
Ultrasound-enhanced thrombolysis with tPA-loaded echogenic
liposomes

George J. Shawa,c,e,*, Jason M. Meuniera, Shao-Ling Huangb, Christopher J. Lindsella,
David D. McPhersonb, and Christy K. Hollandc,d
a Department of Emergency Medicine University of Texas Health Science Center at Houston, TX,
United States
b Department of Internal Medicine University of Texas Health Science Center at Houston, TX, United
States
c Department of Biomedical Engineering University of Cincinnati Cincinnati, OH, United States
d Department of Radiology University of Cincinnati Cincinnati, OH, United States
e Greater Cincinnati/Northern Kentucky Stroke Team University of Cincinnati Cincinnati, OH, United
States

Abstract
Background and Purpose—Currently, the only FDA-approved therapy for acute ischemic stroke
is the administration of recombinant tissue plasminogen activator (tPA). Echogenic liposomes
(ELIP), phospholipid vesicles filled with gas and fluid, can be manufactured to incorporate tPA.
Also, transcranial ultrasound-enhanced thrombolysis can increase the recanalization rate in stroke
patients. However, there is little data on lytic efficacy of combining ultrasound, echogenic liposomes,
and tPA treatment. In this study, we measure the effects of pulsed 120-kHz ultrasound on the lytic
efficacy of tPA and tPA-incorporating ELIP (t-ELIP) in an in-vitro human clot model. It is
hypothesized that t-ELIP exhibits similar lytic efficacy to that of rt-PA.

Methods: Blood was drawn from 22 subjects after IRB approval. Clots were made in 20-μL pipettes,
and placed in a water tank for microscopic visualization during ultrasound and drug treatment. Clots
were exposed to combinations of [tPA] = 3.15 μg/ml, [t-ELIP] = 3.15 μg/ml, and 120-kHz ultrasound
for 30 minutes at 37 °C in human plasma. At least 12 clots were used for each treatment. Clot lysis
over time was imaged and clot diameter was measured over time, using previously developed imaging
analysis algorithms. The fractional clot loss (FCL), which is the decrease in mean clot width at the
end of lytic treatment, was used as a measure of lytic efficacy for the various treatment regimens.

Results: The fractional clot loss FCL was 31% (95% CI: 26-37%) and 71% (56-86%) for clots
exposed to tPA alone or tPA with 120 kHz ultrasound. Similarly, FCL was 48% (31-64%) and 89%
(76-100%) for clots exposed to tELIP without or with ultrasound.

Conclusions: The lytic efficacy of tPA containing echogenic liposomes is comparable to that of
tPA alone. The addition of 120 kHz ultrasound significantly enhanced lytic treatment efficacy for
both tPA and t-ELIP. Liposomes loaded with tPA may be a useful adjunct in lytic treatment with
tPA.
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Introduction
Recombinant tissue plasminogen activator (tPA) is the only currently FDA approved lytic for
treatment of acute ischemic stroke. However, there are contraindications to the use of this
medication, it must be administered within 3 hours of symptom onset, and there can be
substantial side effects such as intracerebral hemorrhage (ICH) [1-3]. As a result, there is much
interest in potential adjunctive therapies, such as therapeutic hypothermia[4], ultrasound
enhanced thrombolysis (UET) [5], and targeted drug delivery agents to minimize the total
systemic lytic dose [6-8].

In-vitro and in-vivo studies have demonstrated the enhanced lytic efficacy of tPA with
ultrasound [9-13] and in-vivo settings. These findings have led to clinical trials of UET in acute
ischemic stroke patients [5,14,15]. For example, Alexandrov found that combined 2 MHz
transcranial Doppler ultrasound and tPA improved the recanalization rate over that of tPA
treatment alone in acute ischemic stroke patients [5]. However, a trial comparing 300 kHz UET
with tPA treatment alone showed no improvement in recanalization rate and an increase in
ICH in the UET treated patients [15]. Clearly, the “ideal” ultrasound and t-PA parameters for
UET treatment of stroke are unknown.

