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� A ratiometric electrochemical apta-
sensor is proposed for the detection
of thrombin.

� The accessibility of target molecules
and loading amounts of signal tags
was increased own to DNA
nanotetrahedron.

� Fe-MOFs as signal probe and the
electrolyte solution as an inner
reference probe.

� The ratiometric biosensor owns a
strong ability to eliminate the
disturbance.
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A ratiometric electrochemical aptasensor is proposed for the detection of thrombin. In the sensor, the
iron metal-organic frameworks (Fe MOFs)-labeled aptamer as signal tags was used as signal probe (SP),
and the electrolyte solution [Fe(CN)6]3-/4- was utilized as an inner reference probe (IR). In the presence of
thrombin, the signal of Fe-MOFs can be detected. Meanwhile, the signal of [Fe(CN)6]

3-/4
-IR almost remains

stable. Accordingly, thrombin concentration can be monitored with the ratio response of IFe-MOFs-SP/
I[Fe(CN)6]3-/4-

-IR. The proposed ratiometric biosensor owns a strong ability to eliminate the disturbance that
arises from different DNA loading densities, environmental impact and instrumental efficiency. DNA
nanotetrahedron (NTH) with three-dimensional (3D) scaffold can effectively eliminate nonspecific
adsorption of DNA and protein. The accessibility of target molecules and loading amounts of signal
substances could be increased because of the enhanced mechanical rigidity of well-designed 3D NTH.
Thus, detection reproducibility and sensitivity can be further improved. Moreover, the biosensor only
requires conjugation with one electroactive substance. The modification procedure can be greatly
simplified. The biosensor owns high sensitivity with the detection limit of 59.6 fM. We expect that it will
emerge as a generalized ratiometric sensor that may be useful for detecting target analytes.

© 2020 Elsevier B.V. All rights reserved.
Hu), yyhui2002@aliyun.com
1. Introduction

Electrochemical biosensors have attracted widespread attention
due to their simple instrumentation, high sensitivity, and easy
operation [1e3]. Specially for electrochemical DNA biosensors, such
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biosensors have been used widely in various fields, such as envi-
ronmental analysis, food processing, and medical diagnosis [2e5].
Unfortunately, they suffer easily from nonspecific adsorption,
environmental factor and instrumental influence [6]. Generally
speaking, introducing nanomaterials, such as DNA nanoparticles,
on the surface of an electrode surface has commonly been used. The
DNA nanotetrahedron (NTH) that is assembled using four single-
stranded nucleic acids via one-step thermal denaturation has a
stable structure [7,8]. NTH with three-dimensional (3D) scaffold
easily functions with different chemical biomolecules [9], pro-
moting effectively recognition of target [10]. Moreover, NTH can
accurately locate the direction of a probe, reducing nonspecific
adsorption of DNA and protein on an electrode interface [10e12].
However, the traditional DNA NTH biosensor usually use one signal
input. Instrumental efficiency, and environmental conditions could
affect the sensor’s reproducibility. Therefore, developing a novel
electrochemical biosensor is highly desirable.

In recent years, the ratiometric method has became an intelli-
gent choice to improve the practical application of sensing system.
The electroactive materials act as an inner reference probe (IR), and
the ratio response between the signal probe (SP) and IR substance
was utilized for a built-in correction [5,6,13,14]. Thus, the impact
that arises from different DNA loading densities, temperature
variation and nontarget-induced DNA dissociation can be reduced,
providing more accurate signals through the sensor’s self-
referencing capability [5,6]. Currently, there are two working
types of common ratiometric electrochemical DNA sensors. The
first type immobilizes IR molecules at an electrode. Xiang et al.
designed a dual signal hairpin DNA-based ratiometric strategy for
the detection of mucin 1 [5]. Ellington et al. developed reagentless,
ratiometric electrochemical DNA sensors for the detection of single
nucleotide polymorphism (SNP) [6]. Two signal tags was usually
required to label with nucleic acid. One was used as IR, the other
was employed as SP. Commonly, ferrocene and methylene blue are
utilized as signal tags for ratiometric DNA electrochemical sensors.
The second type adds IR molecules to electrolyte solution.
Compared to the first type, only one electroactive substance is
required to conjugate with detection probes, such as nucleic acid.
Thus, the second type is more appropriate for constructing ratio-
metric electrochemical biosensors because of their simplicity.

