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ABSTRACT 

 

Venous valves are anatomical structures in the veins, small and large, that help in 

the unidirectional flow of blood towards the heart. Unwanted clot (thrombus) formation 

at these valves and its subsequent complications is the third leading cause of 

cardiovascular deaths in the world. Our knowledge of this thrombus formation is limited 

due to our over reliance on murine models, which do not have venous valves. As human 

in vivo study of these valves is difficult due to its location there is a need for 

physiologically relevant in vitro models that can efficiently dissect the contribution of 

Virchow’s triad – endothelial inflammation, blood flow dynamics and coagulable nature 

of blood, at the venous valves for thrombus formation. This dissertation focusses on the 

development of physiologically relevant in silico and in vitro models of veins containing 

venous valves.  

An in silico model was used to analyze the unique flow patterns within 

physiological and pathological non-actuating micro venous valves (vein diameter less 

than 200 µm). I observed that an incompetent non-actuating micro venous valve may 

have a different mechanism of thrombus formation compared to valves at larger veins. 

Deep vein thrombosis (DVT) that occurs at the valves of the deep (larger) veins 

and its consequences lead to around 100,000 deaths annually in the US alone. I used the 

organ-on-chip technology to create a Vein-Chip platform that integrated fully 

vascularized venous valves and its hemodynamic, as seen in vivo. The vascular 

endothelium of valves adapted to the locally disturbed microenvironment by expressing 
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a different phenotype from the other regions of the vein that had uniform flow. The 

platform is used to modulate the three factors of Virchow’s triad to investigate the 

determinants of fibrin and platelet dynamics of DVT.  

Healthy venous valves actuate to help unidirectional blood flow in the body. I 

extended the current model by including a 3D printed hydrogel valve that could actuate. 

The current model helps us understand how an actuating venous valve may keep the 

valves healthy and thrombus free.  

Overall, the Vein-Chip offers a new preclinical approach to study venous 

pathophysiology and show effects of antithrombotic drug treatment. 
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NOMENCLATURE 

 

BOECs Blood Outgrowth Endothelial Cells 

DVT  Deep Vein Thrombosis 

CFD  Computational Fluid Dynamics 

ECM  Extracellular matrix 

FSI  Fluid Structure Interaction 

HUVECs Human Umbilical Vein Endothelial Cells 

HSaVECs Human Saphenous Vein Endothelial Cells 

VWF  von Willebrand Factor 

TNF-α  Tumor Necrosis Factor – α 

PDMS  polydimethylsiloxane 
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1. INTRODUCTION TO THROMBOSIS-ON-A-CHIP: PROSPECTIVE IMPACT OF

MICROPHYSIOLOGICAL MODELS OF VASCULAR THROMBOSIS* 

1.1. Abstract 

The most common pathology of the blood-vessel organ system is thrombosis or 

undesirable clotting of the blood. Thrombosis is life threatening as more than 25% of 

such cases lead to sudden death from stroke and myocardial infarction. Even though the 

process of thrombosis has been extensively investigated with animal models, its exact 

pathobiology in different blood vessels is not yet fully understood and drug assessment 

remains unpredictable. This is primarily because the cause for thrombus formation is 

multifactorial and depends on the interplay of flow patterns within the blood vessel, the 

vessel wall or endothelium, extracellular matrix, parenchymal tissue, and the cellular and 

plasma components of the blood. Current in vitro and animal models do not mimic or 

dissect this organ-level complexity faithfully. However, microfluidic technology has 

recently been deployed to effectively recapitulate blood-endothelial-epithelial 

interactions in the onset of thrombosis in blood vessels. This technology is promising 

because it permits inclusion of primary human cells and blood obtained from patients, 

which is currently lacking in other in vitro models of thrombosis. In this review, we 

summarize the current state-of-the-art and practices in microfluidics and expected 

improvements in this field that will impact basic understanding of thrombosis, drug 

discovery and personalized medicine. 

________________________
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1.2. Background 

Under physiological conditions, the blood remains in a fluid state by maintaining 

a balance between the procoagulant and the anticoagulant factors present in the blood. 

When this balance is impaired, a shift towards anticoagulant factors leads to unexpected 

bleeding and blood loss whereas a shift towards procoagulant factors leads to thrombus 

formation that occludes blood vessels eventually becoming a cause of stroke [1]. Such 

undesirable clotting of blood is the most common pathology found in the vasculature. 

Pathologic clotting of blood, or thrombosis, in the vasculature has been studied 

extensively since the 18th century. In the earliest studies, the initiation of thrombus 

formation (thrombogenesis) was related to one of the following factors: 

hypercoagulability of blood, blood stasis and endothelial damage. However, Rudolf 

Virchow in 1856 was the first to make a profound observation that all these three factors 

together are critical to thrombogenesis. These factors that collaboratively contribute to 

thrombosis are known as the Virchow’s triad [2]. Blood can become hypercoagulable 

due to the activation of blood cells (such as platelets) and release of clotting factors 

(such as thrombin) into plasma [3]. Stasis of blood flow may occur due to occlusion of 

the blood vessel resulting from plaque formation in arteries (atherosclerosis) or due to 

impairment of valves in the deep veins (deep vein thrombosis) [4]. Vascular activation 

occurs when the endothelium is exposed to circulating stimulants, making it 

procoagulant and pro-inflammatory [5]. Endothelial cell inflammation increases cell 

permeability contributing to thrombus formation by the  interaction of platelets and 
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clotting factors with the exposed components of the vascular surface [6]. Since the 

discovery of Virchow’s triad, its factors have been extensively investigated 

independently at molecular and cellular levels, but the mutual interplay of these factors 

(and others) has not been fully understood because it requires dissectible organ-level 

modeling of the physiology of thrombosis.  Current methods that are used to investigate 

the multivariate factors that lead to thrombosis do not permit analysis of the organ-level 

prothrombotic responses with incremental level of complexity that underlies in several 

diseases. While several sophisticated animal models of thrombosis exist, and have 

contributed to our basic understanding of certain specific mechanisms, integrated models 

that can separate contributions of platelet-endothelial interactions versus tissue-tissue 

(e.g., epithelial-endothelial) interactions are still underdeveloped and significantly non-

predictive. Most current in vitro assays of hemostasis and thrombosis on the other hand, 

do not incorporate vascular function. Several recent studies have enabled microfluidic 

flow chambers to include endothelial lumen within which whole blood can be perfused 

and platelet-endothelial interactions can be visualized with high resolution [7-10]. This 

development is promising as it opens opportunities to include the more complex organ-

level interactions in the assessment of thrombosis as well as anticlotting drugs. There are 

further advantages of using such microphysiological systems (or organs-on-a-chip) due 

to their micro scale, for e.g. these devices require little amount of blood samples, tight 

control of dimensions, lower cost per device and easy fabrication and repeatability of 

large number of experiments [11]. Also, with organ-on-a-chip technology, assessment of 

thrombosis at a patient-specific level is possible by including specific vessel anatomy, 
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vascular endothelial cells and blood, all derived from the same patient.  Here, we 

succinctly discuss current animal and in vitro methods applied in modeling arterial, 

venous and microvascular thrombosis, followed by an overview of utilization of 

microphysiological devices in assessing complex features of thrombosis and future 

directions that could improve status quo. 

1.3. Current models of thrombosis: The gold standard 

Current models used to investigate thrombosis include in vivo animal models 

ranging from zebra fish to nonhuman primate models, and in vitro models in the form of 

parallel plate flow chambers and cone-and-plate viscometers. 

1.3.1. Animal models:  

The most common animal model of thrombosis is the mouse. Numerous murine 

thrombosis models have been developed to study the arterial, venous, and microvascular 

thrombosis [12]. In these models, arterial thrombosis is generally induced using injury of 

the carotid arteries (for example, ferric chloride or Rose Bengal-plus-light), venous 

thrombosis is induced slowly by stasis or stenosis (both by ligation) or rapidly by an 

acute injury (using free-radicals) of the inferior vena cava, and microvascular thrombosis 

is induced by free-radical injury or laser injury of the mesenteric veins. A few other 

models also exist, like direct electric injury, anastomosis, ultrasound disruption or 

intraluminal collagen, which are less preferred due to the difficulty in obtaining 

repeatable results between labs. These diverse mouse models have contributed 

immensely over the last few decades in decoding several key mechanisms that govern 

thrombosis [12-16], as well as capturing the thrombus dynamics in human-relevant 
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conditions [17]. They have also been effective in studying the role of genetic variation 

and different clotting factors in thrombus formation. However, the physiological and 

genetic differences of these models with respect to humans limits them considerably [18, 

19]. This is mostly true because several drug trials that succeeded in such animal models 

have failed in human clinical trials [20], thus contributing to high healthcare costs and 

stroke remaining to be the biggest cause of patient mortality.  While small animal 

models (zebra fish, mice etc.) are preferred in thrombosis research mostly due to their 

easy availability and established genetic data [13], the large animal models (dogs, pigs, 

nonhuman primates etc.) offer increased physiological relevance to humans. However, 

large animal studies cannot be easily conducted in academic laboratories and impose 

several ethical restrictions thus making small animals or in vitro models the first choice 

to model thrombotic diseases.  

1.3.2. In vitro models:  

A commonly used in vitro thrombosis system, the parallel plate flow chamber is 

a hollow rectangular space with millimeter or centimeter scale dimensions, through 

which blood or its components can be transported to induce physiological wall shear 

stresses over purified proteins (such as, von Willebrand factor (VWF) or tissue factor), 

extracellular matrix (ECM like collagen, laminin or fibronectin) or cultured vascular 

endothelial cell monolayers [21]. The flow rates are often controlled using constant-flow 

pumps, although pressure and gravity are also used to transport blood. While these 

systems have been useful in studying the effects of shear and recirculating flow [22] on 

platelet function and coagulation [23], accurate blood vessel anatomy is not replicated in 
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these chambers. For example, these flow chambers have not included the complex 

vascular features like venous valves where abrupt shear stresses may contribute to the 

onset of deep vein thrombosis (DVT). The other commonly used in vitro system, the 

cone-and-plate viscometer,  works by rotating a cone shaped insert above a stationary 

plate containing proteins or cultured vascular cells [24]. The rotational speed of the 

cones in these devices are controlled to generate shear stresses. These devices are bulky 

and need large amounts of blood, cultured cells and reagents for each experiment, 

making them low throughput. Also, the experiments in these devices are conducted over 

2D monolayers of proteins or cells and therefore, they do not mimic the function of a 3D 

round vascular lumen and natural blood flow. These limitations have been countered by 

the recent development of microfluidic devices that can be designed to offer more 

reliable physiologically-relevant readouts of vascular thrombosis.  

1.4. Microfluidic models of thrombosis: State-of-the-art  

Microfluidic devices are typically hollow rectangular channels of micrometer 

scale dimensions that can be designed using standard microfabrication methods (such as, 

soft lithography [10], through which whole blood can be perfused. A major advantage of 

the microfluidic devices is that they can be perfused at both high arterial wall shear rates 

(1000-5000 s-1), as well as low venous wall shear rates (100-200 s-1), thus incorporating 

the diversity in the composition and behavior of a thrombus that is dependent on the type 

of blood vessel [25]. In addition, different anatomical structures like atherosclerotic 

plaques, bifurcations etc. observed in blood vessels can be relatively easily included 
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while designing the flow path of these devices. It is also possible to introduce complex 

flow patterns (pulsatile motion, rapid accelerations and decelerations etc.) as they exist 

in vivo. Finally, a more recent development in microfluidics has been the incorporation 

of vascular cells in the process of thrombosis in various diseases [8, 26]. 

1.4.1. Arterial thrombosis:  

A major arterial thrombotic disease is atherosclerosis, where rupture of plaques 

leads to release of inflammatory cytokines and rapid thrombus formation [27]. These 

plaques are largely formed at vessel branching points and large bends where disturbed or 

stagnating flow is present [28]. Formation of these plaques creates stenosed regions in 

the artery that further augments the disturbed flow which is already present in this 

region. Microfluidic channels can be easily designed to incorporate channel geometries 

(such as stenosis) and disturbed flow conditions relevant to atherosclerosis. For example, 

a plaque-like geometry was modeled in a microfluidic conduit showing thrombus mostly 

forms in specific post-stenosed region [29]. This phenomenon was further utilized to 

model an arterial vascular bed and assess clotting time in extracorporeal devices and 

patients [30]. Further advancement in microfluidics permitted endothelialization of a 

similar geometry which showed that cell-secreted VWF further exacerbates platelet 

recruitment and adhesion [31]. More recently, a 3D printed microfluidic channel 

containing an atherosclerotic plaque using computed tomography angiography data of 

patients has been demonstrated [32]. Taken together, these studies have surveyed 

geometry-dependent arterial thrombosis due to atherosclerosis but several advancements 
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can potentially be made to more faithfully mimic more complex biology of 

atherosclerosis. For example, pulsatile flow may be introduced in these devices to mimic 

arterial blood flow more closely. Secondly, extracellular matrix and residing smooth 

muscle cell signaling also influences plaque formation and thrombosis, which can 

potentially be included with organ-on-a-chip technology. 

1.4.2. Venous thrombosis:  

Human veins are macro-fluidic and are mostly of size 5 mm and above.  Yet, 

downscaled microfluidic models of venous thrombosis (DVT) that match murine sizes 

could serve as a more efficient source to study shear-dependent mechanisms in DVT 

using very low volumes of human tissue and blood samples. Notably, the Virchow’s 

triad is more dominant in the setting of venous thrombosis [33]. Also, venous thrombosis 

initiates near venous valves where abrupt and pulsatile flow conditions, and hypoxic 

endothelium contribute to the propagation of thrombus and its embolism [34]. Due to the 

scale difference and larger complexity, there have been relatively very few efforts to 

design microfluidic models of DVT. In one study, it was predicted in a microfluidic 

device that clot propagation from superficial veins to deep veins is regulated by fluid 

shear rate, which might explain the correlation between superficial thrombosis and the 

development of DVT [35]. Another study showed using murine blood that venous 

thrombi have lower platelet density compared to arterial thrombi because platelet 

aggregation and adhesion over ECM is dependent on the wall shear rates [36]. In future, 

microfluidic models of DVT containing endothelium and venous structures could 
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contribute to a better understanding of the unique thrombus pathology in veins and 

specific drug-tissue interactions. 

