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Biomedical Engineering, San José State University, San Jose, CA, USA; and 4Division of Hematology & Medical Oncology,
School of Medicine, Oregon Health & Science University, Portland, OR, USA

(Received 8 June 2020; accepted 31 July 2020; published online 6 August 2020)

Associate Editor Owen J. T. McCarty oversaw the review of this article.

Abstract
Introduction—Interventions that could prevent thrombosis,
clinical decompensation, and respiratory compromise in
patients with novel coronavirus disease (COVID-19) are
key to decrease mortality rate. Studies show that profound
cytokine release and excessive activation of blood coagula-
tion appear to be key drivers of COVID-19 associated
mortality. Since limited in vitro methods exist for assessing
the effects of anticoagulants on hemostasis, the development
of novel therapies to safely prevent thrombosis in COVID-19
patients relies on preclinical animal models and early phase
human trials. Herein we present the design of a microfluidic
‘‘bleeding chip’’ to evaluate the effects of antithrombotic
therapies on hemostatic plug formation in vitro.
Methods—The design of the microfluidic device consists of
two orthogonal channels: an inlet that serves as a model
blood vessel, and a bleeding channel to model hemostatic
plug formation at sites of compromised endothelial barrier
function. This is achieved by placing a series of 3 pillars
spaced 10 lm apart at the intersection of the two channels.
The pillars and bleeding channel are coated with the
extracellular matrix protein collagen.
Results—Perfusion of human whole blood through the
microfluidic bleeding chip led to initial platelet adhesion
and aggregation at the pillars followed by hemostatic plug
formation and occlusion of the bleeding channel.
Conclusions—Safe and effective mitigating agents are needed
for treatment and prevention of thrombotic complications in
COVID-19 patients. This simple microfluidic device holds

potential to be developed into a tool for assessing the effects
of anticoagulant therapy on hemostasis.
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sis, Anticoagulant, Antithrombotic, COVID-19.

ABBREVIATIONS

BSA Bovine serum albumin
CAS Contact activation system
COVID-19 Coronavirus disease-19
DIC Differential interference contrast
FX Coagulation factor X
LMWH Low molecular weight heparin
PBS Phosphate buffer saline
PDMS Polydimethylsiloxane
SARS-CoV-2 Severe acute respiratory syndrome

coronavirus 2
vWF von Willebrand factor

INTRODUCTION

Coronavirus disease 19 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection is a global pandemic, having
infected nearly 13 million around the world by the time
of this writing. Primarily a respiratory disease, COV-
ID-19 patients with severe infection suffer from
inflammatory and thrombotic complications.6,34 A
retrospective analysis of COVID-19 patients revealed
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that 71.4% of patients who died developed dissemi-
nated intravascular coagulation (DIC) compared to
only 0.6% of survivors.30 Critically ill COVID-19
patients have been found to frequently develop
thrombotic manifestations including microvascular
thrombosis, venous thromboembolism, and acute
arterial thrombosis. Despite standard prophylactic
anticoagulant administration the rate of thrombosis
approach 20% in hospitalized patients.2,5,8,19,32 While
heparin is a convenient and biologically plausible
attractive anticoagulant for COVID-19 due to its
potential anti-inflammatory, anti-complement, and even
direct antiviral effects, the persistently high rate of
thromboembolic disease despite routine heparin use
implies an urgent unmet need for alternative
agents.11,22,25 Several direct and indirect mechanisms
have been proposed by which SARS-CoV-2 infection
induces pathologic upregulation of inflammation and
coagulation, as illustrated in Fig. 1. This has led to
significant enthusiasm for mobilizing clinical trials tar-
geting either pathway, balancing efficacy with safety.
With regards to developing novel anticoagulants for
treatment of COVID-19 patients, this demands that

these strategies ensure hemostatic safety, i.e. no abnor-
mal bleeding. While the most clinically relevant con-
clusions regarding the safety of anticoagulants will
ultimately be learned through clinical trials, in vitro
models hold potential usefulness in revealing early
safety and efficacy signals to guide future anticoagulant
development of agents to prevent thrombosis in COV-
ID-19 patients without compromising hemostasis.

