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Alzheimer’s disease (AD) is the most common dementia type and a leading cause of death and disability in the
elderly. Diagnosis is expensive and invasive, urging the development of new, affordable, and less invasive
diagnostic tools. The identification of changes in the expression of non-coding RNAs prompts the development of
diagnostic tools to detect disease-specific blood biomarkers. Building on this idea, this work reports a novel
electrochemical microRNA (miRNA) biosensor for the diagnosis of AD, based on carbon screen-printed electrodes
(C-SPEs) modified with two gold nanostructures and a complementary anti-miR-34a oligonucleotide probe. This
biosensor showed good target affinity, reflected on a 100 pM to 1 pM linearity range and a limit of detection
(LOD) of 39 pM in buffer and 94 aM in serum. Moreover, the biosensor’s response was not affected by serum
compounds, indicating selectivity for miR-34a. The biosensor also detected miR-34a in the cell culture medium
of a common AD model, stimulated with a neurotoxin to increase miR-34a secretion. Overall, the proposed
biosensor makes a solid case for the introduction of a novel, inexpensive, and minimally invasive tool for the
early diagnosis of AD, based on the detection of a circulating miRNA overexpressed in this pathology.

1. Introduction neurodegeneration [11,12]. Due to their prominent role in fine-tuning

gene expression [13], miRNAs have been associated with various

AD is a multifactorial age-related disease [1] characterized by pro-
gressive neurodegeneration [2]. It accounts for 60 to 80% of all de-
mentia cases [3] and is an important cause of death and disability in the
elderly [4]. In the absence of effective curative and preventive treat-
ments [5], early diagnosis is the most important tool for improving
patient outcomes [6]. Given the invasive and expensive diagnostic
methods available, the identification of new, low-cost, minimally inva-
sive biomarkers for AD is paramount [7,8].

miRNAs are small non-coding RNAs, about 18-24 nucleotides in
length, that regulate mRNA translation [9]. They are involved in key
biological processes, including apoptosis, proliferation, and differenti-
ation [10]. In the nervous system, miRNAs are also associated with
neuronal patterning, synaptogenesis, neuronal plasticity, and

pathological conditions [14] and have been described as promising
biomarkers for various diseases [15]. miRNAs are present in various
fluids, including plasma, serum, and cerebrospinal fluid (CSF) [16],
usually in a vesicle-independent/free-floating form, which facilitates
their quantification and use as biomarkers for early disease diagnosis
[12,17]. Moreover, miRNAs are resistant to RNAse degradation and
remain stable after prolonged storage, high temperatures, extreme pH
conditions, or multiple freeze-thaw cycles [9].

miR-34a has been linked to oncogenesis and malignancies in the past
[18]. However, recent evidence suggests a link between miR-34a and
brain neurophysiology/pathology [19], particularly in AD, making it a
promising biomarker for this disease. First, miR-34a was found to be
upregulated in the brain and CSF of AD patients [20] and this
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upregulation positively correlated with the severity of AD pathology [9].
Second, it was observed that the expression of miR-34a was dysregu-
lated in blood and increased in CSF of AD patients [11]. Third, over-
expression of miR-34a in mice brains resulted in cognitive impairment,
tau hyperphosphorylation, and accumulation of intracellular Af [21].
Fourth, human SH-SY5Y cell models showed that the downregulation of
miR-34a decreased the amount of active caspase-3 (an effector caspase
involved in late-stage apoptosis), strengthening the link between aber-
rant miR-34a expression, apoptosis, and neuroprotection [22].

Typical detection of miRNA is performed by Northern blotting,
quantitative reverse transcription (RT-qPCR) or microarray profiling, all
of which are expensive, complicated and time-consuming methods
[23]-[25]. For detection in cell-free body fluids, biosensors are a
tempting alternative because they are faster, simpler, and require
smaller sample volumes than other techniques [12]. In addition, bio-
sensors are portable, sensitive, inexpensive, suitable for a wide range of
concentrations, and associated with low limits of detection (LODs) —
achieving femto-picomolar LODs [26]. The low-cost aspect of electro-
chemical biosensors becomes even more apparent when using screen-
printed electrodes, especially C-SPEs, which can be mass-produced
quite inexpensively [27].

