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Abstract Screen-printing is one of the most promising ap-
proaches towards simple, rapid and inexpensive production of
biosensors. Disposable biosensors based on screen printed
electrodes (SPEs) including microelectrodes and modified
electrodes have led to new possibilities in the detection and
quantitation of biomolecules, pesticides, antigens, DNA, mi-
croorganisms and enzymes. SPE-based sensors are in tune
with the growing need for performing rapid and accurate in-
situ analyses and for the development of portable devices.
This review (with 226 refs.) first gives an introduction into
the topic and then is subdivided into sections (a) on DNA
sensors (including methods for the detection of hybridization
and damage), (b) on aptasensors (for thrombin, OTA, immu-
noglobulins and cancer biomarkers), (c) on immunosensors
(for microorganisms, immunoglobulins, toxins, hormones,
lactoferrin and biomarkers), (d) on enzymatic biosensors (for
glucose, hydrogen peroxide, various pharmaceuticals, neuro-
transmitters, amino acids, NADH, enzyme based sensors).

Keywords Screen printed electrodes - DNA sensor -
Aptasensor - Immunosensor - Biosensor - Biomarker -
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Introduction

The interest in the fabrication of biosensors with high sensi-
tivity, selectivity and efficiency is rapidly growing. Biosensors
have recently found extensive applications in diverse indus-
tries. Currently, many analytical instruments used in environ-
mental, food, pharmaceutical or clinical laboratories and also
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most of the commercial point-of-care devices work using
electrochemical sensors, as a whole or a basic part. Glucose
biosensors used widely in glucometers are the important and
known examples of the electrochemical sensors. In recent
years, screen printed electrodes (SPEs), with low cost and
ease and speed of mass production using thick film technolo-
gy have been extensively employed for developing novel
(electrochemical) sensing platforms and improving their per-
formances. The main advantage associated with the miniatur-
ization of the electrochemical sensors is the reduction of
sample volume required, to as low as a few microliters, which
in turn helps in reducing the overall size of the diagnostic
system into which the device will be integrated. The surface of
SPEs can be easily modified to fit multiple purposes related to
different analytes and to achieve a variety of improvements.
This versatility, its miniaturized size, and the possibility of
connecting it to portable instrumentation make possible highly
specific on-site determination of target analytes. In addition,
SPEs avoid some of the common problems of classical solid
electrodes, such as memory effects and tedious cleaning
processes.

The certain kind of limitation appears to be content of
organic solvents in the buffer solutions used for the analyte
accumulation on the electrode surface using batch
voltammetric methods or in the mobile phase used in liquid
flow methods. Organic solvents can be responsible for the
dissolution of insulate inks and consequently the decrease of
limit of detection and sensitivity [1, 2]. Naturally, the compo-
sition of the mobile phase must be compatible with the mate-
rial of the detection cells housing SPEs in liquid flow methods
so that their dissolution is prevented. Moreover, they are
insensitive to certain important analytes due to the low rate
of electron transfer. Thus, electroactive species in the samples
can easily interfere with SPCE-based biosensors [3].

Screen-printed technology consists of layer-by-layer depo-
sitions of ink upon a solid substrate, through the use of a
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screen or mesh, defining the geometry of the sensor. This
technology has advantages of design flexibility, process auto-
mation, good reproducibility, a wide choice of materials [4].
SPEs usually include a three electrode configuration (work-
ing, counter and reference electrodes) printed on the various
types of plastic or ceramic substrates, which is easily modifi-
able with a great variety of commercial or self-made inks.
During the printing process of SPEs, the pastes most com-
monly used are silver ink and carbon ink. Silver ink is printed
as a conductive track, whereas the working electrodes are
mostly printed using graphite inks, other materials such as
gold, platinum and silver based inks are also used in the
preparation of SPEs. The composition of the various inks used
for printing on the electrodes determines the selectivity and
sensitivity required for each analysis. Some unknown ingre-
dients in these inks may induce unpredictable influences on
the detection and analysis. Carbon inks consist of graphite
particles, polymeric binder and other additives which are
utilized for dispersion, printing and adhesion tasks. Carbon
paste is a widespread material because it is relatively inexpen-
sive, easy to modify and chemically inert. The exact ink
formulation is regarded by the manufacturer as proprietary
information and it has been shown that differences in ink
composition e.g. type, size or loading of graphite particles
and in the printing and curing conditions can strongly affect
the electron transfer reactivity and the overall analytical per-
formance of the resulting carbon sensors [5—7]. Gold paste is
also employed in SPEs but less so than carbon because of its
higher cost. However, the generation of self assembled mono-
layers (SAMs) through strong Au—S bonds [8] is creating an
increased interest for gold to be employed in SPEs. The
screen-printed gold electrodes are applied as electrochemical
biosensors, including enzymatic, immune-, or genosensors
[9-12].

There are very few works related to the use of unmodified
SPEs in the determination of interesting analytes [13]. The
extensive range of forms of modification of SPEs opens a
great field of applications for these electrodes. The bulk mod-
ification of SPEs is very simple compared with ordinary
glassy carbon electrodes, which needs several preparation
and refreshment steps. Many kinds of modifiers of SPEs exist
for easily modified to fit multiple purposes related to different
analytes. These modifications give different properties to
SPEs making them suitable for diverse applications. The
composition of the printing inks may be altered by the addi-
tion of very different substances such as metals, metal oxides,
enzymes, polymers, electrochemical mediators, complexing
agents, etc. On the other hand, the possibility also exists of
modifying the manufactured electrodes by means of deposit-
ing various substances on the surface of the electrodes such as
metal films, polymers, enzymes, etc. [4].

In addition, great advancement has been achieved in the
fabrication of SPEs by using nano structures materials. Some
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of these materials, such as, Au, Ag, Pt, Pd, other metal
nanoparticles and carbon nanotubes (CNTs) and graphene-
based inks are also used in their construction for the develop-
ment of biosensors with enhanced the immobilization efficien-
cy of biological molecules and accelerate the electron transfer
rate on electrode surface.

The aim of this review is to summarize the applications of
SPEs for developing various biosensors from 2008 to 2013.
We discuss: (i) DNA and aptasensors constructed based on
SPEs. (ii) Electrochemical immunosensors. (iii) Enzyme
based biosensors. The authors sincerely apologize to anybody
who feels that some key papers have been left out because
only a fraction of relevant works could be covered here.

DNA sensors

Nucleic acid detection is of considerable importance to clini-
cal diagnosis, because DNA/RNA tests can reveal genetic
disorders or pathogen infection [14]. The development of
inexpensive, easy to use, and rapid analytical measurement
devices has thus been the focus of intensive research efforts.
Advantages of electrochemical biosensing are exemplified in
their application for the detection of nucleic acids. The elec-
trochemical DNA-based biosensors are known as experimen-
tally simple devices which require only small amount of
DNA. Successful electrochemical DNA biosensors rely on
the ability to monitor the binding event due to the flow of
electrons, and on the immobilization of the probe onto various
electrode surfaces. In recent years, an increasing effort has
been expended in developing different biosensors for highly
sensitive and selective DNA sensing using SPEs [14-19].

Detection of DNA hybridization

Conventional methods for the analysis of specific gene se-
quences are based on either direct sequencing or DNA hy-
bridization. Because of its simplicity, most of the traditional
techniques in molecular biology are based on hybridization.
Most of the studies report using DNA sensors for detecting
DNA hybridization [14, 17, 18]. The selective immobilization
of oligonucleotides functionalized gold nanoparticles
(AuNPs) probes on arrayed gold screen-printed electrodes
(AuSPEs) have been described by Moreno et al. [20]. These
affinity modules were able to be selectively electrodeposited
on specific positions of the arrayed SPEs. The hybridization
reaction of complementary oligonucleotides and PCR prod-
ucts was investigated on the screen-printed gold microelec-
trode surface with amperometric detection using horseradish
peroxidase (HRP) as an enzymatic reaction. With this system,
non-specific interactions between the transduction layer and
the bioreceptor were avoided.
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The detection of DNA using metal nanoparticles as labels
is an interesting alternative to the standard fluorescence tech-
nique. Schiiler et al. [21] have described the application of
screen printing as a cost-efficient fabrication method for the
realization of microstructured chips for the electrical DNA
detection based on nanoparticle labeling and subsequent
site-specific silver deposition. Their method represents an
interesting alternative, especially for systems with sophisticat-
ed electrode layouts and structures. The screen printed sub-
strates showed a high stability and the same sensitivity and
specificity compared to DNA-chips produced by standard
photolithography on silicon. The detection limit (50 pM) of
the electrical readout system was an order of magnitude higher
than the detection limit (5 pM) of the optical system.

Wang et al. [22] reported the application of disposable
AuSPEs modified with the new ternary SAM interfaces to
the direct measurement of target DNA in undiluted and un-
treated human serum and urine samples. The composition of
the ternary monolayer, involving hexanedithiol (HDT), a spe-
cific thiolated capture probes (SHCP), and 6-mercapto-1
hexanol (MCH) was modified and tailored to the surface of
the AuSPE. The resulted monolayer has demonstrated to be
extremely useful for enhancing the performance of disposable
nucleic acid sensors based on SPEs. 3,3',5,5'-
tetramethylbenzidine (TMB) substrate was used for the elec-
trochemical measurement of the activity of the HRP reporter.
The improved capabilities of the modified disposable elec-
trodes allowed direct, sensitive and rapid (30 min) detection of
pM target DNA concentrations in undiluted biological fluids.
A general schematic representation of the DNA biosensor is
presented in Fig. 1.

Qiang et al. [15] successfully investigated DNA hybridiza-
tion process on the screen-printed electrochemical biosensor.
The compound Co(phen);(ClO4); was used as electrochemi-
cal indicator and the calibration experiment was constructed.
It could determine target DNA in the linear range of 6.65 x
107%-4.26x10"° M. Another electrochemical DNA biosensor
based on SPEs was constructed for detection of the bovine
papilloma virus using synthesized oligonucleotides and ex-
tracted viral DNA [23]. The probe was immobilized on an
AuSPE modified with a polymeric film of poly-L-lysine and
chitosan. After hybridization, the decrease in the methylene
blue (MB) electrochemical reduction related to the presence of
a bovine papilloma virus infection was observed.

Monitoring seawater, particularly recreational water, for
indicator bacteria presence is required to protect the public
from exposure to fecal pollution and to guarantee the safety of
the swimming areas. Using SPCEs and DNA hybridization
recognition, two colorimetric and electrochemical
genosensors for the detection of Escherichia coli DNA in
seawater was developed [24]. These assays were based on
the double hybridization recognition of a single-strand DNA
capture probe immobilized onto the microplate or the SPCE to
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Fig. 1 Schematic representations of the Au/SPE, the SHCP/HDT/MCH
interface, and the sandwich detection strategy. Reproduced from [22]
with permission from Elsevier

its complementary ssDNA, which was hybridized with an
ssDNA signal probe labeled with HRP enzyme. The proposed
sensors allowed for the rapid detection (in 3—5 h) and quanti-
fication of the strain in environmental samples without any
nucleic acid amplification step. The electrochemical
genosensor could detect the target DNA with a detection limit
of 10~ mM.

Nanomaterials modified SPEs

Nanomaterials such as nanoparticles and CNTs are suitable
candidate for bioconjugation, owing to the fact that they are
compatible, and bind readily to a range of biomolecules.
Generally, the immobilization of the nanomaterials on the
electrode increases the surface area of the electrode and pro-
motes the absorption capability of the electrode.

Bonanni et al. [25] demonstrated an impedimetric
genosensor employing SPEs modified with carboxyl func-
tionalized multi-wall carbon nanotubes (MWCNTSs). A signal
amplification of DNA hybridization detection was performed
by the use of CNTs platform and streptavidin modified AuNPs
and an improved limit of detection (LOD) was obtained. An
ultrasensitive DNA sensor based on metallic Ag deposition on
AuNP-modified SPCE has been developed by Gao et al. [26].
For the development of this biosensor, the SPCE surface was
first modified by electrodeposition of AuNPs, followed by
self-assembly of a hairpin probe DNA, dually labeled with
thiol at its 5’ end and biotin at its 3’ end. The ultrasensitive
detection of DNA hybridization was achieved by coulometric
measurement of the enzymatically deposited Ag. The en-
hancement in the limit of detection (15 aM) was caused by
the exhaustive oxidation of deposited Ag, the AuNPs modi-
fied on the SPCE that increased the surface of the electrode, as
well as the efficiency of electron transfer.
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Compton and co-workers [27] introduced a methodology
for indirect electrochemical detection of DNA through its co-
adsorption with anthraquinone monosulphonate on both
MWCNT-SPEs and an edge-plane pyrolytic graphite elec-
trode. The adsorption of the DNA to the electrode surface is
effectively irreversible (over the time-scale of the experiment)
and the surface coverage can be indirectly measured through
the quantity of co-adsorbed anthraquinone monosulphonate.
Through use of this methodology it was possible to obtain a
LOD of the DNA solution phase concentration of 8.8 uM
(equivalent to 5.9 g mL™).

Ionic liquid modified SPEs

Ionic liquids (ILs), organic salts with a sufficiently low melt-
ing point, have valuable physical-chemical properties such as
negligible vapor pressure, high ionic conductivity, catalytic
activity, etc. Nowadays, Ionic liquids are of particular interest
for electrochemical sensors due to their excellent conductivity.
The ability of ILs combining with carbon materials makes
them very attractive for the preparation of various electrodes.
In 2010, a DNA sensor was developed based on SPEs doped
with ionic liquid [C12mim][PF6] and polyaniline nanotubes
to perform a DNA chronocoulometric sensing on SPEs [28].
In order to improve the conductivity of sensor, chitosan and
AuNPs were covered on the electrode surface. After hybrid-
izing with the catching probes immobilized on the sensor, the
DNA target sequences were detected through
chronocoulometric interrogation of [Ru(NH;)s]*" ions that
bound to the DNA strands via electrostatic interactions. The
target DNA quantitatively detected with the detection limit of
8.0x107"7 M.

The use of IL modified SPE for direct electrochemistry of
DNA pioneered by the Ping group [29], who employed an
ionic liquid n-octylpyridinum hexafluorophosphate (OPPF)
modified graphite SPE for the electrochemical determination
of herring sperm double strand DNA. The presence of ionic
OPPF could remarkably accelerate the electron transfer rate
and improve the stability of the SPE, which could be ascribed
to the high conductivity and natural viscosity of OPPF. Two
irreversible oxidation peaks corresponded to the oxidation of
guanine and adenine residues were obtained at OPPF-SPE.
Compared with the commercially available SPE, the modified
electrode showed high electrocatalytic activity for the oxida-
tion of dsDNA (with a detection limit of 5 ug mL ™).

Detection of DNA damage

An interesting application of disposable SPE is the detection
and evaluation of damage to DNA by various types of phys-
ical and chemical agents from the environment. A simple
electrochemical DNA biosensor composed of commercially
available SPCE and low molecular weight dsDNA
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recognition layer has been recently reported and applied to
the detection of damage to DNA by UV-C radiation and
reactive oxygen species [30]. The biosensor was used with
an interface between the SPCE and DNA formed by a com-
posite of carboxylated single-walled CNTs and chitosan to
enhance the transducer conductivity. Three independent elec-
trochemical techniques were applied to characterize time
changes of dsDNA structure successfully.

Galandova et al. [31] have also shown that DNA sensors
can be used to detect DNA damage after incubation with a
mutagen, quinazoline. A MWCNT-polyethylenimine (PEI)
polymer was deposited on a SPCE and calf thymus dsDNA
adsorbed. DNA attached to the sensor facilitated detection of
the Ru(bpy); >* redox indicator in solution so damage was
indicated by a decrease in electrochemical signal. The inves-
tigation of the electrochemical response of DNA before and
after the interaction with a DNA-targeted drug can provide an
evidence for its interaction mechanism. A disposable electro-
chemical DNA biosensor was developed to detect of strong
damage to DNA by the quinazoline derivative as a potential
anticancer agent [32]. The quinazoline interaction with DNA
was investigated on SPCEs without and with MWCNTs using
DNA-bound electrochemical indicators present in the solution
phase as well as by electrochemical impedance spectroscopy
(EIS). It was found that the quinazoline derivative causes the
severe damage to DNA which leads to the loss of DNA from
the electrode surface.

Aptasensors

A new class of single-stranded DNA/RNA molecules,
aptamers, have recently attracted a considerable attention for
applications in medical diagnosis, environmental monitoring
[33] and biological analysis, due to their salient advantages,
such as improved temperature stability and shelf life, ease in
conjugation to various molecules at desired locations without
affecting the affinity, adaptability to various targets (including
toxic or poorly immunogenic molecules), and inherent selec-
tivity aptamers can rival antibodies for molecular recognition
and detection. Many aptamer-based protocols have been pro-
posed for electrochemical monitoring of DNA [34], small
molecules [35, 36] and proteins [37, 38]. The key issues with
any electrochemical aptasensor include the enhancement of
aptamer immobilization amount [39, 40], improvement of the
catalytic capabilities and conductivity of the modified elec-
trode. To solve these problems, various types of strategies
have been pursued. Modified SPEs are an excellent candidate
which has been widely used as the sensoring platform to
fabricate new aptasensor in various applications. To enhance
the sensitivity of the aptasensors based on SPES,
nanomaterials and conducting polymer has also been used
[41]. Mayer et al. [42] developed an impedimetric aptasensor



Screen-printed electrodes for biosensing: a review (2008-2013)

869

for the label-free detection of lysozyme, an enzyme that
hydrolyzes the polysaccharide walls of bacteria. Increased
concentrations of lysozyme in urine and serum are associated
with leukemia and renal diseases. An amino-modified version
of the DNA aptamer-recognizing lysozyme was covalently
immobilized on the surface of MWCNT-SPEs, which were
employed for measurements and have improved properties
compared with bare SPEs. The lysozyme detection limit was
calculated as 12.09 g mL™" (equal to 862 nM).

Kanamycin is an aminoglycoside antibiotic used to treat
wide variety of infections by inducing mistranslation and
indirectly inhibiting translocation during protein synthesis
[43]. The residual amount of kanamycin found in the foodstuff
may lead to antibiotic resistance from the pathogenic bacterial
strains, which can endanger the consumer. Therefore, it is
critical to develop sufficiently sensitive methods to detect
kanamycin residue for clinical diagnosis and food safety.
Shim et al. [44] report on the highly sensitive label-free
detection of kanamycin with an aptamer sensor based on a
conducting polymer/gold self-assembled nanocomposite
modified SPEs. A nanocomposite consisting of self-
assembled 2,5-di-(2-thienyl)-1H-pyrrole-1-(p benzoic acid)
(DPB) on AuNPs was prepared on a disposable SPE through
electropolymerization. To fabricate the probe, a DNA aptamer
was selected for kanamycin through the in vitro SELEX
process and then was covalently immobilized onto the poly-
DPB/AuNPs nanocomposite. The detection of kanamycin in
PBS and milk sample using the probe was achieved by cyclic
voltammetry (CV) and linear sweep voltammetry (LSV). The
calibration plot showed a linear range from 0.05 mM to
9.0 mM kanamycin with a detection limit of 9.47+0.4 nM.

