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Millions of individuals are prescribed platelet inhibitors, 
such as aspirin and clopidogrel, to reduce their risk of 
thrombosis-related clinical events. Unfortunately many 
platelet inhibitors are contraindicated in surgical set-
tings because of their inherent bleeding risk compli-
cating the treatment of patients who require surgery. 
We describe the development of a potent antiplate-
let agent, an RNA aptamer-termed Ch-9.14-T10 that 
binds von Willebrand factor (VWF) with high affinity 
and inhibits thrombosis in a murine carotid artery dam-
age model. As expected, when this potent antiplate-
let agent is administered, it greatly increases bleeding 
from animals that are surgically challenged. To improve 
this antiplatelet agent’s safety profile, we describe the 
generation of antidotes that can rapidly reverse the 
activity of Ch-9.14-T10 and limit blood loss from surgi-
cally challenged animals. Our work represents the first 
antidote controllable antiplatelet agent, which could 
conceivably lead to improved medical management 
of patients requiring antiplatelet medication who also 
need surgery.
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IntroductIon
Pathological thrombosis, as manifested by cerebrovascular, car-
diovascular, and peripheral vascular disease, is the leading cause 
of morbidity and mortality in the western world and developing 
countries. Accordingly, considerable research and resources have 
been dedicated to developing antithrombotic agents that target 
platelet function and these agents represent some of the most 
widely prescribed therapeutics in the world. Two basic strategies 
to antiplatelet drug design have been explored. The first approach 
targets surface receptors and pathways that will limit but not 
totally inhibit platelet function as a potentially desirable goal for 
chronic therapy. Two commonly used antiplatelet drugs, clopi-
dogrel (Plavix) and aspirin, fall into this category. Both drugs 
inhibit specific pathways of platelet activation and/or aggregation 

resulting in a relatively modest antithrombotic effect. However, 
even modest platelet inhibition has been associated with increased 
surgical bleeding, and despite the potential risk for periprocedural 
thrombotic events these are often stopped up to 7 days in advance 
of an operation. The second approach to antiplatelet drug design 
targets surface receptors that are essential for global platelet func-
tion. Glycoprotein (GP) IIb/IIIa inhibitors, such as abciximab and 
eptifibatide are examples. While effectively reducing thrombotic 
cardiovascular events in patients with acute coronary syndrome, 
their overall impairment of platelet-related hemostasis creates 
both challenges in management and hemorrhagic risk around the 
time of surgery. A potent, yet controllable antiplatelet agent would 
facilitate the treatment of patients in surgical settings while mini-
mizing the risk of both thrombotic and hemorrhagic periproce-
dural events.

Von Willebrand factor (VWF) is a protein expressed in 
platelets and endothelial cells. It is a critical protein for platelet 
function, participating in platelet adhesion, activation and aggre-
gation through its well-defined interaction with the GP Ib-IX-V 
complex on the platelet surface. Damage to the blood vessel wall 
exposes subendothelial collagen to the circulating blood, with 
VWF serving as a bridge between collagen and platelets as well 
as between platelets themselves. This interaction also leads to 
the transduction of outside-in signals contributing to platelet 
activation. Large prospective studies have demonstrated that the 
risk of stroke, myocardial infarction, and death correlate with 
VWF levels among persons at risk.1,2 While inhibitors of VWF 
have been shown to limit thrombosis,3–6 one would expect their 
effect on hemostasis to lead to significant bleeding in the surgi-
cal setting.5–7 Thus a rapidly controllable VWF inhibitor would 
benefit patients requiring platelet inhibition in the perioperative 
setting.