Recently, the incorporation of proteins or nucleic acids into
biosensor designs has attracted considerable attention because it can
improve the sensitivity, response, and recovery time of biosensors
[28,29]. Similarly, nanomaterials have opened new opportunities in the
field of biosensor fabrication [30]. For example, nanoscale electrode
patterning has been shown to improve biosensor performance by either
enhancing the electrochemical signal, facilitating interfacial target
detection, or enabling precise immobilization of functional components
[31].

Small metallic particles such as gold nanoparticles (AuNPs) exhibit
high surface electron mobility, which not only enhances their conduc-
tivity but also enables plasmonic properties and behavior as delocalized
redox molecules [32,33]. These unique size-dependent properties make
AuNPs an excellent platform for biosensor fabrication because they
amplify the generated electrochemical signal [31,34-36]. This signal
amplification also results from the increase in surface area and surface
curvature when the electrode is patterned with AuNPs. The larger sur-
face area increases the number of probes immobilized on the surface of
the biosensor [27], while the curved surface reduces the steric hindrance
of the interactions between the target analyte and the immobilized
probe [37]. AuNPs are also widely used for biosensor fabrication
because they are very stable, easy to fabricate, and can withstand a wide
range of electrochemical potentials [30]. In addition, AuNPs react well
with organosulfur compounds via Au-S covalent bonds and allow the
formation of stable self-assembled monolayers [38].

Previously, Serrano et al. used electrodeposited AuNPs to modify C-
SPE:s for the detection of miR-21-5p [12]. Similarly, some authors have
developed hybridization-based biosensors for the detection of miR-34a,
which are summarized in Table S1. Overall, all reported examples were
selective for miR-34a, showing a linear response within the range of
tenths of pg mL ™! and an LOD of 20-300 nM miR-34a. Inspired by these
authors, this work reports for the first time in the literature the modi-
fication of C-SPEs with AuNPs and a complementary anti-miR-34a
oligonucleotide probe for the diagnosis of AD. The designed biosensor
was sensitive to the target miR-34a, even in the presence of serum or
biological samples. It also showed a linear response comparable to
existing miR-34a biosensor platforms, while obtaining a lower LOD. By
combining the specificity of AuNPs and miRNA sequence with the
affordability of C-SPEs, the developed biosensor established itself as a
great proof of concept of a new, low-cost, minimally invasive diagnostic
tool for AD.
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2. Experimental section
2.1. Reagents and solutions

The chemicals used were all analytical grade. Solutions were pre-
pared with ultrapure water (obtained from a Milli-Q water purification
system).

Potassium hexacyanoferrate II-3-hydrate (K4[Fe(CN)g]), magnesium
chloride 6-hydrate (MgCl,.6 Hy0), and potassium hexacyanoferrate III
(K3[Fe(CN)g]) were obtained from Riedel de Haén; disodium hydrogen
phosphate (NapHPO4-2H20) from Carlo Erba; sodium dihydrogen
phosphate dihydrate (NaHyPO4-2H20) from Scharlau; L-Asparagine
(Asn, C4HgN503), sulfuric acid 95-97% (H2SO4), 3-mercaptopropionic
acid (3-MPA, C3HgO32S), 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (EDAC), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, CgH138N204S), ammonium chloride (NH4Cl), and bovine serum
albumin (BSA) from NZYTech; retinoic acid (RA), 6-hydroxydopamine
(6-OHDA), Triton X-100, and paraformaldehyde (PFA) from Merk; N-
hydroxysuccinimide (NHS) and creatinine (C3H3NO3) from Fluka; so-
dium chloride (NaCl) from Normapur; hydrogen tetrachloroaurate (III)
hydrate (HAuCl4-xH20) from Alfa Aesar; DMEM (1x) + GlutaMAX™.-[
(Dulbecco’s Modified Eagle Medium supplemented with pyruvate and
4.5 g/L D-glucose), low-glucose DMEM (1x) + GlutaMAX™-I (Dulbec-
co’s Modified Eagle Medium supplemented with pyruvate and 1 g L' D-
glucose), and foetal bovine serum (FBS) from Gibco; gentamicin sul-
phate 50 mg mL~! from Biowest; 4',6-diamidino-2-phenylindole (DAPI),
Flash Phalloidin™ Red 594, and mouse anti-B-tubulin III antibody from
BioLegend; IgG donkey anti-mouse antibody marked with Alexa Fluor
488 from Invitrogen™; ibidi® Mounting Medium from ibidi® GmbH;
trypsin-EDTA (0.25%) from Thermofisher scientific. Phosphate-buffered
saline (PBS) was prepared in-house according to the laboratory’s
guidelines.

