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A series of DNA aptamers bearing triazole internucleotide linkages that bind to thrombin was synthe-
sized. The novel aptamers are structurally analogous to the well-known thrombin-inhibiting G-quad-
ruplexes TBA15 and TBA31. The secondary structure stability, binding affinity for thrombin and
anticoagulant effects of the triazole-modified aptamers were measured. A modification in the central
loop of the aptamer quadruplex resulted in increased nuclease resistance and an inhibition efficiency
similar to that of TBA15. The likely aptamer-thrombin binding mode was determined by molecular dy-
namics simulations. Due to their relatively high activity and the increased resistance to nuclease
digestion imparted by the triazole internucleotide linkages, the novel aptamers are a promising alter-
native to known DNA-based anticoagulant agents.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

DNA aptamers are increasingly recognized as drug candidates.
Recently, DNA aptamers that bind to thrombin have emerged as
potent inhibitors of thrombin function. These molecules are now
extensively studied with respect to controlling blood clotting [1].
Currently available anticoagulants cause serious side effects, mainly
due to low specificity or indirect action, and the development of
new anticoagulants is of great importance due to the prevalence of
cardiovascular disease. In the past two decades, a number of
oligonucleotide-based thrombin inhibitors have been described
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[2e6], and two have entered clinical trials [7e9]. The two major
problems limiting the application of the oligonucleotide aptamers
to thrombin are rapid clearance from circulating blood and degra-
dation by blood nucleases [10,11]. Rapid clearance may be advan-
tageous in terms of tunability (reversibility) of the anticoagulation
effect in a number of treatment options. However, it is important
that the aptamers persist undigested for a period consistent with
the desired dosing regimen. Chemical modifications (internucleo-
tide, 20-OMe, 20-F and some other types) are commonly used to
protect ONs from nucleases [12]. They are sometimes combined
with bioconjugation (PEGylation in particular [12]) to improve
pharmacokinetics and biodistribution of an aptamer, since nuclease
resistance alone cannot dramatically increase its life span in blood.

The deoxyoligonucleotide TBA15 (thrombin binding aptamer),
which forms an antiparallel two-tetrad G-quadruplex in solution, is
themost efficient single-module unmodified DNA aptamer. Various
modifications have been made to the TBA15 structure to
improve its affinity to thrombin and its resistance to biodegrada-
tion [13e16]. Comparative analysis of known TBA15 analogs in-
dicates that internucleotide modifications in the quadruplex loops
are particularly promising [17e19]. Non-natural internucleotide
linkages are likely to increase the biostability of aptamers [19,20].
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Moreover, conformationally rigid linkages may restrict loop ge-
ometry in a manner that is favorable to specific aptamer activity.
Triazole linkages are a type of rigid linkage and have been widely
discussed due to their potential biocompatibility and pronounced
effect on the hybridization properties of oligonucleotides [21e23].

In this study, we synthesized a series of DNA aptamers bearing
triazole internucleotide linkages that bind to thrombin and
assessed their stability, binding affinity for thrombin and antico-
agulant effects.

2. Results and discussion

2.1. Synthesis and structure confirmation

We synthesized four analogs of TBA15 (A1-A4) in which triazole
fragments were introduced into the central loop or in one or both
TT loops and four analogs of 31TBA [24], a well-known double-
module thrombin binding aptamer that contains a duplex fragment
in addition to the quadruplex core (A5-A8). A5 and A7 carry triazole
fragments in the duplex modules. A6 and A8 have modifications in
TT loops (Fig. 1). Sequences of A5 and A6 are identical to that of
31TBA, while A7 and A8 has an ‘inverted’ duplex module and are
generally similar to the recently reported 31TBA analog RE31 [24].
All of the modified aptamers were obtained via automated oligo-
nucleotide synthesis using a modified dithymidine phosphor-
amidite block with a triazole internucleoside linkage. The modified
phosphoramidite block was synthesized as described in Ref. [21].

