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Abstract 

Rationale: Myocardial infarction and stroke are leading causes of morbidity/mortality. The typical 
underlying pathology is the formation of thrombi/emboli and subsequent vessel occlusion. 
Systemically administered fibrinolytic drugs are the most effective pharmacological therapy. 
However, bleeding complications are relatively common and this risk as such limits their broader 
use. Furthermore, a rapid non-invasive imaging technology is not available. Thereby, many 
thrombotic events are missed or only diagnosed when ischemic damage has already occurred.  
Objective: Design and preclinical testing of a novel ‘theranostic’ technology for the rapid 
non-invasive diagnosis and effective, bleeding-free treatment of thrombosis.  
Methods and Results: A newly created, innovative theranostic microbubble combines a 
recombinant fibrinolytic drug, an echo-enhancing microbubble and a recombinant 
thrombus-targeting device in form of an activated-platelet-specific single-chain antibody. After 
initial in vitro proof of functionality, we tested this theranostic microbubble both in ultrasound 
imaging and thrombolytic therapy using a mouse model of ferric-chloride-induced thrombosis in 
the carotid artery. We demonstrate the reliable highly sensitive detection of in vivo thrombi and 
the ability to monitor their size changes in real time. Furthermore, these theranostic 
microbubbles proofed to be as effective in thrombolysis as commercial urokinase but without the 
prolongation of bleeding time as seen with urokinase.  
Conclusions: We describe a novel theranostic technology enabling simultaneous diagnosis and 
treatment of thrombosis, as well as monitoring of success or failure of thrombolysis. This 
technology holds promise for major progress in rapid diagnosis and bleeding-free thrombolysis 
thereby potentially preventing the often devastating consequences of thrombotic disease in many 
patients. 
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Introduction 
Cardiovascular diseases such as myocardial 

infarction (MI) and stroke are leading causes of death 
worldwide. The typical underlying pathology is the 
formation of thrombi and vessel occlusion either at 
the origin of thrombosis or at sites of embolization. 
One key contributor to thrombosis, especially in the 
case of MI, is atherosclerosis, which is driven by an 
inflammatory response caused by mechanisms such 
as oxidation and accumulation of lipids in the artery 
wall1,2. This results in adhesion of activated platelets 
and monocytes at the site of vascular inflammation1,2.  

Although chronic atherosclerotic lesions can 
significantly obstruct the vessel lumen and thus 
reduce blood flow, most acute cases of MI and many 
cases of stroke are caused by plaque rupture 
triggering the exposure of thrombogenic material and 
inducing the activation of the coagulation cascade, 
platelet activation/aggregation, and subsequent 
vessel blockage3,4. Many other cases of stroke are 
caused by embolization of thrombotic material that 
originates from ruptured atherosclerotic lesions or 
heart chambers in the setting of atrial fibrillation. This 
ultimately leads to vessel occlusion, a medical 
emergency, which requires timely diagnosis and 
immediate action to reperfuse the affected vessels and 
salvage the ischemic tissue.  

There is clearly a significant medical need for the 
rapid diagnosis of acute thrombosis as, for example, 
in the case of coronary thrombosis leading to MI. So 
far there is no non-invasive imaging technology 
available that allows the detection of coronary 
thrombi. Our current work provides a unique 
approach for diagnosis and targeted therapy based on 
molecular ultrasound imaging. Among all imaging 
modalities, ultrasound has several advantages that 
prompted us to use it for the development of a unique 
theranostic approach. It is non-invasive, carries no 
radiation-associated risk, has no side-effects, and is 
inherently real time. Ultrasound scanners are highly 
portable and are already available in most hospitals. 
Therefore molecular ultrasound imaging could 
provide a safe, rapid, and cost-effective technique for 
detection of thrombosis5. 

Platelets play a pivotal role in thrombosis, and 
the most abundant receptor expressed on the platelet 
surface is the glycoprotein (GP) IIb/IIIa complex, also 
known as integrin αIIbβ3 (CD41/CD61), which is the 
main fibrinogen/fibrin receptor-mediating platelet 
aggregation6,7. When platelets are activated, 
GPIIb/IIIa undergoes a conformational change from a 
low-affinity to a high-affinity state, allowing the 
binding of fibrinogen, which leads to platelet 
aggregation and thrombus formation6,7. These 

features make GPIIb/IIIa an ideal target for both 
molecular imaging of thrombosis and delivery of 
thrombolytic drugs. We have developed 
conformation-specific anti–GPIIb/IIIa single-chain 
antibodies (scFvs), which bind specifically to a 
ligand-induced binding site (LIBS) on activated 
GPIIb/IIIa6–8, and thereby constitute a unique 
targeting tool for molecular imaging and targeted 
therapy of thrombosis.  

