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Abstract

Acute deep vein thrombosis (DVT) is the formation of a blood clot in the deep veins of the body
that can lead to fatal pulmonary embolism. Acute DVT is difficult to distinguish from chronic
DVT by ultrasound (US), the imaging modality of choice, and is therefore treated aggressively
with anticoagulants, which can lead to internal bleeding. Here we demonstrate that conjugating
perfluorobutane-filled (PFB-filled) microbubbles (MBs) with thrombin-sensitive activatable cell-
penetrating peptides (ACPPs) could lead to the development of contrast agents that detect acute
thrombosis with US imaging. Successful conjugation of ACPP to PFB-filled MBs was confirmed
by fluorescence microscopy and flow cytometry. Fluorescein-labeled ACPP was used to evaluate
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the efficiency of thrombin-triggered cleavage by measuring the mean fluorescence intensity of
ACPP-labeled MBs (ACPP-MBs) before and after incubation at 37 °C with thrombin. Lastly,
control MBs and ACPP-MBs were infused through a tube containing a clot, and US contrast
enhancement was measured with or without the presence of a thrombin inhibitor after washing the
clot with saline. With thrombin activity, 91.7 + 14.2% of the signal was retained after ACPP-MB
infusion and washing, whereas only 16.7 + 4% of the signal was retained when infusing ACPP-
MBs in the presence of hirudin, a potent thrombin inhibitor.
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INTRODUCTION

Patients with acute deep vein thrombosis (DVT), which require anticoagulation therapy, are
difficult to recognize by ultrasound (US) imaging alone, the screening modality of choice,
from those with chronic DVT for which anticoagulation is ineffective.l-2 Chronic
thrombosis, when there is no active clotting, is a transition phase in the healing process
when acute clots are either dissolved or organized into a fibrous scar.3 Since acute clots have
no internal signal, they are invisible on US. Diagnosis is made by venous compression
where the presence of clot prevents venous collapse.*® In the setting of chronic DVT when
echoes may be visible inside the vein, venous collapse is no longer diagnostic. At present,
ultrasound cannot exclude the presence of acute clot when chronic DVT is present, requiring
empirical treatment with anticoagulant. The ability to make the distinction between acute
and chronic DVT is important, since anticoagulation carries the risk of internal bleeding
including cerebral hemorrhage. We therefore aim to distinguish acute from chronic DVT by
detecting the presence of thrombin, which is indicative of active thrombosis, by developing a
thrombin-specific US molecular imaging agent to help recognize patients that would
benefit from anticoagulation. In recent years, many efforts have been dedicated to the
development of activatable contrast agents that are responsive to environmental stimuli such
as low pH,”8 elevated levels of reactive oxygen species (ROS),%11 hypoxia, 1213 enzymatic
activity,14-17 or a combination of multiple stimuli.18 Active clotting, which is linked to acute
DVT is known to have a thrombin-rich environment.19 In addition to the importance of
thrombin in DVT, this enzyme has been associated with renal injury,20 cardiovascular
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diseases, stroke,?! and cancer.22-24 Researchers have used this biomarker with success to
activate imaging probes to study a variety of conditions including atherosclerotic disease.2°
We are using the enzymatic activity of thrombin as the trigger to activate our contrast agent
for molecular-based US recognition of active thrombosis. Our approach holds the advantage
of binding specifically to active thrombus compared to other US contrast agents that target
individual components of thrombi28 such as platelets2’~22 or fibrin30-32 and are not specific
to active thrombosis.

Several reports of thrombin-sensitive imaging probes for biomedical imaging using
fluorescence?:33-36 and magnetic resonance imaging3’ have been published recently. One
example of a thrombin-sensitive US contrast agent has been reported.138 Specifically, this
activatable contrast agent used thrombin-specific aptamers to cross-link the microbubble
(MB) shell increasing its stiffness and decreasing its volumetric oscillation, the dominant
mechanism for harmonic signal generation during contrast-enhanced US imaging.3 Upon
aptamer removal by thrombin, MB elasticity and its harmonic signal were restored
increasing the signal by several dB.1°

Here we employed activatable cell-penetrating peptides (ACPPs) described by Prof. R. Tsien
and co-workers.*? ACPP has a polycationic cell-penetrating arm linked to a polyanionic
inhibitory domain through a thrombin-cleavable peptide substrate (Figure 1A).14 We used
the sequence (Nle)-TPRSFL as the thrombin-sensitive substrate as it showed the highest
sensitivity toward thrombin.3* The thrombin-triggered cleavage occurs between the arginine
and serine, which leads to the release of the polyanionic inhibitory domain and the
unmasking of the polycationic cell-penetrating peptide (Figure 1B).

The C-terminus cysteine allows an easy conjugation of ACPP to maleimide-functionalized
microbubbles (mal-MBs). After conjugation and upon exposure of MBs to thrombin, ACPP
is cleaved and the polyanionic inhibitor released, leaving positively charged MBs that
subsequently adhere to adjacent negatively charged surfaces. Since acute clots are rich with
red blood cells, MBs accumulate in the clot allowing its detection on US imaging (Figure 2).