Thrombin-aptasensors

To extend the application of aptamer in the detection of
thrombin, Deng and co-workers [45] made use of the advan-
tages of aptamers together with quantum dots-coated silica
nanospheres (QDs/Si) and AuSPEs to construct a novel
thrombin electrochemical aptasensor. AuNPs were electrode-
posited on the surface of SPE and then the sandwich format of
Aptamer/thrombin/Aptamer—QDs/Si was fixed on the
AuNPs-AuSPE to fabricate the aptasensor. They pointed out
that the combination of nanoparticles with the SPE is favor-
able for amplifying electrochemical signals, and useful for
large-scale fabrication of the electrochemical aptasensor. On
the basis of these, the aptasensor showed a good precision and
high sensitivity for thrombin concentrations.

Another thrombin detection system was developed using
HRP and amino-labeled aptamer linked to apoferritin via
glutaraldehyde at a high HRP/aptamer ratio [46]. Core/shell
Fe;04/Au magnetic nanoparticles loading aptamer] was used
as recognition elements, and apoferritin dually labeled with
Aptamer2 and HRP was used as a detection probe. Sandwich

type complex was formed and anchored on a SPCE. The
nanoparticle-based aptasensor yielded a linear current re-
sponse to thrombin concentrations over a broad range of
0.5-100 pM with a detection limit of 0.07 pM. Recently,
Merkogi and co-workers [47] reported a novel aptamer-
based biosensor for diagnostic of thrombin-related diseases
in human blood using anodized alumina oxide filter mem-
branes, containing pores of 200 nm in diameter, and screen-
printed carbon electrotransducers. The analytical signal, by
differential pulse voltammetry (DPV) oxidation of [Fe(CN),]*
", was based on the blockage in the pores which affected the
diffusion of [Fe(CN)s]*" to the SPCEs. The resulted biosens-
ing system allowed detecting thrombin spiked in whole blood
at very low levels (LOD 1.8 ng mL™") which are within the
range of clinical analysis.

OTA-aptasensors

Most of the aptamers are known to fold into their unique three-
dimensional conformation upon target binding. This change in
conformation provides a great flexibility to design simple and
sensitive electrochemical aptasensors particularly for small
size target analyte such as ochratoxin A (OTA). OTA contam-
inates a variety of food commodities and has several toxico-
logical effects. Several approaches for the construction of
OTA aptasensors were recently presented.

A label free impedimetric OTA aptasensor based on the
immobilization of azido-aptamer onto binary film via click
chemistry was explored by Marty’s group [48]. It was expect-
ed that the controlled and uniform modified SPCE surface
would provide the systematic immobilization of aptamer, to
improve the system reproducibility and sensitivity. The re-
ported work highlighted the interest of using two aryl diazo-
nium salts on same SPE surface together with click chemistry
in the development of aptasensor. The increase in electron-
transfer resistance (R.;) values due to the specific aptamer—
OTA interaction was proportional to the concentration of OTA
in a range between 1.2 ng L ™" and 500 ng L™, with a detection
limit of 0.25 ng L™". Hayat et al. [49] also introduced a novel
strategy for the fabrication of electrochemical label free
aptasensor for OTA using polyethylene glycol immobilized
on SPCE via electrochemical oxidation of its terminal amino-
group. The amino-aptamer was covalently linked to carboxy
end of immobilized polyethylene glycol to form two piece
macromolecules. The designed immobilized macromolecules
resulted in the formation of long tunnels on SPCE surface,
while aptamer acted as gate of the tunnels. The aptamer gates
were closed due to change in conformation of aptamer upon
target analyte binding, decreasing the electrochemical signal.
The decrease in electrochemical signal was used for the de-
tection of target molecule (LOD 0.12 ng L™"). In a recent
study, the development of a fully automated flow-based
aptasensor for the detection of OTA employing direct and
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indirect competitive strategies was reported [50]. In both
cases, they used SPCEs integrated into a central flow cell for
on-line detection of OTA. A lower limit of detection
(0.05 pug L") was obtained with the indirect flow-based
aptasensor. Finally, the flow-based aptasensor was validated
with real beer samples, and the good recovery values demon-
strated the efficiency of the competitive aptasensor.

Immunoglobulin-aptasensors

Human immunoglobulin E (IgE) is an important protein
found in blood, where its concentration can be used as a
marker for several allergic diseases through regular blood
tests. Because low concentrations of human IgE (reaching
over 10 times the normal level) can be found in blood during
the early stages of certain diseases [51], highly sensitive
methods for its analysis are required. In 2013, Hsieh’s group
[52] describe an ultrasensitive label-free aptamer-based elec-
trochemical biosensor, featuring a highly specific anti-human
IgE aptamer as a capture probe, for human IgE detection.
Construction of the aptasensor began with the electrodeposi-
tion of AuNPs onto a graphite-based SPE. After
immobilizing the thiol-capped anti-human IgE aptamer onto
the AuNPs-SPE through self-assembly, and treating with
MCH, a designed complementary DNA featuring a
guanine-rich section in its sequence (cDNA G1) was
employed as a detection probe to bind with the unbound
anti-human IgE aptamer. Finally, the redox current of meth-
ylene blue was measured to determine the concentration of
human IgE in the sample with the LOD of 0.16 pM. The
fabricated aptasensor exhibited good selectivity toward hu-
man IgE even when human IgG, thrombin, and human serum
albumin were present at 100-fold concentrations.

An interesting strategy for the amplification of signal,
based on application of streptavidin functionalized silver
nanoparticle/graphene hybrid for the construction of an elec-
trochemical human IgE aptasensor, was recently introduced
by Xu et al. [53]. The thiol-capped IgE DNA aptamer was
used as capture probe, while the biotinylated goat anti-human
IgE antibody was used as detection probe. The amount of
silver nanoparticle/graphene loading on the surface of SPEs
was determined by the amount IgE, and was finally quantified
through square wave anodic stripping voltammetry
(SWASYV), leading to a low detection limit.

Cancer biomarkers-aptasensors

Since each cancer cell line has the specific intra-or extracel-
lular biomarkers, which distinguish it from normal cell lines,
therefore, methods that can enable sensitive and selective
detection cancer cells through precise molecular recognition
of their biomarkers are highly desired [54]. Based on this
concept, Yu et al. [55] exploited modified SPCEs to develop
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anew electrochemiluminescence (ECL) platform for ultrasen-
sitive detection of K562 leukemia cells. The assay principle
for the ECL device is illustrated in Fig. 2. Two working
electrodes were used for one determination to obtain more
exact results. The SPCE was modified with nanoporous gold
to provide a good pathway of electron transfer and to enhance
the immobilized amount of aptamers. Then aptamers were
used for cell capture and the concanavalin A conjugated
ZnO@CQDs was used for selective recognition of the cell
surface carbohydrate. The method showed a good analytical
performance for the detection of K562cells with a detection
limit of 46 cells mL™".

Mucin 1 (MUCI) is an integral membrane glycoprotein
expressed by most if not all ‘wet’ epithelia, such as on
bladder, breast, gastric, pancreas and ovary. In normal
secretory epithelial cells, MUCI is expressed at the apical
plasma membrane. However, following malignant transfor-
mation, MUC1 may be expressed at high levels on the
entire membrane surface as well as in the cytoplasm. In
recent years, based on the discovery of DNA aptamers
targeting MUCI1, a few aptamer-based sensors have been
developed to detect MUCI-overexpressed breast cancer
cells. Recently, Sandulescu et al. [56] describe two simple
electrochemical assays based on a MUCI-binding aptamer
immobilized on graphite and gold SPEs modified with
AuNPs. Figure 3 illustrates the principle of approaches
for the detection of MUCI on AuNPs-modified SPEs.
Loosely packed aptamer were self-assembled onto SPE

Fig. 2 Schematic representation of the assay procedure for the ECL
device. a SPCE: (@) silver ink, () PVC film, (c) insulating dielectric,
(d) Ag/AgCl reference electrode, (e) carbon ink counter electrode, (f) two
carbon ink working electrodes; b NPG modified SPCE; ¢ after immobi-
lization of aptamer; d capture with cells; e blocking with BSA; and f
immobilization with the ZnO@CQDs labeled ConA. Reproduced from
[55] with permission from Elsevier
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surface modified with AuNPs. The interaction between
aptamer and MUCI1 protein was investigated by CV, EIS
and DPV techniques. The estimated detection limits of the
MUCI1 protein were 3.6 ng mL™' at AuNPs-modified
graphite SPE by EIS and 0.95 ng mL™' at AuNPs-
modified gold SPE by DPV methods.

Immunosensors

Immunoassay techniques are based on the ability of antibodies
to form complexes with the corresponding antigens. This
property of highly specific molecular recognition of antigens
by antibodies leads to high selectivity of assays based on
immune principles. The principle of immunoassays was first
established by Yalow and Berson in 1959 [57]. Their work led
to the development of the widely used radioimmunoassay to
examine the properties of insulin-binding antibodies in human
serum, using samples obtained from subjects that had been
treated with insulin. Within unconnected work, Clark and
Lyons in 1962 pioneered the concept of a biosensor [58].
The original method involved immobilizing enzymes on the
surface of electrochemical sensors so as to exploit the selec-
tivity of enzymes for analytical purposes.

Immunosensors have a high potential for many applica-
tions because various compounds of interest can be detected at
a very high sensitivity. Immunosensors based on SPEs are
especially attractive for point-of-care/on-site monitoring. The
SPEs are mechanically robust electrochemical transducers that
permit the miniaturization of sensors, making possible to
integrate the reference and working electrodes in the same

chip, and have a very low cost. They are also disposable
devices, which are an important feature in the construction
of immunosensors. The disposability of the electrodes pro-
vides a solution for problems like the electrode surface fouling
by products of redox processes and an unintentional adsorp-
tion that can arise by using solid electrode materials (e.g.
metal, amalgam, composite electrodes). Several SPE-
immunosensors have been developed more recently, for the
analysis of different substances such as enzymes, microorgan-
isms, antigens, biomarkers and receptors [59-65].

Microorganisms

The detection of pathogenic microorganism contamination of
food and water resources is an issue of great importance for
ensuring food safety, security and public health [66]. In the
last 20 years, Escherichia coli O157:H7 has been an important
Food borne pathogen in a variety of foods worldwide. The
monitoring of E. coli O157:H7 with conventional procedures
could take 2-3 days. These methods are time-consuming,
which delays the introduction of remedial measures [67].
Therefore, a method for rapid detection of this pathogenic
microorganism in food and water would aid the prevention
of infection, illness, and economic loss.

Chang et al. [67] presented a strategy for preparing a
disposable amperometric immunosensor for E. coli O157:H7
based on AuNPs and ferrocenedicarboxylic acid (FeDC)-
modified SPCEs. The immunosensor was prepared by
attaching the first £. coli O157:H7-specific antibody, E. coli
O157:H7 intact cells and the second E. coli O157:H7-specific
antibody conjugated with HRP on modified SPCE surface.

Fig. 3 Detection of mucin 1 by Route A
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Hydrogen peroxide and FeDC were used as the substrate for
HRP and mediator and concentrations of E. coli O157:H7
from 102 to 107 cfu mL™" could be detected. Self-assembled
monolayers- modified AuSPEs have been used by Pingarrons’
group for detecting E. coli with two different immunosensor
configurations [68]. In the first one, the immunosensing de-
sign was based on the covalent immobilization of anti-E. coli
at AuSPEs using a homobifunctional cross-linker. The other
one was based on the immobilization of the thiolated antibody
onto the electrode surface. The immunosensor exhibited a
highly improved analytical performance with respect to con-
ventional bacterial plate counting and other electrochemical
approaches, enabling, without preconcentration or pre-
enrichment steps, the detection of 3.3 cfumL™" E. coli in river
and tap water samples.

The selective interaction of lectins with carbohydrate com-
ponents from microorganisms’ surface was used as the recog-
nition principle for E. coli detection and identification [69].
The immobilization of biotinylated lectins— bacteria com-
plexes was performed onto AuSPEs and EIS measurements
was employed for the direct label-free transduction of the
bacteria—lectin binding. The electron transfer resistance varied
linearly with the logarithmic value of E. coli concentration
over four orders of magnitude, 5.0x10° and 5.0x
107 cfu mL™". The approach can be advantageously compared
with conventional bacterial plate counting methods and other
electrochemical techniques, enabling the detection of 5.0x
10° cfu mL™" E. coli within 1 h.

Another simple approach toward the determination of food
pathogenic bacteria namely E. coli, campylobacter and sal-
monella using an immunosensor based on immunosensitized
MWCNT-polyallylamine SPE and nanocrystal antibody con-
jugates was introduced [70]. The immunosensor was fabricat-
ed by immobilizing the mixture of anti-E. coli, anti-
campylobacter and anti-salmonella antibodies with a ratio of
1:1:1 on the surface of the modified SPE. The sandwich
immunoassay was performed with three antibodies conjugat-
ed with specific nanocrystal which has releasable metal ions
for electrochemical measurements. SWASV was employed to
measure released metal ions from bound antibody nanocrystal
conjugates. Their results suggested that the assay could be
directly applied for food quality control applications. Recent-
ly, Lin et al. [71] demonstrated a multiplexed immunoassay
method for simultaneous detection of multiple food borne
bacterial pathogens in a single piece of 4-channel-SPCE.
MWCNT/sodium alginate /carboxymethyl chitosan composite
films were coated on all the working electrodes to enhance the
sensitization of the electrode. The immunosensor array was
simple and efficiently fabricated by immobilization of HRP-
anti-E. sakazaki and HRP-anti-E.coli O157:H7. Under optimal
conditions, the linear range of E. sakazakii and E. coli O157:H7
were from 10* to 10 cfu mL_l, with a detection limit of
4.57x10% cfu mL " and 3.27x10° cfu mL ™", respectively.
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Immunoglobulin

Immunoglobulins are immune proteins that bind to antigens.
Immunoglobulin G (IgG) is the most abundant immunoglob-
ulin, comprising over 75 % of serum immunoglobulins in
humans. The determination of IgG in the bioclinical field is
very important owing to the anti-inflammatory action exerted
by these proteins contained in serum and milk [72]. In a study
by Volpe et al. [73], with the final goal of making possible a
single-step magneto-immunosensor based on the use of SPEs
coupled with the immunomagnetic beads, the immunological
interaction between IgG and its specific antibody (anti-IgG-
HRP) was considered with two approaches. The first one was
based on the enzyme-channeling principle which involved the
use of a second enzyme, glucose oxidase (GOx), immobilized
on the surface of the SPE modified with Prussian Blue. The
second, more direct, approach was performed without
GOx enzyme, had provided the possibility to demon-
strate that the signal generated by HRP free in solution
was negligible if compared to that of HRP concentrated
on the sensor surface. Although both approaches
allowed one to obtain a typical sigmoidal binding curve
(IgG/anti IgG-HRP), the second one turned out to be
easier and more practical.

In a recent study by Tomassetti et al. [74] three
immunosensor methods (surface plasmon resonance (SPR),
screen-printed and classical amperometric immunosensors)
for IgG determination was fabricated and the responses ob-
tained using each device were compared. Experiments were
performed on human serum, powdered milks for babies and
particularly on several animal milks and comparison of the
results obtained by the classical amperometric immuno-
sensor, the screen-printed immunosensor and the SPR de-
vice showed that the lower detection limit for IgG determi-
nation was of the order of 10~° M in all cases, but that of the
SPR method was slightly lower (i.e. 2x 10 '° M) than those
of the other two methods. The linearity range was about
three decades for the classic and screen-printed immuno-
sensors and about one and a half decades for the SPR
immunodevice. A novel gold nanoprobe was prepared by
Lai et al. [75] for the signal tracing of ultrasensitive nonen-
zymatic electrochemical immunoassay at a CNTs-based
disposable immunosensor. Using human IgG as a model
analyte, the method showed a wide linear range over three
orders of magnitude with the detection limit down to
6.9 pgmL "

Toxins

Biomolecule immobilization on the electrode surface is a
crucial step in assembling biosensors and immunosensors.
Different physical and chemical strategies are followed for
the immobilization of molecular recognition agent.
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Diazonium organic salt-modified electrodes are a promising
alternative to conventional electrode modification schemes for
immobilization of biomolecules on solids. Direct immobiliza-
tion of okadaic acid, a small marine biotoxin, via diazonium-
coupling reaction on SPCE has been reported by Barthelmebs
et al. [76] to develop a competitive immunosensor. The
immunosensor obtained using this novel approach allowed
detection limit of 1.44 ng L' of okadaic acid, and was
successfully validated with certified reference mussel
samples.

In another study, Radi and co-workers [77] employed this
strategy for sensitive detection of OTA. An AuSPE was
modified with a layer of 4-nitrophenyl, assembled from 4-
nitrophenyl diazonium salt synthesized in situ in acidic aque-
ous solution. Then, the nitro groups were electrochemically
reduced to amines followed by activation with glutaraldehyde
to give a stable intermediate derivative that covalently binds
antibodies against OTA during the second step, thereby tai-
loring an immunosensor for OTA. The immobilization was
demonstrated through the recognition of the immobilized
antibodies by peroxidase-labeled OTA. Furthermore, an am-
perometric immunoassay in a competitive format for the de-
tection of OTA was also presented. Fernandez et al. [78]
developed an electrochemical magneto immunosensor for
the determination of OTA in red wine samples using hetero-
geneous competitive immunoassays. Protein G
functionalized-magnetic beads (MBs) were applied as solid
phase for affinity reaction between OTA and OTA monoclonal
antibody. This device showed several advantages over other
methods of determination of OTA in wine, such as direct
measurement without any pre-treatment, using small volumes
(harmful solvents are avoided), and the possibility of intro-
ducing this type of immunosensor in field measurements.

The characterization of the gold-catalyzed deposition of
silver on graphite SPEs using EIS has been described by
Muiioz-Berbel et al. [79]. This approach has been successfully
applied to the development of an impedimetric immunosensor
for aflatoxin M, which is a toxic fungal metabolite, produced
by Aspergillus flavis and Aspergillus parasiticus with an im-
portant carcinogenic effect that can contaminate certain agri-
cultural commodities and animal foodstuff. Good correlations
found between the logarithm of the toxin concentration
and the magnitude of the charge transfer resistance
between 15 and 1000 free- aflatoxin M; ppt, with a
LOD of 12 ppt.

Simplified calibration and analysis on screen-printed dis-
posable platforms for electrochemical MBs-based
immunosensing of zearalenone in baby foods has performed
by Escarpa’s group [80]. Remarkable LOD (0.007 ug L") has
demonstrated accordingly to the actual requirements
established for this mycotoxin in baby food containing cereals
as well as an excellent accuracy with recovery rate of 101—
111 %.

Hormones

The method of fabrication of a prototype electrochemical
immunosensor for estradiol (E2) was described [81]. Meth-
odologies were also given for colorimetric assays, which
could be used to verify and optimize reagent performance,
prior to their use in the electrochemical immunoassay: these
included an E2 enzyme-linked immunosorbent assay
(ELISA) and a colorimetric assay performed on the
immunosensor surface. The electrochemical immunosensor
system was based on SPCEs which antibody against E2
was immobilized on it. Antibodies were immobilized by
passive adsorption onto the working electrode surface. A
competitive immunoassay was then performed using an
alkaline-phosphatase-labeled E2 conjugate. The calibration
plot of DPV peak current vs. E2 concentration showed a
measurable range of 25-500 pg mL ' with a detection limit
of 50 pg mL ™', The immunosensor could be applied to the
determination of E2 in spiked serum, following an extrac-
tion step with diethyl ether.

