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Platelets and the coagulation system play crucial roles in both haemostasis and thrombosis.1, 

2 Endothelial cells provide an important barrier between the blood and underlying vascular 

structures, thereby preventing platelets and coagulation from being activated.3 After vessel 

wall disruption, platelets become activated by the subendothelial matrix, assembling into 

a platelet plug or thrombus, and promote stimulation of the coagulation cascade.4 In these 

processes jointly operating in haemostasis, the coagulation-driven formation of fibrin clots 

is considered to stabilize the platelet plug. In patients with genetic or acquired bleeding or 

thrombotic complications, one of these processes can be affected, resulting in abnormal 

plug or clot formation. This chapter provides an overview on key mechanisms of platelet 

and coagulation activation in the process of thrombus formation, as far as relevant for this 

thesis. It will also summarise how endothelial cells interfere in the haemostatic response, 

and how microfluidic chambers can provide new opportunities to assess the precise role of 

the various activation pathways. 

Platelet activation and thrombus formation 

The formation of a platelet plug requires adhesion and aggregation of platelets to a 

damaged vessel wall, by interaction of adhesive and signalling receptors with thrombogenic 

components, as visualised in Figure 1A. Relevant platelet and coagulation-activating 

components are located in different layers of the vessel wall and, depending on the severity 

of damage, can become exposed to the blood stream. Initial tethering of circulating 

platelets to an injured vessel wall is mediated by von Willebrand factor (VWF), which 

binds to exposed collagen fibres.4 Platelets interact with VWF via the glycoprotein (GP)Ibα 

receptor, which is part of the GPIb-V-IX receptor complex. This interaction is required for 

platelet adhesion at arterial shear rates above 1000 s-1.1, 5 Of the vascular collagens, collagen 

type I and III are most abundantly present in the deeper intimal layers of the vessel wall.2, 

6 Binding of platelets to these fibrillar collagens is mediated by interactions with GPVI 
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and integrin α2β1. This interaction results in stable adhesion and activation of platelets.7, 

8 In the basement membrane underneath the endothelium, also laminins are present, 

which adhere to platelets via the α6β1 integrin. It is considered that this platelet-laminin 

interaction is involved not only in thrombus formation, but also in the maintenance of 

vascular integrity.9-11 Furthermore, laminins can also act as a ligand for GPVI, in which 

integrin α6β1 acts as coreceptor.12, 13 

 After vessel wall injury, circulating fibrinogen can become immobilised on the 

extracellular matrix and acts as a ligand for the most abundant adhesive platelet receptor, 

integrin αIIbβ3.
1, 14 Furthermore, the interaction of fibrinogen with αIIbβ3 mediates the 

stabilisation of platelet-platelet contacts upon aggregate and thrombus formation.15, 16 

Podoplanin is a transmembrane protein that is expressed by lymphatic endothelial cells 

and tumour cells, and so far is the only known in vivo ligand for the platelet C-type lectin-

like receptor II (CLEC2).15 CLEC2 was first identified in platelets as a receptor for the 

snake venom rhodocytin, leading to platelet aggregation. Recent findings though indicate 

that it also plays a role in the maintenance of vascular integrity by platelets and in cancer-

dependent platelet aggregation.17 

 Activated platelets secrete a variety of cargo molecules from their storage 

granules. Platelet α- and δ-granules contain a plethora of autocrine and paracrine 

molecules, including ADP, ATP, several chemokines and coagulation factors. Secretion 

of these molecules, together with the cyclo-oxygenase-mediated thromboxane A2 release, 

provide positive feedback loops, serving to activate nearby platelets.2, 18 In addition, platelet 

activation causes conformational changes in integrin αIIbβ3, which enhances its affinity for 

binding to fibrinogen.19 At a later stage of platelet activation, cleavage of the extracellular 

domains of GPIbα, GPV and GPVI by a disintegrin and metalloproteinases (ADAM)10/17 

can take place, thus negatively affecting their adhesive properties.20-22 This shedding of 

adhesive receptors can impair the ability of platelet binding to VWF and collagen. Upon 
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strong platelet activation in response to high Ca2+-mobilising agonists, platelets provide a 

phosphatidylserine-exposing surface, which promotes the binding of coagulation factor 

complexes and thereby stimulates thrombin generation on the platelet surface.23, 24 Once 

sufficient amounts of thrombin are formed, fibrin fibres are produced in the plasma or 

protruding from the platelet surface.25 

 Besides the environmental factors, such as the local presence of paracrine and 

autocrine agonists, the responsiveness of platelets is also dependent on intrinsic platelet 

factors, which are known to vary between individuals, like copy numbers of membrane 

receptors and signalling proteins, platelet count, age and size.2, 26 In a first evaluation of 

the relative roles of platelet-adhesive receptors in thrombus formation under arterial 

flow conditions, their contribution to the platelet activation and aggregation potential 

have been characterized by using 52 thrombogenic surfaces. In this way, three types of 

thrombi could be distinguished, primarily involving the receptors GPIb-V-IX, GPVI, α2β1, 

Figure 1. Scheme of known interactions between thrombogenic components in the vessel wall and platelet 
receptors implicated in thrombus formation. (A) Schematic overview of key platelet receptors binding to 
thrombogenic surfaces.27 Upon vascular injury, resting platelets will be captured by different exposed vascular 
components. After initial binding, platelet activation and aggregation occur. Fibrin will be generated as a 
consequence of TF-mediated thrombin generation and the fibrin network stabilises the platelet thrombi. (B) 
Overview of chapters in this thesis focussing on the different stages of thrombus formation as a function of 
the thrombogenic surfaces. Abbreviations: GP, glycoprotein; CLEC2, C-type lectin-like receptor 2; VWF, von 
Willebrand factor.

Collagen
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α6β1 and αIIbβ3.
27 These analyses also revealed differences in platelet activation potential 

in blood from patients with platelet-related bleeding disorders, but they did not include 

the contribution of coagulation to thrombus formation. In fact, the combined roles of 

platelet activation, thrombus and fibrin formation under flow conditions have remained 

largely unknown. Figure 1B gives a schematic overview of the expected, relevant platelet, 

thrombus and fibrin formation processes under flow. It furthermore refers to the chapters 

in this thesis, where these have been studied in more detail. 

Contribution of (anti)coagulation pathways to thrombus formation

According to the classical concept of haemostasis, the stabilisation of a primary platelet 

plug relies on activation of the coagulation cascade, forming an insoluble fibrin network 

within and around the platelet thrombus.28 The activation of coagulation can occur via two 

routes; the so-called intrinsic and extrinsic pathways (Figure 2). The extrinsic pathway is 

initiated by surface exposure and encryption of tissue factor (TF), which is constitutively 

expressed by vascular cells deeper in the vessel wall layers, including vascular smooth 

muscle cells, adventitial fibroblasts and pericytes. Following interaction with coagulation 

factor (F)VIIa, the TF/FVIIa complex cleaves and activates coagulation factors FIX and 

FX.29, 30 On the other hand, the intrinsic pathway is known to be stimulated by physiological 

triggers, such as collagens, polyphosphates, and neutrophil extracellular traps (NETs), 

thereby auto-activating the coagulant protease FXII.4 This intrinsic pathway activation is 

enhanced by interaction of FXII with prekallikrein and high molecular weight kininogen.28 

Activated FXIIa cleaves the coagulation proteases FXI and FIX. In a phosphatidylserine-

dependent way, FIXa forms a complex with FVIIIa and FX, resulting in the generation of 

proteolytically active FXa.28, 31 This is the point where the intrinsic and extrinsic pathways 

are considered to converge in the common coagulation pathway.32 Again in the presence 

of phosphatidylserine, FXa forms the prothrombinase complex with its cofactor FVa and 
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prothrombin (FII), thereby cleaving the latter into thrombin (FIIa). Thrombin in turn 

converts fibrinogen monomers into fibrin fibres, after which cross-linking of the fibrin 

fibres occurs via the transglutaminase, activated FXIIIa, thereby resulting in a stabilised 

dense fibrin network.33 Thrombin also activates platelets, and cleaves the coagulation 

factors, FV, FVIII and FXI. This creates several positive feedback loops, explaining the 

strong amplification phase of thrombin generation.34

 The process of blood coagulation is balanced by several anticoagulation pathways, 

including those mediated by tissue factor pathway inhibitor (TFPI), antithrombin and 

protein C. The natural anticoagulant TFPI consists of two isoforms. The TFPIα isoform 

VIIa VII

Xa

X

TF

Va

XII XIIa

XIaXI

IXaIX

X

V

VIIIa

VIII

Prothrombin �rombin

Fibrinogen Fibrin

XIIIa XIII

Cross-linked
�brin clot

Contact activation
Intrinsic pathway

Tissue factor
Extrinsic pathway

Common pathway

Trigger

TFPI

TM

Anti-thrombin

APCProtC
ProtS

ProtS

Figure 2. Overview of classical key (anti)coagulation pathways. Initiation of the coagulation cascade can 
occur via the intrinsic (left) or extrinsic (right) pathway. These pathways come together in a general pathway 
with FXa as a common player. In addition, thrombin and fibrin fibres will be generated. Black lines show 
the activation of coagulation factors; blue lines indicate anticoagulant routes. Abbreviations: F, factor; ProtC, 
protein C; TM, thrombomodulin; ProtS, protein S; APC, activated protein C; TFPI, tissue factor pathway 
inhibitor. Modified from Ref.77
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circulates in the blood, is secreted by endothelial cells, and is stored in the platelet 

granules. On the other hand, TFPIβ is attached to the endothelial surface.35, 36 There is 

ample evidence that TFPI inhibits the proteolytic activities of the TF/FVIIa and FIXa/FXa 

complexes, thereby downregulating the extrinsic coagulation pathway.37, 38 Antithrombin 

acts as an inhibitor that mainly targets the proteolytic activities of thrombin and FIXa/

FXa.39 Furthermore, in vivo thrombin is considered to downregulate its own formation by 

binding to the endothelial-bound protein thrombomodulin (TM). Following binding of 

protein C to the endothelial protein C receptor (EPCR), the thrombin-thrombomodulin 

complex then activates protein C.40-42 Activated protein C (APC) in turn cleaves and 

inactivates the coagulant factors FVIIIa and FVa, in a protein S-dependent manner.43 With 

the exception of studies in genetically modified mice, the relative potency of this TM-

mediated anticoagulant pathway under blood flow conditions has remained unclear. Also 

unknown is whether and how protein C and protein S can affect platelet responses.

 It is generally considered, but not frequently studied, that platelet-activating 

surfaces, along with extrinsic and/or intrinsic triggers of the coagulation process determine 

the gradual build-up of a platelet-fibrin thrombus. Platelets are known to interact with 

the coagulation system in multiple ways, likely varying in specific areas of the developing 

thrombus.44 It is still unclear how these mechanisms of interaction affect thrombus 

composition and characteristics. One of the mechanisms by which platelets control 

coagulation is via surface-exposed phosphatidylserine, which promotes the formation of 

thrombin on the platelet surface.43, 45 If sufficient amounts of thrombin are formed, fibrin 

fibres will be produced extending from the platelet surface.25 Thrombin activates human 

platelets via the PAR1 and PAR4 receptors, thereby stimulating shape changes, secretion 

and aggregation. Furthermore, thrombin enhances the GPVI-induced phosphatidylserine 

exposure on activated platelets.2, 46-48 In addition, activated platelets are known to secrete 

polyphosphates, which trigger the activation of FXII.49, 50 Platelets also contain and secrete 
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a range of (anti)coagulation factors upon activation, including fibrinogen, prothrombin, 

FV, a F8 transcript, FXIIIA, TFPI, and other serpins (serine-protease inhibitors).25, 

43 Given the strong interactions between platelet and coagulation processes, and the 

still limited knowledge in understanding these, it is of importance to further study the 

relative contributions of these interactions in thrombus and fibrin formation under flow 

conditions. 

Endothelial cells and modulation of thrombus formation

Endothelial cells not only form a physical, but also a physiological barrier between the 

circulating blood and underlying vascular structures.3 Physiologically, the confluent 

monolayer of endothelial cells is known to provide both an antiplatelet and anticoagulant 

surface (Figure 3).51 Platelet activation is considered to be prevented by endothelial-derived 

nitric oxide and prostacyclin, and the ectonucleotidases CD39 and CD73, the latter of which 

convert platelet-activating ATP and ADP into AMP and adenosine.2, 52-54 However, the 

relative contribution of these antiplatelet processes is still unclear. Besides their antiplatelet 

TM

APC

IIa

Va
VIIIa

TFPI

TF

Xa

VIIa Anti-thrombin

IIa

GAG

NO PGI2

CD39

AMP
ATP/
ADP

CD73

Adenosine

EPCR

ProtC

IIaII

Platelets

Figure 3. Possible thrombus-inhibiting mechanisms of the endothelium. Endothelial cells are considered 
to dispose several molecular mechanisms to inhibit platelet and coagulation responses. These cells excrete 
nitric oxide (NO) and prostacyclin (PGI2), and contain receptors (CD39, CD73) that convert the platelet-
activating nucleotides ATP and ADP into adenosine, all resulting in platelet inhibition. Furthermore, the 
endothelial cells possess anticoagulant roles by: (i) expressing thrombomodulin (TM) and endothelial protein 
C receptors (EPCR), which lead to a thrombin (FIIa)-stimulated conversion of protein C (ProtC) into activated 
protein C (APC); (ii) exposing the membrane-anchored tissue factor pathway inhibitor (TFPI); and (iii) 
glycosaminoglycans (GAG) which capture and activate antithrombin. Abbreviations: see Figure 2. Modified 
after Ref.78
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effects, endothelial cells contain several surface receptors and other glycoproteins that can 

downregulate coagulation processes. These include the receptor for thrombomodulin, 

the endothelial protein C (EPCR) receptor, and the membrane-anchored TFPI.55, 56 In 

addition, the endothelial glycocalyx forms a physical coat covering the endothelial layer, 

and consists of a variety of glycoproteins, proteoglycans and glycosaminoglycans.57 The 

glycosaminoglycans have several charged side chains, containing heparan sulphate, 

hyaluronic acid, chondroitin, dermatan and keratin sulphate residues, that can bind 

anticoagulant factors such as antithrombin, TFPI, thrombomodulin and heparin cofactor 

