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ABSTRACT: In this work, a novel ratio electrochemical biosensing platform based on | ;
catalytic hairpin assembly target recovery to trigger dual-signal output was developed for | i
ultrasensitive detection of microRNA (miRNA). To achieve the ratiometric dual-signal ; ;
strategy, methylene blue (MB), an electrochemical indicator, was ingeniously loaded into ! i
the pores of graphene aerogel (GA) and metal—organic framework (MOF) composites with |
high porosity and large specific surface area, and another electrochemical indicator Fe- ! o N ‘
MOFs with distinct separation of redox potential was selected as a signal probe. Concretely, ! e aawr - @ 3
with the presence of the target miRNA, the CHA process was initiated and the signal probe i
was introduced to the electrode surface, producing abundant double-stranded H1-H2@Fe- | ‘
MOFs-NH,. Then, the measurement and analysis of the prepared ratiometric electro- ! i
chemical biosensor by differential pulse voltammetry (DPV) showed that the introduction 3 :
of the target miRNA led to an increase in the oxidation peak signal of Fe-MOFs (+0.8 V) !
and a decrease in the oxidation peak signal of MB (—0.23 V). Therefore, the peak current
ratio of It yops/Ivp could be employed to accurately reflect the actual concentration of miRNA. Under optimal conditions, the
detection limit of the proposed biosensor was down to 50 aM. It was worth noting that the proposed biosensor exhibited excellent
detection performance in a complex serum environment and tumor cell lysates, showing great potential in biosensing and clinical
diagnosis.

SION-04DTH

B INTRODUCTION main reason for this is that a single-signal output is easily
interfered with by internal or external factors such as
experimental environment, instrument state, etc.'® However,
the emergence of a ratiometric dual-signal strategy provides an

MicroRNAs (miRNAs) have a crucial regulatory effect on
biological processes of cell growth, proliferation, differ-
entiation, and apoptosis.'~* Also, it has been demonstrated

that cancer diseases and serious genetic-related diseases are intelligent choice for improving the performance of biosensors
closely related to the abnormal expression of miRNAs.>° in practical applications. The ratiometric electrochemical
Therefore, there is an urgent need to develop an ultrasensitive sensor determines the analyte concentration by measuring
miRNA detection method for clinical diagnosis. Although the ratio of the peak current intensity of two electroactive
various traditional analytical techniques, including micro- probes with distinct redox potentials, which significantly
arrays,7 Northern blotting,8 and fluorescence,” have shown improves the accuracy and reproducibility of the detection
satisfactory performance in miRNA detection, the drawbacks method through a built-in correction to the effect of inherent
of high cost, complicated operation, and sample consumption background signals.'” It is worth pointing out that the selection
still hinder their further development. To address the of stable and noninterfering signal probes in ratiometric
shortcomings, some l%ther methods, such as electrocllllemilu— electrochemical sensors is particularly important. Currently,
minescence (ECL), " surface plasmon resonance,  and several classic electroactive organic small molecules, such as

T . .
electrochemistry, ~ have been applied to the detection of ferrocene (Fc), thionine (Thi), or methylene blue (MB), are
miRNA. Among them, the electrochemical-based technique

has ignited greater interest due to its advantages of handy -

operation, excellent selectivity, rapidness, and low cost.'”'* Received:  December 7, 2021
Despite its many merits, electrochemistry suffers from some Acce-pted: Mar.ch 25, 2022

of the following limitations. To our knowledge, most Published: April 5, 2022

electrochemical sensors reported at present use a single

electrochemical signal,"”"> which may restrain the reproduci-

bility, stability, and reliability of the sensors in detection. The

© 2022 American Chemical Society https://doi.org/10.1021/acs.analchem.1c05293
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Scheme 1. (A) Schematics of the MB-GA-UiO-66-NH, Synthesis Procedure and (B) Principle of the Ratiometric

Electrochemical Biosensor for the Detection of miRNA-155
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mainly used as electrochemical signal indicators.'® Unfortu-
nately, they easily come off the electrode surface. To solve the
above issues, a popular strategy is to modify signal molecules
(such as MB or Fc) on oligonucleotides to construct
oligonucleotide-assisted ratio sensing, which undoubtedly
causes complex operations and high costs.'” In addition to
the disadvantage that electroactive organic small molecules are
difficult to immobilize, we also have to face the fact that their
electroactivity is not strong enough.”

