Author’s Accepted Manuscript

A colorimetric aptamer biosensor based on cationic
polythiophene derivative as peroxidase mimetics
for the ultrasensitive detection of thrombin

Mei Liu, Jiao Li, Baoxin Li

www.elsevier.convlocate/talanta

PII: S0039-9140(17)30719-1
DOI: http://dx.doi.org/10.1016/j.talanta.2017.07.003
Reference: TAL17702

To appear in:  Talanta

Received date: 14 April 2017
Revised date: 13 June 2017
Accepted date: 1 July 2017

Cite this article as: Mei Liu, Jiao Li and Baoxin Li, A colorimetric aptame
biosensor based on cationic polythiophene derivative as peroxidase mimetics fo
the ultrasensitive detection of thrombin, Talantc
http://dx.doi.org/10.1016/j.talanta.2017.07.003

This is a PDF file of an unedited manuscript that has been accepted fo
publication. As a service to our customers we are providing this early version o
the manuscript. The manuscript will undergo copyediting, typesetting, an
review of the resulting galley proof before it is published in its final citable forn
Please note that during the production process errors may be discovered whic
could affect the content, and all legal disclaimers that apply to the journal pertain


http://www.elsevier.com/locate/talanta
http://dx.doi.org/10.1016/j.talanta.2017.07.003
http://dx.doi.org/10.1016/j.talanta.2017.07.003

A colorimetric aptamer biosensor based on cationic polythiophene
derivative as peroxidase mimetics for the ultrasensitive detection of

thrombin

Mei Liu®, Jiao Li*, Baoxin Li

'Key Laboratory of Analytical Chemistry for Life Science of Shaanxi Province,
College of Food Engineering and Nutritional Science, Shaanxi normal university,
Xi'an 710062, China

?Key Laboratory of Analytical Chemistry for Life Science of Shaanxi Province,
School of Chemistry & Chemical Engineering, Xi’an 710062, China.
liumei@snnu.edu.cn

libaoxin@snnu.edu.cn

Abstract

A colorimetric assay for the ultrasensitive determination of thrombin
was presented, in which the cationic polythiophene derivative was used as
catalyst of the 3,3’,5,5'-tetramethylbenzidine (TMB)-H,0, reaction and
the thrombin-binding aptamer (TBA) was used as inducing polymer’s
different conformation elements. It was found the cationic polythiophene
derivative, poly[3-(3'-N,N,N-triethylamino-1'-propyloxy)-4-methyl-2,5-t-
hiophene hydrochloride] (PMNT), can catalyze the oxidation reaction of
TMB in the presence of H,O, to produce a blue color solution. The

catalytic activity of PMNT on the TMB-H,0, reaction was closely
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relevant to the conformation of PMNT. The absorbance of TMB-H,0,
was distinctly increased in the presence of TBA. With the addition of
thrombin, TBA interacted with thrombin to form a G-quadruplex
structure. The conformational change weakened the catalytic activity of
PMNT and resulted in a decrease in the absorbance. The colorimetric
sensor could detect thrombin down to 4 pM with high selectivity against
other interfering proteins. This work is not only of importance for a better
understanding of the unique properties of cationic polythiophenes
derivative but also have great potential for medical diagnostics and

therapy for human health.

Graphical abstracts

Aptamer biosensor for thrombin detection based on cationic
polythiophene derivative with different conformation as peroxidase

mimetics.
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1. Introduction

Thrombin is a physiological protease that plays an essential role in
physiological and pathological coagulation. Meanwhile, it is also one of
the biomarkers for cardiovascular disease and a crucial tumor marker for
the diagnosis of pulmonary metastasis [1-3]. The normal concentration of
thrombin in blood varies from nanomolar to low micromolar levels
during the coagulation progress [3]. If the concentration of thrombin in
blood was out of this range, it would lead to thrombotic diseases.
Therefore, the concentration of thrombin can be applied as a significant
index for the early diagnosis and prognosis of some kinds of diseases [4].
A lot of efforts have been done to develop sensitive sensors to detect

thrombin. Aptamer-based sensing for thrombin is one of mostly used



strategies because of the excellent specificity of aptamers toward
thrombin, such as electrochemistry [6-9], optics [10-16],
electrochemiluminescence [17-20] and so on. Compared with those
sophisticated methods, colorimetric sensors have attracted special
attention due to its short assay time, relatively low cost and no
requirement for skillful technicians [21]. However, there are a few reports
on colorimetric aptasensor for thrombin detection where the sensitivity
and responding time still need to be improved [22-25].

