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ARTICLE INFO ABSTRACT

Keywords: An aptamer-based triboelectric biosensor is developed for a highly specific, label-free and self-powered
Triboelectric detection of thrombin. For the first time, intermolecular recognition interactions are used to develop a selective
Biosensor nanosensor based on triboelectric effect. Positively charged Au nanoparticles (Au NPs*) with large difference in
Gold nanoparticle triboelectric polarity and work function are assembled onto Al film to increase the electrical output of
Z};Z::rm triboelectric nanogenerators (TENG). Modification of anti-thrombin aptamers on the Au NPs*-assembled

TENG affords the triboelectric nanosensor highly selective toward thrombin, even in clinical samples because of
specific binding affinity between aptamers and thrombin unlike random DNA-modified TENGs with
undetectable response. A 0.41 nM limit of detection is achieved, which is directly demonstrated by the number
of commercial LED lights without any supporting equipment such as power source and electrometer. Our study
demonstrates an innovative and unique approach toward the self-powered and label-free detection of thrombin

for rapid and simple in-field analysis.

1. Introduction

Detection of disease-related proteins holds significant applications
in clinical diagnosis [1—3]. Thrombin, a serine protease involved in the
coagulant cascade has great importance in physiological and patholo-
gical processes [4,5], such as regulation of tumour growth, metastasis,
and angiogenesis [6]. The concentration of thrombin in blood depends
on the physical condition of the subject. Thrombin can be almost
absent in the blood of healthy subjects, but it can vary from low
nanomolar to micromolar concentrations during the coagulation
process [7]. Taking advantage of high specificity of intermolecular
recognition reactions between thrombin and thrombin-specific ligands
such as antibody or aptamer, significant efforts have been made to
develop biosensors to directly detect thrombin.

Among various biological recognition elements which determine
the degree of selectivity of the biosensor, nucleic acid-based aptamers
have been recognized as very promising bioreceptors because of their
outstanding selectivity, sensitivity, and stability [8]. Notably, thrombin
binding to its aptamer is the most commonly and intensively used
model system to demonstrate aptamer-based affinity assays in the
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clinical area [9-17]. Optical and electrochemical approaches have
primarily been applied to detect the thrombin [1-3,10-17]. For
example, colorimetry and fluorometry are the most widely used due
to their convenience, high sensitivity, and application to point-of-care
testing [1-3,11-17]. However, there are still significant challenges
including complicated and time-consuming probe-labelling steps, high
background noise, and difficulties in inferring accurate and quantita-
tive results from the collected optical signals. In contrast, electroche-
mical approaches are advantageous in label-free and quantitative
measurement capability as well as being practicable for in-field lab-
on-a-chip devices, yet they have some limitations related to relatively
low detection sensitivity, electrode fouling, electrochemical stability of
reagents, side electrochemical reactions, and most critically, the
requirement for an external power supply [2,3,10,12].

Recently, the concept of self-powered sensors based on the tribo-
electric nanogenerator (TENG), which converts mechanical energy
from the environment into electricity, has received considerable
attention because no battery is needed to power the device [18-23].
Considering the operational mechanism of self-powered device, the
electric output signal can be critically determined by molecules
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adsorbed on an electrically active surface. Although Wang and co-
workers have reported the early examples of sensing by TENG for
mercury ions and glucose [18,19], their system was focused on the
marker specific to mercury ions or the TENG was used as a power
source for the sensor. There has been no report on the use of selective
binding events which have specific energy states in this type of sensors
to date. Thus, specific, label-free and self-powered methods are highly
desirable for rapid and simple in-field analysis.

