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Abstract

An aptasensor was designed for sensitive detection of thrombin using in biological fluids by
integrating a magnetic aptamer-microbeads. To achieve this goal, the surface of gold plated
QCM crystals was coated with L-cysteine and a thrombin binding DNA aptamer was
immobilized on the L-cysteine coated QCM crystals surface via glutaraldehyde coupling. The

binding interactions of thrombin to QCM crystals were characterized. Magnetic poly(2-



hydroxyethyl methacrylate-ethylene glycol dimethacrylate-vinylene carbonate), Mp(HEMA-
EGDMA-VC) microbeads were synthesized and thrombin binding aptamer (TBA) was
immobilized. The Mp(HEMA-EGDMA-VC)-TBA microbeads were effectively adsorbed
thrombin from serum in a relatively short contact time (ca. 5.0 min), and the eluted protein
from Mp(HEMA-EGDMA-VC)-TBA was transferred to the QCM aptasensor that showed a
specific detection of thrombin from serum. The detection limit of thrombin using aptasensor
was 1.00 nmol L™ The calculation dissociation constant of the aptasensor was 68.5 nmol L™.
The selectivity of the aptasensor system was tested with three different proteins (i.e., elastin,
immunoglobulin G (IgG) and human serum albumin (HSA)) and showed high specificity to
thrombin. The aptasensor was regenerated by washing with NaOH solution, and repeatedly

used until 20 cycles without a change in the performance.
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1. Introduction

Thrombin is a specific serine protease which is the main component of the blood coagulation
cascade. The important function of thrombin is cleaving of fibrinogen to fibrin. [1-3].
Meanwhile, thrombin is also an important biomarker for diseases associated with coagulation
abnormalities, cardiovascular diseases and especially in the detection of pulmonary metastatic
tumors [4-6]. Thus, the amount of thrombin in blood indicates the physiological function of
human body. In the resent years, due to the medical importance of thrombin several
quantitative detection methods have been developed such as aptamer based-sensor systems,
[7,8] spectrophotometric, fluorimetric and electrochemical etc. [9,10].

Aptamers are small single stranded DNA or RNA oligonucleotides that show high
selectivity to their matching target molecules, such as; inorganic or organic small molecules,
peptides, proteins and microbial cells. Aptamers are generally selected via Systematic
Evolution of Ligands by Exponential Enrichment (SELEX), which was first developed by
Tuerk and Gold [11]. Like proteins, aptamers can be able to fold with a specific binding
properties [12-14]. Thus, aptamers gain a molecular recognition ability that can bind
specifically to the corresponding target. Moreover, selected aptamers sequence can be
multiplied in a test tube and during these aptamer production processes different functional
groups can be incorporated on the aptamer structure at desired positions. For that reason, the
functionalized aptamer molecules gain ability for fixation to a solid matrix under given
experimental conditions. On the other hands, proteins can be fixed to solid matrices in a
arbitrary position due to the presence of several reactive sites (i.e., -NHz, -SH, -COOH and —
OH) which may hinder the target binding site, therefore, decrease the binding potential of the
fixed protein to its target molecule [15-18]. So, aptamer interacts with its target with high

specific affinity, and it can be used as an alternative ligand in specific molecular recognition



for different biosensor applications. The aptamer-based biosensors have been reported for
several types of applications such as metal ions, small organic complex molecules, proteins,
or whole cells [19-22]. Additionally, aptamer-immobilized magnetic solid supports have been
used for purification of several biological molecules as well as a precursor for enrichment of
target molecule from complex sample mixtures. Thus, interference of the other possible
interactive molecules with biosensors has been prevented. Aptamers have several advantages
over protein based ligands such as; they are prepared biochemical method, and selected in
vitro without use of animal. They are considerably economic to produce large quantity and
controllable yields and stable over long periods of storage time under mild conditions. Thus,
aptamers are highly important novel ligand molecules to be used for diagnostic and
therapeutic purposes. Many aptamer ligands such as thrombin aptamer, anti-human IgE
aptamers, and whole cell aptamers (e.g., E. coli and Salmonella) have been used for
construction of biosensor [23-25].

QCM based biosensor can be used for detection from small molecules to cells [30,31].
The detection principle of the QCM biosensor system is based on the reduction in frequency
change which is linearly proportional to the added mass on the crystal, which is known as
Sauerbrey relation [29-33]. In this system, specific affinity ligand is fixed on the biosensor
chip for interaction with its target molecule. Thus, a facile and specific interaction can be
generated for the fast determination of target molecule in the complex samples.

