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ARTICLE INFO ABSTRACT

Introduction: Plasmin is a direct-acting thrombolytic agent with a favorable safety profile upon intra-arterial de-
livery in pre-clinical and phase I studies. However, the thrombolytic efficacy of plasmin, relative to that of rt-PA,
remains to be established. We have compared the dynamics of clot lysis with plasmin or rt-PA in an in vitro per-
fusion system, in which thrombolytic agent is administered locally, allowed to induce lysis for short intervals,
then washed with plasma in a re-circulation circuit.

Materials and Methods: Whole blood human clots were prepared in observation chambers, exposed to plasmin or
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I}:eeynvl‘:;) gg; amics rt-PA at equimolar concentrations (1.2/1.0, 1.8/1.5 and 2.4/2.0 mg/ml) for measured intervals of time, followed
Microscopy by perfusion with human plasma. Clot size was monitored by digital analysis of sequential photographs obtained
Plasmin through an optical microscope.
Plasminogen activator Results: Plasma perfusion after incubation with thrombolytic agent rapidly removed superficial clot fragments.
Thrombolytic therapy This initial decrease in clot size was greater with plasmin than with rt-PA when tested at the highest concentra-
tions of agent (0.63 4 0.11 vs. 0.30 £ 0.11, p = 0.001 for clots with non-cross-linked fibrin and 0.53 4= 0.15 vs.
0.14 &+ 0.15, p = 0.02, for clots with cross-linked-fibrin). Subsequent clot lysis during plasma flow was greater
after prior incubation with rt-PA. Longer incubation times of plasmin resulted in larger portions of the clot
being washed free. Repeated plasmin incubations and plasma perfusions of a clot successfully induced stepwise
reductions in clot size.
Conclusions: Initial clot lysis is greater with direct exposure using plasmin than rt-PA. During washout and circu-
lation with plasma, rt-PA induced continued clot lysis, while plasmin lysis was curtailed, presumably because of
plasmin inhibition.
© 2014 Elsevier Ltd. All rights reserved.
Introduction hemorrhage [1]. The concept of locally-administered thrombolysis

with the direct thrombolytic enzyme, plasmin, was introduced in an an-

Locally administered plasminogen activator is an important aspect
of catheter-directed recanalization therapy for peripheral arterial and
graft occlusion and for deep vein thrombosis. Recombinant tissue plas-
minogen activator (rt-PA) has been the thrombolytic agent of choice for
decades, achieving good therapeutic efficacy, but with a risk of bleeding
complication, most severely expressed as symptomatic intracranial

Abbreviations: FOV, filed of view; PAI-1, plasminogen activator inhibitor-1; RMS, root
mean square; rt-PA, recombinant tissue plasminogen activator.
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imal model in 2001 [2], and within a decade successfully progressed
through two phase I, dose-escalation safety clinical trials [3,4]. The po-
tential clinical advantage of plasmin over rt-PA is its hemostatic safety,
which stems from the presence of plasmin inhibitor, ap-antiplasmin
in human plasma at about 1 mmol/I (70 mg/1) [5], which inactivates cir-
culating plasmin after local administration. There are several rt-PA in-
hibitors present in human plasma, PAI-1, PAI-2, protease nexin and
PAI-3, of which the major inhibitor is plasminogen activator inhibitor-
1 (PAI-1) [6]. PAI-1 is present in human plasma in nanomolar concen-
trations (about 10-20 mg/1), which are insufficient to neutralize admin-
istered rt-PA [7]. Thus, rt-PA remains active to continue its thrombolytic
effect, but may lyse hemostatic plugs at sites of vascular injury [1].
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In contrast to its well-defined safety profile, plasmin has not been
fully characterized for its the therapeutic efficacy. Plasmin has shown
good efficacy in animal models of thrombosis [8,9] and was equivalent
to rt-PA in lysis of ex-vivo cerebral thromboemboli [2], but a compari-
son with rt-PA has not heretofore been studied in an in vitro flow sys-
tem of clot lysis. It is possible that plasmin has better thrombolytic
effect than rt-PA in a static situation, but a decreased effect in a model
with plasma flow, due to termination of its action after contact with
antiplasmins (op-antiplasmin and a;-macroglobulin).