II.58 A well-known example is the binding of antithrombin to heparan sulphates, resulting 

in an enforced inhibition of the thrombin and FXa generation.58, 59 

 Upon vascular damage, these antiplatelet and anticoagulant functions of 

endothelial cells diminish. Activated endothelial cells secrete VWF multimers from their 

Weibel-Palade bodies, thereby allowing platelet adhesion via the GPIb-V-IX receptors.3, 

60, 61 Endothelial suppression of platelet activation by nitric oxide and prostacyclin is also 

impaired upon injury or plaque rupture.62 While physiological endothelial cells express 

only low levels of TF, this expression can increase under pathological conditions, thereby 

initiating the coagulation process.55, 63 Denudation of the endothelium leads to exposure of 

the extracellular matrix and smooth muscle cells to the blood stream and promote platelet 

adhesion and coagulation, processes that are aggravated under conditions of disturbed 

blood flow.64, 65 

The use of microfluidic flow chambers for detection of haemostatic disorders

Given the multiple interactions between platelets, coagulation and vascular components 

during thrombus formation, the simultaneous assessment of all these processes is 

important when considering the development of new diagnostic assays for detecting 

haemostatic abnormalities. However, this integration is still a challenge. Several tests are 



Chapter 1

16

currently used in the clinic for diagnosis of either platelet or coagulation dysfunctions.66-68 

Most of these tests are performed under static or stirring conditions, and hence lack the 

contribution of (patho)physiological blood flow. The platelet function analyser (PFA)-100 

is the only device that includes shear stress to assess platelet functions, but this test appears 

to be limitedly sensitive to mild platelet disorders or coagulation factor deficiencies.69-71 

 Microfluidic devices, including custom-made and commercial parallel-plate flow 

chambers, are devices that simultaneously assess the roles of platelets, coagulation and 

vascular components under flow conditions.72, 73 Overall, the outcome of microfluidic 

measurements correlate with those of in vivo arterial thrombosis models in mice with 

genetic defects and impaired platelet function. Furthermore, these allow the simultaneous 

use of different platelet-adhesive surfaces, providing additional information on the roles 

of distinct adhesive receptors.27, 74-76 Hereby, microfluidic flow chambers are becoming 

valuable devices that mimic the haemostatic or thrombotic tendency of a blood sample. 

These devices are currently being developed for clinical purposes, but often integration of 

the haemostatic processes in terms of platelet and coagulation activation and the role of 

the (endothelialised) vessel wall is lacking, as well as information on the determinants of 

variation between individuals. 

Aims and outlines of this thesis

The overall aim of this thesis is to provide increased insight into the interactions between 

platelets, coagulation and vascular components in thrombus formation. This is achieved 

by using in vitro flow methods, which can help to unravel altered phenotypes in blood 

from patients with bleeding or thrombotic disorders. In Chapter 1, a general introduction 

is given on the interactions between platelets, coagulation and vascular components 

in the context of thrombus formation under flow. Chapter 2 gives an overview of the 

potential use of high-throughput microfluidic methods for the phenotyping of patients 
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with platelet-dependent or coagulation-related bleeding abnormalities, as well as for the 

monitoring of effects of antithrombotic medication. Protocols are provided in this chapter 

for studying whole blood thrombus formation in microfluidic flow chambers, based 

on microspot coating, in the presence or absence of coagulation. In Chapter 3, relevant 

platelet-related factors are unravelled that contribute to the inter-individual variation in 

microspot-based thrombus formation. Therefore, haematological parameters, platelet 

glycoprotein expression levels, platelet activation markers and single nucleotide variants 

obtained from 94 genotyped healthy subjects are related to multiple thrombus formation 

parameters. Furthermore, thrombus signatures are defined of blood samples from patients 

with Glanzmann thrombasthenia or storage pool deficiency, and compared to those of 

healthy subjects. In Chapter 4 microspot-based flow measurements are extended to 

include the interactions between platelet activation, coagulation and fibrin formation 

employing a range of thrombogenic surfaces. The relative contribution of the extrinsic 

and intrinsic coagulation pathways is described, as well as the thrombomodulin/protein C 

anticoagulant pathway, all of which affect the formation of platelet-fibrin thrombi under 

flow conditions. Patient blood samples with a prothrombotic or bleeding phenotype are 

used to better understand the pathophysiological relevance of the interactions between 

platelet activation and the (anti)coagulation systems. In Chapter 5, alterations in platelet 

activation and fibrin formation in patients with protein C or S deficiencies are evaluated. 

Using the whole-blood microfluidics method under coagulating conditions, GPVI- and 

protein C-dependent platelet and coagulation activities were assessed. In Chapter 6 a 

vessel-on-a chip model is developed and applied to examine local inhibitory effects of 

human endothelial cells on platelet adhesion and fibrin formation under flow. Particular 

focus is on the assessment of the roles of the endothelial glycocalyx and thrombomodulin 

in this flow model. Finally, in Chapter 7, the most relevant findings of this thesis are 

summarised and critically discussed in relation to the current literature.
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Abstract

In recent years, considerable progress has been made in understanding the mechanisms 

involved in platelet activation during haemostasis and thrombosis. Parallel-plate flow 

chambers and other microfluidic devices have markedly contributed to this insight. 

Conversely, such flow devices are now increasingly used to monitor the combined processes 

of platelet aggregation, thrombus formation and coagulation in human blood. Currently, 

by combining microspotting and multi-colour fluorescence microscopy, this technology 

offers the capability of high-throughput measurement of platelet activation processes, 

even in small blood samples. Here we review the potential of flow chamber devices for 

complex (multiparameter) platelet and coagulation phenotyping, focussing on patients 

with (genetic) platelet- or coagulation-based bleeding disorders as well as monitoring of 

antithrombotic medication. Animal studies are not discussed.

Introduction

Since the early flow chamber studies, where blood was used directly taken from the arm 

of a subject and platelet surface-area coverage was analysed off-line, the microfluidics 

technology is developing into a high-throughput test, capable to detect aberrations in 

multiple platelet responses.

Development of flow devices to measure haemostatic and thrombotic processes.

Baumgartner, Badimon, Sixma and colleagues have pioneered in the use of flow chamber 

devices to study platelet adhesion and aggregation on extracellular matrix components 

of the arterial wall.1-3 Initial investigations revealed the importance of a well-controlled 

blood flow, and indicated that platelet adhesion markedly increases at higher blood flow 

and wall-shear rates. One approach was to perfuse blood directly originating from the 

arm of a volunteer through the flow chamber ex vivo, thus allowing formation of platelet 
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thrombi without anticoagulant intervention.4, 5 Yet, the first flow chamber experiments 

were long-lasting, required large blood volumes, used roller pumps influencing platelet 

activity, and required off-line analysis of thrombus formation.6 In most cases, the chambers 

contained deliberately damaged endothelium, endothelial matrix or blood vessels, all of 

heterogeneous composition.7, 8 Yet, it was immediately recognised that the devices could 

mimic the in vivo situation of haemostasis and thrombosis, where platelets rapidly interact 

with a damaged or diseased vessel wall to form clots of aggregated platelets and fibrin.

 Already in early parallel-plate flow studies, Sakariassen and McIntyre9, 10 used 

purified collagen (applied with a paint brush!) as an effective platelet-adhesive surface. 

Immobilised fibrillar collagen type-I (pipette coating) now appears to be the standard 

surface for measurements of platelet adhesion and thrombus formation under flow 

conditions.11 For clinical application, the use of more widely applied commercial flow 

chambers can be considered. However, with such commercial systems (which are lower 

in costs and have a great ability for integration platforms) the possibility of applying more 

than one coating in the chamber is limited. For a more in-depth overview of strengths and 

weaknesses of different (commercial) microfluidic systems, we refer to elsewhere.12

 The widespread use of collagen-I is promoted by three sets of findings. First, 

thrombus formation on collagen-I relies on the synergy between three important receptor 

complexes on platelets, namely glycoprotein (GP)VI, integrin α2β1 and GPIb-V-IX; the latter 

is required for shear-dependent trapping of platelets to von Willebrand factor (VWF) that 

is bound to collagen.13, 14  Second, for many genetic mouse models, it has been noticed that 

abnormal collagen-induced thrombus formation in vitro corresponds well with aberrant 

arterial thrombus formation in vivo (especially for FeCl3- and ligation-induced injury 

models).15-17 Third, in atherothrombosis models of experimental plaque rupture, thrombus 

formation relies on collagen-GPVI interactions next to thrombin generation.18 Similarly 

in flow devices, collagen-I (allowing GPVI activation) as well as tissue factor (producing 
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thrombin) are key components of coated plaques to stimulate platelet thrombus and fibrin 

formation.19-21 In addition to the primary collagen-GPVI interaction, secondary roles 

in thrombus build-up have been identified for autocrine-released ADP acting through 

the platelet P2Y1/12 receptors,22, 23 and of factor XIIa stimulating the intrinsic coagulation 

pathway via collagen.24 In multiple laboratories, hence, collagen-I with or without tissue 

factor is the preferred surface for flow-based assays of thrombus formation using human 

or animal blood, aiming to obtain overall information on platelet activity in haemostatic 

and thrombotic processes.

 In parallel-plate chambers with constant blood flow, a thrombus will grow but 

complete occlusion cannot be reached, due to continuous pressure provided by the pump. 

In the pressure drop model established by Colace and colleagues, the blood can bypass 

occluding channels by moving towards an open channel. This mimics the physiological 

situation, where a thrombus grows until it reaches full occlusion.25 Another remark is that, 

when a thrombus is obstructing a channel, the flow pattern will be disturbed resulting in 

very high shear rates.26, 27

Microspotting and high-throughput testing

No coagulation (high Ca2+/Mg2+ with thrombin inhibitors). Regardless the widespread use 

of collagen-I, platelets contain several other non-collagen receptors that can play a role 

in interaction with the activated or injured vessel wall.28, 29 In a recent paper, our group 

compared 52 adhesive proteins and peptides (with single or multiple components), 

encompassing all major adhesive receptors, for the capability to support platelet adhesion, 

activation and full-size thrombus formation.15 It appeared that, next to the collagen/VWF 

receptors (GPVI, α2β1, GPIb-V-IX), also CLEC-2 (podoplanin, rhodocytin receptor), 

integrin αIIbβ3 (fibrinogen/VWF receptor) and α6β1 (laminin receptor) supported adhesion 

in perfused whole blood. Furthermore, at low shear rate, we noticed a role of CD36 
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(thrombospondin receptor).

 As described earlier, rapid screening of the 52 surfaces could only be performed 

by microspotting (1-2 mm Ø) and application of 2-3 microspots in the same flow 

chamber.15 To further increase the throughput, it is necessary to capture both enhanced-

contrast brightfield and fluorescence microscopic images. Aiming to perform full platelet 

function analysis, brightfield images provide information on platelet deposition (surface-

area-coverage) and aggregation (aggregate/feature size). Fluorescence images in different 

colours inform on stable platelet adhesion (membrane probe), secretion (CD62P or 

CD63 expression), integrin activation (probing for activated αIIbβ3 or fibrinogen), and 

procoagulant activity (phosphatidylserine exposure). The combination of multiple 

microspotted surfaces with different fluorescent stains thus results in a high-throughput 

test, e.g. allowing measurement of 3 x 8 end-stage parameters of thrombus formation in a 

single flow run with less than 0.5 mL of blood.15, 30 See also Box 1.

Controlled coagulation. In the majority of in vivo haemostasis and thrombosis models, 

platelet activation/aggregation is known to be accompanied by coagulation (thrombin 

and fibrin formation), in particular triggered by tissue factor.31-34 A common procedure to 

achieve controlled coagulation in vitro is to co-perfuse citrate-anticoagulated blood with a 

CaCl2/MgCl2 mixture over microspots that contain collagen-I, whether or not co-spotted 

with tissue factor (see Box 1). Tissue factor can be applied in a range of concentrations, 

to fine-tune the extent of coagulation triggering.25 Such coagulation experiments require 

the collection of kinetic information, e.g. by recording of time series of brightfield and 

fluorescence images, since the build-up of platelet aggregates with fibrin is more time-

dependent.
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Box 1. Useful protocols

A. Construction of flow chambers for blood perfusion. Both commercial and home-made parallel-

plate flow devices can be used for whole blood perfusion studies to measure platelet deposition, 

activation and aggregation by the use of brightfield and fluorescence microscopy.73 Soft-material 

PDMS chambers though may contain irregularities in the flow channels, therefore hard-plastic 

chambers with high-precision dimensions are preferred. The Maastricht flow chamber is made 

of PMMA (polymethyl methacrylate) with channel dimensions of 50 µm height, 3 mm width 

and 20 mm length. At one side it is covered with a rectangular glass coverslip. The small channel 

proportions reduce the amount of blood needed per flow run to about 0.5 ml.27 Flow disturbances 

are prevented by tubular inlets entering the channel at a low angle of 11°. Coverslips are usually 

coated with microspots of 1-2 mm Ø (0.5-2 μL applied per spot) for obtaining a consistent 

pattern of thrombi.15 A variety of platelet-adhesive ligands can be used, but most common is 

collagen type-I, binding VWF.73 Protocol details are given elsewhere.74

B. Whole-blood thrombus formation without coagulation. Preferably, blood is collected on 

thrombin inhibitors. Alternatively, citrate-anticoagulated blood is supplemented, prior to the 

experiment, with a CaCl2/MgCl2 mixture in the presence of thrombin inhibitors, in order to 

achieve physiological (millimolar) concentrations of free Ca2+ and Mg2+.74 In our experience, 

dual thrombin inhibition is required to prevent ‘background’ clotting (e.g. PPACK/fragmin or 

hirudin/fragmin), certainly when using hyper-coagulant or mouse blood. We prefer to perfuse 

whole blood samples in a plastic syringe in push mode, thus limiting leakage artefacts. A large 

set of fluorescent labels is available for quantification purposes.27 For most surfaces, thrombus 

formation tends to maximise in a time span of 5-8 minutes, meaning that end-stage images can 

be recorded only. Labelling for platelet activation then is done post-hoc, i.e. while recording 

(enhanced-contrast) brightfield images. Additional recording of fluorescence images (e.g. using 

spectrally non-overlapping GFP, RFP and Cy5 filter sets) ultimately provides multiparameter 

insight into the content, structure and platelet-activation properties of a thrombus.15 
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C. Whole-blood thrombus formation with coagulation. Samples of citrate-anticoagulated blood 

may be supplemented with CaCl2/MgCl2 mixture, and then perfused over a collagen/tissue factor 

surface. However, a disadvantage of this procedure is ongoing contact activation in the blood 

before reaching the tissue factor (this is partly prevented by addition of corn trypsin inhibitor). 