Magnetic matrices have been used for separation of proteins, pre-concentration of
various small and macromolecules from biological fluids to eliminate interference substance
in the samples [34]. The main necessitating property of the magnetic materials is that after
laden adsorbent with its target molecule can be removed from medium by using an external
magnetic force [24]. The acrylic based materials have used for preparation of magnetic

support materials and can be prepared in required size and geometry. In addition, they can be



synthesized with required pore size and large surface area, and functionalized with the desired
groups. In this work, we presented a direct method for detection of thrombin in human serum
by conjunction of a pre-concentration system with QCM-aptasensor. To the best of our
knowledge, the work is the first report of a new aptamer-QCM system to detect thrombin in
serum samples. Purposely, thrombin specific DNA aptamer was used as specific binding
ligand for isolation and detection of thrombin from solution and human serum. In the first
step, the thrombin binding aptamer was immobilized on the magnetic poly(2-hydroxyethyl
methacrylate-ethylene glycol dimethacrylate- vinylene carbonate), Mp(HEMA-EGDMA-VC),
microbeads via ring opening reaction and used for enrichment of thrombin from diluted
human serum. The aptamer-immobilized microbeads were characterized by FTIR and SEM.
The sequestered thrombin was eluted and fed into a QCM-aptasensor for quantitative

detection of thrombin in the solutions and diluted serum samples.

2. Materials and Methods

2.1. Materials

2-hydroxyethyl methacrylate (HEMA) and 4-Vinyl-1,3-dioxolan-2-one (vinyl ethylene
carbonate) (VC) monomers were supplied from Sigma-Aldrich Chemical Co. (Germany).

Ethylene glycol dimethacrylate (EGDMA) (Sigma-Aldrich) was used as a cross-linker.

Thrombin aptamer GGTTGGTGTGGTTGGTTTTTTTTTTTT [AmC6T], (5’-NH, modified,
(MW=8558) was obtained from Sigma-Aldrich. a-Thrombin, human serum albumin (HSA),
human immunoglobulin (1gG), and elastin were purchased from Sigma-Aldrich.
Azobisisobutyronitrile (AIBN), glutaraldehyde, polyvinyl alcohol (PVA) and L-cysteine were
also supplied from Sigma-Aldrich. Distilled water from a Millipore filter (Merck, Darmstadt,

Germany) was used in all experiments.



2.2. Preparation of the magnetic nanoparticles and Mp(HEMA-EGDMA-VC)
microbeads

The magnetic nanoparticles were prepared via thermal co-precipitation method by mixing
Fe*® and Fe*? chlorine and sulfate salts, respectively, at 2:1 molar ratio as described
previously [24,34]. The magnetic poly(2-hydroxyethyl methacrylate- ethylene glycol
dimethacrylate-vinylene carbonate), Mp(HEMA-EGDMA-VC), microbeads were prepared
via suspension polymerization. A three necked reaction vessel was furnished with mechanical
mixer, reflux condenser and N; gas inlet. The organic phase containing HEMA (7.0 mL), VC
(7.0 g), EGDMA (6.0 mL), 1.0 g of Fe3O4 particles, and PVA (5.0%, 15 mL, as stabilizer)
was mixed together with 0.2 g of AIBN as initiator in 20 mL of toluene. The mixture was
added into reaction vessel and placed in an ultrasonic water-bath and sonicated at 200 W for
10 min (Bransonic 2200, England) for the mixing of the polymerization ingredient. Then, the

reactor was operated as described previously [35].

2.3. Characterization of the Mp(HEMA-EGDMA-VC) microbeads

The specific surface area of the magnetic microbeads was determined by the surface area
apparatus and calculated using the BET (Brunauer, Emmett, and Teller) method [36]. The
surface properties of the Mp(HEMA-EGDMA-VC) microbeads was studied using scanning
electron microscopy (SEM; ZEIZZ, Evo 50). ATR-FTIR measurements of the magnetic
“Fe304” nanoparticles, Mp(HEMA-EGDMA-VC) and Mp(HEMA-EGDMA-VC)-aptamer
microbeads were realized using a spectrometer (Perkin-Elmer Inc., Norwalk, CT, USA)
equipped with an Universal ATR accessory. The magnetization of Fe3O, particles and
Mp(HEMA-EDGMA-VC) microbeads versus the applied magnetic field was detected with a
vibrating-sample magnetometer (VSM; Model 155, Digital Measurement System Inc.,

Westwood, MA, USA). The phase formation and crystallographic state of the pure-Fe;O4



nanoparticles and Mp(HEMA-EDGMA-VC) microbeads were analyzed by X-ray diffraction
(XRD) technique as described previously [24]. The amount of available cyclic carbonate on
the microbeads was determined gravimetrically described in the literature [37]. The water
content of the Mp(HEMA-EGDMA-VC) microbeads was determined as described previously

[38].

2.4. Immobilization of thrombin aptamer on Mp(HEMA-EGDMA-VC) microbeads via
cyclic reactive carbonate group

The Mp(HEMA-EGDMA-VC) microbeads containing cyclic carbonate groups were directly
coupled with —NH; modified thrombin specific aptamer. To achieve this, the Mp(HEMA-
EGDMA-VC) microbeads (about 250 mg) were incubated in Tris-HCI buffer (20 mmol L,
pH 8.5) for 1.0 h, and added to the same fresh buffer containing thrombin binding aptamers
with pendant —NH, groups (2.0 mL, 2.0 pmol mL aptamer). The coupling reaction was
realized at room temperature for 3.0 h. The chemistry of reaction is presented in Figure 1.
The amount of immobilized aptamer was determined spectrophotometrically at 265 nm (using
an UV-vis Nanodrop 2000; Nanodrop products, Wilmington, USA). The amount of
immobilized aptamer and the immobilization efficiency were calculated by subtraction of the

aptamer amount in the final and the initial solutions.