Herein, we describe the development of an aptamer-based tribo-
electric biosensor for the highly specific, label-free and self-powered
detection of thrombin. For the first time, specific aptamer-protein
interactions are used to develop a fully integrated, stand-alone and self-
powered nanosensor. With respect to previous works in the field, our
approach is unique in a number of attributes. First, to maximize the
charge density on both surfaces, the materials with the largest
difference in triboelectric polarity [24] and work function [24] are
chosen. In that sense, positively charged Au nanoparticles (Au NPs*)
with large surface area [25] were assembled onto the Al film to improve
the performance of the TENG [26]. These assembled Au NPs* not only
act as steady gaps between the two plates at the strain-free condition,
but also increase the electrical output of the TENG by enlarging the
contact area of the two plates. Second, through modification of thiol-
modified anti-thrombin aptamers on the assembled Au NPs*, the
nanogenerator became a highly selective nanosensor toward thrombin
detection because of the strong binding affinity between them. On the
basis of this unique structure, the output voltage and current of the Au
NPs*-assembled triboelectric nanosensor significantly decreased after
decoration with negatively charged aptamers. Under optimum condi-
tions, this aptamer-modified TENG sensor showed the enhanced
electrical signals only after incubation with thrombin, with a detection
limit of 0.41 nM. The random DNA-modified TENG did not show any
response to thrombin. Third, the electricity generated by the interac-
tions with thrombin directly lit up commercial green LEDs, which
showed great potential as a simple detection systems as well as
facilitating label-free sensing without complex labelling of expensive
dyes. Our study demonstrates a unique advanced approach toward the
self-powered detection of thrombin for rapid and simple in-field
analysis compared to the widely used colorimetric or fluorometric
methods (Table S1).
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2. Experimental section
2.1. Materials

Thiol-modified oxidized (S-S) TASSET aptamer sequences (5’-AGT
CCG TGG TAG GGC AGG TTG GGG TGA CT-3’) and random DNAs
(5’-CGT TAC AGT TGG GTA ACG GG-3’) were synthesized and
purified by Integrated DNA Technologies (Coralville, IA, USA). Other
proteins and chemicals including thrombin from human plasma,
streptavidin (Str), lysozyme (Lyso), HEPES, and MgCl, were purchased
from Sigma-Aldrich, Inc. (St. Louis, MO, USA) and used without
further purification. Sample stock solutions were prepared by directly
dissolving the proteins in HEPES buffer (1.0 mM HEPES, 1.0 mM
MgCl,, pH 7.26) and stored in a refrigerator at -20°C.
Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) were used
for the fabrication of TENG. The base monomer (Sylgard 184A) and
curing agent (Sylgard 184B) were mixed in a mass ratio of 10:1,
followed by vacuum drying to degas the PDMS mixture. After 30 min,
1.0 mL of mixture was coated onto the silicon wafer, and allowed to
solidify into an amorphous free-standing film by heating on an oven at
90 °C for 5 min.

2.2. Fabrication of TENGs

An aqueous solution of 0.40 mL of 4-(dimethylamino)pyridine
(DMAP)-Au NPs (Au NP*) [26] and carboxylic acid-modified Au NPs
(Au NP7) [27-30] (conc. of 60 mg/L) was casted on Al bottom
electrode (1 cmx1 cm) and dried for 2 h at room temperature. One
hundred pm-thick pure PDMS film was attached on the Al top electrode
by the double sided polyimide tape. A triboelectric nanogenerator was
prepared by stacking two pieces of the structures and mechanically
triggered by a linear motor after optimizing the conditions for impact
force and frequency (Fig. S1). As the input force and the frequency
increase, the output current of the Au NP*-assembled TENG increases
and reaches around 35 pA in both cases. A compressive force of 50 N
and a frequency of 10 Hz were employed in this study to generate the
high and reliable electrical signals by the TENG. The long-term stability
of the Au NP*-assembled TENG was also evaluated by using a pushing
tester for 24 h. As shown in Fig. S2, consistent output voltage of the
TENG was maintained, demonstrating the successful integration of Au
NPs onto the Al film substrate and its stability during the operation of
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Fig. 1. (a) Schematic illustration of thrombin detection by triboelectric biosensors containing DNA aptamer-decorated Au NPs assembled onto the surface of Al film. (b) Positively
charged Au NPs (Au NPs") decorated with 4-(dimethylamino)pyridine (DMAP). (c) TEM image of Au NPs* and (d) SEM image of Au NPs* on Al film.
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TENG biosensor.