Oligonucleotide sequences were obtained from MeTabion. Both the
anti-miR-34a and the miR-34a used for calibrations were mimetic
models, of DNA nature. The anti-miR-34a has an amine 5"-end followed
by poly-A spacers and its complete sequence is 5'-C6 NHp-AAA AAA ACA
ACC AGC TAA GAC ACT GCC A-3'. The miR-34a complete sequence is 5'-
TGG CAG TGT CTT AGC TGG TTG T-3'. Finally, the miR-107 is of RNA
nature and its complete sequence is 5-AGC AGC AUU GUA CAG GGC
UAU CA-3.

2.2. Apparatus

Electrochemical data were obtained using PGSTAT302N, a poten-
tiostat/galvanostat from Metrohm Autolab controlled by Nova 2.1.5
software. Metrohm DropSens C-SPEs (ref. 110) were connected to the
potentiostat via a box plug from BioTid Electronical.

Scanning electron microscopic analysis (SEM) was performed using a
high-resolution (Schottky) scanning electron microscope: Quanta 400
FEG ESEM /EDAX Genesis X4M.

Cell cultures were visualized at regular intervals using an Olympus
CKX41 brightfield inverted microscope and a 10x objective. Immuno-
cytochemical preparations were visualized using a Zeiss Axiovert 200 M
inverted fluorescence microscope. Images were acquired using a 40x oil
objective and a black-and-white camera. Images were subsequently
analyzed using ImageJ (version 1.53 t).

2.3. Electrochemical assays

The electrochemical properties of the biosensors were determined
using a solution of 5 mM K4[Fe(CN)g] and 5 mM K3[Fe(CN)g] in phos-
phate buffer at pH = 7.4. Cyclic voltammetry (CV) was performed with 3
consecutive CVs ranging from —0.4 to +0.7 V and a scan rate of 50 mV
s L Square-wave voltammetry (SWV) tests were performed in the range
of —0.4 to +0.7 V, with a frequency of 5 Hz and an amplitude of 20 mV.
Electrochemical impedance spectroscopy (EIS) was performed at open
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Fig. 1. Schematic representation of the biosensor’s assembly and hybridization process. (A) pre-treatment of the C-SPE with H,SO4, (B) electrodeposition of the star-
or snowflake-like AuNPs, (C) modification of the WE with 3-MPA, (D) surface activation with EDAC/NHS, (E) immobilization of the anti-miR-34a oligonucleotide
probe, (F) blockage of the non-specific binding with L-asparagine (Asn) and (G) hybridization of the miR-34a target sequence.

circuit potential with a sinusoidal potential perturbation of 0.01 V
amplitude and 45 frequencies in a frequency range of 0.1 to 100,000 Hz.

2.4. Modification of the commercial C-SPEs

Commercial C-SPEs (with a silver reference electrode) were modified
with two different AuNP morphologies, according to Zhao et al. [40] or
Moreira et al. [41]. In both cases, the electrodes were first subjected to 30
consecutive CVs (ranging from —0.2 to +1.0 V, with a scan rate of 100
mV/s) in 0.5 M H3SO4. Then, 10 mM HAuCly (in 0.5 M H;SO4) was
added to the electrodes, and star-shaped AuNPs were electrodeposited
through 15 consecutive CVs (ranging from +0.6 to —0.2 V, with a scan
rate of 50 mV/s). Alternatively, 100 mM HAuCly (in 1 M NH4CI) was
added to the electrodes and snowflake-shaped AuNPs were electro-
deposited by chronoamperometry (CA) by applying a potential of —0.7
V for 10 s, followed by a potential of —1.5 V for 10 s. In each case, the
working electrode (WE) was modified with 10 mM 3-MPA for 2 h and its
surface was activated by an EDAC/NHS reaction (12.5 mM NHS: 10 mM
EDAC in 10 mM HEPES buffer) for 30 min. Finally, the WE was func-
tionalized with 10 uM anti-microRNA-34a (previously heated to 90 °C
for 5 min) for 1 h, and the non-specific binding sites were blocked with
50 mM L-asparagine (Asn) for 1 h.

