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Abstract

An ultrasensitive voltammetric aptasensor was constructed to analyze cardiac troponin I (cTnl). It is based on DNA
nanotetrahedron (NTH) linked dual-aptamer (dAPT) and magnetic metal organic frameworks (mMOFs) of type Fe;0,@UiO-
66. Firstly, the DNA NTH linked dAPT (Tro4 and Tro6) were immobilized on a gold electrode for improving the capture
efficiency of cTnl. The novel mMOFs Fe;0,@UiO-66 was then decorated by Au@Pt nanoparticles (Au@PtNPs), horseradish
peroxidase (HRP), G-quadruplex/hemin (GQH) DNAzyme, and two types of aptamers to form signaling nanoprobes. In the
presence of ¢Tnl, an aptamer-protein-nanoprobe sandwich-type structure is formed. Afterward, the nanoprobes including en-
zyme, GQH DNAzyme and Fe;0,@UiO-66/Au@PtNP were utilized to catalyze the oxidation of hydroquinone by hydrogen
peroxide for the electrochemical signals amplification, typically at a working potential of —0.1 V (vs. Ag/AgCl). The
voltammetric signal increases linearly in the 0.01 to 100 ng'mL™' cTnl concentration range, and the detection limit

is 5.7 pgmL™".

Keywords Biosensor - Dual aptamer - ¢Tnl - Fe;0,@UiO-66 - DNA nanostructure

Introduction

Cardiac troponin I (¢Tnl), it has been recognized as the “gold
standard” for the diagnosis of myocardial injury [1]. Lots of
innovative methods including electrochemical immunosensing
[2], surface plasmon resonance-based immunosensor [3],
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electrochemiluminescence immunosensor [4], surface acoustic
wave immunosensing [5] and colorimetric immunosensing [6]
were employed to determinate trace level of cTnl. As these
methods are based on a selective antigen—antibody interaction
[7], they suffer from many disadvantages, for example, unstable
in high temperature, the production of antibodies is costly, dif-
ficult to chemically modify the antibodies for biological detec-
tion and need to be operated by a skillful staff. Furthermore, it is
difficult to popularize them in the clinical setting because of
their limitation of immunogenicity. Hence, aptamer, a small
sequence of oligonucleotides screened by systematized expo-
nentially enriched ligand (SELEX), was regarded as alterna-
tives to antibodies for capturing specific targets as it provide
many merits to overcome the limitations of antibodies [8].
Compared with antibody, aptamer has many advantages includ-
ing good stability, easy modification and low cost. Thus,
aptamer-based electrochemical biosensors have been
established to determinate cancer cells [9], proteins [10] and
drug [11] because of its low cost, high stability, low immuno-
genicity and high detection sensitivity.

But many electrochemical aptasensors are based on sin-
gle aptamer and its sensitivity is not high enough for clin-
ical application. In order to enhance the capture efficiency
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of ¢Tnl, two kinds of aptamers (Tro4 and Tro6) were intro-
duced for targeting cTnl. The aptamer/target dissociation
constants for Tro4 and Tro6 is 270 pM and 317 pM respec-
tively [12]. Nevertheless, single-stranded DNA aptamers
immobilized on the electrodes have a tendency to entangle
and aggregate with each other, make it very difficult to
control its density and orientation and reducing the capture
efficiency of c¢Tnl. Thus, for the purpose of solving this
challenging problems and further improving the capture
efficiency of c¢Tnl [13], DNA nanotetrahedron (NTH),
one kind of three-dimensional DNA nanostructures, have
been introduced to fabricate this electrochemical
aptasensor. Generally speaking, DNA NTH was self-
assembled from four single-stranded sequences. There are
three vertices of the DNA NTH which can be attached to
the gold electrode (AuE) by Au-S interaction and the fourth
vertex appended with an extended DNA probe can bind
with the target. With the merits of specific orientation, high
precision, structural stability, mechanical rigidity and con-
venient synthesis, DNA NTH have been widely used in the
field of biosensor to detect protein [14], small molecules
[15] and cells [16]. In brief, a DNA NTH coupled with
dual-aptamer (dAPT) was introduced for enhancing c¢Tnl
protein capture efficiency.