2.5. Adsorption and pre-concentration studies of thrombin using Mp(HEMA-EGDMA-
VC)-aptamer microbeads

Thrombin specific DNA aptamer immobilized Mp(HEMA-EGDMA-VC) microbeads were
used for pre-concentration of thrombin from samples. Adsorption of thrombin on the
Mp(HEMA-EGDMA-VC)-aptamer microbeads was studied at pH 7.4 (Tris HCI buffer, 20

mmol L™). The batch experiments were accompanied using a certain amounts of Mp(HEMA-



EGDMA-VC)-aptamer microbeads (5 mg) at pH 7.4 and at 25 °C for 10 min. For each set
experiment, the aptamer magnetic-beads were washed two times with 1.0 mL of Tris HCI
buffer solution (pH 7.4, 20 mmol L™ containing 100 mmol L NaCl) to remove
nonspecifically adsorbed thrombin. Then, the adsorbed thrombin was eluted using 20 mM
NaOH solution. All experiments were studied in triplicate with 5.0 mg of Mp(HEMA-
EGDMA-VC)-TBA microbeads at 25 °C, and at a rotating rate of 150 rpm for 5 min. Then,
the Mp(MMA-VC-EGDMA)-TBA microbeads were separated with an external magnet from

the medium and the amount of adsorbed thrombin was determined as described above.

2.6. Magnetic enrichment of thrombin using Mp(HEMA-EGDMA-VC) microbeads

The Mp(HEMA-EGDMA-VC)-TBA microbeads were used to isolate thrombin in aqueous
medium and the diluted human serum containing different amount of spiked thrombin (0-100
nM). The adsorption conditions were similar as described above. The Mp(HEMA-EGDMA-
VC)-TBA microbeads of 5.0 mg were transferred into 250 pL of sample solution containing
different amount of thrombin. The eluted thrombin was used in the thrombin activity assay or

QCM studies.

2.7. Preparation of QCM sensor crystal for determination of a-thrombin

The QCM sensor chip was cleaned sodium hydroxide solution (1.0 mol L™) for 20 min and
hydrochloride acid solution (1.0 mol L™) for 15 min to obtain a clean gold crystal surface.
The crystal was washed with ethanol and water, then dried under nitrogen stream and placed
in the QCM flow cell holder as described previously [26]. Then, the crystal was continuously
contacted with L-cysteine solution (5 mg mL™, pH 8.5) for 8.0 h, at dead end operation mode
by means of an injection pump. After the reaction, self-assembled monolayers with pendant

amine and carboxyl groups via gold-thiolate bonds were generated on the crystal surface. The



non-specifically adsorbed L-cysteine was removed by washing with ethanol and purified
water. The conjugated L-cysteine on the crystal was reacted with glutaraldehyde (0.5%) for 4
h to convert the amine group to an amine-reactive glutaraldehyde related enol groups. After
modification of gold surface for thrombin specific aptamer immobilization, the QCM chip
was placed again follow cells and modified face of the chip was exposed to the amine labeled
thrombin binding aptamer (2 umol aptamer mL in Tris-HCI buffer pH 8.5). Immobilization
reaction of aptamer was carried out at room temperature for 6.0 h. According to
manufacturer's instruction guide (CH Instruments), a net change of 1.0 Hz matches to 1.34 ng

of mass change on the chip surface of 0.196 cm? area.

2.8. Determination of thrombin amount using QCM aptasensor

Thrombin binding aptamer immobilized QCM-aptasensor was used for the detection of
thrombin from solution and diluted serum or fibrinogen-precipitated plasma samples. The
fibrinogen was precipitated out as described by Bini et al. (2007) [40]. The quartz crystal
microbalance system (model CHI 400A, CH Instruments, Texas, USA) with a continuous
flow cell, oscillator and an analyzer was used to construct QCM sensor for the thrombin
determination. The sensor chip with immobilized aptamer was positioned into the continuous
flow cell. A syringe injecting pump was used for injecting samples and the system was
operated as described earlier. The amount of mass on the QCM chip was calculated using
Sauerbrey equation [32]. Although Sauerbrey equation is for gas phase and ignores associated
water molecules, we used it as an approximation for mass calculations.

AF=- 2F’Am/A [ugpa]®®  AF=- 2Fo?Am/A [pg pg]™° (1)

where Fy is the resonant frequency of the fundamental mode of the crystal, Am is the surface

mass loading, A is the area of the gold disk coated onto the crystal, pq is the density of the



crystal (2.684 x 10° ng cm™ ), and 4 is the shear modulus of quartz (2.947 10%° ng cm™ s?).
Am/A is the mass-increase per unit of area (ng cm™).

