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Abstract Sensitive impedimetric detection of miR-222, a
miRNA sequence found in many lung tumors, was investigat-
ed by using gold-nanostructured disposable carbon electrodes
and enzyme-decorated liposomes. The proposed method was
based on the immobilization of thiolated DNA capture probes
onto gold-nanostructured carbon surfaces. Afterwards, the
capture probes were allowed to hybridize to the target
miRNAs. Finally, enzyme-decorated liposomes were used as
labels to amplify the miRNA sensing, by their association
with the probe–miRNA hybrids generated on the nanostruc-
tured transducer. By using this amplification route a limit of
detection of 0.400 pM, a limit of quantification of 1.70 pM,
and an assay range spanning three orders of magnitude (1.70–
900 pM) were obtained (RSD %=13). This limit of quantifi-
cation was 20 times lower than that obtained using a simple
enzyme conjugate for the detection. A comparison was also
made with gold screen-printed transducers. In this case, a limit
of quantification approximately 70 times lower was found by
using the nanostructured transducers. Application of the opti-
mized assay in serum samples was also demonstrated.
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Introduction

Electrochemical impedance spectroscopy (EIS) is an interest-
ing technique for the transduction of genosensing events at the
surface of an electrode and many examples are reported in
literature [1–3]. Its main advantage is that allows analysis of
interfacial changes originating from hybridization events at
the electrode surface in a Blabel-free^ format [3, 4].
Nevertheless, to increase the sensitivity of the assay, amplified
detection of the analyte DNA/RNA can be accomplished by
the use of nanomaterials, by the catalytic activity of an en-
zyme, or by a combination of both. In particular, the use of
enzyme labels, owing to their ability to convert single events
(like hybridization) into a multitude of detectable molecules,
has been extremely useful for the development of sensitive
electrochemical bioaffinity assays.

In this paper, we describe an amplification strategy based
on enzyme-decorated liposomes for the faradaic impedimetric
detection of the hybridization reaction.

Liposomes are artificial vesicles, consisting of a phospho-
lipid bilayer. In aqueous solutions, the hydrophilic head
groups and the hydrophobic tails of the lipid molecules allow
the liposomes to self-organize in spherical vesicles, in order to
increase their solubility in the surrounding medium and min-
imize the surface-to-volume ratio. Phospholipids, which rep-
resent the main component of liposomes, possess different
advantages like relatively low cost, biocompatibility, and lack
of toxicity. The preparation of liposomes does not require
tedious procedures or toxic reagents, and specific chemical
moieties (e.g., biotin tag, functional groups, enzymes) can be
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easily introduced [5, 6]. Thus, liposomes, with all the charac-
teristics already mentioned, are versatile candidates for the
development of biosensors. Despite these interesting features,
only few examples of their use in the development of electro-
chemical genosensors have been reported so far [7].
Liposomes have insulating features due to their chemical com-
position [8], and electrochemical techniques, such as EIS, can
be successfully used to measure the increase of the resistance
to the electron transfer (Ret) at the electrode surface after lipo-
some attachment. To the best of our knowledge, the use of
liposomes as labels for the impedimetric detection of nucleic
acids has been reported only by the Willner group [9–11]. In
particular, liposomes modified with biotin and Horseradish
Peroxidase (HRP) have been used for the sensing of model
oligonucleotides, with a detection limit of 0.650 pM [9]. The
biotin tag provided an anchoring site that links the biocatalytic
liposome label to the biorecognition assembly. The enzyme
HRP, incorporated in the liposome, stimulated the H2O2-
biocatalyzed oxidation of 4-chloro-1-naphthol to form an in-
soluble product on the electrode surface that determined a
further increase of Ret value measured by EIS [9].

In the present paper we investigated the use of alkaline
phosphatase (AP)-decorated liposomes and the use of 5-bro-
mo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazoli-
um (NBT) mixture [12] for the impedimetric detection of
miRNAs via the biocatalyzed precipitation of an insoluble
and insulating product onto the electrode surface. Biotin-
conjugated nanosized liposomes were prepared and used as
labels of the biotinylated hybrids formed on the electrode sur-
face via streptavidin assembly. The biotin tags on the surface
of the liposomes were then reacted with streptavidin–AP con-
jugate. Since one liposome can carry many enzyme molecules
owing to its large surface area, the 1:1 enzyme-to-hybrid ratio
is overcome with a magnification of the amplification event.

Moreover, as descr ibed in the l i terature [13] ,
nanostructuring of the electrode surface is important to control
the optimal distance among DNA capture probes at the elec-
trode surface. Thus, we have optimized a procedure to elec-
trodeposit gold nanoclusters to define nanoscale immobiliza-
tion zones, where a few DNA strands are immobilized, thus
limiting packing and consequently steric hindrance and elec-
trostatic repulsion during the hybridization and labeling steps.

