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ARTICLE INFO ABSTRACT

Development of a very sensitive biosensor is accompanied with an inevitable shrinkage in the linear detection
range. Here, we developed an electrochemical biosensor with a novel methodology to detect microRNA-21
(miR21) at an ultralow level and broad linear detection range. A three-way junction RNA structure was designed
harboring (i) a methylene blue (MB)-modified hairpin structure at its one leg to function as the sensing moiety
and (ii) the other two legs to be further hybridized with barcode gold nanoparticles (MB/barG) as the signal
amplifiers. Addition of target miR21 resulted in opening the hairpin moiety and subsequent hybridization with
DNA-modified gold nanoflower/platinum electrode (GNF@Pt) to form the MB-3 sensor. Inspired by the relay-
race run, to extend the dynamic detection range and increase the sensitivity of the biosensor, MB/barG was
added to form the second detection modality (MBG-3). The combined sensor required very low sample volume
(4 uL) and could identify 135 aM or 324 molecules of miR21 with the ability to operate within a wide linear
range from 1 pM down to 500 aM. The fabricated GNF@Pt showed a remarkable conductivity compared with the
gold nanoparticle-modified electrode. Addition of MB/barG boosted the electrochemical signal of the MB by
almost 230 times. Moreover, a new protocol was introduced by the authors to increase the efficiency of
microRNA extraction from the total serum. Possessing a sound selectivity and specificity towards single base-pair
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mutations, the developed biosensor could profile cancer development stages of two patient serums.

1. Introduction

Development of medical diagnostic devices on the basis of bio-
marker detection requires sensitive, cost-effective and reliable assays
(Mohammadniaei et al., 2018a,b,c,d; Wu and Qu, 2015). During the last
decade, microRNA (miRNA) has discovered as a very potent biomarker
for the early diagnosis and treatment of several diseases (Lu et al., 2005;
Mohammadniaei et al., 2018a,b,c,d; Nalejska et al., 2014). Altered
expression level of this biomarker in various tissues and body fluids is
associated with diverse diseases (Kato et al., 2013; Krol et al., 2010).
However, short length of miRNAs (18-24 nucleotides), their highly
homologous sequences and unknown abundance (ranging from aM to
uM) in real samples are obstacles faced by fabrication of practical
miRNA biosensors (Catuogno et al., 2011; Kilic et al., 2018; Wu and Qu,
2015). Furthermore in general, one of the important issues that imposes
limits in developing any types of biosensors is the fact that increasing
the sensitivity obstructs the extension of linear detection range.
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Therefore, introducing a new detection strategy is highly demanding to
exert influence over current biosensor fabrication techniques.

Standard analytical methods such as quantitative real-time poly-
merase chain reaction (QRT-PCR) (Chen et al., 2011), northern blotting
(NB) (Valoczi et al., 2004) and microarray-based hybridization (Li and
Ruan, 2009) have been exploited for miRNA detection. For example,
gqRT-PCR despite its high accuracy and sensitivity, suffers from com-
plicated primer design because of the low melting temperature of short
oligonucleotides. This can cause cross-hybridization and detection er-
rors. NB with relatively low throughput, usually demands large sample
volume and requires radiolabeling causing impurities to the system.
Microarray is also restricted by its complexity, cross-contamination and
high cost (de Planell-Saguer and Rodicio, 2011).

Endeavors have been made to improve miRNA detection methods
by implementing nanomaterials owing to their unique electrical, optical
and catalytic features (Jamali et al., 2014). Various nano-based plas-
monic biosensors have been developed for sensitive detection of
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miRNA, however their performances either necessitate multiple en-
zymes/steps or precise temperature control over the entire procedure
(Driskell et al., 2008; Wang et al., 2016; Zhang et al., 2015). Likewise,
signal amplification techniques have been introduced to substitute the
abovementioned standard methods for precise quantification of
miRNAs (Chen et al., 2018b). However, using complicated nucleic acid
designs and sometimes large sample volumes make their detection
systems costly and error-prone followed by poor reproducibility.

