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ABSTRACT: Electrochemical nanotags with strong signal input are necessary for
a ratiometric electrochemical sensor to overcome the drawbacks of inaccurate
detection results. In this paper, the metal−organic framework (MOF) UiO-66 was
utilized as an electrochemical signal tag. A stable and strong current response at
+0.9 V can be detected in neutral conditions. MicroRNA (miRNA) was employed
as the model analyte. Herein, an enzyme-free DNA-walker-based ultrasensitive
ratiometric electrochemical biosensor in combination with Zr MOF (UiO-66)
signal tags to detect miRNA was demonstrated. In the presence of miRNA, the
autonomous walker movement can be initiated by miRNA, leading to the release
of biotin-modified fragments. Thus, streptavidin-labeled UiO-66 nanomaterials
were not bound to the electrode, generating a low signal response of UiO-66 at
+0.9 V. However, the current signal of electrolyte solution as reference at +0.2 V
was increased due to the enhancement of electrode conductivity. This ratiometic
sensor demonstrated high sensitivity, selectivity, and reproducibility. It can
eliminate the disturbance of environmental factors and basic electrode characteristics, providing more accurate signals. A limit of
detection (LOD) of 0.17 fM was achieved. Moreover, the method was also used to detect miRNA-21 spiked in real serum samples.

■ INTRODUCTION
Electrochemical methods, especially the ratiometric biosensor,
with low cost, high selectivity and sensitivity, and high
reproducibility, and portability, have emerged as attractive
techniques for detecting clinical samples.1−3 Instrumental
efficiency and environmental factors can affect a biosensor’s
reproducibility. With built-in correction, ratiometric biosensors
can be provided with a more stable response based on the
sensor’s self-referencing capabilities.4−6 Distinguishable signal
tags are an important factor for electrochemical biosensors.
With traditional electroactive organic substances (e.g.,
methylene blue (MB) and thionine, ferrocene), their electro-
chemical signals are usually decreased when they conjugated to
the recognition elements (e.g., DNA, antibody), leading to
unstable results and poor repeatability. Electroactive nanoma-
terials with tunable electrochemical signals by changing their
composition and structures including quantum dots and metal
nanoparticles have also been widely used.7−9 They can greatly
amplify the signal in the sensing system. However, their
electrochemical signals are usually generated under strong acid
or alkali conditions.
Metal−organic frameworks (MOFs) are an ordered network

structure, which are assembled by organic bridging ligands and
metal ions.10−14 In particular, Zr MOFs with permanent
porosity and high chemical stability are promising candidates
for biosensors and therapy.15−17 Tan and co-workers

demonstrated that nanoscale Zr MOF nanoparticles could be
used as quenchers for bioimaging purposes and photodynamic
therapy.15 Qu et al. synthesized N-propyl-4-hydrazine-naph-
thalimide-modified MOFs for the detection of formaldehyde.16

Recently, UiO-66 was used as a signal tag in electrochemical
biosensors. For instance, Chang et al. reported a porous UiO-
66 loaded with electroactive dyes, which was applied to detect
microRNA.18 Lei et al. reported a DNA-walker-triggered
conformation switch in combination with a MOF that was
developed as a tag for DNA analysis.19 Meanwhile, detection in
strong alkaline conditions (pH 11) with NaBH4 might affect
the DNA binding because of the liberation of some DNAs
from the electrode. The leakage of dye from MOFs might be a
potential problem. In this paper, we find that UiO-66 itself
could be used for signal tags, which can be detected in neutral
conditions. Pretreatment, acid dissolution, and NaBH4 were
not required. Noble metal particles can easily be incorporated
inside the UiO-66 shell, improving the stability of MOFs. The
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electroactive tag UiO-66 with a stable and high signal is
desirable for a electrochemical biosensor.
A tumor biomarker, such as microRNA (miRNA) and a

