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ABSTRACT: The development of electrochemical strips, as extremely
powerful diagnostic tools, has received much attention in the field of sensor
analysis and, in particular, the detection of nucleic acids in complex matrixes is a
hot topic in the electroanalytical area, especially when directed toward the
development of emerging technologies, for the purpose of facilitating personal
healthcare. One of the major diseases for which early diagnosis is crucial is
represented by Alzheimer’s disease (AD). AD is a progressive neurodegenerative
disease, and it is the most common cause of dementia worldwide. In this context
microRNAs (miRNAs), which are small noncoding RNAs, have recently been
highlighted for their promising role as biomarkers for early diagnosis. In
particular, miRNA-29 represents a class of miRNAs known to regulate
pathogenesis of AD. In this work we developed an electrochemical printed
strip for the detection of miRNA-29a at low levels. The architecture was
characterized by the presence of gold nanoparticles (AuNPs) and an anti-
miRNA-29a probe labeled with a redox mediator. The novel analytical tool has been characterized with microscale thermophoresis
and electrochemical methods, and it has been optimized by selection of the most appropriate probe density to detect low target
concentration. The present tool was capable to detect miRNA-29a both in standard solution and in serum, respectively, down to
0.15 and 0.2 nM. The platform highlighted good repeatability (calculated as the relative standard deviation) of ca. 10% and
satisfactory selectivity in the presence of interfering species. This work has the objective to open a way for the study and possible
early diagnosis of a physically and socially devastating disease such as Alzheimer’s. The results demonstrate the suitability of this
approach in terms of ease of use, time of production, sensitivity, and applicability.

According to the World Health Organization (WHO),
Alzheimer’s disease (AD) is the most common cause of

dementia worldwide. It is a progressive neurodegenerative
disease, characterized by neuronal death, loss of synaptic
function, and atrophy in different brain areas, with loss of
cognitive function and memory.1−4 Although no treatments
that arrest AD are currently available, diagnosis at the
predementia stage would represent a major breakthrough
from therapeutic and prevention standpoints, with the
possibility to reduce the risk of AD by 30%.5 In the
extracellular space, amyloid β (Aβ) tends to deposit in
insoluble fibrillar aggregates, which lead to the formation of the
so-called amyloid plaques, playing a crucial role in initiating the
disease and triggering a complex pathological cascade, which
leads to a reactive inflammatory process that irreversibly
damages neurons.6,7

Two forms of AD have been identified: familial AD, also
known as early-onset AD (EOAD), and sporadic AD,
characterized by late-onset AD (LOAD). About 70% of the
risk of developing FAD may be due to mutations in the APP
and PSEN1 genes.8 However, little is known about the

mechanisms that lead to Aβ accumulation in the vast majority
of sporadic AD cases.9

Although a paradigm shift from major hallmarks (e.g.,
amyloid β plaques, neurofibrillary tangles) to biomarker
detection (e.g., Aβ42, p-tau, t-tau) in cerebrospinal fluid has
been highlighted, an invasive lumbar puncture from the lower
back is needed for sampling.10 Nowadays, AD diagnosis is
usually performed through neurological investigations, by
conducting cognitive tests11 and by imaging techniques,12

