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A highly sensitive electrochemical aptasensor for
thrombin detection using functionalized mesoporous
silica@multiwalled carbon nanotubes as signal tags and
DNAzyme signal amplification¥

Juan Zhang, Yaqin Chai,” Ruo Yuan,* Yali Yuan, Lijuan Bai and Shunbi Xie

In this work, we demonstrated a novel sensitive sandwich-type pseudobienzyme aptasensor for thrombin
detection. Greatly amplified sensitivity was based on mesoporous silica-multiwalled carbon nanotube
(mSiO,@MWCNT) nanocomposites as enhanced materials and a pseudobienzyme electrocatalytic
system. Firstly, the mSiO,@MWCNT nanocomposites not only have good biocompatibility and a suitable
microenvironment for stabilizing the aptamer assembly, but also can load large amounts of electron
mediator thionine (Thi), platinum nanoparticles (PtNPs) and hemin/G-quadruplex bioelectrocatalytic
complex. Moreover, in the presence of H,O; in an electrolytic cell, the synergistic reaction of PtNPs and
hemin/G-quadruplex bioelectrocatalyzed the reduction of H,O,, dramatically amplifying the response
signals of electron mediator Thi and improving the sensitivity. Secondly, dendrimer functionalized
reduced graphene oxide (PAMAM-rGO) as the biosensor platform enhanced the surface area for the
immobilization of abundant primary aptamers as well as facilitated electron transfer from Thi to the
electrode, thus amplifying the detection response. Using the above multiple effects, the approach
showed a high sensitivity and a wider linearity for the detection of thrombin in the range between
0.0001 nM and 80 nM with a detection limit of 50 fM. This new design avoided the fussy labeling
process and the spatial distribution of each sequentially acting enzyme, which provided an ideal
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Introduction

Rapid and sensitive assays for the quantitative detection of
biomarkers composed of proteins or nucleic acids are critical to
many areas, for example, clinical diagnosis, biomedical
research, and biodefense application.'” At present, extensive
efforts have been devoted to the development of aptamer-based
sensors including fluorescent sensors,* colorimetric sensors,’
luminescent sensors,® electrochemical sensors,” quartz crystal
microbalance sensors,® and surface plasmon resonance
sensors.” Among them, electrochemical aptasensors, due to
their distinct advantages of intrinsic simplicity, high specificity,
fast response, low production cost and relative miniaturization,
have received particular attention in recent years. To date,
aptamer-based signal amplification platforms, such as nano-
materials,'®" nanoparticles'* and enzymes,** have been rapidly
developed to detect different targets by combining various
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candidate for the development of a sensitive and simple bioanalytical platform.

electrochemical techniques with aptasensor signal conversion
strategies.

Recently, in aptasensor design,"*** there has been an explo-
sion of interest in nanomaterial synthesis and their application
in the area of bioassays.’* Among all different kinds of nano-
materials, carbon nanotubes (CNTs) have inspired a vast range
of promising applications due to the high surface area, excellent
electronic conductivity, and high chemical stability."”*® Wild-
goose et al. reviewed the recent developments in this area by
exploring the various techniques to functionalize CNTs with
metals and other nanoparticles.” However, the application of
CNTs has been impeded by their poor solubility in solvents and
polymers, which originates from strong van der Waals attrac-
tion among CNTs. Without surface modification, most CNTs
have poor dispersion and aggregation of metal nanoparticles,
especially under high loading conditions. Therefore, function-
alization of CNTs is generally prerequisite for further applica-
tions.”*** Recently SiO,, an inorganic cross-linked shell, has
been the most widely studied owing to its superior advantages
such as a high specific surface area, biocompatibility and a
highly porous structure.* The formation of a SiO, shell on the
surface of CNTs will not only effectively improve the solubility of
CNTs to a certain extent, but also provide a high surface area
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with a porous structure,” leading to a satisfactory biomaterial
for constructing high-sensitivity electrochemical aptasensors.
In addition, biocompatible reduced graphene oxide (rGO) as a
sensor platform has several advantages for the design of
aptamer-based electrochemical analytical devices. Firstly, it
presents an abundant domain for biomolecular binding.
Secondly, it also speeds up electron transfer from an electron
mediator and further amplifies the electrochemical signal.”®
Carboxyl-terminated polyamidoamine (PAMAM G4.5), hyper-
branched and three-dimensional with adequate functional
groups, can also be used to modify the electrode surface for
chemical fixation.>” Therefore, in this work, we construct an
electrochemical aptasensor with PAMAM-rGO as the biosensor
platform for amplification of the detection response.