microvesicle, is one of the most reliable methods for early
tumor screening, since they are abnormally produced/elevated
by the body’s response to tumors.20,21 Studies have shown that
miRNA can regulate many cellular processes, such as
development, proliferation, and apoptosis.22,23 Alterative
expressions of miRNAs can result in various human diseases
such as an altered immune system and cancer.24−26 However,
the concentration of miRNAs is low (≤pM) in biological
samples, such as serum. An amplification method is necessary
for analyzing miRNAs.
DNA walker movement autonomously along the track could

amplify the signals.27,28 In the past few decades, DNA walkers
have gained widespread attention and have been widely
utilized for biosensor and diagnostic system application. For
instance, Zou et al. reported enzyme-assisted DNA walkers for
the detection of ctDNAs.29 Zhu et al. demonstrated a tripedal
DNA walker based on target-induced hairpin assembly for
miRNA analysis.30 In contrast to enzyme-based DNA walkers,
owing to being inexpensive and easy to build, enzyme-free
DNA walkers were identified as a more beneficial strategy,
especially for DNA tetrahedral nanostructure (NTH)-based
enzyme-free DNA walkers. NTH bound to the electrode
surface can control the orientation of a probe and reduce local
overcrowding effects.31−33 These characteristics could enhance
the efficient DNA walkers to improve the sensitivity of sensors.
Herein, we demonstrate an enzyme-free DNA-walker-based

ratiometric electrochemical biosensor in combination with Zr
MOF (UiO-66) signal tags to detect miRNA (Figure 1). We
use miRNA as a model analyte. The walker movement can be
initiated in the presence of miRNA, leading to the release of
biotin-modified fragments. Upon the addition of UiO-66/

streptavidin nanomaterials (UiO-66/SA, signal probe, SP), a
small number of Zr MOFs could bind to the electrode, and low
current intensity at +0.9 V could be detected. However, the
current signal of electrolyte solution K3Fe(CN)4/K4Fe(CN)6
as an inner reference probe (IR) at +0.2 V can be increased.
Therefore, a ratiometric electrochemical strategy based on
UiO-66 MOF and K3Fe(CN)4/K4Fe(CN)6 was constructed,
providing more accurate signals in which environmental factors
and basic electrode characteristics were eliminated. And UiO-
66/SA complexes were not required to covalently cross-link
with nucleic acid, simplifying the sensor’s procedure.
Compared with commercial tags of methylene blue, the signal
of UiO-66 was much stronger than that of MB. As expected,
using the Zr MOF signal tags to obtain strong signals, with
NTH-based-DNA walker signal amplification, the proposed
method showed ultrasensitivity to miRNA-21 with a limit of
detection of 0.17 fM. Our proposed method is expected to be
applied in early disease diagnosis and clinical biomedicine.

■ EXPERIMENTAL SECTION
Materials and Apparatus. Zirconium(IV) chloride, 2-amino-

terephthalic acid, streptavidin (SA), and HAuCl4 were purchased
from Sigma-Aldrich Inc. Ascorbic acid (AA), urea, dopamine (DA),
glutathione (GSH), glycine (Gly), tryptophan (Trp), bovine serum
albumin (BSA), L-threonine (L-thr), and L-cysteine (L-Cys) were
purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). MXene was received from Forsman Technology
Beijing Co., Ltd. (Beijing, China). DNA sequences were supplied by
Sangon Biotech Co., Ltd. (Shanghai, China). The sequences are
shown in Table S1.
All electrochemical measurements were measured with a three-

electrode system by a CHI 660D Chenhua electrochemical work-
station (Shanghai, China). A glassy carbon electrode (GCE, d = 3
mm) was utilized as the working electrode. A platinum wire was used

Figure 1. (A) Schematic preparation of UiO-66 nanomaterial. (B) Principle of the ratiometric electrochemical biosensor.
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as the auxiliary electrode, and Hg/HgCl (saturated KCl) was
employed as the reference electrode.
Synthesis of DNA NTH Material. DNA NTH was synthesized

via a previously reported method.34 The synthesized concentration of
DNA NTH 1 was 1.75 μM. The concentration of DNA NTH 2 was
0.87 μM.
Preparation of Gold Nanoparticles@UiO-66 (Au NPs@UiO-