This enzyme-decorated liposome-based impedimetric
genosensor has been applied for the detection of miRNAs in
spiked human serum samples. Indeed, since their discovery in
1993 in the soil nematode Caenorhabditis elegans by the
Ambros group [14], over the last decades miRNAs
(microRNAs, miRs), a large class of small noncoding RNAs
with approximately 20 nucleotides in length, have been con-
sidered to play important roles in different biological process-
es such as cell differentiation, proliferation, and regulation of
protein translation. Abnormal miRNA expression (overex-
pression or downexpression) has been correlated with cancer

and other diseases [15–17]. Tumor-derived miRNAs are pres-
ent in human body fluids such as serum, plasma, urine, saliva,
and sputum [18]. As a result of their tissue specificity and
relative stability, circulating miRNAs offer great potential for
use as minimally invasive diagnostic, prognostic, and predic-
tive tumor biomarkers. Currently, different analytical methods
can be used to detect miRNAs; each of these methods is char-
acterized by its own unique advantages and disadvantages.
Among them, quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR) is commonly used owing to the
inherent sensitivity and reliability. However, the small size
of miRNAs greatly complicates the use of PCR-based
methods. Electrochemical genosensors have emerged as par-
ticularly attractive PCR-free options owing to their appropri-
ate sensitivity, multiplexing capability, their simplicity to use,
and the small amount of sample required [19–27].

Herein, the detection of miR-222, a miRNA sequence
found in many lung tumors, has been demonstrated by using
the newly developed impedimetric genosensor.

Materials and methods

Reagents

Streptavidin–alkaline phosphatase (S2890, Strept–AP, 2:1 con-
jugation stoichiometry), streptavidin (S4762, Strept), dithio-
threitol (DTT), diethyl pyrocarbonate (DEPC), 6-mercapto-1-
hexanol (MCH), 5-bromo-4-chloro-3-indolyl phosphate
(BCIP), BCIP/nitro blue tetrazolium mixture [BCIP/NBT],
Tris-HCl, bovine serum albumin (BSA), diethanolamine
(DEA), dimyristoylphosphatidylethanolamine (DMPE),
distearoylphosphatidyl choline (DSPC), cholesterol and human
serum from AB plasma samples were obtained from Sigma–
Aldrich (Milan, Italy). Biotin-XDHPE was obtained from
Invitrogen Molecular Probes (Milan, Italy). Sulfuric acid, po-
tassium hexacyanoferrate(III and II), disodium hydrogen phos-
phate, magnesium chloride, potassium chloride, and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid sodium salt
(HEPES) were purchased from Merck (Milan, Italy). NAP-10
columns of Sephadex G-25 were obtained from Amersham
Pharmacia Biotech (Uppsala, Sweden). MilliQ water (DEPC
treated for RNA analysis) was used throughout this work.
Synthetic oligonucleotides were obtained from MWG Biotech
AG (Germany):

Capture probe (CP): 5′ GAA-ACC-CAG-CAG-ACA-
ATG-TAG-CT–SH 3′

Target miR-222: 5′ AGC-UAC-AUC-UGG-CUA-CUG-
GGU-CUC–biotin 3′

Non-complementary miR-16: 5′ UAG-CAG-CAC-GUA-
AAU-A–biotin 3′

Prior to use, the thiol-modified oligonucleotides (CP) were
treated with DTT. This reagent allowed reduction and
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cleavage of oligo dimers produced by oxidative coupling of
two DNA-SH molecules (i.e., DNA-S-S-DNA). The lyophi-
lized oligonucleotides were dissolved in a 10 mM Tris-HCl
buffer solution (pH 8.3) containing 20 mM of DTT. The reac-
tion was allowed to proceed for 2 h at room temperature. The
CPs were then purified by elution through a NAP-10 column
of Sephadex G-25 using 0.5 M phosphate buffer (pH 7.0). CP
stock solutions were stored frozen.

Buffer solutions, if not otherwise stated, were (a) phosphate
buffer (PB) comprising 35.6 % KH2PO4 and 64.4 %
Na2HPO4 (0.5 M, pH 7.0); (b) diethanolamine (DEA) com-
prising 0.1 M diethanolamine pH 9.6, 0.1 M KCl, 1 mM
MgCl2.

All chemicals used in this study were analytical reagent
grade.