Metal-organic frameworks (MOFs)materials are consist of metal
ions and organic linkers [15,16]. MOFs have tunable porosities,
functional surfaces, and bulk conjugated backbones [17]. Because of
their unique properties, MOFs have been extensively utilized in the
fields of biosensing, drug delivery, and electric batteries [18e20].
For example, in our previous report, Cu MOFs were used as elec-
trochemical signal tags [21]. Samples that contained large quanti-
ties of ions could offer high electrochemical signals. More
interesting, Au-MOFs as a signal unit exhibited high signal ampli-
fication compared with other signal tags. These results motivate us
to search more MOFs-based signal substances. It was found that Fe-
MIL-88 can be used as a signal probe. In this work, more emphases
are placed on the construction of novel, simple and signal-
amplified electrochemical ratiometric DNA biosensors, in which
Fe-MIL-88 was used as the signal probe and the electrolyte solution
K3Fe(CN)4/K4Fe(CN)6 was used as an IR substance. Also, the Fe-MIL
conjugation step with nucleic acid is uncomplicated since metal
nanoparticles can be easily incorporated.

Thrombin is a protease that play an important part in the body’s
coagulation system [22]. The activity and concentration of
thrombin can be used as an indicator of the coagulationmechanism
[23]. Thrombin is closely related to physiological and pathological
processes, for instance, inflammation, wound healing, and blood
coagulation [24,25]. Aptamers are single-stranded RNA or DNA ol-
igonucleotides, and they have the advantage that they combine a
range of proteins and cells specifically and effectively [26e28].
Comparedwith antibodies, aptamers aremore stable and adaptable
and havemore flexible modification [29]. Accordingly, developing a
novel aptamer-based electrochemical ratiometric sensor (apta-
sensor) for highly sensitive, and selective quantification of
thrombin is desirable.

In this paper, an electrochemical ratiometric aptasensor which
owns strong ability to eliminate the disturbance of nonspecific
adsorption, environmental change and instrumental efficiency is
proposed for the quantification of thrombin (Fig. 1). Herein, the
electrolyte solution [Fe(CN)6]3-/4- was used as an IR probe, and Fe-
MOFs-labeled aptamer was used as an SP probe. In contrast with
the conventional ratiometric aptasensor, this sandwich-structure
DNA aptasensor only requires conjugation with one electroactive
substance. The modification procedure can be greatly simplified.
Also, the electrolyte solution (IR molecules) is more stable than the
DNA-labeled electroactive substance. Thus, random errors can be
greatly reduced. Moreover, DNA NTH effectively eliminates
nonspecific adsorption of DNA and protein, and detection accuracy
is improved. Introducing an aminated ionic liquid (IL-NH2) helps to
stabilize MoS2 via electrostatic repulsion. The proposed Au NPs@IL-
MoS2 which has large specific surface areas and good electro-
conductibility was used as a sensing interface to further improve
detection sensitivity. Due to the aforementioned superiority, this
ratiometric aptasensor achieves high reproducibility, accuracy,
stability, and sensitivity. It is expected that this universal ratio-
metric sensor may be useful for detecting of other target analytes
via according aptamer changes.

2. Experimental section

2.1. Experimental reagent and apparatus

6-Mercaptohexanol (MCH, 97%), thrombin, bovine serum albu-
min (BSA), C-reactive protein (CRP), alpha-fetoprotein (AFP), hu-
man chorionic gonadotropin (HCG), chitosan (CHIT), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimideHydrochloride (EDC),
Phosphate buffer saline (PBS, 0.01 mol/L phosphate, 0.138 mol/L
NaCl, pH 7.4) and N-hydr oxysuccinimide (NHC) were purchased
from Sigma (USA). Chloroauric acid (HAuCl4$4H2O) was purchased
from Sinopharm Chemical Reagent Co, Ltd. (Shanghai, China).
MoS2, 2-aminoterephthalic acid and trisodium citrate were ac-
quired from Shanghai Aladdin Biochemical Technology Co, Ltd.
(Shanghai, China). The DNA samples used in this study were ob-
tained from Shanghai Sangon Biotechnology Co, Ltd. (Shanghai,
China). The sequences of all of the oligonucleotides are given in
Table S1. All of the other reagents were analytical reagent grade and
used directly.

