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Cell Biology/Signaling

Under hemodynamic conditions, blood coagulation on a 
damaged vessel is triggered by exposure of collagen and 

tissue factor (TF). A competition exists between the rate of 
platelet coverage of the damaged site and the ability of soluble 
factor X (FX) to access TF/FVIIa complex on the surface for 
local generation of FXa and, in turn, thrombin.1–3 A second 
competition exists between the ability of thrombin to activate 
platelets, its ability to activate fibrinogen, its consumption by 
incorporation into fibrin, and its rapid dilution downstream 
under flow conditions.4–6 A third competition exists between 
flow delivering platelets to the clotting event (both by direct 
axial convection and red blood cell–mediated radial transport) 
and shearing forces that remove individual platelets or cause 
 large- scale embolism. Furthermore, at pathological shear rates 
above 5000 s21, von Willebrand Factor can undergo con-
formational changes, and shear stress can activate platelets.7,8 

The interplay between these competitions under flow, in con-
cert with blood and wound characteristics, dictates how rap-
idly a clot grows, its composition, its propensity to embolize, 
and the likelihood of occlusion. For example, basic questions 
about why severe hemophiliacs bleed (while afibrinogenemia 
patients do not) include subtleties about whether the bleeding 
defect is due to poor platelet activation, poor fibrin polym-
erization, low TF levels in mechanically stressed joints, or a 
combination of these deficits.

Although platelet deposition and local thrombin production 
under flow are distinct but intertwined processes in human 
disease and animal injury models,9,10 they are often studied 
independently in vitro due to the difficulty of creating a colla-
gen surface that is procoagulant via extrinsic tenase, TF/FVIIa. 
In a recent study, we demonstrated the linkage of lipidated TF 
to collagen surfaces in a microfluidic model of vessel injury.11 
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Objective—At sites of vascular injury, thrombin is an important mediator in thrombus growth and stability. Using microfluidic 
flow devices as well as patterned surfaces of collagen and tissue factor (TF), we sought to determine the role that fibrin 
plays in clot stability without interfering with the production of thrombin.

Methods and Results—We deployed an 8-channel microfluidic device to study coagulation during corn trypsin inhibitor–
treated (XIIa-inhibited) whole blood perfusion over lipidated TF linked to a fibrillar collagen type 1 surface. Clot growth 
and embolization were measured at initial inlet venous (200 s21) or arterial (1000 s21) wall shear rates under constant 
flow rate or pressure relief mode in the presence or absence of  Gly- Pro- Arg- Pro (GPRP) to block fibrin polymerization. 
Numerical calculations for each mode defined hemodynamic forces on the growing thrombi. In either mode at inlet 
venous flow, increasing amounts of TF on the surface led to a modest  dose- dependent increase (up to 2-fold) in platelet 
deposition, but resulted in massive fibrin accumulation (50-fold) only when exceeding a critical TF threshold. At a 
venous inlet flow, GPRP led to a slight 20% increase in platelet accumulation (P0.01) in pressure relief mode with 
thrombi resisting 1500 s21 before full channel occlusion.  GPRP- treated thrombi were unstable under constant flow 
rate, where shear forces caused embolization at a maximum shear rate of 2300 s21 (69 dynes/cm2). In constant flow 
rate mode, the nonocclusive  platelet- fibrin deposits (no GPRP) withstood maximum shear rates of 29 000 s21 (870 
dyne/cm2) at 95% of full channel occlusion. For arterial inlet shear rate, embolization was marked for either mode with 
GPRP present when shear forces reached 87 dynes/cm2 (2900 s21). Under constant flow rate,  platelet- fibrin deposits (no 
GPRP) withstood maximums of 2400 dynes/cm2 (80,000 s21) at 90% of full channel occlusion prior to embolization.

Conclusion—Fibrin increased clot strength by 12- to 28-fold. Under pressure relief mode, 2-fold more fibrin was produced 
under venous flow (P0.001). These studies define embolization criteria for clots formed with surface  TF- triggered 
thrombin production (fibrin) under venous and arterial flows. (Arterioscler Thromb Vasc Biol. 2012;32:1466-1476.)
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This approach extends earlier studies that use supported TF 
bilayers without collagen12,13 or simply mixed lipidated TF onto 
collagen surfaces.5 Distinct from studies that add TF to blood 
before perfusion over collagen or allow the contact pathway 
to generate thrombin throughout the weakly anticoagulated 
blood,14 the presentation of both TF and collagen on a surface 
allows the combined study of platelet deposition in combination 
with local thrombin generation akin to the in vivo laser injury 
model.15,16 In the present study, we use the same techniques, 
but take advantage of the ability to control the hemodynamic 
conditions experienced at the thrombotic injury site. We have 
developed 2 distinct modes of whole blood perfusion: constant 
flow rate and pressure relief mode. Perfusion of blood at con-
stant flow rate through a microfluidic device or flow chamber 
allows a precisely controlled experiment, however thrombotic 
occlusion is not possible because the clot cannot stop a syringe 
pump. In this mode, growing platelet masses experience a 
constant flow rate, but are subjected to increasingly large wall 
shear rates as they begin to occlude the containing channel. 
In a second and more physiologically (and pathophysiologi-
cally) relevant mode of operation, pressure relief mode, flow is 
diverted from thrombotic occluding channels to open channels 
which then allows a thrombus to grow to a full occlusion. In 
this mode, shear stresses increase as flow squeezes past the 
growing thrombus, however once the thrombus blocks 80 
% of the flow path, a large pressure drop (ie, flow resistance) 
exists to divert flow to the open channel, and shear forces 
decrease, eventually to zero at full occlusion. These 2 modes 
of operation, in combination with computational fluid dynam-
ics simulations of flow during device operation, have allowed 
us to investigate the stability of growing clots and the effects 
of surface TF levels on platelet adhesion and fibrin production. 
Furthermore, the use of  Gly- Pro- Arg- Pro (GPRP) to block 
fibrin polymerization allowed a determination of thrombin 
effects on clot growth and stability, independent of fibrin for-
mation. Fibrin results in clots that are up to 28 stronger than 
platelet deposits, and can resist shear stresses up to 2400 
dyne/cm2 when the  platelet- fibrin thrombus is exposed to arte-
rial flows reaching wall shear rates of 80 000 s21. For surface 
presentation of TF and collagen, a sharp threshold concentra-
tion exists that was needed to trigger fibrin production which 
is in excess of that needed to enhance platelet deposition. Also, 
surface presentation of TF and collagen results in a mixture of 
aggregated platelets and fibrin which is more  platelet- rich at 
the front of the thrombus and more  fibrin- rich at the tail end, 
consistent with simulation of thrombin flux from a thrombus 
surface.