Recently, with the emergence of different nanomaterials, a
feasible solution has been provided for the shortcomings of
difficult immobilization and low electroactivity of electroactive
organic small molecules. Among them, MOFs have attracted
extensive attention due to their abundant channels, flexible
porosity, and easy synthesis.”" Given the high porosity of MOF
nanomaterials, electroactive organic small molecules can be
effectively accommodated and generate a sufficiently strong
electroactive signal, which can greatly improve the perform-
ance of electrochemical sensors. Moreover, some MOFs (e.g.,
Fe-MOFs, Cu MOFs) are also used as electrochemical signal
labels, which has been confirmed in some reports.zz’23
However, the direct application of MOFs in the electro-
chemical field is limited because of the poor conductivity. In
this respect, the combination of MOF and conductive
nanomaterials has been proven to be a potential method to
enhance the conductivity of MOFs.”* Up to now, various
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nanomaterials, including graphene,25 MoS,,*® and conductive
polymer,”” have been introduced into MOFs. Graphene
aerogels (GAs), a type of porous nanomaterial with high
porosity, large surface area, and excellent electron-transfer
ability, have been diversely applied in sensors, wearable
devices, and catalysts.”*>° The special structure of GAs offers
multiple sites for the binding of MOFs. The result is that the
coupling of MOFs into GAs not only keeps the intrinsic
characteristic of two nanomaterials but also forms a synergy
effect that is novel and interesting.*'

Herein, we constructed a new ratiometric electrochemical
biosensor to detect miRNA, in which GA-UiO-66-NH, loaded
with a large amount of MB (MB-GA-UiO-66-NH,) was used
as the base material and Fe-MOFs were applied as the signal
tags, combing with catalytic hairpin assembly (CHA) for target
recycling. To verify this strategy, we used microRNA-15S
(miRNA-155) as the detection object (Scheme 1). First, the
GA-UiO-66-NH, composite materials with UiO-66-NH,
growth in the framework of GAs were prepared by the
solvothermal reaction. Particularly, the high porosity and large
specific surface area of GA-UiO-66-NH, provided a platform
for accommodating a large number of electroactive molecules
MB. Then, a layer of AuNPs was electrodeposited on the
surface of the prepared working electrode (MB-GA-UiO-66-
NH,/GCE) to fix the capture hairpin probe H1, which could
also further improve the sensitivity of the sensing electrode.

https://doi.org/10.1021/acs.analchem.1c05293
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Figure 1. SEM images of (A) UiO-66-NH,, (B) GAs, (C) GA-UiO-66-NH,, and (D) MB-GA-UiO-66-NH,. Insets in (C, D) were the
photographs of the powers. The corresponding EDS elemental mapping data (E) of MB-GA-UiO-66-NH,. Insets were the photographs.

With the help of miRNA-155, the hairpin structure of H1 was
opened to form an HI1-miRNA-155 intermediate. In the
presence of another Fe-MOFs-NH,-labeled hairpin H2 (H2@
Fe-MOFs-NH, ), miRNA-155 was replaced to form an HI—H2
hybrid. The released target could be used to trigger another
cycle, which was beneficial to signal enhancement. Finally, the
current intensity ratio of the two signal indicators (reduced
MB signal, enhanced Fe-MOF signal) reflected the concen-
tration of miRNA-15S. This work combined the advantages of
catalytic hairpin assembly bio-amplification technology and
ratiometric dual-signal strategy to achieve ultrasensitive and
highly specific detection of miRNA, providing a universal and
potential method for the detection of other markers in clinical
diagnosis.

