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Abstract

In this study, an ultra-sensitive and selective Thrombin biosensor with aptamer-recognition
surface is introduced based on carbon nanocomposite. To prepare the this biosensor, screen-
printed carbon electrodes (SPCE) were modified with a nanocomposite made from fullerene
(Ceo), multi-walled carbon nanotubes (MWCNTSs), polyethylenimine (PEI) and polymer quantum
dots (PQdot). The unique characteristics of each component of the Cqo/MWCNTs-PEI/PQdot
nanocomposite allow for synergy between nanoparticles while polymer quantum dots resulted in
characteristics such as high stability, high surface to volume ratio, high electrical conductivity,
high biocompatibility, and high mechanical and chemical stability. The large number of amine
groups in Cgo/MWCNTs-PEI/PQdot nanocomposite created more sites for better covalent
immobilization of amino-linked aptamer (APT) which improved the sensitivity and stability of
the aptasensor. Differential Pulse Voltammetry (DPV) method with probe solution was used as
the measurment method. Binding of thrombin protein to aptamers immobilized on the transducer

resulted in reduced electron transfer at the electrode/electrolyte interface which reduces the peak
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current (Ip) in DPV. The calibration curve was drawn using the changes in the peak current
(Alp),. The proposed aptasensor has a very low detection limit of 6 fmol L-!, and a large linear
range of 50 fmol L-! to 20 nmol L-!. Furthermore, the proposed Cso/ MWCNTs-PEI/PQdot/APT
aptasensor has good reproducibility, great selectivity, low response time and a good stability
during its storage. Finally, the application of the proposed aptasensor for measuring thrombin on
human blood serum samples was investigated. This aptasensor can be useful in bioengineering

and biomedicine applications as well as for clinical studies.

Keywords: Thrombin; Aptamer; polymer Quantum dot; Fullerene; Multi-walled Carbon

Nanotubes; Electrochemical aptasensor
1. Introduction

At the molecular level, all biomechanisms in cells are carried out through proteins, nucleic
acids and interactions between them. The molecular basis of most diseases is a disorder or
interference in normal activities of proteins active in cellular biomechanisms [1-3]. If proteins’
activities diverge from their normal values, it can lead to various diseases including cancer [4].
Cancer is one of the largest predicted medical challenges and estimations have shown that by
year 2030, more than 24 million people worldwide will be suffering from cancer [5]. Measuring
and analysis of proteins in biological samples plays an important role in medical treatments,
bioengineering, and nutritional safety and health applications [6]. One of the preferred methods
for dealing with various conditions is their fast diagnosis through biomarkers and tumor-markers
which plays an important role in proper treatment of these conditions [7]. Although various
advancements have been reported in fast identification of proteins in biological samples,
investigations are still ongoing for creating methods for fast and reliable detection of various

proteins [8-10].



Thrombin or Factor II is one of the important proteins and biomarkers in humans which
plays a central role in blood clot dissolution and tissue regeneration [11, 2]. This protein is used
as a protein model in clinical studies and diagnoses and has a chain of 258 amino acids.
Thrombin molecule has a length of 84 A and a width of 34 A, with a molecular weight of
28,400Da [6]. This protein is a Serine protease enzyme that turns soluble Fibrinogen to insoluble
Fibrin [12]. Thrombin can also act as a hormone for Platelet aggregation, activation of
endothelial cells and other important biological responses. Furthermore, in a healthy brain,
thrombin is the regulator for duplication, differentiation and development of neurons [13,14].
Therefore, the development of thrombin sensors with high sensitivity and selectivity can play an

important role in clinical diagnoses [15].

Today, characteristics and capabilities of aptamers (short single-stranded DNA/RNA
molecules) have resulted in increased attention toward these molecules for biosensor
manufacturing [16]. Along with high selectivity of aptamers for binding of an analyte, their
unique characteristics have resulted in various advantages compared to other identifying
biomolecules such as antibodies [17, 2]. These characteristics include small size compared to
antibodies, high stability, structural stability during physical changes such as changes in
pressure, temperature, pH, metal ions, etc. [18, 19], their ability for binding with a diverse set of
targets from ions such as K* to cancer cells and microorganisms such as bacteria and viruses, the
ability for various modifications with different chemical groups, easy immobilization on various
surfaces, stability for long-term storage and easy transportation at ambient temperature, higher
affinity binding and low dissociation rate as well as specific and selective binding [20]. On the
other hand, the use of antibodies as biosensors comes with problems such as low stability,

difficult manufacturing, limited storage time and irreversible temperature denaturing [21].
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To this day, various aptamer-based biosensors have been reported for analysis of thrombin
using methods including optical methods [22], quartz crystal microbalance (QCM) [23], field-
effect transistors [24], fluorescence [25], surface-enhanced Raman scattering (SERS) [26], quartz
microbalance crystal [27], surface plasmon resonance [28], colorimetric assay [29] and
electrochemical methods [30-35]. However, the advantages of electrochemical aptasensors such
as cheap manufacturing, simple structure, portability, the possibility for miniaturization, and high

selectivity, have attracted various researchers to this type of aptasensors [36-39].