Materials and Methods
sample collection and Preparation
Blood was collected through venipuncture from a group of 8 healthy 
men (aged 22–28 years) who had refrained from taking oral medica-
tion for at least 10 days, and were  self- reported as free from disease 
and any bleeding disorders. All samples were collected in accor-
dance with the University of Pennsylvania Internal Review Board, 
and all donors had provided informed consent. Samples were drawn 
into a final concentration of 40-mg/mL corn trypsin inhibitor (CTI, 
Haematologic Technologies, Essex Junction, VT) to inhibit coagu-
lation by the contact pathway. All samples were treated with anti-
CD61 (clone VI-PL2) fluorescently conjugated antibody (Becton 

Dickinson, Franklin Lakes, NJ; 0.125-mg/mL final concentration) 
and a fluorescently conjugated  fibrin- specific antibody17,18 (T2G1, 
gift from the Mortimer Poncz laboratory, Children’s Hospital of 
Philadelphia; 0.5-mg/mL final concentration). Although clone T2G1 
does interfere with the fibrin B:b interaction, this had no effect on 
fibrin polymerization in this assay (Figure I in the  online- only Data 
Supplement). Immediately before perfusion, samples were treated 
with GPRP (Sigma, St. Louis, MO; 5-mmol/L final concentration) in 
 HEPES- buffered saline (20-mmol/L HEPES, 150-mmol/L NaCl, pH 
7.4). All samples were used within 10 minutes of phlebotomy.

relipidation of TF into Vesicles and linking  
to collagen surfaces
Recombinant TF (American Diagnostica Inc, Stamford, CT) was 
incorporated into liposomes in a 1:10 000 protein to lipid ratio as 
previously described.19 Briefly, liposomes consisting of 79% phos-
phatidylcholine, 20% phosphatidylserine, and 1% biotinylated phos-
phatidylethanolamine (Avanti Polar Lipids, Alabaster, AL) were 
generated after a protocol by Smith et al. The liposomes were treated 
with 4-mmol/L Triton X-100 (Sigma) before addition of the TF to 
allow incorporation into the membrane with gentle mixing. The 
detergent was removed using  Bio- Beads SM-2 (BioRad, Hercules, 
CA). The final  TF- liposomes were stored at 280°C until use.

Surfaces of  acid- insoluble equine type 1 collagen fibrils 
( Chrono- Par,  Chrono- Log, Havertown, PA) were formed in single 
microfluidic channels 250 mm by 1 cm in length on glass briefly 
treated with Sigmacote (Sigma) to create a hydrophobic substrate. 
The collagen solution (1 mg/mL) was allowed to rest on the glass sur-
face for 30 minutes before the channel was washed with 0.5% bovine 
serum albumin (BSA) in  HEPES- buffered saline. The channel was 
then perfused with a biotinylated polyclonal antibody against colla-
gen type 1 (40 mg/mL; Abcam, Cambridge, MA), and allowed to rest 
for 5 minutes before another wash with BSA. Immediately thereaf-
ter, the channel was filled with streptavidin (100 mg/mL; Sigma), and 
allowed to rest for 5 minutes before rinsing with BSA. Finally, the 
channels were filled with undiluted  TF- liposomes or  TF- liposomes 
diluted with empty liposomes and allowed to incubate for 1 hour. The 
channels were rinsed with BSA, the patterning device removed, and 
the 8-lane flow devices were affixed perpendicular to the patterned 
protein strip. The flow devices were filled with BSA a minimum of 
30 minutes before perfusion with whole blood to prevent nonspecific 
interactions with glass or poly(dimethylsiloxane). Smith et al19 dem-
onstrated that recovery of TF into the liposomes using the previously 
described preparation is near complete and that 50% of imbedded 
molecules are exposed to the bulk. Therefore, we estimate 10 mole-
cules of TF per liposome are presented to the flow. If a tightly packed 
monolayer of liposomes were achieved on the surface, an upper limit 
would be 100 molecules TF/mm2. Because liposomes were confined 
to the collagen fibers on the surface, a more accurate estimation based 
on imaging of 10% surface coverage is 10 molecules TF/mm2.