Conjugated polymers (CPs) are characterized by a delocalized
electronic structure that exhibits efficient coupling between
optoelectronic segments. They draw a lot attention because of their
unique structure and excellent electronic properties [26-28]. Amongst the
conjugated polymers, polythiophene derivative is the most important for
its excellent optoelectronic properties such as advantageous fluorescence
property, forster resonance energy transfer, and a tuneable electrical
conductivity[29,30]. They are competent to be one of the most useful
chemical platforms for the design of biosensors for detection of biological
targets [12,31,32]. But for sensor applications where polythiophene acts
as a fluorescence probe, some defects would lower the fluorescence
quantum vyields of polythiophene. For example, the highly hydrophobic
backbone leads to close proximity of the optically active units and then

aggregate in water, resulting in intractable self-quenching of fluorescence.
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It is disadvantageous for improving sensitivity of biosensor due to the
defects [33]. Another important property of polythiophenes is showing
variational color upon the changes of conformation attributed to the
analyte-induced aggregation of the biological macromolecules [34-36].
However, these direct aggregation approach suffer from relatively higher
detection limits. Our groups have reported CPs could efficiently catalyze
the chemiluminesence reaction of luminol-H,0, and it was found that the
catalytic activity of CPs was closely related with the polymer’s subsistent
conformation, so the detection system based on CPs’ different catalytic
activity can be extended to detect non-nucleic acid targets (such as small
molecules or protein) [37].

In this work, we found poly[3-(3'-N,N,N-triethylamino-1'-propyloxy)
-4-methyl-2,5-thiophene hydrochloride] (PMNT), one of the cationic
polythiophene derivative, has intrinsic peroxidase-like activity that can
catalyze the reaction of peroxidase substrate TMB in the presence of
hydrogen peroxide (H,O,) to produce a blue color reaction. And this
effect is closely related to the conformation of PMNT. The TBA can
induce polymer PMNT to be different conformation with or without the
presence of thrombin. The absorbance of TMB-H,O, system in the
presence of TBA/PMNT was much larger than that in the presence of
thrombin/TBA/PMNT. Base on this phenomenon, a selective and

sensitive colorimetric determination of thrombin wusing cationic
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polythiophene derivative as peroxidase mimetics is proposed. A
schematic diagram of this method is shown in Scheme 1. The obtained
results indicated that the proposed aptasensor has quite a good
performance for the detection of thrombin and provides a new promising
platform for determination of other biomolecules.
2. Experimental
2.1. materials

PMNT was purchased from Changzhou XHK Biochemicals Co., Ltd.
(Changzhou, China), and the polymer's concentration was given using its
monomer. The thrombin-binding aptamer (TBA) oligonucleotides
(5'-GGT TGG TGT GGT TGG-3') were purchased from Beijing Dingguo
Biotechnology Company (Beijing, China). 3,3,5,5-tetramethylbenzidine
(TMB), thiourea and 5,5-dimethyl-1-pyrroline N-oxide (DMPQO) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Thrombin (1710
Umg™) and bovine serum albumin (BSA) were purchased from

Sigma-Aldrich (St. Louis, MO. USA). 30% H,0, was purchased from

Xi’an Reagent Plant (Xi’an, China). Millipore Milli-Q water (18 MQ cm)
was used in all experiments. Unless otherwise indicated, all reagents and
solvents were purchased in their highest available purity and used without
further purification.