mainly magnetic resonance imaging (MRI), positron emission
tomography (PET), and near-infrared (NIR), used to detect
abnormalities in patient brains.13 The analysis of cerebrospinal
fluid (CSF) and blood plasma biomarkers by immunohisto-
chemistry and enzyme linked immunosorbent assay (ELISA)
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have also been used.14 These techniques have great limitations
currently: they are time-consuming, expensive, and invasive
and do not constitute a generalized method for early detection
of AD. There is an urgent need for cheap and minimally
invasive tests to more easily and accurately screen and identify
patients at the earliest AD stages. In particular, access to the
bloodstream opens up a revolutionary chance for the early
diagnosis and surveillance of AD evolution (essential for
personalized medicine) and timely/comprehensive monitoring
of therapy efficacy. Among noninvasive AD biomarkers,
microRNAs (miRNAs) may show a promising potential.
They are found in circulatory biofluids, such as blood, and
their diagnostic properties have been highlighted in several
studies.15 They are also implicated in various neurodegener-
ative diseases such as AD, Huntington’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, and schizophrenia.16 The
fine regulation of genes associated with pathologies through
miRNAs could be an important mechanism to maintain
neuronal homeostasis;17 in particular, several studies show that
the misregulation and alterations of specific miRNAs could
contribute to the etiopathogenesis of AD.18,19 Among these,
miRNA-29a, miRNA-29b, and miRNA-29c are a class of
miRNAs known to regulate brain β-secretase cleaving enzyme
1 (BACE1) expression and the pathogenesis of AD,9,20 and in
particular miRNA-29a seems to exert a “protective” role in
AD.21

It has been reported that, in brains of AD patients, miRNA-
29a decreases, leading to increased BACE1 gene expression.
BACE1 is the rate-limiting enzyme responsible for Aβ
production in the brain, and increased BACE1 expression is
thought to be a risk factor for sporadic AD.22 Many studies
aimed at testing the effect of small molecule inhibitors on
reducing BACE1 activity are ongoing and may show promising
results in view of the discovery of a disease-modulating
treatment;23 our attempt to identify miRNA-29a as a possible
AD biomarker is therefore well supported by the current efforts
of AD research. Additionally, the miRNA-29 family is reported
to regulate DNA methyltransferases 3A and 3B, and this can
cause cell death. Thus, decreasing miRNA-29a in brain would
lead to increased Aβ generation and DNA methylation,
thereby becoming a burden for aged neurons,24 and previous
reports indicate that plasma miRNA-29a levels were
unchanged in AD patients versus controls.25 About the
detection of miRNAs, conventional analysis usually includes
Northern blotting,26 microarrays,27 and quantitative reverse
transcription PCR (RT-qPCR).28,29 However, these techni-
ques are characterized by several time-consuming steps
including isolation of target, gel denaturation, transfer to
solid support for the blotting, and the use of fluorescence
readers and proprietary instruments and software in the case of
microarrays. These approaches are also characterized by
expensive costs of the kits, considering an average cost
between $700 and $1000 (excluding the cost of instruments).
However, Northern blotting is today almost completely
replaced by PCR in targeted assays (i.e., assays aimed at
revealing the expression of specific miRNAs). Microarrays, on
the other hand, remain the gold standard to investigate the
expression pattern of the complete miRNome, requiring PCR
confirmation for selected sequences. The biosensor described
here (possibly adapted to other circulating AD-related
miRNAs) offers the possibility of a rapid and cheap assay,
not involving highly specialized personnel and expensive
instruments as in the RT-qPCR assay. In particular, the

adoption of RT-qPCR is also not suitable for a portable
screening tool, considering RNA is first transcribed into
complementary DNA by reverse transcriptase and the use of
primers and proprietary instruments is necessary for the
quantification.