Preparation of liposomes

Liposomes containing DSPC/cholesterol/DMPE/DHPEX-
biotin in a molar ratio 40:40:19.5:0.5 were prepared by extru-
sion through polycarbonate membranes as described by
Alfonta et al. [9]. Extrusion was carried out using a manual
liposome extruder (LiposoFast-Basic, Avestin Inc., Canada).
The dry lipids were dispersed in 20 mM HEPES, pH 7.4,
0.15 M NaCl with vortex mixing. The solution containing
the mixture was passed 20 times through a polycarbonate
membrane of 100 nm pore size and 19 mm diameter
(Avestin Inc., Canada), by pushing the sample back and forth
between two syringes. The liposome dispersion was stored at
4 °C, until further use.

Characterization of liposomes

Dynamic light scattering (DLS) was used to evaluate the hy-
drodynamic diameters of liposomes using a Zetasizer Nano
ZS90 system (Malvern). Samples for size measurement were
prepared by addition of 25 μL of liposome dispersion to 2 mL
of 10 mM PB, pH 7.4. Prior to use, the solution was filtered
using a 0.2 μm syringe filter and dispensed into a clean plastic
cuvette. To confirm the presence of biotin on the surface of
liposomes, hydrodynamic diameters of liposome aggregates
were estimated by DLS using a Brookhaven Instruments ap-
paratus (BI9000AT correlator card and BI200SM goniome-
ter). The light source was the second harmonic of a diode-
pumped Coherent Innova Nd:YAG laser (λ=532 nm). The
signal was detected by an EMI 9863B/350 photomultiplier.
To obtain the size distribution of the scattering objects, the
autocorrelation functions were Laplace inverted using the
CONTIN routine. Samples for the aggregation test were pre-
pared by addition of 25 μL of a 1:1 mixture of liposomes and
streptavidin (0.5 mg/L in PB), which was incubated in a vial
for 20 min under mixing, to 2 mL of 10 mM phosphate buffer,
pH 7.4. A sample with only liposomes was used as negative

control. The solution was filtered using a 0.2 μm syringe filter
and dispensed into a clean glass cuvette.

Electrodes

The electrochemical cell consisted of a planar, screen-printed,
three-electrode strip based on a carbon (SPCE) or gold
(SPGE) working electrode (3 mm diameter, geometrical area
7 mm2), a carbon counter electrode, and a silver pseudo-
reference electrode. Materials and procedures to screen-print
the electrodes were described in previously published papers
[28–31].

Prior to immobilization of the CPs, carbon working elec-
trodes were modified by potential-sweeping electrodeposition
of Au from 1 mM HAuCl4·3H2O in 0.01 M Na2SO4 and
0.01 M H2SO4 solution, through cyclic voltammetry (CV)
with the following parameters: scan rate 50 mV/s, cathodic
switching potential −0.6 V, and anodic switching potential
+1.5 V. Gold-modified SPCE were denominated Au-SPCE.

Furthermore, CV scans in 0.5 M H2SO4 were performed to
characterize the modified electrode. The recorded charge un-
der the reduction peak was used for the characterization of the
electroactive electrode area, assuming 482 μC cm−2 to be the
charge required for the reduction of a monolayer of oxides on
polycrystalline gold electrodes [32] and calculating the area of
the peak at +0.76 V.

Furthermore, the electrochemically active surface of the
Au-SPCEs was also evaluated by CV in the presence of the
5 mM ferrocyanide in 0.1 M KCl. The Randles–Sevcik equa-
tion was used:

ip ¼ 2:687� 105
� �

n3=2AD1=2Cν1=2

where ip is the ferrocyanide peak current, n the number of
electrons involved, A the electrode area (cm2),D the diffusion
coefficient (=6.50×10−6 cm2/s ) C the concentration (mol/
cm3), and ν the scan rate (V/s).

Electrochemical measurements

Electrochemical experiments were conducted with an
AUTOLAB PGSTAT 10 digital potentiostat/galvanostat con-
trolled by GPES 4.9004 software (Eco Chemie BV, Utrecht,
the Netherlands). All potentials reported in this work were
referred to the silver pseudo-reference electrode; the experi-
ments were performed at room temperature, without
deoxygenation.

EIS tests were carried out in 0.1MKCl containing 5mMof
K3Fe(CN)6 and 5 mM of K4Fe(CN)6 (redox probe solution).
Seventy microliters of the redox probe solution was casted
onto the planar sensor surface, covering the counter, working,
and pseudo-reference electrodes.
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A frequency range from 100 kHz to 10 mHz with a sinu-
soidal voltage of 10 mV and a bias potential of +0.13 V was
used. The data, presented in the form of complex plane dia-
grams (i.e., Nyquist plots), were fitted with a proper equiva-
lent circuit (modified Randles circuit) using FRA2 software
4.9004 (EcoChemie). Both electron transfer resistance (Ret)
and delta electron transfer resistance values (i.e.,
ΔRet =Ret−Ret blank) were evaluated as analytical signal.

