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Original Article
Rapid molecular imaging
of active thrombi in vivo
using aptamer-antidote probes
Bethany Powell Gray,1,6 Linsley Kelly,1,7 Kady-Ann Steen-Burrell,1,7 Juliana M. Layzer,1 Rachel E. Rempel,1

Shahid M. Nimjee,2 Brian C. Cooley,3 Alice F. Tarantal,4 and Bruce A. Sullenger1,5

1Department of Surgery, Duke University School of Medicine, Durham, NC 27710, USA; 2Department of Neurological Surgery, The Ohio State University Wexner Medical

Center, Columbus, OH 43210, USA; 3Department of Pathology and Laboratory Medicine, University of North Carolina School of Medicine, Chapel Hill, NC 27599-7525,

USA; 4Departments of Pediatrics and Cell Biology and Human Anatomy, School of Medicine, and California National Primate Research Center, University of California

Davis, Davis, CA 95616-8542, USA; 5Departments of Pharmacology & Cancer Biology and Biomedical Engineering, Duke University, Durham, NC 27710, USA
Pathological blood clotting, or thrombosis, limits vital blood
flow to organs; such deprivation can lead to catastrophic events
including myocardial infarction, pulmonary embolism, and
ischemic stroke. Prompt restoration of blood flow greatly im-
proves outcomes. We explored whether aptamers could serve
as molecular imaging probes to rapidly detect thrombi. An
aptamer targeting thrombin, Tog25t, was found to rapidly
localize to and visualize pre-existing clots in the femoral and ju-
gular veins of mice using fluorescence imaging and, when
circulating, was able to image clots as they form. Since free ap-
tamer is quickly cleared from circulation, contrast is rapidly
developed, allowing clot visualization within minutes. More-
over, administration of an antidote oligonucleotide further
enhanced contrast development, causing the unbound aptamer
to clear within 5min while impacting the clot-bound aptamer
more slowly. These findings suggest that aptamers can serve
as imaging agents for rapid detection of thrombi in acute
care and perioperative settings.
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https://doi.org/10.1016/j.omtn.2023.01.009.
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INTRODUCTION
Vascular thrombosis, formation of a pathological blood clot, is a ma-
jor underlying factor in cardiovascular and neurovascular disorders
and a common event among patients with cancer (reviewed in Raskob
et al.1). More recently, thrombotic events have been frequently
observed in patients with COVID-19.2 Thus, thrombi currently
contribute to the mortality and morbidity associated with four of
the top five leading causes of death in the United States.3 Additionally,
thrombi are a major post-surgical complication.

Existing methods for thrombi detection, including magnetic reso-
nance imaging (MRI), computed tomography (CT) angiography,
and ultrasound, primarily function by visualizing absent blood flow
or stenosis, assumed to result from thrombus presence, rather than
by directly imaging the clot. Thus, current imaging methods cannot
distinguish whether the restricted blood flow is due to ongoing
thrombosis or rather the result of other forms of stenosis. These
440 Molecular Therapy: Nucleic Acids Vol. 31 March 2023 ª 2023 The
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methods also have limited sensitivity and cannot ascertain thrombi
molecular/cellular features, severely limiting the application of preci-
sion medicine to treat thrombotic events. Thus, a major unmet med-
ical need exists to develop precise methods that can rapidly detect and
characterize thrombi. In particular, prompt identification of thrombi
would dramatically improve outcomes for patients since the respon-
siveness of thrombi to treatment and the survival of surrounding tis-
sues decrease with thrombus age and prolonged occlusion.

A highly promising, alternative approach is to detect thrombotic
events by molecular imaging, where the molecular clot component
is directly recognized and imaged (reviewed in Wang and Peter4).
This approach allows for direct imaging of the clot itself instead of
relying on the absence of blood flow to identify a clot. Such molecular
thrombi imaging requires an imaging probe able to circulate within
the blood and penetrate the clot, ideally with a short circulating
half-life that allows for rapid clearance of unbound probe. RNA
and DNA aptamers bind to targets with high affinity and specificity
(reviewed in Conrad et al.,5 Osborne and Ellington,6 and Nimjee
et al.7) and, as small ligands with short circulation times, have desir-
able pharmacokinetic properties for imaging. Although similar to an-
tibodies in terms of their affinity for their targets, aptamers are
amenable to chemical synthesis and modification and thus easily
tailored to the application at hand. Uniquely, aptamer function can
be rapidly controlled using short complementary oligonucleotide
“antidotes” that anneal to the aptamer and disrupt its structure.8,9

Notably, such antidotes have been shown to effectively turn off
Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The Tog25t aptamer targets human,

mouse, and rhesus thrombin as evidenced by direct

binding and anticoagulant activity

(A) Double-filter nitrocellulose and nylon filter binding of

P32-labeled Tog25t to human or mouse thrombin. N = 3.