Functional nucleic acids (FNA),*® including DNA aptamers
(single-stranded DNA molecules that can specifically bind to a
non-nucleic acid target) and DNA enzymes® (DNAzymes) (DNA
molecules that are capable of catalyzing chemical reactions)
represent an emerging class of biomolecules having great
advantages in bioassay development. DNAzymes are of growing
interest as amplifying labels to amplify biosensing events.
Recently, the horseradish peroxidase-mimicking DNAzyme
(HRP-mimicking DNAzyme) that consists of hemin intercalated
in a G-quadruplex structure has attracted special attention and
is probably the most frequently used biocatalytic DNAzyme
label.** For example, a variety of optical or chemiluminescence
enzyme-based biosensors, DNA sensors, or aptasensors using
the HRP-mimicking DNAzyme as an amplifying label are
reported.®>* In these reports, DNAzymes are used to catalyze
the oxidation of 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) to produce the colored radical ion (ABTS™) or
generate chemiluminescence through the oxidation of luminal
by H,0,, and simultaneously show great catalytic activity
toward H,0,.* It is known that the thrombin binding aptamer
(TBA) possesses a G-quadruplex that could be intercalated by
hemin to form a hemin/G-quadruplex structure, showing higher
electrocatalytic ability compared to free hemin.*

In this contribution, a novel sensitive sandwich-type pseudo-
bienzyme aptasensor was developed for thrombin assay based on
mesoporous silica-multiwalled carbon nanotube
(mSi0,@MWCNT) nanocomposites as magnified materials and
hemin/G-quadruplex as a HRP-mimicking DNAzyme for signal
enhancement. In this aptasensor, the PAMAM-rGO nanohybrid
composed of rGO and PAMAM as the biosensor platform was first
self-assembled on a glassy carbon electrode (GCE), which
provided a large accessible surface area to capture a large number
of primary aptamers and also facilitated electron transfer from
the electron mediator thionine (Thi) to the electrode for ampli-
fying the detection response. Additionally, mesoporous silica was
functionalized on the surface of multiwalled carbon nanotubes.
The superior mSiO,@MWCNT nanocomposites not only had
good biocompatibility and a suitable microenvironment for
stabilizing the aptamer assembly, but also provided an effective
platform for anchoring large amounts of electron mediator Thi,
platinum nanoparticles (PtNPs) and hemin/G-quadruplex bio-
electrocatalytic complex with high stability and bioactivity.
Subsequently, the hemin/G-quadruplex was formed by
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intercalating hemin into the thrombin binding aptamer (TBA).
Through sandwich reactions, the hemin/G-quadruplex conju-
gated  PtNP-Thi-mSiO,@MWCNT nanocomposites were
captured on a PAMAM-rGO nanohybrid modified electrode
surface. In the presence of H,0, in an electrolytic cell, PtNPs and
the hemin/G-quadruplex as a HRP-mimicking DNAzyme on the
electrode surface bioelectrocatalyzed the reduction of H,O,,
which dramatically improved the oxidation-reduction reaction of
electron mediator Thi and resulted in an obvious amplification in
the electrochemical signal. Finally, according to the linearity
between TB concentration and current response, we could
sensitively detect thrombin with a low detection limit. This work
provided a promising way for broad potential application in
clinical assays and various protein analyses.