According to CD spectroscopy (Fig. 2) and UVmelting studies, all
of the modified aptamers, with the exception of A7, fold into rather
stable antiparallel G-quadruplexes. The UV melting curves can be
found in Supplementary material, while the melting temperatures
are presented in Table 1. The quadruplex module of A7 appeared to
be unstable at room temperature. Interestingly, this dramatic
decrease in the quadruplex melting temperature is caused by a
modification in the duplex module. The quadruplex core is known
to be essential for aptamer function; therefore, A7 was excluded
from further investigations. The modification of the duplex module
in aptamer A5 also caused destabilization, although this effect was
less significant. The unfavorable effects of the introduction of tri-
azole fragments into the duplex module are in agreement with
recently published data on the hybridization properties of triazole-
linked oligonucleotides. Modifications in one or both of the TT-
loops (aptamers A1eA3, A6 and A8) had relatively insignificant
effects on quadruplex thermostability, while modification of the
central loop (A4) resulted in destabilization. It should be noted that
we had to modify the sequence of the central loop in A4 to intro-
duce the triazole fragment and the destabilization can be caused by
the sequential change. All aptamers exhibited CD spectra that were
generally similar to that of TBA15, with a positive band at 295 nm
Fig. 1. Schematic representation of the thrombin binding aptamers TBA15 and 31TBA. The ar
in the center.
and a negative band at approximately 268 nm, which is charac-
teristic of antiparallel quadruplexes. A hypochromic shift of the
negative band and an increase in its amplitude was observed in the
spectra of A4 and the double-module aptamers.

The monomolecular folding of the single-module aptamers was
confirmed by comparing the UV melting curves obtained at
different aptamer concentrations (see Supplementary material). No
significant concentration dependence of the Tm values was
observed. The monomolecular folding of A5eA8 was confirmed by
rotational relaxation time analysis, in which the fluorescence po-
larization (P) and fluorescence lifetime (s) of EtBr bound to the
aptamers were measured, and the rotational relaxation time (r),
which is proportional to the molecular hydrodynamic volume, was
calculated. The obtained values for the rotational relaxation time
are consistent with monomolecular folding (see Supplementary
material).

2.2. Binding to thrombin

The binding affinity of the aptamers was analyzed by electro-
phoretic mobility shift assays (EMSA) (see Supplementary
material). We labeled single-module aptamers with FAM for bet-
ter visualization in these experiments. The affinities of A5 and A6
for thrombin were comparable to that of 31TBA. Other double-
module aptamers demonstrated weak or no affinity for thrombin.
EMSA data on the single-module aptamers were less clear. A4 was
the only single-module aptamer which demonstrated significant
binding. However, thrombin complexes with A4 and TBA15 are
poorly seen on electropherograms, so for an accurate comparison
we performed a microscale thermophoresis assay (MST) (Fig. 3). A
KD value of 97 nM� 1 nMwas determined for the TBA/Thr complex
in the MST assay, in agreement with the value found in the litera-
ture [25]. The KD value determined for A4 (127 nM � 1.4 nM) was
very close to that of TBA15. The addition of 10% blood plasma to
the working buffer changed the KD values significantly
(KD

TBA ¼ 1690 nM � 15 nM; KD
A4 ¼ 3040 nM � 65 nM), presumably

due to unspecific interactions between the aptamers and plasma
proteins, but the KD

TBA/KD
A4 ratio remained below 2.

The thrombin-A4 binding mode was investigated by molecular
dynamics (MD) simulations. The CD data indicate that the structure
of A4 is generally close to that of TBA. Thus, we assumed that the
two aptamers are likely to have similar patterns of interaction with
thrombin, and our initial models of the A4/Thr complex were based
on published data for the unmodified TBA/Thr complex (PDB: 1hao;
PDB: 1hut). Two mutually inconsistent structures of the TBA/Thr
complex have been reported: the NMR-resolved structure and the
X-ray-resolved structure. In the NMR-based model (PDB: 1hao),
TBA binds the Thr exosite-1 through the TT loops [26], while in the
X-ray-based (XDA) model (PDB: 1hut), TBA binds through the TGT
rows indicate the modification positions. The modified dinucleoside fragment is shown



Fig. 2. CD spectra of single-module (left) and double-module (right) aptamers to thrombin.
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loop [27]. The NMR model is known to be widely favored over the
XDA model in the case of the unmodified TBA [28,29]. We decided
to test the validity of both models with respect to the modified
aptamer. To obtain the modified NMR- and XDA-resolved struc-
tures, we substituted the TGT loop of TBA in 1hao and 1hut
correspondingly for the modified TT*T loop. After conformation
reoptimization, MD simulations were performed for the A4/Thr
complexes.

In the XDAmodel, the quadruplex geometry varied significantly.
The quadruplex was completely destructed after 33 ns (Fig. 4A, B).
Despite the quartet destruction, A4 remained bound to Thr
throughout the simulation, mainly via G11, which forms H-bonds
with Arg 73, and the T7T8 fragment, which forms H-bonds with Arg
70. The destabilization of the lower quartet was caused by shifting
of the central loop, which resulted in stacking interactions between
T8 and G6 as well as the formation of additional hydrogen bonds
between the loop and Asp 6, Glu 155 and Ser 152. The gradual
deformation of the quadruplex resulting in its destruction is illus-
trated in the gyration radius plots provided in the Supplementary
material.