But only using the DNA NTH, the detection sensitivity is
not great enough for determination of trace levels of cTnl in
the early stage of acute myocardial infarction (AMI). Thus, a
variety of electrochemical signal amplification strategies such
as nanomaterials [17], rolling circle amplification (RCA) [18],
layer-by-layer (LBL) approaches [19], hybridization chain re-
action (HCR) [20] have been explored. Among them, the
nanomaterials which can carry one or more enzymes have
been explored to be a fascinating strategy for signal amplifi-
cation and applied for protein detection. Thus, an effective
strategy based on loading horseradish peroxidase (HRP) and
G-quadruplex/hemin (GQH) DNAzyme onto nanomaterials
was put forward to improve the sensors sensitivity through
enzymatic electrochemical processes.

A novel class of organic-inorganic hybrid porous materials
called metal organic frameworks (MOFs) which was built
from cluster nodes or metal ion and organic linkers, have
received much attention by many research groups and been
widely used in catalysis, separation and gas storage because of
its flexible structures, unique inner porosity and unprecedent-
edly high surface area [21]. Magnetic metal organic frame-
works (mMOFs), not only own the same properties as
MOFs, but also can be easily purified and separated during
the synthesis and application processes by introducing an
external magnetic field and have been applied in protein
separation, drug delivery and mimetic catalysis [22].
(gold core)@ (ultrathin platinum shell) nanoparticles
(Au@PtNPs), a sort of bimetallic nanostructure with small
size and astonishing catalase-like activity, have been used to
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establish colorimetric sensor [23]. Fe;0,@UiO-66, one kind
of Zr-based mMOFs, was selected as nanocarrier for the first
time. Then, Au@PtNPs were uniformly modified on
nanocarrier Fe;04@UiO-66 via the free amino groups to form
Fe;0,@Ui0-66/Au@PtNP for inducing the oxidation of hy-
droquinone (HQ) with hydrogen peroxide (H,O;) due to
strong catalytic activity [24].

An electrochemical aptasensor based on DNA NTH
linked dAPT modified AuE for ¢Tnl capturing and the
nanoelectrocatalysts for signal amplification has been con-
structed for ultrasensitive detection of cTnl. The aptasensor
is consist of two major parts. DNA NTH linked dAPT was
decorated on AuE through Au-S interaction for enhancing the
capture efficiency of cTnl. Fe;0,@UiO-66/Au@PtNP modi-
fied with HRP, GQH DNAzyme and two types of aptamers as
multifunctional hybrid nanoprobes can be bind with cTnl by
the high-affinity between aptamer and cTnl and catalyzing the
oxidation of HQ with H,0,.

Experimental
Materials and reagents

2-Aminoterephthalic acid (NH,-H,BDC), Zirconium chloride
(ZxCly) were supplied from Macklin Biochemical Co., Ltd.
(Shanghai, China, http://www.macklin.cn/). Recombinant
myoglobin (MYO), recombinant troponin I (cTnl) and en-
zyme linked immunosorbent assay (ELISA) kit for troponin
I was supplied from Cloud-Clone Co., Ltd. (Wuhan, China,
http://www.cloud-clone.cn/). Her2 was supplied from Abcam
(Shanghai, China, https://www.abcam.com/). Tris (2-
carboxyethyl) phosphine hydrochloride (TCEP) was supplied
from Sangon Biotech. Co., Ltd. (Shanghai China, http:/www.
sangon.com/). Dimethylformamide (DMF), horseradish
peroxidase (HRP), 6-Mercapto-1-hexanol (MCH), H,0,
(30%, w/w), hydroquinone (HQ), Iron (III) chloride hexahy-
drate (FeCl;-6H,0), poly (acrylic acid) (PAA, M.W~3000),
urea, ethylene glycol, hexachloroplatinic acid hexahydrate
(H,PtClg-6H,0, 99.9%), chloroauric acid tetrahydrate
(HAuCly-4H,0, 99.9%), sodium citrate tribasic dehydrate
and L-Ascorbic acid (AA) were purchased from Shanghai
Aladin Chemistry Co., Ltd. (Shanghai, China, http://www.
aladdin-e.com/). All of oligonucleotides were synthesized
and purified by Invitrogen Biotech. Co., Ltd. (Shanghai
China, https://www.thermofisher.com/). The sequences were
showed in Table S1.

