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The design of molecular nanodevices attracted great interest in these years. Herein, a reusable, sensitive and
specific aptasensor was constructed based on an extension-contraction movement of DNA interconversion for
the application of human thrombin detection. The present biosensor was based on resonance light scattering
(RLS) using magnetic nanoparticles (MNPs) as the RLS probe. MNPs coated with streptavidin can combine with
biotin labeled thrombin aptamers. The combined nanoparticles composite is monodispersed in aqueous
medium. When thrombin was added a sandwich structure can form on the surface of MNPs, which induced
MNPs aggregation. RLS signal was therefore enhanced, and there is a linear relationship between RLS
increment and thrombin concentration in the range of 60 pM—6.0 nM with a limit of detection at 3.5 pM
(3.29S8g/m, according to the recent recommendation of IUPAC). The present aptasensor can be repeatedly used
for at least 6 cycling times by heat to transfer G-quadruplex conformation to single strand of DNA sequence and
release thrombin. MNPs can be captured by applying the external magnetic field. Furthermore, the proposed

biosensor was successfully applied to detect thrombin in human plasma.

1. Introduction

Thrombin, an allosteric serine protease, is a key enzyme in the
blood coagulation and wound healing processes. Thrombin is produced
by proteolytic activation of the zymogen prothrombin. Thrombin
catalyzes the conversion of fibrinogen — a soluble plasma protein —
into long, sticky threads of insoluble strands of fibrin, as well as many
other coagulation-related reactions. In addition to its role in blood
coagulation process, thrombin involves in onset and progression of
several diseases, such as antherosclerosis (Borissoff et al., 2009), pro-
inflammatory cascades (Borissoff et al., 2009), and angiogenesis
(Kongsuphol et al., 2014). Due to the clinical importance of thrombin,
it would be tremendously valuable to establish a fast and reliable way
for the detection of thrombin.

The aptamer-based thrombin sensing assay is reported as one of the
common techniques in use for the detection of its presence and activity
(Deng et al., 2014). Nucleic acid aptamer is a single-stranded oligonu-
cleotide, which is completely engineered from random-sequence DNA
or RNA libraries in an in vitro selection process (Ellington and Szostak,
1990). Aptamer has specific binding affinity to various targets, ranging
from small inorganic and organic substances to even a protein or cell
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(Han et al., 2009; Luzi et al., 2003; Tuerk and Gold, 1990). For human
a-thrombin (we used in this work), there are two aptamers. One is 15-
mer DNA oligonucleotide (5’-GGT TGG TGT GGT TGG-3’), which was
first described by Bock et al. in 1992 (Bock et al., 1992). The 15-mer
thrombin aptamer interacts with one of the two anion binding sites of
thrombin. The other one is 29-mer DNA oligonucleotide (5’-AGT CCG
TGG TAG GGC AGG TTG GGG TGA CT-3’), which binds to the
heparin-binding exosite of thrombin. The two aptamers can bind on
two distinct binding sites of thrombin without interfering with each
other’s binding. In this case, it is easy to construct a sensing method
using a “sandwich” format, such as electrochemical aptasensors
(Kongsuphol et al., 2014; Numnuam et al., 2008; Yuan et al., 2012;
Zhuang et al., 2014), electrochemiluminescence aptasensor (Jin et al.,
2015), chemiluminescence aptasensor (Jiang et al., 2014), fluorometric
aptasensor (Pu et al., 2009; Xu et al., 2012; Zhao et al., 2015),
fluorescence polarization aptasensor (Yue et al., 2014), colorimetric
aptasensors, and surface-enhanced Raman scattering (SERS) aptasen-
sors, and quartz crystal microbalance (QCM) (Zhang et al., 2014).
Although these methods can give good selectivity and sensitivity, the
reusability is not considered. In this work, a magnetic aptasensor was
constructed. The present sensor can be easily controlled with free
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fluorescent label, and without the instability arised from fluorescent
bleaching and tedious manual handling of analyte samples.
Furthermore, the sensor can be repeatedly used and the whole process
for the detection of analyte can be accomplished within several
minutes.