Herein, we developed a new thrombin-sensitive US contrast agent and evaluated its potential
for the detection of acute thrombosis in vitro. We used hirudin, a specific and potent
thrombin inhibitor,41-4% as a method to mimic chronic DVT (no thrombin activity) while
preserving the physical properties of the clot to allow direct comparison of ACPP-labeled
MB (ACPP-MB) performance. We used unmodified commercial MBs used clinically
(Definity, Lantheus Medical Imaging, North Billerica, MA) as a control.

RESULTS AND DISCUSSION

Synthesis of ACPP and FI-ACPP

We synthesized ACPP and its fluorescein-labeled analog (FI-ACPP) using a peptide
synthesizer (see the Supporting Information). We purified both peptides by HPLC and
characterized ACPP and FI-ACPP by mass spectrometry (Figures S1 and S2). We confirmed
their cleavage in the presence of thrombin by LC-MS (Figure S3).
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Conjugation of ACPP and FI-ACPP to MBs

ACPP or FI-ACPP was conjugated to microbubbles (ACPP-MBs or FI-ACPP-MBs) by first
formulating perfluorobutane-filled (PFB-filled) MBs containing 5 mol % of maleimide-
bearing phospholipids (see the Experimental Section for details). Briefly, lipid films were
solvated in a mixture of PBS 1x/propylene glycol/glycerol (80:10:10) and sonicated at

70 °C. PFB vapor was then introduced in the solution, and the resulting mixture was mixed
with an amalgamator for 45 s before being cooled down. The resulting MB formulation was
washed through successive low-speed centrifugations to yield PEGylated MBs with terminal
maleimide functions (mal-MBs; Figure 3A). Finally, ACPP or FI-ACPP was added and
gently mixed with mal-MBs for 3 h at room temperature. Free unconjugated ACPP or FI-
ACPP was removed through multiple low-speed centrifugations, and the final size
distribution and particle count were determined using a Coulter counter (see the
Experimental Section for details). In addition, the size and count of ACPP-MBs were
monitored over 60 min of incubation at 37 °C with or without addition of proteins and
demonstrated that there were no significant changes in size or loss of MBs (Figure S5).

Characterization of ACPP-MBs

To evaluate the efficiency of ACPP conjugation to MBs, we used the fluorescent derivative
FI-ACPP for conjugation. This fluorescent marker was only used for the validation steps of
this study (characterization of the conjugation and cleavage of ACPP attached to MBs) and
is not part of the final design for use in blood clots. The resulting FI-ACPP-MBs and
nonconjugated MBs were characterized using flow cytometry (Figure 3B). The
microbubbles were easily identified on the scatter plot by their characteristic signal that
appears because of the nonlinearity of forward and side scatter (a phenomenon that occurs in
particles of similar size magnitude to the laser wavelength and dimensions of the focal
region),*8 and their mean fluorescence intensity (MFI) was measured before and after
conjugation. As expected, the conjugation of FI-ACPP was quantitative with 98.4% of
microbubbles expressing a fluorescent signal. The conjugation was further confirmed by
fluorescence microscopy (Figure 3C). The fluorescein channel showed green fluorescence
that colocalized with the shell of the microbubbles visible in bright field imaging. The
amount of conjugated FI-ACPP molecules was quantified by fluorescence spectroscopy and
was measured at more than 300 000 peptides per MB (see the Experimental Section).

Thrombin-Triggered Cleavage

We assessed thrombin-triggered cleavage of ACPP-MBs, using a new formulation of FI-
ACPP-MBs that incorporate DiD, a lipophilic dye that intercalates in the lipid layer, to label
the MB shell. (Figure 4A). We observed colocalization between the DiD red fluorescence
and the fluorescein green fluorescence in the FI-ACPP-MB sample (Figure 4B, top). After
addition of thrombin to the suspension of FI-ACPP-MBs, a dramatic decrease in MB green
fluorescence was observed accompanied by a dramatic increase of the background green
fluorescence (Figure 4B, bottom) due to the release of the Fl-labeled polyanionic arm.

To better understand cleavage kinetics of the ACPP peptide conjugated to MBs, we added
known amounts of thrombin to reach final concentrations ranging from 28 to 280 nM and
incubated FI-ACPP-MBs in PBS 1x at 37 °C. We selected this concentration range as free
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thrombin concentration in coagulation reactions can range from 1 to greater than 100-500
nM.47:48 |n the case of healthy individuals, the concentration of thrombin is around 100
pM,*? which is 2 orders of magnitude lower than the lowest thrombin concentration
evaluated. We do not anticipate any nonspecific activation of ACPP-MBs at this very low
concentration. The thrombin-triggered cleavage of the ACPPs was monitored by flow
cytometry by measuring MFI over time (Figure S6). To verify that no cleavage occurs in the
absence of thrombin activity, we incubated FI-ACPP-MBs with 280 nM of both thrombin
and hirudin. Immediately after the addition of thrombin, even at the lowest concentration, a
substantial amount of ACPPs were cleaved resulting in a decrease in fluorescence intensity
while no decrease in fluorescence intensity was observed in the presence of hirudin (Figure
5). The percent of MBs with fluorescence intensity above the initial MFI immediately
decreased to 39.8 £ 1.2% when exposed to 28 nM of thrombin, and continued to decrease to
26.5 + 1.9% after 15 min of incubation at 37 °C. At the highest thrombin concentration (280
nM), this percentage was 1.6 + 0.1% at 15 min, representing a 65.3 + 4.4% loss of its mean
fluorescence intensity (Figure S6). To demonstrate that the thrombin-directed cleavage of
ACPP at the surface of MBs changes the surface charge of ACPP-MBs, we measured the ¢
potential of ACPP-MBs before and after incubation with thrombin. We found out that
ACPP-MBs have a ¢ potential of —8.83 mV before cleavage and yield a positive signal at
+5.60 mV after incubation with thrombin.