Several mechanisms have been proposed to explain the phenomenon of ultrasound enhanced
thrombolysis including thermal effects [16], microstreaming [17] and cavitation [18,19]. In
recent studies by S. Datta et al, UET was found to be correlated with the presence of stable
cavitation in in-vitro porcine [19] and human clots [20], as measured using an acoustic
technique. In stable cavitation, small microbubbles are produced and oscillate in size in
response to the ultrasound acoustic field, and persist in the fluid for long periods of time. This
can lead to substantial shear forces in the plasma surrounding these microbubbles and may
increase the permeation of tPA into the sample clot. Others have observed similar results
[21].

Ultrasound contrast agents, which are micron-sized gas bubbles typically enclosed by either a
protein or lipid shell are widely used in clinical practice to improve the signal-to-noise ratio in
ultrasound image acquisition. Recent studies have shown that these agents also improve the
lytic efficacy for UET [20,22,23]. These results suggest that increasing the likelihood of
cavitation using ultrasound contrast agents could increase the efficacy of UET.

Echogenic liposomes (ELIP), an ultrasound contrast agent, are sub-micron sized phospholipid-
bilayer vesicles which contain both gas and fluid [6,7,24,25]. ELIP can encapsulate drugs, such
as tPA, thereby allowing localized drug delivery while minimizing systemic exposure [26,
27]. This t-ELIP may be of great use as a lytic therapy for several reasons. First, by chemically
targeting t-ELIP for thrombus, it may be possible to increase the local concentration of tPA
around the thrombus while reducing the systemic tPA dose. This could possibly reduce the
incidence of the hemorrhagic complications of tPA [28]. Second, the presence of a gas bubble
may increase the lytic efficacy due to cavitation-related mechanisms, as discussed above.
Finally, the gas bubble allows controlled rupture of the t-ELIP [25,29] and release of the tPA
by an external ultrasound pulse. In-vitro studies have demonstrated that t-ELIP exhibits
substantial lytic efficacy [7,30] and has a high affinity for fibrinogen [7], a major structural
component of human clot. However, there is little data on the lytic efficacy of combined t-
ELIP and ultrasound in the in-vitro or in-vivo setting.
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The objective of this study was to determine the thrombolytic efficacy of combined tPA-
incorporating echogenic liposomes (t-ELIP) and 120 kHz ultrasound treatment in a well-
defined in-vitro human clot model. This model uses a previously developed microscopic
imaging technique [31-33] to measure clot diameter as a function of time, while undergoing
exposure to lytic treatment. This technique directly measures clot size; reducing clot size is
the primary concern for any clinician treating a thrombotic disease with lytic therapy. The
primary hypothesis is that the lytic efficacy of t-ELIP is comparable to that of rt-PA.

Materials and Methods
Preparation of free tPA and human plasma

Non-incorporated or “free” tPA was obtained from the manufacturer (tPA, Activase®,
Genentech, San Francisco, CA) as a lyophilized powder. Each vial was mixed with sterile water
to a concentration of 1 mg/ml as per manufacturer's instructions, aliquoted into 1.0 ml
centrifuge tubes (Fisher Scientific), and stored at −80 °C. The enzymatic activity of tPA is
stable for at least 1 year when stored in this fashion [34]. Human fresh-frozen plasma (hFFP)
was procured from a blood bank in 250-300 ml units. Each unit was briefly thawed, aliquoted
into 50 ml centrifuge tubes (Fisher Scientific), and stored at −80 °C. Aliquots of tPA and plasma
were allowed to thaw for experiments, and the remaining amounts discarded following
completion of each experiment.