2.4.1. Calibration of the biosensor

Calibration was performed in hybridization buffer and FBS. FBS was
first diluted in hybridization buffer (1:100) and filtered using a 100 kDa
Amicon Ultra-2 centrifugal filter unit from Millipore (2 mL sample,
filtered at 8500 g, for 5 min). The biosensor was then stabilized in sol-
vent and miR-34a solutions with increasing concentrations (0.1 nM, 1
nM, 10 nM, 100 nM, and 1 uM) were incubated for 30 min on the WE.
Charge transfer resistance (R.,) was extracted using Nova 2.1.5 software
and calibration curves were obtained by plotting the logarithm of miR-
34a concentration against the normalized value of R.

2.4.2. Specificity/ selectivity tests
To assess the specificity/selectivity of the biosensor, its EIS response

was evaluated in the presence of 900 nM creatinine,10 fM microRNA-
107 or FBS (filtered and diluted as previously described). For this pur-
pose, the biosensor was stabilized in hybridization buffer and the test
solution (containing the interferent and/or 0.1 nM miR-34a) was incu-
bated for 30 min on the WE. EIS was measured and R.; was extracted
using Nova 2.1.5 software.

2.5. In vitro proof of concept

2.5.1. Cell culture

SH-SY5Y cells were cultured in Non-differentiation medium (DMEM
(1x) + GlutaMAX™-], containing 15% FBS (heat-inactivated for 30 min,
at 56 °C) and 0.1% gentamicin sulfate 50 mg mL ). The culture flasks
were incubated in a humidified environment at 37 °C and 5% CO». The
medium was changed regularly, and the cells were divided at approxi-
mately 80% confluence with trypsin-EDTA. Cells were regularly exam-
ined under bright field microscope to observe their morphology and
health status.

2.5.2. Neuronal differentiation and stimulation of miR-34a secretion

Neuronal differentiation was performed using a protocol adapted
from Simoes et al. [42]. Briefly, cells were plated in a 96-well plate at a
density of 20,000 cells/well (for differentiation) or 15,000 cells/well (as
a non-differentiated control — Non_DIFF) and cultured in Non-
differentiation medium. For differentiation, the medium was replaced
24 h after plating with the Differentiation medium (DMEM with low
glucose, 1% FBS, 0.1% gentamicin sulfate 50 mg mL ™!, and 10 uM RA) -
DIFF_0. To increase the expression and secretion of miR-34a into the
cellular medium, the medium was replaced 4 days after plating with
Differentiation medium supplemented with 50 uM or 100 uM 6-OHDA -
DIFF_50 and DIFF_100. 5 days after plating (with 1 day under 6-OHDA
stimulation), the medium was partially removed, and the cells were
prepared for immunocytochemistry.

2.5.3. Immunocytochemistry
After the experiments in section 2.5.2., the cells were fixed by adding
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Fig. 2. Representative examples of the EIS curves obtained for the design process of the biosensors modified with (A) star-like or (B) snowflake-like AuNPs. AuNPs:
gold nanoparticles; 3-MPA: 3-mercaptopropionic acid; miR probe: anti-miRNA-34a; Asn: L-asparagine. Electrochemical measurements performed in 5 mM [Fe

(CN)6]®>7*~ in phosphate buffer, pH = 7.4.

8% PFA (in PBS) to the remaining culture media (in a 1:1 proportion)
and incubating for 10 min. Afterwards, the cells were permeabilized
with 0.1% Triton X-100 for 5 min and unspecific binding sites were
blocked with Blocking Solution (1% BSA in PBS) for 1 h. To visualize
pB-tubulin III, the cells were incubated in mouse anti-p-tubulin III anti-
body (1:500 in Blocking Solution) for 1 h, followed by IgG Alexa 488
donkey anti-mouse antibody (1:1000 in Blocking Solution) for 1 h. To
visualize the nuclei, the cells were incubated in DAPI (1:10,000 in
Blocking Solution) for 10 min. To visualize F-actin, the cells were
incubated in Flash Phalloidin™ Red 594 (1:40 in PBS), for 20 min. After
staining, two drops of ibidi Mounting Medium were added to each well
and the prepped plates were stored in PBS, in the dark, at 4 °C, until
analysis.

