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Abstract—Hemostasis is the process of sealing a vascular
injury with a thrombus to arrest bleeding. The type of
thrombus that forms depends on the nature of the injury and
hemodynamics. There are many models of intravascular
thrombus formation whereby blood is exposed to prothrom-
botic molecules on a solid substrate. However, there are few
models of extravascular thrombus formation whereby blood
escapes into the extravascular space through a hole in the
vessel wall. Here, we describe a microfluidic model of
hemostasis that includes vascular, vessel wall, and extravas-
cular compartments. Type I collagen and tissue factor, which
support platelet adhesion and initiate coagulation, respec-
tively, were adsorbed to the wall of the injury channel and act
synergistically to yield a stable thrombus that stops blood
loss into the extravascular compartment in ~ 7 .5 min.
Inhibiting factor VIII to mimic hemophilia A results in an
unstable thrombus that was unable to close the injury.
Treatment with a P2Y12 antagonist to reduce platelet
activation prolonged the closure time two-fold compared to
controls. Taken together, these data demonstrate a hemo-
static model that is sensitive to both coagulation and platelet
function and can be used to study coagulopathies and
platelet dysfunction that result in excessive blood loss.

Keywords—Biorheology, Biotransport, Platelets, Coagula-

tion.

INTRODUCTION

Hemostasis is the physiological process by which a
vascular injury is sealed by the formation of a blood
clot, or thrombus, while maintaining vessel patency.

There are numerous in vitro26 and in vivo53 models of
intravascular thrombus formation, which is relevant to
thrombotic events such as those following atheroscle-
rotic plaque rupture.3 6 Yet, there are relatively few
models of extravascular thrombus formation, which is
relevant to bleeding diatheses and trauma. The objec-
tive of this study is to develop an in vitro model of
extravascular thrombus formation that captures the
salient feature of hemostasis; namely a reliance on
platelet function and coagulation to plug a hole in a
vessel under physiological pressure gradients.

Hemostasis consists of two connected processes,
platelet function and coagulation, which are triggered
when injury exposes blood to the vascular wall and
extravascular space. Platelet deposition begins when
platelets adhere to collagen9 and other extracellular
matrix proteins. The adherent platelets become acti-
vated, secrete platelet-activating chemicals such as
ADP from their granules into the surrounding fluid,
and recruit more platelets to bind and form a platelet
plug to prevent initial blood leakage.15 This initial
formation of a platelet plug is referred to as primary
hemostasis. Coagulation can be initiated by tissue
factor (TF) in the extravascular space; it progresses by
means of enzymatic reactions on the surfaces of acti-
vated platelets.24 A major product of coagulation is
thrombin which promotes earlier reaction steps to
accelerate its own production, activates platelets, and
converts the soluble plasma protein fibrinogen into
insoluble fibrin that polymerizes to form a stabilizing
mesh surrounding the platelet mass.51 The stabilization
of the initial platelet plug with fibrin is referred to as
secondary hemostasis. The mechanisms of platelet
adhesion and aggregation and the relative role of pla-
telet function and coagulation are regulated by forces
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and mass transfer limitations imposed on a growing
thrombus by blood flow.10,3 5

In normal hemostasis, numerous competing bio-
physical and biochemical processes are properly bal-
anced and a plug is formed that stops the bleeding but
does not block blood flow through the damaged ves-
sel.50 This balance can be disrupted in many ways. In
particular, deficiencies of the clotting factors VIII, IX,
and XI, known as hemophilia A, B, and C, respec-
tively, results in bleeding in muscles and joints.44

Deficiencies in von Willebrand factor (VWF), known
as von Willebrand disease (VWD), reduce platelet
adhesion leading to mucocutaneous bleeding, and in
some cases bleeding into the gastrointestinal tract.6

Similar bleeding patterns observed as in VWD are
found in individuals with low platelet counts (throm-
bocytopenia) or platelet function disorders. Reliably
predicting the consequences of these deficiencies is not
yet possible, in part, due to a lack of in vitro models of
hemostasis that incorporate the forces induced by
blood flow on a growing thrombus.

In vitro flow-based assays of intravascular thrombus
formation have been vital for measuring the shear
stress dependent mechanisms associated with platelet
adhesion and aggregation and mass transfer regulation
of coagulation.13 ,3 5,3 7 ,43 In the typical flow assay,
whole blood is perfused through a parallel plate flow
chamber over adhesive surfaces consisting of one or a
combination of extracellular matrix proteins such as
collagen, von Willebrand factor, laminin, fibrinogen,
and fibronectin.7 ,16,3 8 ,49 The most common substrate is
type I collagen, which is found in the vascular wall and
is a strong platelet agonist and initiator of the intrinsic
pathway of coagulation via activation of factor
XII.22,46 Immobilized TF is used to introduce the
extrinsic pathway, which tends to result in a higher
concentration of thrombin and more pronounced fib-
rin deposition.28 ,3 1,3 2 These assays are typically per-
formed at a constant flow rate to achieve a desired wall
shear rate. However, they can also be performed at a
constant pressure gradient to achieve channel occlu-
sion.2,5 Advances in microfluidics have allowed for
more complex flow chamber designs26 that include
features like a stenosis,19,41,52 endothelialized networks
that mimic the microvasculature,40,42,55 and porous
walls that model the vessel wall.25