Resonance light scattering (RLS) is widely used in many studies due
to its high sensitivity, convenience in performance, simplicity, and
rapidity, which is a process where the incident light energy is in, or
close to the absorption band of the system. It is convenient to obtain
the light scattering signals by synchronously scanning both the
excitation and emission monochromators on a common spectrofluo-
rometer (Pasternack et al., 1993). Owing to the strong dependence of
signal intensity on the aggregation or assembly of samples, RLS based
assays have been used to detect sensitively metal ions (Liu et al., 2009;
Wu et al., 2010), bacteria (Huang and Chen, 2008), peptides (Wang
et al., 2011) and proteins (Jiang et al., 2006; Liu et al., 2006). These
methods are based on the assemblies of gold or silver nanoparticles,
which are often accompanied by distinct changes in RLS signals. These
methods facilitate the procedure for monitoring analytes. Furthermore,
RLS can even be used in device. Taking Heier’'s work as an example,
RLS based on manufactured dye films was firstly used in devices to
investigate the process of cyanine aggregate formation in dewetting
films (Tisserant et al., 2014). In this case, it is potential to build some
new sensors using RLS in the application of point-of-care testing
(POCT) in the future.

Magnetic nanoparticles (MNPs) have been widely used for con-
struction of biosensing devices because of their high biocompatibility
and protein load capacity (Li et al., 2010). The focus of this work is to
design a novel biosensor to detect thrombin employing MNPs as a RLS
probe (Scheme 1). The strategy combined the advantages of functio-
nalized MNPs due to their magnetism for easy separation and the
specific interaction between aptamer and thrombin to form sandwich
structural complex. It was suitable to construct a reusable biosensor by
recording the increase of RLS signal (ARLS) for aggregation/disaggre-
gation of MNPs with/without thrombin with the thermo dynamic
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Scheme 1. Schematic representation of a magnetic aptasensor for thrombin detection.
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assistance in aqueous media. In presence of thrombin, it reacts with
DNA sequences, thus causing MNPs aggregation due to the formation
of sandwich structure, and then resulting in enhanced RLS signals
(Scheme 1). When the solution was heated the sandwich structure of
thrombin aptasensor was destroyed. The MNPs can be collected by
applying the external magnetic field and the sensor can be reused.
Furthermore, the developed technique in this work can be used for real
sample analysis with high accuracy.

2. Experimental section
2.1. Apparatus

All RLS measurements were carried on a LS 55 spectrofluorometer
(Perkin Elmer, USA) with a 1.0 cm length sample cell. The absorption
spectra were recorded using a Lambda 750 spectrophotometer (Perkin
Elmer, USA) with a temperature-programmed thermo device. The
digital photos were captured with Nikon 4500 digital camera (Tokyo,
Japan). Transmission electron microscope (TEM) images were ob-
tained on a JEM 2100 electron microscope with the acceleration
voltage at 200 kV (JEOL Ltd., Japan), and a drop of sample suspension
were placed on a carbon-coated copper grid. Dynamic light scattering
(DLS) data were obtained on a Zetasizer APS instrument (Malvern,
UK).

2.2. Chemicals and reagents

20, 50 and 100 nm sized iron oxide MNPs coated with streptavidin
were purchased commercially (Micromod, GmbH Germany). For
MNPs used in this work, 1, 2, and 10 molecules of streptavidin per
particle were modified on the surface of 20, 50 and 100 nm nanopar-
ticles, respectively, according to the product instruction. Human a-
thrombin, serine, lysine, threonine, aspartate, bovine serum albumin
(BSA), human serum albumin (HSA), lysozyme, and glucose oxidase
(GOD) were ordered from Sigma. 15-mer thrombin aptamer labeled
with biotin named TBA1 (5’-biotin-GGT TGG TGT GGT TGG-3’) and
29-mer aptamer labeled with biotin named TBA2 (5’-AGT CCG TGG
TAG GGC AGG TTG GGG TGA CT-biotin-3’) were synthesized and
purified by Shanghai Sangon Biotechnology Co., Ltd. Tris (hydroxy-
methyl)-aminomethane (Tris), 4-(2-hydroxyethyl)piperazine-1-ethane-
sulfonic acid (HEPES) and 3-(N-morpholino)propanesulfonic acid
(MOPs) were purchased from Fluka (Buchs, Switzerland). (Reagents
for selection test) NaOAc, NaH,PO,4, Na,HPO,4, HOAc, HCI and other
common salts used were obtained from Beijing Chemical Works
(Beijing, China). All chemicals were used without further purification
and deionized water (=18.2 MQ) was prepared using a Millipore water
system.