Amongst them, nano-based electrochemical biosensors have offered
sensitive and cost-effective platforms for diagnostic applications
(Mohammadniaei et al.,, 2018a,b,c,d; Mohammadniaei et al.,
2018a,b,c,d; Yoon et al. 2017, 2019). For instance, three-mode elec-
trochemical sensor represented one the most sensitive electrochemical
platforms for miRNA detection (Labib et al., 2013). Though, its per-
formance requires laborious step for p19 protein expression and pur-
ification as well as tedious washing procedures. Additionally, cleavage-
mediated cascade (Zhao et al., 2013), DNA tetrahedral scaffold (Chen
et al., 2018a) and hybridization chain reaction (Ge et al., 2014)
methods have offered sensitive detection of miRNA down to attomolar
level. However, using diverse reagents and enzymes and/or narrow
linear detection range are still some shortcomings that limit their
clinical applications (refer to Tables S1 and S2 for more detailed re-
ports).

In this work inspired by the relay-race run, we developed a novel
sensing mechanism comprising a two-mode supporting system (nom-
inally MB-3 and MBG-3) to achieve a considerably low miRNA detec-
tion limit of 135 aM (324 molecules in only 4 pL of sample) in a broad
linear detection range expanding from 1 uM down to 500 aM. For the
sensor probe, an ultra-stable RNA three-way junction structure (3WJ)
(Lee et al., 2019; Mohammadniaei et al., 2019; Shu et al., 2011) was
modified harboring a methylene blue (MB)-functionalized hairpin
structure (Fig. 1) and two extended barcode sequences (H-MB/Bar/
3WJ). For the solid electrode, a newly-developed gold nanoflower-
electrodeposited platinum structure (GNF@Pt) under a certain condi-
tion was fabricated representing a highly conductive surface. After
miRNA invasion, the loop structure of the modified 3WJ was opened
allowing a free over-hanged sequence to hybridize with the DNA-
modified GNF@Pt following by a detectable electrochemical signal of
MB. To assist the MB-3 sensor, the second mode was engaged by
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addition of two MB-modified barcode RNA/gold nanoparticles (MB/
barG) to form the MBG-3 sensor. Interestingly, addition of MB/barG
significantly amplified the MB electrochemical signal by almost 230
times to remarkably elevate the senor sensitivity and extend its detec-
tion range. Also using a simple approach by surfactant treatment of the
serum, we could increase the sample recovery efficiency by ~60%
which has not been reported elsewhere. The established biosensor
displayed a high specificity and could successfully profile two cancer
serums (breast and liver) at different development stages based on the
miR21 abundance differences.

2. Results and discussion

2.1. Structure design and analysis of H-MB/Bar/3WJ in recognition of
miR21

PAGE method was used to investigate the structure formation of H-
MB/Bar/3WJ and its capability in selective recognition of the target
miR21 (for experimental details refer to supporting information S1).
The structure design was based on the 3WJ motif (black RNA sequences
in Fig. 1) possessing a very stable and distinct architecture. The 3WJ,
strand was extended at its both ends (green sequences) as barcodes
(Bar/3WJ,) to be later hybridized with two MB/barG structures. The
3WJ. strand was also extended at its 5’ end with a MB-modified hairpin
structure (H-MB/3WJ,) to arrange the final structure of H-MB/Bar/
3WJ. As demonstrated in Figs. 1 and 2, the miR21 sequence is defined
as two parts of a’ and b’ which are complementary to stem (a) and a
portion of loop (b) sequences of H-MB/3WJ.. After hybridization of
miR21 with H-MB/Bar/3WJ, the hairpin structure of the H-MB/3WJ. is
opened to form the H-MB/Bar/miR21/3WJ architecture.

As illustrated in Fig. 2 (left panel), besides the bands for the control
experiment a discrete band is clearly seen at the lane 7, illustrating the
successful formation of H-MB/Bar/3WJ (indicated as “Probe”). Like-
wise a very distinct band, higher than that of the “Probe”, can be ob-
served at the lane 9 (indicated as “Sense”) as a result of miR21 hy-
bridization for 1hat RT. This shows a precise formation of the final
structure H-MB/Bar/miR21/3WJ.

