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Abstract

Background—=Clinical efficacy of thrombolytic drugs is limited by lack of specific delivery and
requires large therapeutic doses which increase toxicity. Encapsulating these drugs in temperature-
sensitive liposomes and applying hyperthermia to deliver thrombolytic agents locally to thrombus
might theoretically favourably alter the therapeutic window. The objectives of this study were to
formulate liposomes encapsulating thrombolytics and assess thrombolytic activity following
hyperthermia.

Methods—Three liposome formulations were investigated: temperature-sensitive liposome (TSL,
DPPC:DSPE-PEG2000 (mol% 95:5)), low temperature-sensitive liposome (LTSL,
DPPC:MSPC:DSPE-PEG2000 (mol% 85.3:9.7:5)), and traditional temperature-sensitive liposome
(TTSL, DPPC:HSPC:Chol:DSPE-PEG2000 (mol% 55:25:15:5)). To characterise temperature-
dependent release of high molecular weight cargo from each formulation, fluorescein-conjugated
dextrans (70 kDa) were loaded and release was quantified via spectrophotometry. Staphylokinase
(SAK), urokinase, and tissue-type plasminogen activator were also loaded individually into each
liposome formulation. Leakage at 37 °C and release at 38-44 °C were quantified via chromogenic
enzymatic activity assay. Clot lysis was evaluated by measuring mass of blood clots before and
after thrombolytic liposome treatment.

Results—The LTSL formulation had optimal release characteristics with maximum release at
41.3 °C. Release of dextrans from LTSLs was observed to be 11.5 + 1.5%, 79.7 £ 1.6%, and 93.6
+ 3.7% after 15 min in plasma at 37°, 39°, and 41.3 °C, respectively. The SAK LTSL had the
highest release/leakage ratio and demonstrated greater clot lysis.
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Conclusions—The SAK LTSL achieves significant clot lysis /n vitro. When combined with
local hyperthermia, the SAK LTSL potentially produces sufficient thrombolysis while minimising
systemic side effects.
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Introduction

Thromboembolic disease is a leading cause of morbidity and mortality worldwide and is
categorised into arterial thromboembolic diseases (e.g. myocardial infarction and stroke) and
venous thromboembolic diseases (e.g. deep vein thrombosis (DVT) and pulmonary
embolism (PE)) [1]. Thromboembolic diseases are often treated with thrombolytics, which
are serine proteases that activate the endogenous fibrinolytic system by cleaving the arginine
560-valine 561 bond in plasminogen [2], producing active plasmin. Plasmin then degrades
fibrin, leading to clot dissolution [3]. The most widely used thrombolytic is alteplase and is
indicated in the management of acute ischaemic strokes (within the first 3 h of onset) [4,5]
and large PEs with haemodynamic compromise in combination with heparin [6].
Thrombolytics are also commonly used to treat DVT [7].

Thrombolytics have been shown to effectively dissolve thrombi and recanalise occluded
blood vessels. However, the effectiveness of thrombolytics is limited clinically by the large
therapeutic doses required, re-occlusion of vessels [8], and an increased risk of intracranial
haemorrhage in treated patients compared to untreated patients or those treated with anti-
coagulation only [9,10]. Large doses are required because protein-based thrombolytics have
short half-lives due to rapid inactivation upon injection into the bloodstream [4]. For
example, native tissue plasminogen activator (tPA) has a half-life of only 5 min [11], and
even the more stable recombinant tPAs such as alteplase and reteplase have half-lives of only
15-20 min [11,12].