Fabrication of Microfluidic devices and   
real- Time imaging
The microfluidic devices, described by Maloney et al,20 consisted 
of 8 parallel channels 250 mm wide by 60 mm tall generated in 
poly(dimethylsiloxane) (Sylgard, Ellsworth Adhesives, Germantown, 
WI). The device was fed by 8 separate inlets, with perfusion achieved 
by withdrawal into a syringe pump (Harvard Apparatus, Holliston, 
MA) from 1 common outlet. Approximately 1 cm from the inlet, 
the channels were spaced close enough to allow all 8 channels to be 
imaged simultaneously in a single 2 field of view using an inverted 
microscope (IX81, Olympus America, Center Valley, PA) equipped 
with a  charge- coupled device (Hamamatsu, Bridgewater, NJ). A cus-
tom stage insert held 3 microfluidic devices allowing 24 simultaneous 
clotting events to be imaged in 24-second intervals (Figure II in the 
 online- only Data Supplement).
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Perfusion experiments
All experiments were run in 1 of 2 different flow modes. First, con-
stant flow rate experiments were conducted such that each of the 8 
available channels was perfused with the same sample of whole blood 
from a single donor. This ensured that platelet adhesion at the model 
injury site was comparable between all lanes, such that differences 
in flow rates between channels would not exist. When devices were 
perfused under pressure relief mode, every other channel was fed 
with whole blood treated with 5-mmol/L EDTA (Sigma) to chelate 
calcium and ablate platelet adhesion. This led to an increase in flow in 
 EDTA- treated channels because platelets obstructed untreated lanes.

Each flow mode was run at a venous or arterial initial wall shear rate 
(200 or 1000 s21) and in the presence or absence of 5-mmol/L GPRP to 
block fibrin polymerization during thrombin generation. This resulted in 
a set of 8 experimental conditions which were run with a minimum of 3 
unique donors, providing at least 12 clotting events under pressure relief 
mode or 24 under constant flow rate. Interdonor, as well as intradonor 
variability, was calculated by comparing platelet fluorescent intensity 
at the 432-second time point or the first time point before embolus and 
was 20% under venous shear rate conditions and 25% under arte-
rial shear rate conditions (data not shown). For statistical purposes, all 
individual clotting events for a given set of flow conditions were consid-
ered. Statistical significance was calculated using the Student t test.

determination of clot Morphology and  
confocal imaging
 Real- time clot height was determined by platelet fluorescent inten-
sity, which was linearly proportional to the fluorescent intensity of 
a fully occluded thrombus (30 0002000 AU). When conditions did 
not lead to embolus, final clot height was determined at the end of the 
experiment, if embolus did occur, the previous time point determined 
the final clot height. Profiles of clot morphology were generated using 
a custom MATLAB script, in which the average of 50 line scans (in 
the direction of flow) for 5 different clots were considered. The height 
at each location along the scan was also assumed to be proportional to 
the fluorescent intensity of a fully occluded thrombus.

Optical sectioning was performed in 2-mm increments with a disk 
spinning unit (IX2, Olympus America) over the 60-mm channel height 
immediately after cessation of flow. A 3-dimensional reconstruc-
tion of these images was created with the ImageJ software package 
(National Institutes of Health). Cross sections of this image were gen-
erated using a custom MATLAB script (MathWorks, Natick, MA).

 Two- dimensional and 3-dimensional 
computational Fluid dynamics
A model microfluidic device consisting of 2 channels with separate 
inlets and a single outlet was generated in COMSOL Inc (Burlington, 
MA). The local wall shear rate was calculated to be 194 s21 in an 
unobstructed, 60-mm tall channel with a flow rate of 2 mL/min. A 
thrombus was modeled in 1 of the channels by a 250-mm long trap-
ezoidal cut out to mimic the shape and size of the growing thrombus. 
The conditions were considered constant flow rate when the flow rate 
at each of the inlets was set to 2 mL/min. The conditions were consid-
ered pressure relief mode when the flow rate at the outlet was set to 
4 mL/min and the inlets were held at constant pressure.

Additionally, a 3-dimensional geometric model was created in 
COMSOL using parametric surface data from experimental platelet 
deposition. Due to computational limitations, intricate surface features 
were averaged to produce a model with surface resolution of 1.91 
mm2/pixel. Thrombin concentrations and shear rates were modeled 
by imposing a thrombin flux2 of 10 to 12 nmol/mm2 s under constant 
2-mL/min flow conditions.21 The flux was assumed to be constant over 
the entire modeled platelet surface, and the resulting thrombin bound-
ary layer was governed by convective and diffusive transport with a 
thrombin diffusion coefficient in water of 4.210–11 m2/s.21 Although 
the thrombus is porous and complex reaction dynamics regulate throm-
bin production, the model of a solid surface thrombus does account 
for the fact that thrombin is soluble and is ultimately released from 
the outer surface of the thrombus. We assume a constant thrombin 

release rate which corresponds to a pseudo  steady- state assumption,  
a reasonable approach because thrombin release  dynamics change 
on a time scale of many seconds and minutes, but the concentration 
boundary layer changes with subsecond dynamics.