To assess the adherence of thrombin-sensitive activatable US contrast agent to acute clot, we
designed an in vitro experiment in which we prepared thrombin-rich blood clots and infused
them with a suspension of MBs at 37 °C while imaging with real-time US (for a schematic
representation of the experiment design, see Figure S9). After washing the clots formed in
the neck of a transfer pipet with saline, we infused three different MB suspensions: (1)
ACPP-MBs in the presence of thrombin; (2) a hirudin solution first, followed by ACPP-MBs
mixed with hirudin; and (3) control MBs (Definity). Following MB infusions, clots were
washed by infusing a large amount of saline to remove all nonadherent MBs. To assess MB
adherence, we compared the US image intensity of the clots before and after the final saline
wash. We expect that, during ACPP-MB infusion, MBs circulate through and mostly around
the clot, are activated by thrombin, bind to the clot, and progressively accumulate.
Conversely, control MBs or ACPP-MBs, in the presence of thrombin-inhibiting hirudin,
should have a lower binding to the clot, limited to the nonspecific adhesion of MBs.%0 Since
the clot and transducer are mechanically fixed, images are perfectly coregistered throughout
the experiment. We subtracted the baseline US images acquired before MB infusion from
the images acquired after the final saline wash, and the signal on a pixel-by-pixel basis was
converted to a color-coded heat map and overlaid on the baseline grayscale B-mode images
(Figure 6A). Similarly, we compared the US images acquired before and after the final
saline wash to determine the signal loss following washing of unbound MBs. The mean
intensities are summarized in Figure 6B,C. While there were no significant differences in the
signal collected at the end of MB infusion among the three suspensions (Figure 6C,
Infusion), there were statistically significant differences in the molecular signal (trapped
MBs) between ACPP-MBs, regular MBs (p = 0.0058), and ACPP-MBs + hirudin (p=
0.0012), indicative of thrombin specificity (Figure 6C, Binding). Remarkably, the
microbubble signal of ACPP-MBs retained after the saline wash indicated that 91.7 + 14.2%
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of ACPP-MBs were adherent (Figure 6B). This binding percentage was significantly higher
than those of regular MBs (33 £ 22.9%, p = 0.0196) and ACPP-MBs with thrombin
inhibition (16.7 + 4%, p = 0.0009). The difference in ACPP-MBs bound to clot in the
presence of thrombin was 4.7-fold greater than when thrombin was inhibited (Figure 6C,
Binding). We also validated the binding of ACPP-MBs in the presence of thrombin using
microscopy (see the Experimental Section).

CONCLUSIONS

Recognizing active thrombosis in DVT is critical for patient management. Acute DVT
requires aggressive systemic anticoagulation treatment to stop its progression and the
potential pulmonary embolism that could be fatal. In this study, we demonstrated that a
thrombin-sensitive activatable US contrast agent specifically accumulates in blood clots rich
with thrombin activity. Specifically, when thrombin was present in the clot, 91.7 + 14.2% of
the molecular US signal was retained after the clot was washed, while only 16.7 + 4% of the
molecular US signal was retained when thrombin was inhibited by hirudin. These
differences in binding translated to a 4.7-fold increase in US signal intensity, suggesting that
ACPP-MBs may allow the recognition of acute thrombosis. We are now translating this
agent to a DVT animal model. We also plan to convert this smart imaging agent to a
theranostic®! to promote sonothrombolysis,>9-52 targeted anticoagulation®3 or the
combination of both.>*

EXPERIMENTAL SECTION

Materials and Methods

Lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and Corden Pharma.
Perfluorobutane was purchased from F2 Chemicals Ltd. DiD was purchased from Thermo
Fisher Scientific. For regular MBs, Definity (Perflutren Lipid Microsphere) was purchased
from Lantheus Medical Imaging, Inc. (North Billerica, MA). Recombinant Hirudin (16 500
U/mg) was purchased from Creative BioMart Inc. (Shirley, NY). Other chemicals were
purchased from Fisher Scientific and Sigma-Aldrich and used without further purification.
Microbubble sizing and counting were performed with a Multisizer 4 Coulter counter system
(Beckman Coulter Inc., Brea, CA). Microbubbles were emulsified with a VIALMIX
amalgamator (Bristol-Myers-Squibb, New York, NY). Flow cytometry experiments were
performed with a multiwavelength BD Accuri C6 flow cytometer (BD Biosciences, San
Jose, CA). Microscopy experiments were performed with an Axio Al upright fluorescence
microscope (Carl Zeiss AG) equipped with a mercury lamp and a variety of filter sets
(DAPI, FITC, TRITC, Cy5). Photographs of the clot and its cross sections were taken with a
DSLR camera (Canon EOS Rebel T5) equipped with a macro lens (EFS 60 mm f2.8 Macro
USM). US imaging experiments were performed at 7 MHz using a clinical Siemens Acuson
Sequoia 512 US system (Siemens Healthcare, Mountain View, CA) equipped with a 15L8
imaging transducer. Cine were recorded through the S-video output of the US system via an
Imaging Source video-to-USB converter (The Imaging Source, Charlotte, NC). They were
digitally recorded to a computer at 30 frames per second and 640 x 480 pixels with the
manufacturer’s software (IC Capture). All data is presented as mean + standard deviation.
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Synthesis and Characterization of ACPP and FI-ACPP