10 mM Phosphate buffered saline (PBS) was used to prepare
the nanoprobes and 0.1 M PBS was employed as a working
solution. Ultrapure water (18.2 M{-cm resistivity, Mille-Q,
Millipore) was used for all the experiments. All reagents were
of analytical grade and were used without further purification.
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Apparatus

Transmission electron microscopy (TEM; JEM-1400, Japan,
https://www.jeol.co.jp/) and the field emission scanning
electron micrographs (SEM; Geminni500, Germany, https://
www.fei.com/home/) were used to characterize the structures
and morphologies of the nanomaterials. Fourier transform
infra-red (FTIR) spectra were obtained on a Fourier transfor-
mation infra-red spectrometer coupled with infra-red micro-
scope (IR, EQUINOX 55, Germany, https://www.bruker.com/
cn.html). Powder X-ray diffraction (XRD, Empyrean,
Netherlands, https://www.malvernpanalytical.com.cn/)
was used to investigate the crystal structure of the
nanomaterials. Zetasizer Nano ZS90 (DLS, Nano-ZS90,
England, https://www.malvernpanalytical.com.cn/) was
used to measure the C-potentials of the nanomaterials.
The UV —vis absorption spectrophotometer (UV, UV-
2600, Japan, https://www.shimadzu.com.cn/) was used to
measure the concentration of oligonucleotides and
characterized the nanomaterials. Multifunctional
microplate reader (ELISA, Flex Station 3, America, http://
www.moleculardevices.com.cn/) was applied to read out
the results of ELISA.

Electrochemical measurements

All electrochemical measurements were carried out by using a
RST5100F electrochemical workstation (Suzhou Risetest
Instrument Co., Ltd., Suzhou, China, http://www.cnrst.
com/). A conventional three-electrode system containing
a bare gold electrode (3 mm in diameter) as the working
electrode, an Ag/AgCl reference electrode (the KCI con-
centration in the reference electrode is saturated solution)
and a platinum wire counter electrode (Gaoss Union
Technology Co., Ltd. Wuhan, China, http://gaossunion.
cn.china.cn/) was applied. Electrochemical impedance
spectroscopy (EIS) and cyclic voltammogram (CVs) which
were performed in 5 mM [Fe(CN)g]* "> solution contain-
ing 0.5 M KCI (frequency range of 0.01 Hz to 100 kHz and
an amplitude of a 10 mV) was used to characterize the
fabrication of aptasensor. The performance of the
aptasensor was investigated by Differential pulse volt-
ammetry (DPV) measurements which were performed in 0.
1 M PBS (a saline buffer containing 3 mM H,O, and 2 mM
HQ). The working parameters were: 50 ms pulse width,
50 mV pulse amplitude, 0.1 s pulse period and voltage from
0.1to—03 V.

Synthesis of Fe;0, nanoparticles
Fe;04 nanoparticles (Fe;O4NPs) were synthesized through

a hydrothermal method [25]. In detail, 0.54 g of FeCl;:
6H,0 was completely dissolved in 20 mL of ethylene

glycol to form a uniform solution under ultrasonic and vig-
orous stirring. Then, 0.192 g of PAA, 1.5 mL of deionized
water, and 1.2 g of urea were added successively and was
ultrasonicated for 20 min to make sure that PAA and urea
were dissolved completely. Afterward, the mixture was
sealed in a Teflon-lined stainless-steel autoclave (25 mL
capacity) and heated at 200 °C for 12 h. After the autoclave
cooled down to room temperature (RT). The black products
were separated by introducing an external magnetic field
and washed three times with deionized water and ethanol
respectively before dispersing in DMF for next
experiment.

Synthesis of Fe;0,@Ui0-66 composites

Fe;0,@Ui0-66 composites were synthesized according
to a literature method with slight modifications [26]. In
detail, 25 mg of FesO4NPs was dissolved in 10 mL of
DMF and ultrasonicated for 1 h to make it disperse in
the solution uniformly. Then, the dispersion was added
to 8 mL of DMF solution which contained MOF pre-
cursors including ZrCl, (56.25 mg) and NH,-BDC
(43.5 mg). Before holding at 100 °C for 24 h, the
resulting mixture was placed in a preheated oven at
80 °C for 12 h. After cooling down to RT, the resulting
pale brown solid was magnetic separation and washed
three times with deionized water and ethanol
respectively.