B EXPERIMENTAL SECTION

Preparation of MB-GA-UiO-66-NH,. The as-synthesized
GA-UiO-66-NH, composites (20 mg) were dispersed into 15
mL of ultrapure water, followed by sonicating to obtain a
homogeneous suspension. Subsequently, 10 mg of MB were
charged into the mixed solution and stirred for 24 h vigorously.
Finally, the above solution was centrifuged, washed three times
with ultrapure water, and kept at 4 °C for the subsequent
experiment.

Preparation of H2@Fe-MOFs-NH, Nanoprobes. The
prepared Fe-MOFs-NH, particles (15 mg) were dispersed in $
mL of PBS (10 mM, pH = 7.4) containing 2.5% glutaraldehyde
and shaken for 4 h. Following that, to remove excess
glutaraldehyde, the suspension was washed several times with
PBS. After that, the products (500 yL) were incubated with SO
uL of amino-functionalized Hairpin probe H2 (NH,-H2, S0
uM) for 12 h at 4 °C. Finally, the H2@Fe-MOFs-NH,
nanoprobes were centrifuged to remove unbound Hairpin
probe H2 and redispersed in 500 uL of PBS.

Fabrication of the Ratiometric Electrochemical
Biosensor. Generally, 6 uL of MB-GA-UiO-66-NH, (1.5
mg mL™") was dropped onto a bare GCE polished by 30 and
50 nm alumina powder, followed by drying at room
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temperature. Thereafter, AuNPs were electrodeposited on
MB-GA-UiO-66-NH,/GCE in a S mM HAuCl, solution to
obtain AuNPs/MB-GA-UiO-66-NH,/GCE. After that, 0.5 uM
of H1 was pipetted onto the AuNPs/MB-GA-UiO-66-NH,/
GCE and reacted for 2 h at 37 °C. Furthermore, S yuL of 1 mM
MCH was dropped on the aforementioned modified electrode
and incubated for 30 min to block the unbound sites. Finally, 6
uL of different concentrations of miRNA-155 and 6 uL of
H2@Fe-MOFs-NH, nanoprobes were incubated on MCH/
H1/AuNPs/MB-GA-UiO-66-NH,/GCE at 37 °C for 120 min.
In each step, the modified GCE was rinsed several times with
PBS buffer to prevent unbound and weakly bound materials.

Electrochemical Measurements. CV and EIS were
recorded in a 5 mM [Fe (CN)4]*~/#~ solution containing 0.1
M KCI. The electrodeposition procedure was carried out at a
potential of —0.2 V for 120 s. Differential pulse voltammetry
(DPV) was monitored at 0.1 M PBS (pH = 7.4), and the
related parameters were as follows: pulse amplitude, 50 mV;
pulse width, 0.05 s; and pulse period, 0.2s.

Other experimental details were described in the Supporting
Information.

B RESULTS AND DISCUSSION

Characterization of the Prepared Nanomaterials. The
morphology and structure of the materials were characterized
by scanning electron microscopy (SEM). The SEM result
(Figure 1A) of UiO-66-NH, proved that the prepared UiO-66-
NH, crystals possessed a regular octahedron-like morphology,
which was in good agreement with previous reports.”” As
depicted in Figure 1B, the GAs had a crisscross network
structure and various active sites, which was convenient for
compounding with other nanomaterials. After GAs was
combined with UiO-66-NH,, we could clearly observe that
the GAs was the main framework of the composite material,
and UiO-66-NH, particles grew in situ in the GAs matrix
(Figure 1C), which confirmed that the successful preparation
of GA-UiO-66-NH, composites. After loading the electroactive
indicator (MB) into GA-UiO-66-NH,, the SEM image was
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Figure 2. (A) XRD patterns of UiO-66-NH,, GA-UiO-66-NH,, and MB-GA-UiO-66-NH,. (B) Ultraviolet—visible (UV—vis) absorption spectra
and (C) {-potentials of (a) UiO-66-NH,, (b) GA-UiO-66-NH,, and (c) MB-GA-UiO-66-NH,. (D) N, adsorption—desorption isotherms of the

prepared materials.
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Figure 3. (A) CV curves of bare GCE, UiO-66-NH,, GA-UiO-66-NH,, MB-GA-UiO-66-NH,, and GA-modified GCE in S mM [Fe (CN) 74
containing 0.1 M KCL. (B) CV curves of MB-GA-UiO-66-NH,/GCE at different scan rates in 5 mM [Fe (CN),]>~*~ containing 0.1 M KCL. (C)
Linear relationship between the anodic and cathodic peak currents versus scan rate. (D) Fitting straight curves of the lgv versus potential.