Both ACPPs and FI-ACPPs were synthesized by solid-phase peptide synthesis using a
peptide synthesizer (Applied Biosystems 433 synthesizer) at a 0.1 mmol scale with the
following sequence for ACPP: NH»-e9-0-Nle-T-P-R-S-F-L-r9-c-CONH, (26 amino acids +
linker).3# This peptide is constituted of a polycationic cell-penetrating peptide (sequence of
nine positively charged D-arginine; r9) linked to a polyanionic inhibitory domain (sequence
of nine negatively charged D-glutamic acid; €9) via a thrombin-sensitive substrate (L-
norleucine, L-threonine, L-proline, L-arginine, L-serine, L-phenylalanine, and L-leucine;
Nle-T-P-R-S-F-L) that is cleaved between the L-arginine and L-serine amino acids.

Peptides were prepared by conventional solid-phase peptide synthesis using fmoc-protected
amino acids (Novabiochem, P3Bio), where upper-case letters denote L-amino acids and
lower-case letters denote D-amino acids, o denotes the hydrophilic spacer fmoc-5-amino-3-
oxapentanoic acid (CAS 260367-12-2). FI-ACPP was prepared by modifying the N-terminal
amino acid with a 2-fold excess of NHS—fluorescein in A-methylpyrrolidine in the presence
of N, N-diisopropylethylamine overnight at room temperature.

After the synthesis, the peptides were purified with high-performance liquid
chromatography (HPLC, Waters Model 600) using a reverse-phase C18 column (250 x 10
mm, Vydac) with an acetonitrile/water eluent mixture (0—100% gradient, 120 min) with
0.1% TFA as additive. The characterization of ACPP (Figure S1) and FI-ACPP (Figure S2)
was confirmed by electrospray ionization mass spectrometry (ESI-MS, Agilent 6540) after
deconvolution or MALDI-TOF (Waters LR MALDI-TOF), and the purified product was
lyophilized.

MS ACPP: found, 3602.92 Da; calcd, 3602.9 Da. m/z. 1201.8057 (z= 3), 901.6133 (z=4),
601.4877 (2= 6). FI-ACPP: found, 3960.81 Da; calcd, 3960.1 Da.

Thrombin-Directed Cleavage of ACPP

For confirmation of the thrombin-directed cleavage of ACPP between the arginine and serine
amino acids of the substrate, thrombin (1 M) was added to a solution of 100 t/M ACPP in
PBS 1x, and the resulting solution was mixed for 15 min at 37 °C. After this time, a 100 gL
aliquot was injected in the LC-MS (Waters Alliance 2695 HPLC with UV diode array and
ELSD) with an acetonitrile/water eluent mixture (2:98 to 99:1 gradient, 30 min). After 15
min of reaction with thrombin, no peak was visible in UV at 8.67 min, and a new peak
appeared at 9.72 min (Figure S3A). Both peaks were analyzed by ES-MS, and fragments
were identified for the starting material ACPP and for the cleaved polyanionic inhibitory
domain (PID) confirming the cleavage of ACPP with thrombin (Figure S3B).

MS ACPP: found, 3602.92 Da; calcd, 3602.9 Da. /m/z 1201.2661 (2= 3), 901.2019 (2= 4),
721.1588 (2= 5), 601.1233 (2= 6), 515.2764 (2= 7), 451.2456 (z= 8). PID: found,
1748.6909 Da; [M + 9H]* calcd, 1748.73 Da. mlz. 874.3293 (2= 2), 583.2474 (2= 3).