results
 TF- liposomes Potentiate Platelet Adhesion and 
Fibrin deposition under Flow
TF embedded in phosphatidylserine:phosphatidylcholine:bio
tinylated phosphatidylethanolamine liposomes was immobi-
lized on a fibrillar type 1 collagen surface with a biotinylated 
antibody against collagen and streptavidin. The amount of TF 
presented to the flow could be controlled through the use of 
empty liposomes (phosphatidylserine:phosphatidylcholine:bi
otinylated phosphatidylethanolamine) to dilute the  TF- bearing 
vesicles. Figure 1 demonstrates the effect of undiluted, 10-fold 
diluted, and 100-fold diluted  TF- liposomes on platelet adhe-
sion and fibrin deposition under 2 flow conditions: constant 
flow rate and pressure relief mode at an inlet venous shear 
rate of 200 s21. The results demonstrate a  dilution- dependent 
reduction in both platelet adhesion and fibrin deposition under 
both conditions. No detectable fibrin was generated at 100-
fold dilution of  TF- liposomes and barely detectable levels of 
fibrin at 10-fold dilution. However, a  dose- dependent increase 
in platelet deposition was observed with increasing surface 
TF, indicating that thrombin generation was still occurring 
at a concentration sufficient to activate platelets but insuffi-
cient to polymerize fibrin. Consistent with earlier studies with 
unlinked lipidated TF coincubated with surface collagen,5 a 
strong threshold was observed between no fibrin and abundant 

Figure 1. Whole blood corn trypsin inhibitor (CTI 40 mg/mL) 
was perfused at 200 s21 over collagen surfaces with immobi-
lized tissue factor (TF) that was undiluted or diluted 1:9 and 1:99 
with empty liposomes. A and B, Platelet aggregation and fibrin 
production were measured with pressure relief (n54) and at con-
stant flow rate (C and D; n58) in the absence of  Gly- Pro- Arg- Pro 
(GPRP) and are presentedSD (shaded regions). Platelet accu-
mulation decreased with increasing dilution of TF under both 
conditions. Fibrin production was also reduced after the first 
dilution in both flow environments, and was undetectable at 1:99 
TF:empty liposomes.
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fibrin when TF was elevated over a single decade of concen-
tration from 1 to 10 TF molecules/mm2. We observed that 
the increase in platelet deposition between undiluted and 
10-fold diluted TF is 2-fold under constant flow rate. This 
may be explained by high shears (5000 s21) experienced in 
this flow environment as full channel occlusion is approached. 
When run with pressure relief, excessive shear is avoided by 
the diversion of flow to empty channels. Similar trends were 
observed when the TF dilution was run at the arterial initial 
wall shear rate of 1000 s21 (Figure III in the  online- only Data 
Supplement).

simulation of local Flow environments
The COMSOL multiphysics package was used to calculate 
the flow conditions in a 2-channel model of our microfluidic 
flow device. The 2-dimensional simulation mimics a vertical 
cross section (60 mm height) along the centerline of a pair of 
channels with independent inlets and a single outlet (Figure 
2A). An inlet flow rates of 2 mL/min of whole blood (viscos-
ity 3 cP) generated a wall shear rate of 194 s21 and a pressure 
drop of 0.83 mm Hg in an empty channel, in agreement with 
our prior work.22 A growing thrombus in 1 of the channels 

was represented by a 250-mm long trapezoidal cut out of vary-
ing heights. This length was chosen to mimic the size of the 
thrombi which form in the assay.

The pressure relief condition was replicated by setting the 
channel inlets to maintain a constant pressure and the out-
let to maintain a constant flow rate (4 mL/min). Because the 
height of the occlusion was varied, a biphasic response in 
shear rate was calculated (Figure 2B). The maximum shear 
rate was 7-fold the starting shear rate, and this occurred at 
an occlusion of 80%, where flow rate was estimated to drop 
most rapidly as progression to full occlusion occurred (Figure 
2C). Over the full range of vessel occlusion, the pressure 
drop across the device rose only 2-fold (1.66 mm Hg, Figure 
2D), which is predicted by the 2-fold increase in flow rate in 
the unobstructed channel. Compared with the constant flow 
rate conditions where pressures increased by 150 mm Hg, 
pressure relief mode had 1-mm Hg increase as the channel 
approached full occlusion.

Flow conditions in constant flow rate mode corresponded 
to inlet flow rates of 2 mL/min and a constant pressure outlet. 
Figure 2E demonstrates that wall shear rates are monotonically 
increasing with increasing occlusion height. At an occlusion of 

Figure 2. A, Flow through a vertical cross section of a pair of channels from the microfluidic device was modeled using COMSOL (the 
colors indicate local wall shear rate). The growing thrombus, with a variable height (h), was represented by a trapezoidal cut out in 1 of 
the channels. Two conditions were considered. A to C, Pressure relief mode was reproduced by defining the flow rate at the outlet to 
be 4 mL/min. The shear rate and flow rate were calculated at the wall in the center of the model thrombus and the pressure drop was 
measured across the device. The model demonstrates that the wall shear rate under these conditions increases until 80% occlusion, and 
then decreases as full channel occlusion is approached. Flow through the occluded channel begins to significantly decrease after 50% 
occlusion as the pressure drop increases 2-fold due to the diversion of flow into half of the original channel volume. D to F, Constant flow 
rate was specified by defining the inlet flow rate in each channel to be 2 mL/min. The simulation indicates that the wall shear rate rapidly 
increases when the occlusion reaches 70% of the channel height with a similar trend in the pressure drop.
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Figure 3. Whole blood treated 
with corn trypsin inhibitor (CTI 
40 mg/mL) was perfused over 
fibrillar collagen surfaces in 
the absence of tissue factor– 
liposomes with pressure relief 
(A, n54) or at constant flow 
rate (B, n58) at an initial wall 
shear rate of 200 s21. Platelet 
adhesion to the collagen patch 
as well as fibrin deposition 
was measured simultaneously 
through the use of fluores-
cently conjugated antibodies. 
Platelet fluorescent intensity 
is presentedSD (shaded 
gray regions). No fibrin was 
detected under either flow 
condition. The addition of 
5-mmol/L  Gly- Pro- Arg- Pro 
(GPRP) to block fibrin polymer-

ization (open circles) had no effect on the rate or final extent of platelet accumulation. Furthermore, the flow conditions also had no effect 
on platelet adhesion in these assays because the indicated fluorescent intensities represent 50% channel occlusion, which results in 
minimal changes in the hemodynamic conditions experienced by the growing platelet masses.