Yafiez-Sedefio et al. [82] describe a direct competitive
immunosensor using SPCEs and protein A-functionalized
MBs for the quantification of testosterone. Under the opti-
mized conditions, a calibration plot for testosterone was ob-
tained with a linear range between 5.0x 10~ and 50 ng mL ™"
and the detection limit of 1.7 pg mL ™' which were notably
better than those achieved with other immunosensors.

A new immunosensing approach involves the immobiliza-
tion of anti-adrenocorticotropin hormone (ACTH) antibodies
onto amino phenylboronic acid-modified SPCE was used for
the determination of ACTH [83]. A competitive immunoassay
implying biotinylated ACTH and alkaline phosphatase la-
beled streptavidin was performed to detect ACTH in certified
human serum sample. Under the optimized working condi-
tions, an extremely low detection limit of 18 pg L™ was
obtained. Cross-reactivity was evaluated against other hor-
mones (cortisol, estradiol, testosterone, progesterone, hGH
and prolactin) and the obtained results demonstrated an excel-
lent selectivity.

Lactoferrin

In mammalian secretions, such as milk, lactoferrin is an im-
portant iron-binding glycoprotein, present in large quantities;
it is also contained in powdered milks for babies sold in
drugstores. The measurement method used for determination
of lactoferrin, the ELISA type or similar [84], was always
competitive and separative. In 2009, Tomassetti and co-
workers [85] fabricated new immunosensors for the analysis
of lactoferrin protein in buffalo milk and in other commercial
animal milks samples. Recently, they also developed classical
and screen-printed amperometric immunosensors using an
amperometric H,O, electrode as transducer and the
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peroxidase enzyme as marker to determine lactoferrin. Lastly,
their group tested the feasibility of constructing
immunosensors for lactoferrin determination based on SPR
transduction [86]. The data showed a linear range of about 3
and 2 decades, respectively, for the classical and screen-
printed immunosensors and about 2 and 1 decade for the
SPR immunodevice working in flow or batch mode, respec-
tively. These methods were applied to the determination of
lactoferrin concentration in infant powdered milk and in the
milk analysis of different animals.

(Cancer) biomarkers

The detection of cancer biomarkers has become a major focus
of cancer research, which holds promising future for early
detection, diagnosis, monitoring disease recurrence and ther-
apeutic treatment efficacy to improve long-term survival of
cancer patients. Tumor markers such as carcinoembryonic
antigen, carcinoma antigen 125, prostate-specific antigen,
CA 15-3 (MUCI) and human chorionic gonadotropin, have
been widely applied for the diagnosis of colorectal cancer,
pancreatic cancer, epithelial ovarian tumors and hepatocellular
carcinoma, etc. [87]. In clinical assays, the conventional
methods of tumor markers detection in serum have some
disadvantages, such as being environmentally unfriendly,
time-consuming, having poor precision, and experience diffi-
culty in realizing automation. Therefore, there is an urgent
requirement for the development of a new immunoassay
method with low-cost, high speed and real-time control in
large scale disease screening [88]. Electrochemical devices
seem to be excellent candidates for the rapid, highly sensitive,
easy-to-use and inexpensive diagnosis of diseases and for the
detection of tumor markers of clinical interest. The first elec-
trochemical immunosensor for tumor marker detection was
developed in the late 1970s [89]. The device involved a
competitive assay of hCG in connection with a catalase label
and amperometric monitoring of the enzymatic reaction.
Thereafter, many immunosensors for cancer biomarkers
have been reported in the literature for cancer disease
diagnosis [90-93]. Modified SPEs offer unprecedented
opportunities for high sensitivity immunosensors amena-
ble to determination of different biomolecules and bio-
markers of diseases and have been employed recently for
development of numerous biomarkers immunosensors
[94, 95].

Human chorionic gonadotropin (hCG)

hCG is glycoprotein composed of 244 amino acids with a
molecular mass of 36.7 kDa. It’s most important uses as a
tumor marker are in gestational trophoblastic disease and
germ cell tumors. A sensitive label-free impedimetric hCG-
immunosensor was constructed by using a commercial
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screen-printing carbon ink electrode (namely disposable elec-
trochemical printed (DEP) chip) as the basis [96]. The carbon
ink electrode of DEP chip was modified first by deposition of
polypyrrole—pyrole-2-carboxylic acid copolymer and then
hCG antibody immobilization via the COOH groups of
pyrrole-2-carboxylic acid, which could serve as a linker for
covalent biomolecular immobilization. The experimental re-
sults exposed that the designed immunosensor is more sensi-
tive than other previously reported immunosensors.

Prostate specific antigen (PSA)

A common method to detect prostate cancer is to measure
levels of PSA in blood. The presence of a tumor can elevate
PSA levels, serving as a convenient blood test for cancer
screening. Several biosensors are known for PSA detection.
Yu et al. [97] have prepared a novel SPE on sheets of vege-
table parchment for the determination of PSA in human serum
samples. Vegetable parchment, also called plant-based parch-
ment, was made by passing a waterleaf made of pulp fibers
into sulfuric acid. To enhance the conductivity and sensitivity
of the immunosensor, graphene and AuNPs were used to
construct the immunosensor. With sandwich-type
immunoreactions, the HRP-Ab/AuNPs were captured on
immunosensor surface to catalyze the electroreduction pro-
cess of H,O,, which could produce stronger electrochemical
signal. This method showed wide linear ranges over 6 orders
of magnitude with the minimum value down to 2 pg mL ™.

A voltammetric enzyme dual sensor for simultaneous de-
termination of free and total prostate specific antigen (fPSA
and tPSA) was described [98]. Antibodies specific for free and
total PSA immobilized on different SPEs—SPCEs, AuSPEs
and SPCEs modified with nanogold, in order to be able to
select one of the surfaces as the most adequate one to develop
the dual sensor. Screen-printed carbon electrodes modified
with nanogold were the SPEs with the best analytical charac-
teristics and led to the most repeatable bioelectrodes, so they
were selected for the development of the dual sensor. In fact,
the integration of nanomaterials in immunosensors promotes
increase of the electroactive area and the amount of
immobilized molecules; in some cases, improving the electri-
cal transfer. The nanoparticles of different sizes and nature can
be easily functionalized offering reactive groups on the elec-
trode surface, allowing a more stable and irreversible immo-
bilization of enzymes, antigens, nucleic acid and antibodies,
greatly increasing the biosensor response [99].

Carcinoembryonic antigen (CEA)

CEA, a kind of glycoprotein is found in many carcinomas
such as colon cancer, lung cancer, urothelial carcinoma, ovar-
ian carcinoma oral and breast cancer [100]. It is one of the
most investigated protein markers for lung cancer. Its level is
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related to lung cancer in which CEA concentration is elevated
significantly in cancer cases than in healthy individuals. When
the amount of CEA is higher than 3 ng mL™', lung cancer may
occur. Ho te al. [101] reported on a sensitive electrochemical
immunoassay system for the detection of a CEA protein, using
a carbon nanoparticle/ poly(ethylene imine)-modified screen-
printed graphite electrode covered with anti-CEA antibodies.
This biosensor was based on a sandwich complex immunoas-
say, which they assembled from sequential layers of the anti-
CEA antibody (xCEA) on the surface electrode, the CEA
sample, and the CdS nanocrystal quantum dots sensitized with
«CEA («xCEA-CdS QD). By using SWASV to amplify the
signal current response obtained from the dissolved xCEA-
CdS QDs, the detection limit of 32 pg mL™" (equivalent to
160 fg in a 5 uL sample) was obtained.

A polyethyleneimine wrapped MWCNTs-SPE was used
by Viswanathan group for direct determination of CEA level
in human serum and saliva samples [102]. A sandwich immu-
noassay was performed with CEA and «CEA tagged ferro-
cene carboxylic acid encapsulated liposomes (xCEA-FCL).
The square wave voltammetry (SWV) was employed to ana-
lyze faradic redox responses of the released FCL on the
electrode surface. The system showed good reproducibility
in human serum and saliva samples. Salivary testing is non-
invasive, making it an attractive alternative to serum testing,
and the possibility of developing home testing kits would
further facilitate it as a diagnostic aid. Ju’s group took advan-
tage of SPCE system containing two independent working
electrodes and modified them with anti-CEA and anti-AFP
antibodies respectively [103]. For signal output, streptavidin
functionalized AgNP-enriched CNTs were designed as trace
tags and were further enlarged by a subsequent AgNP-
promoted deposition of silver from enhancer solution to ob-
tain simultaneous electrochemical-stripping signals of AgNPs
on the two working electrodes. Using CEA and o-fetoprotein
as model analytes, the multiplexed immunoassay showed
acceptable precision and wide linear ranges over four orders
of magnitude with detection limits down to 0.093 and
0.061 pg mL™", respectively.

Cancer antigen 125 (CA 125)

CA 125 is one of the most important cancer biomarkers,
which found on the surface of many ovarian cancer cells.
Normal blood levels are usually less than 35 UmL ™. More
than 90 % of women have high levels of CA 125 when the
cancer is advanced. Recently, two simple and sensitive ap-
proaches for CA 125 detection by using antibody immobilized
on poly-anthranilic acid modified graphite SPEs have been
developed [104]. In both cases, graphite SPEs were used as
solid phase to build up a label free immunosensor and a
sandwich format with AuNPs silver enhancement. A high
sensitivity with a detection limit of 2 U mL™"' of human CA

125 protein and a linear response, which matches the request
of clinical needs, was achieved. This level of detection
could be attributed to the sensitive electrochemical de-
termination of silver ions and to the catalytic precipita-
tion of a large number of silver ions on the AuNPs-
labeled antibody.

C-reactive protein (CRP)

CRP, an alpha globulin with a molecular mass of ~110—
140 kDa, is considered a nonspecific biomarker of inflamma-
tion and infection that can be used as a predictive risk marker
of cardiovascular disease in asymptomatic individuals. Two
strategies based on the use of SPEs are known for the deter-
mination of CRP in blood serum. Kumar and Prasad [105]
have used an imprinted polymer modified SPCE fabricated
adapting ‘grafting-to’ modification for the quantitative analy-
sis of CRP in human blood serum. To mimic the biological
binding between polymer and CRP, one of the monomers
(AEDP) was used in the place of natural binder. DMAA, a
tertiary ammonium group containing monomer, was addition-
ally used to non-covalently interact with the negatively
charged CRP molecules. Both the monomers ensured a natu-
ral binding environment for CRP and thereby made the elec-
trode highly specific. The LOD was found to be 0.04 jig mL ™"
(S/N=3) in aqueous environment. In the second strategy,
Pingarron et al. [106] reported an ultrasensitive
magnetoimmunosensor for the determination of human CRP
using MBs. They immobilized the capture antibody (antiCRP)
onto activated carboxylic-modified MBs, then the antigen—
antibody reaction and incubation of the modified MBs with a
biotynilated antibody (biotin-antiCRP) was performed,
followed by an incubation step with a Streptavidin-HRP con-
jugate, to allow monitoring of the affinity reaction. The elec-
trochemical detection of the enzyme reaction product was
carried out at a disposable Au/SPE using TMB as electron
transfer mediator and H,O, as the enzyme substrate. The
sensor showed an excellent analytical performance achieving
a LOD of 0.021 ng mL™" and a wide range of linearity
between 0.07 and 1000 ng mL ™.

Cardiac troponins (I and T)

Cardiac troponins (I and T) have been recommended as the
biomarkers of choice for the serological diagnosis and prog-
nosis of acute myocardial infarction (AMI) because of their
high sensitivity and specificity. In particular, the cardiac tro-
ponin T (cTnT) levels increase 2—4 h after the AMI symptoms
and could be elevated up to 14 days after the acute episode of
myocardial damage. The development of highly sensitive
troponin assays possible to measure levels of this marker
therefore presents great potential in earlier detection of AMI
and in risk prediction in patients with acute coronary
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syndrome [107]. In the study by Dutra et al. [108], a modified
SPE was manufactured using graphite—epoxy silver compos-
ite followed by streptavidin—microsphere integration and its
binding to the biotinylated monoclonal antibody for the de-
tection of cTnT. It was observed that the use of streptavidin
microspheres significantly increased the analytical sensitivity
of the electrode in 8.5 times, showing a curve with a linear
response range between 0.1 and 10 ng mL ™' of ¢TnT and a
detection limit of 0.2 ng mL ™", Their approach combines the
advantages of SPEs with the stability of streptavidin—biotin
interaction and the versatility to use conventional ampli-
fiers for enzymatic reaction monitoring and shows great
promise for point-of-care quantitative testing of necrosis
cardiac proteins. A novel detection for cardiac troponin I
(cTnl) based on the deposition of citrate-capped AuNPs
on SPEs using an innovative one-step electrochemical
technique was demonstrated by Bhalla et al. [109]. ¢Tnl
was successfully detected in a label-free manner with a
LOD equal to 0.2 ng mL™". This obtained result was one
order of magnitude better than that obtained with ELISA
tests performed by using the same antibodies, with a
detection limit of 4.3 ng mL™".

Myoglobin (Myo)

Myoglobin (Myo) is another cardiac biomarker of protein
nature that changes more rapidly after cardiac injury.
Myo, due to its small size (17.8 kDa), is quickly re-
leased into circulation with high sensitivity and high
predictive value, and acts as a valuable early screening
test for AMI. So far, different strategies for Myo detec-
tion and quantification based on surface imprinting on
SPEs have been described in the literatures [110]. Sales
et al. [111] have modified AuSPE by merging molecular
imprinting and SAM techniques for fast screening Myo
in point-of-care. The imprinting effect was produced by
growing a reticulated polymer of acrylamide and N,N’
methylenebisacrylamide around the Myo template, cova-
lently attached to the biosensing surface. EIS and CV
studies were carried out in all chemical modification
steps to confirm the surface changes in the AuSPE.
The analytical features of the resulting biosensor were
studied by different electrochemical techniques and the
limits of detection ranged from 0.13 to 8 pug mL™'. The
same group also described a new disposable biomedical
device for monitoring Myo in point-of-care, designed by
coating the conductive working area of AuSPE with a
PVC-COOH film and assembling the molecularly
imprinted polymer (MIP) on top of it [112]. The MIP/
AuSPE characteristic towards the quantitative estimation
of the Myo concentration was investigated by EIS and
SWV. Compared to other immunosensors made with
natural antibodies, the MIP/AuSPE showed similar
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analytical features especially concerning the ability to
show linear ranges within the biological levels of Myo
and good selectivity against other concomitant proteins
and seemed to be a powerful tool for screening Myo in
patients with ischaemic episodes.

In order to create smart plastic antibody materials of
enhanced specific binding, the recent study by Sales
et al. [113] introduced for the first time charged mono-
mers on the binding sites combined with neutral mono-
mers in the rest of the polymeric matrix. This concept
formed the basis for the design of Myo plastic antibo-
dies over the gold surface of commercial SPEs. The
resulting biosensor was evaluated by several electro-
chemical techniques and further applied to the analysis
of biological samples.

Other biomolecules and proteins

The SPEs have been also utilized for the determination
of some other biomolecules such as D-Dimer in human
serum [114], (-lactoglobulin as a milk allergenic pro-
tein [115], anti-TG2 antibody in celiac disease [116],
and herbicide diuron [3-(3,4-dichlorophenyl)-1, 1-
dimethylurea] [117] .

Recently, improvements in immunosensor performance,
including enhanced sensitivity and reduced detection time,
were attributed to the use of magnetic beads [118], [119].
MBs allow easy separation and localization of target
analytes by an external magnet, fast immunoreactions bet-
ween antigen and antibody, and low nonspecific binding
by surface modification. The development of a disposable
carbon screen printed immunosensor based on MBs tech-
nology for the early detection of the Asian rust disease
was described by Mendes et al. [120]. This disease is
caused by Phakopsora pachyrhizi fungal which is a viru-
lent pathogen that can quickly defoliate plants, reducing
production and quality, leading to serious economic losses
[121]. MBs modified with a protein G were employed as
the platforms for the immobilization and immunoreaction
process. The immunotest was the sandwich type, using a
secondary antibody labeled with phosphatase alkaline en-
zyme. The disposable immunosensor presented a detection
limit of 90 ng mL™" and was applied for detection of the
Asian rust on the soybean leaf samples.

An amperometric immunosensor for detection of
chlorpyrifos-methyl has been developed by modification
of the SPCE with nanocomposites made by doping of
bovine serum albumin conjugated chlorpyrifos-methyl an-
tigen and platinum colloid into silica sol-gel [122].
Chlorpyrifos-methyl is a persistent insecticide and has
been widely used for control of pest insects in farming,
grain storage, horticulture, forestry and public health ap-
plications for more than 30 years. By combining dual
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signal amplification of platinum colloid with an enzymatic
catalytic reaction, a highly sensitive method for electro-
chemical evaluation of chlorpyrifos-methyl concentration
was presented and applied for its detection in treated soil
or grape samples.

The important role that the CNTs play in the performance
of electrochemical biosensors is well-known [123]. CNT-
based sensors generally have higher sensitivities, lower limits
of detection, and faster electron transfer kinetics than tradi-
tional carbon electrodes. Recent years have witnessed the
development of highly sensitive and selective electrochemical
immunosensors based on the use of CNTs. Dutra and co-
workers [124] showed the advantages of using SPEs modified
with caboxylated CNTs for developing highly sensitive and
stable immunosensor for the non-structural protein 1 of the
dengue virus. CNTs incorporated to the carbon ink improved
the reproducibility and sensitivity of the CNT-SPE
immunosensor. This immunosensor showed to be an innova-
tive electrochemical method for diagnosis of early clinical
phase of dengue infection. In another study, a magnetism-
controlled, enzyme-free amperometric immunosensor was
constructed for the determination of human immunodeficien-
cy virus p24 antigen [125]. First, gold magnetic particle-
coated MWCNTs were prepared and then, monoclonal anti-
body (anti-p24) was immobilized on it and adsorbed on the
surface of N,N"-bis-(2-hydroxy-methylene)-o-
phenylenediamine copper-modified SPCEs through external
magnetic field. The immunosensor was used to determine p24
in serum samples of patients with AIDS, and the results
were consistent with those of the traditional ELISA
method.

A microfluidic immunosensor coupled with flow injection
system for the determination of Botrytis cinerea, a plant-
pathogenic fungus that produces the disease known as grey
mould in a wide variety of agriculturally important hosts, has
been reported [126]. It was based on an immunoreaction
between both the infected plant tissue sample and the B.
cinerea-specific monoclonal antibody with the B. cinerea
purified antigens, using SPCE modified with MWCNTs,
which showed a rapid and sensitive determination of B.
cinerea in commercials apple fruits tissues samples.

Celiac disease is a gluten-induced autoimmune enteropathy
characterized by the presence of tissue tranglutaminase (tTG)
autoantibodies. Costa-Garcia et al. [127] have used SPCE
nanostructurized with CNTs and AuNPs for the detection of
IgA and IgG type anti-tTG autoantibodies in real patient’s
samples. The immunosensing strategy consisted of the immo-
bilization of tTG on the nanostructured electrode surface
followed by the electrochemical detection of the autoanti-
bodies present in the samples using an alkaline phosphatase
labeled anti-human IgA or IgG antibody. The results indicated
that the immunosensor can be competitive with the standard
methodology.

