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ARTICLE INFO ABSTRACT

In this work, an aptamer was used as the target capturing agent and a trimetallic signal amplification strategy
based on Ce-MOF@Au and AuPtRu NPs was demonstrated for the sensitive detection of TSP-1. Herein, the
synthesized AuPtRu nanocomposite (AuPtRu NPs) not only acts as the catalyst for catalyzing hydrogen peroxide
but also acts as a nanocarrier for capturing the -NH, termination single strand DNA (S1) to obtain the signal
probe (SP, AuPtRu nanocomposite/S1). Then, SP was efficiently linked into TSP-1 aptamers with the addition of
complementary linking strands to form M1 (SP/aptamer). The Ce-MOF@Au nanocomposites were obtained by in
situ reduction and used as GCE electrode modification materials. The -NHy-modified capture probe (CP) DNA
was immobilized on the surface of Ce-MOF@Au nanocomposites for hybridizing SP. In the presence of the target
TSP-1, the aptamer recognizes the target and binds strongly so that SP is released from the prepared M1 and then
hybridized with CP. When the detection solution contains an electrochemical matrix of HO,, AuPtRu NPs can
oxidize H»O, to obtain an enhanced signal. Furthermore, the proposed aptasensor has a very low LOD of 0.13 fg
mL~! TSP-1 in the detection range of 1 fg mL™' to 10ngmL~'. Moreover, the proposed platform also has
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application implications for other potential targets.

1. Introduction

Cardiovascular disease (CVD), one of the leading causes of death
worldwide, may present an increase in the level of biomarker molecules
in the blood. Identifying the biomarkers of the highest risk of CVDs for
auxiliary diagnosis can prevent premature deaths (Nguyen et al., 2018;
Yusuf et al., 2001). Thrombospondin-1 (TSP-1), a promising candidate
biomarker for CVD (Ji et al., 2014; Salajegheh, 2016), is expressed at
higher levels in large atherosclerotic lesions and myocardial infarction
(Chavez et al., 2012). Therefore, a series of methods such as tetrazolium
salt colorimetry, and enzyme-linked immunosorbent assay (ELISA)
have been developed for detecting TSP-1. However, all of these
methods require complex treatment of the target samples. Thus, the
sensitive and selective detection of TSP-1 in clinical samples remains
challenging. Due to their extremely low limits of detection and poten-
tial for in situ analysis (Li et al., 2016), electrochemical sensors have
enabled the realization of highly sensitive miniaturized platforms for
TSP-1detection in CVDs diagnosis.

In recent years, metal-organic frameworks (MOFs), which are novel
microporous materials with metal ions as nodes and organic ligands as
linkers, have gradually attracted research attention (Dang et al., 2017).
MOFs exhibit tunable sizes and morphologies (Li et al., 2015; Zhang
et al., 2016) with properties of high pore volume, satisfactory electro-
chemical stability and easy modification (Campbell et al., 2015; Cui
et al., 2016). Inspired by MOFs properties, Ce-based MOF (Ce-MOF)
were synthesized in this work that not only inherit the advantages of
traditional MOFs but also show strong adsorption capacity and good
biocompatibility (Shen et al., 2016). The advantages of Ce-MOF in-
dicate that Ce-MOF is highly suitable for use as electrode modification
materials. The synthesis of Ce-MOF with benzenetricarboxylic acid as
the organic framework has high efficiency and simple steps which will
undoubtedly increase the feasibility of sensor construction (Xiong et al.,
2015). In order to increase the conductivity of the electrode and to
immobilize biomolecules, gold nanoparticles (Au NPs) are introduced
to the surface of the Ce-MOF to form Ce-MOF@Au. In this design, the
capture probe (CP) is immobilized on Ce-MOF@Au by Au-NH; bond to
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identify the signal probe. In our previous work, we have found that the
use of reducing agents to reduce Au NPs in situ to carrier surface is
prone to aggregation, making the synthesis method extremely limited.
To solve this problem, in this work, polyvinyl pyrrolidone (PVP) was
used as a protective agent to successfully avoid the aggregation of Au
NPs (Xiao et al., 2012). It is well known that PVP is one of the attractive
polymers for immobilizing metal nanoparticles. It has been reported
that PVP molecules can be adsorbed on the growing precious metal core
as a typical surfactant while preventing the aggregation of noble metal
nanoparticles. (Chuanfu et al., 2012; Wang et al., 2010) To the best of
our knowledge, the present work is the first exploration of a one-step
synthesis method for reducing Au NPs in situ to the Ce-MOF surface to
form robust nanocomposites (Ce-MOF@Au) for use as an electrode
modification material.

