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Abstract
Abnormalities in hemostatic response are 

responsible for a large number of life-threatening 
conditions, however, despite many decades of 
research, today there are no reliable ways to correct 
hemostasis without significant risks of thrombosis or 
bleeding. This situation reflects a poor understanding 
of the key mechanisms that regulate the hemostatic 
response. To uncover the principles underlying the 
regulation of hemostasis, both experimental models 
and theoretical approaches are actively used. This 
review focuses on current in vitro models of thrombosis 
and hemostasis and describes key approaches and 
tools for studying blood coagulation outside the 
human/animal body. To reconstruct this process, 
both microfluidic technologies and approaches 
based on manufacturing artificial vessels using a 
variety of hydrogels are actively used. In vitro models 
of thrombosis traditionally mimic non-penetrating 
damage to the vessel wall and have been used for 
more than 30 years to uncover the key processes 
responsible for the formation of arterial thrombi. 
Models of in vitro hemostasis have been actively 
developed only in recent years and are focused 
ono crucial mechanisms governing the formation of 
hemostatic plugs - clots that stop bleeding upon a 
penetrating vascular injury. Modern in vitro models of 
thrombosis and hemostasis are used not only as tools 
for fundamental research but are also introduced into 
clinical practice.
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Introduction
The human hemostasis system remains the 

subject of active research primarily due to its great 
clinical significance: complications caused by arterial 
thrombosis alone are the most common cause of 
death and disability in people worldwide [1]. The key 
methods for studying the physiology of hemostasis 
today are in vivo animal models [2], as well as in vitro 
[3-5] and in silico [6] approaches.

In vitro models make it possible to reconstruct the 
processes of hemostatic response outside the body 
under well-controlled conditions, which is crucial due 
to the extreme complexity of the hemostatic system. 
Such models are also of great importance as potential 
systems for assessing the state of hemostasis in 
clinical settings, as well as tools for the development 
of new drugs since they allow working with human 
blood.

This review highlights the most significant in vitro 
approaches proposed in recent years for the study 
of thrombosis and hemostasis. Following traditional 
concepts, the structure of this work implies the 
separation of thrombosis models, which simulate 
the formation of intravascular clots, and hemostasis 
models, which aim to reconstruct the processes 
that occur in response to penetrating damage to the 
vessel.

Here we will focus on the technological features 
of these models, rather than the biological or clinical 
results obtained with their help.

In vitro models of thrombosis

Microfluidic models

The current in vitro models of thrombosis 
represent flow devices, usually termed flow 
chambers, which allow perfusion of whole blood 
or its components through a specially designed 
channel that mimic blood vessels. One of the most 
popular and proven approaches to the creation of 
flow chambers for modeling thrombosis is based 
on PDMS as a material that forms the geometry of 
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Figure 1. Fabrication of PDMS-based flow 
chamber: a) A master mold is prepared using 
photolithography. The relief (typically made of 
photoresist on a silicon wafer, shown in orange) 
usually contains several patterns to be imprinted on 
PDMS; b) The relief form (master mold) is poured 
with the liquid mixture of PDMS base with curing 
agent; с-d) A part of polymerized PDMS is then сut 
and extracted from the mold e) inlet and outlet holes 
are made and the required tubings are connected. 
The chamber is attached onto the glass or plastic 
coverslip (gray) using plasma bonding or vacuum-
sealing.

the channels. The optical transparency of PDMS, 
its biological inertness, as well as an excellent 
combination with photolithography technology, led 
to the rapid development of microfluidics and its 
active application in various problems of biology and 
medicine. The use of this technology to reconstruct 
the process of blood coagulation outside the body 
makes it possible to regulate a significant part of 
the experimental parameters: the geometry of the 
channel which imitates the vessel, the pressure in 
the channel, the flow and the surface shear rates, the 
location of the activator that initiates the formation of 
a thrombus, and the introduction of various solutions 
into the system. To create such a flow chamber, the so-
called microfluidic chips are widely used. These chips 
(moulds, masters) are created by photolithography 
technology and determine the geometry of the 
channels. The tandem of photolithography and 
polymerizing elastomer (PDMS) is called soft 
lithography and is illustrated with Fig. 1.

The key parameters of experiments on thrombus 
formation under flow conditions include channel 
geometry (shape, characteristic size), wall shear rate 
(usually ranging from 100 to 2000 s-1), biochemical 
composition and geometry of the area with an activator 
molecules (usually type I fibrillar collagen and tissue 
factor are used), the source and composition of the 
blood (the organism from which the blood was drawn, 
the type of anticoagulants, the presence of additional 
substances in the blood).