Due to the narrow therapeutic index and short circulation times of thrombolytics, significant
efforts have gone into developing improved thrombolytics that reduce systemic bleeding
complications and have improved bioavailability [13]. As an alternative to improving the
thrombolytic agent itself, drug delivery systems (DDS) offer the potential to localise
sufficient quantities of thrombolytic agents to the desired thrombus site while minimising
systemic exposure and complications. Liposomes consisting of a bi-layer phospholipid
membrane offer both an aqueous space and hydrophobic membrane for incorporation of
thrombolytics which exhibit both hydrophobic and hydrophilic properties. Liposomes have
primarily been investigated for encapsulation and delivery of small molecular agents, such as
chemotherapeutics [5], but they also have been used to deliver higher molecular weight
(MW > 10 kDa) proteins [14]. Several studies have highlighted the promise of liposomal
thrombolytic formulations [13,15-17]. For example, Heeremans et al. [18] demonstrated
liposomal delivery of tPA improved thrombolytic efficacy approximately four-fold compared
to free tPA in a rabbit jugular vein thrombosis model. Similarly, Nguyen et al. [6] showed
improved vessel patency by liposomal streptokinase delivery as compared to free
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streptokinase in a canine myocardial infarction model. Activate-able liposomal systems that
liberate their cargo in response to an internal and/or external trigger represent a novel
approach for thrombolytic delivery. For example, echogenic liposomes loaded with
thrombolytics in combination with ultrasound demonstrate synergistic clot lysis through
mechanical disruption (with or without ultrasound-induced cavitation) and activated release
of thrombolytics. Laing et al. [15] and Tiukinhoy-Laing et al. [7] found that echogenic
liposomes loaded with tPA produced enhanced clot lysis when combined with ultrasound.

Temperature-sensitive liposomes (TSLs) that release their contents in response to
temperature elevations greater than body temperature have been used for over three decades
combined with externally focused hyperthermia (T = 40-45 °C) to actively deliver small
molecule therapeutics [19], but such liposomes have not been extensively studied for the
delivery of macromolecules. Recently, Zhang et al. [14] demonstrated encapsulation and
release of FITC-BSA (MW 66 kDa) in 145 nm lysolipid-based thermosensitive liposomes.
Temperature-triggered liposomal formulations show phase transition temperature (T,
solid/gel to liquid disordered phase change) in the range of 40-45 °C. These liposomes
consist of dipalmitoylphosphatidylcholine (DPPC), which has a T, of 41 °C, and may be
modified to have increased rate of release (incorporation of lysolipid (monostearoyl-2-
hydroxysn-glycero-3-phosphocholine (MPPC) or 1-myristoyl-2-stearoylsn-glycero-3-
phosphocholine (MSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphodiglycerol (DPPG?2), or
Brij® surfactant), greater stability (incorporation of polyethylene glycol (PEG)), or
adjustable temperature for release (cholesterol, hydrogenated soy phosphatidylcholine
(HSPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)) [20-23].

The objective of the present study was to investigate the release of high MW agents from
TSLs, formulate and characterise thrombolytic TSLs, and determine the /n vitro ability of
TSLs to provide selective temperature-triggered thrombolysis. Release of fluorescein-
conjugated dextran (70 kDa) was first investigated as a function of time, temperature, and
buffer (4-(2-hydroxyethyl)piperazine-1-ethanesulphonic acid sodium salt (HEPES buffer, pH
7.4) or human plasma). The thrombolytics investigated were staphylokinase (SAK),
urokinase (UK), and alteplase (a class of tPA). SAK is a 15.5 kDa microbial plasminogen
activator isolated from Staphylococcus, UK is a 54 kDa plasminogen activator isolated from
human urine, and alteplase is a 68 kDa recombinant protein that is similar to native tPA. UK
and tPA directly cleave plasminogen to plasmin, whereas SAK forms a 1:1 complex with
plasminogen. This SAK-plasminogen complex then cleaves other plasminogen molecules
[24]. These thrombolytics were then loaded into different temperature-sensitive liposome
formulations and investigated for preferential release at a target temperature and their ability
to effect clot lysis /n vitro.