The key mechanisms that drive intravascular
thrombus formation in diseased vascular beds were
elucidated in part due to the creation and use of in
silico, in vitro, ex vivo and in vivo models of thrombus
formation under shear flow.7,13,16 Building upon this
knowledge, a number of antithrombotic agents tar-
geting either platelets or the coagulation cascade have
been brought to market for use in the prevention or
treatment of cardiovascular diseases including heart
attack and stroke. Yet, despite advances in identifying
targets to improve the efficacy of antithrombotic
therapy, in vitro models to predict clinical bleeding are
limited. This is particularly relevant in COVID-19, as
new antithrombotic agents including inhibitors of
platelet function, coagulation factor (F) X, or the
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FIGURE 1. Hypothesized procoagulant mechanisms of SARS-CoV-2 infection including endothelialitis, leukocyte recruitment,
inflammatory cytokine release and direct activation of coagulation enzymes. Use of anticoagulants to block the development of
COVID-related thrombosis must take into account their potential to incite pathologic bleeding.
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contact activation system will likely have to be used in
combination with heparin as a standard-of-care ther-
apy.28 An understanding of any potentially deleterious
effects of such drug combinations on hemostasis will
have to await the results of ongoing or proposed early
phase clinical trials. This is due in part to the fact that
the physical biology and rheology underlying hemo-
static plug formation are ill-defined relative to our
understanding of thrombosis.9

The events that support hemostasis (extravascular)
vs. thrombosis (intravascular) are distinct in part due to
the rheology of blood flow that differentially distributes
blood constituents inside and outside blood vessels.
Several elegant microfluidic models of the hemostatic
response to a mechanical injury of the microvasculature
have recently been developed.26,27 Here we extend these
models based on the percolation theory of fluid
dynamics to develop a model of blood transport into
the tissue space at sites of compromised endothelial cell
barrier function, such as in inflamed tissue beds and
other forms of microangiopathy.3 To achieve this, we
present the design of a microfluidic device with two
orthogonal channels: a main channel that serves as a
model blood vessel, and a bleeding channel to model
hemostatic plug formation. We propose this model
could be utilized to identify potential anticoagulant and
antithrombotic targets and test agents to mitigate the
thrombotic complications associated with COVID-19
whilst preserving hemostasis.

MATERIALS AND METHODS

The design consists of two orthogonal channels: a
main channel of width 150 lm, length 10 mm and a
side channel of width 100 lm, length 3 mm as shown in
Fig. 2a. We designed 3 circular pillars of diameter 20
lm, placed 10 lm apart at the intersection of two
channels. All features have a uniform height of 50 lm.
One side of the main channel serves as the inlet for
blood, referred to as the inlet channel and the side
channel with the pillars is termed the bleeding channel
as indicated in Fig. 2a. Only the bleeding channel is
functionalized with fibrillar collagen to represent the
subendothelial extracellular matrix. This method can
be modified to include coating the bleeding channel
with tissue factor alone or in combination with extra-
cellular matrix proteins including collagen, nidogen, or
laminin.15,37 The gaps in the pillars represent com-
promised endothelial barrier function as a result of
inflammation or vascular injury. The physical param-
eters of the pillars including number, radius, and
spacing could be modified to study the effects of the
physical biology of barrier function on the kinetics of
hemostatic plug formation.

The design for the bleeding chip was drawn in Au-
toCAD and was printed on photomask (CAD/Art
Services Inc., Oregon, USA). Standard soft-lithogra-
phy techniques were used for making the bleed
chip.23,35 The master mold was a single layer design,
fabricated using a negative photoresist SU-8 2050
(Kayaku Advanced Materials, USA) with feature
height of 50 lm. Microfluidic devices were made by
mixing polydimethylsiloxane (PDMS) (Sylgard 184,
Dow Corning, USA) monomer and the curing agent in
a 10:1 ratio followed by degassing of the solution,
pouring it over the master mold and curing it at 70 �C
for 2 h. After curing, the PDMS replicas were cut and
peeled from the SU-8 mold. Fluid inlets and outlets
were punched using a 1 mm biopsy punch (Miltex,
Japan). The PDMS replicas were bonded to a cover
glass (Thermo Scientific, USA) of thickness 170 lm,
after plasma treating (Harrick Plasma, Ithaca, New
York) the surfaces for 90 s. This assembly was baked at
70 �C for 4 mins to strengthen the bonding.