2.2. Apparatus

UV-vis adsorption spectra were recorded on a U-3900H UV-Vis
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Spectrophotometer (Hitachi, Japan). Circular dichroism (CD) spectra
were measured on a Chirascan CD spectrophotometer (Applied
Photophysics, Leatherhead, UK). The electron spin resonance (ESR)
measurements were made with a Bruker ESP-300E spectrometer (Bruker,
Germany) operating in the X-band at room temperature. The microwave
frequency was 9.83 GHz and the modulation amplitude was 2.035 G. The
photographs were taken with a Canon 500 digital camera. The pH
measurements were carried out on model PB-10 digital ion analyzer
(Sartorius Scientific instruments Co., Ltd., China, Beijing).
2.3. Preparation of TBA/PMNT and thrombin/TBA/PMNT complex
TBA/PMNT and thrombin/TBA/PMNT complex was performed as
follows: (1) the stock solution of TBA was heated at 80 °C for 10 min and
cooled to room temperature. (2) 100 puL of 0.1 uM TBA solution and 100
uL of thrombin with different concentrations in 20 mM Tris—HCI buffer
(100 mM NaCl, 5 mM KCI, 1 mM CaCl, 1 mM MqgCl, pH 7.4) were
incubated at room temperature for 2h to form TBA/thrombin complex
(G-quadruplex complex). (3) 100 puL of 0.1 uM PMNT were respectively
added into 0.1 uM TBA solution and TBA/thrombin complex with
different concentrations. And the mixed solution was incubated at room
temperature for 10 min to successively form TBA/PMNT and
thrombin/TBA/PMNT complex.

2.4. Detection of thrombin



Due to the difference of catalytic activities of PMNT with different
configuration to TMB-H,0, color reaction, TBA/PMNT complex and
thrombin/TBA/PMNT complex was used in the detection system. The
detection was performed as follows: firstly, 50 uL of above TBA/PMNT
complex and thrombin/TBA/PMNT complex were added respectively
into the mixed solution of 100 puL of 5.0 mM TMB and 100 pL of 10 mM
H,0,. Secondly, 250 uL of 0.25 M HAc-NaAc buffer (pH 3.5) was added
into the above reaction solutions, then water bath for 15 min. Finally, the
resulting solution monitored absorbance using UV-vis spectra at 652 nm
to calculate the change in the value of AA (AA=Ay-A, A or A,

respectively, is the absorbance with or without thrombin in system).

Results and Discussion
3.1. The catalytic activities of PMNT on TMB-H,O, reaction

To investigate the peroxidase-like activity of PMNT, the catalytic
oxidation of peroxidase substrate TMB in the presence of H,O, was
investigated. As shown in Fig.1, blue color reaction produced by
oxidation of TMB by H,O, can be noticeable observed with the presence
of PMNT, and the color of the product was intense blue in the presence of
TBA/PMNT (inset in Fig. 1). UV-Vis absorption spectra were employed
to evaluate the peroxidase activity of PMNT. The resulting solutions

show a maximum absorbance at 652 nm, which originates from the



oxidation of TMB. Compared with the weak absorption spectrum of the
mixture of TMB and H,O, solution (a), obvious absorptions were
observed in the presence of PMNT, TMB and H,0, (b), which indicated
PMNT could catalyze oxidation of TMB by H,O, to develop a blue color
in agueous solution. The much stronger absorbance can be found in the
presence of the mixture of TBA/PMNT, TMB and H,O; solution (c). It
indicated that the reaction of TMB with H,O, was greatly accelerated by
TBA/PMNT. All of the results confirmed that PMNT exhibited an
intrinsic peroxidase-like activity, which was similar to that of horseradish
peroxidase. Furthermore, the catalytic activity of TBA/PMNT complex is
stronger than PMNT on TMB-H,O, reaction. The reason may be relevant
to the conformation change of PMINT before and after the combination of

TBA.

3.2. Mechanism of enhancement effect of PMNT on TMB-H,0O, CL

Based on our previous report that polythiophene derivative,
poly[2-(3-thienyl) ethyloxy-4-butylsulfonate] (PTEBS), could catalyze
the reaction of TMB and H,0,, a possible mechanism was proposed [38].
The generated -OH radical by H,O, might be accelerated by PTEBS via
the partial electron exchange interaction, which may contribute to the
catalytic ability of PTEBS. In this system, the mechanism is also

applicable to the cationic polythiophene derivative PMNT. The



absorption spectra of PMNT before and after the oxidation reaction with
H,0, were measured. There was no obvious change on the absorption
spectra of PMNT (Fig. S1), which indicated that PMNT itself did not
change during the oxidation reaction with H,O,.