Materials and methods

Recombinant SAK, UK (ProSpec, Ness-Ziona, Israel) and tPA (Genentech, San Francisco,
CA) were obtained as lyophilised powders and reconstituted in distilled water. Fluorescein
isothiocyanate (FITC)-conjugated dextran (70 kDa, Sigma, St Louis, MO) was reconstituted
in distilled water. To formulate liposomes, DPPC, MSPC, 1,2-distearoylsn-glycero-3-
phosphoethanolamine-N-[methoxy (PEG)2000] (DSPE-PEG5qqg), HSPC, cholesterol
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(Avanti, Alabaster, AL) and 1,1’ -dioctadecyl-3,3,3,3 -tetramethylindodicarbocyanine
perchlorate (DiD, Invitrogen, Eugene, OR) were dissolved in chloroform (Sigma) at a
concentration of 10 mg/mL. A syringe extruder with a 100-nm pore size filter (Mini-
Extruder; Avanti) was used to generate uniformly sized liposomes. Size-exclusion
chromatography using a vertical column packed with Sepharose® G-4B (Sigma) was used to
separate non-encapsulated dextran or protein. Temperature dependence and kinetics of
dextran release from liposomes were quantified using a spectrofluorometer (Cary Eclipse,
Agilent, Santa Clara, CA) equipped with multi-cell Peltier, temperature controller, and
kinetic software. Enzymatic activity was assessed using chromogenic activity assays with
substrates specific for each thrombolytic (Diapharma, West Chester, OH: S-2251 for SAK,
S-2444 for UK, and S-2288 for tPA) and measured on a microplate reader (SpectraMax M5,
Molecular Devices, Downingtown, PA) at 405 nm.

Preparation and purification of liposomes

Three liposome formulations were investigated: a standard temperature-sensitive liposome
(TSL, DPPC:DSPE-PEG2000 (mol% 95:5)), a low temperature-sensitive liposome (LTSL,
DPPC:MSPC:DSPE-PEG2000 (mol% 85.3:9.7:5)), and a traditional temperature-sensitive
liposome (TTSL, DPPC: HSPC:Chol:DSPE-PEG2000 (mol% 55:25:15:5)). Lipid
components were weighed and dissolved in chloroform in a round bottom flask. DiD (0.1%
wi/v; 4 uL/100 mg lipids) was added to the lipid solution for coloration. The chloroform was
evaporated under vacuum at 45 °C to give a thin layer of film. The lipid thin film was further
vacuum dried overnight in a desiccator to remove any traces of chloroform. The lipid film
was then hydrated with a solution of FITC-dextran (25 mg/mL), SAK (500 pg/mL), UK (1
mg/mL), or tPA (2 mg/mL) in de-ionised water (Hydro water purification system, Rockville,
MD) at a final lipid concentration of 20 mg/mL. The liposome suspension was incubated
with gentle agitation in a 50 °C water bath for 1 h. After incubation, liposomes were
extruded at 50 °C forty times to achieve uniform diameter (~100 nm). Liposomes were
separated from non-encapsulated dextrans or enzymes using size exclusion chromatography
(Sepharose® G-4B, 34 x 2 cm column and PBS is used as an eluent) and then stored at 4 °C
until use.

Characterisation of dextran-encapsulated liposomes

Liposomal release of FITC-conjugated dextrans (70 kDa) as a function of temperature was
assessed via spectrophotometry. The liposome suspension (20 pL) was pipetted into 3 mL
HEPES buffer or pooled normal plasma in a quartz cuvette. At 25 °C, liposomes exhibited
low baseline fluorescence due to the self-quenching of fluorescein molecules within the
liposomes. For release experiments in plasma, a blank plasma fluorescent reading was taken
for background correction. Temperature-activated release was measured by monitoring
fluorescence increase from 25-50 °C at a rate of 1 °C/min using a Cary Eclipse
spectrofluorometer equipped with Eclipse multi-cell Peltier, temperature controller, and
Eclipse Kinetic Software (Varian, Palo Alto, CA) at excitation and emission wavelengths of
494 and 518 nm, respectively. Temperature for release (Tr) was empirically determined
based on the inflection point from the signal intensity vs. temperature graph. The Ty, for
each liposome formulation was not directly measured but is related to Tg. Kinetics of
dextran release were determined by measuring fluorescence at 25°, 37°, 39° and 42 °C for
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TSLs and LTSLs and 44 °C for TTSLs for 15 min. Measurements at 25 °C were to provide
baseline fluorescence readings. Release with heating was compared to leakage at body
temperature (37 °C). Percentage release was calculated by assuming 100% release with 2 pL
aqueous solution of Triton® X-100 (5% v/v) and 0% release at 25 °C using the following
formula:

