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Abstract: This paper describes microfluidic experiments with human blood plasma and numerical simulations
to determine the role of fluid flow in the regulation of propagation of blood clotting. We demonstrate that
propagation of clotting can be regulated by different mechanisms depending on the volume-to-surface
ratio of a channel. In small channels, propagation of clotting can be prevented by surface-bound inhibitors
of clotting present on vessel walls. In large channels, where surface-bound inhibitors are ineffective,
propagation of clotting can be prevented by a shear rate above a threshold value, in agreement with
predictions of a simple reaction—diffusion mechanism. We also demonstrate that propagation of clotting in
a channel with a large volume-to-surface ratio and a shear rate below a threshold shear rate can be slowed
by decreasing the production of thrombin, an activator of clotting. These in vitro results make two predictions,
which should be experimentally tested in vivo. First, propagation of clotting from superficial veins to deep
veins may be regulated by shear rate, which might explain the correlation between superficial thrombosis
and the development of deep vein thrombosis (DVT). Second, nontoxic thrombin inhibitors with high binding
affinities could be locally administered to prevent recurrent thrombosis after a clot has been removed. In
addition, these results demonstrate the utility of simplified mechanisms and microfluidics for generating
and testing predictions about the dynamics of complex biochemical networks.

Introduction The role of fluid flow in the regulation of clotting has been

This paper describes microfluidic experiments and numerical investigated extensively. However, the majority of these studies

simulations to investigate the role of fluid flow in the regulation fﬁcused on |n|t_|at|onfof|clo_tt|n@and pl_atelet ac(;tlvgtloﬁgather q
of propagation of blood clotting. Hemostasis is the complex (NN Propagation of clotting. Experiments designed to study

biochemical network of-80 reactions that control blood clotting ~ ProPagation of clotting have ranged framuivo experiments

processes, including both initiation and propagation of clotting. © Simplified in vitro experiments. Whilén vivo studies of

These reactions are regulated by many important IDarameters!oropagation of clotting incorporate all of the relevant parameters

9 i i
including fluid flow, surface chemistry, and vessel geometry. of the network}® experimentally controlling these parameters

The effects of fluid flow on blood clotting are of significant " viz0 s difficult. On the other hand, simpla witro studied®*
physiological and medical relevance. This parameter is identified that are performed under homogeneous conditions in the absence
as one of the three factors thought to contribute to venous and®f flow allow experimental control over the biochemistry of
arterial thrombosis according to the classic Virchow’s tfiad. the network but may miss the effects of fluid flow, surface
Therefore, understanding how fluid flow regulates the spa- :

tiotemporal dynamics of clottifgprocesses is important for ~ © o or 1004 85 1 oe - 1aund: S B Harker, L. A; Hanson, S. R.

treatment and prevention of cardiovascular diseases such as deefg6) (a) Kuharsky, A. L.; Fogelson, A. LBiophys. J.2001, 80, 1050-1074.

. . P _ (b) Lo, K.; Denney, W. S.; Diamond, S. Pathophysiol. Haemost. Thromb.
vein thrombosid and recurrent thrombosfsin addition, un 2005 34, 80-90. (¢) Nemerson, Y. Turitto, V. Trhromb. Haemost.991,

derstanding this dynamics may help determine how drugs should gg %?iiﬁé%’) Beltrami, E.; Jesty, Broc. Natl. Acad. Sci. U.S.A995
be administeretito prevent unwanted clot spreading, such as 7y (g pivkin, 1. V.. Richardson, P. D.; Karniadakis, Boc. Natl. Acad. Sci.