(B) Secondary structure of Tog25t. The blue circle rep-

resents the dye AF680 that is conjugated to the 50 end of

the aptamer. The nucleotide changes used to generate

the Tog25t control 1 and control 2 are shown in red and

blue, respectively. (C–E) aPTT coagulation assays

examining the anticoagulant activity of 1 mM Tog25t or

AF680-Tog25t in (C) human plasma, (D) mouse plasma,

and (E) rhesus plasma. Shown is the increase in clotting

time (clot time extension) over the average baseline

clotting time for the plasma. n = 6–18. **p = 0.0011 and

***p % 0.00015 compared with AF680-Tog25t. ****p %

0.00001 compared with Tog25t.
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aptamer targeting and function in humans within minutes.7,10,11

Finally, aptamers have proven to be nontoxic and nonimmuno-
genic.12-15

During blood clot formation, the coagulation factor prothrombin is
cleaved to generate the serine protease thrombin, which plays a cen-
tral role in thrombogenesis and remains associated with the formed
thrombus. Thus, while prothrombin is constantly in circulation,
thrombin is only generated once clotting is initiated and is not other-
wise present, making thrombin detection specific to the presence of a
thrombus. Thrombin localizes to blood clots by binding via its
exosite-1 to fibrin strands in the clots (Figure S1).16 We previously
isolated a 20fluoro (20F) pyrimidine-modified RNA aptamer, termed
Tog25t, that has high affinity for human and porcine thrombin yet
is not a particularly potent anticoagulant.17 Subsequent X-ray crystal
structures of Tog25t bound to thrombin revealed that while the ap-
tamer forms an extended contact with over 1,000 square Å on
Molecular Th
exosite-2 of thrombin, it does not alter either
the thrombin active site or exosite-1,18 suggest-
ing that Tog25t should still target and access
clot-bound thrombin (Figure S1). Additionally,
Tog25t is expected to have affinity only for clot-
bound thrombin, as once thrombin dissociates
from blood clots, it is quickly inactivated by
binding to the protein antithrombin, and
Tog25t does not bind the thrombin-anti-
thrombin complex.19

Thus, we sought to use the Tog25t aptamer as a
thrombus-specific imaging probe to develop an
efficient method of active clot detection and
ongoing localized thrombin generation. Addi-
tionally, we aimed to exploit the rapid antidote
reversal of aptamers to develop a class of revers-
ible, titratable imaging agents that can be
tailored for faster imaging. To develop and opti-
mize thismethod, we utilized near-infrared (NIR) fluorescent imaging
by conjugating Tog25t to an NIR dye. In murine thrombosis models,
Tog25t can rapidly bind and detect existing clots in mice. Subsequent
antidote treatment sped up the detection of thrombi by removing
Tog25t from circulation and allowing for distinct, clear imaging of
blood-clot-bound Tog25t. Moreover, Tog25t’s rapid on rate also al-
lows for detection of newly forming clots in vivo. Our results demon-
strate that thrombin is a suitable target for imaging newly formed clots
and that aptamer-antidote pairs serve as rapid binding-rapid reversal
imaging probes that may prove useful in a variety of clinical settings.

RESULTS
Dye-conjugated Tog25t targets human, mouse, and rhesus

thrombin

Due to the high-affinity interactions between Tog25t and thrombin
exosite 2, we explored aptamer targeting to active clots, as exosite 2
should remain accessible when thrombin is clot bound (Figure S1).
erapy: Nucleic Acids Vol. 31 March 2023 441
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While Tog25t was selected against both human and porcine
thrombin,17 the ability to bind mouse thrombin would allow for
small-animal pre-clinical imaging studies. To determine if Tog25t
binds mouse thrombin, we compared the binding of 50 P32-labeled
Tog25t to both human and mouse thrombin via a double-filter nitro-
cellulose and nylon filter-binding assay. As shown in Figure 1A,
Tog25t does cross-react with mouse thrombin, although with reduced
affinity compared with human thrombin (Kd = 36.7 ± 4.02 vs. 1.25 ±
0.13, respectively). Additionally, Tog25t maintained a similar Bmax for
both human and mouse thrombin (0.61 ± 0.0071 vs. 0.65 ± 0.016,
respectively).

Tog25t was previously shown to modestly inhibit plasma clot forma-
tion by targeting human thrombin.17 Therefore, Tog25t activity can be
verified ex vivo using an activated partial thromboplastin time (aPTT)
clinical coagulation assay, which measures the time to fibrin clot for-
mation after plasma activation. To develop Tog25t into a pre-clinical
imaging agent, we conjugated the aptamer to an NHS-ester Alexa
Fluor 680 (AF680) NIR dye (Figure 1B). As expected, AF680-Tog25t
functioned the same as unlabeled Tog25t, extending clot time �35 s
over baseline in human plasma (Figure 1C). Two different point mu-
tants of Tog25t, control 1 (“no stem 1”) and control 2 (“no stem 2”)
(Figure 1B), which do not bind thrombin,17 were used as controls
for Tog25t specificity. Neither unlabeled nor AF680-labeled controls
altered aPTT clotting time in human plasma (Figure 1C).