almost consistent with that of GA-UiO-66-NH, except for the
color change (Figure 1D). Moreover, the corresponding EDS
elemental mappings (Figure 1E) were carried out to observe
the elemental compositions of MB-GA-UiO-66-NH,, in which

the S signal confirmed the successful loading of the MB in the
GA-UiO-66-NH, structure.

The X-ray diffraction (XRD) patterns of the prepared
nanomaterials are depicted in Figure 2A. The sharp diffraction
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peaks of UiO-66-NH, crystals were matched with the previous
study,” indicating the successful preparation and excellent
crystallinity of UiO-66-NH,. After GAs and MB were
successively introduced, the XRD dates of GA-UiO-66-NH,
and MB-GA-UiO-66-NH, preserved all diffraction peaks,
suggesting that the crystal structure and integrity of UiO-66-
NH, were maintained. The UV—vis date of nanocomposites is
shown in Figure 2B. The peak at 664 nm was considered the
characteristic absorption peak of MB,** while GA-UiO-66-NH,
had no characteristic absorption peak within the measurement
wavelength range. However, after the combination of GA-UiO-
66-NH, and MB, the characteristic absorption peak of MB-
GA-UiO-66-NH, could be clearly observed, demonstrating the
successful loading of MB. To further verify the successful
formation of the nanocomposites, a {-potential analysis was
conducted. As shown in Figure 2C, the {-potential value of
UiO-66-NH, decreased from +28.25 to —1.32 mV after
conjugation with negatively charged GAs.”* After GA-UiO-66-
NH, was modified with cationic dye MB,” the potential
increased to +5.59 mV, which further proved that MB was
wrapped in GA-UiO-66-NH,. Furthermore, the adsorption—
desorption isotherm (Figure 2D) also demonstrated the
effective encapsulation of MB in GA-UiO-66-NH,. The BET
surface areas of GA-UiO-66-NH, and MB-GA-UiO-66-NH,
were 680.24 and 240.32 m® g, respectively. These results
strongly proved the successful synthesis of MB-GA-UiO-66-
NH,.

In addition, Fe-MOF-NH, was characterized by SEM, X-ray
photoelectron spectroscopy (XPS), and XRD, and the details
are in Figure S2.

Electrochemical Property of MB-GA-UiO-66-NH,. The
property of materials was very important for the preparation of
ratiometric electrochemical sensors. As depicted in Figure 3A,
the electrochemical performances of electrodes modified with
different nanomaterials were compared by CV. Compared with
the bare GCE and UiO-66-NH,/GCE, the redox peak signal of
the GA-UiO-66-NH,/GCE increased due to the more
abundant electron-transfer channels of the prepared compo-
sites. Furthermore, we could clearly observe that in the CV
curves of GA-UiO-66-NH,/GCE and MB-GA-UiO-66-NH,/
GCE, the redox peak signal of the latter was larger. The above
results could be attributed to the fact that the introduction of
MB with high electroactivity further accelerated the electron
transfer on the electrode surface, which indicated that MB-GA-
UiO-66-NH, had excellent electronic conductivity. Moreover,
we calculated the electroactive surface area (A) by the
Randles—Sevcik equation.*®

I, = 2.69 X 10° x n*/?AD"*/'/*C (1)

According to eq (1), the electroactive surface area of MB-GA-
UiO-66-NH,/GCE (0.204 cm?) increased by 1.3 times, 1.5
times, and 1.8 times compared with that of GA-UiO-66-NH,/
GCE (0.172 cm?), GCE (0.143 cm?), and UiO-66-NH,/GCE
(0.121 cm?), respectively, which proved the satisfactory
performance of MB-GA-UiO-66-NH, again.