To overcome the shortcoming of the instability of the biological
recognition molecules (e.g., enzymes, antibodies) that has limited the
biosensors from being used as much as anticipated, aptamers have been
increasingly used in various sensing platforms due to their unique
characteristics of high affinity and specificity to a wide variety of tar-
gets ranging from small molecules to large proteins (Bai et al., 2017;
You et al., 2018). Aptamers are short synthetic nucleotide sequences
obtained by an in vitro procedure from the cell SELEX (Ji et al., 2014).
In addition to their affinity to targets, aptamers have advantages such
as easy production, low-cost synthesis, high thermal stability, and ease
of labeling and modification. They can also be easily immobilized on
different surfaces with various chemistries (Du et al., 2010; Feng et al.,
2011). Hence, aptamers should be applied as specific recognition
components in various sensors as alternatives to antibodies. We aim to
design an aptasensor that couples the specificity of an aptamer with a
signal amplification mechanism for TSP-1 detection.

To achieve sensitive detection of trace substances, secondary signal
substances are generally used to amplify the electrochemical response
in the electrochemical sensor analysis technology (Zeng et al., 2015).
Platinum (Pt) nanoparticles have long been known to have good cata-
lytic performance. Rational design of the composition and structure is
essential for designing highly active platinum catalysts (Eid et al., 2015;
Gao et al., 2016). A growing variety of Pt trimetallic materials have
been synthesized, such as FePtCu (Zhu et al., 2013), AuPdPt (Kang
et al., 2013) and PtPdTe (Li et al., 2013) that have catalytic properties
superior to Pt and Pt-based bimetallic materials. Ruthenium (Ru) is very
stable and can be used as an excellent catalyst (Hong et al., 2015).
Moreover, Ru is an effective hardener for platinum that can be used to
increase the stability and catalytic properties of platinum (Christensen
et al., 2010). Au NPs are widely used in electrochemical signal mate-
rials due to their high chemical stability and excellent biocompatibility
(Pei et al., 2018; Tang et al., 2018). Therefore, combining the ad-
vantages of Au NPs, Pt NPs and Ru NPs, AuPtRu NPs were designed and
synthesized for the first time in this work. AuPtRu NPs showed excellent
stability, catalytic properties and ability to immobilize biomolecules.
Briefly, the signal is greatly amplified by the synergistic catalysis of
H,0, by AuPtRu NPs.

To construct a multielement, synergistic nanosensing interface, a
nucleic acid single strand 1 (S1) with a modified -NH, at the 5’ end was
designed to react with an aptamer to form a double strand in a PCR
machine. Then, S1 is linked to the signal material AuPtRu NPs via Au-
NH, bond and Pt-NH, bond to form a signal probe (SP). In the presence
of TSP-1, TSP-1 binds to the aptamer and induces the release of SP from
the SP+ aptamer double strand (M1). Meanwhile, the -NH, modified
capture probe (CP) was immobilized on the electrode modified by Ce-
MOF@Au. When CP recognizes the released SP and captures them, a
large electrical signal is generated by the AuPtRu catalysis of H>O,. Due
to the excellent conductivity of Ce-MOF@Au and the superior catalytic
capability of AuPtRu NPs, the new technology platform achieves sen-
sitive detection for TSP-1 in serum. We demonstrated that the proposed
aptasensor has good prospects for applications in clinical research.
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2. Experimental
2.1. Materials and reagents

