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a b s t r a c t 

Thrombus formed in blood vessel is a progressive process, which would lead to life- 

threatening thrombotic diseases such as ischemic stroke. Unlike other diseases, the recog- 

nition of thrombus is usually in the late stage where blood vessels are largely blocked. So 

acute thrombotic diseases have a narrow therapeutic window, and remain leading causes 

of morbidity and mortality, whereas current thrombolysis therapy has limited therapeutic 

effects and bleeding complications. Thrombolytic agents in unwanted sites would cause 

hemorrhage due to the activation of plasminogen. Moreover, untargeted thrombolysis ther- 

apy require large amounts of thrombolytic agents, which in return would enhance hem- 

orrhage risk. To improve the efficiency while minimizing the adverse effects of traditional 

thrombolysis therapy, novel drug delivery systems have been investigated. Various targeting 

strategies including ultrasound and magnetic field directed targeting, and specific binding, 

have been designed to deliver thrombolytic drugs to the thrombotic sites. These strategies 

demonstrate promising results in reducing bleeding risk as well as allowing less dosage of 

thrombolytic drugs with lowered clot lysis time. In this review, we discuss recent progress 

on targeted delivery of thrombolytics, and summarize treatment advantages and shortcom- 

ings, potentially helping to further promote the development of targeted thrombolysis. 

© 2019 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Thrombus is localized clotting of blood caused by activated
coagulation system under physiological or pathological condi-
tions. Blood clot grows bigger with the aggregation of platelets
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as the pathological state progresses, and further forms partial
or complete blockage of vascular lumen [1] . Early stage of
thrombosis may be neglected as no obvious symptoms ap-
pear on patients. However, when blood vessels are nearly
blocked, blood flow stasis would cause necrosis of involved or-
gans and even result in death. Cerebrovascular disease caused
rsity. 
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Fig. 1 – Illustration of platelets guided process of thrombus. The process of thrombosis involve with adhesion of platelets to 

damaged endothelium, aggregation of activated platelets to form a prothrombotic surface, and finally the formation of 
insoluble blood clots. 

Table 1 – A comparison of artificial DDSs and biological DDSs. 

DDSs Advantages Drawbacks 

Artificial DDSs 1. Efficient targeting, 1. Potential safety issues, 
2. Controllable regulation, 2. Unsettled optimal therapeutic parameters, 
3. Diverse design, 3. Limited specificity, 
4. Theranostic ability. 4. Potential immunogenicity. 

Biological DDSs 1. Great biocompability, 1. Potential impact of loaded drug on cells, 
2. Prolonged circulation, 2. Undefined source, processing and storage conditions of cells, 
3. Effective and safe prophylaxis. 3. Unable to lyse preexisting thrombus. 
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y thromboembolic vessels is becoming one of the leading 
auses of mortality globally [2] . Therefore, quick and effective 
hrombolysis is urgently needed. 

The pathophysiology of thrombosis has been extensively 
nvestigated and the underlying mechanism is being updated.
hree important factors leading to the development of throm- 
osis were first proposed by Rudolph Virchow. The three com- 
onents were referred to alternations in blood flow, vessel 
all, and blood composition. Modern research updates the 

hree components to abnormalities of hemorheology, abnor- 
alities in the endothelium/endocardium, and abnormalities 

n platelet and the coagulation and fibrinolytic pathways [3] . 
Antithrombotic drugs applied in clinic are generally clas- 

ified into antiplatelet and anticoagulant drugs which work 
pstream to prevent thrombogenesis, and thrombolytic drugs 
hich work downstream to dissolve the thrombus or slower 
r prevent its formation [1,4] . Among them, thrombolytic 
rugs, namely plasminogen activators (PA), such as strep- 
okinase (SK), urokinase plasminogen activator (uPA), tissue 
lasminogen activator (tPA), recombinant tPA(rtPA) et al. are 
sed as the main treatment for thromboembolic diseases [5] .
owever, as complex protein macromolecules, thrombolyt- 

cs suffer from various activations within the bloodstream,
eading to allergic reactions and short half life. And their 
onspecific effects result in bleeding complications. These 
rawbacks limit their further applications. Therefore, the 
evelopment of targeted thrombolysis therapy is of great 

mportance. 
Targeted drug delivery has been extensively researched 

ue to its tremendous potential to revolutionize medicine by 
elivering drugs to the specific regions within the body. For the 
ost threatening diseases such as cancer, targeted drug deliv- 

ry has shown promising therapeutic outcomes. Our previous 
tudy showed that targeted drug carriers vary from synthetic 
arriers such as nanoparticles [6,7] and liposomes [8,9] to bio- 
ogical carriers such as stem cells [10–14] , with different tar- 
eting strategies based on specific pathological characteris- 
ics. Likewise, current targeting strategies on thrombolysis 

ainly involve applying ultrasound or magnetic field as exter- 
al stimulus to guide drug carriers to thrombus site, and spe- 
ific binding of drug carriers to thrombus components. More- 
ver, novel theranostic approaches which can diagnose and 

reat diseases simultaneously have attracted major attention 

ecause of their capability to monitor therapeutic outcomes.
nderstanding the particular mechanism of diseases helps 

o find efficient targets, and develop effective targeted ther- 
py. The process of thrombosis can be briefly described as the 
equence of adhesion of platelets to damaged endothelium,
ggregation of platelets to form a prothrombotic surface, re- 
ease reaction of platelets to promote clot formation, then the 
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Fig. 2 – Different targeting strategies of artificial DDSs. (A) Ultrasound triggered thrombolysis. (B) Magnetic field induced 

thrombolysis. (C) Ligand binding directed thrombolysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 – Different drug carriers for biological DDSs. Cell, cell 
membrane, and extracellular vesicle can be used as 
biological drug delivery carriers. 

 

 

 

 

 

 

 

 

 

initiation of coagulation, and finally the formation of insoluble
blood clots [15,16] . ( Fig. 1 ) So platelets serve as major targets
for thrombolysis. 