The biophysical regulation of intravascular and
extravascular thrombus formation is potentially dif-
ferent due to differences in geometry, fluid dynamics,
and the biochemical environment between the
intravascular and extravascular space, as well as clin-
ical observations of location and duration of bleeds in
individuals with hemophilia and VWD. The size of an
intravascular clot is constrained by the vessel size.
Whereas, extravascular spaces include large cavities

such as the joints and gastrointestinal tract, where
bleeding from hemophilia and VWD are common.29,44

Arterial and venous thrombosis occurs in large vessels,
where inertial forces dominate the hemodynamics,
whereas bleeding in genetic bleeding disorders occurs
in the microvasculature where viscous forces dominate.
The levels of coagulation proteins and their inhibitors
are different in the intravascular and extravascular
space. For example, synovial fluid contains high levels
of small coagulation factors such as factors IX and XI,
but less than 1% of plasma levels of larger factors V
and VIII.4 TF is undetectable in endothelial cells, but
expressed at high levels in cells of the medial layer of
blood vessels.8

In this study, we present a model of hemostasis
where a small channel representing a vascular injury is
sealed by thrombus. The injury channel was coated
with type I collagen and TF to mimic components that
are found in the vascular wall and promote platelet
adhesion and coagulation, respectively. A constant
pressure difference across the injury was used to mimic
physiological intravascular pressures. Inhibition of ei-
ther platelet function or coagulation resulted in pro-
longed closure times or unstable thrombi.

MATERIALS AND METHODS

Materials

Bovine serum albumin (BSA), calcium chloride,
magnesium chloride, sodium chloride, potassium
chloride, disodium phosphate, dipotassium phosphate,
HEPES, methanol, hydrochloride acid (3 7 N), DiOC6,
methanol, and 2-Methylthioadenosine 5¢-monophos-
phate triethylammonium (2-MeSAMP) were obtained
from Sigma Aldrich (St. Louis, MO, USA).
SYLGARD" 18 4 Silicone Elastomer Kit was pur-
chased form Dow Corning (Midland, MI, USA).
Relipidated recombinant human tissue factor (TF)
was purchased from Innovin" Dade-Behring (Miami,
FL). Equine type I fibrillar collagen was purchased
from Chrono-Log Corporation (Havertown, PA).
Murine anti-human FVIII antibody (clone GMA-
8 015) was purchased from Green Mountain Anti-
bodies (Burlington, VT). KMPR 1050 and KMPR
1010 were purchased from MicroChem Corporation
(Westborough, MA). Human fibrinogen was pur-
chased from Enzyme Research Laboratory (South
Bend, IN) and labeled with Alexa-555 labeling kit
purchased from Life Technologies (Grand Island,
NY). 10X HEPES Buffered Saline (HBS) was pre-
pared by dissolving 1500 mM NaCl and 250 mM
HEPES in deionized (18 .2 MX-cm) water. 10X HBS
was diluted to 1X using deionized water prior to use.
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Recalcification buffer was prepared by dissolving
7 5 mM CaCl2 and 3 5 mM MgCl2 in HBS. 2% BSA
solution was prepared by dissolving 1 g of BSA in
50 mL of 1X HBS. Wash buffer was HBS with 3 .2%
sodium citrate. All buffers were adjusted to a pH of
7 .4 using 1 M HCl and 1 M NaOH and filtered
through a 0.22 lm pore size syringe filter (Millipore,
Billerica, MA) prior to use. Stock buffers were stored
at 4 #C until use. Buffers were allowed to equilibrate
to room temperature before use.