Synthesis of Au@Pt nanoparticles

Au nanoparticles (AuNPs) were first synthesized via re-
duction of HAuCl, by sodium citrate. Briefly, 50 mL of
0.01% (w/v) HAuCl, solution was heated to boiling under
140 °C with vigorous stirring. Then, 1 mL of 1% (w/v)
trisodium citrate was added into the boiling solution.
When the color of the mixture became wine red, left the
reaction temperature cooled down from 140 °C to 120 °C.
Kept it boiling for another 30 min under stirring and then
left it cooled down to RT. The AuNP solution was stored
at 4 °C for further use. Au@PtNPs were synthesized by a
seed mediated growth method according to a literature
with slight modifications [23], 15 mL of AuNP solution,
0.160 mL of 10 mM H,PtClg solution and 9.040 mL H,O
were mixed together, and the solution was heated to 80 °C
under stirring. Following that, 0.800 mL of 10 mM AA
solution was added drop-wise slowly into the above so-
lution along with continuous stirring. The mixture was
then reacted for another 30 min, and its color turned
from red to orange-red, indicating the formation of
Au@PtNPs.
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Synthesis of Fe;0,@Ui0-66/Au@PtNP
nanoelectrocatalysts

Briefly, 25 mL Au@PtNPs was concentrated to 10 mL and
added to 1 mL colloidal suspension of Fe;0,@UiO-66
(1.0 mg'mL™"). Subsequently, the mixture reacted at RT over-
night under shaking. Au@PtNPs were assembled onto
Fe;0,@Ui0-66 through the free amino groups [24]. Then,
the products were separated by a magnet and washed with
ultrapure water for three times and kept it in ultrapure water
for further use.

Synthesis of hybrid nanoprobes

The synthesized Fe;0,@Ui0-66/Au@PtNP
nanoelectrocatalysts were dispersed in 1 mL PBS solution.
Then, 50 uL HRP (1 mg'mL™"), 25 uL capture probe 1
(SH-2G-Tro4, 5 uM) and 25 uL capture probe 2 (SH-2G-
Tro6, 5 uM) which were pretreated by | mM TCEP for 1 h
at RT were added to the solution and reacted at 4 °C for 24 h
under stirring. Subsequently, in order to form GQH
DNAzyme, 0.1 mg hemin was added to the above solution
at 4 °C for 2 h. The product was washed with PBS buffer for
twice. The synthesized GQH DNAzyme/dAPT/HRP/
Au@PtNP/Fe;0,@UiO-66 hybrid nanoprobes were stored
in PBS solution at 4 °C for further use.

Preparation of DNA nanotetrahedron

DNA NTH were prepared according to the previous report
[13]. Briefly, the DNA NTH were self-assembled from the

a b

three thiolated DNA strands of 59 nucleotides (THa, THb,
and THc) and one aptamer-containing DNA strand of 101
nucleotides (THd1-Tro4 and THd2-Tro6). Before the assem-
bly of NTH, the monomers (THa, THb, THc, THd1-Tro4 and
THd2-Tro6) were pretreated with 10 mM TCEP for 2 h at RT
to cleave the disulfide linkage. Then the DNAs were mixed
equivalently in TM buffer, heated at 95 °C for 10 min, and
rapidly cooled at 4 °C for 20 min. The formation of two kinds
of DNA NTHs including DNA NTH-Tro4 and DNA NTH-
Tro6 were analyzed using 3% agarose gel electrophoresis in
TBE buffer at 100 V for 25 min.

Fabrication of the electrochemical aptasensor

The fabrication process of the electrochemical aptasensor for
cTnl detection was illustrated in Scheme 1. Firstly, the AuE
was immersed in a piranha solution (H,SO4:30% H,0, =3:1)
for 15 min. Then, the AuE was polished by 0.05 pm alumina
slurry to a mirror-like surface and cleaned by ultrasonication
sequentially in ultrapure water, ethanol and ultrapure water for
3 min. After the electrode were further electrochemically
cleaned in 0.5 M H,SO,, it was rinsed with ultrapure water
and dried with nitrogen for further use. Then, 10 pL of
1.25 uM DNA NTH which was prepared by mixing DNA
NTH-Tro4 and DNA NTH-Tro6 in equal proportions was
dropped on the surface of pretreated AuE and incubated at
4 °C overnight. For removing the unbound DNA NTH, the
electrode was washed with ultrapure water gently. Then, the
aptamer/AuE was immersed into 100 uL MCH (1 mM) for
60 min to block the non-specific binding sites. After being
rinsed with ultrapure water lightly, the modified electrode

GE
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Scheme 1 The synthesis process of GQH DNAzyme/dAPT/HRP/Au@PtNP/Fe;0,@UiO-66 nanoprobes and the fabrication processes of the

electrochemical aptasensor
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was immersed in 100 uL cTnl solution and incubated for 1 h
at 37 °C for capturing cTnl. The protein-captured electrode
was rinsed with PBS solution gently to remove the dissocia-
tive cTnl. Afterward, 10 pL nanoprobes was dropped on it
and incubated for 60 min at RT to from sandwich-type
aptasensor. Then the electrode was washed with PBS solution
lightly for removing nonspecifically bound conjugates. The
DPV measurements was performed in degassed 0.1 M PBS
containing 2 mM H,0, and 3 mM HQ with potential ranging
from 0.1 to —0.3 V and a pulse amplitude of 50 mV.