We studied an RNA aptamer that target’s VWF for its ability 
to inhibit platelet activity and demonstrated that it is able to pre-
vent thrombosis following vascular injury in vivo. We observed 
that administration of the aptamer led to increased bleeding in 
surgically challenged animals; a response that was prevented with 
the administration of a VWF aptamer antidote which rapidly and 
predictably reversed the antiplatelet effect.
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results
the VWF aptamer inhibits thrombosis in vivo
Previously, we described an aptamer-termed 9.14 (Table 1) that 
binds and inhibits human VWF binding to human GP Ib-IX-V 
and prevents human platelet aggregation in vitro.8 To evaluate the 
 ability of this aptamer to inhibit platelet function in animals, we 
first sought to truncate and modify aptamer 9.14 to facilitate large 
scale  synthesis of the oligonucleotide. We created and tested trun-
cated version of the aptamer based on progressive deletion of nucle-
otides from the 3′ end of the molecule (Table 1). We determined 
that aptamer 9.14 could be truncated from 80 nucleotides to 60 
nucleotides without significantly reducing its ability to bind VWF 
(dissociation constant (Kd) of 44 nmol/l compared to 12 nmol/l for 
the full-length aptamer)8 (Figure 1a). Moreover, this truncated 
aptamer-termed 9.14-T10 also retained its ability to inhibit plate-
let function as measured in a platelet function analyzer (PFA-100) 
assay (Figure 1b). Truncate 9.14-T10 also tolerated a cholesterol 
modification to the 5′-end of the aptamer (termed Ch-9.14-T10) to 
increase its circulating half-life in vivo9 without altering its ability to 
completely inhibit platelet aggregation (Figure 1b).

To determine whether the aptamer could inhibit platelet func-
tion in vivo, we evaluated its ability to limit thrombosis in a ferric 
chloride-induced damage model of the common carotid artery 

in mice. After intubation, cannulation of the left jugular vein and 
placement of a flow probe around the right common carotid artery, 
each animal received an intravenous bolus injection of aptamer 
Ch-VWF 9.14 T10 (3 mg/kg, n = 11) or phosphate-buffered saline 
(n = 11). Next, we placed Watmann paper (1 mm2) soaked in 10% 
ferric chloride (370 mol/l) on the carotid artery proximal to the 
flow probe and left it on for 5 minutes to induce endothelial dam-
age before being removed.10 The average time to thrombosis of 
the common carotid artery in the negative control group was ~10 
minutes. By contrast the carotid arteries of all aptamer Ch-9.14 
T10-treated mice remained patent until the end of the experiment 
(60 minutes) (P < 0.0001 compared to the negative control group) 
(Figure 2a). Moreover, no significant change in blood flow was 
observed in aptamer-treated animals from the beginning of the 
experiment and for the entire 60 minutes of the experiment when 
the procedure was electively terminated (Figure 2a).

Histological analysis of the carotid arteries of all the mice con-
firmed that vessels in the aptamer Ch-9.14-T10-treated animals 
were patent and devoid of thrombi (Figure 2b). This observation 
was in stark contrast to all PBS-treated control mice, which had 
thrombi that had completely occluded their arteries (P < 0.0001 
of the Ch-9.14-T10-treated compared to PBS-treated controls) 
(Figure 2c).

table 1 sequences and binding properties of VWF aptamer truncates

Aptamer
length 

(nt) Binding
Bmax  
(%) sequence

9.14 80 70 GGGAGGACGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACGCAC 
AGACGACTCGCTGAGGATCCGAGA

9.14 T1 77 Similar 72 GGGAGGACGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACG 
CACAGACGACTCGCTGAGGATCCG

9.14 T2 72 Decreased 50 GGGAGGACGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGA 
CGCACAGACGACTCGCTGAGG

9.14 T3 69 Decreased 50 GGGAGGACGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACG 
CACAGACGACTCGCTG

9.14 T4 51 No transcription GGGAGGCCTCAGCTACTTTCATGTTGCTGACGCACAGACGACTCGCTGAGG

9.14 T5 66 Decreased 28 GGGAGGACGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGA 
CGCACAGACGACTCG

9.14 T6 63 Decreased 36 GGGAGGACGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACGCACAGACAGC

9.14 T7 59 Decreased 22 GGGAGGACGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACGCACAGA

9.14 T8 66 Similar 67 GGGAGGATGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T9 63 No transcription GGGAGGCGGTGGACGAACTGCCCTCAGCTACTTTCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T10 60 Similar 61 GGGAGGTGGACGAACTGCCCTCAGCTACTTCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T11 57 Decreased 58 GGGAGGADGAACTGCCCTCA.GCTACTTTCATGTTGCTGACGCACAGACGACTCGCiTG