Microfluidic Device Design and Fabrication

The master template for the device was prepared
with KMPR 1010 and KMPR 1050 photoresists to
define a two-layer device with heights of 20 lm and
50 lm. PDMS was molded off of these masters using
standard soft lithography procedures. The PDMS was
exposed to an oxygen plasma and bonded to glass
slides cleaned in 1:1 12 M HCl:methanol for 1 h and
rinsed with 18 .2 MX-cm deionized water and subse-
quently dried at 8 0 #C for 4 h. The device was designed
in the shape of the letter ‘H’ where the outer two
vertical channels represent the vascular and extravas-
cular compartments (10 mm long 9 100 lm wide 9
50 lm high), respectively. The vertical channels are
connected by a horizontal channel (150 lm long 9
50 lm wide 9 20 lm high) representing a hole in the
vessel wall, which we refer to hereafter as the injury
channel (Figs. 1a, 1c, and 1d). Type I fibrillar collagen,
recombinant human TF, or a combination of the two
were adsorbed to the walls of the injury channel by
introducing 10 lL of solution through the inlet of the
extravascular channel while the blood channel con-
tained only air. Using a pipet, negative pressure was
applied at the outlet of the extravascular channel to
pull the solution into the device. Applying fluctuating
pressure with the pipet at the blood channel outlet, the
injury channel was then filled. The solution was con-
tained in the injury channel due to capillary forces at
solution-air interface between the injury channel and
the blood channel. BSA (2% in HBS), collagen, TF or
collagen-TF solutions were allowed to adsorb on the
walls of the injury channel at 4 #C for 12 h. Prior to
introduction of blood, the mixer and blood channel
were blocked with 2% BSA in HBS for 1 h.

Blood Collection and Preparation

Blood was collected from healthy donors by
venipuncture into vacutainer tubes containing 3 .2%
sodium citrate in keeping with common practices for
flow assays including coagulation.28 Donors had not
consumed alcohol within 48 h prior to the draw, nor
had they taken any prescription or over-the-counter

drugs within the previous 10 days excluding oral con-
traception. The first tube of blood collected was treated
as waste to eliminate any activated platelets due to
venipuncture. Platelet counts and hematocrits were
measured and recorded for each donor. In cases where
the platelet counts were lower than 150,000/lL, the
samples were discarded due to potential activation of
platelets while drawing blood. 960 lL aliquots of blood
collected in sodium citrate was combined in tubes with
40 lL of Alexa-555 labeled fibrinogen (final concen-
tration 56 lg/mL) which was added to visualize fibrin
deposition. Platelets were labeled with the lipophilic
dye DiOC6 (1 lM final concentration). Labeled plate-
lets were incubated at 3 7 #C in the presence or absence
of 12 nM anti-FVIII antibody or 100 lM the P2Y12
antagonist 2-MeSAMP for 15 min prior to the assay.

Device Operation

Figure 1a shows the schematic of the fluidic net-
work. Pressure was controlled for the blood, recalcifi-
cation buffer, and wash buffer (3 .2% sodium citrate in
HBS) independently by applying a pressure to the
headspace of their respective reservoirs using a pres-
sure-based flow controller (Fluigent MFCS, Villejuif,
France). Blood was recalcified in the ratio of 9:1 (ci-
trated whole blood:recalcification buffer) using a her-
ringbone mixer.15,18 The output from the herringbone
mixer was connected to the blood channel of the
extravascular injury device using a 50 cm length of
0.25 mm ID Tygon tubing. The pressures of the blood
and recalcification reservoirs were held constant at
10 kPa. The wash buffer reservoir was connected to
the extravascular channel by 18 cm of 0.5 mm ID
tubing connected to 60 cm of 0.25 mm ID Tygon
tubing. The different tubing diameters were necessary
to make connections to the reservoir and microfluidic
device. The pressure in the wash buffer was initially set
to 3 .5 kPa to drive a small amount of wash buffer
through the injury channel while the blood channel
was filled with recalcified blood driven by 10 kPa of
pressure in the blood and recalcification reservoirs.
The pressure in the wash reservoir was then reduced to
1.7 5 kPa so that the blood passes from the blood
channel into the injury channel and out into the
extravascular channel. Thrombus formation was
monitored through an inverted microscope (IX8 1,
Olympus) equipped with a 16 bit CCD camera (Ha-
mamatsu, San Jose, CA) using relief contrast and
epifluorescence microscopy with a 209 objective (NA
0.45) for up to 45 min. Time to closure was defined as
the first time that no red blood cells (RBC) pass
through the injury channel for 5 s. The kinetics of
platelet and fibrin accumulation in the injury channel
were calculated by measuring the integrated
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fluorescence intensity in the injury channel for each
frame using ImageJ.24,3 9

Hydraulic Circuit Analysis

Pressures and flow rates in the fluid network were
calculated using hydraulic circuit analysis where hy-
draulic resistances were arrayed in series and parallel
as outlined in Fig. 1b and in the Supplemental
Material. Resistances in off-chip tubing was calculated
by3 0:

R ¼ 8 lL
pr4

ð1Þ

where l is the dynamic viscosity, L is the length, and r
is the inner radius. Resistances in each channel of the
extravascular injury device were calculated by3 0:

R ¼ alL
wh3

ð2Þ

where L is the length, w is the width, and h is the height
of the channel and a is defined as:

a ¼ 12 1$ 192h

p5w
tanh

pw
2h

! "# $$1

ð3 Þ

The resistance through the mixer was determined by
measuring the flow rate through the mixer at a pressure
of 10 kPa in the both the whole blood and recalcifi-
cation buffer reservoirs.