Results and discussion

Choice of materials and principle
of the electrochemical aptasensor

For fabricating an ultrasensitive electrochemical aptasensor, it
is vital to select appropriate nanomaterials which can magnify
the electrochemical signal and increase the sensitivity of the
aptasensor. In this literature, mMOFs Fe;0,@UiO-66 was
chose as nanocarriers for the following reasons. Firstly, it
can be easily separated and purified during the synthesis and
application processes by introducing an external magnetic
field and recycled if necessary. Furthermore, it has excellent
catalase-like activity and can be used as mimetic catalysis [27,
28]. Most of all, unprecedentedly high surface area make it
very suitable to load numerous bimetallic nanoparticles. Core-
shell bimetallic nanoparticles have showed outstanding cata-
lytic property over the corresponding monometallic
nanomaterials [29, 30]. Au@PtNPs have excellent catalase-
like activity and can be used to bind with natural HRP and
aptamers. Thus, mMOFs Fe;0,@UiO-66 was used as a sup-
port for the Au@PtNPs. To obtain signal amplification, en-
zyme was immobilized on the Fe;0,@UiO-66/Au@PtNP
nanocomposites. To specifically bind with the target cTnl,
cTnl aptamer was also loaded on the Au@PtNP/
Fe;0,@Ui0-66 nanocomposites.

The working principle of the fabricated aptasensor is
illustrated by Scheme 1. Firstly, the GQH DNAzyme/
dAPT/HRP/Au@PtNP/Fe;0,@UiO-66 nanoprobes were
synthesized (Scheme la). Au@PtNPs were assembled onto
Fe;0,@Ui0-66 through the free amino groups, then, the
thiolated modified aptamers (SH-2G-Tro4 and SH-2G-Tro6)
which integrated with double G-quadruplex sequence were
anchor onto Au@PtNPs by the thiol-metal interaction.
Then, the natural HRP were decorated onto the Au@PtNPs
and the catalytic HRP-mimicking GQH DNAzyme were as-
sembled with the presence of hemin and potassium ion in PBS
buffer (Scheme 1b).

Then, the thiolated DNA NTH linked dAPT (Tro4 and Tro6)
were immobilized on the AuE surface via Au-S interaction to
capture cTnl specifically. After incubating with cTnl and the

GQH DNAzyme/dAPT/HRP/Au@PtNP/Fe;0,@Ui0-66
nanoprobes, an aptamer-protein-nanoprobes super sandwich-
type aptasensor was constructed via the high specific recogni-
tion and binding affinity between the aptamer and cTnl. In the
presence of H,O,, the nanoprobes can catalyze the electro-
chemical reaction of HQ and produced DPV response. As the
peak current has a linear relationship with the amount of
nanoprobes immobilized on the AuE surface, it indicates the
amount of ¢cTnl captured on the AuE surface (Scheme 1b).

Characterization of the nanomaterials

TEM, SEM and UV —vis absorption spectrophotometer was
utilized to characterize Fe;O4NPs and Au@PtNPs. As we can
see from Fig. 1a and d, the Fe;O4NPs were spherical with a
diameter about 90 nm. As shown in Fig. Sla and Fig. S1b, the
Au@PtNPs were spherical and because of the formation of
Au@PtNPs, its color turned from red to orange-red. UV — vis
absorption spectrophotometer was also used to characterize
the formation of Au@PtNPs. As manifested in Fig. Slc, the
unshelled AuNPs exhibited a strong localized surface plasmon
resonance (LSPR) peak at 520 nm (black line). When the
AuNPs were covered with Pt shell, the LSPR peak is blue-
shifted to 508 nm (red line). According to the previous studies,
the blue-shift maybe stem from the existence of Pt shells on
the AuNPs.