SEM-EDX characterization

Scanning electron microscopy (SEM) was performed on un-
coated samples using a ΣIGMA field emission scanning mi-
croscope (Carl Zeiss Microscopy GmbH, Germany). High
resolution images were acquired with an acceleration potential
of 2 kV and a working distance of about 1.5 mm using the
Inlens high resolution secondary electron detector. Qualitative
compositional images were obtained using a retractable back
scattering detector (BSD), working at a distance of 8 mmwith
an acceleration potential of 9 kV. The SEMmicrographs were
analyzed with Image J software (http://imagej.nih.gov/ij/) to
obtain information about the particle size distribution.
Chemical elements contained in the matrix were determined
using energy-dispersive X-ray spectroscopy (EDX) that was
performed by using a 10 mm2 silicon drift detector (X-Act)
coupled with the SEM microscope operated by the INCA
software (Oxford Instruments, UK). In this case, the operative
voltage of the electron source was about 9 kVand the working
distance was 8.5 mm to maximize the X-ray photon counts.
Prior to SEM imaging, samples were thoroughly rinsed with
Milli-Q water and dried under reduced pressure in a vacuum
desiccator with a standard membrane pump for a few hours.

Probe immobilization

CP immobilization was accomplished by applying 10 μL of
the CP solution (2 μM in PB) onto the Au-SPCE working
electrode surface in a moisture-saturated environment cham-
ber, overnight (≈16 h). The CP-coated surface was subse-
quently treated with MCH (spacer thiol). Ten microliters of
1 mM aqueous solution of MCH was placed onto the CP-
modified surfaces for 1 h. Afterwards, the modified electrodes
were treated twice with 30 μL of PB.

Hybridization procedure

Hybridization experiments were performed in a direct format.
Ten microliters of the biotinylated target sequence solution (in
0.5 M PB) was placed onto CP-modified Au-SPCE. After
20 min (hybridization time), the sensors were washed twice
with 30 μL of DEA buffer in the case of the strept–AP assay
or with 0.1 M PB, pH 7.4, in the biotin-tagged liposome assay

scheme. As negative control, a biotinylated non-
complementary sequence was used.

Labeling and EIS detection

Strept–AP-based assay The biotinylated hybrid was reacted
with 10 μL of a solution containing 0.8 U/mL of strept–AP
conjugate and 10 mg/mL of BSA (as blocking agent) in DEA
buffer for 20 min. After a washing step (30 μL of DEA buffer
for two times), the enzyme-modified surfaces were exposed to
30 μL of the BCIP/NBT mixture for 20 min. Afterwards, the
sensors were washed with 0.1 M KCl.

Enzyme-decorated liposome assay The biotinylated hybrid
obtained at the electrode surface was reacted with a 10 μL
solution containing 0.05 mg/L of streptavidin in PB for
20 min. Afterwards, the genosensor was washed twice with
30 μL of HEPES buffer and then reacted with liposome dis-
persion (20 min, room temperature). Then, after a washing
step with DEA buffer, a solution containing 10 μL of 0.8
U/mL strept–AP conjugate and 10 mg/mL BSA in DEA buff-
er was added for 20 min. The enzyme–liposome-modified
surfaces were cleaned with 30 μL of DEA buffer and then
incubated with 30 μL of the BCIP/NBT mixture for 20 min.
During incubation, an insoluble and insulating product precip-
itated onto the surface. Finally, the genosensor was examined
by EIS (in the presence of the redox probe solution), having
been previously cleaned with 0.1 M KCl.

Each result is the mean and standard deviation of at least
three measurements.

Calibration plot

The calibration plot was fitted by non-linear regression to the
four-parameter logistic (4-PL) equation using Origin Pro 2015
software (Origin Lab Corporation, USA) according to the fol-
lowing formula:

Y ¼ Aþ B−Að Þ
1þ x

.
C

� �m

in which Y is the analytical signal, A is the analytical signal at
infinite analyte concentration, B is the analytical signal at zero
analyte concentration, x is the analyte concentration, C is the
inflection point on the calibration curve (the analyte concen-
tration necessary to have 50 % of the signal), and m is the
slope of the linear part of the curve [33, 34].

The limit of detection (LOD) value was evaluated consid-
ering the average response of the blank plus three times the
standard deviation, whereas the limit of quantification (LOQ)
was estimated considering the average response of the blank
plus 10 times the standard deviation. The obtained values
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were converted into moles per liter by fitting the data to the
calibration function.