A CHI650E-electrochemical workstation used in this work and
was purchased from Shanghai Chenhua Instrument Company
(Shanghai, China). Transmission electron microscopy (TEM) was
conducted using a JEM-200 (JEOL, Japan). X-ray photoelectron
spectroscopy (XPS) measurement performed with a K-Alpha þ X-
spectrometer (Thermo Fisher Scientific, USA). X-ray diffraction
(XRD) was determined using a TTRIII diffractometer (Nippon sci-
ence Co, Japan).

2.2. Synthesis of DNA NTH materials

The purchased Tetra-A, Tetra-B, Tetra-C, and Tetra-D chains
were added to a certain amount of Tris acetate buffer (20 mM, pH
8.0 containing 50 mM MgCl2). Then, the four DNA chains were
mixed equivalently in buffer, heated at 95 �C for 2 min, and then
immediately deposited at 4 �C for 30 min. The synthesized DNA
NTH was mixed in a 1:1 ratio with buffer; then, the mixture was



Fig. 1. Schematic illustration of the ratiometric electrochemical sensor.
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diluted to 2.5 mM DNA nanotetrahedron [30].

2.3. Preparation of gold nanoparticles (Au NPs)

Au NPs were prepared via citrate reduction of tetrachloroauric
acid according to the reported literature [31]. First, 500 mL of 1 mM
HAuCl4$4H2O solution was heated under stirring. After boiling,
1.75 mL of 1.0% trisodium citrate was directly added into the above
refluxing solution. The mixture was boiled for a period of time until
the solution color turned to wine red. The gold nanoparticles were
deposited at 4 �C for use.

2.4. Preparation of Au NPs@ Fe-MIL-88 hybrids

Fe-MIL-88 was slightly modified via previously reported
methods [32]. For hydrothermal synthesis, 0.378 g of 2-
aminoterephthalic acid and 0.561 g of FeCl3$6H2O were dissolved
in 45 mL of dimethylformamide (DMF). Acetic acid (5 mL) was then
added and heated at 120 �C for 4 h under stirring. After cooling to
room temperature, the particles were collected by centrifugation
(8000 rpm) and washed with DMF and absolute ethanol. Finally,
the remaining solid was dried under a vacuum drying oven at 60 �C
for overnight.

For the preparation of Au NPs@Fe-MIL-88 hybrids, 50 mg of Fe-
MIL-88 powder was dispersed in 25 mL of sterilized water. Under
vigorous stirring, Au NPs (25 mL) were slowly added. After 24 h, the
Au NPs@Fe-MIL-88 material was washed with sterile water three
times, and then dried.

2.5. Synthesis of Au NPs@IL-MoS2 hybrids

A mixture of IL-NH2 (10 g) and MoS2 (25 mg) was dispersed in
50 mL water, and then 0.05 g of KOH was added. The solution was
homogenized for half an hour. Then, the mixtures were heated and
stirred at 80 �C for 24 h. After centrifugation (6000 rpm), IL-MoS2
was washed 3 times with distilled water and anhydrous ethanol,
and then dried.

Au NPs (20 mL) were slowly added to 20 mL of IL-MoS2 solution
(1 mg/mL) under vigorous stirring for 24 h. The mixtures were then
rinsed with absolute ethanol and distilled water via centrifugation
at 6000 rpm.

2.6. Au NPs@ Fe-MIL-88 labeled signal probe DNA

Au NPs@Fe-MIL-88 (10 mg) was dissolved in 500 mL H2O. 200 mL
of NHS (100 mM) and 200 mL of EDC (400 mM) were next added to
the above mixture under stirring for 30 min. After centrifugation,
the precipitates were scattered in 200 mL of distilled water. Strep-
tavidin (200 mL, 0.5 mg/L) was then added to this mixed solution for
4 h at 4 �C. DNA1 (250 mL, 10 mM) was then added for 2 h at 4 �C.
Under the help of NHS/EDC, the amino groups of Au NPs@Fe-MIL-
88 and the carboxyl groups of streptavidin were combined. After-
wards, 1 mL of 1 mM mercaptoethanol (MCH) was added into the
aforementioned mixture and shaken at 4 �C for 1 h. The white
precipitate was centrifugated (12,000 rpm) and rinsed with PBS.
Finally, the DNA-labeled Au NPs@Fe-MIL-88 was dispersed in
500 mL of sterilized water and deposited at 4 �C in a refrigerator for
use.