We have previously demonstrated the ability of 
scFvanti-LIBS to detect activated platelets in MRI9–12 and 
PET13 for thrombosis and inflammation. We have also 
developed a non-invasive molecular ultrasound 
imaging method for the diagnosis of thrombosis14 via 
the conjugation of scFvanti-LIBS onto 
ultrasound-enhancing microbubbles (MBs). These 
targeted MBs bind to activated GPIIb/IIIa receptors 
on activated platelets, thereby allowing real-time 
imaging of thrombosis, as well as monitoring of 
success or failure of pharmacological thrombolysis14. 
The advantages of such a rapid and accurate 
diagnosis would be greatly enhanced if non-invasive 
targeted thrombolysis could be performed 
concurrently using activated-platelet–targeted and 
drug-loaded MBs. 

Non-invasive thrombolytic reperfusion use of 
plasminogen activators (PAs), such as streptokinase, 
tissue plasminogen activators (tPA), and urokinase 
plasminogen activators (uPAs), is available in current 
clinical settings. While these drugs are beneficial15, 
side-effects such as bleeding complications and 
neurotoxicity (in the case of tPA) have been described, 
thereby hampering their wide clinical use16. Past and 
ongoing substantial research efforts have focused on 
identifying new strategies to eliminate such 
complications. We have recently developed a 
promising approach using single-chain antibodies to 
deliver drugs to evolving or established blood clots, 
enabling enhanced and localized therapy with no or 
reduced risk of bleeding17,18. We have demonstrated 
that our recombinant single-chain urokinase 
plasminogen activators (scuPA) result in efficient 
thrombolysis18. 

Here we present a non-invasive theranostic 
(simultaneously diagnostic and therapeutic) approach 
for the diagnosis of thrombi, as well as fibrinolytic 
treatment and monitoring of success or failure of 
thrombolysis. By dual conjugation of both scFvanti-LIBS 

and scuPA to form targeted theranostic microbubbles 
(TT-MBs), we demonstrate that these TT-MBs are well 
suited for diagnosis in molecular ultrasound imaging 
and for thrombolytic therapy of thrombi in vivo in the 
carotid artery of mice. These theranostic MBs allow 
the detection of reduced thrombus size triggered by 
their therapeutic payload. Overall, the presented 
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targeted molecular imaging approach has strong 
potential to be translated to clinical application in 
humans. 

Methods 
A detailed description of the methods is 

provided in the online-only Supplementary material. 

Single-chain antibodies and single-chain 
urokinase plasminogen activator  

The scFvanti-LIBS construct was generated, 
expressed, and purified as previously described14. 
Briefly, the recombinant scuPA with an LPETG 
peptide motif at the C-terminus was cloned into the 
pSecTag2A vector system for expression in human 
embryonic kidney cells (HEK293F). The purity of the 
recombinant proteins was analyzed using SDS-PAGE 
and Western blotting. The addition of the LPETG 
motif allowed coupling of a GGG-biotin peptide to the 
scuPA construct using the recombinantly produced S. 
aureus transpeptidase sortase A19,20.  

Flow cytometry  
Platelet-rich plasma (PRP) was obtained from 

healthy volunteers. Binding of scFvanti-LIBS constructs, 
to either non-activated or activated platelets, was 
assessed by an AlexaFluor 488-coupled anti-His-tag 
antibody using a FACS Calibur (BD Bioscience, USA). 

Enzymatic activity assays  
Urokinase activity was determined with the 

S2444 and the conversion of plasminogen to plasmin 
with the S2251 chromogenic substrate (both 
Chromogenix, Italy). Comparison between clinically 
used uPA (Medac GmbH, Germany) and scuPA was 
made on the basis of equal urokinase activity. 

Flow-chamber adhesion assay  
Whole blood was perfused through glass 

capillaries, which were coated overnight with 
100µg/ml collagen. scFvanti-LIBS and scuPA were 
added to target-ready microbubbles (VisualSonics 
Inc., Canada), to form targeted theranostic 
microbubbles (TT-MBs).  

In vivo ultrasound molecular imaging in mice  
All experiments involving animals were 

approved by the Alfred Medical Research and 
Education Precinct Animal Ethics Committee 
(E/1406/2013/B). Ultrasound of mice was performed 
with a Vevo2100 high-resolution imaging system 
(VisualSonics Inc., Canada). Thrombi were induced in 
the left carotid artery with a 6% ferric-chloride injury.  

Assessment of tail bleeding time 
The mouse tail was transected 5mm from the tip 

and submersed in saline at 37°C. Bleeding time was 
determined as the time needed for the cessation of a 
visible blood flow for at least 1 min.  

Statistical analysis  
Data is expressed as mean ± standard error of the 

mean (SEM), unless otherwise specified. Flow 
cytometry and thrombolysis data were analyzed with 
two-way ANOVA repeated measures analysis using 
Bonferroni’s multiple-comparison post-test. 