The aim of this study is to compare the dynamics of clot lysis with
plasmin and rt-PA in a novel in vitro perfusion system, where incubation
of agent with clot in a perfusion chamber mimics local administration,
and a follow-up period of tangential plasma flow along the clot mimics
partial vessel recanalization. Our test system allows continuous moni-
toring of clot lysis by microscopic imaging and repeat observations of
local and circulating phases of clot lysis.

Materials and Methods
Clot Preparation and Flow Apparatus for Clot Lysis

After informed consent, blood was collected before each set of ex-
periments from the cubital vein of a single healthy volunteer into a 4.5
ml vial (Vacuntainer, Becton-Dickinson, Germany) containing 0.45 ml

of 0.129 mol/l Na-citrate. Clots were prepared from 100 pl of blood
mixed with 10 pl of thrombin (Thrombin, Sigma, Germany, final

a

C Optical
microscope

Microfluidic

pump\

Plastic

/ chamber

Plasma reservoir

Observation

concentration 1.37 IU/ml) with or without adding 10 pl of 2 M CaCl,.
The mixture was injected into an observation chamber made of optical
microscopy slides (Fig. 1a), length 25 mm along the direction of flow,
width 5 mm and height 1 mm [10]. During clot formation which
proceeded from liquid blood to a gel-like state in about 1 min, and dur-
ing the subsequent 90 - 120 min of final clot formation at room temper-
ature (24 °C), the chambers were tilted by 30° so that wedge-shaped
clots were obtained, occupying 10% of the chamber volume (Fig. 1b).
During clot dissolution experiments, the observation chamber was con-
nected to a plasma reservoir containing 30 ml of human plasma, circu-
lated at 37 °C by peristaltic pump (LKB Bromma HPLC 2249,Uppsala,
Sweden) (Fig. 1c).

Cross linking of fibrin in non-recalcified and recalcified blood clots
was checked by measuring D-dimer by the Biopool Auto-Dimer® turbi-
dimetric latex agglutination method (TrinityBiotech, Lemco, Germany)
using the BCT analyzer (Dade Behring, Siemens AG, Munich,
Germany) in the supernatant of the lysate of both types of clots exposed
to rt-PA (Actilyse, Boehringerlngelheim GmbH, Ingelheim am Rhein,
Germany) at 2.0 mg/ml for 10 min. The experiment was performed in
triplicate.

Clot Lysis
We exposed clots from non-recalcified blood to plasmin (80 kDa)

at 1.2, 1.8 and 2.4 mg/ml or to rt-PA (67 kDa) at equimolar concen-
trations of 1.0, 1.5 and 2.0 mg/ml, respectively. Clots from recalcified
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Fig. 1. Observation chamber containing a model blood clot (a), schematic presentation of the wedge-shaped blood clot (b), experimental setup (c) and schematic presentation of the dis-
solution process as a function of time (Eq. (1)) (d). The observation chamber was connected to a plasma reservoir and microfluidic pump using plastic hoses. Dissolution dynamics of blood
clots was monitored by an optical microscope. Schematic presentation of the dissolution process suggests that the initial relative clot area is equal to unity until the end of incubation (time
t;). This is followed by an abrupt decrease of relative clot area AA/Ay at the beginning of perfusion phase. Subsequently, the dissolution curve reverts into a more gradual clot area decrease

with a slope k until the end of perfusion (time t,,).



910 N. Bizjak et al. / Thrombosis Research 133 (2014) 908-913

Plasmin

Before
incubation

0.25 min
of perfusion

rt-PA Control

Fig. 2. Representative optical microscopy images taken before 10 min incubation with plasmin at 2.4 mg/ml, rt-PA at 2.0 mg/ml (equimolar to plasmin) or normal saline (control) and 15
sec after initiation of perfusion with plasma. Red arrows indicate border lines between plasma and blood clots as determined by 50% threshold of the average plasma brightness.