9.14 T12 54 Decreased 45 GGGAGGAACTGCCCTCAGCTACTTTCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T13 51 No transcription GGGAGGTGCCCTCAGCTACTTTCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T14 28 No transcription GGGAGGTCAGCTACTTTCATGTTGCTGA

9.14 T15 57 No transcription GGGAGGTGGACGAACTGCCCTCAGCTACCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T16 54 No transcription GGGAGGTGGACGAACTGCCCTCAGCTACGTTGCTGACGCACAGACGACTCGCTG

9.14 T17 40 No transcription GGGAGGTGGACGAACTGCCCTACGCACAGACGACTCGCTG

9.14 T18 57 Similar 79 GGGAGGTGGACGAACTGCCCTCTACTTTCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T19 54 No transcription GGGAGGTGGACGAACTGCCCTCTTTCATGTTGCTGACGCACAGACGACTCGCTG

9.14 T20 54 No transcription GGGAGGTGGACGAACTGCCCTCTACTTTCATGTTGACGCACAGACGACTCGCTG

Abbreviations: nt, nucleotide; VWF, von Willebrand factor.



Molecular Therapy  vol. 20 no. 2 feb. 2012 393

© The American Society of Gene & Cell Therapy
In Vivo Activity of Reversible Platelet Inhibitor

the VWF aptamer increases bleeding from  
surgically challenged animals
Once we determined that aptamer Ch-9.14-T10 was a potent 
antithrombotic agent in vivo, we evaluated its potential safety 
profile. Therefore, we surgically challenged animals that had 
received the aptamer to determine the degree of bleeding. We 
employed a murine tail-transection bleeding model in which 
aptamer Ch-9.14-T10 was administered and 5 minutes later, the 
animal’s tails were transected and the volume of blood lost over 
the next 15 minutes was measured. As anticipated from the bleed-
ing diathesis described in VWF-knockout mice,11,12 mice treated 
with varying doses of aptamer Ch-9.14-T10 (10, 5, 3, and 1 mg/kg, 
n = 5 for each dose) exhibited significantly enhanced bleeding as 
compared with control animals (Figure 3) (P < 0.0001 comparing 
aptamer-treated mice at each dose to control animals). Moreover, 
this effect was dose-dependent and most of the aptamer-treated 
animals did not stop bleeding for the duration of the experiment, 
whereas all of the PBS-treated animals formed a platelet plug at 
the tail transaction site and stopped bleeding within 15 minutes. 

These results demonstrate that, as expected for a potent plate-
let inhibitor, aptamer Ch-9.14-T10 can lead to significant blood 
loss in surgically challenged animals. By contrast as shown in 
Supplementary Figure S1, no evidence of bleeding was observed 
in the brains of normal, adult mice that had been treated with 
aptamer  Ch-9.14-T10 (3 mg/kg) for 1 hour and not surgically 
challenged. These results taken together suggest that the aptamer 
does not cause spontaneous bleeding, but can dramatically facili-
tate it at sites of vascular/tissue injury.

Therefore, after determining that aptamer Ch-9.14-T10 can 
prevent thrombosis but can also enhance bleeding, we sought to 
develop antidote molecules that could be used to rapidly reverse 
the activity of aptamer Ch-9.14-T10 if needed.

Antidote oligonucleotides and cdP both  
neutralize VWF aptamer activity in vitro
We designed complementary antidote oligonucleotides (AOs) 
based on the sequence of aptamer Ch-9.14-T10 and  base-pairing 
rules (Figure 4a). Initially, we tested the antidotes for their 
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Figure 1 Analysis of truncated aptamer. (a) von Willebrand factor (VWF) aptamer truncate 9.14-T10 binds with similar affinity compared to 
 full-length aptamer. Binding was performed using a nitrocellulose-filter binding. assay. Filled circles represent full-length aptamer VWF 9.14. Filled 
squares represent aptamer VWF 9.14-T10. The x-axis represents VWF concentration and the y-axis represents the fraction of RNA bound to the 
protein. (b) VWF aptamer 9.14 and derivatives inhibit platelet activity in a platelet function analyzer (PFA)-100 assay. The inhibitory activities of VWF 
aptamers 9.14, 9.14-T10, and Ch-9.14-T10 were measured at a 50 nmol/l concentration in a PFA-100 assay. Error bars represent the mean ± SEM. 
Each data point was performed in duplicate.