66). Au NPs were synthesized by the reported literature.35 Briefly, 50
mL of water and 500 μL of HAuCl4 (1 wt %) were placed in a
reaction vessel. The mixture was heated with constant stirring until
reflux. After boiling, 1 w% of 1.75 mL of trisodium citrate liquid was
added dropwise, and heating was stopped until the liquid turned wine
red. The mixture was then cooled and placed in an airtight
environment at 5 °C.
UiO-66 was prepared via the literature with some modification.36

Zirconium(IV) chloride (0.0543 g, 0.233 mM) and 2-amino-
terephthalic acid (0.0422 g, 0.233 mM) were mixed in 3 mL of
DMF. After ultrasonic treatment for half an hour, the mixture was
moved to an autoclave for 24 h at 120 °C. Then, the reaction mixture
was cooled and heated in DMF at 60 °C for 1 day. Next, the
precipitate was centrifuged (6000 r/min), washed 3 times with DMF
and alcohol, and dried at 65 °C.
Then, 30 mL of Au NP solution was added slowly to 30 mL of

UiO-66 solution (0.5 mg/mL) and continuously stirred for a day.
After centrifugation (5000 r/min), the product was washed several
times with water to remove excess Au NPs. Then, the precipitate was
dried in a vacuum oven at 65 °C to obtain the Au NPs@UiO-66.
Synthesis of Au NPs@MXene. MXene (20 mg) was added to 50

mL of water. Then, the MXene was ultrasonicated until well-
dispersed, and 600 μL of 100 mM HAuCl4 was slowly added with
continuous stirring for 10 min. The resulting Au NPs@MXene
mixture was centrifuged at 5000 r/min. Finally, the collected
precipitates were dried in a vacuum drying oven at 60 °C.
Synthesis of Au NPs@UiO-66/Streptavidin (Au NPs@UiO-

66/SA) Hybrids. Au NPs@UiO-66 (10 mg) was dispersed in 500 μL
of water. To the above suspension, 200 μL of 1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimide hydrochloride (400 mM) and 200 μL of
N-hydroxysuccinimide (100 mM) were added and reacted for half an
hour. After centrifugation and washing with buffer (0.025 M PBS, pH
7.4), 200 μL of streptavidin (500 μg/L) was added at 5 °C and kept
for 3 h. Finally, the reaction mixture was centrifuged (6000 r/min)
and rinsed with buffer for three times. The precipitates were added to
500 μL of buffer and stored at 5 °C.
Sensor Preparation and Detection Method. First, 10 μL of a

Au NPs@MXene dispersion with 10 μL of chitosan solution was
added to a clean electrode and dried. Afterward, 20 μL of synthesized
DNA NTH1 and NTH2 was added to the modified GCE electrode
for overnight, followed by dropping 10 μL of MCH solution and
incubating at 25 °C for 10 min to lock the remaining sites.
Immediately, 10 μL of the lDNA/bDNA and fDNA mixture was
dropped to the modified GCE for 1.5 h at 25 °C. Then, 5 μL of 6 mM
MnCl2 solution was added on the GCE for 15 min. After that, the
GCE was modified by adding 5 μL of miRNA-21, followed by 1.5 h of
incubation. Finally, 10 μL of Au NPs@UiO-66/SA hybrids was
coated on the GCE for 90 min at 25 °C. After each step, the GCE was
washed with PBS buffer to prepare for the next step. The
electrochemical measurement was performed from 0.05 to 1.15 V
in 20 mM Tris-HCl buffer (pH 7.4) containing 200 mM
[Fe(CN)6]3−/4− by using a differential pulse voltammetric (DPV)
method for quantitative detection of miRNA-21.