2.3. Specific thrombin detection by TENG-based biosensor

To reduce disulfide bonds of thiol-modified synthetic oligonucleo-
tides, 50 pL of thrombin aptamers and random DNAs (100 uM) were
incubated with 50 pL of pp-dithiothreitol (DTT, 10 mM) for 30 min on
a twister shaker (FinePCR TW3, Rose Scientific Ltd, Alberta, Canada)
at ambient temperature. The reduced oligonucleotides were purified by
removing DTT with Sephadex column (PD MiniTrap G-25, GE
Healthcare, Sweden), followed by incubation with Au NP* (600 mg/
L) for 30 min. Free oligonucleotides which were not attached to Au NP*
were eliminated from oligonucleotide-modified Au NPs by using
Amicon Ultra-15 centrifugal filter units (Millipore, Germany). After
incubating 50 pL of thrombin (50 nM), Str (100 nM), Lyso (100 nM)
and a mixture of Str (100 nM) and Lyso (100 nM) in HEPES buffer (pH
7.26) with the as-prepared oligonucleotide-modified Au NPs for
30 min, free proteins were removed by using Amicon filter. The
prepared Au NP*, oligonucleotide-modified Au NPs, and protein-
treated oligonucleotide-Au NPs samples were dropped on Al substrate
and dried for 2 h at room temperature. Additionally, to investigate
whether thrombin in the clinical samples can be detected in our
system, thrombin was introduced in 10% FBS followed by the same
procedures to produce TENG biosensors. The data was compared to
10% FBS in the absence of thrombin.
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2.4. Limit of detection (LOD) of the TENG aptasensor for thrombin

To verify the sensitivity of the TENG aptasensor for thrombin,
50 pL of various concentrations of thrombin (0, 1, 2, 3, 4, 5, 10, 30, 50,
75 and 100 nM) in HEPES buffer were incubated with aptamer-
modified Au NPs for 30 min. After removing free proteins by Amicon
filter, output voltage and current of the TENG was measured. From the
quantitative analysis, a calibration curve showing a relationship
between the thrombin concentration and output performance was
developed. The LOD was determined using the 3s,/m criterion, where
sp is the standard deviation of a negative control (blank) and m is the
slope in the linear range [31].

3. Results and discussion

The fabrication process of triboelectric biosensors containing DNA
aptamer-decorated Au NPs for the detection of thrombin is shown in
Fig. 1. Acryl is selected as a supporting substrate due to its strength,
good machinability and low cost. Additionally, PDMS is chosen because
of its flat conformal surface, easy fabrication, and enhancement of the
triboelectric charging. To improve the performance of TENG, 4-
(dimethylamino)pyridine (DMAP)-modified Au NPs with a positive ¢-
potential (+35 mV; Au NPs*) at pH 7 and an average diameter of 4.8 +
0.6 nm are assembled onto the surface of Al film (Fig. 1a—c) [26]. The
uniformly assembled Au NP*, as characterized by scanning electron
microscope (SEM) (Fig. 1d), increases the contact area between a
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Fig. 2. (a, b) The output performance of Al-based TENGs with and without Au NP* or Au NP". (¢) UPS spectra and (d) work function of the reference Al layer, Au NP*-assembled and
Au NP -assembled TENG. (e) Energy band diagram of the Au NP*-assembled TENG. Yellow ovals and red circles indicate electrons and Au NPs, respectively. w and w’ are work function