Cerium(III) nitrate hexahydrate (Ce(NO3)36H,0), chloroplatinic
acid (H,PtClg'6H>0), potassium ferrocyanide (K Fe(CN)g), potassium
ferricyanide (K3Fe(CN)g) and Pluronic® F-127 were supplied by Sigma-
Aldrich (St. Louis, USA, www.sigmaaldrich.com). 1,3,5-Trimesic acid
was obtained from Shang Hai Yuanye Biology (http://www.shyuanye.
com). L(+)-Ascorbic acid was supplied by Guangdong Guanghua Sci-
Tech Co., Ltd. NaBHy4, H>0,, NaCl, KCI were purchased from Chongqing
Chuandong Chemical Group (Co. Ltd, Chongging, China).
Polyvinylpyrrolidone (PVP) was obtained from Sangon (http://www.
sangon.com). Bovine serum albumin (BSA), gold (III) chloride trihy-
drate (HAuCl43H,0) and Ruthenium(III) chloride anhydrous were all
purchased from Aladdin (Shanghai, China, www.aladdin-e.com). The
real samples were provided by University-Town Hospital of Chongqing
Medical University (Chongging, China). The DNA oligonucleotides de-
scribed in Table S1 were synthesized and purified by Sangon Bio-
technology, Inc. (Shanghai, China). Human Elisa kit of Thrombos-
pondin-1(TSP-1) was supplied by Assay.

The stock solutions of all of the oligonucleotides were prepared with
1 X TE buffer (10 mM, trishydroxymethylaminomethane hydrochloride
(Tris-HCI) and 1.0 mM ethylenediaminetetraacetic acid (EDTA), pH
8.0). The other buffer was listed in Table S1. All other reagents were of
analytical reagent grade and were used directly without further pur-
ification. Milli-Q water (> 18.2 MQ2) obtained from a Millipore Mill-Q
purification system was used throughout the experiments.

2.2. Apparatuses
The details are provided in Supplementary information (S1).
2.3. Preparation of Ce-MOF@Au nanocomposite

Ce-MOF were synthesized according to the literature (Yuhao et al.,
2015). Then, gold nanoparticles were synthesized on the Ce-MOF sur-
face by in situ reduction as shown in Scheme 1A. First, Ce-MOF (1 mg)
was dispersed in Milli-Q water (2 mL), and then 2% HAuCl, (2 mL) was
added. After mixing well, a PVP solution (2 mL, 2 mg mL~ ') was added
followed by ultrasonic mixing for 15min. After stirring at 800 rpm,
NaBH, (2mL, 7.5mgmL ') was slowly added dropwise. The mixture
was stirred at room temperature for 30 min, centrifuged, washed with
Milli-Q water (2mlL) three times to obtain a Ce-MOF@Au nano-
composite, and dispersed in Milli-Q water for further use.

2.4. Preparation of AuPtRu, AuPt, AuRu and PtRu nanocomposite

In this study, AuPtRu NPs were prepared by ascorbic acid reduction
at 4°C. Briefly, RuCl; (0.9mL, 20 mM), 5% HAuCl, (53.2uL), 5%
H,PtClg (88.4 pL), and Pluronic F127 (0.01 g) were placed in a beaker
and mixed. Then, ascorbic acid (AA) (0.3mL, 0.4 M) was gradually
added with stirring (800 rpm) at 4 °C. After 3 h, the mixture was cen-
trifuged and washed three times, and the centrifuged product was
dispersed in Milli-Q water (500 pL).

AuPt, AuRu and PtRu nanocomposites were synthesized by a similar
method, except that 20 mM RuCl; (0.9 mL) was displaced by H,O
(0.9 mL), 5% H,PtClg (88.4 uL) was displaced by H,O (88.4 pL) and 5%
HAuCl, (53.2puL) was displaced by H,O (53.2uL). The synthesized
products were dissolved in Milli-Q water (500 pL).