Due to that, there is a still a need to develop easy-to-use,
low-cost, sensitive methods to facilitate the detection of AD
and that require smaller amounts of sample to minimize the
extraction procedures performed on patients, as in the case of
biosensors. Among the different classes of biosensors, the
electrochemical ones have their main advantages of being
miniaturized and unaffected by colored matrixes (which
represent the first limitation for colorimetric-based meth-
ods).30 Regarding the detection of miRNA sequences, various
electrochemical examples involving different strategies have
been reported in the literature, with application toward various
diseases and conditions, i.e., cancer, osteoporosis, obesity,
infections, etc.31,32 There are a limited number of examples of
the electrochemical sensing of miRNAs implicated in the
pathogenesis of AD, such as miRNA-34a, miRNA-137,
miRNA-146a, and miRNA-101. In the work carried out by
Congur et al.,35 a graphene oxide (GO) based single-use
electrochemical biosensor was developed for the sensitive and
selective impedimetric detection of miRNA-34a as biomarker
of Alzheimer’s disease33 and various types of cancer,34 using a
pencil graphite electrode (PGE) and an miRNA-34a specific
DNA probe as the recognition element. The measurement was
performed through electrochemical impedance spectroscopy
(EIS), obtaining a limit of detection of ca. 70 nM in diluted
serum.35 Another miRNA used as a suitable biomarker for
electrochemical sensing was miRNA-137, detected in the
femtomolar range by Azimzadeh and colleagues.36 They
developed an ultrasensitive electrochemical nanobiosensor to
quantify serum miRNA-137 on a screen-printed carbon
electrode (SPCE) modified with electrochemically reduced
graphene oxide (ERGO) and gold nanowires (AuNWs), using
doxorubicin (Dox) as an intercalated label. The device showed
a limit of detection of 1.7 fM with high specificity toward the
target oligo also in serum samples, revealing potential clinical
applications for the early detection of AD.36 The same miRNA
target was also recently detected by Chang at al. with their
graphene oxide constructed triangular electrodes specific to
detect miRNA-137 using the complementary sequence as the
recognition probe.37 To enhance the immobilization of
capturing miRNA-137, gold nanostars (GNS) were conjugated
with the immobilized capture probe, leading to a 10 fM
detection limit. Song and co-workers developed a multiplat-
form for the determination of multiple Alzheimer’s biomarkers,
including tau, ApoE4, amyloid β, and miRNA-101, exploiting
the advantage of minipillar-based architectures.38 It should be
noted that each biosensor was built onto a different nanopillar,
and all the nanopillars were electrodeposited with of gold
nanodendrites. Regarding the detection of miRNA-101, a
ferrocene-modified DNA probe was used to develop a signal-
off platform, capable of detecting the target down to ca. 90
pM.38

However, to the best of our knowledge, there are no reports
on electrochemical methods for the quantification of miRNA-
29 for AD early detection. In this work our attention has been
focused on miRNA-29, because of its role in the pathogenesis
of AD. The choice of the target is novel in the field of
electrochemical printed devices, considering the other existing
approaches that have been developed using other methods/
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procedures such as surface enhanced Raman scattering,39

plasmonic colorimetric strategy based on the hybridization
chain reaction,40 and a Förster resonance electron transfer
based biosensor.41 Most of the methods that have been
reported are built on mechanisms requiring a multistep and/or
sophisticated setup for users. The developed electrochemical
platform was applied toward the detection of miRNA-29a in
both buffer and serum matrix, highlighting satisfactory
selectivity and low detection limit at the level of low
nanomolar, respectively, 0.15 and 0.2 nM. These results
demonstrated a very satisfactory sensitivity and simplicity of
operations compared with similar architectures for the
detection of miRNAs in biological matrixes: a paper-based
peptide nucleic acid based biosensor was used to detect
miRNA-492, a pancreatic ductal adenocarcinoma biomarker,
down to 6 nM,31 and recently a AuNP superlattice and
conductive polypyrrole on a glassy carbon electrode, in the
presence of toluidine blue as the redox probe, allowed a
detection of miRNA-21 in the subnanomolar range, with a
total duration of 3.5 h (compared with the ca. 3 h of the
present approach).42

■ MATERIALS AND METHODS
Reagents, Instruments, and Screen-Printing. All this

information is reported in the Supporting Information.
Synthesis of Gold Nanoparticles (AuNPs) Dispersion.