 Results 
Cloning, purification, and biotinylation of 
scuPA constructs 

The generation of a scuPA construct suitable for 
bioconjugation to microbubbles was achieved by the 
addition of an LPETG tag at the C-terminus of scuPA 
(Figure 1A). This five amino acid tag serves as a 
recognition sequence for the recombinantly produced 
S. aureus transpeptidase Sortase, which catalyzes a 
peptide bond formation with GGG-Biotin to 
scuPA-LPETGGG-Biotin19,20. The success of DNA 
amplification, purification, and restriction digest of 
scuPA fragments was evaluated by agar gel 
electrophoresis. The construct was visualized in 
comparison to a marker after amplification with PCR 
and restriction digest (Figure 1B). The pSectag2A 
plasmid was visualized at ~ 5kB after restriction 
digest. After the scuPA construct was cloned into the 
pSectag2A plasmid, transformed, and purified, gel 
electrophoresis was performed. The sequence of the 
scuPA construct was confirmed via DNA sequencing. 
After production of scuPA, Western blotting was used 
to demonstrate successful purification (Figure 1C). 
Western blotting was also used to demonstrate 
successful biotinylation of the scuPA construct 
(Figure 1C).  

Cloning, purification, and biotinylation of 
scFvanti-LIBS 

The scFvanti-LIBS construct was cloned into a 
vector to incorporate a C-terminal AviTag™, a tag 
that encodes the protein avidin, which enables the 
scFv to bind to biotin (Figure 1D). The success of DNA 
amplification, purification, and restriction digest was 
evaluated by agarose gel electrophoresis (Figure 1E). 
After production of scFv, Western blotting was used 
to demonstrate successful purification and in vivo 
biotinylation of the recombinant protein (Figure 1F).  

Proof of function of scuPA constructs 
Urokinase activity was monitored by incubating 

scuPA with urokinase substrate S2444L (Figure 2A) in 
comparison with commercial uPA. The scuPA 
construct and standards using commercial uPA at 
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different concentrations resulted in linear enzymatic 
activity over 40 min. Conversion of plasminogen to 
plasmin was monitored using the S2251 amidolytic 
assay (Figure 2B). The activity of plasmin generation 
of 10nmol/L of scuPA-biotin was compared against 
standards using commercial uPA (0U-2000U/ml). The 
standards were plotted on a graph and fitted with a 
linear regression, from which we obtained the 
equation to calculate and convert the activity of 
scuPA-biotin (Figure 2C). 

 

 
Figure 1: Vector-map, generation and purification of scuPA and 
scFvanti-LIBS for microbubble conjugation. A. Gene-map of scuPA in pSectag2A 
vector for mammalian expression. The restriction enzymes used to insert the 
construct are EcoRI and NotI. B. Electrophoresis with 0.8% agarose gel: pSectag2A 
plasmid (5137bp) after double cut restriction digest, and scuPA (924bp) after 
polymerase chain reaction amplification. C. Western blot analysis of scuPA after 
protein purification detected with an HRP-coupled anti-6x His-tag antibody, and 
proof of successful biotinylation of scuPA via Sortase A enzyme as detected using 
streptavidin HRP. D. Gene-map of scFvanti-LIBS in pAC6 vector for biotinylation. The 
restriction enzymes used to insert the construct are NcoI and XmaI. B. 
Electrophoresis with 0.8% agarose gel: pAC6 plasmid (4186bp) after double cut 
restriction digest, and scuPA (925bp) after polymerase chain reaction amplification. 
C. Western blot analysis of scFvanti-LIBS after protein purification detected with an 
HRP-coupled anti-6x His-tag antibody and proof of biotin on the scFvanti-LIBS as 
detected using streptavidin HRP. 

 

In vitro proof of fibrinolytic potential of 
scuPA-biotin 

Fibrinolysis in a 96-well plate assay was 
performed to determine the ability of the recombinant 
biotinlyated scuPA to break down clots. Clot 
formation and clot breakdown were measured over 60 

min (% of clot remaining). At 30 min, commercial uPA 
at 200U/ml and 400U/ml showed strong fibrinolysis 
of clots as compared to the vehicle control (Figure 3A; 
4.839 ± 2.42 vs. 4.289 ± 1.7 vs. 88.32 ± 2.76, 
respectively; % clot remaining ± SEM; n=5; p<0.001). 
At 30 min, biotinlyated scuPA at 10nmol/L, 
20nmol/L, and 40nmol/L also showed strong 
fibrinolysis as compared to the vehicle control (Figure 
3A; 25 ± 11.92 vs. 13.03 ± 5.89 vs. 6.125 ± 1.34; n=5; 
p<0.001). Similar results were obtained at 45 min 
(Figure 3B & 3C; n=5). 