One of the most important steps in the manufacturing of an aptasensor is the covalent
immobilization of aptamer on the transducer which has a direct effect on sensor stability and
sensitivity [6, 40]. As a result, various nanomaterials are often used for development of
aptasensors and better covalent immobilization of aptamers [41,42]. To this day, studies have
reported the manufacturing of electrochemical aptasensors using various polyelectronic
polymers, carbon nanomaterials such as multiwalled carbon nanotubes, graphene, carbon

quantum dots as well as metal nanoparticles such as gold and silver nanoparticles [43-46].

One of the nanomaterials with significant use in manufacturing of electrochemical
aptasensors is multi-walled carbon nanotubes (MWCNTs). Multi-walled carbon nanotubes offer
characteristics such as suitable mechanical stability, high surface to volume ratio, inexpensive
price, electrocatalytic characteristics, and biocompatibility, making them attractive for
manufacturing of biosensors [46,47]. One of the other important carbon-based nanomaterials is
fullerene (Cgp) which has received a great deal of attention. Fullerene is one of the synthetic
carbon morphologies which is created by heating graphite. Fullerene offers characteristics such

as high chemical and mechanical stability, high surface to volume ratio, lack of metallic



impurities, electrocatalytic properties, high electronic conductivity, good biocompatibility and

inert behavior [48,49].

Surface modification using conductive or non-conductive polymers is used to improve the
adsorption of biological species on carbon-based materials [42, 46]. Carbon electrodes modified
with polymers show significant improvements in selectivity, stability, and repeatability of
electrode response for various analytics [9, 46]. PEI is one of the polymers which can be used as
a stabilizing film on the surface of carbon-based materials. PEI offers advantages such as
formation of thin films, biocompatibility, inexpensive price, low toxicity, ease of separation and
recycling and odorless nature while presence of a large number of amine groups on its structure
helps in better immobilization of biological compounds on electrochemical aptasensors [50-52].
polymer quantum dots are formed through agglomeration of polymer chains attached to a carbon
core and are known as non-conjugated polymer quantum dots. Along with the advantages of
carbon quantum dots, polymer quantum dots offer other advantages such as inert behavior and

easy synthesis at room temperature [53-56].

In this study, for the first time, the characteristic of polymer quantum dots was used in the
manufacturing of electrochemical aptasensors. To develop a sensitive thrombin aptasensor,
Cso/MWCNTs-PEI/PQdot composite was used for the development of a biorecognition surface.
Better aptamer covalent immobilization, increased sensitivity and higher stability due to the
synergy between various nanomaterials in this nanocomposite resulted in a very sensitive and
selective electrochemical aptasensor with high stability and repeatability. The proposed
nanocomposite offers advantages such as high surface to volume ratio, high electrical
conductivity, and presence of a large number of surface amine groups for better covalent

immobilization of aptamer and high mechanical and chemical stability. In order to investigate the



performance of the proposed aptasensor, a recovery test was carried out in real human blood
serum samples. The results indicated that the proposed aptasensor can be used as a suitable tool

for biological and clinical studies for samples with complex matrices.

2. Experimental section

2.1. Chemicals and equipment

The amino-linked aptamer sequence used in the current study for analysis of thrombin
protein was 5-NH2- AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3" [57] which was
acquired from Bioneer Co., South Korea. 1-ethyl-3-(3-di-methylaminopropyl) carbodiimide
hydrochloride (EDC), glutaraldehyde (GLA), N-hydroxysuccinimide (NHS), diethylenetriamine
(DETA, 99%), nitric acid (65%), MWCNTs (with a length of 5-9 pm bundles and a diameter of
50 — 100 nm), polyethyleneimine (PEI), L-ascorbic acid (99%) and fullerene-Cgy (99.5%),
human plasma thrombin, chicken egg white lysozyme (Lys), bovine hemoglobin (BHb), human
IgG (IgG) and bovine serum albumin (BSA) were obtained from Sigma-Aldrich and Merck
Company. All other equipment, instruments, and chemicals used in this study are fully explained

in section 1 of the supplementary materials file.

2.2. Preparation of C¢o/MWCNTSs-PEI

To prepare Cqo/MWCNTSs-PEI, Cqy was separately carboxylated. The Bingle - Hirsch
reaction was used for the preparation of Cgo((COOH),), while MWCNTSs were carboxylated
through oxidation with nitric acid [58, 59]. Details of synthesis and characterization of
Cs0((COOH);),, and MWCNTs-COOH are presented in section 2 of the supplementary materials

(figure S-1) and schematically presented in figure 1.