An example of the elegant application of 
microfluidic technology to study thrombus formation 
is the classic work of researchers from the University 
of Pennsylvania [7]. Using the blood of wild-type mice 
and various knockout strains, makes it possible to 
assess the contribution of certain platelet receptors 
to the process of thrombus formation under controlled 
hemodynamic conditions. To reduce the volume of 
blood used in a single experiment, the researchers 
significantly reduced the dimensions of the channels 
(100 by 100 micrometers) using photolithography 
technology. To initiate the process of thrombus 
formation, the most widely used activator, fibrillar 

type I collagen, was immobilized onto a previously 
cleaned glass slide via another microfluidic channel. 
This technique involves vacuum sealing of the 
PDMS chamber with a single channel running almost 
the entire length of the slide (Fig. 2, a,b). Another 
chamber with multiple independent channels was 
further assembled on top of the collagen stripe. This 
approach makes it possible to carry out experiments 
at various wall shear rates within one chamber,  
regulate the area of the simulated injury, and also 
keep the position, size, and concentration of the 
activator constant for a given series of experiments.

Microfluidics technology allows manufacturing 
flow systems with much more complex geometries. 
Researchers from the same group led by Scott L. 
Diamond have demonstrated the use of a microfluidic 
device that allows fluorescent probe (FITC, 
fluorescein isothiocyanate) to be pumped through 
a growing thrombus formed on collagen or collagen 
with TF scaffold. This technique makes it possible to 
measure the permeability of platelet and platelet/fibrin 
deposited layers, while independently controlling the 
pressure gradient and shear rate [8]. The microfluidic 
device was created using soft lithography technique 
and attached to a glass slide using an evacuated 
circuit. The device geometry includes several inputs 
and outputs, additional resistance for providing 
increased pressure, and domains for pressure 
monitoring and control (Fig. 2, c-f). Thus, such a 
system allows the researchers to control and vary 
a number of model degrees of freedom, including 
hemodynamic parameters - pressure and shear rate. 
A distinctive feature of the model was the the location of 
activators and thrombus respective to the microscope 
objective: unlike classical systems in which thrombus 
formation occurs on one of the horizontal planes of 
the flow system, in this model thrombus growth was 
initiated on the vertical walls and propagated in the 
horizontal plane into the channel depth (Fig. 2, f), 
allowing researchers to observe the internal structure 
of the thrombus without making optical sections, as in 
classical in vitro systems. 
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Figure 2. Microfluidic devices for analysis of thrombus formation under controlled shear. a) A 100 μm strip of 
collagen (red) was deposited and immobilized with a microfluidic pattern along the length of the slide. b) A microfluidic 
device with a set of channels was oriented perpendicular to the collagen pattern (red). Adapted from [7]. с-e) Microfluidic 
device with adjustable pressure gradients. The constant flow rate Q1 was provided by the syringe pump. The presence 
of pressure transducers (P1, P2 and P3) and additional inlet Q2 allowed controllable pressure gradient in the thrombus 
formation zone (e,f). f) Thrombus (orange) was formed on a collagen (blue) located between the PDMS pillars (white 
circles). Adapted from [8].

Hydrogel-based models

The most commonly used approaches to the 
design of microfluidic chambers are convenient in 
use, but their degree of correspondence to a real 
vessel is rather low, because they are characterized 
by non-physiological geometry (rectangular/square 
channel section), the absence of endothelial cells 
and mechanically rigid PDMS walls. The most 
realistic models of vessels today are created based 
on combining hydrogel technology and cell culture 
methods, and such systems are gaining popularity in 
a variety of biomedical fields [9-11].

Yu Shrike Zhang et al. used 3D bioprinting 
technology to create a highly biomimetic model 
of thrombosis [12]. The body of the chamber was 

made of a hydrogel - methacrylate-gelatin (GelMA), 
based on which three types of channels were 
made - microchannels coated with HUVEC without 
fibroblasts; non-endothelialized microchannels 
with encapsulated fibroblasts in a hydrogel and 
endothelialized microchannels with simultaneously 
encapsulated fibroblasts inside (Fig. 3, a-c). Thus, the 
use of hydrogels and sacrificial bioprinting technology 
makes it possible to obtain vascular models with 
a high degree of similarity to real vessels, both in 
terms of mechanical properties and the biochemical 
composition of the cell wall.