2.5. Preparation of AuPtRu/S1 (SP, signal probe)
As shown in Fig. 1A, this part of the experiment was performed in an

Eppendorf tube. First, 4 uM S1 and 4 pM aptamer were mixed in equal
volumes, heated at 90°C for 10min, and then cooled to room
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Scheme 1. Schematic illustration of the assembly procedure of the electrochemical biosensor. A: Preparation of AuPtRu/S1 (SP, signal probe) in Eppendorf tube. B:

Construction of the aptasensor.

temperature for 1h to obtain partially hybridized M1 (SP + aptamer
double strand). Hybridized double strands (200 pL) were added to the
AuPtRu trimetal mixed solution (1 mL) and shaken at 4 °C for 12 h. The
mixture was centrifuged (8000 rpm) and washed once with Milli-Q
water, and dissolved in the hybridization solution (1 mL). 0.5% BSA
was added so that the nonspecific binding site was blocked. Then, the
mixture was shaken at 4 °C for 2h, centrifuged again (2000 rpm) and

washed once with Milli-Q water, and dispersed in the Milli-Q water
(1 mL). Finally, different concentrations of TSP-1 (200 uL) were added
to the mixed liquid obtained as described above, so that the SP in the
M1 (SP +aptamer double strand) was released and an electrochemically
active SP was obtained.
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Fig. 1. TEM images of (A) Ce-MOF, (B) Ce-MOF@Au (Method 1), (C) Ce-MOF@Au (Method 2). (D) DPV for the comparison of electrochemical performance of Ce-
MOF@Au obtained by two synthetic methods (a) GCE; (b) synthesis of Ce-MOF@Au by Method 1; (c) synthesis of Ce-MOF@Au by Method 2 (E) XPS spectrum of Ce-

MOF and Ce-MOF@Au. (F) UV-visible absorption of Ce-MOF@Au.
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2.6. Construction of aptasensor

The fabrication of the electrochemical biosensor is outlined in
Scheme 1B. Prior to the modification, the GCE was polished sequen-
tially on the suede with 0.3 and 0.05 pm alumina powder, and then the
electrode was sonicated with absolute Milli-Q water, ethanol and Milli-
Q water for 3min in an ultrasonic bath in order to remove the re-
maining absorbed particles. Thus, a smooth interface was obtained.
After the electrode was dried at room temperature, the prepared Ce-
MOF@Au nanocomposite was modified onto a GCE, and then 4 uM CP
solution (10 pL of) was added to incubate at 4 °C overnight. The CP was
immobilized through Au-NH, bonds. Finally, to block the active va-
cancies, a 0.5% BSA solution was incubated at room temperature for
30 min. After washing, the fabricated electrode was stored at 4 °C for
further use.

2.7. Measurement procedure

10uL prepared SP was added to the surface of the GCE/Ce-
MOF@Au/CP/BSA electrode prepared and incubated for 2h at 37 °C.
After the reaction, the electrode was washed with Milli-Q water to re-
move unbound conjugates. To perform the electrochemical analysis, the
amperometric i-t curves were obtained at — 0.4V in PBS (5mlL, pH
7.0)H,0, (20 pL, 2.2mol L™ 1) was added into the PBS under on-going
stirring (300 rpm) when the background current was stable, and
changes in the response current were recorded.

3. Results and discussion
3.1. Ce-MOF characterization

Ce-MOF morphology was characterized by TEM. As was shown in
Fig. 1A, Ce-MOF has a long rod structure with the length of 4 ~ 5um
and the width of 300 ~ 400 nm, which was consistent with the litera-
ture (Xiong et al., 2015). The XRD of Ce-MOF was shown in Fig. S1. The
results showed that Ce-MOF was synthesized successfully.

3.2. Choice of the Ce-MOF@Au synthesis method

As described above, in order to solve the problem of easy ag-
gregation of Au NPs during in-situ reduction, PVP was added as a
protective agent (Xiao et al., 2012). At the same time, we explored that
whether the addition order of PVP during the synthesis process will
affected the morphology and electrochemical characteristics of Ce-
MOF@Au. Therefore, two methods were designed to verify a proper
PVP addition order. In Method 1, the PVP was added prior to the ad-
dition of chloroauric acid, while PVP was added after the addition of
chloroauric acid in Method 2. The morphological and electrochemical
properties of Ce-MOF@Au obtained by the two methods were verified
by transmission electron microscopy (TEM) and differential pulse vol-
tammetry (DPV). As shown in Fig. 1B, Au NPs were successfully re-
duced to the Ce-MOF surface by Method 1. Excessive Au NPs were
present on some rod-shaped Ce-MOF while there were no Au NPs on
some of the Ce-MOF. When Ce-MOF@Au was obtained by Method 2,
the Au NPs reduced to the surface of Ce-MOF more uniformly (Fig. 1C).
Next, DPV was used to evaluate the electron transfer capability of the
Ce-MOF@Au obtained by each of the two methods (Fig. 1D). Com-
parison of Method 1 with Method 2 shows that the obtained Ce-
MOF@Au nanocomposites have significantly better electron con-
ductivity when PVP is added after the addition of chloroauric acid.
Therefore, PVP added after Ce-MOF and HAuCl, were mixed, which is
beneficial to the sufficient contact of Ce-MOF with HAuCl,, and can be
distributed more uniform distribution on the Ce-MOF surface after Au
NP reduction. We chose Method 2 to synthesize Ce-MOF@Au for sub-
sequent experiments.
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3.3. Characterization of Ce-MOF@Au

