a multiplexed detection assay of four prostate cancer biomarkers, PSA,
ETS-related gene protein (ERG), insulin-like growth factor-1 (IGF-1), and VEGF-D, using a system
with strep-poly-HRP80 coupled with SPCE from Kanichi Ltd. modified with the glutathione-AuNP
layers from Mani et al. [93]. Signal enhancement from high HRP/Ab2 ratio and the AuNP surface
modification generated unprecedented sub-zeptomole LODs [17], representing the most sensitive
multiplexed protein assay thus far reported (Figure 7). PSA, ERG, IGF-1, and VEGF-D LODs were 0.13,
0.063, 0.013, and 0.088 fg mL−1, respectively, accounting for less than 100 protein molecules (Figure 8).
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2.3. Label-Free Detection

In the past decade, with the advancement of label-free methods on printed electrodes,
advantages of label vs. label-free methods have been debated. While label-free methods offer
ease of fabrication, less incubation time, and ease of automation, they still trail well behind labeled
assays in sensitivity [112,113]. Label free methods use potentiometry, amperometry, voltammetry,
conductometry, field-effect transistor (FET), and electrochemical impedance spectroscopy (EIS) as
modes of detection [113,114]. Among these, EIS is the most frequently used mode due to its innate
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capability to sensitively measure any changes in the charging capacity, conductivity, or resistivity of an
electrochemical surface when modified with biomolecules [113,114]. Davis et al. developed strategies
for detecting C-reactive protein (CRP) on gold electrodes using aptamers, reaching LODs down to
300 pM using EIS measurements [115]. Aptamers are oligonucleotide or protein recognition probes
that are selected for binding a target molecule from a large random sequence pool. Davis’ group has
done interesting work on EIS-based label-free immunoassays that have catalyzed progress in unlabeled
immunoassays and can be adapted to printed electrodes [116–121].Biosensors 2020, 10, x FOR PEER REVIEW 12 of 27 
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Zhao et al. developed a system with multiple working electrodes on a SPCE, each for specific target
analytes coated with four different hydrogels activated by sodium alginate-Au nanoparticle (SA-AuNP)
composites. They detected four proteins—CA-125, neuron-specific enolase (NSE), fragment antigen
21-1 (Cyfra21-1), and squamous cell carcinoma antigen (SCCA) at 0.0054 U mL−1, 2.3 pg mL−1,
5.5 pg mL−1, and 4.8 pg mL−1, respectively, using amperometric detection [122] (Figure 9). Many other
works, in label-free protein detection, have attained clinically-relevant detection limits, but they have
only detected single biomarkers and improvements are required for multiplexing [123–126].
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3. Screen Printing

Screen printing employs a viscous ink or paste being passed over a screened mesh using a blade
(also known as a squeegee) onto a substrate service [127]. This technique is also used for printing
designs and labels on T-shirts. Several commercially-available inks are available from suppliers such
as Dupont [128], Sun Chemicals [129], Acheson [130], and Tekra/Henkel [131]. Typically, for SPEs,
the ink contains powdered silver gold, platinum, copper, or carbon along with adhesives and additives
including resin, cellulose acetate, cyclohexanone, or ethylene glycol [30]. However, the formulation
of the conductive pastes is typically not released due to its commercial value [127]. Substrates for
thin-film electronics include plastics (polyester films, polyvinylchloride, polycarbonate, etc.), alumina,
glass, ceramic, and paper. Several recent reviews outline the advantages and disadvantages of these
inks and substrates [30,127]. Ready-to-use SPEs can also be purchased from commercial suppliers
including Metrohm [132], Pine Research, [133] PalmSens [134], BASi [135], and Kanichi Research
Services Ltd. [136] (Figure 10B–F).

First-generation SPEs included working and reference electrodes. Second-generation included
the three-electrode configuration of working, reference, and auxiliary electrodes [30,34] (Figure 10A).
Using these configurations, several groups have developed single analyte detection platforms.
Without prior surface treatment of the SPE, Tallapragada et al. recently developed an immunosensor
for the detection of breast cancer biomarker human epidermal growth factor receptor-2 (HER-2) [137].
Full sandwich immunoassays were developed on their previously designed SPE [138], which consisted
of carbon paste working and auxiliary electrodes, and an Ag/AgCl paste reference electrode.
Incubation times were consistent with ELISA and there was no improvement to total assay time.
The redox reaction between the streptavidin-conjugated HRP label and 3,3′5,5′-tetramethylbenzidine
was measured using cyclic voltammetry at a scan rate of 50 mV s−1 to quantify HER-2 in solution.
The authors noted that it was the biotin–avidin chemistry that facilitated detection of HER-2 into the
low nanogram levels of the detection limit of 4 ng mL−1 [137].
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Figure 10. Screen-printed electrodes that are commercially available. (A) schematic diagram of
generation one (left) and two (right) SPEs. (B) SPE from Pine Research including a carbon working
electrode, a carbon counter electrode, and an Ag/AgCl reference electrode [133]. (C) left—AC9C
Sensor array with graphite working electrode and Ag/AgCl reference electrode, right—AC1 Sensor
with graphite working and auxiliary electrodes and Ag/AgCl Reference Electrode from BASi [135].
(D) metrohm SPE based on carbon, gold, platinum, silver, or carbon nanotube inks [132]. (E) PalmSens
electrodes with same material working and counter electrodes (C, Pot, Ag, Au or Au-Pt alloy) and
reference electrode made from Ag or Ag/AgCl [134] and (F) SPCE from Kanichi Research Services Ltd.
housing eight working electrodes [136].

3.1. Nanoparticle Surface Coatings of SPEs

Enhanced performance in terms of sensitivity and LOD has been achieved on coated SPEs
with nanoparticles [25]. These nanoparticles increase the surface roughness greatly, enhance the
electrochemical surface areas, and allow for attachment of large quantities of capture antibodies
for target analytes. Shana Kelly’s group has done a lot of interesting research on nanostructured
modifications of electrode surfaces to show how nanostructured surfaces could be tuned to achieve
high sensitivity. They detected carbohydrate antigen 125 (CA-125) down to 0.1 U mL−1 by optimizing
the size of the chip sensors without using the conventional sandwich platform or labels, and this is a
classic example of how much the surface modifications could enhance sensitivity even without further
amplification strategies. Their findings indicate larger surface areas hinder reaching ultrasensitive
measurements and suppression of the background signal can easily be achieved by minimal surface
area [139]. We have already presented many examples of signal amplification by surface modification of
SPE’s by nanoparticles [17,79,90,91,93–103,109–111]. A few more examples are included in this section.

Electrochemical deposition by Chan et al. generated a graphene-gold nanocomposite on the
surface of Dropsens SPE for the detection of cancer biomarker, CEA [140]. A sandwich immunoassay
was constructed on this nanocomposite surface using HRP as the redox label and H2O2 as an activator,
and cyclic voltammetry was used to determine the concentration of CEA in the sample. The LOD was
0.28 ng mL−1 [140]. Incubation steps here were also consistent with conventional ELISA. Suresh et al.
modified the surface of a SPE using chitosan and gold nanoparticles (AuNPs) for the detection of

166



Biosensors 2020, 10, 115

PSA [141]. A sandwich immunoassay protocol was followed with HRP as the enzyme, but they
amplified the signal using methylene blue as a redox mediator. Electrochemical detection of PSA was
monitored by cyclic voltammetry and square wave voltammetry. A dynamic range of 1–18 ng mL−1

was observed with LOD 1 pg mL−1 [141].
Giannetto et al. demonstrated a competitive immunosensor for determination of bladder cancer

biomarker p53 protein on a DropSens SPE modified with a carbon nanotubes/AuNP composite [142].
Protein p53 was immobilized on the modified SPE followed by a single anti-p53 mouse monoclonal
antibody that recognizes both wild-type and mutant p53. After immunocompetition in the sample,
an alkaline phosphatase-conjugated reading antibody was added for electrochemical detection. In urine,
this nano-modified SPE exhibited a wide linear range, from 20 pM to 10 nM, with LOD of 14 pM
for p53 protein [142]. DropSens SPE was also used by Marques et al. for the simultaneous detection
of breast cancer biomarkers CA 15-3 and HER-2 [143]. The SPE was coated with AuNP. Then the
authors enzymatically deposited metallic silver using alkaline phosphatase [144]. Voltammograms
were recorded to observe the electrochemical oxidation current of the enzymatically-deposited silver
for LODs of 5.0 U mL−1 for CA 15-3 and 2.9 ng mL−1 for HER-2 [143].

3.2. SPEs and Molecular Imprinting

SPEs have also served as the base for a molecular imprinted sensor [145]. Molecular imprinting
involves developing affinity polymers for target analytes. The template or target analyte interacts
during polymerization on the surface to form a polymerized binding site on the surface of SPE.
Once the template is removed, it leaves the binding sites free for the subsequent capture of the
imprinted analyte [145]. Bozal-Palabiyik et al. developed a molecularly-imprinted polymer on
the surface of a SPE for cancer biomarker VEGF [146]. They used label-free impedance to detect
VEGF with a dynamic range from 20 to 200 pg mL−1 and a limit of detection of 0.08 pg mL−1 [146]
(Figure 11). Gomes et al. developed an electropolymerized SPE with amine-substituted benzene rings
as monomers and specifically charged monomers for creating protein imprinting materials for breast
cancer biomarker CA 15-3 [147]. The commercial Au SPE from DropSens consists of gold working and
auxiliary electrodes, and reference and electrical contacts made of silver. Using this sensor, Gomes et al.
demonstrated a linear dynamic range of 0.25 to 20.00 U mL−1, with detection limit of 0.05 U mL−1,
for CA 15-3, from square wave voltammograms in diluted serum, with only 15 min incubation between
sensor and solution of CA-15-3 [147].

3.3. SPE in µPADs

Microfluidic electrochemical immunosensing was pioneered by Heineman in the early
2000s [148,149], and paper microfluidic devices (µPADs) were first reported by Whiteside’s group to
improve the ease of operation and ability to work without external pumps [150]. SPEs on the surface
of the paper were explored by several groups [151]. Fan et al. fabricated a SPE on the surface of
paper modified with graphene oxide/thionine/gold nanoparticles (rGo/Thi/AuNPs) for detection of
CA 125 [152]. Using custom-designed screens, electrodes were patterned onto wax-printed paper.
Carbon ink was used for both working and counter electrodes, and Ag/AgCl ink was used for a
reference. The patterned paper was folded with double-sided tape for use. The (rGo/Thi/AuNPs)
were used for not only antibody immobilization but also signal amplification. The detection principle
followed that the CA 125 antigen could decrease the current response of thionine, which corresponded
to the concentration of CA 125 [152]. Using differential pulse voltammetry, the immunosensor displayed
a linear range from 0.1 to 200 U mL−1 with LOD of 0.01 U mL−1 [152] (Figure 12).
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Figure 12. The fabrication of the paper-based electrodes by Fan et al. (A) Sheet I and II indicate
the screen-printed wax patterns. Paper A and B of Sheet I contain the sample zone (5.00 mm) and
the auxiliary zone (6.00 mm), which were designed for the carbon counter, working, and Ag/AgCl
reference electrodes. Sheet II contains Paper A and B with patterns for the above three electrodes.
(B) Represent a full screen-printed electrode system with all the three electrodes: counter, working,
and reference. (C) A photograph of the produced electrode system with a silver pad. (D) Folded
electrode. (E) A typical signal from the DPV used for the detection of the immunosensor. Reprinted
with permission from [152], copyright 2019 Elsevier B.V.

4. Inkjet Printing

In efforts to decrease the cost of electrochemical arrays, our team has developed inkjet-printed
arrays [31,98]. Inkjet printing offers several advantages over screen printing in that it is a contactless
method for fabrication that does not require a stencil or template [32,35,153]. Design patterns can
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be developed using digital software patterns that can be sent to the relatively simple materials
inkjet printer in a similar manner to using an office inkjet printer. Several groups developed simple
techniques using a regular office printer with slight modifications [154,155]. However, for further
control and precision, more sophisticated material printers are available at a reasonable cost [31,98].
Commercially available inks exist from the same suppliers. Several groups have synthesized their own
custom inks. Recent reviews on inkjet-printed platforms provide additional details on the printing
process and inks available [31,98] (Figure 13).
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Figure 13. The inkjet-printed electrode immunoassay. (I) Schematic diagram of the immunoassay
procedure indicating (A) AuNP inkjet printing on to the Kapton polyimide substrate, (B) insulation
with poly(amic) acid, (C) immunoassay build-up, and (D) the electrode surface with AuNP patterns in
black and insulating poly(amic acid) patterns in orange. (II) Tapping mode Atomic Force Microscopy
(AFM) image of the AuNP working electrode surface. (III) A total of 56 eight-electrode arrays printed
on a Kapton surface by Dimatix Materials Printer. Reprinted with permission from [31], copyright 2012
The Royal Society of Chemistry.

Using a custom-fabricated ink made from dodecane thiol-protected gold nanoparticle in toluene,
we printed arrays of gold electrodes on the surface of a heat-resistant polyimide Kapton plastic sheet as
a platform for cancer detection [31,98]. The inkjet-printed array was printed using a FUJIFILM Dimatix
Materials Printer. With less than 2 mL of ink, dozens of arrays can be printed. Electrode arrays were
insulated with a printed overcoating of poly(amic) acid, a precursor that converts to Kapton when
heated. The inkjet-printed working electrodes had reproducible surface areas with relative standard
deviation (RSD) < 3% [56,57]. The material cost was $0.2 [31,98]. Using this process, the methods
could easily be scaled up using industrial-sized inkjet printers [31,98]. For immunoassay applications,
the electrode arrays were heated at 200 ◦C for 30 min, cleaned in sulfuric acid, and sensors coated with
a self-assembled monolayer (SAM) of mercaptopropionic acid (MPA) to introduce carboxyl groups
for cross-linking capture antibodies to the working electrodes. Arrays were used in microfluidic
platforms with external counter and reference electrodes. Using this strategy, we reported the first
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ultrasensitive multiplex peptide assay to measure intact parathyroid hormone-related peptide PTHrP
1-173, as well as circulating N-terminal and C-terminal peptide fragments [100].

Fully inkjet-printed electrochemical sensors with integrated counter and reference electrodes have
also been developed [156,157]. We recently reported a fully disposable inkjet-printed electrochemical
platform for HER-2 [158]. The electrochemical sensor platform consisted of an inkjet-printed gold
working eight-electrode array (WEA) and counter electrode, along with an inkjet-printed silver electrode
that was chlorinated with bleach to produce an Ag/AgCl reference electrode. The array sensors were
treated with MPA to allow for conjugation of capture antibodies. Once decorated with capture
antibodies, the arrays were used in a microfluidic channel to implement a sandwich immunoassay on
the surface of the WEA, following a simultaneous injection of target protein, biotinylated antibody,
and polyHRP label [158]. Clinically-relevant LODs of 12 pg mL−1 were achieved with an assay time of
only 15 min [158].

5. Challenges for Printed Electrodes in Microfluidic Assays

Microfluidics coupled with printed electrodes have been in the forefront of emerging
electrochemical microsystems, synergistically enhancing inherent features of each other in lab-on-chip
platforms for POC. Despite its success in production of wearables and self-powered devices [25,159,160],
these approaches need to fill gaps in technical and clinical aspects to be used in commercialized cancer
detection platforms.

Adaptation of microfluidics with printed electrodes into clinical platforms is relatively new as it
requires a multi-disciplinary foundation of chemistry, physics, engineering, medicine, and biology [161].
Fabrication of microfluidic devices involve a multistep process including designing, material selection,
processing and surface treatment with each step having their own technical issues [162]. Fabrication
protocols such as photolithography, polymer molding, lase ablation, lamination, soft lithography,
and, most recently, 3D printing [163] are available for chip production, but bottlenecks at the closing
stages of the microstructure which may introduce defects in design, and is also a time-consuming
process [163,164]. Integration of printed electrodes into microfluids also has its own set of technical
difficulties, such as complex initial designs where all aspects of the final platform must be optimized
such as mixing, binding, separation, washing, and detection. Incorporation of electrodes on microfluidic
chips must avoid channel deformations and electrode damage. New materials and fabrication protocols
are being introduced to solve these technical issues. Replacement of the silicon- and glass-based chips
with polydimethylsiloxane (PDMS) provided several advantages, including mechanical flexibility,
biocompatibility, electric insulation, optical transparency, ease of handling and manipulation, and low
cost [28,164–166]. PDMS chips have challenges such as leaching, channel deformation, evaporation,
sample adsorption, low acid-base resistivity, and hydrophobic recovery, providing a challenge to use
in routine clinical practice [165]. Novel fabrication protocols, such as 3D printing and nanofabrication,
are now emerging as solutions to overcome some of the traditional complications involved in
microfluidics and to extend it to a more commercialized platform [159,163,165,167].

Reliable future diagnostics will require rapid detection of a panel of biomarkers at low cost,
in clinically-relevant ranges. We discussed above many examples where such systems have been
fabricated, especially for multiplexed detection of two to four biomarkers. Multiplexing beyond four
biomarkers for biomedical samples remain a challenge, but not impossible. These issues will need to
be addressed through creative engineering to produce ideal POC platforms for protein panels.

6. Conclusions

We have summarized above many different strategies of fabricating printed electrodes for the
detection of cancer biomarker proteins in clinically-relevant ranges. Our focus was on inkjet-printed
and SPEs, with the majority of examples covering the latter due to its widespread use in immunosensor
development. Advantages include low cost, speed, and ease of fabrication in sensor designs
tailored specifically for the microfluidic system being developed. Disadvantages include lack of
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reproducibility of sensor areas in arrays in some cases, but this can often be overcome with surface
area measurements. Electrochemical ELISA-based approaches used in most cases can lead to low cost,
ultrasensitive multiplexing of immunoassays, with excellent potential for future clinical applications.
One particular electrochemical immunoassay holds the current record for the world’s lowest protein
LODs in serum, in the sub-fg mL−1 range [17]. Electrochemical detection has some limitations
for POC applications; however, since individually addressed electrode sensors and a multiplexed
electrochemical work station are needed, as opposed to detection by ECL and chemiluminescence,
which do not require sophisticated electronic measurements and can be measured with a CCD
camera [164]. Automation is also easier with the ECL and CL detection.

Most of the immunosensors discussed have used a variety of labels to achieve ultrasensitive
multiplexed detection, with some new research trending towards label-free detection methods.
Though unlabeled strategies have improved in sensitivities over the years, they still trail behind labeled
biomarkers that have reached record LODs down to 0.02 fg mL−1 and below, enabling detection of
fewer than 100 protein molecules per sample [17]. Multi-enzyme labeling coupled with nanostructured
electrode surfaces are key factors for electrochemical signal enhancement and higher sensitivity.
One challenge in SPE immunoassays is a fully automated system, preferably with every component
integrated into a single chip. Up to now, only semi-automated units have been exploited with washing,
sample preparation, and reagent addition being stumbling blocks in the path to automation.

Despite the delay in automation, immunoassays based on printed electrodes have a huge potential
in cancer diagnostics, especially with the ability to be adopted into multiplex detection platforms,
which is essential for accurate cancer detection and staging. Unfortunately, current research advances
in immunoarrays have not reached active clinical practice for the detection and monitoring of cancer.
The transition to clinical use will most likely require commercial development. We hope that the
printed electrode immunoassays will overcome this barrier in the near future and be used in future
widespread clinical cancer diagnostics.
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Abstract: Affinity characterization is essential to develop reliable aptamers for tumor biomarker
detection. For alpha-fetoprotein (AFP), a biomarker of hepatocellular carcinoma (HCC), two DNA
aptamers were described with very different affinity. In this work, we estimate the dissociation
constant of both of them by means of a direct assay on magnetic beads modified with AFP and
electrochemical detection on carbon screen-printed electrodes (SPCE). Unlike previous works, both
aptamers showed similar dissociation constant (Kd) values, in the subµM range. In order to improve
the performance of these aptamers, we proposed the isothermal amplification of the aptamers by
both terminal deoxynucleotidyl transferase (TdT) and rolling circle amplification (RCA). Both DNA
amplifications improved the sensitivity and also the apparent binding constants from 713 nM to
189 nM for the short aptamer and from 526 nM to 32 nM for the long aptamer. This improvement
depends on the true affinity of the binding pair, which ultimately limits the analytical usefulness.

Keywords: aptamer; alpha-fetoprotein; dissociation constant; rolling circle amplification; terminal
deoxynucleotidyl transferase

1. Introduction

Cancer management is a multifactorial decision-making task that relies on a combination of clinical
evidences, biochemical parameters and tumor biomarker values. Ideally, a tumor biomarker is any
biological characteristic that is detected only in the presence of cancer. However, the perfect biomarker
does not exist, and most approved for clinical usage present variable degrees of false negative (limited
sensitivity) or false positive (limited specificity) results. In fact, the cut-off values and recommended
use are under continuous scrutiny and could be modified over the years.

This is the case of alpha-fetoprotein (AFP), one of the two biomarkers suitable for large-scale
screening in addition to the controversial prostate specific antigen [1]. AFP serum levels rapidly
decrease after birth and remain below 10 ng mL−1 under healthy conditions except in pregnant
women [2,3]. Since the expression of AFP is highly specific for the liver, it was found elevated in
hepatocellular carcinoma (HCC) patients and proposed as a tumor biomarker. However, AFP alone
is not enough for HCC diagnosis, screening or surveillance [4]. Its suboptimal performance, that is,
increased levels in benign liver pathologies and teratomas or low levels in small HCC [5], has prompted
that US and European guidelines allow HCC surveillance with or without AFP control, in contrast
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to Asian guidelines that recommend its use in combination with imaging techniques or even other
biomarkers [2]. Nonetheless, it remains as a supplemental test when only low-quality or inconclusive
images are available. AFP has also found applicability as a prognostic (disease outcome in the absence
of therapy), monitoring of therapy and recurrence biomarker and to identify the best candidates for
liver transplantation. The optimal cut-off level for each purpose has not been definitively adopted [4,6].
This means that AFP remains widely employed in the clinical setting in spite of its limitations.

As with other protein biomarkers, in large centralized facilities, the methods of choice for AFP
detection are immunoassays performed in automated instruments [7]. To reduce the ever-increasing
health expenditures and decentralize the analysis, the extreme success of glucometer for diabetes
patients, an electrochemical biosensor, is a model to imitate. To this end, stable, cost-effective and
reproducible reagents are needed. Antibodies do not fully meet all these criteria. In contrast, aptamers
considered as the chemical antibodies of non-protein nature have demonstrated their better chemical
and thermal stability, inherent reproducibility among batches due to chemical synthesis and lower
manufacturing costs than antibodies.

The last decade has witnessed the selection of three aptamers for AFP; an RNA aptamer with
anti-proliferative activity on HCC cells via the downregulation of AFP expression [8] and two DNA
aptamers for diagnostic applications [9,10]. The LOD achieved ranged between 6.97 ag mL−1 [11] and
259 ng mL−1 [12], for the 72 nt-long aptamer selected by microfluidics [9], and 0.23 pg mL−1 [13] to
500 ng mL−1 [14], for the 75 nt-long aptamer selected by capillary electrophoresis (CE) [10]. This means
that the LODs span over 10 and 6 orders of magnitude, respectively. The lowest values exceed by
several orders of magnitude the LOD expected for binding pairs having Kd in the nM or subµM
range in the absence of any target amplification scheme [15,16]. Nonetheless, some of these reports
use other strategies recently reviewed by Gooding et al. to reach ultralow limits of detection [16],
mainly through the use of nanostructures to obtain surfaces with high density of receptors. This way,
the equilibrium is shifted toward the complex aptamer-target due to the increased chance of rebinding.
Additional strategies comprise the restriction of the volume to the nanoscale, the implementation of
amplification schemes or the use of magnetic beads to improve the target mass transport. To the best
of our knowledge, DNA amplification schemes have not been employed to improve the performance
of anti-AFP aptamers.

DNA isothermal amplification methods can be easily implemented in aptamer-based assays
because of the nucleic acid nature of the receptor [17,18]. Their aim is to push down the LOD of
DNA-based sensors (both aptasensors and genosensors) and to facilitate the full integration of all
analytical steps on a single biosensor platform, without requiring additional instrumentation as in
PCR-based amplification strategies [19–21]. Several isothermal methods have been developed in the
last two decades [22]. We have selected two of them: terminal deoxynucleotidyl transferase (TdT) and
rolling circle amplification (RCA). TdT is a non-templated elongation of DNA by its 3′ end that allows
the incorporation of labeled nucleotides in a tunable ratio [23,24]. RCA benefits from the quickness
and high fidelity of phi29 polymerase to copy thousands of times the sequence of a pre-ligated circular
DNA (known as padlock), thus providing multiple binding sites for reporting probes [25]. While TdT
DNA elongation of an aptamer is directly performed, RCA requires tagging the aptamer with an RCA
primer, a highly specific site for circularizing the padlock and thus triggering the elongation.

In this work, we have studied and compared the binding affinity of the two DNA aptamers
evolved against AFP. We used magnetic beads to anchor the protein and aptamers with several tags
for conventional enzymatic amplification. Our results support the outperformance of the 72 nt-long
aptamer. Then, TdT and RCA were tested in combination with these aptamers. TdT was more
efficient in shifting the apparent binding constant toward lower values, while RCA showed superior
amplification power.
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2. Materials and Methods

All reagents and instrumentations are listed in the Supplementary Information. The following
protocols were used in this work.

2.1. Modification of Tosylactivated Magnetic Particles with AFP

Dynabeads® M-280 Tosylactivated were modified according to manufacturer recommendations.
Briefly, 5 mg of magnetic beads (MBs) were washed twice with 0.1 M Na-phosphate buffer pH 7.4.
Then, 250 µL of 0.1 M Na-phosphate buffer containing 200 µg mL−1 human AFP and 1.2 M ammonium
sulfate was added to the MBs and incubated for 12–18 h at 37 ◦C with continuous stirring at 1300 rpm.
After removing the supernatant, the unreacted tosyl groups were blocked with a 0.5% BSA solution
in 1× PBS incubated at 37 ◦C for 1 h, under stirring. Then, two washing steps with 1× PBS—0.1%
BSA were performed and finally the MBs were resuspended in this BSA-containing buffer to a storage
concentration of 20 mg mL−1. The modified beads were kept at 4 ◦C while not in use.

The supernatant from the MBs modification was analyzed by the Bradford assay, applying the
protocol recommended by the manufacturer of the Bradford reagent. The amount of immobilized
protein was calculated as the subtraction of the amount of AFP found in the supernatant from the
amount of AFP used for immobilization.

2.2. Binding Assays on AFP-Modified Magnetic Particles

First, 60 µg of AFP-modified MBs were incubated with 250 µL of increasing concentrations of
anti-AFP aptamers prepared in 1× PBS, for 30 min at 25 ◦C, with continuous stirring at 1300 rpm.
Then, the supernatant was discarded, and the MBs were washed twice with 1× PBS—0.01% Tween 20
(washing buffer).

When no nucleic acid amplification was used for signal enhancement, the step following
the incubation with anti-AFP aptamers (Table S1) (AFP-S-biotin, AFP-S-FITC or AFP-L-FITC;
Scheme 1A, step 1) was the binding of an enzymatic conjugate. A volume of 250 µL of
anti-fluorescein-Fab-fragment-peroxidase conjugate (antiF-POD, 0.5 U mL−1 in 1× PBS—0.5% casein)
or streptavidin-peroxidase (SA-POD, 2.5 µg mL−1 in 1× PBS—0.01% Tween 20) was added, depending
on the label of the aptamer, and incubated for 30 min at 25 ◦C, with continuous shaking (Scheme 1A,
step 2). After two washing steps with washing buffer and one with 1× PBS, the MBs were resuspended
in 30 µL of this latter buffer. For the electrochemical measurement, 10 µL of MBs were dropped on
the working electrode of the SPCE with a 4 mm diameter and circular Neodymium magnet placed
exactly under it. In this way, MBs are distributed onto the surface and entrapped magnetically for
1 min (Scheme 1A, step 3). Finally, 40 µL of a ready-to-use TMB solution was added, and the enzymatic
reaction proceeded for 60 s. Chronoamperometry was carried out immediately after at 0 V for 60 s.

When TdT amplification was used, the incubation with anti-AFP aptamers (AFP-L-TdT or
AFP-S-TdT; Scheme 1B, step 1) was followed by the amplification reaction. After two washings with
washing buffer, the MBs were resuspended in 50 µL of TdT mix, containing 10 U TdT, 0.25 mM CoCl2,
500 µM dNTPs, and 25 µM biotin-dATP prepared in 1× reaction buffer. The reaction proceeded for 1 h
at 37 ◦C, under continuous stirring (Scheme 1B, step 2). Next, the supernatant was discarded, and the
MBs were washed twice. The enzymatic labeling with SA-POD (Scheme 1B, step 3), enzymatic reaction
of TMB and chronoamperometric measurement (Scheme 1B, step 4) were performed as stated above.

In the case of RCA, the incubation with anti-AFP aptamers (AFP-S-RCA; Scheme 1C, step 1) was
followed by the annealing and ligation of the circularizable RCA template (padlock). To this aim,
the washed MBs were resuspended in 30 µL of ligation mix, containing 3.75 Weiss T4 DNA ligase
and 10 nM padlock in 1× ligase buffer, and incubated for 30 min at 25 ◦C, under continuous stirring
(Scheme 1C, step 2). After two washings, the MBs were then resuspended in 30 µL of RCA mix,
containing 7.5 U phi29 DNA polymerase and 500 µM dNTPs in 1× polymerase buffer, and incubated
for 15 min at 37 ◦C, under continuous stirring (Scheme 1C, step 3). Next, the MBs were washed twice
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and incubated with 250 µL of 100 nM 6-FAM-labeled reporter probe in 1× PBS for 30 min at 25 ◦C
(Scheme 1C, step 4). The enzymatic labeling with antiF-POD (Scheme 1C, step 5), enzymatic reaction of
TMB and chronoamperometric measurement (Scheme 1C, step 6) were performed as mentioned above.
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Scheme 1. Depiction of the methodology employed in the binding curves on alpha-fetoprotein
(AFP)-modified magnetic beads (MBs). (A) Without DNA amplification: 1. Aptamer binding; 2. Enzyme
labeling with streptavidin-peroxidase (POD) or anti-fluorescein Fab fragment-POD conjugates; 3. MBs
magnetic entrapment on screen-printed carbon electrodes (SPCEs), substrate addition, enzymatic
reaction and chronoamperometric measurement. (B) With terminal deoxynucleotidyl transferase (TdT)
amplification: 1. Aptamer binding; 2. TdT elongation; 3. Enzyme labeling with the streptavidin-POD
conjugate; 4. MBs magnetic entrapment on SPCEs, substrate addition, enzymatic reaction and
chronoamperometric measurement. (C) With rolling circle amplification (RCA): 1. Aptamer binding;
2. Padlock annealing and ligation; 3. RCA elongation; 4. Reporter probe hybridization; 5. Enzyme
labeling with antiF-POD conjugate; 6. MBs magnetic entrapment on SPCEs, substrate addition,
enzymatic reaction and chronoamperometric measurement.
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2.3. TdT Amplification Study by Gel Electrophoresis

TdT amplification was performed in solution, incubating 20 µL of the reaction mix (1.5 µM
aptamer, 30 U TdT, 500 µM dATP, and 0–50 µM biotin-dATP prepared in 1× reaction buffer, for 1 h
at 37 ◦C under gentle stirring. After that, 5 µL of 10 µM T40 probe was added, and the mixture was
heated at 70 ◦C for 10 min to deactivate the enzyme. Next, the solution was cooled at room temperature
to allow the hybridization between the poliA-tailed aptamer and the T40 probe, resulting in a double
stranded DNA. A volume of 5 µL of this product was mixed with 1 µL of 6× loading buffer and loaded
in a 2% agarose gel (prepared in 1× TBE containing SimplySafe DNA staining dye). The electrophoresis
was run for 45 min under a potential difference of 80 V. DNA bands were revealed under an UV lamp,
and the size of the elongated aptamer was estimated by comparison of its displacement on the gel to
that of a DNA ladder of 20 bp.

3. Results

3.1. Comparison of Binding Affinity in the Absence of DNA Amplification

Two DNA aptamers selected against AFP were used in this study: a 72-nt aptamer and the
truncated version of a 75-nt aptamer that has been previously tested to keep its affinity without
the flanking primer sites [26,27]. For brevity, in this work, we will denote those aptamers as “long”
(AFP-L) and “short” (AFP-S), respectively. First, the short aptamer tagged with a biotin (AFP-S-biotin,
Table S1) or with a fluorescein (AFP-S-FITC, Table S1) was tested on AFP-modified magnetic beads
using increasing concentrations of the aptamer (0.25–2 µM). Direct binding of the aptamer on the
beads is revealed through the labeling with a peroxidase conjugate (SA-POD or antiF-POD) and
further addition of the TMB substrate. After 1 min, the current of the reduction of the TMB oxidized
enzymatically is measured by chronoamperometry.

Figure 1 shows the corresponding binding curves. As expected, the multivalence of
streptavidin-POD conjugate reduces the current measured by chronoamperometry in comparison to the
monovalent anti-fluorescein Fab fragment-POD, so the former was discarded as the reporter conjugate.
Comparatively, the fluorescein-tagged long aptamer showed much higher currents, which indicates
that the enzyme activity immobilized on the magnetic beads is higher, and more aptamers bind AFP at
each specific concentration. Fitting the binding curves to the Hill equation yields dissociation constant
(Kd) values of 713 ± 63 nM and 526 ± 101 nM, for the short and long aptamers, respectively.
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Interestingly, the long aptamer shows certain cooperativity (n = 1.6 ± 0.4) while the short one
fits very well to a 1:1 stoichiometry (Langmuir model). The Kd for the short aptamer is close to the
reported for the full sequence. The long aptamer, however, seems to be a much poorer binder than
expected. The Kd is more than two orders of magnitude higher. It is important to bear in mind that
this equilibrium model assumes that target binding does not change the concentration of the ligand in
solution (the aptamer here). This may not be true when there is a high packing density of the probes
(the protein here) or when working with low sample volumes. In such cases, the binding signal, which
is a measurement of the probe occupancy, is no longer related to the ligand concentration in solution
but to the relative amount of ligand in solution and probes on the surface. Under those conditions,
the midpoint of the binding curve represents half the effective probe concentration [15]. To check
whether this regime is operating in the present case, the effective AFP concentration was estimated
to be about 34 nM. This value is 20-fold higher than the reported Kd. This means that depletion of
the ligand due to rapid binding might occur, theoretically resulting in an apparent Kd of 17 nM (34/2).
However, the midpoint of our experimental binding curve is well above this value, which excludes the
operation under the ligand-depletion regimen. The reported KD was measured by SPR in a reverse
set up where the aptamer was anchored at an unknown density, and the protein was in solution.
Accordingly, the discrepancy could arise from limited access of the aptamer to the protein binding site.
However, the aptamer was selected on AFP-modified epoxy-MBs, which binds to primary amines
and sulfhydryl groups as the tosylactivated MBs herein used, ruling out this explanation. Together,
everything points to a “true” Kd higher than the reported one.

3.2. Amplification by Terminal Deoxynucleotidyl Transferase Elongation

Isothermal amplification of the aptamer is an effective way of enhancing the sensitivity and
shifting the apparent Kd to lower ligand concentrations. TdT elongates any ss-DNA provided that a
free 3′-OH end is available. In addition to the four natural nucleotides, it incorporates a wide variety
of unnatural analogues including ribonucleotides, biotinylated or fluorescent-labeled nucleotides [28].
The rate of incorporation is nucleotide-, ion- and label-dependent [29]. We selected the biotinylated
dATP (biotin-dATP) as the labeled nucleotide for subsequent enzyme conjugation using SA-POD.
First, we studied the appropriate ratio of biotin-dATP to dATP in order to obtain the longest tail with
the optimum number of biotin labels. To this aim, the TdT was first performed in solution and the
products visualized on agarose gel. Figure 2a shows the results obtained with the AFP-S-TdT. Note
that although a certain length distribution appeared in the elongated products as a consequence of
the enzyme random kinetics, their mean size depends on the ratio of biotin-dATP. The higher the
biotin-dATP:dATP ratio, the shorter the products are, confirming the preference of the enzyme for
the natural nucleotide. About 600 dATP nucleotides can be incorporated in 60 min (Figure 2a, lane 3)
while only half this value when 10% of the nucleotides are biotinylated (Figure 2a, lane 4).

In the electrochemical assay, TdT was carried out on AFP-modified MBs after the interaction with
1 µM of the short aptamer. Then the SA-POD conjugate was added, and the reduction of the enzymatic
product was measured by chronoamperometry. The number of biotinylated dATP determines the
amount of enzymes carried by each aptamer-AFP complex and thus the amplification of the analytical
signal. The current increased when the biotin-dATP:dATP ratio was varied between 1:20 and 1:1
(5–50% of biotin-dATP). This increase is related with the higher concentration of labeled nucleotides
that can be incorporated to the rising strand (Figure 2b) when the proportion of biotin-dATP increases.
The net current multiplies by 3 for a 4-fold increase in biotin-dATP concentration (from 25 to 100 µM),
while it dramatically decreases when the concentration further increases 5-fold (from 100 to 500 µM)
due to a strong increase in the blank current (no aptamer present). Unspecific binding to the MBs of
biotin-dATP might account for this increase of the blank signal. A “trade off” between increasing the
reaction rate (by increasing the amount of unlabeled substrates) and the amount of labeled nucleotides
needed for sensing with proper reproducibility provides the optimum biotin-dATP:dATP ratio when
5% (1:20) of the nucleotides are biotinylated This ratio was used in subsequent experiments.

186



Biosensors 2020, 10, 46
Biosensors 2020, 10, x FOR PEER REVIEW  7 of 12 

 

Figure 2. (a) Agarose gel electrophoresis of TdT elongation of short aptamer. Lane 1: DNA ladder. 

Lane 2: TdT blank. TdT elongated product obtained with Lane 3: 100% dATP. Lane 4: 10% biotin‐

dATP. Lane 5: 5% biotin‐dATP. Lane 6: 2.5% biotin‐dATP. (b) Current obtained in the electrochemical 

assay with different biotin‐dATP:dATP ratios in the absence (blank, striped bars) and in the presence 

of the short aptamer at 1 μM (solid bars) and the corresponding signal‐to‐blank (S/B) ratio for each 

condition. 

In the electrochemical assay, TdT was carried out on AFP‐modified MBs after the  interaction 

with 1 μM of the short aptamer. Then the SA‐POD conjugate was added, and the reduction of the 

enzymatic  product  was  measured  by  chronoamperometry.  The  number  of  biotinylated  dATP 

determines the amount of enzymes carried by each aptamer‐AFP complex and thus the amplification 

of the analytical signal. The current increased when the biotin‐dATP:dATP ratio was varied between 

1:20 and 1:1 (5–50% of biotin‐dATP). This increase is related with the higher concentration of labeled 

nucleotides that can be incorporated to the rising strand (Figure 2b) when the proportion of biotin‐

dATP increases. The net current multiplies by 3 for a 4‐fold increase in biotin‐dATP concentration 

(from 25 to 100 μM), while it dramatically decreases when the concentration further increases 5‐fold 

(from 100 to 500 μM) due to a strong increase in the blank current (no aptamer present). Unspecific 

binding to the MBs of biotin‐dATP might account for this increase of the blank signal. A “trade off” 

between  increasing  the  reaction  rate  (by  increasing  the  amount of unlabeled  substrates)  and  the 

amount of labeled nucleotides needed for sensing with proper reproducibility provides the optimum 

biotin‐dATP:dATP ratio when 5% (1:20) of the nucleotides are biotinylated This ratio was used  in 

subsequent experiments. 

Since the elongation rate depends on the nucleotide used, we examine the influence of adding 

just  dATP  or  an  equimolar  mixture  of  the  four  nucleotides  (dNTP),  maintaining  the  total 

concentration. Figure 3 shows that the current dramatically increases when the mixture of dNTPs is 

employed, suggesting  that  the TdT  is somehow  impeded when only dATP  is used as a source of 

unlabeled nucleotides. In this experiment the long aptamer with an 8‐thymine tail at the 3′ end was 

used in order to avoid steric hindrance between the binding event and the enzyme elongation. It has 

been demonstrated that the formation of duplexes or G‐quartets can halt the TdT elongation [30]. In 

our case,  the  thymine spacer and  the adenine‐based nucleotides can hybridize slowing down  the 

reaction as it is schematized in Figure 3. Of note, in the absence of TdT, the current is much lower 

due  to  the presence of a single enzyme‐labeling site. The amplification power of TdT,  in  terms of 

current, by incorporation of multiple enzymes per recognition event is 3.3 and 9‐fold for the dATP 

and dNTP elongations, respectively. 

Figure 2. (a) Agarose gel electrophoresis of TdT elongation of short aptamer. Lane 1: DNA ladder.
Lane 2: TdT blank. TdT elongated product obtained with Lane 3: 100% dATP. Lane 4: 10% biotin-dATP.
Lane 5: 5% biotin-dATP. Lane 6: 2.5% biotin-dATP. (b) Current obtained in the electrochemical assay
with different biotin-dATP:dATP ratios in the absence (blank, striped bars) and in the presence of the
short aptamer at 1 µM (solid bars) and the corresponding signal-to-blank (S/B) ratio for each condition.

Since the elongation rate depends on the nucleotide used, we examine the influence of adding just
dATP or an equimolar mixture of the four nucleotides (dNTP), maintaining the total concentration.
Figure 3 shows that the current dramatically increases when the mixture of dNTPs is employed,
suggesting that the TdT is somehow impeded when only dATP is used as a source of unlabeled
nucleotides. In this experiment the long aptamer with an 8-thymine tail at the 3′ end was used in
order to avoid steric hindrance between the binding event and the enzyme elongation. It has been
demonstrated that the formation of duplexes or G-quartets can halt the TdT elongation [30]. In our
case, the thymine spacer and the adenine-based nucleotides can hybridize slowing down the reaction
as it is schematized in Figure 3. Of note, in the absence of TdT, the current is much lower due to the
presence of a single enzyme-labeling site. The amplification power of TdT, in terms of current, by
incorporation of multiple enzymes per recognition event is 3.3 and 9-fold for the dATP and dNTP
elongations, respectively.