propagation of clotting into venous valves after surdery. U.S.A.2006 103 17164-17169. (b) Goto, S.; Salomon, D. R.; Ikeda, Y.;
Ruggeri, Z. M.J. Biol. Chem.1995 270, 23352-23361.
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Figure 1. Characterizing propagation of blood clotting in a microfluidic channel in the absence of flow. Clots propagate with a similar front ¥glocity,

in the absence and presence of a surface-bound inhibitor of clotting, thrombomodulin (TM). (a) Schematic drawing of the procedure for initiating and
monitoring propagation of clotting in a microfluidic device. Clotting (blue) initiated only on the channel walls coated withTipi@ted), not on the inert

lipid (black), and propagated into the section of the device where inert lipids coated the channel walls. (b) A fluorescence microphotograloidécmicr
device shows that lipids with reconstituted TF (lipi@lF, red) can be localized to a specific section of a channel in a background of inert lipids (black). (c)
Time-lapse fluorescence microphotographs show the position of the clot (blue) at 0, 40, and 80 min after plasma was introduced into the charmel. The bl
fluorescence in the small outlet channel is difficult to see because the channel height is 10 times less than that of the main channel wherepaspagation
monitored. (d) Experiments quantifying the velocity of propagation of clotting in the absence of TM (black circles and €oss26,um min1) and in

the presence of TM (green squares, lipid:BM7.6 x 10% F, ~ 25um min~! and green triangles, lipid:TM= 7.6 x 10%, Fy ~ 24 um min~1) in a channel

with a large volume-to-surface ratio 6f50 um (see Supporting Information).

chemistry, and vessel geometiy. vitro microfluidic experi- of clotting in a channel with a large volume-to-surface ratio
ments that use human blood plasma are an attractive compro-and a shear rate below a threshold shear rate can be slowed by
mise, because they incorporate the biochemistry of the networkdecreasing the production of activators. Combined, these results
while enabling control of fluid flow, surface chemist¥and show that microfluidic® and chemical systerts!®can be used
geometry:3 to generate and test predictions about complex biochemical
We have previoushkf used microfluidics and human blood  networks to provide insight into the dynamics of the network.
plasma to test a proposed mechanism for the regulation of
propagation of clotting. According to this simple reaction ~ Results and Discussion
diffusion mechanism>~17 a clot will continue to propagate if
the concentration of activatoiCl¢], remains above some critical
concentration, €], and clot propagation will stop iiQac{ falls
below [Ccit]. Based on this mechanism, we predicted and
experimentally confirmeld that a clot will propagate as a
reactive front and that this front will stop at a junction between
two channels if the shear ratg[s™1], in the channel with flow
is above some threshold shear rgigsesn
Here, we used microfluidic experiments and numerical
simulations to investigate how and when shear rate regulates
propagation of clotting. These results demonstrate that propaga:

tion of clotting can be regulated by two different mechanisms ¢ jnitiate clotting-phosphatidylcholine, phosphatidylserine,
depending on the volume-to-surface ratio of a channel. In small 4 Teyas Red phosphoethanolamine with reconstituted tissue
channels with a small volume-to-surface ratio, propagation of ¢, 22 (lipid—TF, shown in red, Figure lajand the other
clotting can be prevented by surface-bound inhibitors of clotting ¢y.eam contained a lipid that does not initiate clottiemg
present on channel walls. In large channels with a large VOIume'phosphatidylcholine (Egg PC) (inert lipid, shown in black,
to-surface ratio where surface-bound inhibitors are less effective,Figure 1a). Next, the channels were rinsed with an aqueous
propagation of clotting can be prevented by a shear rate abovegq|tion of NaCl to remove excess lipid vesicles, leaving a
a threshold shear rate. We also demonstrate that prol:’agat'oQ:oating of either lipid-TF or inert lipids on the channel walls

(12) Hovis, J. S.; Boxer, S. G.angmuir 2001, 17, 3400-3405. (Figure 1a and 1b). Then, blood plasma was flowed into the

(13) Khademhosseini, A.; Langer, R.; Borenstein, J.; Vacanti, Brét. Natl. device from the end of the channel with inert lipids and allowed
Acad. Sci. U.S.A2006 103 2480-2487.
(14) Runyon, M. K.; Johnson-Kerner, B. L.; Kastrup, C. J.; Van Ha, T. G.;

Clots propagate as a reactive front with a constant
velocity. We used a previously developed microfluidic system
that enabled control of flow, geometry, and surface chemistry
to produce ann vitro representation of blood vessels. This
system was fabricated in poly(dimethylsiloxane) (PDMS).
Initiation and propagation of clotting were spatially separated
by patterning the walls of the same channel with different
phospholipids (Figure 1a) as previously describeliefly, this
patterning was accomplished by flowing two lam#atreams
containing phospholipid vesicles into the device from opposite
‘ends of the channel. One stream contained a mixture of lipids