To confirm thatAF680-Tog25t retains affinity formurine thrombin,we
examined the effect on aPTT clotting assay time over baseline inmouse
plasma. AF680-Tog25t extended clotting �30 s in murine plasma,
similar to its activity in human plasma, while neither control mutant
altered clotting over baseline (Figure 1D). Importantly, AF680-Tog25t
also had a half-life in mouse serum of �6 h (Figure S2), sufficiently
long for clot imaging. As expected, Tog25t also recognizes rhesus
thrombin, withAF680-Tog25t extending clotting time�15 s over base-
line in rhesus plasma (Figure 1E). Thus, Tog25t is amenable to modifi-
cation for imaging applications and can target thrombin frommultiple
species, two properties of the aptamer required for preclinical studies.

Intravital microscopy reveals that Tog25t rapidly binds to

existing clots in vivo

To determine if AF680-Tog25t can bind thrombin and image pre-ex-
isting clots in vivo, murine femoral vein thrombi detection was
performed using intravital microscopy. After placement of a jugular
catheter, mice were injected with fibrin antibody to visualize the
clot. The femoral vein was then exposed and damaged with an elec-
trolytic stimulus to form a discrete thrombus (Figure 2A, steps
1–3). Subsequent imaging of the vessel shows accumulation of the
fibrin antibody at the clot site (Figure 2A, step 4; Figure 2B; Videos
S1 and S2). Twenty minutes after blood clot formation, AF680-
Tog25t or control 2 (2 nmol) was injected via jugular catheter (Fig-
ure 2A, step 5), as visualized by the bright AF680 signal seen at
23 min (Figures 2A, step 6, and 2B; Videos S1 and S2). By
10–15 min post-aptamer injection, AF680-Tog25t had bound to the
clot (Video S1; Figure 2B), while the AF680-control 2 aptamer did
442 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
not bind the clot and was largely cleared from the vasculature within
5–10 min (Video S2). AF680-Tog25t remained clot bound for the
remainder of the experiment (>60 min), forming a halo-type struc-
ture that tapered in the direction of blood flow (Video S1). These im-
ages demonstrate that AF680-Tog25t rapidly binds and detects blood
clots in vivo and that unbound aptamer is rapidly cleared from the cir-
culation, allowing for rapid contrast development in the vasculature
(within 10–15 min).
Tog25t detects pre-existing, active blood clots in mice

While intravital microscopy provides direct, temporal visualization of
aptamer-based thrombi imaging, many acute care thrombi imaging
applications (e.g., ischemic stroke or myocardial infarction) will likely
require whole-body imaging to detect pre-existing, active clots. There-
fore, we established a murine jugular vein thrombosis model to deter-
mine whether AF680-Tog25t can also be used to image preformed
blood clots in animals.As shown in the Figure 3Aprocedural overview,
a FeCl3 patch was used to form left jugular vein clots, and a baseline
image obtained prior to aptamer injection. AF680-Tog25t or control
2 (2 nmol) were then injected via tail vein, and mice imaged over
time for aptamerfluorescence. As expected, prior to aptamer injection,
there was no detectable fluorescent signal (Figures 3B and 3C). Imme-
diately after injection of either AF680-Tog25t or control 2, a general
fluorescent signal appeared throughout the mouse (<15 min time
points), as expected for a fluorescent reagent that just entered circula-
tion. However, in AF680-Tog25t-injected mice, the aptamer localized
to the clot, and the signal disappeared from the rest of the animal (Fig-
ure 3B). By 15 min post-aptamer administration AF680-Tog25t is
localizing to the jugular blood clot. Over the next 1–2 h, background
was shown to decrease, and the aptamer clearly visualized the
thrombus (95 and 145 min time points). In contrast, the AF680-con-
trol 2 aptamer never selectively localizes to the clot, instead disappear-
ing from the animal by �30 min after injection and never concen-
trating in the damaged jugular vein (Figure 3C). Thus, Tog25t can
specifically detect and image pre-existing clots in small animals.

Circulating Tog25t detects newly forming clots in animals

An unmet medical need also exists to rapidly detect newly forming
clots during or following a medical procedure. Therefore, the murine
jugular vein thrombosis model was modified to determine whether
AF680-Tog25t can image newly forming clots as well when present
during a surgical procedure. As shown in the Figure 4A experimental
overview, mice were injected via tail vein with either AF680-Tog25t or
control 2 (2 nmol). A surgery was then performed, and a new blood
clotwas induced in the jugular vein. Subsequently, the surgical incision
was closed, and the mouse quickly imaged via fluorescence molecular
tomography (FMT). As shown in Figure 4B, the circulating aptamer
allowed for rapid detection of this newly forming clot in the left jugular
vein. Notably, no fluorescent signal in the right jugular vein or in an-
imals injected with AF680-control 2 aptamer was observed.