2.5.4. Testing the biosensor in cellular media extracts

The biological samples used to test the biosensors were collected in
section 2.5.2.. First, the biosensors were stabilized in Differentiation
medium (1:100 in hybridization buffer), filtered using a Millipore 100
kDa Amicon Ultra-2 centrifugal filter unit (2 mL sample filtered at 8500
g for 5 min). Next, each biosensor received a media sample of one of the
tested conditions - DIFF_0, DIFF_50, or DIFF_100 - filtered and diluted as
previously described. Finally, the shift in R, caused by the presence of
miR-34a in the samples was analyzed.

3. Results and discussion
3.1. Biosensor assembly

The biosensor’s assembly process is schematized in Fig. 1 and in-
volves six main steps: (A) C-SPE pre-treatment, (B) AuNPs electrode-
position, (C) 3-MPA surface modification, (D) EDAC/NHS surface
activation, (E) oligonucleotide immobilization and, (F) non-specific
binding blockage.

First, the C-SPEs were pretreated in HoSO4 to remove impurities and
activate the surface for the deposition of AuNPs. Electrodeposition of
AuNPs was performed not only to improve the conductivity of the
electrodes but also to increase the surface area available for modifica-
tion. Then, 3-MPA was added to WE to functionalize it with carboxyl
groups and allow covalent bonding of the amine-terminated probe (by
carbodiimide reaction). This reaction was further promoted with EDAC/
NHS. Finally, after functionalization of WE with the anti-microRNA-34a
sequence (previously linearized to favor subsequent interactions with
the complementary miR-34a strands) and blocking of the non-specific
binding sites with L-asparagine (Asn), hybridization with the miR-34a

target sequence was promoted.

3.2. Electrochemical follow-up of the biosensor’s assembly

3.2.1. Effect of the gold nanostructures on the miR-34a’s binding efficiency

Representative examples of the electrodeposition results of the star-
and snowflake-shaped AuNPs are shown in Figure S.1. Briefly, the re-
sults obtained for the two nanostructures are very similar. Both bio-
sensors show an increase in conductivity or a decrease in R after
electrodeposition of the AuNPs, indicating successful modification of the
C-SPEs. It is important to note that the results obtained for both elec-
trodeposition processes are reproducible. At this stage, the relative
standard deviation (RSD) among samples is only 3.6% for the star-like
morphology and 8.5% for the snowflake-like morphology.

Fig. 2 is a representative example of the results obtained for the
entire biosensor’s design process. Here, the R, value increased after
each modification step, indicating that the insulating layers were grad-
ually immobilized on the surface of WE. It can be concluded that the
biosensor’s assembly was successful for both gold nanostructures,
despite the differences in absolute R.; values. Since the R value was
lower for the star-shaped AuNPs, it can also be concluded that electron
transfer is favored by this nanostructure.

3.3. Analytical performance of the biosensor

3.3.1. Gold nanostructure selection

The effect of the AuNP’s structure on the analytical performance of
the biosensors was evaluated using calibration curves with different
miR-34a standards. After stabilization in buffer, the miR-34a standards
were incubated sequentially on the WE, from lowest (0.1 nM) to highest
concentration (1000 nM). The electrochemical properties were
measured in between standards using a [Fe(CN)6]3’/ 4~ redox solution,
and the successful hybridization of miR-34a was demonstrated by the
continuous increase of R;.

Fig. 3 shows the EIS spectra, calibration curves, and SEM images of
the two biosensor types. The EIS analysis in Fig. 3A shows an increase in
R, after each incubation. This indicates progressive binding of miR-34a
to the surface of the WE and suggests successful hybridization of miR-
34a to the biosensors of both morphologies. However, R variation is
less regular and generally less pronounced on the biosensors modified by
CA, which may indicate that the snowflake-like AuNPs are less favorable
for the hybridization process.