Computational Fluid Dynamics

Flow through the device was simulated by numeri-
cally solving the incompressible Navier–Stokes equa-
tions in three dimensions using a projection method.
We used the rotational incremental pressure-correction
scheme14 with Taylor–Hood elements for the spatial
discretization and a BDF-2 time discretization. With
this method, the convergence for the velocity is second
order in space and order-3 /2 in time, while the pressure
is first order in both space and time. Each vertical
channel of the computational domain is 150 lm long
and connected on one face center to the injury channel
(Fig. 2a). An unstructured mesh consisting of ~50,000
tetrahedral elements was generated with Gmsh.12 The
flow was pressure-driven with specified pressures at the
inlets and outlets of the vertical channels. The com-
putational domain simulates only a small segment of
the device thus, to obtain the pressures, we used the
hydraulic resistance network calculations described
below. The fluid solver was written in-house, using the
FEniCS v.1.6 software suite.20 We used passive tracer
particles to monitor flow behavior through the injury
channel. A spherical source of 40,000 passive tracer
particles with 28 lm diameter was placed near in the
blood channel upstream of the injury channel and
particles were monitored as they traversed through the
injury channel. Post-processing, passive tracer particle
integration, and visualization were done in ParaView
v.5.0.1.1 In order to reduce the computational cost of
simulating fluid flow through the device, we only
modeled the vertical channels 7 5 lm upstream and
7 5 lm downstream of the horizontal channel. To
determine the pressure boundary conditions at the
ends of the vertical segments, each vertical channel was
divided into four resistors in series; PCW and PCB are
the pressures in the wash and blood channel 7 5 lm
upstream of the horizontal channel, and PCW,O and
PCB,O are the pressures in the wash and blood channel
7 5 lm downstream of the horizontal channel. The
circuit analysis solution gives these four pressures
which are then used in the flow simulations.

Side View

Top View

H Hi

W WLiW WLi
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Wash Buffer

Citrated Whole Blood
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FIGURE 1. (a) Schematic of the fluidic network and
extravascular injury device. The pressure in reservoirs con-
taining citrated whole blood, recalcification buffer, and wash
buffer was defined using an off-chip pressure controller. The
citrated whole blood and recalcification buffer were combined
in a microfluidic herringbone mixer at a 9:1 volumetric flow
rate ratio. The recalcified whole blood and wash buffer were
introduced into two vertical channels in the extravascular in-
jury device. A horizontal ‘injury’ channel connects the two
vertical channels. Red and blue dots indicate user-defined
and calculated pressures, respectively. (b) The hydraulic
resistance network that includes resistances of tubing, the
mixer, and the microfluidic channels in the extravascular in-
jury device. (c, d) Zoomed in top and side views at the inter-
section of the vertical channels and horizontal channel. All
dimensions, pressures, resistances, and flow rates are found
in Tables 1, 2, and 3.
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were calculated using hydraulic circuit analysis
(Fig. 1b). The known pressures were those in the
headspace of the citrated whole blood, recalcification
buffer, and wash buffer reservoirs, and the outlet
pressure of each vertical channel. The hydraulic resis-
tances through the tubing attaching the reservoirs to
the device and through the rectangular channels of the
device were calculated using Eqs. 1–3 . Tables 2 and 3
summarizes the resistances depicted in Fig. 2b and the
calculated pressures and flow rates. This fluidic net-
work is different than typical flow assays that include a
single channel with inlet and outlet tubing because of
the dynamics of the flow as the injury channel
approaches occlusion. For the equivalent geometries
and inlet and outlet pressures, the normal force on the
thrombus is at least half that in the ‘H’ geometry
compared to a straight channel (see Supplemental
Fig. 1 and Supplemental Material for calculations).
Further, convective mass transfer dominates at the
interface of an occlusive thrombus in the ‘H’ geometry
because flow in the blood channel is unimpeded. In

contrast, the flow rate in the straight channel
approaches zero and mass transfer to the interface is
primarily diffusive (assuming an impermeable throm-
bus). Therefore, in the ‘H’ geometry a thrombus is
exposed to a higher transport rate of new plasma
proteins and blood cells as the injury channel
approaches, and following, occlusion.

The velocity, wall shear rate, and pressure distri-
butions were calculated using finite element method
simulations for the region of the device near the injury
channel prior to significant accumulation of platelet or
fibrin (Fig. 2). The calculated average wall shear rate
on the bottom wall of the horizontal, injury channel is
10,900 s$1 for a pressure drop of 8 7 3 Pa. The width of
the tracer particle stream in the computational
extravascular channel is comparable to the width of
the whole blood in the physical device’s extravascular
channel under the same inlet pressures suggesting that
these simulations model the appropriate flow rates,
and consequently the initial wall shear rates and
pressures in the injury channel (Fig. 3 ).