The upper limit of quantification (ULOQ) was considered
as the highest amount of an analyte in a sample that can be
quantitatively determined with precision and accuracy; it was
assessed as the concentration corresponding to 90 % of the
maximum signal, with an acceptable RSD %≤20 % (n=3).

The quantification range was considered to be the range of
concentration (includingULOQ and LOQ) that can be reliably
and reproducibly quantified with accuracy and precision
through the use of a concentration–response relationship.

Human serum spiked samples

Human serum type AB was diluted 1:100 (v/v) in PB and
filtered (0.45 μm). Spiked samples were prepared by adding
known quantities of miR-222 to diluted serum.

Results and discussion

Development of the impedimetric assay

The proposed assay was based on Au-nanostructured, screen-
printed carbon electrodes and on enzyme-decorated
lyposomes (Scheme 1). The first step of the assay consisted
of the electrodeposition of Au nanoclusters on the surface of a
bare SPCE. These Au nanoclusters offered an excellent plat-
form to immobilize the DNA capture probes (CP) via Au–
thiol chemisorption. Then, MCH was introduced onto the
electrode surface to eliminate the possible remaining active
groups and to block the nonspecific binding sites. The CP-
modified electrode was then allowed to react with the analyte
(the target miRNA). Then, streptavidin and biotinylated lipo-
somes were sequentially added. Afterwards, the liposome-
modified hybrid was exposed to strept–AP. The high
surface-to-volume ratio of the liposome offers a reliable sup-
port for enzyme immobilization, thus allowing for the

simultaneous presence of a multitude of enzyme molecules
per hybrid formed on the electrode surface. After incubation
of the substrate, the enzymatic product was revealed by fara-
daic EIS, in the presence of [Fe(CN)6]

3/4−.
Liposome characterization, in terms of dimensions, conju-

gation to streptavidin, and stability, as well as the electrochem-
ical, SEM, and EDX characterization of the nanostructured
surface is reported in the following paragraphs.

Liposome characterization

The hydrodynamic diameter (146±9 nm) of the biotinylated
liposomes was evaluated by DLS and controlled by choosing
appropriate extrusion membranes, as described in the
BMaterials and methods^ section. The size distribution of the
biotinylated liposomes was determined on the same day as
their preparation and compared with those stored for 1 month
at 4 °C (stability test). Aggregation of liposomes during the
stability test was negligible (data not shown).

The presence of the biotin tags on the surface of the lipo-
somes was also evaluated by DLS by monitoring the increase
of the hydrodynamic diameter after the addition of a known
concentration of streptavidin (0.5 mg/L) in the dispersion of
the biotinylated liposomes (see Electronic Supplementary
Material (ESM) Fig. S1). As a result of the four biotin-
binding sites, streptavidin acted as a biological cross-linking
agent and initiated the formation of liposome aggregates with
an increase of the average size. The hydrodynamic diameter of
the liposome population increased in the presence of the
streptavidin from 140 to 250 nm, confirming the interaction
of streptavidin with the biotinylated liposomes. However, the
size distribution of the aggregates suggested that only a small
fraction of the biotin binding sites of streptavidin was avail-
able to biotinylated liposomes. The size of the streptavidin
molecule (5–6 nm) was small compared with the size of the
liposomes; thus, surface geometry prevented binding of lipo-
somes to more than one or two sites on streptavidin.
Nevertheless, the DLS analysis confirmed the availability of
biotin moiety at the liposome external surface.

Au electrodeposition and electrochemical characterization
of the nanostructured surfaces

Au nanoclusters were electrochemically deposited by reduc-
tion of 1 mMHAuCl4 solution at the SPCE surface using CV.
As reported in Fig. 1, on the negative sweep of the first CV
scan cycle, a broad reduction peak (+0.16 V), indicating the
reduction of Au(III) to Au(0), was observed. Moreover, a
current crossover on the reverse scan was present. This cross-
over, indicative of nucleation growth kinetics, was followed
by a large anodic process (near +0.90 V) due to both the
formation of an oxide layer on the electrodeposited gold and
electrodissolution of Au(0) [35]. On the second potential scan

Scheme 1 Assay scheme. (1) Gold nanoclusters were electrochemically
deposited by reduction of 1 mM HAuCl4 solution at the SPCE surface,
using cyclic voltammetry (CV). The DNA CP was immobilized on the
nanostructured surface (2). The CP-modified Au-SPCE, backfilled with
mercaptohexanol (2), was exposed to the target miRNA (3). The
biotinylated hybrid is formed on the Au-SPCE surface. Streptavidin (4)
and biotinylated liposomes (5) are sequentially added. The liposome-
modified hybrid is then exposed to streptavidin–alkaline phosphatase
(6). After incubation of the substrate, the enzymatic product is revealed
by EIS (7)
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cycle, a large positive shift (from +0.16 to +0.51 V) in the
Au(III) reduction peak, due to nucleation sites created on the
first scan, was found. The cathodic peak at +0.64 Vwas due to
the reduction of gold oxide formed in the first scan. In addi-
tion, no current crossover was observed. The shapes of these
voltammograms were consistent with those previously de-
scribed under similar conditions [35–37].