1.4.3. Microvascular thrombosis:  

Several diseases (like sickle cell disease, diabetes, cancer, and pulmonary injury) 

lead to fatal thrombosis in the microvascular arterioles and venules of various organs 

(lung, kidney, brain etc.). Modeling intravascular thrombosis can be very difficult 

because it is regulated by the several local mechanical and biological conditions of the 

blood flow, vessel wall, ECM and the epithelium. Nevertheless, microfluidic devices 

offer a huge opportunity to model this complexity due to their ability to use blood, tissue 

and vessel architecture derived from such patients to make in vitro models that are as 

close as possible to the in vivo disease microenvironment. Recent efforts to mimic 

vascular physiology in vitro leverage the microfluidic device technology that enables 

creation of arteriole-sized channels capable of endothelialization and blood perfusion 

[10, 37]. In one example, a microfluidic device with arteriole-sized channels was lined 

with endothelial cells and when blood from sickle cell disease (SCD) patients or blood 

spiked with a bacterial toxin that causes hemolytic uremic syndrome (HUS) were 

perfused, it revealed increase in occlusion and clot formation [8]. The same system also 

showed clots when endothelial cells were activated with an inflammatory cytokine TNF-

. More recently, a microfluidic device containing stimulated and fixed endothelial cells 

could result in thrombosis upon whole blood perfusion and was proposed to be used as a 

diagnostic device in clinical settings [7]. 
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1.5. Microphysiological models of thrombosis: new directions 

The process of thrombosis in diseases can be more complex than the interactions 

between the endothelium, extracellular matrix and the blood cells (Figure 1A-B). For 

example, in cancer, the tumor cells release inflammatory factors that result in endothelial 

activation and platelet activation, eventually leading to the onset of blood clots [38]. 

Similarly, in acute lung injury or pneumonia, the alveolar epithelium may secrete factors 

that lead to platelet recruitment and thrombosis [39]. Organ-on-a-chip technology could 

offer a platform in order to mimic this thrombotic microenvironment and dissect tissue-

tissue and drug-tissue interactions for systematic analysis of thrombosis (Figure 1C). 

Recently, a model of lung thrombosis [26] showed 3 new features that support organ-

level functional design: a) human primary alveolar and endothelial cells are co-cultured 

in adjacent microfluidic conduits, separated by thin layer of matrix, b) the endothelial 

cells cover all sides of one chamber to form a complete vascular tube, and c) when 

human whole blood is perfused at a designated shear stress through the stimulated 

vascular lumen of this device, the thrombus formed in vitro is identical to in vivo (Figure 

1D-E). With this device, it was discovered that the alveolar epithelium is critical to 

thrombosis that is initiated by lipopolysaccharide (LPS).  
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Figure 1-1: Organ-level complexity of thrombosis and microphysiological 

modelling.  

A) A blood clot formed in vivo may contain contributions from endothelial cells, blood 

cells, extracellular matrix and parenchymal cells, along with released clotting factors and 

cytokines B) The three factors of Virchow’s triad: inflamed or activated vascular 

endothelial cells (and activated epithelial cells), change in flow dynamics and blood rich 

in clotting factors, determine the dynamics of thrombosis. C) The organ-on-a-chip 

technology has been able to model the complex signaling in pulmonary thrombosis in 

vitro. D) Confocal micrograph of an alveoli-on-a-chip device showing co-culture of 

primary alveolar epithelial cells (purple) and endothelial lumen (green), with whole 

blood flow (not visible). E) Identical morphology of a thrombus formed in vivo (left) 

and inside the device (right). Bar: 10 m. 

 

Further, an endothelium-specific therapeutic effect of an antithrombotic 

compound was identified in the presence of alveolar epithelial endothelial-blood cell 

signaling, not easily possible with animal models. Finally, a critical mechanism of action 

of this compound was discovered and shown that it performs via the natural -arrestin 

pathway of activated protein-C (APC) [40]. These recent developments in 
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microphysiological systems are highly promising and it may be expected that the blood 

vessels in these organ-chips may be designed to take complex shapes (branches, valves, 

stenosis etc.) through which blood may be transported under physiologically-relevant 

fluid dynamical states. A major opportunity offered by these systems is that the 

biological processes can be visualized using microscopy, measured using biosensors, 

and quantified using analytical algorithms and genomic screening. However, there are 

still some limitations in the current microfluidic designs that limit the extent to which 

human physiology can be reconstituted. For example, a fundamental limitation of most 

microfluidic devices is that they are made of rectangular channels with a high surface-to-

volume ratio. While the rectangular shape is easy to fabricate and image on microscopes, 

the flow near the edges of the rectangular walls does not recapitulate the flow inside a 

cylindrical vascular tube. Therefore, the analysis of thrombus can only be done distant 

from the wall [7]. Another limitation is that even though soft-lithography is most widely 

used in developing the aforementioned microfluidic devices, there is high initial setup 

cost, low throughput and limited 3D capability as layered 2D designs have to be used for 

3D designs [41]. Also, due to small and rigid channel sizes, it is difficult to create 

turbulence (high Reynolds number) that may be present in large and elastic blood vessels 

in pathophysiological conditions and therefore, their contributions to thrombotic 

occlusion cannot be easily assessed [42]. Finally, microfluidic devices may not mimic all 

the biological processes of vascular thrombosis and therefore, in vivo models may still 

be needed for some studies. Whole blood perfusion without significant anticoagulation 

in organ-on-a-chip can only be done for a short-term duration and therefore, it is 
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currently not possible to study long-term systemic thrombotic processes, that may also 

include vascular remodeling and embolism. With 3D-printing technology advancing fast 

in resolution and biocompatibility, it is an exciting option to fabricate microfluidic 

systems in future due to easy process automation, assembly-free 3D fabrication, and 

high throughput. Tissues and blood obtained from patients and induced pluripotent stem-

cell (iPSC) technology could potentially personalize such systems and provide patient-

specific readouts that can never be obtained from animal models or current hemostasis 

and thrombosis assessment devices. In summary, the prospects of such 

microphysiological models are promising. As progress is made in this direction, they are 

expected to mimic the complex pathophysiology of thrombosis at an organ-level and 

permit dissection of mechanism of action of various cells and tissues to the extent that it 

will ultimately predict therapeutic responses and toxicities to drugs, thus directly 

impacting the health outcomes of patients, as well as cost of treatment. 
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2. IN SILICO ANALYSES OF BLOOD FLOW AND OXYGEN TRANSPORT IN 

MICROSCALE HUMAN VEINS PREDICT IN VIVO FLUIDICS AND A NOVEL 

HYPOTHESIS OF THROMBOSIS  

2.1. Abstract 

Almost 90% of the venous valves in a human body are micro venous valves, 

which are found in veins with diameters less than 200 µm. The fluid dynamics of blood 

flow and transport through these micro venous valves and their contribution to 

thrombosis is not yet well understood or characterized due to difficulty in making direct 

measurements in murine models. Therefore, leveraging an in silico modelling approach 

both in 2D and 3D, the unique flow patterns within physiological or pathological non-

actuating micro venous valve are predicted. The model successfully recreates the typical 

non-Newtonian vortical flow within the valve cusps seen in preclinical experimental 

models and in clinic. The analysis further reveals variation in the vortex strengths in the 

venous lumen as well as within valves due to temporal changes in blood flow. The 

addition of oxygen transport phenomena to the fluid model shows that cusp oxygen is 

typically low from the main lumen, and it is regulated by the variations in the systemic 

venous flow. Overall, the in silico analysis leads to a clinically-relevant hypothesis that 

micro venous valves may not create a hypoxic environment needed for endothelial 

inflammation, which is one of the main causes of thrombosis. But incompetent micro 

venous valves are still locations for complex fluid dynamics of blood leading to low 

shear regions in the valve cusps that may contribute to thrombosis through other 

pathways. 
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2.2. Introduction 

Venous valves are essential mechanical components of blood vessels and 

responsible for maintaining the efficient circulation of blood in the human body [43, 44]. 

Unique shape of the venous valves maintains the unidirectional flow of blood from 

tissues and distant body parts towards the heart. Such valves are observed in the deep 

veins, superficial veins, and micro veins as small as 40 µm diameter [45]. Flow through 

venous valves in the deep veins have been rigorously studied [46-54], as they are the 

prime locations to develop unwanted clots, a fatal condition known as deep vein 

thrombosis (DVT), which can lead to serious cardiovascular complications such as 

pulmonary thromboembolism [34, 55, 56]. But the fluid dynamics of blood in the micro 

venous valves, which constitute about ~94% of the total venous valves in the body 

(found in vessels with diameter less than 300 µm), have not yet been extensively 

characterized [57]. Venous valves in the deep veins have been suggested to develop 

DVT mainly through two mechanisms i.e., the hypoxic inflammation of the valve 

endothelium or the deposition of procoagulant factors such as tissue factor laden 

microparticles that are shed by various cells [58]. But it is not known whether these 

mechanisms are also responsible for thrombus formation in micro venous valves. 

Limitations in studying in thrombus formation in micro venous valves are because of the 

lack of relevant in vitro models and difficulty in conducting in vivo studies due to the 

location of these micro venous valves in the human body [59]. Since fluid mechanical 

analysis of small veins is extremely difficult in murine models, in silico and more 
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advanced in vitro models of the micro venous valves may help us understand if these 

valves are also locations of thrombus formation similar to the venous valves in deep 

veins, which have a larger diameter. Use of computational modelling to study the flow 

of whole blood through micro venous valves can help us understand the unique and 

complex fluid flow dynamics of blood in these valves. The results of such analysis can 

also be the basis for future development of in vitro models of micro venous valves. 

In the present study, we use computational fluid dynamic simulations to show the 

effects of non-Newtonian blood flow in a 2D model of a pathological micro venous 

valve. We then analyze the effects of transient flow and resulting fluid profiles within 

the venous valves. We also validate the fluid mechanics predicted in a 2D system with a 

significantly more computationally expensive 3D model of the micro venous valve to 

suggest strategies for future modeling of such phenomena. Finally, we superimpose an 

oxygen transport model over fluid mechanics to analyze hypoxia in a micro venous 

valve, a determinant of endothelial dysfunction and thrombosis. 

2.3. Methods 

2.3.1. Fluid mechanics of blood 

In order to conduct the computational fluid dynamic simulation of blood flow 

through the micro venous valves, we solved the conservation of mass, conservation of 

momentum, and conservation of energy equations (Equation 1,2,3) for an incompressible 

fluid flow, using the commercially available CFD software package Fluent (Ansys 

v20R1) based on a finite volume scheme. 

∇ ∙ �̅� = 𝟎                                                              Equation 1.0 



 

17 

 

𝜌
𝜕�̅�

𝜕𝑡
+ 𝜌�̅� ∙ ∇�̅� = −∇𝑝 + ∇ ∙ [𝜇(∇�̅� + (∇�̅�)𝑇)] + 𝜌�̅�                      Equation 2.0 

𝜌 [
𝜕

𝜕𝑡
(𝑒 +

1

2
�̅� ∙ �̅�) + ∇ ∙ (�̅� (𝑒 +

1

2
�̅� ∙ �̅�))] =                                                        

∇ ∙ [−𝑝�̅� + ((𝜇(∇�̅� + (∇�̅�)𝑇)) ∙ �̅�)] + �̅� ∙ 𝜌�̅�             Equation 3.0 

Blood in the fluid domain was modelled as a non-Newtonian fluid with constant 

density of 1060 kg m-3 and viscosity following the three different viscosity models 

given below [60-62].  

Newtonian model: 

𝜇 = 0.0035 𝑃𝑎 ∙ 𝑠                                               Equation 4.0 

 

Casson Model (non-Newtonian model): 

𝜇 = [(𝜂2𝐽2)
0.25 + 2−0.5𝜏0.5]2(𝐽2)

−0.5                          Equation 5.0 

where, |�̇�| = 2(𝐽2)
0.5 

𝜏 = 0.1(0.625𝐻)3 

 𝜂 = 𝜂0(1 − 𝐻)−2.5 

𝜂0 = 0.0012 𝑃𝑎 ∙ 𝑠 and 𝐻 = 0.3 

Generalised power law Model (non-Newtonian model): 

𝜇 = 𝜆(�̇�)|�̇�|[𝑛(�̇�)−1]                                                  Equation 6.0 

where,  𝜆(�̇�) = 𝜇
∞

+ ∆ 𝜇 ∙ 𝑒
[−(1+

|�̇�|

𝑎
)𝑒

(
−𝑏

|�̇�|
)
]
                                  Equation 6.1 
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 𝑛(�̇�) = 𝑛∞ − ∆ 𝑛 ∙ 𝑒
[−(1+

|�̇�|

𝑐
)𝑒

(
−𝑑
|�̇�|

)
]

                                  Equation 6.2 

𝜇∞ = 0.0035, 𝑛∞ = 1,∆ 𝜇 = 0.25, ∆ 𝑛 = 0.45, 

 𝑎 = 50, 𝑏 = 3, 𝑐 = 50 𝑎𝑛𝑑 𝑑 = 4 

where 𝜇 is the viscosity, �̇� is the shear rate, 𝜆(�̇�) is the consistency index (dependent on 

the shear rate), and 𝑛(�̇�) is the flow behaviour index (dependent on the shear rate). 𝜇∞ 

and 𝑛∞ are the viscosity and flow behavior indices for infinite shear rate. 𝑎, 𝑏, 𝑐 and 𝑑 are 

constants.  

The inlet boundary condition for the simulation is a “velocity” corresponding to 

the desired wall shear stress and the outlet boundary condition is a “pressure” outlet 

condition set to gauge pressure of zero. 

The resulting vortex in the micro venous valves were characterized by the 

vorticity and the swirling strength the vortex. The direction of rotation of the vortex was 

given by the sign of the vorticity (a positive valve is a counterclockwise rotating vortex, 

and a negative value is a clockwise rotating vortex), which was calculated from the non-

diagonal terms of the velocity gradient tensor. The swirling strength of the vortices were 

also calculated from the velocity gradient tensor, where the swirling strength was the 

imaginary part of the complex eigen value of the velocity gradient tensor [63]. 

In 2D velocity gradient tensor is given by ∇�̅� = [

𝝏𝒖

𝝏𝒙

𝝏𝒖

𝝏𝒚

𝝏𝒗

𝝏𝒙

𝝏𝒗

𝝏𝒚

] ,  

where vorticity is given by 𝜔𝑧 = [
𝝏𝒗

𝝏𝒙
−

𝝏𝒖

𝝏𝒚
] 
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The characteristic equation of ∇�̅� is 𝜆2 − (tr(∇�̅�))𝜆 + |∇�̅�| = 0 

And its solution (eigen values) is a complex number, 𝜆 = ±√−|∇�̅�|,  

as tr(∇�̅�) = ∇ ∙ �̅� = 𝟎 , for an incompressible flow.   

 

In 3D velocity gradient tensor is given by ∇�̅� =

[
 
 
 
 
𝝏𝒖

𝝏𝒙

𝝏𝒖

𝝏𝒚

𝝏𝒖

𝝏𝒛

𝝏𝒗

𝝏𝒙

𝝏𝒗

𝝏𝒚

𝝏𝒗

𝝏𝒛

𝝏𝒘

𝝏𝒙

𝝏𝒘

𝝏𝒚

𝝏𝒘

𝝏𝒛 ]
 
 
 
 

 ,  

where vorticity is given by 𝜔𝑧 = [
𝝏𝒗

𝝏𝒙
−

𝝏𝒖

𝝏𝒚
] 

The characteristic equation of ∇�̅� is 

 −𝜆3 + (tr(∇�̅�))𝜆2 −
1

2
[tr(∇�̅�)2 − tr(∇�̅�2)]𝜆 + |∇�̅�| = 0 

Which will reduce to −𝜆3 +
1

2
tr(∇�̅�2)𝜆 + |∇�̅�| = 0 for an incompressible flow 

and two of the roots of the above cubic equation will be complex conjugates. 