In order to prepare Cqo/MWCNTSs-PEIL first, 15.0 mg of Cgo((COOH),), and MWCNTs
mixture with the 1:2 ratio was dispersed in 50.0 mL methanol before sonicating for 45 minutes in
an ultrasound bath to create a fully homogeneous Cqo/MWCNTs suspension. Then, 100.0 mg of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 100.0 mg N-
hydroxysuccinimide (NHS) were added to the suspension and the mixture was stirred slowly at
room temperature for 3 h. Then, 100.0 mg of polyethylenimine (PEI) was added to the
suspension before being stirred for 24 h at room temperature [51]. Finally, the resulting
Cso/MWCNTs-PEI were washed several times with methanol and distilled water to remove any
extra polymers, separated using a centrifuge and dried under vacuum. The schematic presented

in figure 1 shows the synthesis method for C4(/MWCNTs-PEI.

2.3. Synthesis of Polymer Quantum dots

To synthesize the polymer quantum dots, the single-step method reported by Xia et.al.
(2017) was used. Briefly, to synthesize polymer quantum dots, the first 2 mL of 0.50 M L-!
ascorbic acid solution was mixed with 1100 puL of 1.0 M diethylenetriamine (DETA) in a 25.0
mL volumetric flask and was brought to volume using double distilled water [54]. Then, the
solution was sonicated for 20 minutes before being transfer to a 50.0 mL flask and stirring for 72
h at room temperature until its color changed from transparent to light yellow and finally to
yellow (schematic 1). Finally, a 0.22 um syringe filter and 30000 MWCO centrifuge filter were

used to remove any impurities.

2.4. Preparation of Coo/MWCNTs-PEI/PQdot

In this stage, after the preparation of Cgq/MWCNTs-PEI and PQdot, a suspension of

Coo/ MWCNTs-PEI/PQdot nanocomposite was prepared. First, 5.0 mg of Cqo/MWCNTs-PEI was



added to 5.0 mL of ultrapure water and sonicated in an ultrasound bath for 1 h to fully disperse
the solid. Then, 1000 pL of synthesized PQdots (with negative surface charge) was added to the
Cso/MWCNTs-PEI suspension (which has a positive surface charge) and sonicated for one hour,

resulting in a homogeneous suspension of C4(/MWCNTs-PEI/PQdot nanocomposite.

2.5. Preparation of biorecognition surface on the C600/MWCNTSs-PEI/PQdot base

In this step, first, the surface of SPCE electrodes were electrochemically treated to clean and
activate thier surface. For electrochemical pretreatment, 100uL of 0.5 M sulfuric acid solution
and 0.1 M KCI solution was dropped on the surface of the electrodes before applying 15 cyclic
voltammetry cycles in the range of 1.0 to -1.5 V with the scanning speed of 200 mV s-!. Then,
the electrodes surface was washed with ultrapure water and dried at room temperature before
dropping 7 pL of Ce/MWCNTs-PEI/PQdot suspension on the surface of the electrodes and
placing them in a clean environment for 2 h until fully dried. Then, glutaraldehyde (GLA) linker
was used to attach covalently bonded amine groups to modified Cq/MWCNTSs-PEI/PQdot
electrodes. Afterward, 50uL of 5 vol% GLA solution was dropped on the surface of
SPCE/Cg/MWCNTS-PEI/PQdot and the linker was allowed to react with SPCE/Cso/MWCNTs-
PEI/PQdot surface for 60 minutes. Then, 50ul of aminated Thrombin aptamer with a
concentration of 400 nM was dropped on the surface of SPCE/Cs/ MWCNTs-PEI/PQdot/GLA
electrode and the electrodes were placed in a humid room under refrigeration for 5 h until
Thrombin aptamer created a thin covalently-bound film on the electrodes surface. The schematic
of aptamer covalent immobilization process is presented in figure 1. The electrodes were then
washed with ultrapure water to remove aptamers attached to the surface through non-covalent
bonds. Then, to block the surface and reduce non-specific adsorption of molecules to the

aptasensor surface and increased selectivity, 2% solution of bovine serum albumin (BSA) was



used. To this end, 50 pL of 2% BSA was dropped on the surface of SPCE/Cg/MWCNTs-
PEI/PQdot/GLA/APT electrode and the surface of aptasensor was washed after one hour with
ultrapure water. Electrochemical aptasensors were kept under refrigeration and were placed at

room temperature 1 h before each experiment.

“Here Fig. 17

2.6. Electrochemical measurements

In this study, Cyclic voltammetry (CV), Differential Pulse Voltammetry (DPV) and
Electrochemical impedance spectroscopy (EIS) were used to investigate surface modification
stages and aptasensor manufacturing as well as Thrombin analysis. The electrode used in this
study was an screen-printed carbon electrodes (SPCE, model DRP-110) which is working
electrode (4mm) made of Carbon. The counter electrode and reference electrode used in
experiments were carbon and Ag electrodes, respectively. The electrolyte used in all tests was
2.5 mmol L [Fe(CN)¢]>"* (1:1) solution as a redox probe and 0.1 mol L' KCI in Tris buffer

(pH=7.4) and in all measurements 100 pL of this solution was dropped on SPCE surface.