Another popular approach for design of realistic 
vessel is based on capillary removal technique (Fig 
3, d-f) and has been successfully applied for various 
tasks [9]. 
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Figure 3. Various approaches for using hydrogels to fabricate artificial vessels. a) - c): bioprinting of vascularized 
hydrogels, schematic of the bioprinting process (adapted from [12]). a) bioprinting vessels and the wall; b) scaffold for 
GelMA; c) final GelMA block after curing with ultraviolet light and dissolving of the sacrificial layer (made from pluronic). 
d) - f): the tissue-engineered 3D microvessel, schematic of the construction process: d) PDMS mold, which contains 
input and output ports, is vacuum-sealed to the glass slide and serves as the shell. Cylindrical template rod (e.g. glass 
capillary) is positioned in the middle of the chamber into the special functional holes; e) PDMS mold is filled with hydrogel 
in a liquid state; f) after the gelation, the rod is physically removed by pulling it out from one side. After the removal of the 
template rod, the chamber is ready to use for blood/plasma perfusion or could be perfused for endothelial cell seeding 
and cultivation. Adapted from [9].

Parallel-plate flow chambers

It should be noted that flow chambers of standard 
parallel-plate geometry, despite their simplicity, are 
actively and successfully applied in fundamental 
research of the hemostasis system today [13-
17]. These chambers are designed using both 
microfluidic technique or more simplified approaches 
(for example, by cutting the channel in a sticky tape, 
which is further placed in between the coverslip and 

coverglass or analogues). 
Researchers at the University of Maastricht, 

using a standard flow chamber with parallel-plate 
geometry, have demonstrated the ability of cell-free 
homogenates from human atherosclerotic plaques to 
promote platelet adhesion and aggregate formation 
under relatively high shear rates (1000 s-1) [18]. This 
work made it possible to compare the thrombogenic 
potential of standard activators (including fibrillar 
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Figure 4. Schematic of a microfluidic flow chamber designed to generate shear gradients. (а) Schematic of a 
polydimethylsiloxane (PDMS) microfluidic flow chamber containing a straight rectangular channel 1 mm wide and 0.1 
mm height, and a stenotic channel of similar dimensions, but providing a 90% width reduction in the central region 
(zone 3). Zones 1 through 5 are labeled in the bottom of the schematics showing 3D view. (b) Microphotograph of a 
microfluidic flow chamber from a fluorescent microscope: transition from zone 2 to zone 3 of the stenotic channel. Image 
was obtained with x20 objective. (c) Map of velocity magnitude at mean height in the stenotic canal, obtained using 
velocimetry imaging of microparticles: transition from zone 2 to zone 3. (d) Dimensionless velocity profiles U⁄Umax as 
a function of Y⁄Ymax or Z ⁄Zmax (U is the magnitude velocity, Ymax - stenosis half-width, Zmax - half-height) at the 
average height and average width of the microfluidic flow chamber in zone 3. (e) Computational fluid dynamics analysis 
representing the shear rate at the bottom of the chamber (z = 0) throughout the chamber and in the enlarged area, 
corresponding to the entrance to zone 3. The geometry of the channel in the computational fluid dynamics (CFD) model 
corresponded to the stenotic version of the chamber shown in panel (a). Figure adapted from [20].

collagen of the first type) with a multicomponent 
mixture of activators released from atherosclerotic 
plaques of patients. The idea of comparing thrombus 
formation on various activators and their combinations 
was further taken by the authors to a new level: using 
microprinting technology, thrombus formation was 
analyzed on more than 50 different surfaces [19].

Models with stenotic geometries

To study the impact of flow disturbance on the 
dynamics of thrombus formation, flow chambers with 
a special geometry are used, wherein a stenosis is 
added to the standard shape of the channel, affecting 
the surface shear rate distribution. 

Such systems make it possible to study thrombus 
formation in case when local spatial shear rate 

changes by over an order of magnitude. The creation 
of stenotic geometry is usually accomplished by 
microfluidic technique (using soft lithography) 
and was realized by imitating the atherosclerotic 
geometry with a semicircle [20] or by creating a local 
perturbation intended for a sharp increase in the shear 
rate up to 1800 s-1 in combination with an immediate 
deceleration of the shear to 200 s-1 [21]. Using 
chambers that mimic stenosis, shear rate gradients 
have been recently shown to promote biphasic 
thrombus formation on weak adhesion proteins such 
as fibrinogen in a von Willebrand factor-dependent 
manner [22]. The design of a standard plane-parallel 
flow chamber has been modified (Figure 4) to allow 
the comparison of two channels - direct and stenotic 
(reduction of the vessel lumen area by 90%).
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Miscellaneous: beyond traditional tasks and 
techniques

In several works, microfluidic approaches 
have also been successfully used to analyze fibrin 
polymerization under flow conditions, but in the 
absence of platelets [23, 24]. 