■ RESULTS AND DISCUSSION
Design Strategy. In order to realize the quantitative

detection of miRNA-21, the principle of the proposed
electrochemical ratiometric sensing system is represented in
Figure 1. DNAzyme, specific to manganese ions, is utilized to
construct an enzyme-free DNA walker, which provides energy
through DNAzyme-mediated catalytic and hydrolytic activities
toward specific substrates. Traditional ratiometric electro-

chemical biosensors usually label two signal tags on a nucleic
acid or antibody. One is for the signal probe, and another is for
the reference probe. These modifications increase the cost of a
biosensor. Furthermore, the labeling might fail even if it is
purchased from a commercial company. Electrolyte solutions,
such as K3Fe(CN)4/K4Fe(CN)6 and toluidine blue, can be a
good replacement for the reference probe, since they are
cheap, stable, and can be used without modification. First, the
GCE electrode was decorated with Au NPs@MXene. Two
types of thiol (HS)-labeled DNA NTHs were attached to the
GCE via the Au−S bonds. Thus, two DNA strands named
fDNA and bDNA were bound to the ends of the DNA NTH
to become DNA walker substrates. The biotin-labeled fDNA is
a hairpin structure containing a loop with the sequence of the
substrate for DNAzyme. The swing DNA (bDNA) incorpo-
rates a DNAzyme sequence. In the absence of miRNA-21,
DNAzyme was silenced through the locking DNA strand
(lDNA). Upon addition of target, lDNA was removed by the
toehold strand displacement to formation of miRNA-21/lDNA
double-stranded DNA. Thus, DNAzyme in swing DNA can be
activated. Afterward, the walker movement can be worked by
cleavage of the activated DNAzyme toward fDNA upon
addition of Mn2+. These operations are self-powered without
the external energy supply. In addition, a DNA walker with
autonomous movement triggers the successive release of
biotin-labeled nucleotide fragments from the fDNA. After the
addition of SA-labeled UiO-66, a low DPV signal response at
+0.9 V was detected. DNA is a nonconductive material. When
part of the DNA falls off the surface of the electrode, it results
in relatively high conductivity of the modified electrode.
Therefore, a high DPV signal response was obtained for
K3Fe(CN)4/K4Fe(CN)6 at +0.2 V. Accordingly, miRNA-21
concentrations could be monitored according to the ratio
responses (I[Fe(CN)6]3−/4−‑IR/IUiO‑66‑SP).
In order to verify the rationality of this experiment, control

experiments under different conditions were conducted. The
electrochemical responses to different detection conditions are
displayed in Figure 2A. As depicted in Figure 2A, only the
fDNA strand has a low I[Fe(CN)6]3−/4−‑IR/IUiO‑66‑SP signal. A
large amount of UiO-66 links with fDNA on the electrode,
resulting in a strong current signal at +0.9 V. Moreover, fDNA
is a nonconductive material that hinders the transfer of
electrons, so a low response of [Fe(CN)6]3−/4− was detected
for an electrode. After introduction of miRNA (1 pM), miRNA
can hybridize with lDNA, and DNAzyme in swing bDNA can
be activated. When fDNA and bDNA containing DNAzyme
were mixed when Mn2+ was not added, the I[Fe(CN)6]3−/4−‑IR/
IUiO‑66‑SP ratio value obtained was similar to that of the fDNA
strand. After 6 mM Mn2+ was added to the mixture, 9-fold
electrochemical signal enhancement was obtained. It was
attributed to the DNAzyme catalyzing the cleavage of substrate
(fDNA), dissociating a particular base pair in the fDNA.
Biotin-labeled DNA fragments in fDNA departed from the
electrode. Consequently, SA-labeled UiO-66 cannot bind with
them. Therefore, a high I[Fe(CN)6]3−/4−‑IR/IUiO‑66‑SP value was
detected. Moreover, only a bDNA strand or bDNA/lDNA
complexes have a high I[Fe(CN)6]3−/4−‑IR/IUiO‑66‑SP value (Figure
S1), since only the response of [Fe(CN)6]3−/4− can be
detected. The obtained dates confirmed the feasibility of our
strategy.
Characterization. A DNA tetrahedron is formed by the