blood were exposed to plasmin at 2.4 mg/ml and rt-PA at 2 mg/ml.
Eight clots from non-recalcified blood or three clots from recalcified
blood were studied in each group. Plasmin (Human, BAY-57-9602)
was kindly provided by Grifols, Inc. (Research Triangle Park, NC, USA),
dissolved in distilled water (final concentration 5 mg/ml); rt-PA
(Actilyse, BoehringerIngelheim GmbH, Ingelheim am Rhein, Germany)
was diluted with 0.9% sodium chloride (final concentration 5 mg/ml).
Plasmin and rt-PA aliquots were frozen at —80 °C until use. Clots
were initially exposed to agent for 10 minutes under static conditions,
followed by plasma circulation at 10 ml/min for a further 10 minutes,
without addition of agent to the system. The flow rate corresponded
to an initial velocity of 3.3 cm/sec, with a shear force of 2.3 dyn/cm?.
Follow-up experiments with clots from non-recalcified blood assessed
different static incubation times (5, 10, 15 and 20 min, followed by
5 minutes of plasma circulation) using plasmin at 1.8 mg/ml. The
third set of experiments assessed the effect of three consecutive 10-
minute incubations of a clot with plasmin (1.8 mg/ml); each incubation
was followed by 5 minutes of plasma circulation. The second and the
third set of experiments were performed in triplicate.

Optical Microscopy, Image Collection and Analysis

Clots were imaged by an optical microscope (Nikon 80i Eclipse,
Nikon Corporation, Tochigi, Japan) equipped with a Nikon 10x PlanFluor
objective (numerical aperture 0.3, working distance 16 mm), a digital
Nikon DSFi1 camera and a stroboscopic light producing 30 ps flashes
every 5 seconds. Image acquisition was synchronized with the flashes
of light and were acquired at a frame rate of 0.2 fps, then stored in a
computer running the Nikon NIS Elements software package. The imag-
ing matrix was 640 x 480 with a field of view (FOV) of 823 x 624 um that
yielded a resolution of 1.3 um per pixel. Image sets were quantitatively
analyzed by the Image] program (NIH,USA) to obtain clot dissolution
curves, with A for observed non-dissolved clot area, normalized to AO,
the pre-exposure clot area. Initial clot areas occupied approximately
90% of FOV. The images were first converted into an 8-bit grey scale
(range 0 to 255), and average plasma brightness was determined for
each set of images. Image pixels with intensities below the threshold
value (50% of average plasma brightness), were assigned to the clot re-
gion, while pixels with intensities above threshold were assigned to the
plasma region. For each image, the ratio between the current and initial
clot area was calculated as a function of time, thus obtaining the clot dis-
solution curve. Images acquired in the first 15 s after the initiation of

perfusion were excluded from the analysis due to unstable clot area
(because of wash-out of previously digested clot degradation products).

Modeling and Statistical Analysis

Our simplified mathematical model of clot dissolution curves for clot
lysis (Fig. 1d) assumes that clot area is constant during incubation (Ay),
that the area decreases for AA at the initiation of plasma flow at time t;,
and that the subsequent progressive clot dissolution can be modeled by
a linear decrease in clot area with slope k (Fig. 1d):

1 N SN
CCE POV v

For the analysis of the decrease in clot area during perfusion with
plasma, eight separate linear mixed models with random intercept as
well as random slopes were fitted to estimate the average clot dissolu-
tion curve intercepts (1-AA/Ao) and slopes (k) for each pair of equimolar
concentrations and to test the differences between intercepts and
slopes between the two agents. 95% confidence intervals for all the esti-
mated parameters were reported. P-values below 0.05 were considered
statistically significant. Analysis was performed with R software, version
2.15. (R Core Team (2012). R: Alanguage and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
ISBN 3-900051-07-0, URL http://www.R-project.org/.)