Thrombin stock solution (1000 nmol L™) was used to prepare standard solutions with
thirteen different concentrations (0.5, 0.75, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0, 75.0, 100.0, 150.0,
250.0 and 500 nM) in Tris—HCI buffer (20 mmol L™, pH 7.4), and the sample cell suspension
was injected through the QCM flow cell at a flow rate of 1.0 mL min™, and the frequency
shift of each sample was recorded. Regeneration of the biosensor chip was carried out by
contacting with 5.0 mL of 20 mmol L™ NaOH solution with 1.0 mL min™ flow-rate. The real-
time data was presented after applying a negative exponential smoothing by SigmaPlot 11

(Systat software Inc.).

2.9. Activity assay of thrombin preparations

The initial activity of the free and aptamer captured thrombin was assayed by using an
artificial peptide substrate (i.e., B-Ala-Gly-Arg-p-nitroanilide; Sigma catalog: T3068).
Additionally, the activities of the thrombin in serum and solution were also determined
spectrophotometrically at 405 nm. The increase in the color of enzymatic release of p-
nitroanilide from artificial peptide substrate of thrombin was followed for 15 min after
addition of thrombin as described in Sigma catalog T3068.

Thrombin reaction with artificial peptide substrate is:

p-Ala-Gly-Arg-p-nitroanilide — S-Ala-Gly-Arg + p-nitroanilide (2)

In this reaction thrombin cleaved the artificial substrate at arginine site and p-nitroanilide
released. The reaction was carried out in Tris-HCI buffer (20 mmol L™ pH 7.4 containing 100
mmol L™ of NaCl, 10.0 mmol L™ of KCI, 1.0 mmol L™ of MgCl, and 1.0 mmol L™ of CaCl,.

The thrombin concentration was varied between 10 and 100 nmol L. The thrombin laden

10



aptamer-magnetic beads on the beads were separated from solutions using an external magnet

and then used in the thrombin activity assay studies.

3. Results and discussion

3.1. Characterization Mp(HEMA-EGDMA-VC) microbeads

The Mp(HEMA-EGDMA-VC) microbeads were synthesized via suspension polymerization,
and a size distribution of 50-150 um and with a specific surface area of 28.7 m? g™* were used
for isolation thrombin from solutions and diluted human serum. The amount of available
cyclic carbonate groups of the Mp(HEMA-EGDMA-VC) microbeads was 2.27 mmol per
gram of the microbeads. The water content and density of the microbeads were 67% and 1.27
g cm’, respectively.

The entrapment of FesO, nano-particles in the polymeric microbeads and
immobilization of thrombin binding aptamer on the Mp(HEMA-EGDMA-VC) microbeads
were confirmed by ATR-FTIR studies (Figure S1). The ATR-FTIR spectra of the Fe3O,,
Mp(HEMA-EGDMA-VC) and Mp(HEMA-EGDMA-VC)-aptamer were obtained in the range
400-4000 cm™. As can be seen from Figure Sla, the Fe;O, particles show a broad band at
around 3300 cm™, indicative of the presence of -OH groups in the structure of Fes04 nano-
particles. The peak at around 590 cm™* for the pristine Fe;O4 nano-particles is due to the out-
of-plane bending vibration of Fe-O on Fe304. For Mp(HEMA-EGDMA-VC) microbeads, the
carbonyl peak with the characteristic ester group was observed at 1735 cm™. The -OH group
vibration and aliphatic stretching vibration peaks of HEMA are seen at 3475 cm™ and 2995
cm, respectively (Figure S1b). Another important band at 1815 cm™ for carbonyl stretching
vibration of Mp(HEMA-EGDMA-VC) as a cyclic carbonate function is also observed.
Following the aptamer ligand attachment, a new peak at 1458 cm™' is observed for the

stretching vibrations of C-N groups of the aptamer ligand. Additionally, characteristic bands
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for the stretching peaks of C-H aromatic stretch are also seen at around 2865 and 2947 cm ™,
and the peaks at 1524 cm* can be due to the stretching vibrations of C=C groups,
representative of the presence of aromatic moieties of the nucleotide in the aptamer structure
(Figure Sic). Above all, clear disparities of the FTIR spectrum between pristine Mp(HEMA-
EGDMA-VC) and Mp(HEMA-EGDMA-VC)-TBA microbeads were observed. Thus, the
formation of the covalent bound between thrombin binding aptamer and cyclic carbonate
groups on the microbeads was proved.

The SEM analysis gives information about the surface properties of the Mp(HEMA-
EGDMA-VC) microbeads. The SEM image of the Mp(HEMA-EGDMA-VC) microbeads
clearly shows that the microbeads are spherical and nearly uniform in size (Figure S2).
Additionally, the Mp(HEMA-EGDMA-VC) microbeads have also a porous surface structure.