Ismagilov, R. F.J. Am. Chem. So007, 129, 7014-7015. (18) (a) McDonald, J. C.; Whitesides, G. Mcc. Chem. Ref002 35, 491—
(15) Runyon, M. K.; Johnson-Kerner, B. L.; Ismagilov, R.Anhgew. Chem., 499. (b) Quake, S. R.; Scherer, Bcience200Q 290, 1536-1540.
Int. Ed. 2004 43, 1531-1536. (19) (a) Kaminaga, A.; Vanag, V. K.; Epstein, I. Rngew. Chem., Int. Ed.
(16) (a) Kastrup, C. J.; Runyon, M. K.; Shen, S.; Ismagilov, RPfac. Natl. 2006 45, 3087-3089. (b) Winfree, A. TSciencel994 266, 1003-1006.
Acad. Sci. U.S.A2006 103 1574715752, (b) Kastrup, C. J.; Shen, F.; (20) McDonald, J. C.; Duffy, D. C.; Anderson, J. R.; Chiu, D. T.; Wu, H. K.;
Ismagilov, R. F.Angew. Chem., Int. EQR007, 46, 3660-3662. Schueller, O. J. A.; Whitesides, G. Mlectrophoresi200Q 21, 27—40.
(17) (a) Kastrup, C. J.; Ismagilov, R. B. Phys. Org. ChenR007, 20, 711~ (21) Ismagilov, R. F.; Stroock, A. D.; Kenis, P. J. A.; Whitesides, G.; Stone, H.
715. (b) Kastrup, C. J.; Shen, F.; Runyon, M. K.; Ismagilov, RBiephys. A. Appl. Phys. Lett200Q 76, 2376-2378.
J. 2007, 93, 2969-2977. (22) Smith, S. A.; Morrissey, J. H.. Thromb. Haemos2004 2, 1155-1162.
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to contact the lipie-TF, and the flow was stopped. Clotting a) F,—> t = 2 min
was monitored by using bright-field microscopy to detect fibrin _
formation and fluorescence microscopy to detect thrombin- Initiation surface t=8 min

induced cleavage of a peptide-modified dye (see Supporting BN |

Information)2»  aaaw

Clotting initiated only where the channel walls were coated 0 nM mm 7 400 nM 200 um
with lipid—TF. This clot propagated into the section of the b) -
device coated with inert lipid (Figure 1a). As predictédhis 3000 A Iy, 200x200 um? 9
clot propagated throughout the channel as a reactive’fraith E 2400 + Nofyyp 200*2‘2109'“2 th
a constant front velocityF, ~ 20 um min*1. (Figure 1c and > 1800 gh:}s:?‘::::;umz N th
1d). This observation reinforces the question “what limits the g 1200
size of a clot formed?® 3 e

) . 2 600

In channels with a small volume-to-surface ratio, a a 8 O 0 0o 0o O
surface-bound inhibitor is sufficient to prevent propagation 018 T ? —
of clotting. Thrombomodulin (TM), a surface-bound inhibitor 02 4 _6 8 10 12 14

of clotting present on vessel walls, has been previously proposed ) ) T'","e, "'_"_m o
Figure 2. Propagation of “clotting” is inhibited by a surface-bound inhibitor

to regulate propggatlon Of_CIOttlr?ﬁ'TM has been Shown t(,) in channels with small volume-to-surface ratios. (a) A two-dimensional
reduce propagation of clotting when homogenously mixed into projection of a three-dimensional simulation shows that the generation of
blood plasma?’ A surface-bound inhibitor such as TM has been  activator,Cax over time occurs as a reactive front with= 220xm min™*.
suggested to have the largest affect in channels with a small The concentration profile dfaciappears as a band due to inhibitionGa:

. P . behind the leading edge of the front. (b) Quantificatiofroin the numerical
,
volume-to-surface rati¢/, such as capﬂlane%?. To test this simulation in channels with small (2/6m, circles and squares) and large

hypothesis, we performed 3D numerical simulations in channels (50 um, triangles and crosses) volume-to-surface ratios. Black crosses and
with small and large volume-to-surface ratios, in both the squares represent simulations that do not include a surface-bound inhibitor
presence and absence of a surface-bound inhibiger (No lsurf). Green triangles and circles represent simulation conditions that
. . . . ’ . include a surface-bound inhibitofs(). See Supporting Information for
These simplified 3D simulations were based on previously details of the numerical simulation.
described rate equatioifor a proposed modular mechanism
for hemostas® and do not require a significant amount of  then experimentally quantifiel, (see Supporting Information).
compgtatlonal power (see S.upportlngllnformatlon for the rate We incorporated TM into the inert phospholipid surface by
equations). In these simulations “clotting” occurs wheac{ forming inert lipid vesicles with reconstituted T%(lipid: TM)
exceedseri]. In simulations using these simplified equations, and by using the procedure described above to coat the channel
F, was approximately 10 times faster than that observed \yqjis. Control experiments verified that TM activity on the
experimentally. Th|s difference may be partially explained by -hannel walls was on the same order of magnitude as that
the fact that experiments were performed af€5and the rate previously measured for a monolayer of endothelial cells (see

constants used in the. simulation were for reactions occurring Supporting Information for experimental details and resifts).
at 37°C (see Supporting Information for measurement§-pf . .
When the mole ratio of lipid:TM was 7.6« 10% clots

at 37°C). In small 10x 10 um? channels (volume-to-surface ) ) )
propagated at approximately the same velocity as without TM

ratio = 2.5 um) in the absence dfy, “clotting” propagated o .
with a constant front velocityF, = 210 um min~! (squares, (Fv~ 25um min™%, green squares, Figure 1d). To further show

Figure 2b), and propagation was inhibited whigs was that TM located at the walls of channels with these volume-

incorporated (circles, Figure 2b). However, in large 20200 to-surface ratios does not stop propagation of clotting, we
um?2 channels (volume-to-surface ratio 50 um), “clotting” increased the TM density by a factor of 10. No appreciable
propagated at a constant front velocify, = 220 um min-1, change inF, was observed (green triangles, Figure 1d).

(Figure 2a) in both the absence and presenckaf(crosses Additional control experiments for both concentrations used here
and triangles, Figure 2b). The volume-to-surface ratio in these (Supporting Information, Table S1) demonstrated similar TM
square channels equals one-fourth of their cross-sectionalactivity, and this TM activity was consistent with the saturation

dimension. effects previously observed for high TM concentratiéhAs a
In channels with large volume-to-surface ratios, a surface- control experiment, we verified that TM was sufficient to
bound inhibitor does not affect propagation of clotting. To prevent propagation of clotting in small channels with a volume-

experimentally verify these results, we incorporated a surface- to-surface ratiez 5 um. In the absence of TM in these channels,
bound inhibitor of clotting, thrombomodulin (TM), at the walls  clotting propagated with a constaR for more than 70 min.

of a channel with a large volume-to-surface ratid0 «m and However, when 10X TM (lipid:TM= 7.6 x 10%) was
- - - introduced into the inert lipids in these small channdig,
(23) Kawabata, S. I.; Miura, T.; Morita, T.; Kato, H.; Fujikawa, K.; lwanaga, L .
S.; Takada, K.; Kimura, T.; Sakakibara, Bur. J. Biochem1988 172 decreased over the 70 min time interval, and the flRaas
17-25. i1 ; N i
(24) () Tofh, A.: Gaspar, V.. Showalter, &, Phys. Chem1994 98, 522 reduced to~5 um min K Ergpagatlon pf clotting in thg presence
531. (b) Ross, J.; Muller, S. C.; Vidal, Sciencel 988 240, 460-465. (c) of a surface-bound inhibitor, TM, in channels with a large

Bishop, K. J. M.; Fialkowski, M.; Grzybowski, B. Al. Am. Chem. Soc.
2005 127, 15943-15948.