The measured initial clot area decrease AA with different incubation
times ¢ of plasmin was interpreted in terms of the median permeated
area due to diffusion of the thrombolytic agent, calculated as the prod-
uct of the length of the field of view a and the mean diffusion displace-
ment /2D, corrected by a »thrombolytic efficacy factor« frz. The relative
clot area decrease was thus equal to:

AA/Ay = fTE% (2)

In calculating Ap, a and b are sides of the FOV window, i.e., a =
624 pm and b = 823 pm, the factor 0.9 corresponds to 90% of the FOV
being covered with the clot before lysis and D is the diffusion constant
of the thrombolytic agent.
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Fig. 3. Experimental and model relative clot areas as a function of time (clot dissolution
curves) for three different equimolar concentration pairs of thrombolytic agents, either
plasmin or rt-PA: (a) 1.2/1.0 mg/ml, (b) 1.8/1.5 mg/ml and (c) 2.4/2.0 mg/ml. The first
10 min correspond to clot incubation with the thrombolytic agent and the second
10 min correspond to clot perfusion with human plasma at a flow rate 10 ml/min. The ex-
perimental clot dissolution curves were obtained as an average of eight experiments of the
same group (thrombolytic type and its concentration), while the corresponding theoreti-
cal clot dissolution curves (Eq. (1)) are plotted for average best fit parameters of individual
clot dissolution curves of the corresponding experimental group. The error bars show
pointwise standard deviations calculated from eight experiments for each concentration
group. The inset key in the panel a) applies also to panels b) and c).

Results

Lysate of non-recalcified blood clots did not contain D-dimer, indi-
cating that fibrin in those clots was non-cross linked. Lysate of
recalcified blood clots contained 3439 (range 2248-6224) ug/L D-
dimer, indicating that those clots contained cross-linked fibrin.

Representative optical microscopy images of blood clots with non-
cross-linked fibrin are shown in Fig. 2: before a 10-minute incubation
with plasmin (2.4 mg/ml), rt-PA (2.0 mg/ml) or saline and 15 sec
after starting plasma circulation. Fragments of clot were observed to de-
tach and wash away in the flowing plasma, resulting in a clear decrease
in clot area with both plasmin and rt-PA but not with saline.

Fig. 3 shows experimental changes in area of clots with non-cross-
linked fibrin with escalating concentrations of plasmin and rt-PA during
the initial 10-minute local exposure and the follow-up 10-minute inter-
val of plasma circulation. There was no discernible change in clot area
during the static 10-minute interval of local plasmin or rt-PA exposure.
Upon initiation of plasma circulation, adherent clot fragments dissociat-
ed, resulting in the sudden decreases in clot area at the 10-minute time
points. No significant differences were found between initial decreases
in clot size for plasmin and rt-PA at the two lower equivalent dosages
(panels a and b), but the initial decrease was clearly greater (panel c)
with the highest equivalent dosages (plasmin 2.4 mg/ml and rt-PA
2.0 mg/ml), quantified as 0.63 + 0.11 vs. 0.30 £+ 0.11, p = 0.001
(Table 1). The subsequent decreases in clot area with plasma circulation
was not significantly associated with concentration of agent used for
incubation (p > 0.29 between different pairs of plasmin groups and
p>0.14 between different pairs of rt-PA groups), but was significantly
greater after contact with rt-PA than with plasmin with all tested con-
centrations (p < 0.034) (Table 1).

Comparison of thrombolysis between non-cross-linked-fibrin and
cross-linked-fibrin clots after 10-minute incubation with the highest
dose of plasmin (2.4 mg/ml) or its equimolar equivalent of rt-PA
(2.0 mg/ml) in Fig. 4 shows that plasmin is similarly efficient in throm-
bolysis of both types of clots while rt-PA is more efficient in thromboly-
sis of non-cross-linked-fibrin clots than in thrombolysis of cross-linked-
fibrin clots. In thrombolysis of cross-linked-fibrin clots plasmin was
significantly more efficient than with rt-PA; the initial clot area decrease
was 0.53 4+ 0.15 vs. 0.14 &+ 0.15, p = 0.02 while the rate of subsequent
decrease in clot size with plasma flow was 0.023 + 0.004 vs. 0.010 +
0.004 p = 0.001 (Table 1).

Fig. 5 shows the effect of increasing durations of initial incubation
with plasmin (1.8 mg/ml) on the area of clots containing non-cross-
linked fibrin. With longer incubation times, larger portions of the clot
were washed free upon onset of plasma circulation. The dashed curve
in Fig. 5 corresponds to the best fit of the model for the relative clot
area decrease (Eq. (2)) to the experimental data. The model parameters
(diffusion constant in a retracted clot multiplied by the “thrombolytic
efficacy factor “squared) that yield the best fit are equal to fr> D =
1.3 -10719(1 & 0.13) m?%/s.