2.3. Procedures for thrombin sensing

50 nm-sized MNPs coated with streptavidin (0.1 mg ml™!) were
treated directly in 10 mM HEPES solution by dilution from stock
solution to 2.0 ml. There should be 8 aptamers on every particle for
50 nm-sized MNPs since there are 2 molecules of streptavidin on the
surface of particle and 0.25 streptavidin monomer-biotin binding mode
for the reaction of streptavidin and biotin. 5.0 nM TBA1 and 5.0 nM
TBA2 were added to 1.0 ml MNPs dispersion, respectively. And then
they were incubated for about 20 min at room temperature to form
composite of MNPs and aptamers (denoted as MNPs@TBAl and
MNPs@TBA2, respectively). To the mixture of the dispersions of
MNPs@TBA1 and MNPs@TBA2, a series of thrombin standard solu-
tions (60 pM—6.0 nM thrombin) were added to form MNPs@
TBA1-thrombin—-MNPs@TBA2.

Stock solutions of other biological species such as serine, lysine,
threonine, aspartate, BSA, HSA, lysozyme, and GOD used for inter-
ference study were prepared in water with a similar procedure. Briefly,
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100 pg ml™! MNPs, 5.0 nM TBA1, 5.0 nM TBA2 were mixed to form
MNPs@TBA1l and MNPs@TBA2, respectively. Subsequently, 1.0 nM
thrombin was added to the mixture of MNPs@TBAl and MNPs@
TBA2, and the RLS intensity was recorded. By comparison, 1.0 nM
thrombin was substituted by 1.0 pM interfering species with RLS
readout.

The RLS spectra were recorded by scanning simultaneously the
excitation and emission monochromators of the spectrofluorometer in
the wavelength range of 200.0-700.0 nm, with same starting wave-
length (AA =0 nm) and scanning speed. In the procedure, the slits of
both the excitation and emission monochromators were kept at 2.5 nm.
RLS intensity was measured at 406.0 nm.

2.4. Pretreatment of plasma samples

Fibrinogen should be precipitated firstly from plasma samples to
avoid sample clotting. The procedure for pretreatment of plasma
samples was referred to the literature (Chen et al., 2010). Briefly,
1.25 ml NH4SO4 (2 M) and 1 ml NaCl (0.1 M) were added to 0.25 ml
plasma sample, the mixture was centrifuged for 10 min after suspen-
sion of 5 min. And then the supernatant was eluted in a NAP column.
The content of protein in plasma and eluted sample can be evaluated by
spectroscopy method, and the loss of protein can be monitored after
fibrinogen precipitation. The proteolytic processing was employed for
the conversion of prothrombin to thrombin, since thrombin in plasma
is in the form of prothrombin. For the generation of thrombin 0.03 M
CaCl, was added to the plasma sample without fibrinogen, which was
detected via the proposed aptasensor.