The composition of Ce-MOF@Au was studied further by XPS
(Fig. 1E). The peak of carbon (C) element was present on the XPS image
of Ce-MOF, and a distinct of Ce element peak appears around 890 eV
(Yuhao et al., 2015). When the Ce-MOF@Au complex was formed, it
was observed that a characteristic peak of Au NPs appeared. At the
same time, the characteristic peaks of element C and Ce of Ce-MOF@Au
appear to be greatly attenuated. This is because the Au NPs were
wrapped on the surface of Ce-MOF, which indicates the synthesis of Ce-
MOF@Au. Next, UV-vis spectroscopy was used to verify the presence of
Au NPs (Fig. 1F). Ce-MOF has a distinct absorption peak near 210 nm
that is due to the m-7t * transition of benzene in the organic ligand tri-
mesic acid of synthetic MOF (Arivazhagan and Rexalin, 2013; Khan and
Khan, 2005). A distinct characteristic absorption peak of Au can be
observed in Ce-MOF@Au, while Ce-MOF had no obvious UV absorption
peak at 520 nm (Perrault and Chan, 2009). At the same time, the in-
tensity of the peak near 210 nm has drastically decreased because Au
NPs covered the surface of the Ce-MOF. This comparison showed that
there were Au NPs presented on the Ce-MOF surface. As was shown in
Fig. S2, the formation of Ce-MOF@Au was further confirmed by FE-
SEM, EDS and {-potential measurement. Fig. S2A and S2B showed a
clear presence of Au NPs on the surface of the rod Ce-MOF. EDS results
(Fig. S2C) showed the presence of the Ce and Au elements. Further-
more, the change in the potential was monitored by the {-potential. Fig.
S2D shows that the Ce-MOF and Ce-MOF@Au potentials were 1.42 and
—3.93, respectively. The potential changes from positive to negative
because the PVP-protected Au NPs were negative and when Au NPs
were reduced to the Ce-MOF, the potential became negative (Wang
et al., 2016). The electrochemical properties of Ce-MOF@Au were
measured and are shown in Fig. S3. Cyclic voltammograms (CV, Fig.
S3A) and electrochemical impedance spectroscopy (EIS, Fig. S3B)
showed that Ce-MOF@Au had a better conductivity than Ce-MOF due
to the presence of Au NPs. Based on these results, it was confirmed that
Ce-MOF@Au has been successfully synthesized.

3.4. Characterization and catalytic performance comparison of AuPtRu
nanosphere

The structure, morphology and size of AuPtRu NPs were char-
acterized by FE-SEM (Fig. 2A-D). As observed from these figures,
AuPtRu NPs showed a line-like globular structure with uniform dis-
tribution and no aggregation, and the average diameter of the nano-
spheres was approximately 500 nm. {-potential was used to verify the
synthesis and stability of AuPtRu NPs. Fig. 2E showed that the synthesis
of AuPtRu NPs cause an obvious potential change compared to the
potentials of Au NPs, Pt NPs and bimetallic AuPt. As we know, an in-
crease in the absolute value of the material potential means a better
stability of material. The absolute value of the AuPt bimetal was greater
than the single metal constituting it, and the absolute value of the
AuPtRu trimetal was greater than AuPt bimetal. This was attribute to
Ru not only has the ability to catalyze H>O,, but also has the effect of
stabilizing AuPt NPs. Meanwhile, AuPtRu NPs was successfully syn-
thesized. Three kinds of bimetallic nanomaterials (AuPt, AuRu and
PtRu) were synthesized by the same method, and their catalytic prop-
erties were compared with AuPtRu NPs by i-t curves. Fig. 2F shows that
AuPtRu NPs exhibited more superior catalytic performance. These re-
sults show that the AuPtRu NPs with excellent catalytic and stability
have been successfully synthesized.