In the NMR model, the G-quadruplex was stable for at least
35 ns (Fig. 4C, D). The introduction of the triazole fragment did not
cause any significant changes in the thrombineaptamer in-
teractions in this model. Similar to the unmodified aptamer, the A4
topology remained generally invariable throughout the simulation.
The total number of hydrogen bonds between thrombin and A4 in
the NMR model is greater than that in the XDA model. As in the
XDA-model, Arg 70 and Arg 73 participate in hydrogen bond for-
mation. Other amino acid residues that play a significant role are
Table 1
Sequences, MALDI-TOF MS data and melting temperatures of the aptamers.

Aptamer
code

Sequencea, 50/30 m/z, found
(calculated
for [M � H]�)

Tm,
�C � 1b

TBA15 GGTTGGTGTGGTTGG 4725.5 (4725.1) 52.6
A1 GGT*TGGTGTGGTTGG 4697.8 (4697.2) 50.5
A2 GGTTGGTGTGGT*TGG 4697.5 (4697.2) 48.9
A3 GGT*TGGTGTGGT*TGG 4668.9 (4669.2) 48.7
A4 GGTTGGTT*TGGTTGG 4673.0 (4672.2) 42.4
31TBA CACTGGTAGGTTGGTGTGGTTGGGGCCAGTG 9708.5 (9709.3) 56.2
A5 CACT*TGTAGGTTGGTGTGGTTGGGGCAAGTG 9683.0 (9680.4) 42.3
A6 CACTGGTAGGTTGGTGTGGT*TGGGGCCAGTG 9685.7 (9681.4) 58.1
A7 GTGT*TGTAGGTTGGTGTGGTTGGGGCAACAC 9681.9 (9680.4) 25.2
A8 GTGACGTAGGTTGGTGTGGT*TGGGGCGTCAC 9682.5 (9681.4) 52.9

a Asterisks in the column ‘Sequence’ indicate triazole-modified internucleotide
linkages.

b Tm values were measured at 295 nm in 20 mM TriseHCl buffer (pH 7.5) con-
taining 100 mM KCl.
Tyr 71, Asp 74 and Tyr 114. The stacking interactions between T3
and Tyr 71 also contribute to thrombineaptamer binding.

In conclusion, the MD results suggest that the NMR-based
model is the only viable model for the A4/Thr complex. This
finding is consistent with the profound impact of the triazole
modification of the TT loops on aptamer binding to Thr and the
relatively insignificant impact of the central loop modification (see
the electrophoretic data in the Supplementary material and the
MST data in Fig. 3).

2.3. Resistance to nuclease digestion and anticoagulant effects

The effect of the modification on biostability was assessed for
aptamers A4, A5 and A6, which have proven promising in the
thrombin binding assays. Despite its relatively high binding affinity,
A6 later turned out to be an inefficient thrombin inhibitor (see
below), so the data on its stability are presented merely to illustrate
the sameness of loop modification effects in single-module and
double-module aptamers. The direct evaluation of an aptamer life
span in blood plasma can be problematic due to the complexity of
its separation from plasma proteins. We confined our studies of
aptamer biostability to DNaseI and S1 nuclease digestion assays.
DNaseI is ubiquitous in human plasma and is believed to play a
major role in oligonucleotide degradation. S1 was chosen as an
example of a nuclease that primarily attacks single-stranded
oligonucleotide fragments (quadruplex loops). Electrophoretic
analysis of the hydrolysis rates of the aptamers is presented in
Fig. 5 (The single module aptamers were FAM-labeled at 30-
Fig. 3. TBA15 and A4 binding to thrombin. MST experimental values are fitted on the
binding curve. Each value is an average of 3 measurements.