0.0
0 20

Time (minute)

a b c

T
ra

ns
it 

tim
e 

(m
in

ut
e)

40 60

0.5

1.0

1.5

2.0

Figure 2 VWF aptamer is a potent antithrombotic agent in vivo. (a) von Willebrand factor (VWF) Aptamer Ch-9.14-T10-treated animals maintained 
carotid. artery patency following ferric chloride-induced damage of murine carotid arteries. Transit time or blood flow (ml/minute) through the damaged 
carotid artery did not decline in animals treated with the aptamer compared to control animals treated with phosphate-buffered saline (PBS) whose 
carotid blood flow ceased during the course of the experiment (n = 11 per group). Filled squares represent aptamer Ch-9.14-T10-treated animals. Open 
circles represent PBS-treated animals. No significant change was observed in the blood flow in the aptamer-treated group during the course of the 
experiment. However, a significant difference in blood flow between the aptamer Ch-9.14-T10-treated mice and mice that did not receive the aptamer 
was observed (P < 0.0001). x-Axis represents time in minutes over which the experiment took place. y-Axis represents transit time or blood flow in ml/
minute. A transit time of 0 indicates that the carotid artery is completely occluded. Error bars represent mean ± SEM. (b) Carotid arteries of aptamer 
Ch-9,14-T10-treated animals maintained 100% patency while all animals that did not receive the (c) aptamer had thrombi that completely occluded 
their damaged carotid arteries (P < 0.0001) (n = 11/group). Histopathological sections were stained with hematoxylin and eosin.
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ability to reverse the aptamer’s activity in a platelet function assay 
(PFA-100) (Figure 4b). In comparison to the other AOs, anti-
dote oligonucleotide 1 (AO1) was the most potent reversal agent 
and it completely reversed the activity of aptamer Ch-9.14-T10 
in 2 minutes (P = 0.01 compared to other AO). We then tested 

AO1 at varying concentrations and found that the lowest con-
centration of AO1 (fivefold molar excess of AO1 over aptamer 
Ch-9.14-T10) completely reversed aptamer activity in a PFA-100 
assay (Figure 4c). These results demonstrate that VWF aptamer 
Ch-R9.14-T10 can be completely reversed by AO1 in vitro.

β-Cyclodextrin-containing polycation (CDP) is a polymer 
that can bind to nucleic acid aptamers and inhibit their activity.13 
We tested the ability of CDP to reverse the activity of Ch-9.14-T10 
in the PFA-100. As shown in Figure 4d, we observed that CDP 
could reverse the activity of the aptamer when added at a modest 
excess (more than fivefold molar excess) over the aptamer.

After establishing that AO1 and CDP both inhibit the activity 
of Ch-9.14-T10 in vitro, we tested the activity of the aptamer and 
antidotes in vivo.

Aos and universal antidotes can counteract the 
activity of the VWF aptamer in mice and thereby  
limit blood loss in surgically challenged animals
We evaluated the ability of the AO1, and the universal anti-
dote, CDP, for their respective abilities to reverse aptamer 
Ch-R9.14-T10 activity in vivo. We once again used a murine 
tail  transaction-bleeding model. Animals received aptamer 
Ch-R9.14-T10 (3 mg/kg) by intraperitoneal injection. Five  minutes 
after aptamer administration, we injected PBS, AO1, or CDP into 
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Figure 4 Antidotes for von Willebrand factor (VWF) aptamer ch-9.14-t10. (a) Antidote oligonucleotide design based upon Watson–Crick base-
pairing to aptamer VWF Ch-9.14-T10 (top). (b) Antidote oligonucleotide 1 (AO1) completely reverses the activity of aptamer Ch-9.14-T10 (50 nmol/l) 
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the tail vein at tenfold molar excess over aptamer. The animals 
were then surgically challenged by tail transection and blood 
loss was monitored. Administration of AO1 or CDP completely 
reversed the enhanced bleeding provoked by aptamer Ch-9.14-
T10 within 2 minutes (P < 0.0001 between animals given or not 
given the antidote). Blood loss from the surgically challenged ani-
mals given the aptamer but not given the antidote was 135 ± 34 µl. 
By contrast, blood loss from animals treated with the aptamer and 