Table 4 gives the geometric and dynamic parame-
ters that characterize flow, mass transfer and hetero-
geneous enzymatic reactions in the injury channel per
the recommendation of the ISTH Biorheology Sub-
committee.23 The Reynolds number is slightly less than
unity, suggesting that viscous forces dominate over
inertial forces. Flow is fully developed through the
majority of the injury channel as the entrance length is
less than one micrometer. The Peclet number is large,
and consequently mass transfer in dominated by con-
vective transport. There are many binding and enzy-
matic reactions occurring simultaneously, but with the
relatively large mass transfer coefficient and thus small
concentration boundary layer, we anticipate most
reactions will be reaction-limited.3 5 As one example,
the conversion of factor X to factor Xa by the
TF:FVIIa complex has a Dahmköhler number much
less than unity, which is in the reaction-limited regime.

TABLE 1. Extravascular injury device channel dimensions.

Height of vertical channels, H 50 lm
Height of horizontal channel, Hi 20 lm
Width of vertical channels, W 100 lm
Width of horizontal channel, Wi 50 lm
Length of vertical channels, L 10 mm
Length of horizontal channel, Li 150 lm

TABLE 2. Hydraulic resistances corresponding to the resis-
tance network in Fig. 1b.

RB 6.00 9 1013 Pa s/m3

RW 2.56 9 1013 Pa s/m3

RUB, RUW, RDB, RDW 2.75 9 1013 Pa s/m3

R1, R2, R3, R4 4.19 9 1011 Pa s/m3

Ri 2.40 9 1013 Pa s/m3

TABLE 3. Calculated pressures and flow rates from hydraulic resistance network in Fig. 1b.

Reservoir pressure, blood, PB 10.0 kPa
Reservoir pressure, wash, PW 1.75 kPa
Inlet pressure, blood, P*B 4.41 kPa
Inlet pressure, wash, P*W 1.45 kPa
Inlet pressure computational domain, blood, PCB 1.85 kPa
Inlet pressure computational domain, wash, PCW 1.13 kPa
Outlet pressure computational domain blood, P*CB 1.78 kPa
Outlet pressure computational domain wash, P*CW 1.11 kPa
Pressure drop across horizontal injury channel, P1– P2 0.68 kPa
Inlet flow rate, blood, Q1 9.32 9 10$11 m3/s
Outlet flow rate, blood, Q2 6.47 9 10$11 m3/s
Inlet flow rate, wash, Q3 1.17 9 10$11 m3/s
Outlet flow rate, wash, Q4 4.02 9 10$11 m3/s
Injury flow rate, Qi 2.85 9 10$11 m3/s
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Statistical Analysis

Differences in closure times for different conditions
were compared using a Mann–Whitney U-test for
n = 4 donors. Time to closure is represented as the
mean ± standard deviation.

RESULTS

Device Characterization

The device has an ‘H’ geometry consisting of two
vertical channels connected to one another by a hori-
zontal channel where whole blood and sodium citrate
are perfused through the two parallel vertical channels
that are connected to each other by a horizontal
channel (Figs. 1a, 1c, and 1d). One vertical channel
represents the vascular compartment, and the other
represent the extravascular compartment, and the
horizontal channel represents a vascular injury. The
citrated whole blood and recalcification buffer were

combined at a volumetric ration of 9:1 with a her-
ringbone mixer to yield a physiological concentration
of divalent cations.18 Recalcified whole blood and
wash buffer were perfused through the vascular and
extravascular channels, respectively. The absolute
pressure (PB) of the citrated whole blood and recalci-
fication buffer were adjusted to give an average wall
shear rate of 2200 s$1 in the blood channel, which is
within the range of wall shear rates in human arteri-
oles.17 During initial filling of the blood channel, the
hematocrit is low and approaches a constant value as
indicated by reduced light transmission in bright field
microscopy. During this initial filling period the pres-
sure of the wash buffer (PW) was initially set so that
wash buffer flows through the injury channel until a
constant blood flow was achieved. Then, PW is reduced
such that blood flows through the injury. Tables 1 and
3 contain the dimensions of the device and the oper-
ating conditions used in this study.