Preparation of tPA-incorporating echogenic liposomes
The sonication-lyophilization-rehydration method by which ELIP were prepared has been
described previously [35]. Composition for this formulation was DPPC:DOPC:DPPG:Chol in
a 46:24:24:6 molar ratio (DPPC=dipalmitoylphosphatidylcholine;
DOPC=dioleoylphosphatidylcholine; DPPG=dipalmitoylphosphatidylglycerol;
Chol=Cholesterol). The component lipids were dissolved in chloroform and the solvent was
allowed to evaporate completely under argon in a 50 °C water bath with constant rotation until
a thin film of lipids was formed on the vial wall. The resulting lipid film was placed under
vacuum for full removal of the solvent and then hydrated with distilled, deionized water.
Incorporation of tPA into the echogenic liposomes was accomplished by adding 200 μl of 1
mg/ml tPA solution and 300 μl of 0.32 M mannitol for the rehydration of the lipid film [7].
This dispersion was sonicated for 5 min to achieve a mean size of 500 nm. The liposome
suspension and the sample was then frozen at −70 °C. Frozen samples were lyophilized for 48
h and resuspended with deionized water. The final concentration used for dilution was 10 mg
lipid/ml [7,30].

Entrapped tPA was separated from the free tPA by centrifugation prior to lyophilization at
16,000 rpm for 20 min at 37 °C [36]. Using this method, an entrapment efficiency of 50%
could be achieved [30]. Entrapped tPA includes both the tPA associated with the lipid bilayer,
as well as full encapsulation of the drug within the liposomal aqueous phase; this method results
in 70% of the incorporated tPA being associated with the lipid bilayer, whereas 30% appear
to be truly encapsulated within the liposomal core. For each experiment, a 0.6 mg sample of
t-ELIP was reconstituted using air-saturated deionized water [25]. t-ELIP has been
demonstrated to maintain high echogeni-city at frequencies of 3.5, 4.5, and 20 MHz [29,30].

Production of blood clots
Human whole blood was drawn from twenty-two volunteers by sterile venipuncture, following
local Institutional Review Board approval and written informed consent. Samples of 1-2 ml
were placed in sterile glass tubes and allowed to form clots in and around a small diameter
(∼600 μm) micropipette (Becton, Dickinson and Company, Franklin Lakes, NJ; 20λ) through
which a segment of 7-0 silk suture (Ethicon Industries, Cornelia, GA) had been threaded. The
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clots were incubated for three hours at 37 °C, and refrigerated at 5 °C for 3 days ensuring
maximal clot retraction, lytic resistance and stability.

This technique yields clots on the order of 200-300 μm in diameter; comparable to the diameter
of the intracerebral segments of the middle cerebral arteries (80 to 840 μm) in humans [37]. In
addition, the initial lytic rate for clots exposed to human fresh-frozen plasma alone was found
to be on the order of 1% clot width per minute or about 2 to 3 μm/minute [31]. Utilizing clots
of 200-300 μm diameter allows resolution of these small values of lytic rate. Additional details
and justification of the clot sample preparation are discussed elsewhere [32,33,38]. In the work
presented here, the initial clot diameter for all clots measured was 236±35 μm (mean and
standard deviation, N = 215 clots).

Clot Visualization
For each experiment, the clot attached to the suture was placed in a clean micropipette
(Drummond Scientific Company, Broomall, PA), and inserted into a U-shaped sample holder
composed of hollow luer lock connectors and silicone tubing (Cole Parmer, Vernon Hills, IL;
outer diameter 0.125”). The sample holder was placed in an acrylic water tank with a
microscope slide at the bottom allowing visualization of the clot diameter using an inverting
microscope (see [32], Fig. 1). Images were recorded at a rate of 6 frames per minute, using a
microscope CCD camera, and stored on a desktop computer for later analysis. The average
clot diameter was determined for each image, and measured as a function of time as before
[32,38]. A full description of the experimental setup and image processing techniques is
provided in previous work [32,33,38].