2.3.2. Transport of oxygen 

For the mass transport problem, we solved the combined effects of diffusion and 

convection of the dissolved chemical species, in this case oxygen. We first solved the 

conservation of mass, conservation of momentum, and conservation of energy equations 

(Equation 1,2,3) in the fluid domain using the commercially available solver Comsol 

Multiphysics (v5.2), based on a finite element scheme. We obtained the convective flow 

of whole blood in the micro venous valves when the fluid flow problem was solved. We 
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then, solved the combined effects of convective mass transport with diffusive mass 

transport to obtain the mass transport of oxygen. 

�̅� = −D∇�̅� + �̅��̅�                                             Equation 7.0 

𝛛�̅�

𝛛𝐭
+ ∇ ∙ �̅� = �̅�                                              Equation 8.0 

Where, �̅�, D, �̅� and �̅� are the flux, coefficient of diffusion, concentration, and reaction 

respectively. Also, �̅� is the velocity field evaluated from the flow analysis by solving 

Equations 1.0,2.0 and 3.0. For the mass transfer problem, we provided an influx 

boundary condition at the inlet and a reaction (absorption) at the walls of the venous 

valves and veins. 

2.4. Results  

2.4.1. Blood flow predictions in microscopic veins with comparative analysis of 

common constitutive equations of viscosity 

We were inspired to mimic the design of a typical microscopic vein consisting of 

a venous valve of 200 um diameter [45]. Since small veins are not imaged in vivo with 

clarity, we analyzed the Doppler‐ultrasound images of venous valves in the large 

superficial and deep veins available in literature and scaled down their geometry to 

design the micro venous valves [64, 65]. The designed valve was a bi-cuspid valve in 

which the valve leaflets emanated from the walls of the micro vein. The geometric 

similarity of the micro venous valves with the large venous valves were achieved by 

following the procedure illustrated in our previous work[66] in which the ratios of 

a) micro vein diameter to the maximum valve cusp depth (0.8-1.2); b) micro vein 

diameter to the maximum width of the valve bulb (1.0 - 1.5); and c) micro vein diameter 
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to the distance between the venous valve leaf tip and valve bulb reemergence (1.4) are 

matched.  

The computational mesh of 2D micro vein consisting three valves that were 

equally spaced from each other (each valve was 5 mm apart) in a 2 cm long micro vein 

was built (Figure 1A). Blood is a highly complex fluid and several constitutive equations 

of viscosity have been proposed in literature to model its non-Newtonian behavior [60]. 

Therefore, we began by comparing three commonly applied models of blood viscosity – 

Newtonian model, Casson model, and generalized power law (GPL, equation 4-6) [61, 

62, 67], and determined relative differences of the predicted velocity profiles, dynamic 

viscosity distribution and wall shear stress distribution in the venous valves. The 

distribution of apparent viscosity for shear strain sweep shows that while the viscosity of 

the Newtonian model remains constant, the viscosity of blood reduces at higher values 

of shear strain for the non-Newtonian models which predict the shear thinning nature of 

blood accurately (Figure 1B). Next, we simulated blood flow through the micro valves 

by selecting an inlet volume flowrate of 1 l/min, which corresponds to a typical venous 

shear stress of 1.1 dynes/cm2 [54, 66]. Velocity streamlines of the blood flow simulation 

showed maximum velocity at the gap widths that were the regions with smallest cross 

sections (Figure 1C). Interestingly, while the Newtonian model and non-Newtonian GPL 

model predicted the formation of a contra rotating twin vortex system in the valve cusp, 

the Casson model only predicted the formation of a single vortex in the valve cusp.  To 

understand the variation in the prediction of the formation of a twin vortex system using 

different viscosity models, we also plotted the heat maps of dynamic viscosity in the 
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venous valves for different models. The dynamic viscosity of whole blood in the venous 

valves and its cusps showed a relatively sharp increase at the venous valve cusps for the 

non-Newtonian models (Figure 1D). The increased viscosity of blood at the venous 

valve cusps might be leading to the differences in the formation of the vortices in the 

venous valve cusps. In order to confirm the increase in viscosity of the blood at the 

venous valves may be due to the low shear, we plotted the wall shear stress in the walls 

of the venous valves, which showed that the cusps of the venous valves were locations 

of low shear (Figure 1E). These results reveal that while the Casson model doesn’t result 

in a twin vortex system observed clinically and in micro-physiological systems [66, 68], 

all the models still exhibit that the shear thinning blood becomes highly viscous at the 

venous valves due to low wall shear stress present at the valve cusps. The difference in 

prediction of the secondary vortex formation between the Casson model and the 

generalized power law model is possibly due to the Casson model’s prediction of much 

higher viscosity of blood at lower shear strain relative to the other (Figure 1B). Overall, 

these in silico experiments suggest that the non-Newtonian generalized power law (GPL) 

predictions are more suited to model blood blow in veins relative to Newtonian or 

Casson constitutive equations. 

2.4.2. Blood flow predictions under transient venous flow 

We next set out to apply our computations to explore the effects of transient flow 

on the formation and strength of the vortices at the venous valve cusps, since it is 

typically observed in vivo [44]. Non-Newtonian blood (generalized power law) flow 

through the micro venous valves were simulated under different transient inlet velocity 
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conditions to observe the changes in the flow pattern near the venous valves. Since the 

blood flow near a venous valve is governed by the actuation of surrounding muscles and 

opening and closing of upstream venous valves, we assumed an approximately similar 

sinusoidal inlet velocity profile whose magnitude varied with time [46, 69]. We chose a 

time period of four seconds for our inlet velocity profile similar to a full opening and 

closing cycle of in vivo venous valves [70]. We applied the magnitude of the inlet 

velocity profile such that total volume discharge over two seconds corresponded to the 

steady volume discharge for Reynold’s number (Re) 0.04, which is typically 

observed[71] in in vivo micro veins (Figure 2A). The primary vortex formed at the 

venous valve cusps was characterized by calculating its swirling strength and vorticity 

over time (see METHODS). We found that the primary vortex formed at the venous 

valve cusps has a transient variation in its power as measured through the swirling 

strength (Figure 2B). Magnitude of the vortex swirling strength was comparable in 

forward and backward flow indicating that the vortex sizes remained the same even 

when the flow direction was reversed. By assessing vorticity, which is a metric for 

rotation and its direction, we found that the vortex direction was only reversed when the 

systemic flow direction changed from forward flow to backward flow (Figure 2C). 

Velocity streamlines at maximum forward flow and backward flow (at time points one 

second and three second respectively) showed a well-defined formation of a primary and 

secondary vortex in the venous valve cusps (Figure 2D). Further, the reversal of the 

direction of rotation of the vortices as we move from forward flow to the backward flow 

was seen (Figure 2E), which was observed experimentally in our prior work [66]. 
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Further, the wall shear stress in the walls of the venous valves showed that the cusps of 

the venous valves remained a low shear region during the transient flow (Figure 2F-G). 

These results show that the vortex size/strength does not change significantly even when 

the systemic flow direction is changed under low Reynold’s number. So, we next 

explored how a larger transient volume discharge (Re 10.00) of blood would affect the 

characteristics of the vortex system at the venous valve cusps (Figure 3A). Interestingly, 

swirling strength of the primary vortex with Re 10.00 does not have the same magnitude 

under forward and backward flow as we saw in low Reynolds number flow previously 

(Figure 3B). But this difference in the magnitude of swirling strength does not 

particularly result in a change of direction of the fluid rotation (Figure 3C). This is 

possibly because a change in direction of the systemic flow in the vein changes the 

direction of rotation, but the size of the vortex is constrained by the valve geometry in 

the backward flow, which we were able to visualize by the streamline and vector plots of 

the forward and backward flow (Figure 3D-E). Plotting the wall shear stress in the walls 

of the venous valves showed that the cusps of the venous valves remained a low shear 

region even at high Reynold’s number flow (Figure 3F-G). These results show that the 

vortex size/strength changes significantly when the systemic flow direction is changed 

under high Reynold’s number. Overall, this study suggests that changes in the systemic 

flow positively affects the vortex formation at the venous valve cusps and since venous 

valves are regions of shear gradients and low shear, these regions may serve as a conduit 

for accumulation of thrombotic factors, which may contribute to thrombosis. 
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2.4.3. Analysis of 3 dimensional computational modeling of micro venous blood flow 

Micro veins have small diameters and thus wall effects can potentially influence 

the flow. Therefore, we wanted to perform a sensitivity test to our 2D analysis and 

perform a few critical simulations in a 3D model that is significantly computationally 

expensive but reduces the assumptions on boundary conditions made in 2D models. So, 

we conducted an in silico experiment with a 3D geometry of the micro vein containing 

venous valves to observe the extent to which the resulting flow profile and vortex 

characteristics may differ from 2D analyses. As extensive studies have also been 

conducted on microfluidic systems to model and study micro vasculature [7, 26, 30, 72], 

we designed our 3D model with a rectangular cross section of width of 200 µm (same as 

the 2D model) and a height of 75 µm (Figure 4A). Also, use of a rectangular cross 

section for 3D geometry helped us discretize the fluid domain with hexahedral elements, 

which would be extremely difficult and computationally time-consuming with a circular 

geometry (Figure 4A). Though the 3D analysis also showed the formation of the primary 

and secondary vortices (Figure 4B-D) under steady state (Re 0.04), the position and 

swirling strength of these vortices were distinct from the ones predicted by the 2D 

analysis. The center of the primary vortex in the 3D analysis was inside the venous valve 

cusp (Figure 4B-C) whereas the center of the primary vortex in the 2D analysis was just 

outside the venous valve cusp (Figure 1C, 2D). The swirling strength of the vortex was 

reduced under the 3D analysis (0.18 s-1) compared to the 2D analysis (2.69 s-1, Figure 

2B). Also, our results showed that even though the vortex strength reduced in the 3D 

analysis the maximum velocity at the gap width of the 3D analysis had a higher velocity 
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(4.4 mm/s, Figure 4C) compared to the 2D analysis (3.2 mm/s, Figure 2D). This increase 

in maximum velocity is likely due to the effects of the top and bottom walls, which 

effectively reduced the total cross section at the valve gap width much more that the 

reduction in area in a 2D domain. Wall shear stress at the micro venous valve cusps of 

the 3D analysis (Figure 4E) were however, similar to the wall shear stress of the 2D 

analysis (Figure 2F and 3F), which was a low shear region.  

We then plotted the variation of the swirling strength of the primary vortex to 

find the effects of the top and bottom walls on them (Figure 5A-B). The swirling 

strength of the primary vortex had a parabolic profile when moving from the bottom 

wall to the top wall of the microfluidic channel with the maximum swirling strength at 

the mid-section (~37.5 µm) for both Re 0.04 and 10.00. The transient analysis of 

sinusoidal velocity profiles (Re 0.04 and 10.00) showed the variation of the swirling 

strength to be similar to the variations shown in a 2D analysis, but with a lower 

magnitude (Figure 5C-D, Figure 2B-C, Figure 3B-C). These results suggest that it is 

possible that 3D modeling may better accommodate the wall effects of the microfluidic 

veins, and computational predictions of blood flow in small veins may require more 

expensive computational approaches. 

2.4.4. Transport phenomena of oxygen in the microscopic veins and valves 

Non-actuating venous valves are known to influence the fluid flow patterns that 

limits oxygen transport into the cusps fueling hypoxic inflammation of cusp 

endothelium. Hypoxic inflammation of the deep venous valves is one of the mechanisms 

that triggers thrombus formation, which ultimately leads to DVT formation. So, we 
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aspired to predict how changes of flow pattern in the micro venous valves due to 

changes in magnitude, direction, and the rate of change of velocity may regulate the 

transport and distribution of oxygen in the venous valves. To find the distribution of 

oxygen at the venous valves under different flow conditions, we superimposed the mass 

transport equations of diffusion and forced advection on the fluid flow domain (Equation 

7.0-8.0 in Figure 6A). Once the contour plot and streamlines matched (Figure 6B-C), we 

simulated the mass transfer of oxygen at different flow rates corresponding to Re 0.04 

and 10.00. We consider the inlet concentration and initial concentration of oxygen in the 

system to be 22.22 mols/m3, which corresponds to 5% oxygenated blood that is observed 

in the veins [73]. The endothelium at the walls of the veins including the venous valves 

is assumed to absorb oxygen at a rate of 3.2e-8 mol/(m2s) [74] and therefore, we kept that 

as a reaction wall boundary in our model. The bulk oxygen in the system is assumed to 

be transported by a combination convection and diffusion, where the coefficient of 

diffusion of oxygen was 1.62e-9 m2/s [75]. Simulations of oxygen transport in the venous 

valve cusps revealed that the oxygen concentration at the venous valve cusps were 

higher at Re 10.00 compared to Re 0.04 (Figure 6D-E). Therefore, these in silico results 

showed that bulk transport of oxygen by convection plays a crucial role in the transport 

of oxygen to the valve cusps compared to diffusion. Oxygen concentration at the abyss 

of the venous valve cusps were tracked for transient flows and compared with the 

concentration at steady flow (Figure 6F-G). These results showed an interesting trend 

where the transient flow profile at Re 0.04 has lower oxygen concentration at the abyss 

compared to the steady flow at Re 0.04. This may be because the oxygen transport at the 
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valves is dominated by advection and the transient sine wave at Re 0.04 has near stasis 

systemic flow for a considerable interval of time (Figure 2A & B). But this observation 

was reversed for Re = 10.00. At Re = 10.00, the transient flow had the higher oxygen 

content at the valve cusp abyss for most of the time period (77%) compared to the steady 

flow (dotted vertical lines in Figure 6G). This result appears consistent as the transient 

profile has velocities higher than the steady flow at Re 10.00 and the transient flow does 

not have a near stasis systemic flow for a considerable interval of time (Figure 2A & C). 

Importantly, these in silico results for oxygen transport suggest that the cusp of a non-

actuating micro venous valve do not become hypoxic even under steady systemic flow 

and thus prevent the hypoxic inflammation of the valve endothelium at the cusps and 

consequently prevent thrombus formation. This computational study provides a basis for 

experimental validation of this hypothesis. 