The XRD patterns of pure Fe3O, particles and Mp(HEMA-EGDMA-VC) microbeads
are presented in Figure 2. Here, there are eight apparent diffraction peaks in the 26 range of
10°-80° at 30.42°, 36.05°, 43.79°, 52.98°, 56.73°, 63.78°, 71.24° and 74.06° which could
readily be attributed to (220), (311), (400), (422), (511), (440), (620) and (533), respectively.
These reflection peaks agree well with the X-ray diffraction data cards (ICDD card No. 88-
0315). As observed from Figure 2a and b, Fe3O,4 particles and Fe;O4 particles entrapped
polymer network have the same diffraction peaks corresponding to spinel configuration of
FesO4, respectively. Thus, the XRD pattern of Fe3O4 in the Mp(HEMA-EGDMA-VC)
microbeads (Figure 2b) was very similar with the pure FesO, nanoparticles, that
demonstrating protection of the magnetic structure and not notably altered after entrapment in
polymer network [33].

The magnetic properties of Fe3O, nanoparticles and Mp(HEMA-EGDMA-VC)
microbeads were characterized using a vibrating sample magnetometer (VSM), which is

generally utilized for the quantitation of saturation magnetization values of the magnetic
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materials. The representative magnetization curves of Fe;O, particles and Mp(HEMA-
EGDMA-VC) microbeads are presented in Figure S3. The saturation magnetization values
were 48.7 and 26.2 emu g ' at room temperature, respectively. These results showed that the
magnetic property of the Fe;O4 particles was conserved in the polymer network. Whereas the
saturation magnetization value of Mp(HEMA-EGDMA-VC) microbeads was significantly
decreased compared to the bare Fe;O,4 particles. This may be due to reduction in the amount
of the magnetic moments per unit weight because of the diamagnetic contribution of the

polymer network.

3.2. Isolation of thrombin from diluted serum with aptamer immobilized magnetic
microbeads
A functional cyclic carbonate group carrying monomer was used for covalent immobilization
of thrombin binding aptamer on the microbeads. The cyclic carbonate groups in the polymer
structure allow convenient immobilization of various molecules (such as proteins, nucleic
acids, lipids and sugars) through specifically amine groups via cyclic ring opening coupling
reaction. The Mp(HEMA-EGDMA-VC) microbeads with reactive cyclic carbonate groups
were readily reacted under mild experimental conditions with thrombin binding aptamer
containing primary amine group (-NH,). The microbeads were used for isolation of thrombin
from aqueous medium and diluted serum samples spiked with external thrombin.
Additionally, thrombin can be selectively isolated from samples with a single step purification
method using Mp(HEMA-EGDMA-VC)-TBA microbeads, and thrombin laden microbeads
can also be separated from complex serum samples using an external magnet without needing
any other equipment.

The performance of the Mp(HEMA-EGDMA-VC)-TBA microbeads was tested using

10-fold diluted human serum sample which spiked with 50 nmol L™ thrombin. The adsorption
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efficiency of the spiked thrombin at 50 nmol L™ was 93.7% with a standard deviation of 2.8%
in the diluted serum. From this result, the Mp(HEMA-EGDMA-VC)-TBA microbeads was
successfully isolated thrombin from 10-fold diluted serum samples, thus, the Mp(HEMA-
EGDMA-VC)-TBA system can be used for isolation of target molecules from complex
samples.

In general, thrombin molecules were captured from aqueous medium and diluted
serum samples by using 5.0 mg of Mp(HEMA-EGDMA-VC)-TBA microbeads. Then it was
eluted into 250 uL NaOH (or Tris HCI buffer Bolim 2.6) (0.1 mol L), neutralized with
acetic acid and directly fed onto QCM sensor to obtain corresponding frequency changes.
Batch-wise thrombin isolation experiments were performed at room temperature for 10 min
contact time. Then, the Mp(HEMA-EGDMA-VC)-TBA microbeads were separated from the
samples using an external magnet. The use of aptamer sequence both for capturing and
subsequent detection ensures high specificity, similar to a sandwich assay. In fact, we
reported a similar strategy (i.e., nanoparticle-based purification) for highly specific
determination of pathogenic bacteria from the milk or blood samples by coupling QCM-
aptasensor or aptamer-gated silica nanoparticles, respectively [14,21]. The specificity of
Mp(HEMA-EGDMA-VC)-TBA microbeads was also studied with different four proteins
such as elastase, 1gG, HSA and thrombin . These tested proteins did not cause any hindrance
for the isolation of thrombin from Tris-HCI buffer and diluted serum samples. The amounts of
binding of these proteins onto Mp(HEMA-EGDMA-VC)-TBA microbeads were too small to
be assigned, therefore, data was not shown. The high specificity of the thrombin binding

aptamer to thrombin can be due to the specific association and selective interaction.