The electrochemical impedance spectroscopy was conducted under constant conditions with
a sinusoidal signal of 10 mV and a range of 100 mHz to 100 kHz, frequency potential applied of
+0.13 V. In this method for impedance measurement was used a three electrode electrochemical
cell. Using Z-view software and fitting the date acquired from EIS, the equivalent electrical
circuit was determined (figure S-2 in supplementary materials, section 3). The DPV parameters
included modulation amplitude of 50.0 mV, step potential of 8.0 mV, modulation time of 0.05 s,
and interval time of 0.5 s. Cyclic voltammetry tests were carried out under constant conditions

with a potential scanning between -0.2 and 0.6 V at a scan rate of 100 mV s'. All



electrochemical tests (EIS, DPV and CV) were carried out at room temperature using Ivuim

potentio-galvanostat equipment (Model: Vertex) and using Ivium software.

3. Results and discussion

3.1. Characterization of Polymer Quantum dots

In this section, DLS, XRD, TEM, UV-vis-NIR and fluorescence spectroscopy techniques,
FT-IR and zeta potential were used to determine successful synthesis of polymer quantum dots
from L-Ascorbic acid and diethylenetriamine. The detailed results of these studies are presented

in section 4 of the supplementary materials (Fig. S-3).

3.2. Surface Morphology of Nanocomposites

FE-SEM and TEM techniques were used to investigate the nanoscale morphology of
electrodes surface after modification with different nanoparticles and nanocomposites. These
results are presented in figure 2. Figure 2A shows the FE-SEM image of the bare SPCE electrode
after electrochemical pretreatment and before any modification while figures 2B and 2C show
the FE-SEM and TEM images of MWCNTs used in this study which clearly shows the

nanotubes.

Figure 2D shows the TEM image of Cg, used in this study while figure 2E shows the TEM
images of C4o/MWCNTs with Cgy deposited on the surface of MWCNTs, increasing its surface
to volume ratio compared to bare MWCNTs. Figures 2F and 2G show the FE-SEM and TEM
images of C¢o/MWCNTs-PEI nanocomposite, both of which show the PEI polymer coated on the

surface of C4o/MWCNTSs nanocomposite.
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Finally, figure 2H shows the TEM image of Cq/MWCNTs-PEI/PQdot, where polymer
quantum dots with negative surface charges are electrostatically deposited on the surface of
Cso/MWCNTSs-PEI nanocomposite which has a positive charge. These images indicated
successful manufacturing of nanocomposites and their use for uniform modification of electrodes

surface.

3.3. EIS, DPV and CV investigation of electrodes modified with different nanocomposites

In this section, in order to investigate the amplifying role of modifiers, the signals for a 2.5
mmol L' [Fe(CN)g]3/# (1:1) solution on the surface of bare SPCE electrode as well as electrodes
modified with MWCNTSs, Cgo/MWCNTSs, Cso/ MWCNTs-PEI, and C60/MWCNTs-PEI/PQdot
were measued using three techniques of cyclic voltammetry, differential pulse voltammetry and
electrochemical impedance spectroscopy (figure 21-K). In CV studies, the potential range of -0.2
to +0.6V versus reference electrode and a scan rate of 100mVs™! were used and oxidation and
reduction peaks of Ferro/Ferricyanide probe were recorded under various conditions. Figure 2J

shows the DPV voltammograms which confirm CV results (figure 2I).

As it can be seen in figures 2I and 2J, the current resulting from oxidation and reduction of
Ferro/Ferricyanide probe on the surface of SPCE electrode (trace a) modified with various
nanomaterials is higher than the current for bare SPCE electrode. The significant increase in
current is due to increased synergy between carbon nanoparticles used in modifier
nanocomposites. MWCNTs and Cg result in improved electron transfer and increased peak
current due to high surface to volume ratio and high electrical conductivity (trace b and c) [6,8,
48,49], while presence of PEI resulted in a relative increase in signal compared to C4o(/MWCNTSs
due to presence of amine groups as well as facilitating the homogeneously of the nanomaterial

suspension and better covalent immobilization of nanocomposites on electrodes surface (trace d).
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The presence of polymer quantum dots on Cg o/ MWCNTs-PEI/PQdot resulted in a slight
decrease in signal compared to the electrode modified with C4o(/MWCNTSs-PEI which is due to
semiconductor characteristics of synthesized polymer quantum dots (trace ¢). To better evaluate
the results regarding the development of electrodes surfaces, electrochemical impedance
spectroscopy (EIS) was used. In this part, EIS related to the reversible reaction of potassium

hexacyanoferrate on modified electrodes with various nanocomposites was investigated.