2.7. Measurement procedure

Glassy carbon (GC) electrodes were polished using a previously
reported method [33]. First, 10 mL of 1 mg/mL Au NPs@IL-MoS2
solutionwas coated onto the electrode. After drying,10 mL of 2.5 mM
DNANTHwas added to obtain a sequential aptamermonolayer, and
this was kept overnight at 37 �C. The improved electrodes were
then permeated in 1 mM MCH for 10 min at 37 �C to block
nonspecific binding sites. The modified GC electrodes were then
dropped with 10 mL of thrombin for 1 h. Then, 10 mL of DNA-
modified Au NPs@ Fe-MIL-88 was added for 1 h at 37 �C.

In the experiment, three electrodes were used to form a three-
electrode system. GC electrode were utilized to as the working
electrode, and a platinum electrode and a calomel electrode were
the auxiliary electrode and the reference electrode, respectively.
The sensor was detected using differential pulse voltammetry
(DPV) in PBS containing 0.2 mM K3 [Fe(CN)6]/K4 [Fe(CN)6].
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3. Results and dicussion

3.1. Characterization

First, transmission electron microscopy (TEM) was used to
investigate themorphology of the AuNPs@Fe-MIL-88 composite. As
seen in Fig. 2A, the synthesized Fe-MIL-88 nanomaterial has an
irregular octahedral structure with particle size of 200 nm, and this
is similar to the literature report [34]. Also, gold nanoparticles are
uniformly loaded on Fe-MIL-88 (Fig. 2B). XRD was utilized to char-
acterize the structure of synthesized Fe-MIL-88 material. As seen in
Fig. 2C, there is a strong peak near 10� and a slightly weak peak near
20�. Compared to the standard spectrum, the obtained results are
consistentwith the literature [34]. The surface surveyXPSanalysis of
Fe-MIL-88 was demonstrated in Fig. 2D. The result displays the ex-
istence of C, O, N and Fe elements, revealing the successful synthesis
of the composites (Fig. 2D). The spectrum of C 1s (Fig. S1) can be
divided into two peaks that appear at CeN (288.3 eV) and CeC
(284.6 eV) [35]. The spectrum of O 1s can be analyzed one peak at
C]O (530.7 eV) (Fig. S2) [36]. The N 1s has three peaks (Fig. S3),
which are attributed to N2C (398.8 eV), N3C (400.5 eV) and NHX (399
0.0 eV) [37]. The Fe2pXPS spectrumof the catalyst isfitted into three
peaks, as shown in Fig. 2E. The peaks occur at 711.2 eV, 716.2 eV and
724.5 eV that are consistent with Fe3þ 2P3/2 [38]. UV spectropho-
tometry was then performed to further confirm the successful
preparation of the Au NPs@Fe-MIL-88 composite. In Fig. 2F, a char-
acteristic absorption peak at 520 nmwas shown in curve a, which is
the absorption spectra of gold nanoparticles. Curve b represents the
absorption spectra of Fe-MIL-88. The absorptionpeak at 258nmwas
detected. In curve c, there are two absorption peaks at 258 nm and
520 nm. The above-mentioned results explained the successful
synthesis of Au NPs@Fe-MIL-88.