 
Figure 2: Proof of function of scuPA constructs. A. Urokinase activity assay of 
scuPA on 96-well plates using urokinase substrate S2444L. Increase of absorption at 
405nm was measured over a 40 min period. ScuPA and standards using commercial 
uPA at different concentrations resulted in linear enzymatic activity. B. Plasminogen 
conversion assay of scuPA on 96-well plates using S2251 amidolytic assay. The 
conversion of plasminogen to plasmin was monitored with the S2251 amidolytic 
assay. Generation of plasmin for scuPA at 10nmol/L was compared against standards 
of commercial uPA at different concentration. Increase of absorption at 405nm was 
measured over a 40 min period. C. Activity of scuPA was calculated from the initial 
velocities obtained from lines fitted to data of time versus plasmin generated for the 
standards at a range of 0 to 15U/ml commercial uPA. 
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Figure 3: Fibrinolysis assay in a 96-well plate demonstrating successful thrombolysis with biotinylated scuPA. A. Bar chart showing % of clot remaining after 30 
min of fibrinolysis. Commercial uPA at 200U/ml and 400U/ml showed strong fibrinolysis of clots as opposed to vehicle control, which did not show any fibrinolysis (n=5: p<0.001). 
Biotinlyated-scuPA at 10nmol/L, 20nmol/L and 40nmol/L also showed strong fibrinolysis as compared to the vehicle control (n=5; ***p<0.001). B. Bar chart showing % of clot 
remaining after 45 min of fibrinolysis. Similar results were obtained. C. Representative traces of the fibrinolysis assays are shown. 

 

 
Figure 4: Flow cytometry demonstrating the functionality of scFvanti-LIBS 
and efficiency of in vivo biotinylation. A. Functionality of scFvanti-LIBS was proven 
with an AlexaFluor 488-coupled anti-Penta-His antibody in flow cytometry. Bar 
graphs depict the median fluorescence intensity values of five independent 
experiments. Representative fluorescence histograms are shown underneath the bar 
graphs. B. Functionality of scFvanti-LIBS as well as the efficiency of in vivo biotinylation 
was evaluated using R-phycoerythrin streptavidin in flow cytometry (mean ± SD, 
***p<0.001). These assays were analyzed using a paired t-test. C. Representative 
microscopy images of targeted-theranostic microbubbles (TT-MBs) attached to 
activated platelets on microthrombi in a flow chamber experiment. 

 

In vitro binding of scFvanti-LIBS constructs as 
assessed by flow cytometry 

After the production of scFvanti-LIBS, its binding 
capacity in relation to ADP-activated platelets was 
evaluated with an AlexaFluor 488-coupled 
anti-Penta-His antibody and R-phycoerythrin 
streptavidin in flow cytometry (Figure 4A & 4B). 
Incubation of ADP-activated platelets with scFvanti-LIBS 
resulted in an increase in fluorescence intensity as 
compared to non-activated platelets (26.36 ± 4.46 vs 
2.69 ± 0.29 AU; n=5; p<0.001) using an AlexaFluor 
488-coupled anti-Penta-His antibody. Similar results 
were obtained when the efficiency of in vivo 
biotinylation and scFv functionality was determined 
using R-phycoerythrin streptavidin in flow cytometry 
(26.2 ± 2.95 vs 2.87 ± 1.05 AU; n=5; p<0.001). Dual 
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fluorescence staining for platelets using an 
anti-CD62P monoclonal antibody, and scFvanti-LIBS 
using an AlexaFluor 488-coupled anti-Penta-His 
monoclonal antibody were performed to demonstrate 
the specific binding of scFvanti-LIBS to activated 
platelets (Additional File 1: Supplemental Figure 1). In 
addition, dual fluorescence staining for platelets using 
PAC-1, and scFvanti-LIBS using R-phycoerythrin 
streptavidin was performed to demonstrate the 
specific binding of scFvanti-LIBS to activated GPIIb/IIIa 
receptors on activated platelets (Additional File 1: 
Supplemental Figure 1). 

In vitro proof of attachment of targeted 
theranostic microbubbles to microthrombi  

Flow-chamber adhesion assays were used to 
demonstrate the attachment of TT-MBs to 
microthrombi after the conjugation of scFvanti-LIBS and 
scuPA to microbubbles (Figure 4C). 

In vivo proof of theranostic molecular 
ultrasound imaging and simultaneous lysis of 
thrombi 

Molecular ultrasound imaging was used to 
monitor thrombus size, particularly reduction in size. 
Ultrasound imaging of the mouse carotid artery on 
ultrasound typically shows luminal blood as black or 
dark grey, and microbubbles appear as a bright white 
color in the vessel lumen. Thrombi were visualized as 
white and bright signals after injection with 
platelet-targeted ultrasound contrast (LIBS-MB) on 
real-time ultrasound imaging. The baseline area, 
obtained 5 min after injection, was set to 100%. 
Imaging was preformed every 5 min for 45 min and 
the thrombus area was calculated. Mice were injected 
with either LIBS-MB and a vehicle control using saline 
(n=3), TT-MB (n=4), LIBS-MB, and a high dose of 
commercial uPA (n=3), or LIBS-MB and a low dose of 
commercial uPA (n=4) (Figure 5). 