As it can be seen in figure 2K, the Nyquist curve confirms the charge transfer resistance for
electrodes modified with various nanocomposites measured through DPV and CV results.
Charge transfer resistance (Rcr) significantly decreased after using carbon-based modifiers with
high electrical conductivity as well as PEI compared to the bare SPCE electrode. On the other
hand, Rcr increased slightly in  SPCE/Cg/MWCNTs-PEI/PQdot  compared to
SPCE/Cs/MWCNTs-PEI which is due to semi-conductive nature of polymer quantum dots. The
Nyquist curves resulting from EIS were fitted with the help of Z-View software and its

equivalent electrical circuit was determined (Fig. S-2).

“Here Fig. 2”

3.4. Optimization of parameters in aptasensor preparation

In this section, all factors affecting the manufacturing and response of Thrombin
electrochemical aptasensor were optimized one factor at a time (The analyzes were repeated four
times, n=4). The optimized parameters included aptamer concentration, aptamer covalent
immobilization time and duration of interaction with thrombin. The optimization results, as well
as details of the optimization, are presented in figure S-4 and section 5 of the supplementary

materials file. The optimized values for aptamer concentration, aptamer covalent immobilization

12



time and duration of interaction with analyte were 400 nM, 5 and 1 h, respectively which were

used for all future aptasensor manufacturing and measurements (Fig. S-4).

3.5. Comparison of different nanocomposites for aptamer covalent immobilization and

measurement of thrombin

In this section, the covalent immobilization of aptamer on the surface of
SPCE/C¢o/MWCNTs, SPCE/Cso/MWCNTSs-PEI and SPCE/C¢t/MWCNTs-PEI/PQdot modified
electrodes was investigated. Then, the analytical signal for each modified electrode in the
presence of 0.005nM of thrombin was followed using DPV technique and under similar
conditions using the Ferro/Ferricyanide probe signal. Figure 3A-F (The analyzes were repeated
four times, n=4) show the voltammograms obtained from DPV techniques for
SPCE/C¢o/MWCNTSs, SPCE/Cso/MWCNTs—PEI and SPCE/C/MWCNTs—PEI/PQdot modified
electrodes in case of a bare electrode (trace a), after modification (trace b), after aptamer
covalent immobilization and blocking the surface with BSA (trace c¢) and finally after interaction

of aptasensor with a constant concentration of thrombin (trace d).

Manufacturing of thrombin aptasensor using various electrode modifications was carried out
under optimum conditions stated above. Then, the current before and after aptamer covalent
immobilization (Almmobilization™ IModified -lapamer) Was investigated for each electrode.
Furthermore, peak current before and after binding of thrombin on the immobilized aptamers for
different modifications (Alp.0osam) = laptamer ~IThrombin) Was used to determine sensitivity in the
presence of thrombin (0.005nM). The results indicated that changes in current due to aptamer
covalent immobilization (Alimmobilization) and interaction with thrombin (Alp gosnm)) under similar
conditions are equal to Al rumebitization= 1.9, 6.1 and 12.2 pA and Alpg.gosamy = 2.7, 5.3 and 14.9

nA for SPCE-Cso/MWCNTs, SPCE/Cq/MWCNTs-PEI and SPCE/Cg/MWCNTs-PEI/PQdot

13



aptasensors, respectively (figures 3B, 3D and 3F). These results indicated that SPCE-
Ceo/MWCNTs-PEI/PQdot has the highest aptamer immobilization current (Alynmobitization=
12.2puA) which is due to the presence of amine groups of polymer quantum dots and
Ceo/MWCNTs-PEI. Furthermore, the largest response to 0.005 nM of thrombin was also
observed in this modified electrode (Alpgoosamy =14.9 pA). These results indicate that the
existence of polymer quantum dots in C4o/MWCNTSs-PEI/PQdot decrease in signal (I jogifieq) due
to their semiconductive behavior but the increase in surface and aptamer Immobilization sites
can play an important role in improving aptamer immobilization and increased sensitivity of

aptasensor.

Furthermore, in this part, aptamer immobilization through formation of covalent bonds
between carboxyl groups of the nanocomposite on the base and amine groups of the aptamer
using EDC and NHS was investigated. The results indicated that under similar conditions
(immobilication duration and aptamer concnetraiton), the immoblilzation of apatamers using
aptamer amine groups and carboxyl groups of Cg/MWCNTs nanocomposite and PQDot in

Aljmmobitization 0f 4.9 and 3.4, respectively.