Regarding the calibration curves on Fig. 3B, the coefficient of
determination (R2) is similar for both morphologies. However, the
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Fig. 3. Representative example of the (A) EIS analysis, (B) normalized R, calibration curves, and (C) SEM analysis obtained for the biosensors modified with (1) star-
like or (2) snowflake-like AuNPs. B1 has a regression equation of y = (0.32 & 0.02)x + (0.44 + 0.02) and a coefficient of determination (R?) of R = 0.99287. B2 has
a regression equation of y = (0.0542 + 0.0009)x + (0.065 = 0.001) and an R% = 0.99945. Calibrations performed with miR-34a (0.1 nM — 1000 nM) in hybridization
buffer. Electrochemical measurements performed in 5 mM [Fe(CN)s]> /4~ in phosphate buffer, pH = 7.4 The error bars in all calibration curves represent standard
error. Fitting of all calibration curves was performed accounting for the standard error of the points.

calibration curve of the biosensors modified with star-like AuNPs has a
slope of (0.32 + 0.02) decades [miR, nM] ! and encompasses all five
standards, whereas the calibration curve of the biosensors modified with
snowflake-like AuNPs has a slope of (0.0542 + 0.0009) decades [miR,
nM] ! and only includes the four lowest standards. Considering that the
slope is positively correlated to accuracy of the curves, the difference
between slopes is again an indication that the snowflake-like AuNPs
might be less favorable for hybridization. To understand this discrep-
ancy, the surface of the two types of biosensors was characterized
through SEM. The first conclusion to be taken from the images on Fig. 3C
is that the AuNPs deposited by CV are much more evenly distributed and
densely packed on the surface of the C-SPEs than the AuNPs deposited by
CA. Thus, the surface area modified with the AuNPs deposited CV is

higher, which could by itself justify the observed difference in hybridi-
zation performance. The second conclusion to take from Fig. 3C is that
the AuNPs deposited by CV have an almost star-like shape whereas the
ones deposited by CA have more of a snowflake-like structure. More-
over, the AuNPs deposited by CV are smaller and rounder than their
counterparts, which could also enhance the performance difference
observed. By providing a surface with a higher surface-to-volume ratio,
the star-like nanostructures may allow the miRNA probes to sit further
apart on the surface of the AuNPs, thus reducing the steric hindrance of
hybridization [37] and promoting its occurrence.

Overall, accounting for the insights gathered from SEM and for the
fact that the biosensors modified with star-like AuNPs produced a linear
fit with a greater level of confidence and accuracy, this will be the
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Fig. 4. Representative examples of the (A) EIS analysis and the (B) normalized R, calibration curve obtained for the calibration in the presence of serum, of the
biosensors modified with star-like AuNPs. Calibration curve with a regression equation of y = (0.037 + 0.003)x + (0.087 + 0.003) and a coefficient of determination
(R?) of R? = 0.98555. Calibration performed with miR-34a (0.1 nM—1000 nM) in filtered and diluted FBS (1:100 in hybridization buffer). Electrochemical mea-

surements performed in 5 mM [Fe(CN)s]®>~/4~ in phosphate buffer, pH = 7.4.

morphology used in the remaining assays. It is noteworthy to mention
that these biosensors have a linearity range (0.1-1000 nM) similar to
other miR-34a biosensing platforms, and an LOD in phosphate buffer
(39 pM) lower that some research work described in the literature for
miR-34a detection[10,23,24,39].

3.3.2. Calibration curve in serum

The presence of miR-34a in systemic circulation and its association
with AD have been previously demonstrated [9,11,20]. Therefore,
commercial serum was used to obtain a more complex background
matrix and to simulate the selectivity of the biosensor under real sample
analysis conditions. For this purpose, the EIS response of the biosensor
was evaluated using a series of miR-34a standards prepared in FBS. The
EIS analysis represented in Fig. 4A shows that the diameter of the
semicircles in the Nyquist plots increases with miR-34a concentration, i.
e. that the R, of the biosensor is continuously increased by the binding
of miR-34a to its sensory layer. However, this increasing trend is less
noticeable than that observed when standards prepared in buffer are
used. This difference can also be seen in the R, calibration curve in
Fig. 4B; the R? is slightly lower and, most importantly, the slope is about
10-fold lower than the one of the calibration in buffer ((0.037 & 0.003)
decades [miR, nM] ! vs. (0.32 + 0.01) decades [miR, nM]’l, respec-
tively). Nevertheless, the curve obtained for calibration in FBS is still
accurate and reliable, and the decrease in slope can be justified by the
increasing complexity of the medium. In the future, a filter with a
smaller pore diameter could be used to try to filter out more interfering
factors and improve the performance of the biosensor. Overall, the
linearity range obtained for this calibration (0.1 nM to 1000 nM) was
comparable, and the calculated LOD in serum (94 aM) was lower than
that of other miR-34a biosensor platforms [10,23,24,39].