2. Targeted drug delivery system for 
thrombolytics 

Traditionally applied thrombolytics have some drawbacks
such as short half-life, bleeding complications, and aller-
gic reaction, which limit their clinical applications. Targeted
delivery of thrombolytics specifically to the wanted site
is required to enhance the therapeutic outcomes as well
as to lower adverse effects. Several drug delivery systems
(DDSs) have been designed to solve the problem. Artificial
DDSs which load drugs into nano/micro-carriers or designed
as prodrug construct can accomplish targeted drug deliv-
ery through physical targeting using ultrasound and mag-
netic field or modifying carriers with specific binding moiety
( Fig. 2 ). Contrary to artificial DDSs, biological DDSs are com-
posed of cells and their fragments, and possess the advan-
tages of intrinsic responsiveness to related microenviron-
ment in the body, which offer inherent targeting and great
biocompatibility [17–19] ( Fig. 3 ). The advantages and draw-
backs of artificial DDSs and biological DDSs are compared in
Table 1 . 

However, the studies on biological thrombolytic DDSs are
few compared with artificial thrombolytic DDSs. This may be
attributed to the difficulties of manipulating cells, and re-
quires advanced techniques and updated information on the
standard of source, processing, storage, et al. Inspired from bi-
ological DDSs, synthetic carriers designed to mimic cell de-
rived natural carriers can also be used as efficient carriers
for targeted thrombolysis, which may represent an alterna-
tive strategy [20] . Various targeted DDSs of thrombolytics are
summarized in Table 2 . 

3. Artificial thrombolytic DDSs 

Artificial thrombolytic DDSs include synthetic carriers sensi-
tive to ultrasound or magnetic field, synthetic carriers mod-
ified with specific binding moiety and camouflaged prodrug
construct. External stimuli including ultrasound [21–26] and
magnetic field [27–29] at the thrombus site can trigger or guide
thrombolytic agents to the expected location, reduce the un-
wanted activation of systemic plasminogen, and thus provide
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Table 2 – A summary of different targeted delivery of thrombolytics. 

DDSs Targeting 
sites 

Targeting 
moieties/external 
triggers 

Formulations Therapeutic outcomes Ref 

Artificial 
DDSs 

/ Ultrasound rtPA-MBs Improved recanalization rate and grade in arterial 
embolization rat models. 

[43] 

uPA-MBs Enhanced clot lysis rate and d -dimer concentration in 
vitro human blood clots. 

[44] 

tPA-ELIPs Enhanced clot lysis rate in vitro porcine/human blood 
clots. 

[48,50,51] 

tPA nano gelatin 
complex 

Improved recanalization rate grade in arterial 
thrombosis rabbit models. 

[54] 

tPA-NPs Improved recanalization rate grade in swine acute 
myocardial infarction models. 

[55] 

uPA-nanogel Enhanced clot lysis rate in vitro human blood clots. 
Improved clot degradation and reduced infarct 
volume in acute ischemic stroke rat models. 

[56,57] 

NPs Enhanced rabbit clot lysis rate in vitro artificial 
vascular system. 

[58] 

Magnetic field rtPA-IONPs Improved hemodynamics in arterial thrombosis rat 
models. 

[27,28] 

tPA-IONPs Enhanced clot lysis rate in an ex vivo intravascular 
thrombolysis model, and increased tissue perfusion 
in arterial thrombosis rat models. 

[29,70] 

uPA-IONPs Enhanced clot lysis rate in a microfluidic channel. [71] 
tPA-CuNPs Enhanced clot lysis rate in vitro human blood clots, 

and restored blood flow in arterial thrombosis rat 
models. 

[72,73] 

tPA- 
microspheres 

Enhanced clot lysis rate and reperfusion time in static 
human blood clots and dynamic flow models. 

[74] 

FXIIIa FXIIIa-sensitive 
peptide 

tPA-IONPs Comparable lysis efficacy both in vitro human blood 
colts and murine pulmonary embolism models. 

[37] 

fibrin Fibrin antibody tPA-NPs Dissolved clots comparable to free tPA in vitro 
fibrinolysis assay with reduced bleeding risk. 

[79] 

uPA-NPs Enhanced clot lysis rate in vitro human blood clots. [80] 
CLT nanocage Exerted better clot-busting properties with 

hemostatic safety in both arterial mice and venous 
rat models. 

[93] 

GP IIb/IIIa Abciximab MBs Enhanced plasma d -dimer levels in arterial 
thrombosis rat models. 

[81] 

scFv scuPA Enhanced thrombus lysis rate in arterial thrombosis 
mouse models, and had thromboprophylaxis effect. 

[83] 

scuPA-MBs Enhanced thrombus lysis rate and rapid diagnosis in 
arterial thrombosis mouse models. 

[84] 

RGD peptide tPA-MBs Enhanced in vitro human blood clot lysis rate in 
mimical flowing model. Improved recanalization 
rate in arterial rabbit model. 

[33,85] 

uPA-MBs Improved recanalization rate arterial thrombosis 
rabbit models. Improved blood flow in arterial 
thrombosis swine model. 

[61,88] 

SK-liposomes Comparable thrombolysis efficacy to free SK in a 
targeted fashion with hemostatic safety. Enhanced 
thrombus dissolution rate in arterial thrombosis rat 
model. 

[20,86] 

liposomal 
bubbles 

Enhanced clot lysis rate in vitro human blood clots, 
and improved recanalization rate in arterial 
thrombosis rabbit model. 

[87] 

cRGD peptide SK-liposomes Enhanced clot lysis rate both in vitro human blood 
clots and arterial thrombosis rat model. 

[34,89] 

uPA-liposomes Improved thrombolysis efficacy in venous thrombosis 
mouse model. 