As shown in figure 3, the results indicate that using of C60/MWCNTs-PEI/PQdot
nanocomposite provide a suitable base for a biorecognition surface, especially for

electrochemical aptasensors.
“Here Fig. 3”
3.6. Thrombin detection

The calibration curve for electrochemical measurement of thrombin using

SPCE/Cso/MWCNTs-PEI/PQdot/GLA/APT aptasensor was drawn by following the signal for

14



2.5 mmol L [Fe(CN)¢]>’* (1:1) solution as a redox probe and 0.1 mol L' KCI in Tris buffer
(pH = 7.4) using DPV technique. Then, several solutions with varying concentrations of
thrombin were created in Tris buffer (pH = 7.4) and the current before and after interaction of
SPCE/Cg/MWCNTs-PEI/PQdot/GLA/APT aptasensor with different concentration of thrombin
was measured (n=3). The voltammogram results are presented in figure 4A. The binding of
thrombin with immobilized aptamer in SPCE/C60/MWCNTs-PEI/PQdot/GLA/APT aptasensor
creates a barrier for electron transfer in intersection of electrode and electrolyte, which means
that increase in thrombin concentration follow with peak current decreases (figure 4A). The
graph presented in figure 4B shows the changes in peak current Alp versus changes in thrombin
concentration. As can be seen, this calibration curve is nonlinear. Then, changes in peak current
were drawn versus the logarithm of changes in thrombin concentration which resulted in a linear
calibration curve (figure 4C). The calibration curve obtained for the proposed electrochemical
aptasensor has a large linear dynamic range from 0.00005 nM to 20 nM and a detection limit of

6 fmol L' (at S/N ratio = 3).

Then, the results of SPCE/Cq/MWCNTs-PEI/PQdot/GLA/APT aptasensor were compared
to the results of other electrochemical thrombin aptasensors introduced in recent years (table 1).
As can be seen, the proposed aptasensor has a significantly lower detection limit and a larger
than linear range compared to other electrochemical aptasensors. These results indicate that the
proposed electrochemical aptasensor can be a powerful tool for clinical studies on proteins and

biomarkers.

“Here Fig. 4 and Table 1”

3.7. Selectivity of aptasensor
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Due to complex matrices of biological samples, selectivity of sensors to specific analytes is
one of their most important features. In this section, the selectivity of SPCE/Cso/MWCNTs-
PEI/PQdot/GLA/APT aptasensor in the presence of several proteins from the same family as
thrombin was investigated. These proteins included bovine serum albumin (BSA), human IgG
(IgG), lysozyme (Lys), and bovine hemoglobin (BHb). To this end, the proposed aptasensor was
used to follow Alp of thrombin using DPV technique in the presence of these proteins. The
aptasensor response to thrombin (0.0005 nM) in a solution with BSA (0.05 nmol L), IgG (0.05
nmol L), Lys (0.01 nmol L) and BHb (0.03 nmol L") (n=4) is shown in figure 4D. As can be
seen, the aptasensor response to thrombin is selective and shows good specificity even in

presence of significantly higher concentrations of other proteins.

Then, the response of SPCE/Cq/MWCNTs-PEI/PQdot/GLA/APT aptasensor was
investigated in the presence of each of the abovementioned proteins, separately. Figure S-5
shows high selectivity in aptasensor response and indicates that it can be used in complex

biological matrices (section 6 of supplementary materials file).
3.8. Reproducibility and storage stability of proposed aptasensor

Another important parameter investigated in this study was the precision or reproducibility
of aptasensor response. Accordingly, 10 different SPCE/Cso/MWCNTSs-PEI/PQdot/GLA/APT
aptasensors were manufactured in parallel under similar conditions and the AI, signal for
0.0005nM of thrombin was followed for each aptasensor using DPV technique with the results
presented in Table S-1. Then, the RSD value for the responses was calculated which was equal to
3.6%, indicating a good precision of the proposed aptasensor. The detailed results are presented

in Table S-1 and section 7 of the supplementary materials file.
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To investigate the storage stability of the proposed aptasensor, after preparation of
SPCE/Cgo/MWCNTs-PEI/PQdot/GLA/APT, the signal for 2.5 mmol L' [Fe(CN)g]** (1:1)
solution was measured using DPV in 30 consecutive days. Between measurements, the
aptasensor was placed in dark environment at refrigerator and before each measurement was
placed 1 hour at room temperature. The percentage change in aptasensor response compared to
the response on the first day is shown in figure S-6. As can be seen in figure S-6, after 30 days,
the aptasensor response showed only 15% decrease compare to the first day which indicates

good storage stability of the aptasensor.
3.9. Application of aptasensor for thrombin detection in real samples

The application of the proposed aptasensor for thrombin detection was investigated using
DPYV and in real human blood serum samples. In this regard, three healthy human blood serum
samples were prepared from the Medical Center of Isfahan University of Technology. Blood
serum samples were perpraied from two men, 23 and 34 years old, and a woman, 28 years old.
All ethical protocols were observed in the process of preparing blood serum samples from this
center. The human serum samples were obtained from fresh blood samples by centrifuging (1000
rpm) for 5 minutes. The samples were diluted to 1/20% of their original concentration using Tris
buffer (pH=7.4). None of the samples showed any thrombin protein. Then, the recovery method
was used by spiking each sample with three different volumes of standard thrombin samples with
concentrations of 0.5, 5.0 and 50.0 pM and carrying out a recovery test. These results are
presented in Table 2. The recovery percentage for these samples was between 95.4% and
104.2%. These results indicated that the proposed aptasensor can be used for measuring

thrombin in real biological samples.