The effect of TdT elongation on the apparent binding affinity was studied by obtaining
the corresponding binding curve on AFP-modified MBs under the optimized conditions with
electrochemical detection. Figure 4a compares the TdT-amplified and the non-TdT amplified binding
curves obtained with the long aptamer. The dramatic increase in the magnitude of the analytical
signal and the displacement of the TdT amplified curve toward smaller concentrations of aptamer
are apparent. This is reflected in the apparent Kd value estimated from the fitting to the Langmuir
equation, 32 ± 11 nM, more than an order of magnitude lower than the above calculation for the
non-TdT amplified assay. This value is still an order of magnitude higher than the reported by SPR.
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Figure 3. Chronoamperometric currents obtained without and with TdT amplification using only dATP
or a mixture of dNTPs at 500 µM concentration in the absence (striped bars) and in the presence (solid
bars) of the long aptamer at 1 µM and the corresponding signal-to-blank ratio at each condition.
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Figure 4. (a) Binding curves obtained on AFP-modified magnetic beads with the long aptamer
without (open circles) and with (solid circles) TdT amplification. (b) Binding curves obtained on
AFP-modified magnetic beads with the short aptamer without (open diamonds) and with RCA
amplification (solid diamonds).

3.3. Rolling Circle Amplification

Previously we were able to observe an increase in the apparent affinity of a candidate tumor
marker, NGAL, of three orders of magnitude using RCA as isothermal amplification technique [31].
In order to understand whether this improvement is general for any binding pair or it depends on the
true affinity, we combined RCA with the short aptamer. RCA requires the design of an appropriate
primer that is added to the 3′ end of the aptamer. This primer acts as a complementary strand for the
hybridization of the circularizable padlock that triggers the amplification. It is recommended to add a
spacer between the aptamer and the primer to secure that the target binding and padlock hybridization
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occur simultaneously. Unfortunately, this makes the synthetic strand quite long, precluding the use
of the long aptamer. A fluorescein-tagged short reporting strand, whose sequence corresponds to a
region of the padlock complementary to the nascent strand, allows the incorporation of thousands of
enzymes per aptamer, and thus the signal amplification.

The binding curve obtained with the short aptamer elongated with the RCA primer is shown in
Figure 4b and compared with the non-RCA amplified one. Again, a dramatic increase in the current is
observed, which is ascribed to the multilabeling of the elongated aptamer. Fitting to the Langmuir
equation yields an apparent Kd of 188 ± 33 nM. The improvement in affinity is modest (about 6-fold)
supporting that the affinity gain depends on the aptamer-target pair.

4. Discussion

The affinity of the aptamer for its ligand is a crucial parameter to evaluate its potential utility in
diagnostic applications. However, characterization of the binding ability must be carefully conducted
in order not to overestimate its performance. In this sense, the use of several techniques makes more
robust and reliable the final value, usually in terms of dissociation constant. In this work, we have
examined two DNA aptamers derived against the tumor biomarker AFP. Their affinity differs in
more than two orders of magnitude. In our hands and using electrochemical detection after aptamer
binding on AFP-modified MBs, both aptamers show modest affinity, in the sub-micromolar range.
The Kd for the short aptamer agrees well with the reported by CE, that is, in solution. However,
Dong et al. estimated a much lower value, around 19 nM, when using a sandwich assay. In that
experiment, the aptamer was used as a capture element and an antibody as a reporter one. In an
analogue experiment, the long aptamer was tested obtaining a Kd of 17 nM, almost one order of
magnitude higher than the original value, 2.37 nM [10]. The observation of similar Kd with two
different aptamers and an identical antibody might point to the non-negligible influence of the latter in
the value measured, which could result in an overestimation of the Kd for the weaker aptamer. If the
Kd value estimated by the sandwich assay for the short aptamer was true, this would mean that the
heterogeneous Kd would be one and a half orders of magnitude smaller than the homogeneous one.
This is not usually true because of the lack of steric hindrance in solution. Nonetheless, when surfaces
with a high load of receptor are used, avidity might occur. For this reason, to estimate the true affinity
high loading is not recommended [32].

When estimating the Kd by using the Hill model, it is important to verify that the assumptions
implicit in the model are met. Of special relevance is to be sure that the concentration of the partner
in solution is not affected by the binding; that is, it can be considered constant. If this is not the case,
the true concentration of the partner in solution should be precisely calculated. From our experiments,
depletion of the aptamer in solution is not observed, so the Hill model can be applied.

The analytical sensitivity can be improved by coupling isothermal DNA amplification strategies.
We have demonstrated that both TdT and RCA can enhance the analytical signal. For example, the
current improvement for the long aptamer at 500 nM was 7.8-fold when TdT was used. The RCA
showed much higher amplification, about 24-fold for the same aptamer concentration. Interestingly,
the improvement in the apparent dissociation constant was higher with TdT amplification, 16-fold
versus the 6-fold for RCA. We attribute this fact to the different aptamers used. The shift of the binding
curves seems to be affinity dependent. The better the affinity, the larger the shift is. In any case,
even with the TdT amplification, it was not possible to obtain Kd values as low as those previously
reported for the aptamer that shows the highest affinity for AFP.

5. Conclusions

In this work, we have studied the affinity of two anti-AFP aptamers previously reported to have
very different affinities. Using a heterogeneous direct binding assay with electrochemical detection,
different from the techniques used to evaluate the affinity in the original work, similar binding constants
were estimated for both receptors. However, they are rather poor for analytical applications. By taking

189



Biosensors 2020, 10, 46

advantage of the nucleic acid character of the aptamers, we demonstrated that DNA amplification of
the aptamer enables an improvement in sensitivity and in the apparent dissociation constant. DNA
amplification strategies can enhance the performance of weak binding aptamers but their magnitude
depends on the true affinity. These results are of general significance, as a number of electrochemical
biosensors relying on the recognition by poor aptamers could benefit from these results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/5/46/s1.
The reagents and instrumentation and Table S1: Sequences of the aptamers and other DNA probes used in
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Abstract: Analysis of sweat chloride levels in cystic fibrosis (CF) patients is essential not only for
diagnosis but also for the monitoring of therapeutic responses to new drugs, such as cystic fibrosis
transmembrane conductance regulator (CFTR) modulators and potentiators. Using iontophoresis
as the gold standard can cause complications like burns, is uncomfortable, and requires repetitive
hospital visits, which can be particularly problematic during a pandemic, where distancing and
hygiene requirements are increased; therefore, it is necessary to develop fast and simple measures for
the diagnosis and monitoring of CF. A screen-printed, low-cost chloride sensor was developed to
remotely monitor CF patients. Using potentiometric measurements, the performance of the sensor
was tested. It showed good sensitivity and a detection limit of 2.7 × 10−5 mol/L, which covered
more than the complete concentration range of interest for CF diagnosis. Due to its fast response of
30 s, it competes well with standard sensor systems. It also offers significantly reduced costs and
can be used as a portable device. The analysis of real sweat samples from healthy subjects, as well
as CF patients, demonstrates a proper distinction using the screen-printed sensor. This approach
presents an attractive remote measurement alternative for fast, simple, and low-cost CF diagnosis
and monitoring

Keywords: screen-printed sensor; sweat analysis; ion-selective electrode; chloride; cystic fibrosis

1. Introduction

Sweat analysis is an emerging field that provides insights into human health, and over the last few
years has become an attractive, non-invasive alternative to blood analysis [1–5]. Sweat analysis is more
comfortable for patients, has good accessibility, and is able to continuously monitor body parameters,
which makes sweat analysis useful for monitoring health and fitness [4].

The development of so-called wearable devices increases rapidly due to new techniques of
miniaturization, flexibility, and low-cost production. The number of publications in the field of sweat
analysis rises steadily every year. Most of them use electrochemical sensors, especially ion-selective
electrodes (ISEs), to analyze specific ions in sweat. Due to new developments in printing paste
technologies, it is possible to produce screen-printed, ion-selective electrodes on flexible polymeric
substrates, which are also inexpensive, due to mass fabrication [6–8]. Thus, screen-printing technology
is preferred for the production of disposable, low-cost sweat sensors with small dimensions, in contrast
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to commonly used glass or tube ion-selective electrodes, which need high maintenance, high sample
volume, and are rigid and expensive.

Sweat sensors integrating ion-selective electrodes can be used to collect vital data parameters
like fatigue or fluid balance during sports, and can also support or replace diagnostic or monitoring
measures. In addition to water, sweat contains characteristic plasma-related electrolytes, namely
sodium (Na+), potassium (K+), and chloride (Cl−) [1,9]. For example, the sodium concentration is
linked to dehydration and electrolyte imbalance [10–12], whereas the potassium concentration in sweat
is related to hypo-/hyperkalemia [13,14].

The detection of cystic fibrosis (CF) is one of the most used sweat diagnostics [15,16]. CF is
a genetic disease, which causes a defective ion transfer through the epithelial cellular membranes
(cystic fibrosis transmembrane conductance regulator (CFTR) chloride channels). As a result, chloride
reabsorption from sweat is reduced, leading to a sticky mucus formation, which, if untreated, can be
fatal. Therefore, an early diagnosis is crucial for symptomatic treatment to improve the quality of
life and life expectancy of patients. As the gold standard for CF diagnosis, chloride concentration is
determined using sweat tests [16,17]. In addition to this, a new generation of CF drugs, called CFTR
modulators and potentiators, changes the chloride current across the epithelial barrier, and therefore,
the chloride concentration in the sweat, which can be used as therapeutic monitoring.

During these tests, sweating is induced by so-called pilocarpine iontophoresis. In this procedure,
a low current is applied between two electrodes attached to the forearm of the patient. For sweat
inducement, a solution of pilocarpine is applied under the anode. Through the low-voltage induced
electric current, pilocarpine is carried into the skin, where it stimulates the sweat glands. The sweat is
then collected and analyzed regarding its chloride concentration.

Especially in terms of the current COVID-19 pandemic, the risk of infection for risk groups has
increased, including CF-patients. Therefore, there is a high demand for an easy outpatient approach
for sweat chloride measurement. The chloride concentration can be acquired by using a screen-printed
chloride sensor, which can be used as a portable device and is user-friendly.

Beyond this, the use of portable sensors can help increase our understanding of CF. Due to the
time-intensive setting of pilocarpine iontophoresis, which can only be carried out under medical
supervision in clinics, the procedure is usually conducted on the patients in intervals of several months.
As a result, there is almost no understanding of the development of the chloride concentration in the
everyday life of the patient, and how it is affected by factors like CFTR modulators and other drugs,
physical activity, rest, or sleep. A new, portable sweat sensor would allow patients to measure the
chloride concentration in their sweat more regularly and, in doing so, it would provide data that would
be useful for understanding the CF disease.

Within our study, a screen-printed chloride sensor was developed, and its performance was
tested to show its usability as a CF sensor. The sensor was tested for its sensitivity, detection limit,
and response time. As the sensor achieved the necessary performances under laboratory conditions,
real sweat samples were measured for the determination of chloride concentrations, to validate the
correct detection of CF. Sweat samples of CF patients were collected under stable clinical conditions,
in the absence of acute infections.

2. Materials and Methods

2.1. Sensor Fabrication

For the analysis of sweat samples, a screen-printed potentiometric chloride sensor was developed.
Sensor electrodes were fabricated using a semiautomatic screen and pattern printer from Ekra (series
XH STS). Each electrode, consisting of different layers (see Figure 1a), was printed using a polyester
screen. Between each printing step, the layer was annealed at 120 ◦C to 130 ◦C, for 3 min and up to
10 min, depending on the used printing paste. PET foils were used as substrates to yield a flexible sensor
that could later be attached to the skin (see Figure 1b). The working electrode of the potentiometric
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sensor was printed using a silver paste as a conducting layer, covered by a carbon layer as solid contact.
Additionally, a reference electrode was printed using a silver/silver chloride paste. For encapsulation
of the electrodes, an insulating layer was printed on top of both electrodes, leaving the active parts
of the working and the reference electrodes open. All printing pastes were purchased from Du Pont
(UK) Limited.

Biosensors 2020, 10, x FOR PEER REVIEW 3 of 8 

layer as solid contact. Additionally, a reference electrode was printed using a silver/silver chloride 
paste. For encapsulation of the electrodes, an insulating layer was printed on top of both electrodes, 
leaving the active parts of the working and the reference electrodes open. All printing pastes were 
purchased from Du Pont (UK) Limited. 

To functionalize the electrodes, an ion-selective membrane was drop-casted on top of the 
working electrode. It consisted of a chloride ionophore I - cocktail A from Sigma Aldrich, mixed with 
polyvinyl chloride as polymer and tetrahydrofuran as solvent. The resulting composition of the 
membrane is listed in Table 1. To achieve a constant potential of the reference electrode, a membrane 
consisting of polyvinyl butyral, methanol, and sodium chloride was used. The procedure was already 
described in previous studies [18,19]. 

  
(a) (b) 

Figure 1. (a) Explosion view of screen-printed chloride sensor depicting the layers. (i) Silver (dark 
grey), (ii) silver/silver chloride (light grey), (iii) carbon (black), and (iv) insulation/encapsulation 
(green). (b) Manufactured sample sheet of sensors before deposition of the selective and reference 
membranes. 

Table 1. Membrane compounds of the chloride-selective membrane using the chloride ionophore I –
cocktail A with its corresponding portion in parentheses. 

Chloride Ionophore I—Cocktail A 
Polymer Solvent 

Ionophore Plasticizer Anionic Site 
Chloride 

ionophore I 
2-nitrophenyl octyl 
ether + 1-Decanol 

Tridodecylmethyl-
ammonium chloride 

PVC 1 mL THF on 100 
mg compounds 

(3.5%) (65.8%) (0.7%) (30.0%) 

2.2. Potentiometric Measurements 

The performance of the fabricated sensors was tested using potentiometry; a high resolution, 
high-input impedance, multi-channel potentiometer (EMF 16, Lawson Labs, Malvern, PA, USA) was 
utilized. The functionality of the sensors was validated in solutions of NaCl and NH4Cl with 
increasing concentrations from 10−6 mol/L to 10−1 mol/L measuring the potential of the ion-selective 
electrode versus the reference electrode. For the measurement of sweat samples, the calibration range 
was extended until 1 mol/L. The potential response of the ISEs was recorded for a representative 
response of Cl−. The resulting calibration plot was used to determine the limit of detection and the 
slope of the presented electrodes, as well as the response time. 

2.3. Sweat Inducement and Collection 

For the withdrawal of sweat and analysis of the chloride concentrations, we applied the most 
commonly used method of pilocarpine iontophoresis. Sweat excretion was induced by a small current 
between two electrodes attached to the forearm of the test subject, which drove pilocarpine into the 
epidermis (Figure 2a). After five minutes, the electrodes were removed (Figure 2b) and a test tube 
was pressed onto the forearm, in the former position of the pilocarpine electrode, to collect sweat 
(Figure 2c,d). The collection time took 20 min; thereafter, the chloride concentration of the sweat 
samples was measured using a Kreienbaum FKGO Chloridmeter, which is the established method in 

Figure 1. (a) Explosion view of screen-printed chloride sensor depicting the layers. (i) Silver (dark
grey), (ii) silver/silver chloride (light grey), (iii) carbon (black), and (iv) insulation/encapsulation (green).
(b) Manufactured sample sheet of sensors before deposition of the selective and reference membranes.

To functionalize the electrodes, an ion-selective membrane was drop-casted on top of the working
electrode. It consisted of a chloride ionophore I - cocktail A from Sigma Aldrich, mixed with polyvinyl
chloride as polymer and tetrahydrofuran as solvent. The resulting composition of the membrane is
listed in Table 1. To achieve a constant potential of the reference electrode, a membrane consisting of
polyvinyl butyral, methanol, and sodium chloride was used. The procedure was already described in
previous studies [18,19].

Table 1. Membrane compounds of the chloride-selective membrane using the chloride ionophore I
–cocktail A with its corresponding portion in parentheses.

Chloride Ionophore I—Cocktail A Polymer Solvent
Ionophore Plasticizer Anionic Site

Chloride ionophore
I

2-nitrophenyl octyl
ether + 1-Decanol

Tridodecylmethyl-ammonium
chloride PVC 1 mL THF on 100

mg compounds
(3.5%) (65.8%) (0.7%) (30.0%)

2.2. Potentiometric Measurements

The performance of the fabricated sensors was tested using potentiometry; a high resolution,
high-input impedance, multi-channel potentiometer (EMF 16, Lawson Labs, Malvern, PA, USA) was
utilized. The functionality of the sensors was validated in solutions of NaCl and NH4Cl with increasing
concentrations from 10−6 mol/L to 10−1 mol/L measuring the potential of the ion-selective electrode
versus the reference electrode. For the measurement of sweat samples, the calibration range was
extended until 1 mol/L. The potential response of the ISEs was recorded for a representative response
of Cl−. The resulting calibration plot was used to determine the limit of detection and the slope of the
presented electrodes, as well as the response time.

2.3. Sweat Inducement and Collection

For the withdrawal of sweat and analysis of the chloride concentrations, we applied the most
commonly used method of pilocarpine iontophoresis. Sweat excretion was induced by a small current
between two electrodes attached to the forearm of the test subject, which drove pilocarpine into the
epidermis (Figure 2a). After five minutes, the electrodes were removed (Figure 2b) and a test tube
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was pressed onto the forearm, in the former position of the pilocarpine electrode, to collect sweat
(Figure 2c,d). The collection time took 20 min; thereafter, the chloride concentration of the sweat
samples was measured using a Kreienbaum FKGO Chloridmeter, which is the established method
in CF diagnosis at the University Children’s Hospital, Ruhr-University Bochum. The remaining
sweat was frozen at −20 ◦C and stored until measurements were taken using the printed chloride
sensor. To collect a sufficient amount of sweat for both methods, iontophoresis was conducted on both
forearms, after which the samples were combined.
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Figure 2. (a) Sweat inducement by pilocarpine iontophoresis using two electrodes attached to the
forearm; (b) irritation of skin after iontophoresis due to the applied electric current; (c) test tube pressed
onto the forearm in the former position of the pilocarpine electrode to collect sweat; and (d) small
amount of collected sweat with test tube after pilocarpine iontophoresis.

We included patients with genetically confirmed CF, alongside healthy patients, as test subjects
for this pilot study. All tests were carried out under professional medical monitoring. All human trial
regulations were met.

3. Results and Discussion

3.1. Sensor Performance

Screen-printing technology facilitates the production of large-scale reproducible sensor electrodes.
However, the functionalization of the electrodes through drop-casting of membranes creates slight
deviations between the ion-selective electrodes. Therefore, it is crucial to calibrate each sensor and
characterize its performance regarding its sensitivity, the limit of detection, the linear range, and its
response time.

To apply the chloride sensor for the initial diagnosis of CF, it is mandatory that the sensor covers
the possible concentration range of chloride in sweat (typically 1 mM to 200 mM) and has a reasonable
response time. Figure 3a shows a typical potentiometric response curve for a chloride sensor in NH4Cl
standard solution with varying concentrations. As depicted, the sensor reaches a stable potential over
time, for concentrations above 10−5 mol/L. The evaluated response time in this region was as low as
30 s. Below 10−5 mol/L, the potential decreased continuously after reaching an initial peak indicative
of the actual concentration. However, this was not crucial for the application in CF diagnostics, as the
lowest possible concentration of chloride in sweat only reached about 10−3 mol/L [1].
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Figure 3. (a) Potentiometric response curve of the screen-printed chloride sensor measured in NH4Cl
solutions with different concentrations. (b) Resulting calibration plot measured in NH4Cl solutions of
four different chloride-selective electrodes sharing one reference electrode.

Calculating the mean value of each potentiometric step after reaching a constant potential and
using the Nernstian equation [20], the calibration plot could be fitted. Figure 3b shows the calibration
plot of four different chloride ISEs sharing one reference electrode in the NH4Cl solution, utilizing
the sensor layout shown in Figure 1. Figure 3b shows that all four electrodes achieved a reproducible
dependence on the chloride concentration with a sensitivity of 62.9 mV/dec. This follows the ideal
Nernstian slope of 59.6 mV. Using the fitted calibration plot, a detection limit of 2.7 × 10−5 mol/L and a
linear behavior between 10−4 mol/L and 10−1 mol/L could be determined.

These results showed that the sensor had excellent performance, covering the complete
concentration range of chloride in sweat, showing fast response time and good potential stability,
meaning that this sensor was highly applicable. As the sensor could be produced at a low cost, and
was small and flexible, it could be used as a portable device. This sensor had significant advantages
over comparable methods. A comparison to the standard systems used in clinical diagnostics is listed
in Table 2.

Table 2. Comparison of screen-printed chloride sensor to the standard sensor system.

Parameters Screen-Printed Chloride Sensor Coulometric Titration
(FKGO Chloridmeter) 1

Detection limit 0.03 mmol/L 10 mmol/L

Response time <1 min <1 min
System preparation 5 min 5 min
Sample preparation - +

Cost of equipment <50 € 8200 €
Cost of assay <3 € ca. 5 €

Portability + -
Usability + -

1 by Kreienbaum.
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3.2. Measurement of Sweat Samples

Sweat samples were collected from healthy subjects as well as from patients with CF, according
to the pilocarpine iontophoresis procedure described above. The samples were split to validate
the suitability of the evaluation by the printed chloride sensors, against the gold standard. Before
measurement, the sensor was calibrated in NaCl solutions with concentrations from 10−6 mol/L up to
1 mol/L. An NaCl solution was chosen along with water. Sweat consists mostly of NaCl, which means
that this calibration appropriately mimics the real conditions. After defrosting the samples, each sample
was dropped onto the sensor so that both electrodes, the ISE and reference electrode, were completely
covered with a continuous sweat film. Using the recorded calibration plot, the concentration of each
sweat sample was calculated and is listed in Table 3. According to Gibson et al. [21] and Collie
et al. [21,22], a concentration level of chloride above 60 mmol/L indicates a CF disease. As pointed
out in Table 3, all samples could be correctly determined and categorized in healthy subjects and CF
patients. Figure 4 shows two contrasting samples, healthy (sample 1, 2, and 3) and CF (sample 9),
overlaid with the corresponding calibration plot. The dashed line indicates the threshold of 60 mmol/L
of chloride.

Table 3. The determined chloride concentration of sweat samples and categorization in health status.

Sample c(Cl−) in mmol/L Status 1 (Healthy or CF)

1 0.9 healthy
2 1.0 healthy
3 1.9 healthy
4 3.0 healthy
5 5.7 healthy
6 0.4 healthy
7 0.6 healthy
8 1.7 healthy

9 129.2 CF
10 100.0 CF
11 63.0 CF

1 Derived from different accepted test protocols.

Figure 4. Measurement of sweat samples (samples 1, 2, 3, and 9) using the screen-printed chloride
sensor for the detection of cystic fibrosis (CF). The dashed line displays the threshold of chloride
concentration. Concentrations >60 mmol/L indicates CF disease.
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4. Conclusions

In this paper, a screen-printed, low-cost chloride-selective sensor was presented. The sensor
showed excellent sensitivity and covered the complete possible concentration range of chloride in
sweat. More importantly, the concentration range, which is of high interest for CF diagnosis and the
therapeutic monitoring of CF, lies within a linear range, allowing for a good determination of the
chloride concentration. As the response time of the screen-printed sensor was only 30 s, fast and simple
CF detection and monitoring could be achieved. To further characterize the performance of the sensor,
possible disturbance due to interfering ions (e.g., HCO3

−) will be investigated in future work.
To prove proper functionality and the applicability of the chloride sensor for CF diagnosis,

measurements of real sweat samples were demonstrated. Comparison against the standard procedure
successfully validated a correct distinction between healthy test subjects and patients suffering from
CF. With this, the screen-printed sensor could be utilized for the remote monitoring of CF patients,
to avoid contact with clinics and therefore to reduce the risk of infections, which is especially useful
for maintaining hygiene and distancing regulations in times of a pandemic. Further, as the chloride
sensor could be inexpensively manufactured, thanks to screen-printing technology, it can be used as a
disposable sensor. In combination with the already published evaluation board for data acquisition
and transfer [18], it can be used as a small handheld device. Additionally, due to its flexible design
and small dimensions, it is also possible to attach the sensor directly onto the skin. With this, only a
low amount of sweat is necessary. The integration of sweat inducement into the sensor system will be
investigated in future work. Achieving this would mean that the therapeutic monitoring of CF could
be made easy, enabling quick diagnosis and monitoring, with increased comfort for the patients. With
this device, the close monitoring of intraindividual changes in sweat chloride levels is possible.
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Abstract: Electrogenerated chemiluminescence (also called electrochemiluminescence (ECL)) has
become a great focus of attention in different fields of analysis, mainly as a consequence of the potential
remarkably high sensitivity and wide dynamic range. In the particular case of sensing applications,
ECL biosensor unites the benefits of the high selectivity of biological recognition elements and the
high sensitivity of ECL analysis methods. Hence, it is a powerful analytical device for sensitive
detection of different analytes of interest in medical prognosis and diagnosis, food control and
environment. These wide range of applications are increased by the introduction of screen-printed
electrodes (SPEs). Disposable SPE-based biosensors cover the need to perform in-situ measurements
with portable devices quickly and accurately. In this review, we sum up the latest biosensing
applications and current progress on ECL bioanalysis combined with disposable SPEs in the field
of bio affinity ECL sensors including immunosensors, DNA analysis and catalytic ECL sensors.
Furthermore, the integration of nanomaterials with particular physical and chemical properties in
the ECL biosensing systems has improved tremendously their sensitivity and overall performance,
being one of the most appropriates research fields for the development of highly sensitive ECL
biosensor devices.

Keywords: screen-printed electrodes; nanomaterials; enzymatic biosensor; immunosensor;
DNA sensor

1. Introduction

Electrochemiluminescence (ECL) is a chemiluminescence phenomenon resulting from the
electrochemical excitation of a luminescence system (luminophore) that emits light when it returns
to its fundamental state [1]. The mechanisms associated with these phenomena are well known and
described in the literature, being classified into two main types [2], as can be seen in Scheme 1.

The annihilation pathway: A reduced specie and an oxidized specie (charged radical ions) are
simultaneously generated at the electrode surface by applying alternating pulse potentials. These two
species react between them generating an excited form, which in the relaxation process to the ground
state emits a photon [3].

Co-reactant pathway: A co-reactant is a chemical specie that is reduced or oxidized at the electrode
surface, generating a very reactive intermediates that react with the reduced or oxidized luminophore
(specie capable of emit light) present in the solution to produce the excited state. Finally, the excited

Biosensors 2020, 10, 118; doi:10.3390/bios10090118 www.mdpi.com/journal/biosensors201
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state returns to the ground state to cause chemiluminescence. Employing a co-reactant is especially
useful when either radical charged ions are not stable enough for the ECL annihilation reaction,
or radical ions cannot both be formed because of the solvent has a narrow potential window. With a
co-reactant ECL can be generated by applying a potential in one direction. There are two reaction
paths to produce the excited state of the ECL emitter, reductive-oxidation or oxidative-reduction ECL.
For instance, oxalate ion (C2O4

2−) [4,5] and several amines [6–9] can be used for oxidative-reduction
ECL where an oxidative step produces a strong reductant, whereas peroxidisulfate ion (S2O8

2−) [10–12]
is frequently used for reductive-oxidation ECL.
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Scheme 1. ECL mechanisms: Annihilation and co-reactant pathway.

As described above, ECL reactions require a luminophore. Even though many compounds have been
demonstrated to participate in ECL reactions, most of them require aprotic and deoxygenated solution
conditions. Therefore, only few compounds and their derivatives are primarily utilized for aqueous-based
ECL bioanalytical detection methods. These are luminol (5-amino-2,3-dihydrophthalazine-1,4-dione) and
ruthenium (II) chelates [RuL3]2+. Nowadays, new luminophores such as semiconductor nanomaterials
are being widely used with great results. This fact is one of the main reasons ECL sensor and biosensor
are having a great and successful advance.

Bioanalytical methods based on [RuL3]2+ ECL were not developed until the co-reactant pathway
was reported between Tris(bipyridine) ruthenium (II) [Ru(bpy)3]2+ and oxalate [5] in aqueous media and
unaffected by the presence of oxygen was reported. [Ru(bpy)3]2+ is a model luminophore that is largely
used nowadays; the discovery of its ECL emission in aqueous media with efficient co-reactants such as
tri-n-propylamine (TPrA) [8,13] has led to successfully bioassays for clinical diagnosis. Probably one of
the most relevant co-reactant pathways is the “oxidative–reductive” system between aliphatic amines
and [RuL3]2+ as [Ru(bpy)3]2+. In this mechanism, both [RuL3]2+ and the co-reactant are oxidized
(Equations (1) and (2)). The TPrA radical cation is unstable on the time frame of the experiment and
quickly deprotonates, forming a free radical, TPrA* (Equation (3)). This free radical behaves as a
reducing agent and transfers an electron to [RuL3]3+, producing an excited state (Equation (4)).

[RuL3]
2+ + 1e− → [RuL3]

3+ (1)

TPrA → TPrA+∗ + 1e− (2)

TPrA+∗ → TPrA∗ + H+ (3)

TPrA∗ + [RuL3]
3+ → [RuL3]

2+∗ + products (4)
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As [Ru(bpy)3]2+, luminol is one of the most used reagents in ECL applications [1,14] in aqueous
alkaline solutions. Luminol is oxidized at the electrode surface and forms a diazaquinone intermediate,
which reacts quantitatively with hydrogen peroxide to produce the 3-aminophtalate in an excited state
due to O–O bond cleavage in the endoperoxide form. 3-Aminophthalate then emits a characteristic
blue light at 425 nm (see Figure 1) [14,15].

Different mechanistic pathways have been suggested depending on the applied electrode potentials.
In addition, the ECL intensity correlates directly with the amount of hydrogen peroxide. The luminol
ECL method can be used to determine either luminol or species labeled with luminol or peroxides.
Since hydrogen peroxide is an analyte of interest in various biological applications, this luminophore
can measure reactive oxygen species. In addition, as we describe below, the enzymatic activity of
oxidase-type enzymes, which generate hydrogen peroxide in the presence of their substrates, can be
monitored using luminol.
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Figure 1. Scheme showing the ECL mechanism of luminol with hydrogen peroxide. Reproduced from
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In electrochemiluminescence assays, the energy of the excitation source (electricity) and the
detection signal (light) are totally different, which is why ECL presents a lower background signal,
resulting in higher sensitivity than electrochemical detection. Hence, it has been widely employed as
analytical technique, in particular as a detection system in sensors and biosensors. Besides its high
sensitivity, other advantages are the broad dynamic range; the simplicity of the analysis methodology
(similar to conventional ELISA), the great flexibility, due to the high stability of luminophores; and the
facility of combining with biological systems. Due to its combination of electrochemical and optical
advantages, ECL has been widely used in the detection of biomolecules in a variety of samples,
including plasma, whole blood, serum and cell supernatant. ECL has been also successfully used
as detector [16] of high-performance liquid chromatography (HPLC) [17], flow injection analysis
(FIA) [18], micro total analysis (µTAS) [19] and capillary electrophoresis [20]. The great success of
ECL immunosensor due to the minimal background signals, better specificity and higher sensitivity
is increasing the use of meso scale discovery (MSD) ECL assays [21]. MSD assays work on the same
principle as ELISA but use ECL as the detection method. Moreover, it shows the ability to measure
multiple analytes in a single well, having also the possibilities of analysis high amounts of samples in
short times thanks to the well-plate configuration.

Developing ECL biosensors is now a hot topic that is increasing the interest of the analytical
chemistry community. In addition to the advantages already mentioned, the scalable instrumentation
required and the possibility of combining them successfully with screen-printed electrodes (SPEs)
technologies are promoting the development of new devices, most of them adaptable to the new trend
of point of care (POC) systems.
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SPEs’ manufacturing process is characterized by the fast and easy mass production of reproducible
electrochemical platforms, which offer true potential for application in the field of sensor [22]. SPEs are
disposable electrochemical devices that avoid tedious pre-treatment steps. Hence, they are suitable
for on-site and real-time sensing [23]. Moreover, the use of screen-printing technology also offers
other interesting advantages, such as electrodes with different spatial distributions, appropriated for
miniaturized devices [24] and the use of small sample volumes. Thus, SPEs have been widely employed
in enzymatic biosensor [25–27], immunosensors [28–32] and DNA sensor fabrication [26,30,33–38].

The development of new miniaturized instruments integrating SPE and ECL has expanded the use
of the technique to routine analysis. Among these, the SpectroECL and µStat ECL, commercial instruments
from Metrohm-Dropsens, stand out for their ease of use. These instruments are small, portable and the
SPEs are perfectly integrated into the device, being a convenient and a great affordable alternative.

In the last two decades, nanomaterials have burst into the field of ECL biosensors. Combining the
bioselectivity and specificity of the biorecognition element with the numerous advantageous chemical
and physical properties of nanomaterials has allowed the development of a whole new subset of
sensitive biosensor devices. Therefore, great effort has been made in the development of new synthetic
strategies to prepare a great variety of nanomaterials with highly controllable size, shape, surface
charge and physicochemical properties [39]. In addition, functionalized nanomaterials show excellent
properties for interfacing biological recognition events with electronic signal transduction in the
design of a new generation of devices that exhibit new functionalities [40]. The appropriate use of
nanomaterials clearly enhances the analytical properties of biosensors, increasing the sensitivity and
lowering the detection limits in several orders of magnitudes.

A well-known advantage of nanomaterials is they provide a large effective surface area, which already
enables the immobilization of higher amounts of bioreceptor units on the electrode surface [41]. They can
also be used as a support of the biorecognition layer. Nanomaterials and biomolecules are in the same
size range, facilitating the formation of hybrids with synergistic properties. They can act as labels of the
recognition event or as catalyst for a reaction, as luminophore or as the energy acceptor to lead to an
effective ECL resonance energy transfer (ECL-RET) [42]. Hence, the efficiency of ECL biosensors will
be increased due to the use of different nanomaterials, such as graphene, carbon dots, quantum dots,
metal nanoclusters, etc. combined with the recognition element and electrode modification strategy
more appropriate [43].

ECL sensor and biosensor miniaturization is another area with great growth expectation in
combination with microfluidic platforms or microarray technology and nanomaterials. All these
areas together will improve the development of ultra-sensitive lab-on-a-chip systems for a variety of
biosensing devices applied in clinical, food and environmental industries.

This review focuses on the use of screen-printed electrodes combined with nanomaterials in
ECL biosensors, specifically how the biorecognition elements are immobilized on SPE and how
nanomaterials are incorporated into the biosensor devices. ECL immunosensors, ECL enzyme-based
biosensors and ECL DNA-based biosensors are discussed.

We believe this review will provide a base of knowledge in the development of ECL biosensor
devices based on disposable SPEs, which promise selective and sensitive determinations of analytes in a
wide range of samples, thanks to high affinity/biocatalytic interactions of the analytes with bioreceptors
and the great advantages of ECL analysis methods. Thus, these devices will be marketed and widely
used as rapid sensing and POC systems.

Screen Printed Electrodes (SPEs)

During the last decades, screen-printing technology, highly developed in microelectronics
applications, has offered extraordinarily high-volume production of extremely cheap and highly
reproducible and reliable single-use electrodes [44]. SPEs have been traditionally produced by
printing different inks on plastic or ceramic substrates. The composition of the various inks used
for SPEs manufacturing are of great importance for the electrochemical properties of the electrodes.
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Carbon materials and graphite derivate in concrete are preferred in the ink composition due to
their simple technological processing and low-cost. However, the use of metal particles in different
ink compositions is also widespread in SPE fabrication. Among the most used metals, we can
highlight gold, silver and platinum. Furthermore, materials such as Indium Tin Oxide (ITO) and
poly(3,4-ethylenedioxythiophene) (PEDOT), which have the great advantages of being optically
transparent for visible range, have also been employed to manufacture SPEs.

The great versatility of SPEs is due to the wide range of strategies in which the working electrode
surface can be modified. Apart from the different ink composition, including the possibility of using
a great variety of compounds to modify it with the aim of controlling its electrochemical behavior,
the uncountable different strategies to modify SPE surface have allowed the SPEs employment in a
multitude of sensors and biosensors. The great biocompatibility of some of the ink materials together
with the successive modification by different strategies in a layer-by-layer system have been decisive
for the appearance of a huge number of electrochemical and ECL biosensors. Another key factor of SPE
modification was the appearance of a great variety of nanomaterials. This fact can be considered a great
revolution in the field of electrodes modification due to the numerous and advantageous chemical
and physical properties of nanomaterials. Nanomaterials have also demonstrated extraordinary
properties and new interaction ways with biological elements and have been widely employed in
biosensor development.

The disposable nature of SPEs is related with fundamental properties such as portability, low-cost,
ease of use and mass production [45]. During the last decades, it has been a strong trend for disposables
to be built with low-polluting materials, to minimize the amount of waste during the manufacture
procedure, and the entire device must be recyclable for new uses [45]. In this way, paper is the most used
material for the development of disposable sensors. It is a suitable material with high compatibility
with inkjet [46] and screen printing techniques [44]. Moreover, it can be successfully combined
with different surface modifiers such as polymers [47], nanomaterials [48], redox mediators [49,50]
and biological element [51]. Different techniques such as photolithography, wax printing and
chemical vapor-phase deposition have been successfully applied to transform paper platform into SPE.
Apart from these sophisticated techniques for paper electrode modification, the creation of pencil
drawn electrodes (PDEs) for electroanalytical applications has also been demonstrated, as it has
previously been demonstrated in platforms such as paper [52], polyester [53] and PVC [54]. The rich
surface chemistry of cellulose-based materials is a great advantage during the immobilization of
bio-receptors by physisorption [55], bio-affinity interaction, by covalent bond due to a variety of
chemical reactions (active esterification, maleimide cycloaddition, click chemistry, diazonium chemistry,
etc.) [56]. All these excellent properties of the paper-based electrodes are making them a really useful
option for competitive future electrochemical and ECL applications.

The great ambition to be able to monitor and measure in real time the presence of different analytes
in different fields such as the environment, crops, industrial production chains, food production lines as
well as in the human body itself have led to a great development of SPEs. The great diversity of different
supports materials for SPEs has allowed its application in all the mentioned fields, each with particular
requirements that can be supplied by the combination of different electrode supports and different inks
for working electrode impression. A great advantage of some used materials as SPE supports is its
flexibility and adaptability, which has been a great advance in the development of wearable devices [57].
The point-of-care diagnosis (POC) has been revolutionized by the development of these SPEs as a
consequence of their disposability. All these great advantages make SPEs real competitors compared
with conventional electrodes; consequently, they have been extensively employed in electrochemical
and ECL biosensor development.

2. ECL Immunosensors

ECL has also become an important and powerful analytical technique in the field of immunosensors.
Significant features such as high sensitivity, high reproducibility, versatility, simple optical technology
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and low background signal make ECL a good option for immunosensor development. In particular,
SPEs are employed as electrochemical platforms because of their advantages in terms of low cost
and rapid mass production, portability, high sensitivity, low sample volume requirement and easy
handling [29]. The main drawbacks of the use of SPEs are the difficult of electrode surface regeneration
and their reusability. These disadvantages are usually assumable if the immunosensor platform
production is affordable.

During the last years, huge effort has been done to obtain higher sensitivity and develop new
applications of ECL immunosensors based on different strategies. The complexity of the luminescence
mechanism, which involves mass transport and electron transfer dynamics of abundant radical
intermediates electrogenerated on the surface carry to low ECL efficiency [13,58]. Therefore, numerous ECL
systems have been designed to enhance the ECL emission of luminophore through co-reactant pathways.

Different immunosensor strategies have been followed using ECL developments. Among the
most common strategies sandwich-type immunosensor are widely used. Moreover, in the literature,
there are many examples including label-free (direct or indirect immunosensor) and competitive
immunosensors. The immunosensor classification is based on the most common immunosensors types
reported on the literature for ECL immunosensors:

• The label-free configuration is usually the simplest. They are based on the immobilization of
a capture antibody over the electrode surface followed by the specific analyte recognition by
the capture specific antibody, resulting in the retention of the analyte over the electrode surface.
This simplest change over the electrode surface affects the ECL signal, generating an increase of
the ECL emission if the analyte acts as co-reactant of the ECL used system or in the case that the
diffusion of luminophore or co-reactant will be favored as a consequence of less steric hindrance.

• Competitive configuration is based on the competition of labeled and unlabeled analytes for
a limited number of antibody binding sites [59]. Only one antibody is used in a competitive
configuration, which is usually attached to the electrode surface. Labeled analytes are usually
modified with luminophore species, obtaining ECL signals which decrease with the higher
concentration of the analyte of interest, as a consequence of fewer labeled analytes attached over
the electrode surface.

• Sandwich type configuration is one of the most widely used on ECL immunosensor. It is based
on the immobilization of a capture-specific antibody on the electrode surface (or over magnetic
beads in some cases). After that, the specific antigen (analyte) is bonded over the capture antibody.
Then, a secondary labeled antibody (detection antibody) reacts with the previous immobilized
analyte. Considering the different labels attached to secondary antibodies, different configurations
of sandwich-type ECL immunosensors have been developed:

# The traditional sandwich type immunosensor is based on the linkage to the secondary
antibody of a luminophore molecule or a nanomaterial, which acts as luminophore itself
or is used as support to attach a great number of luminophore molecules.

# The quench-type electrochemiluminescence immunosensor uses a secondary antibody
linked to an element capable of generating resonance energy transfer (RET) phenomena of
the emitting specie [60,61]. The element capable of quenching the ECL emission is usually
a nanomaterial or a composite nanomaterial, decreasing the ECL emission when higher
amounts of analytes are present in the sample.

# A kind of sandwich-type ECL immunosensor that has recently appeared is named
Faraday-cage-type electrochemiluminescence immunosensor [62,63]. The more important
difference from the traditional sandwich-type immunosensor is that faraday-cage-type
immunosensor uses a conductive two-dimensional nanomaterial (e.g., graphene, among
others) simultaneously coated with a luminophore and a recognition component such
as detection antibody, which could directly overlap on the electrode surface. In that
configuration, electrons could flow freely from the working electrode surface to the detection
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element, extending the outer Helmholtz plane (OHP) of the electrode. This strategy allows
the two-dimensional nanomaterial coated by thousands of luminophore molecules, being all
of them electrochemically “effective” and really close to the working electrode surface.

2.1. [Ru(bpy)3]2+ ECL Systems

Many ECL immunosensors with SPEs as electrochemical platform use ECL complex
Tris(bipyridine) ruthenium (II) [Ru(bpy)3]2+, together with different co-reactants. The ECL signals
are controlled by the greater or lesser steric hindrance of the ECL probe to reach the SPE surface.
Usually, the antigen–antibody union generates a stiffer structure that causes a slight steric hindrance
allowing the complex [Ru(bpy)3]2+ and the co-reactant to reach the SPE surface. As result, a higher ECL
signal is obtained. In this sense, Rizwan et al. [64] have reported a label-free immunosensor for beta
2-microglobulin based on a composite material made of CdSe quantum dots and gold nanoparticles
(AuNPs) decorated carbon nano-onions. The nanocomposite is employed together with the widely
used co-reactant tri-n-propylamine (TPrA). CdSe quantum dots acts as an additional co-reactant,
while gold nanoparticles decorated carbon nano-onions amplified the ECL signals due to their high
conductivity. This immunosensor shows a really wide linear range from 1 fg/mL to 100 ng/mL.