Biosensors

The screen printing technology enables biomolecules to be
immobilized onto the electrode surface, in order to fabricate
selective and disposable biosensors. Many disposable
(electrochemical) biosensors have been developed and ap-
plied based on monitoring the interaction between biomole-
cules and biological recognition elements such as antibodies,
nucleic acids and enzymes. This section is, therefore, focused
on the description of more recently reported disposable bio-
sensors for the analysis of some important substances.

Glucose

The most well-known application of screen-printing technol-
ogy in biomedical application has been in the clinical analysis
of blood glucose levels in people with diabetes [128]. Many
biosensor strategies have been devised for this application,
and most of these are based on the enzyme glucose oxidase
(GOx). Due to its high substrate specificity and stability in
combination with its easy availability, it is still the most
frequently employed enzyme for the development of electro-
chemical glucose biosensors based on SPEs [129-137]. Table 1
presents an overview of the glucose biosensors based on dif-
ferent modified SPEs.

An alternative approach involves the immobilization of
glucose dehydrogenase (GDH) and the cofactor NAD" (nico-
tinamide adenine dinucleotide coenzyme) on an SPCE mod-
ified with Meldola Blue and Reinecke salt [138]. A cellulose
acetate layer was deposited on top of the device to act as a
permselective membrane. The biosensor was incorporated
into a commercially available, thin-layer, amperometric flow
cell operated at a potential of only +0.05 V versus Ag/AgCl.
The mobile phase consisted of 0.2 M phosphate buffer
(pH 7.0) containing 0.1 M KCI solution, and a flow rate of
0.8 mL min ' was used throughout the investigation. The
biosensor response was linear over the range of 0.075—
30 mM glucose, with the former representing the detection
limit. Zafar’s group also described a third-generation amper-
ometric glucose biosensor working under physiological con-
ditions [139]. The glucose biosensor consisted of a recently
discovered cellobiose dehydrogenase from the ascomycete
Corynascus thermophilus (CtCDH) immobilized on different
commercially available SPEs such as SPCEs and carboxyl-
functionalized carbon nanotubes- SPCEs by simple physical
adsorption or a combination of adsorption followed by cross-
linking using poly(ethyleneglycol) (400) diglycidyl ether
(PEGDGE) or glutaraldehyde. A drastic increase in response
was observed for all three electrodes when the adsorbed enzyme
was cross-linked with PEGDGE or glutaraldehyde. The linear
range and detection limit of the CtCDH glucose biosensor
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Table 1 Summary of some biosensors used for the analysis of glucose

Modified electrode Linear range Detection of limit ~ Sensitivity Ref.
11-(ferrocenyl) undecyltrimethylammonium bromide 0.04-038 mM — 1.73 pA mM! [129]
(FTMA)/GOx/SWCNT-SPE
Os-complex mediator-SPE 0.5-30 mM - 1024 nA mM ' cm 2 [130]
Cobalt phthalocyanine redox mediator/GOx-SPE up to 10 mM - 7.84 nA mM ' [131]
GOx/SWCNT/redox polymer Nanocomposite-SPCE 0.5-6.0 mM 0.1 mM 16.4 pA mM ! cm™ [132]
GOx-SWCNT conjugate/redox polymer (PVI-Os)-SPCE 0.5-8.0 mM 0.07 uM 32 yA mM ' em? [133]
polyethylenimine (PEI)) MWCNT-SPCE 0.5-3.0 mM - 22.18 pA mM ! [134]
snowflake-like Pt—Pd bimetallic nanoclusters(Pt—-Pd BNC)- 0-16 mM 10 uM - [135]
gold nanofilm SPE
Polyethyleneimine (PEI)/Prussian Blue (PB)-SPCE 3.5-0.15 mM 0.13 pA mM ! [136]
SPE with two working electrode 0.5-50 mM 0.05 mM - [137]
Meldola’s Blue/ Reinecke salt coated with glucose Dehydrogenase-SPCE ~ 0.075-30 mM =~ — 0.051 pA mM ! [138]
CtCDH/ SPCE, SPCE-MWCNT, SPCE-SWCNT 0.025-30 mM 10 uM - [139]
silica sol-gel/polyvinyl alcohol-SPE 0-4.13 mM 9.8 UM 347 yA mM ' ecm™ [140]
Preanodized-SPCE 0-900 uM - 50.88 A mM ' em 2 [141]
Graphene/poly(3,4-ethylenedioxythiophene): polystyrene sulfonic acid ~20-900 uM ~0.3 uM 723 yA mM! [142]

(GP/PEDOT:PSS)-SPCE

under physiological conditions were 0.025-30 and 0.01 mM,
respectively.

In recent years, extensive efforts have been made to
achieve the direct electrochemistry of GOx for electrochemi-
cal detection of glucose [140, 141]. Recently, the direct elec-
trochemistry of GOx on modified SPCE with graphene-Poly
(3.4 ethylenedioxythiophene): poly-styrene-sulfonic acid
(PEDOT:PSS) matrix has been investigated [142]. GP-
PEDOT: PSS nanocomposite was synthesized by one-step
electrolytic exfoliation method and drop-coated on SPCE.
GOx enzyme was then immobilized on it by glutaraldehyde
cross linking. The designated electrode exhibited a high am-
perometric sensitivity of 7.23 uA mM ' for glucose determi-
nation, but had a relatively narrow linear dynamic range of
20-900 pM.

Hydrogen peroxide

Hydrogen peroxide (H,0,) has been involved in several bio-
logical events and intracellular pathways. It is not only a by-
product of several highly selective oxidases, but also an es-
sential mediator in food, biology, medicine, industry and
environmental analysis [143]. Therefore, sensitive and accu-
rate determination of H,O, is becoming of practical impor-
tance. Many techniques have been developed for the determi-
nation of H,O,. Among these procedures, electrochemical
biosensors based on SPEs are promising for the fabrication
of simple, portable and low-cost biosensors. Several biosen-
sors have been developed for electrochemical [134—136, 144]
and electrochemiluminescence [145] detection of H,O,.

Lan et al. [146] presented a H,O, biosensor based on the
direct electron transfer of HRP on porous screen-printed
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carbon electrodes. The porous structure of SPCEs facilitated
the direct electron transfer between the active sites of HRP and
the electrodes due to large amounts of conductive sites avail-
able on the surface for contacting with enzyme molecules. The
resulting sensor was sensitive (143.3 mAM ' cm ?) and could
detect 0.48 uM of H,O,. Another disposable H,O,biosensor
based on the direct electron transfer of myoglobin was devel-
oped using mesopores KIT-6 modified SPE [147]. KIT-6 is a
new material which can absorb abundant of myoglobin mol-
ecules and also increase the affinity of enzyme and substrate.
The modified electrode system showed an efficient perfor-
mance to H,O, detection. Recently, a new detection system
was developed using Fe;O04-Au magnetic nanoparticles coat-
ed HRP and graphene sheets -Nafion film modified SPCE
[148]. To construct the H,O, biosensor, graphene sheets -
Nafion solution was first dropped onto the surface of SPCE.
Subsequently, the biocomposites of Fe;O4-Au magnetic nano-
particles coated HRP were adsorbed on the surface with the
aid of an external magnetic field. The practical analytical
application of the biosensor was assessed by measurement
of the real samples and the results were consistent with the
results obtained by KMnO4 titration method.

Pharmaceuticals

The determination of drugs in real samples such as urine and
blood and other related samples is another issue which re-
quires careful investigation since they are often electroactive
species. Literature revealed that many disposable electro-
chemical biosensors have been reported for the detection of
drugs using modified and unmodified SPEs. These biosensors
were used for the determination of the quantity of codeine in
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pharmaceutical commercial tablets and urine samples [149],
diazepam in beverages [150], Levetiracetam in pharmaceuti-
cal drugs and spiked human plasma samples [151],
Pyrazinamide [152] and isoniazid [153, 154] in human urine
samples, dapsone in human urine and pharmaceutical formu-
lation samples [155], silybin [156] and gemifloxacin [157] in
pharmaceutical tablets. Table 2 gives an overview of the
electrochemical biosensors based on SPEs for determination
of these compounds in their related samples by different
techniques.

In a study by Chai’s group [158], SPEs were modified with
MWCNT and molecularly imprinted membranes using
ractopamine as the template were directly synthesized on the
MWCNT modified SPEs using the in situ thermal polymeri-
zation techniques and then utilized for the quantification of
ractopamine in pig urine with the detection limit of 6 nM.

The electrochemical behavior of colchicines was investi-
gated using graphite-based SPEs by Bodoki et al. [159].
Colchicine is a protoalkaloid, used as a specific anti-
inflammatory agent in acute attacks of gout by inhibiting the
migration of leucocytes to inflammatory areas, thus
interrupting the inflammatory response that sustains the acute
attack. The method was validated in the concentration range
of 85-1200 ng mL ™" with limits of detection of 41 ng mL ™’

Table 2 Summery of some biosensors used for the analysis of drugs

and was successfully applied to the determination of colchi-
cine in tablets, without the interference of the excipients.

Cocaine is one of the most known illicit drugs and one of
the most trafficked and used. It is an alkaloid that acts as
analgesic and local anesthetic. It also stimulates the modula-
tion of dopamine producing a sensation of euphoria which
provokes addiction [160]. Although the trendiest analyses of
cocaine are based on chromatography and immunoassays
methods, electrochemical detection has been also reported.
In a study by Alonso-Lomillo’s group, a new electrochemical
method for the determination of cocaine using SPEs modified
by the enzyme cytochrome P450 2B4 (CYP450) has been
described [161]. Cocaine is one of the preferred substrates of
this enzyme. Chronoamperometric measurements was per-
formed under the optimum conditions and capability of de-
tection of 23.05+3.53 nM (n=3, o = 3=0.05) was obtained.
Similarly, this group developed another screen-printed cyto-
chrome P450 2B4 based biosensor, for voltammetric detection
of cocaine street samples [162].

Fakhari and Rafiee [163] fabricated an electrochemical
biosensor based on NiO nanoparticles modified nafion-
MWCNT-SPE for methods have been explored for the quan-
titative analysis of insulin. It serves as a predictor of diabetes
of insulinoma and trauma and is used to control glucose levels

Electrode Analyte Electrochemical Capability of detection Analyzed sample Ref.
technique
Tetrathiafulvalene (TTF)-SPCE Codeine Chronoamperometry 20 uM Codeisan®, Urine samples [149]
Unmodified SPCE Diazepam Adsorptive stripping 1.8 pg mL ™ Beverage samples; Pepsi Max, [150]
voltammetry Vodka Cherry alcopop
HRP/ polypyrrole (PPy)-SPCE Levetiracetam Chronoamperometry ~ 9.81x10° M KEPPRA® tablets, Human [151]
plasma samples
Poly-histidine-SPCE Pyrazinamide LSV, DPV, SWV 5.7x107" mol L™ Urine samples [152]
poly-L-histidine (PH)-SPCE Isoniazid LSV, DPV, SWV 5.0x107 mol L, 1.7x Human urine samples [153]
107 mol LY, 2.5x%
10”7 mol L™
Silver hexacyanoferrates Isoniazid FIA with 2.6 umol L! Simulated human urine [154]
(NPAg-HCF)-SPCE amperometric samples
detection
Platinum nanoparticles (PtNP)- Dapsone LSV 7.6%1077 mol L™ Human urine samples [155]
SPE
MWNT/single-sided heated-SPCE  Silybin Adsorptive stripping ~ 5.0x107'° M Pharmaceutical tablets [156]
voltammetry
SPCE Gemifloxacin DPV, CV 0.15,5.0 pM Pharmaceutical tablets [157]
MWCNT-/molecularly imprinted ~ Ractopamine DPV 6 nM Pig urine [158]
membranes (MIM)-SPE
SPGE Colchicine Anodic differential 41 ng mL™' Olchicine tablet [159]
pulse voltammetry
Cytochrome P450 2B4-SPE Cocaine Chronoamperometry ~ 23.05+3.53 nM Cocaine street samples [161]
CvV 02 mM [162]
SPE/MWCNT/NiONs Insulin Amperometry 6.1 nM [163]
SPE/CNT/NiCoO, Insulin Amperometry 1.06 pg mL! [164]
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in blood within a narrow concentration range. The direct
monitoring of insulin in a diabetic patient has a better prospect
in clinical investigation rather to the glucose measurement.
Modified SPEs with CNT-NiCoO, was also prepared for trace
level detection of insulin [164].

Neurotransmitters/Neurochemicals

Neurotransmitters play a crucial role of endogenous primary
chemical messengers to transport information among biolog-
ical cells in mammalian central nervous system and are indic-
ative of health and disease [165]. Dopamine (DA) is an
important neurotransmitter molecule belonging to a family
of molecules called catecholamines. Deficits in brain dopa-
mine cause Parkinson’s disease, Alzheimer’s and schizophre-
nia in humans [166]. Since dopamine (and the like catechol-
amines) is an easily oxidizable compound, electrochemical
methods based on modified electrodes are an ideal choice for
its quantitative determination. Several examples are reported
in the literature regarding on the detection of DA and other
neurotransmitters in the presence of other species using dif-
ferent modified electrodes [167-171].

In 2010, Moreno’s group [172] investigated the
voltammetric behavior of dopamine on CNT-SPE with the
aim to propose a new methodology for its determination at
low levels in the presence of ascorbic acid (AA). A linear
dependence between DA concentration and adsorptive strip-
ping peak current was observed for the concentration range of
5.0x107 to 1.0x107° mol L™" with a limit of detection of
1.5x10"® mol L™". In a study by Merkoci et al. [173], a new
way to entrap enzyme based on (3-cyclodextrin
electropolymerization onto SPE modified with MWCNT
was introduced for DA quantification. The biosensor
displayed good reproducibility, repeatability, and prolonged
life-time under cold storage conditions. Its limit of detection
was 0.48+0.02 pA with sensitivity of 0.0302+
0.0003 pA M ' that makes it comparable or even better than
many other electrodes reported in the literature. Zen et al.
[174] utilized screen printing technology to print a thin layer
of hydrophobic room temperature ionic liquid, 1-butyl-3-
methylimidazolium hexafluorophosphate, onto a disposable
SPCE to improve the performance of DA in the presence of
high concentration of ascorbic acid. A linear calibration plot
up to 100 uM was obtained. The detection limit was calculat-
ed as 0.26 uM.

Norepinephrine (NE) and Serotonin are also neurotrans-
mitter molecules that have been target for detection with
screen printed-based electrodes. Norepinephrine was detected
amperometrically using low-cost mesoporous carbon inks to
screen print single-use disposable electrodes [175]. To ensure
NE can be effectively oxidized, an enzyme,
phenylethanolamine N-methyl transferase, with a cofactor to
active the enzyme was used to catalyze the reaction. The
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resultant sensors could detect NE at concentrations as low as
100 pg mL™" in rabbit whole blood. This high sensitivity
without a membrane such as Nafion was attributed to the
molecular sieving capabilities of the mesopores and the large
internal surface area of the mesoporous carbons.

A new rapid and convenient electrochemical method based
on a Nafion membrane-coated colloidal gold SPE was de-
scribed by Ding et al. [176] for the determination of serotonin
(with a detection limit of 5.0 nM) in the presence of high
concentration of DA, AA and uric acid (UA). SPE was used
for the detection of serotonin in the platelet-rich plasma and
brain homogenate of the mice. The serotonin content in the
peripheral blood of the mouse can reflect the content in the
brain, which suggests that the serotonin may be regarded as
peripheral biochemical markers for the mice depression
model.

Besides neurotransmitters, many other compounds are
found in the brain. Some of these compounds are electroactive
and act as interfering species for neurotransmitter detection.
Therefore, many studies have concentrated on detecting neu-
rotransmitters in the presence of ascorbic acid, uric acid, or
metabolites. The use of the SPEs for simultaneous determina-
tion of ascorbic acid, dopamine and uric acid has been rarely
reported, since the unmodified SPEs are unable to discrimi-
nate signals of AA, DA and UA, While several studies has
detected these compounds using modified SPEs with
dodecylbenzene sulfonic acid—polyaniline nanoparticles
[177], cellulose acetate and ionic liquid n-octylpyridinum
hexafluorophosphate [178], and iridium oxide [179]. Recent-
ly, a novel SPE prepared from graphene and ionic liquid
doped screen-printing ink was presented by Ying et al.
[180]. The basic characteristics of the screen-printed graphene
electrode were studied in details. The sensor showed excellent
electrocatalytic activity for the oxidation of AA, DA, and UA.
Three well-defined sharp and fully resolved anodic peaks
were found at the developed electrode. In the co-existence
system of these three species, the linear dependence of peak
current on the concentration was obtained in the ranges of
4.0-4500 pM, 0.5-2000 pM, and 0.8-2500 uM with the
lowest detection limits of 0.95 uM, 0.12 uM, and 0.20 uM
for the determination of AA, DA, and UA, respectively.
Another SPCE modified with polyacrylic acid-coated
MWCNTs (PAA-MWCNTs) has been prepared for the simul-
taneous determination of norepinephrine, uric acid, and ascor-
bic acid [181]. Using PAA, MWCNTs could be well dispersed
and the electrode became negatively charged so that the
adsorption of AA could be inhibited owing to the electrostatic
repulsion. This led to the decrease in the oxidation potential of
AA and the significantly enhanced oxidation peak currents of
NE and UA at the PAA-MWCNTs/SPCE. As compared to
SPCE, the system has found to be effective for the simulta-
neous determination of NE, UA, and AA in their mixture
solution.
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Novel combinations of polymers with CNTs have been
used to enhance the response of epinephrine and norepineph-
rine. One such combination was MWCNT with a mixture of
poly(nordihydroguaiaretic acid) and chitosan onto SPCE
[182]. Epinephrine and norepinephrine were not discriminated
and the lowest concentrations studied were 30 uM and
780 uM, respectively.

A few papers have studied just uric acid and ascorbic acid
without also examining dopamine. One study [183] reports on
an uricase biosensor based on a SPE modified with Prussian
Blue, coupled with a portable instrumentation, showing a
working range of 0.03—0.3 mM and a detection limit of
0.01 mM. A SPCE incorporating the electrocatalyst cobalt
phthalocyanine (CoPC), has also been used for auric acid
detection [184]. The sensor was the simplest reported UA
biosensor operated in the chronoamperometric mode and both
prevented direct oxidation of UA and solved problems from
potential interferences in urine. Ascorbic acid also detected by
disposable electrochemical biosensors based on SPEs, as a
low-cost and disposable point of-care devices for pre-
screening purposes [185, 186].

Amino acids

The detection of various kinds of amino acids is an
important issue in proteomics, properties of enzyme and
hormone, disease diagnostics and food nutrients [187].
They can be classified as «-, 3- and y-amino acid, etc.
by the distance between the carboxylic acid group and the
amine group. Electrochemical detection of «-, (3- and -
Amino acids using disposable copper nanoparticle electro-
deposited SPCEs was performed by a process which al-
ternated reductive deposition and oxidative treatment over
six cycles (called the RO6 method) [188]. Such disposable
RO6-CuNPs/SPEs have great potential for integrating
HPLC or capillary electrophoresis systems to offer sensi-
tive detection for amino acids analysis in biomedical di-
agnostic and food industry applications.