To optimize the electrodeposition process, the effect of the
concentration of HAuCl4 and the number of potential scan
cycles were evaluated. As reported in the literature, these pa-
rameters play an important role for the morphology, size, and
uniformity of particles [36].

Figure 2 shows the influence of these variables by analyz-
ing, after each electrodeposition scan, the values of the elec-
tron transfer resistance (Ret) of a redox probe, measured by
EIS. Thus, the electrode was rinsed with deionized water and
then 100 μL of 5 mM [Fe(CN)6]

3/4− (1:1 mixture in 0.1 M
KCl) was casted onto the sensor surface and the impedance
spectra recorded. As reported in Fig. 2, a progressive reduc-
tion in the Ret value was observed on increasing both the
variables. This is consistent to the fact that a higher electrode
surface area was coated with Au nanoclusters [38].

The number of potential scan cycles was varied from 1 to
15. Ret decreased with increasing number of cycles (Fig. 2),
reaching a constant value after 7 cycles (133±19Ω). Thus, the
number of potential scan cycles for the electrodeposition of
gold nanoclusters for further experiments was determined to
be 7.

The HAuCl4 concentration was varied in the range 0.5–
2.0 mM, obtaining a decrease of Ret with increasing Au(III)
concentration (Fig. 2).

However, as reported in the literature [36], the most ho-
mogenous deposits were obtained using low Au(III)

concentrations. These data were also confirmed by SEMmor-
phological studies (Fig. 3). For this reason, 1 mM HAuCl4
concentration was chosen as a compromise between Ret value
and morphology of the surface.

The nanostructured electrodes were then characterized
by performing CV scans in 0.5 M H2SO4 (ESM
Fig. S2a). The presence of oxidation and reduction
peaks typical of gold were observed [35, 39]. The re-
corded charge under the reduction peak was used for
the characterization of the electroactive electrode area
[32]. An electrochemically active area of 4.9 ± 0.2 mm2

was estimated, in contrast to a geometrical area of
7.1 mm2.

Furthermore, the electrochemically active area was also
evaluated by CV in the presence of 5 mM ferrocyanide in
0.1 M KCl (ESM Fig. S2b). Using the Randles–Sevcik equa-
tion, as reported in the BMaterials and methods^, we deter-
mined the electrochemically active surface to be 4.7
±0.2 mm2. This value was in good agreement with that pre-
viously described.

The standard deviation of these measurements indicated
the good reproducibility of the gold electrodeposition process.

Surface characterization using SEM and EDX

Information on the shape and size of Au nanoclusters was
obtained by SEM observations. Figure 3 shows typical SEM
micrographs of the bare SPCE (Fig. 3a, d) and of the Au-
SPCE (electrodeposited from 1 mM Au(III) solution
(Fig. 3b, e) and from 2 mM Au(III) solution (Fig. 3c, f),
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respectively). The SEM images confirm the formation of
nanosized Au clusters with an average diameter of 55
±15 nm (with a density of 77 particles per μm2) and 168
±100 nm (with a density of 145 particles per μm2) on the
carbon surface, for 1 mMAu(III) and 2 mMAu(III)-modified
electrodes, respectively. Thus, an increase in the particle den-
sity and in average size as a function of the Au(III) concentra-
tion was observed (Fig. 3b, e and c, f), illustrating a gradual
coalescence phenomenon [36]. Distribution analysis is report-
ed in Fig. S3 in the ESM, confirming the presence of two
distinct populations for 2 mM Au(III)-modified electrodes:
the first one is related to small and spherical-shaped nanopar-
ticles (NPs) and the second one to larger, aggregate-like NPs.
Au deposits were absent in the negative control, even if SEM
micrographs showed nanostructures likely due to carbon
screen-printing ink composition.

Qualitative compositional images, obtained using BSD and
reported in Fig. 4, clearly demonstrated the differences be-
tween the SPCE (4a) and the Au-SPCE (4b) surface.