Our preferred way of operation is to continuously co-infuse citrate-anticoagulated whole blood 

with a CaCl2/MgCl2 mixture (two plastic syringes in push mode), with tissue factor either added 

to the mix,56 or present with collagen on the microspots.57 On microspots with tissue factor 

alone, no fibrin is formed due to the absence of platelets.57 Since the formation of thrombin 

and fibrin is an ongoing process, preferably kinetic information is collected, i.e. by recording 

time series of microscopic images. Fluorescent probes can be added to the blood samples, e.g. 

detecting platelets, procoagulant activity and fibrin (using GFP, RFP and Cy5 filter sets).

D. Microscopic image analysis. High-resolution digital microscopic (≥8-bit, brightfield and 

fluorescence) images can be scored for thrombus morphology, and analysed for coverage of 

platelets and labelled activation markers. Image analysis using FIJI software is convenient,75 since 

this programme allows to write scripts for different optics and image types. Scripts may include 

a correction for background illumination (fast Fourier transform bandpass filter), followed by 

(manual) adjustment of a threshold setting, and a measurement of the surface area coverage 

of supra-threshold pixels. For brightfield images, it is useful to include Gray morphology 

conversions (large/medium sized close, followed by a small dilate), in order to reduce striping 

and improve the detection accuracy.
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Simultaneous assaying of different platelet functions

In the last decade, microfluidic devices are increasingly applied for characterisation of the 

platelets from patients with several genetically linked diseases. In the majority of the work, 

collagen-I was used as platelet adhesive surface, with a perfusion protocol consisting of 

perfusion of anticoagulated/recalcified blood at arterial wall-shear rates of 800-1600 s-1. 

Thrombi formed on collagen-I were usually observed by brightfield microscopy, sometimes 

in combination with fluorescence microscopy. In some cases, flow pressure changes, 

accompanying platelet aggregation, were recorded. In only few papers, information was 

obtained on thrombus formation at other adhesive surfaces than collagen-I. Table 1 

provides an overview of the published studies so far.

Platelet procoagulant defects. Patients with Scott syndrome suffer from a mild bleeding 

disorder,35 which is linked to the inability of platelets to expose phosphatidylserine in 

a Ca2+-dependent way.36, 37 The syndrome is associated with defective expression of the 

ANO6 gene (alternatively termed TMEM16F), which encodes the Ca2+-activated ion 

channel, anoctamin-6.37, 38 High-throughput whole-blood flow measurements indicated 

that platelet adhesion, aggregation and secretion were normal on collagen-I, whereas 

phosphatidylserine exposure of the Scott platelets was severely decreased.37, 39

 Other essential players in platelet Ca2+ homeostasis are the store-operated Ca2+ 

channel, ORAI1, and its Ca2+-sensing binding partner in the endoplasmic reticulum, 

STIM1.36 Hetero- or homozygous mutations in either gene can lead to severe combined 

immunodeficiency, but are mostly not accompanied with an overt bleeding phenotype. 

An impairment in store-regulated Ca2+ entry is frequently observed in the platelets from 

patients with loss-of-function mutations in either ORAI1 or STIM1. For the few patients 

studied so far in multispot flow chamber studies (Table 1), it appeared that the ORAI1 

mutation was accompanied by a stronger defect in platelet adhesion and aggregation than 
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the STIM1 mutation.30 On the other hand, a gain-of-function mutation in ORAI1 (high 

store-regulated Ca2+ entry) is associated with relatively high platelet adhesion, secretion 

and integrin activation under flow.15, 30 Markedly, for collagen-I and also other surfaces, 

platelet procoagulant activity correlated well with the loss- or gain-of-function mutation 

in ORAI1. Interestingly, the collagen-I surface appeared to be most sensitive for a moderate 

lowering in platelet count often seen in such patients, when compared to VWF/rhodocytin 

or VWF/fibrinogen.30

Platelet signalling receptors and cytoskeletal defects. Several bleeding disorders are linked 

to changes in the platelet cytoskeleton.40 So far, only patients with May-Hegglin syndrome 

have been examined for changes in thrombus formation. This syndrome is linked to a 

mutation in the gene for non-muscle myosin heavy chain 9 (MYH9), and is characterised 

by macrothrombocytopenia. On collagen-I, and to a lesser extent on other microspots,15 

Table 1. Changed parameters of platelet thrombus formation on a collagen-I surface (no coagulation) 
observed for patients with genetically linked disorders.

Shear rates are indicated in 1000x (k). Colour intensity reflects reported frequency (of effect). References: a37, 

39; b30; c15, 30; d15; e41; f15, 42; g42; h43, 44; i45, 46; j47; k48, 50; l48-52; m49.

Disorder OMIM ID

Co
lla

ge
n

Shear rate 

(s-1)

A
dh

es
io

n

A
gg

re
ga

tio
n

Se
cr

et
io

n

In
te

gr
in

+

Pr
oc

oa
gu

la
nt

Platelet phenotype Ref.

Scott (ANO6 ) 262890 1k = = = ↓ Impaired PS exposure a
SCID (ORAI1  GOF*) 610277 1.6k ↓/↑ ↓ =/↑ =/↑ = High calcium entry b
SCID (ORAI1  LOF*) 610277 1.6k ↓ ↓ =/↓ ↓/↑ ↓ Impaired calcium entry b
SCID (STIM1  LOF*) 605921 1.6k = = = = = Impaired calcium entry c
May-Hegglin (MYH9 ) 155100 1.6k ↓ ↓ ↓ ↓ = Altered cytoskeleton, macrothrombocytopenia d
Gray platelet (multiple genes) 139090 1.6k ↓ ↓ ↓ ↓ = Absence of alpha-granules, platelet dysfunction d
Hermansky Pudlak (HPS3 ) 606118 1.6k = ↓ = = = Absence of dense-granules, aggregation defect d

δ-Storage pool deficiency (multiple genes) 185050 1.0-2.0k ↓ Absence of dense-granules, aggregation defect e
Glanzmann (ITGA2B, ITGB3 ) 273800 50, 1.6k =/↓ ↓ = ↓ = Defective platelet adhesion, aggregation f
LAD-III (FERMT3 ) 607901 1.0k ↓ ↓ ↓ ↓ ↓ Defective platelet adhesion, aggregation b
Bernard-Soulier (multiple genes, GPIb-V-IX) 231200 1.5k ↓ Large platelets, defective adhesion, aggregation g
Bernard-Soulier (multiple genes, GPIb-V-IX) 231200 50 = Large platelets, defective adhesion,aggregation g
GPVI (GP6 , deficient platelets) 614201 0.5, 1.6, 3.0k ↓ ↓ Defective platelet activation, aggregation h
GPVI (GP6 , compound heterozygous) 614201 0.5k ↓/↑ ↓ Defective platelet activation, aggregation i
GPVI (GP6 , SNP) rs1613662 1.0k ↓ Differential GPVI expression j
Von Willebrand 2B (GPIBA , GOF*) 613554 1.5-2.5k =/↓ ↓ ↓ Increased aggregation, spontaneous VWF binding k
Von Willebrand 2B (GPIBA , GOF*) 613554 50, 0.7k = = Increased aggregation, spontaneous VWF binding k
Von Willebrand 1,2A,3 (VWF ) 193400, 277480 1.0-1.5k ↓ ↓ Low or defective function of VWF l
Von Willebrand 1,2A,3 (VWF ) 193400, 277480 50, 0.3-0.7k = = Low or defective function of VWF l
Afibrinogenemia (multiple genes) 202400 50, 1.5k = ↓ Low fibrinogen m
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platelet aggregates from a patient with May-Hegglin anomaly were low in most activation 

parameters, except for phosphatidylserine exposure, which was comparable to the control 

level (Table 1).

Platelet secretion defects. In several groups of patients, the risk of bleeding is linked to a 

defect in platelet α-granule secretion (no P-selectin expression) and/or δ-granule secretion 

(no CD63 expression in Hermansky-Pudlak patients). In both cases, mutations have 

been detected in multiple genes.40 The Gray platelet syndrome is an example of α-granule 

deficiency, often in combination with mild thrombocytopenia. In high-throughput flow 

chamber studies, platelets from a patient with this syndrome showed decreased adhesion, 

secretion and aggregation (collagen-I and other GPVI- and CLEC-2-activating surfaces), 

whereas phosphatidylserine exposure remained normal.15 In case of absent δ-granules, 

i.e. patients with δ-storage pool disease (SPD) or Hermansky-Pudlak syndrome (HPS3 

gene), platelet adhesion and aggregation on collagen-I were found to be impaired.15, 41 

These changes are explained by the combination of a lower platelet count and platelet 

dysfunction.

Platelet adhesion and receptor defects. Platelets from patients with bleeding and Glanzmann’s 

thrombasthenia, carrying loss-of-function mutations in the ITGA2B or ITGB3 genes, are 

characterised by absence of integrin αIIbβ3 or a qualitative defect of integrin activation 

and, hence, inability to aggregate. Affected aggregate formation and integrin activation in 

Glanzmann patients has also been observed using flow assays assessing platelet adhesion 

and thrombus formation on collagen and other surfaces, independent of the shear rate.15, 42 

Similarly, patients with a combined immune disease and bleeding disorder, i.e. leukocyte 

adhesion deficiency-III (LAD-III), due to homozygous dysfunctional mutations in 

FERMT3 (a gene coding for the integrin-regulating protein kindlin-3), have platelets that 
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are unable in αIIbβ3 activation and aggregation. High-throughput flow assays with blood 

from such a patient or heterozygous parents showed a marked reduction for all parameters 

of thrombus formation on collagen-I and other surfaces.30

 A clear shear-dependent difference in thrombus formation under flow is observed 

for patients with the Bernard-Soulier syndrome. This is a bleeding disorder characterised 

by macrothrombocytopenia due to mutations in genes encoding for components of the 

GPIb-V-IX complex.40 In flow chamber assays, the patients’ platelets displayed decreased 

adhesion on collagen at high shear rate (1500 s-1), but normal adhesion at low shear rate 

(50 s-1).42 Thrombus formation is also assessed in blood from patients with (an unknown 

cause of) GPVI deficiency or with a genetic compound heterozygous deficiency in GPVI. 

For these patients, a decreased platelet adhesion and aggregation on collagen was seen;43-45 

in one case, the overall adhesion of single platelets was increased, whereas aggregates were 

not formed at all.46 In healthy subjects, a common genetic variant that associates with low 

GPVI expression also reduces parameters of thrombus formation on collagen-I.47

Von Willebrand disease and afibrinogenemia. Subtypes of von Willebrand disease (VWD) 

are defined according to the altered way of VWF-GPIb-V-IX interaction and the severity 

of the bleeding disorder. In VWD type I, 2A or 3, categorised by a low or defective plasma 

VWF function, published reports pointed to (severely) reduced platelet adhesion and 

aggregation at high shear (1000-1500 s-1) flow conditions.42, 48-52 However, platelet adhesion 

was in the normal range at lower shear rates (50-670 s-1).42, 48-52 In type 2B von Willebrand 

disease, characterised by a gain-of-function of GPIbα, enlarged platelets are present 

showing spontaneous binding to VWF.40 Especially at high-shear flow conditions, platelets 

from these patients showed a deficiency in aggregation and integrin activation on collagen 

surfaces.48, 50 As expected, also low plasma fibrinogen (afibrinogenemia) resulted in low 

platelet aggregation under flow.49 Taken together, although for some of these patient groups 
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only specific platelet responses (integrin activation, secretion, procoagulant activity) have 

been measured, the obtained flow results are in general agreement with the known platelet 

phenotypes (Table 1).

Simultaneous assaying of platelet activation and coagulation

Coagulation studies under flow, using surfaces consisting of collagen with(out) tissue factor, 

have been performed to characterise abnormalities in the clotting process of patients with 

genetically linked or acquired coagulation disorders (Table 2). In the majority of studies 

performed so far, both platelet adhesion and fibrin formation have been measured.

Haemophilia A. Several authors48, 53, 54 reported a normal formation of a fibrin-containing 

thrombus on collagen with(out) tissue factor with blood from patients with mild 

haemophilia A (6-30% factor VIII activity) at low or high shear rates (Table 2). Only one 

paper describes a decreased fibrin deposition at a shear rate of 1500 s-1.55 For patients 
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Coagulation 
phenotype

Ref.

Haemophilia A, mild (F8 ) 0.1-0.7k, 1.5k = = =/↓ ↑ FVIII 6-30% a

Haemophilia A, mild (F8 ) 0.1k = = FVIII 6-30% b

Haemophilia A, moderate (F8 ) 0.1k, 1.0k =/↓ ↓ ↑ FVIII 1-5% c

Haemophilia A, severe (F8 ) 0.1-0.7k, 1.5k =/↓ ↓ ↓ ↑ FVIII <1% d

Haemophilia A, severe (F8 ) 0.1k ↓ ↓ FVIII <1% e

Haemophilia B, moderate (F9 ) 1.0k = ↓ ↑ FIX 5% f

Haemophilia B, severe (F9 ) 0.1k ↓ ↓ ↑ FIX <1% g

Haemophilia C, moderate (F11 ) 0.1k ↓ ↓ ↑ FXI 2% g

Dilution coagulopathy 1.0k ↓ ↓ Plasma dilution f

    Shear rate 

(s-1)

Shear rates are indicated in 1000x (k). Colour intensity reflects reported frequency (of effect). References: a48, 

54, 55; b53; c53, 54, 56; d48, 54, 55; e53; f56, 57; g54.