2.5. Discussion and Conclusion 

In the current study, we introduced a pathological model of a micro venous valve 

and the complex fluid flow patterns associated with the non-Newtonian blood flow 

through them. We showed that the shear thinning blood tend to become highly viscous 

and stagnant at the low shear regions of venous valve cusps. This stagnation region is 

generally formed in the region below the primary vortex fromed at the mouth of the 

venous valve cusps. Though the strength of the primary vortex varies in a transient flow, 

the stagnation region was still present in the venous valve cusps. Also, our study reveals 

that the stagnant flow inside the micro venous valves are not enough to create hypoxic 

inflammation that can lead to endothelial inflammation. We only see a drop from 2.22  
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mol/m3 (5% weight per volume in blood) of oxygen in the vein to 2.17 (4.9 % weight per 

volume in bloo) mol/m3 of oxygen in the venous valve cusps under Re = 0.04 transient 

flow. The oxygen content in the cusps are above pathological hypoxic levels which is 

less than 1% oxygen (weight per volume in blood). The oxygen tranport into the cusps 

are improved by an increase in the systemic flow of blood in the veins. Therefore, even 

in pathological state of thrombosis, the underying vascular inflammation may not be 

regulated by hypoxia but by the abrupt and vortical shear forces. This is a novel 

hypothesis that can be experimentally validated by contemporary in vitro models, such 

as a vein-chip [66]. Finally, we showed that the 3D models may predict a different 

location of fluid vortices within the cusps relative to the 2D models due to the wall 

effects, and therefore may be required when more accurate predictions are needed.  

We have modelled the pathological state of a micro venous valve where the stiffening of 

the valve leaflets lead to non-actuation of the venous valves. But in a healthy micro 

venous vlaves the leaflets of the venous valves actuate and they open and close with 

time. This healthy actuation of a venous valve and the fluid dynamics of blood related to 

actuation are not captured in our present model. Simulation of an actuating venous valve 

would need a more complex fluid structure interaction (FSI) model where the fluid flow 

of blood affects the opening of the valve and the opening of the valve inturn affects the 

fluid dynamics of blood in the region till an equilibrium is reached. These simulatons in 

3D need large structural deformation of the valve leaflets and subsequent change of fluid 

flow domain in each iteration. Though our models do not incorporate this complex fluid 

structure interaction, the transient analysis is still able to predict results that are 
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approximations of actual flow. But a more complex FSI model can be designed that 

would be an improvement to the current approach.  

In summary, our computational study provides a prediction about the fluid 

dynamics of blood in a micro venous valve and its implications on valve heath, and 

thrombus formation, which can be a foundation for more efficient preclinical 

experimental approaches. 
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Figure 2-1: Modelling blood flow in venous valves. 
(A) A straight micro vein of 20 mm length with three micro venous valves (5 mm apart) 

was designed and discretized. (B) Variation of viscosity of blood with wall shear rate 

sweep for different blood viscosity models – Newtonian model (black), Casson model 

(pink), and generalized power law (red). (C) Contour plot showing velocity streamlines 

of whole blood flow in venous valve using different viscosity models. (D) Contour plot 

showing the distribution of dynamic viscosity of whole blood in venous valve when 

using different viscosity models. (E) Graph comparing the wall shear stress distribution 

in the venous valve walls when different blood viscosity models are used - Newtonian 

model (black), Casson model (pink), and generalized power law (red). 

 



 

32 

 

 
Figure 2-2: Transient analysis of blood flow through the venous valves under low 

Reynold’s numbers (Re 0.04). 

(A) Graph showing the transient inlet sinusoidal velocity profile. (B) Graph showing the 

transient variation of swirling strength of the primary vortex. (C) Graph showing the 

transient variation of vorticity of the primary vortex. (D) Contour plot showing velocity 

streamlines of whole blood flow in the venous valves at maximum forward and 

maximum backward velocity (time points t = 1s, and 3s respectively). (E) Vector plot 

showing velocity vectors of whole blood flow in the venous valve at maximum forward 

and maximum backward velocity (time points t = 1s, and 3s respectively). Graphs 
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comparing the variation the wall shear stress distribution in the venous valve walls under 

(F) steady flow, (G) max forward velocity (t = 1s), and (I) max backward velocity (t = 

3s). 

 

 
Figure 2-3: Transient analysis of blood flow through the venous valves under high 

Reynold’s numbers (Re 10.00). 

(A) Graph showing the transient inlet sinusoidal velocity profile. (B) Graph showing the 

transient variation of swirling strength of the primary vortex. (C) Graph showing the 

transient variation of vorticity of the primary vortex. (D) Contour plot showing velocity 



 

34 

 

streamlines of whole blood flow in the venous valves at maximum forward and 

maximum backward velocity (time points t = 1s, and 3s respectively). (E) Vector plot 

showing velocity vectors of whole blood flow in the venous valve at maximum forward 

and maximum backward velocity (time points t = 1s, and 3s respectively). Graphs 

comparing the variation the wall shear stress distribution in the venous valve walls under 

(F) steady flow, (G) max forward velocity (t = 1s), and (I) max backward velocity (t = 

3s). 
 

 

Figure 2-4: Blood flow simulation in 3D venous valves. 

(A) The discretized domain of a 3D micro venous valve. Vector plot of the velocity 

profile at the midplane of the 3D venous valves (Re 0.04), (B) orthogonal view and (C) 

isometric view. (D) Contour plot of the primary and secondary vortices formed at the 3D 

venous valve cusps. (E) Contour plot of the wall shear stress distribution. 
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Figure 2-5: 3D vortex characterization at venous valves.  

Graph showing the variation of swirling strength of the primary vortex along the height 

of the 3D venous valve at (A) Re = 0.04 and (B) Re = 10.00 (red). Graph showing the 

transient variation of swirling strength of the primary vortex at the 3D venous valve at 

(C) Re = 0.04 and (D) Re = 10.00. 
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Figure 2-6: Mass transport of oxygen in the venous valves.  

(A) Discretized fluid domain in Comsol Multiphysics for simulation of mass transfer. 

(B) Velocity contour and (C) streamline plot of whole blood flow in the venous valves. 

Contour plot of the distribution of oxygen concentration under different steady flow 

condition (D) Re = 0.04 and (E) Re = 10.00. (F) Graph showing the transient variation of 

oxygen concentration at the venous valve cusps for different inlet flow profiles. 
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3. MICROENGINEERED HUMAN VEIN-CHIP RECREATES VENOUS VALVE

ARCHITECTURE AND ITS CONTRIBUTION TO THROMBOSIS* 

3.1. Abstract 

Deep vein thrombosis (DVT) and its consequences are lethal, but current models 

cannot completely dissect its determinants – endothelium, flow and blood constituents – 

together called Virchow’s triad. Most models for studying DVT forego assessment of 

venous valves that serve as the primary sites of DVT formation. Therefore, our 

knowledge of DVT formed at the venous cusps has remained obscure due to lack of 

experimental models. Here, organ-on-chip methodology is leveraged to create a Vein-

Chip platform integrating fully vascularized venous valves and its hemodynamic, as seen 

in vivo. These Vein-Chips reveal that vascular endothelium of valve cusps adapts to the 

locally disturbed microenvironment by expressing a different phenotype from the 

regions of uniform flow. This spatial adaptation of endothelial function recreated on this 

in vitro Vein-Chip platform is shown to protect the vein from thrombosis from disturbed 

flow in valves, but interestingly, cytokine stimulation reverses the effect and switches 

the valve endothelium to becoming prothrombotic. The platform eventually modulates 

the three factors of Virchow’s triad and provides a systematic approach to investigate the 

determinants of fibrin and platelet dynamics of DVT. Therefore, this Vein-Chip offers a 

new preclinical approach to study venous pathophysiology and show effects of 

antithrombotic drug treatment.  

__________________
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3.2. Introduction 

Severe clotting of blood in the deep veins, called Deep Vein Thrombosis (DVT), 

followed by pulmonary embolism (PE), together known as venous thromboembolism 

(VTE),  is a major debilitating and fatal condition[15]. In the United States itself, about 

100,000 patients die of VTE annually[14]. It has been known for over a century that 

DVT is primarily triggered at the sites of venous valve cusps (pockets) by endothelial 

inflammation, stasis of blood at the cusps and/or hypercoagulable blood – the three 

factors that form the Virchow’s triad. Inclusion of venous valves in preclinical models of 

thrombosis is important, because they facilitate unidirectional flow of blood from the 

lower extremities to the heart. It is known that in venous thrombosis, valve function 

becomes impaired leading to reduced flow and local hypoxia, which exacerbates 

endothelial activation, adhesion, and ultimately, DVT[34].  But despite this knowledge, 

most research and treatments of DVT have focused on the blood coagulation system 

alone. In contrast to arterial thrombosis, the mechanisms of which have been intensively 

studied, DVT remains underexplored. This lack of emphasis on integrative research in 

DVT can partly be attributed to the extensive reliance on animal models which have not 

been able to include the flow dynamics near the venous valves [76-80]. Though these 

models have decoded several key mechanisms that govern DVT, their lack of valve 

architecture limits them considerably in revealing the precise role of Virchow factors, 

endothelium and hemodynamics. There have also been in vitro models of DVT using 

parallel flow and stepped flow chambers[81]. A commonly used in vitro thrombosis 

system, the parallel plate flow chamber is a hollow rectangular space through which 
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blood or its components can be perfused to induce physiological wall shear stresses over 

purified proteins (such as, von Willebrand factor or tissue factor), extracellular matrix 

(collagen, laminin or fibronectin) or endothelial cell monolayers [21]. While these 

systems have been useful in studying the effects of shear and recirculating flow [22] on 

platelet function and coagulation [23], venous valve anatomy is not replicated in these 

chambers. There are recent studies that have shown the incorporation of vascular cells in 

microfluidic devices to model thrombosis in various diseases [8, 26, 82]. However, very 

few microfluidic models of veins exist, none of which include venous valve architecture 

and endothelium together [35, 36]. Recent studies have demonstrated microfluidic 

models of venous thrombosis consisting of an expansion with an undercut or moving 

valves, but none of these models include endothelial function [83, 84]. 

 Here, we introduce a vein-on-a-chip (Vein-Chip) that is a microfluidic model of a 

vein containing valve architecture, where living endothelial tissue and whole blood flow 

provide the incorporation and dissection of the Virchow’s triad. For example, with the 

inclusion of the venous valve architecture, our Vein-Chip could recapitulate the fluid 

mechanical microenvironment of the veins as observed via several models and in vivo, 

respectively. Further, with the inclusion of the vascular endothelial function, we 

systematically reveal its regional adaptation to flow and contribution to venous 

thrombosis. Finally, we determine how the anatomy of venous valves could also affect 

DVT formation. These predictions of venous pathophysiology from our model show that 

this device can be used to investigate the regulators of the disease and targeted therapies 

against thrombosis. 
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3.3. Results 

3.3.1. Design and microfabrication of Vein-Chip 

We initially sought to determine the anatomy of a typical human vein and venous 

valve that provide geometric similarity for a microfluidic Vein-chip. Therefore, we 

analyzed Doppler-ultrasound images available in literature[64], and translated the 

geometry of the vein (Figure 3-1A). The venous valve consisted of two leaflets that 

emanated from the walls of the channel on either side. Geometric similarity of the Vein-

Chip with the in vivo venous valves were achieved by conserving the ratios of a) 

maximum venous valve cusp depth to the diameter of the vein (1.0); b) maximum width 

of the venous valve bulb to the diameter of the vein (1.2); and c) distance between the 

venous valve leaf tip and valve bulb reemergence to the vein diameter (1.4) (Figure 1B). 

Our values are typical to physiological range [64, 65]. The other two important 

anatomical features of the designed valves were (iv) valve cusp leaflet, and (v) gap width 

(distance between the tips of two leaflets) (Figure 3-1B). The width and height of the 

venous lumen (channel) were selected to be 200 µm and 75 µm respectively, equal to a 

hydraulic diameter of ~120 microns. The tip of each leaflet had a thickness of 20 µm. 

We designed a valve configuration that had a gap width of 100 µm, which was 50% of 

the channel width (Figure 3-1C). Before we fabricated the devices, to confirm if our 

venous valve design is representative of the physical microenvironmental conditions in 

vivo, we determined if simulation of blood flow through these devices could recapitulate 

critical aspects of fluid dynamics at the valves. Numerical models of pathological venous 
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valves have shown formation of two counter-rotating vortices inside the venous valve 

cusps [68, 85]. Computational fluid dynamic (CFD) analysis of the whole blood flow 

(modelled as non-Newtonian fluid with a generalized power law for viscosity based on 

prior work [30, 67], see Experimental Section) in the designed microfluidic venous 

valves were carried out, which revealed that our configuration developed two contra 

rotating vortices (a twin vortex system) at the venous valve cusps [68] (marked i and ii 

in Figure 3-1D).  Further, blood had maximum velocity near the valve opening and 

minimum velocity at the cusps, which created steep velocity gradients near the venous 

valves (Figure 3-1D, Figure 3-2A and 3-2B, Table 1). Since the purpose of this in vitro 

vein was to model thrombosis, these data predict that Vein-Chip consists of a fluid 

mechanical environment (twin vortex system with a near stasis of blood in the secondary 

vortex of cusps) near the valves that is expected to promote thrombosis [34].  Next, we 

set out to fabricate the Vein-Chip and experimentally validated the fluid dynamics of 

whole blood flow against computational data. Three venous valves were placed 

equidistant from each other in a Vein-Chip device such that the flow disturbances caused 

by one valve did not affect the flow dynamics in the downstream valve (Figure 3-1C). 

The design aimed to mimic a typical section of a vein consisting of multiple valves and 

was also useful in multiplexing experimental observations. In this setup, the Vein-Chips 

were 20 mm long, and the valves were separated by 5 mm. We made each device using 

standardized procedures of soft lithography of PDMS (see Experimental Section)[86]. 

These devices were bonded with PDMS coated glass slides to obtain a sealed system 

(Figure 3-1E). The Vein-Chips were then plasma treated to prevent fouling and 
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anticoagulated whole blood was perfused through them at 1 µl min-1, corresponding to a 

typical venous luminal shear stress of 2 dynes cm-2 (Figure 3-2C) [25].  

Expectedly, upon blood perfusion, we observed formation of the primary vortex 

in the venous valves of the Vein-Chip as predicted in the CFD analysis (Figure 3-1F). 

We observed the RBCs in the primary vortex to move in a circular path and direction as 

predicted by the CFD simulation, with nearly the same velocity (Figure 3-1G). The 

blood in the secondary vortex region had very low velocity possibly due to rouleaux 

formation by red blood cells that is typical when shear is very low [68] (Figure 3-3). 

Overall, our whole blood flow experiments through the Vein-Chip showed that these 

devices were able to recreate the circulation in fluid flow of human vein cusps. 

3.3.2. Endothelial lumen formation and analysis of Vein-Chip  

The endothelial cells within the venous valves have been suggested to 

significantly regulate vascular inflammation, blood cell adhesion and thrombosis [56, 

87]. Since endothelial activation is also one of the three factors of Virchow’s triad 

predicted to be a cause of venous thrombosis, we set out to line all the walls of the Vein-

Chip with primary human endothelial cells which would eventually allow a better 

understanding of how endothelial-derived factors contribute in the pathogenesis of 

thrombosis in the venous valves. Similar to prior vascular organ-on-chips albeit 

consisting straight channels[7, 26], we first coated the Vein-Chip with extracellular 

matrix proteins (collagen-fibronectin, see section 3.5), and then cultured human 

umbilical vein endothelial cells (HUVECs) under perfusion over the underlying matrix. 