TEM was used to observe the morphology of Au NPs@IL-MoS2.
As seen in Fig. 3. MoS2 nanosheets have amorphology of thin folded
layers (Fig. 3 A). Fig. 3B shows that gold nanoparticles were loaded
on MoS2 and had a two-dimensional (2D) sheet structure. The
dispersion of MoS2 after amine-terminated IL-NH2 loaded was
shown in Fig. 3C. MoS2 is more uniformly dispersed in ionic liquids
than it is in water, and this indicates that IL-NH2 helps to stabilize
MoS2. Meanwhile, MoS2, IL-MoS2, and Au NPs@IL-MoS2 are char-
acterized by Fourier transform infrared spectroscopy (FTIR), and
the results are shown in Fig. 3D. For single MoS2 (a), the peak that
Fig. 2. TEM image of Fe-MIL-88 (A) and Au NPs@Fe-MIL-88 composite (B); (C) XRD of Fe-MI
Au nanoparticles, (b) Fe-MIL-88 and (c) Au NPs@Fe-MIL-88 composite, respectively.
appears at 465 cm�1 is attributed to the MoeS bond; furthermore,
peaks at 1386 cm�1 and 1626 cm�1 are related to characteristic
peaks of MoS2 nanosheets [39]. For IL-MoS2 (b), the doublet at
2844 cm�1 and 2915 cm�1 corresponds to symmetric Vs(CH2) and
asymmetric Vs(CH2) of IL-NH2 units which are adsorbed to the
MoS2 nanometer layer [40]. In addition, the CH3 (N) stretch, CH2 (N)
stretch, and ring plane asymmetric stretch caused by the imidazole
ring of IL are observed near 1200 cm�1 [40]. After Au NPs loaded on
the surface of IL-MoS2, the peaks were almost unchanged (c). These
observations further confirm IL-NH2 was attached to the MoS2
nonmaterial.

DNA NTH was constructed by hybridization of four strands of
DNA (Tetra A, B, C, and D). The formation of NTH was verified by
agarose gel electrophoresis. As seen in Fig. 3E, Tetra A was single
DNA, which has the lowest molecular weight. The fastest mobility
appeared in the gel (lane 1). The complexity of spatial mass and
increasedmass hampered DNAmovement. Thus, themigration rate
of the bands of the BC hybrid and BCD hybrid chains were lower
than that of Tetra A (lane 2 and lane 3).When Tetra A, B, C, and D are
incubated together, a band was stuck in the wells (lane 4, 5), and
this resulted from the formation of large molecular weights of DNA
NTH. The difference in position indicates the successful synthesis of
tetrahedral DNA nanomaterials. TEM was then carried out to
further verify the successful formation of NTH. As seen in Fig. 3F,
NTH has a circular structure with a uniform diameter [10]. From the
above results, one can see that NTH was successfully synthesized.
3.2. Experimental principle

The principle of the ratiometric sensor is based on the ratios of
the Fe-MOFs signal labeled with the thrombin aptamer and the
electrochemical signals of [Fe(CN)6]3-/4- in the detecting buffer. The
electrolyte solution [Fe(CN)6]3-/4 was used as an IR probe, and Fe-
MOFs-labeled aptamer was used as an SP probe. Introducing IL-
NH2 helps to stabilize MoS2 via electrostatic repulsion. The pro-
posed AuNPs@IL-MoS2 hybrid, which has good electrical conduc-
tivity (Fig. S4), was used as a sensing interface. Then, the thiol (HS)-
labeled DNA NTH was combined to sensing interface via the AueS
bond. In the presence of thrombin, the signal of Fe-MOFs was
detected. Meanwhile, [Fe(CN)6]3-/4- almost remains stable.
Accordingly, the thrombin concentration can be monitored as a
ratio response IFe-MOFs-SP/I[Fe(CN)6]3-/4-

-IR.
L-88; (D) Full XPS of Fe-MIL-88; (E) Fe 2p from Fe-MIL-88; (F) The UV vis spectra of (a)



Fig. 3. TEM image of MoS2 (A) and Au NPs@IL-MoS2 composite (B); (C) The stability change of Au NPs@MoS2 before (right) and after (left) adding IL-NH2; (D) FTIR of MoS2 (a), IL-
MoS2 (b) and Au NPs@IL-MoS2 composite (c); (E) Gel electrophoresis image of Tetra A (lane 1), Tetra A-B (lane 2), Tetra A-B-C (lane 3), DNA NTH (lane 4, high DNA concentration),
DNA NTH (lane 5, low DNA concentration); (F) TEM image of the NTH.
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NTH with 3D scaffold could effectively reduce nonspecific
adsorption of DNA and protein on the electrode interface. There-
fore, our proposed sensor has the following distinguishing features:
(1) The selectivity and reproducibility of biosensor is greatly
improved because of the use of DNA NTH. (2) In contrast to tradi-
tional stem-loop or linear DNA probe, the accessibility of target
molecules and loading amounts of signal substances could be
increased [8], because of the enhanced mechanical rigidity of well-
designed 3D NTH. Thus, the proposed biosensor exhibits excellent
sensitivity. (3) The ratio response IFe-MOFs-SP/I[Fe(CN)6]3-/4-