and effective work function, respectively.
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PDMS film as the top plate and an Al foil as the bottom plate as well as
creates large potential drop, which drives the facile flow of electrons
and increases the electrical output of the TENG. For the purpose of
selective detection of thrombin, thiol-modified anti-thrombin aptamer
is self-assembled onto the surface of Au NP* through strong Au-S
interactions. Binding affinity of aptamers towards thrombin induces
thrombin to selectively bind to the aptamer-decorated Au NP surface.
In general, the electrical signal generated in TENG can be explained
by the triboelectric effects and electrostatic effects. To maximize the
charge generation on both surfaces, the materials with the largest
difference in the ability to attract electrons should be selected. Since the
driving force for the triboelectrification process is basically the
chemical potential difference between the two contact surfaces, the
adsorption of certain molecules on the surface can influence the
triboelectric charge density, and subsequently, the electrical output of
the TENG. The Au NPs with opposite charges ({-potentials of +35 mV
and —-24 mV) were tested to find the optimal conditions for the best
performance of TENG. The TENG was mechanically triggered by a
linear motor that provided dynamic impact with controlled force
(50N) at a frequency of 10 Hz. V,. and Is. were measured to
characterize the generators’ electric performance. After contact with
negatively charged PDMS layer, the maximum output voltage and
current of the reference Al substrate was up to 15V and 17 pA,
respectively (Fig. 2a and b). The maximum peak value of positively
charged Au NP*-assembled TENG reached 40 V and 36 pA, respec-
tively. In contrast, the maximum V. and I,. of the TENG modified
with carboxylic acid-modified Au NPs (Au NPs™, an average diameter of
5.0 + 1.5 nm, Fig. S3) were 17 V and 18 pA, respectively [27-30]. From
the output of voltage and current density, the assembled Au NP* onto
the Al substrate is considered to transfer more surface charge, resulting
in the enhancement in the electrical output performance [32].
Ultraviolet photoelectron spectroscopy (UPS) analysis was per-
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formed to correlate the relationship between the work function and
the surface property of the films (Fig. 2¢). The work function (®g) can
be calculated from the threshold energy equation as ®g=hv-|
Ecutofi-Er|, where hv, E s and Ep are the photon energy of the
excitation light (UPS He source energy, 21.2eV), the secondary
electron cutoff energy and Fermi energy, respectively. The secondary
electron cutoff energy was obtained using a linear tangent extension of
the secondary electrons in the UPS spectrum. Fermi energy (0 eV) is
calibrated by the Fermi level edge. Whereas the work function (®g) of
the reference Al and Au NP -assembled TENG have 4.79 + 0.14 eV and
4.94 £ 0.21 eV, respectively, the Au NP*-assembled TENG was shown
to have the smallest work function of 4.24 + 0.08 eV (Fig. 2d).

Based on these results, we illustrated energy band diagram of the
TENG without and with Au NP* or Au NP~ (Figs. 2e and S4).
Compared with Al substrate, the exterior surface of Au NPs* carrying
a nucleophile such as DMAP has a positive charge and excess electron
is migrated to the interior of the Au NPs. This induces a permanent
dipole at the Au NP* interface, which up-shifts the vacuum level (E, o)
by introducing a dipole- induced potential step at the interface, thus,
down-shifts the effective metal work function (w’) (Fig. 2e) [32-36].
Whereas an interfacial dipole of Au NP", in which a permanent dipole is
oriented toward the inner surface of Au NPs, down-shifts the vacuum
level, resulting in an increase in the effective metal work function and
subsequent decrease in the difference of surface potential with the
Fermi energy of the insulator (Fig. S4). The surface charges may also
affect the electrostatic effects because the dipole can induce the
additional dipole moment inside the PDMS. However, it is negligible
because the electrons through the external circuit flow to maintain the
electrostatic equilibrium state by the electrostatic induction. The
thickness of the Au NPs and biomolecules are also too thin (~nm).

The highly selective recognition of thrombin by TENG biosensor
can be achieved by the use of anti-thrombin aptamer. The anti-
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Fig. 3. (a) Output voltage and (b) current of the Au NP*-assembled TENG after anti-thrombin aptamer decoration and subsequent addition of various proteins. (c) Selectivity of anti-
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thrombin 29-mer aptamer binds to one of the two anion binding sites,
heparin-binding exosite of thrombin with a high affinity (K4=0.5 nM)
and forms a stable intramolecular G-quadruplex structure [9-11]. To
demonstrate the specificity of aptamers for recognition of thrombin,
random DNA was used as a negative control. Furthermore, Str and
Lyso with positive -potentials (+13.0 mV and +2.0 mV, respectively)
were used as nonspecific proteins. The reference Al substrate showed
the average output voltage and current density of 15 +0.09 Vand 17 +

0.4 pA, respectively. Upon treatment with Au NPs™, the average output
performance was increased to 39 + 1.7 V and 35 + 0.8 pA. Interestingly,
after the modification of anti-thrombin aptamers on the assembled Au
NPs" in TENG, the average output was decreased to 13 + 0.5 V and 15