It —Io
Percentage release= | ———
Imax — Io

where /o, It, and /max are defined as signal intensity recorded at 25 °C, at various time t, and
after adding Triton® X-100, respectively. Triton® X-100 was used as a standard method to
induce complete dextran release.

Chromogenic activity assay for thrombolytic encapsulated liposomes

Enzyme release from liposomes with heating and baseline leakage at 37 °C were quantified
using a chromogenic enzymatic activity assay. Chromogenic substrates were reconstituted at
5 mM in distilled water. The liposomes were incubated at 25°, 37°, 42° (TSL and LTSL), or
44 °C (TTSL) for 8 min. After incubation the liposome suspension (5 L) was pipetted into
a 96-well flat bottom plate in triplicate. HEPES buffer (75 uL) was added to wells
containing liposomal UK or tPA. For liposomal SAK, 5 UL of liposome was added to 20 pL
of human plasminogen (5 uM stock solution, Diapharma, West Chester, OH) and 55 L of
HEPES. The appropriate chromogenic substrate (20 yL) was then added to each well.
Enzymatic activity was determined via the release of p-nitroaniline at 37 °C which was
monitored with a spectrophotometer at an absorbance of 405 nm. Enzymatic activity was
proportional to the initial rate of reaction (absorbance units/second over the first 5 min) and
quantified using a standard curve generated from the reaction rates of known enzyme
concentrations.

Whole blood clot lysis assay for thrombolytic liposomes

Whole blood was drawn into 50 mL polypropylene tubes via venipuncture from healthy
male volunteers. All subjects had normal clotting and laboratory parameters and were not
taking medications known to affect clotting. Whole blood (600 L) was added to glass tubes
containing compression springs 0.75 inches long with 0.12 inch outer diameter (SPR10-7,
WM Berg, Cudahy, WI) with 4-0 suture attached. Tubes were covered in Parafilm (Neenah,
WI1) and incubated in a 37 °C water bath for 3 h allowing blood to clot within and around the
spring. After incubation the springs were carefully removed and placed into 2 mL
microcentrifuge tubes containing distilled water for 5 min. The springs with clots were
gently blotted and weighed to determine pre-lysis clot weight. The clots on springs were
temporarily placed into microcentrifuge tubes containing 0.9% normal saline. Subsequently
the clots on springs were submerged in glass tubes containing 500 uL of the following
solutions in replicates of 5: normal saline (negative control), SAK LTSL diluted in normal
saline heated to either 37 °C or 42°C for 8 min, SAK LTSL lysed with Triton® X-100 (2 pL,
5% v/v), and free enzyme diluted in normal saline (positive control). The free enzyme
concentration used was equal to the effective enzyme concentration of the fully lysed
liposome solution as determined by chromogenic assay (6-8 pg/mL). Clots were treated
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with saline, liposome, or free enzyme for 15 min at 37 °C. Clots were then removed from the
water bath, blotted gently, and weighed to determine post-lysis weight. Percentage lysis was
calculated as:

Percentage lysis=100 x (1 M)

~ We — Ws

where Wpis the weight of the spring + clot after lysis, Wsis the weight of the empty spring,
and Weis the pre-lysis weight of the spring + clot. In order to compare percentage lysis
across samples, values for liposome-treated clots were normalised to the controls from the
respective samples, with the negative control (saline) serving as 0% lysis and the positive
(free enzyme) control serving as 100% lysis.