Imaging of the chip within the incubator revealed that a confluent lumen of endothelium 
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forms on the device, including the valve cusps, within 12-18 hours (Figure 3-4, Figure 3-

5A). The cell growth dynamics in these devices also showed that when HUVECs were 

seeded, they were only present in the non-cusp regions initially; but with time, cells 

started to enter and proliferate in the cusps and became confluent at nearly 18 hours of 

perfusion (Figure 2B).  We repeatedly found a nearly consistent distribution of junction 

membranes, cytoskeleton, as well as nuclei across the device including the venous cusps 

suggesting that our procedure to endothelialize these complex microfluidic geometries is 

robust (Figure 2C). Further, when we perfused recalcified citrated whole blood through 

the Vein-Chip consisting intact endothelium at venous shear stress, we did not see any 

blood cell adhesion to the endothelial surface, illustrating that the endothelium was able 

to protect the blood cells from contacting the underlying matrix. This is typically 

observed in vascular organ-chips when endothelium is untreated [32]. Indeed, we saw 

platelet adhesion and fibrin in devices that were comprised only of ECM proteins 

(Figure 2D).  

More interestingly, even though our Vein-Chip included valves, where blood 

flow formed vortices and regions of stasis, the endothelium still prevented flowing blood 

from cell adhesion and thrombosis in the cusps (Figure 2E-F). This observation 

suggested that rotating flow and stasis are not enough to initiate thrombus formation at 

the cusps in the presence of endothelial cells. We speculated that the endothelial cells in 

the cusps adapted during the culture period and downregulated the expression of 

procoagulant factors to inhibit cell activation and adhesion. This spatial heterogeneity in 

endothelial cell function in an organ-chip has not been characterized in prior studies with 
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bioengineered devices. In support of this hypothesis, in our Vein-Chip, we observed that 

the expression of von Willebrand Factor (VWF) was less in the venous valve cusps 

compared to the straight portions of the chip (Figure 2G-H) corresponding to what has 

been shown in vivo [55, 56, 87]. To further characterize the cell adaptation to the cusp 

microenvironment, we extracted RNA from the endothelial cells and measured gene 

expression levels of antithrombotic proteins endothelial nitric oxide synthase (eNOS), 

and thrombomodulin (TMBD), and the thrombotic proteins intracellular adhesion 

molecule-1 (ICAM-1), VWF and tissue factor (TF), specifically within the cusps as well 

as the venous lumen of the device. We observed that eNOS and TMBD were 

upregulated whereas ICAM-1, VWF and TF were downregulated within the endothelial 

cells of the cusps compared to the venous lumen (Figure 2I), suggesting cusp 

endothelium has adapted to become less adhesive and inhibit coagulation responses. 

These data strengthen our finding that the endothelial cells within our Vein-Chip mimic 

some of the heterogeneity of vascular function in different regions of human veins. 

Therefore, endothelialized Vein-Chips are novel organ-on-chips which provide insights 

into vascular endothelial function in its regulation of venous pathology.  

3.3.3. Dissecting Virchow’s triad with Vein-Chip: flow and stasis   

We next set out to model human DVT with the Vein-Chip. Specifically, we 

sought to leverage our platform to dissect the factors of Virchow’s triad sequentially 

(hemodynamics, endothelial state, and blood chemistry) and investigate their individual 

and collaborative contributions in the onset and propagation of DVT through our 

platform. Stasis of blood flow within the vein cusps, associated with immobility 
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(bedridden state) or limited mobility (wheelchair bound), is a serious risk factor for DVT 

[88]. But, in bedridden (supine posture) state calf muscles are compressed compared to 

other positions (sitting or standing), which leads to contraction of deep veins and higher 

velocity of blood through them  [89, 90].  Although the exact pathophysiological venous 

shear stresses are not known in literature, clinical observations suggest higher wall shear 

stress within the vein in supine position. Therefore, we were inspired to first leverage 

our platform to investigate if challenging the Vein-Chip to higher systemic shear would 

modulate thrombosis. We experimentally perfused blood through the matrix-coated 

Vein-Chips at physiological and supraphysiological shear. We found that at the 

supraphysiological shear stress (Table 1), the fibrin formation in the venous lumen 

decreased (Figure 3-6A-B) whereas the platelet adhesion increased (Figure 3-6C) 

possibly due to higher shear activating more platelets [91], and making fibrin monomers 

and oligomers unstable, leading to its reduced deposition [92]. Interestingly, fibrin 

formation in the cusps increased at supraphysiological shear (Figure 3-6D). The platelet 

adhesion in the cusps also increased (Figure 3-6E), which was mainly due to the 

formation of platelet plugs at the mouth of the cusps (Figure 3-6A), as was observed in 

another venous thrombosis model [83]. Computational simulations of fibrinogen 

transport due to coupled convection and diffusion at the venous valves predicted an 

increased influx of fibrinogen into the cusps at supraphysiological flow rate (Figure 3-7), 

thus supporting more thrombus formation within the cusps. 

Next, we also speculated that the shape of the venous valve cusps may determine 

hemodynamics and therefore, DVT, since valve gap widths and valve openings can 
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change hemodynamics within the valve, as observed clinically [49, 93, 94]. Specifically, 

in addition to the veins with 50% gap widths, we further analyzed veins with 75% and 

25% gap width (150 µm and 50 µm width respectively; Figure 3-8A). First, CFD 

analysis of blood flow through these different configurations showed that the formation 

of twin contra rotating vortices occurs in all the three configurations (Figure 3-8B,). 

Further, the rate at which gap velocity changed with respect to change in inlet velocity 

was linear and increased with a decrease in gap width (Figure 3-8C). This suggested that 

if the gap width is small, it may facilitate thrombosis, because rate of change of 

hemodynamic flow is high. To test this, we fabricated the different configurations of 

Vein-Chips and perfused blood through these devices that contained endothelium.  We 

found that the devices had more fibrin rich thrombi at the cusp as we moved from 75% 

to 25% gap width configuration (Figure 3-8D-E). The increased thrombus formation in 

cusps may be related to the increased blood velocity at the gap widths as this leads to an 

increased concentration of coagulation factors in the cusps when the gap width velocity 

increases. Taken together, these results suggest that hemodynamics, either varied 

through systemic flow or valve geometry may regulate venous function and DVT. 

Therefore, this platform could become a tool to investigate unique hemodynamic states 

in the vein and their contributions in DVT.  

3.3.4. Dissecting Virchow’s triad with Vein-Chip: endothelial activation 

Several studies suggest that increased cytokine levels in blood leads to 

endothelial activation, barrier disruption, and increased thrombosis in vivo [95, 96].  

Therefore, we stimulated the confluent endothelialized Vein-Chips with an inflammatory 
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cytokine TNF-α, a widely used cytokine to model the effect of endothelial activation on 

thrombosis in vitro[97]. We observed that prior treatment with TNF-α dose-dependently 

increased thrombus formation when the device was perfused with whole blood in a 

calcium-containing buffer (Figure 3-9A).  The morphology of the thrombi formed over 

the endothelium were distinct from the thrombi that formed on underlying collagen, 

suggesting active participation of endothelial cells in regulating thrombosis (Figure 3-

9A). Recalcified blood was perfused through the devices for at least 15 min and the 

thrombi formation was imaged and quantified over time (Figure 3-9B). The 

measurement at the end of 15 min was used as an endpoint to compare groups. Whereas 

fibrin formation was conspicuous at the cusps relative to untreated controls, platelet 

adhesion was similar to the untreated channel cusps, suggesting lack of platelet 

recruitment or activation in venous thrombosis formed under these conditions and 

supporting the dogma that venous clots are fibrin rich and platelet deficient (Figure 3-

9C-F). Further, scanning electron micrographs of thrombi formed in the venous valve 

cusps reinforced that the thrombi were rich in fibrin and red blood cells, and devoid of 

platelets (Figure 3-9G). In most devices, we also saw leukocytes in the thrombi formed 

at the venous valves [98] (Figure 3-10). Interestingly, when we measured the endothelial 

surface VWF expression, in contrast to untreated controls, we now saw that the VWF at 

both the cusps and the venous lumen increased to nearly the same level upon stimulation 

(Figure 3-9H-I), corresponding to the increased fibrin formation at the cusps in addition 

to the disturbed flow [81]. Prior studies have shown that TNF-α induces changes in 

endothelial cell functions, such as upregulation of tissue factor, resulting in endothelial 
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procoagulant activity [97, 99].  To validate this aspect, we proceeded to characterize the 

gene expression of TF and TMBD within the venous valve cusps to verify their 

contribution in valve thrombus formation. We observed upregulation of TF and 

downregulation of TMBD within the cusps of TNF-α treated device cusps compared to 

the non-treated devices (Figure 3-9J), suggesting that the cusp endothelium has become 

procoagulant at the cusp upon TNF-α stimulation. This suggested that stimulation of 

endothelium resulted in a prothrombotic microenvironment, and the disturbed flow at the 

valves further contributed to increased thrombosis at the cusps in the presence of a 

cytokine. Therefore, these results together demonstrated that thrombus formation within 

Vein-Chip is differentially regulated by endothelial cells at the site of venous valves, and 

this model may provide a systematic evaluation of state of endothelium in venous 

thrombosis. 

3.3.5. Dissecting Virchow’s triad with Vein-Chip: blood chemistry 

The current gold standard treatment of DVT is anticoagulation [100]. However, 

because of the diversity of patients and multiplicity of environmental factors, treatment 

with anticoagulants may be insufficient to prevent venous thromboembolism, or 

conversely may provoke bleeding [101, 102]. Unfortunately, methods to monitor the 

adequacy of anticoagulation are imperfect.  Therefore, we sought to provide a proof-of-

concept that Vein-Chip may become a modeling system to investigate anticoagulation 

therapy in DVT. First, we treated the blood with heparin (0.25 – 0.5 IU ml-1) - an 

intravenously administered drug that inactivates coagulation factors [103] and perfused 

the treated blood through TNF-α treated endothelialized Vein-Chips. Heparin treatment 
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significantly reduced thrombi formation in a dose-dependent manner (Figure 3-11A-B). 

However, while we saw a reduction in fibrin even at a lower dose of heparin within the 

Vein-Chip, reduction of fibrin in the cusps required a higher dosage of the anticoagulant 

(Figure 3-11C). These data revealed that venous cusps require higher heparin 

anticoagulation than the systemic heparin anticoagulation to completely prevent the 

formation of the local thrombi. Next, we also investigated the anticoagulation effect of 

two clinically-prescribed direct oral anticoagulants (DOAC; rivaroxaban or Xarelto, 100 

– 500 ng ml-1; apixaban or Eliquis, 50-500 ng ml-1) since they are increasingly being 

prescribed to patients and are potent antithrombotic drugs that inhibit factor Xa [104, 

105]. When added to blood samples and introduced in TNF-α treated Vein-Chips, fibrin 

rich clots were still seen in the cusps at their standard dosage (100 ng ml-1 of rivaroxaban 

and 50 ng ml-1 of apixaban) while there were unobservable thrombi in the venous lumen 

(Figure 3-12). Only when the dosage of the DOACs was increased to 500 ng ml-1 (both 

rivaroxaban or apixaban) was thrombus formation abrogated at the cusps (Figure 3-

11C). In contrast, when we investigated the effects of an antiplatelet agent (tirofiban or 

Aggrastat, 500 ng ml-1) in these Vein-Chips, we observed no reduction of thrombus in 

the venous valve cusps, since platelets entering the cusps were few (Figure 3-11C, 

Figure 3-10). Taken together, these data indicated that our device might provide insights 

into choice of therapeutics and dosing, especially when vein cusps need to be treated. 

3.4. Discussion  

The  current approach to study the pathobiology of DVT and to test new 

therapeutics is to employ one of several different mouse models [78]. While these 
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diverse models have together contributed to our current understanding of DVT, these 

models don’t always mimic thrombogenesis within the valve cusps or study the stages of 

DVT once a thrombus has formed. The Vein-Chip device introduced in this work has 

many potential advantages over existing systems used to study vein physiology. One of 

the main advantages of this device is the inclusion of venous valve architecture which 

recapitulates the microenvironment observed in human venous valves. We observed that 

the unique structure of the venous valves leads to the formation of a twin vortex system 

in vivo. In contrast to our anatomically-inspired geometry, prior microfluidic studies 

often included steps, corners or rapid expansion/contractions in their model that are 

known to result in abrupt changes in geometry (diameter) and resulting blood flow 

profile not expected physiologically [44, 83]. These geometries can lead to non-

physiological disturbed flow profiles that may artificially activate the endothelial cells. 

Further, due to non-physiological disturbed flow profiles and an unfavorable endothelial 

phenotype, these models may be less predictive of venous thrombosis relative to the 

vein-chip platform that conserves the geometric and dynamic similarity of the veins in 

vivo. Intriguingly, endothelial cells within this region appear to adapt to the vortical flow 

to protect against thrombosis under normal conditions. The cellular signaling 

mechanisms that facilitate this adaptation of venous endothelial phenotype are still 

unknown. Nevertheless, our Vein-Chip permits us to replicate this difference in 

phenotype of the endothelial cells at venous valve cusps of the Vein-Chip at functional, 

cellular and gene expression levels. Therefore, by including valves and endothelium, this 

system can now become a useful in vitro tool to investigate such mechanisms. In our 
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first presentation of the vein-chip as an experimental model, we applied the TNF-α 

treatment because it is a very common procedure to induce endothelial activation and 

prothrombotic state. This was done primarily so that we can characterize thrombus 

formation differentially between the main luminal part and the vein pockets of the vein-

chip. Several prior studies, including our data presented here, have rigorously presented 

endothelial dysfunction, hyperpermeability, adhesiveness and prothrombotic state due to 

increase in tissue factor expression and decrease in thrombomodulin after the TNF-α 

treatment [97, 99]. In that context, we successfully show that our chip reproduces the 

state of endothelial activation and its consequences, but to a different extent comparing 

the vein lumen to its cusp section. Our effort here is not directed to explore the 

biological mechanisms of TNF-α induced thrombosis, or to characterize the multiple 

pro/anti-coagulant pathways that are expected to be involved in this process although our 

platform may serve as an opportunity to do so.  

Another merit of this device is the ability it provides to perfuse whole blood and 

control its flow. It is well established that the clotting system is regulated by fluid 

dynamic mechanisms [106], and therefore to understand the relationship between 

hemodynamics and thrombosis independent of other regulators, the Vein-Chip provides 

the flexibility to introduce a wide range of shear rates. Here, our Vein-Chip shows that 

high shear promotes more fibrin-rich DVT, which may involve recruitment of platelets. 

These studies are very difficult to perform in mice as precise flow control in mice 

requires extensive surgery [87]. Furthermore, changes in venous circulation may result 
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in systemic maladaptation of organs and inflammatory responses that may confound the 

in vivo data.  