The 120 kHz ultrasound exposures used an unfocused transducer (Sonic Concepts, Inc.,
Woodburn, WA) to provide the acoustic exposures. The transducer was mounted at one end
of the tank at a 30° angle to the tank bottom allowing ultrasound exposure of the sample clot.
The 120 kHz ultrasound parameters used were a pressure of 0.35 MPap-p, a pulse repetition
frequency (PRF) of 1667 Hz, and a duty cycle of 50%, and a time-averaged acoustic intensity
of 0.5 W/cm2. These ultrasound parameters yielded substantial clot lysis in previous work
[12,32,39,40].

Experimental protocol
Clots were exposed to one of three treatment regimens, with (+US) or without (−US) 120 kHz
ultrasound: (1) hFFP alone (control); (2) hFFP and tPA ([tPA]=3.15 μg/ml) (tPA); or (3) hFFP
and t-ELIP ([t-ELIP]=3.15 μg/ml) (t-ELIP). The tPA concentration was chosen to be well
within the therapeutic dosage range in humans; the t-ELIP concentration was chosen to allow
comparison between results [38,41,42]. For t-ELIP treatments, the concentration of tPA in each
aliquot of t-ELIP was approximately 400 μg/ml. A small volume (78.75 μl) of the reconstituted
t-ELIP was used to attain the desired tPA concentration of 3.15 μg/ml.

Individual trials began by introducing 1 ml of hFFP (control trials) or 1 ml of hFFP containing
tPA or t-ELIP (all other trials) into the sample holder. Typically this was performed by
injection; for trials involving t-ELIP, a gravity feed was used to protect the structural integrity
of the ELIP at the beginning of the experiment. At time t equal to zero, the solution was in
contact with the clot. The ends of the sample holder were exposed to atmospheric pressure,
and the clot surface to a static fluid column. Clots were exposed to a specific treatment regimen
for 30 minutes at 37 C; previous studies have shown that the majority of thrombolysis occurs
within a 30 minute window [5]. Each regimen used at least 12 clots (average number 36, range
12-85), from at least four donors (average number 9, range 4-20).
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Determination of the normalized corrected clot width
The clot width data were subsequently corrected for the finite suture size used in these
experiments. This yields the expression

(1)

where CWCorrected (t) is the value of the total clot width at time t adjusted for the average suture
width, SW. SW was found to be 95±15 μm, based on measurements of 252 samples of the 7-0
suture; this value was used with the CW(t) data to calculate CWCorrected(t) for each trial, using
Eq.(1). The CWCorrected (t) data were then normalized to the initial value of CWCorrected at time
equal to zero, yielding the expression

(2)

where CWNC (t) is the normalized (N) and corrected (C) clot width. Note that CWNC(t) is equal
to 1 at time t equal to zero, and becomes equal to zero if the clot is totally lysed leaving only
the suture contributing to the sample width. This parameter is therefore used to compare the
clot data among the various treatment groups, and averaged for all clots in a given treatment
group. This treatment of the data is a modification of that used in previous work, where the
normalized clot width did not take into account the finite suture diameter [32,33,38].

Statistical analysis
The effects of the treatment protocol on lytic rate and lytic efficacy at 30 minutes were evaluated
using a mixed-model analysis of variance. An estimate of the fixed effects of tPA, t-ELIP, and
ultrasound was determined and the covariance structure was modeled arising from the within-
subject design. CWNC(t) data are presented as mean values with standard deviations at each
point in time. Parameter estimates, standard errors and/or 95% confidence intervals of the
estimates are used to report the effects of ultrasound, t-ELIP, and tPA and their combinations.
These calculations were performed using SAS v8.02 (SAS Institute, Cary, NC) and a p value
less than 0.05 was considered significant.

Results
Normalized clot width versus time

Fig. 1 illustrates the average CWNC(t) versus time for the treatment groups. The time course
of the clot width for control(+US) trials is similar to that of control(−US) trials. The clot width
decreases to a greater extent for tPA(−US), t-ELIP(−US), tPA(+US), and t-ELIP(+US) trials.