3. Results and discussion
3.1. Principle for thrombin aptasensor

The present work is mainly based on the combination of thrombin
and aptamer and the use of MNPs. The G-rich DNA of TBA1 and TBA2
labeled with biotin can be immobilized on the streptavidin functiona-
lized MNPs (MNPs@TBA1l and MNPs@TBA2) through the specific
interaction between streptavidin and biotin (Scheme 1). The combined
nanoparticles composites including MNPs@TBA1 and MNPs@TBA2
are monodispersed in the aqueous medium (as shown in TEM images
of Fig. 1). When thrombin is added to the system, thrombin can react
with DNA sequences to form MNPs@TBA1-thrombin-MNPs@TBA2.
MNPs aggregated due to the conformation of G-quadruplex structure
and the formation of thrombin aptamers sandwich complexes, which
resulted in enhanced RLS signals, as schematically illustrated in
Scheme 1. To obtain the reusability of the present sensor, conforma-
tional transitions of TBA1 and TBA2 sequences were used based on a
reversible equilibrium between a G-quadruplex structure and a relax-
able single strand. The transition between these two conformational
states was accelarated by heat, which was investigated in prior work
(Alberti and Mergny, 2003) (Scheme 1).

(1) Use of MNPs. In comparison with metal nanoparticles, MNPs are
easy to prepare and have low toxicity (Colombo et al., 2012).
Moreover, their magnetism makes the biosensors construction
steps much easier by application of an external magnetic field.
Functionalized MNPs, composed of both inorganic and organic
components, have recently been examined as promising platforms
for detection and separation (Jung et al., 2011). For example, 4,4-
difluoro-4-bora-3a-4a-diaza-s-indacene (BODIPY) functionalized-
Ni@SiO, core/shell nanoparticles are employed as chromogenic
sensors for lead ions (Lee et al., 2009), similarly nitrobenzofurane-
functionalized Ni@SiO, core/shell MNPs are applied to detect and
separate copper ion (Cu?*) (Park et al., 2010b), furthermore, the
amino-naphthalimide-functionalized = Fe30,@SiO>  core/shell
MNPs are used for the detection and separation of mercury and
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methylmercury ions (Park et al., 2010a). MNPs can also be
modified by biomolecules so as to take the advantage of specific
binding to detect or purify the biological entities. In this work, as a
carrier for thrombin aptamer, MNPs were employed as RLS
probes.

Binding of streptavidin and biotin. Interactions between biomole-
cular pairs with specific affinity exist prevailingly in nature. The
binding between streptavidin and biotin has long been regarded as
the strongest noncovalent biological interaction, with the highest
known affinity (Ka =10'° M~1). This bond forms very rapidly and is
stable in wide ranges of pH and temperature (Savage et al., 1992;
Tong and Smith, 1992). Furthermore, the non-cooperativity in
biotin binding to streptavidin is reported by using equilibrium
binding (Jones and Kurzban, 1995) and under saturating condi-
tion the fully liganded tetrameric species (0.25 streptavidin
monomer-biotin) predominated (Gonzalez et al., 1997). In addi-
tion, when used as a bridge the binding reaction between
streptavidin and biotin is stable enough at the mild temperature
of 50 °C (Pontani et al., 2012) and even 60 °C (Hadorn et al.,
2012). In fact, it was reported that the interaction of streptavidin
and biotin can break above 70 °C without denaturing the strepta-
vidin tetramer, in which biotin and streptavidin remained active
after dissociation and can be reused (Holmberg et al., 2005). The
high affinity of the noncovalent interaction between streptavidin
and biotin forms the basis for the formation of an irreversible and
specific linkage between biological macromolecules.

Formation of TBAl-thrombin-TBA2 complexes. For the two
aptamers, the 15-mer TBA1 binds to the fibrinogen-binding site
of thrombin, with a dissociation constant (K3) of ~100 nM (Tasset
et al.,, 1997), and the 29-mer TBA2 has a higher binding affinity,
and it binds to the heparin-binding site of thrombin (K4 ~0.5 nM)
(Tasset et al., 1997). As reported by the previous results of NMR
(Marathias and Bolton, 2000; Schultze et al., 1994) and X-ray
(Padmanabhan et al., 1993) experiments, TBA1 forms two planar
G-quartets along with two TT-loops and one TGT-loop. In parti-
cular, the TT-loops play a role in specific binding with the serine
protease thrombin during the blood coagulation process
(Nagatoishi et al., 2011). Furthermore, the TGT-loop in the middle
of the aptamer sequence interacts with the upper quadruplex plane
of the native state and increases the stability of G-quadruplexes
(Mao and Gmeiner, 2005).