-IR of this
designed electrochemical sandwich-structure DNA biosensor does
not result from adjusting the distance between two signal probes.
The signal changes come from target binging of the sensing inter-
face. This favors elimination of disturbances from the sensing
electrode, and this can increase the accuracy of sensor. (4)
Compared with the conventional ratiometric DNA aptasensor, this
biosensor only requires conjugation with one electroactive sub-
stance. Thus, the procedure for the signal probemodification can be
greatly simplified. Also, the electrolyte solution is more stable
compared to the DNA-labeled electroactive substance. Therefore,
our proposed ratiometric sensor is wished to own high stability,
reproducibility, selectivity, and sensitivity.
3.3. Stability of the biosensor

To confirm that the stability and accuracy of the ratiometric
electrochemical probe are higher than those of the non-ratiometric
sensors, the stability of the ratiometric sensor was assessed. Ten
electrodes with 30 individual measurements was used to collection
the data, and the corresponding results are shown in Fig. 4. Fig. 4A
displays DPV curves from three different electrodes. The current
ratio between Fe-MOFs and [Fe(CN)6]3-/4 was almost the same on
each GC electrode surface. As shown in Fig. 4B, similar to the classic
electrochemical aptasensor, the current response of the non-
proportional sensor in 30 individual tests demonstrated wide
variation with an average of 14.4481 mA, and the relative standard
deviation (RSD) is 18.3%. However, in our ratiometric electro-
chemical aptamer, the variation was significantly reduced. The RSD
in 30 tests was calculated to be 4.38% with an average of 4.5066
(Fig. 4C). The obtained results indicate that the ratiometric method
is more reliable, reproducible and stable than the non-ratiometric
approach (Fig. 4D). The ratiometric sensor reduces background
interference and random errors and obtains more accurate data.
Consequently, the proposed ratiometric strategy is more accurate.
3.4. Characterization of the modified electrode

The preparation process of the modified electrode is character-
ized by electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV). EIS can be utilized to monitor the surface
modification and step-by-step construction of sensors. Changes in
electron transfer resistance (Ret) are markedly connected to
different electrode modifications. As seen in Fig. 5A, the bare
electrode shows only a straight line (curve a, Ret ¼ 40 U). When Au
NPs@IL-MoS2 was deposited onto the surface of the GC, a small
semicircle diameter is observed (curve b, Ret ¼ 80 U). The diameter
of the semicircle distinctly increased after adding NTH on the
electrode interface (curve c, Ret ¼ 1000 U), because the presence of
DNA NTH inhibited the electron transfer. The assembly of MCH led
to a distinct increase in Ret (curve d, Ret ¼ 1400 U). The Ret
enhanced dramatically after assembling with thrombin (curve e,
Ret ¼ 1600 U). Thrombin is a biological macromolecule and has no
electrical conductivity; this leads to increasement of the Ret value.
When the signal probe DNA1-labeled Au NPs@Fe-MIL-88 specif-
ically binds to the modified electrode, the Ret further increased
(curve f, Ret ¼ 1900 U).

The peak currents in CV results can also reveal electron transfer
of [Fe(CN)6]3-/4- on the surface of electrodes [5]. As seen in Fig. 5B,
the bare GC electrode shows a redox peak with a good peak shape
(curve a). When Au NPs@IL-MoS2 was immobilized onto the
cleaned electrode, the redox peak currents almost unchanged
(curve b), showing high conductivity of these materials. Self-
assembly of DNA NTH on the modified electrode then led to a
decrease in the redox peak current (curve c), and this is attributed
to the repulsion effect between negatively charged DNA NTH and
[Fe(CN)6]3-/4-. MCH was then self-assembled, and after blocking
remaining active sites, the redox peak current was decreased (curve
d). When thrombinwas added, a further decrease in the redox peak
current was detected (curve e). When the signal probe signal DNA-
Au NPs@Fe-MIL-88 specifically binds to modified electrode, it