Specific coupling was studied by agarose gel electrophoresis among
CP, S1, aptamer, TSP-1 and mixture of CP + S1 + aptamer + TSP-1. In
Fig. S4, lane a was 20 bp marker, and lanes b and ¢ were S1 and CP,
respectively. Lane c displayed the highest mobility because of its lowest
molecular weight. S1-CP conjugate (lane d) showed lower mobility
compared to S1 and CP, indicating that SP and CP hybridized suc-
cessfully. Lane e was the aptamer and lane f was the CP-aptamer
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Fig. 2. (A) and (B) FE-SEM image of AuPtRu; (C) and (D) TEM image of AuPtRu; (E) {-potential comparison of Au, Pt, AuPt and AuPtRu; (F) i-t curve characterization
of the catalytic ability of (a) AuPt; (b) AuRu; (c) RuPt; (d) AuPtRu.

conjugate, and it was observed that there was no significant mobility 3.5. Morphology and electrochemical performance of modified electrodes
change due to the inability of CP to hybridize to aptamer. Lane g

(S1 +aptamer) has a lower mobility than aptamer (lane e), which AFM was used to morphologically characterize the electrode con-
confirms that S1 and aptamer can be successfully hybridized. The re- struction process, as is shown in Fig. 3. As observed from Fig. 3A, some
sults above confirmed the feasibility of hybridization. small particles were present on the surface of Ce-MOFs@Au. The sur-

face roughness increased from 23.3 nm to 48.2 nm after incubating with
CP (Fig. 3B), indicating that CP was successfully immobilized on Ce-
MOFs@Au. When BSA was incubated, the surface roughness was
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Fig. 3. AFM results for (A) Ce-MOF@Au, (B) Ce-MOF@Au/CP, (C) Ce-MOF@Au/CP/BSA; (D) CV and (E) EIS characterization of the electrodes at various steps of
modification in a 5mM [Fe(CN)g] 3~74~ solution: (a) bare GCE, (b) GCE/Ce-MOF@Au, (c) GCE/Ce-MOF@Au/CP, (d) GCE/Ce-MOF@Au,/CP/BSA.
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Fig. 4. (A) i-t curves for the proposed aptasensor with different target DNA concentrations in 5mL of PBS (pH 7.4) with the addition of H,O, (2.2 mol L™H. B)
Calibration curve of the aptasensor for different concentrations of target DNA (a-q: 0-10ngmL™"). (C) Reproducibility of different electrodes modified with
100 pgmL ™! of TSP-1. (D) Specificity of the aptasensor investigated with blank control, 1 ngmL~' dopamine, 1 ngmL~' AA, 1ngmL~' glucose, 1 ngmL™~ ! BSA,

100 pg mL ! TSP-1 and the related mixture.

decreased to 39.6 nm (Fig. 3C), because the gap between Ce-MOF@Au/
CP was full of BSA. The AFM results successfully provided the mor-
phological characterization of the electrode construction process.

For the electrochemical characterization, CV was employed to verify
the fabrication process of the aptasensor. As shown in Fig. 3D, com-
pared to the bare GCE (curve a), the redox peak current showed a
significant increase when Ce-MOF@Au was modified on the GCE. This
was attributed to the excellent electron transfer ability of Ce-MOF@Au
as the electrode modification material. When the electrode was further
loaded with the CP decorated with amino group due to the Au-NH,
bond, a decreased peak current was observed (curve c). This was mainly
due to the weak conductivity of DNA which hinders the electron
transfer. With the BSA assembled on the electrode, the CV response of
the electrode decreased further (curve d). The modification steps were
also characterized by EIS in 5mM [Fe (CN)¢]*/* and 0.1M KCl
(Fig. 3E). The diameter of the semicircle in EIS is related to the charge
transfer resistance (Ret). The EIS results are in agreement with the CV
data, confirming the successful construction of the aptasensor.