The pressure drop across the horizontal channel and
the inlet and outlet pressures for CFD simulations

FIGURE 2. Top down view of the pressure (a), velocity (b), and wall shear rate (c) distributions in the vascular channel (right),
extravascular channel (left) and horizontal injury channel from computational solution of the Navier–Stokes equations. Magnitude
of the velocity in the z-plane (d) at two locations in the vascular channels and one location at the inlet of the injury channel. Slices
through the x–y plane at the half-height of the injury channel showing the x-component (e) and y-component (f) of the velocity.
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Collagen and TF Act Synergistically to Yield a
Mechanically Stable Thrombus

The vessel wall contains a complex milieu of adhe-
sive and procoagulant proteins that support thrombus
formation. Here, we use type I collagen, a strong pla-
telet agonist and adhesive ligand for platelets via the
glycoprotein VI and a2b1 receptors, and/or TF, the
initiator of the extrinsic pathway of coagulation and
considered their effect on the time to closure of the
injury channel (Fig. 4). Channels coated with BSA did
not support platelet adhesion or significant fibrin
deposition suggesting that velocity gradients at the
entrance and exit of the injury channel do not promote
thrombus formation in the absence of agonist (Sup-
plementary Video 1). Type I collagen alone supports
platelet adhesion and fibrin accumulation in the near-

wall region underneath platelet aggregates. Initial
thrombus formation is dictated by the position of
collagen fibers in the injury channel and not fluid
dynamics in this model (Supplemental Fig. 2). There
was no consistent location for initial platelet adhesion
in the channel for collagen or collagen-TF surfaces.
However, as the thrombus approaches closure, platelet
aggregates embolize, and full closure is not achieved
over 45 min. TF alone leads to initial fibrin formation
in the corners of the injury channel followed by platelet
adhesion to the deposited fibrin. The time to closure of
the horizontal channel is 15.8 ± 2.0 min. Type I col-
lagen and TF together support platelet accumulation
and fibrin formation with a time to occlusion of
7 .5 ± 1.6 min. On the combined collagen-TF surface,
platelets first adhere and aggregate to form a plug in

FIGURE 3. (a) and (b) A spherical source of 40,000 passive tracer particles placed near the inlet of the injury channel at t= 0 (a)
and their particle distribution after t= 0.5 ms (b). (c) Bright field image of whole blood in the extravascular injury device for
PB = 10 kPa and PW = 1.75 kPa.

TABLE 4. Parameters that characterize the geometry and flow, mass transfer, and reaction regimes in the injury channel.

Parameter Expression Value Constants

Aspect ratio H/W 0.4 H = 20 lm, W = 50 lm
Relative injury size L/H 7.5 H = 20 lm, L= 150 lm
Reynolds number (Re) qUH/l 0.4 q = 1060 kg/m3, U = 2.8 9 10$2 m/s, H = 20 lm, l = 1.6 9 10$2

Pa s *

Entrance Length (Le) 0.05 ReDh** 0.6 lm Dh = 28 lm
Peclet number (Pe) cH2/6D ! 7.3 9 105 c = 10,900 s$1, H = 20 lm, D = 10$11 m2/s
Mass transfer coefficient (km) (D2c/8L)1/3 9.6 9 10$6 m/s D = 10$11 m2/s, c = 10,900 s$1, L= 150 lm
Dahmköhler number (Da)

! kcatCE/km $ CS
" 7 9 10$2 kcat = 1.15 s$1, CE = 10 fmol/cm2, CS = 0.17 lM

H height of channel, W width of channel, L length of channel, U average blood velocity, D diffusivity, c wall shear rate, kcat rate constant, CE

enzyme surface concentration, CS substrate concentration. *Viscosity estimated from empirical relationship for blood flow in tubes with
diameters <1 mm.34 **Dh, hydraulic diameter [2HW/(H + W)]. !Approximate diffusivity of coagulation proteins.54 "Calculated using kcat for
the conversion of FX to FXa by TF:FVIIa complex where, CE is the concentration of TF:FVIIa complex, CS is the plasma concentration of
FX.21 Surface concentration of TF from Onosaga-Jarvis et al.32
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the injury channel that stops the loss of blood into the
extravascular compartment (Fig. 5, Supplemental Vi-
deo 2). Fibrin was observed within the dense platelet
plug, particularly in the near-wall region. Following
cessation of flow, fibrin rapidly polymerizes across the
entire horizontal channel (Figs. 5 and 6). These data
demonstrate that collagen and TF act synergistically to
form a stable thrombus whereby both primary
hemostasis (formation of a platelet plug) and sec-
ondary hemostasis (stabilization by fibrin) are neces-
sary.

Inhibition of FVIII Results in Unstable Thrombi Unable
to Close the Injury

Normal whole blood treated with a function
blocking anti-human FVIII antibody did not form
stable thrombi (Fig. 7 ). Initial platelet accumulation
was similar to that for the collagen-TF surface with
untreated blood (Fig. 5), however, as the thrombus
approached closure large aggregates of platelets were
shed, a process that was repeated several times over the
duration of the experiment (Supplementary Video 3 ).
After 3 0 min there was only modest increases in pla-
telet accumulation and blood continued to leak
through the channel for up to 45 min. Fibrin accu-
mulation was significantly reduced compared to con-
trols and limited to the near-wall region where large

platelet aggregates were attached likely protecting
coagulation products from dilution by flow (Fig. 5).