[92] 

( continued on next page ) 



Asian Journal of Pharmaceutical Sciences 14 (2019) 233–247 237 

Table 2 ( continued ) 

DDSs Targeting 
sites 

Targeting 
moieties/external 
triggers 

Formulations Therapeutic outcomes Ref 

rtPA-NPs Exhibited strong thrombolysis and contrast-enhanced 
effects both in vitro human blood clots and arterial 
thrombosis rat model. 

[90] 

CQQHHLGGAKQAGDV 

peptide 

tPA-liposome Enhanced clot lysis rate both in vitro human blood 
clots and venous thrombosis rat model. 

[95] 

tPA-prodrug Equivalent thrombolytic activity to free tPA with 
reduced bleeding risk in venous thrombosis rat 
model. 

[98] 

P-selectin EWVDV peptide SK-liposomes Comparable thrombolysis efficacy to free SK in a 
targeted fashion with hemostatic safety. 

[20] 

/ Heparin addition tPA-prodrug Equivalent thrombolytic activity to free tPA with 
reduced bleeding risk in venous thrombosis rat 
model. 

[96,97] 

Biological 
DDSs 

/ / 

RBC-SK Provided local lysis of a fibrin clot in vitro . [106] 
RBC-tPA Exerted thromboprophylaxis effect in both arterial 

and venous thrombosis mouse model. 
[107,108] 

RBC-scFv/tPA Provided thromboprophylaxis in venous thrombosis 
mouse model. 

[109] 

RBC-scuPA- 
suPAR 

Effectively dissolved fibrin clots in vitro . [110] 

RBC-scFv/uPA-T Exerted thromboprophylaxis effect in arterial, venous 
and micro thrombosis mouse models. 

[111,112] 

RBC-rtPA Improved fibrinolysis in pulmonary embolism mouse 
models. 

[113,114] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

an efficient targeted thrombolysis approach. As the main con-
stituents of thrombus are activated platelets and fibrin, many
artificial DDSs have achieved targeted thrombolytics delivery
to thrombus using platelet-specific or fibrin-specific ligands as
targeting moiety. The frequently used targeting ligands are an-
tifibrin or antiplatelet monoclonal antibodies [30–32] and Arg-
Gly-Asp (RGD) motifs [33–35] . Other components of thrombus
such as activated factor XIII can also serve as effective targets
[36,37] . Besides, prodrug constructs of PA triggered at throm-
bus site can also offer localized thrombolysis therapy with less
systemic side effect. The rational design, diverse constructs,
and controllable management of artificial thrombolytic DDSs
make them feasible for efficient targeting of thrombus. 

3.1. Ultrasound triggered targeting 

Ultrasound was first discovered to increase enzymatic throm-
bolysis over 40 years ago. Several mechanisms for ultrasound
enhanced thrombolysis including acoustic streaming, radia-
tion force, and cavitation of ultrasound have been postulated
[38–40] . Nevertheless, the underlying mechanism remains un-
clear. 

However, using ultrasound alone has some disadvantages
such as inducement of embolization caused by the fragmen-
tation of clots, mechanical vascular impairment, and reoc-
clusion due to activation of platelets [41] . Therefore, ultra-
sound is mainly applied as an adjuvant thrombolysis therapy,
 

i.e., sonothrombolysis. Besides the thrombolysis ability, ultra-
sound serves as an attractive imaging modality in respect of
its convenience, safety and cost, and is widely applied in clin-
ical diagnosis. The required ultrasound frequencies and peak
negative pressures for diagnosis are similar to those used for
inducing thrombus dissolution. So a theranostic strategy can
be achieved by diagnostic ultrasound. To achieve better imag-
ing and delivery of thrombolytic drugs, contrast agents such
as microbubbles (MBs) and echogenic liposomes (ELIPs) have
been extensively studied. 

Ultrasound plus MBs was proved capable of reducing clot
diameter, but unable to induce fibrinolysis in human blood
clots. Only when in combination with PA, would the fibrin
degradation occur. Therefore, the combination of ultrasound,
MBs and PA exerts a synergistic action between the throm-
bolytic activity of PA and contrast agent enhanced sonothrom-
bolysis [42] . In vivo study also confirmed the synergis-
tic effect on ischemic arterial thrombolysis of ultrasound
plus MBs with addition of PA [43] . Arterial embolization
rats were divided into 5 groups: untreated control group,
rtPA group, ultrasound + MBs group, ultrasound + MBs + rtPA
group and ultrasound + MBs + 1/2 rtPA + group. The results
indicated that ultrasound + MBs had minimal thrombolytic
effect, while addition of half dose of rtPA significantly im-
proved recanalization rate and recanalization grade. However,
ultrasound + MBs + rtPA group and ultrasound + MBs + 1/2
rtPA group exerted no difference on therapeutic outcomes.
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istopathological changes in thrombosed vessels also con- 
rmed structural disintegration of thrombus and breakdown 

f fibrous network within the thrombus in these two groups. 
The PA loading of MBs didn’t change MBs’ good ultrasound 

ontrast imaging properties, and the combination with low 

requency ultrasound demonstrated promoted thrombolysis,
hich is dose-dependent [44] . Moreover, several clinical trials 
ave been conducted to assess safety, efficacy and technical 

easibility of therapeutic MBs in thrombolysis treatment. The 
romising results proved the combination of MBs and ultra- 
ound an efficient approach to improve recanalization rates,
ncreasing the thrombolytic effect [21–26] . A pilot study by Per- 
en et al. designed a non-randomized trial to compare acute 
schemic stroke patients who underwent intravenous rtPA 

hrombolysis and sonothrombolysis over 60 min. The patients 
ere treated with or without additional continuous MBs. The 

esults showed that the combination of ultrasound and MBs 
chieved a better flow signal, indicating greater immediate 
linical improvement [45] . Randomized trials also confirmed 

he therapeutic benefits of contrast enhanced sonothrombol- 
sis, suggesting sonothrombolysis a promising noninvasive 
reatment of acute ischemic stroke [22,23] . For ST-segment 
levation myocardial infarction which requires immediate 
estoration of coronary blood flow, sonothrombolysis offered 