Formulation of mal-MBs

Lipid films containing a mixture of 1,2-distearoyl-sr-glycero-3-phosphocholine (DSPC) and
1,2-distearoyl-sr-glycero-3-phosphoethanolamine- Mmaleimide(polyethylene glycol)-5000]
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(DSPE-PEG(5000)-mal) with a 95:5 molar ratio were prepared. These films were prepared
by dissolving DSPC and DSPE-PEG(5000)-mal in 100 zi of chloroform and slowly
evaporating the mixture with a rotary evaporator (Biichi Rotavapor R-100) until mostly dry.
The resulting films were then dried overnight under vacuum and stored at =20 °C for later
use. The lipid films were solvated in a mixture of PBS 1x/propylene glycol/glycerol
(80:10:10 v/v/v, 2 mL total) and sonicated at 70 °C until clear or for 15 min. Perfluorobutane
(PFB) vapor was then introduced in the solution, and the resulting mixture was mixed with
an amalgamator for 45 s before being cooled down in an ice bath. The resulting MB
formulation was washed through three successive low-speed centrifugations (300g, 3 min) to
yield PEGylated MBs with terminal maleimide functions (mal-MBs). Four washes were
performed with PBS 1x pH 6.5 + 1 mM EDTA to allow optimal conditions for mal-MB
conjugation to ACPP through a thiol-maleimide coupling reaction performed in a later step.
Microbubbles were counted (4.90 x 10° MBs/mL in 0.1 mL, /= 3) and sized (mean
diameter 1.6 ym, /= 3), and the number of moles of maleimide (0.9 nmol) was directly
calculated from these values (Figure S4C).

Conjugation of ACPP or FI-ACPP to mal-MBs

ACPP or FI-ACPP was added to the mal-MB mixture and gently mixed for 3 h at room
temperature. The resulting MB formulation was washed with PBS 1x through four
successive low-speed centrifugations (300g, 3 min) to yield PEGylated MBs with terminal
ACPP (ACPP-MBs; Figure S4A). After each centrifugation, MBs were rising to the top of
the syringe because of their buoyancy, and the infranatant was removed. The MBs were then
dispersed in 3 mL and washed again. The washing process was repeated three times for a
total of 4 washes to remove all liposomes and free peptide (Figure S4B). Microbubbles were
counted (4.48 x 109 MBs/mL in 0.1 mL) and sized (mean diameter 2.1 zm), which
corresponds to a loss of only 9% of the microbubble population after conjugation of ACPP
and purification (Figure SAC).

Flow Cytometry Study of ACPP Conjugation to MBs

A suspension with 6 x 108 FI-ACPP-MBs/mL was analyzed by flow cytometry. The region
on the scatter plot corresponding to the MBs was identified and used to gate the fluorescence
signal (P1, Figure 3B) before and after conjugation with FI-ACPP. To evaluate labeling
efficiency, we set a threshold below which 100% of the nonfluorescent mal-MBs remained
(V1-L: 100%, Figure 3B). The percent of FI-ACPP-conjugated MBs was then obtained by
looking at the percentage of MBs that have a fluorescence intensity over this threshold (V1-
R: 98.4%, Figure 3B).

Quantification of ACPP Conjugation to MBs by Fluorescence Spectroscopy

For quantification of the amount of FI-ACPP conjugated to MBs, a standard curve was
performed by diluting a solution of FI-ACPP first in DMSO (1:20 dilution) and then in 5
mM NaOH (1:20 dilution). Serial dilutions were performed to obtain between 4 and 32 nM
FI-ACPP in the wells (A= 4). The linear regression of the calibration curve provided an
equation of ¥'=111.1.X— 80.61 with an /2 value of 0.9988 (Figure S4D). FI-ACPP-MB
samples were prepared by diluting 5 4L of MB suspension in DMSO and 5 mM NaOH
similarly to the standards. The FI-ACPP-MB sample was then sonicated for 20 s and
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vortexed to make sure that MBs were destroyed and that FI-ACPP was homogeneously
distributed in solution. Samples were excited at 488 nm, and fluorescence intensity was read
at 520 nm. The concentration of the sample in the well (1:400 dilution) was measured at 6.3
nM, which corresponds to 2.5 ¢M in the undiluted MB sample. As the sample had a
concentration of 4.48 x 109 MBs/mL, that corresponds to 5.63 x 10719 nmol/MB, which is
338 815 FI-ACPP molecules conjugated per MB (N = 4).

Fluorescence Microscopy of FI-ACPP-MBs

Suspensions of MBs or FI-ACPP-MBs were prepared by diluting 2 4L of the MB
suspensions in 198 w4 of PBS 1x. Samples were placed on a microscopy slide inside a thin
silicone barrier to keep fluid in place and increase the volume of the well. The resulting
suspension was then imaged with bright field, Cy 5 (for DiD dye) and FITC filter sets.
Photographs were taken at 20x or 63x%, and images were processed with ImageJ (public
domain, NIH).5® To observe the effects of FI-ACPP cleavage with thrombin, we prepared a
sample with 10 gL of FI-ACPP-MBs in 500 pL of PBS 1x and observed the sample by
fluorescence microscopy before and after immediate addition of 6 M thrombin.