 

 
Figure 5: Monitoring of thrombolysis via molecular ultrasound imaging showed a theranostic effect and a reduction of thrombus size after the injection of 
TT-MB. A. A reduction of thrombus size was observed for animals administered with LIBS-MB and high dose of commercial uPA at 500U/g BW (black line and B) as compared 
to LIBS-MB and saline (blue line and C) as vehicle control. A reduction of thrombus size was also observed with TT-MB (red line and D) as compared to LIBS-MB and low dose 
of commercial uPA at 75U/g BW (light grey line and E). Baseline area was set to 100% and areas were calculated every 5 min for 45 min. Thrombus size was traced and calculated 
using VisualSonics software. Treatment groups were compared by use of repeated measures ANOVA over time with Bonferroni post tests at each time point (Mean % ± SEM; 
**p<0.01, ***p<0.001, n≥3 each). 
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Treatment with the TT-MBs significantly 
reduced thrombus size over the period 45 min, while 
no significant difference was observed in the LIBS-MB 
with saline vehicle control group (37.09 ± 5.6 vs. 97.16 
± 4.3; mean % ± SEM; p<0.001; n>3) (Figure 5; Videos 
1–4 in Additional file 2 - Additional file 5). 
Thrombolysis was observed via ultrasound imaging 
using LIBS-MB and a high dose of commercial uPA. 
The ability of TT-MBs to target and dissolve thrombi 
was compared to that of mice injected with LIBS-MB 
and a high dose of commercial uPA, but there were no 
significant differences over the period of 45 min (37.09 
± 5.6 vs. 48.53 ± 9.9; ns; n≥3).  

The thrombolytic ability of TT-MBs was also 
compared with the LIBS-MB and a low dose of 
commercial uPA treatment group over 45 min. 
TT-MBs caused a reduction in thrombus size at 45 min 
post-administration compared to LIBS-MB and a low 
dose of commercial uPA (37.09 ± 5.6 vs. 89.72 ± 0.4; 
p<0.001; n≥3). This LIBS-MB and low dose of 
commercial uPA treatment group was also compared 
against the LIBS-MB with saline vehicle control 
group. Administration of LIBS-MB and a low dose of 
commercial uPA showed no significant reduction in 
thrombus area compared to the saline group (89.72 ± 
0.4 vs. 97.16 ± 4.3; ns; n≥3).  

The comparison of the thrombus area measured 
at the start of the treatment and at the end of the 
treatment showed a significant decrease in thrombus 
size for animals injected with TT-MB (p<0.001), as 
well as animals injected with LIBS-MB and treated 
with high dose of commercial uPA (positive control; 
p<0.001; Additional File 1: Supplemental Figure 2). 

No reduction in thrombus size was noted for animals 
injected with LIBS-MB and saline as negative controls 
or those treated with low dose of commercial uPA 
(NS).” 

In additional to reduction in thrombus size, there 
was also a significant decrease in contrast intensity of 
the thrombus on molecular ultrasound imaging after 
treatment with TT-MB (Figure 6). The baselines of 
thrombus size and contrast intensity were set to 100% 
at the beginning of imaging. There was a significant 
reduction in the ultrasound contrast intensity for 
animals injected with TT-MB when compared to those 
injected with vehicle control (47.22 ± 4.2 vs. 82.25 ± 
2.3; p<0.01; n≥3). TT-MB treatment was as effective as 
a high dose of commercial uPA. The result in 
reduction of ultrasound contrast intensity is 
consistent with the data obtained in measuring 
reduction of thrombus size. 

Histology of the carotid arteries from the four 
groups confirmed the sonographically observed 
differences in thrombus size (Figure 7).  

Areas brighter than the reference image are 
presented in green after analysis with digital 
subtraction (ideos 1–4 in Additional file 2 - Additional 
file 5). Although thrombus identification and 
quantification using these B-mode images provide the 
necessary scientific and clinical information, digital 
subtraction and color highlighting were used for 
demonstration purposes and as an additional aid to 
facilitate immediate recognition of thrombi. Frames 
obtained before microbubble injection were 
subtracted from those obtained 45 min post-injection.  

 

 
Figure 6: Quantitative measurement on molecular ultrasound imaging showing the reduction in both thrombus size and contrast intensity after 
treatment with TT-MB. A. Bar chart showing % of thrombus size at the end point of molecular ultrasound imaging. A reduction of thrombus size was observed for animals 
administered with LIBS-MB and high dose of commercial uPA at 500U/g BW (black) as compared to LIBS-MB and saline (blue) as vehicle control. The same significant reduction 
of thrombus size was also observed with TT-MB (red), but not with LIBS-MB and low dose of commercial uPA at 75U/g BW (light grey). B. Bar chart showing % contrast intensity 
at the end point of molecular ultrasound imaging. Results were similar to those of % thrombus size. Baseline area and contrast intensity was set to 100% and areas were measured 
at the start and end of imaging. Groups were compared by use of one-way ANOVA with Bonferroni post tests for multiple comparison (Mean % ± SEM, (*p<0.05, **p<0.01, 
***p<0.001, n≥3 each). 
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Figure 7: Representative images of hematoxylin and eosin stained thrombi in the carotid arteries of mice obtained after ultrasound imaging: A. after 
LIBS-MB and low dose commercial uPA, B. after TT-MB administration with a partially lysed thrombus, C. after LIBS-MB with saline as vehicle control and, D. after high dose 
commercial uPA with a partially lysed thrombus. 