n easy applicable therapeutic strategy. Randomized trails 
roved that high mechanical index ultrasound impulses along 
ith contrast agent infusion could safely improve early epicar- 
ial patency rates and recovery in ST-segment elevation my- 
cardial infarction [25,26] . The contrast agents used in these 
linical trials were almost commercialized MBs, generally the 
ore stable second-generation MBs such as sulphur hexaflu- 

ride filled MBs (Sonovue). All marketed contrast agents com- 
rise MBs with a stabilizing shell and stable gases. So these 
icrobubbles have high molecular weight and very low sol- 

bility in water, which can dissolve more slowly in blood cir- 
ulation and thus offer longer persistence. Due to their prop- 
rties of sensitivity, safety, low cost and portable nature, the 
anufacturing of contrast agents has now reached the stage 

f maturity [46] . Whether their different characteristics influ- 
nce sonothrombolysis remains to be investigated [47] . 

Entrapment of PA into ELIPs also displayed efficient drug 
elease and clot lysis when exposed to ultrasound irradiation 

n vitro [48] . PA released from the PA-ELIPs remained similar 
hrombolytic activity as the free form, and showed substan- 
ially increases of lysis rate compared with either PA or ELIPs 
lone in an in vitro human clot model [49,50] . And PA-loaded 

LIPs exhibited comparable thrombolytic efficiency to other 
reclinically or clinically protocols including free PA alone and 

ree PA co-administered with MBs in a rabbit thrombus model 
51] . Since insoluble gas plays an important role in promot- 
ng more sustained cavitation activity [52] , loading octafluoro- 
ropane gas within liposomes rather than air enhanced sta- 
le cavitation activity mediated by ultrasound, and increased 

hrombolysis efficacy [53] . 
Nano carriers possess advantages like an internal volume 

or encapsulating drug and an abundant surface area for 
odifying with ligands, which is beneficial for designing an 

ltrasound-responsive drug delivery system. tPA-cationized 

elatin complex modified with PEG showed a nearly half 
uppressed thrombolytic activity and prolonged half life of 
PA by 3 times in the systemic circulation, but recovered 

he activity only when under ultrasound. Administration of 
PA-cationized gelatin complexes intravenously followed by 
ltrasound exposure resulted in thorough recanalization in 

 rabbit embolic model, in significantly contrast to single 
dministration of the complex [54] . Another ultrasound- 
esponsive nanoparticle (NP) comprising tPA, zinc ions, and 

asic gelatin showed suppressed tPA activity by 50% while 
chieved complete recovery by ultrasound in vitro . Such NP 
chieved occluded artery recanalization in 9 of 10 acute 
yocardial infarction swine models within 30 min under 

he irradiation of ultrasound, while treatment with the same 
osage of PA alone recanalized only 1 of 10 swine [55] . Simi-

arly, uPA loaded in hollow nanogels was able to be triggered 

o release in faster rate under diagnostic ultrasound in vitro 
56] , circulating longer than nude uPA in vivo , and increase the
ffectiveness of thrombolysis in an acute ischemic stroke rat 
odel [57] . 
Different from MBs and ELIPs, those nano carriers take ul- 

rasound as a ‘switch’. They remain inhibited thrombolytic ac- 
ivity in systemic circulation due to the designed construc- 
ion, and restore the ability when exposed to the force of ultra- 
ound, resulting in localized drug release. As contrast agents,
ltrasound exerts an interaction effect on MBs and ELIPs. Ul- 
rasound trigger their drug release, while they enhance ultra- 
ound’s thrombolytic capability. The large size and transient 
avitation effect of contrast agents may limit their perme- 
tion into thrombus in micro circulation. To design a smaller 
ontrast agent with continuous cavitation effect, dodecaflu- 
ropentane NPs were prepared and showed phase change 
o MBs under ultrasound irradiation. The phase-change NPs 
xhibited sustaining cavitation effect, and increased throm- 
olytic efficiency as compared to SonoVue MBs in vitro arti- 
cial vascular system. This technology provides a novel ap- 
roach for sonothrombolysis in micro circulation. But it needs 
urther in vivo research to verify its thrombolytic efficiency,
nd whether it would be an alternative contrast agent requires 
uch more investigation [58] . 
And as ultrasound imaging is the second-most applied 

maging method in clinical setting, ultrasound based ther- 
nostics show great potential for diagnosing and treating 
hrombosis simultaneously [59] . To further improve the 
argeting ability, some targeting ligands have been introduced 

o the contrast agents, achieving both active targeting and 

ltrasound triggered targeting. The examples are described 

efore. What makes the treatment regimen of sonothrom- 
olysis complicated is that the therapeutic outcomes from 

ifferent experiments have varied greatly [60,61] , primarily 
ecause the optimal acoustic conditions have not been de- 
ermined. The ultrasound parameters such as ultrasound 

requency, pressure and waveform cycle length are of great 
mportance in manipulating clot dissolution [25,62,63] . Be- 
ides, properties of the contrast agents also play a crucial part 
n the efficiency of sonothrombolysis [64,65] . There are gen- 
rally two approaches for sonothrombolysis, low-frequency 
20–30 kHz) and high-intensity ( > 10 W/cm 

2 ) ultrasound, and 

igh-frequency (1–3 MHz) and low-intensity (0.5–5 W/cm 

2 ) 
ltrasound to the thrombus site [66] . The former approach is 
ble to destroy atherosclerotic plaques and thrombus even 

n absence of enzymatic thrombolysis, but its safety issues 
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should be verified. The latter approach is more promising
for clinical sonothrombolysis applications such as ischemic
stroke due to its ability to focus at depth, but its potential heat-
ing of the surrounding tissue is the main concern [67] . Nev-
ertheless, the optimal ultrasound parameters need further
investigation. 