then given AO1 or CDP was reduced to 23 ± 12 and 17 ± 10 µl, 
respectively. This amount of blood loss is not significantly differ-
ent from animals surgically challenged but not administered the 
aptamer where blood loss was 22 ± 16 µl (P > 0.95 between no 
aptamer and aptamer plus AO1- and aptamer plus CDP-treated 
animals) (Figure 5a).

universal antidotes can counteract the activity of 
multiple antithrombotic aptamers in vivo while Aos 
only control the activities of individual aptamers
Since both an AO1 and a universal antidote (CDP) were able 
to rapidly reverse the activity of the VWF aptamer and pre-
vent aptamer-dependent bleeding from surgically challenged 
animals, we investigated how these control agents may dif-
fer. We have previously shown that an antifactor IXa (FIXa) 
aptamer-termed Ch9.3T inhibited coagulation FIXa activity in 
mice and caused increased bleeding and that enhanced  bleeding 
could be controlled by administration of an AO-termed 5-2C.9 
In this experiment, we wanted to determine whether a univer-
sal antidote could simultaneously neutralize both an anticoagu-
lant and an antiplatelet aptamer. This question was of particular 
interest because in many clinical settings such as percutaneous 
coronary intervention where both anticoagulants and antiplate-
let agents are employed in combination. Therefore, we adminis-
tered the anti-FIXa aptamer Ch9.3T (10 mg/kg) and the VWF 
aptamer Ch-R9.14-T10 (3 mg/kg) to animals. Five minutes 
later, we administered PBS or a tenfold molar excess of an AO 
(AO1 or 5-2C) or the universal antidote CDP. Then animals were 
surgically challenged by tail transection as previously described. 
Animals treated with the anticoagulant and antiplatelet aptamer 
combination, surgically challenged and not given an antidote 
(PBS control group) lost large amounts of blood (223 ± 53 µl). 
As expected this amount of blood loss was significantly greater 
than animals treated with the antiplatelet aptamer,  Ch-R9.14-T10 
alone (135 ± 34 µl, P = 0.014) (Figure 5a,b). Administration of 
AO1 or 5-2C decreased blood loss to a similar level [148 ± 88 and 
125 ± 79 µl, respectively (P = 0.72)], but remained elevated com-
pared to animals that did not receive either aptamer [22 ± 17 µl, 
(P = 0.03)].

Administration of the universal antidote CDP to animals that 
had received both the anticoagulant and the antiplatelet aptamer, 
significantly reduced blood loss from surgically challenged ani-
mals (12 ± 8 µl), a level markedly reduced compared to animals 
treated with both aptamers and given one of the matched AOs 
(P = 0.009 and P = 0.01 compared to AO1 and 5-2C treated ani-
mals, respectively). Moreover this amount of blood loss was not 
significantly different from mice that had not received an aptamer 
(P = 0.27) (Figure 5b).