Fig. 4. Comparison between ratiometric and non-ratiometric aptasensor. Typical DPV curves scanned after thrombin binding onto three different electrodes (A). Reproducibility of
the non-ratiometric aptasensor (B), and ratiometric aptasensor (C). The black histogram stands for the response of 30 individual tests. The blue error bars and the black error bars in
the blue histograms represent average values and the RSD of 30 measurements, respectively. IFe-MoFs-SP stands for the currents response of 30 tests at 0.8 V after target binding. IFe-
MoFs-SP/I[Fe(CN)6]3-/4-

-IR means the ratio response of 30 measurements. (D) The aforementioned data for proposed ratiometric and non-ratiometric probe. [a] Mean value of 30 de-
terminations. [b] Standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Electrochemical impedance spectroscopy (A) and cyclic voltammetry (B) by using different modified electrodes (a: bare GC; b: Au NPs@IL-MoS2/GC; c: NTH/Au NPs@IL-MoS2/
GC; d: MCH/NTH/Au NPs@IL-MoS2/GC; e: thrombin/MCH/NTH/Au NPs@IL-MoS2/GC; f: DNA1-Au NPs@Fe-MIL-88/thrombin/MCH/NTH/Au NPs@IL-MoS2/GC). All tests were carried
out in 10 mM [Fe(CN)6]3-/[Fe(CN)6]4- containing 0.2 M KCl.

F.-T. Xie et al. / Analytica Chimica Acta 1135 (2020) 123e131128



Fig. 6. (a) Typical DPV curves of the sensor in response to thrombin of varying concentrations. a: 0 ng/mL, b: 0.1 ng/mL, c: 0.4 ng/mL, d: 0.5 ng/mL, e: 1 ng/mL, f: 5 ng/mL, g: 10 ng/
mL, h: 50 ng/mL, i: 100 ng/mL. (b) The current ratio enhancement with the increase of the thrombin concentration. (c) Relationship of the ratio response with the logarithm of the
target concentration. (d) The selectivity of the biosensor.
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hinders electron transfer, and the lowest redox peak current is
observed (curve f).
3.5. Optimization of conditions

The concentration of [Fe(CN)6]3-/4- can affect the current
response of the sensor. Therefore, the influence of this concentra-
tion was detected. As seen in Fig. S5, when the [Fe(CN)6]3-/4-

consistence was gradually increased from 0.2 to 1 mM, the value of
the ratio gradually decreased. Therefore, the optimal concentration
for the experiment is 0.2 mM.

The pH of the PBS buffer can have an effect on the response
current of Fe-MOFs. Thus, the pH of the detecting buffer was
studied to determine the optimum performance. As seen in Fig. S6,
the current response increased when the pH of the buffer
increased. The maximum response was at a pH of 6.5, then it
decreased with increasing pH from 7.0 to 8.5. Thus, a pH of 6.5 was
selected for further experiments.

The amount of Au NPs in the hybridization of Au NPs@Fe-MIL-88
was also optimized. As seen in Fig. S7, when the volume of Au NPs
was increased from 10 mL to 100 mL, the distribution of Au NPs on
Table 1
Analytical Performance of correlative methods for thrombin detection.

Sensing material Lin

hollow AueCeO2 0.5
Gold Nanoparticles 0.1
three-stranded DNA complexes 5 p
nanofibrous 50
NIR-emissive quantum dots poly adenine-gold nanoparticles 0.1

0.1
Fe-MIL-88 0.2
the surface of Fe MOFs was gradually enhanced. However, the EIS
results shown that the Ret enhanced dramatically after the volume
of Au NPs increased (Fig. S8). The volume of Au NPs with 25 mL
could provide the minimum Ret value, which means the best
conductivity for them. And the CV results were identical with the
EIS. Therefore, the volume of Au NPs with 25 mL was used to
preparation of Au NPs@ Fe-MIL-88 hybrids in the experiment.
3.6. Analytical performance