3.2. Magnetic field induced targeting 

Magnetic targeting is a physical targeting strategy using ex-
ternal magnetic field to localize magnetic carriers. Magnetic
carriers usually consist of a magnetic core and an organic
or inorganic shell. The shell can prevent magnetic carriers
from aggregation and provide biocompatible, high-capacity
functionalized surfaces. The strong magnetic properties and
biocompatibility of magnetic carriers facilitate their applica-
tions in magnetically guided drug targeting, magnetic reso-
nance imaging as contrast-enhancing agents, and magnetic
diagnosis. 

Iron oxide nanoparticles (IONPs) are extensively investi-
gated magnetic carriers owning to their biodegradability of
known iron metabolism pathways [68] . PA loaded IONPs per-
formed effective local thrombolysis under the guidance of
magnet field. Organic polymers such as dextran [69] , poly-
acrylic acid (PAA) [27] and chitosan [70] as well as inorganic
silica shell [29] have been used to stabilize IONPs and pro-
vide IONPs with abundant conjugation with PA. Biocompatible
tPA conjugated dextran-IONPs showed efficient drug targeting
while not losing the enzyme in thrombus-mimicking gels by
external magnetic field [69] . rtPA conjugated PAA-IONPs dis-
played superior improvement on hemodynamics than that of
equivalent amount of free rtPA in a rat iliac arterial thrombosis
model. Hind limb skin tissue perfusion of the rats measured
by a laser Doppler perfusion imager illustrated quick reversion
of perfusion within 30 min by administration of PAA-IONPs-
rtPA under the guide of magnetic field, while the blood flow of
free rtPA and IONPs didn’t recovered even after 2 h ( Fig. 4 ). The
way of how to apply magnetic field is the most critical part.
PAA-IONPs-rtPA under static magnetic field didn’t reverse the
hemodynamics, while an alternative magnetic field seemed
essential for target thrombolysis due to the aggregation and
dissipation movement of IONPs. Moreover, it is likely that me-
chanical dragging force created by alternative magnetic field
also facilitated rtPA penetration and thus enhanced thrombol-
ysis. Administrating PAA-IONPs-rtPA under alternative mag-
netic field may accomplish effective and reproducible target
thrombolysis with less than 20% of a routine dose of rtPA un-
der magnetic guidance [27] . 

As a high positive charge polymer, chitosan was able to fa-
cilitate the penetration of the tPA conjugated chitosan-IONPs
at physiological pH into thrombus which contains negatively
charged fibrin. Both ex vivo and in vivo rat thrombus model
showed its effective thrombolysis with reduced blood clot ly-
sis time and lower drug dose [70] . To improve the amount of PA
loaded per carrier, a shell of poly [aniline-co-N-(1-one-butyric
acid) aniline] was used to compose high drug-conjugated
IONPs. The binding capacity was much improved, and thus
accelerated thrombolysis, restoring blood flow within half an
hour of treatment at 20% of the regular rtPA in a rat embolism
model [28] . Besides, SiO 2 shell functionalized with NH 2 groups
can also provide IONPs with abundant conjugation with tPA.
The conjugated tPA showed improved storage, high activity
retention, and manipulation stability. An ex vivo thromboly-
sis model demonstrated increased thrombolytic effect with
SiO 2 -IONPs-tPA under the guidance of magnetic field com-
pared with the same samples without magnetic targeting and
with the same drug dosage of free tPA [29] . In addition, throm-
bolytic drugs can also be used as the coating material. Surface-
functionalized IONPs by uPA coating displayed about 50% in-
crease in thrombolysis capacity than pure uPA solution, and
removed nearly complete thrombus in a microfluidic chan-
nel under the control of oscillating magnetic field [71] . Vari-
ous coating materials have been developed for IONPs so far,
which makes IONPs excellent drug carriers with the advan-
tages of good biocompability and specific localization. These
modified IONPs hold great potential in clinical thrombolysis
therapy. 

In addition to iron oxide, other metallic nanoparticle such
as nickel magnetic nanoparticles can also be used as drug car-
riers. Tadayon et al. synthesized SiO 2 coated Cu 0.5 Ni 0.5 Fe 2 O 4

NPs for immobilizing SK and tPA with a high drug loading effi-
ciency and activity retention, which showed reduced bleeding
complication [72] . Later, they synthesized biological nanopar-
ticles (CuNPs) by Streptococcus equi , and developed a targeted
therapeutic delivery system with the two thrombolytic agents
immobilized to CuNPs. The magnet-guided SiO2 –CuNP-tPA-
SK showed effective thrombolysis with no statistically signif-
icant difference form chemical synthesis in the rat embolism
model. The biosynthesis process possesses benefits including
low energy requirement, well dispersed in aqueous solutions,
nontoxicity, ect , and shows potential as targeted carrier for
thrombolytics delivery [73] . 

Moreover, encapsulation of thrombolytic drugs and IONPs
in biodegradable vehicles can also be beneficial for targeted
thrombolysis. Torno et al. demonstrated the improved ly-
sis efficiency of magnetically-guided, ultrasound-responsive
and non-medicated magnetic spheres by fabricating mag-
netic carriers with FDA-approved polymer poly(lactic acid)-
poly(ethylene glycol) (PLA-PEG) [74] . Later, they developed
medicated microspheres by co-encapsulating tPA and IONPs
into PLA-PEG microcarriers to protect tPA during systemic cir-
culation while concentrating the thrombolytics at the throm-
bus site and activating its release focally. External mag-
netic fields were employed to concentrate the carriers at the
target site, and ultrasound was used to enhance permeation
of thrombolytics into the inner of thrombus [75] . Likewise, li-
posomes loaded with thrombolytic drugs and IONPs formed
magnetic liposomes, and showed thermosensitive property.
The induction heating of IONPs in an alternating magnetic
field was proved to trigger drug release after magnetic guid-
ance of thermosensitive magnetic liposomes to the thrombus
site [76] . 