3.3. Operation of thrombin binding QCM-aptasensor

14



QCM biosensor is facile method for label less real-time analysis of biomolecules compared to
other techniques such as chromatography, electrophoresis, mass spectrometry, and
ultracentrifugation [14,26]. Due to this advantage, QCM biosensors have increasingly been
the preferred method for monitoring interactions between small molecules and proteins
[14,26]. Therefore, as described above, we employed magnetic isolation method before QCM-
aptasensor detection for a highly sensitive and specific thrombin detection system in a two-
step procedure. Similarly, in this report, thrombin was purified by Mp(HEMA-EGDMA-VC)-
TBA microbeads and subsequent detection was obtained by QCM-aptasensor developed by
using the same aptamers. First, L-cysteine amino acid was used for the creation of a self-
assembled monolayer on the gold surface of the QCM chip. Then, it was functionalized with
bifunctional agent (i.e., glutaraldehyde). A reactive aldehyde group was generated on the chip
surface for covalent fixation of the amine labeled thrombin binding aptamer. As a backfilling
molecule 6-mercapto 1-hexanol was used to minimize non-specific binding. A typical
immobilization experiment of thrombin binding aptamer resulted in 14.37 Hz decrease in
frequency after injection of 10 uM aptamer solution through a continuous flow cell for 150
seconds (Figure 3A). QCM biosensor is a bulk acoustic wave measurement technique;
changes in piezoelectric quartz crystal are measured after electrical excitation, which are
linearly proportional to the mass on the sensor chip surface, as described by Sauerbrey
equation [33]. A surface coverage of 98.2 ng cm™ thrombin binding aptamer was obtained
according to this equation. An addition, the amount of interacted mass on the QCM chip
surface is measured in real-time, allowing the researcher to closely follow mass changes.
Thus, it is possible to follow how particularly small masses that are being added or removed

to the QCM biosensor chip.
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3.4. QCM-aptasensor coupled to Mp(HEMA-EGDMA-VC) microbeads and detection of
thrombin in samples

To study of the applicability of this QCM-aptasensor in biological samples, the determination
of thrombin from diluted human serum samples was realized. Serum is a biological fluid and
obtained after coagulation of whole blood, therefore, does not contain any coagulation
protein. As described above, any interfering substances present in human serum sample were
effectively removed by subsequent magnetic isolation process as evidenced by QCM
aptasensor records. The magnetically separation of the thrombin laden Mp(HEMA-EGDMA-
VC)-TBA microbeads was confirmed as an appropriate tactic for an successful quantification
of thrombin in serum samples. The human serum samples were spiked with thrombin at
various concentrations, magnetic isolation procedure was applied and the eluent was
subjected to QCM analysis or to biochemical analysis of thrombin amount with artificial
substrate T3068 as described above.

For QCM analysis, the eluted thrombin from Mp(HEMA-EGDMA-VC)-TBA
microbeads was fed into QCM-aptasensor for real-time quantification of thrombin in solution
and serum samples. The change in QCM-aptasensor response is directly proportional with the
increase of the spiked thrombin concentration in serum samples (Figure 3B) and the absolute
frequency changes increased along with thrombin concentrations, such that frequency change
exhibited a one-to-one Langmuir binding relationship. The affinity constant (Ky) was
calculated to be 68.5 nmol L™, which is in agreement with literature. The range of thrombin
concentration in a range of 0-100 nmol L™ followed a linear relationship with the frequency
change (Figure 4). Whereas serum sample lacking any addition of thrombin produced only
small frequency changes was observed about 3.00 + 1.23 Hz. As the frequency change
depends on thrombin specific-binding induced mass change on the surface of the aptamer-

chip compared to unspecific adsorption, signal change should be relatively insensitive to
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control proteins present in human serum. To evaluate the binding specificity of the QCM-
aptasensor to thrombin, control experiments with non-target molecules (elastin IgG and HSA)
were performed at 100 nM concentrations. The changes in signal intensities for elastin, 1gG
and HSA were extremely feeble, almost the same as the blank (i.e., Tris-HCI buffer). Even at
high concentrations of interfering proteins, QCM frequency changes were not significantly
different. Additionally, the frequency intensity of thrombin in existence of the tested protein
was nearly the same with that in Tris—HCI buffer solution (Figure 5). This result showed that
other proteins were not interacted with the thrombin binding aptamer on the QCM sensor
chip. The presence of these substances did not cause any hindrance for the detection of
thrombin. In fact, Bini et al (2007) previously reported QCM aptasensor for detection in
diluted serum and plasma samples [40]. However, diluting samples resulted in sensitivity
levels which are not sufficient for direct thrombin detection in real samples. The excellent
selectivity and sensitivity suggest a promising detection system for thrombin in complex
serum. The resultant aptamer-based QCM sensor exhibited high selectivity and
reproducibility toward thrombin. It could be used to detect thrombin in dilutes serum samples,

suggesting potential application in clinical settings.