Collectively, these three animal blood clot imaging models demon-
strate that AF680-Tog25t can be utilized to detect pre-existing clots



Figure 2. Intravital microscopy reveals that Tog25t binds to pre-existing clots in vivo

(A) Procedural overview of the intravital microscopy femoral vein thrombosis imagingmodel. (1) Mice were injectedwith fibrin antibody (antifibrin) via a jugular catheter and (2) a

femoral vein exposed. (3) An electrolytic stimulus was used to injure the femoral vein to form a discrete subocclusive clot. (4) Intravital imaging was begun, and (5) 20 min after

clot initiation, 2 nmol AF680-Tog25t or AF680-control 2 was injected via the jugular catheter. (6) Intravital imaging was continued to visualize aptamer fluorescence. (B) Still

images captured during intravital microscopy study, with antifibrin signal shown in green and aptamer signal shown in red. Note that aptamers were injected immediately

following the 20 min image. Shown are images from a representative mouse for each treatment. n = 4 mice per treatment.
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generated by different methods (electrolytic injury versus chemical),
and newly forming clots can be imaged by intravital microscopy
and using whole animal in vivo methods.

Development of a 20 O-methyl RNA antidote that disrupts Tog25t

function

To further explore potentially useful properties of aptamer-based imag-
ing probes, we sought to identify an antidote oligonucleotide capable of
annealing to Tog25t and disrupting its ability to bind thrombin. There-
fore, we evaluated a series of 10–16 nucleotide long single-stranded
DNA antidotes that spanned the length of Tog25t (Figure 5A) for their
ability to reverse anticoagulant activity of Tog25t. As expected, none of
the antidotes impacted clotting time (Figure 5B). The 3 shortest anti-
dotes, antidotes 1–3 (A1–A3), did not reverse Tog25t activity
(Figure5C).However, the longer antidotes,A4–A6, reversedTog25t an-
ticoagulation, returning aPTT clotting time to baseline (Figure 5C).

To develop an antidote with increased serum stability, we synthesized
antidote A4 as a 20 O-methyl (20OMe) RNA analog (mA4) (Fig-
ure 5D). While the aptamer AF680-Tog25t anticoagulated human
plasma �35 s over baseline, mA4 reversed this anticoagulation, re-
turning clotting time to baseline (Figure 5E). Importantly, a
sequence-scrambled 20OMe RNA control antidote (scramA4) did
not reverse AF680-Tog25t anticoagulation, demonstrating the speci-
ficity of the mA4 antidote for Tog25t. Thus, mA4 antidote specifically
reverses aptamer AF680-Tog25t’s ability to maintain the RNA struc-
ture required to recognize and bind thrombin.

Antidote oligonucleotide administration reverses aptamer

binding to a newly forming clot

To determine whether antidote treatment also modifies AF680-Tog25t
binding to clots inmice, we employed thewhole animal in vivomodel to
image forming clots before and after antidote injection. As shown for
aptamer-alone-treated mice (Figure 4), AF680-Tog25t was injected
via tail vein prior to surgery and intraprocedural induction of a left
jugular thrombus (Figure 5F). Figure 5G shows that the thrombin ap-
tamer once again localized to the newly forming clot in the jugular
vein. After visualizing a clot-bound aptamer, antidotemA4was injected
via tail vein, and mice were imaged again (overview Figure 5F). Imme-
diately after antidote injection (or as rapidly as the animal could be
returned to the imager, �4 min), the thrombin aptamer signal disap-
peared from the blood clot (Figure 5G). Thus, remarkably, antidote
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 443
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Figure 3. Tog25t detects pre-existing, active clots in whole animals in vivo as visualized via FMT imaging

(A) Procedural overview of the FMT jugular vein thrombosis imaging model. (1) The jugular vein in mice was exposed and (2) a subocclusive clot formed by chemical injury to

the vessel using a FeCl3 patch on the vein. (3) Subsequently, the mice were sutured and (4) imaged via FMT. (5) Next, mice were injected via tail vein with 2 nmol of either

AF680-Tog25t or AF680-control 2 (6–7) before additional FMT imaging to visualize aptamer fluorescence until fluorescent signal disappeared. (B and C) FMT images from

steps 4, 6, and 7 of the procedure for mice injected with (B) AF680-Tog25t or (C) AF680-control 2. Shown are images from a representative mouse for each treatment with

jugular vein clots highlighted with white circles. Numbers at the bottom of each mouse image = clot fluorescent signal (counts x pixels/input energy) in oval areas shown over

the damaged jugular veins. n = 3–7 mice per treatment.

Molecular Therapy: Nucleic Acids
treatment quickly removes clot-bound Tog25t that had incorporated
into new, forming clots.