3.6. Optimization of experimental conditions

To obtain the best experimental conditions, the concentration of Ce-
MOF@Au, the incubation time of CP, the pH of PBS, the binding time of
M1(SP + aptamer double strand) to target protein TSP-1, and the con-
centration of H,O, were optimized because these factors affected the
performance of the constructed aptasensor.

The amount of the modifying material Ce-MOF@Au on the elec-
trode directly affected the electron transfer capability of the electrode,
therefore, the concentration of Ce-MOF@Au was investigated in the
range of 0.625-10 mg mL ™. It is observed from Fig. S5A that when the
concentration of Ce-MOF@Au ranged from 0.625mgmL~' to 4 mg

mL~ !, the current response value gradually increased and reached a
maximum at the concentration of 4mgmL~'. As the concentration
increased further, the current value tended to be stable. Therefore,
4mgmL~" was chosen as the modified concentration of Ce-MOF@Au.

Fig. S5B shows the relationship of the peak current versus the in-
cubation time of the capture probe in the range of 8 ~ 16 h. Since the
incubation time of CP was in the range of 8 ~ 12h, the peak current
decreased gradually, and when the incubation time reached 12h, the
peak current drop value is maximized implying that the number of CP
bonded to the electrode surface is maximized. In the range of 12 ~ 16 h,
the peak current no longer increased, indicating that the reaction
tended to be saturated. Therefore, 12 h was chosen as the optimal in-
cubation time for CP.

The binding time of M1 to target protein TSP-1 is an important
parameter in the construction of the aptasensor (Fig. S5C). When M1
and TSP-1 were combined between 1 ~ 2.5h, the peak current was
significantly increased. After further incubation, the current had not
continued to rise. Therefore, M1 and TSP-1 should be combined for
2.5h.

Since the H,O, concentration directly affected the measurement
results, it was necessary to be optimized. Fig. S5D shows that the
concentration of the added H,O5 in the range of 1.8 mol ~ 2.2 mol L™ 1
the peak current showed a significant increase, and then upon a further
increase in the concentration of H,O,, the peak current tends to be
stable. Therefore, 2.2 mol L~ ! was chosen as the H,O, concentration for
this experiment.

As shown in Fig. S5E, the current peak of the aptasenser changed as
the pH value changed between 6.0 and 8.0. Moreover, the oxidation
current of the aptasensor reached the maximum value at pH 7.0.
Therefore, pH 7.0 was chosen for this work.
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Table 1

Comparison of the relevant TSP-1 detection methods.
Detection Recognition elements Linear range Detection limit Ref.
ELISA antibodies 7.8 ngmL~'-500 ngmL~? 0.944ngmL ! -
Electrochemistry aptamer 5 fM—100 fM 6.69 fM (Ji et al., 2014)
Electrochemistry aptamer 1 fg mL™'-10ngmL ™! 0.13 fg mL™* This work

3.7. Analytical performance of the aptasensor

The analytical performance of the aptasensor for detecting TSP-1
was studied for a series of TSP-1 concentrations using an i-t curve under
optimal conditions. The amperometric i-t curve was determined by
adding H,0, (20 uL, 2.2molL™") to PBS (5mL, 0.1 M, pH 7.4). As
shown in Fig. 4A, due to the specific binding between the aptamer and
TSP-1, the current response gradually increases with the TSP-1 con-
centration increasing from 1 fg mL™! to 10ngmL~'. As shown in
Fig. 4B, the detected current change had a good linear relationship with
the logarithm values of the TSP-1 concentrations. The linear regression
equation Y= 86.18 + 16.092 x , with the correlation coefficient of
0.9975 and the detection limit of 0.13 fg mL™! (LOD=3Sp/m (Bai
et al., 2012)). The results show that the constructed aptasensor can be
used for the quantitative detection of TSP-1. Trimetallic signal ampli-
fication aptasensor exhibits an extremely low detection limits for the
following reasons: first, high specificity and strong affinity between the
aptamer and TSP-1; second, Ce-MOF@Au has excellent electron con-
ductivity; finally, the AuPtRu NPs have excellent catalytic ability for
H,0,. The aptasensor was compared to other methods for TSP-1 assay
and the results are listed in Table 1. The comparison clearly showed
that the proposed aptasensor achieved better performance at lower
detection limits.