AuNPs have been obtained as described in the literature,44 and
the procedure is reported in the Supporting Information. The
AuNPs have been characterized through SEM, DLS, and EDS
experiments. DLS measurements revealed a monodispersed
AuNP suspension as reported in Figure S1 with an average
diameter of 196.2 ± 20.65 nm and a polydispersity index
(PDI) of 0.13 ± 0.07, highlighting the synthesis of uniform
and monodisperse particles.
Preparation of the Strip Specific for miRNA-29a

Sensing. In order to customize the area of the working
electrode, 8 μL of AuNPs was drop casted onto the working
electrode and, after drying, the probe was immobilized
following a protocol reported in the literature.43 Another
effective approach to modify electrochemical systems with
AuNPs is electrodeposition.44,45 However, even if the perform-
ance is not significantly affected by the selected approach,46

our choice to exploit drop casting has been a consequence of
the possibility to modify multiple electrodes at the same time
toward a mass-scale production. The anti-miRNA-29a DNA
sequence was used as probe to be attached onto the working
electrode surface of the AuNP screen-printed electrode
(AuNP-SPE). The probe was customized with C6-SH at the
5′-end (allowing covalent binding onto AuNPs) and with
methylene blue (MB) at the 3′-end (allowing electron transfer
at the electrode). The first step was represented by the
reduction of the 100 μM anti-miRNA-29a DNA probe (50
mM phosphate buffer containing 1 M NaCl and 10 mM MgCl2
at pH 7) in the presence of 10 mM tris(2-carboxyethyl)-
phosphine hydrochloride) (TCEP) for 1 h. TCEP is necessary
to reduce the disulfide bond of the probe prior to being
covalently attached on top of the AuNPs. The resulting
solution was then diluted to the selected concentration (in the
nanomolar range) to be immobilized onto the AuNP-SPE.
Subsequently, 20 μL of the probe was placed onto the working
electrode area for 1 h at RT in a humid chamber. SPEs were
gently washed with distilled water and incubated in a humid
chamber with 20 μL of 2 mM 6-mercapto-1-hexanol for 1.5 h

to passivate the empty spaces onto the working electrode. The
last step was washing away with distilled water the unbound
thiol from the SPEs, and the measurement was performed by
adding the working buffer solution.
Microscale Thermophoresis (MST) Experiments. All

MST measurements were performed on a Monolith NT.115
instrument (NanoTemper Technologies, Munich, Germany)
with the use of Standard Treated Capillaries from the supplier,
and the procedure is reported in the Supporting Information.
Measurement of miRNA Targets. For the measurement

of miRNA targets, eight SPEs were inserted into the
multiplexer connected to the portable potentiostat. To the
electrochemical cells 100 μL of working buffer, 50 mM
phosphate buffer containing 1 M NaCl and 10 mM MgCl2 at
pH 7, was added. The measurements were carried out after 30
min with respect to the addition of sample. For all the
optimization experiments and quantification curves, the signal
change (%) = ((I0 − Itarget)/I0) × 100 (where I0 and Itarget are
the current values obtained in the absence and presence of
target, respectively) was visualized against the concentration of
the target analyzed and the measure in the absence of target
was used as the background current, as shown in Figure 1.

The formation of a rigid probe/target complex reduced the
electron transfer at the electrode and resulted in a signal-off
platform in which, as the target concentration increases, the
signal change percent increases until a stationary phase is
reached.47,48

■ RESULTS AND DISCUSSION
MB-Probe/miRNA-29a Binding Characterization in

Solution. Prior to starting with the development of the
electrochemical strip for miRNA-29a detection, the interaction
between the DNA probe labeled with methylene blue (MB) at
the 3′-end and the DNA and RNA carrying the comple-
mentary sequences was assessed by microscale thermophoresis
(MST), obtaining quantitative information on the affinity of
the DNA/DNA duplex and the DNA/RNA heteroduplex in
solution. Indeed, MST is a well-established and versatile tool
that uses fluorescence detection to monitor the directed
diffusion (thermophoresis) of biomolecules along a temper-
ature gradient for the quantitative analysis of bimolecular
binding events, including oligonucleotide hybridization reac-
tions.49 To this purpose, the hybridization reactions were
analyzed by titrating 200 nM labeled DNA probe with
increasing concentrations of the complementary sequences
(Figure 2). Fitting of the relative change of thermophoresis
upon DNA hybridization yielded equilibrium dissociation