end-to-end ligation of four DNA sequences (Tetra Mn and
Tetra Mn B−D). The DNA tetrahedron was first confirmed by
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PAGE electrophoresis. As exhibited in Figure 2B, line 1 was
Tetra Mn1. Lines 2 and 3 were loaded with Tetra-Mn1/Tetra-
Mn1B and Tetra-Mn1/Tetra-Mn1B/Tetra-Mn1C, respec-
tively. The movement was gradually slow with the increase
of molecular weight (line 4), which demonstrated the
successful synthesis of DNA NTH1 nanomaterials. The
bands in track 5 indicated that fDNA was able to hybridize
with tetrahedral DNA1. Figure 2C demonstrated the formation
of DNA NTH2. The lines 1−3 were the same with DNA
NTH1 (Figure 2B). Higher molecular weight and more steric
complexity result in lower mobility for band 4 than previous
bands (band 1−3). After the introduction of bDNA, the
movement ran slower than that of DNA NTH2 (line 5). And
lDNA can hybridize with tetrahedral bDNA (line 6).
Polyacrylamide (PAGE) gel electrophoresis was also con-
ducted. As shown in Figure 2D, fDNA or bDNA displayed low
movement (lines 1 and 2). In the coexistence of fDNA, bDNA,
and Mn2+, a walker movement is triggered. A new, faster
migrating band appears from the cleavage product of fDNA
(line 4).
The successful synthesis of UiO-66 was first investigated

using XRD. As evident from Figure 3A, the XRD patterns of
the synthesized UiO-66 were highly coincident with previous
reports,36 suggesting its successful preparation. The Fourier
transform infrared (FTIR) spectrum of prepared UiO-66 also
matched with the literature (Figure 3B).37 The peaks occurring
at 3470 and 3382 cm−1 were the peaks of primary amines. The
peak at 1255 cm−1 originates from the C−N bond. The
morphology was observed using transmission electron

microscopy (TEM). As depicted in Figure 3C, the freshly
prepared UiO-66 nanomaterial had an irregular octahedral
structure.31 Moreover, gold nanoparticles were successfully
adsorbed on the surface of UiO-66 (Figure 3D).
XPS analysis of Au NPs@UiO-66 was illustrated in Figure

3E−I. These dates displayed the presence of O, N, Au, Zr, and
C components, indicating the formation of a Au NPs@UiO-66
complex (Figure 3E). In order to study the chemical state
clearly, the spectrum of C 1s can be convoluted into two peaks
at 285.8 and 289.5 eV, ascribed to −COO− and C−C groups,
respectively (Figure 3F). Two symmetrical components could
be fit into the N 1s spectrum (Figure 3G), which correspond
to N−C38 (399.4 eV) and N−H39 (400.7 eV) functional
groups. The Zr XPS spectrum can be convoluted into two
peaks, as displayed in Figure 3H. These peaks occurring in
181.9 and 184.8 eV are consistent with Zr 3d and Zr 2p.36 The
Au spectrum of the Au NPs@UiO-66 can be divided into two
symmetrical peaks situated at 84 and 87.8 eV that are
consistent with Au 4f7 and Au 4f5 (Figure 3I), respectively,
indicating that the surface of UiO-66 was successfully modified
by Au NPs.
Figure 4A displays the XRD data of the synthesized MXene

and Au NPs@MXene. The XRD analysis suggests that the
crystal structures of MXene are quite similar to the previously
reported structures (curve a).40 The XRD analysis of the
fabricated Au NPs@MXene further proved the formation of
cubic Au (curve b).40 And compared with bare GCE, the
conductivity of Au NPs@MXene was 10-fold higher than that
of GCE (Figure 4B). This property is very important for our
proposed ratiometic electrochemical sensor, since the current
signal of [Fe(CN)6]3−/4− relies on the conductivity of the
modified GCE. TEM was then utilized to investigate the
morphologies of MXene and Au NPs@MXene. The TEM
image of MXene nanosheets shows a two-dimensional
wrinkled sheet structure (Figure 4C). Moreover, gold nano-
particles loaded on MXene nanosheets could also be observed
in Figure 4D, indicating that the Au NPs@MXene composite
was successfully synthesized.
Electrochemical Characterization of Biosensor Fab-