A Tog25t and antidote combination speeds detection of pre-

existing clots

While AF680-Tog25t clearly detects and images preformed clots, it
takes 1–2 h for the unbound aptamer to clear from the animal and
localize only to the blood clot. Thus, we explored the possibility of using
antidote administration to speed AF680-Tog25t detection of pre-exist-
ing clots. Similar to aptamer-alone-treated mice, a left jugular clot was
induced, and the mice were imaged prior to injection with AF680-
Tog25t. After imaging for aptamer fluorescence, antidote mA4 was in-
jected via tail vein at either 25 or 45 min post-aptamer administration,
and imaging continued until the fluorescent signal disappeared (over-
view in Figure 6A). As before, AF680-Tog25t was initially distributed
throughout the circulation (Figures 6B and 6C). However, within
444 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
5 min of antidote injection, the aptamer signal predominately localized
to the clot andwas no longer present in the general circulation. Interest-
ingly, initially a strong signal came from the clearance organs (liver/
spleen), likely due to clearance of aptamer from the general circulation.
For mice injected with antidote at 25 min, AF680-Tog25t was still
detectable on the clot until 65 min after antidote injection (Figure 6B),
while mice injected with antidote at 45 min cleared the AF680-Tog25t
signal by 40 min after antidote injection (Figure 6C). Interestingly, this
clearance difference corresponds with the 20 min time difference be-
tween the antidote injections. The mice injected with antidote at
25 min required another 20 min to completely clear the AF680-
Tog25t signal, while the mice injected with antidote at 45 min cleared
the AF680-Tog25t signal much more quickly.

As expected based on the other imaging studies, the antidote increased
AF680-Tog25t removal from the circulation and the clot but still allowed



Figure 4. Circulating Tog25t detects forming clots in whole animals as visualized via FMT imaging

(A) Procedural overviewof theFMT jugular vein thrombosis imagingmodel. (1)Micewere imaged via FMTbefore (2) tail vein injectionof 2nmol of either AF680-Tog25t orAF680-

control 2. (3) Subsequently, the jugular vein was exposed and (4) a subocclusive clot formed by chemical injury to the vessel using a FeCl3 patch on the vein. (5) Next, themice

were sutured, and (6) FMT imaging continued to visualize aptamer fluorescence. (B and C) FMT images from steps 1 and 6 of the procedure. Shown are images from a

representativemouse for each treatment both prior to aptamer injection and at a time point of 80min after aptamer injectionwith jugular vein clots highlightedwithwhite circles.

Numbers at the bottomof eachmouse image= clot fluorescent signal (counts� pixels/input energy) in oval areas shown over damaged jugular veins. n =4mice per treatment.

www.moleculartherapy.org
for distinct, clear imaging of the clot. Thus, compared with the 1–2 h
needed to specifically image the clot with AF680-Tog25t alone, it took
less than 30 min to image the clot with the AF680-Tog25t and antidote
combination, a significant reduction in time to blood clot detection.

DISCUSSION
To enable efficient and specific imaging of thrombi, we developed an
aptamer-antidote pair that serves as a rapid binding, rapid clearance-
inducing probe and contrast agent. Using the Tog25t aptamer that
recognizes thrombin with high affinity, we created an imaging agent
for the essential clotting factor thrombin. Thrombin is an ideal target
for blood clot imaging given that it is formed during thrombogenesis
and remains associated with active clots, becoming inactivated by
binding to antithrombin upon dissociation from a clot. As thrombin’s
biodistribution is tightly controlled and limited to sites of active clot-
ting, and Tog25t only binds thrombin and not prothrombin or
thrombin-antithrombin complexes, thrombin-aptamer complexes
will only form on active or newly forming clots.

We examined and optimized Tog25t thrombi imaging by conjugating
the aptamer to the NIR dye AF680. Circulating AF680-Tog25t bound
to thrombin allows for specific detection of jugular blood clot formation
in mice in an antidote-reversible manner, demonstrating that an
aptamer-antidote pair can be used to turn on and off clot imaging.
Importantly, both whole-animal NIR imaging of jugular clots and intra-
vitalmicroscopy of femoral vein clots inmice demonstrated thatAF680-
Tog25t targets and images newly forming and preformed clots. Subse-
quent antidote treatment sped up detection of clots by removing
AF680-Tog25t from the circulation and allowed for rapid, distinct imag-
ingof clot-boundAF680-Tog25t. Thus, we developed a reversible, titrat-
able thrombus imaging agent that can be tailored to facilitate faster
imaging.

We also established that Tog25t recognizes rhesus thrombin, demon-
strating the probable utility of Tog25t thrombin imaging in nonhuman
primatemodels. Additionally, as our intravitalmicroscopy study revealed
that Tog25t localizes to and distinguishes clots from background within
�10–15 min after intravenous (i.v.) injection, the aptamer functions on
a time frame that is amenable to large animal pre-clinical imaging. Impor-
tantly, in our whole-animal imaging models, the Tog25t antidote began
functioningwithin 5min of i.v. injection, consistentwith previous clinical
studies showing that antidotes can effectively turn off and modulate ap-
tamer targeting and function in humans within minutes.7,10,11 Together,
these data suggest thatTog25t holds promise for translation into primates
including rhesus monkeys and humans.