Electrode surface elemental analysis by EDX was also per-
formed and the results are reported in Table 1. The results
confirm that the main components of the Au-SPCE electrode
surface are C and Au, with traces of chloride and oxygen. The
presence of O and Cl elements is due to the screen-printing ink
composition, according to the information provided by the
manufacturer. In particular, the chlorine peak is due to the
presence of vinyl chloride and acrylate copolymer, the binders
used in the printing process.

Optimization of surface coverage and other assay
parameters

The impedimetric spectra upon the different steps of the assay,
according to Scheme 1, are shown in Fig. 5. The interaction of
target microRNA with the sensing interface (CP/MCH) to
form the hybrid via base-pairing resulted in an increase in
the electron transfer resistance at the electrode (Ret = 1.2
±0.2 kΩ). The association of streptavidin also raised the value
of the interfacial electron transfer resistance, as a result of the
partial hydrophobic insulation of the electrode surface. The
association of the biotin-functionalized liposome further in-
creased Ret to 3.0±0.3 kΩ. Finally, the insoluble product of
the enzymatic reaction led to a significantly higher value of Ret
(6.3±0.7 kΩ).

Indeed, the amplification of the analytical signal was the
result of two main factors: (i) lyposomes, as a result to their
chemical composition, acted as insulating systems of the elec-
trode surface. Thus, the interfacial electron transfer process
was perturbated and the Ret value increased; (ii) as a result
of the precipitation of the insoluble product because of the
hybridization reaction and the enzymatic biocatalytic activity,
the accumulation of an insulating layer on the electrode further
increased Ret.

The amount of the target miRNA hybridized on the elec-
trode surface controlled the amount of liposomes associated
with the electrode. The content of the enzyme molecules as-
sociated with the sensing interface as well as the time interval

Fig. 3 SEM images of a bare
SPCE (a, d), with typical
roughness and nanostrucuration
of the carbon electrode surface;
1 mMgold-modified SPCE (b, e);
2 mM gold-modified SPCE (c, f).
All samples are prepared in ex-
perimental conditions as reported
in the text using InLens detector

Fig. 4 SEM images of bare (a)
and 1 mM gold-modified (b)
screen-printed carbon electrode
prepared in experimental
conditions as reported in the text
using a BSD detector; the primary
contrast mechanism is due to
differences in atomic number (Z)
so that areas of the sample with
heavier elements appear brighter
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employed for the biocatalyzed precipitation process controlled
the amount of precipitate that was accumulated on the elec-
trode. All the parameters that may affect the performance of
the assay were optimized, as shown in Table S1 in the ESM.
One of the parameters that was finely controlled was the CP
concentration during genosensor fabrication. As highlighted
in the literature [40], CP density can be experimentally con-
trolled by changing the CP concentration. Electrode surfaces
characterized by lower CP density show a reduced number of
biorecognition sites, whereas surfaces with higher CP densi-
ties can cause steric and electrostatic interference between
packed probes and the incoming target and liposomes.
Higher analytical signal was obtained with electrodes

modified with 2 μM of the CP solution and therefore this
concentration was used for further measurements.

Analytical evaluation of the assay

A calibration experiment was designed to demonstrate the
analytical performances of the impedimetric assay. The 4PL
equation was used to fit the data (R2 > 0.99). The limit of
detection was evaluated to be 0.400 pM (i.e., 4 amol in
10 μL of sample solution) using the criterion of the back-
ground signal plus three times its standard deviation. The re-
sponse of the assay spanned over three orders of magnitude,
with a limit of quantification (defined as the background sig-
nal plus ten times its standard deviation) of 1.70 pM. The
upper limit of quantification was 900 pM, with an RSD
%=13 % (n= 3) between a target concentration of 0 and
900 pM. A typical calibration curve is shown in Fig. 6.

Non-complementary sequence solutions at concentrations
of 10, 100, and 1000 nM were also analyzed. All the concen-
trations tested produced a similar value of ΔRet (0.15
±0.04 kΩ), demonstrating that the non-complementary se-
quence did not interact nonspecifically with the transducer
surface and had no cross-reactivity with the immobilized CPs.

The analytical performances of the assay were evaluated in
comparison with results obtained using strept–AP conjugate
as a label, as well as the data obtained using an SPGE.