At the same time, the nature of peroxidase-like activities of PMNT
may originate from their catalytic ability to decompose H,0O, into -OH
radicals, being confirmed with the ESR spin-trapping technique (Fig. S2).

The ESR spectra in the presence of PMNT displayed a characteristic peak

of the typical DMPO--OH adduct. It suggested that -OH radicals have

produced in PMNT-H,0, system. Furthermore, a scavenger of -OH
(thiourea) was added to TMB-H,O,—PMNT reaction system. It was
shown in Fig. S3 that relative catalytic activities of PMNT were reduced
64.7%. These results further confirmed that -OH was the key intermediate

product in the system.
3.3. Effects of PMNT's conformation on the catalyst activity of PMNT

It has been proven that the catalytic properties of PMNT in the
luminol-H,0, system can be influenced by its conformation [37]. So, we
speculated that the catalytic activity of PMNT in TMB-H,O, was closely
related to PMNT’s conformation. The PMNT itself takes a random-coil
conformation in water solution, and it can form an inter polyelectrolyte

complex with TBA through electrostatic interactions, in which PMNT
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takes a highly conjugated and planar conformation. In the presence of
thrombin, TBA folds into a compact quadruplex conformation, and the
cationic PMNT wraps this quadruplex structure, which seems to partially
hinder the aggregation and planarization. Three different conformations
can be characterized by circular dichroism (CD) spectroscopy (see the
supporting information, Figure S4). The PMNT random-coil form did not
reveal any optical activity in the CD spectra, PMNT/TBA duplex form
showed a positive peak at about 570 nm. There is appreciable change in
their CD patterns in the presence of thrombin. The positive peak at 565
nm disappeared, but a positive peak at 265nm and a negative peak at 295
nm appeared, which is typical of an antiparallel quadruplex conformation.
Thus, it was confirmed that the presence of TBA and thrombin can induce

the change of PMNT’s conformation.

We compared with the catalytic activities of PMNT with three
different conformations in TMB-H,O,. As shown in Figure 2,
PMNT/TBA duplex form showed the strongest catalytic activity, and
thrombin/TBA/PMNT complex form had almost the same as the catalytic
activity of PMNT in its random coil. Therefore, it was concluded that the
catalytic activity of PMINT in TMB-H,0, was closely related to PMNT’s
conformation. The highly conjugated and planar conformation is

propitious to the catalytic activity of PMNT, possibly due to electron
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transfer.
3.4. Optimization of experimental conditions

It is well known that enzymatic activity is dependent upon the
reaction conditions. Therefore, the catalytic activity of the PMNT may be
affected by pH and temperature. As shown in Fig. S5, the difference of
absorbance intensity AA (AA = Agignay- Aplank)) at 652 nm increased with
pH in the range of 3.0-3.5, and then declined with increasing. The
absorbance intensity increased with temperature range from 25 to 35 °C,
and then declined. Hence, the catalytic activity was best in pH 3.5

HAc-NaAc buffer at 35 °C.

At the same time, we tested the effect of different heating time and the
concentration of TMB, H,0O,. The AA is no obvious change after 15 min
heating time (Fig S5.), the optional concentration of TMB, H,0, was 5

mM and 20 mM respectively.
3.5. Application of TMB—H,O,—PMNT system to thrombin detection