Stability of ACPP-MBs at 37 °C

A suspension of ACPP-MBs (2.45 + 0.15 x 109 mL™1, 2.4 zm) in 1x PBS was incubated at
37 °C, and 2 /L aliquots were analyzed at different time points (0, 5, 30, and 60 min) with
the multisizer for size and concentration (A= 3). No significant changes in concentration
and size were observed after 60 min of incubation at 37 °C (Figure S5A,B). The stability of
ACPP-MBs was also assessed in the presence of thrombin and hirudin. For a demonstration
that thrombin cleavage did not affect the stability of ACPP-MBs, a suspension of ACPP-
MBs (2.40 x 108 mL™1, 2.1 zm) in 1x PBS was incubated at 37 °C with 280 nM thrombin
(16 500 U/mg), and 2 4L aliquots were analyzed at different time points (0, 5, 30, and 60
min) with the multisizer for size and concentration (A= 3). No significant change in
concentration and size were observed after 60 min of incubation at 37 °C (Figure S5C). For
a demonstration that the presence of hirudin did not affect the stability of ACPP-MBs, a
suspension of ACPP-MBs (1.30 x 108 mL™1, 2.0 zm) in 1x PBS was incubated in the
presence of 1 4g of recombinant hirudin (16 500 U/mg) at 37 °C, and 2 /1 aliquots were
analyzed at different time points (0, 5, 30, and 60 min) with the multisizer for size and
concentration (V= 3). No significant changes in concentration and size were observed after
60 min of incubation at 37 °C (Figure S5D).

Study of ACPP-MBs Cleavage Kinetics with Flow Cytometry

A suspension of 6 x 108 FI-ACPP-MBs in 1 mL of PBS 1x was prepared, and a 100 21
aliquot was analyzed by flow cytometry (“Pre” time point). Thrombin was then added in the
suspension, and another 100 L aliquot was immediately analyzed by flow cytometry (£=0
min). The rest of the suspension was slowly rotated in an incubator at 37 °C, and 100 zL
aliquots were taken and analyzed by flow cytometry after 2, 5, 10, and 15 min of incubation.
This experiment was performed with thrombin concentrations of 28, 56, 112, 196, and 280
nM. A sample containing 280 nM thrombin and hirudin was used as a negative control to
confirm that no cleavage is observed in the absence of thrombin activity. Briefly, 10 /g of
recombinant hirudin in 10 zL of PBS 1x was mixed with 10 g of thrombin in 10 sz of PBS
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1x at 37 °C prior to the addition to FI-ACPP-MBs. We gated the signal using the scatter plot
and measured the MFI. To evaluate the efficacy of the cleavage, we set a threshold at the
MFI of the sample before thrombin cleavage (V1-L, 50%; V1-R, 50%; Figure S6). The
percentage of MBs that have a fluorescence intensity over the initial MFI was reported
(Figure 5A), and the MFI (Figure S7A) as well as its normalized value were reported (Figure
S7B) using various concentrations of thrombin, as a function of the incubation time.

( Potential of ACPP-MBs before and after Incubation with Thrombin

A suspension of ACPP-MBs (3.6 x 10%) in 10 mM NaCl buffer (940 L) was incubated at
37 °C for 30 min after addition of 60 wg of thrombin in 60 L of 10 mM NaCl buffer. The
suspension was added in disposable folded capillary cells (Malvern Instruments Inc., CAT
DTS1070), and the electrophoretic mobility of the particles was measured by dynamic light
scattering (Zetasizer ZS, Malvern Instruments Inc.). The ¢ potential was calculated from the
electrophoretic mobility by DLS software (average of 100 measurements) and yielded a
positive signal of +5.60 mV. A negative control was performed without addition of thrombin
and yielded a ¢ potential value of —8.83 mV.

In Vitro US Imaging of ACPP-MBs in the Presence of Thrombin or Hirudin

A suspension of ACPP-MBs (1.04 + 0.32 x 10° MBs, 2.1 zm) in 1x PBS (3 mL) was placed
at 37 °C in a plastic pipet bulb inside a tissue-mimicking sample holder composed of 1%
agar and 0.5% corn starch. We then added to the sample either thrombin to reach a
concentration of 280 nM or 30 pg of recombinant hirudin (16 500 U/mg). The sample was
imaged with a clinical ultrasound scanner (Siemens Acuson Sequoia 512) equipped with a
15L.8 imaging transducer (Mountain View, CA). We used an MB-sensitive contrast pulsing
sequence (CPS) imaging mode that was displayed side-by-side with a brightness-modulated
(B-mode) image for bulb visualization and placement. Regarding the former nonlinear US
imaging mode, the system transmitted US pulses at 7 MHz and received at 14 MHz with a
mechanical index (MI) of 0.06, a pulse duration of 1 cycle, and a framerate of 16 Hz. Cine
loops (10 s) were recorded before and after addition of protein after 0, 2, 5, 10, 15, 20, 25,
and 30 min of incubation at 37 °C. Ultrasound pulses were stopped between acquisitions to
limit MB destruction due to ultrasound exposure. We used ImageJ to quantify the ultrasound
signal of ACPP-MBs over time. Ellipsoidal regions-of-interest (ROIs) were drawn on the
grayscale US image (Figure S8A), and the log—compressed mean video intensity (a.u.) was
measured from an average of 10 frames for each time point. Each experiment was done in
triplicate. No significant change in ultrasound signal was observed after 30 min of
incubation at 37 °C (Figure S8B,C). The small decrease in signal intensity was attributed to
the destruction of ACPP-MBs in this diluted suspension by ultrasound exposure.