3.3.3. Specificity/ selectivity tests

To evaluate the specificity/selectivity of the biosensor, its response
was studied in the presence of potentially interfering plasma substances:
creatinine, miR-107 and commercial FBS 100-fold diluted. Both bio-
molecules have a low molecular weight, so they will be retained in so-
lution after filtration. The results of these tests are summarized in
Fig. S.2 and show that the addition of either of these substances causes
only a slight deviation in the biosensor’s response (within the usual
limits of acceptability). Thus, under the conditions tested, the biosensor
demonstrated specificity/selectivity for miR-34a.

3.4. In vitro proof of concept

3.4.1. Neuronal differentiation

A human neuronal cell line (SH-SY5Y) commonly used in AD studies
was selected to evaluate biosensor performance in a biologically rele-
vant context. This cell line has a neuronal phenotype, which can be
further differentiated by the addition of RA to the cell culture medium
[42]. Furthermore, there is evidence that it may overexpress miR-34a in
the cell culture media upon exposure to 6-OHDA [43]. To confirm
neuronal differentiation with RA and to verify that the addition of 6-
OHDA (50 or 100 uM) to the media elicited a significant response, the
cells were observed under a brightfield microscope before fixation.
Figure S.3 contains representative images from each test condition
(Non-DIFF, DIFF 0, DIFF 50, and DIFF_100), 5 days after plating.
Focusing on neuronal differentiation, it can be seen that the DIFF cells
exhibit a more pronounced spread-out morphology and a marked in-
crease in neurite-like projections compared with the Non-DIFF cells,
indicating differentiation of the SH-SY5Y cells into a more mature,
neuron-like state [42] upon RA exposure. Moreover, the cell density 5
days after platting is similar across all conditions, which considering
their different seeding densities, indicates that (i) the Non-DIFF cells
proliferated at a different rate than the DIFF cells and (ii) the DIFF cells
stopped proliferating, similarly to mature neuronal cells in vivo [44].
Taken together, there is strong evidence that the addition of RA to the
medium induced neuronal differentiation.

Regarding the neurotoxic effect of 6-OHDA, the cell bodies of
DIFF_100 cells appear to be smaller than those of DIFF_0 and DIFF _50
cells. Similarly, the DIFF_100 condition appears to have a higher pro-
portion of round cells than its counterparts. Cytoplasmic condensation
and cell rounding are two hallmarks of apoptosis [45] and indicate that
the exposure to 6-OHDA may have induced cellular death. Furthermore,
since the differences observed are more pronounced on the DIFF_100
than on the DIFF_50 condition, this apoptotic effect appears to be con-
centration dependent.

3.4.2. Immunocytochemistry

To better understand the effects of differentiation and exposure to 6-
OHDA on the cells, they were subjected to immunocytochemical assays
using p-tubulin III as a mature neuronal marker (Fig. 5). The staining of
B-tubulin IIT was specific, as no green signal was detected in samples
lacking the primary antibody (DIFF w/o 1st antibody). p-tubulin III can
be detected under all conditions, including in non-differentiated cells.
Although this marker is normally associated with mature neurons [42],
undifferentiated SH-SY5Y cells have been reported to express both
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Non-DIFF

DIFF_0

DIFF_50

DIFF_100

DIFF w/o 1%t antibody

Fig. 5. Representative fluorescence images of the SH-SY5Y cells in undifferentiating (Non-DIFF) or differentiating conditions, in the presence of RA (DIFF_0) and 6-
OHDA at 50 uM (DIFF_50) or 100 uM (DIFF_100). Green represents f-tubulin III, blue the nuclei and red F-actin. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 6. EIS curves obtained for the incubation of cellular media extracts on the biosensors modified with star-like AuNPs. Stabilization performed in filtered and
diluted Differentiation Medium (1:100 in hybridization buffer). Incubation performed in filtered and diluted samples (1:100 in hybridization buffer) of media used to
culture (A) DIFF_0, (B) DIFF_50, or (C) DIFF_100 cells. Electrochemical measurements performed in 5 mM [Fe(CN)6]3’/ 4~ in phosphate buffer, pH = 7.4.