Multiple 5-minute incubations with plasmin (2.4 mg/ml) resulted in
sequential release of clot fragments from clots containing non-cross-
linked fibrin (Fig. 6), each followed by a slow constant rate clot of area
decrease.

Discussion

In this study, the direct-acting thrombolytic agent plasmin was com-
pared with equimolar amounts of plasminogen-dependent rt-PA in an
in vitro model that reflects local administration of agent to clot followed
by systemic plasma circulation of the partially-dissolved clot. The con-
centrations of tested thrombolytic agent were similar to those used for
therapeutic purposes by local administration of plasmin [3] and rt-PA
[11,12]. Our results indicate that plasmin may have an advantage over
rt-PA in initial lytic efficacy when high local concentrations are used
both in clots containing non-cross-linked fibrin and in clots containing
cross-linked fibrin. The extent of clot lysis by plasmin increases with
longer exposure times with clot, and repeat exposures of clot to plasmin
induce stepwise increases in clot lysis. Circulation of plasma in this
model slows clot lysis rates, to a greater extent with plasmin than
with rt-PA.
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Table 1

Model parameters: comparison of plasmin and rt-PA in dissolution of blood clots. Mean initial decreases and mean regression coefficients of clot dissolution during plasma circulation with

the range of the 95% confidence intervals.

Clot type Concentration Plasmin/rt-PA [mg/ml] Initial Decrease in Clot Area (AA/Ao) Slope of Clot Dissolution k [min™']
Plasmin rt-PA p-value Plasmin rt-PA p-value
Non-cross-linked fibrin 1.2/1.0 0.54 + 0.15 040 + 0.15 020 —0.029 + 0.015 —0.052 £ 0.015 0.034
1.8/15 047 + 0.11 044 4+ 0.11 0.64 —0.037 £+ 0.014 —0.061 £ 0.014 0.019
2.4/2.0 0.63 4+ 0.11 0.30 &+ 0.11 0.001 —0.031 £+ 0.014 —0.067 £ 0.015 0.001
Cross-linked fibrin 24/20 0.53 £ 0.15 0.14 £ 0.15 0.02 —0.023 + 0.004 —0.010 + 0.004 0.001

To objectively determine the clot size in two dimensions (area), we
digitalized microscopic images obtained by stroboscopic photography
and assigned the non-dissolved clot an image intensity of 50% of that
of plasma. Marginal, thinned-out clot regions with a higher intensity
were considered partially dissolved and did not count into the clot
area. The accuracy of clot area measurements could be compromised
by transient loss of optical focus or air bubbles in the system, but
these effects were rare enough to not compromise accuracy.

Incubation of blood clots with plasmin or rt-PA was performed
under static conditions, without applying a pressure gradient that
would facilitate the distribution of agent into the clot [13,14]. Therefore,
the agent migrated into the clot only by diffusion. The depth of the per-
meated area can be estimated to 310 um (approximately half of the clot
area in the FOV) taking into account the root mean square diffusion dis-
placement formula /2Dt for diffusion of the thrombolytic agent. Here,
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Fig. 4. Comparison between clots with non-cross-linked fibrin and those with cross-linked
fibrin exposed to (a) plasmin at 2.4 mg/ml and (b) rt-PA at 2.0 mg/ml. The first 10 min
correspond to clot incubation with the thrombolytic agent and the second 10 min corre-
spond to clot perfusion with human plasma at a flow rate 10 ml/min. The groups consisted
of 3 clots with cross-linked fibrin and 8 clots with non-cross-linked fibrin. The error bars
show pointwise standard deviations calculated from all experiments in each concentra-
tion group. The inset key in the panel a) applies also to panel b).

the diffusion constant was assumed to be 2.7 - 10~ ' m%/s, i.e., the dif-
fusion constant of a protein similar in size to plasmin or rt-PA in a
retracted blood clot [15]. The formula does not take into account the af-
finity between the thrombolytic agent and fibrin which could slow
down the migration of the thrombolytic agent into the clot. Clot lysis
during plasma circulation is a combination of enzymatic proteolysis
and mechanical degradation by shear forces [10]. The forces applied to
the surface of the clot during plasma flow are proportional to the flow
rate and plasma viscosity [16], and promote removal of completely or
partially biochemically degraded parts of the clot [17]. This phenome-
non is reflected in the sudden decrease of clot area (clot dissolution
curves) immediately upon initiation of plasma flow (Fig. 3a-c).