Experimental
Chemicals and materials

Thrombin (TB), hemin, thionine (Thi), hemoglobin (Hb), bovine
serum albumin (BSA), polyethyleneimine (PEI), hexadecyl-
trimethylammoniumbromide (CTAB, 99%), carboxyl-terminated
polyamidoamine (G4.5 PAMAM), and chloroplatinic acid
(HyPtCls) were purchased from Sigma-Aldrich Chemical Co.
(USA). Graphene oxide (GO) and multiwalled carbon nanotubes
(MWCNTs) were obtained from Nanjing xianfeng nano Co.
(China). N-Hydroxy succinimide (NHS) and 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide hydrochloride (EDC) were acquired
from Shanghai Medpep Co. (China). NaBH, was obtained from
Kelong Chemical Company (Chengdu, China). Thrombin
binding aptamer (TBA): 5'-NH,-(CH,)s-GGTTGGTGTGGTTGG-3'
TBA was purchased from TaKaRa (China). Trishydroxy-
methylaminomethane hydrochloride (Tris-HCI) was supplied by
Roche (Switzerland). A 0.1 M phosphate buffered solution (PBS,
pH 7.0) containing 10 mM Na,HPO,, 10 mM KH,PO, and 2 mM
MgCl, was used as a working buffer. 20 mM Tris-HCI buffer
(pH 7.4) containing 100 mM NaCl was used as a binding buffer.
All other chemicals were of reagent grade and used as received.

Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements were carried out on a CHI 610A electro-
chemical workstation (Shanghai Chenhua Instrument, China).
pH measurements were made with a pH meter (MP 230, Mettler-
Toledo, Switzerland). All experiments were performed in a
conventional three-electrode system: a platinum wire auxiliary
electrode, a saturated calomel reference electrode (SCE) and a
modified glassy carbon electrode (GCE, & = 4 mm) as the
working electrode. Scanning electron micrographs were taken
with a scanning electron microscope (SEM, S-4800, Hitachi,
Japan). Transmission electron micrograph (TEM) images were
recorded on a JEOL-JEM 2100 transmission electron microscope
(Oxford Instrument, Japan).

Preparation of PAMAM-rGO

Firstly, reduced graphene oxide sheets (rGO) were prepared
according to the literature with a little modification.?® Briefly, a
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3% PEI (1 mL) solution used as reductant was added to a
0.5 mg mL " exfoliated GO dispersion (30 mL), and it was then
heated under reflux at 135 °C for about 3 h. The obtained black
rGO dispersion was subjected to centrifugation at 10 000 rpm
for 15 min and washed several times with double distilled water.
Then, PAMAM functionalized rGO (PAMAM-1GO) was synthe-
sized by conjugating rGO (I mg mL ™", 2 mL) and PAMAM (1 mg)
with EDC and NHS acting as coupling agents. As shown in
Fig. 1A, the SEM image of dendrimer functionalized reduced
graphene oxide showed a homogeneous coverage of PAMAM
and good dispersion, which presented a large specific surface
area and good biocompatibility for the immobilization of
aptamers.

Coating mesoporous SiO, on MWCNTs (mSiO,@MWCNTSs)

Prior to experiments, a simple procedure to coat a porous SiO,
layer on multiwalled carbon nanotubes (MWCNTSs) with the aid
of the cationic surfactant cetyltrimethyl ammonium bromide
(CTAB) was performed according to a previously reported
method with slight modifications.” In a typical synthesis,
MWCNTs, CTAB and H,O were mixed in the ratio of 1 mg/
10 mg/1 mL, and ultrasonically dispersed for 3 hours to form a
stable dispersion. 0.5 mL of the as-prepared MWCNT disper-
sion, 4 mL of H,O and 0.5 mL of NaOH aqueous solution
(0.01 M) were added into a vial in sequence and ultrasonically
treated for 1 min, and then the vial was heated to 60 °C. 20
minutes later, 25 uL of a tetraethylorthosilicate (TEOS)-ethanol
(v/v = 1/4) solution was injected into the vial. After shaking
mildly for 30 seconds, this vial was heated at 60 °C without
stirring for 12 hours. After the coating process, the product was
washed at least 5 times by centrifugation and redispersion in