3.5. Equilibrium binding studies of thrombin on the QCM biosensor

The thrombin binding aptamer functionalized QCM chip was placed in the continuous flow
cell holder. Then, the direct binding performance of thrombin to the QCM biosensor chip
surface was studied in order to determine the limit of detection for thrombin (Figure 4).
Thrombin solutions in Tris-HCI buffer (20 mmol L™, pH 7.4) at various concentrations were
injected continuously to flow cell. The non-specifically interacted thrombin was disinterested
by washing with Tris HCI buffer solution (pH 7.4, 20 mmol L™, containing 200 mmol L™

NaCl). Contacting of thrombin solution with aptamer-chip resulted in a reduction in frequency
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values. The frequency change values were plotted against the thrombin concentrations to
obtain a binding calibration curve (Figure 4). The aptamers-chip of the biosensor was also
utilized for the determination of thrombin amounts in 10-fold diluted serum sample spiked
with thrombin. Serum samples were spiked with thrombin at various concentrations, magnetic
isolation procedure was applied and the eluent were injected on thrombin binding aptamer
immobilized sensor chips. QCM biosensor data with the thrombin-aptamer chip was analyzed
for the evaluation of equilibrium isotherm parameters using Scatchard, Langmuir and
Freundlich models.

The Scatchard: AF/[C] = 1/Kq [(AFmax— AF) ] 3

The Langmuir: AF = (AFmax [C])/(Kqg + [C]) (4)

The Freundlich: AF = K¢ [C]*" (5)

Where AFmax IS the maximal frequency shift for fully saturated surface (Hz), AF is the
frequency shift (Hz) at a given concentration of thrombin, C is the amount of thrombin (nmol
L), Kg (nmol L™ is the equilibrium dissociation constant and it is equal reverse of the
equilibrium association constant (1/K,) and 1/n and K are Freundlich exponent. K, (nmol L™)
and Ky (nmol L™) are forward and reverse equilibrium constants; subscript “max” donate
maximum. For binding of thrombin on the aptamer-chip of the biosensor, the Langmuir model
was better fitted the experimental data than those of the Scatchard and Freundlich model
(Table 1).

Scatchard analysis of the amount of thrombin bound at the surface as a function of the
concentration of thrombin in the buffer gave the value for the equilibrium dissociation
constant (Kg, 62.5 nmol L™in Table 1). These results correlated well with values reported in
literature [37]. The calculated value for the regression coefficient (R%) at equilibrium
adsorption conditions obtained in this work by QCM of the binding system is 0.789. The

linearity of the Langmuir model is well-suited compared to the Scatchard model. The
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maximal frequency shift for fully saturated surface for thrombin (AFmax) was 73.95 (Hz), and
the calculated AFm.x value was very close to the experimental value (64.25 Hz) (Table 1). The
affinity constant (Kg) and regression coefficient (R?) were calculated to be 68.5 nmol L™ and
0.992, respectively, which is in agreement with literature [37,38]. As shown in Figure 4 the
absolute frequency changes, increases along with thrombin concentrations, such that
frequency change exhibited a one-to-one Langmuir binding relationship. Freundlich model is
well fitted to heterogeneous surfaces. The regression coefficient was 0.989. For the
Freundlich model, the magnitude of n values was found to be high (1.46) adequate for binding
of thrombin from aqueous medium (Table 1).

The designed QCM aptasensor was used with thrombin solutions and diluted serum
samples, which spiked with known concentrations (0-100 nmol L™) of thrombin for
construction of a calibration curve. The limit of detection and the limit of quantification for
thrombin were found to be 1.0 and 100 nmol L™, respectively. It should be reported that, the
presented Mp(HEMA-EGDMA-VC)-TBA system and QCM-aptasensor have a good

efficiency in the detection of thrombin in solutions and diluted serum samples.

3.6. Sensitivity and stability of QCM aptasensor

The sensitivity and stability are important factors for the convenient application of biosensors.
Therefore, these factors were studied using newly designed QCM-aptasensor. A 15 samples
of 10-fold diluted human serum spiked with three different thrombin concentrations (i.e., 10,
50 and 100 nM) were analyzed using QCM-aptasensor. Each value of thrombin concentration
analyzed in this test corresponds to the average obtained from 5 repeated studies. The QCM-
aptasensor showed average deviation between 2.4 and 3.7%. These results showed that the

signal response for the same concentration of thrombin can be recovered with an insignificant
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error. The response of the QCM-aptasensor was highly sensitive for serum spiked with
thrombin.

These QCM-aptasensor data were correlated by using thrombin assay in 10-fold
diluted serum, The serum was spiked with three different concentration of thrombin (i.e., 10,
50 and 100 nM) and assayed using T3068 thrombin artificial substrate, (i.e., p-Ala-Gly-Arg-
p-nitroanilide diacetate) by incubating 2.0 h at 37 C. The amount of human thrombin in the
10-diluted serum was determined at Ass nm. A calibration curve was obtained by the
measurement of thrombin at various concentrations. The human serum is obtained after
coagulation of blood and the serum does not include any coagulation proteins. Thus, the
external addition of thrombin does not influence the thrombin spiked serum [40]. The result
obtained by thrombin assay method has a lower SD value than that of 3.9%. The detection of
thrombin using artificial T3068 substrate was in the range of 102.4-103.6%, indicating that
the accuracy and precision of the presented QCM-aptasensor method was sensible. The
amount of detected thrombin was same using thrombin assay method as in QCM-aptasensor.
The detection limit of some thrombin binding aptamer biosensors was compared for detection
of thrombin with their linear range (Table 2). Noticeably, the QCM-aptasensor can be utilized
for detection of thrombin in the biological fluids with conjunction magnetic pre-concentration
system. The QCM-aptasensor has a wide linear range and sensitive, and that is a significant
advantage of the presented work.