+ 1.0 pA due to negatively charged phosphate backbone of aptamers.
As the aptamer-conjugated TENG biosensor was incubated with target
protein thrombin (¢-potential of —0.57 mV), it was clearly seen that the
electrical signals were considerably enhanced to 27 +0.9V and 29 +

0.7 pA in the V,. and I, respectively. However, incubation with single
non-specific protein such as Str and Lyso as well as with a mixture of
Str and Lyso did not induce any noticeable change in output perfor-
mance (13 +0.2 Vand 12 + 0.2 pA in Str-treated TENG, 12 + 0.1 V and
12 £ 0.2 pA in Lyso-treated TENG, and 11 +0.8V and 11 + 0.8 pA in
Str and Lyso-treated TENG, respectively) (Figs. 3a—c and S5), suggest-
ing a key role of specific recognition between aptamer and thrombin.

The change in the electrical output can be explained by the surface
potential changed by introducing the functional groups on the Au NPs.
The anti-thrombin 29-mer aptamer composed of a quadruplex “core”
sequence and additional base-pairing sequence binds to heparin-
binding site of thrombin by duplex structure of hairpin conformation
[9-11]. The binding of the negatively charged aptamer results in the
orientation of the dipoles toward the Au NPs, increasing the effective
metal work function. Upon interaction with thrombin, however, the
outer surface of the TENG possesses a relatively positive charge
compared to the aptamer-conjugated TENG due to the physical block
of negatively charged phosphate backbone of aptamers by the throm-
bin, decreasing the metal work function. This change in the surface
potential upon binding with the thrombin will increase the electrostatic
potential between the Au NPs and PDMS, thereby, the output
performance of the TENG, as proved in Figs. 2 and S4.

The electrostatic potentials generated in the Au NP*-assembled
TENG after aptamer decoration and subsequent addition of thrombin
were also calculated by the COMSOL multi-physics software. The
material parameters of the Al and PDMS, taken from the COMSOL
simulation software, are used for the finite element analysis. The
dielectric constant of Au and PDMS are 6.9 and 3 respectively. We
assumed that the electric potential (Upqiom) Of the surface of aptamer-
decorated Au NP* layer is zero in fully released TENG. The surface
potential of top PDMS layer (Uy,p) could be expressed by Uyp=0dgap/
€9, where o is the triboelectric charge density, g¢ is the vacuum
permittivity of free space (8.85x107'% F/m). The gap distance (dgap)
between Au NP* and PDMS was assumed to be approximately 0.1 mm.
It is clearly seen that the decoration of anti-thrombin aptamer on the
Au NP*-assembled TENG decreases the difference in electrostatic
potentials. The calculated surface charge density (o) on the surfaces
of top PDMS layer also decreased from 7.1 pC/m? to 2.13 pC/m? by the
decoration. This may be explained in terms of the surface potential, in
which the work function is expected to be increased by the formation of
— charges on the Au NPs, as understood in Fig. 2. Upon incubation with
target protein thrombin, surface potentials are recovered, comparable
to that of the Au NP*-assembled TENG (Fig. S6).

Moreover, it is of note that the random DNA-conjugated TENG
samples showed similar output signals of 11 + 0.4 V and 12 + 0.3 pA to
those of aptamer-conjugated TENG. Even after reaction with proteins
including thrombin, Str and Lyso, the random DNA-conjugated TENG
samples did not display any alteration of voltage and current density
(10-14 V and 12-13 pA, respectively, Figs. 3d and S7). Furthermore,
we also extended the approach to detect thrombin in the clinical
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samples. For this purpose, we prepared the thrombin in 10% fetal
bovine serum (FBS) containing the rich variety of proteins [37] and
conducted the identical procedures to produce TENG biosensors. As
shown in Fig. S8, the thrombin in the complex media also produced
significantly enhanced electrical signals (30 £ 1.3V and 29 + 1.5 pA),
similar to the purified thrombin sample while the FBS samples without
thrombin displayed a negligible output performance (14 + 0.5V and
14 £ 0.4 pA). For practical applications, the influence of salt was also
examined for the interaction between proteins and Au NPs*. The TENG
biosensors reacted with thrombin generated similar output currents
regardless of salt concentrations tested (1.0 mM and 1.0 M of NaCl)
(Fig. S9). Taken together, the TENG aptasensor is highly selective
toward thrombin detection.