In a completely opposite approach, ECL immunosensor response is based on the higher steric
hindrance caused by addition of a secondary specific antibody in a sandwich configuration. This high
protein electrode coating prevents the ECL probe or the co-reactant to reach the SPE, giving rise to
the ECL signal decrease as the antigen concentration increases. Breast cancer antigen 15-3 (CA15-3) is
determined from the ECL signal decrease on increasing the biomarker concentration [65].

The complex [Ru(bpy)3]2+ can be either in solution or immobilized on the electrode surface.
Pu et al. [66] reported a composite nanomaterial including [Ru(bpy)3]2+ onto Pt nanoparticles, which is
used to modify by dropcasting the working electrode surface. The developed immunosensor is specific
to Clostridium Perfringens, an anaerobic bacillus that often causes gas gangrene. Anti-C. Perfringens
antibody is immobilized on the working electrode surface, acting as capture antibody. As detection label,
a composite nanomaterial based on type A antibody anti-C. Perfringens and Glucose dehydrogenase
is used, being both of them adsorbed over ferrite nanoparticles covered by a gold layer. The ECL
signal measurement is carried out in a solution containing gluconolactone and nicotinamide adenine
dinucleotide (NAD), which is reduced to nicotinamide adenine dinucleotide hydride (NADH) and
acts as co-reactant of [Ru(bpy)3]2+, generating ECL signals directly proportional to C. perfringens
concentration. A great advantage of this ECL immunosensor is the analysis only requires 1 h, while
other methods used for C. perfringens determination such as anaerobic culture (three days), real time
PCR (2 h) or gel electrophoresis with fluorescent labels for DNA hybridization detection (9 h) are
time consuming.

In other strategies, [Ru(bpy)3]2+ is covalently bounded to the detection antibody.
Li, C. et al. [67], synthesized Ruthenium bis(2,2-bipyridine) (2,2-bipyridine-4,4-dicarboxylic acid)
N-hydroxysuccinimide ester ([Ru(bpy)3]2+-NHS ester) that is bounded to different detection antibodies,
through the reaction of N-hydroxysuccinimide with the carboxylic groups of the antibody structure,
to develop a multiplexed immunoassay. Goat, rabbit and human immunoglobulins are attached
to three of four electrodes on a screen-printed electrochemical array, maintaining one unmodified
electrode as a control. In a competitive immunoassay, a solution containing the sample (consisting on
different amounts of goat, rabbit and human immunoglobulins) and the different anti-immunoglobulins
antibodies modified with [Ru(bpy)3]2+ is dropped over the four working electrodes, letting the specific
recognition reaction takes place. Figure 2 summarizes the developed system. The ECL intensity
decreases on increasing the concentration of immunoglobulins in the serum samples.
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Figure 2. Schematic drawings of: (A) the immunosensor array for goat, rabbit and human
immunoglobulins detection reported by Li et al. [67], held and controlled by a single-pore-four-throw
switch; (B) SPE array containing four working electrodes, one reference electrode and one counter;
and (C) immunosensor array preparation and immunoassay procedure. (a) Polyethylene terephthalate;
(b) Ag conductive channels; (c) insulating layer; (d) carbon working electrode (WE); (e) carbon counter
electrode (CE); and (f) Ag/AgCl reference electrode (RE). Reproduced and adapted with permission
of Elsevier.

In a similar strategy, [Ru(bpy)3]2+ is linked to a streptavidin derivative to design an immunosensor
for celiac disease diagnosis [68]. The immunosensor is specific to the celiac disease biomarker
antitransglutaminase type-2 antibodies (anti-tTG). It consists of an ECL platform based on
membrane-templated gold nanoelectrode ensembles (NEEs). In this work, an innovative sensing
strategy is followed, based on the spatially separation of the initial electrochemical reaction and
the immobilized biomolecules’ location, where ECL light is generated. As a recognition element,
the authors employed tissue transglutaminase (tTG) immobilized on the polycarbonate (PC) surface of
the track-etched templating membrane. Transglutaminase antibody (anti-tTG) is retained on the surface,
thanks to its reaction with tTG. This mechanism permits the immobilization of streptavidin-modified
ruthenium complex luminophore via reaction with an appropriate biotinylated detection antibody.
An oxidizing potential is applied when the electrodes are immersed in a tri-n-propylamine (TPrA)
solution. The electrochemical oxidation of TPrA generates TPrA*+ and TPrA* radicals that react
with the [Ru(bpy)3]2+ ECL label, resulting in a great ECL signal, which is proportional to anti-tTG
concentration with a linearity range between 1.5 ng/mL and 10 µg/mL and a detection limit of 0.5 ng/mL.
A particular advantage of this strategy is that the ECL emission is obtained by applying a potential
of 0.88 V versus Ag/AgCl, which is about 0.3 V lower than in the case when ECL is initiated by the
electrochemical oxidation of [Ru(bpy)3]2+.

The use of nanomaterials to support [Ru(bpy)3]2+ is also widespread. Yang, H. et al. [52] developed
an immunosensor to determine carbohydrate antigen 199 (CA199), a well-known tumor marker for
early diagnosis of colon and pancreas cancer. AuNPs covered by [Ru(bpy)3]2+, just by adsorption,
are linked to the detection antibody and used as label for ECL detection. The ECL signal is proportional
to the logarithm of the CA199 concentration. An interesting feature of this immunosensor is the use of
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hand-drawn written pen-on-paper electrochemical platforms, which make it an affordable and easy
way to prepare the device.

Among nanomaterials employed to support [Ru(bpy)3]2+ as ECL label, silica nanoparticles are very
common. The immunosensor for whole cells of Francisella tularensis detection (responsible for tularemia
infectious disease) is an illustrative example [69]. In this work, silica-encapsulated [Ru(bpy)3]2+

nanoparticles are synthesized and coated with polydiallyldimethylammonium. The detection antibody
is covalently bounded through the carboxylic groups provided by addition of polyacrylic acid.
ECL signals are directly proportional to Francisella tularensis concentration. This immunosensor shows
a highly competitive result, with a limit of detection of 70 CFU/mL, whereas the reported limit of
detection of the ELISA kit to determine this microbiological agent is 103 CFU/mL. Silica nanoparticles
coated with [Ru(bpy)3]2+ bounded to the detection antibody have also been used in an immunoarray
for different prostate cancer biomarkers (prostate specific antigen (PSA), prostate specific membrane
antigen (PSMA) and platelet factor-4 (PF-4)) [70].

Nanocomposite materials using a combination of silica and gold nanoparticles bounded to
[Ru(bpy)3]2+ have also been employed in different immunosensors, e.g., one developed for cell cancer
detection [71] and the alpha-fetoprotein immunosensor based on a magnetic nanocomposite material
developed by Gan, N. et al. [72] The advantages of using SiO2 is they can load a large amount of
[Ru(bpy)3]2+ while gold particles could provide large active surface to incorporate large amount of
biological recognition element.

The use of a composite nanomaterial based on [Ru(bpy)3]2+@silica@AuNPs conjugated with the
detection antibody has also been developed in combination with magnetic molecularly imprinted
polymers (MMIP) as capture probes. Zhou, J. et al. [73] followed this strategy to construct a
“single antibody sandwich” type immunosensor capable of ultratrace detection of hemoglobin.
A similar strategy using molecularly imprinted polymers (MIP) instead of an antibody as capture
probe has been used for carcinoembryonic antigen (CEA) and carbohydrate antigen-199 (CA199)
immunosensors (Figure 3). As signal tag, Feng, X. et al. [74] employed a nanocomposite material based
on [Ru(bpy)3]2+-silica@poly-l-lysine-AuNPs linked to the detection antibody.
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Carbon nanomaterials are very common in the composite material used to prepare ECL
immunosensor labels. Hou, J. et al. [75] employed a composite nanomaterial, based on multiwall
carbon nanotubes, to adsorb the ECL probe [Ru(bpy)3]2+. The composite nanomaterial is them cover
with AuNPs, which are used to link the detection antibody by adsorption. This new composite
nanomaterial is used as ECL tag, amplifying the ECL signal and acting as immobilization substrates
for detection antibody. Another example of the use of carbon nanomaterials is the mouse IgG (MIgG)
immunosensor developed by Zhou, H. et al. [76]. The capture antibody (anti-MIgG) modified with the
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ECL probe [Ru(bpy)3]2+ is covalently linked to the working electrode. The ECL signal is not affected
by the reaction between the target analyte (MIgG) and the capture antibody; thus, they developed
a competitive immunosensor. The authors prepared amorphous carbon nanoparticles (ACNPs),
which have a quenching effect on the ECL signal of [Ru(bpy)3]2+. These ACNPs are modified with the
MIgG (ACNPs-MIgG), so the unoccupied capture antibodies immobilized on the working electrode
after incubation with the sample, react with ACNPs-MIgG, generating a decrease of the ECL signal
when higher quantity of ACNPs-MIgG are retained. Therefore, the ECL signal is directly proportional
to the concentration of MIgG at the sample. The method shows a linear range of 0.50–400 ng/mL and a
detection limit of 0.35 ng/mL.

[Ru(bpy)3]2+ is widely used for anodic ECL, but some examples have demonstrated that,
in combination with S2O8

2−, it can also be used for cathodic ECL. Fang, D. et al. [77] developed an
immunosensor for thyroglobulin, an important biomarker for postoperative tumor recurrence or
persistence in patients with thyroid cancer. The immunosensor is based on a TiO2 nanodots modified
electrode, where the capture antibody is immobilized. A bioconjugate formed by MXenes layers
covered by [Ru(bpy)3]2+ and ZnO quantum dots, modified with the detection antibody are used as
recognition element. The ECL signal is proportional to the logarithm of biomarker concentration.
A specific characteristic of this immunosensor is the photothermal ECL amplification, which provides
a low limit of detection and wide linear range. The amplification is due to ZnO quantum dots,
which raises the electrode surface temperature by converting laser energy into heat.

2.2. Luminol ECL Systems

Luminol (2,3-aminophthalhydrazide) is a widely used ECL luminophore on immunosensor
development. It has been used for anodic ECL together with oxidant species as co-reactant such
as H2O2, O2, C2O4

2−, etc. Luminol and its co-reactant can be used in solution, as in the case of the
human immunodeficiency virus (HIV) type 1 antibody immunosensor developed by Zhou, J. et al. [78].
The immunosensor is based on the use of MMIP as capture probes. Human immunoglobulin G (HIgG)
is used as the template for the MIP, as it exhibits the same antibody Fc region but a different Fab region
as the anti-HIV-1. MMIP recognize the anti-HIV-1 present in the sample. The conjugated horseradish
peroxidase-antigen (HRP-HIV-1) is used as label. HRP catalyze the oxidation of luminol in the presence
of H2O2, generating an increase of ECL signal when higher amounts of anti-HIV-1 are retained on the
MMIP particles. To generate the electrochemical required process, carbon SPEs are used together with
a magnet under the working electrode, in order to transfer the modified MMIP to the electrode surface.
A linear range of the anti-HIV-1 dilution ratio (standard positive serum) was obtained from 1:20,000
to 1:50, with a detection limit of 1:60,000. The developed method provides a low-cost, simple and
sensitive way for the early diagnosis of HIV infection.

Luminol can also be covalently attached to detection antibodies. In the alpha-fetoprotein
(AFP) immunosensor developed by Su, M. et al. [79], macroporous Au-paper working electrodes
(Au-PWE) are modified with the capture antibody (anti-AFP), which traps the breast cancer
cells (MCF-7) through the AFP molecules of their membrane. The labeled detection antibody
(anti-AFP-Luminol) interacts with the trapped MCF-7 cells. The anodic ECL signal obtained, using
H2O2 as co-reactant, is directly proportional to the logarithm concentration of AFP present over
MCF-7 surface in the range of 0.01 until 200 ng/mL. In another study, carcinoma antigen 125
(CA125) is detected in clinical serum samples using carbon ink over previously wax-patterned
cellulose paper to fabricate disposable SPEs [80]. As illustrated in Figure 4, after electrode
modification with adsorbed gold nanoparticles (AuNPs), L-cysteine is chemisorbed through the
thiol group. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS)
activated carboxylic groups of chemisorbed L-cysteine allow covalent link of anti-CA125 capture
antibody through the reaction of amino groups from Fc antibody region with the activated carboxylic
acid of L-cysteine. As ECL label, anti-CA125 secondary antibodies are modified with covalently linked
luminol-AuNPs [81]. The labeled antibody is retained by the CA125 antigen previously attached over
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the working electrode surface. The ECL measurement is carried out using a cathodic scan and the
signal increases proportionally to the logarithm of CA125 concentration.Biosensors 2020, 10, x FOR PEER REVIEW 11 of 40 
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A label-free ECL immunosensor for transferrin (TRF) has been developed using luminol-reduced
gold nanoparticles (Lu-Re-AuNPs) modified carbon SPE [82]. Lu-Re-AuNPs composite is prepared in
a chitosan polymeric film. AuNPs are used to adsorb Anti-TRF antibodies. Finally, the immunosensor
is incubated with the sample containing TRF. The ECL signal is measured in anodic scan, using a
carbonate solution buffer containing as co-reactant H2O2. The ECL signal decreases linearly with TRF
concentration, as nonconductive proteins (as TRF) may interrupt the interfacial electron transfer and
hinder the diffusion of the electrochemically active molecules. This method shows better sensitivity
than other label-free immunoassays, such as immune precipitation and immune turbidity. It is also
easily manipulated, affordable and the recognition activity of the immobilized antibody is highly stable.

2.3. S2O8
2− ECL Systems

S2O8
2− is the most used co-reactant employed on immunosensor development together with

semiconductor nanomaterials responsible of ECL emission. In this case, the ECL signal is obtained at
the cathodic scan. The S2O8

2− is reduced to SO4*− and SO4
2−; SO4*− reacts with the excited form of

the semiconductor nanomaterial, which consequently falls down to the ground state generating the
ECL signal. S2O8

2− is usually in the solution, while the semiconductor material can be attached to the
electrochemical platform or be part of the ECL label used as detection element.

Accordingly, Wu et al. developed a label-free immunosensor for determination of the tumor marker
carbohydrate antigen 125 (CA125) [83]. It is based on S2O8

2− as co-reactant and the semiconductor
graphite-like carbon nitride (g-C3N4) modified with carboxylic groups and immobilized on the
electrochemical platform. Aminated Fe3O4 nanoparticles and anti-CA125 (capture antibody) are linked
to g-C3N4 through the reaction between activated carboxylic groups of g-C3N4 and amine groups of
nanoparticles and antibody. As authors explained that carboxylated g-C3N4 transfers electrons from
its conduction band to Fe3O4 nanoparticles, preventing carboxylated g-C3N4 from electrochemical
degradation and simultaneously catalyzing the reduction of S2O8

2− into SO4*−, which leads to the
enhancement of ECL emission of g-C3N4.

Other strategies using S2O8
2− as co-reactant are based on the use of semiconductor nanomaterials

as label of the recognition event between the antigen and a detection antibody. Zhang, M. et al. [84] used
semiconductor carbon nanocrystals (CNCs) as ECL transmitter for a PSA immunosensor (Figure 5).
CNCs are also modified with PtAg alloy, generating a composite nanomaterial (PtAg@CNCs), which is
linked with the detection antibody (anti-PSA). The resulting ECL label reacts with the PSA antigen,
previously attached by the capture antibody to the working electrode. In a first step, carbon SPE is
modified with carbon nanotubes covered with chitosan polymer and AuNPs (CNT-CHIT/AuNPs
composite). The capture antibody is immobilized onto the CNT-CHIT/AuNPs. In a sandwich
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immunosensor configuration, S2O8
2− is electroreduced due to the electrocatalytic activity of PtAg

alloy, generating SO4*− radicals that react with CNCs electrochemically excited by electroreduction,
transmitting an ECL signal directly proportional to the PSA concentration logarithm.Biosensors 2020, 10, x FOR PEER REVIEW 12 of 40 
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by dropcasting with nanoporous silver (obtained by dealloying method from Ag23Al77 alloy foils). 
The capture antibody is adsorbed on the resulting modified electrode to link CEA molecules present 
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Figure 5. Schematic representation of the fabrication of the ECL immunosensor for PSA, developed by
Zhang, M. et al. [84]: (1) CNT; (2) CNT-CHIT; (3) CNT-CHIT/AuNPs composite; (4) CNT-CHIT/AuNPs
composite modified SPCEs; (5) after immobilization of Ab1; (6) capture with PSA; and (7) immobilization
with the PtAg@CNCs composites labeled Ab2. Reproduced and adapted with permission of Royal
Society of Chemistry.

Quantum dots have also been employed as ECL labels as they can behave as ECL transmitter,
due to their semiconductor properties. In this way, CdTe quantum dots supported on porous silver
nanoparticles (QDs/AgNPs) are used as ECL transmitter together with the co-reactant S2O8

2− [85].
Silver nanoparticles act as S2O8

2− reduction electrocatalyst, amplifying the ECL signal of the
immunosensor designed for the determination of a tumor marker, carcinoembryonic antigen (CEA).
The detection antibody (anti carcinoembryonic antigen) is covalently linked to QDs/AgNPs, acting
as an ECL label of the sandwich-type immunosensor. It is interesting that the SPE electrochemical
platform is based on a microfluidic origami device fabricated directly on wax-patterned cellulose paper,
which make it a really affordable system. It is additionally modified with graphene nanosheets to
covalent bond the capture antibody. The ECL signal is proportional to the CEA concentration logarithm.

Another similar development described by Zhang, Y. et al. is based on the use of carbon SPE
modified with graphene nanosheets previously modified with silver and gold nanoparticles [86].
This composite nanomaterial acts as support of the capture antibody specific to CA 125 and facilitates
the electron transfer. CdTe quantum dots coated carbon microspheres (QD@CM) are used as ECL label.
QD@CM composite are modified with the detection antibody using EDC/NHS. The bioconjugate
QD@CM/Ab2 acts as ECL label of the sandwich-type immunosensor generating an ECL signal directly
proportional to the CA 125 concentration logarithm. This tumor biomarker immunosensor has been
applied to serum samples, obtaining results in agreement with those obtained with the reference
method (commercially available Electrochemiluminescent Analyser ROCHE E601, Switzerland) and
relative standard deviations about 2.84–7.31%.

The ECL behavior of semiconductor SnO2, with lower biotoxicity and better stability, has seldom
been investigated. Ma, C. et al. [87] reported a carcinoembryonic antigen (CEA) immunosensor,
where SnO2 nanocrystal (NC) is applied as a novel ECL signal reporter. Carbon SPEs are modified
by dropcasting with nanoporous silver (obtained by dealloying method from Ag23Al77 alloy foils).
The capture antibody is adsorbed on the resulting modified electrode to link CEA molecules present in
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the sample. Herein, SnO2 nanocrystals are combined with PtRu alloy, which enhances the ECL signal.
For this porpoise, SnO2 is first functionalized with amino groups by reaction with (3-Aminopropyl)
triethoxysilane and then bonded to PtRu alloy nanoparticles, being the amino groups coordinated
with Pt atoms. Finally, the nanocomposite materials are functionalized with the detection antibody,
by coordination of amino group of the antibody with the Pt atom. This nanocomposite material is
used as ECL probe through the reaction of SO4*− radicals generated with reduced SnO2 nanocrystals.
Herein, the reduction of S2O8

2− to SO4*− radicals is electrocatalyzed by PtRu alloy, increasing the
ECL signal linearly with CEA concentration. The immunosensor has a limit of detection as low as
0.72 pg/mL, which is lower than of the other methods.

In a similar approach, ZnO quantum dots are employed for PSA determination [88]. Pt/AuNPs
are previously electrodeposited on the carbon SPE. In a sandwich-type configuration, the capture
antibody is attached to the Pt/AuNPs. As recognition label, the authors used a composite nanomaterial
consisting on ZnO quantum dots synthesized on carbon nanotubes (ZnO@CNT) that is linked to the
specific detection antibody. The ECL signal is obtained in presence of S2O8

2−, which generates SO4*−
that reacts with reduced ZnO*− emitting an ECL signal directly proportional to the concentration
of PSA.

2.4. Other ECL System

Over recent years, besides the traditional ECL systems described above, new ECL systems based
on nanomaterials have been used to develop immunosensors based on SPEs. Most of these alternative
systems are based on the use of quantum dots as ECL emitters. Wang, S. et al. [89] developed a CEA
immunosensor based on indium tin oxide (ITO) SPE. As shown in Figure 6, gold-coated magnetic iron
nanoparticles (Fe@Au MNPs) are employed as solid support to CEA primary monoclonal antibody
(CEA-McAb1). CdTe quantum dots (QDs) are used to label CEA-secondary antibodies (CEA-McAb2).
By the help of a magnet, the sandwich-type immunoassay that takes place over the magnetic particles
is transferred to the ITO SPE surface. The ECL signal is obtained during the anodic scan, when CdTe
quantum dots are oxidized (CdTe(hole+)), being the electron rapidly transferred into an O2 molecule
dissolved in the buffer. The oxygen radical generated (O2*−) react with CdTe quantum, generating
CdTe(e−), which reacts with CdTe(hole+) emitting ECL. This ITO ECL device is an interesting alternative
to ceramic- and polyethylene terephthalate (PET)-based carbon SPEs. ITO as transparent material
improves the transmittance of ECL emission, enhancing the sensitivity.
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Figure 6. Schematic representation of the CEA ECL immunosensor developed by Wang, S. et al. [89].
Reproduced and adapted with permission of Elsevier.

A CEA immunosensor was also developed by Li, L. et al. [90] using in this case Au@Pt core-shell
nanoparticles modified with graphene quantum dots (GQDs) as supporting for the detection antibody
labeled with Glucose oxidase (GOx). The immunosensor is developed using nanoporous gold/chitosan
modified paper electrode (NGC-PWE) as sensor platform. The ECL signal is based on the detection of
H2O2 generated in the enzymatic reaction, which is instable and is transformed into (O2*−). This oxygen
specie reacts with electrochemically oxidized graphene quantum dots (GQDs*+), generating excited
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GQDs* that emits an ECL signal when it returns to its fundamental state. The ECL intensity is
proportional to the logarithm of CEA concentration. NGC-PWE improves electron transfer and allows
the immobilization of a high number of antibodies. The loading of GQDs on Au@Pt gives rise to an
amplified ECL signal and to the consequent improving of the sensitivity.

Carbon dots are new nanomaterials that are being used in ECL immunosensor. Liu, W. et al. [91]
developed a CA125 immunosensor employing porous Ag-paper working electrode (Ag-PWE) to
immobilize the capture antibody. In a sandwich-type configuration, the detection antibody is bounded
to carbon nanodots modified nanoporous silica nanoparticles (MSNs). The ECL signal is obtained in
the presence of triethylamine (TEA). At anodic scan, carbon nanodots and TEA are oxidized, generating
radical species that react between them, generating excited carbon dots that emit ECL signal when
they return to the ground state. The immunosensor present a wide linear range from 0.01 to 50 U/mL
with a detection limit of 4.3 mU/mL.

Among others ECL luminophores, phenyleneethynylene derivatives because of its chemical
stability and high efficiency of luminescence, have drawn intense attention in immunosensor field.
A carcinoembryonic antigen (CEA) immunosensor has been developed using phenyleneethynylene
derivatives ((4,4′-(2,5-dimethoxy-1,4-phenylene) bis(ethyne-2,1-diyl) dibenzoic acid (P-acid)) modified
with mesoporous Pt–Ag alloy nanoparticles (P-acid/Pt–AgANPs) [92]. The working electrode
is previously modified with graphene and a dense gold layer is formed through the growth of
AuNPs on the graphene, which in turn will be beneficial to the sensitivity, stability and effective
surface area of the SPE. Anti-CEA capture antibodies are immobilized onto the Au-Graphene layer.
Finally, the P-acid/Pt–AgANPs composite is applied to the immobilization of a secondary antibody.
According to sandwiched immunoreactions, once the sandwich-type immunosensor is incubated in the
sample, CEA reacts with capture antibodies and the secondary antibody labeled with the composite
nanomaterial, obtaining the ECL signal as the potential is scanned toward anodic values in a solution
containing TEA. P-acid and TEA are oxidized during anodic scan, generating radical species that react
between them. The ECL signal generated is directly proportional to the CEA concentration logarithm.
This ECL immunosensor has two advantages: (1) the gold/graphene layer provides an effective
antibody immobilization matrix with high stability and bioactivity; and (2) the P-acid/Pt–AgANPs
system improves the ECL signal, obtaining better sensitivity.

ECL Immunosensors based on the use of SPE technology described above and their analytical
properties are summarized in Table 1.
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3. ECL Enzymatic Biosensors

Enzymes are proteins that catalyze chemical reactions in living organisms, behaving as highly
selective catalysts that allow recognition of a wide variety of substrates of analytical interest. Therefore,
enzymes immobilized on the electrode surfaces have been widely employed for the development
of biosensors.

In general, enzyme immobilization methods are often classified in two broad categories: chemical
bonding and physical retention. The covalent binding of enzymes to supports and cross-linking are the
more prominent methods by chemical bonding [93]. The adsorption and entrapment of enzymes in
porous substrates or the confinement of enzymes in semipermeable membranes are the main methods
of immobilization by physical retention [94]. The most popular methods to build biosensors are
cross-linking [95] and entrapment [96].

Among other factors, the choice of immobilization method must take into account the type of
substrate that has to be processed and the conditions of the reaction. Another factor to consider in
the case of ECL biosensors is the luminophore, which can be trapped together with the enzymes on
the electrode surface or found in solution. Three main luminophores are used in enzyme biosensor
such as [Ru(bpy)3]2+, luminol [97] and quantum dots (QDs) [98], being luminol the most used in
oxidase enzyme biosensors. The light emission of luminol at the electrodes was first used in 1929 [99].
Luminol ECL is usually produced in alkaline solution with H2O2, when the anodic electrochemical
oxidation of the electrogenerated excited monoanionic form of 3-aminophthalic acid occurs at a carbon
or Pt electrode. The conditions under which ECL takes place are 0.6 V vs. saturated calomel electrode
(SCE) and λECL = 420 nm [100]. Because many oxide reductase enzymes can produce H2O2 during their
catalytic activity, ECL enzyme biosensors can be carried out by coupling the light-emitting reaction
produced by luminol with enzyme-catalyzed reactions that generate H2O2. Hence, luminol and its
derivatives have been coupled with oxidase enzymes for the generation of ECL [97].

Clark and Lyons developed the first enzymatic biosensor in the 1960s, by immobilizing Glucose
oxidase (GOx) on a platinum electrode to determine glucose. It revealed the possibility of enzyme
immobilization on an electrode, resulting in enzyme-based amperometric biosensors that allow to detect
electroactives species involved in the enzymatic reaction. Years later, Wilkinsont, J. S. developed an
enzymatic ECL biosensor [101]. The glass waveguide is coated with indium tin oxide and modified with
covalently attached GOx. The range of detection for glucose obtained was 0–10 mM with a detection
limit of 0.3 mM. Since GOx is well-known and commercially available enzyme and diabetes mellitus is
a non-infectious disease that has proliferated throughout the world, this enzyme is one of the most
employed in biosensor development. Although it is not an acute disease, it can lead to complications
such as kidney disease, blindness and foot disease or nerve damage. Tracking the diabetes related
indices such as blood glucose concentration are very important to control and disease treatment.
Therefore, enzymatic glucose biosensors have been a great deal of interest and new designs focus
on the improvement of the sensitivity and selectivity have been described. ECL biosensors are one
of the recent designs and GOx are the standard enzymes used for the majority of them. For this
purpose, researchers have developed different strategies for the immobilization of GOx in the different
supports. A sol–gel derived ceramic carbon composite electrode was used to develop a new type
of biosensor based on luminol ECL for glucose [102]. The detection limit obtained was 8.16 mM.
Guonan Chena et al. encapsulated GOx [103] in the film composed of Nafion and carbon nanotubes
(CNTs). They reached an excellent electrocatalytic activity toward luminol, obtaining a detection limit
of 2.0 µM glucose. Liu, L., et al. designed an ECL biosensor based on CdTe QDs and AuNPs [104].
The limit of detection for glucose was 5.28 µM. Other extremely sensitive glucose ECL biosensors were
developed, where the authors utilized a membrane of poly(diallyldimethylammoniumchloride) doped
with chitosan to immobilize GOx [105], obtaining a detection limit of 0.1 nM. Another combination
of nanomaterials employed to fabricated a 3D platform was developed by electropolymerization of
nickel (II) tetrasulfophthalocyanine (NiTSPc) on MWCNTs-modified glassy carbon electrode [106].
The detection limit obtained was 8.0 × 10−8 M. A high-performance three-dimensional 3D bio-platform
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of GOx adsorbed on AuNPs assembled polyaniline nanowires network was constructed. The ECL
biosensor enabled the sensitive detection of glucose by an extremely low detection limit of 0.05 µM [107].

ECL Enzymatic Biosensors Based on SPEs

As can be inferred from the approaches described above, several glucose ECL biosensors have
been developed so far using conventional electrodes. SPEs are recently employed as they can provide
additional advantages, in particular to fabricate disposable biosensors, making them important tools
for the development of POC biomedical applications. In this sense, Cheng, L. et al. [108] developed a
ECL biosensor immobilizing GOx and surface-unpassivated CdTe QDs on SPE (Figure 7). The glucose
biosensor showed rapid response. The biosensor linear range extends from 0.8 to 100 mM, and the
detection limit of it is around 0.3 mM. The detection of glucose in real human serum samples
demonstrated acceptable sensitivity and selectivity. Yu, L. et al. [109] developed another disposable
glucose ECL biosensor using Au and TiO2 nano-composite. GOx was cross-linked with BSA thanks
to the use of glutaraldehyde, while Nafion is used for enzyme immobilization on the ITO surface.
The biosensor has a linear range for the detection of glucose from 7.0 to 100 mM with a detection limit
of 0.22 mM.
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Uricase is an enzyme that catalyzes the oxidation of uric acid to 5-hydroxyisourate,
which subsequently forms (S)-allantoin. It is involved in purine metabolism, urate degradation
and (S)-allantoin formation. Its main use is the determination of uric acid in biological fluids. Hence,
it is important for the development of disposable biosensors. Uricase has been immobilized for the
fabrication of a uric acid ECL biosensor using two different strategies: trapped in a pyrrole matrix [110]
or in a double-layer design of luminol as a copolymer with 3,3,5,5-tetramethylbenzidine (TBM) and
chitosan on gold SPE [111]. The fabricated biosensor showed a sensitive response to uric acid with
a low detection limit of 4.4 × 10−7 M and wide linear response (from 1.5 × 10−6 to 1.0 × 10−4 M).
The biosensor turned out to be suitable for uric acid determination in 24-h urine samples compared to
a reference procedure.

Another enzyme of interest is Lactate oxidase (LOx). Lactate is a chemical compound that
plays important roles in various biochemical processes and is found in various biological fluids.
Measurements of blood lactate concentrations are common in exercise and in clinical settings, as they
can reveal information about the participant’s fitness. Blood lactate measurement is used as a marker
of exercise intensity and training status. Therefore, methods with high sensitivity and good selectivity
for the fast and dynamic lactate concentration response of lactate in human serum or other body
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fluids are urgently demanded. Lox-based biosensors for the determination of lactate in serum have
been reported [112]. An ECL biosensor based on LOx and luminol with a higher sensitivity has been
developed for the determination of this analyte in sweat [113]. Recently, Ballesta-Claver, J. et al. [114]
developed a disposable lactate ECL biosensor based on LOx and luminol immobilized on a graphite
SPE with Methocel membrane. The biosensor was applied to the analysis of lactate in saliva as an
alternative procedure for obtaining the lactate level in a non-invasive way.

Other ECL enzyme biosensors have been developed so far, immobilizing different oxide reductase
enzymes, such as cholesterol oxidase [115], glutamate oxidase [116], glycosylated hemoglobin [117],
choline oxidase [118] and alcohol dehydrogenase [119], on conventional electrodes such as indium tin
oxide glass, carbon and glassy carbon electrodes. Therefore, the possibility of developing SPE based
disposable biosensors, benefiting from the advantages provided by this type of electrodes is open,
as discussed in the Introduction.

Besides, screen printing technology allows the fabrication of platforms with several working
electrodes that share auxiliary and reference electrodes. Different enzymes can be immobilized
on these devices to the development of selective and disposable biosensors for multiple analysis.
Blum, L.J. et al. [120] were the first to describe an SPE multi-parametric ECL biosensor, based on
ECL detection principles of enzymatically produced H2O2. Years later, GOx and LOx were trapped
in PVA–SbQ (poly(vinyl alcohol), bearing styrylpyridinium groups photopolymer deposited on the
surface of SPE array (Figure 8) [121]. The achieved multiple biosensor allowed the simultaneous
detection and quantification of lactate and glucose with detection limits of 3 and 10 µM, respectively.
These results demonstrate the analytical possibilities of SPE arrays to produce multi-parameter
biosensors, based on ECL detection.
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(C) Schematic representation of the sensing layer organization which is formed by a hybrid layer of
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Reproduced and adapted with permission of Elsevier.

Enzymatic biosensors have many advantages compared to conventional analysis techniques,
such as high specificity provided by the biological element, high sensitivity, short analysis times and
the possibility of reusing the biological component, which, together with the advantages that ECL
presents, makes enzyme ECL biosensors excellent candidates to continue investigating in this area.

In recent years, a huge boost has been observed in areas such as nanotechnology and nanoscience,
being important the advances obtained in biomedicine [122], energy [123], catalysis [124] and
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electronic [125]. To a large extent, it has been due to the development and incorporation of new
nanomaterials. This advance has also benefited Analytical Chemistry. In particular, in the field of ECL
enzymatic biosensors, nanomaterials have provided significant improvements in the performance of
these devices. By coupling nanomaterials and ECL, the signal-to-noise ratio increases compared with
photoluminescence, since light scattering side effects are minimized. The development of new systems
and strategies based on nanomaterials have allowed the determination of new analytes, even in very
complex matrices [126]. Therefore, researchers have investigated the improvements that nanomaterials
produce in ECL (bio)sensors.

In general, ECL enzymatic biosensors based on nanomaterials show a higher selectivity, sensitivity
and stability. Furthermore, nanomaterials have provided improvements in the catalytic properties,
by increasing the electronic transfer between the co-reactant and luminophores, as well as the
conductivity, which lead to a high ECL response. In addition to the advantages explained above,
nanomaterial have a great biocompatibility with enzymes, since they are in the same size range.
Thus, they can form bioconjugates with synergistic properties. Finally, nanomaterials provide a large
surface area, allowing the immobilization of a large quantity of enzyme molecules, as we shown in
more detail below.

There are many nanomaterials used now for the development of enzymatic biosensors and their
nature is broad, such as metallic nanoparticles of silver (AgNPs) [127] and gold (AuNPs) [128]; carbon
nanomaterials as carbon nanodots (CNDs) [112], graphene [129] and carbon nanotubes (CNTs) [130];
and biochar [131]. Semiconductors such as quantum dots (QDs) [132] and silicates [133] are also
investigated. All these nanomaterials can be deposited on the SPE and conventional electrodes
surface for using as sensor platforms. There are different techniques for incorporating nanomaterials
such as electrodeposition, as is the case of metallic nanoparticles [134] and CNDs [135], where more
controlled coverage and reproducibility are obtained, through electrostatic interactions or formation
of covalent bonds [93], click chemistry [136] with modified surfaces, electrospray deposition [137]
and dropcasting [138], being the last one the most used, simplest and quickest way to prepare a
sensing surface.

Some of the most used QDs in ECL biosensors are CdTe, CdSe, CdS and graphene quantum dots.
These nanomaterials can act by themselves as luminophores generating an increase in the ECL signal,
due to its good electronic, optical and photophysical properties. CdTe QDs have been used for the
development of a disposable carbon SPE glucose biosensor [108]. In addition, these nanomaterials
are widely applied in the design of other biosensors such as ECL immunosensors [132]. The QDs can
also be managed together other semiconductors to gain synergetic system at the electrode where they
can work as ECL enhancer since they act as efficient emitters of ECL [139]. ZnO is another kind of
semiconducting nanomaterial that improves the ECL sensor response, which has been deposited on
carbon and gold SPE for the determination of glyphosate [140] and taurine [141], respectively.

CNDs are water-soluble carbon nanomaterials with low toxicity and facile functionalization.
Due to core-related quantum confinement effects of CNDs structure and edge effects near surfaces,
they show electro-optical properties. These advantages make the CNDs suitable nanomaterial for the
development of ECL biosensors, producing a response increase. CNDs have disclosed interesting
features as nanomaterials for photoinduced electron transfer and ECL. In the last one, CNDs have
demonstrated their ability to act as co-reactants [142], which is why this nanomaterial is widely used
in the development of ECL biosensors [143].

AuNPs are characterized by, in addition to their stability and large surface area, excellent conductive
properties, which allow improving the ECL responses by increasing their intensity. AuNPs can be
trapped with hydrolyzed (3-aminopropyl) trimethoxysilane as linker to the electrode ITO surface [144]
or deposited directly on the electrode surface [145]. AuNPs have not only provided a surface area
increase but also formed a bioconjugate that improves the analytical performance of the ECL biosensor.
Metal nanoparticles with the central core of Au and Ag have attracted great interest, due to their
catalytic and plasmonic applications. Li, J. et al. [146] used them on glassy carbon electrodes to develop
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a ECL sensor for the detection of highly upregulated in liver cancer (HULC), obtaining extremely low
detection limits.

The current trend in ECL biosensors is the combination of several nanomaterials, where the
advantages of both nanomaterials are blended, leading to the formation of new materials with
synergistic properties [147]. The use of these nanomaterials produces enhanced ECL signal intensity.
Zhang, C. et al. [148] employed mixed nanomaterials as Au nanoclusters and CeO2 nanowires for
the development of a biosensor. This ECL biosensor was based on the enzyme acetylcholinesterase.
The use of CeO2 nanowires on glassy carbon electrodes improve the stability of Au nanoclusters. In this
case, the authors proposed another mixture of nanomaterials, AgNPs were combined with carbon
QDs obtaining a nanocomposite, that showed superb ECL activity in the development of an enzymatic
glucose biosensor [149]. Du, X. et al. [150] proposed the use of CeO2 nanocrystallines assembled on the
surface of graphene sheets doped with nitrogen (CeO2-NG) for the development of an ECL enzymatic
biosensor based on cholesterol oxidase. The results display that the use of CeO2-NG nanocomposites
facilitates the electrochemical redox process of co-reactant, improving the intensity of ECL. Numerous
combinations of nanomaterials have been used until now and researchers continue to investigate new
nanomaterials and their applications. The use of deposited nanomaterials, either on conventional
electrodes or SPEs, produces considerable improvements in ECL biosensors. SPEs offer an additional
advantage since they are disposable electrodes.

Enzymatic biosensors based on the use of SPE technology described above and their analytical
properties are summarized in Table 2.
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4. ECL DNA Biosensors

DNA assays have many applications in different areas such as medical diagnostics, gene expression
analysis, environmental investigations, biological warfare agent detection and pharmaceutical studies.
DNA biosensors have been widely developed in different areas such as medicine and have brought
enormous challenges to the early diagnosis of diseases [35,151–153]. In general, this kind of devices
must have simplicity, fast response, good stability and high sensitivity to meet the requirements of
clinical application and commercialization. In this sense, among the different transducing signal
techniques, ECL is considered a promising one to improve the sensitivity and selectivity by lowering
the background signal for DNA probe assays. ECL DNA biosensors use specific biological interactions
to recognize and detect nucleic acids, producing a luminescent signal. An ECL DNA biosensor is a kind
of biosensor in which a single-stranded DNA probe is immobilized on the electrode surface, which acts
as a signal transducer of the hybridization event in an ECL signal by using different luminophores
(Figure 9). Bard et al. [154,155] studied for the first time the ECL behavior of ruthenium and osmium
pyridine complexes and DNA, paving the way for the ECL application in biological DNA analysis.
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4.1. [Ru(bpy)3]2+, Luminol and Nanomaterials ECL Systems

As in the case of ECL immuno- or enzymatic biosensors described above, the generating ECL
signals in ECL DNA biosensors are principally based on the use of luminophores as ruthenium
complexes, luminol or nanomaterials. In the case of using ruthenium complexes as luminophore,
a selective and highly sensitive detection of miRNA-21, based on the toehold-mediated strand
displacement (TMSD) amplification with [Ru(phen)3]2+ loaded DNA nanoclews (NCs–[Ru(phen)3]2+)
as signal tags, has recently been reported [156]. In this work, the stable DNA nanoclews, synthesized
by a simple rolling circle amplification reaction, were employed with [Ru(phen)3]2+ efficiently as ECL
signal tags to amplify the signals. The ECL intensity of the system act as a function of the logarithm
values of microRNA-21 with a limit of detection of 0.65 fM. The strategy was further applied to detect
miRNA-21 in complex samples (different cells containing the HEK-293, HeLa cells and MCF-7) and the
result was consistent with the real-time quantitative reverse transcription PCR (qRT-PCR).

Concerning ECL DNA biosensors using luminol as luminophore, Gao, W. et al. [157] developed
a new ECL DNA biosensor with high sensitivity and throughput to ECL imaging of nucleolin in a
single HeLa cell. In brief, mesoporous silica nanoparticles (MSN) loaded with doxorubicin (DOX) and
phorbol 12-myristate 13-acetate (PMA) were employed as drug carriers and can be specifically opened
by nucleolin in a HeLa cell. Then, PMA induced the HeLa cell to generate reactive oxygen species
(ROS) and realized ECL imaging of nucleolin. Afterwards, ROS damages DNA and proteins of the
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tumor cell and doxorubicin induces the apoptosis of HeLa cells by inhibiting the synthesis of genetic
material. Finally, DOX and ROS in a synergetic pathway kill HeLa cells efficiently. Kiani et al. [158]
reported a bipolar electrode array based on luminol-platinum nanoparticles. These nanoparticles were
modified with various monobases and served as ECL probes for detection of mismatches or single
nucleotide polymorphisms (SNPs) associated with human diseases. The DNA probe was attached to
the anodic poles of the array. When the electrodes were exposed to the monobase-luminol-platinum
nanoparticle, hybridization occur. The ECL signal was measured with a digital camera. This biosensor
can detect SNPs in the range of 2−600 pM. This simple instrument was applied for the discrimination
between Polymerase Chain reaction (PCR) DNA samples of normal, heterozygous and homozygous
beta thalassemia genetic disorders. It showed promise as an inexpensive and efficient method for
detecting genetic disorders.