As displayed in Figure 3B, the peak current increased
linearly as the scan rate increased, and the relevant linear
regression equations are shown in Figure 3C: where the anode
is I, (uA) = 259.14 v'/? + 18.30 (R* = 0.995) and the cathode
is I, (4A) = —269.04 v'/> —16.29 (R* = 0.996), showing that
the oxidation—reduction reaction at the interface of the
modified electrode was a diffusion-controlled process. More-
over, the rapid electron-transfer rate was beneficial to enhance
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the current signal. As shown in Figure 3D, with the increase in
the scan rate, the peak potential difference (AE;) between the
anode and cathode gradually increased, indicating that the
irreversibility of the electrode process increased. When AE,;, >
0.12 V, the linear equations were E,, (V) = 0.0315 Ig(v) +
0.3330 (R*=0.997) and E,, (V) = —0.0385 Ig(v) + 0.1520 (R*
= 0.987), respectively. In addition, based on the Laviron
theory,”” we further calculated the k, (apparent electron
transfer rate constant), which could be used to evaluate the
electron-transfer rate.

a

L
. fl-a @)

Igk, = alg(l — a) + (1 — a)lga — Ig(ﬁ)
nFv

23RTa

1-a )nFAkp (3)
According to (eqs 2) and (3), @ = 0.45 (charge transfer
coefficient) and k, = 1.201 s™'. The k, was larger than that
reported in these articles (Table S2), which showed that MB-
GA-UiO-66-NH, accelerated the electron transfer.

Verification of CHA Amplification Strategy. The
teasibility of the CHA amplification strategy was crucial to
the construction of the sensor, which was verified by
polyacrylamide gel electrophoresis (PAGE). As shown in
Figure 4, lanes 1—4 corresponded to H1, H2, miRNA-15S (T),

Figure 4. Native PAGE showing the CHA strategy: lane 1, H1; lane 2,
H2; lane 3, miRNA-155 (T); lane 4, mixture of H1 and H2; and lane
5, mixture of H1, miRNA-155 (T), and H2. The native PAGE (12%)
was typically run at 110 V for 60 min in 1X TBE.

and H1/H2 mixture, respectively. As planned, CHA
amplification was not triggered without target miRNA-1S5S.
However, when the target was incubated with H1/H2, a new
band appeared in lane S, indicating the successful triggering of
the CHA program.

Electrochemical Characterization of Ratiometric
Electrochemical Biosensor Fabrication. The preparation
process of the ratiometric electrochemical biosensor was
characterized by CV and EIS. As shown in Figure S3A, MB-
GA-UiO-66-NH,-modified GCE (curve b) exhibited a larger
redox peak than bare GCE (curve a), suggesting that MB-GA-
UiO-66-NH, had excellent electron-transfer ability. After
AuNPs were electrodeposited on MB-GA-UiO-66-NH,/
GCE, the redox peak (curve c) further increased because of
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Figure S. (A) Repeating the measured DPV response of MB-GA-UiO-66-NH,/GCE 10 times. (B) DPV responses of different modified electrodes.
(C) DPV responses of MB-GA-UiO-66-NH,/GCE (a), AuNPs/MB-GA-UiO-66-NH,/GCE (b), and H2@Fe-MOFs-NH,/MCH/H1/AuNPs/
MB-GA-UiO-66-NH,/GCE (c). (D) DPV responses of MB and Fe-MOFs in the absence and presence of 0.1 uM miRNA-155. All DPV responses
were measured in 0.1 M PBS buffer solution (pH 7.4). The related parameters were as follows: pulse amplitude, SO mV; pulse width, 0.05 s; and

pulse period, 0.2s.