To coat the bleeding channel with fibrillar collagen
(100 lg mL�1, Chronolog), a collagen droplet of 2 lL
volume was introduced by pipette into the bleeding
channel; the leading edge of the droplet meniscus was
advanced until the collagen solution reached the pillars
as observed with a 109microscope objective. Capillary
forces were sufficient to restrict the collagen solution
from entering the orthogonal vessel channel, thus
allowing selective coating of the bleeding channel and
pillars with collagen as shown in Fig. 2b. After an hour
of incubation at room temperature, both channels were
washed with phosphate buffer saline (PBS) and
blocked with 5 mg mL�1 denatured bovine serum
albumin (BSA) for 1 h followed by washing with PBS.
Relevant controls would include coating the bleeding
channel with BSA.

Human venous blood was collected from healthy
adult volunteers into a syringe filled with 3.8% sodium
citrate (1/10th blood volume) in accordance with the
Oregon Health & Science University Institutional Re-
view Board. Citrated blood was recalcified with the
addition of (1:9 recalcification buffer:blood) recalcifi-
cation buffer (75 mmol L�1 CaCl2 and 37.5 mmol L�1

MgCl2), to allow for coagulation. This method could
be modified for use with reconstituted blood (purified
red blood cells, platelets, and plasma) to allow for
parameters such as platelet count to be adjusted.
Recalcified blood was loaded into a 1 mL syringe and
assembled onto a Harvard 2000 syringe pump as
shown in Fig. 3. The syringe was connected to the
device inlet with a 0.5 mm polyethylene tubing
(Braintree scientific, USA) and the blood was perfused
at a constant flow rate of 10 lL min�1, which corre-
sponds to an arterial shear rate of 1000 s�1 in the inlet
channel. The outlet of the bleeding channel was con-
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nected with polyethylene tubing (20 cm length) grad-
uated every 0.5 cm to record the velocity of blood flow
in the bleeding channel. The main channel outlet was
also connected to polyethylene tubing of similar length
for waste collection. Platelet adhesion, aggregation and
thrombus formation in the device near the pillars
during blood perfusion was recorded using Kohler
illuminated Nomarski differential interference contrast
(DIC) optics with a Zeiss 109 lens on a Zeiss Axio
Imager M2 microscope (Carl Zeiss MicroImaging
GmbH, Germany). Graduations in the polyethylene

tubing connected to the bleeding channel enabled
manual monitoring and recording of blood velocity
and volume in the bleeding channel.

RESULTS AND DISCUSSION

We performed computational fluid dynamic simu-
lations using a 2D model of the bleeding chip created
in COMSOL to predict the hemodynamics at and near
the interface created by the pillars. Our model included
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FIGURE 2. Design and development of a polydimethylsiloxane based microfluidic bleed chip. (a) The bleed chip consists of an
inlet channel of width 150 lm, length 10 mm and a side channel of width 100 lm, length 3 mm referred to as the bleeding channel.
At the intersection of channels, there are 3 pillars of 20 lm diameter with a 10 lm gap between them. Red arrows depict the
direction of blood flow in the device (Figure not to scale). (b) Differential interference contrast (DIC) 103 image of the device where
the bleeding channel is coated with fibrillar collagen (100 lg mL21). The arrow indicates the liquid-air interface during coating of
the bleeding channel. Scale: 50 lm