As described above, a strategy recently used to improve the ECL response is the introduction of
nanomaterials is to increase the sensitivity and therefore extend the applications of ECL sensing.

Nanomaterials present different sizes, morphologies and chemical composition with excellent
chemical and optical properties, converting them to good candidates for their use in ECL biosensors.
They can be incorporated into the device to improve efficiency, but they also represent a new class
of ECL emitters. A novel highly efficient ECL sensor based on reductive Cu(I) particles catalyzed
Zn-doped MoS2 QDs for human papilloma virus (HPV16 DNA) or cervical cancer detection has
been recently developed [159]. In this work, the sulfur vacancies controlled with zinc doping led to
the adsorption and coordination with transition metals. Cu(I) particles were prepared to catalyze
H2O2 (co-reactant) in the ECL system. A 4.5-fold enhancement of the signal of Zn-doped MoS2 QDs
was obtained with the assistance of reductive Cu(I) particles. The biosensor achieved HPV 16 DNA
sensitive determination with a limit of detection of 0.03 nmol/L. A smartphone can capture and process
the ECL signal by self-developed software into high-resolution imaging, which provides the possibility
of developing a point-of-care HPV 16 DNA determination in the future.

Yuan, R. et al. also reported a signal “off–on” microRNA-155 ECL platform based on
carboxyl functionalized-poly (9,9-di-n-octylfluorenyl-2,7-diyl) polymer dots (PFO Pdots) [160]. Initially,
PFO Pdots were immobilized onto the electrode trough their carboxylic groups to capture DNA
duplex track-locker. In the presence of H2O2, the ECL signal of PFO Pdots was quenched to obtain a
signal-off state. Then, the DNA walker, obtained through the target miRNA-155-triggered catalytic
hairpin assembly (CHA), walked along the DNA duplex track-locker to output amounts of G-rich
short chain, forming a hemin/G-quadruplex. The ECL signal is restored to a signal-on state with the
consumption of H2O2 by hemin/G-quadruplex, achieving an ultrasensitive miRNA-155 detection.
The integration of excellent ECL performance of PFO Pdots have provided an ECL emission and an
attractive ECL platform for clinical diagnosis with highly efficient quenching effect of H2O2 without
O2 as co-reactant or exogenous species.

4.2. ECL DNA Biosensors Based on SPEs

As described above, ECL DNA biosensors have a wide range of applications in different areas as
medical diagnosis, food analysis and biowarfare agent detection (virus and bacteria), among others.
Screen-printing technology for ECL DNA biosensors is one of the most promising approaches towards
simple, rapid and inexpensive production of disposable sensing devices intended for use at point
of care. In recent years, SPEs with low cost and mass production using thick film technology have
been extensively employed for developing novel sensing platforms with improved performance and
application in different areas.

Currently, medical diagnosis is a research area of great interest. Reviewing the ECL DNA
biosensors trends in this area, it is evident that there is a continued increase of reports in the last years.
In this sense, cancer biomarker as miRNA detection is one of the hot topics.

MicroRNAs (miRNAs) are a class of endogenous non code small molecules (18–22 nt), which play
important roles as significant regulators of fundamental cellular procedures. Recently, abnormal
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expression of miRNAs has been found in a variety of tumors, which is closely related to the progress,
clinical treatment and prognosis of tumors [161,162]. Therefore, miRNAs are becoming as new targets
for early cancer diagnosis and treatment [163–165]. Currently, simple and sensitive methods for
miRNAs detection are still highly demanded. Figure 10 illustrates a novel [Ru(bpy)3]2+-based ECL
immunosensor for rapid and sensitive detection of miRNA-155 utilizing a microfluidic system based
on a paper-based closed Au-bipolar electrode (BPE) [166]. Wax-printing technology, screen printing
method and in-situ AuNPs growth were used for the microfluidic platform fabrication. DNA (S1)–AuPd
nanoparticles was used to modify the cathode of bipolar electrode with a by hybridization chain reaction,
in which the target initiated multiple cycles reaction to load high amounts of AuPd nanoparticles that
in turn catalyzed H2O2 reduction. Additionally, the anode of the bipolar electrode is coupled to the
[Ru(bpy)3]2+/TPrA ECL system. Due to the charge balance between the anode and the cathode of
BPE, the ECL signal was enhanced. The ECL signal correlated quantitatively with the concentration of
miRNA-155 up to 10 µM with a detection limit of 0.67 pM providing a novel way for highly sensitive
miRNA-155 detection in clinical application.
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Figure 10. Scheme of ECL biosensor development for the detection of miRNA-155 using a microfluidic
system based on a paper-based closed Au-bipolar electrode proposed by Yu et al. [166]. Reproduced
and adapted with permission of Elsevier.

Another important analyte for medical porpoises is the p16INK4a gene, which is a classical tumor
suppressor gene that inhibits the cyclin D-dependent protein kinases. Xu et al. [167] reported on an ECL
biosensing system using functional paste-like nanofibers composites-modified carbon SPE for sensitive
detection of p16INK4a gene. Figure 11 shows a schematic representation of the ECL DNA biosensor
development. Figure 11A shows the dsDNA formation. Firstly, the [Ru(bpy)3]2+/silver nanoparticles
(AgNPs) doped gold core–shell luminescent composite nanoparticles were labeled with ssDNA2
(RuAg@AuNPs-ssDNA2). Afterwards, hybridization reaction of ssDNA1 with the corresponding
sequence of p16INK4a gene takes place forming RuAg@AuNPs-dsDNA particles. Figure 11B shows
the paste-like nanofibers composites formation using electrospun nanofibers, graphene (GR) and
chitosan (CS), which serves as the nanosized backbones for pyrrole (Py) electropolymerization on the
modified carbon SPE surface. The composites were used as a substrate for dsDNA immobilization.
The ECL intensity is linear to the p16INK4a gene concentration in the range from 0.1 pM to 1 nM,
with a detection limit of 0.05 pM.
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(B) Paste-like nanofibers composites formation, electropolymerization on the modified carbon SPE
surface and dsDNA immobilization.

Nowadays, there is a growing concern of consumers on the authenticity of food ingredients
including adulteration. For this reason, the development of low-cost bioanalytical devices that enable
high throughput and performance assays in small point-of-analysis will be a priority to improve the
quality of food and health. Therefore, researchers have been focusing on developing new detection
procedures and tools [168]. In this sense, the combination of an oligonucleotide as recognition element
for a specific analyte and of ECL as a readout method has proven to be a valuable strategy for sensitive
and specific analytical detection. Figure 12 illustrates the development of a rapid, simple and sensitive
luminol-based ECL biosensors for Susscrofa (Porcine) DNA detection [169]. Firstly, porcine DNA was
amplified using the loop-mediated isothermal amplification (LAMP) method and then added to luminol
solution for the ECL analysis quantification. The DNA-luminol complexes formed slow down the
diffusion of luminol towards the electrode surface resulting in low luminol intensity. The LAMP-ECL
biosensor shows a sensitive and highly specific detection of Susscrofa (Porcine) DNA detection with a
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rapid response (around 5 min) and a detection limit of 0.1 pg/µL This approach used in combination
with carbon SPE has a great potential to compact biosensors development for food authenticity control.
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A new reported application of ECL DNA biosensors based on SPEs is biowarfare agent detection.
These agents, which include bacteria, viruses and ortoxins derived from living organisms, are used
for bioterrorism purposes and pose an ever-increasing security risk to military and civilian
populations [170–172]. For this reason, the development of multiplex ECL assays for biowarfare
agent is of great interest. O´Sullivan et al. [173] reported the develop of a multiplex detection ECL
DNA sensor for the simultaneous detection of six pathogens: Brucella, melitensis, Bacillus anthracis,
Burkholderia mallei, Francisella tularensis, Bacillus thuringiensis var. kurstaki and Coxiella burnetiid.
A carbon SPE array was used to develop the assay. This array comprised 42 individual working
electrodes with shared counter and reference electrodes. Activated-carbon electrodes were modified
covalently with DNA capture probes and then hybridized to target strands. Afterwards, pathogens
detection was achieved via sandwich-type format, using [Ru(bpy)3]2+ labeled reporter probes that were
hybridized to the probe–target complexes. An automated microsystem made in a custom designed
ECL detection box with integrated electronics, movable photomultiplier detector and fluidics was
performed. The detection limits were found to be 0.6–1.2 nmol/L for six targets (from 50 to 122 base
pairs) and linear ranges up to 15 nmol/L. The developed system allows the detection in single chip of
six targets at sub-nanomolar concentrations.

In conclusion, ECL DNA biosensors based on screen printed technology are successful analytical
platforms with high sensitivity and excellent selectivity that are starting to be used for the detection of
important analytes, such as viruses, toxins and bacteria (see Table 3). However, the development of
new improved devices can be considered as a new research line that is at its beginnings, since most
of the reported works have been recently published. There are still several challenges that must be
addressed in order to develop devices that have the analytical characteristics required to solve the
problems that society demands today.
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5. Conclusions

ECL biosensors based on screen-printed electrodes are currently commercially successful analytical
platforms with high sensitivity and excellent selectivity that are used for the detection of a wide
range of analytes, such as biomarkers, toxins, viruses, bacteria and metal ions. The unique and
attractive properties of the ECL technique and the popularization of the commercial instrumentation,
together with the recent introduction of screen-printed electrodes as electrochemical platforms have
paved the way for the development of new designs and applications in clinical prognostics and
diagnostics, food and environmental control, biodefense, etc. We overview different applications of
ECL biosensing systems in which the electrode employed is a disposable screen-printed electrode.
We discuss ECL immunosensors, enzymatic and DNA biosensor. The development of new ECL
light-emitting molecules and co-reactants, new ECL mechanisms, disposable electrodes with diverse
configurations, miniaturization of instruments and ECL imaging techniques demonstrates that in
the future the development of ECL technology will benefit from the rapid and continuous current
progress. This in part is due to the advantages that the disposable screen-printed electrodes provide
to the system. In particular, recent developments of ECL include fabrication of portable devices for
medical point-of-care and field instruments for use in environmental research. Furthermore, the recent
incorporation of nanotechnology will improve the efficiency of ECL biosensors based on screen-printed
electrodes, since they can act as electrode modifiers giving nanostructured surfaces or as co-reactants
in the ECL process.
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Abstract: A carbon nanofiber enriched 8-channel screen-printed electrochemical array was used for
the impedimetric detection of SNP related to Factor V Leiden (FV Leiden) mutation, which is the
most common inherited form of thrombophilia. FV Leiden mutation sensing was carried out in three
steps: solution-phase nucleic acid hybridization between zip nucleic acid probe (Z-probe) and mutant
type DNA target, followed by the immobilization of the hybrid on the working electrode area of array,
and measurement by electrochemical impedance spectroscopy (EIS). The selectivity of the assay was
tested against mutation-free DNA sequences and synthetic polymerase chain reaction (PCR) samples.
The developed biosensor was a trustful assay for FV Leiden mutation diagnosis, which can effectively
discriminate wild type and mutant type even in PCR samples.

Keywords: 8-channel screen-printed electrochemical arrays; zip nucleic acids; SNP; electrochemical
impedance spectroscopy

1. Introduction

Laboratory analyzers are suited for a hospital setting and requires trained personnel to operate
the analyzer and interpret the results accurately. However, biosensors have many advantages since
they are user-friendly and provide results rapidly with high sensitivity. A great demand for accurate
monitoring of biomarkers related to important diseases is the driving force toward the development of
novel analytical tools for diagnostics [1,2].

Many researchers are interested in the development of fast screening tools for clinical use. These
tools are mostly based on optical or spectroscopic techniques. However, electrochemical methods have
many strong points with regard to other techniques such as simple instrumentation, easy to use, low cost,
and low sample necessity [3]. Electrochemical biosensors provide direct analysis of various analytes
within minutes. Therefore, electrochemical biosensors can be considered as the most appropriate tool
for clinical diagnosis by means of their superior features as above-mentioned. Electrochemical DNA
biosensor arrays, as a member of the electrochemical biosensor family, are widely used as powerful
tools for the diagnosis of genetic and infectious diseases [4,5]. Many recent works have demonstrated
the usage of screen-printed electrode arrays in order to carry out multiple measurements at the same
time [5–9]. Recently, our group developed sensitive biosensors for the detection of protein, microRNA,
and SNPs [10–15].

FV Leiden, with the most common inherited prothrombotic conditions, occurs due to a single point
mutation of the coagulation factor V gene in the chromosome [16]. Between 3% and 8% of Europeans
carry the one copy of the Factor V Leiden mutation, and about 1 in 5000 people have two copies of the FV
Leiden mutation. Inheriting one copy slightly increases the risk of developing blood clots. Furthermore,
inheriting two copies—one from each parent—significantly increases the risk of developing blood clots.
These abnormal clots can lead to long-term health problems or become life-threatening [17]. Due to
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the importance of FV Leiden mutation sensing, there is an urgent need to develop sensitive, reliable,
and fast detection protocols for the FV Leiden mutation. Under this scope, the quantitative analysis
of Factor V Leiden was carried out by different methodologies such as the immunosorbent assay [18],
fluorescent assay [19], and sandwich-optical sensing method [20]. However, these methods require
expensive facilities and complex procedures in combination with the use of radioactive/fluorescent tags.
Therefore, these methods are not suitable for the development of simple and low-cost point-of-care
(PoC) devices.

Zip nucleic acids contain a cationic compound, spermine, that has an impact on the affinity between
the oligonucleotide and its target nucleic acid. Therefore, single base-mismatched sequences or single
nucleotide polymorphisms (SNPs) can be successfully discriminated by using zip nucleic acid probes
(Z-probes) [21]. Recent studies have confirmed the reliability of Z-probes such as primers, real-time PCR
probes, and splice switching oligonucleotides (SSOs) [22–25]. Z-probe applications also include miRNA
detection, detection of AT-rich sequences, in situ hybridization, etc. [26,27]. Furthermore, Z-probes were
used as an efficient probe for the development of the impedimetric detection protocol of single nucleotide
mutation related to FV Leiden in our previous study [28]. Before and after solution-phase hybridization
occurred between Z-probes and its mutant type DNA target, the impedimetric measurement was
performed by carbon nanofiber enriched screen-printed electrodes. The impedimetric detection of
different single point mutations such as G to A, G to C, and G to T in short DNA oligonucleotides was
successfully carried out. The discrimination between mutant type DNA (G to A) and wild type DNA
was explored successfully even though the target sequence with a mutation (G to A) was at the 3‘-end
position of both PCR products at the length of 143 nt or 220 nt. In addition, the detection of any other
SNPs (G to C, or G to T) was performed in solution phase hybridization more selectively by using
Z-probes in contrast to the DNA probe. Please note that this is a follow-up study of our previous study.

Herein, EIS based sensing protocol for of the FV Leiden mutation was performed by 8-channel
screen-printed electrochemical arrays. In order to improve the efficiency of solution-phase nucleic acid
hybridization between Z-probes and target sequence, the experimental parameters were optimized.
The selectivity of the assay was tested against wild type DNA sequence and synthetic PCR samples.

2. Materials and Methods

2.1. Instruments and Chemicals

AUTOLAB-302 PGSTAT with the GPES 4.9.007 software package (Eco Chemie, Utrecht,
The Netherlands) was used for electrochemical impedance (EIS) measurements.

The detailed information about oligonucleotides, PCR products, and carbon nanofibers enriched
8-channel screen-printed electrochemical arrays can be found in the Supplementary Materials.

2.2. Methodology

The following steps were carried out for EIS-based sensing of the FV Leiden mutation.

(i). Hybridization of the Z-probe with mutant type DNA, or wild type DNA, or C-mutant type DNA,
T-mutant type DNA, ODN-1, ODN-2, mutant type, and wild type PCR in the solution phase;

(ii). Immobilization of the hybridization products on the working electrode area of the array electrode;
(iii). Impedimetric measurements.

The desired concentrations of the Z-probe (or DNA probe) and mutant type DNA (or any other of
oligonucleotides (ODNs)) were prepared in phosphate buffer saline (PBS, pH, 7.4) and mixed in the
ratio of 1:1 (v:v). This mixture was allowed to undergo solution-phase hybridization for 10 min with
gentle mixing at 400 rpm under room temperature using a Thermo-Shaker (Biosan, Latvia).

The solution containing hybrids of the Z-probe-DNA target or DNA probe-DNA target was
dropped onto the surface of the working electrode of the array system and incubated for 15 min.
Immobilization of the hybrids was performed according to the drop-casting method. After that, the
electrodes were washed with PBS before measurement. The representative scheme is given in Scheme 1.
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Scheme 1. The representative experimental scheme related to electrochemical impedance spectroscopy
based sensing of the FV Leiden mutation. (a) Electrode control, (b) Z-probe in the absence of target,
(c) the hybrid form of Z-probe and mutant type DNA target.

2.3. Electrochemical Impedance Spectroscopy Measurements

EIS measurements were performed as reported in our previous work [28]. The Randles circuit
was used as the equivalent circuit model used for fitting EIS data, which is shown as the inset in all
Nyquist diagrams.

3. Results

We aimed to apply our previous assay [28] to the 8-channel array of electrodes in order to
perform multiple simultaneous analysis. This array of electrodes has been successfully employed
in numerous applications based on electrochemical biosensors [10–15,29,30] while presenting their
great advantages such as low sample requirement and easy implementation to point of care (PoC)
system. The characterization of the carbon nanofiber enriched electrodes has been given in earlier
reports [28,31–33].

The impedimetric sensing performance and operational characteristics of the array biosensor
were evaluated after optimizing the experimental conditions (Figures S1–S7). The optimized variables
are given in Table 1 and the Nyquist diagrams related to the hybridization of the Z-probe and mutant
type DNA target under optimized conditions are given in Figure 1.

The effect of mutant type DNA target concentration on the hybridization process was investigated.
Figure S8 shows the line graph for the tested mutant type DNA target concentrations. There was an
increase at Rct up to 12.0 µg mL−1, then a decrease at Rct was recorded up to 16.0 µg mL−1. As shown
in Figure S8, the highest Rct value was measured at 12.0 µg mL−1 in mutant type DNA target of
3226.0 ± 456.6 Ω with the RSD%, 14.2% (n = 3); the upper limit of the linear range was chosen as
12.0 µg mL−1. A linearity in the response based on the Rct value was obtained in the mutant type DNA
concentration range varying from 2.0 to 10.0 µg mL−1. The representative Nyquist diagrams are shown
in Figure 2. The limit of detection was estimated by using the Miller and Miller technique [34] and was
found to be 1.9 µg mL−1 (equal to 266.0 nM, 2.6 pmol in the 10.0 µL sample) according to the calibration
plot shown in the Figure S8 inset with the equation of y = 208.96x + 235.66. In addition, the sensitivity
was calculated and found to be 2149.8 Ω·mL/µg·cm2.
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Table 1. Experimental variables optimized for the impedimetric sensing performance of the array biosensor.

Variable Evaluated Conditions Optimum Condition

Hybridization temperature, ◦C 25, 50, 75 25

Hybridization buffer, pH
ABS (pH, 4.8)
PBS (pH, 7.4)
CBS (pH, 9.5)

PBS (pH 7.4)

[Mg2+] in hybridization buffer, mM NA *, 0.5, 1 NA *

Hybridization time, minute 5, 10, 15 10

* NA: There is no Mg2+ available in hybridization buffer.
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The selectivity of the Z-probe to mutant type DNA target was then tested against the wild type
DNA target. The same experiment was performed with the DNA probe instead of the Z-probe in order
to compare the performance of the Z-probe.
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The average Rct value was obtained of 3219.0 ± 373.0 Ω (RSD%, 11.6%, n = 3) after hybridization
of the Z-probe and mutant type DNA target (Figure 3A). However, it was 1083.0 ± 65.0 Ω (RSD%, 6.0%,
n = 3) after the hybridization of the Z-probe with the wild type DNA target. On the other hand, the
average Rct value was obtained of 2504.0 ± 629.3 Ω (RSD%, 25.1%, n = 3) in the presence of hybrid of
the DNA probe and mutant type DNA target (Figure 3B), and 2327.0 ± 89.1 Ω (RSD%, 3.8%, n = 3) with
the hybrid of the DNA probe and wild type DNA target. According to the efficiency of hybridization%
(HEff%), it can be said that the Z-probe exhibited a selective behavior to its wild type DNA target
(shown in Table 2). Nevertheless, the DNA probe was not selective enough to the wild type target.

Biosensors 2020, 10, x 5 of 10 

The selectivity of the Z-probe to mutant type DNA target was then tested against the wild type 
DNA target. The same experiment was performed with the DNA probe instead of the Z-probe in 
order to compare the performance of the Z-probe. 

The average Rct value was obtained of 3219.0 ± 373.0 Ω (RSD%, 11.6%, n = 3) after hybridization 
of the Z-probe and mutant type DNA target (Figure 3A). However, it was 1083.0 ± 65.0 Ω (RSD%, 
6.0%, n = 3) after the hybridization of the Z-probe with the wild type DNA target. On the other hand, 
the average Rct value was obtained of 2504.0 ± 629.3 Ω (RSD%, 25.1%, n = 3) in the presence of hybrid 
of the DNA probe and mutant type DNA target (Figure 3B), and 2327.0 ± 89.1 Ω (RSD%, 3.8%, n = 3) 
with the hybrid of the DNA probe and wild type DNA target. According to the efficiency of 
hybridization% (HEff%), it can be said that the Z-probe exhibited a selective behavior to its wild type 
DNA target (shown in Table 2). Nevertheless, the DNA probe was not selective enough to the wild 
type target. 

 

Figure 3. The hybridization between 1.0 µg mL−1 (A) Z-probe, or (B) DNA probe and 12.0 µg mL−1. 
mutant type DNA or wild type DNA target. Nyquist diagrams related to (a) Z-probe or DNA probe 
in the absence of target, the hybrid form of Z-probe, or DNA probe with (b) mutant type DNA target, 
(c) wild type DNA target. 

Table 2. The average Rct values measured with the hybrid form of the Z-probe or DNA probe with 
mutant type DNA target/wild type DNA target and HEff% values. 

 Rct (Ω) HEff% 
Z-probe 369.4 ± 59.9 - 

Z-probe and mutant type DNA target 3219.0 ± 373.0 89.0 
Z-probe and wild type DNA target 1083.0 ± 65.0 65.0 

DNA probe 848.0 ± 209.0 - 

Figure 3. The hybridization between 1.0 µg mL−1 (A) Z-probe, or (B) DNA probe and 12.0 µg mL−1.
mutant type DNA or wild type DNA target. Nyquist diagrams related to (a) Z-probe or DNA probe in
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Table 2. The average Rct values measured with the hybrid form of the Z-probe or DNA probe with
mutant type DNA target/wild type DNA target and HEff% values.

Rct (Ω) HEff%

Z-probe 369.4 ± 59.9 -
Z-probe and mutant type DNA target 3219.0 ± 373.0 89.0

Z-probe and wild type DNA target 1083.0 ± 65.0 65.0
DNA probe 848.0 ± 209.0 -

DNA probe and mutant type DNA Target 2504.0 ± 629.3 66.0
DNA probe and wild type DNA target 2327.0 ± 89.1 63.0
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The selectivity of the impedimetric assay based on the Z-probe and nanomaterials enriched array
biosensor was tested over different oligonucleotides with different single-base mutations located at
mutant type DNA target sequence, or noncomplementary sequences, C-mutant type DNA or T-mutant
type DNA or ODN-1 or ODN-2 (Figures S9 and S10). The average Rct with the HEff% is given in
Table S1. The highest HEff% was found to be 89% with the hybrid form of the Z-probe and mutant type
DNA. A selective behavior of the Z-probe was monitored even in the presence of DNA oligonucleotides
with different single-base mutation or noncomplementary ODNs.

The impedimetric sensing of FV Leiden mutation in the PCR products with the length of 143 nt
was analyzed using the Z-probe accordingly, and presented comparatively with the DNA probe.
The hybridization of the 1.0 µg mL−1 Z-probe and 12.0 µg mL−1 (equals to 0.3 µM) mutant type PCR,
or wild type PCR was performed under optimum experimental conditions and the average Rct with
HEff% values is shown in Table 3.

Table 3. The average Rct values measured with the hybrid form of the Z-probe or DNA probe with
mutant type PCR or wild type PCR with the values of HEff%.

Rct (Ω) HEff%

Z-probe 369.4 ± 59.9 -
Z-probe and mutant type PCR 2608.0 ± 361.3 86.0

Z-probe and wild type PCR 1923.3 ± 516.4 81.0
DNA probe 848.0 ± 209.0 -

DNA probe and mutant type PCR 1795.0 ± 481.2 53.0
DNA probe and wild type PCR 1848.5 ± 379.7 54.0

The HEff% value obtained by the Z-probe (86.0%) was found to be higher than the one obtained
by the DNA probe (53.0%). Hence, the discrimination of a single-base mutation was selectively and
sensitively explored in the presence of the Z-probe, even when the target sequence was part of the PCR
product with the length of 143 nt.

The earlier studies related to the detection of DNA using the array of electrodes are listed in
Table 4 and compared to the present study.

4. Conclusions

The impedimetric analysis of the FV Leiden mutation was carried out by 8-channel screen-printed
electrochemical arrays in a relatively shorter time (i.e., 30 min) compared to previous works performed
by different arrays of electrodes [13–15,35–47] (see Table 4). Using screen-printed electrochemical
arrays, a single-base mutation successfully discriminated complementary target DNAs by means of the
Z-probe. The LODs were calculated and found to be 1.9 µg mL−1 (266.0 nM). Based on our experiences,
the Z-probe based impedimetric biosensors will be at the front of furthering the expansion of a new
generation of nucleic acids on the development of PoC devices.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/9/116/s1.
Figure S1. The Nyquist diagrams obtained after the hybridization of 2.0 µg mL−1 (A) DNA probe, (B) 3’Z-probe,
(C) 5’Z-probe and 10.0 µg mL−1 mutant type DNA target at 25 ◦C. (a) electrode itself, (b) the pseudo-hybridization
of DNA probe, 3’Z-probe or 5’Z-probe, (c) the hybridization of DNA probe, 3’Z-probe or 5’Z-probe and mutant
type DNA target. (D) Histograms representing the average Rct values obtained by (a) electrode itself, the
pseudo-hybridization of 2.0 µg mL−1 (b) DNA probe, (d) 3’Z-probe or (f) 5’Z-probe, the hybridization between
2.0 µg mL−1 (c) DNA probe, (e) 3’Z-probe or (g) 5’Z-probe and 10.0 µg mL−1 mutant type DNA target. Figure S2.
Nyquist diagrams obtained by (a) electrode itself, the immobilization of 2.0 µg mL−1 of (b) spermine or (c)
Z-probe, and the interaction/hybridization of 2.0 µg mL−1 of (d) spermine or (e) Z-probe with 10.0 µg mL−1

mutant type DNA target. Figure S3. The Nyquist diagrams obtained after the hybridization of 2.0 µg mL−1

Z-probe and 10.0 µg mL−1 mutant type DNA target at (A) 25 ◦C, (B) 50 ◦C and (C) 75 ◦C. (a) electrode itself, (b) the
pseudo-hybridization of Z-probe at 25 ◦C, 50 ◦C and 75 ◦C, (c) the hybridization of Z-probe and mutant type DNA
target at 25 ◦C, 50 ◦C and 75 ◦C. Figure S4. The Nyquist diagrams obtained after the hybridization of 2 µg mL−1

Z-probe and 10.0 µg mL−1 mutant type DNA target in (A) ABS (pH 4.8), (B) PBS (pH 7.4) and (C) CBS (pH 9.5). (a)
electrode itself, (b) the pseudo-hybridization of Z-probe in ABS (pH 4.8), PBS (pH 7.4) or CBS (pH 9.5). (c) the
hybridization of Z-probe and mutant type DNA target in ABS (pH 4.8), PBS (pH 7.4) or CBS (pH 9.5). Inset was the
equivalent circuit model used for fitting of the impedance datas. Figure S5. The Nyquist diagrams obtained after
the hybridization of 2.0 µg mL−1 Z-probe and 10.0 µg mL−1 mutant type DNA target in (A) PBS (pH 7.4) or (B)
0.5 mM and (C) 1.0 mM Mg2+ contained PBS (pH 7.4). (a) electrode itself, (b) the pseudo-hybridization of Z-probe
in PBS (pH 7.4), or PBS (pH 7.4) containing 0.5 mM or 1.0 mM Mg2+. (c) the hybridization of Z-probe and mutant
type DNA target in PBS (pH 7.4), or PBS (pH 7.4) containing 0.5 mM or 1.0 mM Mg2+. Figure S6. The Nyquist
diagrams obtained after the hybridization of 2.0 µg mL−1 Z-probe and 10.0 µg mL−1 mutant type DNA target
during 5 min, 10 min and 15 min. (a) electrode itself, the pseudo-hybridization of Z-probe during (b) 5 min, (c)
10 min, (d) 15min, the hybridization of Z-probe and mutant type DNA target during (b’) 5 min, (c’) 10 min and (d’)
15 min. Figure S7. Nyquist diagrams of (a) electrode itself, before (A) and after (B) the hybridization of (b) 0.25, (c)
0.5, (d) 1.0, (e) 2.0 and (f) 4.0 µg mL−1 Z-probe and 10.0 µg mL−1 mutant type DNA target. Figure S8. Line graph
representing the Rct values recorded by the hybridization of 1.0 µg mL−1 Z-probe and mutant type DNA target at
the concentration level from 2.0 to 16.0 µg/mL. Inset: Calibration graph based on the average Rct values (n = 3)
obtained after the hybridization of Z-probe with mutant type DNA target in the concentration range from 2.0 to
10.0 µg mL−1. Figure S9. The hybridization of 1.0 µg mL−1 Z-probe and 12.0 µg mL−1 mutant type DNA target or
C-mutant type DNA or T-mutant type DNA. (A) Nyquist diagrams, (B) histograms representing the Rct values
obtained by (a) electrode itself, (b) the pseudo-hybridization of Z-probe, after the hybridization of Z-probe and
(c) mutant type DNA target, (d) C-mutant type DNA, (e) T-mutant type DNA. Figure S10. The hybridization of
Z-probe and mutant type DNA target or ODN-1 or ODN-2. (A) Nyquist diagrams, (B) histograms representing the
Rct values obtained by (a) electrode itself, (b) presudo-hybridization of Z-probe, after the hybridization of Z-probe
and (c) mutant type DNA target, (d) ODN-1, (e) ODN-2 (n = 3). Table S1. HEff% calculated based on the average
Rct value obtained after the hybridization of Z-probe with mutant type DNA target/C-mutant type DNA/T-mutant
type DNA/ODN-1/ODN-2 in contrast to the average Rct value obtained in the presence of pseudo hybridization.
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Abstract: Procalcitonin (PCT) is a known protein biomarker clinically used for the early stages of sepsis
diagnosis and therapy guidance. For its reliable determination, sandwich format magnetic bead-based
immunoassays with two different electrochemical detection approaches are described: (i) disposable
screen-printed carbon electrodes (SPE-C, on-drop detection); (ii) electro-kinetically driven microfluidic
chips with integrated Au electrodes (EMC-Au, on-chip detection). Both approaches exhibited enough
sensitivity (limit of detection (LOD) of 0.1 and 0.04 ng mL−1 for SPE-C and EMC-Au, respectively;
cutoff 0.5 ng mL−1), an adequate working range for the clinically relevant concentrations (0.5–1000
and 0.1–20 ng mL−1 for SPE-C and EMC-Au, respectively), and good precision (RSD < 9%), using low
sample volumes (25 µL) with total assay times less than 20 min. The suitability of both approaches
was successfully demonstrated by the analysis of human serum and plasma samples, for which
good recoveries were obtained (89–120%). Furthermore, the EMC-Au approach enabled the easy
automation of the process, constituting a reliable alternative diagnostic tool for on-site/bed-site
clinical analysis.

Keywords: electrochemical immunoassays; microfluidic chips; screen-printed; sepsis

1. Introduction

Nowadays, the burden of sepsis on health care is highly significant. It is estimated that
approximately 13 million people worldwide become septic every year and four million people die
of sepsis. Mortality rates for severe sepsis range between 30 to 50%, and higher than 50% for septic
shock [1]. Furthermore, despite advances in health care, the incidence of sepsis is increasing every year
and a continuous increment is expected as the population ages [2]. With this in mind, new diagnostic
tests that help clinicians to diagnose and manage this disease can significantly yield improvements
in their patients’ outcomes.

Procalcitonin (PCT) is a protein precursor of the calcitonin hormone, composed of 116 amino
acids, with a molecular weight of 13 kDa. It is considered a very specific biomarker in early clinical
diagnosis for severe infection diseases, including sepsis [3]. Under normal physiological conditions,
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PCT levels in human blood is lower than 0.25 ng mL−1, but it can rapidly increase in response to
pro-inflammatory stimulation, with a half-life of 24 h [4,5]. Measurements of PCT levels could be used
for diagnosis, as well as for evaluations of the treatment effectiveness, determining the appropriate
dosage and duration of antibiotic therapy [6–8].

Several methods have been reported for PCT determination, mainly based in the selective recognition
provided by immunological interactions. These methodologies include immunoturbidimetric assays [9],
chemiluminescent immunoassays [10–16], immunochromatographic assays [17–22], surface plasmon
resonance biosensors [23–25], fluorescence immunosensors [26–32], ellipsometry immunosensors [33],
colorimetric immunoassays [34–36], and electrochemical immunoassays [37–56]. Even different
immunoanalytical methodologies are commercially available by Brahams GmbH (Henningsdorf,
Germany). Although some of them reach impressive sensitivity, the vast majority present several
limitations, such as their high complexity, sophisticated instrumentation requirements and/or unproven
applicability in the real clinical scenario.

Furthermore, among all the detection systems, electrochemistry stands out due to its inherent
miniaturization, portability, low cost and ability to tailor electrode materials [57] The coupling of
this detection principle has been widely explored in immunoassays for clinical diagnoses. In particular,
electrochemical magneto-immunosensors have proven to be sensitive, accurate, fast and inexpensive,
capable of achieving adequate limits of detection and very suitable as point-of-care tools for
decentralized analysis. The use of magnetic beads has been largely exploited in recent years due to
their well-known properties such as improved assay kinetics and easy manipulation, while they are
perfectly coupled to electrochemical detection [58]. However, magneto-immunosensors [16,17,35,36]
in general, and particularly those using electrochemical detection [40], have not been widely explored
for PCT determination.

Keeping in mind the aforementioned characteristics of electrochemistry, it can be considered as a
very suitable detection technique to be interfaced with microfluidics as well. In addition, microfluidics
enable lower sample consumption, as well as finely controlled and automated (electro)-chemical
reactions in pocket-sized devices containing microchannels to provide point-of-care applications [59,60].
In this sense, they constitute an ideal platform to perform integrated microscale immunoassays [59–64].
Despite these inherent advantages, few microfluidic immunosensors for PCT determination have been
previously published, and most of them are based on optical techniques [26,28–30,39].

In this work, we demonstrate the use of magnetic bead-based electrochemical immunoassays for
PCT determination in human serum samples using two approaches: (i) disposable screen-printed
carbon electrodes (SPE-C, on-drop detection) and (ii) electro-kinetically driven microfluidic chips with
integrated Au electrodes (EMC-Au, on-chip detection).

2. Materials and Methods

2.1. Reagent and Solutions

The analyte, procalcitonin (PCT) (8PC5), and biotinylated and horseradish peroxidase
(HRP)-conjugated monoclonal anti-PCT antibodies(18B7,44D9) were purchased from HyTest (Turku,
Finland).

The lyophilized PCT was dissolved in deionized water (Millipore Milli-Q purification system).
Further PCT dilutions were carried out with 0.1 M phosphate buffered saline and 0.01% Tween-20
(PBST) buffer, pH 7.5. Antibody solutions were prepared in 0.1 M phosphate buffered saline and 0.01%
Tween-20 (PBST) buffer, pH 7.5.

Streptavidin-coated superparamagnetic beads (Dynabeads® M-280 Streptavidin) (10 mg mL−1)
were obtained from Invitrogen (Carlsbad, CA, USA), and bovine serum albumin (BSA), hydroquinone
(HQ) and 30% H2O2 PERDROGENTM (w/w) were purchased from Sigma-Aldrich (Madrid, Spain).
Hydroquinone and hydrogen peroxide solutions for the electrochemical detection were prepared
in 0.1 M of phosphate-buffered (PB) solution, pH 7.0.
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2.2. Apparatus and Electrodes

Magnetic racks for magnetic bead immobilization onto the working electrode surface were
purchased from Metrohm DropSens (Oviedo, Spain). A magnetic block, DynaMag™-2, and a Sample
Rack for DynaMag™-2 for magnetic particle handling were purchased from ThermoFisher, (Carlsbad,
CA, USA). For the incubation steps, a Vortex Mixer-ZX3 from Velp Scientifica and a Thermoshaker
TS-100C from Biosan, (Riga, Latvia) were used.

Multi potentiostat/galvanostat µSTAT 8000 and “DropView 8400” software for measurement setup
and data acquisition, handling, processing, and exporting was used for the on-drop amperometric
measurements. Screen-printed carbon electrodes (SPCE) DRP-110, with a carbon working electrode
(ø = 4 mm), carbon counter electrode and silver reference electrode, from Metrohm DropSens (Oviedo,
Spain), were used (Figure S1A). A holder (MCE-HOLDER-DC02) and microchips (MCE-SU8-Au002T)
(38× 13× 0.75 mm) from MicruX Technologies S.L. (Oviedo, Spain) were used for on-chip measurements.
The microchips integrate three Au electrodes of 100 µm (working electrode (WE), auxiliary electrode
(AE) and counter electrode (CE)) with a separation channel length of 30 mm and an injection channel
length of 5 mm. The width of the microchannel is 50 µm and their depth is 20 µm. The microchip
was placed into a holder, where all electric contacts and reservoirs were pre-defined (Figure S1B).

For microchip pre-treatment, 0.1 M NaOH solution was flushed through the channels for 20 min,
followed by rinsing with deionized water for 10 min and PBST 0.1 mM (running buffer) for 10 min.

The Bi-potentiostat HVSTAT2010, for applying the high-voltages and recording the amperometric
measurements, was obtained from MicruX Technologies S.L. (Oviedo, Spain).

2.3. Samples

Human samples from healthy volunteers, with undetectable PCT levels, were obtained after their
written informed consent and authorization.

This study was conducted in accordance with the Declaration of Helsinki Ethical Principles,
and was approved by the Ethics Committee of the Hospital Clínico San Carlos (Spain) (reference code:
C.P.—C.I. 16/161-E. Date of approval: 23 May 2016).

2.4. Immunoassay Procedures

Based on a typical sandwich ELISA protocol, 2 µL of the commercial streptavidin-coated magnetic
bead (MBs) suspension was placed into a microcentrifuge tube, and subjected to a washing step
according to the manufacturer’s protocol. These beads were incubated in 50 µL (5 µg mL−1) of
biotinylated anti-PCT solution in PBST buffer at room temperature and stirred for 5 min. After that,
the microcentrifuge tube was placed on the magnetic block and the supernatant was removed,
followed by two washing steps with 100 µL of PBST buffer. Then, the MBs functionalized with
anti-PCT antibody were re-suspended in 25 µL of sample or PCT standard solutions, plus 25 µL of
HRP-conjugated anti-PCT antibody solution (0.36 µg mL−1, final concentration) in PBST with 0.1%
BSA. After the suspension incubation at room temperature for 15 min, the supernatant was removed
and three washing steps were carried out.

Once the immunoreaction was carried out, electrochemical detection was performed using
both approaches: (i) on-drop onto screen-printed carbon electrodes (SPE-C); (ii) on-chip into
electro-kinetically driven microfluidic chips with integrated Au electrodes (EMC-Au) (Figure 1).
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Figure 1. Magnetic bead-based electrochemical immunoassays—on-drop screen-printed carbon
electrodes (SPE-C) and on-chip electro-kinetically driven microfluidic chips with integrated Au
electrodes (EMC-Au).

2.5. Electrochemical Detection On-Drop onto SPE-C

After the immunocomplex formation, the MBs were re-suspended in 1-mM (45-µL) hydroquinone
solution and transferred to the SPCE, where they were placed onto the working electrode surface using
a magnet. Finally, amperometric measurements were performed at an applied potential of −0.20 V.
After current stabilization, 5 µL of hydrogen peroxide solution (final concentration = 5 mM) was added,
and the current was recorded.

The amperometric signals were calculated as the difference between the steady-state
and the background currents at 200 s (Figure S2A). The signals were then fit to a four-parameter logistic
regression using SigmaPlot 10.0 (Equation (1)).

ip =




imax − imin

1 +
(EC50

x

)h
+ imin




(1)

where imax and imin are the maximum and minimum current values of the calibration graph; EC50 value
is the analyte concentration corresponding to 50% of the maximum signal; h is the hill slope.

2.6. Electrochemical Detection into EMC-Au

In this case, the MB immunocomplexes were re-suspended in 10 µL of PBST buffer for their
subsequent electro-kinetical introduction into the microfluidic chip. Therefore, this suspension
was deposited into the sample reservoir (SR) of the microfluidic chip (Figure 2). In addition,
microchannels, the running buffer and detection reservoirs (RB and DR) were filled with PBST, while
the enzymatic substrate reservoir (ER) was filled with a mixture of 45 µL of 1 mM HQ plus 5 µL of
50 mM H2O2.

An electrokinetic injection protocol was optimized for the EMC-Au electrochemical detection
(Figure 2). MBs were dragged to the longitudinal channel, applying a voltage of +1500 V between
reservoirs SR and DR for three pulses of 25 s, while other reservoirs were left floating. They were
retained within the microchannel by the aid of a magnet situated on the top. After a washing step
with PBST (10 s applying +1500 V from RB to DR reservoirs) the enzymatic substrates were injected
and pumped to cross through the particle bed (200 s applying +1500 V from ES to DR reservoirs).
In-channel amperometric measurements were taken at an applied potential of −0.20 V on the Au
working electrode. The amperometric signals were calculated as the difference between the steady-state
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and the background currents at 200 s (Figure S2B) and fit to a four-parameter logistic regression
(Equation 1) using SigmaPlot 10.0. After the measurement, MBs were removed from the main channel
by taking off the magnet and washing the channel by injection of buffer for 200 s (+1500 V) from RB
to DR.
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Taking into account that only a small fraction of the MBs deposited into the sample reservoir are
introduced into the main channel, the analysis can be automatically repeated several times without
the need for manual intervention or conditioning of the microchip.