By including venous valves, endothelium, and blood flow together, we observed 

regional effects of anticoagulant drugs with thrombus formation at the venous valves 

being more resistant to anticoagulation. This data may be useful in designing future 

preclinical therapeutic discovery approaches, as it appears that a systemic anticoagulant 

effect may not reflect an adequate effect at the venous valves.  Thus, the transport 

phenomena of a drug, i.e. its distribution throughout different hemodynamic conditions 

in the venous circulation, may also be critical in its overall pharmacological effect. 

However, this modeling platform still has limitations that need to be overcome. Notably, 

because we still lack the full understanding of DVT, this model, like other models, 

represents a prediction of the human pathology which will be validated against clinical 

trials of DVT in future. In this first presentation, we have also balanced simplicity with 

complexity by not including rigorous analysis of blood immune cells and pericytes, or 

vein propulsion, that are likely to influence the pathogenesis and progression of DVT. 

For ease of manufacturing and practical use by us and other users, we created a pseudo-

3D architecture of the vein, that is not fully cylindrical. But the final confluent lumen 

formed within the Vein-Chip has an ellipsoidal shape (Fig. 2C). Also, while a more 

circular architecture that mimics the human vein can be more advantageous, our 

experiments did not reveal significant additional thrombosis in corners, and we were 

able to substantiate several results with animal models or clinical observations, that we 

refer to throughout the manuscript. Also, all our experiments were conducted along with 
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relevant controls, and we inferred all our results against the controls that we used. 

Nevertheless, our platform can be expanded further to perform more specific 

investigations on 3D geometry of a vein and its relation to thrombosis in future.  Our 

model does not incorporate venous valve pumping action or the oscillatory flow 

observed in vivo. This also limits the model although the static Vein-Chip mimics an 

immobilized patient predisposed to DVT, and in some cases DVT itself makes the valve 

dysfunctional. If needed however, the technology to include pumping action exists 

[107], and may be adapted to include venous pumping motion, when mechanisms driven 

by contractility needed to be explored with this system. Therefore, our approach 

provides a linear path to incrementally design and study several multifactorial 

mechanisms of the disease. 

In summary, this human Vein-Chip methodology allowed us to dissect and 

recapitulate many features of venous thrombosis in vitro that have only previously been 

observed in vivo. For example, we observe the endothelium at the venous valve cusps to 

have an antithrombotic phenotype compared to venous lumen [55, 56, 87, 108]. We also 

observe stagnation of flow in the venous valves as observed in vivo venograms [68, 

109]. A major opportunity of this modeling platform is that it can include iPSC-derived 

endothelial cells and blood from patients, offering personalized assessment of drug 

responses, as well as potential toxicities. This patient specificity combined by the 

opportunity to perform contemporary gene and molecular analyses of samples (for 

example, RNA-seq), may allow new mechanistic insights and identification of specific 
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patient groups and targets, for which drugs can be designed with higher precision in 

future. 

3.5. Experimental Section 

3.5.1. Blood samples and human subjects 

Blood from healthy adult donors was collected upon informed consent in 3.2% 

sodium citrate tubes (BD Biosciences). All experiments were performed according to the 

policies of the US Office of Human Research Protections (OHRP) and approved by the 

Texas A&M University Institutional Review Board (IRB) (ID: IRB2016-0762D). Blood 

was used within four hours of withdrawal to prevent abnormal platelet functioning[110].  

3.5.2. Numerical analysis 

We solved the mass and momentum equations for an incompressible fluid flow, 

using the CFD software package FLUENT (ANSYS v19.2) based on a finite volume 

scheme. We considered the flow to be two-dimensional, steady, and incompressible. 

Blood was modelled as a non-Newtonian fluid with constant density of 1070 kg m-3 and 

viscosity following a generalized power law for viscosity [60], 

  Equation 1.0 

 Equation 1.1 

  Equation 1.2 

 

where 𝜇 is the viscosity, �̇� is the shear rate, 𝜆(�̇�) is the consistency index (dependent on 

the shear rate), and 𝑛(�̇�) is the flow behaviour index (dependent on the shear rate). 𝜇∞ 

and 𝑛∞ are the viscosity and flow behavior indices for infinite shear rate. 𝑎, 𝑏, 𝑐 and 𝑑 

𝜇 = 𝜆(�̇�)|�̇�|[𝑛(�̇�)−1]                                   
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are constants. The inlet boundary condition for the simulation is a “velocity” 

corresponding to the desired wall shear stress and the outlet boundary condition is a 

“pressure” outlet condition set to atmospheric gauge pressure of zero. The velocity of the 

vortex in the CFD analysis was calculated at different locations near the center of the 

vortex. This was done as we tracked single particle (RBCs) velocity along the vortex 

(velocity along the pathline) in the experimental model. 

The mass transfer of dissolved fibrinogen in blood occurs in the Vein-Chip due 

to the convection by bulk fluid motion, and by the diffusion due to the concentration 

gradients. The mass transfer simulations were performed in a finite element software 

package COMSOL Multiphysics (v5.2) in 2D. The blood was assumed to contain 70,000 

Mol m-3 fibrinogen [111]. The diffusivity of fibrinogen in the Vein-chip and the rate of 

reactivity (consumption) at the walls of the device per unit height while thrombi are 

formed were assumed to be 2x10-7 cm2s-1 and 0.0015 Mol ml-1s-1, respectively.  

3.5.3. Fabrication of Vein-Chip 

Masks needed to pattern these designs using photolithography were obtained 

from CAD-Art services (Bandon, Orlando). The designs were subsequently patterned on 

Si (100) wafers (University Wafer Corp) at Aggie-Fab nanofabrication facility of Texas 

A&M University. The microfluidic channels were then prepared using soft lithography 

of polydimethylsiloxane (PDMS, Dow Corning). Each device had three independent 

parallel channels with each of them having three 25% open, 50% open or 75% open 

venous valves.  Inlet and outlet holes for the devices were made with a 1.5 mm wide 

biopsy punch (Ted Pella). PDMS block containing the features was bonded to either a 
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PDMS coated glass slide (75 x 25 mm) or a block of PDMS or coverslips using a 100 

Watt plasma cleaner (Thierry Zepto, Diener Electronic). Devices made on glass slides, 

PDMS block and coverslip are used for blood perfusion experiment, staining for proteins 

of interest at cusps and confocal imaging of lumen respectively. An open slip-tip syringe 

was connected to the devices through a curved dispensing tip (Qosina) which acted as a 

reservoir. The outlet was connected to a syringe pump (Harvard Apparatus, PHD Ultra) 

using a 20” tubing (Qosina). 

3.5.4. Device functionalization and endothelialization 

The Vein-Chips were treated with an oxygen plasma for 30 seconds at a power of 

50 Watts and then filled with mixture of type-I rat-tail collagen (100 µg mL-1, Corning) 

and fibronectin (50 µg mL-1, Biosciences). The devices were incubated for an hour in a 

5% CO2 incubator, followed by rinsing with phosphate buffer solution (PBS, Gibco) and 

endothelial growth media (EGM-2, PromoCell). 30 µL of HUVEC cell suspension (107 

cells/ml) was seeded into the matrix coated channels and incubated upside down for two 

hours. HUVECs used were between passages P3 and P8. At the end of two hours a fresh 

suspension of 30 µL of HUVECs was again perfused through the channels and incubated 

for additional two hours to promote cell adhesion to all the sides of the device. 

Overnight perfusion of growth media was then carried out under flow (1 µL min-1) to 

ensure continuous supply of nutrients to the cells, also leading to cell alignment along 

the flow direction. For studies that required vascular activation, the endothelialized 

channels were treated with growth media spiked with TNF-α (recombinant from E. coli, 

Sigma) to yield a concentration range of 5-100 ng mL-1 for 18 hours. 
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3.5.5. Cell fixation and immunohistochemistry 

Vein-Chips were fixed with a 4% paraformaldehyde solution (Sigma) for 

15 min and washed with endothelial growth media. The devices were then cut 

open at the interface of two PDMS blocks. The cut portion with an imprint of cells 

were permeabilized using 0.1% Triton X (Sigma-Aldrich) in BSA/DPBS for ten 

minutes at room temperature. To remove the non-specific binding, the channels 

were blocked using a 2% solution of BSA in DPBS for 30 m at room temperature. 

Mouse or rabbit antibodies against intercellular adhesion molecule-1 (ICAM-1, 

Invitrogen), von Willebrand Factor (VWF, Invitrogen) and vascular endothelial- 

cadherin (VE-cadherin, Invitrogen) were added to the channels and incubated for 

one hour. Then the channels were washed with 2% solution of BSA in DPBS (also 

the wash buffer) and perfused with secondary anti-rabbit or anti-mouse 

fluorescent antibodies (Invitrogen) which were incubated for 45 m at room 

temperature. This was again perfused with wash buffer and then Rhodamine 

Phalloidin (Invitrogen) was perfused to tag the cytoskeletal protein F-actin. After 

incubating this for 20 m, the channels were washed with wash buffer. Finally, 

Hoechst was perfused in the channel to stain for nuclei. After 10 minutes, devices 

were perfused with wash buffer before imaging under fluorescence microscope 

(Zeiss Axio Observer Z1 Inverted Microscope) or confocal microscope (Zeiss 

Stallion Digital Imaging Workstation at Image Analysis Lab, Veterinary Medicine 

and Biomedical Sciences at Texas A&M University). 
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3.5.6. RNA Isolation and Gene Expression 

Blunt tip syringes were attached at inlet and outlet of the device and filled with 

Accutase (Promocell) solution at the inlet. The Accutase solution was perfused via 

syringe pump at 40 µl/min (high flow) for the first four minutes to collect cells from the 

lumen and then at 200 µl/min (low flow) for the next four minutes to collect the cells 

from the valve cusps. RNA was extracted using an ArturusTM PicoPureTM RNA 

Extraction Kit (Thermo Fisher Scientific), and qPCR was performed as per manufacturer 

instructions (QuantStudio 12K Flex, Applied Biosystems, Life Technologies). The 

polymerase chain reaction primer sequences are shown in Table S2. All gene expression 

results were reported as a fold change with respect to the denoted control and the 

housekeeping gene GAPDH.  

3.5.7. Blood perfusion 

Devices fabricated on PDMS coated glass slides were used for blood perfusion 

experiments. 500 µl of blood pre-incubated with FITC conjugated anti-human CD41 

antibody (10 µl ml-1, Invitrogen) and fluorescently labelled anti-fibrinogen (15 µl ml-1, 

Invitrogen), was added to the inlet reservoir. Calcium chloride and magnesium chloride 

were added to the blood to arrive at a concentration of 10 mM CaCl2 and 7.5 mM 

MgCl2. Blood was then perfused through the Vein-Chip through a syringe pump at a 

designated flow rate. 

3.5.8. Drugs  
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During anticoagulant dosage estimation studies, heparin lock flush (0.25 U/ml 

and 0.5 U/ml), rivaroxaban (Xeralto, 100 ng/ml and 500 ng/ml), apixaban (Eliquis, 100 

ng/ml and 500 ng/ml) and tirofiban (Aggrastat, 500 ng/ml) were added to blood before 

the addition of calcium-containing buffer. Rivaroxaban and apixaban were dissolved in 

DMSO at 10 mg/ml and 5 mg/ml respectively to solubilize them before their addition to 

blood. 

3.5.9. Image analysis 

All the acquired images were exported as .ome.tiff uncompressed files and 

analysed in fiji imagej software. Each image was cropped to a size 1600 pixels X 800 

pixels (width x height). A mask was drawn manually for each channel and 

corresponding venous valve cusps. Mean fluorescent intensity was calculated after 

subtracting the background noise.  For analysing the cusps, only the cusp regions were 

selected using the polygon selections tool and the mean intensity was calculated. 

3.5.10. Scanning electron microscopy 

Trump’s fixative (1.16 g of NaH2PO4, 0.27 g of NaOH, 10 ml of 40% 

formaldehyde and 2 ml of 50% glutaraldehyde in 88 ml of DI water) was perfused 

through the channels for 1 h at room temperature to fix the thrombi and cells. The 

microfluidic device was then disassembled, and the channels were rinsed with Trump’s 

Buffer (1.16 g of NaH2PO4 and 0.27 g of NaOH in 98.57 ml of DI water). The channels 

were dehydrated in ethanol/water mixtures (ethanol content - 30%, 50%, 70%, 90%, 

100%, 100%, 100%) serially for 30 minutes each. The samples were kept in a fume hood 
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overnight. The dry dehydrated samples were then sputter coated in gold and 

subsequently imaged in the scanning electron microscope (TESCA VEGA 3). 

 

3.5.11. Statistical analysis 

We employ non-parametric Mann-Whitney tests (two-group) and Kruskal-Wallis 

test (three or more groups). All data and error bars in the article are represented as mean 

and standard error of mean (SEM). All statistical analyses were performed using Prism 

8.4 (GraphPad Software Inc.). 
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Figure 3-1: Design and analysis of Vein-Chip 

(A) Illustration of a normal human vein vs vein with thrombus formation in its cusp. 

Engineering drawing of (B) a section of the Vein-Chip consisting venous valves with 

leaflet thickness 20 µm, (i) maximum valve depth (ii) maximum width of venous valve 

(iii) distance between the venous valve leaf tip and valve reemergence point (vi) valve 

leaflet, (v) gap width and (vi) channel width; and (C) microchip consisting of three Vein-

Chip devices. Each device is 75 µm long and has three serially placed valves. The 

channel width, gap width and valve leaflet tip are 200 μm, 100 μm, and 20 μm 

respectively. (D) Contour plot showing velocity streamlines in 2D within a section of the 

Vein-Chip determined via computational fluid dynamics (CFD) analysis of whole blood. 

Twin vortices are formed – primary vortex (i) formed near the mouth of the cusp and 

secondary vortex (ii) formed at the abyss of the cusp. (E) Photograph of Vein-Chips on a 
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microchip used in experimentation (F) Brightfield microscopic snapshot showing whole 

blood perfusion (top left) and the formation of vortices within venous valves (top right 

and bottom). Red blood cells in the blood can be seen to follow a circular path in the 

primary vortex (red blood cells near vortex marked in red; bottom). Scale bar, 200 µm 

(top left), and 50 µm (top right and bottom). (G) Graph comparing velocity at the 

primary vortex measured with CFD vs the experiments. Student t-test. 

 

Figure 3-2: Computational fluid dynamics (CFD) analysis of whole blood flow in 

Vein-Chip. 

Contour plots describing (A) velocity profile within a section of the Vein-Chip, 

revealing maximum velocity occurs at the gap width between the venous valve leaflets; 

(B) corresponding velocity gradients which are high in cusps. (C) Graph showing the 

relation between inlet flow velocity and wall shear stress in the venous lumen walls of 

Vein-Chip. Human veins are exposed to approximately 2 dynes/cm2 corresponding to an 

approximate flow rate of 1 μl/min (dotted line a-a). 