Thiols are sulphur containing amino acids that build pro-
teins and are essential in the formation and growth of tissues.
Thiols such as reduced glutathione, 2-mercaptoethanol (2-
ME) and cysteine have been detected by electrochemical
sensors based on SPEs. Bedioui et al. [189] reported the
electro-catalyzed oxidation of reduced glutathione and 2-ME
by cobalt phthalocyanine-containing SPCEs. They showed
electro-catalytic activity of these thiols depend on the method
of electrode modification and the amount of catalyst incorpo-
rated in the ink used to fabricate the SPCEs. The electrocata-
lytic oxidation of cysteine at SPE modified with
electrogenerated poly(3,4-ethylenedioxythiophene) film
(PEDOT) was investigated [ 190]. Cyclic voltammetric studies
showed that the electrode lowers the overpotentials and im-
proves electrochemical behavior of cysteine oxidation, as

compared to the bare SPE. Zen and Liao [191] presented a
new method for total plasma thiols (cysteine, homocysteine
and glutathione) measurement using a disposable SPCE
coupled with a MnO, reactor by flow injection analysis.
MnO, reactor was used to facilitate the oxidation of catechol
(electrochemical indicator) and eliminate the interference
from ascorbic acid. A detection limit of 0.1, 0.25, 0.47 uM
were observed for cysteine, homocysteine and glutathione,
respectively.

Methionine is a source of sulphur in the body as it is the
precursor of other sulphur amino acids such as cysteine,
taurine and glutathione. Banks et al. [192] reported for the
first time the direct oxidation of methionine at bare graphite
SPEs, allowing linear ranges over the range 0.05-5.0 mM
with a detection limit of 95x10® mol L™" possible in model
solutions without any chemical or electrochemical pre-
treatments. The suitability of the use of SPEs for the measure-
ment of the direct oxidation of methionine was demonstrated
for the analysis of the content of this analyte in a pharmaceu-
tical product.

NADH

NADH plays a central role in mitochondrial respiratory me-
tabolism, stimulating the energy production in all living cell
(brain, heart and muscles), without this coenzyme all cell
processes stop. NADH detection is of a great importance
because it is produced in reactions catalyzed by more than
250 dehydrogenases [193]. In 2008, an amperometric biosen-
sors based on NADH oxidase/FMN and Prussian Blue mod-
ified SPEs have been developed in order to improve the
NADH detection [193]. As NADH oxidase is an FMN de-
pendent enzyme, an improvement of the enzyme/cofactor
immobilization procedure was necessary. The detection limit
was 2.6 uM NADH for FMN added in the reaction medium
and 1.17 uM NADH, respectively when the cofactor was
entrapped in sol-gel matrix. Doumeéche et al. [194] investi-
gated NADH oxidation on SPE modified with a new pheno-
thiazine diazonium salt. The amperometric response for
NADH oxidation showed a maximal current of 1.2 pA
(INADH] =100 uM). The sensitive layer for the oxidation of
NADH was improved by electrografting the diazonium salt
with a potentiostatic method. Both the surface coverage and
the heterogeneous standard rate constant k;, improved and
found to be 6.08+0.63x10""! mol cm 2 and ~5.02 sﬁl, re-
spectively. The amperometric response was also improved by
an 8 fold factor, reaching 9.87 uA (INADH] =120 uM). A
novel hybrid platform was constructed by Pingarron’s group
[195] based on electrodeposition of poly (3,4-
ethylenedioxythiophene ) using the ionic liquid as the
electropolymerization solvent onto AuNPs-modified SPCE.
The prepared modified electrodes were utilized for detection
of biomolecules such as NADH. The sensitivity achieved for
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Fig. 4 Schematic display of the
immunosensor for sulfonamide SPY
antibiotics, and details of the
surface chemistry including
covalent immobilization of the
capture antibody by using a film
of poly-4-aminobenzoic acid
formed on a SPCE. Reproduced
from [206] with permission from
Elsevier
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Enzyme based sensors

In enzyme-based biosensors, the biological element is the
enzyme which reacts selectively with its substrate. Enzymes
have a high specificity and a very high affinity for specific
biomolecules. Some enzyme sensors detect electrons tunneled
from the enzyme directly to the electrode surface while others
detect electroactive byproducts of enzymatic reactions. Exam-
ples of common compounds detected by this approach include
fructose, galactose, lactose, lactate, OTA, triglyceride, choles-
terol, and alcohol. The first fructose sensor using a commer-
cial screen-printed ferrocyanide/carbon electrode was reported
by the immobilization of enzyme d-fructose dehydrogenase
(FDH) on the electrode surface [196]. The sensor showed a
good sensitivity to fructose with a limit of detection of
0.05 mM.

Recently, development of a disposable amperometric bio-
sensor for the measurement of circulating galactose in serum
was described by Hart et al. [197]. The biosensor comprised a
SPCE incorporating CoPC, which was covered by a
permselective cellulose acetate membrane and a layer of
immobilized galactose oxidase (GALOX). When the biosen-
sor was used in conjunction with amperometry for the analysis
of serum, the precision values obtained on unspiked and
spiked serum were 1.10 % and 0.11 %, respectively.

In a study by Trashin et al. [198] modification of SPEs by
polyaniline was performed to improve the electron exchange
between cellobiose dehydrogenase and the SPE surface to
develop a sensitive lactose biosensor. A layer of polymer in
its intermediate redox state has increased the maximum
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response current of direct bioelectrocatalysis for lactose more
than 5 times at an applied potential substantially lower than
that observed when enzyme was adsorbed directly on the SPE.
Another rapid and simple approach of lactose analysis pro-
posed based on 3rd generation amperometric biosensors
employing cellobiose dehydrogenase immobilized on modi-
fied SPCEs and successfully applied for the determination of
lactose in dairy (milk with different percentages of fat, lactose-
free milk and yogurt) [199].

Lactate detection by biosensors is of increasing importance
in clinical applications to provide rapid, point of care, serial
measurements for early diagnosis of disorders such as intra-
abdominal sepsis to reduce morbidity and mortality. In 2009,
Hart et al. [200] demonstrated for the first time that screen-
printed carbon microband electrodes fabricated from water-
based ink can readily detect H,O, and that the same ink, with
the addition of lactate oxidase, can be used to construct
microband biosensors to measure lactate. Their study provid-
ed a platform for monitoring cell metabolism in-vitro by
measuring lactate electrochemically over a dynamic range of
1-10 mM via a microband biosensor. Hirst et al. [201] pre-
sented another method for the quantification of lactate using
pre-impregnated Prussian Blue SPCEs and polyethyleneimine
polymer for lactate oxidase immobilization. The biosensor
was shown to give results for lactate in post operative patient
drain fluid samples that was concordant with data from a
colorimetric assay for lactate.

The mycotoxin OTA, which is one of the most abundant
food-contaminating mycotoxins, have been determined using
HRP enzyme-biosensor based on SPEs by Alonso-Lomillo’s
group [202]. An HRP containing ink has been directly screen-
printed onto carbon electrodes. This immobilization proce-
dure, which is known as automated immobilization, is partic-
ularly interesting for mass production of disposable
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Table 3 Enzyme based sensors based on SPEs
Sensor Analyte Enzyme LOD Linear range Ref.
Screen-printed ferrocyanide/carbon  Fructose D-fructose dehydrogenase 0.05 mM 0.1-1 mM [196]
electrodes (SPFCE)
Cellulose acetate-CoPC-SPCE Galactose Galactose oxidase 0.02 mM 0.1-25 mM [197]
Polyaniline-SPE Lactose Cellobiose dehydrogenase 1 uM 1 uM-1 mM [198]
MWCNT-SPCE Lactose Cellobiose dehydrogenase 250 nM 0.5-200 uM [199]
Microband CoPC-SPCE Lactate Lactate oxidase 289 uM 1-10 mM [200]
Prussian Blue impregnated Lactate Lactate oxidase [201]
poly(ethyleneimine)-SPCE
HRP-SPCE Ochratoxin A Horseradish peroxidase 26.77+ 23.85-203.28 nM [202]
3.61 nM
Polypyrrole-SPCE Ochratoxin A Horseradish peroxidase 0.1ngmL™" 024-2.06 nM [203]
MWCNT-rhodium-graphite SPE  Cholesterol Cytochrome P450scc [204]
AuNPs—MWCNT-Nafion-SPE Alcohol Alcohol dehydrogenase 5.0x 10°mol L' 2.0x
10%-25%107> mol L™ [205]
Au/PEDOT-PSS-SPCE Triglyceride Lipase, Glycerol kinase, Glycerol-3-  7.88 mg dL™' 0-531 mg dL™"  [207]
phosphate oxidase
SPCE Tyramine Plasma amine oxidase 2.0£0.18 uM  2-164 uM [208]
Prussian Blue-SPE Trehalose Trehalase-GOx 0.8x 10°mol L' 1.5x
10°-7x10"* mol L' [209]
SPCE Gluconic acid Gluconate kinase, 6-phospho-D- 7.46 UM 746-7143 uM  [210]
gluconate dehydrogenase
Prussian Blue-SPE Glucose-6-phosphate Glucose-6-phosphate dehydrogenase, 2.3 uM 0.01-1.25 mM [211]
Glutathione reductase
PEDOT:PSS-SPE Organophospha e insecticide ~ Acetylcholinesterase 4x107° M - [212]
chlorpyrifos-oxon
SPE Omethoate Acetylcholinesterase 10°M 75%107°-2.5x% [213]
Methidathion 10°M
Malaoxon 5x107%-5x
10° M
5x107-10° M
Au-SPE Organophosphorus insecticide Acetylcholinesterase 2 ppb Up to 40 ppb [214]
SPCE, Gold SPE, AuNPs-SPE Phenobarbital CytochromeP450 2B4 0.20-1.67 mM [215]

biosensors. The same group also determined OTA using a
SPCE-biosensor based on HRP immobilized by pyrrole
electropolymerization [203]. The well-known mechanism of
these biosensors involve the oxidation of native HRP by H,O,
to an intermediate compound, which is subsequently reduced
by a substrate donor (OTA), regenerating the native enzyme.
OTA concentration in a solution is related with the
chronoamperometric current registered. The capability of de-
tection for this method was 0.1 ng mL™" («=0.05 and <
0.05).

In the field of cholesterol sensing, recently a cholesterol
biosensor with an improved sensitivity based on rhodium—
graphite SPE modified with MWCNT and cytochromes
P450scc as catalytic enzyme was presented [204]. The sensi-
tivity of the system was higher by orders of magnitude with
respect to other similar systems based on cholesterol oxidase
and esterase. The electron transfer improvement attained
by the use of MWCNT in P450-based cholesterol biosen-
sors was demonstrated to be larger than 2.4 times with

respect to the use of AuNPs and 17.8 times larger with
respect to the case of simple bare electrodes.

Alcohol is the most common poisonous substance related
to clinical and forensic medicine, and it leads to a variety of
health damages and traffic accidents frequently. The common
methods for alcohol determination are often time consuming
or require expensive instrumentation. The development of an
inexpensive enzyme based electrode would be beneficial for
the detection of alcohols. Generally, two kinds of enzymes,
alcohol dehydrogenase and alcohol oxidase were immobilized
for the construction of alcohol biosensors. An alcohol biosen-
sor was prepared by the combination of modified SPEs with
nano-materials and alcohol dehydrogenase to fabricate a novel
detection strip [205]. The linear response range of the biosen-
sor was 2.0x10~* to 25x 10 mol L™" and the detection limit
was 5.0x 107> mol L' (S/N=3). In the measurement of blood
samples, the biosensor had excellent detection performance
for measuring blood alcohol concentration and showed a good
correlation with gas chromatography.
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Dual SPEs with two elliptic working electrodes are aimed
at detecting two signals simultaneously, allowing differential
measurement of two analytes in the solution. Disposable dual
screen-printed carbon electrodes (SPACEs) modified with
Protein G, have been used for the simultaneous determination
of sulfonamides (SAs) and tetracyclines (TCs) antibiotics in
milk, at the low ppb concentration level [206]. The
immunoreactions involved competitive binding between
SAs or TCs antibiotics and HRP-labeled specific tracers for
the binding sites of the capture antibodies immobilized on the
working electrode surfaces. Quantification was achieved
through the electrochemical monitoring of the enzyme prod-
uct at the SPdCEs, using hydroquinone as electron transfer
mediator and H,O, as the enzyme substrate. Figure 4 shows
the scheme of the disposable dual immunosensor and the
details of surface chemistry involved the modification of
SPACE. The method showed very low limits of detection (in
the low ppb level). The usefulness of the dual immunosensor
was demonstrated by analyzing spiked milk samples as well
as a reference milk containing a certified oxytetracycline
content. Good recoveries were attained in an analysis time
of 30 min.

Various types of biosensors based on immobilized enzymes
with different modified SPEs and enzyme immobilization
methods have also recently been demonstrated for determina-
tion of some compounds such as triglyceride [207], tyramine
[208], trehalose [209], gluconic acid [210], Glucose-6-
phosphate (G6P) [211], organophosphorus insecticides
[212-214] and Phenobarbital [215]. Table 3 gives the type
of electrodes and enzymes, detection limits and liner range for
different enzyme based sensors.

Other biomolecules

Different modified SPEs biosensors, designed by several
group, have been used for the determination of a variety of
compounds, including phosphate ions in urine and pond water
[216-218], pathogens [219], bacterial toxins (Microcystin) in
water [220], endotoxin analysis in cell culture medium [221],
and choline [222]. A study by Marty et al. [223] described the
development of a superoxide biosensor based on the co-
immobilization of cytochrome ¢ and xanthine oxidase on a
self-assembled monolayer-modified AuSPE and its later ap-
plication to the determination of the antioxidant capacity of
pure substances and several orange juices. Another new elec-
troanalytical method for the simultaneous detection and quan-
tification of the antioxidants fert-butylhydroquinone (TBHQ)
and butyl hydroxyanisole (BHA) in biodiesel was developed
using a voltammetric technique and MWCNT-SPEs [224].
MWCNT-SPEs have been used also for determination of
arylsulphatase and phosphatase enzyme activities in ag-
ricultural soil [225]. Rodriguez-Méndez et al. have intro-
duced [226] two multisensory systems based on carbon
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paste or SPEs modified with phthalocyanines to the
analysis of biogenic amines and fish freshness assess-
ment. An increase of the signals associated to biogenic
amines was observed with increasing storage days.

Conclusion

Electrochemical sensors provide a crucial analytical tool as
demand for sensitive, rapid, and selective determination of
analytes increases. Unlike spectroscopic and chromatographic
instruments, electrochemical sensors can be easily adapted for
detecting a wide range of analytes, while remaining inexpen-
sive. The recent trend to replacement of conventional elec-
trodes by SPEs is making possible to explore other options in
this field. Screening-printing technology can be easily applied
to the mass production of inexpensive, reproducible and sen-
sitive disposable electrodes, and SPEs have been applied in
portable devices. Additionally, these sensors are capable of
being incorporated into robust, portable, or miniaturized de-
vices, enabling tailoring for particular applications. SPEs are
gaining widespread applications in biomedical, environmental
and industrial monitoring. The great versatility presented by
the SPEs is based on the wide range of ways in which the
electrodes may be modified (directly modifying the composi-
tion of printing ink or just depositing the substances on the
surface) as demonstrated in the literature. The incorporation of
biomaterials into SPEs enables the sensitivity and selectivity
that are akin to nature. Major advancements in both biosensors
and immunosensors revolve around immobilization and inter-
face capabilities of the biological material with the SPEs. The
use of nanomaterials and sandwich-type devices has provided
ameans for increasing the signal response from these types of
sensors. The ability to incorporate biomaterials with the po-
tential for direct electron transfer is another growing research
area in this field. Furthermore, nanoparticles-modified SPEs
are already commercially available; so,it is avoided to waste
long time in the synthesis and stabilization of AuNPs on
the electrode, in contrast to conventional electrodes. In
general, the field of SPEs, however, continues to grow
and find new areas for application. We believe that the
field will focus on the incorporation and interaction of
unique materials, both nano and biological, in the coming
years. In this review, we have overviewed the recent
developments in SPEs from their fundamental understand-
ing through to highly novel and innovative designs which
in part improved analytical performance towards target
analytes.

Acknowledgments The authors wish to thank the Yazd University
Research Council, IUT Research Council and Excellence in Sensors for
financial support of this research.



Screen-printed electrodes for biosensing: a review (2008-2013)

885

References

10.

11.

12.

13.

14.

15.

16.

17.