rication. The step-by-step construction process of our
proposed biosensor was investigated in [Fe(CN)6]3−/4−

solution by electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV). From Figure 5A, the bare GCE
exhibited a small semicircle (Ret = 200 Ω) (curve a).
Compared to bare GCE (curve a), the electrode coated with
Au NPs@MXene exhibited a smaller semicircle (Ret = 90 Ω)
(curve b), demonstrating that Au NPs@MXene enhances the
electron transfer. When DNA nanotetrahedra were modified
onto Au NPs@MXene-modified GCE, the Ret was enhanced
to 640 Ω (curve c), which was triggered by the steric-
hindrance effect on electronic transfer. Immobilized MCH
blocked the redundant sites; therefore, in curve d, the Ret was
increased to 850 Ω. Further, upon incubating lDNA + bDNA
+ fDNA, in curve e, the semicircle diameter was further
increased (Ret = 2100 Ω). When miRNA-21 binds to lDNA,
this results in the release of lDNA. The diameter of the
semicircle decreased, and the Ret value was decreased to 1600
Ω (curve f).
Figure 5B shows the cyclic voltammetry curves for each

phase of the sensor. As depicted in Figure 5B, the redox peaks
corresponding to bare GCE were detected (curve a). The
redox peaks were increased upon modification with Au NPs@
MXene because it could enhance the electron transfer (curve

Figure 2. (A) Feasibility of our experiment. Gel electrophoresis
images: (B) (1) Tetra-Mn1, (2) Tetra-Mn1/Tetra-Mn1B, (3) Tetra-
Mn1/Tetra-Mn1B/Tetra-Mn1C, (4) Tetra-Mn1B/Tetra-Mn1C/
Tetra-Mn1D/Tetra-Mn1 (DNA NTH1), (5) Tetra-Mn1B/Tetra-
Mn1C/Tetra-Mn1D/Tetra-Mn1/fDNA. (C) (1) Tetra-Mn2, (2)
Tetra-Mn2/Tetra-Mn2B, (3) Tetra-Mn2/Tetra-Mn2B/Tetra-Mn2C,
(4) Tetra-Mn2B/Tetra-Mn2C/Tetra-Mn2D/Tetra-Mn2 (DNA
NTH2), (5) Tetra-Mn2B/Tetra-Mn2C/Tetra-Mn2D/Tetra-Mn2/
bDNA, (6) Tetra-Mn2B/Tetra-Mn2C/Tetra-Mn2D/Tetra-Mn2/
bDNA/lDNA. (D) Polyacrylamide gel electrophoresis (PAGE) result.
(M) marker, (1) fDNA, (2) bDNA, (3) fDNA+ bDNA without Mn2+,
(4) fDNA+ bDNA with Mn2+.
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b). After modification of DNA nanotetrahedra on GCE, the
redox peaks decreased (curve c), owing to electrostatic
repulsion. Next, the redundant sites were blocked with
MCH, which greatly reduced the redox peak current (curve
d). The redox peak current of MCH/DNA NTH/Au NPs@
MXene/GCE was further decreased after incubation with the
lDNA + bDNA + fDNA (curve e). And it was increased again
after incubation miRNA-21 on the electrode (curve f).

Figure 3. (A) XRD of UiO-66; (B) FTIR of UiO-66; (C,D) TEM images of UiO-66 and Au NPs@UiO-66; (E−I) XPS of Au NPs@UiO-66.

Figure 4. (A) XRD of MXene and Au NPs@MXene; (B)
conductivity of Au NPs@MXene and bare GCE; TEM images of
MXene (C) and Au NPs@MXene (D).