 

Figure 3-3: Vortex velocities 

Velocity streamlines showing primary vortex and secondary vortex, at high 

magnifications, formed when generalized power law is used. 
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Figure 3-4: Vein-Chip under tissue culture. 

A Vein-Chip within an incubator (left) mounted on a Cytosmart microscope for live-cell 

imaging (right).  
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Figure 3-5: Endothelium lining and analysis of Vein-Chip 

The dynamics of endothelial growth and lumen formation within Vein-Chip at (i) 

beginning of media perfusion after one hour of cell seeding, (ii) cells entering venous 

valve cusps and (iii) confluence at venous valves and non-valve regions; shown via (A) 

brightfield microscopy, and subsequent (B) quantification of area coverage comparing 

lumen vs cusp region. (C) Confocal microscopy of an endothelialized Vein-Chip 

showing 2D cross-sections of the 3D image. VE-cadherin (green), and nucleus (Hoechst, 

magenta). Fluorescence micrographs of Vein-Chips after perfusion of blood labelled 

with fibrin (magenta, left), platelets (green, center) and merged (right), when (D) the 

device was lined with endothelium over the ECM (top), and ECM alone (bottom). 

Graphs describing (E) fibrin, and (F) platelet adhesion within Vein-Chips lined with 

endothelium (HUVEC) or ECM. (G) Fluorescence micrographs showing 

immunostaining of von Willebrand Factor (VWF, green, top), nucleus (magenta, center), 

and merged (bottom) expressed by the endothelial cells within Vein-Chip. (H) VWF 
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expression in sections of the Vein-Chip normalized to the expression of VWF in the 

lumen. (I) Fold change in gene expression of anticoagulant and procoagulant proteins at 

the venous valve cusps compared to the venous lumen. Each data point corresponds to 

an independent experiment. Scale bars, 200 µm. Mann-Whitney test; *, p<0.05; **, 

p<0.01. 

 

Figure 3-6: Dissecting Virchow’s triad with Vein-Chip – flow and stasis. 

Fluorescence micrographs showing fibrin (magenta, left), platelets (green, center) and 

merge (right) in a section of a Vein-Chip lined with ECM, which was perfused with 

whole blood at (A) physiological shear (top), and pathological shear (~17.5 dynes/cm2, 

bottom). Scale bar, 200 μm. Graphs showing assessment of (B) fibrin coverage in the 

venous lumen, (C) platelet adhesion in the venous lumen, (D) fibrin coverage in the 

cusp, and (E) platelet adhesion within the cusp, when the Vein-Chip was perfused with 

blood at physiological or pathological shear. Each data point corresponds to an 

independent experiment. Mann-Whitney test; *, p<0.05, **, p<0.01. 
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Figure 3-7: Transport of fibrinogen into vein cusps. 

Contour plot showing computationally analyzed fibrinogen distribution in a section of a 

Vein-Chip perfused with blood at normal shear (top) or supraphysiological shear 

(bottom). 
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Figure 3-8: Dissecting role of venous cusp anatomy with Vein-Chip. 

(A) Engineering drawing of sections of Vein-Chips consisting variable gap width of 

75% (left), 50% (center), and 25% (right). (B) Contour maps showing velocity 

streamlines calculated from computational fluid dynamics (CFD) analysis of whole 

blood flow through the three configurations of Vein-Chips. (C). Graph comparing the 

relationship of gap velocity vs inlet velocity within different configurations of the Vein-

Chips. (D) Fluorescence micrographs showing fibrin (magenta, top), platelets (green, 

center) and merge (bottom) in a section of an endothelialized Vein-Chip, which was 

perfused with whole blood within different configurations of the cusp anatomy. Scale 

bars, 200 µm. (E) Graph comparing fibrin at the venous cusps of different 

configurations. Each data point corresponds to an independent experiment. Kruskal-

Wallis test; *, p<0.05. 
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Figure 3-9: Dissecting Virchow’s triad with Vein-Chip: endothelium. 
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After perfusion of blood within Vein-Chips lined with endothelium and treated with 

cytokine, TNF-α, fluorescence micrographs showing, (A) fibrin (magenta, top left), 

platelets (green, top center), merge (top right) in a venous section; and comparison of 

thrombi morphology on exposed ECM alone (bottom left) vs TNF-α treated endothelium 

(bottom right) in a venous cusp. Scale bar, 200 µm. (B) Fibrin area coverage over time 

in the lumen vs cusp region of the Vein-Chip. Graphs showing assessment of (C) fibrin 

coverage in the venous lumen, (D) platelet adhesion in the venous lumen, (E) fibrin 

coverage in the cusp, and (F) platelet adhesion within the cusp, when the Vein-Chip 

endothelium was treated with TNF-α at various doses. (G) Scanning electron 

micrographs of various sections (increasing magnification from left to right) of the Vein-

Chips after thrombi have formed. Thrombi are rich in fibrin and red blood cells, devoid 

of platelets and contain leukocytes (marked). Scale bars from left to right, 100 µm, 50 

µm, 10 µm and 5 µm. (H) VWF expression analysis between the lumen and the cusp of 

the Vein-Chip upon TNF-α treatment of the endothelium. (I) Immunofluorescent 

staining of VWF (green) when endothelium is treated with TNF-α. cell nuclei (magenta). 

(J) Fold change in gene expression of tissue factor (TF) and thrombomodulin (TMBD) at 

the venous valve cusps of TNF-α treated and non-treated cusps. Each data point 

corresponds to an independent experiment. Kruskal-Wallis test (C-F) and Mann-

Whitney test (I); *, p<0.05, **, p<0.01, ***, p<0.001. 
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Figure 3-10: Scanning electron micrograph of a thrombus formed at the venous 

valve cusp of the Vein-Chip. 

Image of a typical thrombus shows that it is rich in erythrocytes (red blood cells) and 

leukocytes (yellow). Scale bar, left,100 μm; right, 25 μm. 
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Figure 3-11: Dissecting Virchow’s triad with Vein-Chip: blood. 

Fluorescence micrographs showing fibrin (magenta, left), platelets (green, center) and 

merge (right) in a section of a Vein-Chip treated with TNF-α, which was perfused with 

whole blood containing heparin at a dosage of (A) 0.25 IU/mL, and (B) 0.5 IU/mL). (C) 

Graph showing fibrin formation within Vein-Chip lumen and cusps, when endothelium 

was treated with TNF-α and whole blood was perfused after addition of anticoagulants, 

heparin, apixaban, rivaroxaban and tirofiban. Each data point corresponds to an 

independent experiment. Mann-Whitney test; *, p<0.05, **, p<0.01, lumen vs cusps; #, p 

< 0.05, untreated vs treated cusps. 
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Figure 3-12: Analysis of anticoagulation in Vein-Chip. 

Fluorescence micrographs showing the variations in fibrin (magenta) deposition and 

platelet (green) adhesion in Vein-Chips treated with different dosages of rivaroxaban 

(100 and 500 ng/ml, top), apixaban (100 and 500 ng/ml, bottom) and tirofiban (500 

ng/ml). Scale bar, 200 μm. 
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Table 3-1: Wall shear rates and stresses at vein lumen, valve entrance, and valve 

cusps for different configurations. 

Venous Valve 

Configuration 

Wall Shear Rate (s-1) Wall Shear Stress (dynes/cm2) 

Vein 

Lumen 

Valve 

Entrance 
Cusp 

Vein 

Lumen 

Valve 

Entrance 
Cusp 

75% Gap Width 
35.17 121.10 8.25E-09 2.26 5.76 3.21E-05 

50% Gap Width 
35.17 257.24 1.20E-05 2.26 10.31 4.07E-04 

25% Gap Width 
35.17 777.04 8.57E-03 2.26 29.01 1.09E-04 

50% Gap Width, 

Supraphysiological 
497.20 3097.14 2.53E-04 17.62 86.67 2.17E-04 

 

Table 3-2: List of PCR primer sequences used in mRNA expression analysis. 

 Protein Forward primer Reverse primer 

1 

von Willebrand 

factor VWF 

5′-GCAGTGGA- 

-GAACAGTGGTG-3′ 

5′-GTGGCAG- 

-CGGGCAAAC-3′ 

2 

Inter Cellular  

Adhesion 

Molecules-1 ICAM-1 

5'-TATGGCAA- 

-CGACTCCTTCT-3' 

5'-CATTCAGC- 

-GTCACCTTGG-3' 

3 Tissue factor TF 

5'-CAGACAGC- 

-CCGGTAGAGTGT-3' 

5'-CCACAGCT- 

-CCAATGATGTAGAA-3' 

4 

Endothelial nitric  

oxide synthase eNOS 

5′-GTGGCTGTC- 

-TGCATGGACCT-3′ 

5′-CCACGATG- 

-GTGACTTTGGCT-3′ 

5 Thrombomodulin TMBD 

5’-AAGAAGTGTCTG 

-GGCTGGGACGGACAGGAG -3’ 

5’- AGCAGTCGTGCTC- 

-GACGCACTGGCTG CCAC -3’ 

6 

glutaraldehyde 3-

phosphate 

dehydrogenase GAPDH 

5′-CAAGGTCATC- 

-CATGACAACTTTG-3′ 

5′-GGGCCAT- 

-CCACAGTCTTCTG-3′ 
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4. TOWARDS AN ACTUATING VENOUS VALVE IN VITRO MODEL 

 

4.1. Abstract 

Deep vein thrombosis (DVT) followed by pulmonary embolism (PE), together 

known as the venous thromboembolism (VTE) is the third leading cause of 

cardiovascular deaths in the world. This is mainly due to lack of understanding of the 

working of the venous valves in the veins, which are the primary locations for DVT 

formation. Current in vivo (especially murine models) and in vitro models are not able to 

reconstitute the exact human physiology of the human venous valves. We present an in 

vitro model of a large vein that consists of a polydimethylsiloxane (PDMS) casing and a 

3D printed venous valve made of polyacrylamide hydrogel. We first design and develop 

the model of the venous valve structure that is 3D printable and functions similar to an in 

vivo venous valve. Next, we develop a strategy to fabricate the model where the 3D 

printed hydrogel is attached to the PDMS casing containing the channel that corresponds 

to the vein. Finally, we show the actuation of the developed venous valve model under 

different fluid dynamic forces. This new vein model offers a new preclinical platform to 

study venous physiology and pathophysiology that may help develop new therapeutic 

strategies to prevent DVT formation. 

4.2. Introduction 

Deep vein thrombosis (DVT) is the formation of unwanted clots at the venous 

valves of the deep veins [112]. DVT followed by pulmonary embolism, together known 

as venous thromboembolism (VTE) is a huge clinical burden [113]. About 1-2 persons 
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per 1000 people experience VTE annually [114]. Though venous valves are known to be 

the primary sites of DVT formation, DVT remains a serious clinical burden as our 

understanding of the functioning of the venous valves, and DVT formation is heavily 

dependent on animal models and invitro models that are not physiologically relevant to 

human physiology. Specifically, the murine models used to study the formation and 

growth of DVT do not contain venous valves [14, 77, 115, 116]. Also, most of the 

current in vitro models used to study venous valves or DVT do not contain either or both 

of endothelium and flexible venous valves [66, 83, 84, 117]. All aforementioned in vitro 

models and mouse models containing venous valves are of micron scale [87], whereas 

the human deep veins where DVT forms have diameter of the order of millimeters [118, 

119]. 

 Here, we introduce an in vitro model of a deep vein containing venous valve   

that contains a flexible venous valve that has an anatomical scale similar to human deep 

veins. We first design and develop a hydrogel construct that is 3D printable and able to 

actuate when the fluid flow direction is changed. Next, we integrate this 3D printed soft 

hydrogel into a channel made of polydimethylsiloxane (PDMS) that replicates the non-

valve vein lumen. Finally, water is perfused in this deep vein model to visualize and 

characterize the dynamic actuation of the hydrogel venous valves.  

4.3. Results 

4.3.1. Design of an actuating venous valve 

We begin by recreating the anatomy of a venous valve such that the designed 

valves have geometric similarity with the in vivo human venous valves as described in 
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our previous work [66]. The designed valve was given a leaflet thickness of 200 m, 

which was limited by the size of the extrusion 3D printer nozzle diameter (160 m) and 

polyacrylamide hydrogel used in this work (Figure 4-1A). We selected a square channel 

of height and width 2.4 mm that had a valve seating section, which could accommodate 

the designed venous valves. We then optimized the hydrogel composition to obtain an 

optimal combination of print fidelity, swelling ratio (under water/media), structural 

stability, and stiffness to deform under the applied hydrodynamic forces. We solved a 

fluid structure interaction (FSI) (ansys 2020, R1) problem to analyze the deformation of 

the valves under different flow conditions. FSI had a fluid domain and a structural 

domain (Figure 4-1B). Fluid domain included the straight vein region, venous valve 

opening (gap width) and venous valve cusps. The structural domain included the vein 

walls, venous valve walls and venous valve leaflets.  

We first simulated the back flow condition that would result in the closing of the 

venous valves (Figure 4-1C). We then transferred the resulting pressure from the fluid 

solutions to the surfaces of the structural domain to solve for its deformation. We found 

that a backward flow of 50 l/s was needed to close the venous valve structure when the 

hydrogel stiffness was 200 kPa (Figure 4-1D). 50 l/s inlet velocity created a wall shear 

stress 2 Dynes/cm2, which is typical wall shear stress found in deep veins containing 

venous valves that are prone to DVT formation. Intuitively the reversal of flow direction 

would result in the widening and opening up of the venous valves (not shown). The FSI 

simulations gave us confidence in the development of a hydrogel based venous valve 

that could actuate under hydrodynamic forces.  
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4.3.2. Fabrication of the vein containing actuating venous valves 

Once we finalized the venous valve and the channel geometries, the next step 

was to 3D print the venous valve with polyacrylamide gel and integrate it to the PDMS 

vein channel. The valve geometries were first 3D printed, cured and stored in DI water 

(at least 10 minutes, Figure 4-2A). Storage of the polyacrylamide in DI water helps the 

washing off of the uncured polyacrylamide as well as the swelling of the venous valve to 

its final dimensions. In this work we have used a polyacrylamide gel formulation (see 

methods) that has less than 5% change in final volume after swelling. PDMS blocks 

containing the vein channels were fabricated from aluminum molds by soft lithography 

technique [120]. The PDMS channel walls were then embedded with a photo initiator 

(benzophenone) and coated with a polyacrylamide layer (Figure 4-2B). The printed 

valves in the DI water were removed, dried and applied with a layer of uncured 

polyacrylamide gel. This valve is then placed on the PDMS channel and cured under UV 

light to create a bond between the PDMS channel and the polyacrylamide venous valve 

(Figure 4-2C). Next, we created the closed vein channel by attaching a PDMS coated 

glass slide to the PDMS block containing the channel and the hydrogel valve (Figure 4-

2D). Finally, we add another photo initiator in liquid form, incubate it and UV cure the 

whole vein model to form a non-leaky bond between the hydrogel and the bottom PDMS 

coated glass slide (Figure 4-2E). Thus, we were able to fabricate a vein model with valve 

region made of hydrophilic polyacrylamide hydrogel and a vein region that was made of 

hydrophobic PDMS (Figure 4-2F). Inherently this system is an example of an invitro 

model with localized variation in mechanical properties such as stiffness. Also, we 
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showed the ability to fabricate a large vein model that had similar length scales as that or 

in vivo veins. 