 

Effective targeted theranostic microbubbles 
do not cause bleeding time 

Bleeding times were evaluated by surgical tail 
transection (Figure 8). LIBS-MB with a high dose of 
commercial uPA considerably prolonged bleeding 
compared to LIBS-MB with the saline vehicle control 
(p<0.001; n=4). In contrast, LIBS-MB with a low dose 
of commercial uPA and TT-MBs minimized bleeding 
time (ns; n=4). There was no difference between the 
bleeding times of animals given LIBS-MB with the 
vehicle control compared to TT-MBs (ns; n=4). Thus 
TT-MB has an anti-thrombotic effect without 
prolonging bleeding time. 

 

 
Figure 8: Bleeding time in mice determined by tail transection shows that 
there is no bleeding time prolongation at the effective dose of TT-MB. 
LIBS-MB with commercial uPA at 500U/g BW demonstrated considerably longer 
bleeding time as compared to LIBS-MB with saline vehicle control (*p<0.001, n=4 
each). TT-MB, LIBS-MB with low dose commercial uPA at 75U/g BW and saline 
control did not prolong bleeding time. These assays were analyzed with one-way 
repeated measures ANOVA with the Bonferroni post test. 

Discussion 
Theranostic approaches combining diagnostic 

and therapeutic capabilities in a single agent/imaging 
microbubble have attracted major attention, as they 
promise specific, individualized therapies with fewer 
side-effects for various diseases. The main benefit of 
theranostic approaches is the ability to provide 
simultaneous diagnosis and treatment, as well as the 
ability to reliably and conveniently monitor the 
treatment outcome. Particularly for thrombotic 
diseases, an ultrasound theranostic approach could be 
broadly used in various clinical settings and promises 
to provide major benefits for a large number of 
patients.  

Aiming for such a translationally highly 
attractive approach, we conjugated recombinant 
scFvs, which are specific for the activated GPIIb/IIIa 
receptor on platelets, and scuPA, a clinically 
approved fibrinolytic drug, to microbubbles, which 
thereby became a thrombus-specific imaging tool and 
a drug-carrying vehicle in one. To the best of our 
knowledge, this is the first demonstration of a 
theranostic approach to thrombotic disease using 
molecular ultrasound imaging based on MBs, which 
are dually conjugated both with scFvs in order to 
visualize thrombosis, as well as with scuPA in order 
to lyse thrombi.  

Our data demonstrates that these targeted 
theranostic microbubbles can selectively bind to 
thrombi, thereby allowing successful molecular 
ultrasound imaging of thrombosis. The binding of the 
TT-MBs at the site of the clot allows enrichment of the 
thrombolytic drug in order to break down the fibrin 
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network without systemic adverse effects such as 
prolongation of bleeding time. This data describes the 
unique concept of a non-invasive, inexpensive, and 
widely available technology simultaneously detecting 
thrombi, resolving vessel occlusion, and monitoring 
success or failure of thrombolysis. 

We have used recombinant scFvs, a minimal 
form of a functional antibody, as targeting tools since 
scFvs exhibit several major advantages: 1) scFvs lack 
the Fc region, are small in size, and are therefore 
minimally immunogenic; 2) they can be easily 
modified using molecular biology techniques to add 
specific tags for detection and/or bioconjugation; 3) 
their cost of production is relatively low21. In addition, 
the use of phage display in the generation of 
single-chain antibodies allows the selection of 
function-specific antibodies22. Such a unique scFv, 
specific for the activated conformation of GPIIb/IIIa, 
was used for the targeting of our theranostic 
microbubbles14.  

Ultrasound technology is an imaging modality 
that has evolved from a simple two-dimensional 
imaging tool used to assess crude anatomy to the 
current advanced three-dimensional, sensitive, 
high-resolution and sophisticated imaging platform. 
Employment of ultrasound contrast agents, such as 
microbubbles, provides the basis for molecular 
ultrasound imaging, which now exhibits a platform 
for functional characterization of diseased tissue 
without the necessity for surgical procedures or 
invasive biopsies23,24. Following advances in scanner 
technology, particularly in relation to resolving of 
contrasts, the development of targeted molecular 
ultrasound contrast agents has been driven by several 
pioneering groups, also covering the diagnosis of 
atherosclerosis23,25–27. In addition to its diagnostic use, 
ultrasound has been employed for therapeutic 
purposes. Given the rapidly improving technology of 
ultrasound scanners and the here-described 
development of contrast agents, theranostic 
ultrasound imaging offers an inexpensive, 
radiation-free, real-time, and portable alternative to 
MRI and nuclear imaging. With a growing ageing 
population and the consequent impact on healthcare 
costs, this new technology could be instrumental in 
allowing rapid and inexpensive diagnoses of MI 
and/or stroke, which would provide major benefits 
for a large number of patients.  