(25) Morrissey, J. HJ. Thromb. Haemos2003 1, 878-880. (29) Feng, J.; Tseng, P. Y.; Faucher, K. M.; Orban, J. M.; Sun, X. L.; Chaikof,
(26) Esmon, C. T.; Owen, W. @roc. Natl. Acad. Sci. U.S.A981, 78, 2249~ E. L. Langmuir2002 18, 9907-9913.
2252. (30) Feistritzer, C.; Schuepbach, R. A.; Mosnier, L. O.; Bush, L. A.; Di, Cera,
(27) Ermakova, E. A.; Panteleev, M. A.; Shnol, E.Fathophysiol. Haemost. E.; Griffin, J. H.; Riewald, M.J. Biol. Chem.2006 281, 20077-20084.
Thromb.2005 34, 135-142. (31) Tseng, P.Y.; Jordan, S. W.; Sun, X. L.; Chaikof, EBiomaterials2006
(28) Esmon, C. TJ. Biol. Chem.1989 264, 4743-4746. 27, 2768-2775.
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Figure 3. Propagation of “clotting” in channels with large volume-to-surface ratios is regulated by shear rate. (a) Flow profile at a shear raté of 10 s
through the geometry used in the numerical simulation. Red lines indicate streamline where the flow Wélfrity;1], is highest, and dark blue lines
indicate streamlines whekeéis lowest. (b) A concentration profile (scale 0f800 nM) at a shear rate of 170'sabove the threshold) shows that “clotting”
does not propagate to the “valve”, becaug.] does not exceedd ] in the “valve”. (c) A concentration profile (scale-@5 nM) of the “valve” region

at the same above-threshold shear rate as in panel b show€kaddes not exceedii]. (d) A concentration profile (scale of-270 nM) of the “valve”

region at the above-threshold shear rate shows @i hever exceeded.i] after the simulation reached steady state. (e) A concentration profile (scale
of 0—25 nM) of the “valve” region at a shear rate of 10t ¢below the threshold) shows that “clotting” propagates to the “valve”, asGhd first exceeds

[Cerid] in the flow channel and then in the “valve”. (f) A concentration profile (scale-6200 nM) of the “valve” region at the same below-threshold shear

rate shows thatQac] reaches 270 nM after the simulation reached steady state.

volume-to-surface ratio~50 um) suggests that an additional the threshold shear rate, propagation of “clotting” continued

mechanism may be responsible for regulating propagation of through the junction into the “valve” (Figure 3e), eventually
resulting in a high concentration G in the “valve” after the

clotting.
In the absence of a surface-bound inhibitor, shear rate simulation reached steady state (Figure 3f). These simulations
support previous experimental restfttand demonstrated that

can regulate propagation of clotting in channels with a large
volume-to-surface ratio.We performed numerical simulations  propagation of “clotting” in a channel with a large volume-to-
to determine if shear rate could be an additional mechanism surface ratio can be regulated by the shear rate.

that regulates propagation of clotting in channels with large  Propagation of clotting is regulated by shear rate at the

volume-to-surface ratios. These simulations incorporated the junction, not at the “valve” . To test experimentally whether
shear rate at the junction or at the “valve” regulates clot

same device geometry as that used in previous experirfents,
including a geometry in the flow channel similar to a venous propagation, we designed devices that decoupled the shear rate
valve (“valve”). This geometry was included to reproduce the at the junction from the shear rate at the “valve”. In the device
recirculating flow observed in valves (Figure 3&¥low was geometry used in the numerical simulation (Figure 3) and in
modeled by using the NavielStokes equation with no-slip  previous experiments,a change in shear rate at the junction
boundary conditions. Propagation of “clotting” was analyzed resulted in a change in shear rate at the “valve” and, therefore,
as a function of shear rate, [s71], in the flow channel as the rate of recirculation in the “valve”. Solutions were flowed
previously describef The experimentally determined threshold into the microfluidic devices as previously descriBédnd shear
rates were controlled by using syringe pumps. In our experi-

shear rate,ymresh for the device geometry used in these
numerical simulations and in subsequent experiments wasments, a “clot time” is defined as the amount of time required