the high electrical conductivity of AuNPs. Then, when H1 was
self-assembled on AuNPs/MB-GA-UiO-66-NH,/GCE, the
peak current decreased obviously (curve d), which could be
attributed to the repulsion effect between the negatively
charged DNA molecules and the negatively charged [Fe
(CN)¢J*/*". Subsequently, MCH, as an insulating layer, was
loaded on the modified electrode, and the peak signal further
decreased (curve e). Finally, the target miRNA-15S and H2@
Fe-MOFs-NH, (curve f) were introduced to initiate the CHA
program to form a double-stranded nanoprobe with a negative
charge density, resulting in the weakening of the current
intensity again. These results proved the successful manufac-
ture of the sensing platform.

EIS was also used to record the fabrication of the biosensor,
and the corresponding equivalent circuit is inserted in Figure
S3B. The R, of MB-GA-UiO-66-NH,-modified GCE (curve b,
136 Q) was smaller than of the bare GCE (curve a, 220 Q),
which was attributed to the excellent conductivity of MB-GA-
UiO-66-NH, composite materials. Then, R further decreased
(curve ¢, 74 Q) after AuNPs were electrodeposited on MB-
GA-UiO-66-NH,/GCE. However, when H1 (curve d, 173 Q)
and MCH (curve e, 390 Q) were stepwise modified onto
AuNPs/MB-GA-UiO-66-NH,/GCE, the R, increased in turn.
As expected, the R increased again after CHA amplification
was triggered (curve f, 470 Q). The above results were
consistent with the CVs, which proved that the construction of
the miRNA detection platform was successful again.

Investigation of the Feasibility of the Ratiometric
Electrochemical Sensor Detection. To confirm the
feasibility of the constructed ratio sensor in miRNA detection,
a set of DPV experiments was carried out. First, the stability of
MB-GA-UiO-66-NH, as the substrate played a vital role in the
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entire experiment. As depicted in Figure SA, 10 measurements
of DPV showed similar results, which indicated the excellent
stability of MB-GA-UiO-66-NH,. Then, to verify the feasibility
of MB-GA-UiO-66-NH, and Fe-MOFs as electroactive probes,
the electrodes modified by GA-UiO-66-NH,, MB-GA-UiO-66-
NH,, and Fe-MOFs were studied by DPV. As shown in Figure
SB, almost no current signals were generated when the bare
GCE and GA-UiO-66-NH,/GCE were measured by DPV
experiments. However, when the signals of MB-GA-UiO-66-
NH,/GCE and Fe-MOFs/GCE were recorded by DPV, a pair
of distinctly separated oxidation potentials appeared at —0.23
V (MB) and +0.8 V (Fe-MOFs).

To explore the reason that the DPV response of MB
decreased in ratio analysis strategy, a series of controlled
experiments were performed, as displayed in Figure 5C. The
DPV signal of MB-GA-UiO-66-NH,/GCE was about 35.95
uA, while that of AuNPs/MB-GA-UiO-66-NH,/GCE in-
creased to 45.68 pA, which could be attributed to the fact
that AuNPs with excellent conductivity enhanced the electron
transfer. With the layer-by-layer modification of H1, MCH,
miRNA-155, and H2@Fe-MOFs-NH,, the DPV signal of
H2@Fe-MOFs-NH,/MCH/H1/AuNPs/MB-GA-UiO-66-
NH,/GCE decreased. This was because the negatively charged
DNA, nonconductive MCH, and poorly conductive nanop-
robes occupied and blocked the electron transmission
channels, and hindered the transfer of electrons, thus
decreasing the DPV response of MB. Furthermore, the DPV
responses of MB and Fe-MOFs were measured in the presence
and absence of the target miRNA-155. As displayed in Figure
SD, when target miRNA-155 was present, the DPV responses
of MB and Fe-MOFs were 20.01 and 45.60 pA, respectively,
and the I \ors/Ivp value was 2.28. However, in the absence
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Figure 6. (A) DPV of the proposed biosensor under different miRNA-155 concentrations. (B) Linear relation of It yops/Iys values and the
logarithm of target miRNA-15S. (C) Selectivity investigation of the biosensor (a — f, blank sample, 100 fM let-7a, 100 fM miRNA-21, 100 fM
noncomplementary sequence (NC), 100 fM miRNA-1SS, mixture of forenamed miRNA with the same concentration of 100 fM). Asterisks
represent the statistically significant differences (**p < 0.01). (D) I.pops/Ivs of independently fabricated five biosensors, the concentration of
miRNA-155 was S0 pM. All DPV responses were measured in 0.1 M PBS buffer solution (pH 7.4). Error bars represented standard deviations of