The prepared ratiometric sensor was then employed to detect
different concentrations of thrombin to verify that the proposed
sensor can be used for quantifying analyte. Fig. 6A shows the
relationship between DPV responses of the proposed ratiometric
aptasensor and target thrombin concentrations. When the con-
centration of thrombin increased, the peak current of Fe-MOFs-SP
at þ0.8 V gradually increased, whereas DPV responses of
[Fe(CN)6]3-/4--IR at þ0.2 V did not change much. Therefore, the ratio
response IFe-MoFs-SP/I[Fe(CN)6]3-/4-

-IR gradually increased with an enhance
of thrombin concentration (Fig. 6B). Fig. 6C exhibits the linear curve
of the ratiometric aptasensor. A good linear relationship between
er ranger Detection limit Reference

pM-30 nM 0.25 pM [41]
nMe15 nM 0.1 nM [42]
M-1 nM 1.7 pM [43]
pM-5 nM 1.0 pM [44]
e100 nM
pM-10 nM

34 pM
35 fM

[45]
[46]

98e29.8 pM 59.6 fM This work



Table 2
Recovery of thrombin in 10 fold-diluted human serum samples.

Sample
Added (ng/mL) Found (ng/mL) n ¼ 3 Average Found (ng/mL) RSD (%) Recovery (%) Average Recovery (%)

1 5.000 5.073 5.027 0.797 101.4 100.04
5.011 100.2
4.998 99.96

2 10.00 10.05 10.04 0.664 100.5
10.10 101.0
9.968 99.68

3 50.00 50.00 49.59 0.86 100.0
49.15 98.30
49.64 99.28
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the logarithm of thrombin concentration and the ratio response IFe-
MoFs-SP/I[Fe(CN)6]3-/4-

-IR ranging from 0.1 ng/mL to 100 ng/mL (0.298
pMe29.8 pM) was obtained. The obtained linear equation is: IFe-
MOFs-SP/I[Fe(CN)6]3-/4-

-IR ¼ 1.5024 lgC þ 1.5291. The limit of detection
(LOD) was calculated to 20 pg/mL (59.6 fM) at signal-to-noise ratio
of 3. Due to the aforementioned distinguishing features, the
sensitivity of the biosensor is better compared with some previous
reported correlative work for thrombin (see Table 1) [41e46].

Selectivity is the significant factor for a biosensor. Thus, BSA,
CRP, AFP, and HCG were selected as disruptors and were used to
investigate specificity. As seen in Fig. 6D, although the concentra-
tion of interfering substances (50 ng/mL) is greater than that of
thrombin (10 ng/mL), their response current ratio is much smaller
than the response current ratio of the target. This result indicates
that the proposed ratio sensor has good selectivity and can be used
for detecting thrombin. Hence, this sensor provides a basis for the
practical application of ratio sensors.
3.7. Sensor recovery

To verify that our proposed aptasensor can be used for real
sample detection, the content of thrombin in human serum was
determined. Blood samples were spiked with thrombin at different
concentrations and were detected. Each concentration was
measured 3 times in parallel, and the corresponding results are
listed in Table 2. The average recovery of thrombin at a concen-
tration of 5, 10, and 50 ng/mL was 100.04%. These results indicate
that our proposed biosensor can be used for real sample detection.
4. Conclusions

A ratiometric electrochemical aptasensor was proposed for
detecting thrombin. An internal reference probe ([Fe(CN)6]3-/4--IR)
was combined with a signal probe (Fe-MOFs-SP) to form a complete
dual-signal sandwich DNA biosensor. In contrast to non-
proportional sensors, the proposed electrochemical ratiometric
aptasensor demonstrates higher stability, reproducibility, and ac-
curacy. In this paper, four DNA sequences were annealed to obtain
DNA NTH with rich molecular modification sites. The DNA NTH
end-modifies the thiol group and is easily assembled on the elec-
trode surface. The biosensor has simple operation and excellent
analytical performance. The biosensor owns high selectivity and
sensitivity with the detection limit of 59.6 fM. Thus, it has broad
application prospects in biochemical research. Therefore, the novel
ratio probe designed in this paper lays the foundation for devel-
oping and applying ratiometric methods in clinical applications and
other fields.
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