The average CWNC(t) as a function of time t was well described by the equation;

(3)

for all treatment groups. Here, CWNC,Fit (t) is the normalized average clot width
(dimensionless), B is a parameter of the fit (dimensionless), and k is a rate constant (min−1)
[32]. The quality of the fits overall was quite good (2 ≥ 0.93 for all trials). The details of these
fits are not shown in the work presented here; relevant examples and details of the fitting
procedure can be found in Meunier et al [32] and Shaw et al [31,38].
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In some cases, the clot was completely lysed by a given treatment leaving only the suture
remaining. This occurred for 4 trials or for 27% of the clots (n = 15) in the tPA(+US) group
and in 1 trial or 8% of sample clots (n = 12) for the t-ELIP(+US) group. Although this is a
qualitative observation, it does imply that ultrasound and tPA, either as the free enzyme or
bound in ELIP, is capable of completely lysing the clot.

Fractional clot loss
The total decrease of the average CWNC(t) following thirty minutes of exposure is defined as
the fractional clot loss (FCL), which can be expressed as,

(4)

The FCL values for each treatment group are shown in Fig. (2). In this figure, the values are
plotted as means with standard errors. Note that the greater the clot loss, the smaller average
CWNC becomes, thereby increasing FCL. If on average, the clot is completely lysed, FCL is
1. As is evident from Fig. 2, clot lysis is maximized when 120 kHz ultrasound is applied during
tPA or t-ELIP exposure. FCL was substantially larger in the tPA(+US) (71%; 95% Confidence
Interval 56-86%) and t-ELIP(+US) (89%, CI 76-100%) groups than in the tPA(−US) (31%,
CI 26-37%) or t-ELIP(−US) (48%, CI 31-64%) trials. The FCL values for the control group
were 15% (CI 12-17%) and 16% (CI 9-24%) for the control (−US) and control (+US) groups
respectively. Interestingly, there was a trend towards larger values of FCL for t-ELIP than those
for tPA exposure alone regardless of ultrasound treatment, although the confidence intervals
overlap. Both tPA and t-ELIP treatment groups exhibited larger FCL values than the control
group.

Initial Lytic Rate
Qualitatively, the initial decrease in clot diameter was greater in the tPA(+US) and t-ELIP
(+US) groups compared to the other groups during early lytic exposure. This initial decrease
can be quantified by fitting the data to CWNC,Fit (Eq. (3)) and obtaining values for B and k for
a given treatment group. This allows one to define the initial lytic rate LR as

(5)

The derivation of this expression is discussed in detail in previous work [32,38].

The values for the initial lytic rates for each treatment group are shown in Fig. (3). Note that
the LR value obtained for t-ELIP (−US) (1.9%/min, 95% Confidence interval -0.17-4.05), and
t-ELIP(+US) (5.0%/ min, CI 3.82-6.20) are somewhat smaller on average than those obtained
for tPA(-US) (2.5%/min, CI 2.26-2.77) and tPA(+US) (6.6%/ min, CI 5.61-7.61) treated clots
respectively. For purposes of comparison the LR values for control(−US) and control(+US)
treated clots are 1.8%/min (CI 1.64-1.96) and 2.9%/min (CI 2.23-3.66) respectively. There was
substantial variation in the degree of clot lysis in the first few minutes of lytic exposure for the
t-ELIP exposed clots. This is reflected in the large confidence limits for LR in this group.
Overall, the LR values for ultrasound treated clots were larger than those not exposed to
ultrasound.