Fig. 4. MD simulation results. A, B e The XDA-based structure of the A4/Thr complex at simulation times of 1 ns and 35 ns, respectively. C, D e The NMR-based structure of the A4/
Thr complex at simulation times of 1 ns and 35 ns, respectively. The triazole fragment is light green. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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terminus for better visualization in these experiments, so it should
be noted that only 30-terminal TBA15/A4 digestion fragments are
seen in the electropherograms.). As evident from Fig. 5, modifica-
tions in quadruplex loops significantly increased aptamer resis-
tance to S1 nuclease (s1/2A4,A6 z 10min, s1/2TBA15,TBA31 z5min), but had
a less pronounced effect on hydrolysis by DNaseI. Alternatively,
modification in the duplex module protected the aptamer from
DNaseI (s1/2A5 z10min, s1/2TBA31 z5min), but had little if any effect on
hydrolysis by S1. This is probably because S1 nuclease preferentially
attacks the quadruplex loops, while DNaseI appears to attack the
duplex. The latter agrees with the observed dramatic difference
between DNaseI hydrolysis rates of the single-module and double-
module aptamers (TBA15 is 90% intact by the time 31TBA is fully
digested. This can partially be attributed to the protective effect of
the TBA15 30-FAM label, but the protective effect of GQ-folding is
most likely the major factor).

The anticoagulant effects of the modified aptamers were
assessed using standard thrombin time tests. The thrombin activity
was estimated based on the thrombin time values measured as a
function of the aptamer concentration. The results are presented in
Fig. 6. As illustrated in the figure, the inhibitory activities of A4,
TBA15 and 31TBAwere very similar (IC50z 250 nM). The activity of
A5 was slightly lower (IC50 z 400 nM), although still comparable
with that of the unmodified aptamers. The increased resistance of
the aptamers to nuclease activity and the anticoagulant effects of
aptamers A4 and A5 indicate that they are potentially efficient
anticoagulant agents.
3. Conclusion

The effects of triazole internucleotide modifications of the
TBA15 loops and of the 31TBA duplex module on aptamer stability,
binding affinity and inhibitory activity were studied. Rigid triazole
fragments tended to disrupt aptamer function when introduced
into the TT-loops or the duplex module, whereas the aptamer with
a central loop modification retained its anticoagulant activity.
Although the triazole modification failed to impart enhanced
thrombin binding affinity to the aptamers, it protected them from
nuclease digestion thus improving their biostability. Overall, two
novel triazole-modified aptamers were proven to be potent
thrombin inhibitors and could be used for the development of new
anticoagulant drugs.

4. Experimental

4.1. Oligonucleotide synthesis, purification and MS analysis

ONs were synthesized on a Biosset ASM-800 DNA synthesizer
following standard phosphoramidite protocols using standard
commercial reagents and triazole-modified dinucleoside phos-
phoramidite. The only modification to the standard protocol was an
increase in the coupling time to 15 min for the modified phos-
phoramidite block. The modified phosphoramidite block was syn-
thesized as described in Ref. [23]. The structure and purity of the
phosphoramidite were confirmed by HR ES MS, 31P NMR and TLC.



Fig. 5. The time course of aptamer hydrolysis by S1 nuclease and DNaseI.
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All oligonucleotides were purified by preparative scale reverse-
phase HPLC on a 250 mm � 4.0 mm Hypersil C18 column with
detection at 260 nm and a 12e24% gradient of CH3CN in 0.1 M
ammonium acetate buffer. The dimethoxytrityl protection group
was removed via treatment with 80% acetic acid (20 min), and the
detritylated oligonucleotides were further purified in a 0e12%
gradient of CH3CN in 0.1 M ammonium acetate buffer. The purity of
all oligonucleotides was determined to be �95% by HPLC. The
MALDI TOFmass spectra of the oligonucleotides were acquired on a
Fig. 6. The anticoagulant effects of single-module (left) and double-module (right) aptamer
and plotted as a function of the aptamer concentration (curves on the top). Each TT value is a
values (curves on the bottom) using a TT-activity calibration curve (see the Supplementary
Bruker Microflex mass spectrometer in linear mode (þ20 kV). Each
spectrum was accumulated using 200 laser shots (N2 gas laser,
337 nm). A solution of 35 g/ml of 3-hydroxypicolinic acid with
dibasic ammonium citrate was used as the matrix.