Statistical analysis

Results

All analyses were performed using GraphPad Prism 5.0 (GraphPad Software, San Diego,
CA). Groups were compared for differences using an ANOVA and post-hoc test (Tukey or
Neumann-Keuls). All p-values were two-sided, and a p value less than 0.05 indicated
statistical significance. Values are reported as mean + SEM unless otherwise indicated.

Properties of temperature-sensitive liposomes

In order to model release of large macromolecules from liposomes, TSLs were loaded with
FITC-conjugated dextrans (70 kDa), which approximated the molecular weights and Stokes
radii of the thrombolytics investigated. The FITC-conjugated dextrans exhibited self-
quenching inside the liposomes, resulting in low baseline fluorescence. Upon release from
the liposome, fluorescein self-quenching ceased, and the observed fluorescence increased,
allowing for calculation of percentage release. Loading TSLs with dextran enabled
determination of the release kinetics and Tg (a temperature where a sharp increase in release
occurred) (Table 1) for each liposome formulation in HEPES buffer or plasma. The TSL and
LTSL exhibited similar T, whereas the TTSL required heating to a slightly higher
temperature in order to achieve release. Temperature of release for all liposomes was similar
in HEPES or plasma. Figure 1 illustrates 70-kDa dextran—FITC release from LTSLs in
physiological buffer (HEPES) and plasma, respectively, as the temperature is increased

(1 °C/min). There was minimal to no release in HEPES until the transition temperature was
reached (Figure 1A), yet release occurred slowly in human plasma before the transition
temperature was reached; thereafter release was more rapid (Figure 1B). The influence of
buffer on release characteristics is further emphasised when assessing the kinetics of release
at a fixed temperature (Figure 1C and D). Minimal leakage of 70 kDa dextran—FITC was
observed in HEPES but 12% leakage occurred in human plasma. Furthermore, a greater
release of large cargo was observed in plasma at lower temperatures (e.g. 39 °C). In addition
to the LTSL, all liposomes had greater leakage in plasma than HEPES. Dextrans 20-70 kDa
in size had similar release kinetics in the LTSL formulation (data not shown). The passive
loading efficiency was similar for dextrans with MW of 20-70 kDa, but larger dextrans (150
kDa) had a lower loading efficiency and were not evaluated further.
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Release and leakage of thrombolytics from temperature-sensitive liposomes

The three temperature-sensitive liposome formulations were loaded with SAK, UK, or tPA,
yielding nine possible combinations. Release/leakage ratios were determined via
chromogenic assay for each liposome—thrombolytic pairing (Figure 2). The pairing with the
highest release/leakage ratio was the SAK LTSL (8.9+0.7, p < 0.0001) and thus was chosen
for further evaluation.

Whole blood clot lysis with thrombolytic liposomes

The SAK LTSL was investigated in terms of its ability to lyse whole blood clots because of
its high release/leakage ratio. Whole blood clots appeared dark red and cylindrical on the
spring scaffold. Heating the SAK LTSL at 42 °C for 8 min resulted in significantly greater
clot lysis than unheated liposome (Figure 3; 45.2+7.9% and 83.7+7.8% for 37 °C and at
42 °C, respectively; p < 0.05). Furthermore, there was no significant difference in clot lysis
between heated LTSL, fully lysed LTSL (p> 0.05), and free enzyme positive controls.

Discussion

The present study investigated the release of high MW agents from TSLs and formulated
thrombolytic TSLs, and determined the /n vitro ability of TSLs to provide selective
temperature-triggered thrombolysis. The current management of thromboembolic diseases
involves either systemic [25,26] or local catheter-mediated administration of thrombolytics
[27], which has some efficacy but also significant associated risks (e.g. cerebral
haemorrhage) [28]. The limited efficacy and risk of significant complications motivates the
use of DDS to broaden the therapeutic window of thrombolytics. We investigated a
temperature-activatable thrombolytic DDS by combining TSLs with thrombolytics. When
combined with externally focused hyperthermia, this approach transforms an invasive
procedure (e.g. insertion of a catheter into a clot and mechanical thrombectomy) into a non-
invasive one. Alternatively, it is speculative although possible that an acutely inflamed
thrombus or vulnerable plague might have slightly elevated temperatures that may allow
lipids to selectively deposit into the vascular plaque [29,30].