A few other probes have been developed to image thrombin,
including a DNA thrombin aptamer20 cross-linked to microbubbles
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 445
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Figure 5. A 20 O-methyl RNA antidote disrupts Tog25t function and reverses aptamer binding to a forming clot

(A) Antidote candidate sequences 1–6 (A1–A6). Each antidote is antisense to the portion of the Tog25t sequence that is highlighted in green. (B and C) aPTT coagulation

assays examining anticoagulant activity in human plasma of 2 mM candidate antidotes ± 1 mM Tog25t. (B) Actual clotting time for antidote oligonucleotides alone and (C) the

increase in clotting time (clot time extension) over the average baseline clotting time for the Tog25t aptamer plus or minus antidote addition. n = 6–48. (D) Predicted secondary

structure of Tog25t with the antidote A4 target region on the aptamer identified by yellow circles. A4 is antisense to the identified Tog25t region. The blue circle represents the

dye AF680 that is conjugated to the 50 end of the aptamer. (E) aPTT coagulation assays examining anticoagulant activity in human plasma of 2 mM antidotes ± 1 mM AF680

Tog25t. Shown is the increase in clotting time (clot time extension) over the average baseline clotting time. n = 6–18. (F) Procedural overview of the FMT jugular vein

thrombosis imaging model. (1) Mice were imaged via FMT before (2) tail vein injection of 2 nmol of either AF680-Tog25t or AF680-control 2. (3) Subsequently, the jugular vein

(legend continued on next page
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for ultrasound imaging.21 However, as this aptamer targets thrombin
exosite I and competes with fibrinogen for binding,22,23 it is only able
to bind thrombin dissociated from the clot and is not able to directly
image clot-bound thrombin. Other imaging agents have been devel-
oped to image thrombin activity via fluorescence, MRI, and positron
emission tomography (PET).24-26 However, these probes do not
directly bind thrombin and instead rely on protease-cleavable
peptides activated by thrombin protease activity. Additionally, once
cleaved, they cannot be inactivated. Here, we developed a probe
that directly binds thrombin irrespective of thrombin active site func-
tion. Additionally, we demonstrate that the Tog25t thrombin probe
can both rapidly bind and be reversed and inactivated via antidote
treatment, which further accelerates contrast development. Notably,
while this study focused on developing Tog25t as a thrombin probe
for in vivo imaging, it also has potential for use in assays that analyze
thrombin function and interactions, similar to assays such as fluores-
cence resonance energy transfer (FRET) assays that have been used to
monitor thrombin-factor XI interactions.27

The field of aptamer-based imaging is still in an early development
stage (reviewed in Dougherty et al.28). Recently a DNA fibrinogen
binding aptamer was modified with contrast molecules and used
for proof-of-principle in vitro thrombus imaging via CT and MRI
as well as ex vivo thrombus imaging via fluoroscopy.29,30 These
studies demonstrate the potential to use modified aptamer-based
agents for thrombus imaging via CT and MRI. Numerous other im-
aging modalities are options for imaging with an appropriate
contrast/detection agent including ultrasound and PET imaging.31

Due to the ease of synthesis and modification of aptamers, an opti-
mized aptamer can easily be designed for any of these clinically
relevant imaging applications. While we focused on NIR imaging
for this study, conjugating the Tog25t aptamer to a CT, PET, or
MRI probe would be a straightforward path to develop the aptamer
into a clinically translatable agent. Moreover, the availability of ap-
tamers to multiple other thrombi-associated clotting factors32-40

may prove invaluable for performing molecular clot composition
evaluation and to support the development of personalized medicine
approaches for treating thrombotic disorders.

As demonstrated here, aptamer imaging activity can be quickly modu-
lated using antidotes specific to the aptamer. This ability to accelerate
clot detection and reverse aptamer imaging has the potential to allow
for molecular clot imaging on a quick timescale and to reduce the
time required to specific clot detection. As time to thrombus detection
is crucial inmany contexts, such as in the case of patients arriving at the
emergency room with ischemic stroke or pulmonary embolism,
reducing time to clot detection has significant clinical implications.
Further, detecting newly forming clots during or following medical
was exposed and (4) a subocclusive clot formed by chemical injury to the vessel using

continued to visualize aptamer fluorescence. (7) 10 nmol antidote mA4 was then injected

from steps 1, 6, and 8 of the procedure. Shown are images from a representative mouse

mouse image = clot fluorescent signal (counts � pixels/input energy). n = 3 mice per tr

AF680-Tog25t.
interventions, such as endovascular thrombectomy31 or carotid endar-
terectomy, may allow for the development of improved approaches to
reduce or rapidly address such complications and improve clinical out-
comes. Additionally, this rapid binding-rapid reversal imaging method
holds promise for use in other imaging contexts, outside of thrombi im-
aging, to molecularly image other complex pathological processes.