As it is evident in Fig. 2, the single-mismatched miR21 could poorly
transform the structure where beside the intense band for “Probe”,
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Fig. 1. Schematic diagram of the relay-race electrochemical biosensor. Left panel depicts the predicted structures and nucleic acid sequences of the H-MB/Bar/3WJ,

miR21 and MB/barG.
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there was a week band for “Sense”. Also, majority of the miRNAs did
not incorporate into the reaction (left yellow arrow). Additionally, the
non-target miRNA (miR141) was incapable of structure transformation,
as such, no miR141 was involved in the reaction (right yellow arrow)
and no band was observed for the “Sense”. The archived results confirm
the robust structure of H-MB/Bar/3WJ with a high degree of selectivity
and specificity.

2.2. Analysis of GNF@Pt

GNFs were selectively electrodeposited onto the platinum (Pt)
electrode by reduction of HAuCl, in the presence of Tween 20 (Fig. 3a,
Fig. S1 and supporting information S1). CV technique was employed
and three consecutive cycles (— 0.7to 0.5 V; 50 mV/s) were recorded in
the presence and the absence of Tween 20 as the structure-directing
agent. Fig. 3b—f illustrate the cyclic voltammograms and the corre-
sponding SEM images of the bare Pt electrode in 0.5 M H,SO, solution
as well as the gold nanostructure-modified Pt electrodes. As shown in
Fig. 3b, in the presence of Tween 20, a slight negative shift (from 0.01
to 0.02 V) accompanied by a notable increase in the reduction peak of
the gold (from+ 2.08 to- 3.73 pA) is evident. This resulted in transfig-
uration of gold nanoparticle (GNP) to GNF, probably because of the role
of surfactant in assisting the elongation of nanoparticles (Gao et al.,
2003). Interestingly after the gold electrodeposition, reduction peak of
Pt £ 0.21 V) was amplified by almost three times of magnitude, in-
dicating the function of gold nanostructures as the electrochemical
signal enhancers. The SEM image of GNFs (Fig. 3e) and the corre-
sponding magnified images (Fig. 3f) clearly display the uniform and
flower-like structures of GNFs on Pt electrode. Moreover, this selective
electrodeposition could supply a thiol-gold bonding for the im-
mobilization of thiolated DNAs specifically onto the working electrode.

2.3. Layer-by-layer assembly of the MB-3 and MBG-3 sensors

EIS and CV techniques were engaged to investigate the layer-by-
layer formation of our biosensor (for experimental details refer to
supporting information S1). Fig. 3g and h show Nyquist diagrams and
the equivalent Bode plots for different modification steps of the elec-
trode (from i to vi) in PBS (10 mM, pH 7.4) containing 5 mM [Fe(CN)¢]
3-/4 redox probe and 0.1 M KCI. The R, of Pt electrode was 875.6 Q and
further decreased by 84% to 135.2 Q after formation of GNP@Pt, sug-
gesting a higher charge transfer efficiency at the electrode/electrolyte
interface. However, a very negligible value of 5.32 Q was observed for
the GNF@Pt. This illustrates a pronounce electron conductivity of the
modified electrode, resulting from the higher surface-to-volume ratio of
GNF compared to GNP together with a synergistic effect of the flower-
like gold nanostructures and the Pt. Also from the Bode plots in Fig. 3h,
almost no peak at the mid frequency region (corresponds to charge
transfer resistance) was observed for GNF@Pt, indicating its
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Fig. 2. Schematic diagram and native PAGE (12%

TBM) results of the structure transformation from
< H-MB/Bar/3WJ (Probe) to H-MB/Bar/miR21/3WJ
§ (Sense), after the addition of miR21. The ETBR
g staining method was used for the band visualiza-
tion. Yellow arrows at the right panel illustrate the
unbound miRNAs. M stands for nucleic acid marker.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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negligible | Z | value.