three parallel experiments.

of the target, a strong MB signal was observed, and a weak Fe-
MOFs signal was also detected due to physical adsorption. The
above results confirmed the feasibility of detecting miRNA
based on the proposed ratio strategy.

Optimization of the Experimental Conditions. To
achieve the best detection performance of the constructed
biosensor, some important experimental parameters were
optimized, including the concentration of MB-GA-UiO-66-
NH,, the electrodeposition time of AuNPs, the self-assembly
time of H1 on the modified electrode, and the catalytic hairpin
assembly time. Detailed descriptions are shown in Figure S4.

Analytical Performance of the Ratiometric Electro-
chemical Biosensor. Under optimal experimental conditions,
the as-proposed electrochemical biosensor was employed to
detect different concentrations of miRNA-155. As shown in
Figure 6A, the signal of MB gradually decreased and that of Fe-
MOFs increased with the increase in miRNA-155 concen-
tration from 1 fM to 100 nM. A good linear relationship
between the ratio value of Fe-MOFs and MB and the
logarithm of the miRNA-155 concentration could be seen in
Figure 6B, and the linear regression equation was Ir, pops/Ins
= 0.265 g Cpirnaiss/(pM) + 0.855 (R* = 0.997) with the
detection limit of 50 aM (S/N =3). By comparing the ratio
dual-signal strategy with the single-signal strategy, the as-
prepared biosensor showed a wider detection range and a
lower detection limit than only the MB-GA-UiO-66-NH,
sensor system (100 fM—10 nM, LOD = 1.5 fM; Figure
SSA,B) and only the Fe-MOFs sensor system (10 fM—10 nM,
LOD = 0.8 fM; Figure SSC,D). The analysis performance of

the prepared biosensor was comparable to or better than that
of previous methods in the detection range and detection limit
(Table 1). The excellent performance of the ratiometric

Table 1. Analytical Performance Compared with Other
Works for miRNA Detection

detection
detection modes target linear range limit refs
electrochemistry ~ miRNA-155 0.8 ftM—1 nM 0.35fM 38
ECL miRNA-21 1 fM—100 pM 0.1 ftM 39
electrochemistry miRNA-21 1pM—10nM 0.26 pM 40
electrochemistry ~ miRNA-141 1 fM—100 pM 200 aM 13
SERS miRNA-155 100 fM—5 nM 1.5 M 41
PEC miRNA-21 1 fM—1nM 0.41 M 42
ECL miRNA-122 100 aM—1 pM 82 aM 43
electrochemistry miRNA-21 1 fM—-1 nM 0.29 fM 44
electrochemistry ~ miRNA-155 1 fM—100 nM 50 aM this

work

electrochemical biosensor could be attributed to the following
points: (1) MB was ingeniously loaded into the pores of GAs-
UiO-66-NH,, which not only formed composites with high
electroactive surface area but also accelerated the electron
transfer and improved analytical sensitivity; (2) the MB and
Fe-MOFs with distinctly separated and interference-free redox
potentials ensured the successful design of the ratiometric
electrochemical sensor; (3) the CHA target recovery strategy
provided exponential amplification, which was beneficial to
enhance the signal; and (4) the ratiometric dual-signal method
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surmounted the inherent systematic error, significantly
improving the accuracy and reproducibility of the biosensor.