In most current models of thrombosis, the flow 
in the system is kept constant by using syringe 
pumps, leading to drastic increase of local pressure 
gradients in case when thrombus significantly alters 
hydraulic resistance of a system. Such conditions 
of a constant flow are non-physiological; therefore, 
in some models, researchers use special bypass 
channels, thereby realizing the conditions of a quasi-
stationary pressure drop [25, 26]. The approximation 
of a constant shear  rate might be also improper on 
a timescales corresponding to a cardiac cycle: the 
effects of pulsations in arteries can be significant, 
and therefore, in several models researchers used 
special systems to create the effect of pulsations [27, 
28].

Either syringe pumps or hydrostatic pressure is 
commonly used to provide fluid perfusion through the 
flow chamber. A more complicated approach, ex vivo 
autoperfusion system, has recently been proposed to 
study the behavior of mouse leukocytes and platelets 
under realistic hemodynamic conditions [29]. In this 
model, the mouse heart continuously controls blood 
flow through the chamber, providing a wide range of 
physiological shear rates. Thus, the ex vivo chamber 
is an external vessel connecting the arterial and 
venous systems of a living mouse, while the animal’s 
heart creates a driving force for blood circulation.

The studies of thrombus formation under blood 
flow conditions in vitro in most aim to reproduce 
processes that occur in vivo in case of non-penetrating 
damage to the inner layer of the vascular wall above 
the atherosclerotic plaque and thus correspond to 
arterial thrombosis. Another pathological scenario of 
thrombus formation is the formation of a so-called red 
venous thrombi in the area of stagnant zones near 
the venous valves. To simulate this process, a special 
microfluidic flow chamber was proposed, in which, 
due to the selection of geometric and hemodynamic 
parameters, a stagnant zone is formed that simulates 
the situation in a living organism [30].

Today, in vitro models of thrombosis are much 
more often used in basic research than in clinical 
practice, which is mainly associated with the problems 
of standardizing such systems. Nevertheless, flow 
chambers are slowly gaining popularity in clinical 
studies as novel diagnostic tools [3-5, 31].

In vitro models of hemostasis
One of the first models of hemostasis described 

in the literature was proposed by researchers from 
the University of Colorado and created based on 

Figure 5. Scheme of a microfluidic model of hemostasis 
with an injury channel. Citrated whole blood and 
recalcification buffer were combined at a 9:1 volumetric 
flow ratio. Recalcified whole blood (red) and wash buffer 
(blue) were injected into two different vertical channels of 
the extravascular injury device. A horizontal injury channel 
(consisting of collagen and/or TF)  connects two vertical 
channels. Adapted from [32].

standard microfluidic technologies [32]. The original 
device was designed in the shape of the letter “H”, 
where the two external vertical channels represent 
the vascular and extravascular, respectively. The 
vertical channels are connected by a horizontal 
channel that imitates an injury-made opening in the 
vessel wall, which is called an ‘injury’ channel (Fig. 
5). Fibrillar collagen type I, recombinant human 
tissue factor, or their combination were adsorbed on 
the walls of this channel. Thus, the injury channel 
was covered with components that are located in 
the vessel wall and contribute to the initiation of a 
hemostatic response in the event of vessel damage. 
Recalcified whole blood and buffer were delivered via 
vascular and extravascular channels, respectively. 
The pressure drops in whole blood and buffer were 
adjusted so that the mean wall shear rate in the blood 
channel was 2200 s-1. The constant pressure drop 
in the channel simulating vessel damage reflected 
the pressure difference between the vessel interior 
and the surrounding tissues. Suppression of platelet 
function or coagulation led to an increase in the 
closure time of the injury channel or instability of the 
forming hemostatic thrombi. The time of closure of the 
damage channel in the presence of the only collagen 
was more than 20 minutes, in the presence of the only 
TF - 15.8 ± 2 minutes, and with their simultaneous 
application - 7.5 ± 1.6 minutes. Inhibition of platelet 
function with clopidogrel resulted in ~50% increase of 
occlusion time. Interestingly, authors did not observe 
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closure in the absence of TF or in case of significant 
inhibiting factor VIII activity with a function-blocking 
antibody. The developed system, because of its 
technical simplicity, can be tried as an integral test 
of hemostasis to identify high risks of bleeding or 
thrombosis.