3. Results and Discussion

3.1. Optimization of the Immunoassay

The functionalization of the MBs with the biotinylated captured antibody (cAb) was evaluated in a
concentration of antibodies between zero and 7.5 µg mL−1. The amount of cAb depends on the number
of MBs used and the number of streptavidin molecules immobilized onto them. The maximum
current intensity was obtained using a concentration of 5.0 µg mL−1, followed by a plateau that
denotes the saturation of the binding sites (Figure S3A). A similar selection protocol was followed for
the determination of the optimal concentration of the detection antibody. Titration was performed for
concentrations ranging from 0.04 to 0.7 µg mL−1, where the maximum intensity current was reached
for 0.36 µg mL−1 of anti-PCT-HRP producing the saturation of the antigen/capture-antibody binding
sites (sandwich format) (Figure S3B). Incubation times were also studied for different stages. Times of
5 min for the immobilization of captured antibodies to modified magnetic beads produced 85% of
the maximum intensity current (Figure S4A). Moreover, the simultaneous or sequential incubation
of the analyte and detection antibody was also considered. In total, 97% of the maximum current
was obtained when simultaneous incubation of both species was performed for 15 min (Figure S4B).
Non-specific adsorption was almost negligible (<1%) when adding 0.1% BSA to the dilution buffer
during the incubation stages.

Once the immunorecognition was performed, the electrochemical detection was carefully studied
using two different approaches: (i) SPE-C, on-drop detection; (ii) EMC-Au, on-chip detection.

MB immunocomplexes were deposited onto the surface of the SPE-C and retained by a magnet,
while the enzymatic substrate and electrochemical mediator (H2O2 and HQ) were added to perform
the amperometric detection at −0.20 V. The detection potential was evaluated between zero and −0.3 V.
The signal increased up to−0.2 V, keeping constant for larger negative potentials, as this one was the one
we selected for the amperometric measurements.
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For the EMC-Au approach, electrokinetic protocol for the injection of modified MB
immunocomplexes and enzymatic substrate/electrochemical mediators as well as electrochemical
detection were carefully studied as well (see Table 1).

Table 1. Electrokinetics and electrochemical detection, EMC-Au optimizations.

Step Parameter Studied Range Selected Value

Immunocomplex-MB Injection

Immunocomplex-MB
dilution (v/v) 1:10–1:200 1:10

Applied Voltage (V) +1000–2000 +1500

Number of pulses 1–5 3

Pulse time (s) 10–50 25

Washing

Applied Voltage (V) +1000–2000 1500

Number of pulses 1–5 1

Pulse time (s) 10–50 25

Enzyme substrates pumping/driven
Applied Voltage (V) +1000–2000 +1500

Time (s) —- 200 s

Detection E (V) −0.10–(−0.30) −0.20

The applied voltage, number of pulses and pulse time for the MB immunocomplex injection
from the SR were assayed to place the optimum amount of MBs in the microchannel, in order to
obtain the highest signal without clogging the channel. Electrokinetic conditions for the washing
step were also studied to eliminate non-magnetically retained MBs, improving the assay precision.
Then, the enzymatic substrates were continuously driven at +1500 V for 200 s. Under these optimal
electrokinetic conditions, the detection potential was assayed between −0.10 V and −0.30 V. The highest
signal/noise features were obtained at −0.20 V, which was chosen as the optimum detection potential.

3.2. Analytical Characteristics

Analytical performance was carefully evaluated in both SPE-C and EMC-Au approaches.
The calibration curves are depicted in Figure 3, while their corresponding analytical characteristics are
summarized in Table 2.
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Table 2. Analytical characteristics for procalcitonin (PCT) determination using both approaches: SPE-C
and EMC-Au.

Analytical Characteristic SPE-C EMC-Au

EC50, ng mL−1 20.2 2.2

Working range, ng mL−1 0.5–1000 0.1–20

r 0.990 0.990

LOD, ng mL−1 0.1 0.04

Intra-assay, CV% <7.5% 5%

Inter-assay, CV% 8% 9%

From the obtained results, it is important to remark that both immunoassay detection approaches
(SPE-C and EMC-Au) enabled PCT determination at the clinical significance levels needed for sepsis
diagnosis and monitoring (LOD < cutoff). Interestingly, EMC-Au detection provides a lower LOD
(calculated with a 3 S/m criteria where S is the standard deviation of the lowest assayed concentration
(n = 10) and m is the slope of the calibration plot), while the SPE-C detection offers a wider working range
(see Figure 3 and Table 2). This aspect can be attributed to the difference in the number of MBs trapped
onto the SPE-C and the dimensions and material of the working electrode (C electrode, Ø = 4 mm)
compared to that of the microfluidic chip (Au electrode, w = 100 µm). Moreover, a relevant comparative
aspect deals with the shorter analysis time in the microfluidic chip, together with the possibility to
automate the process, which enhances its potential as a point-of-care (POC) device. Indeed, taking
into account that only a small fraction of the MBs from the sample reservoir are introduced into
the main channel for detection each time, the analysis can be automatically repeated several times
by programming the corresponding electro-kinetically driven protocol; (washing out the MBs from
the previous run and placing a new batch into the central channel without any external intervention
for a next run). The same MB immunocomplex batch (using 25 µL of sample) can be consecutively
measured five times with good intra-assay precision (CV < 5%) in just 40 min. However, in the case
of the SPE-C approach, to obtain five replicates, 125 µL of the sample and around 100 min would
be needed.

PCT concentrations at two levels were used to evaluate the intra-assay (0.5 and 0.1 ng mL−1)
and inter-assay precision (1000 and 20 ng mL−1) for on-drop SPE-C and on-chip EMC-Au, respectively
(Table 2). In the case of SPE-C detection, the intra-assay and inter-assay precisions (n = 5) gave
CV values below 8% in both cases. For EMC-Au, the intra-assay precision gave CV values of 5%
(n = 5, same batch of MB immunocomplexes). The inter-assay precision for different MBs batches gave
CV values of 9%.

The selectivity of the immunosensing configuration for PCT analysis was checked in the presence
of a large excess of C-reactive protein (CRP) (16 µg mL−1, another biomarker usually determined
for sepsis diagnosis), heparin (1 mg mL−1), ethylenedinitrilotetraacetic acid (EDTA) (1 mg mL−1)
and citrate (0.15 M), as other relevant molecules that can coexist in blood samples. Without exception,
cross-reactivity percentages lower than 1% were obtained. These results demonstrate the excellent
selectivity of the PCT immunoassay.

Due to its potential use as a POC, in order to simplify the entire procedure and, in turn, to reduce
the final analysis times, the stability of the MB–captured antibody complexes was studied to be used
as stock “reagents”. Their stability was studied at 4 ◦C during a period of 1 month using the on-drop
SPE-C immunosensor approach. The control chart of the stability assay is shown in Figure 4, where
each point corresponds to the mean value for three successive measurements performed in the same
day (intra-day immunoassays). As can be seen, the immunosensor response remained inside the control
limits placed at ±three times the standard deviation value calculated for the whole set of experiments,
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during the entire period of time checked (inter-day immunoassays, n = 14). These results demonstrate
the excellent stability of the MB–cAb complexes.Biosensors 2020, 10, x FOR PEER REVIEW 8 of 15 
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3.3. Analysis of Human Serum and Plasma Samples

Analytical capabilities for PCT determination in clinical samples were also evaluated. Calibration
curves were carried out in human serum and plasma from healthy individuals, using the on-drop
SPE-C immunosensor. No matrix effect was observed after a comparison of the slope calibration plots
obtained in PBS buffer with those obtained in both kinds of matrices. Indeed, identical slope calibration
values (sensitivities) of 4300 ± 200, 4400 ± 400 and 4500 ± 200 nA ng−1 mL were obtained in buffer,
serum and plasma, respectively.

Then, accuracy was carefully studied using both detection approaches by recovery experiments
conducted on both kinds of matrices spiked with relevant clinical levels of PCT. Table 3 demonstrates
the suitability of the developed on-drop SPE-C and on-chip EMC-Au for PCT determination in human
blood matrices at clinically relevant levels. It is important to remark that no single sample pretreatment
was needed, due to the absence of matrix effects and the adequate working range of the immunoassay
in both detection schemes. This aspect, which enhances the ease of use, together with the automation
of the detection step and the portable characteristics of the devices, make the developed approaches
suitable for potential POC tools for PCT determination and its use for sepsis diagnosis.

Table 3. PCT determination in human plasma and serum samples.

PCTadded (ng/mL)

SPE-C EMC-Au

Serum Plasma Serum

PCTfound
(ng/mL)

Recovery
(%)

PCTfound
(ng/mL)

Recovery
(%)

PCTfound
(ng/mL)

Recovery
(%)

Before spiked <0.1 — <0.1 — <0.04 —
1.0 0.9 90 ± 3 1.2 120 ± 6 1.1 110 ± 5
10.0 8.9 89 ± 14 10.4 104 ± 7 9.6 96 ± 2

100.0 99 99 ± 7 101 101 ± 2 — * —

* Sample was not directly measured, since its concentration is beyond the working range.
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As previously mentioned in the introduction section, in recent years, significant effort has been
focused on the development of new approaches for PCT determination. However, the potential of
immunosensors based on magnetic beads has not been widely explored for PCT determination, which
is apparent in the low number of publications (Table 4). In comparison with those works, our SPE-C
approach offers enough sensitivity (similar to our previous work [40]) to perform reliable PCT detection,
but with a significant reduction in the analysis time and sample volumes [16,17,35,36]. Moreover,
the easy automation of the electrochemical transduction and the improved sensitivity [40] bring our
new approach (on-chip EMC-Au) closer to the POC concept.

On the other hand, our on-chip EMC-Au approach has demonstrated to be a promising
analytical strategy for PCT determination. It couples a magneto immunoassay and an electrochemical
microfluidic chip under controlled electrokinetics. This approach presents advantages such as the easy
miniaturization and integration of all system elements, fulfilling the POC requirements. As can be
observed in Table 5, our approach is highly competitive in terms of sensitivity, analysis time and sample
volume with previous on-chip non electrochemical-based approaches reported in the literature.
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4. Conclusions

A magnetic bead-based immunoassay using both on-drop SPE-C and on-chip EMC-Au
electrochemical detection approaches have exhibited an excellent analytical performance for PCT
determination, allowing for its determination in the clinically relevant concentration range, using very
short analysis times and a low volume of serum and plasma samples. Both detection technologies
are complementary. While SPE-C was simpler, the EMC-Au approach permits greater control
and easier automation of the process, constituting an even more reliable alternative diagnostic tool for
on-site/bed-site clinical analysis.

Both investigated approaches have demonstrated excellent biosensing capabilities for the simple
and accurate determination of PCT in human samples when only small sample volumes are accessible.
Therefore, these results reveal the analytical potential of highly miniaturized electrochemical devices
in the field of PCT biosensing, one of the most important sepsis protein biomarkers.
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Abstract: Visceral leishmaniasis is a reemerging neglected tropical disease with limitations for its
diagnosis, including low concentration of antibodies in the serum of asymptomatic patients and
cross-reactions. In this context, this work proposes an electrochemical immunosensor for the diagnosis
of visceral leishmaniasis in a more sensitive way that is capable of avoiding cross-reaction with
Chagas disease (CD). Crude Leishmania infantum antigens tested in the enzyme-linked immunosorbent
assay (ELISA) were methodologically standardized to best engage to the sensor. The antibodies
anti-Trypanosoma cruzi and anti-Leishmania sp. Present in serum from patients with diverse types of CD
or leishmaniasis were chosen. A screen-printed carbon electrode modified with gold nanoparticles
was the best platform to guarantee effective adsorption of all antigens so that the epitope of specific
recognition for leishmaniasis occurred efficiently and without cross-reaction with the evaluated CD.
The current peaks reduced linearly after the recognition, and still were able to notice the discrimination
between different kinds of diseases (digestive, cardiac, undetermined Chagas/acute and visceral
chronic leishmaniasis). Comparative analyses with ELISA were performed with the same groups,
and a low specificity (44%) was verified due to cross-reactions (high number of false positives)
on ELISA tests, while the proposed immunosensor presented high selectivity and specificity (100%)
without any false positives or false negatives for the serum samples from isolated patients with
different types of CD and visceral leishmaniasis. Furthermore, the biosensor was stable for 5 days
and presented a detection limit of 200 ng mL−1.

Keywords: electrochemical biosensor; visceral leishmaniasis; Chagas disease; gold nanoparticles;
point-of-care; portable analysis
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1. Introduction

Leishmaniasis is a complex of diseases caused by a protozoan of the genus Leishmania [1,2]
that affects millions of people worldwide. Visceral leishmaniasis, caused by Leishmania donovani and
Leishmania infantum, represents the most severe form and can lead to death if not treated [3,4]. The onset
of the infection and clinical manifestations are dependent on many factors including environmental
and host immunologic status, especially in the early stages of infection [5]. Visceral leishmaniasis
represents a major health problem in some tropical areas of the world. The currently available serum
diagnosis does not fit the proper criteria of sensitivity and specificity, especially for identification of
asymptomatic and or low symptomatic patients due to the low concentration of antibodies in the
serum, particularly in the case of asymptomatic patients, which results in high cross-reactions [6].
Furthermore, due to its epidemiological characteristics, a diagnostic test that is accessible in remote
areas is a desired tool for precise diagnosis and early therapeutic intervention.

The diagnosis of visceral leishmaniasis is made by combining clinical signs with parasitological
or serological tests; however, they depend on extremely equipped laboratories, qualified labor,
and a long period of time to carry out the tests [7,8]. The parasitological diagnosis is the reference
choice for exams for detecting the disease, which shows the parasite directly in tissues or in culture.
Aspirates from the spleen, bone marrow, and lymph nodes are used, and liver biopsy can also be
performed. These techniques have high specificity and variable sensitivity. Until 2014, the Ministry
of Health used two tests: the fluorescence indirect antibody test (IFAT) for human leishmaniasis,
developed by the Institute of Immunobiological Technology (Biomanguinhos), Fundação Oswaldo
Cruz, Brazil, and the Kalazar Detect rapid test (InBios International, Seattle, WA, USA).

Several studies show a comparison between the techniques, such as rapid test rK39,
direct agglutination test (DAT), and ELISA, with some even showing good sensitivities and specificities
in these patients [9]. However, the identification of asymptomatic infection remains challenging,
since it depends on the sensitivity and specificity of the employed technique [10]. Furthermore, there is
no agreement among the available techniques, and thus it is necessary to search for the best method to
measure visceral leishmaniasis positives not only in symptomatic patients [11]. Hence, the average
linear range of asymptomatic patients is a concern.

In this context, the presentation of new methodologies that show good performance, easy handling,
speed, and detection of asymptomatic patients is essential to the control and early treatment of
leishmaniasis. In other words, the development of tools that contribute to the optimization of a portable
platform of leishmaniasis is a priority. Thus, the development of electrochemical biosensors shows
advantages in comparison to traditional techniques, such as fast execution, a small amount of sample
utilization, portability, selectivity, and specificity to obtain diagnoses.

The physical principle of the biosensor is to turn the biological sign into an electrical sign,
making it possible in this way to monitor and quantification of signals. The immobilization of
antigens, which specifically recognize the antibodies, can be provided on the surface of the sensor.
The biorecognition, in the case of the evaluated pathologies, involves the antibodies as the target of
detection, and they can be also quantified [9,12].

Electrochemical biosensors were developed by some research groups seeking to solve the problem
of diagnosis of visceral leishmaniasis, investigating novel platforms and modification procedures for
the diagnostic needs of Leishmania sp. [13–23]. Amongst the platforms used in sensors, the carbon-based
electrodes present conditions for immobilization (through adsorption) once they enable a random
anchorage and orientation of the biomolecules on its surface. Meanwhile, gold electrodes enable
oriented couplings that minimize the distance between the active biomolecule sites and the electrode
surface, facilitating the electron transfer, and a greater number of antibodies can be immobilized on
the electrode surface [24–26]. Considering the use of portable platforms for point-of-care diagnosis,
screen-printed electrodes play a key role in the development of electrochemical biosensors for several
applications, as reported in the literature [27–35].
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In order to an immunosensor functions properly for the diagnosis of leishmaniasis, it should be
highly sensitive, specific, fast, and simple, with potential application for the serological diagnosis of
leishmaniasis, since the disease is directly related to cross-reactivity with Chagas disease and other
diseases. There are some studies reporting sensors for the diagnostic of Leishmania sp. Infection.
Mohan et. al. [36] developed a genosensor modified with NiO nanostructured on an indium-tin
oxide conductive glass plate to distinguish DNA from parasites extracted from human DNA extracts;
however, these tests have not yet been performed in clinical samples. Moradi et al. [13] also developed
a genosensor based on gold nanoparticles immobilized on polycrystalline gold discs and found
high sensitivity in cutaneous leishmaniasis. However, the DNA extraction process has a higher cost
compared to the use of protein antigens. Facing the diagnostic difficulties of cross-reactions, in this
study, we describe how the electrode allows for differentiated interactions of the same biomolecule
using a gold nanoparticle-modified surface, starting from the principle of this being biologically
compatible and non-toxic. Such properties have attracted attention in diagnostic application because
the molecules should not have their biological properties altered [26,36,37].

In this context, this work shows the development of an immunosensor for the specific diagnosis
of visceral leishmaniasis without the cross-reactivity with Chagas disease (CD). Linear response,
sensitivity, selectivity, specificity, repeatability, reproducibility, and stability were researched. To our
knowledge, the concentration of Leishmania antigens considered as potential risk to develop the disease
is not accurately known, and for this reason the proposed biosensor provides a detection limit in very
concentrations (ng mL−1) to detect antigens before the appearance of disease symptoms.

2. Materials and Methods

2.1. Reagents and Biomolecules

All used reagents were of analytical grade and were used without further purification.
Ultrapure water (MilliQ, Resistivity value greater than 18.2 MΩ, Millipore Corporation, Burlington,
MA, USA) was used in the preparation of all solutions. The aqueous solution of the mixture of
potassium ferricyanide/ferrocyanide ([Fe(CN)6]3−/[Fe(CN)6]4−) in KCl (5 mmol L−1, 0.1 mol L−1,
pH 7.4, LabSynth, Brazil) used for the electrochemical characterization of the immunosensor was
prepared immediately before the use. Gold (III) chloride was dissolved in sulfuric acid medium
(1 g L−1 AuCl3 in 10 mL of 0.5 mol L−1 sulfuric acid). All experiments were carried out at controlled
room temperature (25 ± 1 ◦C).

Preparation of the leishmania infantum crude antigen: The PP75 strain of Leishmania infantum
cultured in the Schneider medium, supplemented with 20% fetal bovine serum, in the exponential
phase was centrifuged 2000× g at 25 ◦C for 20 min and then washed three times with phosphate buffer
(PB) solution and discarded supernatant. The pellet was resuspended in PB containing 0.05% NP40
(Nonidet P-40 Substitute, Roche) with the COMPLETE protease inhibitor (ROCHE, SWI). The antigen
was obtained by the method of freezing in liquid nitrogen and thawing in a 37 ◦C water bath and then
centrifuging it at 10,000× g for 30 min, and then the supernatant containing the soluble crude antigen
was stored at −80 ◦C until the moment of use. The protein concentration of the antigen was determined
by the Lowry method [38]. Aliquots of the extract were stored with the total soluble antigens at −80 ◦C
until further use. The preparation of crude antigens specific to Leishmania infantum was performed.
This species is characteristic of visceral leishmaniasis [39]. The technique was performed and adapted
on the basis of [40]. Moreover, in our experiments, the efficiency of soluble and membrane-free extract
of the parasite (data not shown) was proven, since these Leishmania infantum antigens are able to
specifically be recognized by the serum antibodies of patients with visceral leishmaniasis antibodies.

The real samples used in the experiments appeared favorable and were substantiated from CEP
(Comitê de Ética em Pesquisa/Research Ethics Committee) by Plataforma Brasil. Leishmania sera
have the CAAE 58301516.8.0000.5154 and were 1,846,584 in number. Chagas sera have the CAAE
64048117.3.0000.5154 and were 2,163,043 in number. The stock solutions of total antigens (0.01 µg mL−1)
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and serum (visceral leishmaniasis = 1:100–0.202 mg mL−1; CD = 1:100–0.146 mg mL−1) were diluted in
deionized water and frozen until the electrochemical experiment.

2.2. Devices

Screen-printed carbon electrodes (DPR-110) and screen-printed gold electrodes (DPR-220 BT)
were purchased from DropSens (Oviedo, Asturias, Spain), which consist of a ceramic strip containing
a three-electrode system (working, counter, and reference electrodes) for a single-drop analysis.
The reference was made of a silver ink (known as silver pseudo-reference electrode) and the
counter and working electrodes were made of carbon ink (in DPR-110) or of made of a gold ink
(in DPR-220 BT). The working electrode of the screen-printed carbon electrode was modified with
gold by electrodeposition (next described), which is the third electrochemical device evaluated in this
work. Electrochemical analyses were performed by cyclic voltammetry using Em Stat 1 equipment
(PalmSens BV, The Netherlands) connected to a notebook. The changes in the electrochemical signals
of [Fe(CN)6]4−/[Fe(CN)6]3− (5 mM) were evaluated (scan rate of 100 mV s−1). For ELISA tests
(EnSpire/PerkinElmer), optical density (OD) values were determined on a microtiter plate reader at
490 nm.

2.3. Indirect ELISA

The indirect ELISA for the detection of immunoglobulin G (IgG) antibodies against leishmania used
high affinity plaques (Thermo Scientific Tm Nunc Tm, Waltham, MA, USA), which were sensitized with
the antigens (1 µg mL−1), diluted in 0.06 mol L−1 carbonate-bicarbonate buffer (pH 9.6), and incubated
for 18 h at 4 ◦C. After this period, all plates were washed six times with PB containing 0.05% Tween
20 (PB-T) and blocked with PB containing 5% skimmed milk powder (Molico, Nestle, São Paulo,
Brazil—PB-M5%) for 4 h at room temperature. After further washing, the serum samples were 1:40
diluted in 5% PB-M and incubated for 2 hours at room temperature. After six washes, the anti-human
IgG antibody (1:2000) conjugated to peroxidase (IgG/horseradish peroxidase(HRP), Dako) was added
and incubated for 2 h at room temperature. After further washing, the reaction was developed
by addition of the enzymatic substrate 1,2-orthophenylenediamine (OPD, Dako) with 0.05% H2O2

and stopped with H3PO4. Positive and negative controls were included on the plate. The levels of
antibodies were expressed in ELISA, according to the following formula: EI = Abs sample/cut-off,
where cut-off is calculated as the mean of the Abs of negative control serum plus three standard
deviations. EI values > 1.4 were considered positive.

2.4. Electrodeposition of Gold Nanoparticles on Carbon Electrodes

The electrodes were submitted to a 30-cycle cyclic voltammetry (CV) pre-treatment in 1 mol L−1

H2SO4 solution in the potential range between −0.3 and +1.2 V at 100 mV s−1 for surface cleaning
and activation. After that, the electrodes were submitted to the deposition of gold nanoparticles
by 15 voltammetric cycles in a gold chloride (HauCl4, 1 g L−1) solution prepared in 1 mol L−1

H2SO4 in the potential range between 0.3 and +1.0 V at scan rate of 0.1 V s−1 [41–44]. After the
electrodeposition, it is possible to verify the color change of the working electrode evidencing the
formation of gold nanoparticles.

The activation of the modified electrode was performed by 10 cycles in 1 mol L−1 H2SO4 solution
to eliminate impurities that can hinder the adsorption of molecules, diminishing the reproducibility
and stability of the modified surface [45–47].

2.5. Immunosensor

The first step involved the immobilization of the total soluble antigens on the surface of the
working electrode (carbon, gold, and carbon modified with an electrodeposited gold nanoparticles)
by drop-casting. The dissolution method of 4 µL lasted until the solution dried (15 min). In order to
prevent nonspecific binding, we added 4 µL of 1% bovine serum albumin (BSA) as a blocking solution
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(15 min) after the first step. At the end, the serum was made available until it dried. After each step,
the electrodes were washed and dried in a desiccator. For the interaction investigation between total
antigens immobilized on each working electrode and total soluble antigens recognition, we used the
solution of [Fe(CN)6]4−/[Fe(CN)6]3− (5 mM) as a redox probe indicator. Thus, 80 µL of this solution
was dropped over the three electrodes, closing the working electrode circuit between the other two
electrodes (counter electrode and reference). Reactions occurred at room temperature (25 ± 1 ◦C).
Using the cyclic voltammetry (CV) technique, we evaluated the behavior of the electrochemical signal
of the supporting electrolyte (indirect detection) on the sensor, as shown in Figure 1.
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Figure 1. Scheme of the carbon immunosensor using a gold-modified electrode. The surface
antigen probe was autonomized as presented in a voltammogram. The steps of preparation of the
immunosensor are as follows: (a) the carbon electrode was selected as the base platform; (b) carbon was
electrodeposited with gold nanoparticles; (c) the Leishmania infantum antigen was immobilized on the
gold nanoparticle-modified surface; (d) the 1% bovine serum albumin (BSA) blocking solution was
coupled to the platform as a blocking solution; (e) I after the preparations, the antibodies were coupled
(real sample/serum); and (f) at the end, the electroanalytical solution was inserted and the process of
transduction was initiated.

2.6. Specificity

An aliquot of 4 µL of positive serum for Chagas disease (1:100 diluted) was pipetted on the
immunosensor and kept for 15 min at room temperature. Thereafter, a final wash occurred with
MiliQ water (50 µL), and the electrode was dried. Using the other electrode, the same protocol with
positive serum for leishmaniasis (1:100 diluted) was performed, and on a third electrode, it was
performed with serum negative (diluted 1:100, protein concentration in 5 µg mL−1). In all tests,
including triplicates, the changes in the electrochemical signals of [Fe (CN)6]4−/[Fe (CN)6]3− (5 mM)
were evaluated (scan rate: 100 mV s−1).

2.7. Sensor Stability

To evaluate the stability of the immunosensor, we stored modified electrodes containing the total
soluble antigen at 4 ◦C for 5 days, protecting them from light and oxygen.

2.8. Calibration Curve

To validate the immunosensor sensitivity analyses, we added 4 µL of different serum dilutions
(1:25, 1:50, 1:100, 1:250, 1:100,000) to the immunosensor. Incubation was for 15 min at 25 ± 1 ◦C.

273



Biosensors 2020, 10, 81

2.9. Statistical Analysis

The analyses are descriptive and are based on the comparative study of the voltammograms and
their reinterpretations in bar charts and linear graphs (calibration).

3. Results and Discussion

3.1. Screen-Printed Electrode

Considering the differential molecular interaction with electrodes, we proposed the evaluation
of the antigens and their recognition by anti-Leishmania antibodies present in the serum using a
screen-printed carbon electrode and a screen-printed gold electrode (results shown in Figure 2A,B).
It is important to emphasize that the same antibody/antigen system was used in the proposed
electrochemical biosensor. The analyses enabled the evaluation of which platform increased stability
and maintenance of the biological activity of the antibody because the immobilization of the probe on
the electrode surface is a crucial step in the development of the sensors. To homogenize the analyses, we
assembled the column graphs from current peak data, extracted from CV measurements. The current
percentages (oxidation and reduction currents of the redox probe) were calculated from the initial CV
(without the biomolecule) counting 100%. As the immobilization of biomolecules occurs by physical
adsorption, conducting sites of the working electrode are blocked and therefore a fall of the current
occurs (fewer conducting sites are available for the redox probe undergoes the electron transfer).
Thus, low percentage refers to high blocking surface due to proportional immobilization or molecular
recognition (Figure 2). On carbon (Figure 2A), an affinity for adsorption of antigens was shown,
but no recognition for antibodies present in serum from patients with CD and visceral leishmaniasis
was found, which indicates the effect of cross-reactivity. On the other hand, when the gold electrode
was used as a platform (Figure 2B), a greater affinity for CD occurred more effectively in comparison
with visceral leishmaniasis. This result may be explained by the molecular organization of the antigens
on the gold surface due to thiol group presented in the leishmaniasis antigens, as previously stated in
the literature for the immobilization of visceral leishmaniasis antigens [48].
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Figure 2. Column graphs extracted from cyclic voltammetry (CV) shows the variation of current
peak percentages for (a) after immobilization of total soluble antigen followed by the addition of BSA,
(b) after addition of Chagas disease (CD) antibodies, and (c) after addition of visceral leishmaniasis
antibodies. The percentages were calculated from initial CV (without biomolecule) counting 100%.
(A) Screen-printed carbon electrode used as a platform. (B) Screen-printed gold electrode used as
a platform. The data are oxidation in blue and reduction in red. The electrochemical probe was
5 mmol L−1 [Fe (CN)6]4−/[Fe (CN) 6]3− and scan rate was 100 mV s−1.
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3.2. Gold-Modified Electrode Used as a Platform

Preliminary results using the screen-printed gold electrodes showed higher sensitivity than
the screen-printed carbon electrodes; however, the results were not completely satisfactory when
the immunosensor was evaluated in real samples (sensitivity was still moderate), and for this
reason we investigated a novel platform—the gold-modified screen-printed carbon electrodes.
This platform is well known for the formation of gold nanoparticles by electrodeposition [41],
and thus the working electrode of the screen-printed carbon electrode strip was used as the electrode
surface for modification. The modification with gold nanoparticles provided an increase in surface
area and hence could potentially improve sensitivity. Figure 3A shows the CV recordings and the
respective current percentages (bar plot beside the CVs) after the addition of (a) antigens, (b) CD,
and (c) visceral leishmaniasis. This figure shows that the affinity for adsorption of antigens was
effective and even more effective for the recognition of anti-leishmania antibodies than using the
gold electrode because the current values of the redox probe decreased sequentially in (b) and (c).
We can note the absence of cross-reactivity with Chagasic serum, proving the specificity of this sensor
(Figure 3A). Moreover, on the basis of the higher efficiency of antigen immobilization without affecting
its biorecognition site, we selected carbon electrodes modified with electrodeposited gold nanoparticles.
Figure 3A also shows that the total soluble antigens could quantitatively discriminate (b) and (c) from
each serum (CH 146, LSH 202). Figure 3B shows the response in the presence of groups of different
clinical forms of Chagas diseases. Even under these conditions, the immunosensor responded only to
anti-Leishmania antibodies, which indicated the absence of cross-reactivity. Figure 3C shows changes in
current peaks from the different types of leishmaniasis, indicating the recognition of the immunosensor
towards the different leishmaniasis antibodies.

3.3. Stability

The stability studies of the biosensor were evaluated under storage at 4 ◦C for 5 days, protected from
light and oxygen. This experiment was performed with the same electrode previously optimized using
a gold-modified screen-printed carbon electrode modified with leishmaniasis antigens. The biosensor
was evaluated in the presence of anti-Leishmania antibodies and we observed a decrease of 46% in the
detection capacity after 5 days. This signal decrease indicated lack of stability, which is a compromising
feature of the proposed biosensor. Future experiments are required to investigate a condition to
improve the stability of the immunosensor.

3.4. Calibration Curve

Figure 4 shows the preliminary analysis of the calibration curve using the immunosensor.
Keeping in mind that the current of the redox probe is inversely proportional to the concentration of
antibodies, we used diluted serum at 1:25, 1:50, 1:100, 1:250, and 1:100,000 ratios. Higher dilutions did
not generate linearity on the results (tests performed in triplicates). This plot presents the correlation
coefficient of 0.9746 (for the equation: i(%) = −727.5 × [serum dilution ratio] + 72.83), an estimated
limit of detection of 202 ng mL−1, and limit of quantification of 606 ng mL−1. The inset shows the
equation obtained from the linear regression of a current peak (%) vs. concentration of leishmaniasis.

In the screen-printed electrodes without alteration of their surfaces (carbon surface), it was possible
to observe that there was reactivity and absence of specification. The choice of electrodeposition of gold
nanoparticles provided to the carbon electrode new physical-chemical properties of the biomolecules
that were immobilized on its surface. The results demonstrated that the electrodeposition of the gold
nanoparticles was not only capable of promoting reactivity, but also the desired selectivity. In addition
to improving the responses on biosensor platforms, it also allowed the interaction of the biological
probes to the surface of the same ones [49]. Given the results, the electrodeposited gold on the
screen-printed carbon electrode improved the sensitivity of the sensor by effectively increasing the
surface area of the electrode, promoting a greater site of adsorption of total soluble antigens [50].
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Moreover, the orientation of the total soluble antigen adsorption on gold nanoparticles may have
contributed to the improved specificity not obtained when the total soluble antigens were immobilized
on the unmodified carbon electrode. The interaction and orientation of total soluble antigens may
occur through the S–H bonds of some amino acids of the total soluble antigens, knowing that these
were strongly linked to gold (chemisorption/covalent) [51,52]. This combination generates a late
rally organized system between the biomolecules in a spontaneous, stabilized, and oriented way,
being well-known as a self-assembled monolayer [48]. This kind of modification has extra experimental
advantages over the use of gold in biosensors. Furthermore, it is linked to ease of handling and
preparation, low cost, accessibility, and stability without the need for an additional step involving the
addition of a thiol monolayer on the electrode surface [53,54].
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Figure 3. Cyclic voltammograms for the redox probe on the carbon electrode modified with
gold nanoparticles that were electrodeposited and antigens; bar plots show the variation of peak
current percentages. (A) Immunosensor (a), pool Chagas serum (b), pool visceral leishmaniarum (c).
(B) Immunosensor (a) and different clinical forms by CD: Chagas serum pool (b), cardiac Chagas
serum (c), digestive Chagas serum (d), Chagas undetermined serum (e). (C) Pool of total visceral
leishmaniasis (a), pool of acute visceral leishmaniasis (b), pool of chronic visceral leishmaniasis (c),
antigen Leishmania infantum + BSA1% (d), pool negative for leishmaniasis (e). The changes in the
electrochemical signals of [Fe (CN)6]4−/[Fe (CN)6]3− (5 mM) were evaluated (scan rate of 100 mV s−1).
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Figure 4. Calibration curve obtained from current peak percentages for triplicate measurements
of the biosensors in the presence of diluted serum (1:25, 1:50, 1:100, 1:250, and 1:100,000)
containing antibodies (stock serum solution of 20.2 mg mL−1). The percentages were calculated
from initial CV (without biomolecule) counting 100%. The changes in the electrochemical signals of
[Fe(CN)6]4−/[Fe(CN) 6]3− (5 mM) were evaluated (scan rate of 100 mV s−1).

3.5. Comparison with Indirect ELISA

In this study, a comparison of the results of the electrochemical immunosensor with indirect
ELISA was carried out. The different diagnostic methods of visceral leishmaniasis present detection
difficulties justified by the occurrence of cross-reactions with other trypanosomatids, explained by
phylogenetic limitations existing among protozoa [1]. The results for indirect ELISA indicate low
specificity (Table S1 shows the representation values from the ELISA plate tests shown in Figure S1).
As expected, the cross-reaction occurred, with discrimination only in positive serum from patients
with acute leishmaniasis (Figure S1). The lack of specificity that occurred in the ELISA test can be
explained by the occurrence of affinities between the total antigen of visceral leishmaniasis and the
antibody of Chagas disease. Figure 5A shows the distribution of ELISA index (EI) values obtained
for the tests performed in different serum samples (data from Table S1), with the individual tests
showing cross-reaction. From the distribution in Figure 5A, it is possible to observe 1 false negative
and 15 false positive tests. Figure 5B shows the EI values and percentage current obtained by the
proposed immunosensor obtained for the same serum samples (six different diseases and a pool
of all of them). We found that the proposed biosensor detects Chagas disease as being a weak
interaction, with this connection being due to the existence of some possible interactions between the
total leishmaniasis antigen and the anti-Trypanosoma cruzi antibody that causes Chagas disease. In the
detection of leishmaniasis, there is a strong interaction between the total visceral leishmaniasis antigen
and the anti-Leishmania infantum antibody, a result that converges with what is expected in theory.
While the electrochemical immunosensor was able to discriminate acute and chronic leishmaniasis
from all the analyzed serum samples, the ELISA test showed values of EI higher than 1.4 for almost all
cases presented in Figure 5B, which indicates false negative for cardiac, digestive, and indeterminate
Chagas. Thus, the electrochemical biosensor can differentiate diseases, even with the occurrence of
such affinities reported in the literature.
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Figure 5. (A) Distribution of ELISA index (EI) values obtained by indirect ELISA (data from Table
S1), with a line at EI = 1.4 to guide the reader (values above 1.4 are considered positive for the tests),
for serum samples from patients with different types of diseases. (B) EI values (ELISA) and percentage
current (proposed immunosensor) obtained for the same serum samples of different diseases (acute and
chronic visceral leishmaniasis; cardiac, digestive, and indeterminate Chagas; and a pool of all).
Current values below the black dotted line indicate positive tests for leishmaniasis, while current values
above the red dotted line indicate negative tests.

On the basis of these results, we calculated the selectivity and specificity parameters for the
electrochemical biosensor and ELISA using the following equations [55,56]:

(Specificity) = (total of negative tests)/(false positives + total negative tests) (1)

(Sensitivity) = (total of positive tests)/(false negatives + total positive tests) (2)

ELISA tests presented low specificity (44%) for a total of 38 serum samples analyzed due to the
high number of false positives (15). Selectivity was calculated as 93.2% due to one false negative test.

278



Biosensors 2020, 10, 81

On the other hand, the proposed electrochemical biosensor did not present any false positive
or false negative for the total of 12 analysis of serum samples from patients of different types of CD
and leishmaniasis, and consequently the calculated specificity and sensitivity values were both 100%.
Therefore, the developed immunosensor presented impressive advantages over the current ELISA
tests for the diagnosis of Leishmania infantum.

Finally, Table 1 compares the sensitivity and specificity of the proposed electrochemical biosensor
and ELISA tests with data referring to the diagnostic tests of existing leishmaniasis. This table shows that
the proposed biosensor presents the highest sensitivity and specificity values compared to traditional
ELISA tests, as well as other diagnostic tests.

Table 1. Results of research conducted on patients with the aim of finding an efficient diagnosis
of leishmaniasis.

Method Material Sensitivity/Specificity Reference

IFAT Serum 88–92%/83–88% [57]
Kalazar Detect Serum 84–88.1%/91% [57]

IT LEISHBio-Rad Blood/Serum 92–93%/92–98% [57]
PCR Blood 93%/96% [8,57,58]

DAT-LPC Blood 99%/98% [57]
RIFI Serum 0–100%/80% [9,10]

Immunochromatographic
tests Serum 87%/94% [11–13]

ELISA Serum 80–99%/81–100% [14–18]
Electrochemical DNA extracted of blood Not explained [22]

ELISA Serum 92.3%/44% This work
Electrochemical Serum 100%/100% This work

4. Conclusions

The results showed that the electrodeposition of gold nanoparticles on the carbon electrode was
efficient in immobilization of the antigens, providing better results than bare carbon electrode or gold
electrode. This property allowed specific epitope recognition of antibodies present in serum from
patients with visceral leishmaniasis. It should be noted that the use of serum from patients with CD
solves a major problem in detection tests present in the market. We aim to improve and develop these
sensors for application in public health, that is, in a large number of tests with high performance
in sensitivity and specificity. Therefore, future studies will be extended in the selection of antigens
purified for the diagnosis of asymptomatic visceral leishmaniasis patients and tests with extended
periods in stability. In this way, such a tool may be feasible for practical applications and commercial
purposes, with a reduced cost compared with Western blot, and improved performance in comparison
with ELISA. Hence, electrochemical immunosensors offer great promises for specific and selective
diagnosis of visceral leishmaniasis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/8/81/s1,
Figure S1: ELISA plates for immunological tests. Table S1: Values of ELISA index (IE) obtained for all samples.
Values above 1.4 are considered positive for the tests.
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1.1. The Principle of the Reaction

The simplest way to represent the grafting of aryldiazonium salts on surfaces is shown in Scheme 1.
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Scheme 1. Electrografting of diazonium salts. 

A substituted aryldiazonium salt dissolved in an aqueous medium or in acetonitrile (ACN) is 
reduced by one electron; as a result, the electrode is modified by aryl groups [1]. This is a very 
simple reaction with many experimental alternatives concerning the process itself, the surfaces, and 
the choice of the substituent. The result is a modified surface with strongly bonded aryl groups [2–5]. 

The main characteristics of this reaction are as follows: 

* Diazonium salts are easily synthetized (isolated or not) from aromatic amines, many of which 
are commercially available. 
* All surfaces can be modified by this reaction, conductive or not. 
* The reaction can be performed by electrochemistry, spontaneously, by photochemistry, and 
by other methods. 

Scheme 1. Electrografting of diazonium salts.

A substituted aryldiazonium salt dissolved in an aqueous medium or in acetonitrile (ACN) is
reduced by one electron; as a result, the electrode is modified by aryl groups [1]. This is a very simple
reaction with many experimental alternatives concerning the process itself, the surfaces, and the choice
of the substituent. The result is a modified surface with strongly bonded aryl groups [2–5].

The main characteristics of this reaction are as follows:

* Diazonium salts are easily synthetized (isolated or not) from aromatic amines, many of which are
commercially available.
* All surfaces can be modified by this reaction, conductive or not.
* The reaction can be performed by electrochemistry, spontaneously, by photochemistry, and by
other methods.
* The resulting modification is very stable due to the formation of a covalent bond between the surface
and the aryl group.
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* The key species of this reaction is an aryl radical, and this reaction presents the typical behavior of
radical reactions.
* The reaction provides most often disordered oligomers (“multilayers”).

Below, we review these different points with a focus on most recent examples.

1.2. Synthesis and Stability of Diazonium Salts

Surface modification of diazonium salts was achieved starting either from isolated salts or from
solutions of in situ synthetized compounds [6]. The diazoniation was achieved with NaNO2 in acidic
aqueous solution, or with t-butylnitrite or NOBF4 in ACN. As many aromatic amines are commercially
available, the use of simple diazonium salts only necessitates a minimum effort of synthesis.

The stability of diazonium salts was measured; 4-nitrobenzenediazonium tosylate and
tetrafluoroborate have half-life times close to 4.5 years, whereas 4-nitrobenzenediazonium triflate is
much more stable with a half-life time of 46 years. These half-lives are more than sufficient to obtain
reliable experiments [7]. However, chlorides and other salts are explosive.

When dissolved in ACN or aqueous acidic solution, the diazonium salts are present as Ar-N≡N+;
however, as the pH increases in aqueous solution, they exist as Ar-N=N-OH (diazohydroxide) and
Ar-N=N-O− (diazoate). The first pKa of 4-nitrobenzenediazonium is 5.24. In ACN and aqueous
acidic solution, diazonium salts are relatively stable (kdec = 8.26 × 10−6 s−1 in aqueous acidic solution);
however, as the pH increases, the rate of decomposition of 4-methylbenzenediazonium increases
(kdec ≈ 1.3 × 10−2 and 3.5 × 10−2 s−1 at pH 4 and 8, respectively (60 ◦C, in EtOH/H2O) [8,9]. The
dediazoniation occurs either heterolytically or homolytically to give either a carbocation or a radical;
as concerns the grafting reaction, there is only a very minor involvement of carbocations in the case of
spontaneous reactions [10].