Although TSLs have been used for over three decades to deliver small molecules in
combination with hyperthermia, there are limited reports for the release of large cargo [14].
Herein, we demonstrated ultrafast release of dextrans with a hydrodynamic radius up to 6.49
nm (73 kDa) [31]. Although hydrophilic dextrans are highly flexible, these data suggest the
formation of water-filled pores in liposomes with diameters (perhaps ~100 nm) sufficient for
the transport of 70 kDa dextrans. It is clear from Figure 1 that plasma proteins increase the
release rate of large cargo but also induce leakage at normal body temperature. Plasma
proteins may destabilise the membrane by creating packing defects and/or transfer of lipids
to and from the liposomes [32-34].

Temperature triggered release of thrombolytics was evaluated with three liposome
formulations (TTSL, TSL, and LTSL), each encapsulating individual thrombolytic agents
(tPA, UK, or SAK) of different sizes and hydrophobic character. tPA is the most widely used
thrombolytic, but because of its hydrophobic character, up to 70% may be associated with
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the liposomal membrane [35]. This association may in part explain the low release/leakage
ratio for tPA (Figure 2). UK and SAK may be more readily encapsulated in the aqueous
liposome interior, but the lower MW of SAK (15.5 vs. 54 kDa) may explain why its release/
leakage ratio was highest for all thrombolytics evaluated. The 12% of SAK leakage from
LTSLs in plasma after 15 min at 37 °C is not ideal, but a thrombolysis procedure may last
approximately 30 min, suggesting that the stability may be sufficient for a clinical
procedure. The SAK LTSL liposome formulation was further investigated in terms of its
ability to lyse whole blood clots and yielded significantly more clot lysis with the
application of hyperthermia than without (Figure 3; p < 0.05).

The SAK LTSL offers several potential benefits beyond improved thrombolytic efficacy and
reduced side effects. Even though liposome-mediated delivery of SAK should reduce
systemic generation of plasmin, the fibrin-specific nature of this enzyme provides an
additional layer of safety against undesired systemic plasmin activation. SAK has also been
shown in clinical trials to be effective in the management of acute myocardial infarction. The
Study of Tamoxifen and Raloxifene (STAR) trial was an open, randomised, multicentre trial
that compared SAK to weight-adjusted alteplase in 100 patients with acute myocardial
infarction. After 90 min, complete arterial recanalisation was observed in 58% of patients
treated with alteplase and 62% of patients treated with SAK. Patients treated with SAK had
unchanged levels of plasma fibrinogen, plasminogen, and a.,-antiplasmin, whereas treatment
with alteplase resulted in a 30% reduction in fibrinogen and a 60% reduction in plasminogen
and ap-antiplasmin [8]. These results showed that SAK is as effective as alteplase in the
management of acute coronary syndrome but offers better fibrin specificity than alteplase.

A potential limitation of SAK is that it is immunogenic due to its bacterial origin. Clinical
trials have shown that patients treated with SAK develop neutralising IgG antibodies after
two weeks, limiting SAK to single-use [36]. However, efforts are underway to develop SAK
variants with reduced immunogenicity [37-39]. Several studies have shown that simple
amino acid substitutions produce SAK mutants that elicit fewer circulating antibodies in
rabbits [40] and baboons [41] than the wild-type enzyme. A simple substitution of alanine
for lysine in position 74 produces a variant with intact specific activity and thrombolytic
potency but significantly reduced immunogenicity [42]. More recently, Liu et al. [43] used
site-specific PEGylation to create a SAK variant with greatly reduced immunogenicity in
guinea pig and rabbit models.