Figure 5. (A,B) EIS and CV of different modified GCEs in 5 mM
[Fe(CN)6]3−/4− containing 200 mM KCl ((a) bare GCE; (b) Au
NPs@MXene/GCE; (c) DNA NTH/Au NPs@MXene/GCE; (d)
MCH/DNA NTH/Au NPs@MXene/GCE; (e) lDNA+bDNA
+fDNA/MCH/DNA NTH/Au NPs@MXene/GCE; (f) miRNA-
21/lDNA+bDNA+fDNA/MCH/DNA NTH/Au NPs@MXene/
GCE). Initial potential (V): 0.155; high frequency (Hz): 100 000;
low frequency (Hz): 0.1; amplitude (V): 0.005; quiet times (s): 2.
(C) DPV current response of (a) UiO-66 and (b) MB. (D) Cyclic
voltammetry of UiO-66-modified GCEs with different scan rates;
inset is the relationship between Ip and v1/2.
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We compare the current signal of methylene-blue-labeled
fDNA with our SA-labeled MOFs. One can see in Figure 5C,
the signal intensity of SA-labeled MOFs at +0.9 V (curve a) is
much higher than that of methylene blue at −0.32 V (curve b).
The strong electrochemical signal is very important for a highly
stable and repeatability sensing system. At the same time,
cyclic voltammetry of UiO-66 decorated GCEs at different
potential scan rates (v) was then studied. One can see in
Figure 5D, the current intensities were enhanced over the scan
rate ranging from 20 to 140 mV/s. The inset is the linear
relationship between peak current (Ip) with the square root of
scanning rate (v1/2). The Randle-Sevcik equation is Ip = 2.69 ×
106n2/3AD1/2Cv1/2. The peak current is proportional to v1/2,
indicating that the current of UiO-66 is a diffusion-controlled
process.
Optimization of the Experimental Conditions. In

order to achieve the best performance, the effect of pH of
buffer, Mn2+ incubation time, and concentration of Mn2+ were
optimized to achieve higher sensitivity during the experiment.
As presented in Figure 6A, the current value was increased

with the enhancement of pH, and the maximum ratio value
was obtained at pH of 7.4. The concentration of Mn2+ also has
a significant effect on the sensitivity of the as-designed sensor.
In Figure 6B, the current ratio value increased with successive
enhancement in the concentration of Mn2+ from 2 to 6 mM
and reached its maximum at 6 mM. Moreover, the current
value does not change appreciably when the incubation time of
Mn2+ is 90 min (Figure 6C). Hence, a pH of 7.4, 6 mM Mn2+,
and 90 min incubation time of Mn2+ were set as optimal
conditions.
Analytical Performance. To verify the as-designed

ratiometric biosensor for quantitative detection, various
concentrations of miRNA-21 were then measured. As evident
from Figure 7A, the DPV response was changed gradually
when the concentration of miRNA-21 was increased within 0.5
fM−5 nM. With the increase of the amount of miRNA-21, the
signal response of UiO-66-SP was decreased gradually.
However, the response of [Fe(CN)6]3−/4−-IR was increased
gradually. Thus, the I[Fe(CN)6]3−/4−‑IR/IUiO‑66‑SP ratio value was
increased when the concentration of miRNA-21 increased
(Figure 7B). Figure 7C shows the linear relationship between
the logarithm of miRNA-21 concentration with the ratio value.

The regression equation is I[Fe(CN)6]3−/4−‑IR/IUiO‑66‑SP = 0.6522
lg C + 0.1413. Also, according to the expression of 3σ/S, the
LOD obtained was 0.17 fM. The performance of the as-
designed sensor is compared with other sensing systems and
summarized in Table S2.41−47 The results show that the sensor
designed in this paper is better in terms of linear range and
detection limit.
The interfering substances including miRNA-141, let-7a,

miRNA-155, GSH, thrombin, BSA, AA, urea, Trp, Gly, L-Cys,
L-thr, K+, and Mg2+ were selected to further study the
selectivity of the constructed biosensor toward miRNA-21.
Although a high concentration of electroactive molecules AA
and DA (5 M) could directly detect the current response, the
signal can be detected at +0.3 V (AA) and +0.6 V (DA). These
signal is different from the signal response of UiO-66 at +0.9 V
(Figure S2). When the concentration of AA and DA was
decreased (0.5 nM), the current signal cannot be detected.
Moreover, our proposed method is based on the two signal
input; thus, these factors can be ignored. As displayed in Figure
7D, even though the concentration of the interfering substance
(0.5 nM) was 10 times higher than the target (0.05 nM), only
the target could obtain the highest ratio value. The results
showed that the constructed sensor owned strong selectivity
for miRNA-21.
Reproducibility and Stability of Biosensor. To study