In Vitro US Imaging of Blood Clots

Blood was drawn from rabbits and collected in tubes containing 3.2% sodium citrate buffer
to avoid spontaneous coagulation. Blood samples were stored at 4 °C and used in under 48
h. Blood clots were prepared by adding 0.5 mL of blood containing 280 nM of thrombin into
the neck (i.d. =4 mm) of a plastic transfer pipet (see photo, Figure S9). The plastic bulb was
pierced, and tubing was fitted through and glued to the pipet bulb to avoid any leakage. This
tubing was connected to a T-connector that was attached to a syringe containing the MB
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suspension (5 mL at 108 MBs/mL). The plastic pipet was then immersed in a water bath at
37 °C and was imaged with a clinical Siemens Acuson Sequoia 512 US system equipped
with a 15L.8 imaging transducer. We used an MB-sensitive contrast pulsing sequence (CPS)
imaging mode that was displayed side-by-side with a brightness-modulated (B-mode) image
for pipet visualization and placement. Regarding the former nonlinear US imaging mode, the
system transmitted US pulses at 7 MHz and received at 14 MHz with a mechanical index
(M1) of 0.06, a pulse duration of 1 cycle, and a framerate of 16 Hz.

Each of the following experiments used a different clot, and each experiment was performed
in triplicate. Following saline infusion at 2 mL/min to wash the clot, three different MB
suspensions were infused: ACPP-MBs with thrombin, ACPP-MBs with hirudin, a specific
thrombin inhibitor, and standard MBs used clinically (Definity). A suspension of ACPP-
MBs was made that had a final thrombin concentration of 280 nM. Another suspension of
ACPP-MBs was made that had 0.1 mg of recombinant hirudin (16 500 U/mg) added to
ensure that no thrombin activity is present during infusion. All MB suspensions were made
to contain 108 MBs/mL that were infused at 0.4 mL/min (residence time of 10 s in a 2.5 cm
clot) for a total volume of 3.5 mL. Prior to infusion of the ACPP-MBs + hirudin, clots were
infused with 10 mL of PBS 1x containing 1.4 M hirudin to ensure that all circulating and
clot-bound thrombin was inhibited.#! US cine loops were recorded every minute during MB
infusion. At the completion of MB infusions, a syringe containing saline was connected to
the T-connector and flow system, and saline was infused at a rate of 2 mL/min for 20 min,
until no more circulating MBs were seen on US, and only bound MBs were present. MBs
that are bound to the clot are very stable as no signal decrease was observed during the
washing step of the clot, which lasted 20 min. MBs were then cleared from the image plane
using an MB destruction pulse sequence (MI = 1.9, £=5s). Cine loops were recorded during
saline washing and MB destruction for offline analysis.

Image processing of all US data sets was performed using custom Matlab programs
(Mathworks Inc., Natick, MA). After all frame data is loaded for a particular experiment,
both B-mode and CPS images are displayed for visual review. The clot space is then isolated
using manual segmentation (polygonal region-of-interest, ROI) from either image type. The
resultant binary mask is applied to the time sequence of contrast-enhanced US images. A
temporal average of 10 frames before MB injection was then used as a background image
and subtracted from all subsequent contrast-enhanced US images. An average of 10 frames
before MB destruction were digitally subtracted from those obtained after MB clearance and
represents the molecular US signal.5® This spatial map was then overlaid with the grayscale
image of the clot without MBs to generate the color-coded spatial maps of the molecular US
signal presented in Figure 6.57

We used ImageJ to quantify the signal enhancement from the MBs. Polygonal ROIs were
drawn on the contrast-enhanced US image, and the log—compressed mean video intensity
(a.u.) was measured from an average of 10 frames during MB infusion (Figure 6C, Infusion)
and after washing with saline (Figure 6C, Binding). The mean intensity of the same ROIs
was measured from an average of 10 frames without MBs and was subtracted to remove the
background signal from the blood clot and walls of the tube. The binding percentage is
defined as the percentage of the signal intensity remaining after the clot was washed with
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saline (Figure 6B) compared to the signal intensity measured at the end of the MB infusion.
Representative CPS images of the sample during diffusion, after saline wash with or without
ACPP-MBs, as well as the B-mode image of the clot are shown in Figure S10.

Statistical Analysis—Signal intensity data was grouped for each MB suspension (/7= 3)
and also before and after saline wash. Data is represented as mean * standard deviation.
Statistical analysis was performed as a paired Student’s parametric two-tailed £test when the
US video-intensity signal for the same clot was compared before and after washing.
Statistical analysis was performed as an unpaired Student’s parametric two-tailed £test when
different clots were compared: *p < 0.05, **p < 0.01, ***p < 0.001.