The formation of UiO-66 shell on the Fe;O4NPs can be
initiated by metal ions (Zr**) chelating with the ~OH groups
on the Fe;O4NPs surface. Afterwards, NH,-H,BDC mole-
cules coordinates with the Zr** ions to form UiO-66. TEM,
SEM, Energy dispersive X-ray spectroscopy (EDX) analysis
and elemental mapping analysis were utilized to characterize
the core—shell structure of the Fe;0,@UiO-66 composites.
FTIR and XRD were also employed to verify the synthesis
of Fe30,@Ui0-66 composites is successful. As shown in
Fig. 1b, an obvious difference between the core and shell was
observe wherein the FesO4NPs core appeared dark, whereas
the UiO-66 shell appeared bright. Compared with the SEM
images between Fe;O4NPs and Fe;0,@UiO-66 composites
(Fig. 1d and ¢), the morphology of Fe;O4NPs become irregu-
lar and angular after being covered with UiO-66 shell. The
EDX spectrum and elemental mapping analysis (Fig. S2)
proved that the UiO-66 shell were modified on the surface
of the Fe;O4NPs. As shown in Fig. S3, after the growth of
UiO-66 shell on the surface of FesO4NPs, its color changes
from black to pale brown.

As exhibited in Fig. S4a, the simultaneous existence of the
characteristic peaks of Fe;O4NPs and UiO-66 in the XRD
pattern of Fe;0,@UiO-66 indicated the successful formation
of'a UiO-66 shell on the surface of Fe;O4NPs without altering
their crystallinity. Fig. S4b shows that the characteristic peaks
of Ui0-66 at 1564 cm ', 1430 cm ™', and 1386 cm™' and
Fe;04NPs at 1633 cm ' and 565 cm ! in the FT-IR spectrum
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Fig. 1 TEM images of Fe;04 (a),
Fe;0,@Ui0-66 (b),
Fe;0,@Ui0-66/Au@PtNP (c¢)
and SEM images of Fe;0,4 (d),
Fe;0,@UI0-66 (e),
Fe304@Ui0-66/Au@PtNP (f)

of Fe;0,@Ui0-66 indicated the formation of the
Fe;0,@Ui0-66 composites. The peak at 3378 cm™' in the
spectrum of Fe;0,@Ui0O-66 belonged to the symmetric
stretching absorptions of the primary amine groups in the
NH,—H,BDC ligands, which further verified the successful
growth of the UiO-66 shell on the Fe;O4NPs core. All the
results demonstrated the UiO-66 shell was successfully grew
on the surface of the Fe;O4NPs.

TEM, SEM, EDX spectrum, elemental mapping analysis
and (-potentials analysis were applied to characterize the
Fe;0,@Ui0-66/Au@PtNP nanoelectrocatalysts. As shown
in Fig. 1c, fand Fig. S5, Au@PtNPs were uniformly decorat-
ed onto Fe;0,@Ui0O-66 through the free amino groups.
Furthermore, as exhibited in Fig. S4c, the (-potentials of
Fe;0,@Ui0-66 change from positive to negative after
Au@PtNPs were assembled on its surface and it also proved
that the synthesis of Fe30,@Ui0-66/Au@PtNP is successful.

Fig. 2 Self-assembled process of a
NTHs (a), Agarose gel
electrophoretic analysis of the

gradual formation of NTHs. Lane

M: DNA marker; Lane 1: THa; i i § m—
Lane 2: THa + THb; Lane 3:

THa + THb + THc; Lane 4: H SH SH

THa + THb + THc + THd1-Tro4;

Lane 5: THa+ THb + THc +

THd2-Tro6 (b)

— Aptamer

RRR S
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Agarose gel electrophoresis analysis of DNA NTHs

As demonstrated in Fig. 2a, four single stranded oligonucleo-
tides were self-assembled to form DNA NTHs and utilized to
enhance the capture efficiency of cTnl. Briefly, one of single
stranded oligonucleotide of NTH (THd) was expanded with
aptamer, and the other three (THa, THb and THc) modified
with thiol groups can be anchor on the electrode.