Specificity, Reproducibility, and Stability. Some other
potential interfering miRNAs were used to evaluate the
specificity of the as-prepared biosensing platform. As shown
in Figure 6C, the I, por/Iyp values of 0.097, 0.105, 0.109,
0.111, 0.525, and 0.539 were obtained in the measurement of
blank, 100 fM let-7a, 100 fM miRNA-21, 100 fM NC, 100 fM
miRNA-155, and mixture of the same concentration. Notably,
only in the prsence of the target miRNA-15S, the biosensor
showed an obvious electrochemical signal, which was about 5
times that of the current response of the control groups (blank,
let-7a, miRNA-21, NC). The results showed that only the
perfectly matched sequence could trigger signal amplification
strategies, indicating that the proposed biosensor possessed
superior selectivity and specificity toward target miRINA-155.

To check the reproducibility of the ratiometric electro-
chemical biosensor, five biosensors were prepared by the same
procedure for the detection of 50 pM miRNA-155. As
exhibited in Figure 6D, the current responses of five biosensors
were similar, and the relative standard deviation (RSD) was
only 1.4%, manifesting that the reproducibility was acceptable.
Furthermore, the stability of the constructed biosensor was
also tested. As displayed in Figure S6, the It \ops/Ivp value
could retain nearly 97% original signal after 20 days, indicating
that the proposed biosensor possessed good stability.

Real Sample Analysis. To assess the application potential
of the prepared biosensing platform, different concentrations of
miRNA-155 (1, 10, 100 pM) were added to human serum
samples diluted 10-fold with 0.01 M (pH = 7.4) PBS for the
analysis of the spiked experiment. Specifically, 6 ul of diluted
serum containing various concentrations of miRNA-15S5 were
incubated on the electrodes, and the DPV responses at —0.23
V and +0.8 V potentials were recorded. The I yops/ Iy value
was finally converted to the molar concentration of miRNA-
155 by comparing with the standard linear calibration curve to
calculate the recovery. As displayed in Table S3, the RSD of
the prepared biosensor was less than 2.38% and the recovery
was between 93.34 and 104.20%, indicating that the prepared
biosensor platform had good accuracy in clinical analysis.
Furthermore, the developed sensor was employed to detect
miRNA-155 extracted from HUVECs (human umbilical vein
endothelial cells), MCF-7, and HeLa cells to further verify its
practicable application. As shown in Figure 7, the Iz, pops/Ivs
value of the lysates extracted from HUVECs had a low
response and slow growth for miRNA-155 detection. On the
contrary, with the increasing number of MCF-7 cells and HeLa

[ HUVECSs
B Hela
I vicF-7

1.0+

IFe-MOFs / IMB

0.0-

Figure 7. Detection of miRNA-155 from HUVECs, HeLa, and MCEF-
7 cells (from a—d: bank, 10% 10% and 10%).
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cells from 1 X 10* to 1 X 10% the Iy, yors/ Iy value obviously
increased for miRNA-155. At the same time, the Iy, yops/Ivs
values of miRNA-155 in MCF-7 cells and HeLa cells were
conspicuously higher than those of normal cells, indicating the
ovlelre:ggaission of miRNA-155 in the MCF-7 and HeLa
cells.™

B CONCLUSIONS

In summary, an ultrasensitive ratiometric electrochemical
biosensor was constructed for miRNA-155 detection. To our
knowledge, this was the first time that MB was ingeniously
loaded into the pores of GAs-UiO-66-NH, to provide a stable
and powerful electrochemical signal. Moreover, Fe-MOFs,
another electroactive probe, were introduced via CHA target
recovery. By making full use of the distinctly separated redox
potential of the MB and Fe-MOFs, the elaborately designed
biosensor could quantify the level of miRNA-155 based on the
Itepmorps/Iyp value in the range of 1 fM—100 nM, and the
detection limit was as low as 50 aM. Furthermore, the
ratiometric electrochemical biosensor also had favorable
reproducibility, long-term stability, and satisfactory recovery.
More importantly, this newly designed strategy provided an
applicable and universal platform for the detection of other
tumor markers.
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