“Here Table 2”
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4. Conclusion

In this study, a novel SPCE/Cg/MWCNTs-PEI/PQdot/GLA/APT aptasensor was developed
for the analysis of thrombin protein. The C¢/MWCNTs-PEI/PQdot nanocomposites were used
to modify the surface of SPCE electrode in order to manufacture a sensitive electrochemical
aptasensor. These Cqo/MWCNTs-PEI/PQdot nanocomposites offer unique characteristics such as
high electrical conductivity, fast electron transfer kinetics, high surface to volume ratio, suitable
stability and a high number of surface amine groups. The presence of high number of surface
amine groups and high surface to volume ratio in this nanocomposite increased the number of
available sites for thrombin binding. The use of polymer quantum dots for the development of
electrochemical aptasensor for the first time showed that the unique characteristics and easy

synthesis of these quantum dots and make them ideal for sensitive aptasensors.

Binding of thrombin on the surface of SPCE/Cq/MWCNTSs-PEI/PQdot/GLA/APT
aptasensor creates a barrier for electrons and restricts electron transfer in the interface between
electrode and electrolyte (Ferro/Ferricyanide probe). This results in decrease in peak current in
the presence of thrombin, providing an analytical signal dependent on thrombin concentration.
Then, the detection limit and linear range of the proposed aptasensor were investigated and
compared to other aptasensors. The results indicated that the proposed aptasensor has a lower
detection limit and a larger linear range compared to similar aptasensors. Furthermore,
reproducibility and storage stability of the proposed aptasensor was investigated and the results

indicated high reproducibility for the proposed aptasensor. The proposed aptasensor was also
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used in measurements in real samples and the results indicated that it can be used for

measurements in complex biological matrices.

The proposed SPCE/Cso/MWCNTs-PEI/PQdot/GLA/APT aptasensor offers advantages
compared to other similar thrombin electrochemical aptasensors including higher sensitivity and
selectivity and can be used as a powerful tool in clinical and biological studies. Furthermore,
unique characteristics of Cqo/MWCNTs-PEI/PQdot as a powerful surface modifier can be used

for the development of other similar biosensors.
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Figure Captions

Fig. 1 Schematic of step-wise preparation electrochemical aptasensor and Cgo/MWCNTSs-

PEI/PQdot.

Fig. 2 TEM and FE-SEM images (A-H) of unmodified SPCE (A), MWCNTs (B and C),
fullerene Cg4y (D), Prepared Cqo/MWCNTs (E), Cso/ MWCNTSs-PEI (F and G), Cso/MWCNTs-
PEI/PQdot nanocomposite (H). CV and DPV voltammograms (I and J) and EIS Nyquist plots
(K) of (a) unmodified SPCE, and modified SPCE with (b) MWCNTs, (¢) Cso/MWCNTs, (d)
Cso/MWCNTs-PEI, and (e) Cqo/MWCNTs -PEI/PQdot nanocomposites in a solution containing

2.5 mmol L' [Fe(CN)6]3# (1:1) mixture and 0.1 mol L-! KCI (in TE buffer with pH=7.4).

Fig. 3 (A, C and E) DPV voltammograms of (a) bare SPCE, (b) modified SPCE of with different
nanocomposites, (c¢) immobilized aptamer on the modified electrodes with different
nanocomposites, and (d) aptamer fitted to thrombin (0.005 nmol L'). (B, D and F) I (nA)
variation for each step in the detection of thrombin was measured via prepared aptasensor, in
which different nanocomposites was applied as sensitive layers. Electrode modification and
aptosensor development were performed with Co/MWCNTs (A and B), C(o/MWCNTs-PEI (C
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and D), C¢¢o/ MWCNTs-PEI/PQdot (E and F) nanocomposites. DPV voltammograms acquired in
a solution containing 2.5 mmol L [Fe(CN)6]3/#+ (1:1) mixture and 0.1 mol L' KCI (in TE

buffer with pH=7.4).

Fig. 4 (A) DPV voltammograms of thrombin aptasensor-based SPCE/Cs/MWCNTs-PEI/PQdot
for different concentrations of thrombin within 50 fmol L' — 20 nmol L', (B) calibration curve
for AI (n=3) vs. (Crhrombin, nmol L), (C) Al vs. log (C thrombin, nmol L), and (D) Al, of the
thrombin aptasensor-based SPCE/Cs/MWCNTSs-PEI/PQdot relating to (a) 0.0005 nmol L-!
thrombin, mixtures of 0.0005 nmol L-! Thrombin with (b) 0.01 nmol L-! Lys, (c) 0.05 nmol L!