4.3.3. Actuation of the fabricated venous valve 

Once we fabricated the vein model (Figure 4-3A), we next actuated the venous 

valves in the with different flow rates. After the fabrication process the 3D printed 

venous valves were made to reach their equilibrium shape after prolonged (~12 hours) 

swelling in DI water (Figure 4-3B). We then perfused DI water at 10 ml/min in the 

forward direction, which showed the opening up of the venous valves (Figure 4-3C). 

Next, we perfused a volume of 150 l of DI water at 10 ml/min in the backward 

direction, which closed the venous valve opening (Figure 4-3D). This simple perfusion 

experiment showed the stability of the fabricated vein model and its ability to 

recapitulate the opening and closing action of in vivo venous valves.  

4.4. Discussion 

We have shown the design and fabrication of an in vitro model of a vein with 

venous valves that can actuate. The dimensions of this model are comparable to in vivo 

human deep veins. We showed with this model that the soft hydrogel venous valves 

open and close when the flow directions are reversed.  

As any other model system this system can also be improved and used to 

understand human physiology better. We can use this model to study the flow dynamics 

of blood under physiological and pathophysiological states, which the current venous 

valve models cannot provide. Increase in the recruitment of platelets and leukocytes at 
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the valve cites during actuation and non-actuation needs to be studied further using such 

systems.  

Also, as the model is of physiological scale, one can endothelialize the model to 

study the effects of actuation related strain and oscillatory flow on the remodeling of the 

valve endothelium to stay healthy. This system can be used to understand if the 

mechanical stretching of the valve endothelium while actuation combined with the 

complex fluid flow at the venous valves would help valve endothelium to have an 

increased anti-thrombotic phenotype. Also, does actuation increase the inflammation of 

an already inflamed endothelium at the venous valve cusps needs to studied using this 

system.   

Overall, this new vein model offers a new preclinical platform to study valve 

endothelial physiology and pathophysiology that may help develop new therapeutic 

strategies to prevent DVT formation. 

4.5. Methods 

4.5.1. Fluid Structure interaction modelling of venous valves 

We solved the mass and momentum equations for an incompressible fluid flow, 

using the CFD software package Fluent (Ansys v20R1) based on a finite volume 

scheme. The fluid domain was extracted from the solid model used to fabricate the vein 

model in ansys spaceclaim modeling software. The fluid domain is three-dimensional, 

and the fluid is assumed to be incompressible, and the flow to be steady. The fluid 

properties were taken to be that of water, which is a Newtonian fluid. The inlet boundary 

condition for the simulation was a “velocity” boundary condition and the outlet 
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boundary condition was a “pressure” outlet condition set to atmospheric gauge pressure 

of zero. The walls of the fluid domain were grouped as “named selection” to transfer the 

pressure acting on them as structural pressure load into the structural simulation. 

The structural deformation of the venous valves is studied using the finite element 

analysis software package Ansys Static Structural (Ansys v20R1). The valve region is 

given the mechanical properties of the polyacrylamide hydrogel (Young’s modulus – 

200 kPa). The vein region is given the mechanical properties of PDMS (Young’s 

modulus – 3 mPa) [121]. The models modelled in SolidWorks 2020 (v28) was exported 

to Ansys Spaceclaim (from which the model was imported to Ansys Static Structural). 

We apply the pressure loads transferred from the fluid simulation to the inner walls of 

the channels and venous valve. The model is constrained with a fixed boundary 

condition at all outer walls of the model. 

4.5.2. Fabrication of the vein model 

Channels with sections to include 3D printed venous valves were casted on to 

PDMS (Dow Corning Sylgard 184) from aluminum molds. The casted PDMS channels 

were treated with 10% w/v benzophenone (milliporesigma) in acetone for 10 min. 

Excess photo initiator is removed from the PDMS channels and the channels are washed 

with acetone and dried with nitrogen. Next, we added an aqueous solution of acrylamide 

(8.0 % w/v, MBAA) and N,N’-Methylenebisacylamide (0.2 % w/v, MBAA), into the 

channel and incubated for five minutes before UV treating it for five minutes in a UV 

oven (name of oven). The excess uncured aqueous solution was pipetting out. The 

venous valves are then printed with Hyrell 3D printer with a hydrogel configuration of - 
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Acrylamide (10% w/v), N,N’-Methylenebisacylamide (0.6% w/v), Lap photo-initiator 

(lithium phenyl-2,4,6-trimethylbenzoylphosphinate, 0.2% w/v, ), and Cellulose 

nanocrystals (22%w/v, ). The printed valves are then washed/soaked DI water for at least 

10 minutes. The valves were stores in the same DI water if they were being used on a 

later time. Before using the valves, they were taken out of the water and their surfaces 

were dried with kim wipes. Also, excess water trapped at the valve cusps were removed 

with the help of kim wipes. A polyacrylamide ‘glue’ was applied on the walls of the 3D 

printed venous valves as well as the PDMS channel walls before seating the venous 

valves at the appropriate location in the PDMS channels. Polyacrylamide ‘glue’ 

configuration - Acrylamide (10% w/v), N,N’-Methylenebisacylamide (0.6% w/v), Lap 

photo-initiator (lithium phenyl-2,4,6-trimethylbenzoylphosphinate, 0.2% w/v) and 

Cellulose nanocrystals (10%w/v). The venous valves placed in the PDMS channels are 

incubated in their location for five minutes. A glass slide is placed on top of the 

assembly and UV (365 nm) cured for 20 minutes in the UV oven under nitrogen 

atmosphere. Meanwhile, a glass slide coated with PDMS is plasma (13 minutes 

exposure, Thierry Zepto, Diener Plasma) treated. The polyacrylamide glue was applied 

to the fourth wall of the 3D print not attached to the PDMS walls. Next, the PDMS 

channel block containing the venous valves were bonded to the plasma treated glass 

slides containing PDMS (bonding time one hour with a weight if 1.5 kg). 400 ul of 2-

hydroxy-2-methylpropiophenone (Thomas scientific) was added to the channels and 

incubated overnight (~12 hours). The photo initiator was removed, and nitrogen was 

blown through the channels gently with our affecting the venous valves. The device was 
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exposed to UV for three minutes and DI water was perfused through the channels. 

Sterile DI water was added and waited till further use. 

4.5.3. Imaging of the vein  

Devices were imaged using a (SteREO Discovery v 8, Carl Zeiss) microscope 

after fabrication. Images were processed and analyzed in ImageJ (NIH) and zen blue 

(Carl Zeiss) to quantify the opening and closing of the venous valves. 

4.5.4. Actuation of the venous valves 

A 60 ml syringe loaded on a syringe pump (Harvard Apparatus, PHD Ultra) was 

used to pump fluid into the vein devices. 2 mm outer diameter tubing (Qosina) with 

inner diameter 1 mm was used to connect the syringe to the vein model.  
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Figure 4-1: Design of an actuating venous valve  

(A) Design of the venous valve to be 3D printed with polyacrylamide hydrogel. (B) Set 

up for the fluid structure interaction (FSI) problem with the fluid domain and the 

structural domain. (C) Plot of the velocity contour (top), plot of velocity vectors 
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(middle), and plot of pressure contour in the vein model when flow is in the backward 

direction. (D) Contour plot of the deformation of the venous valve deformation under the 

pressure load transferred from the fluid flow simulation 

 

Figure 4-2: Fabrication of the vein model 

(A) Extrusion 3D printing of the venous valve with polyacrylamide hydrogel. After 

curing the print under UV light, it is stored in DI water for long term storage. (B) 

Channels containing PDMS blocks casted from aluminum molds were surface treated 

with benzophenone and then coated with aqueous polyacrylamide. (C) The 3D printed 

valves were dried and its walls were applied with uncured polyacrylamide gel was 

placed on the channel and cured under UV. (D) Glass slides coated with PDMS is 
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plasma treated and bonded with the channels containing the venous valves to form a 

closed channel. (E) The closed channel is filled with a photo initiator (2-hydroxy-2-

methylpropiophenone) and UV treated to bond the polyacrylamide hydrogel with the 

PDMS coated glass slide. (F) An illustration of a fabricated vein model. 

 

 

 

Figure 4-3: Actuation of the fabricated venous valve  

(A) A fabricated vein device with a venous valve. (B) Equilibrium shape of the 

fabricated venous valve. (C) Fabricated venous valve in open position when fluid flow is 

in forward direction. (D) Fabricated venous valve in closed position when fluid flow is 

in backward direction. 
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5. FUTURE PERSPECTIVES 

 

In this thesis we have introduced the first in vitro model of a vein that contains 

venous valves and living endothelial cells. We have successfully demonstrated the 

development of microfluidic and milli-fluidic models that were able to recapitulate the 

physiological and pathophysiological states of a human vein. The models showed that 

venous valve endothelium adapted to the complex flow patterns in the venous valve and 

had a distinct phenotype compared to vein endothelium. The models were also able to 

dissect the individual factors of Virchow’s triad and show how variation in individual 

factors and combinations of factors would affect the DVT formation at the valve cusps.  

But the models presented in this thesis have many limitations and shortcoming 

like any other in vitro model used to study human physiology or pathophysiology. Some 

of these shortcomings can be overcome in the future studies by introducing complexities 

into the model. Some of the factors that can be included in near future are discussed 

below. 

5.1. Fluid flow 

In order to simulate the pathological blood flow in an incompetent venous valve 

we have used steady flow of media and blood in the models described this thesis [122]. 

But this may not be true even with an incompetent valve where the valves get stiffer and 

ceases to actuate [123, 124]. Though the valves get incompetent, the tissue and muscles 

surrounding the veins may still be competent [125]. These tissues and muscles will 

actuate to impart blood an oscillatory flow while flowing into the venous valves. Thus, 
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we can perfuse blood with an oscillatory pattern in the current Vein-Chip models. These 

oscillatory flows will have implications on the phenotype of the valve endothelium, 

which will be different from the valve endothelium only exposed to steady vortex flow. 

Also, flow profiles derived from patients using venous compression devices can be input 

to the Vein-Chip to study the differences between the normal and compression device 

driven blood flow at the venous valves [44, 126]. 

5.2. Endothelial cells 

All models described in this thesis have used the primary cells from human 

umbilical veins known as human umbilical vein endothelial cells (HUVECs). HUVECs 

are widely used in organ on chip technology [7, 31] as they are readily available 

commercially and are pooled from different donors. While cells pooled from different 

donors have the advantage of not having donor variability, they affect the fundamental 

concept of having organ on chip technology, which is to develop patient specific read 

outs. We can use patient specific endothelial cells derived from induced pluripotent stem 

cells (IPSCs) or late progenitor endothelial cells circulating in blood known as blood 

outgrowth endothelial cells (BOECs) [127, 128]. Another method is to use cells derived 

from saphenous veins of patients known as human saphenous vein endothelial cells 

(HSaVECs) [129]. Saphenous veins are large superficial veins in the human body that 

have venous valves [130]. Use of such patient derived endothelial cells will give us 

patient specific variability for propensity to develop DVT using Vein-Chips. 
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5.3. Sub-endothelial matrix 

All models described in this thesis have used the basic extracellular matrix 

(ECM) proteins collagen and fibronectin to culture endothelial cells in the Vein-Chips. 

But in vivo ECM is very complex consisting of more that hundreds of different proteins 

[131, 132]. Development of such complex ECM similar to in vivo configuration is a 

difficult engineering task. Though the endothelial cells themselves remodel the ECM it 

would be beneficial to add sub-endothelial cells in the ECM of the Vein-Chips to 

remodel ECM that would be more similar to native ECM. We can include cells like 

smooth muscle cells and fibroblasts that are observed to be present in the native tissue 

surrounding the veins. Their cross talk with the endothelial cells can also change the 

endothelial cell behavior to stimulations, which can be further studied using the Vein-

Chip platform 

5.4. Blood 

In this thesis we have used healthy donor blood to create DVT at the venous 

valve cusps of the Vein-Chip [66]. We have used the cytokine TNF- to initiate valve 

endothelium inflammation and there by trigger the formation of DVT. But in certain 

diseases like cancer, blood becomes hypercoagulable due to release of clotting factors 

and inflammatory cytokines by tumor cells and the interactions between the tumor cells, 

and blood immune cells, or endothelial cells [133-136]. Also, cancer treatments such as 

hormonal therapy, chemotherapy, molecular targeted therapy, and anti-angiogenesis 

monoclonal antibodies are known to increase the coagulability of blood. Perfusion of 
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cancer patient blood through the Vein-Chip devices can throw light into the intricate 

dynamics at the venous valve cusps that lead to DVT formation in cancer patients. 

5.5. Lymphatic valves 

In this thesis we have introduced a Vein-Chip model that consists of venous 

valves. Another vascular system in the body that has similar anatomical feature is the 

lymphatic system [137]. Like venous valves, lymphatic valves also help in unidirectional 

flow of lymphatic fluid in the lymphatic system and both these valves undergo similar 

biological processes during developmental stage [138]. Incompetent lymphatic valves 

can lead to serious conditions such as lymphedema, but the cross talk of lymphatic 

endothelial cells and lymphatic smooth muscle cells in an incompetent lymphatic valve 

are not yet fully understood [139]. The microfluidic Vein-Chip model can be used to 

study lymphatic valves by using forming lumen with lymphatic endothelial cells and 

having lymphatic muscle cells in the extra cellular matrix in the system. 

5.6. COVID related DVT 

Coagulation activation and endothelial dysfunction are two severe complications 

in the corona virus disease 2019 (COVID-19) [140]. About 50% of the COVID-19 

patients admitted to the ICU develop DVT even after initial administration of anti-

coagulants like low molecular weight heparin (LMWH) [141]. The exact mechanisms of 

DVT formation in COVID-19 patients are not understood, which hinders the 

development of effective therapeutics. Levels of cytokines such as tumor necrosis factor-

α (TNF-α), IL-1β, IL-6, IL-17A and IL-18 are observed to increase in patients with 

COVID-19 [142]. The effects of TNF-α on DVT formation at the venous valves were 
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shown by the vein-chip model developed in this thesis. Effect of other cytokines released 

during COVID-19 in the formation of DVT can also be studied using the Vein-Chip. 

Also, endothelial cells are known to have ACE-2 receptors, which help in maintaining a 

healthy vasculature. But ACE2 is the receptor through which the SARS-CoV-2 virus 

enter the lungs. So, Vein-Chip will be a good tool to see if the viruses themselves play a 

direct role in the DVT formation. 

The model presented in this thesis can be extended to study various disease 

models in future by adding complexities gradually. These complex models can be further 

used for therapeutic discoveries and anticoagulant dosage estimation for DVT 

prevention. 
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