Magnetically guided carriers have been studied extensively
due to their benefits of controlled drug release, reduced drug
toxicity and feasibility of application. The delivery efficiency
of thrombolytic agents in magnetic carriers have been eval-
uated in animal models, showing higher thrombolytic ac-
tivity and lower hemorrhage risk. However, their applica-
tion in clinical thrombolysis requires thorough research on
preparation process and therapeutic regimen. Moreover, their
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Fig. 4 – MNP-rtPA improved tissue perfusion in a rat embolic model. Hind limb skin tissue perfusion of the rat was 
measured by a laser Doppler perfusion imager. After clot lodging into the left iliac artery, rtPA (0.2 mg/kg; 0.27 U/kg), rtPA 

(0.2 mg/kg; 0.22 U/kg) covalently bound to PAA-coated MNP or equivalent MNP (2.5 mg/kg) was administered from the right 
iliac arterial 5 min after introducing the clot. (Reproduced with permission from [27]. Copyright 2009 Elsevier B.V.) 
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ystemic clearance and potential long term toxicity remain 

bstacles to clinical application [77] . 

.3. Antibody-binding targeting 

irect conjugation of antibodies to thrombolytic drugs can 

chieve obvious targeting. However, with the emergence of re- 
ombinant thrombolytics which possess fibrin binding sites 
omparable to high-affinity antibodies, the development of 
ntibody thrombolytic conjugates has not continued. Instead,
ntibody-directed thrombolytic carriers have been extensively 
xplored to provide both targeting ability and protection from 

ystemic clearance [78] . 
Antifibrin antibody modified tPA NPs showed merely 

lightly less activity than free tPA in vitro fibrinolysis assay,
hereas displayed over 3 time less tPA activity than free tPA in 

he absence of thrombus. This property is critical for reducing 
ystemic plasmin, and thus lowering the risk of hemorrhage 
79] . Another fibrin-specific uPA formulation coupled by an- 
ifibrin antibodies showed improved thrombolysis in vitro , and 

etain high binding affinity in intravenous administration in 
ivo , offering a high vascular constraint and low dose throm- 
olysis approach [80] . 

Platelet membrane glycoprotein IIb/IIIa (GPIIb/IIIa) recep- 
ors participate in the pathway of platelet aggregation and 

hrombosis. So antibodies against GPIIb/IIIa receptors allow 

pecific binding to thrombus. Abciximab (a Fab fragment of 
 humanized monoclonal antibody against GPIIb/IIIa) bound 

icrobubbles (MBs) induced thrombolysis in the absence of 
hrombolytics, and showed superior thrombolysis effect to 
on-specific MBs in rat thrombotic occlusion models, indicat- 
ng the effectiveness of ligand targeting [81] . 

However, anti-GP IIb/IIIa antibodies that target all the re- 
eptors regardless of the activation status would cause excess 
leeding. To enhance the specificity, conformation-specific 
nti-GP IIb/IIIa single-chain antibodies (scFvs) which bound 

pecifically to a Ligand-Induced Binding Site (LIBS) on acti- 
ated GP IIb/IIIa have been generated [30–32] . A scFv fused,
hrombin-activatable, low-molecular-weight pro-uPA was ac- 
ivated specifically by thrombin, and prevented the develop- 

ent of nascent thrombus in murine injury models. Such 

A construct can be applied for thromboprophylactic agents 
82] . By conjugating scFv to MBs, a noninvasive approach was 
emonstrated for sensitive detection of thrombus and screen- 

ng the therapeutic outcomes of thrombolysis in the carotid 

rtery of mice [32] . Besides, fusing scFvs to single-chain uroki- 
ase plasminogen activators (scuPA) provided a targeted fib- 
inolytic drug which was capable of targeting and inhibiting 
hrombus formation effectively at low systemic concentra- 
ion. Its high specificity towards activated platelets potentially 
olve the problem of bleeding complications in thrombolysis 
herapy [83] . Furthermore, dual coupling of both scuPA and 

cFv to microbubbles demonstrated an innovative theranostic 
pproach with scFvs to visualize thrombosis and scuPA to lyse 
hrombi. The thrombolytic ability of this targeted theranostic 

icrobubbles (TT-MBs) was compared with platelet-targeted 

ltrasound contrast (LIBS-MBs) plus saline or high/low dose 
f commercial uPA by measuring thrombus size ( Fig. 5 ). The 
esults showed that TT-MBs and LIBS-MB plus a high dose of 
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Fig. 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 500 U/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 75 U/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). (Reproduced with permission from [84]. Copyright 2016 Ivyspring International 
Publisher.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

commercial uPA had the highest thrombolytic ability, while
TT-MBs minimized bleeding time over LIBS-MB plus a high
dose of commercial uPA . This technology concurrently used
activated-platelet-targeted and scuPA-loaded MBs, and had
potential for developing bleeding-free thrombolysis therapy
with rapid diagnosis [84] . 

3.4. Peptide-binding targeting 

RGD sequence is a frequently used ligand in thrombus tar-
geting for its selective recognition and binding site of platelet
membrane GPIIb/IIIa receptor. RGD peptides conjugated
thrombolytics carriers displayed target sensitive properties,
and revealed the improved thrombolytic activity in vitro
[33–35] . Thrombus-targeted tPA-MBs carrying RGD motifs
under ultrasound trigger had higher thrombolysis with lower
dose than non targeted tPA-MBs [33] . And RGD peptides
modified SK-liposomes were found to decrease the clot lysis
time, and increase the total clot dissolution [34] . 

In vivo studies also demonstrated promising results in spe-
cific drug delivery, and thus were able to reduce drug dose and
decrease hemorrhagic risk [61,85–88] . The thrombus-targeted
tPA-MBs and SK-liposomes mentioned above further showed
remarkable thrombolysis efficacy in vivo with the benefits of
much reduced drug dosage [85,86,89] . It’s worth noticing that
the combination of ultrasound enhanced thrombolysis with
active targeting exhibited satisfactory thrombolytic efficacy
[61,88] . Moreover, the combination can provide both the diag-
nosis and treatment of thromboembolic diseases [87] . 