3.8. Specificity, reproducibility and stability

The reproducibility of the aptasensor was investigated by evaluating
i-t responses (Fig. 4C). By detecting the same concentration of TSP-
1(100 pg mL™1), the relative standard deviation (RSD) of the intra-
assay and inter-assay of the TSP-1 aptasensor were 0.91% and 0.99%
respectively, implying the superior reproducibility of the proposed TSP-
1 aptasensor for potential practical applications.

Since specificity is the basis of sensor applications, the specificity of
the constructed aptasensor was evaluated. As shown in Fig. 4D, several
1 ng mL ™! nontarget interfering substances including AA, BSA, glucose
and dopamine were tested. All of the nontarget substances were not
detected with significant signal values compared to the blanks. In ad-
dition, the constructed aptasensor was incubated with 100 pgmL~*
TSP-1 containing all of the above interfering substrate mixtures, and no
significant difference was observed compared to the current obtained
from only 100 pgmL~* TSP-1, indicating that the proposed aptamer
sensor has good specificity.

The aptasensor stability was investigated by an amperometric i-t
curve in the presence of TSP-1 (100 pgmL~!). The prepared apta-
sensors were stored under the same conditions at 4 °C when not in use.
After the first 7 days, the detection results decreased by less than 0.3%.
A decrease in the current response of 6.4% was observed after 21 days.
After storage for 30 days, the catalytic activity was maintained at
91.60%. The observed slight decrease may be due to the long-term
storage of biologically active molecules leading to inactivation. The
results show that the aptasensor has excellent stability.

3.9. Analysis of TSP-1 in real human serum samples

To evaluate the detection accuracy of the aptasensor, the recovery
rate was tested. As observed from the data presented in Table S3, we
detected responses to different concentrations of TSP-1 (10 fg mL ™%,
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100pgmL~!, 2.5ngmL™") added to 10-fold diluted human serum
samples. The recovery rate was acceptable which was ranged from
93.29% to 108.28%.

3.10. Analysis of TSP-1 in real samples

To further evaluate the potential of aptasensors in clinical applica-
tions, the feasibility and accuracy were tested by detecting 10-fold di-
luted real serum samples from actual myocardial infarction patients,
hypertensive patients and healthy people. At the same time, the same
actual samples were analyzed by ELISA. Comparing the results obtained
by the two methods, Table S4 shows that the relative error of the
present method was 0.1-7.80%. Additionally, as shown in Fig. S6, the
concentrations of TSP-1 for normal people and patients were sig-
nificantly different (< 0.001). The test results for the real samples were
consistent with the ELISA test results, and the TSP-1 levels of the pa-
tients with cardiovascular disease were higher than normal, proving
that TSP-1 may be a potential marker for the diagnosis of myocardial
infarction and hypertension. The results also showed that the apta-
sensor can be effectively applied to the determination of TSP-1 in real
human serum.

4. Conclusion

In summary, we designed a trimetallic signal amplification strategy
based on Ce-MOF@Au and AuPtRu NPs, aptamer recognizes TSP-1 and
nucleic acid single-stranded complement recognition as a bispecific
recognition mechanism for sensitive detection of TSP-1. First, Ce-
MOF@Au was prepared by an in-situ reduction method, and electrical
signal amplification was obtained by enhancing the conductivity of the
electrode in the aptasensor. Second, the AuPtRu trimetallic nano-
composite was synthesized, and introduced into the aptamsensor as a
catalytic signal amplification material and nucleic acid immobilization
material. Finally, the nucleic acid single-strand complementation, the
high specificity and high affinity between the aptamer and the target
substance, as the recognition mechanism. With this dual signal ampli-
fication, the proposed aptasensor shows an extremely high sensitivity to
TSP-1 detection. In addition, we suggest that our approach is expected
to have great potential for the auxiliary diagnosis of various diseases
caused by TSP-1.
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