Inhibition of P2Y12 Receptor Prolongs Closure Time
and Leaky Thrombi

Normal whole blood treated with the P2Y12 antago-
nist 2-MeSAMP resulted in a prolonged time to closure
(15.2 ± 3 .4 min) compared to untreated blood on col-
lagen-TF surfaces (Fig. 4). The platelet plugwas larger in
area than in untreated whole blood, typically filling the
entire horizontal channel, and took longer to accumulate
than for the untreated blood (Figs. 5 and 8 ). Thrombi
appeared less compact and contained less fibrin, poten-
tially due to reduced platelet activation, and were less
mechanically stable than in untreated blood as indicated
by the displacement of large platelet aggregates in the
direction of flow (Supplemental Video 4). Importantly,

FIGURE 4. The effect of prothrombotic substrate, simulated
FVIII deficiency, and anti-platelet agent on time to closure of
the injury channel. Surfaces (gray bars) considered were type
I collagen, TF, and type I collagen and TF together. For sim-
ulated FVIII deficiency (red bar) blood was treated with an anti-
FVIII antibody. The P2Y12 antagonist 2-MeSAMP (blue bar)
was used as an anti-platelet agent. Conditions that reach the
dotted line did not close. An asterisk denotes a significant
difference (p<0.01) between the untreated whole blood on the
collagen-TF surface and other conditions.

FIGURE 5. Characteristic platelet and fibrin accumulation in
the injury channel for whole blood on collagen-TF (control)
and whole blood treated with an anti-FVIII antibody or the
P2Y12 antagonist 2-MeSAMP. The integrated fluorescence
intensity in the injury channel is expressed in arbitrary fluo-
rescent units (AFU).
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FIGURE 6. Time course of thrombus formation on a collagen-TF surface with recalcified citrated whole blood. Time to closure
was 8 min. Blood (right channel) and wash buffer (left channel) flow from top to bottom and through the horizontal injury channel.
Platelets are labeled with DiOC6 and fibrino(gen) is labeled with Alexa-555. Scale bar = 50 lm.

FIGURE 7. Time course of thrombus formation on a collagen-TF surface with recalcified citrated whole blood treated with an anti-
FVIII antibody. A stable thrombus did not form to close the injury channel over 45 min. Blood (right channel) and wash buffer (left
channel) flow from top to bottom and through the horizontal injury channel. Platelets are labeled with DiOC6 and fibrino(gen) is
labeled with Alexa-555. Scale bar = 50 lm.
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following closure as defined the arrest of red blood
cells moving across the injury channel, we continued to
observe leakage of plasma indicating a porous thrombus.
No such leakage was observed in untreated controls.

DISCUSSION

Hemostasis is a function of blood flow, platelet
function, and coagulation. In this study, we describe a
microfluidic model of hemostasis that depends on all
three of these phenomena. Most in vitro flow models
consist of flowing blood over a prothrombotic substrate
resulting in a thrombus that grows into the lumen of a
channel. These models are a suitable representation of
thrombosis. Here, a thrombus forms in a small side
channel to arrest extravasation of blood from one
channel into another in a process that better represent
hemostasis. This geometry provides two unique features
compared to conventional flow models. First, there are
two paths for blood flow—through the injury channel or
the blood channel—that are controlled independently.
As a result, as the injury channel occludes, the flow rate
through the blood channel remains unchanged, and
importantly, continues to deliver plasma proteins and
blood cells to the periphery of the thrombus. Second the

normal force is smaller in an extravascular injury com-
pared intravascular injury for comparable pressure
gradients and channel geometries. Hemostasis by pla-
telet deposition did not appear to be consistent with any
fluidmechanics parameter in this model. The sizes of the
channels are comparable to the microvasculature in
humans where the majority of bleeds occur in genetic
bleeding disorders such as hemophilia, VWD, or platelet
disorders. The wall shear rate in the blood channel and
the pressure drop across the injury channel are compa-
rable to those found in the arterioles.3 3 Normal whole
blood in a collagen-TF coated injury channel recreates
primary and secondary hemostasis with the initial for-
mation of a platelet plug that is then stabilized with
fibrin. The time to closure of the injury depends on both
FVIII and autocrine signaling through the ADP recep-
tor P2Y12, with deficits in either resulting in prolonged
closure times and unstable or leaky thrombi.