There is no doubt that pharmacological 
thrombolysis can provide major benefits15. However, 
it comes with side-effects such as neurotoxicity and 
potentially fatal hemorrhagic complications16. In 
particular, the combination of anti-platelets and 
fibrinolytic agents shows a minimal improvement in 
mortality, safety, and efficacy, but results in increased 

bleeding complications28. Furthermore, many patients 
with MI or stroke are not given beneficial 
thrombolytic therapy because of their increased 
bleeding risk. Therefore, safety concerns have 
prompted research into more effective treatment in 
order to overcome the limitations associated with 
current pharmacological thrombolysis. As a 
consequence, there is a major need for novel 
reperfusion strategies; these include 
sonothrombolysis29–36 and targeted-drug 
delivery17,18,37–40.  

The clinical use of microbubbles for 
echocardiography has been approved by the FDA in 
the United States, and for both echocardiography and 
radiology indications in Europe and Canada41. 
Pioneering groups demonstrated that the mechanical 
response of microbubbles to ultrasound can promote 
extravazation, and, even without the use of 
thrombolytic agents, has proven to be an effective 
thrombolytic approach both in vitro and in vivo31,32,42. 
Although these studies are mainly in the preclinical 
stage, they provide a strong basis for translation to 
clinical trials and offer a promising outlook for 
application in various cardiovascular diseases33,35. 
Culp et al.31 demonstrated that infarct size decreases 
after treatment with sonothrombolysis using 
non-targeted MBs and Birnbaum et al.43 observed 
recanalization of clots in the iliofemoral artery 
without significant side effects. Several clinical trials, 
such as the Combined Lysis of Thrombus in Brain 
Ischemia Using Transcranial Ultrasound and Systemic 
tPA (CLOTBUST)44 and Transcranial Ultrasound in 
Clinical Sonothrombolysis (TUCSON)45, examined the 
combination of non-targeted microbubbles, 
thrombolytic agents and ultrasound. These studies 
reported favorable results, such as improvement of 
recanalization rates and preservation of brain 
function. However, Molina et al 45 in the TUCSON trial 
also reported an increased number of intracranial 
hemorrhages. 

Other research groups further improved the 
combination of MB application and fibrinolytic drugs 
using elegant targeting strategies34,36,46,47. 
Sonothrombolysis using targeted MBs allows the 
detection and localization of the thrombus. These 
studies looked into the feasibility of targeting the 
same integrin GPIIb/IIIa, using the 
arginine-glycine-aspartic acid (RGD) analog34,46,47, and 
the non–activation-specific antibody fragment 
abciximab36. However, the RGD analogs are ligand 
mimetics that bind to all circulating platelets (both 
resting and activated), but also bind to other cells on 
the basis of their cross-reactivity toward other 
RGD-ligand–recognizing integrins.  

Xie et al.34 observed that using diagnostic 
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ultrasound and MRX-802 (RDG-MBs) in combination 
with a half-dose of recombinant pro-urokinase, 
heparin, and aspirin for 30 min improved epicardial 
recanalization rates and microvascular recovery. In 
another excellent study, Alonso et al.36 reported that 
the use of abciximab immunobubbles and continuous 
diagnostic ultrasound over 30 min induced 
thrombolysis in rats. Since abciximab is a clinically 
used drug for preventing/treating platelet 
aggregation and thrombus formation, such an 
approach seems easily translatable. However, like 
RGD, abciximab binds to all circulating platelets and 
has been shown to cross-react with other integrin 
receptors48. An additional issue is that the binding of 
abciximab to non-activated GPIIb/IIIa receptors on 
circulating platelets results in an extended functional 
half life, and platelet inhibition over several days, 
thereby potentially increasing the risk of bleeding 
complications for a prolonged period49.  

Hua et al.46 detailed in a recent publication that 
tPA-loaded RGD-MBs improved recanalization rates. 
These tPA-loaded RGD-MBs were given as a bolus 
followed by 30 min infusion, and ultrasound was 
performed on the site of interest over the time of 
infusion. The above studies infused the targeted or 
non-targeted microbubbles and thrombolytic agents, 
and sonoporated at various intensities or frequencies 
over time to obtain the desired thrombolysis or 
recanalization rate. However, safety concerns for 
patients in regard to the application of high-intensity, 
low-frequency ultrasound with microbubbles persist 
and have to be addressed in future studies.  