Table 2. Changed parameters of platelet-fibrin thrombus formation on a collagen-I surface with(out) 
tissue factor observed for patients with coagulation deficiencies.
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with moderate haemophilia A (1-5% factor VIII activity), platelet adhesion was normal to 

decreased, and accompanied by a marked delayed and reduced formation of fibrin fibres.53, 

54, 56 In severe haemophilia A (<1% activity), a severe bleeding phenotype, all parameters 

of thrombus formation were reported to be abrogated (with the exception of one paper 

showing only decreased aggregation and fibrin deposition) without tissue factor.48, 54, 55

Other coagulant disorders. By multiparameter testing, our group has reported normal 

platelet adhesion on collagen/tissue factor surfaces with blood from patients with moderate 

haemophilia B (factor IX deficiency), whereas fibrin formation is retarded (Table 2).56, 57 

A more striking dysfunction is described with blood from (bleeding) patients with severe 

haemophilia B, i.e. low platelet adhesion as well as fibrin formation.54 The same is true in 

blood from a patient with mild haemophilia C (factor XI deficiency).54 Acquired dilution 

coagulopathy is a clinical condition with high bleeding risk, caused by massive blood 

dilution due to infusion of colloids and crystalloids in major surgery.58 Blood samples 

from patients with dilution coagulopathy demonstrated low platelet adhesion and fibrin 

formation on a collagen/tissue factor surface.57 In most papers monitoring the effects of 

coagulation disorders, no information is provided on specific platelet responses (integrin 

activation, secretion, procoagulant activity).

Clinical use: thrombosis and effects of anti-thrombotic medication

Flow devices, mostly single-spot, have also been used to assess altered platelet functions in 

whole blood as a consequence of common anti-thrombotic medication, either in healthy 

subjects or in patients with increased risk of cardiovascular disease. An overview is given 

in Table 3.
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Aspirin and cardiovascular disease. High-throughput assessment of thrombus formation 

indicated that, for patients with stabilised peripheral arterial disease and taking aspirin, 

platelet adhesion was within the normal range, whereas aggregate formation and 

procoagulant activity were reduced.59 This partial loss-of-activity was ascribed to the use 

of aspirin. Several studies have examined the effect of aspirin per se, either in vivo or in 

vitro, on thrombus formation on collagen-I. Depending on the particular microfluidics 

conditions (Table 3), reduced platelet adhesion and fibrin formation by aspirin was 

described by some authors,60-63 whereas no effect was reported by others.64, 65 In terms of 

kinetics, one group described that aspirin in vitro mainly affected secondary aggregation,66 

while another group demonstrated reduced aggregate stability.63 Taken together, this 

points to a relatively late effect of aspirin in the thrombus buildup on collagen-I.

Other antithrombotic drugs. Attention has been paid to the effect of dual antiplatelet agents, 

i.e. aspirin in combination with clopidogrel, the latter producing an active metabolite 

that causes irreversible P2Y12 receptor inhibition (Table 3). Several groups showed that 

Intervention Subjects

Co
lla

ge
n

TF Shear rate (s-1)

A
dh

es
io

n

A
gg

re
ga

tio
n

Se
cr

et
io

n

Pr
oc

oa
gu

la
nt

Fi
br

in

Ti
m

e t
o 

fib
ri

n

Ref.

In vivo
  Aspirin (COX1 ) control 0.2k, 2.6k =/↓ ↓ a

  Aspirin (COX1 ) peripheral arterial disease 1.6k = ↓ ↓ b

  Aspirin + clopidogrel (COX1, P2RY12 ) control 0.3k, 1.5k, 2,6k ↓ ↓ ↓ c

  Aspirin + clopidogrel (COX1, P2RY12 ) acute coronary syndrome 0.3k, 1.5k, 2,6k ↓ ↓ ↓ c

In vitro

  Aspirin (COX1 ) control 0.2k, 0.5k, 1.6k =/↓ =/↓ ↓ ↓ d

  Aspirin + clopidogrel* (COX1, P2RY12 ) control 1.6k ↓ ↓ e

  Rivaroxaban (F10 ) control 0.2k, 0.6k, 1.0k = ↓ ↓ ↑ f

  Dabigatran (F2 ) control 0.2k, 0.6k = ↓ ↓ ↑ g

* active metabolite, coinfusion with ADP

Shear rates are indicated in 1000x (k). Colour intensity reflects reported frequency (of effect). References: a60, 

64, 65, 76; b59; c60, 63, 65, 67; d59, 61-63, 66, 76; e59, 68; f56, 70, 71; g71.

Table 3. Changed parameters of platelet-fibrin thrombus formation on a collagen surface with(out) 
tissue factor observed for antithrombotic drugs.
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this combination of agents reduced platelet adhesion, aggregate formation and fibrin 

deposition on a collagen surface.60, 63, 65, 67 Similarly, in vitro addition of aspirin and the 

active metabolite of clopidogrel decreased platelet adhesion and aggregate formation.68 On 

the other hand, an early paper reported no effects of P2Y12 or P2Y1 receptor antagonists on 

platelet deposition on collagen-I in an open flow system.69 Very little information is still 

available on other platelet responses (integrin activation, secretion, procoagulant activity).

 Under coagulating conditions, both dabigatran (thrombin inhibitor) and 

rivaroxaban (factor Xa inhibitor) were found to reduce platelet aggregate formation and 

fibrin deposition (by microscopy or deduced from pressure changes in a flow chip) on 

collagen/tissue factor surfaces.56, 70, 71 However, one study demonstrated an increase of 

platelet adhesion and thrombus formation on VWF, collagen, and human atherosclerotic 

plaque tissue after dabigatran treatment when compared to vitamin K antagonists.72 

Apixaban (another factor Xa inhibitor) gave similar results as rivaroxaban. Under 

conditions of limited coagulation (no tissue factor), rivaroxaban did not affect platelet 

aggregation.71

Conclusions

For the limited number of clinical blood samples examined, mostly from patients with 

genetically linked bleeding disorders (Table 1), high throughput analysis of thrombus 

formation on collagen-I has provided relevant, all-in-one information about the platelet 

phenotype. Additional surfaces (e.g. triggering platelet adhesion via CLEC-2, integrin 

αIIbβ3, α6β1 or CD36) give more detailed insight into the altered platelet reactivity, if only 

because these are less sensitive to changes in platelet count. Flow perfusion measurements 

under coagulating conditions, e.g. with collagen/tissue factor surfaces, can distinguish 

between conditions of mild, moderate and severe haemophilia, which appears to be in 

accordance with the bleeding risk of the patients. Given this, we consider that further fine-
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tuning of the technology for high-throughput microfluidic assays is needed for optimal 

assessment of platelet function and effects of antithrombotic medication.
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Abstract

In combination with microspotting, whole-blood microfluidics can provide high-

throughput information on multiple platelet functions in thrombus formation. Based 

on assessment of the inter- and intra-subject variability in parameters of microspot-

based thrombus formation, we aimed to determine the platelet factors contributing to 

this variation. Blood samples from 94 genotyped healthy subjects were analysed for 

conventional platelet phenotyping: i.e. haematological parameters, platelet glycoprotein 

expression levels and activation markers (24 parameters). Furthermore, platelets were 

activated by ADP, CRP-XL or TRAP. Parallel samples were investigated for whole-blood 

thrombus formation (6 microspots, providing 48 parameters of adhesion, aggregation and 

activation). Microspots triggered platelet activation through glycoprotein (GP)Ib-V-IX, 

GPVI, CLEC-2 and integrins. For most thrombus parameters, inter-subject variation was 

2-4 times higher than the intra-subject variation. Principal component analyses indicated 

coherence between the majority of parameters for the GPVI-dependent microspots, partly 

linked to haematological parameters and glycoprotein expression levels. Prediction models 

identified parameters per microspot that were linked to variation in agonist-induced αIIbβ3 

activation and secretion. Common sequence variation of GP6 and FCER1G, associated 

with GPVI-induced αIIbβ3 activation and secretion, affected parameters of GPVI- and 

CLEC-2 dependent thrombus formation. Subsequent analysis of blood samples from 

patients with Glanzmann’s thrombasthenia or storage pool disease revealed thrombus 

signatures of aggregation-dependent parameters that were subject-dependent, but not 

linked to GPVI activity. Taken together, this high-throughput elucidation of thrombus 

formation revealed patterns of inter-subject differences in platelet function, which were 

partly related to GPVI-induced activation and common genetic variance linked to GPVI, 

but also included a distinct platelet aggregation component.



High-throughput elucidation of thrombus formation

45

Ch
ap

te
r 3

Introduction

Whole-blood based microfluidics methods, measuring thrombus formation under flow, 

are increasingly used as proxy measurements for in vivo thrombosis models. Such flow 

assays provide valuable mechanistic information on the consequences of loss-of-function 

or gain-of-function mutations of key platelet signalling proteins for arterial thrombosis 

and haemostasis.1-4 Until recently, collagen-coated surfaces have been used for such 

measurements, to approximate common collagen-dependent models of arterial thrombosis 

in vivo.5, 6 Recently, we have shown that by using multiple, microspotted surfaces this 

method can be extended to multiparameter measurements of thrombus formation,7 thus 

elucidating platelet dysfunctions in patients with a range of bleeding diatheses.7-9

 Commonly, detection of an heritable or acquired platelet function impairment 

is made by conventional approaches, such as light transmission aggregometry,10, 11 flow 

cytometry,12 and PFA-100.13 However, such tests are limited by a low throughput and 

requirement of relatively large blood volumes, if multiple agonists at various concentrations 

need to be tested. These limitations can be overcome by higher throughput, well-plate 

based tests of platelet aggregation or flow-cytometric analysis.14, 15 For the multiparameter 

measurement of thrombus formation, however, still little is known about the detection 

capability to identify (small differences in) platelet phenotypes in healthy subjects and 

patient groups.

 Two recent whole genome association studies have identified over 640 independent 

single nucleotide variants (SNVs) that are associated with quantitative platelet traits 

(count, mean volume, distribution width of mean volume, and mass or crit).16, 17 Several 

of the variants appeared to be linked to alterations in platelet activation tendency, in 

particular by using flow cytometric assessment of agonist-induced integrin αIIbβ3 activation 

and P-selectin expression (measuring platelet secretion) in the genotyped individuals. 

Detailed studies revealed SNVs which associated with altered platelet expression levels 
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of the collagen receptor, glycoprotein (GP)VI, and with altered GPVI-induced activation 

responses.18-20

 In the present paper, for a cohort of genetically defined healthy subjects, we aimed 

to evaluate the underlying reasons of inter-individual variability in a microspot-based 

multiparameter assay of thrombus formation. Therefore, results were related to a set of 

24 other variables, including haematological parameters, platelet glycoprotein expression 

levels and platelet activation markers. Prediction models were built to link specific 

variables. Blood samples from patients with bleeding disorders were used to interpret the 

observed relations.

Methods

A detailed description of the methods is available in the supplements.

Blood donors and blood collection

Studies were approved by the Maastricht University Medical Centre Ethics Committee 

and the Cambridge East Research Ethics Committee (Genetic analysis of platelets in 

healthy individuals, REC ref 10/H0304/65). Healthy subjects (laboratory population) in 

cohort 1 (n = 10) donated 3 blood samples at 2-4 weeks intervals. Genotyped healthy 

subjects (cohort 2, n = 94) were analysed over a period of 2 weeks. These subjects were 

registered in the National Institute for Health Research (NIHR) BioResource (Unicorn-2 

study). Genotyping of subjects in cohort 2 was performed, as described.20 Demographics 

are indicated in Suppl. Table 1.

 Included patients had confirmed Glanzmann’s thrombasthenia: GT1: ITGA2B 

c.[2943G>A], [2943G>A] (homozygous splice mutation); GT2: ITGA2B c.213C>G; 

p.P71A, c.2051T>G, p.L684A (compound heterozygous point mutations); GT3: ITGA2B, 

c.621C>T; p.T176I (homozygous point mutation). Two other patients had confirmed 
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quantitative delta-storage pool disease (reduced mepacrine capture/release): SPD1, SPD2. 

All patients and the 3 day-control subjects had normal blood cell counts (Data File 1D).

High-throughput microfluidics

Glass coverslips were coated with three microspots of 0.5 µL (3 mm centre-to-centre 

distance) using a high-precision mould. Using two sets of coverslips, a total of six different 

microspots (M1-6) were applied for whole-blood perfusion (see Table 1). Microfluidic 

assays were as described,7 but with minor modifications. For details of standard operating 

procedures, see online supplement. Post-staining of thrombi was performed with FITC-

labelled anti-fibrinogen mAb (1:100, Dako, F0111, Santa Clara, CA, USA), Alexa Fluor 

(AF)568 annexin A5 (1:200, Molecular Probes), and AF647 anti-CD62P mAb (1:80, 

Biolegend, London, UK). Representative brightfield and tri-colour fluorescence images 

were taken with an EVOS-FL microscope (Life Technologies), equipped with GFP, RFP 

and Cy5 dichroic cubes and an Olympus UPLSAPO 60x oil-immersion objective. Images 

were analysed for the parameters described in Table 1, using semi-automated scripts 

written in Fiji. Test variability was 5-8%, depending on type of surface and parameter.

Platelet immuno-phenotyping and platelet activation by flow cytometry

Platelet immuno-phenotyping and platelet activation were performed, basically as 

described.21 For analysed platelet activation parameters, see Table 1.

Results 

Multiparameter assessment of whole-blood thrombus formation on microspots under flow

High-throughput microfluidics have been used for in-depth characterisation of platelet 

dysfunction in patients with bleeding disorders. The technique allows to employ microspot-

coated flow chambers for multiparameter measurement of thrombus formation during 
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whole-blood perfusion at defined wall-shear rates.7, 9 Here, we further standardised this 

method for the inter-subject analysis of platelet function, using blood samples from healthy 

subjects, with results expected to represent the normal range observed in a population. 

Procedures included (see also supplement and Ref.22): (i) microspot coating using a high-

precision mould; (ii) strictly controlled conditions of blood drawing, anticoagulation and 

storage; (iii) pulse-free blood perfusion through the Maastricht flow chamber at defined 

shear rate; (iv) defined time protocols for rinsing, staining and capturing of brightfield 

and fluorescence microscopic images; (v) pre-defined scripts for consistent analysis of all 

Table 1. Overview of microspot surfaces (M) and parameters (P) in flow assays, as well as platelet activation 
(A) markers in flow cytometry.