The geometry of the injury channel controls whether
platelet-surface or platelet–platelet interactions domi-
nate. For the geometry of our channel with height of
20 lm and aspect ratio of 0.4, we would expect plate-
let-surface interactions to dominate based on the cri-
teria of Casa and Ku, especially at early times.3

However, at late times as the thrombus approaches
occlusion the role of platelet–platelet interaction in

FIGURE 8. Time course of thrombus formation on a collagen-TF surface with recalcified citrated whole blood treated with the
P2Y12 antagonist 2-MeSAMP. Time to closure was 16 min. Blood (right channel) and wash buffer (left channel) flow from top to
bottom and through the horizontal injury channel. Platelets are labeled with DiOC6 and fibrino(gen) is labeled with Alexa-555. Scale
bar = 50 lm.

SCHOEMAN et al.12



clearly important based on the prolonged closure time
in experiments with a P2Y12 antagonist.

Our microfluidic hemostasis model yields qualita-
tively similar results as some animal models of
hemostasis. Getz and colleagues described a murine
model of hemostasis that operates on the same princi-
ples as ourmicrofluidic device.11Here, a laser ablation is
used to create a 50–100 lm diameter hole in the
saphenous vein. Mice with platelet function defects in
the form of talin1 or GP1ba deficiencies could not
achieve hemostasis. Inhibition of P2Y12 with clopido-
grel resulted in ~50% increase in occlusion time, similar
to our results with the P2Y12 antagonist 2-MeSAMP
that yielded an approximately two-fold increase in clo-
sure time. Mice expressing low levels of TF or deficient
in FIX had similar initial closure times as wild type
controls, but the thrombi were unstable upon repeated
laser injury.We did not observe closure in the absence of
TF or when inhibiting FVIII activity with a function
blocking antibody. These data suggest that our model is
perhaps more dependent on coagulation that this mur-
inemodel. VanGestal and colleagues use amicropipette
to create a 6–8 lm injury in the arterioles of rabbits.47

Similar to our model, use of ADP receptors antagonists
still allow for the formation of a hemostatic plug,
however that plug is more prone to rebleeding, which is
consistent with our observation of a leaky, porous
thrombus.48 The time scale for closure is significantly
longer in our microfluidic model (minutes) than in these
animal models (tens of seconds). There are several
explanations for this discrepancy. First, the injury size
in the rabbit arteriole model is significantly smaller than
our injury channel. Second, the microenvironment
in vivo includes endothelial and vascular wall cells that
play an active role in promoting thrombus formation.
For example, activated endothelial cells secrete large
multimers of VWF that can form a net to catch platelets.
Moreover, the vessel wall contains VWF, while in our
model only plasma VWF is present. The adsorption of
plasma VWF to type I collagen determines the lag time
for platelet adhesion under flow.27 Third, in our device
blood components are washed away from the injury in
the extravascular channel, which in the animal models
they may accumulate in the extravascular space.

The device presented here is more dependent on
coagulation than platelet function for the formation of
stable thrombi. Inhibition of FVIII leads to mechani-
cally unstable clots that could not close the injury
channel over 45 min. Similarly, collagen surfaces
without TF did not lead to closure. These results are in
agreement with those in a microfluidic model of
intravascular thrombus formation where corn trypsin
inhibitor treated whole blood is perfused over type I
collagen-TF surfaces in a pressure relief mode through
a 60 lm high channel.5 Yet, studies in a micropipette

model of intravascular thrombus formation on type I
collagen alone yields occlusion times of 17 min for a
200 lm high channel under constant pressure.2 In a
microfluidic model of a stenosed vessel (20-50 lm high
at the apex), occlusions on collagen only formed for wall
shear rates greater than 4000 s$1.19 These discrepancies
between models likely reflect differences in collagen
density density, model injury size, and preparation of
prothrombotic substrates, as well as in chamber
dimensions and geometry and flow regimes.23 In the
hemostatic model described here we rely on diffusion of
large collagen fibrils, often several millimeters in length,
into the horizontal injury channel over 12 h. This pat-
terning procedure leads to a significantly lower density
of collagen than by convective delivery using microflu-
idic patterning.18 A higher density of collagen or other
platelet adhesive proteins could provide a surface that
was more platelet dependent.

The precise genesis of vascular injuries in genetic
and acquired bleeding disorders in humans is largely
unknown. There is little data regarding the nature and
extent of vascular injury and even the vessels from
which blood is lost. Genetically modified animals with
deficiencies in coagulation proteins do not exhibit the
same bleeding patterns as humans with similar defi-
ciencies. For example, hemophilia A mice do not
spontaneously bleed into joints, but rather require
blunt trauma to induce bleeds.45 As such, in vitro
models such as the one described in this study provide
an opportunity to explore the large parameter space
that contributes to bleeding including, but not limited
to, injury size, hemodynamics, vessel wall composition,
and the anatomy of the adjacent perivascular and
extravascular spaces. In this study we describe an
experimental platform for studying hemostasis with a
focus on collagen-TF induced thrombus formation
within a model vascular wall. In the current configu-
ration, the platform could be extended to study the
effect of extravascular coagulation proteins and the
geometry of the extravascular space.
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