To observe morphological changes, SEM and atomic force micro-
scope (AFM) images of the Al film coated with aptamer-conjugated Au
NPs before and after incubation with proteins were obtained (Fig. S10).
The aptamer-conjugated Au NPs-assembled Al film showed monodis-
perse and well-distributed spherical particles. After addition of throm-
bin, the SEM image of the aptamer-conjugated TENG surface was faint
and poor, presumably due to the binding of thrombin to its aptamer.
However, the addition of negative control proteins such as Str and Lyso
to the aptamer-conjugated TENG did not cause any structural transi-
tion compared with the aptamer-conjugated TENG.

In order to confirm that thrombin is attached to the aptamer-
conjugated TENG biosensor, AFM analysis was further carried out. The
aptamer-conjugated Au NPs-assembled film displayed a regular and
even surface. Upon the incubation with thrombin whose size is about
4 nm [38,39], the surface became relatively rough with an appearance
of characteristic peaks. In contrast, Str- and Lyso-treated Au NPs films
showed similar surface to that of the aptamer-conjugated Au NPs film.
Surface root-mean-square roughness (R,s) values (averaged over
1x1 um?) of aptamer-conjugated Au NPs films, thrombin-treated,
Str- treated, and Lyso-treated Au NPs films were determined to be
1.23, 1.79, 1.39, and 1.22 nm, respectively. From the structural
characterization, it was confirmed that the aptamer-conjugated TENG
sensor specifically interacts with thrombin.

A sensor's sensitivity is greatly influenced by the type of transducer
such as electrochemical, mass, optical and thermal detection methods
[2]. Thus, ultrasensitivity offers the TENG to act as an excellent
analytical tool for monitoring target molecules of interest [40]. To
determine the sensitivity of our assay, limit of detection (LOD) tests
were conducted [31]. As shown in Figs. 4a and S11, the output signals
increased upon increasing the concentration of thrombin (R?=0.99),
and we obtained a LOD of 0.41 nM at an S/N of 3. It should be
highlighted that this LOD is as sensitive as those of previously reported
[1-3,10-17], even without the need for any external equipment. The
high sensitivity of our triboelectric aptasensor is attributable to the
TENG structure which has the Au NP* with the large difference in work
function and large surface area. The electricity generated by the
interactions with thrombin directly lit up from 6 to 17 green LEDs
depending on thrombin concentration (Fig. 4b) without the use of
external source of electricity, which showed great potential as a future
promising simple detection systems as well as facilitating label-free
sensing without complex labelling of expensive dyes.

4. Conclusions

In summary, a triboelectric biosensor based on contact electrifica-
tion has been developed for highly selective, label-free and self-
powered detection of thrombin using aptamers as a recognition
element. Our approach offers a number of achievements in using
TENG for biosensors. To maximize the output performance of TENG,
the Au NPs* with the smallest work function and large surface area are
selected and used to produce the TENG. They are considered to
transfer more surface charge, caused by a decrease in the effective
metal work function and subsequent increase in the difference of
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Fig. 4. (a) Detection sensitivity of anti-thrombin aptamer-decorated TENG biosensors
depending on thrombin concentration. Inset graph shows the sensitivity after addition of
thrombin in the low nanomolar range. (b) Photograph of the lighted LED lamp after
interaction with various concentrations of thrombin.

surface potential with the Fermi energy of the insulator. As a recogni-
tion element, the use of aptamers offers triboelectric biosensor high
selectivity toward thrombin, even in clinical samples. To demonstrate
the specificity of aptamers for recognition of thrombin, random DNA as
well as nonspecific proteins including Str and Lyso were used as
negative controls. Furthermore, the triboelectric biosensor achieves
high detection sensitivity, which is directly demonstrated by the
number of LED lights even without the use of external source of
electricity and complex labelling of expensive dyes. Due to its selectiv-
ity, simple fabrication, low cost, label-free and convenient monitoring
mechanism, the self-powered triboelectric biosensor could be used to
detect any type of biomolecules by changing biological recognition
elements for portable biomedical diagnosis and environmental mon-
itoring in the near future.
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