4.2. UV melting and CD

The oligonucleotides were dissolved in a 20 mM sodium phos-
phate buffer containing 100 mM KCl (pH 7.5). The oligonucleotide
s to thrombin. The thrombin time (TT) was measured in the presence of the aptamers
n average of three measurements. The TT values were converted into thrombin activity
material).
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single strand concentrations were calculated from the absorbance
measured above 80 �C and the extinction coefficients, which were
approximated using a nearest-neighbor model [30]. The samples
were denatured at 95 �C for 5 min and snap cooled on ice prior to
measurements to ensure monomolecular folding. The UV melting
curves were recorded on a Jasco V-550 spectrophotometer equip-
ped with a thermostated cuvette holder. The absorbance was
registered at l ¼ 295 nm every 0.5 �C across the 15e90 �C tem-
perature range. The melting temperatures of the quadruplexes
were defined by performing a fitting procedure using the two-state
model for monomolecular melting [31] in KaleidaGraph version
4.0. The circular dichroism (CD) spectra were obtained on a Jasco J-
715 spectropolarimeter at 20 �C using samples annealed in the
same buffer and under the same conditions as those used for the
thermal denaturation studies. The CD values (D 3) are given per
mole of nucleotides in the quadruplex module.

4.3. Rotational relaxation time of EtBr bound to the aptamers

Vertical (Ijj) and horizontal (It) components of the fluorescence
of ethidium bromide (EtBr) bound to the aptamers were measured
with a Cary Eclipse spectrofluorimeter at room temperature upon
excitation by vertically polarized light. The excitation wavelength
was 540 nm, and the fluorescence intensity was registered at
610 nm. The fluorescence polarization (P) was calculated as
described in Ref. [32].

P ¼
�
Ik � It

�.�
Ik þ It

�

The free dye contribution was taken into account as described
elsewhere [32]. Concentration of EtBr was 1 mM, oligonucleotide
concentrationwas about 5 mM. Fluorescence lifetime (s) of EtBr:TBA
complexes was evaluated using Easy Life V. Fluorescence decay was
registered using an RG610 long pass filter and LED excitation at
525 nm. Rotational relaxation time (r) was estimated using the
PerrineWeber equation, valid for small particles having spherical
or low-asymmetrical ellipsoidal shape [33]:

r ¼ 3s
�
1
P0

� 1
3

���
1
P
� 1
P0

�

P is observed polarization, and P0 ¼ 41 � 1% is its limit value in
the absence of rotational depolarization; and s is fluorescence
lifetime of EtBr in complexes with the aptamers.

4.4. EMSA

Preliminary analysis of thrombin binding by all aptamers was
performed by electrophoretic mobility shift assay. Human a-
thrombin was purchased from SigmaeAldrich. All aptamers were
annealed (heated to 95 �C and cooled quickly to room temperature)
in 25 mM TriseHCl buffer (pH 8) containing 100 mM KCl prior to
the experiments. The aptamers were incubated with increasing
concentrations of human a-thrombin for 15 min at room temper-
ature in 25 mM TriseHCl buffer (pH 8) containing 100 mM KCl,
5 mM MgCl2 and 2 mM beta-mercaptoethanol in a total volume of
5 mL. The band shifts were resolved on a non-denaturing 8% poly-
acrylamide (19:1) gel in a TriseHCl buffer (25 mM TriseHCl, 10 mM
KCl,1mMEDTA, pH 8.9). The concentration of aptamers A5eA8 and
TBA31 in the probes was 2 mM. The corresponding gel was stained
with SybrGreenII and analyzed using a GelDoc scanner (BioRad).
Aptamers A1eA4 and TBA15 were FAM-labeled, and their con-
centration in the probes was 0.15 mM. The corresponding gel was
analyzed using a Typhoon FLA 7000 scanner (GE Healthcare
Lifesciences).
4.5. MST assay

A FAM-labeled aptamer (TBA or A4) was incubated for 15 min
with human a-thrombin in 25 mM TriseHCl buffer (pH 7.5) con-
taining 150 nM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 0.05%
Tween 20 and 0.5 mg/mL BSA. The aptamers were used at a final
concentration of 100 nM and annealed in working buffer without
Tween-20 and BSA, as specified above, prior to the experiment. The
thrombin concentration was varied from 0 to 25 mM. A 12-point
dilution series was prepared for each aptamer. After incubation,
the samples were loaded into MST standard-treated glass capil-
laries, and MST-analysis was performed using a Monolith NT.115
instrument (NanoTemper).

The above procedure was repeated with a working buffer con-
taining 10% blood plasma. The plasma was obtained from 20 com-
binedcitrate-stabilizedblood specimens fromhealthy individuals and
stored at�20 �C until use. The samples containing blood plasmawere
centrifuged for 5 min at 12,000 g before loading into the capillaries.