FIGURE 3. Experimental setup for the use of bleed chip with blood sample. Device inlet is connected to a syringe pump with a
syringe filled with recalcified whole human blood. The bleeding channel is connected to a 0.5 mm polyethylene tube with
graduations every 0.5 cm to record the blood flow rate through the bleeding channel. An equal length of polyethylene tubing is
connected to the second outlet leading to waste collection. Real time dynamics of blood flow inside the bleed chip is captured with
the 103 objective of a DIC Zeiss Axio Imager 2 microscope. Arrows denote the direction of blood flow.
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the constant flow rate of 10 lL min�1 at the inlet, a
constant atmospheric pressure at the main channel
outlet and a constant flow rate of 2 lL min�1 at the
bleeding channel outlet. Blood was modeled as a non-
Newtonian fluid using power-law as described in the
literature.36 Our initial model was based on the average
physical parameters of density and viscosity of human
whole blood and did not take into account changes in
these parameters due to the addition of anticoagulants,
recalcification buffer, or differences in donor hemat-
ocrit. Based on the inlet flow rate, we estimated a
Reynold’s number (Re) � 0.5 for flow in the device
resulting in an assumption of creeping flow inside the
device. Although the low Re flow in the model may not
capture the physiology of blood flow, this is a limita-
tion associated with the field of microfluidics in general
and there remains a need for scaling approaches that
better relate the rheology observed in microfluidic
models to the biophysical parameters of veins, capil-
laries and arteries. The Navier–Stokes equation for
creeping flow was solved using COMSOL under steady
state conditions to create velocity and shear rate pro-
files as shown in Figs. 4a and 4b. Velocity profiles
derived from the microfluidic device indicated a series
of stagnation points along the pillar surface and the
corners at the channel intersection (Fig. 4a). Platelet
aggregation at stagnation points has been shown to
initiate a core and shell thrombus wherein the core
consists of procoagulant platelets which facilitates
localized thrombin generation whereas the shell is
comprised of weakly activated platelets which acts as a
rheological shield.12,29 For our bleeding chip model,

the shear rate profile shows a change in shear rate from
1000 s�1 in the inlet channel to 9000 s�1 in the spaces
between the pillars of the bleeding channel, thus
introducing a shear gradient. This region of increasing
shear rate was followed by decreasing shear rates in the
bleeding channel downstream of the pillars as shown in
Fig. 4b. Rapid transition of shear rate over short dis-
tances has been shown to promote platelet activation
and aggregation due to platelet GPIb-von Willebrand
factor (vWF) interaction.21 The Peclet number (Pe)
>> 1 for the transport of zymogens from bulk flow to
the pillar surface at steady state conditions implies a
significant dependence on advection as the primary
transport mechanism.4,17

We experimentally observed the initiation and
propagation of hemostatic plug formation at the sites
predicted by our computational model as ‘‘locations of
shear gradients’’. The dynamics of hemostatic plug
formation were imaged by DIC microscopy. Figure 5a
shows the progression of platelet aggregation and
coagulation around the pillars at the entrance of
bleeding channel at 0, 5, and 10 min perfusion times.
Hemostatic plug formation was observed to initiate at
and around the pillars as indicated by the dotted circle
in Fig. 5a. The growth of the hemostatic plug contin-
ued in the direction of flow inside the bleeding channel
over the next 5 min. By 10 min a patent hemostatic
plug was formed and blood flow ceased. In contrast, in
the absence of coagulation using sodium citrate-anti-
coagulated whole blood, hemostatic plug formation
was incapable of stopping blood flow in the bleeding
channel. At present the time to occlusion is a labora-
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FIGURE 4. Estimation of shear rate and velocity in the bleed chip using numerical modeling. Computational fluid dynamics model
of the bleed chip was solved using COMSOL to generate surface plots of velocity (a) and shear rate (b) in the bleed chip at initial
steady state conditions. (a) Surface plot of velocity in the bleed chip at steady state conditions. White arrows indicate the direction
of flow in the device. Blood is modeled as a non-Newtonian power law fluid and the Navier-Stokes equation is solved using
COMSOL to compute the velocity and shear rate in the bleed chip at steady state conditions. (b) Wall shear rate increases from
1000 s21 in the main channel to 9000 s21 on pillar surfaces and then decreases to 1000 s21 distal to the pillars in the bleeding
channel.
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tory-based experimental parameter, akin to a clotting
time in an APTT assay; future studies are required to
relate this parameter to the kinetics of hemostatic plug
formation at sites of vascular injury or compromised
barrier function and relevant scaling of the model to
vascular beds, veins and arteries.