Optical Imaging of ACPP-MBs Binding to Blood Smear

Rabbit blood (10 zL) was added to a microscopy slide, and 1 /g of thrombin in 1 gL of 1x
PBS was added to the blood and smeared uniformly on the microscopy slide using a
coverslip; the blood was allowed to clot over several minutes. Two suspensions of DiD-
labeled ACPP-MBs (6.33 x 10° mL~1, 2.3 zm) were prepared with no thrombin in the first
suspension and a final thrombin concentration of 280 nM in the second suspension. Blood
smears were then immersed in the ACPP-MB suspensions for 2 min with gentle shaking and
were then removed and immersed successively in two beakers filled with 1x PBS (100 mL)
to wash away unbound MBs. Prior to exposing the blood smear to the ACPP-MB not
exposed to thrombin, 10 gg of recombinant hirudin (16 500 U/mg) in 10 zL of 1x PBS was
spread across the blood smear to inhibit any remaining thrombin to ensure that microbubbles
would not be activated. A coverslip was then added to the blood smear to seal the system
and keep the MBs in a wet environment (Figure S11A). Seven fields of view were randomly
selected on each microscopy slide before imaging. Microscopy slides were then observed at
20-fold magnification, and microbubbles present in the fields of view were counted; the
average number of MBs per field of view was compared when the smears where immersed
in activated or nonactivated ACPP-MBs (Figure S11B), and 80 + 36 activated ACPP-MBs
adhered to the smear per field of view after washing, whereas only 20 + 10% of nonactivated
ACPP-MBs were counted (Figure S11C). It is interesting to note that microbubbles with
activated ACPP were adherent to the smear and not moving while microbubbles with
nonactivated ACPP were drifting over the blood smear, confirming binding to the clot
surface. Representative images of ACPP-MBs were taken at 63x magnification
demonstrating DiD fluorescence on the MBs (Figure S11D).

Statistical Analysis—Data is represented as mean + standard deviation. Statistical
analysis was performed as an unpaired Student’s two-tailed #test between the group with
activated and nonactivated microbubbles (A= 7 for each): **p < 0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVATIONS

ACPP activatable cell-penetrating peptide

DSPC 1,2-distearoyl-sr-glycero-3-phosphocholine

DSPE-PEG(5000)-mal 1,2-distearoyl-sn-glycero-3-phos-phoethanolamine-

Mmaleimide(polyethylene glycol)5000]

DVT deep vein thrombosis

EDTA ethylenediaminetetraacetic acid

Fl fluorescein

MB microbubble

PFB perfluorobutane

ROS reactive oxygen species

us ultrasound
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Figure 1.

(A) Chemical structure of the thrombin-sensitive activatable cell-penetrating peptide (ACPP)
constituted of a polycationic cell-penetrating peptide (blue) linked to a polyanionic
inhibitory domain (orange) via a thrombin-sensitive substrate. The arrow indicates the site of
cleavage of the peptide substrate by thrombin. (B) Schematic representation of the peptide
cleavage yielding the polycationic cell-penetrating peptide.
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Figure 2.
Schematic representation of thrombin-triggered activation of perfluorobutane-filled (PFB-

filled) ACPP-labeled microbubbles (ACPP-MBs). After ACPP cleavage, the ACPP-MB
surface becomes positively charged and adheres to the negatively charged surfaces, such as
those of red blood cells, fibrin, and platelets. Adapted from Servier Medical Art.
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Figure 3.
Conjugation of ACPP to microbubbles (MBs). (A) Schematic representation of the chemical

constituents of FI-ACPP-MBs. The Fl-labeled ACPP (green star) attaches to MBs through a
thiol-maleimide coupling reaction. (B) Flow cytometry data of MBs before (left panel) and
after (right panel) conjugation with FI-ACPP showing the characteristic scatter plot of MBs
(left) and the increase in fluorescence intensity (right) after conjugation. (C) Bright field
(left) and fluorescence (right) microscopy of FI-ACPP-MBs at 20x; scale bar is 50 gm.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lux et al.

Page 20

@3@ T

*
ﬂ* PFB *U °0
S of
=&/, o
Thrombin © e
:'5/1PBS1>< 37¢C P
/) * o
+ o a.
i* PFB *

+
®

0—(/ o o

Figure 4.
(A) Schematic representation of FI-ACPP conjugated to MBs labeled with a lipidic dye

(DiD, red star) and its cleavage in the presence of thrombin. (B) Representative bright field
(left), DiD (center), and fluorescein (right) fluorescence microscopy images before (top) and
after (bottom) cleavage of FI-ACPP in the presence of thrombin.
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Figure5.

FI-ACPP-MB cleavage at 37 °C when incubated with increasing thrombin concentrations
(28, 56, 112, 196, and 280 nM) and with 280 nM thrombin plus hirudin. Percent of FI-
ACPP-MBs with fluorescence intensity above the initial MFI (Pre), immediately after
adding thrombin (¢= 0), and after 2, 5, 10, and 15 min of incubation (7= 3). Insert: dose—
response effect of thrombin concentration on ACPP cleavage after 10 min of incubation.
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Figure 6.
(A) Spatial maps of the molecular ultrasound (US) signal color-coded and overlaid on B-

mode images acquired at baseline after infusion of MBs and washing with saline using
ACPP-MB:s (top), regular MBs (middle), and ACPP-MBs coinjected with hirudin (bottom).
The tube has an inner diameter of 4 mm. (B) Percentage US video-intensity signal remaining
(bound MBs) after washing unbound MBs. (C) Clot signal intensity (arbitrary unit, a.u.)
measured after MB infusion (Infusion, left) and after final wash to remove unbound MBs
(Binding, right). Experiments done in triplicate. Error bars represent standard deviation. *p <
0.05, **p< 0.01, ***p < 0.001.
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