the detection repeatability of the constructed strategy, 10
GCEs were selected, and then, 20 tests were carried out under
the same conditions. The results showed a significant change
for the nonproportional strategy, with a mean current of 2.30
μA (Figure 8A) and a relative standard deviation (RSD) of
51.4%. This variation could prominently be decreased in our
designed strategy, and the average current ratio of the 20 tests
was 3.09, and the RSD was 4.35% (Figure 8B). The results
showed that the ratiometric analysis afforded acceptable
repeatability (Figure 8C). The ratiometric dual-signal strategy
could reduce the interference of environmental factors and
basic electrode characteristics, so the designed ratiometric
electrochemical strategy for miRNA-21 analysis had an
excellent reproducibility.

Figure 6. Effect of (A) pH, (B) concentration of Mn2+, and (C)
incubation time of Mn2+ on the response of sensing system.

Figure 7. (A) DPV current response of the sensor to miRNA-21 at
different concentrations ((a) 0, (b) 0.5 fM, (c) 2.5 fM, (d) 5 fM, (e)
0.05 pM, (f) 0.5 pM, (g) 5 pM, (h) 0.05 nM, (i) 0.5 nM, (j) 5 nM);
(B) the ratio value was increased with the enhancement of target
concentration; (C) calibration curves for miRNA-21 detection; (D)
selectivity of the sensor.
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Detection of miRNA-21 in Serum Samples. To
investigate the proposed ratio biosensor for real sample
applications, miRNA-21 in human serum samples by standard
addition methods was tested, and recoveries were obtained.
Blood samples were centrifuged (1200 r/min) for 3 min to
obtain a serum sample, which was received from Hospital of
Yunnan Normal University (Kunming, China). After being
diluted 100-fold with PBS buffer, the serum samples were
mixed with miRNA with the final concentrations of 0.05, 0.8,
and 50.0 pM. The experimental procedure was consistent with
the sensor preparation. Table S3 depicted the results of the
detection of miRNA-21 (0.05, 0.8, and 50.0 pM) in three
serum samples. As can be seen from the table, the recoveries of
miRNA-21 ranged from 95.66 to 104.4%, and the RSD ranged
from 0.93 to 1.81%, illustrating that this designed ratiometric
biosensor could be utilized to detect miRNA-21 in real actual
samples.

■ CONCLUSIONS
An enzyme-free DNA-walker-based ratiometric electrochem-
ical biosensor in combination with a Zr MOF signal tag (UiO-
66) to detect miRNA was presented. Our report demonstrates
using UiO-66 first as an electrochemical signal tag for a
biosensor. its current signal can be detected at +0.9 V in
neutral conditions. With UiO-66 as a signal probe, the signal is
strong and stable. Unlike the previous ratiometric electro-
chemical biosensor, in which electrolyte solution K3Fe(CN)4/
K4Fe(CN)6 was the reference probe, it is cheap, stable, and can
be used without modification. In the presence of target, the
current intensity of UiO-66 at +0.9 V was decreased.
Meanwhile, the current signal of electrolyte solution as a
reference at +0.2 V was increased due to the enhancement of
electrode conductivity. Thus, a ratiometric electrochemical
biosensor in combination with UiO-66 signal tags to detect
miRNA was developed. A DNA tetrahedron with a well-
controlled orientation characteristic can reduce the local
overcrowding effect to increase the efficiency of a DNA
walker. Taking advantage of UiO-66 signal tags to obtain a
stable signal and NTH-based-DNA walker signal amplification,
this ratiometric biosensor shows ultrasensitivity to miRNA-21

with an LOD of 170 aM. It can also provide more accurate
signals, in which environmental factors and basic electrode
characteristics were eliminated. As expected, it is hoped that
the approach could be ideally suitable for biomaker analysis in
clinical detection.
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