previously determined to be-90 s1.14 Simulations reached  for clotting to propagate from the junction to the “valve”, and
steady state at-8.3 min and were stopped at 16.7 min. When a long clot time was defined as 30 min or longer. A shear rate
the shear rate in the flow channel (volume-to-surface ratio  of 190 st (above the threshold) at both the junction and the
33 um) was above the threshold shear rate, propagation of “valve” resulted in a long clot time. However, a shear rate of
“clotting” stopped at the junction and did not proceed to the 30 s (below the threshold) at both the junction and the “valve”
“valve” (Figure 3b and 3c). Propagation was not observed at resulted in a short clot time. Here, when we narrowed the flow
this above-threshold shear rate during the time course of thesechannel at the junction to generate a shear rate of 19@bove
simulations, even after the simulations had reached steady stat¢hreshold) at the junction and a shear rate of 30 (below

(Figure 3d). When the shear rate in the flow channel was below threshold) at the “valve”, a long clot time (30 min) was observed
(Figure 4a), suggesting that a shear rate below the threshold at

the “valve” is not sufficient to promote propagation of clotting
J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008 3461

(32) Karino, T.; Motomiya, M.Thromb. Res1984 36, 245-257.
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Figure 4. Propagation of clotting through a junction is regulated by shear
rate at the junction and not at the “valve”. (a) Simplified schematic drawing
and microphotographs at= 23 min show that a shear rate above the
threshold at the junction and a shear rate below the threshold at the “valve” = S —— =
result in a long clot time (30 min). (b) Simplified schematic drawing and G =0 MM G = 33 MM dire =1 mm

microphotographs at = 23 min showing that a shear rate below the  Figure 5. Clotting spreads faster in flow (at shear rates below the threshold)
threshold at the junction and a shear rate above the threshold at the “valve’than in the absence of flow. (a) Simplified schematic drawing of the

result in a short clot time (10 min). Clot times are reported as the average geometry of the device used to monitor the spread of clotting. (b)
of two experiments. In these experiments, spontaneous clotting occurred microphotographs show that propagation of clotting stops at the junction
in 60—80 min. See Supporting Information Figure S2 for device dimensions and does not spread into the flow chanmthl,é = 0 mm) when the shear
and Table S2 for flow rates used in experiments. rate is above the threshold. (c) Microphotographs show that propagation of
clotting continues through the junction and spreads throughout the flow
through the junction. When we expanded the flow channel at channel §unct > 33 mm) when the shear rate is below the threshold. (d)
the junction to generate a shear rate of 30(below threshold) Micrqphotographs show that propagation of clotting continues through the
. . junction but does not spread throughout the flow chandgl{= 1 mm)
at the junction and a shear rate of 190 gabove threshold) at in the absence of flowy ~ 0 s™*. The data in panels b and ¢ were reported
the “valve”, a short clot time (10 min) was observed (Figure in ref 13 and is shown here only for comparison. Arrows indicate the
4b), demonstrating that shear rate at the junction, not at the direction of flow. Microphotographs shown &t= 27 min.
“valve”, regulates propagation of clotting. .
Spreading of clotting is more rapid and extensive at below- ~ Shear rates-0 s L. These results also suggest that a vessel in
threshold shear rates than at shear ratesv 0 s'1. Above, which flow at a shear rate below the threshold is stopped will