immature [46] and mature neuronal markers, including f-tubulin III
[44,47]. Thus, this observation simply confirms the properties of the cell
line used. Looking more closely at the expression of p-tubulin III, one can
see that the spatial expression is non-equivalent among the conditions
tested. In Non-DIFF cells, the p-tubulin III signal is more evenly
distributed in the cell body, while in the DIFF cells, this signal is usually
restricted to the periphery of the cells. This suggests a higher degree of
microtubule organization within the cells exposed to RA (possibly
associated with neurite formation), consistent with the bright-field
observation that cells exposed to RA show a visible increase in
neurite-like processes.

Another resemblance with the bright-field observations is the pres-
ence of similar cell densities in all conditions, even when seeding den-
sities are different. In addition, cell clustering (a type of growth
prevented by differentiation) was only observed on the Non-DIFF con-
dition (Fig. 5, top, left). Again, this is an indication that exposure to RA
stopped proliferation and allowed cells to spread and form neurites. In
general, all images in Fig. 5 show cells with a differentiated morphology
in simultaneous with cells with an undifferentiated morphology.
Nevertheless, the relative proportion of differentiated cells is greater in
wells treated with RA. This means that treatment with RA successfully
resulted in differentiation, although some cells retained an undifferen-
tiated morphology. Looking at the morphology of the nuclei, there is a
clear difference in the cells exposed to 6-OHDA (DIFF_50 and DIFF_100
conditions); the nuclei appear to be more condensed and brighter. This
may represent the observation of pyknotic nuclei, suggesting that cells
underwent apoptotic nuclear condensation as a result of 6-OHDA
exposure. Similar behaviors have been previously observed in bright-
field images and described by others, including Rehfeldt et al. [48].
Analysis of phalloidin staining (red signal) shows that F-actin filaments
appear to be more organized on DIFF conditions. This is consistent with
all previous observations of RA-induced differentiation and is confir-
mation of its success. Overall, the fluorescence observations confirmed
the bright-field observations: RA induced a neuronal-like phenotype on
the SH-SY5Y cells and 6-OHDA appeared to have an apoptotic effect on
these cells, although this can be better visualized in bright-field images.

3.5. Testing the sensor in cellular media extracts

To further validate the applicability of the biosensors, they were used
to analyze cell culture media from differentiated SH-SYS5Y cells with
(DIFF_50 and DIFF_100) or without (DIFF_0) the 6-OHDA stimulus.
Fig. 6 shows that addition of these samples to the biosensors caused a
shift in R, indicating that miR-34a was present in the cell medium.
Upon closer inspection, this shift appears to be larger for the DIFF_50
sample than for the DIFF_0 sample, and even larger for the DIFF_100
sample, indicating that the concentration of miR-34a increases propor-
tionally to the 6-OHDA concentration in the medium. This is an exciting

result because it not only confirms the microscopic observations but also
indicates that the stimulation of miR-34a excretion by 6-OHDA was
successful and concentration-dependent. In the future, these results
should be confirmed by an already well-established quantification
technique, such as a TagMan™ MicroRNA assay [49].

4. Conclusion

Here was demonstrated the successful development of an electro-
chemical miR-34a-based sensor for the diagnosis of AD. Regardless of
the AuNPs used, the design was able to detect miR-34a in buffer.
However, hybridization between the target and the probe was favored
by star-shaped AuNPs (electrodeposited by CV) as opposed to snowflake-
shaped AuNPs. With star-shaped AuNPs, the biosensor was also able to
detect miR-34a in FBS, cell culture medium, and in the presence of po-
tential interferents. Indeed, the biosensor was able to detect miR-34a
within a linear range of 100 pM to 1 pM (in both buffer and serum),
similarly to other miR-34a biosensors, while obtaining a lower LOD. In
addition, this biosensor showed great potential for the analysis of
cellular media extracts. Overall, this low-cost, sensitive, and selective
biosensor provides an excellent basis for the development of a new AD
diagnostic tool that will hopefully allow many patients to access early
diagnosis and timely treatment.
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