To improve the binding rates to active platelets, cyclic RGD
(cRGD) ligands which are conformationally constrained, and
provide high affinity and selectivity for GPIIb/IIIa have been
introduced to drug carries [90–92] . In vitro and in vivo exper-
iments showed that cRGD modified liposomes bound acti-
vated platelets remarkably higher than linear RGD modified
liposomes [91] . In another recent study, cRGD modified uPA-
liposomes was demonstrated to reduce uPA dosage by 75%
while maintaining the equal thrombolytic effect as free uPA
in the mouse thrombus model [92] . 

In addition to RGD peptides, other targeting peptides have
also been introduced to direct against thrombus components
[20,93–95] . The combination of different targeting ligands can
achieve higher selectivity towards activated thrombus. As
P-selectin also mediates inter-platelet interactions, peptide
targeted to P-selectin combined with RGD peptide showed en-
hanced site-specificity and stability of binding compared to
single receptor targeting under dynamic flow, and thus can as-
sure effective drug delivery in the vascular lumen [94] . Based
on this multivalent targeting strategy, applying secreted phos-
pholipase A2 (produced from activated platelets in thrombotic
milieu) cleavable glycerophospholipids as lipid vesicles can
permit selective thrombolytics delivery as well as thrombus-
selective SK release [20] . 

Prodrug-based delivery systems of thrombolytics modified
with targeting peptide demonstrated effective thrombolysis
while significantly reduced hemorrhagic risk due to its lo-
calized drug release. Absar et al. have developed a series of
tPA prodrug constructs by camouflaging tPA with different
shielding molecules and applying different triggering agents.
Conjugating tPA with low-molecular weight heparin fol-
lowed by complexation with albumin-protamine conjugate
can achieve remarkable supressed enzymatic activity, which
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as totally recovered upon heparin trigger [96] . To avoid any 
otential adverse effects of low-molecular weight heparin,
elatively inert negatively charged Polyglutamate was used 

o synthesize oligoanion-modified tPA, which demonstrated 

ood feasibility [97] . In consideration of the extent of accu- 
ulation of the prodrug construct on the thrombus ahead of 

eparin addition, they engineered a covert construct of t-PA 

hich was conjugated with albumin by a peptide linker and 

as cleavable by thrombin. This strategy demonstrated equiv- 
lent thrombolytic activity with significantly reduced hemor- 
hagic risk in a rat thrombosis model [98] . 

The aforementioned ligand binding directed targeting 
trategies including antibody and peptide-binding targeting 
erform better therapeutic outcomes in vitro and in vivo exper- 

ments than conventional PA solutions. On the other hand, the 
ntrinsic binding ability of PA to fibrin can also be potentially 
sed to target thrombus. tPA loaded liposomes [99] and rtPA 

oaded NPs [100] can serve as self-targeted agents without fur- 
her modifications. But their targeting ability hasn’t been com- 
ared with ligand modified formulations. It is notable that the 
urrent ligands used in artificial DDSs may suffer from limited 

pecificity. Besides, the high cost and potential immunogenic- 
ty of antibody hinder more versatile uses. These drawbacks 
revent active targeting from being a stand-alone targeting 
ethod. Therefore, researchers tend to apply ligand binding 

argeting in conjunction with other targeting methods such as 
ltrasound triggered drug delivery to target very specific loca- 
ions [61,85–88] . 

. Biological thrombolytic DDSs 

iological DDSs provide advantages of biocompatibility and 

atural mechanisms for homing. However, studies on biolog- 
cal thrombolytic DDSs are few compared to artificial ones.
nd almost all the biological thrombolytic DDSs refer to red 

lood cells (RBCs), which may be attributed to RBC being the 
ost abundant, long circulating cells in body and representing 

romising drug carriers for biological DDSs [101–105] . 
RBCs based thrombolysis therapy are mostly performed by 

ne team. Muzykantov et al. initially developed RBC-SK com- 
lex by coupling SK to RBCs using avidin-biotin interaction,
hich provided local lysis of a fibrin clot in vitro [106] . Later,

hey designed RBC-tPA complex by using streptavidin-biotin 

s a crosslinker. This tPA carrying RBCs altered the fibrinolytic 
rofile of tPA, allowing dissolving nascent clots from within as 
ell as exerting lowest effects on preexisting thrombus or ex- 

ravascular tissue. RBC-tPA possessed a 17 time improvement 
n lysing nascent versus preexisting clots in vitro . In vivo venous 
hrombus and arterial thrombus were dissolved only when 

he RBC-tPA were administrated ahead of thrombosis, but not 
fter. RBC-tPA was found 10 and 20 times more specific than 

ree tPA in lysing nascent over preexisting pulmonary and ar- 
erial thrombus, respectively [107] . The large size of RBCs pre- 
ludes them from entering and lysing preexisting clots, which 

akes RBCs desired carriers for thromboprophylaxis rather 
han thrombolysis. The drug delivery of RBCs is driven by 
assive inclusion of drug-loaded RBC into nascent thrombus 
ather than fibrin affinity, offering their accelerated dissolu- 
ion from within. This feature helps to reduce morbidity and 
ortality in thromboprophylaxis conditions where the risk of 
oth thrombosis and bleeding is high. In a cerebral throm- 
oemboli model, preinjecting RBC-tPA provided rapid nascent 
hrombus lysis, rapid and durable reperfusion without aggra- 
ating brain damage or causing postthrombotic hemorrhage.
s a contrast, preinjection of tPA couldn’t achieve such ther- 
peutic effects even at a 10 time higher dosage, which in- 
reased death [108] . Further, by fusing a mutant tPA with a 
cFv which has specificity for glycophorin A on RBCs, circulat- 
ng RBCs were endowed with high fibrinolytic activity without 
ltering their behaviors. The development of a recombinant 
A variant which bound to circulating RBCs provided throm- 
oprophylaxis by using a clinically relevant approach [109] . 