Fig. 1 SEM image of PAMAM-rGO (A), TEM images of mSiO,@MWCNTs (B) and
MW(CNTs (C), SEM images of MWCNTs (D) and mSiO,@MWCNTs (E) and TEM
image of mSiO,@MWNTs—Thi-PtNPs (F).
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ethanol to remove the surfactant thoroughly, and dried for 4 h
at 60 °C. Fig. 1B shows TEM images of the as-prepared
mSiO,@MWCNT nanocomposites. Compared with the TEM
image of MWCNTs (Fig. 1C), it is seen that there are some
high-quality nanosheets with a rough surface and many
nanopores in individual nanosheets, indicating the feasibility
of our method. In further analysis of the chemical composition
of the MWCNTs and mSiO,@MWCNT nanocomposites, SEM
images (Fig. 1D and E) provided further evidence for the
successful preparation of mSiO,@MWCNT nanocomposites.

Preparation and bioconjugation of PtNP-Thi decorated
mSiO,@MWCNT composites

mSiO,@MWCNT composites were decorated with thionine and
platinum nanoparticles (PtNPs) as follows: 5 mg of
mSiO,@MWCNT composites were initially dispersed into 2 mL
of distilled water, and 500 pL of Thi (3 mM) aqueous solution
was then added into the as-prepared dispersion. Afterwards, the
mixture was adequately stirred for 24 h at room temperature to
make the positively charged thionine molecules adsorb onto the
surface of negatively charged mSiO,@MWCNTs. The obtained
mixture was collected by centrifugation and was redispersed
into 2 mL of distilled water. 4 mL of H,PtCls (1%, w/w) was
injected into the mixture and incubated for 10 h at room
temperature with slight stirring to make the negatively charged
PtCls>~ ions adsorb onto the Thi-mSiO,@MWCNT composite
surface. Then, 10 mL NaBH, (0.1 M) solution was added drop-
wise into the mixture with stirring for 30 min, followed by
centrifugation, and dispersed into 2 mL of Tris-HCI buffer
solution, pH 7.4, for further bioconjugation of the thrombin
aptamer. When PtNPs were reduced onto Thi-
mSiO,@MWCNTs, the TEM image (Fig. 1F) showed some
uniformly distributed PtNPs on the surface of the Thi-
mSiO,@MWCNT composites. It was important for effectively
magnifying the loading amounts of TBA, thus leading to the
high-sensitivity sensors.

Preparation of hemin/G-quadruplex conjugated
mSiO,@MWCNTs-Thi-PtNPs (secondary aptamer)

It is reported that PtNPs have strong adsorption ability for thiol
and amino groups.*”*® Thus, the hemin/G-quadruplex conju-
gated  mSiO,@MWCNTs-Thi-PtNPs  were  synthesized
(Scheme 1A) according to the following steps. Firstly, 2 mL of
the above mSiO,@MWCNT-Thi-PtNP suspension was mixed
with 0.1 mL amino TBA (2 pM) and incubated at 4 °C for 12 h
under gentle stirring. Subsequently, 0.5 mg hemin was added
into the above solution with an extra reaction time of 2 h.
Then, BSA (1%) was put into the solution to block the
unmodified portion of the mSiO,@MWCNT-Thi-PtNP surface
with a reaction time of 45 min. After centrifugation and
washing, the final bioconjugate was resuspended in 2 mL Tris-
HCI buffer and stored at 4 °C for further use. For the
comparison of performance based on different labeled probes,
a series of control experiments with different types of labeled
probes synthesized in a similar way were carried out in order to
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Scheme 1 lllustration of the electrochemical aptasensor based on PAMAM-rGO

as a platform, functionalized mSiO,@MWCNTs as signal tags and hemin/G-
quadruplex as a HRP-mimicking DNAzyme for signal amplification.

demonstrate the substantial amplification capability of the
proposed new protein detection strategy.

