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This paper describes a possible mechanism responsible for a) High shear rate b) Low shear rate
regulating propagation of blood clotting from one vessel to another. (VE (7 <Ved)
The network of hemostasis controls blood clotting through a series
of approximately 80 reactiorisOne of the main functions of this
network is to initiaté and localize blood clotting at sites of vascular
injury. When this network fails to function correctly, extensive clot
propagation beyond the site of damage can lead to thrombosis and,
subsequently, to significant clinical sequelae such as heart attacks
and strokes. Though investigations of the mechanisms that regulate
a localized blood clotting response are the focus of substantial
research effor§;* we are still left with the question, “what limits
the size of a clot formed? That is, why do blood clots not continue
to expand until all of the blood is involved?”

One approach to understanding the regulatory mechanisms of
hemostasis, as for any complex biochemical network, is to develop
models of the network:” Models of hemostasis have to take into
account multiple parameters, including the kinetics of interrelated .
reactions and the influence of surfaces and flow on those reac- rjgyre 1. Schematic drawing of the proposed mechanism for regulation
tions58 Many different types of models of hemostasis have been of clot propagation through a junction of two vessels at high (a) and low
developed, ranging from very detaifed very simplified® Detailed (b) shear rates. Clotting (blue) initiates when the concentration of activators
models that attempt to incorporate all of the parameters of the (Orange dotsKaq, exceeds a critical concentratidlyy. This clot propagates

. . L through an obstructed vessel as a reactive front with a velogityn &1,
reaction network may provide valuable predictions at the level of whenCagremains abov€s. When the propagating clot reaches a junction
individual biochemical components of the network. Simplified petween two vessels (junction), propagation either stops or continues
models that use only a few parameters to represent the network aslepending on the shear rae[s™1], in the vessel with flowing blood (flow
a whole may provide a better representation of the overall vessel) at the junction. (a) Clot propagation stops at a junction when

: : ; ; the flow vessel is above the threshold shear rats because activator in
spatiotemporal dynamics of the network. We previously desctfbed the flow vessel is removed from the growing clot rapidly, maintairag

a simple chemical model, that used inorganic reactfofito mimic in the flow vessel belovCe. (b) Clot propagation continues through the
the dynamics of hemostasis. This model was based on a simplejunction wheny in the flow vessel is below:es because activator in the
regulatory mechanisma threshold respon¥e caused by the flow vessel is removed from the growing clot slowly, causidg; in the
competition between production and removal of activators (Figure flow vessel to excee@ei.
1). This threshold response is manifested by clotting occurring only
when the concentration of activator€,, exceeds a critical
concentrationC.. This mechanism made two predictions: (1) a
clot propagates as a reactive frinwith a constant velocityf,
[m s7Y, if Cae, remains above€,,;, and (2) for a given geometry
of vessels, clot propagation from an obstructed vessel into an
unobstructed vessel with flowing blood is dependent on the shear
rate,y [s™Y, in the vessel with flowing blood.

Here, we developed a microfluidic system with phospholipid-
ggff;efegh332eLljsséga:h?sﬁes;ssglzc'stieﬂf?::jt;?;r?f;:g\gd %?;:;?;r)t/(’) atzgtalloyvgql monitoring of clot propagation from the junction between

- . the initiation channels and the flow channel (subsequently referred

the predictions of the proposed mechanism and demonstrated tha

this simple mechanism provides insiaht into the requlation of th {o as the junction). Control experiments confirmed recirculating
S simpie mechanism provices Insight INto the reguiation ot ., iy the “valve” (see Supporting Information).
spatiotemporal dynamics of clot propagation.

- . This system also allowed control of the average flow velocity,
To test the prediction thap of flowing blood regulates clot y g Y

) ; - - ) Vo [m s71], andy. We analyzed clot propagation through a junction
propagation, we designed a microfluidic device that exposed the in terms of 7, a parameter commonly used when studying clot
tThe University of Chicago. formation in the presence of flot” In pressure-driven flows, the

*The University of Chicago Hospitals. local flow rate,V [m s71], at a surface is zero. Shear rate describes

(no flow)

fe——>
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leading edge of a clot to flowing, recalcified blood plasma. This
device allowed clot initiation in the absence of flow in one channel
(initiation channels, blue in Figure 2a) without causing initiation
in the unobstructed connecting channel with flowing blood plasma
(flow channel, black in Figure 2a and see Supporting Information).
In addition, this device incorporated a geometry in the flow channel
similar to a venous valve to reproduce the recirculating flow
observed in valvé4 (“valve” Figure 2a). This “valve” increased
the residence time of the blood plasma in the flow chaftresid
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Figure 2. A threshold toy regulates clot propagation through the junction.
(a) Schematic drawing of the microfluidic device used to test the dependence
of clot propagation through the junction gn Clot propagation through

the junction was determined by monitoring three regions (dashed boxes) in
the flow channel (black). Clotting was monitored by thrombin-induced
cleavage of a peptide-modified coumarin d§érrows indicate the direction

of flow. (b,c) Fluorescence microphotographs of the three regions of the
flow channel 27 min after the clot (blue) reached the junction at high (b)
and low (c)y. (d) Quantification of the dependence of clot propagation on
7. Solid circles represent experiments where clotting was observed in the
“valve”. Open circles represent experiments stopped prior to clotting in
the “valve”.

the change inV with increasing distance from a surface and
determines transport in all directions near a surfate calculated

y at the midpoint of the vertical wall for channels with rectangular
cross sections, as described previod8y our experiments, a clot
time was considered “long” when the time for the clot to propagate
from the junction to the “valve” was greater than 30 min (dashed
line, Figure 2d). Spontaneous clotting occurred ir-80 min in

the flow channel.

Propagation from the initiation channels to the “valve” of the
flow channel showed a threshold response tavith a threshold
shear rateyies 0f ~90 st under these conditions (Figure 2d).
Clotting was initiated in the absence of flow (see Supporting
Information) in the initiation channel (blue in Figure 2) and
propagated to the junction. As predicted, clots propagated to the
junction as a reactive front with a constant velocky,~ 20 um
s L. Wheny in the flow channel was abova.s clot propagation
stopped at the junction, resulting in a long clot time (Figure 2b).
However, wheny in the flow channel was beloyies the clot in
the initiation channel propagated through the junction, first to the
“valve” of the flow channel and then to the rest of the flow channel
downstream of the “valve”, resulting in a short clot time (Figure
2c¢). In two experiments at close toynesWe observed both short
and long clot times (Figure 2d), which demonstrated the sensitivity
of propagation through a junction ta

Localization of clots to sites of vascular damage is a key function
of the complex network of hemostasis, and it has been challenging
to describe by using either detailed simulations (which may be
difficult to implement and interpret at the intuitive level), or simple
models (which may be may be difficult to connect to specific
molecules involved). We showed that combining a simple chemical
mechanish1%13 can be used to make testable predictions about

the spatiotemporal dynamics of the network. We experimentally
confirmed these predictions using microfluidics. This simplified
system does, however, impose some limitations on these experi-
ments. For example, phospholipid-coated surfaces were used as a
substitute for the endothelial cells of an intact vessel wall, constant
laminar flow was used instead of pulsating flow observed in veins,
and platelet poor plasma was used instead of whole blood. However,
this microfluidic system combines the advantages of in vivo and
in vitro techniques by allowing precise control of clot location, shear
rate, and channel geometry. Confirming these results in vivo would
validate the use of simplified chemical models and microfluidics
to understand other complex biochemical netwdrks.
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