4.6. Molecular dynamics

Themolecular dynamics simulations (MD)were performedwith
the Amber 8 suite. The explicit (TIP3P) solvent simulations were
performed in a cubic water box with periodic boundary conditions
imposed. The parameters of all atomswith the exception of those of
the triazole ring, needed for interatomic energy calculation, were
taken from the force fields ff99SB and parmbsc0 [34]. The parame-
ters of the triazole atomswere obtained usingGAFF (general AMBER
force field), and the triazole partial atomic charges were calculated
with the quantum mechanical semi-empirical method PM3 [35]
using the MOPAC 7.0 package included in Vega ZZ [36]. Two adja-
cent nucleotides on each side of the triazole fragment were taken
into account when calculating the triazole parameters. A Kþ cation
was placed in the center of the quadruplex between the quartets to
stabilize the structure. The negative charges were neutralized by
adding Naþ ions, and approximately 7400 water molecules were
employed for solvation. The structures were minimized prior to the
simulations. First, the locations of the solvent molecules were
optimized for 1000 steps (500 steps of a steepest descent minimi-
zation followed by 500 steps of a conjugate gradient minimization),
with all the solute atoms being restrained to their positions with a
force constant of 500 kcal mol�1 �A�2. Then, the complex structure
was optimizedwithout any restriction for 2500 steps (1000 steps of
steepest decent followed by 1500 steps of conjugate gradient).
Subsequently, a gradual heating to 300 K over 20 ps was performed.
To avoidwildfluctuations in the systemat this stage,weakharmonic
restraintswith a force constant of 10 kcalmol�1�A�2wereused for all
atoms with the exception of the solvent atoms. All bonds to
hydrogen atoms were constrained using the SHAKE algorithm [37],
which allowed a time step of 2 fs. The non-bound 1e4 van derWaals
and electrostatic interactions were scaled by standard amber values
(SCEE ¼ 1.2, SCNB ¼ 2.0). The cutoff for van der Waals interactions
was set to 10�A. Long-range electrostatics were calculated using the
particle mesh Ewald method [38]. The MD simulations in a pro-
duction phasewere performed at p¼ 1 atm and T¼ 300 Kunder the
control of a Langevin thermostatwith a collision frequencyof 1 ps�1.
The trajectory length was 35 ns. Snapshot visualization and
hydrogen bond analysis were performed using VMD [http://www.
ks.uiuc.edu/Research/vmd/] with a donoreacceptor distance of 3�A
and an angle cutoff of 20�. Snapshots were taken every 0.1 ns.

4.7. Nuclease hydrolysis

DNaseI and S1 nuclease were obtained from Fermentas. The
aptamers were annealed in the reaction buffers prior to the

http://www.ks.uiuc.edu/Research/vmd/
http://www.ks.uiuc.edu/Research/vmd/
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experiments as described above. In the DNaseI hydrolysis assay,
80 pmol of an aptamer was dissolved in 15 mL of a reaction buffer
(10 mM TriseHCl (pH 7.5), 25 mMMgCl2 and 10 mM CaCl2). A 2-mL
aliquot was taken as a control, and 1 unit of DNaseI in 1 mL of
storage buffer was added to the remaining solution. The mixture
was incubated at 37 �C for 30 min. Aliquots were removed every 5e
10 min and stored in a freezer at �20 �C until the end of the re-
action. Once all the samples were collected, 1 mL of formamide was
added to each sample. The samples were heated to 95 �C, then
cooled on ice and loaded onto a denaturing 20% polyacrylamide gel
for electrophoresis. The gel was run in TBE buffer (90 mM trise
borate (pH 8) and 20 mM EDTA), stained with SYBR Gold and
analyzed using a GelDoc scanner (BioRad).

In the S1 hydrolysis assay, 80 pmol of an aptamer was dissolved
in 15 mL of S1 working buffer (0.28 M NaCl, 0.05 M sodium acetate
(pH 5) and 4.5 mM ZnSO4). A 2-mL aliquot was taken as a control,
and 10 unit of S1 nuclease was added to the remaining solution.
Aliquots were taken every 5 min.

4.8. Thrombin time assay

The thrombin time (TT) was measured using the Renam
Thrombin-TEST assay kit, following the published procedure [39]
and the Renam protocols. Citrate-stabilized plasma was obtained
as specified in the ‘MST’ section. The plasma (100 mL) was incubated
for 120 s at 37 �C, and then thrombin (6 unit) and an aptamer were
added to a final concentration of the latter 0.1e2 mM. The clotting
time was then measured using a Unimed MiniLab-701 coagulation
analyzer. To obtain the calibration curve for converting TT values to
thrombin activity, a series of thrombin dilutions was prepared, and
the thrombin times were measured (see the Supplementary
material).
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