dIscussIon
These experiments demonstrate that the VWF aptamer Ch-9.14 
T10 is a potent antiplatelet agent that can block thrombosis in vivo. 
As anticipated, administration of this potent platelet inhibitor 
enhances bleeding from animals that are surgically challenged. 
We also demonstrate that a matched antidote oligonucleotide as 
well as a universal antidote can rapidly reverse the aptamer’s anti-
platelet activity and thereby limit surgically induced bleeding.
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Ch-9.14-T10 in surgically challenged animals. Mice (n = 5 per group) 
were treated with aptamer Ch-9.14-T10 (3 mg/kg) by intraperitoneal 
injection. AO1 or CDP were administered at a tenfold molar excess over 
aptamer via tail vein injection, then the animals were surgically chal-
lenged by clipping their tails and blood loss was measured. Animals that 
did not receive an antidote experienced significant blood loss compared 
to those given either or the antidotes (AO1- and CDP compared to no 
antidote, P < 0.0001). However, no significant difference was observed 
in blood loss from animals given the aptamer and either of the anti-
dotes  (AO1-treated or CDP-treated) and animals not given the aptamer 
(P = 0.74). (b) CDP reverses the activity of the anti-FIXa aptamer Ch9.3T 
aptamer and the VWF aptamer Ch-9.14-T10 simultaneously. Mice 
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then given antidote oligonucleotides AO1 (for VWF aptamer) or 5-2C 
(for FIXa aptamer), the universal antidote CDP or no antidote (PBS 
vehicle control) and surgically challenged. Administration of antidote 
oligonucleotides AO1 and 5-2C to animals that received both aptam-
ers decreased blood loss significantly compared to the negative control 
antidote (P = 0.03) but this was well above blood loss levels from ani-
mals that did not receive either aptamer. Blood loss from animals that 
received both aptamers and the universal antidote (CDP) was similar to 
that from mice that did not receive either aptamer (untreated, P = 0.27) 
(y-axis shows blood loss in µl). Error bars represent the mean ± SEM.
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Aptamer Ch-9.14-T10 was able to maintain vessel patency for >1 
hour in a murine FeCl3 vascular injury thrombosis model and histo-
pathologic analysis of the damaged carotid artery showed minimal 
evidence of platelet accumulation. We have previously determined 
that Ch-9.14-T10 binds to the A1 region of VWF and inhibits its 
interaction with platelet GP Ib,8 interfering with platelet adhesion 
to subendothelial collagen and impeding a key signal transduction 
pathway which subsequently leads to platelet aggregation through 
GP IIb/IIIa.14,15 Thus, we believe that this mechanism of VWF inhibi-
tion is responsible for the potent antiplatelet effect observed in vivo.

While aptamer Ch-9.14-T10 exhibited potent in vivo antiplate-
let activity, several antiplatelet agents have now been described 
with this ability.7,16 However, this is the first description of an anti-
platelet agent that can be neutralized rapidly and effectively by 
administration of an antidote molecule in vivo. Parenteral platelet 
inhibitors are used extensively by interventional cardiologists and 
radiologists and are now being used by neurosurgeons to aid in 
the surgical management of stroke and stent-assisted coiling of 
aneurysms.17–22 Both interventionalists and surgeons across vas-
cular specialties are enthusiastic to use these types of drugs more 
extensively but are reluctant to do so because of concern for bleed-
ing complications. Attenuating their pharmacodynamic activity 
in the event of bleeding requires blood product transfusion or 
recombinant clotting protease administration. Unfortunately, such 
procedures yield protracted and unknown quantitative inhibitory 
effects, are potentially prothrombotic and may be ineffective.

A number of agents targeting VWF, including monoclonal 
antibodies and aptamers, have been shown to inhibit its activity 
and in turn, platelet function.3–7,23–25 However, antidotes have not 
been described for any of these drugs, limiting their overall clini-
cal used in surgical settings. The VWF aptamer and its antidotes, 
including universal antidotes such as CDP represent the first con-
trollable antiplatelet agent and may provide clinicians with much 
needed options in surgical settings where thrombotic and hemor-
rhagic risk coexist.

MAterIAls And Methods
Synthesis of aptamer truncates and AOs. The AOs and primers used 
in the truncation of the aptamer were synthesized and purified by IDT 
(Coralville, IN). Software predicting RNA secondary structure (Mfold by 
M. Zuker) was used to aid in the design of truncates. Briefly, primers were 
designed to make progressively shorter DNA templates for aptamer mol-
ecules. T7 RNA polymerase was then used to transcribe RNA aptamers 
and tested each of these in binding assays.