MATERIALS AND METHODS
Aptamer and antidote transcription

Unlabeled Tog25t (GGG AAC AAA GCU GAA GUA CUU ACC C),
control 1 (GGG AAC AAA GCU GAA GUA CAA ACC C), and
control 2 (GGG AAC AAA GCU GAA GUA CUU AGG G) were
generated by in vitro transcription of double-strand DNA templates
using 20F CTP and UTP (TriLink Biotechnologies, San Diego, CA,
USA), 20-hydroxy GTP and ATP (MilliporeSigma, St. Louis, MO,
USA), and Y636F mutant T7 RNA polymerase.41

Binding affinity assays

In-vitro-transcribed Tog25t was dephosphorylated by incubation
with bacterial alkaline phosphatase (Thermo Fisher Scientific,
Waltham, MA, USA) at 65�C for 1 h followed by phenol/chloro-
form/isoamyl alcohol extraction and ethanol precipitation. Dephos-
phorylated Tog25t was then radiolabeled using T4 polynucleotide
kinase (New England Biolabs, Ipswich, MA, USA) and [g-32P]
ATP (PerkinElmer, Waltham, MA, USA) and excess [g-32P] ATP
removed using a G-25 spin column. Radiolabeling efficiency was
determined using a Tri-Carb 2800TR Liquid Scintillation Analyzer
(PerkinElmer). Subsequently, apparent binding affinities of Tog25t
to human and mouse thrombin (Hematologic Technologies, Essex
Junction, VT, USA) were determined via double-filter nitrocellulose
and nylon binding assays using trace amounts (10,000 counts per
minute [cpm]) of radiolabeled Tog25t incubated with serial dilutions
of thrombin protein (ranging from 0–5 mM). 32P-labeled Tog25t was
denatured and folded in binding solution (20 mM HEPES [pH 7.4] +
150 mMNaCl + 2 mMCaCl2 + 0.01% BSA) by incubating at 65�C for
5 min followed by cooling at room temperature (RT) for 2 min. Next,
both 32P-labeled Tog25t and thrombin protein dilutions in binding
solution were separately incubated at 37�C for 5 min before mixing
together and incubating for another 5 min at 37�C. 32P-Tog25t bound
to thrombin protein was then partitioned from unbound 32P-Tog25t
by passing the mixture through a 0.45 mm nitrocellulose filter (VWR,
Radnor, PA, USA), capturing the unbound 32P-Tog25t on a nylon
membrane (PerkinElmer) and washing with wash buffer (binding
buffer without BSA). Thrombin-bound and unbound 32P-Tog25t
were quantitated using a Storm 825 phosphorimager (GE Healthcare,
Chicago, IL, USA). The corrected fraction bound was determined for
each protein concentration after correcting for nonspecific back-
ground binding of 32P-Tog25t to the nitrocellulose filter as
a FeCl3 patch on the vein. (5) Next, the mice were sutured, and (6) FMT imaging

via tail vein, and (8) FMT imaging continued to look for fluorescence. (G) FMT images

with the jugular vein clot highlighted with white ovals. Numbers at the bottom of each

eatment. ***p % 0.00002 compared with Tog25t. ****p < 0.000001 compared with
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Figure 6. A Tog25t and antidote combination speeds detection of pre-existing clots as visualized via FMT imaging

(A) Procedural overview of the FMT jugular vein thrombosis imaging model. (1) The jugular vein in mice was exposed and (2) a subocclusive clot formed by chemical injury to

the vessel using a FeCl3 patch on the vein. (3) Subsequently, the mice were sutured and (4) imaged via FMT. (5) Next, mice were injected via tail vein with 2 nmol of either

AF680-Tog25t or AF680-control 2 (6) before additional FMT imaging to visualize aptamer fluorescence. (7) 10 nmol antidote mA4 was then injected via tail vein at either 25 or

45min after aptamer injection, and (8) FMT imaging continued to look for fluorescence. (B andC) FMT images from steps 4, 6, and 8 of the procedure. Shown are images from

representative mice for each treatment with the jugular vein clot highlighted with white ovals. Numbers at the bottom of each mouse image = clot fluorescent signal

(counts � pixels/input energy). n = 3–4 mice per treatment.
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described42 and a nonlinear regression one site binding fit applied in
GraphPad Prism 9 to determine apparent Kd.

Aptamer and antidote synthesis and dye conjugation

All DNA antidotes were synthesized by Integrated DNA Technolo-
gies (Coralville, IA, USA). Dye-labeled Tog25t (GGG AAC AAA
GCU GAA GUA CUU ACC C), control 2 (AF680-GGG AAC
AAA GCU GAA GUA CUU AGG G), and antidote mA4 (GGG
UAA GUA CUU CAG) were either synthesized by BioSynthesis
(Lewisville, TX, USA) or synthesized in house. Dye-labeled control
1 (GGG AAC AAA GCU GAA GUA CAA ACC C) and scrambled
mA4 (UAG GUC AUC AGG UAG) were synthesized in house. All
448 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
oligonucleotides were synthesized by solid phase synthesis on a Mer-
made 12 synthesizer (Biosearch Technologies, Middleton, WI, USA)
as previously described.43 Briefly, the aptamers were synthesized us-
ing 20-F-modified pyrimidines and 20OH purines, and the antidotes
synthesized using 20OMe amidites, on an inverted dT CPG column.
Synthesis reagents were purchased from Glen Research (Sterling,
VA, USA) and Chemgenes (Wilmington, MA, USA). All aptamers
were synthesized bearing a 50 amine using an amine phosphorami-
dite. Aptamers and antidotes were purified by reversed-phase high-
performance liquid chromatography (HPLC) on a 10 � 50 mm
Xbridge C18 column heated to 65�C (Waters, Milford, MA, USA) us-
ing a linear gradient of acetonitrile in 0.1 M TEAA (pH 7.5). Purified



www.moleculartherapy.org
aptamers bearing a 50 amine linker were dissolved in 100 mM NaBo-
rate buffer (pH 8.5) at a concentration of at least 100 mM and reacted
with 2- to 10-fold molar excess 20 mM NHS ester-activated AF680
(Thermo Fisher Scientific) dissolved in anhydrous DMSO overnight
at 4�C. Reactions were monitored by analytical HPLC to verify
completion and subsequently purified by reversed-phase HPLC as
described above.