Table 2 reports the improved analytical performances of the
proposed assay over other assays based on the use of strept–AP
(instead of enzyme-decorated liposomes) or on the use SPGEs
(instead of nanostructured transducers). In the first approach we
were interested to study the effect of the liposomes as

Table 1 EDX analysis of elements of 666 μm2 electrode area of
different types of electrodes

SPCEa 1 mM Au-SPCEa 2 mM Au-SPCEa

C 96.2 96.2 95.3

O 2.5 2.1 1.9

Cl 1.4 1.0 1.6

Au – 0.7 1.2

Reported values correspond to Atomic %
aUnmodified carbon electrode (SPCE), gold-modified carbon electrode
with 1 mMAu(III) solution (1 mMAu-SPCE), and gold-modified carbon
electrode with 2 mM Au(III) solution (2 mM Au-SPCE)

Fig. 5 Faradaic impedance spectra (in the form of Nyquist plots) for the
measurements corresponding to (1) probe functionalized electrode; (2)
after interaction with 0.1 nM miRNA target; (3) after treatment with
streptavidin; (4) after interaction with liposomes; (5) after interaction with
strept–AP; (6) after interaction with the substrate. Data are recorded in
0.1 M KCl in the presence of [Fe(CN)6]

3/4− (5 mM, 1:1). Further details
are reported in the text
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Fig. 6 miR-222 calibration plot in PB. Further details are available in the
BMaterials and methods^ section. Each point represents the mean of at
least three measurements and the error bars the corresponding standard
deviation
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nanoarchitectures rich in enzymatic labels with respect to the 1:1
enzyme-to-hybrid ratio.Whereas, in the other approach, wewere
interested to evaluate the effect of the Au-nanostructuring with
respect to the use of a planar gold screen-printed electrode.

When compared to detection with strept–AP (Table 2), the
enzyme-decorated liposomes showed better performance in
the lower end of the concentration range. The limit of detec-
tion of the strept–AP assay was 10 pM and the limit of quan-
tification was 35 pM. These results confirm the magnification
of the enzyme-mediated biocatalytic reaction attributed to
each liposome being able to bind many enzyme molecules
per hybridization event.

In addition, the performances of the nanostructured surface
were also compared with those of SPGE using the same CPs
and enzyme-decorated lyposomes. The limit of quantification
was a factor of 70 lower for the nanostructured electrode than
for gold electrodes. The better analytical performances of the
proposed assay were attributed to higher level of DNA probe
immobilization and to the improved conditions for effective
surface hybridization between the CP and the target as a result
of surface nanostructuring.

Application: analysis in serum

The reliability and feasibility potential of using this impedimetric
genosensor for clinical analysiswere also assessed. Thus, a series
of sampleswere prepared by adding different concentrations (10,
50, 100, and 500 pM) of miR-222 to diluted human blood serum
samples. As shown in Table 3, the recovery was between 77 %
and 93 %. A suppression of the analytical signal in the presence

of the matrix was generally observed. From these values, the
enzyme-decorated liposome assay seemed a feasible method
for determining miR-222 in real biological samples.

Conclusions

In this work, we have demonstrated the improvement in the
analytical performances of an impedimetric genosensor by
using enzyme-decorated liposomes and nanostructured
electrodes.

We have demonstrated the benefit of enzyme-decorated li-
posomes over streptavidin–alkaline phosphatase conjugate as
labeling reagent for hybridization detection. The high surface-
to-volume ratio of the liposome offers a reliable support for
enzyme immobilization, thus allowing for the simultaneous
presence of amultitude of enzymemolecules per hybrid formed
on the electrode surface. The nanostructuring of the electrode
surface offers suitable immobilization sites for the capture
probes, thereby allowing optimal control over steric hindrance.

A comparison was made with gold electrodes for CP im-
mobilization and strept–AP for detection, which yielded a
limit of quantification approximately 70 and 20 times higher
than that for nanostructured electrodes and enzyme-decorated
liposomes, respectively.

This method was also well suited for the detection of
miRNA sequences in serum samples. A small RNA can be
quite easily terminal conjugated with biotin, and a procedure
to label miR-222 with biotin was recently reported [30]. This
procedure should be further implemented and optimized to
analyze miRNAs in serum samples
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Table 2 Comparison of the analytical performances of the different assays

Electrode Label Dynamic range (nM) R2 LOD (pM) LOQ (pM) ULOQ (pM) RSD (%)

SPGEa Lip 0.01–1 0.99 40 117 700 15

Au-SPCEb Strept–AP 0.01–1 0.99 10 35 500 18

Au-SPCEc Lip 0.001–1 0.99 0.4 1.7 900 13

a SPGEs used as transducers and enzyme-decorated liposomes as labels
b Au-SPCEs used as transducers and strep-AP as labels
c Au-SPCEs used as transducer and enzyme-decorated liposomes as labels

Table 3 Recovery of the proposed miRNA assay in human serum
samples

Sample no. Found (pM) Spiked (pM) Recovery

1 9.3 ± 0.4 10 93

2 38± 3 50 77

3 88± 3 100 88

4 400 ± 1 500 80
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