Despite the promising preliminary data for SAK LTSL, substantial hurdles and opportunities
exist for optimisation of this temperature-active thrombolytic paradigm, including greater
stability, more active thrombolytics, and clot-specific affinity targeting. Several options exist
for targeting thrombolytic liposomes to sites of clot. Fibrin can be targeted using fibrin-
specific monoclonal antibodies [44] or inactivated tPA [45]. Activated platelets can be
targeted through the surface addition of RGD-based peptides [46]. More recently, Peters et
al. [47] showed that clotted plasma proteins within atherosclerotic plaques can be targeted
via the addition of the pentapeptides cysteine-arginine-glutamic acid-lysine-ala-nine
(CREKA).
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There are several hyperthermia applicators that may be suitable for use in temperature-
activated thrombolysis. One potential applicator is high intensity focused ultrasound (HIFU).
Conventional ultrasound, which may improve thrombolysis through acoustic cavitation, is
potentially damaging to tissues [48], limiting the practicality and safety of this technology.
Damaging cavitation from HIFU may be detected, controlled and predicted, based in part
upon selected HIFU parameters and tissue biology. Pulsed HIFU has been shown to cause
acoustic radiation forces which can cause local mechanical displacement of tissue at the
cellular level [49]. Pulsed HIFU enhances thrombolysis in part by producing macroscopic
alterations in clots which increase penetration or binding of tPA [50,51]. Alternatively, the
EkoSonic Endovascular System (EKOS, Bothell, WA), an ultrasound-assisted catheter-based
treatment strategy which emits low intensity high frequency ultrasound [52], could also be
paired with a thrombolytic liposome to mediate delivery of thrombolytic to the site of clot.
Although the /n vitro studies presented herein demonstrate the concept of heat-activated
thrombolysis, additional /7 vivo studies are required to define any true potential of this
approach.

Conclusion

In this study it was demonstrated that large cargo may be actively released from TSLs in the
mild hyperthermic temperature range (40-45 °C). Plasma was found to increase the rate of
dextran release. Nine TSL formulations were evaluated, and the SAK LTSL had the greatest
release/leakage ratio. These liposomes lysed significantly more clott when heated to 42 °C.
Targeted delivery with hyperthermia potentially offers increased bioavailability and reduced
side effects by limiting systemic activity. The SAK LTSL has potential for local
thrombolytic activity, but hurdles remain in terms of stability in plasma, immunogenicity,
and selective or targeted delivery to clots. Future work could also clarify whether the trace
hyperthermia present in native acute clots or whether local HIFU application could augment
thrombolysis 7n vivo.
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Figure 1.
Time and temperature-dependence of a high MW cargo release (70 kDa dextran-FITC; 25

mg/mL) from LTSLs in HEPES buffer (A and C) and in human plasma (B and D). Data are
mean £ SEM, n=3.
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Figure 2.
Release/leakage ratios for nine thrombolytic-liposome pairings as determined by

chromogenic assay. The SAK LTSL had the highest release/leakage ratio (8.9+0.7). Data are
mean + SEM, n= 3, p< 0.0001, Tukey post-hoc test.
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Figure 3.
Thrombolytic activity of the SAK LTSL as determined by the whole blood clot lysis assay.

The SAK LTSL demonstrated significantly higher clot lysis with heating than without, but
there was no significant difference in clot lysis between heated or fully lysed SAK LTSL and
the free enzyme positive control. Data are mean + SEM, =4, p< 0.05, Neuman-Keuls
post-hoc test. *significant difference.
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Table 1

Tr (°C) in HEPES and plasma refers to a temperature at which a sharp increase in release of encapsulated 70-
kDa dextran-FITC from the liposome was observed.

Liposome  Formulation Tr (°C)inHEPES  Tgr (°C) in plasma
TSL DPPC:DSPE-PEG2000 (95:5) 39-42 40-42
LTSL DPPC:MSPC:DSPE-PEG2000 (85.3:9.7:5.0) 39-42 38-41
TTSL DPPC:HSPC:Chol:DSPE-PEG2000 (55:25:15:5) 41-44 42-44
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