@

(3

In the strategy, 50 nm streptavidin functionalized MNPs were
employed as RLS probes. In the presence of thrombin, TBA1 and
TBA2 DNA sequences linked together with thrombin as the filling of
sandwich, which induced aggregating behavior of MNPs (Scheme 1).
Due to the complex interaction of thrombin and aptamers, the
aggregation/disaggregation of MNPs@TBAl-thrombin—-MNPs@
TBA2 results in the significant RLS signal change. TEM images
(Fig. 1), digital photos (Fig. S1, shown in Supplementary material)
and Dynamic Light Scattering (DLS) data (Figs. S2—-S4 shown in
Supplementary material) can verify that MNPs@
TBA1l-thrombin-MNPs@TBA2 formed and MNPs aggregated in the
presence of thrombin.

It was known that the light scattering intensity (I) could be
calculated with the Rayleigh scattering law when the size of a single
particle was 20-fold smaller than the wavelength of incident light beam
(Yguerabide and Yguerabide, 1998a, 1998b).

2
m* =1

m* + 2

4.6 4
_ 8xan,,ly

I= (1 + cos’0)
rz/l(f

1

In Eq. (1), a is the particle radius, nyeq is the refractive index of the
medium surrounding the particle, Iy is the intensity of incident
monochromatic light, r is the distance between the particle and the
position where the scattered light is detected, Ag is the wavelength of



Y. Hou et al.

Biosensors and Bioelectronics 92 (2017) 259-265

Fig. 1. TEM images of MNPs@TBA1 and MNPs@TBA2 for 20 nm (A), 50 nm (C), and 100 nm MNPs (E) system and the responsive aggregation induced by 30 nM thrombin (B, D and
F), respectively. The scale bars were 1 um for A, C, D, and F, and 200 nm for B and E. MNPs 100 pg ml~*.

light in vacuum, m is the relative refractive index of the bulk particle
material, and 0 is the angular distribution of scattered light intensity.
However, the aggregated MNPs are too big with diameters and much
greater than 1/20 of the light wavelength, the light scattering proper-
ties do not obey Rayleigh’s equation (Yguerabide and Yguerabide,
1998a, 1998b). In addition, the aggregation species are not homo-
geneous and then it is also hard to explain their light scattering
behavior using Mie theory (Liu et al, 2009; Yguerabide and

Yguerabide, 1998a, 1998b).

3.2. Optimization of conditions

To optimize the conditions, the influence of MNPs’ size and
concentration, buffer composition and pH (as shown in
Supplementary material), reaction time and biotin labeled DNA con-
centration (Supplementary material), and temperature for reusability
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Fig. 2. Effect of MNPs’ size (A) and concentration (B) on the enhancement of RLS signal
in the presence of 60 pM—3.0 nM and 0.1-1.0 nM thrombin.

(Supplementary material) were investigated.

3.2.1. Effect of MNPs

It is known that the aggregation state of nanoparticles changes with
their concentrations as well as their size. The influences of size and
concentration of MNPs were studied since MNPs were appointed as the
RLS probes. Herein, 20, 50, and 100 nm MNPs were employed to test
the effect of MNPs size on the detection of thrombin. To confirm the
aggregation/disaggregation of the MNPs with and without thrombin,
TEM images for all tested MNPs including 20, 50 and 100 nm MNPs
were shown in Fig. 1, and DLS was also carried out (Figs. S2—S4 in
Supplementary material). It can be observed that, for all sized MNPs
tested, the aggregation is evident and the size change is obvious for
MNPs after thrombin addition. In addition, it was found that the size
increase of MNPs is largest for 50 nm nanoparticles among 20, 50,
100 nm-sized MNPs. In addition, the linear responses of the relative
RLS intensity versus [thrombin] were made using 20, 50 and 100 nm
MNPs, respectively, with thrombin in the range of 60 pM—3.0 nM. As
illustrated in Fig. 24, it can be seen that the responses of RLS intensity
to [thrombin] were all in a good linearity for the system using 20, 50
and 100 nm MNPs. Furthermore, the sensitivity for thrombin detection
using 50 nm MNPs was higher than those of 20 and 100 nm MNPs
(due to the larger slope value).