99%, shear rates were predicted to reach 2106 s21. These 
rises are accompanied by increases in pressure drop across the 
channel with a similar trend (Figure 2G).

GPrP does Not Affect Platelet Aggregation in  
the Absence of TF
GPRP, a tetrapeptide sequence known to interrupt the polym-
erization of fibrin, was used extensively in the present study to 
decouple the effects of thrombin and fibrin on platelet deposi-
tion and clot stability. As a control experiment, whole blood 
from a single donor (CTI 40 mg/mL) was perfused at a venous 
inlet shear rate (200 s21) over collagen surfaces lacking TF 
under pressure relief and constant flow rate in the presence 
and absence of 5-mmol/L GPRP. Platelet adhesion and fibrin 
deposition were measured over a 430-second perfusion, and 
were similar in the presence or absence of GPRP (Figure 3). 
No detectable fibrin was generated under any condition (data 
not shown), consistent with the lack of any kinetically sig-
nificant  blood- borne TF over the time frame of a 430-second 
clotting event on collagen (in the presence of CTI).

effects of Flow conditions and GPrP on Platelet 
deposition and Fibrin under Venous Flow
Whole blood (CTI 40 mg/mL) was perfused over TF/collagen 
surfaces at 200 s21 to mimic venous flow conditions. Platelet 
deposition and fibrin deposition were measured in 24-second 
intervals in the presence and absence of 5-mmol/L GPRP. The 
height of the thrombus was calculated by assuming a linearly 
proportional relationship in platelet fluorescent intensity. The 
average platelet fluorescent intensity of multiple fully occlud-
ing thrombi was measured to be 30 0002000 AU. The 
estimates of wall shear rate and flow rate based on these occlu-
sions were calculated using the COMSOL computational fluid 
dynamics data (Figure 2).

Under pressure relief, the average platelet mass formed in 
the presence of GPRP included 20% more platelets than that 
formed without GPRP (P0.01, Figure IVA in the  online- only 
Data Supplement), suggesting a modest role for fibrin in 

slowing platelet deposition and clot growth. The aggregates 
formed under GPRP conditions consistently progressed to full 
occlusion under pressure relief conditions, and reached maxi-
mum shears of 1500 s21. Control clots (no GPRP) had yet 
to fully occlude at the end of the 430-second perfusion, pos-
sibly due to competition by fibrin generation. Movie I in the 
 online- only Data Supplement demonstrates the morphological 
differences between clots grown on collagen1TF in the pres-
ence or absence of GPRP at venous flow conditions.

Under constant flow rate (Figure 4, right), GPRP and control 
clots appeared to grow at a similar rate for the first 240 sec-
onds of perfusion. This is expected when channel occlusion is 
50%, because conditions in each of the flow modes are simi-
lar. A 50% blockage results in minimal pressure drop as blood 
moves over the growing clot. The rate of growth of the platelet 
mass after 240 seconds appears slightly increased in the pres-
ence of GPRP, possibly due to competition by fibrin in the 
absence of GPRP. By 320 seconds, however,  GPRP- treated 
clots embolized. The calculated average shear rate, obtained 
using the average height of the clots before first embolus was 
observed, was 1500 s21 (45 dyne/cm2). The maximum shear 
rate under these conditions calculated at the platelet fluorescent 
intensity corresponding to 1 SD above the mean fluorescence 
was 2300 s21 (69 dyne/cm2). Control clots with fibrin (no 
GPRP) appeared stable up to 29 000 s21 (mean1SD; 870 dyne/
cm2) under these conditions but began to tear from the surface 
shortly after the 432-second time point (data not shown). The 
average platelet fluorescent intensity at the end of the experi-
ment (or first embolization) was 40% (P0.001; Figure 
IVB in the  online- only Data Supplement) in the absence of 
GPRP. These results suggest at least a 12-fold increase in clot 
stability (ie, 870 versus 69 dyne/cm2) attributable to fibrin. Also 
less fibrin was generated under the constant flow rate condi-
tions compared with the pressure relief conditions (P0.001; 
Figure V in the  online- only Data Supplement), which may be 
explained by the higher shear rates experienced by the constant 
flow rate environment which would remove thrombin, fibrin 
monomer, and small multimers to a greater extent.
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effects of Flow conditions and GPrP on Platelet 
deposition and Fibrin under Arterial Flow
Whole blood (CTI 40 mg/mL) was perfused over TF/ collagen 
surfaces at 1000 s21 to mimic arterial flow conditions. As 
before, platelet deposition and fibrin deposition were mea-
sured in 24-second intervals in the presence and absence of 
5-mmol/L GPRP. In the arterial flow environment, control 
blood was unimpeded in the formation of fully occlusive 
thrombi in pressure relief mode (Figure 5, left). These 
 platelet- fibrin thrombi formed more rapidly than under venous 
conditions, but had a 2-fold reduction in fibrin compared with 
venous flow conditions (P0.001; Figure V in the  online- only 
Data Supplement). At 80% of full channel occlusion, shear 
rates reached a maximum value of 7000 s21 under these 
flow conditions. When samples were treated with GPRP to 
block fibrin polymerization, both embolization (n54 devices) 
and full occlusion (n52 devices) were observed. The average 

shear rate causing embolus under these conditions was 3100 
s21 (93 dyne/cm2) and maximum shears of 5300 s21 were sus-
tained (159 dyne/cm2). Figure IVA in the  online- only Data 
Supplement demonstrates a significant (P0.001) reduction 
in platelet accumulation (2-fold) between control clots and 
those treated with GPRP, when embolus occurred.