The stability of the QCM-aptasensor was studied at room temperature at 30-day
intervals. The Am data is obtained for the 20 cycles (data not shown). The response of the
QCM-aptasensor for each run was similar. It should be noted that the QCM aptasensor
response Am is linearly associated at with same concentration of thrombin (i.e., 100 nM

spiked thrombin in 10-fold diluted). During the repeated use period, there was no significant
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change in the aptasensor responses. Thus, the QCM-aptasensor offered good shelf-life

stability for 60 days at room temperature.

4. Conclusions

The methods available for thrombin detection in serum are very complicated, and time-
consuming. Hence, a novel QCM-aptasensors were constructed for label-free detection of
thrombin in solution and diluted serum samples. In addition, an aptamer-magnetic isolation
system was designed and integrated to the QCM aptamer-sensor. Thrombin binding aptamers
were effectively incorporated on the surface of the L-cysteine modified QCM chip. These
results showed that Mp(HEMA-EGDMA-VC)-TBA microbeads have high reusability during
isolation and operation of QCM-aptasensor. The constructed QCM-aptasensor for thrombin
detection has resulted a good analytical performance in terms of lower detection limit (1.0
nmol L™), a wider linear range (1.0-100.0 nmol L™) and QCM-aptasensor does not lost its
initial capture capacity for thrombin when stored at room temperature for 60 days. These
results showed that the cyclic carbonate groups of Mp(HEMA-EGDMA-VC) microbeads can
be functionalized with different ligands and can be used as a potential magnetic support in

separation and pre-concentration of mark out proteins from biological fluids.
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Figure 1. Preparation of thrombin binding aptamer-immobilized Mp(HEMA-EGDMA-VC)
microbeads. The microbeads were used for specific capture of thrombin from
diluted serum samples.

Figure 2. The XRD patterns (A) yFe304 and (B) Mp(HEMA-EGDMA-VC) microbeads

Figure 3. (A) Frequency change upon immobilization of thrombin binding aptamer on
functionalized QCM chip. (B) Frequency change at different Aptamer-thrombin
concentrations.

Figure 4. Thrombin at different concentrations was injected on the QCM-aptasensor chip to
obtain the linear part of the thrombin-aptamer interaction.

Figure 5. Specificity (n=3) of thrombin binding aptamer for thrombin. The concentrations of
HSA, elastin and IgG were 100 nmol L™. The possible interferences were tested in
10-fold diluted serum or fibrinogen-precipitated plasma samples with QCM-
aptasensor for detecting thrombin, elastin, 1gG and HSA. Samples were first spiked
in diluted serum or fibrinogen-precipitated plasma and magnetically isolated from

sample mixture and the eluted isolates were directly fed into QCM sensor chip.
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Table 1. Isotherm models constants and correlation coefficients for thrombin from

aqueous solutions on the QCM-aptasensor chips.

=Xp Scatchard plot Langmuir constant Freundlich constant

AFm  AFpax Kq R®  AFmax Kq R® n Kr R’
(Hz) (Hz)  (hmolL™ (Hz) (nmol L™

64.3 73.8 62.5 0.789 74.0 68.5 0992 146 152 0.989

Table 2. Comparison of aptamer utilized biosensors reported for thrombin detection.

Sensors Linear range Detection limit Refs.
Fluorescence 2.5-90 nmol L™ 1.5 nmol L™ 41
Resonance light scattering  10-500 pmol L™*and 1-60 nmol L*  0.71 pmol L™ 1
Chehemiluminescence 2.5x10"° to 1x10° mol L™* 8.3x 10 " mol L™ 29
Resonance light-scattering  0.5-75 nmol L™ 8.60 nmol L™ 42
Electrochemistry 3.0-80.0 nmol L™ 3.0 nmol L* 43
Resonance light-scattering  0-35 nmol L™ 1.05 nmol L™ 6
QCM-aptasensor 50-200 nmol L™ 50 nmol L™ 40
QCM-aptasensor 1.0-100 nmol L* 1.0 nmol L* In this work
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Highlights

A QCM-aptasensor is constructed for the determination of thrombin from serum.

The aptamers on magnetic beads and QCM crystal chips has high specificity to
thrombin.

Thrombin detection limit of the QCM-aptasensor was 1.0 nM.

The combination of aptasensor with pre-concentration offered a sensitive detection of
thrombin.

The binding of thrombin to QCM-aptasensor was well described Langmuir model.
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