After immobilization of thiolated DNA on the GNF@Pt and further
electrode backfilling by 6-Mercapto-1-hexanol (MCH) (formation of
Base structure), there was a pronounce increase in the R value to
1628.4 Q. This may have occurred because of the blockage as well as
electrostatic repulsion of the redox probe (Fe(CN)6®~*) via the nega-
tively charged DNA and MCH immobilized onto the GNF@Pt.
Hybridization of H-MB/Bar/miR21/3WJ with Base further resulted in
an increase in the R, value to 1813.1 Q, suggesting the successful for-
mation of MB-3 sensor. Moreover, hybridization of GNP'°-modified
MB/Bar (MB/BarG) with the structure (formation of MBG-3 sensor) was
followed by subsequent increment of R, to 2530.6 Q. Characterization
of MB/BarG is provided in supporting information S2 and Fig. S2. This
may be attributed to the imposition of a considerable negative charge
(MB/barG) and an extra resistance (blockage of the redox probe) to the
surface to damp the charge transfer rate between the electrode and the
solution. Similar results can be observed from the Bode diagrams
(Fig. 3h), as there was a sequential increase of | Z | value after each step
of immobilization.

In addition, CV technique was used to better perceive the structure
formation of MB-3 and MBG-3 sensors. As depicted in Fig. 3i and Fig.
S3, comparing to the voltammograms recorded for GNF@Pt and the
Base, a clear quasi-reversible redox signal for MB-3 was seen at-0.37 V
and- 0.28 V, arising from the MB. For 50 pM miR21, the reduction and
oxidation current peaks of the MB-3 sensor were + 0.046 = 0.007 and
—0.059 = 0.012 pA, respectively. Whereas, those values for the MBG-3
sensor (50 pM miR21) were measured + 10.37 = 0.32 and-—
13.21 = 0.53 pA, respectively. Accordingly, the MBG-3 redox current
signals were almost 230 times higher than those of the MB-3 signals,
suggesting a considerable function of the MB/barG on the electro-
chemical signal amplification of MB. This can be ascribed to a dual
effect of (first) elevating the number of MB molecules and (second) the
role of gold nanoparticles as the well-known electrochemical signal
enhancers. The obtain data confirm the layer-by-layer self-assembly of
the MB-3 and MBG-3 sensors.

2.4. Sensor performance

The sensor performance was based on the detection of electro-
chemical signal arising from MB as a result of target hybridization. DPV
technique was employed and the oxidation current peak of the MB was
chosen as the detection signal. The Base structure was formed by im-
mobilization of thiolated DNA on the GNF@Pt (for experimental details
refer to supporting information S1). The detection probe was composed
of the Base and an excess amount of H-MB/Bar/3WJ. As seen in Fig. 1,
the designed H-MB/Bar/3WJ consisted of a core 3WJ structure (3WJ,,
3WJ, and 3WJ.) which was modified at its three legs. The 3WJ, was
extended at its both ends by homologous sequences (green color)
complementary to the RNA sequences of the MB/barG. The 3WJ,. was
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Fig. 3. a) Optical images of the platinum electrode configuration fabricated on the slide-glass substrate, before and after the GNF electrodeposition; Yellow color of
the working electrode can be clearly seen after the GNF electrodeposition. b) Cyclic voltammograms of the 3™ cycles for different modification of Pt electrode; Scan
rate: 50 mV/s c-e) SEM images from the Pt electrode surfaces before and after gold electrodeposition. f) Magnified SEM images of the GNF@Pt. g and h) Nyquist plots
(Z’ vs—7”) and the equivalent bode plots obtained for (i) bare Pt, (ii) GNP@Pt, (iii) GNF@Pt, (iv) DNA-modified GNF@Pt (Base), (v) MB-3 sensor and (vi) MBG-3
sensor; The inset in Fig. 3g demonstrates the equivalent Randles circuit model; All the experiments were carried out in PBS buffer (pH 7.4) containing 5 mM Fe (CN)e
4=/3= and 0.1 M KCL. 1) Comparison between the cyclic voltammograms recorded for GNF@Pt, Base, MB-3 and MBG-3 structures.

also extended at its 5 end to a MB-modified hairpin structure (H) whose
stem and the long portion of its loop (denoted as: a and b) were com-
plementary to the target miR21 sequence (defined as two sequence
parts of a’ and b’). Besides, the DNA sequence of the Base (a and c’) was
partially complementary to the H motif at its stem (a’) and a short
portion of its loop (c). In the absence of the target miRNA (miR21) and
also in the presence of non-target strands, the H structure remained
intact. Addition of target miRNA resulted in hybridization of b’ with b
and further a’ with a to open the loop of H-MB/Bar/3WJ, because the
hybrid form (H-MB/Bar/miR21/3WJ) has more base pairs than that of
the stem in the H motif (H-MB/Bar/3WJ) and is therefore more stable.
Then, the sequences of a' and ¢ were discharged to become available for
hybridization with DNA at the Base. This was followed by attachment of
the MB to the GNF@Pt and a detectable electrochemical signal arising
from MB (formation of MB-3 sensor).