BSA, (d) 0.05 nmol L! IgG, and (¢) 0.03 nmol L' BHb, respectively, (n=4).

Table Captions

Table 1. Comparison of proposed SPCE/Cs/MWCNTs-PEI/PQdot/GLA/APT aptasensor with
other electrochemical aptamers that have been proposed in recent years for thrombin protein

analysis.

Table 2. Recovery measurements of thrombin protein for real sample analysis in the presence of

proposed SPCE/Cso/MWCNTs-PEI/PQdot/GLA/APT aptasensor.
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Table 1

Method Strategy Linear Range LOD RSD% Ref.
DPV Fc-TBA/Au /Aptamer 50nM -35nM 0.5 nM 3.8% to 10.0% [60]
ECL Tri(bpyRu)-B-D/Aptamer 1.0 pM - 10 nM 0.1 pM - [61]

3D graphene/Ru-PtNPs/cDNA/BSA

ECL /NGQDs/SiO,/TBA 2.0 pM - 50 nM 23.1 M 3.02% [41]
DPV TBA/HBPE-SOy/Au/MPTMS/GCE 270 pM-27.00)M  0.031 pM 3.68% [36]
DPV AuNPs/N-GO/GCE 0.0001-100 pM 0.027 fM 4.2% [35]
ACV Binding-induced DNA walker-assisted 10 pM - 100 nM 2.5pM 3.5% [37]
DPV Electrocatalysis of hemin/ G-quadruplex 0.05 pM - 60.0nM 15 ftM 4.68% [62]
DPV Conductive supramolecular hydrogels 1 pM - 10 nM 0.64 pM 2.3% to 4.5% [30]
Chronoamperometry Cu,O-Aw/ Aptamer 100 fM - 20 nM 23fM 0.49% to 1.29% [31]
DPV AP II bioconjugate/Tb/BSA/API/DpAu/GCE 0.05 pM - 50 nM 0.016 pM 4.63% [63]

DPV Tetrahedral DNA probe coupling with 0.10 pM -10 nM 11.6 fM 3.9% 2]

hybridization chain

DPV TiO,-MWCNT/CHIT-SB/ Aptamer 0.05 nM -10 nM 10 ftM 3.6% [6]
SWV TBA2-thrombin-TBA1-AgNP-GO 0.05 nM -5 nM 0.03 nM 3.7% [32]
DPV unadruplex/hemin/HRP{AuPd/poly(o— 100 fM - 20 nM 20 M 45% [42]

phenylenediamine)

EIS TBA/HT/GNPs/GCE/ Aptamer 0.12 nM - 60 nM 2.0 nM 4.5% [38]
DPV Pt NPs /gold GCE 0.05-20000 pM 0.01 pM 3.2% [65]
DPV TTA-PANI-MWCNTSs/GCE/ Aptamer 0.001 nM - 10 nM 0.5 pM 4.3% [47]
DPV AuNP-SN-GO/GC/ Aptamer 100 fM -10 nM 25 ftM 2.4% [43]
EIS PDA/AgNP/Aptamer 0.1 pM-5.0nM 36 fM 4.7% [64]
DPV MWCNT/MnO2/Pt NPs/Tb 1pM to 30nM 0.040 pM 5.6% [66]
ECL AuNP/GO/Aptamer 10 pM -10 nM 6.3 pM 2.7-3.1% [45]
Amperometry Au/GS and DNA-CoPd NPs 0.3 pM -54 pM 0.14 pM 4.1% [44]
DPV C60/MWCNTSs-PEI/CS/PQdot/GLA/APT 50 fM -20 nM 6 M 3.6% ohis
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Table 2

Samples Thr;ﬁi)kifld(pM) Found (pM)  RSD (%) Re:f,z)ery
0.50 0.48 + 0.02 42 96.0
Serum 1 5.00 4.90+0.19 3.9 98.0
50.00 51.04 + 1.73 34 102.3
0.50 0.52 +0.03 5.8 104
Serum 2 5.00 5.21+0.25 4.8 104.2
50.00 49.72 £1.95 3.9 99.4
0.50 0.51 +0.02 59 102.0
Serum 3 5.00 477 +£0.21 4.4 95.4
50.00 48.69 + 1.84 3.8 97.4
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Highlights:

Cso/MWCNTs-PEI/PQdot nanocomposite was used to develop an electrochemical
aptasensor for thrombin protein detection

The synthesized polymer quantum dots and Cg/MWCNTSs-PEI resulted in increase in
electrochemical signal, therefore increasing the sensitivity of developed electrochemical
aptasensor.

Coo/ MWCNTs-PEI/PQdot provides a suitable base for covalent stabilization of aptamers.
The proposed aptasensor displayed low LOD of 6 fmol L' for thrombin protein

detection.
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