Under constant flow rate (Figure 5, right), platelet deposits 
grew rapidly and at similar rates for the first 120 to 140 seconds 
of perfusion in the presence and absence of GPRP. Platelets 
treated with GPRP were embolized at an average of 33% of full 
channel occlusion corresponding to 2300 s21 (69 s21) whereas 
maximum sustained shear rates were calculated at 2900 s21 (87 
s21). Control  platelet- fibrin clots were able to withstand an aver-
age 76% occlusion before embolus at a calculated shear rate 
of 17 000 s21 (510 dyne/cm2). Maximum shear rates sustained 
by control clots under arterial flow conditions were 83 000 s21 
(2490 dyne/cm2) which corresponded to 90% channel occlusion. 

Figure 4. Whole blood corn 
trypsin inhibitor (CTI 40 mg/
mL) in the presence or absence 
of 5-mmol/L  Gly- Pro- Arg- Pro 
(GPRP) was perfused over a 
fibrillar collagen surface at an 
initial venous wall shear rate 
of 200 s21, with (left, n54) or 
without (right, n58) pressure 
relief. The data for each flow 
mode were collected in a single 
day from a single donor. They 
are representative of multiple 
experiments per condition. 
Platelet accumulation data 
were used to calculate the 
hemodynamic conditions at 
the thrombus boundary based 
on the simulation data. The 
platelet and fibrin accumula-
tion at the collagen patch was 
measured in 24-second inter-
vals for 430 seconds, and are 
presentedSD (shaded gray 
regions).  Fibrin- free platelet 
deposits formed in the pres-
ence of GPRP were stable up 
to 2300 s21 (shear stress of 69 
dyn/cm2) whereas thrombi with 
fibrin were stable up to 29 000 
s21 (870 dyn/cm2) when formed 
at constant flow rate.
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These data represent a 28-fold increase in clot stability (ie, 2490 
versus 87 dyne/cm2) attributable to the fibrin. Figure IVB in the 
 online- only Data Supplement illustrates the significant reduction 
in platelets (135%; P0.001) under these conditionsGPRP. 
Movie II in the  online- only Data Supplement demonstrates the 
growth and embolization of 8 clots grown simultaneously in the 
presence of GPRP under arterial flow conditions.

Morphology of in Vitro Thrombi From  
 Wall- Attached TF
Fluorescent micrographs of thrombus formation over time are 
presented in Figure 6 (platelets, green; fibrin, red). Initial plate-
let adhesion events occurred evenly over the 250250-mm 
patch whereas early fibrin events emerge downstream. Later 
in thrombus development, platelet adhesion appears to con-
centrate at the upstream edge whereas fibrin was most intense 
downstream.

Profiles of clot height were generated by averaging line 
scans of fluorescent intensity drawn in the direction of flow 
over the 250-mm patch for several clots forming at an initial 
wall shear rate of 200 s21 that were nonocclusive at various 
time points (Figure 7). These figures illustrate that, in the 
absence of TF (Figure 7A), platelet aggregates grew evenly 
over the collagen patch (denoted by vertical lines). When TF 
was added, however, platelet aggregates favored the upstream 
end of the collagen patch even growing beyond its borders 
(Figure 7B). Fibrin deposition was higher at the downstream 
edge of the collagen patch (Figure 7C). Heights of the fibrin 
mesh were determined by confocal microscopy. Under arte-
rial inlet shear rate conditions, platelet accumulation was 
drastically decreased in the absence of TF (Figure 7D). These 
results are consistent with previous work23 demonstrating a 
reduction of platelet accumulation at the inlet of a parallel 
plate flow chamber (2-mm axial distance) between shear 

Figure 5. Whole blood corn 
trypsin inhibitor (CTI 40 mg/mL) 
in the presence or absence 
of 5-mmol/L  Gly- Pro- Arg- Pro 
(GPRP) was perfused over a 
fibrillar collagen surface at an 
initial arterial wall shear rate 
of 1000 s21, with (left, n54) or 
without (right, n58) pressure 
relief. The data for each flow 
mode were collected in a single 
day from a single donor. They 
are representative of multiple 
experiments per condition. 
Platelet accumulation data 
were used to calculate the 
hemodynamic conditions at 
the thrombus boundary based 
on the simulation data. The 
platelet and fibrin accumula-
tion at the collagen patch was 
measured in 24-second inter-
vals for 430 seconds and are 
presentedSD (shaded gray 
regions). Under both flow con-
ditions, platelet deposits formed 
in the presence of GPRP 
embolized before the end of 
the experiment. In the pressure 
relief case, the arrow indicates 
where the clots gave way to 
the flow and reorganized, at 
the 192-second time point, the 
clots begin to embolize, which 
appeared as a decrease in 
fluorescent intensity.  Fibrin- rich 
clots provided stability up to 
80 000 s21 at constant flow rate 
conditions, and allowed for full 
occlusion under pressure relief 
conditions.
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rates of 100 s21 and 1500 s21. In the presence of TF, however, 
platelet accumulation is rapid, leading to a large plug that is 
forced downstream (Figure 7E). Fibrin accumulation under 
these conditions showed a modest increase with increasing 
distance downstream (Figure 7F).