The next published model of hemostasis was 
proposed by a group led by Wilbur Lam. In addition to 
using a multi-layer PDMS chamber, the researchers 
introduced a monolayer of endothelial cells into the 
system. The “damage” to this system is simulated 
using the pneumatic valve, which induces abrupt 
change in the geometry of the chamber, leading to 
the outflow of the blood into a special channel (Fig. 
6). Thus, the developed complex model of bleeding 
in mechanical injury includes an “endothelialized” 
microfluidic system in combination with a microscopic 
pneumatic valve that causes vascular “damage” [33]. 
The authors visualized the formation of a hemostatic 
plug and measured the “bleeding time” in vitro. 
Thus, in this model, the damaged endothelial cells 
themselves, as components of the subendothelial 
matrix, accumulated by the cells during cultivation, 
act as activators of the hemostatic response.

A recent work by researchers from the University 
of Pennsylvania describes a new approach to 
modeling hemostasis in vitro, in which the wall of 
an artificial vessel is pierced with a needle (Fig. 7), 
thereby creating a channel through which the blood 
outflows due to the pressure drop [34]. Using the 
analysis of microscopic images, the authors presented 
quantitative data on the dynamics of the formation of 
a hemostatic plug and closure of the injury site and 
demonstrated their qualitative similarity with situations 
in vivo. The model includes a PDMS shell and 
comprises three sections: a chamber for collagen gel 
formation, a channel that mimics a blood vessel and 

Figure 6. Multilayer microfluidic 
model of bleeding. (a) Three PDMS-
layers: 1-vascular layer, consisting of 
a vascular channel and a bleeding 
channel, 2-PDMS valve layer, 3-layer 
that deforms the valve due to pressure 
reduction; (b) The schematics of the 
assembled device; c) General scheme 
of the system: first, endothelial cells 
(pink) are cultured to form a monolayer 
in the vascular channel (blue). d) 
Further, whole blood (red) is perfused 
and the valve layer is displaced by 
decrease of the pressure in the valve 
actuator chamber (white). Blood, while 
the valve is in the open position, flows 
through the vascular channel, as well 
as through the newly created channel, 
simulating bleeding due to penetrating 
damage. Adapted from [33].

a chamber that mimics extravascular space (Figure 
7). Type I collagen was mixed with relipidated TF and 
polymerized in a special chamber while endothelial 
cells were seeded directly over the collagen gel and 
cultured to form a monolayer. Damage to the “vessel 
wall” was produced with a needle, and the size of the 
damage (diameter of the hole in the gel) varied from 
120 µm to 200 µm and is determined by the diameter 
of the needle (Fig. 7). To study the formation of a 
hemostatic plug, whole human blood recalcified in the 
presence of CTI (corn trypsin inhibitor) at a shear rate 
of 100 s-1 (which corresponds to large veins in the 
human body) was pumped through the intravascular 
canal. The simultaneous accumulation of platelets 
and fibrin at the site of injury led to the formation of 
hemostatic plugs, which stopped the blood loss within 
10 minutes after injury. The main results of this work 
show that this model of vascular injury is a potentially 
powerful tool for simulating and investigating various 
aspects of the hemostatic response. The complexity 
of this model (associated primarily with the use of a 
monolayer of endothelial cells) seems to restrict its 
application in clinical settings, but allows it to be used 
in basic research, as well as for preclinical studies of 
the new drugs.

Conclusion
In vitro models that aim to answer fundamental 

questions in a field of hemostasis demonstrate 
a reasonable tendency to take into account an 
increasing number of microenvironmental features 
of a living organism.  Mechanical properties of 
tissues (transition to hydrogels), the presence of both 
damaged/activated endothelial cells and healthy 
endothelium, the peculiarities in hemodynamics (the 
presence of stenosis in case of modeling arterial 
thrombosis, flow pulsations, as well as bypass 
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Figure 7.  In vitro model of hemostasis 
with artificial vessel. a) The system 
is encapsulated into PDMS shell. 
Basic components are shown in the 
schematics and labeled accordingly b) 
Consecutive steps of the puncturing 
process performed by the needle. The 
needle is moved from right to the left and 
first penetrates the blood chamber (right 
section), then punctures the endothelial 
layer (shown red) and collagen gel 
section (middle), and finally reaches 
the “extravascular” domain, denoted as 
bleeding chamber. Adapted from [34].

vessels) are among these features that gained more 
attention during the last decade. On the other hand, 
systems that are increasingly popular in clinical 
studies remain relatively simple in terms of technical 
design and implementation due to standardization 
problems. An important trend in recent years has also 
been the development of hemostasis models, which 
were highlighted in a separate section of this review. 
The development of new models of hemostasis both 
in vivo and in vitro represents an extremely important 
task due to high importance for both fundamental and 
clinical research.
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