Microspot surface Platelet receptors involved

M1 collagen type I (VWF)* GPIb, GPVI, α2β1

M2 collagen type III (VWF)* GPIb, GPVI, α2β1

M3 VWF + laminin GPIb + α6β1

M4 VWF-BP + GFOGER-(GPO)n GPIb + GPVI, α2β1

M5 VWF-BP + rhodocytin GPIb + CLEC-2

M6 VWF-BP + fibrinogen GPIb + αIIbβ3

Brightfield / Fluorescence parameters Range Normalised

P1 platelet surface area coverage (%SAC) 0 – 66.47 0 – 10

P2 platelet aggregate (%SAC) 0 – 47.84 0 – 10

P3 thrombus morphological score 0 – 5 0 – 10

P4 thrombus multilayer score 0 – 3 0 – 10

P5 thrombus contraction score 0 – 3 0 – 10

P6 PS exposure (%SAC) 0 – 22.71 0 – 10

P7 secretion (P-selectin positive, %SAC) 0 – 63.44 0 – 10

P8 integrin αIIbβ3 activation (%SAC) 0 – 48.05 0 – 10

Flow cytometry activation (A), secretion (Sec), integrin aIIbβ3 activation (Int)

A1 Unstimulated A1-Sec, A1-Int

A2 ADP stimulated A2-Sec, A2-Int

A3 CRP-XL stimulated A3-Sec, A3-Int

A4 TRAP stimulated A4-Sec, A4-Int

*(VWF), VWF from plasma
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image sets; (vi) a gallery of exemplary images for the scoring of thrombus parameters; (vii) 

comparative analysis by trained personnel performing flow runs and blind image analysis. 

Out of a list of 52 different surfaces,7 we selected 6 microspots (M1-6) to provide the most 

discriminative information on small changes in thrombus formation. For each surface, 

eight outcome parameters (P1-8) were defined, as indicated in Table 1.

 Employing this standardised procedure, after whole-blood perfusion over each of 

the microspots, representative images were taken to visualise and assess: platelet adhesion 

(P1), platelet aggregation and thrombus morphology (P2-5); platelet PS exposure, as a 

marker of procoagulant activity (P6); P-selectin expression, to measure secretion (P7); 

and fibrinogen binding, to report on integrin αIIbβ3 activation (P8). Image sets for a typical 

healthy control subject are given in Figure 1A.

 Blood perfusion over microspot M1 (collagen type I) resulted in the formation 

of large thrombi with contracted aggregates of platelets, high in activation markers 

(PS exposure, P-selectin expression, αIIbβ3 activation), linked to a relatively high GPVI 

signal.7 Microspot M2 (collagen type III) produced smaller platelet aggregates with 

less pronounced activation markers, corresponding to more limited GPVI signalling. 

Microspot M3 (VWF + laminin) gave a monolayer of platelets with P-selectin expression 

and αIIbβ3 activation, but essentially no PS exposure, indicative of the primary adhesive 

role of the laminin receptor, integrin α6β1. Microspot M4 contained a combination of 

collagen-derived peptides [VWF-BP + GFOGER-(GPO)n] giving similar thrombi as on 

collagen type I. Microspot M5 (VWF-BP + rhodocytin) also produced full aggregates 

with contraction of platelets expressing activation markers. Microspot M6 (VWF-BP + 

fibrinogen) triggered mainly platelet adhesion with scattered presence of small platelet 

aggregates, showing limited P-selectin expression and αIIbβ3 activation. The observations 

for M1, M4 and M5 are in agreement with the capability of GPVI and CLEC-2 adhesive 

surfaces to support full thrombus formation in flow assays.7
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Figure 1. Microscopic imaging of platelet thrombus formation on six different microspots and variability 
analysis. (A) Representative images after flow of whole blood from a representative healthy subject over 
series of microspots M1-6 (composition as indicated). For the brightfield images, scored values are indicated 
of parameters P3 (thrombus morphological score), P4 (thrombus multilayer score), and P5 (thrombus 
contraction score). Bars, 20 μm. Definition of all parameters is given in Table 1. (B) Three separate blood 
samples from 10 healthy subjects (cohort 1), taken at intervals of 2-4 weeks, were used to asses thrombus 
formation on microspots M1, M2, and M6. Intra- and inter-individual coefficients of variance (CV) are plotted 
per microspot and parameter.
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 To evaluate the performance of the standardised method, we collected 3 different 

blood samples from 10 healthy donors (cohort 1), and determined the coefficients of 

variation (CVs) for each of the parameters per microspot (coated M1, M2 and M6). Intra-

assay variability of duplicate measurements for the majority of parameters was 5-8%. For 

microspots M1 and M2, median intra-individual CVs over the three bleeds were 15% and 

18%, respectively, which is considered acceptable for whole-blood assays (Figure 1B). For 

microspot M6, a higher median intra-individual CV of 37% was obtained, likely due to the 

fact that parameter values on this ‘weak’ surface are low. This initial analysis indicated that 

inter-individual CVs for the microspots were about twice as high as the intra-individual 

CVs (Suppl. Table 3).

High-throughput platelet phenotyping by multiparameter assessment of thrombus formation 

in combination with platelet count and platelet activation markers

Subsequently, thrombus formation was assessed on microspots M1-6 with blood samples 

from 94 genotyped healthy subjects from the NIHR BioResource (cohort 2, all blood 

type O). Donors of either sex had a median age of 64 (Suppl. Table 1). Using the same 

microfluidics device, brightfield and fluorescence images were recorded and analysed for 

all eight parameters (P1-8) per microspot. Comparison of the inter-individual CVs for the 

94 samples to the intra-individual CV values for a subset of 10 of these samples indicated, 

for the parameters of microspots M1-3, revealed approximately 2-4 times higher inter-

individual CV values. This ratio was 2.5-1.5 times higher for the M4-6 microspots (Figure 

2A). Heatmapping of the normalised values per parameter and microspot visualised major 

differences between the 94 blood samples (Figure 2B). Taken together, these data indicated 

that a substantial part of the measured values contained a subject-dependent component.

 For all 94 subjects, parallel measurements were performed to assess: (i) 

haematological parameters using a Sysmex XN-1000 analyser; (ii) expression levels of 
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platelet membrane proteins; and (iii) platelet activation tendencies by flow cytometry. 

Haematological parameters included white and red blood cell count, haematocrit, platelet 

count, platelet crit, and mean platelet volume. Surface membrane proteins assessed in 

unstimulated platelets included major adhesive glycoprotein complexes: integrin αIIbβ3 

(CD41a, CD41b, CD61), GPIb-V-IX (CD42a, CD42b), integrin α2β1 (CD29, CD49b), GPIV 

(CD36), GPVI and the surface-expressed protein tyrosine phosphatase (CD148). Platelet 

activation tendency (integrin activation and alpha-granule secretion) was measured 

following stimulation via P2Y1/12 receptors (with ADP), GPVI (CRP-XL), or the PAR1 

thrombin receptor (TRAP) in the presence of aspirin and apyrase (where appropriate), to 

suppress autocrine-dependent secondary activation. For these platelet traits, heatmapping 

of the scaled values again showed major inter-individual differences (Figure 2C), similarly 

as previously described.23

Comparative analysis of high-throughput parameters

For systematic evaluation of the 8 parameters of thrombi formed on 6 microspots for the 

94 subjects, we performed a correlational analysis across all microspot and parameter 

combinations. As shown in Figure 3A-B, the majority of parameters tended to correlate 

positively per microspot, suggesting a ‘thrombus profile’ represented by multiple parameters 

(median p values for all 6 microspots 5.22 x 10-5). Furthermore, also across multiple 

microspots, positive correlations were present. For instance, parameters P2-5 (indicative 

of thrombus morphology and platelet aggregation) correlated between M1 (collagen I) or 

M2 (collagen III) with M4 [GFOGER-(GPO)n + VWF-BP] and M5 (rhodocytin + VWF-

BP), i.e. all GPVI- and CLEC-2-activating surfaces (P2-5; median p values 4.39 x 10-22). 

Further, several parameters (P2-8) correlated between M2 (collagen III) and M3 (laminin 

+ VWF, p = 0.44-1.04 x 10-11). Typically, parameters for microspot M6 (fibrinogen + VWF-

BP) showed no more than poor correlation with those of other surfaces.
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Figure 2. Inter-subject differences in platelet thrombus formation and other platelet traits. (A) Using blood 
samples from 94 genotyped healthy subjects (cohort 2), parameters were assessed for thrombus formation on 
microspots M1-6. Duplicate samples were analysed for 10 of these subjects. Shown are ratios of intra- vs. 
inter-individual coefficients of variance per parameter and microspot. (B) Heatmap of normalised parameters 
per microspot and per subject (rows). Scaling of 0-10 was performed per parameter across all surfaces. (C) 
Heatmap of additional platelet traits of cohort of 94 subjects (scaling 0-10). Haematological variables: white 
blood cell count (WBC), red blood cell count (RBC), haematocrit (HCT), platelet count (PLT), platelet crit 
(PCT = count x size), platelet mean volume (MPV); platelet glycoprotein expression (integrin αIIbβ3: CD41a, 
CD41b, CD61; GPIb-V-IX: CD42a, CD42b; integrin α2β1: CD29, CD49b; CD36; GPVI; CD148). In addition, 
activation markers of unstimulated, ADP-, CRP-XL- or TRAP-stimulated platelets (A1-4), regarding integrin 
αIIbβ3 activation (Int) and secretion (P-selectin expression, Sec). For details of coding of microspots (M), 
parameters (P) and activation markers (A), see Table 1. Raw data are provided in Suppl. Data File 1A-C.
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Figure 3. Interactions between parameters of thrombus formation, haematology, platelet surface proteins 
and activation markers. For 94 genotyped healthy subjects (cohort 2), multiple quantitative traits of thrombus 
formation, blood cell and platelet parameters, and platelet activation tendency were compared by regression 
analysis. For coding of microspots (M), parameters (P) and activation markers (A), see Table 1. Other 
abbreviations are explained in Figure 2. (A-B) Correlation matrices for parameters of thrombus formation. 
(A) Heatmapped –log p values, in which dark colours indicate highly significant correlations (white offset at p 
= 0.05). (B) Heatmapped Pearson’s correlation coefficients R, in which dark colours indicate high positive or 
negative correlations. (C-D) Correlation matrices for age, sex and platelet quantitative traits (haematological 
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 Multi-parameter correlation and regression analysis was also performed to 

compare subject age and sex, haematological data, platelet glycoprotein expression levels 

and agonist-induced platelet activation markers by flow cytometry. The interaction 

matrices displayed in Figure 3C-D show the expected correlation of sex (much stronger 

than age) with red blood cell and platelet counts (p < 0.014), however, not with other traits. 

Subject age weakly correlated with platelet integrin activation. As required, red blood 

cell count vs. haematocrit, and platelet count vs. platelet crit (i.e. count x platelet size), 

were highly dependent variables (p < 5.67 x 10-14). Platelet size (mean platelet volume) 

correlated positively with the expression levels of surface glycoproteins (p = 0.03-1.92 x 10-

14). In addition, the majority of surface protein expression levels correlated significantly to 

the components of glycoprotein complexes, integrin αIIbβ3 (CD41a, CD41b, CD61), GPIb-

V-IX (CD42a, CD42b) and integrin α2β1 (CD29, CD49b) (p = 0.012-6.84 x 10-11). The 

exception was GPVI, showing a lower level of correlation with other glycoproteins.

 Regression analysis of the markers of agonist-induced platelet activation identified 

associations between integrin activation and secretion in response to either ADP (A2) 

or CRP-XL (A3), and at a lesser extent in response to TRAP (A4) (Figure 3B). A clear 

relationship was present between GPVI expression level and CRP-XL-induced activation 

markers (p = 0.010 for integrin activation; p < 0.0001 for secretion). Furthermore, 

except for TRAP-induced secretion, all platelet activation markers were associated with 

glycoprotein expression levels (median p = 0.010) and to a certain extent with platelet size. 

Taken together, these results pointed to a subject-dependent component of platelet size 

and activation, independent of the type of agonist.

◀ variables, platelet glycoprotein expression levels and platelet activation markers). (C) Heatmapped –log p 
values, with colours as in panel A. (D) Heatmapped Pearson’s correlation coefficients R, with colours as in 
panel C. Full statistical data are provided in Suppl. Data File 2A-D.
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Comparative analysis of parameters of thrombus formation with other platelet traits

Principle component analysis (PCA), using the dataset of 94 subjects, was performed 

to further analyse the relationships between the parameters of thrombus formation and 

measured platelet quantitative traits. As a way to visualise the results, relative contributions 

of components 1 and 2 (C1, C2) were heatmapped for each of the microspots and 

parameters. The resulting heatmaps of Figure 4 can be read, as indicating the parameters 

of thrombus formation that tend to cluster together per component (in dark colour), when 

compared to other sets of variables.

 PCA was first applied to compare parameters P1-8 for each microspot with 

subject age and sex (Figure 4A). Component 1 (91.1%) showed a high correlation for all 

microspots regarding the parameters P1 (platelet adhesion) and P2-5 (collectively reflecting 

platelet aggregation and thrombus morphology). Neither age nor sex contributed to this 

component. Component 2 (1.5%) showed a cluster of the platelet activation parameters 

P6-8 (procoagulant activity, secretion and integrin activation). Only for microspot M3, 

subject age, but not sex contributed to component 2. Together, these results underscore the 

earlier conclusion that parameters of platelet aggregation across microspots covariate.

 Combined PCA of microspot parameters and haematological parameters (Figure 

4B) resulted in a similar configuration of component 1 (97.5%) as above, with in particular 

high contributions of microspots M1-6 for P2-5. Platelet count and platelet crit appeared 

in component 1 for microspots M1-2, while these variables contributed to component 2 

(1.1%) for M3-6.