The initial clearance of the degraded clot fragments was followed by
slower, but continued thrombolysis. The rates of the continued decrease
of the clot area in the presence of tangential plasma flow were no longer
dependent on the concentration of the thrombolytic agent applied dur-
ing incubation, but were always significantly lower after incubation
with plasmin than with rt-PA. This can be explained by the different
thrombolytic mechanisms of plasmin and rt-PA and by the different in-
hibitory effects of inflowing plasma on the two thrombolytic agents. The
remaining plasmin at the exposed clot surface was presumably rapidly
inhibited by antiplasmin that is present in plasma at a total concentra-
tion of about 1 mmol/I [5,18]. In contrast, the fibrin-bound rt-PA at
the remaining clot surface was aided by inflowing plasma that supplied
fresh plasminogen at approximately 200 mg/I [19] while the concentra-
tion of plasminogen activator inhibitor (PAI-1) in plasma is in the
nanomolar range [7]. Plasminogen binds to specific sites on the fibrin
network and lysis of the clot surrounded by plasma containing a plas-
minogen activator is accompanied by superficial accumulation of plas-
minogen, which contributes to its efficient activation by rt-PA [20].
Therefore, plasma flow sustained the thrombolytic effect of rt-PA,
while it inhibited that of plasmin (Table. 1, Fig. 3). In addition, rt-PA
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Fig. 5. Prolongation of plasmin incubation time results in a marked increase of the re-
moved clot area during the perfusion period. Experimental results with averages and stan-
dard deviations (n = 3) are shown. The increase in clot lysis with prolongation of the
incubation time can be explained by diffusion driven permeation of the clot with plasmin.
The depth of the permeated region increases as a square root function of incubation time
(dashed model curve).
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Fig. 6. Effects of multiple consecutive plasmin incubations interspersed with perfusion
intervals on clot dissolution. Each of the three 5 min plasmin incubations was followed
by a 5 min plasma perfusion interval, which resulted in a stepwise reductions in clot
size. The error bars show pointwise standard deviation calculated from three independent
experiments.

displaced from the clot by flow will circulate in the system fully active,
thus allowing for its continued lytic effect. Due to much higher rt-PA
concentrations than therapeutic and a limited plasminogen concentra-
tion in the serum inside the clot the lytic effect of rt-PA was similar for
all the tested concentrations in clots with non-cross linked fibrin.
In retracted clots with cross-linked fibrin, which contain little serum,
rt-PA was ineffective, most likely due to lack of plasminogen [21].

The experiments with varying the incubation time of plasmin and
repeating the incubation with plasmin were done in order to test how
thrombolysis with plasmin might be optimized. The concept that
deeper initial permeation of clot by plasmin with longer incubation
times results also in greater clot lysis was confirmed by our experiments
(Fig. 5). Our experiments suggest that a thorough permeation of the
thrombus by plasmin delivered by local administration is necessary
for effective thrombolysis in vivo. As for repeated plasmin incubations,
clot area decreased to the same degree after the first two incubations
(Fig. 6), the third incubation resulting in a larger area reduction that
may be explained by clot thinning during prior plasmin exposures.

The implication of these experiments for clinical outcomes is that
longer and repeated delivery of plasmin by catheter, perhaps inter-
spersed with flush-clearance of adherent thrombus particles, may opti-
mize thrombolytic effect.

In summary, our study shows that plasmin in high local concentra-
tions (2.4 mg/ml) has an advantage over equimolar rt-PA in the initial
thrombolytic effect on whole-bood blood clots. The presence of tangen-
tial flow of plasma slows the rate of thrombolysis by plasmin more than
by rt-PA. The extent of thrombolysis by plasmin can be improved by
prolonging the incubation time and by repeating the incubation process.
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