Fabrication of the modified electrodes

The sensing protocol for one-spot signal-on detection of
thrombin is shown in Scheme 1B. Prior to use, a bare glassy
carbon electrode (GCE) was carefully polished to a mirror-like
surface with 1.0 and 0.3 um alumina powder and sonicated
sequentially in water, ethanol and water for a few minutes.
Subsequently, 6 pL of the PAMAM-rGO solution was self-
assembled onto the pretreated GCE to increase the effective area
of the electrode, and the electrode was dried at room tempera-
ture. Then 20 pL of EDC (20 mM) and NHS (40 mM) solution
was coated on the electrode to activate the carboxyl terminal of
PAMAM for 2 h. After washing with double distilled water to
remove the remains on the surface, the modified electrode was
incubated with amino-terminated primary TBA (2 uM) for 1 h at
room temperature. Finally, ethanolamine as a blocking reagent
was added dropwise and the electrode was incubated for 1 h to
eliminate nonspecific binding effects and block the remaining
active groups. The finished aptasensor was stored at 4 °C for
further use.

The detection of TB was based on the typical process for a
sandwiched assay. Firstly, the aptasensor was incubated with
20 uL of thrombin standard solutions of different concentra-
tions for 40 min at room temperature, followed by washing.
Then, the electrode was also subjected to a water washing
process, which was followed by incubation of 20 pL of the as-
prepared hemin/G-quadruplex conjugated mSiO,@MWCNTSs-
Thi-PtNPs for 40 min. After rinsing thoroughly with PBS to
remove the unbound bioconjugate, the electrochemical detec-
tion was carried out in an electrolytic cell containing 2 mL 0.1 M
PBS (pH 7.0) and 2.0 mM H,0,.
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Electrochemical measurements

All electrochemical experiments were carried out in a conven-
tional electrochemical cell, in which a modified working elec-
trode, a SCE reference electrode and a Pt counter electrode were
used. CV measurements were taken from —0.6 to 0.2 V (vs. SCE)
at a scan rate of 100 mV s~ ' in 2 mL 0.1 M PBS (pH 7.0). DPV
measurements were performed in 2 mL 0.1 M PBS (pH 7.0)
containing an appropriate amount of H,O, to measure the
performance of the aptasensor. The parameters applied were:
50 mV pulse amplitude, 50 ms pulse width, 0.2 s pulse period
and voltage range from —0.6 to 0.2 V (vs. SCE).