Higher concentration of miR21 was followed by increasing the
number of H-MB/Bar/miR21/3WJ on the Base. This contributed to the
attachment of more MB molecules on the surface leading to a higher
redox current signal of MB. As shown in Fig. 4a, increment of miR21
concentration led to increasing the oxidation current of MB. The de-
veloped MB-3 sensor could cover a linear detection range from 1 uM to
50 pM (Fig. 4b).

To further enhance the detection range of the system where the MB-

3 sensor was incapable of working, MB/BarG was added to hybridize
with the extended barcode sequences at Bar/3WJ, strand and form the
MBG-3 sensor. As demonstrated in Fig. 4c and d and previously de-
scribed in section 2.3, a synergic effect resulted in boosting the elec-
trochemical signal of MB and gave rise to the extension of linear de-
tection range down to 500 aM. As illustrated in Fig. 4b and d, working
ranges of MB-3 and MBG-3 sensors are defined within the linear regions
where beyond those ranges sensors were either saturated or unable to
detect the target. The fabricated sensor with a broad linear detection
range (1 uM-500 aM) required only 4 uL of the sample volume which
remarkably reduces the detection costs. The limit of detection (LOD)
was calculated 135 a.m. (324 molecules in 4 pL) on the basis on the
3 X (Sp/A) method, where A is the slope of the linear fitting curve and
Sy, is the standard deviation of the blank signal. The optimal detection
time for MB-3 and MBG-3 sensors were chosen 80 min and 130 min,
respectively (Supporting information S3 and Fig. S4).

Selectivity test was also performed using different miRNAs (single-
mismatched miR21, miR152, miR155 and miR141). As it is evident in
Fig. 5a and its inset, the signal detected for single-mismatched miR21
(1 M-miR21) was around 57% lower than that of the miR21, whereas
for the non-target miRNAs almost no signals were detected. These re-
sults which are in consistence with the PAGE analysis data, demonstrate
a high degree of specificity and selectivity of the developed biosensor.
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Furthermore, performance of the developed biosensor was com-
pared with the qRT-PCR. As shown in Fig. 5b, considering the C; value,
the qRT-PCR represented a linear detection range from 500 nM to 5 fM
with a good selectivity and a LOD of 1.23 fM. Given the observed data,
out developed biosensor displayed a higher sensitivity and a broader
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Fig. 4. a) Differential pulse voltammograms re-
corded before and after exposure of the MB-3 sensor
with various concentrations of miR21. b) Changes in
reduction current of the MB after formation of MB-3
sensor by addition of different concentrations of
miR21 from 0.5 pM to 5uM; The linear range
(working range) was observed from 50 pM to 1 pM.
c) Differential pulse voltammograms obtained from
MBG-3 sensor with different amounts of miR21;
Inset shows the magnified curves of the Base and
500 aM miR21. d) Changes in reduction current of
the MB after formation of MBG-3 sensor by addition
of different concentrations of miR21 from 5 aM to
50 nM; The working range was observed from 500
aM to 50 pM. Statistical data was obtained from
eight different samples under identical conditions
and 95% confidence was considered.

linear detection range without using any enzyme and the step for the
reverse transcription, to be further employed as a promising system for
miRNA detection.