Discussion
The trend towards increased efficacy of t-ELIP suggests some advantage to encapsulating tPA.
t-ELIP has a greater affinity for fibrin than tPA alone [7]. J. Heeremans et al [43] demonstrated
greater efficacy of tPA containing liposomes compared with tPA in an in-vivo murine model.
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In addition, encapsulation did not increase systemic activation of α2-antiplasmin and
plasminogen over that of tPA. Similarly, Tiukinhoy-Laing et al [30] found increased lysis in
their t-ELIP (+US) group compared with the t-ELIP(−US) in an in-vitro porcine clot model.
We speculate that encapsulation of tPA may protect the drug from plasminogen activator
inhibitor 1 (PAI-1) and other tPA inhibitors. In order to demonstrate this, it would be necessary
to quantitatively measure levels of the various fibrinolytic enzymes and inhibitory proteins
associated with them. For example, quantifying the levels of free tPA, PAI-1 and tPA-PAI-1
complex would be needed to demonstrate liposome “shielding” of tPA from PAI-1. Similarly,
demonstrating increase fibrin specificity of t-ELIP would require measurements of t-ELIP-
fibrin and tPA-fibrin complexes in-vitro. It is a limitation of the current study that a definitive
statement as to the mechanism of t-ELIP lytic efficacy can not be made.

The addition of 120 kHz ultrasound increases tPA and t-ELIP thrombolysis (Figs. 2 and 3). A
possible mechanism is cavitation or the creation of small microbubbles by the acoustic field.
In inertial cavitation [44], these bubbles are created and destroyed over very short times;
approximately the duration of a single ultrasound pulse. In stable cavitation, the microbubbles
persist for long periods of time, oscillating in size in response to the time varying acoustic
pressure. Recently [19,20], S Datta et al demonstrated a correlation between the presence of
stable cavitation and UET. They observed that stable cavitation was present at pressure
amplitudes greater than 0.2±0.2 MPa; comparable to the 0.18 MPa value used here. Inertial
cavitation was observed at a higher threshold of 0.27± 0.06 MPa [19]. Lytic efficacy of rt-PA
was greatest for pressure amplitudes between these two threshold values [19]. Similar results
were observed by Prokop et al [21] in in-vitro human clot. Overall, it is plausible that a
cavitation mechanism could be partially responsible for the increased lytic efficacy of rt-PA
and t-ELIP with ultrasound.

There are several notable limitations of the work presented here. First, this work is performed
in-vitro, and does not replicate the complex in-vivo or clinical scenario of lytic therapy. In
addition, the clots were manufactured from the blood of healthy donors, thus reducing the
applicability of these results to individuals on anticoagulants or other medications, or those
suffering from significant medical problems. Finally, it is difficult to distinguish between the
tPA (+US) and t-ELIP(+US) treated groups as the clots are rather small. Both of these
treatments exhibit substantial lytic efficacy as shown here, thus measuring differences in
efficacy between the two is limited by the small amount of substrate clot available for lysis.
Despite these limitations, this study illustrates some of the capabilities of combination t-ELIP
and ultrasound therapy in human clots.

In conclusion, this study has shown that the thrombolytic efficacy of tPA incorporation into
echogenic liposomes is comparable to that of tPA alone in an in-vitro human clot model that
directly measures clot size during lytic treatment. The addition of 120 kHz ultrasound with t-
ELIP substantially increases the rate of lysis compared with either tPA or t-ELIP alone. The
combination has the potential to improve the treatment of ischemic stroke and other thrombotic
disorders.
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Fig. 1.
Average CWNC(t) as a function of time for clots exposed to tPA, t-ELIP, and ultrasound.
Normalized average clot width is shown for control(-US) (◁), control(+US) (△), tPA(-US)
(○), t-ELIP(-US) (◇), tPA-treated(+US) (*), and t-ELIP(+US) (□) trials. The vertical bars
show representative standard deviations for the data.
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Fig. 2.
Fractional clot loss for each treatment group. The FCL values are shown as mean+standard
deviation, in units of % of normalized clot width. Note that the largest average FCL is found
for the t-ELIP(+US) treated clots. Ultrasound treatment significantly increased FCL for the
tPA and t-ELIP treated clots.
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Fig. 3.
Initial lytic rate for each treatment group. The initial lysis rates shown for each trial group are
determined from Eq. (5). Values for the lytic rate are given as mean+standard error, in units
of % of normalized clot width per minute.
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