Results and discussion
Electrochemical characterization of electrodes

The electrochemical characteristics and amplification perfor-
mance of the aptasensor were investigated by CV measurements
in 0.1 M PBS (pH 7.0). As seen in Fig. 2A, curves a and b show the
CV waves of bare GCE and thrombin/ethanolamine/TBA/
PAMAM-1GO modified electrodes, respectively. Because of the
lack of substance with electrochemical activity in the working
potential range, no peak was exhibited. When the
mSiO,@MWCNT-Thi-PtNP-hemin/G-quadruplex bioconjugate
was assembled on the electrode surface via a sandwich-type
assay, a stable and well-defined redox peak (Fig. 2A, curve c) was
observed, indicating the excellent electron transfer and efficient
redox activity of the bioconjugate. To demonstrate the
dramatically amplified electrochemical signal induced by
“sandwich” reactions, an appropriate amount of H,O, was
added into the solution. It could be easily seen that the cathodic
peak current increased with the addition of H,0, (Fig. 2A, curve
d), indicating a typical electrocatalytic reduction process of
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Fig.2 (A) CVs of different modified electrodes in 0.1 M PBS (pH 7.0): (a) the bare
GCE, (b) TB/ethanolamine/TBA/PAMAM-rGO/GCE, (c) after the sandwich format
reaction of the resulting aptasensor in the absence and (d) in the presence of
2.0 mM H,0; in the electrolytic cell. (B) DPVs obtained at (a) TB/ethanolamine/
TBA/PAMAM-rGO/GCE and after the sandwich format reaction of the resulting
aptasensor in the absence (b) and in the presence (c) of 2.0 mM H,0, in the
electrolytic cell. (C) DPVs of secondary aptamer/TB/ethanolamine/TBA/PAMAM/
GCE (a) and secondary aptamer/TB/ethanolamine/TBA/PAMAM-rGO/GCE (b) in
0.1 M PBS (pH 7.0) containing 2.0 mM H,0,.
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H,0,. Also, a sensitive electrochemical technique, DPV, had
been used to obtain the direct electrochemical signal. After the
aptasensor reacted with thrombin, the electrode was subjected
to measurement in an electrolytic cell containing 2 mL 0.1 M
PBS and 2.0 mM H,0, and no obvious peak was seen (Fig. 2B,
curve a). However, a dramatic electrochemical signal could be
obtained when the secondary aptamer with the enhancement of
the mSiO,@MWCNT bioconjugate and a hemin/G-quadruplex
pseudobienzyme bioelectrocatalytic structure reacted with
thrombin in a sandwich-type assay in 2 mL 0.1 M PBS (pH 7.0)
in the presence (Fig. 2B, curve c¢) and absence (Fig. 2B, curve b)
of 2.0 mM H,0,, effectively providing the feasibility of a
“sandwich” strategy. In addition, as shown in Fig. 2C, the
proposed aptasensor (Fig. 2C, curve b) had a much higher
current response than that without rGO as a sensor platform
(Fig. 2C, curve a), indicating that rGO provided electron transfer
tunnels and could facilitate the electron transfer between Thi
and electrode.

Amplification properties of different conjugates

Taking advantage of the mSiO,@MWCNT bioconjugate and the
hemin/G-quadruplex = pseudobienzyme  bioelectrocatalytic
structure as dual amplifications, amplification properties of the
as-synthesized novel labels were investigated in different
working buffers. Several types of labeled probes were used, such
as Thi-PtNPs-hemin/G-quadruplex, MWCNTs-Thi-PtNPs—
hemin/G-quadruplex and  mSiO,@MWCNTs-Thi-PtNPs—
hemin/G-quadruplex. Fig. 3A and B show a low reduction peak
current with inefficient bioelectrocatalysis of Thi-PtNPs—
hemin/G-quadruplex and MWCNTs-Thi-PtNPs-hemin/
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Fig. 3 The DPVs of the different sandwich format aptasensors in the absence (a)
and in the presence (b) of 2.0 mM H,0, in 0.1 M PBS (pH 7.0) obtained by using
various labels: (A) Thi-PtNP-TBA-hemin/G-quadruplex labeled probe, (B) MWNT-
Thi-PtNP-hemin/G-quadruplex labeled probe and (C) mSiO; @ MWNT-Thi-PtNP-
hemin/G-quadruplex labeled probe.
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G-quadruplex. As shown in Fig. 3C, the aptasensor with hemin/
G-quadruplex conjugated mSiO,@MWCNTs-Thi-PtNPs
showed much greater electrochemical changes than those
obtained via other methods, indicating the remarkable ampli-
fying performance of this proposed label. This phenomenon
may be attributed to the following reasons: mSiO,@MWCNT
nanocomposites not only have good biocompatibility but also
increased surface area which can largely enhance the amount of
Thi and PtNP assembly for signal amplification.