aPTT coagulation assays

Aptamer and antidote effects on clotting in an aPTT assay were deter-
mined using a STart 4 mechanical coagulometer (Diagnostica Stago,
Asnie’res sur Seine Cedex, France). Aptamers were diluted to 31 mM
in DPBS with Ca2+ and Mg2+ (Thermo Fisher Scientific) and folded
by heating at 65�C for 5 min followed by cooling at RT for 3 min.
For experiments where aptamers and antidotes were tested together,
the aptamers were folded separately prior to the addition of 2-fold
excess antidote. Plasma was citrated to prevent clotting prior to assay
activation. Pooled normal human plasma was purchased fromGeorge
King Biomedical (Overland Parks, KS), while pooled C57BL/6J
mouse plasma was obtained via venipuncture of the posterior vena
cava from mice anesthetized with 2% isoflurane (All mouse work
was conducted in accordance with the Guide for the Care and Use
of Laboratory Animals44 and approved by the Duke University Insti-
tuational Animal Care and Use Committee (protocols A046-19-02,
A068-16-03, and A106-13-04). Rhesus monkey plasma was obtained
from blood samples collected via peripheral vessel from animals
sedated with ketamine hydrochloride (10 mg/kg) (provided by A.
Tarantal from stored specimens). Fresh, pooled mouse blood was
spun down to isolate plasma, while rhesus plasma was frozen in ali-
quots and shipped by overnight courier, then thawed for aPTT assays.
Male and female C57BL/6J mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA). For the aPTT assay, 5 mL ap-
tamer or aptamer plus antidote (or control DPBS with Ca2+ and
Mg2+) was added to 50 mL plasma and 50 mL TriniCLOT aPTT S
(Trinity Biotech, Bray, Co Wicklow, Ireland) and incubated for
5 min at 37�C. Clotting was initiated by addition of 50 mL 0.02 M
CaCl2 and the time to clot formation determined.

Data were analyzed by unpaired t tests with individual variances in
Graphpad Prism.

Imaging of jugular vein thrombosis models

All jugular vein imaging studies were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals44 and
approved by the Duke University Institutional Animal Care and
Use Committee (protocols A046-19-02, A068-16-03, and A106-13-
04). Male and female C57BL/6J mice were obtained from The Jackson
Laboratory. Mice were anesthetized with ketamine:xylazine (100 mg/
kg: 10 mg/kg; redose to maintain anesthesia of 30 mg/kg: 3 mg/kg)
and acepromazine (3 mg/kg) or with isofluorane and the left jugular
vein isolated. A subocclusive jugular thrombosis was induced by soak-
ing a 1� 2 mmWhatman paper patch in 5% ferric chloride for 3 min
before placing the patch on the vein for 30 s, briefly removing the
patch, and then placing it on the vein for an additional 30 s. After
initiation of thrombosis, mice were sutured closed and imaged using
a FMT2500LX (PerkinElmer). Mice were injected either before or af-
ter blood clot formation via tail vein injection of 2 nmol AF680-
Tog25t or AF680-control 2. Mice injected with antidote received a
5-fold excess (10 nmol) of antidote via tail vein.

Intravital microscopy

All intravital microscopy imaging studies were conducted in accor-
dance with the Guide for the Care and Use of Laboratory Animals44

and approved by the University of North Carolina Institutional Ani-
mal Care and Use Committee. Male C57BL/6J mice were obtained
from The Jackson Laboratory. Mice were anesthetized with pentobar-
bital (50 mg/kg body weight) and the left jugular vein isolated for
catheter placement. The right femoral vein was surgically exposed
by groin incision and placed under microscopic view with a Wild/
Leica operating microscope connected to an intravital laser and filter
setup as previously described.45 Imaging of the right femoral vein was
initiated, and fibrin-specific antibody (59D8)46,47 labeled with AF532
(Thermo Fisher Scientific) was injected via the jugular catheter. Sub-
sequently, an electrolytic injury was induced on the surface of the
right saphenous vein by touching the surface of the vessel with the
blunt end of a 70 mm diameter steel needle (Surgical Specialties,
Reading, PA, USA) connected to an anode, with the circuit completed
by touching local subdermal tissue with the cathode, and a 30 s, 1.5 V
current applied. Twenty minutes after clot initiation, AF680-Tog25t
or AF680-control 1 was injected via the jugular catheter, and imaging
continued for 2 h after clot formation.
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