10, 20, 50, 100 and 200 pg ml~! MNPs were used to study the effect
of MNPs’ concentration. In the procedure, ARLS was recorded after
addition of 0.1, 0.2, 0.4, 0.6 and 1.0 nM thrombin using the five MNPs
samples, respectively (Fig. 2B). It can be observed that ARLS increased
with increasing thrombin concentration ([thrombin]). In addition, the
difference of ARLS was not significant for the system using 100 and
200 pg ml~* MNPs when the concentration of thrombin was more than
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Fig. 3. Selectivity (A) tested with the ARLS in the presence of different amino acids and
proteins, and reusability (B) investigated by comparison of the RLS intensity for MNPs@
aptamer with 1.0 nM thrombin and recovered by the assistance of heat and external
magnetic field. The error bars were obtained from three separate measurements with
RSD less than 5.0%. Conditions: 100 ug ml~* MNPs, 5.0 nM TBA1, 5.0 nM TBA2, and
1.0 uM other protein and amino acids.

0.4 nM. Considering the highest ARLS as well as the least of reagent
waste, 100 pg ml~! MNPs was used for the following experiments.

3.3. Specificity and reusability

In this experiment, some biological species including amino acids
like serine, lysine, threonine, and aspartate, and protein such as BSA,
HSA, lysozyme, and GOD were selected to investigate the specificity of
the present RLS aptasensor. In a typical experiment, the RLS apta-
sensor was incubated with 1.0 nM thrombin, 1.0 uM serine, lysine,
threonine, aspartate, BSA, HSA, lysozyme, and GOD in HEPES buffer
solution, respectively. As Fig. 3A showed, RLS signal of the present
system changed less for amino acids and other proteins, while a
significant RLS increase was observed for thrombin. It indicated from
Fig. 3A that the present aptasensor showed good selectivity for
thrombin determination rather than common amino acids and pro-
teins.

As nanomachine models the duplex-quadruplex (Alberti and
Mergny, 2003) and the single-strand-quadruplex (Mergny and
Maurizot, 2001) equilibrium reactions were studied, respectively, in
which the interconversion between duplex or single-strand and quad-
ruplex topological states was caused by increasing temperature. Based
on the transition of G-rich DNA sequence from G-quadruplex structure
to relaxable single strand, the present aptasensor can be reused many
cycling times. Heat was used in the experiment to accelerate the
transition of DNA conformation. The solution of MNPs@
TBA1-thrombin-MNPs@TBA2 was incubated in water bath with the
temperature of 50 °C as described in Section S1.1 (in Supplementary
material). The G-quadruplex structures of TBAl and TBA2 were
destroyed quickly due to increase of temperature and then thrombin
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was released. MNPs connected with probe DNA were collected by
applying an external magnetic field. Based on the formation of TBA1-
thrombin-TBA2 complexes between probe DNA labeled on the surface
of MNPs and thrombin, MNPs aggregated together and then RLS
intensity was enhanced. When the system was heated the quadruplex
structural DNA sequence converted to single-stranded one.
Corresponding to the procedure of MNPs disaggregation and redisper-
sion, RLS signal can increase and return the background as shown in
Fig. 3B. Folding of the probe DNA was also confirmed using ultra-violet
(UV) absorption and UV melting experiments (data not shown).

3.4. Stability and sensitivity

Before the testing of sensitivity, the stability of the aptasensor was
investigated, and it showed that the RLS intensity remained almost
unchanged for several days after reaction. Furthermore, if the present
sensor was heated, it was important to select an optimum temperature.
On one hand heat can accelerate the transition of aptamer conforma-
tion; on the other hand high temperature can possibly destroy the
binding of streptavidin and biotin. Thus, the effect of temperature on
the stability of the proposed aptasensor was also investigated employ-
ing absorption and RLS methods as described in Section S2.4 of
Supplementary material. From Fig. S8 (in Supplementary material), it
can be found that the optimum temperature was 50 °C.