. Del Carlo M, Di Marcello M, Perugini M et al (2008)

Electrochemical DNA biosensor for polycyclic aromatic hydrocar-
bon detection. Microchim Acta 163:163-169

. Lucarelli F, Authier L, Bagni G et al (2003) Graphene-PEDOT:

PSS on screen printed carbon electrode for enzymatic biosensing.
Anal Lett 36:1887-1901

. Malhotra BD, Chaubey A (2003) Biosensors for clinical diagnostics

industry. Sensors Actuators B Chem 91:117-127. doi:10.1016/
S0925-4005(03)00075-3

. Alonso-Lomillo MA, Dominguez-Renedo O, Arcos-Martinez MJ

(2010) Screen-printed biosensors in microbiology; a review. Talanta
82:1629-1636

. Wang J, Tian B, Nascimento B, Angnes L (1998) Performance of

screen-printed carbon electrodes fabricated from different carbon
inks. Electrochim Acta 43:3459-3465. doi:10.1016/S0013-
4686(98)00092-9

. Fanjul-Bolado P, Hernandez-Santos D, Lamas-Ardisana PJ et al

(2008) Electrochemical characterization of screen-printed and con-
ventional carbon paste electrodes. Electrochim Acta 53:3635-3642.
doi:10.1016/j.electacta.2007.12.044

. Kadara RO, Jenkinson N, Banks CE (2009) Screen printed recessed

microelectrode arrays. Sensors Actuators B Chem 142:342-346.
doi:10.1016/j.snb.2009.08.005

. Bain CD, Troughton EB, Tao YT et al (1989) Formation of mono-

layer films by the spontaneous assembly of organic thiols from
solution onto gold. J Am Chem Soc 111:321-335

. Serafin V, Agiii L, Yafiez-Sedeiio P, Pingarron JM (2011) A novel

hybrid platform for the preparation of disposable enzyme biosensors
based on poly (3, 4-ethylenedioxythiophene) electrodeposition in an
ionic liquid medium onto gold nanoparticles-modified screen-
printed electrodes. J Electroanal Chem 656:152—158

Pereira SV, Bertolino FA, Fernandez-Baldo MA et al (2011) A
microfluidic device based on a screen-printed carbon electrode with
electrodeposited gold nanoparticles for the detection of IgG anti-
Trypanosoma cruzi antibodies. Analyst 136:4745-4751. doi:10.
1039/clan15569¢

Loaiza OA, Campuzano S, Pedrero M, Pingaron JM (2008) Designs
of enterobacteriaceae lac z gene DNA gold screen printed biosen-
sors. Electroanalysis 20:1397-1405

Yean CY, Kamarudin B, Ozkan DA et al (2008) Enzyme-linked
amperometric electrochemical genosensor assay for the detection of
PCR amplicons on a streptavidin-treated screen-printed carbon
electrode. Anal Chem 80:2774-2779

Honeychurch KC, Hart JP (2003) Screen-printed electrochemical
sensors for monitoring metal pollutants. TrAC Trends Anal Chem
22:456-469

Martinez-Paredes G, Gonzalez-Garcia MB, Costa-Garcia A (2010)
Genosensor for detection of four pneumoniae bacteria using gold
nanostructured screen-printed carbon electrodes as transducers.
Sensors Actuators B Chem 149:329-335. doi:10.1016/j.snb.2010.
06.064

Sheng-Zhen C, Qiang CAI, Fang-Yi P et al (2012) Screen-printed
electrochemical biosensor for detection of DNA hybridization. Chin
J Anal Chem 40:1194-1200. doi:10.1016/S1872-2040(11)60565-3
Rochelet-Dequaire M, Djellouli N, Limoges B, Brossier P (2009)
Bienzymatic-based electrochemical DNA biosensors: a way to low-
er the detection limit of hybridization assays. Analyst 134:349-353
Dai L, Hai B, Van Hieu N, Vinh H (2011) Electrochemical detection
of short HIV sequences on chitosan / Fe 3 O 4 nanoparticle based
screen printed electrodes. Mater Sci Eng C 31:477-485. doi:10.
1016/j.Msec.2010.11.007

. Rochelet M, Vienney F, Solanas S et al (2013) An electrochemical

DNA biosensor for the detection of CTX-M extended-spectrum f3-

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

lactamase-producing Escherichia coli in soil samples. J Microbiol
Methods 92:153-156. doi:10.1016/j.mimet.2012.11.019

Erdem A, Congur G, Eksin E (2013) Multi channel screen printed
array of electrodes for enzyme-linked voltammetric detection of
MicroRNAs. Sensors Actuators B Chem. doi:10.1016/j.snb.2013.
07.114

Moreno M, Rincon E, Pérez JM et al (2009) Selective immobilization
of oligonucleotide-modified gold nanoparticles by electrodeposition
on screen-printed electrodes. Biosens Bioelectron 25:778-783
Schiiler T, Asmus T, Fritzsche W, Méller R (2009) Screen printing
as cost-efficient fabrication method for DNA-chips with electrical
readout for detection of viral DNA. Biosens Bioelectron 24:2077—
2084

Kuralay F, Campuzano S, Haake DA, Wang J (2011) Highly sensi-
tive disposable nucleic acid biosensors for direct bioelectronic de-
tection in raw biological samples. Talanta 85:1330-1337. doi:10.
1016/j.talanta.2011.06.012

Nascimento GA, Souza EVM, Campos-Ferreira DS et al (2012)
Electrochemical DNA biosensor for bovine papillomavirus detec-
tion using polymeric film on screen-printed electrode. Biosens
Bioelectron 38:61-66. doi:10.1016/j.bios.2012.04.052

Paniel N, Baudart J (2013) Colorimetric and electrochemical
genosensors for the detection of Escherichia coli DNA without
amplification in seawater. Talanta 115:133—142. doi:10.1016/j.
talanta.2013.04.050

Bonanni A, Esplandiu MJ, Valle M (2009) Impedimetric
genosensors employing COOH-modified carbon nanotube screen-
printed electrodes. Biosens Bioelectron 24:2885-2891. doi:10.
1016/4.bi0s.2009.02.023

Liu J, Yuan X, Gao Q et al (2012) Ultrasensitive DNA detection
based on coulometric measurement of enzymatic silver deposition
on gold nanoparticle-modified screen-printed carbon electrode.
Sensors Actuators B Chem 162:384-390. doi:10.1016/j.snb.2011.
12.109

Xiong L, Batchelor-McAuley C, Gongalves LM et al (2011) The
indirect electrochemical detection and quantification of DNA
through its co-adsorption with anthraquinone monosulphonate on
graphitic and multi-walled carbon nanotube screen printed elec-
trodes. Biosens Bioelectron 26:4198-4203

Ren R, Leng C, Zhang S (2010) A chronocoulometric DNA sensor
based on screen-printed electrode doped with ionic liquid and
polyaniline nanotubes. Biosens Bioelectron 25:2089-2094

Ping J, Ru S, Luo X et al (2011) Direct electrochemistry of double
strand DNA on ionic liquid modified screen-printed graphite elec-
trode. Electrochim Acta 56:4154-4158. doi:10.1016/j.electacta.
2011.01.107

Hlavata L, Benikova K, Vyskocil V, Labuda J (2012) Evaluation of
damage to DNA induced by UV-C radiation and chemical agents
using electrochemical biosensor based on low molecular weight
DNA and screen-printed carbon electrode. Electrochim Acta 71:
134-139. doi:10.1016/j.clectacta.2012.03.119

Galandova J, Ovadekova R, Ferancova A, Labuda J (2009)
Disposable DNA biosensor with the carbon nanotubes-
polyethyleneimine interface at a screen-printed carbon electrode
for tests of DNA layer damage by quinazolines. Anal Bioanal
Chem 394:855-861

Labuda J, Ovadekova R, Galandova J (2009) DNA-based biosensor
for the detection of strong damage to DNA by the quinazoline
derivative as a potential anticancer agent. Microchim Acta
164(3/4):371-377. doi:10.1007/s00604-008-0068-4

Hianik T, Wang J (2009) Electrochemical aptasensors — recent
achievements and perspectives. Electroanalysis 21:1223-1235.
doi:10.1002/elan.200904566

Gorodetsky AA, Buzzeo MC, Barton JK (2008) DNA-mediated
electrochemistry. Bioconjug Chem 19:2285-2296. doi:10.1021/
bc8003149

@ Springer



886

Z. Taleat et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

Gonzalez-Fernandez E, de-los-Santos-Alvarez N, Miranda-Ordieres
AlJ, Lobo-Castaiion MJ (2013) Monovalent labeling system im-
proves the sensitivity of aptamer-based inhibition assays for small
molecule detection. Sensors Actuators B Chem 182:668-674. doi:
10.1016/j.snb.2013.03.070

Deng C, Chen J, Nie L et al (2009) Sensitive bifunctional aptamer-
based electrochemical biosensor for small molecules and protein.
Anal Chem 81:9972-9978

Kang Y, Feng K-J, Chen J-W et al (2008) Electrochemical detection
of thrombin by sandwich approach using antibody and aptamer.
Bioelectrochem Amsterdam Netherlands 73:76-81. doi:10.1016/].
bioelechem.2008.04.024

Strehlitz B, Nikolaus N, Stoltenburg R (2008) Protein detection with
aptamer biosensors. Sensors (Peterboroug) 8:4296-4307. doi:10.
3390/s8074296

Kjéllman THM, Peng H, Soeller C, Travas-Sejdic J (2008) Effect of
probe density and hybridization temperature on the response of an
electrochemical hairpin-DNA sensor. Anal Chem 80:9460-9466
Cederquist KB, Stoermer Golightly R, Keating CD (2008)
Molecular beacon-metal nanowire interface: effect of probe se-
quence and surface coverage on sensor performance. Langmuir
Acs J Surfaces Colloids 24:9162-9171

Nguyen BH, Tran LD, Do QP et al (2013) Label-free detection of
aflatoxin M1 with electrochemical Fe304/polyaniline-based
aptasensor. Mater Sci Eng C Mater Biol Appl 33:2229-2234. doi:
10.1016/j.Msec.2013.01.044

Rohrbach F, Karadeniz H, Erdem A et al (2012) Label-free
impedimetric aptasensor for lysozyme detection based on carbon
nanotube-modified screen-printed electrodes. Anal Biochem 421:
454-459. doi:10.1016/j.ab.2011.11.034

Misumi M, Tanaka N (1980) Mechanism of inhibition of transloca-
tion by kanamycin and viomycin: a comparative study with fusidic
acid. Biochem Biophys Res Commun 92:647-654. doi:10.1016/
0006-291X(80)90382-4

Zhu Y, Chandra P, Song K-M et al (2012) Label-free detection of
kanamycin based on the aptamer-functionalized conducting
polymer/gold nanocomposite. Biosens Bioelectron 36:29-34. doi:
10.1016/j.bi0s.2012.03.034

Li Y, Deng L, Deng C et al (2012) Simple and sensitive aptasensor
based on quantum dot-coated silica nanospheres and the gold
screen-printed electrode. Talanta 99:637-642. doi:10.1016/j.
talanta.2012.06.054

Zhao J, Liu M, Zhang Y et al (2013) Apoferritin protein nanopar-
ticles dually labeled with aptamer and horseradish peroxidase as a
sensing probe for thrombin detection. Anal Chim Acta 759:53-60.
doi:10.1016/j.aca.2012.10.041

De la Escosura-Muiiiz A, Chunglok W, Surareungchai W, Merkogi
A (2013) Nanochannels for diagnostic of thrombin-related diseases
in human blood. Biosens Bioelectron 40:24-31. doi:10.1016/j.bios.
2012.05.021

Hayat A, Sassolas A, Marty J-L, Radi A-E (2013) Highly sensitive
ochratoxin A impedimetric aptasensor based on the immobilization
of azido-aptamer onto electrografted binary film via click chemistry.
Talanta 103:14-19. doi:10.1016/j.talanta.2012.09.048

Hayat A, Andreescu S, Marty J-L (2013) Design of PEG-aptamer
two piece macromolecules as convenient and integrated sensing
platform: application to the label free detection of small size mole-
cules. Biosens Bioelectron 45:168—173. doi:10.1016/j.bios.2013.
01.059

Rhouati A, Hayat A, Hernandez DB et al (2013) Development of an
automated flow-based electrochemical aptasensor for on-line detec-
tion of Ochratoxin A. Sensors Actuators B Chem 176:1160-1166.
doi:10.1016/j.snb.2012.09.111

Gould HJ, Sutton BJ, Beavil AJ et al (2003) The biology of Ige and
the basis of allergic disease. Annu Rev Immunol 21:579-628. doi:
10.1146/annurev.immunol.21.120601.141103

@ Springer

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lee C-Y, Wu K-Y, Su H-L et al (2013) Sensitive label-free electro-
chemical analysis of human IgE using an aptasensor with cDNA
amplification. Biosens Bioelectron 39:133—138. doi:10.1016/j.bios.
2012.07.009

Song W, Li H, Liu H et al (2013) Fabrication of streptavidin
functionalized silver nanoparticle decorated graphene and its appli-
cation in disposable electrochemical sensor for immunoglobulin E.
Electrochem Commun 31:16-19. doi:10.1016/j.elecom.2013.02.
001

Ding C, Ge Y, Zhang S (2010) Electrochemical and
electrochemiluminescence determination of cancer cells based on
aptamers and magnetic beads. Chemistry 16:10707-10714
Zhang M, Liu H, Chen L et al (2013) A disposable
electrochemiluminescence device for ultrasensitive monitoring of
K562 leukemia cells based on aptamers and ZnO@carbon quan-
tum dots. Biosens Bioelectron 49:79-85. doi:10.1016/j.bios.2013.
05.003

Florea A, Taleat Z, Cristea C et al (2013) Label free MUCI
aptasensors based on electrodeposition of gold nanoparticles on
screen printed electrodes. Electrochem Commun 33:127-130. doi:
10.1016/j.elecom.2013.05.008

Yalow RS, Berson SA (1959) Assay of plasma insulin in human
subjects by immunological methods. Lett Nat 184:1648—-1649
Clark LC, Lyons C (1962) Electrode systems for continuous mon-
itoring in cardiovascular surgery. Ann N 'Y Acad Sci 102:29-45
Ge X, Zhang W, Lin Y, Du D (2013) Magnetic Fe304@TiO2
nanoparticles-based test strip immunosensing device for rapid de-
tection of phosphorylated butyrylcholinesterase. Biosens
Bioelectron 50:486—491. doi:10.1016/j.bios.2013.07.017

Silva BVM, Cavalcanti IT, Silva MMS, Dutra RF (2013) A carbon
nanotube screen-printed electrode for label-free detection of the hu-
man cardiac troponin T. Talanta. doi:10.1016/j.talanta.2013.08.059
De Avila BE-F, Escamilla-Gomez V, Campuzano S et al (2013)
Disposable amperometric magnetoimmunosensor for the sensitive
detection of the cardiac biomarker amino-terminal pro-B-type na-
triuretic peptide in human serum. Anal Chim Acta 784:18-24. doi:
10.1016/j.aca.2013.04.039

Zhan P, Du X-W, Gan N et al (2013) Amperometric immunosensor
for determination of clenbuterol based on enzyme-antibody
coimmobilized ZrO2 nano probes as signal tag. Chin J Anal
Chem 41:828-834. doi:10.1016/S1872-2040(13)60662-3

Regiart M, Fernandez-Baldo MA, Spotorno VG et al (2013) Ultra
sensitive microfluidic immunosensor for determination of clenbu-
terol in bovine hair samples using electrodeposited gold nanoparti-
cles and magnetic micro particles as bio-affinity platform. Biosens
Bioelectron 41:211-217. doi:10.1016/j.bios.2012.08.020

Zhang X, Wang H, Yang C et al (2013) Preparation, characterization
of Fe304 at TiO2 magnetic nanoparticles and their application for
immunoassay of biomarker of exposure to organophosphorus pesti-
cides. Biosens Bioelectron 41:669—-674. doi:10.1016/j.bios.2012.09.
047

Afonso AS, Pérez-Lopez B, Faria RC et al (2013) Electrochemical
detection of Salmonella using gold nanoparticles. Biosens
Bioelectron 40:121-126. doi:10.1016/j.bios.2012.06.054

Dos Santos MB, Sporer C, Sanvicens N et al (2009) Detection of
pathogenic bacteria by electrochemical impedance spectroscopy:
influence of the immobilization strategies on the sensor perfor-
mance. Procedia Chem 1:1291-1294. doi:10.1016/j.proche.2009.
07.322

Lin Y, Chen S, Chuang Y et al (2008) Disposable amperometric
immunosensing strips fabricated by Au nanoparticles-modified
screen-printed carbon electrodes for the detection of foodborne
pathogen Escherichia coli O157: H7. Biosens Bioelectron 23:
1832-1837. doi:10.1016/j.bios.2008.02.030

Escamilla-Gomez V, Campuzano S, Pedrero M, Pingarréon JM
(2009) Gold screen-printed-based impedimetric immunobiosensors



Screen-printed electrodes for biosensing: a review (2008-2013)

887

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

for direct and sensitive Escherichia coli quantisation. Biosens
Bioelectron 24:3365-3371. doi:10.1016/).bios.2009.04.047
Gamella M, Campuzano S, Parrado C et al (2009) Microorganisms
recognition and quantification by lectin adsorptive affinity imped-
ance. Talanta 78:1303-1309

Viswanathan S, Rani C, Ho JA (2012) Electrochemical
immunosensor for multiplexed detection of food-borne pathogens
using nanocrystal bioconjugates and MWCNT screen-printed elec-
trode. Talanta 94:315-319. doi:10.1016/j.talanta.2012.03.049

Dou W, Tang W, Zhao G (2013) A disposable electrochemical
immunosensor arrays using 4-channel screen-printed carbon elec-
trode for simultaneous detection of Escherichia coli O157:H7 and
Enterobacter sakazakii. Electrochim Acta 97:79-85. doi:10.1016/j.
electacta.2013.02.136

Wong DW, Camirand WM, Pavlath AE (1996) Structures and
functionalities of milk proteins. Crit Rev Food Sci Nutr 36:807-844
Volpe G, Sozzo U, Piermarini S et al (2012) Towards the develop-
ment of a single-step immunosensor based on an electrochemical
screen-printed electrode strip coupled with immunomagnetic beads.
Anal Bioanal Chem. doi:10.1007/s00216-012-6141-1

Tomassetti M, Martini E, Campanella L et al (2013) Comparison of
three immunosensor methods (surface plasmon resonance, screen-
printed and classical amperometric immunosensors) for immuno-
globulin G determination in human serum and animal or powdered
mil. J Pharm Biomed Anal 73:90-98. doi:10.1016/j.jpba.2012.03.
020

Lai G, Zhang H, Yong J, Yu A (2013) In situ deposition of gold
nanoparticles on polydopamine functionalized silica nanosphere for
ultrasensitive nonenzymatic electrochemical immunoassay. Biosens
Bioelectron 47:178—-183. doi:10.1016/j.bi0s.2013.03.029

Hayat A, Barthelmebs L, Sassolas A, Marty J-L (2011) An electro-
chemical immunosensor based on covalent immobilization of
okadaic acid onto screen printed carbon electrode via
diazotization-coupling reaction. Talanta 85:513-518

Radi A, Munoz-Berbel X, Cortina-Puig M, Marty J (2009) An electro-
chemical immunosensor for ochratoxin A based on immobilization of
antibodies on diazonium-functionalized gold electrode. Electrochim
Acta 54:2180-2184. doi:10.1016/j.electacta.2008.10.013

Perrotta PR, Arévalo FJ, Vettorazzi NR et al (2012) Development of
a very sensitive electrochemical magneto immunosensor for the
direct determination of ochratoxin A in red wine. Sensors
Actuators B Chem 162:327-333. doi:10.1016/j.snb.2011.12.089
Vig A, Muiioz-Berbel X, Radoi A et al (2009) Characterization of
the gold-catalyzed deposition of silver on graphite screen-printed
electrodes and their application to the development of impedimetric
immunosensors. Talanta 80:942-946

Hervas M, Lopez MA, Escarpa A (2010) Simplified calibration and
analysis on screen-printed disposable platforms for electrochemical
magnetic bead-based inmunosensing of zearalenone in baby food
samples. Biosens Bioelectron 25:1755-1760. doi:10.1016/j.bios.
2009.12.031

Pemberton RM, Hart JP (2009) Preparation of screen-printed elec-
trochemical immunosensors for estradiol, and their application in
biological fluids. In: Rasooly A, Herold KE (eds) Biosens.
Biodetection. Humana, Clift, pp 85-98

Eguilaz M, Moreno-Guzman M, Campuzano S et al (2010) An
electrochemical immunosensor for testosterone using functionalized
magnetic beads and screen-printed carbon electrodes. Biosens
Bioelectron 26:517-522

Moreno-Guzman M, Ojeda I, Villalonga R et al (2012)
Ultrasensitive detection of adrenocorticotropin hormone (ACTH)
using disposable phenylboronic-modified electrochemical
immunosensors. Biosens Bioelectron 35:82-86. doi:10.1016/;.
bi0s.2012.02.015

Birgens HS (1985) Lactoferrin in plasma measured by an ELISA
technique: evidence that plasma lactoferrin is an indicator of

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

neutrophil turnover and bone marrow activity in acute leukaemia.
Scand J Haematol 34:326-331. doi:10.1111/j.1600-0609.1985.
tb00757.x

Campanella L, Martini E, Pintore M, Tomassetti M (2009)
Determination of lactoferrin and immunoglobulin G in animal
milks by New immunosensors. Sensors (Peterboroug) 9:2202—
2221. doi:10.3390/s90302202

Tomassetti M, Martini E, Campanella L et al (2013) Lactoferrin
determination using flow or batch immunosensor surface plasmon
resonance: comparison with amperometric and screen-printed
immunosensor methods. Sensors Actuators B Chem 179:215-225.
doi:10.1016/j.snb.2012.09.096

Chen H, Jiang C, Yu C et al (2009) Protein chips and nanomaterials
for application in tumor marker immunoassays. Biosens Bioelectron
24:3399-3411. doi:10.1016/j.bi0s.2009.03.020