For the stability test, cyclic voltammograms of the sensors were
monitored for 100 cycles (Fig. 6a and b) and 200 cycles (Fig. S5). As it

Fig. 5. a) Selectivity of the MBG-3 sensor for the
detection of 50 fM miR21in the mixture of miRNAs,
single-mismatched miR21 (1m-miR21) and 500 fM
non-target miRNOAs (miR-152, miR-155 and miR-
141) as the comparison with the control PBS; Inset-1
shows typical corresponding differential pulse vol-
tammograms; Inset-2 displays the magnified curves
for miR152, miR155 and miR141; Error bars were
calculated based on the recorded data from 8
identical samples; *P < 0.05 and **P < 0.03 vs.
control. b) qRT-PCR experiment for the TagMan
fluorescence monitoring of the amplification reac-
tions triggered by various concentrations of miR21;
dash line displays the C; value. ¢) Corresponding
plot of the C, value as a function of miR21 con-
centration; Data analysis was carried out using
LightCycler’ Software 4.05 (Roche Applied
Science). For the qRT-PCR, the error bar was cal-
culated based on 3 identical samples.
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stages (2 and 3) obtain from qRT-PCR and the developed sensor; At least eight data was recorded for each method and 95% of confidence was considered for the

ellipse curves.

is evident, after 100 cycles MB-3 and MBG-3 sensors represented
competent stability with relative standard deviation (RSD) of 3.4% and
3.1%, respectively. Also after 200 cycles, both sensor modalities re-
presented sound stabilities.

In addition, repeatability test for both MB-3 and MBG-3 sensors
were carried out. As seen in Fig. S6, two sets of sensors (8 sensors each)
were prepared under identical conditions and directed to the DPV
analysis. After the measurement, all of the samples were washed, dried
and kept in a proper humid chamber for further experiments. The
measurement was repeated on all of the samples over 12h with the
interval of 2 h. A very slight change in the detected signal was observed
for both sensors (RSD for MB-3 = 1.9% and for MBG-3 = 2.04%), il-
lustrating their sound repeatability (Fig. S7). Moreover, MB-3 and MBG-
3 sensors demonstrated sound reproducibility as they could respectively
retain 96.8% and 98.2% of their initial signal values after being stored
for 4 weeks at 4 °C in a humid chamber.

2.5. Real sample analysis

2.5.1. Function of CHAPS on the miRNA recovery from serum

Prior to the final experiment, we investigated the role of CHAPS on
the miRNA recovery from serum. As reported earlier, CHAPS can ef-
fectively eliminate protein aggregations (Lee et al., 2010). Therefore we
speculated that, CHAPS would facilitate the release of the exogenous
nucleic acids buried inside the microparticles composed of various
proteins/peptides/biomolecules in serum. 1 pM of synthetic miR21 was
spiked into 10% HSA and treated with different concentrations of
CHAPS (0.01-100 uM) in the presence of an excess amount of yeast
tRNA (for experimental details refer to supporting information S1).
After incubation, samples were tested using qRT-PCR and MBG-3
sensor. As it is evident in Fig. 6¢, addition of CHAPS had a big impact on
the sample recovery where its optimum concentration was found 10 pM

for both qRT-PCR and MBG-3 sensor. Increasing the concentration of
CHAPS from 0 to 1 uM resulted in gradual increment in sample recovery
of the MBG-3 sensor from ~ 38.5% to ~97%. Addition of more amount
of CHAPS did not have a notable impact on the sensor performance.
Likewise, a similar trend was observed from the qRT-PCR experiment
where the sample recovery slightly increased from ~68.3% to ~98.4%
by 10uM of CHAPS before a drop to ~61.2% upon increasing its
concentration to 100 uM. As confirmed by both methods, despite the
clear impact of CHAPS on the miRNA recovery from the serum, CHAPS
showed more effect on the MBG-3 sensor than that of the qRT-PCR. This
may result from its probable interference with different reagents and
enzymes used in QRT-PCR to hamper their effective performances. As a
result, we used 10 uM of CHAPS in the further experiments. Different
concentration of miR21 was spiked into the 10% human serum and
directed to the measurement by MB-3 and MBG-3 sensors. The sample
recovery was calculated on the basis of standard addition method. As
depicted in Fig. 6d, a sound recovery of 98.18%-100.15% was observed
indicating that the fabricated biosensor has a considerable potential to
work in real biological environments.