The velocity of blood in the bleeding channel was
recorded by quantifying the rate of blood flow within a
graduated polyethylene tubing connected to the distal
end of bleeding channel. We report the scaled velocity
ð�uÞ ¼ ui

u0
in Fig. 5b where ui is the velocity of blood

measured at a given time point and u0 is the initial
velocity of blood measured in the tubing connected to
the bleeding channel. Our pilot data show a reduction
in blood flow velocity as a function of time. Of note,
we observed fluctuations in scaled velocity due to ‘re-
bleeding’ wherein a portion of the hemostatic plug
would become unstable and erode in a similar manner
as has been observed in animal models of hemostatic

plug formation.31,33 Our current technique to measure
velocity of blood in the bleeding channel is limited to
the granularity of measuring discrete time intervals
associated with 1.3 lL gradations in blood volume;
continuous monitoring of the blood volume and
velocity with techniques including gravimetric or
doppler measurements of volumetric flow rate would
improve the precision of this platform, albeit at an
increased cost of design.

This method can be developed to study hemostasis
in vitro under physiologically relevant flow conditions.
The effect of inhibitors of the intrinsic, extrinsic and
common pathways of coagulation alone or in combi-
nation with anti-platelets inhibitors including PAR4
and P2Y12 antagonists on hemostatic plug formation
can readily be evaluated in this model.20,24 The sensi-
tivity of this model to changes in platelet count and
hematocrit remain to be validated.
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FIGURE 5. Dynamics of blood flow and hemostatic plug formation in the bleed chip. Human whole blood, with or without
recalcification, was perfused through the bleed chip at a constant flow rate of 10 lL min21 using syringe pump. The dynamics of
hemostatic plug formation in the pillar region was recorded through 103 DIC microscope (a) and the velocity of blood in the
bleeding channel was recorded through a graduated tubing connected to the bleeding channel outlet and transformed into scaled
velocity (b). (a) 103 DIC images of the pillar region of the bleed chip at 0, 5 and 10 min after perfusion of recalcified whole human
blood at a constant inlet flow rate of 10 lL min21. Red arrow depicts the direction of blood flow in the device and the white ellipse
with broken lines indicates the pillar region. Scale: 100 lm. (b) Scaled velocity of blood ( �u) as a function of volume of blood in the
bleeding channel. Scaled velocity ( �u = ui

u0
) is the ratio of blood velocity at a given time point (ui ) to the initial blood velocity (u0)

measured in the bleeding channel. Dashed line indicates a scaled velocity (�u) of 1.0. Errors are 6 standard error of means for four
trials.
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Translation for Use in COVID-19

The primary cause of death in COVID-19 is pro-
gressive respiratory failure, which has been increas-
ingly associated with the presence and frequency of
microangiopathy thrombi in the pulmonary vessels of
COVID-19 patients.10,18 For instance, reports have
shown the rate of alveolar capillary microthrombi were
nearly 9-fold higher in COVID-19 patients as com-
pared to patients with influenza.1 In the intensive care
unit, cumulative incidence rates nearing 50% have
been reported for arterial and venous thrombosis in
COVID-19 patients despite the widespread adoption of
low molecular weight heparin (LMWH) as primary
thromboprophylaxis.14,19 These observations highlight
both the need for novel safe and effective antithrom-
botic strategies to combat thrombosis in COVID-19
patients, as well as our lack of understanding of the
pathology of thrombosis in infectious diseases includ-
ing COVID-19. Novel anticoagulant strategies such as
inhibitors of the contact activation system (CAS) of
coagulation and stimulators of the protein C pathway
will likely see introduction into clinical trials in com-
bination with heparin products.28 As LMWH is known
to compromise hemostasis, combinations of novel
anticoagulants with LMWH will require careful study
to ensure no compounding effects on hemostasis. The
development of in vitro or ex vivo models of hemostasis
may be useful in predicting the potential for adverse
major bleeding events for the use of novel anticoagu-
lants as monotherapy or in combination with LMWH
prior to evaluation in clinical trials. Herein we describe
the development of a simple microfluidic-based assay
to model hemostasis. We aim to use this model for
evaluation and dose selection of CAS inhibitors for use
in clinical trials to evaluate their safety and efficacy in
mitigating thrombosis in COVID-19.
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