D’Orazio P (2011) Biosensors in clinical chemistry — 2011 update.
Clin Chim Acta 412:1749-1761. doi:10.1016/j.cca.2011.06.025
Aizawa M, Morioka A, Suzuki S, Nagamura Y (1979) Enzyme
immunosenser: Ill. Amperometric determination of human
cherienic gonadotropin by membrane-bound antibody. Anal
Biochem 94:22-28. doi:10.1016/0003-2697(79)90784-X

Lin J, Ju H (2005) Electrochemical and chemiluminescent
immunosensors for tumor markers. Biosens Bioelectron 20:1461-1470
Wang J (2006) Electrochemical biosensors: towards point-of-care
cancer diagnostics. Biosens Bioelectron 21:1887-1892

Wan Y, Deng W, Su Y et al (2011) Carbon nanotube-based ultra-
sensitive multiplexing electrochemical immunosensor for cancer
biomarkers. Biosens Bioelectron 30:93-99. doi:10.1016/j.bios.
2011.08.033

Elshafey R, Tlili C, Abulrob A et al (2013) Label-free impedimetric
immunosensor for ultrasensitive detection of cancer marker Murine
double minute 2 in brain tissue. Biosens Bioelectron 39:220-225.
doi:10.1016/j.bi0s.2012.07.049

Holford TRJ, Holmes JL, Collyer SD et al (2013) Label-free
impedimetric immunosensors for psoriasin—increased reproducibil-
ity and sensitivity using an automated dispensing system. Biosens
Bioelectron 44:198-203. doi:10.1016/j.bios.2012.11.042

Wu Y, Xue P, Hui KM, Kang Y (2013) A paper-based microfluidic
electrochemical immunodevice integrated with amplification-by-
polymerization for the ultrasensitive multiplexed detection of cancer
biomarkers. Biosens Bioelectron. doi:10.1016/j.bios.2013.08.
039

Truong LTN, Chikae M, Ukita Y, Takamura Y (2011) Labelless
impedance immunosensor based on polypyrrole — pyrolecarboxylic
acid copolymer for hCG detection. Talanta 85:2576-2580. doi:10.
1016/j.talanta.2011.08.018

Yan M, Zang D, Ge S et al (2012) A disposable electrochemical
immunosensor based on carbon screen-printed electrodes for the
detection of prostate specific antigen. Biosens Bioelectron 38:355—
361. doi:10.1016/1.bi0s.2012.06.019

Escamilla-Gomez V, Hernandez-Santos D, Gonzalez-Garcia MB
et al (2009) Simultaneous detection of free and total prostate specific
antigen on a screen-printed electrochemical dual sensor. Biosens
Bioelectron 24:2678-2683

Lin C-C, Chen L-C, Huang C-H et al (2008) Development of the
multi-functionalized gold nanoparticles with electrochemical-based
immunoassay for protein A detection. J Electroanal Chem 619—620:
39-45. doi:10.1016/j.jelechem.2008.03.014

Faraggi D, Kramar A (2000) Methodological issues associated with
tumor marker development: biostatistical aspects. Urol Oncol
Semin Orig Investig 5:211-213. doi:10.1016/S1078-1439(00)
00075-2

Ho JA, Lin Y-C, Wang L-S et al (2009) Carbon nanoparticle-
enhanced immunoelectrochemical detection for protein tumor
marker with cadmium sulfide biotracers. Anal Chem 81:1340—
1346. doi:10.1021/ac801832h

@ Springer



888 Z. Taleat et al.
102. Viswanathan S, Rani C, Vijay Anand A, Ho J-AA (2009) 119. Willner I, Baron R, Willner B (2007) Integrated nanoparticle—bio-
Disposable electrochemical immunosensor for carcinoembryonic molecule systems for biosensing and bioelectronics. Biosens
antigen using ferrocene liposomes and MWCNT screen-printed Bioelectron 22:1841-1852. doi:10.1016/).bi0s.2006.09.018
electrode. Biosens Bioelectron 24:1984-1989 120. Mendes RK, Laschi S, Stach-Machado DR et al (2012) A dispos-
103. Lai G, Wu J, Ju H, Yan F (2011) Streptavidin-functionalized silver- able voltammetric immunosensor based on magnetic beads for early
nanoparticle-enriched carbon nanotube tag for ultrasensitive diagnosis of soybean rust. Sensors Actuators B Chem 166-167:
multiplexed detection of tumor markers. Adv Funct Mater 21: 135-140. doi:10.1016/j.snb.2012.02.004
2938-2943. doi:10.1002/adfm.201100396 121. Mendes RK, Carvalhal RF, Stach-Machado DR, Kubota LT (2009)
104. Taleat Z, Ravalli A, Mazloum-Ardakani M, Marrazza G (2013) CA Surface plasmon resonance immunosensor for early diagnosis of
125 immunosensor based on poly-anthranilic acid modified screen- Asian rust on soybean leaves. Biosens Bioelectron 24:2483-2487
printed electrodes. Electroanalysis 25:269-277. doi:10.1002/elan. 122. Wei W, Zong X, Wang X et al (2012) A disposable amperometric
201200425 immunosensor for chlorpyrifos-methyl based on immunogen / plat-
105. Kumar D, Prasad BB (2012) Multiwalled carbon nanotubes embed- inum doped silica sol — gel film modified screen-printed carbon
ded molecularly imprinted polymer-modified screen printed carbon electrode. Food Chem 135:888-892. doi:10.1016/j.foodchem.2012.
electrode for the quantitative analysis of C-reactive protein. Sensors 06.037
Actuators B Chem 171-172:1141-1150. doi:10.1016/j.snb.2012. 123. Laschi S, Bulukin E, Palchetti I et al (2008) Disposable electrodes
06.053 modified with multi-wall carbon nanotubes for biosensor applica-
106. Esteban-Ferndndez de Avila B, Escamilla-Gémez V, Campuzano S tions. Irbm 29:202-207. doi:10.1016/j.rbmret.2007.11.002
et al (2013) Ultrasensitive amperometric magnetoimmunosensor for 124. Dias ACMS, Gomes-Filho LR, Silva MS, Dutra RF (2013) A
human C-reactive protein quantification in serum. Sensors sensor tip based on carbon nanotube-ink printed electrode for the
Actuators B Chem 188:212-220. doi:10.1016/j.snb.2013.07.026 dengue virus NS1 protein. Biosens Bioelectron 44:216-221. doi:10.
107. Hasanzadeh M, Shadjou N, Eskandani M et al (2013) 1016/j.bi0s.2012.12.033
Electrochemical nano-immunosensing of effective cardiac bio- 125. Ning GAN, Nai-Xing LUO, Tian-Hua LI et al (2010) A non-
markers for acute myocardial infarction. TrAC Trends Anal enzyme amperometric immunosensor for rapid determination of
Chem 49:20-30. doi:10.1016/j.trac.2013.04.009 human immunodeficiency virus p24 based on magnetism controlled
108. Silva BVM, Cavalcanti IT, Mattos AB et al (2010) Disposable carbon nanotubes modified printed electrode. Chin J Anal Chem 38:
immunosensor for human cardiac troponin T based on streptavidin- 1556-1562. doi:10.1016/S1872-2040(09)60076-1
microsphere modified screen-printed electrode. Biosens Bioelectron 126. Fernandez-Baldo MA, Messina GA, Sanz MI, Raba J (2009) Screen-
26:1062—1067. doi:10.1016/1.bios.2010.08.051 printed immunosensor modified with carbon nanotubes in a
109. Bhalla V, Carrara S, Sharma P et al (2012) Gold nanoparticles continuous-flow system for the Botrytis cinerea determination in
mediated label-free capacitance detection of cardiac troponin I. apple tissues. Talanta 79:681-686. doi:10.1016/j.talanta.2009.04.059
Sensors Actuators B Chem 161:761-768. doi:10.1016/j.snb.2011. 127. Neves MMPS, Gonzalez-Garcia MB, Nouws HPA, Costa-Garcia A
11.029 (2011) Celiac disease detection using a transglutaminase electro-
110. Moreira FTC, Dutra RAF (2012) Surface imprinting approach on chemical immunosensor fabricated on nanohybrid screen-printed
screen printed electrodes coated with carboxylated PVC for myo- carbon electrodes. Biosens Bioelectron 31:95-100. doi:10.1016/].
globin detection with electrochemical transduction. Procedia Eng bi0s.2011.09.044
47:865-868. doi:10.1016/j.proeng.2012.09.284 128. Wang J, Chen Q (1994) Enzyme microelectrode array strips for
111. Moreira FTC, Dutra RAF, Noronha JPC et al (2013) Novel biosens- glucose and lactate. Anal Chem 66:1007-1011. doi:10.1021/
ing device for point-of-care applications with plastic antibodies ac00079a013
grown on Au-screen printed electrodes. Sensors Actuators B 129. Sato N, Okuma H (2008) Development of single-wall carbon nano-
Chem 182:733-740. doi:10.1016/j.snb.2013.03.099 tubes modified screen-printed electrode using a ferrocene-modified
112. Moreira FTC, Dutra RAF, Noronha JPC, Sales MGF (2013) cationic surfactant for amperometric glucose biosensor applications.
Electrochemical biosensor based on biomimetic material for myo- Sensors Actuators B Chem 129:188-194. doi:10.1016/j.snb.2007.
globin detection. Electrochim Acta 107:481-487. doi:10.1016/j. 07.095
electacta.2013.06.061 130. Liu J, Sun S, Liu C, Wei S (2011) An amperometric glucose
113. Moreira FTC, Sharma S, Dutra RAF et al (2013) Smart plastic biosensor based on a screen-printed electrode and Os-complex
antibody material (SPAM) tailored on disposable screen printed elec- mediator for flow injection analysis. Measurement 44:1878—1883.
trodes for protein recognition: application to myoglobin detection. doi:10.1016/j.measurement.2011.09.001
Biosens Bioelectron 45:237-244. doi:10.1016/j.bios.2013.02.012 131. Pemberton RM, Xu J, Pittson R et al (2011) A screen-printed
114. Gamella M, Campuzano S, Conzuelo F et al (2012) Amperometric microband glucose biosensor system for real-time monitoring of
magnetoimmunosensors for direct determination of D-dimer in toxicity in cell culture. Biosens Bioelectron 26:2448-2453. doi:10.
human serum. Electroanalysis 24:2235-2243 1016/j.b10s.2010.10.030
115. Eissa S, Tlili C, L’Hocine L, Zourob M (2012) Electrochemical 132. Gao Q, Guo Y, Liu J et al (2011) Short communication A biosensor
immunosensor for the milk allergen (-lactoglobulin based on prepared by co-entrapment of a glucose oxidase and a carbon
electrografting of organic film on graphene modified screen- nanotube within an electrochemically deposited redox polymer
printed carbon electrodes. Biosens Bioelectron 38(1):308-313 multilayer. Bioelectrochemistry 81:109—113. doi:10.1016/j.
116. Kergaravat SV, Beltramino L, Garnero N et al (2013) bioelechem.2011.04.003
Electrochemical magneto immunosensor for the detection of anti- 133. Gao Q, Guo Y, Zhang W et al (2011) An amperometric glucose
TG2 antibody in celiac disease. Biosens Bioelectron 48:203-209. biosensor based on layer-by-layer GOx-SWCNT conjugate/redox
doi:10.1016/1.bios.2013.04.012 polymer multilayer on a screen-printed carbon electrode. Sensors
117. Sharma P, Tuteja SK, Bhalla V et al (2013) Bio-functionalized Actuators B Chem 153:219-225. doi:10.1016/j.snb.2010.10.034
graphene—graphene oxide nanocomposite based electrochemical 134. Laschi S, Bulukin E, Palchetti I et al (2008) Disposable electrodes

118.

immunosensing. Biosens Bioelectron 39:99-105. doi:10.1016/j.
bi0s.2012.06.061

Marquette CA, Blum LJ (2006) State of the art and recent advances
in immunoanalytical systems. Biosens Bioelectron 21:1424-1433

@ Springer

modified with multi-wall carbon nanotubes for biosensor applica-
tions Electrodes jetables modifi¢es avec nanotubes de carbone pour
le développement de biocapteurs. IRBM 29:202-207. doi:10.1016/
j.rbmret.2007.11.002



Screen-printed electrodes for biosensing: a review (2008-2013)

889

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Niu X, Chen C, Zhao H et al (2012) Novel snowflake-like Pt — Pd
bimetallic clusters on screen-printed gold nanofilm electrode for H 2
O 2 and glucose sensing. Biosens Bioelectron 36:262-266. doi:10.
1016/j.bi0s.2012.03.030

Pchelintsev NA, Vakurov A, Millner PA (2009) Simultaneous de-
position of Prussian blue and creation of an electrostatic surface for
rapid biosensor construction. Sensors Actuators B Chem 138:461—
466. doi:10.1016/j.snb.2009.02.039

Chen P, Peng Y, Hao Y et al (2013) A high selective disposable
biosensor based on screen-printed technique with two working
electrodes for eliminating interference signals. Sensors Actuators
B Chem 183:589-593. doi:10.1016/j.snb.2013.04.039

Piano M, Serban S, Biddle N et al (2010) A flow injection system,
comprising a biosensor based on a screen-printed carbon electrode
containing Meldola * s Blue — Reinecke salt coated with glucose
dehydrogenase, for the measurement of glucose. Anal Biochem
396:269-274. doi:10.1016/j.ab.2009.09.028

Nadeem M, Safina G, Ludwig R, Gorton L (2012) Characteristics of
third-generation glucose biosensors based on Corynascus
thermophilus cellobiose dehydrogenase immobilized on commer-
cially available screen-printed electrodes working under physiolog-
ical conditions. Anal Biochem 425:36-42. doi:10.1016/j.ab.2012.
02.026

Zuo S, Teng Y, Yuan H, Lan M (2008) Direct electrochemistry of
glucose oxidase on screen-printed electrodes through one-step en-
zyme immobilization process with silica sol — gel/polyvinyl alcohol
hybrid film. Sensors Actuators B Chem 133:555-560. doi:10.1016/
j.snb.2008.03.024

Yang T-H, Hung C-L, Ke J-H, Zen J-M (2008) An electrochemi-
cally preanodized screen-printed carbon electrode for achieving
direct electron transfer to glucose oxidase. Electrochem Commun
10:1094-1097. doi:10.1016/j.elecom.2008.05.020

Wisitsoraat A, Pakapongpan S, Sriprachuabwong C et al (2013)
Graphene-PEDOT:PSS on screen printed carbon electrode for en-
zymatic biosensing. J Electroanal Chem 704:208-213. doi:10.1016/
jJjelechem.2013.07.012

Wang L, Wang E (2004) A novel hydrogen peroxide sensor based
on horseradish peroxidase immobilized on colloidal Au modified
ITO electrode. Electrochem commun 6:225-229. doi:10.1016/].
elecom.2003.12.004

Ping J, Wang Y, Fan K et al (2011) Direct electrochemical reduction
of graphene oxide on ionic liquid doped screen-printed electrode
and its electrochemical biosensing application. Biosens Bioelectron
28:204-209

Sassolas A, Blum LJ, Leca-Bouvier BD (2009) Polymeric luminol
on pre-treated screen-printed electrodes for the design of performant
reagentless (bio) sensors. Sensors Actuators B Chem 139:214-221.
doi:10.1016/j.snb.2009.01.020

Teng YJ, Zuo SH, Lan MB (2009) Direct electron transfer of
Horseradish peroxidase on porous structure of screen-printed elec-
trode. Biosens Bioelectron 24:1353-1357

Teng Y, Wu X, Zhou Q et al (2009) Direct electron transfer of
myoglobin in mesoporous silica KIT-6 modified on screen-printed
electrode. Sensors Actuators B Chem 142:267-272. doi:10.1016/].
snb.2009.08.013

Xin 'Y, Fu-Bing X, Hong-Wei L et al (2013) A novel H202 biosen-
sor based on Fe304—Au magnetic nanoparticles coated horseradish
peroxidase and graphene sheets—Nafion film modified screen-
printed carbon electrode. Electrochim Acta 109:750-755. doi:10.
1016/j.electacta.2013.08.011

Asturias-Arribas L, Alonso-Lomillo MA, Dominguez-Renedo O,
Arcos-Martinez MJ (2013) Screen-printed biosensor based on the
inhibition of the acetylcholinesterase activity for the determination
of codeine. Talanta 111:8-12. doi:10.1016/j.talanta.2013.03.042
Honeychurch KC, Crew A, Northall H et al (2013) The redox
behaviour of diazepam (Valium®) using a disposable screen-

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

printed sensor and its determination in drinks using a novel adsorp-
tive stripping voltammetric assay. Talanta 116:300-307. doi:10.
1016/j.talanta.2013.05.017

Alonso-Lomillo MA, Dominguez-Renedo O, Matos P, Arcos-
Martinez MJ (2009) Electrochemical determination of levetirace-
tam by screen-printed based biosensors. Bioelectrochemistry 74:
306-309. doi:10.1016/j.bioelechem.2008.11.003

Bergamini MF, Santos DP, Valnice M, Zanoni B (2013)
Electrochemical behavior and voltammetric determination of
pyrazinamide using a poly-histidine modified electrode. J
Electroanal Chem 690:47-52. doi:10.1016/j.jelechem.2012.11.032
Bergamini MF, Santos DP, Zanoni MVB (2010) Determination of
isoniazid in human urine using screen-printed carbon electrode
modified with poly-L-histidine. Bioelectrochem Amsterdam
Netherlands 77:133-138

Roberto P, Oliveira D, Mohallem M et al (2012) Flow injection
amperometric determination of isoniazid using a screen-printed
carbon electrode modified with silver hexacyanoferrates nanoparti-
cles. Sensors Actuators B Chem 171-172:795-802. doi:10.1016/].
snb.2012.05.073

Caetano FR, Gevaerd A, Castro EG et al (2012) Electroanalytical
application of a screen-printed electrode modified by dodecanethiol-
stabilized platinum nanoparticles for dapsone determination.
Electrochim Acta 66:265-270. doi:10.1016/j.electacta.2012.01.100
Wu S-H, Nie F-H, Chen Q-Z, Sun J-J (2011) Highly sensitive
detection of silybin based on adsorptive stripping analysis at
single-sided heated screen-printed carbon electrodes modified with
multi-walled carbon nanotubes with direct current heating. Anal
Chim Acta 687:43-49

Radi A, Khafagy A, El-shobaky A, El-Mezayen H (2013) Anodic
Voltammetric determination of gemifloxacin using screen-printed
carbon electrode. J Pharm Anal 1-5. doi:10.1016/j.jpha.2012.10.005
Zhang H, Liu G, Chai C (2012) A novel amperometric sensor based
on screen-printed electrode modified with multi-walled carbon
nanotubes and molecularly imprinted membrane for rapid determi-
nation of ractopamine in pig urine. Sensors Actuators B Chem 168:
103-110. doi:10.1016/j.snb.2012.03.032

Bodoki E, Laschi S, Palchetti [, Mascini M (2008) Electrochemical
behavior of colchicine using graphite-based screen-printed elec-
trodes. Talanta 76:288-294. doi:10.1016/j.talanta.2008.02.048
Komorsky-Lovri¢ S, Gali¢ I, Penovski R (1999) Voltammetric
determination of cocaine microparticles. Electroanalysis 11:120—
123. doi:10.1002/(SICI)1521-4109(199902)11:2<120::AID-
ELAN120>3.0.CO;2-R