 Combined PCA of microspot parameters and glycoprotein expression levels 

(Figure 4C) revealed a marked contribution of most CD variables (not of CD36) to the 

first component (95.5%) regarding M1, M2 and M6; suggesting that these expression levels 

were relevant to thrombus formation on these microspots. Component 2 (0.8%) contained 

most of the glycoprotein expression levels, particularly on M3 and M5 spots.
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Figure 4. Principal component analysis to reveal correlations between variables of thrombus formation 
and quantitative platelet traits. Principle component analyses (PCA) performed of mean centred data 
from 94 healthy subjects (cohort 2), after univariate scaling as represented in Figure 2B-C. In order to reveal 
patterns of jointly contributing factors to thrombus formation, scaled data from six microspots (M1-6) and 
eight parameters (P1-8) were combined in a PCA with sets of other variables from the 94 subjects. Heatmaps 
visualise relative contributions of each of the parameters to the first two components, C1 and C2. For coding of 
microspots (M), parameters (P), and platelet activation markers (A), see Table 1. (A) PCA of M × P matrix in 
combination with subject age and sex. (B) PCA combined with haematological variables. (C) PCA combined 
with glycoprotein surface expression levels. (D) PCA combined with integrin αIIbβ3 activation and secretion 
markers of agonist-stimulated platelets. (E) PCA of only activation markers of agonist-stimulated platelets 
with glycoprotein surface expression levels. Colour bars of relative contribution to C1 and C2, ranging from 
0 to 1. White boxes indicate no relation, while dark red boxes indicate a high contribution for the indicated 
parameters. Raw data are presented in Suppl. Data File 2E.
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 The combined PCA of microspot parameters with agonist-induced platelet 

secretion and integrin activation (Figure 4D) revealed a component 1 (89.0%), showing 

again high contributions for M1-5 on parameters P1-5 (platelet adhesion, aggregation 

and thrombus morphology). For microspot M6, component 1 also included the platelet 

activation markers (A2-4, i.e. ADP, CRP-XL and TRAP). Interestingly, component 

2 (1.9%) revealed large contributions of the platelet activation parameters on all other 

microspots (M1-5). These results suggested that microspot M6 (VWF-BP + fibrinogen) 

is the most sensitive to variation in common agonist-induced platelet activation traits, 

regardless of the agonist. A final PCA, combining glycoprotein expression markers with 

platelet activation markers, revealed high correlations for the variables linked to integrin 

αIIbβ3 activation (Figure 4E).

 Together, these results suggest that a considerable part of the variability in 

thrombus outcomes between the 94 subjects is linked, in a surface-dependent way, to 

haematological traits (platelet count and crit), expression patterns of glycoproteins and to 

agonist-induced secretion and integrin αIIbβ3 activation. Likely another part seems to be 

linked, across surfaces, to platelet aggregation and thrombus morphology.

Prediction models of platelet traits contributing to variation in thrombus formation

Based on the PCA analyses, predictive models were built to identify the quantitative platelet 

traits that correlate with thrombus formation parameters. In a first set of partial least 

squares (PLS) models, we aimed to find the covariance between the individual thrombus 

parameters and the other platelet parameters. By predicting one variable of the thrombus 

microspot parameters matrix at a time, 14 (of 48) parameters had a reduction in the mean 

square error of prediction, meaning that they could be predicted more accurately than just 

using the mean (in cross validation). Eleven of the 14 models appeared to be robust (single 

component, or improvement with additional component). Most of these models captured 
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a limited amount of the variation, although, for parameter P1,7 models (M4P1, M5P1, 

M2P7) predicted >5% (6-11%) of the total variation (Figure 5A). This analysis explained 

a small part of the variance, yet with a focus on platelet adhesion (P1) across the surfaces. 

Given the limited biological insight of this effort, additional modelling was performed.

 Since thrombus formation on 3 out of 6 microspots (M1, M2, M4) was GPVI-

dependent, additional prediction models were made to relate the values of GPVI-induced 

integrin αIIbβ3 activation (A3-Int) and secretion (A3-Sec) to the thrombus parameters. 

All models were checked by leaving one out cross-validations. For predicting GPVI-

induced integrin activation, an orthogonal PLS model was built with two components. 

This resulted in a beta matrix for each of the microspots and parameters (Figure 5Bi). For 

the collagen microspots (M1-2), parameters of platelet adhesion and activation (P1, P6-7) 

showed a positive weight to the prediction, as well as the majority of parameters of M6 

(VWF-BP + fibrinogen). Interestingly, for the strongest GPVI-dependent surfaces (M1, 

M4), parameters determinative of platelet aggregation under flow (P2-5, P8) weighted 

negatively to the prediction. Concerning GPVI-induced secretion, the most suitable 

PLS model had a single principal component. The resulting beta matrix was similar to 

that predicting GPVI-induced integrin activation, albeit with more negative predictive 

weights for some M5-6 parameters (Figure 5Bii). Taken together, this analysis of the 

collagen surfaces indicates a positive relationship between GPVI-induced platelet integrin 

activation/secretion (assessed by flow cytometry) with platelet adhesion and activation in 

a thrombus.

Prediction of genetic variants of platelet proteins to variation in thrombus formation

Genome-wide association studies have identified several hundreds of genetic variants 

associated with quantitative platelets traits.16 Epigenetic mapping has revealed that many 

of these variants are regulatory and lie within super-enhancer (SE) regions that are 
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implicated in megakaryocyte differentiation and platelet production.20 We analysed for 

three variants associated with platelet traits if these were also associated with thrombus 

formation parameters. Univariate linear regression analysis for the whole M-P matrix 

was used to identify associations with the following single nucleotide variants (SNVs): 

rs1613662 (GP6), rs3557 (FCER1G) and rs2363877 (VWF-CD9) (Figure 5C).

 The SNV rs1613662 is a non-synonymous variant in the GP6 gene, while rs3557 

is located in the 3’ untranslated region of FCER1G (Fcg receptor chain, a co-receptor of 

GPVI) in a megakaryocytic SE region. Subjects carrying the major allele of either variant 

(rs1613662, AA; and rs3557, TT) have higher levels of platelet GPVI, and higher CRP-XL-

induced platelet activation.20 For the present data set, regression analysis indicated inter-

allelic differences, in the same direction, in thrombus formation parameters at the collagen 

surfaces M1-2 for P1 (platelet adhesion) with rs1613662 (Figure 5Ci, ii). In addition, 

for rs3557 we identified associations at M1-2 and M4, i.e. the other GPVI-dependent 

surface, regarding P8 (integrin activation). Unexpectedly, alleles of both variants were 

also associated with parameters at the CLEC-2-dependent microspot M5 (VWF-BP + 

rhodocytin).

 The variant rs2363877 is located in a megakaryocyte-specific SE site that interacts 

with the gene promoters of VWF and CD9. This SNV is linked to opposite changes in 

expression levels of platelet-stored VWF and the surface levels of the tetraspanin CD9.20 

Here an allelic association was identified at microspot M5 for secretion (P7) (Figure 

5Ciii). Trends were also seen for platelet adhesion (P1) at the microspots M1 and M5. 

Interestingly, the rs2363877 allele linked to increased thrombus parameters at M1 was also 

associated with high CD9 levels, but low platelet VWF levels.24 Altogether, these analyses 

identified novel variation in platelet thrombus parameters associated with GP6 signalling 

for GPVI/collagen-dependent platelet adhesion (P1) and activation (P6-8).
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Figure 5. Prediction models explaining variation in thrombus formation. (A) Partial least squares (PLS) 
models determining the covariance for each of the individual thrombus parameters (M1-M6, P1-P8) and all 
other platelet traits. Fourteen (from 48) parameters showed a relevant prediction, capturing 0.2-10.9% (blue 
colour intensity) of the variation. (B) Beta matrix per individual parameter for PLS models of GPVI-induced 
platelet activation (unit variance scaled, mean centred data): i, GPVI-induced αIIbβ3 activation (A3-Int, 2 
components OPLS); ii, GPVI-induced secretion (A3-Sec, 1 component PLS). Positive and negative weights are 
indicated by different colours. (C) Matrix of significance per parameter (quantile normalised linear regression, 
and likelihood ratio test per allelic score), expressed as p values, for the following genetic variants: i, GP6, 
rs1613662 (AA, GA, GG; n = 63, 29, 1); ii, FCER1G, rs3557 (TT, TG, GG; n = 67, 24, 2); iii, VWF-CD9, 
rs2363877 (GG, GA, AA; n = 20, 47, 26). Significance is indicated by green colours intensity and *p < 0.05.
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Thrombus signature based on parameters of platelet aggregation

To further evaluate the inter-subject differences in thrombus formation, blood was 

obtained from three patients with Glanzmann’s thrombasthenia (confirmed mutations in 

ITG2B, defective integrin αIIbβ3 expression), two patients with delta storage pool disease 

(reduced dense granule secretion), and three healthy day-control subjects. Application of 

the multiparameter test with the patient blood samples revealed identifiable patterns of 

altered thrombus formation on all microspots (raw data in Data File 1D). Interestingly, the 

altered patterns seen with the three Glanzmann samples (Suppl. Figure 1A-C) reinforced 

the earlier PCA results that, across microspots, the values of P2-5 (and to a lesser extent 

P8) tended to cluster. All of these parameters relate to platelet aggregation and contraction, 

i.e. platelet functions known to be impaired in these patients. For the SPD patients, similar 

but less striking patterns of changes were observed (Suppl. Figure 1D-E).

 Subsequently, we determined if this cluster of parameters also provides information 

on the thrombus signature for healthy subjects. Therefore, the summative scaled value 

Σ(P2-5, P8) was calculated per microspot and for all microspots. Supervised clustering, 

ranking the 94 subjects according to this summation, indeed pointed to patterns of high 

and low platelet aggregation, which extended over multiple microspots (Figure 6A). For 

the three Glanzmann patients, these summative values were very low, as expected. For the 

two SPD patients, these values appeared to be in the lower ranges of normal.

 To further assess the subject-dependent component of this thrombus signature, 

we evaluated the intra- and inter-individual variation in Σ(P2-5, P8). This analysis 

indicated 2 to 5 times higher inter-individual CVs (Figure 6B). Interestingly, this measure 

of thrombus signature was not related to GPVI expression of GPVI-induced platelet 

responses, thus pointing to other factors determining the platelet aggregation profile 

under flow conditions.
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Discussion

Multiparameter assessment of thrombus formation using microfluidic assays has proved 

to be relevant for the assessment of platelet dysfunction in patients with different bleeding 

diatheses.7-9 In the present paper, we further developed this technique to assess the sources 

of variability in thrombus formation between individuals with normal haemostasis. 

We evaluated platelet quantitative traits as well as thrombus formation for a cohort of 

94 genetically defined healthy subjects. Regression analysis identified an overall high 
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Figure 6. Identification of thrombus signatures across microspots. (A) Supervised clustering of thrombus 
parameters P2-5 and P8 for microspots M1-6, aligned as indicated. Ranking of data from 94 subjects (cohort 
2), patients (SPD1-2, GT1-3) and day-controls (C1-3) was according to the sum of normalised thrombus 
parameters of all surfaces Σ(P2-5, P8). Order of subjects (compare Figure 1B): 92, 49, 33, 4, 57, 35, 9, 19, 6, 8, 
15, 24, 78, 50, 16, 42, 20, 65, C3, 72, 41, 44, 76, 71, 18, 25, 26, 52, 40, 10, C2, 51, 5, 12, 28, 29, 36, 67, 23, 32, 38, 
2, 88, 17, 54, 59, 89, 81, 60, 80, 11, 82, 73, 79, 69, 55, 87, 48, 47, 66, 53, 7, 70, 93, 64, 1, 45, 46, 30, 91, 3, 94, 77, 
68, 43, 34, 86, 62, 58, 37, 75, 63, 27, 39, 83, C1, 22, 85, 90, 21, 13, 31, 61, 74, 84, 56, SPD1, SPD2, GT1, GT2, 
GT3. Note the overall consistency of the platelet aggregation-linked parameters (P2-5, P8) per subject. (B) 
Intra- and inter-individual coefficients of variance of summative value Σ(P2-5, P8) per microspot (cohort 2), 
together with ratios indicating high subject-dependency of this thrombus signature.
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correlation between most parameters per microspot surface. When comparing different 

microspots, especially parameters of platelet aggregation and thrombus morphology 

(P2-5) correlated with each other for GPVI- and CLEC-2-activating surfaces (M1-2, 

M4-5). These parameters appear to describe subject-dependent differences in thrombus 

formation or thrombus signature, such as was also deduced from strong alterations in 

these parameters in blood from patients with Glanzmann’s thrombasthenia. Markedly, 

comparative matrices of other traits did not reveal age or sex as determinants of thrombus 

formation, in accordance with previous analyses.20, 25, 26 A clear relation was however 

observed between GPVI expression levels and CRP-XL-induced platelet activation 

markers, which is in agreement with an early paper.27

 Several PCAs were applied to compare the matrix of thrombus formation 

parameters with other platelet traits. An effect was seen of platelet count and crit for 

thrombus formation on collagen-containing microspots (M1-2), such in agreement with 

an earlier conclusion that platelet count is a regulatory determinant of collagen-dependent 

thrombus formation.9 Regression analysis confirmed the predicted associations between 

mean platelet volume and expression levels of most platelet membrane glycoproteins. In 

addition, associations were seen between platelet activation markers after ADP, CRP-XL 

or TRAP activation and glycoprotein expression levels.

 A PCA of thrombus parameters plus glycoprotein expression levels revealed 

marked contributions of most CD markers to the first component (95.5%) for M1, M2 

and M6, suggesting that these expression levels, at least partially, determine thrombus 

formation on these microspots. The PCA with platelet activation markers did not reveal 

clear links with thrombus parameters, except for the weakest surface M6. Together, with 

the relatively high intra-subject variance of this surface, this finding suggests that M6 

parameters detect small changes in the activation tendency of platelets, possibly related to 

the quality of the blood sample.
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 A PLS prediction model was developed to assess the extent to which the platelet 

traits can explain the measured inter-subject variation in thrombus formation. Results 

revealed a limited predictability for platelet adhesion (P1) at various microspots (M4-

5). Overall, 1-2% of the variance could be predicted in this way, likely because the 

multivariate and multi directional nature of these platelet traits. As a more targeted and 

powerful approach, regression models were built to predict the M-P matrices from subject-

dependent values of GPVI-induced integrin activation and secretion. As expected, the 

CRP-XL-induced integrin activation and secretion measures were positively associated 

with GPVI-dependent microspot (M1-2) parameters of platelet adhesion and activation 

(P1, P7). A negatively weighted prediction was seen for parameters of M4-5 (VWF-BP + 

GFOGER-(GPO)n; VWF-BP + rhodocytin), possibly because of the relatively large roles 

of α2β1 and CLEC-2, respectively, on these surfaces. Regarding GPVI-induced integrin 

activation, a positively weighted prediction was seen for thrombi on the αIIbβ3-dependent 

microspot M6, suggesting that the variation on this surface had different causes.