Figure 1. Schematic representation for the development of the
electrochemical biosensor for the detection of miRNA-29 and the
expected current signal in the absence and presence of target.
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constant (Kd) values of 25 and 40 nM for RNA and DNA,
respectively. These data indicate that the labeled DNA probe
has a higher affinity for RNA than for DNA. This is in
agreement with the literature data in which it is reported that
the DNA/RNA heteroduplex formation process is thermody-
namically favored since the DNA/RNA hybrid interaction is
much stronger and more stable than that of DNA/DNA
duplexes.50,51

Evaluation of the Experimental Setup. The develop-
ment of a portable electrochemical device for miRNA
detection is dependent on the choice of the optimal
experimental parameters, considering the immobilized probe
density, the signal-to-noise ratio, the duration of testing, and
the electrochemical settings. An important step in the
fabrication of the device is represented by the density of the
immobilized probe and the homogeneity of the surface. In
general, for surface-bound probes that are modified with redox
mediator, the higher the probe density is, the higher the
current recorded is. However, the affinity for the target is lower
when the density of the immobilized probe is high, due to the
diffusion limitation of the target in reaching the probe. This
should be considered the optimal compromise between signal
change and signal-to-noise ratio, as shown in Figure 3.

The study was first focused on evaluating the response of
platforms when 100, 500, and 1000 nM anti-miRNA-29a probe
were immobilized onto the surface, in the presence of 80 nM
miRNA-29a target. As displayed, the 100 nM probe solution
allowed obtaining of the highest signal variation of ca. 40%
with a repeatability (calculated as the relative standard
deviation) of 7% when compared with other densities tested.
This concentration was selected for the manufacturing of the
strips, due to the satisfactory compromise between signal
change and detectable current. Subsequently, the effect of the
square-wave frequency was evaluated, in a range between 20
and 100 Hz. For these experiments, 50 mM phosphate buffer
containing 1 M NaCl and 10 mM MgCl2 at pH 7 was used,
and 20, 50, and 100 Hz were interrogated in the presence of 50
nM target. As shown in Figure 3B, 50 Hz represented a good
compromise in terms of sensitivity and repeatability (based on
four replicates), and it was chosen to further develop the work.
The last investigated parameter was consistent in the binding

time to form the probe−target duplex. Considering the final
development of a point-of-care test for miRNA-29a detection,
the binding process between probe and target represents a
significant step, having a significant impact on the duration of
the analysis. Specifically, the time requested to form the
probe−target complex is strictly dependent on the nature and
length of sequences and on the probe + target ↔ probe−target
equilibrium, and in the literature it is reported that the
formation of this kind of structure for ca. 20 bp targets requires
about 15−20 min.52 Thus, after having covered the testing area
of the strip with a fixed concentration of target, namely 50 nM,
the probe−target interaction time was carefully evaluated. The
study was performed in a time range up to 50 min, as shown in
Figure 3C. Two probe densities were compared, 100 and 500
nM, demonstrating that there was a slight difference among the
two curves and a time of 30 min was consistent with a
satisfactory compromise in term of sensitivity, repeatability,
and time of analysis, since the signal was not significantly
affected by longer times.
Analytical Features. Once all main experimental features

were evaluated, the analytical performance of the printed
platform was evaluated in the presence of increasing
concentrations of the target ranging from 0.1 to 1000 nM, as
reported in Figure 4.

The experiments were performed with two different targets:
in addition to the miRNA-29a sequence, the DNA-based target
was also analyzed, to better characterize the immobilized
recognition architecture. For all the experiments, the optimized
settings were adopted, and a semilogarithmic sigmoidal trend
was observed between the signal change and the concentration
of target (expressed in log scale). The measurements in buffer
solution were characterized by a sigmoidal trend. As shown in
Figure 4A,B, each calibration point displayed in the curves is
obtained as the result of four separate devices. The correlations
of the two platforms were equal to 0.992 and 0.983 for DNA-
based and miRNA-based targets, respectively. In addition, the
detection limit was calculated as the concentration correspond-
ing to a 10% variation of the signal, and it has been
approximated to ca. 1.0 and 0.15 nM for DNA-based and
miRNA-based targets, respectively. A correlation described by
R = 0.988 was obtained comparing the herein reported
miRNA-29a detection with a UV−vis reading selecting 260 nm
as the wavelength. The selectivity of the platform was

Figure 2. MST measurements for the hybridization of the labeled
oligonucleotide with (A) RNA and (B) DNA complementary target
sequences in solution. (left) Fluorescence time traces recorded by
incubating increasing concentrations of the target sequences with the
labeled oligonucleotide. (right) Corresponding binding curves. Error
bars represent standard error of the mean.