Agarose gel electrophoretic method was used to verify the
formation of NTHs. As exhibited in Fig. 2b, as the molecular
weight of the NTH structure (lane 5 and lane 6) are bigger than
combinations formed of fewer than four single-stranded oli-
gonucleotides (lane 2, lane 3 and lane 4), they migrated more
slowly. Because the DNA hybridization is specific and rapid,
the yield of NTHs is high and only one primary clear band can
be observed on the agarose gel electrophoretic. The results
indicated that the self-assembled of NTHs is successful.

b LaneM Lanel Lane2 Lane3 Lane4 LaneS$

L
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Fig. 3 DPV responses of different signal amplification strategies in the
absence (Blank) and in the presence with 50 ng-mLf1 c¢Tnlin2mL 0.1 M
PBS containing 3 mM H,0, and 2 mM HQ by using: (a) GQH
DNAzyme/dAPT/Au@PtNP/Fe;0,@UiO-66 nanoprobes (red line). b
dAPT/HRP/Au@PtNP/Fe;0,@UiO-66 nanoprobes (blue line), ¢ GQH
DNAzyme/dAPT/HRP/ Au@PtNP/Fe;0,@UiO-66 nanoprobes (purple
line). Working parameters of DPV: 50 ms pulse width, 50 mV pulse
amplitude, 0.1 s pulse period and voltage from 0.1 to —0.3 V

Electrochemical characterization of the aptasensor

According to the Nyquist plots, the charge-transfer resistance
(Ret) of the electrode interface is equal to the semicircle di-
ameter of the EIS. So, EIS were applied to confirm the step-
wise modification process of the electrode. The results and
detailed discussion of EIS are shown in the Electronic
Supplementary Material (Fig. S6).

Comparison of different signal amplification
strategies

In order to verify the amplification strategies of the aptasensor,
a comparative study of the variations of the DPV responses

-
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Fig. 4 a DPV responses of the aptasensor for the detection of different
concentrations (from 0 to 100 ng'mL ") of ¢Tnl. b The calibration plot of
the logarithm value of the concentration of cTnl vs DPV response with
concentrations range from 0.01 to 100 ng'mL ', Error bars show the

was carried out using different labeled nanoprobes. From
Fig. 3, the nanoprobes modified with HRP and Au@PtNPs
shows bigger DPV responses variation compared with
the nanoprobes decorated with GQH DNAzyme and
Au@PtNPs. But when the nanoprobes was labeled with
GQH DNAzyme, Au@PtNPs and HRP simultaneously, the
electrochemical signal reaches its maximum value. The results
indicate that the amplified performance of the nanoprobes
may be ascribed to the synergetic catalysis of Fe;0,@UiO-
66/Au@PtNP, GQH DNAzyme and HRP. Because of its ex-
cellent amplified performance, the electrochemical signal of
this aptasensor was dramatically amplified.

Optimization of method

In order to maximize the performance of aptasensors, two
parameters including the ratio of the two kinds of DNA
NTHs and the incubation time of nanoprobes were optimized.
Respective data and Figures are given in the Electronic
Supporting Material. (Figure S7 and Fig. S8) Experiments
show that the aptasensor performs best when the ratio of
the DNA NTH is 1:1 (DNA NTH-Tro4: DNA NTH-Tro6)
and the incubation time of nanoprobes is 60 min.
Therefore, the subsequent experiments were carried out un-
der the best condition.

Analytical performance of the aptasensor in cTnl
detection

In order to make an intuitional comparison between ELISA
and this electrochemical aptasensor and correct the concentra-
tions of ¢Tnl, ELISA for ¢Tnl detection was carried out si-
multaneously. As shown in Fig. S9, the absorbance is linear to
the concentration of cTnl. The regression equation is A =
0.1892 +0.0007343 C (pgrmL™"), with a correlation coeffi-
cient of R*=0.9922. The detection limit is calculated as

354
284
<
= 214
k=
£
3 141 1=19.4621+7.2228logC
R?=0.9971
74
2 A 0 1 2

logC(ng-mL™)

standard deviation of three experiments (n =3). Working parameters of
DPV: 50 ms pulse width, 50 mV pulse amplitude, 0.1 s pulse period and
voltage from 0.1 to —0.3 V
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Table 1 An overview on reported nanomaterial-based electrochemical methods for determination of troponin

Method applied Materials used Detection range Detection limit Ref
Immunosensor Silicon nanowire 0.005-5 ng-mL " 5 pgmL™! [2]
Aptasensor Silica nanoparticles 0.024-240 ng'mL™" 24 pgmL! [12]
Aptasensor Au nanodumbbells 0.05-500 ng'mL"" 8.0 pgmL ™! [31]
Aptasensor N-doped reduced graphene oxide 0.001-100 ng'mL™" 1 pgmL! [32]
Peptide-enabled biosensor AuNPs 0.0155-1.55 ngmL " 34 pgmL! [33]
Aptasensor Fe;0,@Ui0-66/Au@PtNP nanocomposites 0.01-100 ng'mL™" 5.74 pgmL™! This work

15.2 pgrmL " according to the 3¢ method. Afterward, differ-
ent concentrations of ¢Tnl were detected under optimum ex-
perimental conditions for investigating the analytical perfor-
mance of the electrochemical aptasensor.