 Regression analysis also indicated associations for SNVs that are linked to 

alterations in platelet size or GPVI-induced platelet activation.20, 27 For two SNVs linked 

to GPVI expression, rs1613662 (GP6) and rs3557 (SE for FCER1G), allelic associations 

were identified with the GPVI-dependent microspots (M1-2, M4) for platelet adhesion 

(P1) and platelet activation (P8, integrin activation) parameters. In addition, SNV 

associations were observed for thrombus formation on the CLEC-2-dependent microspot 

M5, for unclear reasons. Other authors have used microfluidic assays to show that subject-

dependent differences in platelet calcium fluxes contribute to variation in collagen-

dependent thrombus formation.28 This work supports our findings of the presence of a 

subject-dependent factor in GPVI-induced platelet activation and thrombus formation on 

collagen surfaces.
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 In contrast, no associations were seen for the SNV of the VWF-CD9 locus. Plasma 

levels of VWF are known to determine the thrombus outcome in flow assays.29 However, 

the variant rs2363877 only modifies platelet-accumulated VWF, rather than plasma 

VWF.20

 A limitation of our study is that, in spite of the measurement of over 70 different 

blood and platelet traits, the number of healthy subjects is confined to 94, thus limiting the 

statistical power and the precise assignment of the meaning of all individual parameters. 

Further work in larger cohorts of healthy subjects, and in patients with known platelet and 

plasma disorders, will add to the characterisation of many of these parameters.
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Supplementary methods 

Blood donors and blood collection

Studies were approved by the Maastricht University Medical Centre Ethics Committee and 

the Cambridge East Research Ethics Committee (Genetic analysis of platelets in healthy 

individuals, REC ref 10/H0304/65). Healthy subjects (laboratory population) in cohort 

1 (n = 10) donated 3 blood samples at 2-4 weeks intervals. Genotyped healthy donors 

(cohort 2, n = 94) were analysed in a period of 2 weeks. These donors were registered in 

the National Institute for Health Research (NIHR) BioResource population; subjects were 

selected based on blood type O (to prevent blood type-linked differences in von Willebrand 

factor levels). All donors indicated not having taken antiplatelet medication for at least 2 

weeks, and gave full informed consent according to the Helsinki declaration. Smoking or 

use of birth control was not recorded. Venous blood was collected in 5 mL vacutainers 

containing 3.2% trisodium citrate or EDTA (for blood cell count assessment). The first 3 mL 

of blood were discarded to avoid platelet activation. After collection, blood samples were 

processed within 30 minutes after venepuncture for flow cytometry, immuno-phenotyping 

and measurement of haematological parameters. Independent samples were used within 2 

hours for high-throughput assaying of thrombus formation. Patient blood samples, along 

with day control samples from healthy subjects, were obtained from outpatient clinics of 

University Medical Centre of the Johannes Gutenberg University Mainz and the Helios 

Klinik Wiesbaden, Germany, following full informed consent.

Haematological parameters

Blood samples collected on EDTA (cohort 2, patients and day controls) were used for 

measurements of haematological parameters using a Sysmex XN-1000 analyser (Sysmex 

Corporation, Kobe, Japan).
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Genotyping of subjects of cohort 2

Genotyping of healthy blood donors (cohort 2) was performed as described.1 Briefly, 

arrays of Illumina and Affymetrix genome-wide SNV genotyping were used to establish 

an encompassing set of variants using the 1,000 Genomes Project database, as a reference.2 

Regression analysis was performed to identify platelet traits that were associated with 

assumed relevant SNVs.1 

Preparation of microspot surfaces for microfluidics

Microspots surfaces were prepared according to standard operation proceedings such 

as indicated elsewhere,3 and detailed below. Glass coverslips were cleaned, after which 

platelet-adhesive proteins were applied as three adjacent 1.2 µm microspots (3 mm 

centre-to-centre distance) using a high-precision mould. Coating concentrations of all 

applied proteins were optimised, as described before.4 Using two coverslips, a total of six 

different microspots M1-6 could be used, for functional detection of the most relevant 

platelet receptors (in brackets), as previously assessed.4 These were: M1, collagen type I 

(GPIb, GPVI, α2β1), applied at 100 μg/mL (Horm, Takeda, Hoofddorp, The Netherlands); 

M2, collagen type III (GPIb, GPVI, α2β1), applied at 100 μg/mL (Octapharma, Berlin, 

Germany); M3, VWF (GPIb) + laminin (α6β1), applied at 50 and 100 μg/mL, respectively 

(laminin: Sigma-Aldrich, 511/521, Zwijndrecht, The Netherlands); M4, VWF-BP (GPIb) 

+ GFOGER-(GPO)n (GPVI, α2β1), applied at 100 μg/mL and 250 μg/mL (both from Dept. 

of Biochemistry, University of Cambridge, UK);4 M5, VWF-BP (GPIb) + rhodocytin 

(CLEC-2), applied at 100 and 250 μg/mL (rhodocytin: a generous gift of Dr. K. Clemetson, 

Bern University);5 M6, VWF-BP (GPIb) + human fibrinogen (αIIbβ3), applied at 100 and 

250 μg/mL (fibrinogen: Sigma-Aldrich F-4129-16). No cross-over effects were observed 

between the consecutive microspots.4 After incubation in a humid chamber for 1 hour at 

room temperature and blocking for 30 minutes with 1% bovine serum albumin blocking 
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buffer, the coverslips were rinsed with saline and used for microfluidic studies.

Whole blood perfusion over microspots

Microfluidic assays were performed basically as before,4 using established protocols.3 

Standard operation proceedings included the following modifications. Microspot-

coated coverslips were mounted into a parallel-plate perfusion chamber (Maastricht flow 

chamber, depth 50 μm, width 3 μm, length 30 mm).6 Citrated blood samples (350 μL) were 

recalcified with 40 μM D-phenylalanyl-L-prolyl-L-arginine chloromethylketone, 3.75 mM 

MgCl2 and 7.5 mM CaCl2, and then perfused for 3.5 minutes at a wall shear rate of 1000 s-1 

(or 1600 s-1, where indicated). Individual flow runs were performed with microspots M6-

M2-M1, M3-M2-M1 or M6-M5-M4 (in the direction of blood flow). During a 1.5 minute 

perfusion with staining solution, two representative brightfield images per microspot were 

captured. Staining solution was composed of rinse buffer - 10 mM Hepes pH 7.45, 136 

mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 1 mg/mL glucose, 1 mg/mL BSA, 5 

U/mL fragmin (Pfizer) and 1 U/mL heparin (Sigma-Aldrich), containing FITC-labelled 

anti-fibrinogen mAb (1:100, Dako, F0111, Santa Clara, CA, USA), Alexa Fluor (AF)568 

annexin A5 (1:200, Molecular Probes), and AF647 anti-CD62P mAb (1:80, Biolegend, 

London, UK). After 2 minutes of stasis, unbound label was removed by post-perfusion 

with label-free rinse buffer. Subsequently, 3 representative fluorescence images per label 

and microspot were immediately captured under flow from in-focus fields of view. Low-

wavelength pre-illumination was omitted in order to prevent fluorescence bleaching

 Brightfield and 3-colour fluorescence images were taken with two equivalent 

EVOS-FL microscopes (Life Technologies), equipped with GFP, RFP and Cy5 LEDs and 

dichroic cubes, an Olympus UPLSAPO 60x oil-immersion objective, and a sensitive CCD 

camera (1360 × 1024 pixels). Microscopes were used at standard settings of illumination 

and camera chip sensitivity.
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 Duplicate flow runs were performed, whenever possible. Test variability was 5-8%, 

depending on surface and parameter. To eliminate artefacts, flow runs were discarded and 

repeated if: (i) one or more of the coated microspots was physically damaged (no platelet 

adhesion), (ii) after recalcification blood clots were observed, (iii) air bubbles appeared in 

the flow channels, (iv) staining artefacts precluded proper quantification.

Quantitative image analysis and delineation of outcome microfluidic parameters

Prior to analysis, semi-automated scripts, using a manual threshold setting, were written for 

standardised image analysis in the open-access program Fiji (based on ImageJ). The scripts 

in imj format are available upon request. For brightfield images and for each fluorescent 

label, separate scripts were designed with: (i) optimised fast Fourier transformation to 

reduce background noise; (ii) morphological vertical and horizontal dilate and erode 

steps to remove noise pixels and enhance the relevant structures; (iii) automated threshold 

settings to generate binary mask images; (iv) overlay images to verify by eye the binary 

images; and (v) back loops to re-set thresholds if the analysis was incorrect. Images were 

evaluated by observers, blinded to the condition (genotypes, other subject and platelet 

characteristics).

 Brightfield images provided five outcome parameters: P1, platelet surface area 

coverage (%SAC), obtained from threshold, binary images, representing identified regions 

of all adhered platelet and thrombus structures; P2, platelet aggregate %SAC, representing 

identified regions of multi-layered platelets; P3, thrombus morphological score (scale 0-5); 

P4, thrombus multilayer score (scale 0-3); P5, thrombus contraction score (scale 0-3). 

Scoring (half units) of the auto-enhanced brightfield images was based on a predefined 

gallery of typical images across microspots. Threshold, binary fluorescence images, 

indicative of platelet activation stages, gave %SAC per label: P6, PS exposure (AF568-

annexin A5); P7, P-selectin expression (AF647 anti-CD62P mAb); P8, integrin αIIbβ3 
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activation (FITC anti-fibrinogen mAb). Adequacy of the transfer of image analysis data 

into Excel spreadsheets for data processing was checked by an independent observer.

Platelet immuno-phenotyping

Platelet immuno-phenotyping was performed using antibodies at recommended 

concentrations for the markers: CD29 (integrin β1: 555443, Becton & Dickinson), CD36 

(GPIV: IM0766U, Beckman Coulter), CD41a (integrin αIIbβ3 complex: 303706, Biolegend), 

CD41b (integrin αIIb: 555469, Becton & Dickinson), CD42a (GPIX: 558819, Becton & 

Dickinson), CD42b (GPIbα: 551061, Becton & Dickinson), CD49b (integrin α2: 359308, 

Biolegend), CD61 (integrin β3: F0803, Dako), CD148 (11148942, eBiosciences). Data were 

analysed by Kaluza Flow Cytometry analysis software.7

 For determination of GPVI expression, non-conjugated anti-GPVI antibody 

(clone HY101, 25 μg/mL) or the non-conjugated isotype control (IgG2a) were used, as 

described elsewhere.8 Platelets were incubated with a FITC-labelled F(ab’)2 secondary 

antibody at a final concentration of 50 μg/mL. Median fluorescence intensities of platelets 

incubated with anti-GPVI or control antibody were determined by flow cytometry and 

analysed using Kaluza software.

Platelet activation by flow cytometry

Flow cytometry experiments were performed as described.7 In brief, citrated blood samples 

were incubated for 5 minutes with aspirin (100 μM, Sigma-Aldrich), hirudin (10 U/mL, 

Sigma-Aldrich) and apyrase (4 U/mL, Sigma-Aldrich), as appropriate. After 1:10 dilution 

in Hepes-buffered saline (140 mM NaCl, 5 mM KCl, 1 mM MgSO4, 10 mM Hepes, pH 7.4), 

samples were incubated for 20 minutes with either FITC-conjugated fibrinogen (F0111, 

Dako) or PE-conjugated anti-CD62P mAb (Thromb6, Bristol Institute for Transfusion 

Science, NHSBT Bristol, UK) in the presence of cross-linked collagen-related peptide 
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(CRP-XL, 0.1 μg/mL), ADP (0.5 μM), or TRAP-6 (SFLLRN, 1.6 μM). Platelet activation 

was stopped using formal saline (0.2% formaldehyde), prior to measurements using a 

FC500 flow cytometer (Beckman-Coulter) and analysis using Kaluza software.

Bioinformatics and statistics

Data are presented as means (with 95% confidence intervals). For heatmap analysis, mean 

values of defined outcome parameters from the microfluidics assay were linearly normalised 

to a range from 0-10 (majority of values were normally distributed, Suppl. Table 2). One-

way unsupervised hierarchical clustering was performed using the R package version 3.2.5 

(www.r-project.org). Euclidean distances were calculated and clustering was performed by 

complete linkages.

 Data per cohort study were statistically analysed by probability analysis (Mann-

Whitney U-test for numerical or continuous variables) using GraphPad Prism 6 software. 

Matrices of outcome parameters were compared by multiple correlation and regression 

analysis (cohort 2, n = 94). Specific pairs of parameters were compared by Spearmann 

correlation analysis (2-tailed, n = 94). Given the high correlations between microspot 

parameters, Bonferroni corrections are too conservative for use.

 To identify genotype associations, variables were quantile normalised and alleles 

tested for each variant using a likelihood ratio test under a univariate linear regression 

model. For the genetic variants, carriers and non-carriers of the less common allele were 

compared. Non-rotated principal component analysis was performed using the statistical 

package for social sciences (SPSS version 22). Therefore, raw data were employed for one- 

or two- principal component models to explain intra- and inter-individual variations. 

Using MatLab, prediction models were built for regression models with β-matrices; all 

models were checked by cross-validation predictions.
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Male Female

Sex, n 36 58

Age, median (range) 64 (25 - 79) 64 (34 – 77)
Antithrombotic medication, n 0 0

Suppl. Table 1. Demographics of healthy blood donors (cohort 2).