Binding assay. Dissociation constants (Kd) of each truncate were deter-
mined using double-filter nitrocellulose-filter binding assays.12 All binding 
studies were performed in binding buffer F (20 mmol/l HEPES, pH 7.4, 
150 mmol/l NaCl, 2 mmol/l CaCl2, and 0.1% bovine serum albumin) at 
37 °C. Human purified VWF (with factor VIII and factor VIII free) was 
purchased from Hematologic Technologies (Essex Junction, VT) and used 
in the double-filter nitrocellulose-filter binding assay to determine the Kd of 
individual clones. Briefly, RNA was dephosphorylated using bacterial alka-
line phosphatase (Gibco BRL, Gaithersburg, MD) and end-labeled at the 
5′ end with T4 polynucleotide kinase (New England Biolabs, Beverly, MA) 
and [γ32P] ATP (Amersham Pharmacia Biotech, Piscataway, NJ). Direct 
binding was performed by incubating 32P-RNA with VWF in physiologi-
cal buffer + 1 mg/ml bovine serum albumin at 37 ºC for 5 minutes. The frac-
tion of the nucleic acid–protein complex which bound to the nitrocellulose 

membrane was quantified with a phosphoimager (Molecular Dynamics, 
Sunnyvale, CA).

Nonspecific binding of the radiolabeled nucleic acid was subtracted 
out of the binding such that only specific binding remained.26

Platelet function analysis. The PFA-100 (Dade Behring, Deerfield, IL), is 
a whole blood assay that measures platelet function in terms of clot for-
mation time.27 It is highly sensitive to VWF levels. Briefly, whole blood 
(840 μl) was mixed with VWF aptamer in PBS with magnesium and 
calcium (Sigma-Aldrich, St Louis, MO) and incubated for 5 minutes at 
room temperature. This mixture was then added to a collagen/adenosine 
diphosphate cartridge and tested for its closing time. The cartridge con-
tains a microscopic aperture cut into a biologically active membrane at the 
end of a capillary. The whole blood is drawn through the aperture and the 
membrane is coated with collagen and adenosine diphosphate or collagen 
and epinephrine which activate platelets. The activated platelet form a plug 
which occludes the aperture and stops blood flow. The time it takes for 
this to occur represents the closing time. The maximum closing time that 
the PFA-100 machine records is 300 seconds. The effect of the AOs on the 
activity of the aptamer was measured by mixing whole blood with aptamer, 
incubating for 5 minutes followed by addition of antidote or negative con-
trol, and testing the mixture in the PFA-100.

Murine in vivo studies. All in vivo experiments were approved by the Duke 
University Institutional Animal Care and Use Committee. All experiments 
were completed with the operator and the neuropathologist blinded to the 
treatment group.

Carotid injury. Adult C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) 
(18–24 g) were intubated and the left jugular vein was cannulated. Next, 
the right common carotid artery was exposed and a transonic flow probe 
(Transonic Systems Incorporated, Ithaca, NY) was placed around the ves-
sel. The blood flow was measured for 5 minutes to achieve a stable baseline 
followed by intravenous injection of negative control or aptamer Ch-9.14-
T10. Carotid artery thrombosis was activated by 10% ferric  chloride-soaked 
Whatmann paper as previously described.28 The blood flow was then mea-
sured for 60 minutes. The time to occlusion was recorded. The animals were 
then sacrificed. The brain and common carotid arteries were harvested 
for analysis. The brain and carotid  arteries were prepared on slides and 
stained with hematoxylin and eosin stains (Duke University Department 
of Pathology, Durham, NC) and reviewed by a  neuropathologist (T.J.C.), 
who was blinded to the treatment groups.

Tail transaction. Adult mice (18–24 g) received Ch9.14T10 or saline by 
intraperitoneal injection. After 5 minutes, the mice were injected with 
saline or tenfold molar excess of AO1. After 2 minutes, 2 mm of the distal 
tail was amputated and blood was collected for 15 minutes in 1 ml of PBS 
at 37 °C. Blood loss was determined by measuring the absorbance of saline 
at 550 nm and comparing the result to a standard curve constructed from 
known volumes of mouse blood as previously described.29

Data analysis. All data is expressed as mean ± SD. All data was input-
ted into Graphpad Prism (Graphpad Software, La Jolla, CA). All statisti-
cal analysis was performed using Graphpad Prism or Graphpad Instat 
(Graphpad Software).

suPPleMentArY MAterIAl
Figure S1. Brain histology of aptamer-treated mice.
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