1.3. Different Grafting Methods of Diazonium Salts

As diazonium salts are easily reduced, a number of methods permit their homolytic dediazoniation;
the most used ones are presented below.

By electrochemistry. As indicated in Scheme 1, triggering of the reaction is possible by
electrochemistry. The voltammograms obtained for the reduction of diazonium salts are very
characteristic, showing a broad irreversible wave at potentials close to 0 V/SCE (Saturated Calomel
Electrode). The wave is irreversible due to the cleavage and loss of N2; it is broad because the surface
is modified during the voltammogram. Upon repetitive scanning, this wave decreases and finally
disappears as an insulating organic film forms on the electrode (Figure 1) [11]. Repetitive cyclic
voltammetry (5–10 cycles) and chronoamperometry at a potential equal or negative to the reduction
peak are common methods for the modification of electrodes.Biosensors 2020, 10, x FOR PEER REVIEW 3 of 35 
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By spontaneous reaction. As the pH of an aqueous solution increases, the diazonium cation is
transformed into the much more unstable diazohydroxide and diazoate. Consecutive homolytic
cleavage of these species provides a radical that reacts with the surface. For example, a diazonium salt
bearing an Iniferter initiator (a group acting as initiator, transfer, and terminator agent of controlled
free radical polymerization) was grafted on isolating silica particles in basic medium to give a silica
core@poly(acrylic acid) shell [12]. Trifluoromethylphenyl layers were grafted by immersing SnO2

plates in an aqueous solution of trifluoromethylbenzenediazonium for 8 h, in the dark [13].
By reducing surfaces. As diazonium salts are very easily reduced (Figure 1), materials such as

copper, iron, and even carbon are reducing enough to perform the spontaneous grafting reaction
onto their surface. A nanostructured and oxidized copper surface was grafted spontaneously by
a perfluorobenzenediazonium salt [14] or an Iniferter initiator [15] through a one-pot reaction; the
diazonium was prepared from the corresponding aniline in ACN + t-butylnitrite, and grafting took
place spontaneously in the same solution. In the first case, a super-hydrophobic surface was obtained
with a water contact angle of 158◦, and, in the second one, it was possible to grow polyacrylic brushes
by Iniferter polymerization.

Silica nanoparticles were modified with a molecule terminated by an aniline group that
could be diazotized and grafted spontaneously on an iron surface at room temperature [16].
Anthraquinonediazonium prepared in ACN reacts with carbon black just by overnight reaction
at room temperature [17], and graphene was modified with 3,5-bis difluorobenzenediazonium in acidic
medium (the same medium used for the preparation of the diazonium cation) [18].

By reducing reagents. Even very mild reducing agents such as hypophosphorous acid, ascorbic
acid, and iron powder are able to reduce diazonium cations leading to aryl radical formation. Coal
powder was modified by 4-nitrophenyl groups via reduction of the corresponding diazonium cation
by hypophosphorous acid. This modified coal embedded in reverse osmosis membranes improved
their performance [19]. TiN is a ceramic material used in microelectronic devices, solar cells, electrical,
interconnections, orthopedic prostheses, and cardiac valves. Its surface was modified by reaction of the
mono-diazonium salt of p-phenylenediamine (NH2-C6H4-N≡N+) in the presence of hypophosphorous
acid or iron powder [20]. This reaction offers the first step of an alternative to the metallization of
titanium nitride by direct electrochemical deposition.

By photochemistry. Diazonium salts were grafted on metals gold, copper, and iron under UV
(UltraViolet) light by irradiation in the presence of a photosensitizer (Ru(bipy)3

2+ or eosin Y). In this
way, gold and polyvinylchloride surfaces were modified by 4-phenylacetic, 4-carboxy, 4-methoxy, and
3,5-bis trifluoromethyl phenyl groups [21]. The reaction also took place under visible light by irradiation
of charge transfer complexes such as 1,4-dimethoxybenzene and pentafluoro benzenediazonium cation
(λmax ~400 nm) [22].

Surface modification can also be triggered by localized surface plasmon excitation [23–25]. Using
this approach, 4-[1-(2-bisthienyl)], 4-carboxy 4-hydroxyethyl benzenediazonium cations were grafted
on gold nanostructures. Upon irradiation, hot collective oscillation of the conductive electrons at the
particle surface provides the localized surface plasmon resonances (LSPR); hot electrons are generated
on nanostructures particularly at the extremities of nanorods, nanotriangles, etc. These hot electrons
induce the reduction of diazonium salts, the homolytic dediazoniation, and grafting at the extremities of
gold nanostructures. In this way, regioselectively modified gold nanodiscs were obtained by successive
use of two different light polarizations in the presence of two diazonium salts (Figure 2). Recently,
diazonium-modified graphene-protected metal thin films (Cu) SPR biochips were designed for the
detection of toxins [26].
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Figure 2. SEM image of (A) Au nanotriangles after irradiation with visible light in the presence of
4-[1-(2-bisthienyl)]benzenediazonium, (B) nanodiscs modified with visible light (Ba) with carboxyphenyl
films grafted along the Y-direction, (Bb) additional hydroxyethyl phenyl films along the X-axis, (Bc)
Schematic presentation of the modified nanodisk. From References [23–25], with permission of the
American Chemical Society (ACS) and the Royal Chemical Society, respectively.

1.4. The Different Surfaces That Can be Grafted

Many examples of grafting diazonium salts on glassy carbon, metals, and semiconductors are
described [2]. Due to the current interest in nanoscience, more recent investigations examined one- and
two-dimensional (1D and 2D) materials, as well as nanoparticles [27–29] (carbon nanotubes, graphene,
graphene oxide, MoS2) as substrate.

Carbon nanotubes (CNT). A detailed investigation of the grafting of 4-iodobenzenediazonium on
SWCNTs (single-walled carbon nanotubes) showed that (i) the bonded aryl groups were very stable, as
they cleaved above 200 ◦C, (ii) a logarithmic correlation between the degree of functionalization and
diazonium concentration was observed, and (iii) the maximum surface concentration was measured as
one aryl group per 100 carbon atoms [30].

In view of biological applications (antifouling properties), the surface of carbon nanotubes
was modified in order to inhibit the growth of uropathogenic Escherichia coli. This was achieved
by spontaneously grafting polyethyleneglycol (PEG) chains terminated by mannose at one and a
benzenediazonium at the other end [31] (Figure 3).

Crosslinked assemblies of bonded CNTs were prepared using a molecule with three diazonium
functional groups. The walls of the CNTs were firstly protected by wrapping DNA to limit their
functionalization and favor the modification at nanotube end; then, the triple diazonium salt molecule
was reacted spontaneously. The SWCNTs were bonded mainly through side-to-end junctions, and
eventually through side-to-side interactions (Figure 4) [32].

Graphene; graphene oxide (GO), reduced graphene oxide (RGO), highly oriented pyrolytic graphite (HOPG),
carbon dots. Graphene sheets were obtained by electrochemical exfoliation and functionalization of
graphite using diazonium salts. Both functionalization and exfoliation occurred at the same time; in
this way, mono- or few-layer graphene was functionalized and stabilized in situ before it aggregated;
N2 generated during in situ diazonium reduction favored the separation of functionalized graphene
sheets [33]. In planes or edges, grafting was easily achieved with diazonium salts; GO and RGO were
modified with sulfophenyl groups up to 12 wt% [34].

The planes and edges of graphene (respectively, sp2 and sp3 carbons) have very different structures,
but both react with diazonium salts under electrochemical conditions.

The surface modification of HOPG was examined at the micrometer scale [35] using scanning
electrochemical cell microscopy where a dual-barrel micro-pipet explored the localized electrochemistry
of the surface. In the presence of diazonium salts, grafting occurred along with the re-hybridization of
surface carbons from sp2 to sp3 as confirmed by Raman spectroscopy; after diazonium modification,
the D-band developed at ~1350 cm−1, diagnostic of the local sp3 carbons.
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An electrode was constructed with only graphene edges exposed by cutting a connected
graphene monolayer embedded in a polymer with an atomically sharp microtome knife. This
graphene-edge electrode was modified by electrochemical reduction of 4-nitrobenzenediazonium. The
cyclic voltammetry of 4-nitrophenyl films was observed, and the signal of the redox probe Fe(CN)6

3−/4−
was completely inhibited, indicating a blocking of the electrode by the grafted film; this was confirmed
by the Raman spectrum that indicated an increase of the D-band [36].Biosensors 2020, 10, x FOR PEER REVIEW 5 of 35 
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The reactivity of graphene edges was harnessed to prepare covalently bonded graphene nanoflakes
further assembled by noncovalent interactions to give nanopapers. Binding of nanoflakes was achieved
by use of a bis-diazonium salt. This diazonium cation was prepared in situ and grafted by increasing
the temperature (Figure 5). Modification led to a 20% enhancement of the thermal conductivity, while
the cross-plane thermal conductivity was boosted by 190% [37].
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It is also possible to prepare graphene ribbons from diazonium salts. Molecular junctions using 
aryl oligomers were obtained from diazonium salts [38]. An organic oligomeric aryl layer was grown 
on a conducting substrate and capped with, for example, a gold layer; this provided a molecular 
junction between two conducting materials [39]. Such molecular junctions are used in molecular 
electronic devices. These aryl oligomers were replaced by five-carbon-wide graphene ribbons (GR) 
with lengths of 2–12 nm; their conductance was more than one hundred times that observed for 
other molecular junctions of similar thicknesses. These nanoribbons were obtained and grafted by 
electrochemical reduction of the 1,8-bis naphthalenediazonium salt, as presented in Figure 6 [40]. 

Figure 5. Binding graphene sheets using a bis-diazonium salt. From Reference [37] with permission
of Wiley.

It is also possible to prepare graphene ribbons from diazonium salts. Molecular junctions using
aryl oligomers were obtained from diazonium salts [38]. An organic oligomeric aryl layer was grown
on a conducting substrate and capped with, for example, a gold layer; this provided a molecular
junction between two conducting materials [39]. Such molecular junctions are used in molecular
electronic devices. These aryl oligomers were replaced by five-carbon-wide graphene ribbons (GR)
with lengths of 2–12 nm; their conductance was more than one hundred times that observed for
other molecular junctions of similar thicknesses. These nanoribbons were obtained and grafted by
electrochemical reduction of the 1,8-bis naphthalenediazonium salt, as presented in Figure 6 [40].Biosensors 2020, 10, x FOR PEER REVIEW 7 of 35 
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Nanoobjects. Nanoparticles were capped with aryl groups through diazonium chemistry to 
imbue these objects with new properties such as catalysts, scavengers, and reagents [44]. It is also 
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Figure 6. Molecular junction with carbon nanoribbons: (a) t-butylnitrite in ACN; (b) electrochemical
reduction. PPF: pyrolyzed photoresist film, a very flat carbon surface, eC: electron-beam deposited
carbon. From Reference [40] with permission of ACS.

Other 2D materials. Due to the interest in graphene, other 2D materials were modified with
diazonium salts.

Few layers of black phosphorous were modified with a zinc phthalocyanine-based diazonium salt
for applications in non-linear optics [41].

Metal dichalcogenides MX2, where M is a transition metal (M = Mo, W, Nb, Ta, etc.) and X is a
chalcogen (X = S, Se, or Te), were exfoliated into two-dimensional (2D) nanosheets. Among them, MoS2,
WS2, MoSe2, and WSe2 were modified with diazonium salts (Figure 7). The pnictogen chalcogenides
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Sb2S3 and Bi2S3 were exfoliated into one-dimensional (1D) nanoribbons and 2D nanosheets and
derivatized [42].
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MXenes are 2D nitrides and carbides; for example, Ti3C2 was intercalated by Na+ ions and
then grafted by reaction with 4-sulfonylbenzenediazonium to obtain enhanced super-capacitive
performances [43].

Nanoobjects. Nanoparticles were capped with aryl groups through diazonium chemistry to imbue
these objects with new properties such as catalysts, scavengers, and reagents [44]. It is also possible,
with the same reaction, to decorate various surfaces with nanoparticles.

Nanoparticles can be stabilized. Iron oxide Fe2O3 nanoparticles could be capped with BF4,
N2-C6H4-(CH2)2-OH by spontaneous reaction in basic aqueous medium. These nanoparticles retained
their magnetic properties and were soluble in apolar organic solvents such as dichloromethane,
tetrahydrofurane (THF), toluene, and chloroform, as well as in polar solvents such as methanol,
ethanol, or water [45,46]. Cerium oxide (CeO2) nanoparticles were grafted with 4-methyl-, 4-ethyl-,
and 4-n-butyl benzenediazonium; the water contact angle increased from 34◦ to 63◦ and 125◦ as the
chain length increased. With this modification, the cerium oxide NPs are more compatible with an
electrolytic solution for the formation of coatings or a metal composite matrix [47].

Nanoparticles can be used as catalysts. TiO2 nanoparticles were modified with 4-diphenylamine
groups (DPA) by reaction of the corresponding diazonium salt; from this surface, polyaniline (PANI)
was prepared by in situ polymerization of aniline. This bonding prevented polyaniline from leaching
in polar solvents. This TiO2–DPA–PANI assembly efficiently catalyzed the degradation of the dye
methyl orange in aqueous media under UV light [48].

Nanoparticles can also be attached to surfaces for increasing analytical sensitivity. Gold nanoparticles
were attached to the surface of screen-printed electrodes (SPE) derivatized with aminophenyl groups;
the amino group was transformed into a diazonium that reacts with gold nanoparticles. In turn, these
nanoparticles were modified by reaction of 4-carboxybenzenediazonium. With this system, it was
possible to detect Pb(II) down to 2.5 × 10−9 M (Figure 8) [49].
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Figure 8. Gold nanoparticles covalently attached to a screen-printed electrode (SPE) and modified with
caboxyphenyl groups for sensing metal ions. From Reference [49] with permission from Elsevier.

1.5. The Surface Aryl Bond

One of the most important features of diazonium grafting is the stability of the construct; this was
demonstrated by several methods including (i) thermogravimetry, where exfoliated graphene lost only
7% of its coating at 400 ◦C [50], (ii) spectrometric methods, where a small Raman band at 412 cm−1 was
assigned to the Au(nP)–C(aryl) bond of gold nanoparticles modified by 4-nitrobenzenediazonium [51];
grafting of an aryl group on graphene [52] and carbon nanotubes [53,54] transformed an sp2 carbon
into a sp3, which translated into the growth of the D-band.

1.6. The Structure of the Grafted Film

The structure of the films obtained by dediazoniation of diazonium salts is quite complex and is
not yet been completely elucidated. Upon dediazoniation, radicals are responsible for the grafting
reaction and for the structure of the obtained nanometric films. The radicals react on the surface but
also on the first grafted groups to produce “multilayered” films. This term is widely but somewhat
abusively used in the literature as the structure of the film is not layered as, for example, layer-by-layer
constructs. Figure 9 presents a very schematic presentation of a film obtained from diazonium salts.
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Figure 9. A schematic presentation of a film obtained from diazonium salts.

Aryl–aryl bonds permit a free rotation; optical absorption spectroscopy of thin (1–15 nm) oligomeric
polyaromatic films attached to an atomically flat pyrolyzed photoresist film (PPF) permitted concluding
that the molecular layers were composed of n-mers possessing very limited conjugation that extended
only to one monomer [55]. However, by combining the electrografting of diazonium salts on Au and
the oxidative electropolymerization of biphenyl in an ionic liquid, a regular poly(para-phenylene) film
was obtained [56].
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The thickness of diazonium derived films is measured by ellipsometry, AFM (atomic force
microscopy), or STM (scanning tunneling microscopy). STM images (Figure 10A) showed a growing
film of 4-nitrophenyl groups on the surface of HOPG; one can observe isolated oligomeric groups
(up to 2 nm), indicating that, on this surface, the aryl radical reacts faster on the first grafted group
than on the surface [57]. On the contrary, on PPF, a uniform monolayer was obtained [58], indicating
that the reaction is faster on PPF than on the first grafted group (Figure 10C). This is related to the
difference in reactivity of the two different carbons. This renders the control, a priori, of the thickness
quite difficult.Biosensors 2020, 10, x FOR PEER REVIEW 10 of 35 
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Figure 10. (A,B) STM (scanning tunneling microscopy) images of films obtained on highly oriented
pyrolytic graphite (HOPG) after spontaneous grafting of (A) 4-nitrobenzenediazonium and (B)
3,5-bis-tert-butylbenzenediazonium salts. (C) AFM (atomic force microscopy) image of a monolayer
obtained from 4-nitrobiphenyldiazonium salt (l = 1.21 nm) on PPF, a near-atomically flat carbon; in the
black square, the layer was erased by AFM scratching. From References [57,58] with permission of the
American Chemical Society.

Thick films up to ~100 nm were obtained by electrografting 4-nitrobenzenediazonium at the
reduction potential of the nitrophenyl group [59]. At this potential, the radical anion of the nitrophenyl
group was formed, and electrons could transfer through the film, reach the surface, and reduce a
diazonium cation; this process permitted the thickening of the film.

Conversely, many efforts were devoted to the formation of monolayers. Indeed, such monolayers
would be very useful for the preparation of biosensors as they should provide faster and uniform
electron transfer to a bioreceptor. Figure 10B shows the STM image of a monolayer (thickness
~0.6–0.8 nm) of 3,5-bis-tert-butylbenzenediazonium [57]. The steric hindrance of the two bulky
tert-butyl groups prevented the aryl radicals from reacting of the aromatic ring and, consequently, the
growth of the film [60]. However, with this method, post-modification was not possible; later on, it
was modified to permit further reactions on the film [61].

A more general method [62] involves electrografting in the presence of redox mediators.
Monolayers (0.6–0.9 nm) of 4-bromo, 4-iodo, 4-methoxy, and 4-diethylamino phenyl groups were
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obtained in the presence of three redox mediators: 2,2-diphenyl-1-picrylhydrazyl, chloranil, and
dichlone. The efficiency of the method rests on a fast redox cross-reaction in the diffusion layer between
the diazonium compound and the reduced form of the selected inhibitor. This method should permit
preparing, in a repetitive manner, reactive monolayers that would be useful for biosensors due to their
fast electron transfer.

Disordered oligomeric films without regular patterns on the surface were obtained from diazonium
salts [2]. Using high-quality graphene and a diazonium with a long alkyl chain (C22H45-O-C6H4N2

+

BF4
−) [63], it was possible to obtain patterns of adsorbed molecules (imaged by STM); however, when

the diazonium salt was reduced, grafting occurred and a new pattern was obtained. In this way, the
authors obtained a pattern of grafted molecules; it is, however, surprising that the thickness of the
grafted pattern was only 2 nm. As the diazonium was para-substituted, the molecules should have
been more or less vertically aligned on the surface sp3 carbons (Figure 11).Biosensors 2020, 10, x FOR PEER REVIEW 11 of 35 
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2. Applications to Biosensors

A biosensor is composed of a bioreceptor (probe), which selectively binds the analyte of interest
(target), and a transducer, allowing the transformation of the probe/target recognition event into a
physical signal. Research and development of biosensors is extensively studied because they permit
easy, rapid, low-cost, highly sensitive, and selective detection of analytes. They allow ultrasensitive
point-of-care detection of markers for diseases and should lead to advances for next-generation
medicinal applications such as personalized medicine. In addition to biomedical applications,
biosensors are also capable of responding to the current needs for environmental monitoring. For
both fields of applications, the ongoing trend is miniaturization, parallelization, and integration of
sensors into everyday objects. However, despite the intense research and development activities
around biosensors, very few of them actually reached the market because of their non-optimal
performances [64].

The sensor selectivity, sensitivity, and robustness (stability, reproducibility, etc.) are mainly
controlled by the intrinsic bioreceptor characteristics, such as its affinity toward the target, as well as
its stability in the sensor operating conditions. In a biosensor, the bioreceptor is usually grafted onto a
surface, i.e., in the close vicinity of the transducer. Hence, sensor sensitivity and robustness depend
also on the methodology deployed for the bioreceptor immobilization onto the transducing surface.
The accessibility of the target to the recognition site of the biomolecule, the grafting stability, and the
distance between the receptor and the transducer (surface) are all parameters to be optimized in order
to improve the device analytical performance. All these parameters depend on the method chosen to
immobilize the biomolecule. Historically, conducting polymers (CP) were widely used as a conductive
matrix to produce affinity (DNA, proteins, etc.) or enzymatic electrochemical sensors. The possibility
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of inserting the biomolecule inside the transducer material (CP) led to many ultrasensitive enzymatic
sensors. However, CPs do not allow thin-film production, leading to sensors showing long response
times (long delays to reach a stable signal). The other widely used approach is to immobilize the
bioreceptor by self-assembly, including chemisorption of thiols. This approach led to the development
of complex (controlled immobilization of several bioreceptors) and ultrathin (few nm between the
binding site and the transducer) sensing systems presenting excellent analytical performance in terms
of sensitivity. However, critical disadvantages remain, such as (i) the weak stability of the metal–S
bond, (ii) the limited number of substrates (essentially noble metals), and (iii) the difficulty of localizing
the film deposition. Indeed, in the development of chips comprising several sensors, it is necessary to
have a functionalization method for addressing the deposition step. In this respect, electrodeposition is
definitely advantageous as it offers the possibility of functionalizing specific (polarized) zones directly
by the bioreceptor or an anchoring function thereof.

Electroreduction of diazonium salts is a rarely used functionalization method compared to CP and
self-assembly, despite the achievement of extremely stable surface modifications (covalent bonding)
that contribute to the stability of the biosensor. In addition, the high reactivity of the diazonium
function allows a fast and extremely dense grafting on a wide range of substrates.

Indeed, the interest in the diazonium salt electroreduction approach is largely related to the
remarkable reactivity of the diazonium function. However, its limited use in the field of biosensors is
probably due to the same reason. Indeed, this method generally leads to “multilayered” structures that
may increase the bioreceptor/surface (transducer) distance and, therefore, potentially provoke a loss of
sensitivity (issue 1). Moreover, in the case when the biomolecule itself is modified by a diazonium
salt, to ensure high affinity, it must be oriented with respect to the surface (accessibility to the target,
structural reorganization associated with recognition, etc.) and not denatured upon grafting. The
high reactivity of diazonium groups can lead to a random distribution and orientation of the receptors
(issue 2), as well as to their degradation (issue 3); the diazonium group attached to, for example, a
protein can react with a wide range of biological functional groups (phenols, amines, etc.) of the same
protein or another molecule. These issues need to be completely addressed in order to take advantage
of diazonium chemistry for the realization of biosensors.

In order to bind the receptor, an aryldiazonium group must be firstly equipped; this is generally
achieved by peptidic coupling. Conversely, a platform can be created by reacting the surface with a
diazonium, including a 4-substituent designed to react with the bioreceptor.

The many reviews (Table 1) published for the construction of biosensors using diazonium salts as
anchoring molecules testified to the interest in this method [7,8,65–69]. The objective of this section
is to carry out a review of biosensors using the electroreduction of diazonium salts structured by
analyte type, each of them having specificities in terms of sensor typology and expected analytical
performances. For each target, any progress made to address the aforementioned issues is highlighted.

Table 1. Reviews on biosensors built with the help of diazonium chemistry.

[1] Some of advantages and disadvantages of alkanethiol and diazonium salts for the modification of electrode
surfaces, and selected examples

[66] The use of diazonium salts as surface modifiers and coupling agents, as well as some applications in biosensing

[67] A general overview of biosensors including different methods that permit attaching sensing groups to a surface

[68] A review of the author’s work concerning biosensing of antibodies, oligonucleotides, and enzymes onto
conductive supports

[69] Advances in the use of aryldiazonium salts for modifying interfaces in sensors and biosensors

[70] A review that outlines the potential of diazonium chemistry to prepare single or multianalyte electrochemical
affinity biosensors on screen-printed electrodes (SPEs)

[71] A review that evaluates the methods through which redox proteins can be attached to electrode surfaces in a
“wired” configuration that facilitates direct electron transfer

[72] Copper(I)-catalyzed click chemistry as a tool for the preparation of electrochemical (bio)sensors
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2.1. Detection of Small Molecules of Biological Interest

Glucose. The detection of glucose is a challenge related to diabetes; a number of papers were
published dealing with the detection and quantification of this molecule through diazonium chemistry.
Note that the normal glucose content of blood is from 3.9 to 7.1 mmol/L (70 to 130 mg/dL). However,
on the one hand, blood samples require the use of several membranes to avoid sensor biofouling, and,
on the other hand, current glucose monitoring approaches target tears or sweat as glucose vectors in
order to avoid body penetration. Therefore, accurate continuous glucose monitoring devices need a
concentration linearity range in the micromolar range.

Glucose is electrochemically detected through its oxidation into gluconolactone; this reaction is
catalyzed by glucose oxidase (GOx), which is reduced to its reduced form (GOxH2), which is then
reoxidized either directly by electron transfer from the electrode or more often through a mediator
such as ferrocene (Fc in Figure 12). In agreement with the subject of this review, we describe the
experiments where GOx is attached to the surface of the electrode by diazonium chemistry. Table 2
gives an overview of the different papers published on the subject. This table is divided into two parts:
electron transfer through a mediator or direct electron transfer.

As an example of the methods involving a mediator, we present the first paper describing
the use of a diazonium salt for detecting glucose. It involved the attachment of glucose oxidase
to a glassy carbon surface modified with 4-phenylacetic acid diazonium fluoroborate through
carbodiimide coupling [73]. Glucose was detected (Figure 12) through the electrochemical signal of the
ferrocene/ferricinium–methanol couple (Fc/Fc+) acting as an electron shuttle between the electrode
and GOx/GOxH2. Based on the catalytic regeneration of ferrocene, it was possible to determine
the surface concentration of the active enzyme as Γ ~1.8 × 10−13 mol cm−2, about one-tenth of the
estimated value of a monolayer of GOx (Γ ~1.7 × 10−12 mol·cm−2). A similar system was constructed
from trans-cinnamic acid, showing good selectivity for the various possible compounds interfering in
glucose analysis, namely, ascorbic acid and 4-acetamidophenol [74].
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Table 2. Glucose sensors based on diazonium grafting. GOx—glucose oxidase.

Surface (a) Attached Aryl
Group

Characteristics c =
Concentration Range

Γ (GOx) mol·cm−2, kET
T = Turnover
S= Sensitivity

Reference

Mediator

GC 4-phenylacetic Fc-CH2OH (b) Γ ~1.8 × 10−13 [73]

GC 4-phenylcinnamic Fc-CH2OH (b) - [74]

GC 4-phenylacetic +
layer by-layer (c) Fc-CH2OH b) Γ ~1.1 × 10−12 [77]

Aligned CNT 4-aminophenyl (d) Pt nanoparticles c = 1 × 10−2–7 mM
Stability 20 days

[78]

CNT 4-(2-aminoethyl)
phenyl Fc-CH2-CH2-COOH (e) c = 5–50 mM

s = 0.83 µA mM−1 [79]

GC Nile blue O2
f) c = up to 2.5 mM [80]

GC (g) 4-nitrophenyl Fe(CN)6
3−/4− c= up to10 mM [81]

Pt (h)
4-fluoro
4-methyl

4-methoxy
Fc-CH2OH

c = 0.2–10 mM
In the presence of ascorbic

acid and uric acid
[82]

Porous HOPG (i) To create the
porosity Fc-CH2OH 5 µM–100 mM [83]

Direct Electron Transfer

GC-Ar-GO-nP 4-carboxyphenyl Direct electron transfer
to GOx

C = 0.3–20 mM
kET = 8.3 s−1

T = 112 s−1.
[76]

GC
4-carboxyphenyl +
oligo(phenylethynyl)

(j)

Direct electron transfer
to GOx

0–25 mM
T = 1.1 s−1 [75]

GC 3-phenylboronic Direct complexation of
GOx −50 mM [84]

GC + GO (k) Thionine

Electrostatic
adsorption of

negatively charged
GOx on positively

charged functions of
thionine

c = 0.5–6.0 mM
s = 43.2 mA mM−1 cm−2 [85]

Pt/GO-SO3
−/PPy (l) 4-carboxyphenyl

c = 0.2 × 12 mM
s = 0.56 µA mM−1 cm−2

In the presence of ascorbic
acid (AA) and uric acid (UA)

[86]

(a) CNT: carbon nanotube, GC: glassy carbon, GO: graphene oxide, HOPG: highly oriented pyrolytic graphite. (b)

Fc: ferrocene, (c) 4-phenylacetic group + precursor film (PF) composed of one layer of poly(styrenesulfonate) (PSS)
sandwiched between two layers of poly(dimethyldiallylammonium) (PDDA); GOx is cast on this layer-by-layer
assembly and finally Nafion™ is deposited. (d) By reduction of the attached 4-nitrophenyl groups. (e)

Fc-CH2-CH2-COOH attached to an amino function of the grafted aryl group. (f) Oxygen is used to reoxidize
reduced GOx (GOxH2). (g) Interdigitated array of 1:1 aspect ratio carbon nanoelectrodes. (h) A crosslinked
chitosan–glutaraldehyde–GOx gel is deposited on the Pt electrode. (i) Graphene is made porous by grafting
diazonium salts, and GOx bonded to pyrenebutyric acid is adsorbed in the pores of HOPG. (j) Assembled by
simultaneous reduction of two diazonium salts; 20-Å-long molecular wire. (k) Thionine diazonium cation is
covalently attached onto the glassy carbon electrode via graphene nanosheets. (l) Nanocomposite layers are
deposited onto platinum electrodes through the electrochemical polymerization of pyrrole monomer in the presence
of reduced graphene oxide bearing phenylsulfonyl groups and further modified with carboxyphenyl groups via
electrochemical reduction of 4-carboxybenzenediazonium.

Direct electron transfer from the electrode to a GOx enzyme is also possible by diazonium
chemistry but requires fine control of the overall structure. Indeed, to obtain an efficient enzyme
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wiring, a bottom-up approach needs to be implemented. The active center of GOx is a flavine adenine
dinucleotide (FAD) buried deep inside the pocket of a proteinic structure of the enzyme. Gooding et
al. designed a molecular wire (a 20-Å-long oligo(phenylethynyl)) able to reach the FAD active site
and providing a fast electron transfer to GOx [75]. In addition, these bonded molecular wires were
diluted in 4-carboxyphenyl groups (30/1) that served the twin purposes of being a spacer between
molecular wires and an anchor to maintain the attached GOx on the surface via covalent peptidic
coupling (Figure 13). The surface coverage of active GOx was calculated to be 2.41 × 10−12 mol·cm2,
and the rate of electron transfer was kET = 78 s−1.Biosensors 2020, 10, x FOR PEER REVIEW 14 of 35 
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Another complex assembly is presented in Figure 14, where grafting of diazonium salts was used
for attaching (i) gold nanoparticles to graphene oxide (GO), (ii) modified GO to the glassy carbon (GC)
electrode, and finally (iii) GOx to gold nanoparticles [76]. These two examples underline the ability of
diazonium chemistry to form complex (nano)structures similar to those obtained by self-assembly.
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Table 2 gathers the different architectures for glucose biosensors obtained through diazonium
salt chemistry.

NAD+/NADH. The nicotinamide adenine dinucleotide redox co-factor, NAD+, is the coenzyme
of over 300 dehydrogenase enzymes (e.g., lactate dehydrogenase, alcohol dehydrogenase, glucose
dehydrogenase). The quantitative detection of the reduced form, NADH, can be used as a measure of
enzymatic activity. Amperometric biosensors based on this strategy were developed to assay of the
corresponding enzymatic substrate molecules (e.g., lactate, malate, and ethanol).

NADH was detected [87–90] on an array of five electro-addressable electrodes. All the electrodes
were grafted with 4-nitrophenyl groups; then, on two of these electrodes, the nitrophenyl group was
reduced to aminophenyl to which pyrroloquinoline quinone was bonded by peptidic coupling. This
quinone acts as a mediator for the oxidation of NADH [87]. In a similar way, anthraquinone, [89]
toluidine blue [88], and azure A (for the detection of ethanol) [90] were attached to electrodes.

Other biomolecules. Some sensors were described that, based on diazonium salts, can detect
different drugs; for example, ranitidine, a histamine H2 receptor antagonist, was detected on
aminophenyl-modified gold nanoparticle films deposited on a GC electrode by differential pulse
voltammetry (DPV) [91]. Calcitonin, a tumor marker, was detected on a GC electrode modified
by 4-carboxy or 4-nitrobenzenediazonium and attachment of gold nanoparticles and graphene
oxide; the increased surface area of the immunosensor translated into an enhanced sensitivity [92].
Uric and ascorbic acids were also detected by diazonium-based sensors [93–95]. For example,
uric acid was detected with an Au gate field-effect transistor (FET)-based sensor where the gold
surface was modified by a monolayer of 4-nitrobenzenediazonium in the presence of DPPH
(2,2-diphenyl-1-picrylhydrazyl) [95]. Estradiol was detected by attachment of an aptamer (NH2-APT)
to a GC-reduced graphene oxide surface modified by reaction of 4-carboxybenzenediazonium [96].

Toxins. Biosensors were developed against dangerous toxins. Aflatoxins are- highly toxic
mycotoxins produced by fungi. Among them, AFM1 can be found in commercially available milk; it
is, therefore, considered as one of the most serious problems of food safety, and the level of aflatoxin
in milk is subject to safety regulations. Okadaic acid is one of the most common marine biotoxins,
which is ingested through filter feeding mechanisms by various species of shellfish such as mussels.
Ochratoxin A is a carcinogenic mycotoxin that was identified as a contaminant in cereals, coffee, cocoa,
dried fruits, and pork. Therefore, electrochemical detection of these toxins is important, and biosensors
were constructed either via modifying a surface by attaching antibodies and aptamer or via modifying
the toxin itself and attaching the modified species (Table 3).
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Biosensors 2020, 10, 4

For example, okadaic acid was recognized by its attached antibody and detected by Electron
Impedance Spectroscopy (EIS), as presented in Figure 15.
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Many polypeptides, proteins, and enzymes are important in biological or medical processes. 
Their detection and quantification in very minute quantities in body fluids is necessary; this can be 
achieved by using diazonium salts that provide an anchor to attach proteins to surfaces where they 
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(mainly by peptidic coupling), and this aminophenyl modified protein is then transformed to a 
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Figure 15. A schematic presentation of the surface chemistry used for immobilization anti-okadaic acid
(OA) monoclonal antibody on an SPE electrode, and Nyquist plots of 1 mM [Fe(CN)6]4−/3− for (a) bare
SPE, (b) SPE modified by 4-carboxybenzenediazonium, (c) and an antibody, (d) in the presence of
10 µg/L ochratoxin. The insert is the equivalent electric circuit applied to fit the impedance spectroscopy.
From Reference [98] with permission of Elsevier.

Biogenic amines. Biogenic amines are synthesized and degraded during normal metabolism
of animals, plants, and microorganisms. Histamine, putrescine, cadaverine, tyramine, tryptamine,
spermine, and spermidine are considered to be some of the most important biogenic amines in food.
They were detected by attaching monoamine oxidase to the surface of SPE detection in the presence of
ferrocene methanol as a detector [102].

2.2. Detection of Polypeptides and Proteins

Many polypeptides, proteins, and enzymes are important in biological or medical processes. Their
detection and quantification in very minute quantities in body fluids is necessary; this can be achieved
by using diazonium salts that provide an anchor to attach proteins to surfaces where they are detected.
Two methods were used: (i) the protein is modified with an aminophenyl group (mainly by peptidic
coupling), and this aminophenyl modified protein is then transformed to a diazonium salt that is
attached to the surface; (ii) a diazonium salt with an appropriate 4- substituent (mainly carboxylic
and amino groups) is attached to the surface and further reacts with the protein. These two methods
(Table 4) permit creating a diazonium-based sandwich immunoassay; an analyte (most often a protein)
is detected through the use of a diazonium-anchored antibody (also termed immunoglobulin IgG) (or
antigen), and the assay is completed by attaching a detectable group to this construct (for example, by
luminescence). Table 4 gathers examples of such biosensors.
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The first examples of such diazonium-based immunoassays were published by Marquette [103,104];
an array of individually addressable screen-printed electrodes was modified with an IgG. This was
achieved by (i) coupling the carboxylic group of 4-carboxyaniline to an amino group of IgG by peptidic
coupling (DCC/NHS, N-hydroxysuccinimide N,N′-dicyclohexylcarbodiimide), (ii) diazotizing the
pending amino group in acidic water (20 mM HCl and 20 mM NaNO2), and (iii) electrografting the
diazonium-labeled IgG to a connected electrode of the array. This electrografting was characterized, as
for other diazonium salts, by a decrease of the drawn-out wave of the diazonium salt upon repetitive
scanning. This reaction sequence is presented in Figure 16.
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From Reference [104] with permission of Wiley.

The final step of the assembly is presented in Figure 17 in the case of a rheumatoid factor (a family
of human antibodies largely involved in rheumatoid diseases) that binds to the surface-attached IgG.
The detection was achieved by binding a secondary antibody labeled by a horseradish peroxidase; this
final enzyme catalyzed the oxidation of luminol with light emission at 428 nm. Therefore, detection of
this emission permitted quantifying the presence of rheumatoid factor in human serum in the range
5.3–485 IU·mL−1. Detection was also achieved on SPRi (surface plasmon resonance imaging) surfaces
by direct reflectivity change.
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The second strategy involves the fabrication by diazonium chemistry of platforms that can be
connected to proteins. An excellent example was provided by a paper of Gooding that described the
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detection of tumor necrosis factor α (TNF-α) in whole blood [117]. TNF-α is a typical early-stage
indicator of an inflammatory reaction, in response to infection or cancer. Affinity biosensors are difficult
to operate in whole blood because biofouling of electrode surfaces compromises the performance
of the final device. To prevent this phenomenon, a platform was prepared on ITO by reduction of
two diazonium salts derived from 4-aminophenyl phosphorylcholine (PPC) and 4-(4-aminophenyl)
butyric acid (PBA). Therefore, this mixed surface comprised phosphorylcholine groups that prevented
biofouling of the electrode and phenylbutyic acid groups that permitted the attachment of antibodies
as biorecognition elements. Other anti-biofouling molecules could be attached to electrode surfaces
such as polyethyleneglycol molecules, but these types of long-chain molecules give rise to passivated
surfaces with high impedance. Upon electrochemical reduction, the diazonium salts of PPC (Ep = −0.55
V/(Ag/AgCl) and PBA (Ep = −0.58 V/(Ag/AgCl), as well as their mixture, gave rise to the typical pattern
of diazonium salts, where the current decreases upon repetitive scanning, as shown in Figure 18.
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Figure 18. Cyclic voltammetry of the diazonium salts of 4-aminophenyl phosphorylcholine (PPC),
4-(4-aminophenyl) butyric acid (PBA), and their mixture on an indium tin oxide (ITO) electrode. From
Reference [117] with permission of the American Chemical Society.

These modified ITO electrodes were characterized by XPS (X-ray Photoelectron Spectroscopy),
cyclic voltammetry of redox probes (Fe(CN)6

3−/4−), and EIS. The immunosensor was on this platform
as presented in Figure 19. The capture antibody (Ab1) was immobilized onto the PPC–PBA/ITO
surface via the classical EDC/NHS (EDC: 1-éthyl-3-(3-diméthylaminopropyl)carbodiimide) conjugation
reactions between COOH groups on the mixed layer surface and residual amino groups of the Ab1.
The final steps involved the binding of the analyte TNF-α and finally of the HRP-conjugated detection
antibody. The consumption of H2O2 by HRP was detected by amperometry, and TNF-α concentrations
in the range of 0.01–500 ng/mL were detected. The interference of human serum albumin or hemoglobin
was limited by the presence of phosphorylcholine on the surface [117]. This example illustrates the
possibility of realizing mixed layers with controlled structures. This new approach enhances the
analytical performance by implementing both a bioreceptor and a non-specific adsorption reducer.
Prior to this publication, only thiol-type self-assembly and co-polymerization approaches were used to
obtain such structures.
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Figure 19. Immunoassay of tumor necrosis factor α (TNF-α) factor based on a mixed antifouling
platform. From Reference [117] with permission of the American Chemical Society.

An “e-nose” capable of detecting different odors (eugenol, n-amylacetate, etc.) was constructed
as shown in Figure 20 by coupling mouse olfactory receptor proteins (ORs) with carbon nanotube
transistors. The CNT was modified with 4-carboxybenzenediazonium, and the ORs were attached by
peptidic coupling. The resulting devices transduced signals associated with odorant binding to ORs in
the gas phase under ambient conditions [112].
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2.3. Detection of DNA

Affinity sensors using nucleic acids as bioreceptors are probably the most common biosensors.
Indeed, nucleic acids are used to bind another nucleotide sequence (DNA, RNA, microRNA (miRNA),
etc.) or, in the case of aptamers, a different type of target (e.g., small organic molecules, metal cations,
proteins, etc.). Biosensors including a diazonium electroreduction step in their fabrication process
already proved their relevance for DNA sensing. Methods for recognition of DNA sequences were as
follows: (i) the DNA sequence to be recognized was equipped with a diazonium salt, electrografted
and recognized in different ways [103]; (ii) the target DNA sequence was bonded to the surface through
avidin–biotin recognition [122] or another method [123]; (iii) the target DNA sequence was linked to
the surface and recognized by its complementary sequence [124,125]; (iv) a symmetric reaction where
the complementary sequence was bonded to the surface was also possible [126]. The detection was
achieved either by fluorescence or by electrochemistry (DPV, EIS) (Table 5).
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A mixed layer obtained from two diazonium salts (4-carboxybenzenediazonium + the diazonium
salt of an amino derivative of 5-hydroxy-1,4-naphthoquinone, juglone) was prepared. The carboxylic
group was activated by EDC/NHS, and a primary amine-functionalized DNA strand (NH2-DNA
probe) was coupled to the carboxylic acid. This attached DNA sequence recognized its complementary
chain equipped with a fluorescent label, but hybridization was also detected by 3AC) voltammetry of
the naphthoquinone group [128].