A side-by-side comparison experiment was also performed using our
technique and qRT-PCR for the detection of different concentrations of
miR21 spiked in 10% serum treated with 10 uM CHAPS. As illustrated
in Fig. S8, similar performance was observed, however our sensor re-
presented wider linear detection range from 5 fM to 1 pM compared to
the qRT-PCR (50 fM to 50 nM). This might be due to the possible in-
terference of the serum proteins with the enzymes used in the reverse
transcription and amplification steps of qRT-PCR. Also the percentage
of slope deviation between the linear curves in 10% serum (Fig. S8c)
and in PBS (Fig. 4b and d) was 7.1% and 5.5% for MB-3 and MBG-3
sensors, respectively, proving a very low non-specific interference on
the developed sensor. As the control experiment, we also performed
similar tests on the 10% serum without CHAPS treatment (Fig. S9) and
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the slop deviation increased up to 66% and 57% with narrower dy-
namic range for MB-3 and MBG-3 sensors, respectively, to demonstrate
the capability of our sensor to operate in real biological matrices.
Moreover the biofouling effect on the sensor was investigated using
EIS technique. As seen in Fig. S10, the measured R, for the MB-3 and
MBG-3 sensors in PBS was 1840.41 and 2586.44 Q, respectively.
However, these values were a bit higher (12.1% and 15.3%) when
measuring in 10% serum (with 10 uM CHAPS treatment), illustrating
protein adsorption on the electrode surface to hamper the electron
transfer rate between the solution and electrode. Although, fortunately
the issue did not have a considerable impact on the measured DPV
signal, as studied above. In addition, in case of the measurement
without CHAPS treatment, the R, for the MB-3 and MBG-3 sensors was
substantially higher (75.3% and 83.3%, respectively), illustrating the
function of CHAPS on reducing the non-specific adsorptions to be a
thought-provoking strategy for many research disciplines.

2.5.2. Profiling of miR21 in total patient serum

We employed the developed sensor to detect endogenous circulating
has-miR21 in total human serums obtained from healthy and cancerous
(breast and liver cancers; stage 2 and 3) donors (Table S4). Total cir-
culating nucleic acid was purified from pure serums using QIAamp’
Circulating Nucleic Acid kit with some modifications of CHAPS and
tRNA treatment (for experimental details refer to supporting informa-
tion S1). As demonstrated in the normalized statistical data of Fig. 6e,
compared with the healthy samples the cancerous ones contained
higher miR21 level. In addition, the miR21 abundance of stage 3 for
both cancerous samples was higher than that of the stage 2. However,
in breast cancer stage 3 it was ~44% higher than the stage 2. Also, in
case of the liver cancer samples, the difference was not that much
considerable (~8%). Observing the notable difference between the
miR21 abundance in breast cancer stage 2 and 3 would be an inter-
esting topic to be considered for the early diagnosis of different de-
velopment stages of various cancers. The obtained results was in con-
sistence with the qRT-PCR data, illustrating that our method is highly
reliable and well-capable of miRNA detection in clinical samples. Im-
portantly, the difference between the measured miR21 level by our
method and qRT-PCR could be ascribed to the post-treatment of the
purified nucleic acids with different enzymes and reagents during the
reverse transcription and amplification steps for the qQRT-PCR.

3. Conclusion

A newly-developed enzyme-free electrochemical miRNA detection
mechanism was reported to enhance the sensitivity (down to 135 aM)
and to widen the dynamic range of the biosensor from 1 uM to 500 aM
using two modalities of MB-3 and MBG-3 in a relay-race supporting
situation. The MBG-3 sensor represented almost 230 times higher
electrochemical signal than that of the MB-3 sensor to give rise to the
sensitivity and detection range enhancement of the biosensor. The
amplified signal could be attributed to the elevated numbers of MBs on
the solid surface as well as the role of gold nanoparticles in facilitating
the electron tunneling through the nanocomplex. Moreover, electro-
deposition of Pt with GNF generated a significant electron conductive
nanostructure with a high surface to volume ratio to accelerate the
electron transfer rate between the electrode and MB. The fabricated
biosensor displayed a remarkable capability of miR21 detection in total
patient serum. In addition, treatment with an optimum concentration of
CHAPS (10 uM) was found to increase the recovery efficiency of miRNA
from serum, to open a new horizon for the production of clinical di-
agnostic devices. The proposed relay-race strategy could be generalized
for the development of any types of biosensors with aim of addressing
the dynamic detection range restrictions.
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