As seen in Fig. 4a, when the concentration of ¢Tnl in-
creases from 0.01 to 100 ng'mL ", the electrochemical signal
increases gradually. As shown in Fig. 4b, the DPV peak cur-
rent is proportional to the logarithm of cTnl concentration in
the range from 0.01 to 100 ng'mL™". The linear regression
equation is [ =19.4621 + 7.2228 log C. with a correlation co-
efficient of R* = 0.9971. The detection limit which is calculat-
ed according to the 30 method is 5.74 pg'mL'. Compared
with ELISA carried out for ¢Tnl detection, this aptasensor
shows a wider linear range and a lower detection limit.
Compared with other electrochemical aptasensor for cTnl de-
tection (Table 1), this aptasensor shows a lower detection lim-
it. However, the application of this aptasensor still exist some
challenges such as time-consuming fabrication process and
difficulty of clinical application.

Specificity and reproducibility of the aptasensor

The detection result of cTnl in serum sample maybe dis-
turbed by other substances, the selectivity of the aptasensor
was evaluated by detecting MYO, Her2, ¢Tnl, the mixture
of ¢Tnl and MYO and the blank in the same experiment
condition. As shown in Fig. 5, The DPV current response

of the no-target protein Her2 (50 ng'mL') and MYO
(50 ng~mL71) shows no obvious electrochemical signal
change compared with the control group. After incubation
with ¢TnI (50 ng'mL ") and the mixture of MYO (50 ng-
mL™"), the value of DPV peak current increases remarkably
indicating that the aptasensor has a high specific affinity for
cTnl. These results indicates that the aptasensor had satis-
factory selectivity and can be used to detect cTnl in the
future. In order to test the reproducibility of the aptasensor,
five aptasensors were fabricated and utilized for detecting
the same concentration of ¢Tnl (50 ng'mL"). The DPV
responses of each aptasensor shows no significant differ-
ence and the relative standard deviation (RSD) is 5.2%,
indicating a good reproducibility of the aptasensor.

Performance of the assay in human serum

A further investigation of the applicability of the aptasensor
was carried out by detecting the health human serum contain-
ing the target protein ¢Tnl which was added according to
standard addition method. The results are performed in
Electronic supplementary material Table S1. The recovery rate
for the cTnl added to the diluted health human serum range
from 91.0% to 106.0%. It indicated that the electrochemical
aptasensor can be used to detect cTnl in real biological
samples potentially.

Fig. 5 DPV responses (a) and the a b
corresponding hist b) of 35

ponding histogram (b) o 0
the resulting aptasensor toward
different analytes. The error bars 281
represent the standard deviations 84
of three parallel determination < < 21
results (n=3). Working 2 161 e
parameters of DPV: 50 ms pulse S S
width, 50 mV pulse amplitude, £ o4l £ 147
0.1 s pulse period and voltage 8 8
from 0.1 to 0.3 V 71

321 ©
Mix
03 02 01 00 01 Blank Her2 MYO cTnl  MIX
E(V vs.Ag/AgCl) Different kinds of protein
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Conclusions

A voltammetric aptasensor based on DNA NTH linked dAPT
as capture elements and hybrid nanoprobes for signal ampli-
fication was fabricated and successfully applied for ultrasen-
sitive detection of cTnl. Owing to the oriented immobilization
of aptamers and high binding affinity between the c¢Tnl and
aptamer, the detection sensitivity of cTnl was significantly
improved. Benefit from the unprecedentedly large surface ar-
ea of mMOFs, the hybrid nanoprobes can immobilize more
Au@PtNPs, GQH DNAzyme and natural HRP enzyme, am-
plifying the electrochemical signal dramatically. The
aptasensor put up a good performance in cTnl detection with
merits of high specificity, good stability, wide linear range and
low detection limit. Due to these advantages, electrochemical
aptasensors based on DNA NTH linked dAPT and mMOFs
provide an important diagnostic technique for cTnl detection.
However, the application of this aptasensor still exist some
challenges such as time-consuming fabrication process and
difficulty of clinical application. In the future, by combining
with new technologies such as microfluidic chip, many obsta-
cles will be overcame and this aptasensor will show a great
performance in clinical detection.
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