Under the optimum conditions such as 100 ug ml™* MNPs, 5.0 nM
TBA1l, 5.0nM TBA2, and HEPES buffer with pH 6.0, different
concentrations of thrombin were detected. RLS signal was enhanced
with the increasing concentration of thrombin (Fig. 4). ARLS was
response linearly to thrombin’s concentration in the range of 60 pM—

1000 A
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3 400 0.06
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(3 200
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Fig. 4. RLS spectra (A) and linear response (B) of the present biosensor for thrombin in
the range of 60 pM—6.0 nM. The RLS intensity was recorded at 406.0 nm for B. The error
bars were obtained from three separate measurements with RSD less than 4.0%.
Conditions: 100 pg ml~! MNPs, 5.0 nM TBA1, 5.0 nM TBA2.
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6.0 nM, with the equation of ARLS=138.316C+29.962 (R?=0.9924).
According to the criterion of ITUPAC recommendation, the detection
limit of thrombin can be calculated as 3.5 pM from 3.29Sg/m. In this
equation, Sg and m were the standard deviation of the blank (n=11)
and the slope of the linear calibration curve, respectively. The limit of
detection (LOD) of the present aptasensor for thrombin was lower than
those of previous reports (Wang and Liu, 2009; Yue et al., 2014).

3.5. Thrombin detection in human plasma

Enzyme-linked immunosorbent assay (ELISA) is widely used for
thrombin analysis in plasma in clinical tests, in which the sandwich
principle and appropriate antibodies should be used. Standardized
procedures are expensive, and not all the proteins have a correspond-
ing antibody/antigen, which highlights the need for a low cost and
targeted detection methodology (Chen et al., 2010). Aptamers offer
several advantages over antibodies as they can be completely engi-
neered in vitro, produced and labeled by chemical synthesis, and
possess good storage properties (Centi et al., 2007; O'Sullivan, 2002;
Tombelli et al., 2005). Thus, aptasensor was widely used for the rapid
screening of thrombin. Herein, the RLS-based aptasensor was em-
ployed to determine thrombin in human plasma.

As demonstrated in specificity test section, there is no effect for the
proteins and amino acids investigated on the RLS response of the
assay. Plasma is tested after pretreatment in order to avoid clotting,
fibrinogen in plasma samples was preremoved with NH4SO, precipita-
tion as described in Experimental section. Three plasma samples from
different volunteers were tested, with the results shown in Table S1 (in
Supplementary material). From Table S1, the content of thrombin in
plasma can be calculated as 86, 114, and 105 nM and they are all
around 100 nM level, which is in a good agreement with previous
works (Centi et al., 2007; Chen et al., 2010; Heyduk and Heyduk,
2005).

4. Conclusions

In summary, we constructed a reusable and sensitive aptasensor for
thrombin based on DNA conformational transition using the RLS
technique and MNPs as the probe. In comparison with metal nano-
particles, MNPs are easy to prepare and have low toxicity (Colombo
et al., 2012). Furthermore, their magnetism makes the biosensor
construction steps much easier by application of an external magnetic
field. The design of the present aptasensor is to combine the advantages
of functionalized MNPs and the specific interaction between aptamers
(TBA1 and TBA2) and thrombin to form a sandwich structure. The
MNPs modified with TBA1 and TBA2, respectively, can aggregate after
the addition of thrombin. The aggregation of nanoparticles resulted in
the enhancement of RLS signal. The RLS increase is linear with the
concentration of thrombin with the LOD of 3.51 pM via common
standard working curves. The present aptasensor was used for throm-
bin determination both in aqueous buffer solutions and plasma
samples in the presence of excess of other proteins. The strategy has
the potential application for the detection of any other analyte by
labeling different aptamers or ligands on MNPs’ surface and even for
the potential application of POCT in the future.
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