Confocal sections (2 mm) were taken of a thrombus formed 
for 430 seconds on collagen and TF. Figure 8 is a 3- dimensional 
reconstruction of these images. Cross sections at 25, 75, 125, 
175, and 225 mm from the leading edge of the collagen patch 
were generated to demonstrate the interaction of platelets 
and fibrin (Figure 8A–8E). As before, platelets (green) were 
observed forming 30- to 60-mm tall masses at the front of the 
thrombus (Figure 8A–8C). On the downstream, half of the 

collagen patch a thick layer of fibrin (20 mm) forms punctu-
ated by small platelet mounds that appear slightly taller.

Using COMSOL, the same platelet mass was modeled 
3-dimensionally to measure wall shear rate (Figure 8C) and 
thrombin concentration profiles at a venous inlet shear rate 
of 200 s21 (Figure 8D). The maximum determined shear rate 
on the platelet surface reached 4800 s21 whereas most large 
aggregate peaks were 2000 s21 (Figure 8C). The velocity 
profile resulted in a thrombin boundary layer that diminished 
to 5% of its maximal value (520 nmol/L) within 20 mm from 
the platelet surface. This boundary layer thickness agrees pre-
cisely with the observed fibrin height downstream of the platelet 
mass (Figure VI in the  online- only Data Supplement).

Figure 7. Profiles of platelet aggregate height (the arrow indicates the direction of flow) were generated for whole blood corn trypsin 
inhibitor (CTI) perfused (200 s21; constant flow rate) over collagen surfaces (A) or collagen surfaces with tissue factor (TF, B). The vertical, 
dashed lines indicate the beginning and end of the collagen strip. The profiles represent the average height (calculated by fluorescent 
intensity) of 50 lines drawn in the direction of flow for 5 separate clotsSD (dotted lines). Platelets adhering to collagen surfaces (A) 
generate uniform aggregates compared with those formed in the presence of TF (B). By supporting thrombin generation platelet depos-
its become larger and tend to the upstream end of the collagen patch. The polymerization of fibrin is also observed in the presence of 
TF (C), which appears as a mat that becomes thicker downstream, rarely exceeding 20 mm in height. Arterial inlet shear rate conditions 
(1000 s21; constant flow rate) were also considered. D, In the absence of TF, platelet adhesion to collagen surfaces is diminished com-
pared with venous flow environments. E, When TF is present, large platelet masses form rapidly. The large plug is forced downstream as 
it approaches full occlusion of the channel. Under constant flow rate conditions, these clots would embolize, under pressure relief they 
would fully occlude the channel. F, The morphology of fibrin formation at arterial conditions looks similar to venous conditions.

Figure 6. Whole blood corn trypsin inhibitor (CTI 40 mg/mL) was perfused over a collagen surface (200 s21; constant flow rate) under 
pressure relief conditions in the presence of fluorescently conjugated antibodies against platelet CD61 and fibrin. Flow is from top to bot-
tom. The images demonstrate the growth of the platelet mass (top), the growth of the fibrin mesh (middle), and their composite (bottom) 
with perfusion time.
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discussion
In the present study, coagulation and platelet aggregation 
are combined in a single microfluidic model of vessel injury. 
Through the use of  TF- liposomes immobilized on a colla-
gen surface, we demonstrated robust potentiation of platelet 
aggregation and fibrin production compared with thrombosis 
on collagen surfaces lacking TF. We manipulated the flow 
environments within our microfluidic design to study the 
role that coagulation plays on clot growth and stability under 
different shear rate conditions. In pressure relief mode, we cal-
culated a biphasic response in shear rate whereas in constant 
flow rate mode, shear rates monotonically increase during the 
growth of a thrombus. Through the use of GPRP, we decou-
pled the production of thrombin and the generation of fibrin 
and determined, quantitatively, that the fibrin mesh confers a 
12- to 28-fold increase in shear resistance on a growing clot. 

 Platelet- fibrin clots withstood 2400 dyne/cm2 whereas clots 
grown in the presence of GPRP embolized when shear rate 
conditions reached a maximum of 87 dyne/cm2. These results 
agree well with a qualitative report by Wagner et al14 who 
performed a flow chamber experiment at arterial shear, but 
relied on bulk formation of thrombin via the contact pathway 
in lightly heparinized blood. Furthermore, the assay revealed 
a 2-fold reduction in fibrin accumulation at arterial inlet shear 
rates under pressure relief conditions compared with venous 
inlet shear rate conditions. This result is likely a combination 
of the decreased time to full occlusion observed under arte-
rial inlet shear rate as well as the decreased residence time at 
the injury site under the increase in flow rate.