we analyzed the conditions under which clotting would propa- occlude more rapidly than a vessel with no flow.
gate from the initiation channels into the flow channel. Next, ~ Propagation of clotting at below threshold shear rates can
we determined the flow conditions that resulted in the most rapid Pe slowed by decreasing the rate of production of activator.
and extensive spreading of clotting downstream of the initiation The proposed regulatory mechanisisuggests that propagation
channels. According to a previously described mechafsm, of clotting stops at the junction when the rate of removal of
shear rates above the threshold will rem@g fast enough to activators exceeds the rate production of activators and maintains
maintain Cac] < [Cerl in the flow channel and propagation  [Cacl < [Cerd in the flow channel. Therefore, decreasing the
will stop at the junction. Shear rates below the threshold should "ate of production of activator should decrease the shear rate
transporCacat concentrations greater thapf] to downstream ~ 'equired to maintainQac] < [Cerir]. To test this hypothesis, we
locations in the flow channel, thus rapidly spreading the clot. briefly exposed a clot at the junction to an irreversible direct
However, at shear rates 0 s, a clot will propagate from the thrombin inhibitor, b-phenylalanylt-prolyl-L-arginyl-chloro-
initiation channels but will only spread as fast as the front Methyl keton& (PPACK, Figure 6a). Thrombin was selected
velocity, Fy. as the target for inhibition, because it is a potent activator of
To test this hypothesis, we compared the distance that clotting €10tting that is generated in high concentrations during propaga-
spreads from the junctio,nc [mm], within a set time period tlp_n of clotting and participates |_n positive fgedbééIRecal-
(27 min) at flow rates corresponding to shear rates above thecified blood plasma was flowed into the device at a shear rate
threshold, below the threshold, and at shear rates correspondingréater than the threshold, and clotting was initiated as in the
to minimal flow (~ 0 s™%) (Figure 5). At a shear rate above the @S of Figure l: When the clot reached the juncthn, PPACK
threshold dyunet was 0 mm, and the clot did not spread outside (final concentration= 0.75 «M) was incorporated into the
of the initiation channels (Figure 5b). When the shear rate was plasma_and flowed in at a_shear rate greater than the threshold
below the thresholddjunc: was 33 mm, as the flow carried a  for 7 min. To remove residual PPACK, the flow of PPACK
high concentration of activators downstream (Figure 8c). Was stopped, and recalcified blood plasma was flowed in at a
However, when the shear rate wad s, the clot propagated shear rate greater than the threshold (see Supporting Information

through the junction, but only 1 mm into the flow chanrl for experimental details). Then, the flow of recalcified blood
= 1 mm), consistent with the value &, (Figure 5d). These  Plasma was reduced to a shear rate below the threshold, and

results ;upport prewqus ob;ervatlons showing that the generaﬂorbs) Orfeo, T.: Butenas, S.; Brummel-Ziedins, K. E.. Mann. KJGBiol. Chem.
of Cact is more persistent in the presence of flow than in the 2005 280, 42887-42896.

3 i ; (34) Kettner, C.; Shaw, EThromb. Res1979 14, 969-973.
absenc_e of flow? Combined, these experiments show that the ([35) Mann. K. G.: Brummel. K.: Butenas. S. Thromb. Haemos2003 1
spreading of clots can be more severe at low shear rates than at * 1504-1514.
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Figure 6. Propagation of clotting through a junction when shear rate in

the flow channel is less than the threshold shear rate can be reduced by

briefly exposing the clot at the junction to an irreversible direct thrombin
inhibitor, PPACK. (a) Schematic drawing of an experiment in which the

required concentrations of several orders of magnitude lower
than in systemic administrati®ito achieve the same antithrom-
botic effect. Combined, these results suggest that local delivery
of irreversible direct thrombin inhibitors or reversible direct
thrombin inhibitors with high binding affinities, such as hirutin
(Kg = 25 fM), could effectively prevent recurrent thrombosis
through the prolonged inhibition of thrombin localized in the
clot.

Conclusions

Localization of clots to sites of vascular damage is a key
function of the complex network of hemostasis, and understand-
ing the dynamics of this phenomenon requires consideration of
both the molecular components of the network and parameters
influencing the network, including fluid flow, surface chemistry,
and vessel geometry. We showed that combining a simple
reaction-diffusion mechanism with current biochemical knowl-
edge of hemostagi?3.26.33,3537.3prgvides testable predictions
about the network at the molecular level. By using microfluidics
and human blood plasma to experimentally test these predictions,
the effects of parameters like fluid flow can be analyzed. This
approach is complementary to detailed simulations, which may
be difficult to implement and interpret at the intuitive level,

edge of a clot at the junction (interface between blue and black channels) gnd to simple models, which may be difficult to connect to

was exposed to PPACK. (b) Quantification of the effefca @ min PPACK

exposure on clot time when shear rate in the flow channel was below the
threshold shear rate. Propagation of clotting was significantly reduced after

a 7 min PPACK exposure. Average values are shown; error bars represe!
the minimum and maximum values.

propagation of clotting was monitored as in the case of Figure

1d. This 7-min PPACK exposure significantly slowed propaga-
tion of clotting into the “valve”, increasing the clot time from
11 min without PPACK exposure to 46 min with PPACK

exposure (Figure 6b). Control experiments in the absence of

PPACK verified that the clot at the junction remained active

after a 10 min exposure to a shear rate above the threshold, a
propagation of clotting resumed when the shear rate was reduce

below the threshold (see Supporting Information for experi-
mental details).