Targeted drug delivery is another promising 
approach as a non-invasive pharmacological 
reperfusion strategy. In addition to platelet6,17,18 and 
fibrin targeting40, other epitopes, such as platelet 
endothelial cell adhesion molecule 1 (PECAM-1)39 and 
glycophorin A on erythrocytes38 have been targeted. 
Although thrombolysis has been demonstrated for 
both PECAM-1 and erythrocyte-targeting, these 
targets are not exclusive for thrombi. We have 
previously shown that fusion of anti-platelet and/or 
thrombolytic drugs to activated-platelet–targeting 
antibodies can provide an effective and safe 
alternative, delivering a localized high concentration 
at the site of the thrombus, thereby providing therapy 
and at the same time allowing a low systemic 
concentration, and so preventing bleeding 
complications17,18. In this study, we extend our 
previously successful therapeutic targeting to a 
successful targeted molecular theranostic approach 
with a single bolus injection for concurrent diagnosis 
and therapy of thrombotic diseases.  

To avoid the safety concerns of sonoporation, we 
conjugated both the activated targeted scFvs and the 

thrombolytic agents to the outside of the MBs. This 
dual conjugation allowed the TT-MBs to be directed 
and to bind to the blood clot, and for the scuPA on the 
surface to react with the thrombus, and for 
thrombolysis to occur. Although the use of 
sonoporation for sonothrombolysis might have the 
potential to enhance the degree of thrombolysis, our 
study has been designed to avoid the disadvantages 
associated with the bursting of microbubbles. Our 
approach allows us to have good visualization of the 
thrombi on real-time ultrasound imaging. In addition 
to making it possible to directly monitor the reduction 
in thrombus size, this approach also notably 
eliminates the potential hemorrhagic complication 
associated with sonothrombolysis as noted in several 
studies16,27.  

There are several clinical scenarios in which 
ultrasound imaging with targeted theranostic 
microbubbles could be useful. Of these, the most 
important is MI. A method with fast diagnosis of 
coronary thrombi, together with rapid and “safe” 
thrombolysis using the theranostic microbubbles, has 
enormous potential to change outcomes for patients 
with MI on a large scale. Furthermore, this theranostic 
technique could be used to determine the success or 
failure of the applied thrombolysis, allowing an early 
decision toward direct invasive coronary angiography 
with consequent angioplasty and stenting. With the 
general access to ultrasound machines, the described 
theranostic ultrasound microbubbles can potentially 
be administered quickly and easily in emergency 
departments, and even in ambulances and remote 
clinics. Further studies toward clinical 
implementation of such a strategy are highly 
warranted. 

Limitations 
In this proof of concept study, we have used 

biotin/streptavidin coupling to conjugate scFv and 
scuPA onto microbubbles. This conjugation method 
offers major advantages such as flexibility and rapid 
coupling. Although there have been concerns 
regarding the potential immunogenicity that may 
limit the use of this coupling approach in humans, 
biotinylated drugs and avidin-based reagents have 
been recently successfully introduced in the clinic50,51. 
Nevertheless, as a potential alternative, our group has 
been developing novel enzymatic bioconjugation 
techniques for coupling, such as the use of the S. 
aureus transpeptidase sortase A, which can be adapted 
for use with our theranostic ultrasound molecular 
imaging approach14,19,20.  

Our study was conducted in a mouse model, 
which may not reflect thrombogenesis in humans in 
all aspects. Therefore further studies using bigger 
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animals and ultrasound scanners, as well as 
transducers typically used in patients, would facilitate 
further advancing this novel theranostic approach to 
clinical application. For this reason, we investigated 
additional cross-reactivity of our targeting 
single-chain antibody. We could show selective 
binding of the scFvanti-LIBS to activated platelets of 
non-human primates (data not shown). Hence, the 
scFvanti-LIBS not only shows cross-reactivity in humans 
and mice but also in non-human primates, which will 
facilitate translation of the newly described molecular 
ultrasound theranostic approach into clinical 
application in patients. 

Conclusions 
Our study demonstrates the successful 

generation of targeted theranostic microbubbles 
which bind specifically to activated platelets both in 
vitro and in vivo, thereby facilitating ultrasound 
molecular imaging of thrombi, as well as 
clot-localized enrichment of fibrinolytic activity. 
Thrombus size can be directly visualized in real time, 
offering unprecedented early diagnosis and 
monitoring of success or failure of thrombolytic 
therapy. Notably, single-chain antibody–mediated 
targeting allows enrichment at the thrombus site and 
at the same time a low systemic concentration of 
fibrinolytic activity, promising high thrombolytic 
efficacy without bleeding complications. This proof of 
concept study justifies further, particularly clinical, 
development and testing of this theranostic 
thrombolytic agent/ imaging microbubble for 
ultrasound diagnosis and targeted therapy of 
thrombotic disease in patients.  
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