The electroactive surface area of the PAMAM-rGO modified
electrode

In order to illustrate that the prepared PAMAM-rGO nanohybrid
film could improve the surface area and conductivity of the
aptasensor, the electrochemical behaviors of different modified
electrodes in 5.0 mM Fe(CN)s* >~ solution containing 0.1 M KCI
at different sweep rates (v) were investigated with the cyclic vol-
tammetric electroactive surface areas (A) of an ordinary gold
nanoparticle (AuNP) modified electrode and the PAMAM-rGO
modified electrode, which was determined according to the
Randles-Sevcik equation:®® I, = 2.69 x 10°AD'’n**v'c. As
shown in Fig. 4A and B, the peak currents (I,) of both AuNP and
PAMAM-rGO modified electrodes were proportional to the
square root of scan rate. Based on this method, with the constant
parameters of D, ¢ and n, we could successfully acquire an
approximate value of A. Electroactive surface areas of 16.48 mm?
and 25.75 mm” for the AUNP and PAMAM-rGO modified elec-
trodes were obtained, respectively. The electroactive surface area
of the PAMAM-rGO modified electrode increased by about 56.3%
compared with the AuNP modified electrode, which provided
effective evidence for the superior conductivity of the PAMAM-
rGO film as expected.

Optimization of assay conditions

It was well known that the performance of the electrochemical
enzyme-catalyzed analysis was related to the concentration of
H,0, in the measuring system. Therefore, before testing the
thrombin, we first studied the effect of H,O, concentration. The
assay was carried out by using the aptasensor toward the cata-
Iytic reduction of H,0, after incubation with 1 nM thrombin. As
can be seen from Fig. 5A, the peak current increased with the
increase of H,0, concentration, and reached plateau regions at
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Fig.5 (A) The influence of the concentration of H,0, on the current response of
the aptasensor. The inset shows the dependence of the DPV response on each
concentration. (B) The optimization of TBA concentration. The inset shows the
different peak currents for each concentration of TBA.

a concentration of 2.0 mM. Thus, the H,O, concentration
chosen was 2 mM.

To acquire an optimal electrochemical response, the
concentration of primary TBA should be optimized. 20 pL of
TBA of different concentrations was attached onto the modified
electrode and investigated in 5.0 mM Fe(CN)s* ">, As shown in
Fig. 5B, the response current values decreased with the increase
of the primary TBA concentration, and the current tended to
level off when the concentration of TBA was higher than 2 uM.
Therefore, 2 uM of TBA was used for the detection of thrombin
in the following experiments.

Detection of thrombin based on DPV

Under the optimal assay conditions, the quantitative analysis of
the present biosensor was evaluated by detecting thrombin in
standard solutions using the DPV technique and adding
2.0 mM H,0, into an electrolytic cell using the developed
sandwich-type assay with mSiO,@MWCNT-Thi-PtNP-hemin/
G-quadruplex bioconjugate as a tracer label. As a result, the DPV
signal responses increased with the increment of thrombin
concentrations after the complementary pairing interaction
(Fig. 6A). The dose response curve of the proposed aptasensor
for thrombin showed a good linear relationship between the
reduction peak currents and the analyte concentrations. The
linear range covered was from 0.0001 to 80 nM with a regression
equation of the form I (uA) = —1.804c — 14.98 and a linear
correlation coefficient of 0.9949 (Fig. 6B). A detection limit of
50 fM was determined according to a signal-to-noise ratio of 3.

Or B
I(nA) =-1.804C - 14.98 ]
181 r=0.9949

Current / pA
Current / pA

rim " " " " i "
1E-4 1E-3 0.01 01 1 10 100
[thrombin] / nM

-0‘.6 -0I.4 -0..2 0:0 0..
Potential / V

Fig. 6 (A) DPV curves of the resulting aptasensor for thrombin detection at

different concentrations in 0.1 M PBS (pH 7.0) containing 2.0 mM H,0,. (B) The

calibration curve of electrocatalytic current response versus thrombin at various

concentrations.
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The higher sensitivity and wider linear range of the developed
aptasensor investigated in PBS (pH 7.0) containing 2.0 mM
H,0, should be ascribed to the significant amplification of the
mSiO,@MWCNT-Thi-PtNP nano-hybrid film and the pseudo-
bienzymatic activity of the hemin/G-quadruplex which acted as
a HRP-mimicking DNAzyme. In addition, the analytical
performance of the developed aptasensor for thrombin detec-
tion has been compared with those of other similar sandwiched
aptasensors reported in the literature. The results are summa-
rized in Table S1 (see ESIT).