These results may appear counterintuitiv®w does the clot
that has been exposed to a shear rate above the threshold rem

specific molecules involved.

Confirmation of these resuli® vivo is necessary, and the
npreviously described method of intravital microscépguld be
expanded to test many of these results. For example, intravital
microscopy could be used to study the role of TM in the
regulation of propagation of clotting in small and large vessels
by using TM deficient mic&or to study propagation of clotting
at vessel junctions at different shear rates. Though this technique
has traditionally been performed in mi&é,could be expanded
to studies in the microvasculature of additional model organisms
such as canine and swine. Rorvivo experiments, blood flow

ould be monitored by using a Doppler probegssel damage

ould be introduced with a pulse la&ear FeCh,° and clot
formation could be monitored by using fluorescently labeled
antibodies specific for TF, fibrinogen, and platelé@etermi-
nation of the dynamics of propagation of clottiirgvizo will
Yovide insight into when and how inhibitors of clotting, such

active and resume propagatiorj) as soon as the shear rate iSg girect thrombin inhibitors, should be administered to treat
reduced to below the threshold? In other words, how does anynq prevent cardiovascular diseases and minimize unwanted

apparently inactive clot “reactivate” and resume propagation propagation of clotting

as is seen in cases of recurrent thrombosis? What is the" ¢, o experiments confirm these results, five key insights
molecular mechanism of this “reactivation”? One hypothesis is

provided by the work on the molecular basis of menibry

would be provided into the spatiotemporal dynamics of hemo-
stasis and its regulation: (1) the threshold response of propaga-

such a reactivation can be the result of a combination of the yjo, of ciotting to shear rate at a junction between two vessels

positive feedback loops, autocatalytic production of activators
and spatial localization of activators within the clot. Indeed,
thrombin is produced autocatalytically and via a positive
feedback loofP and can be localized in the active form within
the clot by binding to fibrirt” We attribute the clot “reactiva-
tion” to thrombin and other clotting factors localized within the
clot, and these results show that irreversible inhibition of
thrombin by PPACK can prevent this “reactivation”. Thése
vitro results complement previous vivo studies demonstrating

that local administration of PPACK at sites of vascular damage

(36) Lisman, J. E.; Zhabotinsky, A. MNeuron2001, 31, 191-201.
(37) Liu, C.Y.; Nossel, H. L.; Kaplan, K. LJ. Biol. Chem1979 254 10421
10425.

'’ may play a role in localization of clotting; (2) propagation of
clotting from superficial veins to deep veff€may be regulated
by shear rate, which might explain the correlation between
superficial thrombosis and the development of deep vein
thrombosis (DVT)4°(3) propagation of clotting at slow, below
threshold flow rates may be more damaging and widely spread
than propagation of clotting in the complete absence of flow;
(4) nontoxic thrombin inhibitors with high binding affinities,
such as hirudif? may be locally administerédto prevent

(38) Liu, C. C.; Brustad, E.; Wenshe, L.; Schultz, P. 5.Am. Chem. Soc.
2007, 129 10648-10649.

(39) Stone, S. R.; Hofsteenge,Biochemistryl986 25, 4622-4628.

(40) Decousus, H.; Leizorovicz, A. Thromb. Haemos2005 3, 1149-1151.

J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008 3463



ARTICLES Runyon et al.

recurrent thrombosis after a clot has been removed; and (5)propagation of clotting already present in diabetics and to
stringently regulating blood flow during surgeries may prevent extensive thrombosis.

unwanted propagation of clotting into venous valves, a condition

that often occurs after surgetyThese results may have
implications for several other clotting disorders. For example,
diabetics have an increased risk for high blood pressure an
damage to small vessels such as capillaiashich includes
clotting, that eventually may lead to amputation of the lower
limbs 2 High blood pressure is treated with vasodilatbrigr
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