TBA is a single stranded guanine-rich nucleic acid and is widely used
as a sensing element for constructing thrombin aptasensor [39]. This
aptamer demonstrates a loose random coil structure in the absence
thrombin. Upon addition of thrombin, TBA folds into a compact

quadruplex. On the other hand, the cationic polymer PMNT was found to
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have high catalytic activity to the TMB-H,0O, reaction, and the catalytic
activity was closely related with the conformation of PMNT. The
conformation of PMNT in the presence of TBA is different form that in
the presence of thrombin. So, the TMB-H,O,—PMNT system could be
used to detection of thrombin. A schematic diagram of this method is
shown in Scheme 1. In the absence of thrombin, TBA could bind PMNT
through electrostatic interaction to form PMNT/TBA complex with
duplex conformation, and PMNT/TBA duplex form promoted TMB-
H,0, reaction to intense blue color. With the addition of thrombin, PMNT
wraps this quadruplex structure to form thrombin/TBA/PMNT complex
which decreases TMB-H,0, reaction in intensity. Fig. 3A showed the
absorption spectra of TMB-H,0, mixed solution in the presence of
different concentrations of thrombin. As is shown in Fig. 3B, the change
in the value of AA at 652 nm increased gradually as the concentrations of
thrombin varied from 0.01 nm to 0.10 nm. The relative standard deviation
(R.S.D.) for 1.0 x10™ M thrombin measurement is 3.6% (n=11). The
detection limit that is taken to be three times the standard derivation in
the blank solution was found to be 4 pM. In this study, Table S1
summarized the reported colorimetric aptamer biosensors for the
determination of thrombin along with the proposed one. As can be seen,
the sensitivity and respond time of our method was superior to that of

most reported methods [22—25].
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The specificity of the proposed assay for thrombin was evaluated by
testing the response of the assay to other common proteins (bovine serum
albumin, human IgG and lysozyme) at a concentration of 0.1 nM. The
experimental results (Fig. 4) showed that significant change in
absorbance value is only observed for thrombin and not for other proteins,
indicating that the TBA-PMNT complex specifically responds to
thrombin. The results reveal that this colorimetric method for thrombin

detection is sensitive and effective.

Conclusions

To sum up, we have found that cationic polythiophene derivative
PMNT possesses catalytic activity to TMB-H,0, reaction which was
closely related with it’s subsistent conformation. Combined with the
conformation change of PMNT toward TBA and thrombin/TBA, we
introduced a novel method for the colorimetric detection of thrombin.
Significantly, the proposed colorimetric method requires no any
complicated probe labeling step and provides a potential capability of

practical application in clinical chemistry and medical diagnostics.
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Scheme 1. Schematic representation of colorimetric determination of
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human o-thrombin based on the reaction of TMB-H,0, catalyzed by

conjugated polythiophene derivative with different conformation.

Figure 1 The absorption spectra of oxidation color reaction of TMB by
H,0, under the different assays. (a) without PMNT, (b) in the presence of
PMNT, (c) in the presence of TBA/PMNT. Experimental conditions: 5
mM TMB, 20 mM H,0,, 250 mM HAc-NaAc buffer (pH 3.5), 0.1 uM

PMNT, 0.1 uM TBA.

Figure 2 The absorption spectra of TMB-H,0, mixed solution in the
presence of (a) PMNT alone, (b) complex of TBA/PMNT, (c) complex of
thrombin/TBA/PMNT. Experimental conditions: 5 mM TMB, 20 mM
H,0,, 250 mM HAc-NaAc buffer (pH 3.5), 0.1 uM TBA, 0.1 nM

thrombin.

Figure 3 (A)The UV-vis absorption spectra of TMB-H,0O, in the
presence of 5 mM TMB, 20 mM H,0,, 0.1 uM PMNT and 0.1 uM TBA
in 250 mM HAc-NaAc buffer (pH 3.5) containing different
concentrations of Thrombin (0.01 nM-1 nM). (B) The linear calibration
plot between the absorbance at 652 nm on the thrombin concentration.

The experiment was done three times.

Figure 4 Specificity of aptasensor for thrombin. The absorbance changes
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of Ags, for other competing proteins (BSA, IgG and lysozyme) were
measured at 0.1 nM human thrombin; 1.0 nM BSA; 1.0 nM Ig G; 1.0 nM

lysozyme.
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Highlights

e A colorimetric assay for the ultrasensitive determination of thrombin was proposed.
e The catalytic ability of PMNT derived from decomposing H,0, into -OH radicals.

e The catalytic activity of PMNT was closely relevant to the conformation of PMNT.
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