Selectivity, reproducibility and stability of the aptasensor

To evaluate the specificity of the electrochemical aptasensor, we
challenged the system with other possible interferences, and
the results are exhibited in Fig. 7. With some amount of
nontarget molecules, such as bovine serum albumin (BSA),
hemoglobin (Hb) and platelet-derived growth factor (PDGF), no
apparent change in the current was observed compared with
that of the blank test. However, the presence of target thrombin
resulted in a dramatic increase in the current. Even when BSA,
Hb and PDGF coexisted with thrombin, the electrochemical
response was almost the same as that of thrombin, indicating
the high specificity of the proposed aptasensor for thrombin
detection.

The reproducibility of the aptasensor played a critical role in
analyzing biological samples in situ without separation. There-
fore, the reproducibility of the aptasensor was evaluated by
using the variation coefficient of the intra-assays and inter-
assays. Analyzed from experimental results, the relative stan-
dard deviation of the intra-assay was 4.8% at 1 nM thrombin,
whereas the relative standard deviation of the inter-assay with
various batches was 6.2% at 1 nM thrombin. Thus, the repro-
ducibility and precision of the aptasensor were acceptable. In
addition, the aptasensor decreased gradually and retained
94.4% of its initial current after 5 days of storage and 90% after
20 days of storage, suggesting the acceptable stability of the
proposed aptasensor.

Analytical application of the aptasensor

Thrombin exists in the form of thrombinogen in healthy human
serum samples. To further investigate the analytical reliability
and possible application of the proposed aptasensor, recovery
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Fig. 7 Study of the possible interferences tested with the proposed assay: BSA
(10 nM), Hb (10 nM), PDGF (10 nM) and their mixture with thrombin.
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Table 1 Determination of thrombin added in human blood serum (n = 5) with
the proposed aptasensor

Added Found
Sample  thrombin/nM  thrombin/nM  Recovery/%  RSD (%)
1 0.0100 0.01071 107.1 4.7
2 0.1000 0.09110 91.10 3.7
3 5.000 5.038 100.1 5.6
4 10.00 9.984 99.84 6.7
5 30.00 30.17 100.5 7.8

experiments were performed by standard addition methods in
human serum. During this process, a series of samples were
prepared by adding thrombin of different concentrations into
10-fold-diluted healthy human serum samples to examine the
feasibility of the proposed strategy. As shown in Table 1, the
recovery (between 91.10% and 107.1%) and the relative stan-
dard deviation values (between 3.7% and 7.8%) were accept-
able. These results indicated that the proposed electrochemical
aptasensor provided a potential application in real biological
samples.

Conclusions

In summary, this work has designed a new paradigm electro-
chemical aptasensor for the sensitive detection of thrombin
based on integrating hemin/G-quadruplex with functionalized
PtNP-Thi-mSiO,@MWCNT nanocomposites both as a trace
label and for signal enhancement. Firstly, the mSiO,@MWCNT
nanocomposites with a high aspect ratio could increase the
amount of electron mediator Thi, PtNPs and hemin/G-quad-
ruplex bioelectrocatalytic complex, and also had good biocom-
patibility and a suitable microenvironment for stabilizing the
aptamer assembly. Moreover, PtNPs and hemin/G-quadruplex
as electrocatalysts could further amplify the response signals of
Thi and improve the sensitivity in the presence of H,O, in an
electrolytic cell. Secondly, the PAMAM-rGO nano-hybrid film
not only provided a large accessible surface area to capture a
large number of primary aptamers but also facilitated electron
transfer from Thi to the electrode, thus amplifying the detection
response. In view of these advantages, we anticipate that this
strategy may offer a new approach to construct an electro-
chemical amplification assay with high sensitivity and selec-
tivity for successful application in clinical diagnosis.
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