Human papillomavirus is a DNA virus responsible for cervical cancer. It can be detected based
on the sequence of reactions presented in Figure 21. Carbon nano-onions are multilayered fullerenes
concentrically arranged one inside the other; they were deposited onto a GC surface to form a stable
micrometric film. This carbonaceous film was modified by the diazonium salt of phenylacetic acid.
The COOH groups of the surface were activated using carbodiimide chemistry, followed by covalent
immobilization of streptavidin and incubation of a biotinylated DNA capture probe (Figure 21a–c).
Hybridization was accomplished with the target DNA sequence. Finally, an HRP-labeled reporter
probe was introduced, and amperometric detection of the oxidation of tetramethylbenzidine permitted
quantifying the analyte down to 0.11 µA·nM−1. Incorporation of carbon nano-onions on the surface
resulted in better sensitivities and lower limits of detection than unmodified GC due to the increased
surface area [130].
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2.4. Cells

Gold SERS (surface-enhanced Raman spectroscopy) active substrates were modified with
4-carboxyphenyl groups, and the carboxylic groups were coupled to amino groups of folic acid.
With such a surface, it was possible to test the presence of normal and melanoma-associated cells in
a cultivation medium. The SERS spectra of the folic acid modified surface indicated the presence of
differences arising from the interaction of the bio-liquid with the functional surface [133] (Figure 22).
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3. Concluding Remarks

The large and growing demand for robust and reliable detection devices continues to motivate
much work around biosensors. Given the advantages of the electroreduction of diazonium salts in
terms of stability of (bio)molecular buildings, it is very likely that this method will contribute to
improving the reliability and stability of detection systems. However, before being able to take full
advantage of diazonium chemistry, attention must be paid to reach a finer control of film thickness
and composition, which is the current main challenge. Recent advances in controlling the thickness
and composition of mixed layers obtained by reduction of diazonium salts are the first steps toward
the realization of covalent buildings of controlled architecture. Beyond the classical approaches
of biodetection, there is a tendency to integrate biosensors into everyday objects through printing
methods. The reactivity of the diazonium function makes it possible to consider, as a future prospect,
the development of a new generation of functional inks able to bind covalently to the surface of the
substrate or to an underlying layer. This capability would allow the integration of a variety of functions,
including biosensing ones, under ambient conditions over a wide range of surface areas.
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Abstract: Altered growth hormone (GH) levels represent a major global health challenge that
would benefit from advances in screening methods that are rapid and low cost. Here, we present
a miniaturized immunosensor using disposable screen-printed carbon electrodes (SPCEs) for the
detection of GH with high sensitivity. The diazonium-based linker layer was electrochemically
deposited onto SPCE surfaces, and subsequently activated using covalent agents to immobilize
monoclonal anti-GH antibodies as the sensing layer. The surface modifications were monitored using
contact angle measurements and X-ray photoelectron spectroscopy (XPS). The dissociation constant,
Kd, of the anti-GH antibodies was also determined as 1.44 (±0.15) using surface plasmon resonance
(SPR). The immunosensor was able to detect GH in the picomolar range using a 20 µL sample volume
in connection with electrochemical impedance spectroscopy (EIS). The selectivity of the SPCE-based
immunosensors was also challenged with whole blood and serum samples collected at various
development stages of rats, demonstrating the potential applicability for detection in biological
samples. Our results demonstrated that SPCEs provided the development of low-cost and single-use
electrochemical immunosensors in comparison with glassy carbon electrode (GCE)-based ones.

Keywords: immunosensor; electrochemical impedance spectroscopy; growth hormone; real samples;
diazonium grafting

1. Introduction

In an immunosensor, the integration of the recognition element with the signal transducer is usually
achieved by a chemical layer modification that enables the immobilization of antibodies. Aryl diazonium
salts have become increasingly popular given their ease of use for modifying a wide variety of surfaces
and their stability as a chemical linker [1–4]. Eissa et al. [5] reported the electrochemical modification of
graphene-modified screen-printed carbon electrodes (SPCEs) with 4-nitrophenyl diazonium salt, which
enabled the covalent attachment of antibodies for the detection of a milk allergen, β-lactoglobulin. Eissa and
Zourob [6] have also reported the development of an electrochemical competitive immunosensor for the
detection of okadaic acid in shellfish. Graphene modified SPCEs were functionalized by the electrochemical
reduction of in situ generated 4-carboxyphenyl diazonium salt in acidic aqueous solution [6]. The sensitive
detection of egg allergen ovalbumin was also achieved with a detection limit of 0.83 pg/mL in phosphate
buffer solution (PBS) using graphene modified SPCEs with a carboxyphenyl film on the graphene surface [7].
SPCEs can be mass-produced at low-cost, and each experiment can be performed on a fresh and analogous
surface to prevent possible cross-contamination issues [8]. Each SPCE can be disposed after use and
requires small volumes of reagents for measurement. Furthermore, current advances in instrumentation
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have allowed SPCEs to become compatible with cellphone-size portable devices for convenient on-site
measurements [9].

GH is a peptide hormone with two isoforms (22 kDa and 20 kDa) released from the somatotroph
cells in the anterior pituitary gland, serving multiple functions in many tissue targets [10]. GH plays a
critical role in the regulation of blood glucose, longitudinal bone growth, and enhancement of muscle
mass [11]. Deficiencies in GH can have severe developmental consequences, such as hypoglycemia in
newborns, stunted growth in childhood, and physical/psychological symptoms well into adulthood [12,13].
On the other hand, over expression of GH can result in gigantism, acromegaly, and impaired glucose
tolerance [14–16]. Beyond a clinical setting, GH doping is observed extensively in professional athletes
to enhance overall tissue maintenance, repair, and muscle growth [17]. The use of synthetic GH as an
ergogenic drug has become increasingly prevalent, which resulted in its ban from professional athletes by
the World Anti-Doping Agency (WADA) [18]. To face these major global health challenges, advances in GH
screening are required to facilitate early detection and treatment [19]. At present, reported GH screening
methods include enzyme-linked immunosorbent assays (ELISA) [20], radioimmunoassays (RIA) [21], mass
spectrometry [22], and surface plasmon resonance (SPR) [23]. Current issues concerning these methods
include sensitivity, specificity, cost and time. There is an urgent need for an ultrasensitive screening
procedure for the detection of GH that is rapid and low cost [24–30]. Our immunosensor provides an
economical approach to a miniaturized electrochemical system utilizing SPCEs. As a model system,
we modified SPCEs with anti-GH antibodies using diazonium grafting and compared the analytical
characteristics of SPCE-based immunosensors with similarly prepared GCE (glassy carbon electrode)-based
ones. Then, we demonstrated the detection of GH in blood and serum samples using SPCE-based
immunosensors in comparison with a commercially available kit.

2. Materials and Methods

2.1. Chemicals and Reagents

Rat growth hormone (GH), full-length protein (ab68388) and monoclonal mouse anti-growth hormone
(GH) antibody (ab9821) were obtained from Sigma-Aldrich (Oakville, ON, Canada). Potassium dihydrogen
orthophosphate (KH2PO4), dipotassium orthophosphate (K2HPO4), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccinamide (NHS), potassium ferricyanide (K4Fe(CN)6),
potassium ferrocyanide (K3Fe(CN)6), 4-methoxybenzenediazonium tetrafluroborate, acetonitrile (HPLC
grade), and bovine serum albumin (BSA) were obtained from Sigma-Aldrich (Oakville, ON, Canada).
Tetraethylammonium tetrafluoroborate was purchased from Alfa Aesar (Mississauga, ON, Canada).
All solutions were prepared using ultra-pure water from a Cascada LS water purification system (Pall
Co., Port Washington, NY, USA) at 18.2 MΩ. Male Sprague Dawley rats (Charles River, MA, USA) were
anesthetized with isoflurane and then maintained under isofluorane by a vaporizer with a nose cone
attachment. Blood was drawn by cardiac puncture in the right ventricle. The blood samples were
subsequently analyzed using ELISA and our electrochemical immunosensor for growth hormone
levels. For control studies, the GH sample concentration used for the blood and plasma was 100 pg/mL.
An undiluted sample (also coined as blood stock or plasma stock) indicates that the blood or plasma
sample was used as received without any further dilutions using buffer solutions. All procedures
using animals were approved by the Animal Care Committee of the University of Toronto and were in
accordance with the guidelines and codes established by the Canadian Council on Animal Care.

2.2. Electrode Preparation and Modification

A glassy carbon electrode (GCE, CH Instruments, Austin, TX, USA) was polished for 2 min using
1.0, 0.3, and 0.05 µm alumina. The electrode was rinsed with ultrapure water and sonicated for 5 min
between each polishing step to remove any alumina present on the surface. Screen-printed carbon
electrodes (SPCEs, DEP-Chip EP-N) were purchased from BioDevice Technology Ltd. (Ishikawa,
Japan). As shown in Figure 1B, SPCEs had a carbon ink-based working electrode surface that enabled
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working with small volumes of reagents and samples (1–20 µL). The counter and reference electrodes
were printed using carbon and silver ink, respectively. The electrical contacts were protected from
sample solutions with a hydrophobic coating as shown in the inset of Figure 1B.
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Figure 1. Conceptual illustration of the impedimetric detection of rat growth hormone (GH). (A) A film
of 4-methoxybenzenediazonium tetrafluroborate (4-MBD) was immobilized on an electrode surface by
electrodeposition (i); surface-confined 4-MBD molecules were electrochemically oxidized to carboxylic
acid groups (ii) that were activated with 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) to allow subsequent covalent immobilization of antibodies via lysine residues
(iii); GH is captured with antibodies on the surface (iv). (B) screen-printed carbon electrodes (SPCE) of
dimension 4 × 12 mm in length with carbon ink-based working and counter electrodes in connection with a
silver ink-based reference electrode. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) were employed to characterize SPCE and glassy carbon electrode (GCE) surfaces.

The surface modification of GCEs and SPCEs was performed following the same procedures of
electrodeposition. Briefly, aryl diazonium salt (1 mM) in acetonitrile was prepared and de-aerated
for 15 min. Electrodeposition was performed using tetraethylammonium tetrafluoroborate as the
electrolyte with CV. A scan rate of 100 mV/s was applied for two cycles between +1.0 V and −1.0 V,
and then rinsed with copious amounts of electrolyte and water [1,2]. Next, the electrode was exposed
to a biasing potential of +1.0 V for 1 min in 50 mM KH2PO4/K2HPO4 (PBS) at pH 7.4. The activation
of exposed carboxylic acid groups on the surface was accomplished using 10 mM EDC and 40 mM
NHS for 1 h and rinsed with PBS [4]. The antibodies were incubated on the electrode surface, to allow
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covalent attachment between the free amine groups of lysine residues in the Fc region and the carboxyl
groups on the diazonium grafted surfaces for 18 h at 4 ◦C, then rinsed with PBS. GH sample solutions
were prepared at various concentrations in PBS and used as the target analyte. An aliquot (10 µL) of
each sample solution (real samples or PBS spiked with the desired amount of GH) was added to the
electrode surface and incubated for 30 min at room temperature with moderate shaking, to ensure
contact of the GH with the surface-confined antibodies.

2.3. Electrochemistry

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed
using a µAutolabIII Electrochemical Analyzer (Metrohm, Utrecht, The Netherlands) in conjunction
with its general-purpose electrochemistry software and a frequency response analyzer (Metrohm,
Utrecht, The Netherlands). CV and EIS were measured with 10 mM [Fe(CN)6]3−/4− in PBS with 100 mM
KCl at room temperature using a three-electrode system with GCE as the working electrode, a Pt wire
as the counter electrode, an Ag/AgCl reference electrode and also SPCE as depicted in the inset of
Figure 2. CV measurements were performed before and after aryl diazonium salt modification at a
scan rate of 100 mV/s between −0.5 V and +0.5 V. EIS was performed with a frequency range from
100 kHz to 100 mHz at a biasing voltage of 0.20 V.
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Figure 2. Surface characterization of electrode surface modifications. (A) Cyclic voltammogram of (i)
bare glassy carbon electrode (GCE) and (ii) 4-methoxyphenyl (4-MP) film modified GCE using 10 mM
[Fe(CN)6]3−/4− in PBS with 100 mM KCl at 100 mV/s as described in the Materials and Methods section.
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(B) EIS measurements demonstrated with Nyquist plot (−Z” vs Z′) and fitted with Randles equivalent
circuit for the characterization of bare GCE, 4-MP film-modified electrodes and antibody-modified
electrodes. (C) XPS-based characterization of bare screen-printed carbon electrode (SPCE), 4-MP
film modified electrode, and antibody modified electrode. (D) Contact angle measurements of bare
SPCE, 4-MP film modified electrode, and antibody-modified electrode. (E) SPR-based immunosensor
measurements to determine the Kd of antibody with targeted GH as the analyte. SPR responses
increased as the concentration of GH increased from 0.625 ng/mL (red line), 1.25 ng/mL (yellow line),
2.5 ng/mL (purple line) to 5 ng/mL (blue line). SPR sensorgrams were modeled with a fit line (black line)
to determine the binding parameters. The sensorgram displays the average data of three consecutive
measurements for each concentration of GH on renewed sensorchip surfaces (n = 3).

2.4. Surface Plasmon Resonance (SPR)

All SPR experiments were performed using a Biacore X100 system (GE Healthcare, Mississauga,
ON, Canada) with a CM5 sensorchip. Experiments were conducted at 25 ◦C and the SPR running
buffer (SPR running buffer, 0.01 M HEPES, 0.15 M NaCl, 0.05 mM EDTA, 0.05% surfactant P20, pH 7.4)
was sterile filtered (0.2 µm). Two flow cells of the sensorchip were used, one (reference flow cell, FC-1)
to detect the non-specific adsorption for background subtraction, and the other one (detection flow
cell, FC-2) was used to detect the specific binding of GH. CM5 sensorchips contain carboxymethylated
dextran covalently attached to Au surfaces. The anti-GH antibodies were covalently coupled onto the
CM5 sensorchip surfaces using the Amine Coupling Kit (GE Healthcare, Mississauga, ON, Canada),
following the standard covalent attachment protocol using EDC and NHS in a similar fashion as
described in the preparation of electrochemical biosensors in Section 2.2. The target GH samples were
injected into both flow cells using four different concentrations at 30 µL/min for 2 min. The setup
was fully automated using the Biacore X100 software (GE Healthcare, Mississauga, ON, Canada).
All concentrations of the target GH were performed in triplicates, with zero concentration blanks
before and after each injection of the sample. The binding affinity of the interaction was determined
using Biacore Evaluation Software (GE Healthcare, Mississauga, ON, Canada).

2.5. X-Ray Photoelectron Spectroscopy (XPS)

XPS spectra were recorded using a Physical Electronics (PHI) Quantera II spectrometer (Laval, QC,
Canada) equipped with an Al anode source for X-ray generation and a quartz crystal monochromator
for focusing the generated X-rays. A monochromatic Al K-α X-ray (1486.7 eV) source was operated at
50 W and 15 kV, and a pass energy of 280 eV was used to obtain all collected survey data. All spectra
were obtained at 45◦ take off angles, and a dual beam charge compensation system was used to
neutralize all samples. The system base pressure was no higher than 1.0 × 10−9 Torr, with an operating
pressure that did not exceed 2.0 × 10−8 Torr. The instrument was calibrated using a sputter-cleaned
piece of Ag, where the Ag 3d5/2 peak had a binding energy of 368.3 ± 0.1 eV and full width at half
maximum for the Ag 3d5/2 peak was at least 0.52 eV. Data manipulation was performed using PHI
MultiPak Version 9.5.1.0 software (Laval, QC, Canada).

2.6. Contact Angle Goniometry

Contact angles of modified surfaces were measured using a Future Digital Scientific OCA35 system
(Westbury, NY, USA). Milli-Q water (18.2 Ohms) was used to determine the contact angles. The static
sessile drop method was used and a small droplet (~0.2 µL) of Milli-Q water was placed on the sample
surface. A picture was captured for each droplet on modified surfaces, and the contact angle was
calculated using Young’s equation.

2.7. ELISA-Based Detection

GH detection kit was purchased from EMD Millipore (Etobicoke, ON, Canada). In the
sandwich-based assay, the GH samples were captured by the pre-tittered anti-GH polyclonal antibodies
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on the 96-well plate, and then, the binding of a second biotinylated anti-GH polyclonal antibody
would form a “sandwich” by capturing the target protein on the surface. Streptavidin-conjugated
horseradish peroxidase (HRP) was then exposed to the biotinylated antibodies. Upon addition of
TMB (3,3′,5,5′-tetramethylbenzidine) substrate, the quantitative detection was achieved under acidic
conditions with the formation of yellow-colored product at 450 nm. The concentration of GH in
blood and plasma samples was derived by interpolation from a calibration curve generated in the
assay, with reference standards of known concentrations of rat GH at 0.07, 0.21, 0.62, 1.9, 5.6, 16.7,
and 50 ng/mL. We were able to determine the GH concentration in blood samples using the calibration
plot that was constructed using the standard additions of known concentrations of GH in blood
samples. We have also used this ELISA-based commercial kit to confirm our EIS data obtained with
the standard addition method.

3. Results and Discussion

Following the chemical reactions as illustrated in Figure 1A, 4-methoxyphenyl (4-MP) film
was formed through electrodeposition (i). Upon electrochemical grafting, liberation of nitrogen gas
occurred, forming an aryl radical intermediate. The radical then formed a covalent bond with the
carbon surface with high stability over time [31–33]. A conditioning potential of +1.0 V (vs. Ag/AgCl)
was applied to form carboxylic acid on the film (ii). Subsequently, the carboxylic acid groups were
activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinamide
(NHS) (iii) to immobilize the antibodies by forming amide bonds with the lysine residues of the Fc
region. Various concentrations of GH could be detected using the antibodies immobilized on the surface
(iv) through antibody–antigen interactions. As shown in Figure 1B, both cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) [34–37] were used to characterize the modifications on
carbon surfaces.

As shown in Figure 2A-i, the bare GCE displayed prominent oxidation and reduction peaks
for the [Fe(CN)6]3-/4- redox couple at 0.28 V and 0.16 V, respectively. The electrodeposition of 4-MP
film resulted in a significant decrease in cyclic voltammograms, which suggested that the 4-MP film
created an insulating layer that suppressed the reaction of the [Fe(CN)6]3/4- redox couple on the surface
(Figure 2A-ii).

EIS was used to detect the interfacial properties for bare GCE, 4-MP film-modified GCE,
and antibody-modified GCE. As shown in Figure 2B, the impedimetric measurements were
demonstrated with Nyquist plots as the sum of the Z′ and Z”. The Z′ (real Z) accounts for double-layer
resistance and Z” (imaginary Z) accounts for capacitance. The Randles equivalent circuit shown in the
inset of Figure 2B was selected to reflect the electrochemical process. The equivalent circuit includes
the ohmic resistance of the electrolyte solution, Rs, and the Warburg impedance, Zw, resulting from
the diffusion of ions from the bulk electrolyte to the interface. The electrode double-layer capacitance,
Cdl, and the charge transfer resistance, Rct, depends on the dielectric and insulating properties at the
interface. Rct values continued to increase with the step-wise modifications with 4-MP film and then
antibodies on the electrode surfaces.

The increase in Rct was consistent with the previous CV data suggesting the aryl diazonium salt
film had an insulating property. A further increase in Rct suggested that antibodies were immobilized
onto the GCE surface. The EIS results were confirmed using XP. As shown in Figure 2C, the increases
in O 1s’ counts—shown in green lines and red lines—were contributed to by the oxygen atoms in the
4-MP film and antibodies, and the significant increase in N 1s’ counts was attributed to the primary
amine groups of the antibodies, suggesting the immobilization of the antibodies on the SPCE surface.
As shown in Figure 2D, the contact angle measurement had a small decrease after the immobilization
of 4-MP film, and then, a significant decrease was observed after the immobilization of antibodies.
The contact angle measurements were in agreement with the XPS results (Figure 2C), where the small
increase in O 1s after immobilization of 4-MP film, followed by a significant increase in O 1s after
the immobilization of antibodies, would contribute to the decreasing hydrophobicity of the electrode
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surface. In order to determine the binding dissociation constant, Kd, value of the anti-GH antibody,
SPR (Figure 2E) was performed using anti-GH-modified CM5 sensorchips. The anti-GH antibodies
that were covalently immobilized on CM5 sensorchips displayed a strong binding affinity towards GH
at 1.44 (±0.15) nM (n = 3).

The anti-GH antibody-modified GCE enabled the detection of GH with a dynamic range between
100 pg/mL and 1000 pg/mL, as shown in Figure 3A. The initial (Ri) and final (Rf) Rct values were measured
before and after the GH binding to the antibody-modified electrodes. These Rct ratios, between blank
and a range of GH concentrations, are summarized in Figure 3B,D. The immunosensor was significantly
improved using SPCEs with miniaturized and portable detection capabilities. As shown in Figure 3C,
the Rct values corresponding to each modification of the SPCEs continued to increase. The Nyquist
plots increased with increasing concentrations of GH, and the Rct ratios are displayed in Figure 3D.
The linear range of GH detection using GCE was from 100 pg/mL to 1000 pg/mL, with a regression line
formula y = 0.0021x + 1.1805, R2 = 0.982. Even though the dynamic range using SPCE was similar to
that of the GCE surface, the linear range of GH detection was smaller, from 10 pg/mL to 100 pg/mL,
with a regression line formula of y = 0.0035x + 0.2431, R2 = 0.9944. Using the formula for the limit of
detection = 3 × σblank/m, where σblank is the standard deviation of blank measurements and m is the
slope of the calibration curve, we have determined the limit of detection as 5 pg/mL, which is highly
comparable with literature values. Ozhikandathil et al. [38] reported a detection limit of 25 ng/mL
using an evanescent-cascaded waveguide coupler design. Sadabadi et al. [39] reported the detection of
GH using the LSPR response of gold nanoparticles grown in microfluidics with a detection limit of
3.7 ng/mL. In order to demonstrate the applicability of our GH detection method to biological samples
containing high concentrations of potentially interfering proteins, a SPCE-based immunosensor was
challenged with blood and plasma samples from male rats and the results are shown in Figure 4.
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(A) Nyquist plots for the detection of various concentrations of GH on glassy carbon electrodes (GCE);
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(B) Dependence of GH concentration on the Rct values obtained from the Randles equivalent circuit
at GCE. (C) Nyquist plots for the detection of various GH concentrations on screen-printed carbon
electrodes (SPCE). (D) Dependence of GH concentration on the Rct values obtained from the Randles
equivalent circuit at the SPCE. Error bars indicate three consecutive measurements (n = 3) of each GH
concentration using renewed GCE surfaces and using a new single-use SPCE.
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diluted blood using screen-printed carbon electrodes (SPCE); (B) Rct ratio comparison between attachment
of BSA and GH in diluted blood (n = 3). (C) Nyquist plots for the detection of 100 pg/mL GH in various
concentrations of blood. (D) Nyquist plots for the detection of 100 pg/mL GH in various concentrations
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Error bars indicate the standard deviation of three consecutive measurements using SPCEs (n = 3).

As shown in Figure 4A, the Nyquist plots displayed an increase with 4-MP film modification
and the immobilization of antibodies. As shown in Figure 4B, BSA (5%, w/v) and GH (100 pg/mL)
were spiked into 10-fold diluted blood samples. The Ri and Rf were measured before and after the
binding of BSA or GH at the antibody-modified SPCEs. A p-value of 1.9 × 10−5 was calculated,
by conventional criteria, the difference between Rct ratios from the binding of BSA and the binding
of GH was considered to be statistically highly significant. The Rct ratio was significantly higher for
GH-spiked blood samples, suggesting that the antibody-modified SPCEs were effective in facilitating
the ultrasensitive detection of GH in the presence of complex protein mixtures present in blood.
Hence, our immunosensor has promising potential for applications using clinical samples.
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As shown in Figure 4C,D, GH (100 pg/mL) was detected in 10-fold and 5-fold diluted blood
samples, as well as in the undiluted whole blood (blood stock) and plasma (plasma stock) samples.
To investigate the reproducibility of our SPCEs, EIS responses of all 18 biosensors were recorded in
these real samples that were spiked with 100 pg/mL GH, as shown in Figure 4E. The relative standard
deviation was found to be less than 6% (n = 3 for each 10-fold and 5-fold diluted blood sample, as well
as undiluted whole blood and plasma samples) with mean recoveries ranging from 94% ± 3% to
103% ± 2%. In Figure 4E, the average Rct increased by 10 kOhm from 10-fold to 5-fold diluted blood
samples, and 7 kOhm from the 5-fold diluted blood sample to the whole blood sample. This increase
in Rct was attributed to the possible non-specific adsorption of proteins in the whole blood matrix.
The p-value was 4.6 × 10−2 between 10-fold and 5-fold diluted blood samples, and it was considered
to be statistically significant by conventional criteria. However, the p-value was 2.4 × 10 between
5-fold diluted and whole blood samples, and it was not considered to be statistically significant by
conventional criteria. In addition, the repeatability of the immunosensor was evaluated by performing
three experiments with the similarly prepared three SPCEs for three consecutive days, and after each
measurement, the SPCEs were disposed of. Prior to use, the immunosensors were soaked in 50 mM PBS
(pH 7.4) and stored at 4 ◦C. SPCE-based immunosensors revealed a good repeatability performance
with a relative standard deviation of less than 5% (n = 3 using 10-fold diluted plasma samples, data
not shown).

Blood plasma samples with a simpler protein composition resulted in lower Rct than whole blood
samples in 10-fold diluted, 5-fold diluted and undiluted samples. The p-value was 4.6 × 102 between
10-fold and 5-fold diluted plasma samples, and 8.6 × 102 between 5-fold diluted and undiluted plasma
samples. Both p-values were not considered to be statistically significant by conventional criteria and
suggested increasing plasma concentrations did not result in a significant increase with non-specific
adsorption and surface fouling.

For real sample studies, Vance et al. [40] have reported a comparative analysis of human growth
hormone in serum using SPRi, nano-SPRi and ELISA assays. An ultrasensitive bimodal waveguide
biosensor enabled the direct detection of human GH in undiluted urine samples in the 10 pg/mL
range [41]. A nano-integrated suspended polymeric microfluidics platform provided a detection
limit of 2 ng/mL for the detection of bovine growth hormones [42]. A summary of articles [43–52]
reporting the detection of GH using various surface modifications and detection techniques with limits
of detection is presented in Table 1. Rezaei et al. [45] modified gold electrodes with gold nanoparticles
using 1,6-hexanethiol and managed to develop an ultrasensitive EIS-based immunosensor, which
detected GH with a limit-of-detection of 0.64 pg/mL.

Our immunosensor was applied to monitor GH in blood samples collected from male rats
aged from 2 weeks to 19 months. EIS results of SPCEs were compared with those obtained using a
commercial GH ELISA kit. As shown in Figure 5, GH levels decreased with advancing age rats using
both detection systems. In general, the EIS data indicated that the rats had higher GH compared to
the data obtained using the commercial kit. For the data that were obtained in months 1, 2, 18 and
19 using EIS-based immunosensors and commercial kit, the p-values ranged between 2.7 × 102 and
4.3 × 102. These p-values were not considered to be statistically significant by conventional criteria and
suggested that the data collected in those months were similar. In months 6, 14 and 16, the fluctuation
of GH created data with p-values ranging between 3.5 × 10−4 and 1.8 × 10−3, indicating that the data
were significantly different from each other. This was attributed to the possible fluctuations of GH
in adult rats during these months. The lower GH concentration determined by the commercial kit
may be attributed to the complicated sample preparation procedures, as well as the short lifetime
of the light-sensitive TMB (3,3′,5,5′-tetramethylbenzidine) dye, which was observed to decrease in
absorbance rapidly over time.
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Table 1. A summary of published literature on the detection of GH using biosensors with optical and
electrochemical detection techniques.

Biosensor Surface Detection Technique Limit of Detection Reference

Silica-on-silicon (SOS) with a
cascaded waveguide coupler

Evanescent wave-based
fluoroimmunoassay

25 ng/mL [38]

Gold nanoparticles synthesized
in a poly(dimethylsiloxane)
(PDMS) microfluidic chip

LSPR-based immunoassay 3.7 ng/mL [39]

Anti-hGH coated with
near-infrared quantum dots

SPRi (SPR imaging)- &
Nano-SPRi-based immunoassay

0.03 ng/mL–100 ng/mL [40]

Anti-hGH-modified
interferometer

Bimodal waveguide
interferometry-based

immunoassay

10 pg/mL [41]

Nano-integrated suspended
polymeric microfluidics

(SPMF) platform

Microcantilever-based
immunoassay

2 ng/mL [42]

Anti-hGH modified
gold surfaces

SPR-based immunoassay 6 ng/mL [43]

Anti-hGH modified
gold surfaces

SPR-based immunoassay 1-6 ng/mL [44]

Gold nanoparticles immobilized
on gold electrodes using

1,6-hexanedithiol

EIS-based immunoassay 0.64 pg/mL [45]

Sandwich-based immunoassay
using horseradish peroxidase

(HRP)-labeled
secondary antibody

SPR, pulsed amperometry (PA),
electrochemically-assisted

chemiluminescence (ECL), CV

0.051 nM by SPR
0.027 nM by PA

0.061 nM by ECL
0.056 nM by CV

[46]

Tosyl-activated magnetic
microparticles on screen-printed

gold electrodes

Square-wave voltammetry
(SWV) of 4-aminophenyl

phosphate as the substrate of
alkaline phosphatase

0.005 ng/mL [47]

Protein A-gold binding domain
fusion protein

SPR-based immunoassay 90 ng/mL [48]

Anti-hGH immobilized on
gold surfaces

PA & CV 75 nM by PA
108 nM by CV

[49]

Oriented anti-hGH-modified
gold surfaces using
biotin-streptavidin

SPR-based immunoassay 0.9 ng/mL for 22K and
20K hGH isoforms

[50]

Plasmonic gold decorated
multi-walled carbon nanotube

nanocomposite

LSPR-based immunoassay 1 ng/mL [51]

Carbon fiber microelectrode Differential pulse voltammetry
for in vivo and ex vivo

measurements using rats

2 µg/µL [52]

Anti-GH modified SPCE EIS-based immunoassay 5 pg/mL This work

326



Biosensors 2019, 9, 88
Biosensors 2019, 9, x FOR PEER REVIEW 10 of 14 

 

Figure 5. Dependence of growth hormone concentration on the age of rats. The results of EIS-based 
immunosensor using screen-printed carbon electrodes (SPCE) was compared with those obtained 
using the commercial detection kit as described in the Section 2.7. Error bars indicate the standard 
deviation of three consecutive measurements (n = 3) performed using the samples collected on the 
same day of each month. 

Table 1. A summary of published literature on the detection of GH using biosensors with optical and 
electrochemical detection techniques. 

Biosensor Surface Detection Technique Limit of Detection Reference 

Silica-on-silicon (SOS) with a cascaded waveguide 
coupler 

Evanescent wave-based 
fluoroimmunoassay 

25 ng/mL [38] 

Gold nanoparticles synthesized in a 
poly(dimethylsiloxane) (PDMS) microfluidic chip 

LSPR-based immunoassay 3.7 ng/mL [39] 

Anti-hGH coated with near-infrared quantum dots SPRi (SPR imaging)- & Nano-SPRi-
based immunoassay 

0.03 ng/mL – 100 
ng/mL 

[40] 

Anti-hGH-modified interferometer Bimodal waveguide interferometry-
based immunoassay 

10 pg/mL [41] 

Nano-integrated suspended polymeric microfluidics 
(SPMF) platform 

Microcantilever-based immunoassay 2 ng/mL [42] 

Anti-hGH modified gold surfaces SPR-based immunoassay 6 ng/mL [43] 

Anti-hGH modified gold surfaces SPR-based immunoassay 1-6 ng/mL [44] 

Gold nanoparticles immobilized on gold electrodes 
using 1,6-hexanedithiol 

EIS-based immunoassay 0.64 pg/mL [45] 

Sandwich-based immunoassay using horseradish 
peroxidase (HRP)-labeled secondary antibody 

SPR, pulsed amperometry (PA), 
electrochemically-assisted 

chemiluminescence (ECL), CV 

0.051 nM by SPR 
0.027 nM by PA 

0.061 nM by ECL 
0.056 nM by CV 

[46] 

Tosyl-activated magnetic microparticles on screen-
printed gold electrodes 

Square-wave voltammetry (SWV) of 4-
aminophenyl phosphate as the 

substrate of alkaline phosphatase 

0.005 ng/mL [47] 

Protein A-gold binding domain fusion protein SPR-based immunoassay 90 ng/mL [48] 

Anti-hGH immobilized on gold surfaces PA & CV 75 nM by PA 
108 nM by CV 

[49] 

Oriented anti-hGH-modified gold surfaces using 
biotin-streptavidin 

SPR-based immunoassay 0.9 ng/mL for 22K 
and 20K hGH 

isoforms 

[50] 
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Figure 5. Dependence of growth hormone concentration on the age of rats. The results of EIS-based
immunosensor using screen-printed carbon electrodes (SPCE) was compared with those obtained using
the commercial detection kit as described in the Section 2.7. Error bars indicate the standard deviation
of three consecutive measurements (n = 3) performed using the samples collected on the same day of
each month.

4. Conclusions

An immunosensor was developed using aryl diazonium salt modification for the covalent
immobilization of antibodies on screen-printed carbon electrodes (SPCE) and glassy carbon electrode
(GCE) surfaces. SPCE-based immunosensors provided the development of low-cost and single-use
detection systems, avoiding possible cross-contamination issues that can be observed using GCE
surfaces. The impedimetric detection of GH exhibited a high analytical performance, demonstrating
good sensitivity with good reproducibility and repeatability. The results demonstrated that the
immunosensor could detect 5 pg/mL GH with a linear range between 10 pg/mL and 100 pg/mL GH.
The detection of GH in the presence of increasing concentrations of complex protein mixtures present
in blood demonstrated the applicability of the technique to real samples.
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Abstract: In the present study, biochar from brewers’ spent grain was used, for the first time,
to develop screen-printed electrodes. After having investigated the dispersion behaviour of biochar
in different organic solvents, a biochar-based screen-printed electrode was prepared with the
drop-casting technique. In order to understand the electrochemical potentiality and performances of
the biochar/sensor tool, different electroactive species, i.e., ferricyanide, benzoquinone, epinephrine,
ascorbic, and uric acids, were used. The results were compared with those of the same electrodes
that were modified with commercial graphene, confirming that the proposed electrode showed
improved electrochemical behaviour in terms of resolution, peak-to-peak separation, current intensity,
and resistance to charge transfer. Furthermore, a tyrosinase biosensor was developed by direct
immobilisation of this enzyme on the biochar/screen printed electrode, as an example of the potential
of biochar for disposable biosensor development. The efficiently occurred immobilisation of the
biochar on the screen printed electrode’s (SPE’s) surface was demonstrated by the observation of the
working electrode with a scanning electron microscope. The detection was performed by measuring
the current due to the reduction of the corresponding quinone at low potential, equal to −0.310 V
for epinephrine. The experimental conditions for the tyrosinase immobilization and the analytical
parameters, such as applied potential and pH of buffer, were studied and optimized. Under these
conditions, the electrochemical biosensors were characterized. A linear working range of epinephrine
was obtained from 0.05 up to 0.5 mM. The detection limit was 2 × 10−4 mM for the biosensor.

Keywords: brewers’ spent grain; biochar; screen-printed electrode; biosensor; tyrosinase

1. Introduction

The beer brewing process is one of the most polluting industrial processes, generating a huge
amount of wastewater effluent and solid wastes (i.e., spent grain and yeast), which must be disposed
or treated in the least costly way to meet strict discharge regulations set by government entities [1].
Particularly, spent grain, consisting of grain husks and other residual compounds not converted
into fermentable sugars in the mashing process, can constitute as much as 85% of a brewery’s total
by-products [2,3]. One of the main challenges of the brewery sector is, therefore, the recovery and
valorisation of these wastes through the application of a circular economy model. Brewers’ spent grain

Biosensors 2019, 9, 139; doi:10.3390/bios9040139 www.mdpi.com/journal/biosensors331
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(BSG) is available at low or no cost throughout the year and it is produced in large quantities by small
and big breweries. Several attempts have been made to recover and valorise BSG in animal feeding; in
biotechnological processes, such as cultivation of mushrooms and actinobacteria; and as a source of
value-added products, such as phenolic acids or sugar alcohols [4,5]. However, a diffuse employment
of BSG as an industrial feedstock is hampered by its chemical deterioration and its susceptibility to
microbial attacks due to its high water content (about 70%–80%). The wet and unstable nature of BSG
limits the transportation, and the high moisture content prevents efficient or direct energetic utilization.
Therefore, an effective treatment of BSG needs to be developed in order to produce a solid, stable carbon
source or high-value materials that are beneficial in terms of waste valorisation. In fact, nowadays, the
rational use of food waste represents a major challenge in terms of environmental protection, but also
from an economic perspective. In this regard, new technologies of pyrolysis and gasification have
been developed, especially for thermal processing of biomass [6]. Thermal methods are promising
technologies that allow transforming certain types of waste to quality fuel or valuable chemical raw
materials. Recently, Sperandio et al. [1] proposed a pyro gasification process for the conversion of
BSG into syngas and biochar, which can offer a sustainable approach to by-product disposal to benefit
both the environment and craft breweries’ economic outputs. Indeed, this approach allows one to
provide energy in terms of syngas for the satisfaction of farms’ energy demands, and at the same
time, to replace commercial fertilizer with the use of biochar, obtained from waste biomasses, as a soil
improver. Biochar has gained great attention since its production, in combination with its storage in
soils, has been suggested as one possible means of reducing the atmospheric CO2 concentration. From
an agronomic point of view, biochar can improve agricultural productivity, particularly in low-fertility
and degraded soils, reducing losses of nutrients, and improve the water-holding capacity of soils [7].
On the other hand, since biochar is a highly porous carbonaceous material, which consists of an inert
internal structure and a highly functionalized surface (condensed or residual aliphatic compounds,
condensed aromatics) with the ability to interact with different compounds, it is also gaining the
attention of analytical chemists [8–10].

These structural characteristics of biochar are very similar to those of nanomaterials widely used
in electrochemistry (i.e., graphene, nanotubes, and nanofibers), making it a potential alternative for
the manufacture of screen printed electrodes (SPEs) based on renewable and biocompatible sources.
Nowadays, in fact, there is a growing interest in the use of eco-friendly materials for electronics, giving
rise to an innovative generation of high-performance green modifiers [10].

In the literature, several applications of the carbon paste electrode (BCPE), modified with
commercial biochar, are reported for the determination of organic and inorganic pollutants in the
environment [11–13], based on the direct interaction between biochar and pollutants. An example of
the application of biochar from tea waste was reported by Bal Altuntas et al. [14] for the development of
the glucose biosensor. In that study, the biochar was mixed with graphite and mineral oil to develop the
biochar-BCPE and to demonstrate the possibility to use this waste for the production of novel composite
electrode. Recently, a review about the disposable electrodes produced by waste materials has been
published, where the use of waste paperboard for the support of these electrodes or of vegetables
waste for the production of nanoparticles for electrochemical application are reported [10]. Anyway,
to the best of our knowledge, no study covering the electroanalytical use of biochar coupled with
screen printed electrodes (biochar/SPEs) has been reported in the literature until now. The application
of other carbon based materials, such as single-walled carbon nanotubes (SWCNTs), multi-walled
carbon nanotubes (MWCNTs) and graphene, has been carried out for the modification of the surface
of screen-printed electrodes (SPEs) in order to improve their electrochemical performances. For
example, Gomez et al. [15] studied the electrochemical behaviour of SPEs modified with SWCNTs,
MWCNTs and graphene, respectively, to detect melatonin (MT) and serotonin (5-HT), with a remarkable
improvement in terms of selectivity, reproducibility, and detection limit. Pérez-Ràfols et al. [16] and
Apetrei et al. [17], who used SPEs modified with carbon nanofibers, obtained the same improvements
in the electrochemical performance. In the present study, biochar from spent grain was used for the
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first time, in order to modify the graphite-working electrode of SPEs. The modification was carried out
by drop casting, using a stable dispersion of biochar (biochar/SPE), demonstrating the possibility of
recycling this waste material. At the same time, the SPEs were modified with commercial graphene
in order to compare the electrochemical performances (in terms of sensibility, working range, and
detection limit) of both electrodes. Moreover, these modified sensors were used as support for the
immobilization of tyrosinase, an enzyme selective for catecholamines [18].

In light of these considerations, in the present study, for the first time, biochar from agricultural
food waste was used to modify a cheap printed electrode for tyrosinase biosensor development. In this
work, the biochar from BSG was studied as an electrochemical enhancer, comparing its performance to
those of printed electrodes modified with graphene. This study demonstrated that the use of biochar,
instead of graphene, for the fabrication of screen-printed electrode, is very promising, reducing the
cost of these devices while increasing the sustainability of beer production.

2. Materials and Methods

2.1. Chemicals

All reagents were of high purity and they were used without further purification. Graphene,
epinephrine (EP), and tyrosinase (Ty) from mushrooms were purchased from Sigma (Merk Life Science
S.r.l., Milan, Italy). A 5 mg/mL solution of Ty in 50 mM phosphate buffer (PB), pH 7.4, was used for the
enzyme immobilization. The working buffer was 50 mM PB + 10 mM KCl, pH 7.0. Ultrapure water
was used for the preparation of all aqueous solutions.

2.2. Preparation and Characterization of Biochar From Brewers’ Spent Grain

Pellets from brewers’ spent grain were used as a feedstock for biochar production, as previously
reported by Sperandio et al. [1]. Pellets were subjected to a pyrolytic micro-gasification process
(T = 400 ◦C) in an Elsa D17 micro pyrolytic reactor (Bluecomb Ltd., Udine, Italy). After the pyrolysis,
biochar samples were manually ground to improve their homogeneity, and then used without further
modifications for the sensors’ fabrication [19].

2.3. FTIR Analysis and SEM Investigation of Biochar Samples

FTIR spectra of biochar samples were acquired using a Thermo-Scientific instrument (mod. iS 50
Nicolet, Thermo Scientific Inc., Madison, WI, USA), equipped with a single-reflectance horizontal ATR
cell with a diamond crystal. Ground and homogenized biochar samples were placed at the surface of
the diamond crystal and pressed with a system press tip flap. Samples were scanned at wavenumbers
ranging from 4000 to 600 cm−1 (scans: 32; scan speed: 0.20 cm/s; resolution: 4 cm−1) and corrected
against the background spectrum of air. To obtain an averaged spectrum, three replicates of each
sample were scanned and averaged. OMNIC™ software (Thermo Fisher Scientific Inc., Waltham, MA,
USA) was used for processing the acquired spectra. In order to investigate the morphology of the
biochar particles, in terms of shape, average size, and surface porosity, scanning electron microscopy
(SEM) micrographs were acquired by means of field emission gun scanning electron microscopy
(FEG-SEM) (Cambridge Leo Supra 35, Carl Zeiss, Jena, Germany), after sputter-coating with gold under
argon atmosphere (25 mA, 120 s). The average particles diameter and pore sizes were determined
considering randomly selected particles from the acquired SEM micrographs (ImageJ, NIH, Bethesda,
MA, USA).