Although platelet deposition and fibrin polymerization occur 
concurrently in the assay, we observed a spatial distinction in 
which platelets form large aggregates upstream and fibrin a 

Figure 8. A, A 3-dimensional reconstruction of a thrombus formed on collagen and tissue factor immediately after cessation of flow 
(200 s21; constant flow rate; 432 seconds). Flow is indicated by the arrow. B, Cross sections generated from the confocal images are 
presented at 25, 75, 125, 175, and 225 mm from the beginning of the collagen patch (1–5, respectively). Fibrin appears within platelet 
masses, acting as anchors securing them to the surface. Using the surface data, a 3-dimensional model was also generated in COMSOL. 
Blood flow over the surface was simulated at 2 mL/min, and a thrombin flux of 10 to 12 nmol/mm2s from the platelet surface was imposed. 
C, Shear rates increased 10-fold from the inlet shear rate (200 s21) as large platelet aggregates obstructed the channel. D, Thrombin 
boundary layer is indicated in red, where thrombin concentrations exceed 20 nmol/L. The height of this boundary layer was thickest 
downstream, and did not exceed 20 mm.
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thick mat downstream. We confirmed this trend by averaging 
many line scans from many different thrombi in the direction 
of flow. The time required for fibrinogen to be cleaved by 
thrombin and undergo the subsequent polymerization reac-
tion may explain why accumulation is preferred downstream. 
Confocal imaging revealed that the fibrin mesh formed in the 
clot was restricted to 20 mm in height whereas platelets were 
able to fully occlude the channels (60 mm). Cross sections of 
the confocal images suggest that fibrin was present within the 
platelet aggregates, anchoring them to the collagen surface. 
The pattern of fibrin formation was also supported by a 3-di-
mensional COMSOL simulation that calculated  steady- state 
thrombin concentrations assuming a thrombin flux of 10 to 
12 nmol/mm2-s from the platelet surface. The model demon-
strated that convective flow thins the thrombin boundary layer 
over large platelet aggregates upstream whereas a diminished 
platelet surface height downstream led to a thicker bound-
ary layer. Notably, the downstream thrombin boundary layer 
reached heights of 20 mm above the collagen surface before 
thrombin concentrations diminished to 5% of their maximal 
value. Coupling these transport properties with the number 
of events required for the transition from fibrinogen to fibrin 
polymer helps elucidate the preference for fibrin mesh accu-
mulation downstream of the large platelet aggregates.

The intersection of fibrin generation and platelet recruitment 
at sites of vascular injury is an important topic in a variety of 
pathophysiological conditions. In hemophilia, for example, 
defects in thrombin production affect platelet activation,24 
fibrin generation,25 and clot stabilization.26,27 The relative roles 
that these deficiencies play in the bleeding complications are 
not well understood, but have implications regarding ini-
tiation and growth of a stable thrombus as well as its lytic 
susceptibility.28 We have attempted to recreate the conditions 
of severe hemophilia in our microfluidic model through the 
use of neutralizing antibodies against FIX and hemophilia A 
plasma with high titers of antibodies against FVIII (Materials 
and Methods in the  online- only Data Supplement). We have 
demonstrated that this cocktail is effective at slowing coagula-
tion triggered by dilute TF (1 pmol/L–500 fmol/L) up to 2-fold 
in a fluorogenic assay with a  thrombin- sensitive substrate 
(Figure VIIA in the  online- only Data Supplement) but not at 
higher concentrations (10-pmol/L TF). Under flow conditions 
on TF/collagen surfaces, normal donor blood treated with the 
same neutralizing antibodies showed no significant decrease 
in platelet or fibrin deposition (data not shown), suggesting 
that the formation of the extrinsic tenase is dominant. Because 
the intrinsic tenase is important during the propagation phase 
of coagulation,29 we attempted to slow the formation of the in 
vitro clot by adding the antiplatelet agent iloprost (1 nmol/L). 
Iloprost (Figure VIIB in the  online- only Data Supplement) 
revealed a subtle but significant (P0.01; n55 experiments; 
20 clotting events per condition) reduction in platelet accumu-
lation (173%) and a significant (P0.05) reduction in fibrin 
deposition of 2317%. Under these conditions, platelet and 
fibrin accumulation was compared by donor, because interdo-
nor variation would have masked the effects of neutralizing 
intrinsic tenase. Our findings suggest that the extrinsic tenase 
can substitute for the intrinsic tenase at injury sites with suffi-
ciently high TF. The observation that hemophiliacs often bleed 

into their joints, an area thought to have low quantities of TF30 
suggests that the intrinsic tenase may be necessary under these 
conditions. Therefore we attempted to neutralize the intrinsic 
tenase in the presence of 1:9 diluted TF under venous flow 
conditions. These conditions revealed a decrease in platelet 
fluorescent intensity of 3013%, but fibrin generation was 
too low to demonstrate an effect due to blocking FIXa/FVIIIa 
(Figure VIIC in the  online- only Data Supplement).

The present study represents a new technique to study the 
role of coagulation in clot growth and stability in a physiologi-
cally relevant environment. The formation of fibrin networks 
and the resulting strength of the clots have been studied exten-
sively, but we are not aware of any reports that combine this 
with whole blood under flow. In earlier work, our group has 
shown that morphology of fibrin polymerization, using purified 
proteins under flow, was dependent on shear rate (10–100 s21)  
as well as the flux of thrombin introduced to the flow.31 In 
silico, Guy et al4 have predicted that the growth of a fibrin 
gel is dependent on shear (0–1000 s21), thrombin generation/ 
inhibition, and gel permeability. Models like these highlight 
the complexity of the in vivo injury site by combining the 
intricate mechanisms of protein transport around the throm-
bus, a feature that is inherent to our assay.

conclusion
Using patterned microfluidic surfaces which incorporate 
important triggers for coagulation (TF) and for platelet aggre-
gation (collagen), we have investigated the effects of fibrin 
mesh formation on thrombus growth, stability, and emboliza-
tion. We report that the fibrin network confers a 12- to 28-fold 
increase in shear resistance to the growing clot, allowing it to 
resist shear stress in excess of 2000 dyne/cm2.
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