Asturias-Arribas L, Alonso-Lomillo MA, Dominguez-Renedo O,
Arcos-Martinez MJ (2011) CYP450 biosensors based on screen-
printed carbon electrodes for the determination of cocaine. Anal
Chim Acta 685:15-20. doi:10.1016/j.aca.2010.11.006
Asturias-Arribas L, Alonso-Lomillo MA, Dominguez-Renedo O,
Arcos-Martinez MJ (2013) Electrochemical determination of co-
caine using screen-printed cytochrome P450 2B4 based biosensors.
Talanta 105:131-134. doi:10.1016/j.talanta.2012.11.078

Rafiee B, Fakhari AR (2013) Electrocatalytic oxidation and deter-
mination of insulin at nickel oxide nanoparticles-multiwalled carbon
nanotube modified screen printed electrode. Biosens Bioelectron
46:130-135. doi:10.1016/j.bi0s.2013.01.037

Arvinte A, Westermann AC, Sesay AM, Virtanen V (2010)
Electrocatalytic oxidation and determination of insulin at CNT-
nickel-cobalt oxide modified electrode. Sensors Actuators B
Chem 150:756-763. doi:10.1016/j.snb.2010.08.004
Mazloum-Ardakani M, Beitollahi H, Amini MK et al (2011) A
highly sensitive nanostructure-based electrochemical sensor for
electrocatalytic determination of norepinephrine in the presence of
acetaminophen and tryptophan. Biosens Bioelectron 26:2102-2106
Damier P, Hirsch EC, Agid Y, Graybiel AM (1999) The substantia
nigra of the human brain I. Nigrosomes and the nigral matrix, a

@ Springer



890

Z. Taleat et al.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

compartmental organization based on calbindin D 28K immunohis-
tochemistry. Brain 122:1421-1436

Yixin S, Fu Wang S (2006) Simultaneous determination of dopa-
mine and ascorbic acid at a triazole self-assembled monolayer-
modified gold electrode. Microchim Acta 154:115-121. doi:10.
1007/s00604-006-0485-1

Mazloum-Ardakani M, Taleat Z, Beitollahi H, Naeimi H (2010)
Electrocatalytic oxidation of dopamine on 2,2'-[3,6-dioxa-1,8-
octanediylbis(nitriloethylidyne)]-bis-hydroquinone modified car-
bon paste electrode. Anal Methods 2:149. doi:10.1039/b9ay00217k
Mazloum-Ardakani M, Beitollahi H, Amini MK et al (2010) New
strategy for simultaneous and selective voltammetric determination
of norepinephrine, acetaminophen and folic acid using ZrO(2)
nanoparticles-modified carbon paste electrode. Sensors Actuators
B Chem 151:243-249. doi:10.1016/j.snb.2010.09.011

LiY, Zhang L, Li M et al (2012) A disposable biosensor based on
immobilization of laccase with silica spheres on the MWCNTs-
doped screen-printed electrode. Chem Cent J 6:103, 28

Wu 'Y, Dou Z, Liu Y et al (2013) Dopamine sensor development
based on the modification of glassy carbon electrode with [small
beta]-cyclodextrin-poly(N-isopropylacrylamide). RSC Adv 3:
12726-12734. doi:10.1039/C3RA40231B

Moreno M, Sanchez A, Bermejo E et al (2010) Selective detection
of dopamine in the presence of ascorbic acid using carbon nanotube
modified screen-printed electrodes. Talanta 80:2149-2156. doi:10.
1016/j.talanta.2009.11.022

Alarcon-Angeles G, Guix M, Silva WC et al (2010) Enzyme en-
trapment by 3-cyclodextrin electropolymerization onto a carbon
nanotubes-modified screen-printed electrode. Biosens Bioelectron
26:1768-1773

Chang J, Wei G, Zen J (2011) Screen-printed ionic liquid /
preanodized carbon electrode: effective detection of dopamine in
the presence of high concentration of ascorbic acidn of ascorbic
acid. Electrochem Commun 13:174-177. doi:10.1016/j.elecom.
2010.12.006

Dai M, Haselwood B, Vogt BD, La Belle JT (2013) Amperometric
sensing of norepinephrine at picomolar concentrations using screen
printed, high surface area mesoporous carbon. Anal Chim Acta 788:
32-38. doi:10.1016/j.aca.2013.06.019

Liu M, Xiang J, Zhou J, Ding H (2010) A disposable amperometric
sensor for rapid detection of serotonin in the blood and brain of the
depressed mice based on nafion membrane-coated colloidal gold
screen-printed electrode. J Electroanal Chem 640:1-7. doi:10.1016/
jJjelechem.2009.12.020

Ambrosi A, Morrin A, Smyth MR, Killard AJ (2008) The applica-
tion of conducting polymer nanoparticle electrodes to the sensing of
ascorbic acid. Anal Chim Acta 609:37-43

Ping J, Wu J, Ying Y (2010) Development of an ionic liquid
modified screen-printed graphite electrode and its sensing in deter-
mination of dopamine. Electrochem Commun 12:1738-1741. doi:
10.1016/j.elecom.2010.10.010

Salimi AS, Alizadeh V, Compton RGC (2005) Disposable ampero-
metric sensor for neurotransmitters based on screen-printed electrodes
modified with a thin iridium oxide film. Anal Sci 21:1275-1280
Ping J, Wu J, Wang Y, Ying Y (2012) Simultaneous determination
of ascorbic acid, dopamine and uric acid using high-performance
screen-printed graphene electrode. Biosens Bioelectron 34:70-76.
doi:10.1016/j.bi0s.2012.01.016

Huang S-H, Liao H-H, Chen D-H (2010) Simultaneous determina-
tion of norepinephrine, uric acid, and ascorbic acid at a screen
printed carbon electrode modified with polyacrylic acid-coated
multi-wall carbon nanotubes. Biosens Bioelectron 25:2351-2355
Li Y, Umasankar Y, Chen S-M (2009) Multiwalled carbon nano-
tubes with poly(NDGAChi) biocomposite film for the
electrocatalysis of epinephrine and norepinephrine. Anal Biochem
388:288-295. doi:10.1016/j.ab.2009.02.032

@ Springer

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Piermarini S, Migliorelli D, Volpe G et al (2012) Uricase biosensor
based on a screen-printed electrode modified with Prussian blue for
detection of uric acid in human blood serum. Sensors Actuators B
Chem. doi:10.1016/j.snb.2012.10.090

Kanyong P, Pemberton RM, Jackson SK, Hart JP (2012)
Development of a sandwich format, amperometric screen-printed
uric acid biosensor for urine analysis. Anal Biochem 428:39-43.
doi:10.1016/j.ab.2012.05.027

Ke JH, Tseng HJ, Hsu CT et al (2008) Flow injection analysis of
ascorbic acid based on its thermoelectrochemistry at disposable
screen-printed carbon electrodes. Sensors Actuators B Chem 130:
614-619

Kit-Anan W, Olarnwanich A, Sriprachuabwong C, Karuwan C
(2012) Disposable paper-based electrochemical sensor utilizing
inkjet-printed Polyaniline modified screen-printed carbon electrode
for Ascorbic acid detection. J Electroanal Chem 685:72—-78. doi:10.
1016/j.jelechem.2012.08.039

Kataoka H, Matsumura S, Makita M (1997) Determination of
amino acids in biological fluids by capillary gas chromatography
with nitrogen-phosphorus selective detection. J Pharm Biomed
Anal 15:1271-1279. doi:10.1016/S0731-7085(96)02002-X

Lee M-Y, Peng J, Wu C-C (2013) Geometric effect of copper
nanoparticles electrodeposited on screen-printed carbon electrodes
on the detection of «-, (3- and y-amino acids. Sensors Actuators B
Chem 186:270-277. doi:10.1016/j.snb.2013.06.019

Sehlotho N, Griveau S, Ruille N et al (2008) Electro-catalyzed
oxidation of reduced glutathione and 2-mercaptoethanol by cobalt
phthalocyanine-containing screen printed graphite electrodes. Mater
Sci Eng C 28:606-612. doi:10.1016/j.Msec.2007.10.054

Su W-Y, Cheng S-H (2008) Electrocatalysis and sensitive determi-
nation of cysteine at poly(3,4-ethylenedioxythiophene)-modified
screen-printed electrodes. Electrochem commun 10:899-902. doi:
10.1016/j.elecom.2008.04.013

Liao C-Y, Zen J-M (2008) Development of a method for total
plasma thiols measurement using a disposable screen-printed car-
bon electrode coupled with a MnO2 reactor. Sensors Actuators B
Chem 129:896-902. doi:10.1016/j.snb.2007.10.004
Gomez-Mingot M, Iniesta J, Montiel Vetal (2011) Direct oxidation
of methionine at screen printed graphite macroelectrodes: towards
rapid sensing platforms. Sensors Actuators B Chem 155:831-836.
doi:10.1016/j.snb.2011.01.056

Gurban A, Noguer T, Bala C, Rotariu L (2008) Improvement of
NADH detection using Prussian blue modified screen-printed elec-
trodes and different strategies of immobilisation. Sens Actuators B
128:536-544. doi:10.1016/1.snb.2007.07.067

Douméche B, Blum LJ (2010) NADH oxidation on screen-printed
electrode modified with a new phenothiazine diazonium salt.
Electrochem Commun 12:1398-1402. doi:10.1016/j.elecom.2010.
07.031

Serafin V, Agiii L, Pingarron JM (2011) A novel hybrid platform for
the preparation of disposable enzyme biosensors based on poly (3,
4-ethylenedioxythiophene ) electrodeposition in an ionic liquid
medium onto gold nanoparticles-modified screen-printed elec-
trodes. J Electroanal Chem 656:152—158. doi:10.1016/j.jelechem.
2010.11.038

Garcia G, Reviejo AJ, Biscay J et al (2012) Amperometric fructose
sensor based on ferrocyanide modified screen-printed carbon elec-
trode. Talanta 88:432—438. doi:10.1016/j.talanta.2011.11.013
Kanyong P, Pemberton RM, Jackson SK, Hart JP (2013)
Development of an amperometric screen-printed galactose biosen-
sor for serum analysis. Anal Biochem 435:114-119. doi:10.1016/j.
ab.2013.01.006

Trashin SA, Haltrich D, Ludwig R et al (2009) Improvement of
direct bioelectrocatalysis by cellobiose dehydrogenase on screen
printed graphite electrodes using polyaniline modification.
Bioelectrochem Amsterdam Netherlands 76:87-92



Screen-printed electrodes for biosensing: a review (2008-2013)

891

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

Safina G, Ludwig R, Gorton L (2010) A simple and sensitive
method for lactose detection based on direct electron transfer be-
tween immobilised cellobiose dehydrogenase and screen-printed
carbon electrodes. Electrochim Acta 55:7690-7695. doi:10.1016/j.
electacta.2009.10.052

Rawson FJ, Purcell WM, Xu J et al (2009) A microband lactate
biosensor fabricated using a water-based screen-printed carbon ink.
Talanta 77:1149—-1154. doi:10.1016/j.talanta.2008.08.020

Hirst NA, Hazelwood LD, Jayne DG, Millner PA (2013) An am-
perometric lactate biosensor using H202 reduction via a Prussian
Blue impregnated poly(ethyleneimine) surface on screen printed
carbon electrodes to detect anastomotic leak and sepsis. Sensors
Actuators B Chem 186:674—680. doi:10.1016/j.snb.2013.06.090
Alonso-Lomillo MA, Dominguez-Renedo O, Roman LT, Arcos-
Martinez MJ (2011) Horseradish peroxidase-screen printed biosen-
sors for determination of Ochratoxin A. Anal Chim Acta 688:49—
53. doi:10.1016/j.aca.2011.01.003

Alonso-Lomillo MA, Dominguez-Renedo O (2010) Sensitive
enzyme-biosensor based on screen-printed electrodes for
Ochratoxin A. Biosens Bioelectron 25:1333—1337. doi:10.1016/j.
bi0s.2009.10.024

Carrara S, Shumyantseva VV, Archakov Al, Samor B (2008)
Screen-printed electrodes based on carbon nanotubes and cyto-
chrome P450scc for highly sensitive cholesterol, biosensors.
Biosens Bioelectron 24:148-150

Zhen S, Wang Y, Liu C et al (2011) A novel microassay for
measuring blood alcohol concentration using a disposable biosensor
strip. Forensic Sci Int 207:177-182. doi:10.1016/j.forsciint.2010.
10.002

Conzuelo F, Campuzano S, Gamella M et al (2013) Integrated
disposable electrochemical immunosensors for the simultaneous
determination of sulfonamide and tetracycline antibiotics residues
in milk. Biosens Bioelectron 50C:100-105. doi:10.1016/j.bios.
2013.06.019

Phongphut A, Sriprachuabwong C, Wisitsoraat A, Tuantranont A
(2013) A disposable amperometric biosensor based on inkjet-
printed Au / PEDOT-PSS nanocomposite for triglyceride determi-
nation. Sensors Actuators B Chem 178:501-507. doi:10.1016/j.snb.
2013.01.012

Calvo-Pérez A, Dominguez-Renedo O, Alonso-Lomillo MA,
Arcos-Martinez MJ (2013) Disposable amperometric biosensor
for the determination of tyramine using plasma amino oxidase.
Microchim Acta 180:253-259. doi:10.1007/s00604-012-0926-y
Antonelli ML, Arduini F, Lagana A et al (2009) Construction,
assembling and application of a trehalase — GOD enzyme electrode,
system. Biosens Bioelectron 24:1382—-1388

Roman LT (2013) Gluconic acid determination in wine by electro-
chemical biosensing. Sensors Actuators B Chem 176:858-862. doi:
10.1016/j.snb.2012.10.053

Banerjee S, Sarkar P, Turner APF (2013) Amperometric biosensor
based on Prussian Blue nanoparticle-modified screen-printed elec-
trode for estimation of glucose-6-phosphate. Anal Biochem 439:
194-200. doi:10.1016/j.ab.2013.04.025

Istamboulie G, Sikora T, Jubete E et al (2010) Screen-printed poly
(3, 4-ethylenedioxythiophene) (PEDOT): a new electrochemical
mediator for acetylcholinesterase-based biosensors. Talanta 82:
957-961. doi:10.1016/j.talanta.2010.05.070

Ben N, Bakas I, Istambouli¢ G et al (2013) Solegel immobilization
of acetylcholinesterase for the determination of organophosphate

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

pesticides in olive oil with biosensors. Food Control 30:657-661.
doi:10.1016/j.foodcont.2012.09.005

Arduini F, Guidone S, Amine A et al (2013) Acetylcholinesterase
biosensor based on self-assembled monolayer-modified gold-screen
printed electrodes for organophosphorus insecticide detection.
Sensors Actuators B Chem 179:201-208. doi:10.1016/j.snb.2012.
10.016

Alonso-Lomillo MA, Yardimci C, Dominguez-Renedo O, Arcos-
Martinez MJ (2009) CYP450 2B4 covalently attached to carbon and
gold screen printed electrodes by diazonium salt and thiols mono-
layers. Anal Chim Acta 633:51-56. doi:10.1016/j.aca.2008.11.033
Gilbert L, Jenkins ATA, Browning S, Hart JP (2009) Development
of an amperometric assay for phosphate ions in urine based on a
chemically modified screen-printed carbon electrode. Anal
Biochem 393:242-247. doi:10.1016/j.ab.2009.06.038

Gilbert L, Browning S, Jenkins ATA, Hart JP (2010) Studies to-
wards an amperometric phosphate ion biosensor for urine and water,
analysis. Microchim Acta 170(3—4):331-336

Gilbert L, Jenkins ATA, Browning S, Hart JP (2011) Development
of an amperometric, screen-printed, single-enzyme phosphate ion
biosensor and its application to the analysis of biomedical and
environmental samples. Sensors Actuators B Chem 160:1322—1327
Mata D, Bejarano D, Botero ML et al (2010) Screen-printed inte-
grated microsystem for the electrochemical detection of pathogens.
Electrochim Acta 55:4261-4266. doi:10.1016/j.electacta.2009.03.
001

Queirds RB, Guedes A, Marques PVS et al (2012) Recycling old
screen-printed electrodes with newly designed plastic antibodies on
the wall of carbon nanotubes as sensory element for in situ detection
of bacterial toxins in water. Sensors Actuators B Chem. doi:10.
1016/j.snb.2012.11.112

Miao P, Han K, Qi J et al (2013) Electrochemical investigation of
endotoxin induced limulus amebocyte lysate gel-clot process.
Electrochem Commun 26:29-32. doi:10.1016/j.elecom.2012.10.
002

Dontsova EA, Zeifman YS, Budashov IA et al (2011) Screen-
printed carbon electrode for choline based on MnO 2 nanoparticles
and choline oxidase / polyelectrolyte layers. Sensors Actuators B
Chem 159:261-270. doi:10.1016/j.snb.2011.07.001

Muiioz-Berbel X, Rouillon R, Calas-Blanchard C, Marty J (2009)
Development of a cytochrome c-based screen-printed biosensor for
the determination of the antioxidant capacity of orange juices.
Bioelectrochemistry 76:76—80. doi:10.1016/j.bioelechem.2009.04.
004

Pini R, Garabini A, Andrade DF et al (2013) A new voltammetric
method for the simultaneous determination of the antioxidants
TBHQ and BHA in biodiesel using multi-walled carbon nanotube
screen-printed electrodes. Fuel 105:306-313. doi:10.1016/j.fuel.
2012.06.062

Messina A, Bianchi G, Olsina RA et al (2009) Determination of
arylsulphatase and phosphatase enzyme activities in soil using
screen-printed electrodes modified with multi-walled carbon nano-
tubes. Soil Biol Biochem 41:2444-2452. doi:10.1016/j.soilbio.
2009.08.024

Rodriguez-Méndez ML, Gay M, Apetrei C, De Saja JA (2009)
Biogenic amines and fish freshness assessment using a multisensor
system based on voltammetric electrodes. Comparison between
CPE and screen-printed electrodes. Electrochim Acta 54:7033—
7041. doi:10.1016/j.electacta.2009.07.024

@ Springer



	Screen-printed electrodes for biosensing: a review (2008–2013)
	Abstract
	Introduction
	DNA sensors
	Detection of DNA hybridization
	Nanomaterials modified SPEs
	Ionic liquid modified SPEs
	Detection of DNA damage

	Aptasensors
	Thrombin-aptasensors
	OTA-aptasensors
	Immunoglobulin-aptasensors
	Cancer biomarkers-aptasensors

	Immunosensors
	Microorganisms
	Immunoglobulin
	Toxins
	Hormones
	Lactoferrin
	(Cancer) biomarkers
	Human chorionic gonadotropin (hCG)
	Prostate specific antigen (PSA)
	Carcinoembryonic antigen (CEA)
	Cancer antigen 125 (CA 125)
	C-reactive protein (CRP)
	Cardiac troponins (I and T)
	Myoglobin (Myo)

	Other biomolecules and proteins

	Biosensors
	Glucose
	Hydrogen peroxide
	Pharmaceuticals
	Neurotransmitters/Neurochemicals
	Amino acids
	NADH
	Enzyme based sensors
	Other biomolecules

	Conclusion
	References