2.4. Electrochemical Characterization of Biochar Samples

All the electrochemical characterizations were performed by cyclic voltammetry (CV) and
amperometry (CA), using screen printed electrodes (SPEs), home produced by the Laboratory of
Analytical Chemistry of the University of Rome “Tor Vergata.” The diameter of the working electrode
was 0.3 cm, resulting in a geometric area of 0.07 cm2. The measurements were carried out using an
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Autolab electrochemical system (Eco Chemie, Utrecht, The Netherlands), equipped with PGSTAT-12
and GPES software (Eco Chemie, Utrecht, The Netherlands)) [20,21].

2.5. Biochar Modified SPEs (Biochar/SPE) Preparation and Characterization

The biochar dispersions were prepared in ethanolic medium at a concentration of 1 mg/mL, and
then treated in an ultrasonic bath for 60 min. The biochar/SPEs were assembled via drop casting
with 6 µL of biochar dispersions on bare graphitic SPE; then, the solvent was allowed to volatilize
(37 ◦C). Electrochemical measurements were performed in drop (70 µL) detection mode. To evaluate
the biochar distribution on the SPE, biochar/SPE was observed at FEG-SEM, after sputter-coating with
gold under argon atmosphere (25 mA, 120 s), and compared with bare SPE.

2.6. Graphene-Modified SPEs (Graphene/SPE)

Graphene dispersions were prepared following the procedure described by Cinti et al. [21]: 10 mg
of commercial reduced graphene oxide powder (rGO) was added to 10 mL of solvent (a mixture
dimethylformamide (DMF): water (1:1, v/v)) and sonicated for 60 min at 59 kHz. Using this solution,
the SPEs were modified via drop casting, adding 6 µL of graphene dispersion (1 mg/mL) on a working
electrode, as described in detail in Section 2.5.

2.7. Fabrication and Characterization of Biosensor

The biosensor (Ty/biochar/SPE) was prepared immobilizing Ty on biochar/SPE by drop casting
technique, followed by cross-linking with glutaraldehyde. A quantity of 50 µL of 50 mM PB containing
5 mg/mL of Ty was added onto the graphite biochar modified working electrode. After drying, the
Ty/biochar/SPE was exposed to a 2.5% (v/v) glutaraldehyde solution (in 50 mM PB + 10 mM KCl, pH
7.0) for 20 min at room temperature. The enzyme-immobilized film was dried at room temperature
and rinsed with PB to remove any unbound enzyme from the electrode surface. Finally, the biosensors
were stored at 4 ◦C.

To study the repeatability, the stability, and the storage of the Ty/biochar/SPE biosensor,
amperometric measurements were carried out with different EP solutions, in 50 mM PB at pH
7.0, using the same biosensor device. To demonstrate that enzymatic immobilization had occurred on
the modified biochar/SPE, SEM micrographs were acquired by means of FEG-SEM, after sputter-coating
with gold under argon atmosphere (25 mA, 120 s).

3. Results and Discussions

3.1. FTIR Analysis of Biochar Samples

In the present study, FTIR spectroscopy was used to analyse the functional groups on the surface
of the biochar particles employed for sensor fabrication. In fact, besides the porosity, the adsorption
behaviour of a biochar is influenced by the chemical reactivity of its surface, especially in the form
of chemisorbed oxygen in various functional groups. Figure 1 shows a typical, averaged FT-IR
spectrum (media of 16 spectra) of the biochar material investigated. The absence of the bands due to
aromatic C–H stretch at 3050 cm−1 and aliphatic C–H stretch at 2900 cm−1 suggests that BSG biochar is
comprised of two main structural fractions: graphite-like and randomly ordered, amorphous aromatic
structures [22]. The IR spectrum of BSG biochar was characterized essentially by a restricted group of
frequencies linked to the presence of aryl ring and phenol features. The peaks at around 2360 and
2340 cm−1 indicate carboxyl and carbonyl groups. The aromatic ring vibrations in the wavenumber
range around 1600–1450 cm−1 confirm the presence of the aforementioned aromatic structures (C=C–C
absorption bands) [23,24]. The peaks between 1350 and 1050 cm−1 can be ascribed to the presence of
primary, secondary, and tertiary alcohols; phenols; ethers; and esters showing C–O stretching and O–H
deformation vibrations.
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by the presence of several pores of different sizes and many hollow channels (average diameters 
around 10–20 μm), even if little defined, uneven, and not uniform (Figure 2a). It is possible to observe 
very coarse, heterogeneous and plane cleavage surfaces, due to the pyrolysis process that is able to 
stabilize the volatile hydrocarbons, smoothening the biochar surface, and broken edges with tarry 
deposits on the surface. The vesicles on the biochar surface resulted from the gradual release of 
different volatile compounds formed in the softened biomass matrix during the pyrolysis process 
through a melt phase of cellular components (Figure 2c,d) [25–28]. 

It is important to take into account that the lignin and high volatile matter content in the starting 
biomass waste significantly affects the formation of porosities in the resulting biochar sample [29]. 
Moreover, the heat transfer during the gasification process strongly depends on the bulk density of 
the starting biomass waste material because lower ratios of air/fuel are achieved for lower bulk 

Figure 1. FTIR spectrum of the biochar sample.

Finally, the peaks between 850 and 630 cm−1 correspond to aromatic C–H stretching vibrations
that indicate the presence of adjacent aromatic hydrogens in biochar samples [25].

The morphologies of the biochar samples were analysed at SEM. Figure 2a–d shows low and high
magnification SEM micrographs of the biochar from BSG.
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Figure 2. SEM micrographs of the biochar sample at different magnifications: (a) 500×, (b) 1000×,
(c) 10,000×, (d) 50,000×.

Figure 2b underlines that biochar powder was composed of irregularly shaped, significantly
amorphous and heterogeneous macro- and micro-particles with sponge-like structures, characterized
by the presence of several pores of different sizes and many hollow channels (average diameters around
10–20 µm), even if little defined, uneven, and not uniform (Figure 2a). It is possible to observe very
coarse, heterogeneous and plane cleavage surfaces, due to the pyrolysis process that is able to stabilize
the volatile hydrocarbons, smoothening the biochar surface, and broken edges with tarry deposits on
the surface. The vesicles on the biochar surface resulted from the gradual release of different volatile
compounds formed in the softened biomass matrix during the pyrolysis process through a melt phase
of cellular components (Figure 2c,d) [25–28].
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It is important to take into account that the lignin and high volatile matter content in the starting
biomass waste significantly affects the formation of porosities in the resulting biochar sample [29].
Moreover, the heat transfer during the gasification process strongly depends on the bulk density of the
starting biomass waste material because lower ratios of air/fuel are achieved for lower bulk densities
(i.e., lesser amount of biomass in the same volume of reactor) [30]. Generally, the number of pores
and their size increase with the pyrolysis temperature (up to 550 ◦C), with consequent increment of
the specific surface area as a function of temperature [31]. However, the process tends to combustion,
increasing both temperature and reaction velocity, and higher carbonization degrees correspond to an
increase in the carbon amount and a decrease in the oxygen content of the biochar, with a resultant
increment of its surface hydrophobicity [30]. For these reasons, the pyrolysis was performed at 400 ◦C.
Indeed, it has been reported that at pyrolysis temperatures higher than 550 ◦C, the biochar has a
lower specific surface area due to the shrinkage of chars at post-softening and swelling temperatures,
resulting in narrowing or closing pores, and a distortion of the pore structures occurs starting from
700 ◦C [32]. Indeed, it is very important to obtain and preserve these porous structures, since they
provide a high internal surface area, and thus, high adsorption ability.

3.2. Biochar-Modified SPEs (Biochar/SPE)

With the aim of expanding its processability and future practical applications for SPE modification,
we previously investigated the dispersion behaviour of biochar in different organic solvents. In this
study, three different solvents were used for the dispersion of biochar: N,N-dimethylformamide
(DMF)/H2O (1:1, v/v), 1-Methyl-2-pyrrolidinone (NMP), and ethanol.

These dispersions (1 mg/mL), after sonication (60 min, 59 kHz), were used to modify the surface
of the working electrode (WE) via drop casting; then the electrochemical response was tested and
compared using cyclic voltammetry (CV) (Figure 3). Two test solutions were used: 50 mM PB + 10 mM
KCl, pH 7.0, and 1 mM ferricyanide (K3Fe(CN)6), respectively (70 µL/SPE).
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Figure 3. Cyclic voltammograms of bare screen printed electrodes (SPEs) and biochar/SPEs sensors
obtained with dispersion of (a) DMF:H2O (1:1 v/v), (b) DMF, (c) NMP, or (d) ethanol. Measurement
conditions: scan rate 30 mVs−1.
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The results, shown in Figure 3, indicated that the solvent to be used for the modification of
SPEs had to be the ethanol, because it guaranteed the most homogenous dispersion of the biochar, in
relation to the recorded electrochemical signal. Using this solvent, the voltammogram of ferricyanide
was closer to the ideal reversible behaviour of this compound; for this reason, it was chosen as the
working solvent.

The electrochemical characterization of biochar/SPEs (n = 6) was carried out using five different
electroactive compounds (Figure 4, Table 1): ferricyanide, epinephrine (EP), benzoquinone, uric acid
(UA), and ascorbic acid (AA).
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with: (a) 20 mM ascorbic acid, (b) 20 mM uric acid, (c) 20 mM benzoquinone, (d) 20 mM epinephrine,
and (e) 20 mM ferricyanide in 50 mM phosphate buffer + 10 mM KCl, pH 7.4; scan rate 30 mVs−1.

Table 1. Comparison of anodic peak current repeatability for biochar/SPE and graphene/SPE sensors
for different electrochemical substrates (RSD% = standard deviation/µA, n = 5).

Biochar/SPE
RSD%

Graphene/SPE
RSD%

Ascorbic acid 13 2
Uric acid 13 6

Benzoquinone 12 2
Epinephrine 12 1
Ferrcyanide 12 4

The results obtained with biochar/SPEs were compared with those of commercial graphene/SPE
sensors, using the same substrates (Table 1).

The performances of biochar/sensors were comparable to those based on commercial graphene,
widely used for this type of modification [17]. This experimental evidence shows that biochar can
actually be used as an electrochemical enhancer with electrochemical performance similar to that of
commercial graphene.
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3.3. Electrochemical Behavior of Biochar/SPE

A further investigation was carried out in order to understand the electrochemical behaviour of
the biochar/SPE interface (Figure 5, Table 2).

The voltammetric peak heights (Ip), obtained for biochar and graphene modified-SPEs in the
scan rate study (Figure 5), were plotted against the square root of the scan rate. The following slopes
(µAcm−1s−1/2) were obtained: 0.86 (R2 = 0.997), 0.82 (R2 = 0.995), and 0.47 (R2 = 0.992), corresponding
to graphene/SPE, biochar/SPE, and bare SPE, respectively.Biosensors 2019, 9, 139 8 of 15 
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The effective electrode area was calculated (Table 2) by Randless–Sevcik equation (Equation (1)) [33,
34] using the diffusion coefficient D0 and DR, described by Konopka et al. (i.e., D0 = 7.26 × 10−6 cm2/s,
DR = 6.67 × 106 cm2s−1), and the Ip values, obtained for scan rate 30 mVs−1:

Ip = (0.4463)nFAC

√
nFνD0

RT
, (1)

where F is the constant of Faraday (mol−1), R the universal constant of gas (JK−1mol−1), n the number
of electrons exchanged, A the electrodic surface (cm2), C the analyte concentration (molcm−3), D0 the
diffusion coefficient (cm2s−1), and ν the scan rate (mVs−1), respectively.

Table 2. Comparison of the effective active area for two different biochar/SPE and graphene/SPE sensors.

A (cm2)
M ± σ

Anodic Cathodic

biochar/SPE 0.041 0.045 (4.3 ± 0.5) × 10−2

graphene/SPE 0.053 0.049 (5.1 ± 0.6) × 10−2

Furthermore, the heterogeneous rate constants (k0) for the redox process [Fe(CN)6]3− + 1e− �
[Fe(CN)6]4− were calculated, using the Equation (2):

k0 =

[
D0πν

(
nF
RT

)] 1
2

( D0
DR

) α
2

ϕ (2)
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where D0 and DR are the diffusion coefficients for the ferricyanide (D0) and ferrocyanide (DR), ν is the
scan rate (Vs−1), n is the number of electrons involved in the process, F is the Faraday constant (mol−1),
T is the temperature (K), R is the universal gas constant (JK−1mol−1), and α the dimensional transfer
coefficient [34].

For the D0 and DR, the relative values described by Konopka et al. (i.e., D0 = 7.26 × 10−6 cm2/s,
DR = 6.67 × 106 cm2s−1) were used [34]. The α parameter was chosen to be equal to 0.5, assuming the
ratio of the anodic and cathodic peak equal approximately to 1 (Ipa/Ipc = 1).

The parameter ϕ can be obtained using the Nickolson method [35], where for each ∆E there is a
correspondence with a Ψ value. For a better evaluation of this parameter, the equation based on the
Nickolson theory was used [36]:

Ψ =
(−0.6288 + 0.0021·∆E)

(1− 0.017·∆E)
(3)

The results obtained show a variation in the heterogeneous rate constants, demonstrating that
biochar modified SPEs have a slower process of electronic transfer than the graphene modified
platforms (Table 3).

Table 3. Comparison of k0 standard electron rate constant for biochar/SPE and graphene/SPE sensors.

k0 (cms−1)

biochar/SPE (2.3 ± 0.1) × 10−3

graphene/SPE (1.6 ± 0.1) × 10−3

3.4. Tyrosinase Biosensor: An Example of Biochar/SPE Application

Liu at al. [37] reported an interesting work about the development of a tyrosinase/Chitosan/GOx
SPE with a good sensitivity (22 nM) and a broad linear range (0.1–500 µM) compared with existing
electrochemical sensors. Taking inspiration from the literature, biochar was used, for the first time, for
the fabrication of biosensors by using biochar/SPE as the support for tyrosinase (Ty) immobilization,
in order to demonstrate the possibility of using it like the widely commercial nanomaterials. This
Ty/Biochar/SPE was designed for the development of biosensors with an enhanced electrochemical active
area and enhanced electronic transfer properties. The enzymatic substrate chosen was epinephrine
(one of the catecholamines).

In order to investigate the enzyme immobilization on the surface of the biochar modified SPEs, the
bare SPE, biochar/SPE, and Ty/biochar/SPE samples were observed by means of SEM. Figure 6 compares
their low and high magnification SEM micrographs. In all cases, low magnification micrographs
allowed us to demonstrate the uniform and homogeneous distribution of the used ink on the surface
of the working electrode, characterized by graphite micrometre-sized flakes bound together with an
inert polymeric binder and covered of small cross-linking particles, present in the ink we employed.
Additionally, biochar/SPE presented structures ascribable to the biochar addition, even if smaller than
the starting particles, due to the ultrasonic treatment applied in order to obtain a good dispersion
in the ethanol. In the case of Ty/biochar/SPE, the presence of a uniform and homogeneous layer on
the biochar/SPE is evident, testifying that the enzyme immobilization allows for a homogenous and
well-anchored enzymatic membrane.
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The cyclic voltammograms are shown in Figure 7 using 100 µM epinephrine in 50 mM PB +

10 mM KCl, pH 7.0, where a reversible electrochemical behaviour was observed for epinephrine.
The oxidation peak is due to the oxidation of catecholamine to o-quinone, as shown in the

following Reaction (1) [17,18]:

Epinephrine + Tyrosinase (O2)→ o-Epinephrinequinone + H2O. (1)

The o-epinephrinquinone is electrochemically reduced to epinephrine on biosensor surface (2):

o-Epinephrinequinone + 2H+ + 2e−→ Epinephrine. (2)
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These experimental data demonstrate that the tyrosinase enzyme retains its bioactivity when
immobilized on biochar thick film. Tyrosinase, immobilized on biochar/SPE, efficiently catalyses the
oxidation of EP. The sharp and intense oxidation and reduction peaks reveal a fast electron transfer
at tyrosinase immobilized on biochar/SPE [17,18]. These results confirm that this method allows the
determination of compounds belonging to the catecholamine family with satisfactory results, as also
explained by Arduini et al. [38] and Maciejewska et al. [39].
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BSG biochar presents, not only, similarities with graphene, such as the ability to improve
electrochemical performance and to be easily dispersed in stable and homogeneous suspensions, but
has benefits such as cost-effectiveness—being configured as a cheap and easy-to-use material—for the
development of electrochemical sensors.

The characterization of biochar as a supporting material to modify the SPE was carried out studying
several parameters, such as the pH of the working buffer used for the electrochemical measurements,
working range, stability, and reproducibility of the biosensor, and the storage conditions of the
biochar-based biosensor. The influence of the pH (in the range of 4.0–9.0) on the electrochemical
behaviour of EP in several buffer solutions was investigated using cyclic voltammetry. The pH of
working buffer showed a significant effect on the electrochemical behaviour of EP (100 µM) at the
surface of the modified biosensor.

It was observed that the peak potentials decreased (with a shift towards negative potential values)
with the increase of the pH. In Figure 8, the graph of the cathodic peak current (Ipc) versus pH is
reported. The better electrochemical performances were obtained when the pH was 7.0.
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The dependence of the biosensor’s response on the electrode potential is shown in Figure 9 using
100 µM EP in 50 mM PB + 10 mM KCl, pH 7.0. The maximum of the electrochemical signal was
obtained at −0.32 V; this potential was applied to EP detection after the immobilization of a specific
enzyme for this molecule.
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3.5. Amperometric Response of the Biosensor

Figure 10 illustrates a typical amperometric response for the Ty/biochar/SPE biosensor after the
addition of successive aliquots of EP using 50 mM PB + 10 mM KCl (pH 7.0) and applying −0.32 V as
the working potential. The reduction of current, proportional to the concentration of catecholamine,
was due to the electrochemical reduction of o-epinephrinequinone, the enzymatic product of tyrosine
when EP is present.

The measurements of EP showed a linear current response in a concentration range of 0.05–0.5 mM
(Figure 10). The detection limit, calculated as 3sb/m criterion (m is the slope of the calibration graph;
sd is the standard deviation (n = 5) of the current signals of the substrate at the concentration level
corresponding to the lowest concentration of the calibration plot) [40]) resulted in 2.4 × 10−4 mM. This
value was within the range of the detection limit values found for tyrosinase biosensors present in
literature [18].

Using these results, the Hill coefficient (h) can be calculated as the log[I/(Imax − I)] versus log [EP]
(the logarithm of the substrate concentration), obtaining 0.89 for biochar/SPE biosensor (r2 = 0.990)
and 1.01 for graphene/SPE biosensor (r2 = 0.999), respectively. The h parameter, calculated from the
corresponding Hill’s plot, was close to 1, demonstrated that the kinetics of the enzymatic reaction fitted
into a Michaelis–Menten kinetics model [41]. The enzymatic kinetic parameters were obtained using
the linearization of Lineweaver–Burk by Equation (4) [40]:

1
I
=

1
Imax

+
Kapp

M

Imax[S]
, (4)

where [S] is the concentration of the substrate, I the cathodic current at −0.32V, and Kapp
M the apparent

Michaelis–Menten constant for the enzymatic reaction and Imax the steady-state current. Using the
Lineweaver–Burk equation and representing 1/I versus 1/[EP], the apparent Michaelis-Menten constant
was calculated from the slope and the Imax from the intercept.
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From the data shown in the Table 4 we can see a greater affinity of the enzyme when it is
immobilized on graphene; however, as for all the experimental results obtained in this work, in this
case, the biosensor performance based on the biochar is comparable with that of Ty/graphene/SPE.

Table 4. Comparison of analytical parameters for different biosensors: Ty/bare SPE, Ty/Biochar/SPE,
and Ty/Graphene/SPE biosensors.

Linear Range
(mM)

LOD
(mM)

Kapp
M

(mM)

Ty/biochar/SPE 0.02–0.50 2.4 × 10−4 0.15
Ty/graphene/SPE 0.02–0.25 1.0 × 10−4 0.09

Ty/bare SPE 0.02–2.0 9.2 × 10−4 0.25

3.6. Repeatability and Stability of the Biosensor

To study the repeatability of Ty/biochar and graphene based SPEs, amperometric measurements
for epinephrine detection were carried out with a 0.25 mM EP solution in PB, using the same biosensors
devices for 10 times. The relative standard deviation (%RSD) for the Ty/biochar/SPEs was equal to 6%,
while for Ty/graphene platform it was 4%.

The stability of the biosensor was studied by monitoring the amperometric response of the same
biosensor at regular intervals of 24 hours for 20 days. Between measurements, the biosensor was
stored in a refrigerator at 4 ◦C in dry condition. The amperometric responses of the biosensor with and
without biochar remained quite constant in the first 7 days of storage. In particular, biochar-based
biosensor maintained 98.2% of its initial current response with a decrease to 87.6% after two weeks,
while the Ty/graphene-SPE showed an initial 98.5%, decreasing to 92.2% after two weeks. After this
time, the biosensor’s amperometric response constantly decreased, until 55.7% (biochar) and 75.6%
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(graphene) of the initial signal in 20 days. Therefore, both graphene and biochar-based platforms can
be considered “ready to use” and stored at 4 ◦C within the first 7–10 days, obtaining good results for
EP determination.

4. Conclusions

In the present study, brewers’ spent grain biochar was investigated as an innovative, eco-friendly
graphene-alternative for the production of screen-printed electrodes.

From SEM investigation, it is evident that the biochar powder we produced was made of irregularly
shaped macro- and micro-particles with a sponge-like structure, characterized by the presence of
several pores of different sizes and many hollow channels, suitable for enzymes’ immobilization and
electrochemical applications. Following this approach, the biochar obtained from spent grain was used
to improve the performances of screen-printed electrodes through the modification of their surfaces
with the proposed material by drop casting. Moreover, the good and uniform distribution of biochar
on the SPE surface was demonstrated by observation at SEM, as well as the tyrosinase immobilization
in the case of Ty/biochar/SPE. The Ty/biochar/SPEs exhibited similar characteristics to graphene/SPEs,
widely used for biosensor development, in terms of the electron transfer kinetics for electroactive
compounds. Large peak potential separation and high peak current could be obtained using CV on the
developed electrode. Good sensitivity and detection limit for epinephrine promote the Ty/biochar/SPE
to be an effective sensor for direct determination of this molecular target in real samples.
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Abstract: The use of insoluble bismuth salts, typically BiPO4, is known to be a viable alternative
to classical Bi3+ ion electrochemical reduction for the preparation of bismuth film electrodes (BiFE)
on screen-printed electrodes. The freshly prepared electrodes are indefinitely stable, and the active
bismuth film is simply formed by in situ reduction. Two aspects are still to be investigated, namely the
bismuth distribution on the working electrode and the possible residual presence of the counteranion,
namely phosphate. High-vacuum techniques such as electron microscopy or spectroscopy, which are
commonly employed for this purpose, cannot be safely used: the bismuth surface is well-known
to reconstruct and recrystallize under the electron beam in vacuum. Here, we demonstrate the
suitability and the effectiveness of laser ablation ICP-MS (LA-ICP-MS, a technique that vaporizes and
analyzes the surface material under flowing helium at atmospheric pressure) for the characterization
of BiFE. Fast and stable measurements of bismuth and phosphorous distribution are achieved with
the advantage of a minimum alteration of the sample surface, avoiding possible interferences.
This investigation evidenced how, upon reductive activation, the bismuth film is distributed
with a radial symmetry and the phosphate counteranion is completely absent on the working
electrode surface.

Keywords: laser ablation ICP-MS; surface characterization; bismuth film electrodes; screen-printed
electrodes; trace electroanalysis

1. Introduction

The pioneering works by Wang and Hocevar on bismuth [1,2] had the merit to draw considerable
interest in this “green” element to prepare electroactive surface films as a low-toxicity alternative
to conventional mercury films. In fact, bismuth shows evident analogies with mercury in forming
alloys and adsorptive complexes with many metals [3]. Although many years have passed since
the introduction of voltammetry and stripping for the detection of trace heavy metals, research on
these electroanalytical techniques is still a hot topic, since many advantages may be seen compared to
classical optical techniques, not simply their low cost. Interestingly, increased interest to “green” metal
modifiers other than bismuth is also observed [4–7]. It is finally noteworthy that bismuth, thanks to
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its very low toxicity, will play a definite role for the electroanalytical studies of organic as well as
biological molecules [8–10].

The preparation of an active bismuth film on a screen-printed electrode (BiFE-SPE) is generally
carried out under the conventional electrochemical reduction of Bi3+ ion in aqueous electrolytes.
This process is not a facile one, since it is reported to be sensitive to the nature of the bismuth precursor,
the possible occurrence of kinetics limitations, and the sensitivity to the cleanliness of the carbon surface
of the working electrode [11,12]. This wide range of experimental conditions leading to the optimal
and active bismuth film may be rationalized on the basis of the rich chemistry of bismuth in aqueous
solutions [13]. In this context, a decisive advantage was gained applying surface modification with
polymers: this treatment permits to mitigate interferences and to improve the mechanical stability of the
bismuth film [14,15]. As an additional benefit, some polymeric layers are reported to have a synergistic
sensing effect (e.g., using carboxymethyl cellulose which is capable of chelating cadmium ions) [16].

An alternative and innovative approach was proposed by Brainina et al. [17]. This strategy involves
the in situ formation of an insoluble bismuth salt (e.g., BiPO4) during the electrode preparation with
the polymeric film. The bismuth film is then formed by reductive activation. However, the deposition
of the insoluble salt precursor may be critical, and the following activation to the active bismuth surface
may be complicated by liquid/solid phase kinetics. These conditions require a precise microscopical
characterization of the bismuth film and the electrode surface, both before and after the electrochemical
activation to ensure electrode performances. Two aspects are of main interest for their characterization:
the bismuth distribution and the possible residual presence of the counteranion of the insoluble salt,
namely phosphate.

A number of groups have used scanning and transmission electron microscopy [4–6,10,17–19] for
the investigation of these features on bare and modified metal films on SPE, showing very different
shapes and morphology. However, bismuth (or mercury) is a soft metal, and possible changes of the
phase state of the thin film have been evidenced, due to the combined effect of high-vacuum and
high-energy beam conditions [20]. Therefore, it should be taken into consideration the possibility
that the observed shape and morphology of the metal surface may be profoundly dependent upon
the experimental conditions of the high-vacuum experiment. Surface spectroscopies, primarily X-ray
photoelectron spectroscopy (XPS), are also reported to be used to characterize metal films, as well as
nanomodifiers, on screen-printed electrodes [21–23]. XPS is, in fact, very effective to probe the chemical
composition of the outermost few nanometers of materials and the electrochemical activity strictly
depends on the first atomic layers in contact with the electrolytic solution. However, no imaging
information is likely to be obtained.

In this paper, the laser ablation ICP-MS technique has been proposed as a potential substitute
(or complementary) technique of electron microscopy or surface spectroscopy for the investigation of
the bismuth surface. Lasers have been used for the modification and functionalization of electrodes,
and laser-induced forward transfer (LIFT) has emerged as a powerful physisorption method for the
deposition of various materials on the electrode surface [24].

Here, we focused only on the analytical use of a scanning laser beam that vaporizes the surface
material under flowing helium at atmospheric pressure. Such conditions should be fit for purpose
without compromising bismuth stability. Although this technique possesses a low resolution, it has
been already used for many applications for solid material characterization, giving information on the
surface topology and on the qualitative and quantitative elemental composition [25,26]. We demonstrate
here that the application of this technique is also suitable in the case of the analysis of bismuth films
on screen-printed electrodes for electroanalysis. Laser ablation ICP-MS can permit a fast and stable
measurement of the distribution of this metal on the electrode, with the advantage of a reduced
alteration of the sample surface, avoiding possible interferences.
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2. Materials and Methods

2.1. Apparatus and Reagents

Screen-printed electrodes (SPEs) have been a kind gift by Prof. Giuseppe Palleschi and his group
at the University of Roma “Tor Vergata”. The printing procedures of the electrodes on a flexible
polyester film have been described in the literature [27–29].

An optical microscopy view of the electrode is shown in Figure 1A, where its three-electrode
structure is evidenced. The carbon working electrode is in the center, with a diameter of 0.3 cm,
along with the silver pseudo-reference electrode on the top right, and the surrounding carbon
counter-electrode on the left.

Hydrochloric and nitric acid were TraceSelect from Fluka, and they were purified by sub-boiling
distillation in a quartz-Teflon apparatus [30]. Chemical reagents (disodium hydrogen phosphate,
potassium nitrate, sodium sulphate) were purchased from Aldrich. Poly (sodium-4-styrene sulfonate)
(PSS, Aldrich, St. Louis, MO, USA) was used as such.

Standard stock solutions of Cd and Pb were purchased from Aldrich, and bismuth stock solution
was prepared from bismuth nitrate pentahydrate (CarloErba). These 1000-mg/L solutions were diluted
as required for the preparation of standards.

For standards and solutions, as well as glassware cleaning, high-purity MilliQ water from MilliPore
was used.

2.2. Preparation of Bismuth Films Screen-Printed Electrodes from Insoluble Bismuth Phosphate

Pristine screen-printed electrodes have been used as received after cleaning in HCl solution.
Polystyrene sulfonate (PSS)-modified Bi/PO4 electrodes were prepared via deposition of the polymer
layer and of the insoluble bismuth phosphate, following the 2-step recipe in Reference [13]:

Step 1: 2 µL of a 25 mM solution of PSS is drop-casted onto the working electrode with a
microsyringe and left for drying.

Step 2: equal volumes of Na2HPO4 (4 mM) and Bi(NO3)3 (2 mM) were mixed, and 5 µL of this
solution is then drop-casted onto the working electrode and left for drying. These electrodes can be
stored in air at room temperature.

Prior of their use for the electrochemical analysis, the active bismuth film is formed by cycling
eight times in 0.01 M HCl (pH = 2) under the electroanalytical conditions for the differential pulse
stripping analysis described below in Section 2.3. The activated electrodes must be stored in a diluted
acid solution without contact to air.

For the nitrate or sulphate interference study, sodium sulphate or potassium nitrate were added
equimolar to 0.01 M HCl during repetitive scan experiments.

2.3. Measurement Procedures

PalmSens (Palm Instrument BV, Houten, The Netherlands) and Amel4330 (Amel srl, Milano, Italy)
instruments were used. All instrument control as well as the full data analysis were handled by the
Windows-based VApeak software.

A special cell was designed in collaboration with Amel, in order to optimize mass transport to the
electrodes. To avoid the drawbacks of the internal pseudo-reference electrode, an external 3 M KCl
Ag/AgCl reference electrode was used in order to reference all potentials.

The analysis of cadmium and lead was performed in 0.01 M HCl, or 0.01 M HNO3, using
differential pulse stripping voltammetry (DPV). High-purity nitrogen for degassing and blanketing
was used throughout the entire stripping experiment. Both the activation of the electroactive bismuth
film and the stripping analysis were done under the sane conditions. Potential was initially set at
−1.05 V for 60 s at a stirring rate of 300 rpm; then, stirring was stopped, and the DPV analysis started,
scanning the potential from −0.95 to −0.25 V, with a step potential of 5 mV, pulse time of 100 ms,
and pulse amplitude of 50 mV.
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Peak areas measured as (µA × mV) were used for quantitation. The best-fit linear calibration
line was calculated as y = mx + q. Analytical sensitivity was defined as the slope (m) of the best-fit
calibration line. Limits of detection (LOD) were calculated as 3σ/m and reported as µg/L. σ was
determined from the standard deviation of 10 replicate analyses on a standard Pb and Cd sample with
concentrations near the limit of detection.

2.4. LA-ICP-MS Analysis

An inductively coupled plasma-mass spectrometry (ICP-MS), model Thermo Scientific ICAP
Q, coupled with a fourth harmonic Nd: YAG 266 nm laser system, model New Wave UP Series 266,
was used for the laser ablation-ICP-MS (LA-ICP-MS) measurements. The sample chamber for laser
scanning (a viscous film sample chamber was employed in this work, see reference [31] for details
concerning the design and analytical performances) was flushed with high-purity helium, that was
then interfaced with the ICP torch. A careful setting of the instrumental parameters has been done in
order to optimize the mass signal, in terms both of speed and signal-to-noise ratio. The optimized
parameters of the laser ablation ICP-MS instrument are reported in Table 1.

Table 1. List of instrumental parameters for the laser ablation (LA)-ICP-MS experiments.

Laser Ablation Parameters

Scan Speed 20 µm/s
% output 20%
Step rate 20 Hz

Laser spot size 80 µm
Distance between each laser scan 260 µm

Mass Spectrometer Parameters

Dwell Time 40 ms
PC Detector 3300

Optical microscopy views of the screen-printed electrode prior and after a full laser ablation
scan are reported in Figure 1A,B, respectively. The six laser scans are clearly visible as thin dark
lines. During the laser scan, the ablated material is transported by the helium flow into the ICP torch,
and mass signals at 13C, 31P, and 209Bi are continuously recorded using a dwell time of 40 ms. The 13C
signal is used as background to reference phosphorous and bismuth m/z signals in order to improve
the signal stability and signal-to-noise ratios.
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3. Results

3.1. Electrode Preparation

The concentration of bismuth in the pre-deposited BiPO4 phase as a precursor of the active Bi0

metal phase in screen-printed electrodes is known to have a profound effect on analytical performances.
In both References [13,17], the best performances are shown by the lowest Bi concentration, with an
ideal value around 1 mM in terms of peak shape and increased linearity at low analyte concentrations.
For laser ablation studies, instead, the need to increase bismuth loadings was immediately evident,
with respect to the best working low-loading electrode, in order to increase signal-to-noise ratios.
Therefore, in this paper, bismuth film electrodes have been prepared and studied using an intermediate
concentration of bismuth, namely 2 mM, trying to find a good compromise between analytical
performance and S/N ratios in ICP-MS.

These bismuth film electrodes (BiFE) have been tested in the trace analysis of Cd and Pb under
differential pulse stripping and the results are reported in Figure 2.
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Figure 2. Differential pulse, anodic stripping voltammetry analyses of Cd and Pb solutions,
and corresponding calibration curves (inset) at 0, 25, 50 and 75 µg/L on a working Bi/PO4/PSS electrode.

Baselines are very reproducible and free of noise; peaks are found at the expected potential, i.e.,
around −800 mV for Cd and around −530 mV for Pb. They show only a minor broadening observed as
a shoulder, which is slightly more evident for Pb. For this reason, calibration curves are done on the
integrated signals.

Calibration curves are very straight, and limits of linearity were not reached at the maximum
concentration of 75 µg/L used in the calibration. Low-concentration nonlinearity is negligible and it
can be seen by the small deviation of the X-intercept from zero (see inset in Figure 2). The non-linearity
of bismuth film electrodes is well-known but does not significantly affect the limits of detection (LODs)
for Cd and Pb which are in the µg/L range around 1.2 µg/L for Cd and 0.9 µg/L for Pb. These results
compare well with those reported for BiPO4-derived BiFEs.

The stability of the bismuth phase has been checked by running a replicate analytical scan of Pb
and Cd at 15 µg/L and checking baselines after each repetition. Baselines are always stable and free of
noise, and the integrated analytical signals are not significantly decreased after 20 replicates. This is in
full agreement with those previously reported, and, therefore, this is not reported here.
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The effect of anions different from chloride in the matrix has been studied, in order to understand
whether residual phosphate ions after activation may affect the analytical performance. Adding nitrate
ions during a repetitive scan indicated a small shift in the peak maxima of about +20 mV and a small,
but significant, loss of signal of about 10% (Figure 3).
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Figure 3. Effect of nitrate addition (blue trace) on Pb and Cd analysis in HCl at pH = 2 (red trace) on a
working Bi/PO4/PSS electrode.

This effect is then linked to a decrease in the analytical sensitivity, as evidenced in Figure 4 by
comparing the calibration lines for Pb analysis in HCl or HNO3 matrix solutions at pH = 2. A similar
effect was found with sulphate ion (data not shown here).
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Figure 4. Comparison between calibration lines for Pb analysis in 0.01 M HCl (red line) and 0.01 M
HNO3 (blue line) on a working Bi/PO4/PSS electrode.

Therefore, a detailed characterization was thought to be interesting, both for investigating the
structure of the active bismuth layer as well as for fully understanding the chemistry occurring
during the reductive activation of the bismuth salt layer upon activation and electrochemical analysis,
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to understand whether phosphate ions are fully removed prior the analysis, or are still playing a role
in the electrochemical analysis.

3.2. Laser Ablation-ICP-MS Characterization

The characterization of bismuth film deposited onto the screen-printed working electrode was
carried out by scanning the high-power UV laser beam through the X-axis of the dry electrode, while the
ablated material is analyzed in real time by ICP-MS.

The analysis is first performed on an untreated screen-printed electrode right after the preparation
of the BiPO4 layer via drop-casting deposition onto the carbon working electrode. The first result on a
single scan line is reported in Figure 5, where the traces corresponding at the two isotopes of 209Bi and
31P are compared. The signal is, however, a little bit noisy, and a 10-point moving average smoothing
is routinely applied throughout the paper.
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Figure 5. Comparison of the 209 Bi (red line) and 31P (blue line) laser ablation profiles located at
260 µm on a freshly prepared, untreated Bi/PO4/PSS electrode.

It is immediately evident that the background signal for 209Bi is very low, since no bismuth is
expected to be present on the pristine (untreated) screen-printed electrode. The 209Bi signal is almost
perfectly confined at the center of the scan, which corresponds exactly to the borders of the carbon
working electrode, with minimal spreading outside (please note in Figure 5 that the 209Bi signal is
appreciable for a length of 0.3 cm, i.e., the diameter of the working electrode). This may demonstrate
that the careful choice of the drop-casting procedure may lead to the preferential formation of the
BiPO4 phase on the carbon surface. Obviously, this may be helped by the hydrophobic character
of the plastic surface of the screen-printed electrode (SPE), preventing unwanted spreading during
evaporation of the two subsequent layers of PSS and Na2HPO4 + Bi(NO3)3 solution.

Looking in more detail at the concentration profile of 209Bi, the presence of peaks and valleys
reveals the inhomogeneous nature of the Bi distribution over the working electrode. Since the intensity
signal is essentially correlated with the thickness of the bismuth layer onto the surface, the irregular
shape of the bismuth signal may suggest an uneven Bi distribution with the presence of much thicker
aggregates giving the most intense signals.

It is interesting to compare the traces of 209Bi and 31P on the same scanning line. The phosphorous
signal is much less intense than the bismuth one (please note that different scales were used for 209Bi
and 31P signals in Figure 5): this is a result of the much lower sensitivity of m/z = 31 of phosphorous
with respect to the m/z = 209 signal of bismuth, which is characterized by a very high sensitivity.
Secondly, some phosphorous has to be pristinely present in the polymeric base of the electrode, leading
to high background values. Both facts have the consequence that the 31P signal shows low S/N ratios,
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and its plots are intrinsically less diagnostic than 209Bi. Thirdly, it is noteworthy to evidence that the
concentration profile of 31P closely resembles that of 209Bi, although it is less defined as said before.
This is a clear indication that BiPO4 is the prevailing chemical form present on the electrode surface,
with only a residual presence of Bi-rich or P-rich phases which could be formed upon evaporating the
aqueous impregnation solution of Na2HPO4 and Bi(NO3)3.

In Figure 6, the contouring plots of 209Bi (Figure 6A) and 31P (Figure 6B) are shown.
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Figure 6. LA-ICP-MS contouring plots for 209Bi ((A), top) and 31P ((B), bottom) on a freshly prepared,
untreated Bi/PO4/PSS electrode.

The spatial resolution is, unfortunately, quite poor due to the spot size of the laser beam which
is necessary for having a reasonable signal for phosphorous. In any case, it can be immediately
evidenced the presence of large aggregates of a microcrystal, where bismuth and phosphorous seem to
be simultaneously present in the form of BiPO4 crystals.

The laser ablation ICP-MS results on the used electrodes after electrochemical activation are
reported in Figure 7 and show a totally different chemical and structural situation.

In fact, the plot at m/z = 209 (Figure 7A) shows a pretty regular, spherical distribution of bismuth,
with the maximum concentration on the center of the graphite surface of the working electrode.
Instead, the phosphorous signal at m/z = 31 of Figure 7B is completely lost on the electrode surface,
with some residual signals being only left at the borders, where the potential density during the
electrochemical measurement is minimal. These results are very important, in that they confirm our
previous hypothesis that no phosphorous should be left upon electrochemical activation of the BiPO4

surface. The possible effect of anions different from chloride, that was shown to slightly decrease the
analytical sensitivity and peak intensity, is to be independent from the residual presence of phosphate,
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or phosphorous species, after electrode activation, as it was previously supposed. This is to be related
to two possible causes: (i) to the different diffusivity of the anions within the PSS layer, or (ii) to the
complexing properties of chloride ions, with respect to nitrate or sulphate. This second hypothesis
is thought to be the prevailing factor, as it may be evidenced by the positive potential shift in the
peak position of Pb and Cd. In fact, bismuth surface activation is due to a reductive elimination
reaction when negative potential is applied, leading to the reduction of Bi(III) to Bi(0) and the parallel
elimination of phosphate ions for the redox balance. The experimental conditions that have been
chosen then allow the zerovalent bismuth phase to slowly grow, reaching its maximum thickness at
the center of the working electrode. In fact, the kinetics of this reductive elimination process is mainly
governed by the solid–liquid electrolyte interphase. This regular shape of the bismuth surface may
also explain the good reproducibility and stability of the stripping analyses.
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Figure 7. LA-ICP-MS contouring plots for 209Bi ((A), top) and 31P ((B), bottom) on a working
Bi/PO4/PSS electrode after electrochemical activation and real analysis.

4. Conclusions

Our preliminary investigation has shown how laser ablation ICP-MS may play an important role
in the characterization of electrochemical surfaces. In fact, the electrode surface is simply dried in
a nitrogen atmosphere before placing it under the laser compartment under helium at atmospheric
pressure. In this way, no contamination from air is possible, and no restructuring of the mobile bismuth
(or mercury) surface can occur, as would be taking place for conventional techniques, such as scanning
electron microscopy, using high-energy electron or photon beams under high-vacuum conditions.

This investigation clearly evidenced how the phosphate counteranion is completely lost upon
reductive activation in the electrochemical cell, leading to a very clean, “ball-type” bismuth active
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surface. The formation of such a bismuth surface may account for any anion-type interference, as well
as of the non-linearities at low analyte concentrations with increasing bismuth loadings.

Finally, these screen-printed electrodes, based on Brainina’s original ideas, are demonstrated to be
viable alternatives to the in situ-prepared bismuth film electrodes. They are indefinitely stable in air,
easily activated under the reductive conditions of the stripping electroanalytical experiment, and their
final properties may be tuned by varying the bismuth concentration and deposition conditions.
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