RBCs conjugated PA can also be applied as prodrug. Single 
hain uPA (scuPA) and its receptor, suPAR act as an excellent 
andidate pairing in prodrug construct since plasma down- 
egulated the activity of scuPA-suPAR complex while fibrin re- 
tored it. By coupling scuPA to RBCs-suPAR, a fibrin-dependent 
rodrug was composed for safe and effective thromboprophy- 

axis [110] . However, practical limitations concerned with this 
pproach such as danger of blood-transmitted infections and 

imited drug storage life are recognized. To solve this concern,
 more practical alternative for clinical administration has 
een designed. RBCs were endowed with scuPA binding ability 
y injecting scFv fused scuPA (scFv/uPA-T) which can be acti- 
ated specifically by thrombin and recognize circulating RBC.
n vitro results showed that scFv/uPA-T bound selectively to 
BCs without changing their biological activity and retained 

ts zymogenic properties until transformed by thrombin. And 

 single intravenous injection of scFv/uPA-T demonstrated ef- 
ective prophylaxis against venous and arterial thrombosis for 
p to 24 h [111] . Such strategy is also efficient for prevention 

f intravascular microclot formation after experimental sub- 
rachnoid hemorrhage [112] . 

Pharmacokinetic study showed that conjugation to RBC 

ignificantly prolonged the circulation time of PA [113] . The 
lood clearance differed between RBC-tPA and RBC-rtPA. RBC- 
PA had a faster initial blood clearance than RBC-rtPA, while 
BC-tPA got a higher lysis effect than RBC-rPA. This was ex- 
lained by suppressed rtPA’s ability to be activated by fibrin 

n RBC-rtPA complex and unchanged fibrin activation of tPA 

n RBC-tPA complex. Besides, high fibrin affinity of RBC-tPA 

ndured hemodynamic stress, which improved fibrinolysis of 
BC-tPA over RBC-rPA both in vitro and in vivo [114] . There- 
ore, the functional profile of RBC-PA is affected by pharma- 
okinetic features of carrier RBC such as prolonged circula- 
ion time, interior PA characteristics including clearance rate 
nd adhesion to clots, and alternations exerted by coupling to 
BC, for example, altered resistance to inhibitors. These fac- 
ors should be taken into consideration when exploiting ratio- 
al design of RBC-PA. 

Using biological DDSs to target thrombus has been de- 
eloped since over 30 years ago [107] . But recent studies on 

his strategy are rare, and lack of updated developments. This 
ay be due to the booming progress in artificial DDSs on 

hrombolytics, the difficulties in manipulating cells, and cell 
arriers’ inability to lyse preexisting thrombus. However, the 
xtracellular vesicle [115] derived from related cells or cell 
embrane modified vectors [116] as drug carries may pro- 

ide benefits of non-immunogenicity, intrinsic targeting and 
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sufficient permeation into thrombus, which may provide
a more promising strategy for targeted thrombolysis ther-
apy. Moreover, artificial thrombolytic DDSs mimicking specific
properties of cell [117] or cell derived fragments [20] have been
developed for efficient thrombolysis. These artificial throm-
bolytic DDSs may be easier to manipulated than biological
ones. But a conclusion on which DDS outperforms the others
in therapeutic outcomes hasn’t been reached yet. 

5. Future prospect 

Targeted thrombolysis therapy exhibits promising results in
improving thrombolytic efficiency as well as reducing the side
effects. Various carriers are used for drug delivery, and the tar-
geting strategies can vary from ligand binding mediated tar-
geting by surface modification or inherent homing ability of
biological DDSs to physical targeting by external stimulus. Of
all the strategies, ultrasound triggered targeting seems more
feasible for clinical application. The equipment needed for
sonothrombolysis is highly portable, and is already present in
most hospitals. It’s worth noticing that sonothrombolysis has
demonstrated promising results in improving drug action in
clinical trials. The addition of contrast agents demonstrated
increased recanalization rates in embolism region, and thus
performed better therapeutic outcomes without safety issue.
Sonothrombolysis possesses the advantages of being non-
invasive, highly portable and efficient. However, mechanical
stress induced by ultrasound might increase the risk of hem-
orrhagic. There are many studies on optimizing ultrasound
parameters, but the results lack of consistency. Further re-
search is needed to determine the best ultrasound parameters
for facilitating thrombus dissolution, which is important for
designing safe sonothrombolysis system. Besides, like RBCs,
the large size of contrast agents may impede them from pen-
etrating into the clot. Clinical sonothrombolysis trials mainly
focus on MBs as contrast agents in enhancing thrombolysis,
but MBs as drug carriers are rare. The drug loading efficiency,
stability and targeting ability of drug-loaded MBs require fur-
ther evaluation. 

Current clinical thrombolysis trials are almost designed
on sonothrombolysis, and magnetic field guided and ligand
binding directed thrombolysis studies only involve with ani-
mal experiments. As magnetic field induced the migration of
magnetic carriers, the management of magnetic field should
be optimized. Likewise, the drug loading capability and body
tolerance of magnetic carriers need to be assessed. To im-
prove the specificity of ligand binding directed targeting, var-
ious targeting moieties including conformation-specific anti-
bodies and peptides have been developed. However, the speci-
ficity, cost and possible immunogenicity of these ligands are
the main challenges for further development. 

Extracellular vesicles like exosomes or cell membrane
coated nano carriers may provide a more favorable size as
well as intrinsic targeting property. Their potential treatment
efficacy lack of investigation, and may be a new research
direction for targeted thrombolysis. Ultrasound-guided and
magnetic resonance imaging are being developed for simul-
taneously thrombolysis and visualizing the antithrombotic
surface, which is beneficial for minimizing risks of bleeding.
Such theranostic approaches are helpful for managing ther-
apeutic outcomes of thrombolysis. Further study is needed
to promote the translation from experiments to clinical
application. 
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