Figure 3. (A) Study of anti-miRNA-29a specific probe density at 100,
250, and 1000 nM in the presence of 80 nM target. (B) Study of the
square-wave frequency between 20 and 100 Hz in the presence of 50
nM target and using 100 nM as the starting solution for probe
immobilization. (C) Study of hybridization kinetics up to 50 min
using two probe densities: 100 (blue dots) and 500 nM (red dots).
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evaluated in the presence of four interferents, namely two
miRNA sequences and two DNA sequences (Supporting
Information), as shown in Figure 4C.

The study was carried out using 10 nM concentration of
each species, and as reported in Figure 4C, only negligible
interferences were observed (up to 10%), thus confirming the
satisfactory selectivity of the sensing platform. Subsequently,
the electrochemical strip was applied toward the determination
of miRNA-29a in serum samples. The matrix effect was
evaluated, as shown in Figure S2, and 90%-diluted human
serum resulted as the optimal compromise to conduct
detection. It was spiked with various concentrations of target
up to 100 nM (Figure 4D). Even in this case a good sigmoidal
correlation was obtained, with an R2 of 0.991, and the
detection limit was calculated equal to ca. 0.2 nM. These
features confirm the possibility of the present electrochemical
platform to be adopted as a sensing tool for the management of
AD at the point-of-care.

■ CONCLUSION
In this work the optimization and development of a printed
electrochemical tool for miRNA-29a recognition were carried
out. miRNA-29a was chosen due to its promising value toward
the management of Alzheimer’s disease at the point-of-care.
The screen-printed platform was modified with gold nano-
particles, and subsequently a DNA probe was immobilized on
top of the electrode. Square-wave voltammetry was used as the
quantification method. The probe was covalently modified
with methylene blue (MB) as the redox tag allowing the
electrochemical transduction. All the parameters were
optimized, including the density of the probe, the square-
wave frequency, time of probe−target hybridization, and the
binding constant. The designed architecture was able to
correlate the decrease of the MB-based current with the
increase of target concentration, namely signal off, as a
consequence of a conformational change that led to a more
rigid probe−target structure with respect to the flexible probe,
thus limiting the electron transfer between MB and the

electrode. Both microscale thermophoresis and electrochem-
ical characterization have demonstrated the satisfactory
application of a DNA-based probe for the recognition of
miRNA target. After consideration of the experimental
parameters to be exploited, the electrochemical strip was
able to detect miRNA-29a down to ca. 0.15 and 0.2 nM in a
few microliters of standard solution and spiked serum,
respectively. The platform displayed satisfying output also in
the presence of interfering species. If circulating biomarkers are
validated, these kinds of platforms will be capable of giving
quick answers to patients, reducing the time gap between the
diagnosis and treatment of a devastating and silent disease such
as Alzheimer’s. The continuous collaboration of complemen-
tary disciplines such as decentralized analytical chemistry,
bioengineering, physical chemistry, and neuroscience can lead
to tremendous improvements for the entire range of
neurodegenerative diseases. The results demonstrated the
suitability of this approach in terms of ease of use by unskilled
personnel, time of production, sensitivity, and applicability.
The adoption of polyester-based substrates for manufacturing
electrochemical strips compared to paper-based ones allows
the creation of more robust platforms to be applied in a
decentralized context. The entire platform was conceived as a
disposable sensor, able to give rapid answers to patients,
reducing the time gap between diagnosis and treatment.
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