Suppl. Table 2. Normal distribution of thrombus parameter values (cohort 2). P values of D’Agostino & 
Pearson omnibus normality test (colour cells with p > 0.05 indicate normal distribution).
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Supplementary figures

P1 P2 P3 P4 P5 P6 P7 P8

M1 0.2222 0.4009 0.2283 0.2571 0.4505 0.0016 0.9042 0.1879

M2 0.4115 0.0136 0.0322 0.2316 0.155 0.0001 0.991 0.0487

M3 0.7058 0.0015 0.0666 0.0446 0.0049 0.0001 0.0648 0.3702

M4 0.1337 0.554 0.7052 0.2332 0.7554 0.005 0.3618 0.3358

M5 0.8161 0.2338 0.5757 0.2943 0.1534 0.0001 0.0842 0.0017

M6 0.3127 0.0001 0.0001 0.0425 0.001 0.0001 0.0001 0.0001



Chapter 3

76

P1 P2 P3 P4 P5 P6 P7 P8

Inter-individual variation

M1 0.22 0.40 0.10 0.09 0.09 0.62 0.27 0.44

M2 0.16 0.29 0.09 0.14 0.16 0.63 0.22 0.32

M6 0.56 0.90 0.17 0.42 0.57 0.89 0.74 0.90

Intra-individual variation

M1 0.11 0.29 0.08 0.09 0.12 0.29 0.17 0.22 

M2 0.18 0.23 0.09 0.19 0.16 0.44 0.18 0.17 

M6 0.18 0.59 0.09 0.41 0.47 0.42 0.13 0.32 

Ratio

M1 2.45 0.94 1.11 1.75 1.44 2.18 1.39 1.45

M2 1.07 2.02 1.26 1.97 2.72 3.24 1.37 3.90

M6 3.97 1.49 2.99 1.59 1.83 4.25 9.05 3.96

Suppl. Table 3. Inter- and intra-individual variation on indicated microspots (M) and parameters (P) in 
whole blood thrombus formation of three separate blood samples from 10 healthy subjects (cohort 1). 
Coefficients of variation are given, expressed as fractions (mean values). Ratio values represent inter-individual 
variation divided by intra-individual variation.
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Suppl. Figure 1. Alterations in thrombus formation in Glanzmann’s thrombasthenia (GT) and delta 
storage pool disease (SPD). Blood from patients with GT1-3 (A-C) or SPD1-2 (D-E), or from 3 day controls 
(C1-3) was flowed over microspots M1-6, and thrombus parameters P1-8 were evaluated. Quantification and 
data normalisation was as described for Figure 2. Subtraction heatmaps indicate scaled values, compared to 
those from C1-3. Colour bars indicate relative increases or decreases; *changes outside the range of mean ± 2 
SD. Note consistent changes of platelet aggregation-linked parameters (P2-5, P8) across surfaces for GT1-3.
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Abstract 

In haemostasis and thrombosis, platelet, coagulation and anticoagulation pathways act 

together to produce fibrin-containing thrombi. We developed a microspot-based technique, 

in which we assessed platelet adhesion, platelet activation, thrombus structure and fibrin 

clot formation in real time using flowing whole blood. Microspots were made from distinct 

platelet-adhesive surfaces in the absence or presence of tissue factor, thrombomodulin or 

activated protein C. Kinetics of platelet activation, thrombus structure and fibrin formation 

were assessed by fluorescence microscopy. This work revealed: (i) a priming role of 

platelet adhesion in thrombus contraction and subsequent fibrin formation; (ii) a surface-

independent role of tissue factor, independent of the shear rate; (iii) a mechanism of tissue 

factor-enhanced activation of the intrinsic coagulation pathway; (iv) a local, suppressive 

role of the anticoagulant thrombomodulin/protein C pathway under flow. Multiparameter 

analysis using blood samples from patients with (anti)coagulation disorders indicated 

characteristic defects in thrombus formation, in cases of factor V, XI or XII deficiency; 

and in contrast, thrombogenic effects in patients with factor V-Leiden. Taken together, 

this integrative phenotyping approach of platelet-fibrin thrombus formation has revealed 

interaction mechanisms of platelet-primed key haemostatic pathways with alterations 

in patients with (anti)coagulation defects. It can help as an important functional add-on 

whole-blood phenotyping.
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Introduction

In the processes of haemostasis and thrombosis, platelet and coagulation pathways are 

tightly linked, with platelets both responding to thrombin and fibrin and, conversely, 

providing a phosphatidylserine-exposing surface on which high levels of thrombin 

and fibrin are formed.1-4 Thrombotic and bleeding disorders are mostly related to a 

dysregulation of one of these pathways, for instance when linked to platelet or coagulation 

factor mutations, or to the (combined) use of antiplatelet or anticoagulant medication.

 In the last decade, it has become clear that the accumulation of a platelet- and 

fibrin-containing plug or thrombus is instrumental to the onset of haemostatic as well as 

thrombotic events.5-7 An important modifying factor in thrombus development is provided 

by the local blood flow.8, 9 This implies that, for adequate and comprehensive monitoring 

of the thrombotic process, measurements are to be performed under conditions of flow, 

preferentially recording both platelet and coagulation activation at the same time.

 Recently, we have described a microspot-based whole blood flow test, allowing 

combined measurements of platelet activation processes at multiple different adhesive 

surfaces.10 This work has revealed the roles of specific adhesive receptors in the thrombus 

formation process in a shear rate-dependent way, i.e. glycoprotein (GP)Ib-V-IX (receptor 

for von Willebrand factor, VWF), GPVI and integrin α2β1 (receptors for collagens and 

collagen peptides), CLEC2 (receptor for podoplanin and rhodocytin), and integrin α6β1 

(laminin receptor). Other flow measurements have demonstrated that the formation of a 

platelet thrombus is supported by the presence of tissue factor (TF) – acting via the extrinsic 

activation of factor (F)VII.11, 12 On the other hand, collagens and polyphosphates can trigger 

the intrinsic coagulation pathway through direct activation of FXII.13, 14 Phosphatidylserine 

exposure promotes the procoagulant role of platelets by markedly enhancing tenase activity 

(FX activation by FIXa and FVIIIa) and prothrombinase activity (prothrombin activation 

by FXa and FVa).9, 15 Thrombin formation and clotting processes are restricted by natural 
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anticoagulation pathways. The latter act by inhibiting activated coagulation factors (via 

antithrombin and tissue factor pathway inhibitor); and by inactivating FVa and FVIIIa 

through an (endothelial-derived) thrombomodulin and protein C pathway. Protein S is a 

cofactor for activated protein C (APC) in the inactivation of FVa and FVIIIa.16 Currently, 

there is still a gap of knowledge of the relative contributions of the various coagulation and 

anticoagulation mechanisms in thrombus and fibrin formation under flow conditions.

 In the present paper, we aimed to identify and characterise principal pathways 

that regulate the prothrombotic interactions between platelets and coagulation activation 

in flowing whole blood. For this purpose, we developed a microfluidics technique, 

allowing kinetic measurements of adhesion, activation and aggregation of platelets as well 

as fibrin formation during thrombus build-up. By triggering specific (anti)coagulation 

pathways, and by time-dependent measurements using multiple fluorescent probes, 

we generated time profiles of all these processes simultaneously. By analysing blood 

samples from patients with congenital defects in coagulation factors, we confirmed the 

pathophysiological relevance of alterations in thrombus formation parameters.

Results

Multiparameter assessment of platelet-fibrin thrombus formation on microspots in flowing 

whole blood

To simultaneously assess platelet activation and fibrin formation in microfluidic chambers, 

we extended an earlier microspot-based flow method, where only platelet responsiveness 

was studied.10 For this purpose, we coated coverslips with microspots (M) consisting of 

platelet-adhesive proteins/peptides, as indicated in Table 1. The microspots were coated 

in pairs, where only the downstream spot contained TF (to locally trigger extrinsic 

coagulation); a procedure that prevents inter-spot cross-over effects.11 Citrated blood was 

flowed through a microfluidic chamber over the microspots under conditions of two-step 
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mixing with recalcification medium (Suppl. Figure 1). Kinetic assessments were performed 

by capturing multicolour fluorescence and brightfield images per microspot every 2 

minutes (t=0-8 minutes). For each microspot, this resulted in 5x8 platelet, thrombus and 

fibrin parameters (Table 1). Time to first fibrin formation was recorded as an additional 

parameter (P9).

Table 1. Coding of microspots (M) and parameters (P) in whole blood thrombus formation, and curve 
characteristics (C) of thrombin generation. 1st Spots were located at upstream positions. Numbering of 
variables according to appearance in heatmaps.

M 1st Spot Receptors 2nd Spot Pathway

  M1 none + TF FVIIa
  M2 GPIb, CLEC2 + TF FVIIa
  M3 GPIb, α6β1 + TF FVIIa
  M4 GPIb, VI, α2β1 + TF FVIIa
  M5 GPIb, VI, α2β1 + TF FVIIa
  M6 GPIb, VI, α2β1 + TF FVIIa
  M7 GPIb, VI, α2β1 + TF FVIIa

  M8 GPIb, VI, α2β1 - TM protein C
  M9 GPIb, VI, α2β1 - APC protein C

P Time (min) Image type Description Unit
Platelet parameters
  P1 0-8 DiOC6 platelet adhesion %SAC
  P2 0-8 AF568-annexin A5 platelet PtdS exposure %SAC
Thrombus parameters
  P3 0-8 bright-field thrombus coverage %SAC
  P4 0-8 bright-field thrombus morphology score 1-5
  P5 0-8 bright-field thrombus aggregation score 1-3
  P6 0-8 bright-field thrombus contraction score 1-3
Fibrin parameters
  P7 0-8 AF647-fibrin(ogen) fibrin deposition %SAC
  P8 0-8 bright-field fibrin score 1-3
  P9 0-8(10) AF647-fibrin shorter time to fibrin 11 - t min

C Curve characteristic Unit
C1 shorter time to first thrombin min
C2 endogenous thrombin potential (ETP) nM • min 
C3 thrombin peak nM

collagen-I + TM
collagen-I + APC

Co-coating TF

Co-coating anticoagulant

control BSA
rhodocytin + VWF
laminin + VWF
collagen-III (VWF)*
collagen-I low (VWF)*
collagen-I high (VWF)*
GFOGER-(GPO)n + VWF-BP



Chapter 4

84

Accelerating role of tissue factor in kinetics of thrombus and fibrin formation 

Based on the observation that co-coated TF enhances the coagulation process on 

collagen,11, 17 we determined how this altered the parameters of thrombus and fibrin 

formation for all microspots M1-7. In the absence of TF, platelet deposition and aggregate 

formation increased in the order of M1 (BSA) < M2 (rhodocytin + VWF), M3 (laminin 

+ VWF) < M4 (collagen-III), M5 (low-density collagen-I) < M6 (high-density collagen-I) 

< M7 (GFOGER-GPO + VWF-BP) (Figure 1A). Accordingly, those microspots with high 

GPVI activation (M6,7) gave the largest platelet aggregates (P1, DiOC6) with highest 

phosphatidylserine exposure (P2, AF568-annexin A5) (Figure 1A). In the absence of TF, 

only limited amounts of fibrin were formed, except for M7. However, with TF locally 

present, regardless of the type of microspot, the appearance of platelet aggregates preceded 

the formation of fibrin (Figure 1B).

 Complete data sets were then generated for microspots M1-4,6 with different 

amounts of TF (co-coated 0-500 pM). Precise recording of times to first fibrin formation18 

revealed a TF dose-dependent shortening of the coagulation times for M2-4,6, both at 

high (1000 s-1) and low (150 s-1) wall shear rate (Suppl. Figure 2).

 Evaluating the effects of high TF co-coating in more detail, we noticed a marked 

similarity between the shear rates of 1000 s-1 or 150 s-1, which became apparent in scaled 

heatmaps (Figure 2A,C) and in subtraction heatmaps (Figure 2B,D). The CLEC2-

dependent surface M2 (rhodocytin) showed relatively high platelet parameters (P1-2) 

and thrombus parameters (P3-5) in the absence of TF, although TF still enhanced these 

parameters at high shear rate. For M3 (laminin), TF was most effective at high shear 

rate, as demonstrated by the summed scaled effect of 84.03 vs 13.71 for high shear vs 

low shear, respectively (Suppl. Table 2). For M4 (collagen-III), acting on platelets by weak 

GPVI activation, TF was only moderately active (small summed scaled effect of TF; Suppl. 

Table 2). On the other hand, for M5 (low collagen-I, evoking moderate GPVI activation), 
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TF enhanced all parameters including platelet deposition – likely as a limiting factor –, 

irrespective of the shear rate. The high-collagen surface M6, i.e. strongly GPVI-activating, 

caused maximal platelet adhesion and thrombus activation without TF present, while TF 

still enhanced the formation of fibrin. Microspot M7 (GFOGER-GPO), again strongly 

GPVI-activating, behaved differently in that thrombus and fibrin formation were already 

maximal in the absence of TF (1000 s-1). Yet, at low shear rate of 150 s-1, the presence of 

TF was required for appreciable fibrin formation on this surface. Of note, the addition of 

either a thrombin or FXa inhibitor completely abolished fibrin formation, regardless of the 

shear rate (data not shown).19 Taken together, these data pointed to a surface-dependent 

enhancing effect of TF on thrombus formation parameters, provided that coagulation 

activity and fibrin formation were not already maximal by prior platelet activation.
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Figure 1. Simultaneous analysis of platelet deposition, thrombus phenotype and fibrin formation during 
whole blood thrombus formation under flow. Citrated whole blood from control subjects (n=5-10) was 
supplemented with fluorescent labels to simultaneously detect platelet adhesion (DiOC6), procoagulant, 
phosphatidylserine (PtdS)-exposing platelets (AF568-annexin A5) and fibrin formation (AF647-fibrinogen). 
Blood samples were co-perfused with CaCl2/MgCl2 over indicated microspots, at a shear rate of 1000 s-1. 
Microspot coding: M1, blocking buffer BSA; M2, rhodocytin + VWF; M3, laminin + VWF; M4, collagen-
III; M5, collagen-I low; M6, collagen-I high; M7, GFOGER-GPO + VWF-BP; co-coating with 500 pM TF as 
indicated. (A) Representative brightfield and fluorescence images, taken from thrombi on microspots without 
TF (6 minutes). (B) Idem, from thrombi on microspots co-coated with 500 pM TF (6 minutes). Bars = 20 µm.
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 The capturing of time series of microscopic images allowed more precise analyses, 

in order to compare the kinetics of the various parameters. As a proxy approach to evaluate 

early and late events, we compared increases in parameters (scaled 0-10) during the first 

and second 4-minute intervals of flow runs (Figure 2E-F). This analysis showed that – 

across all surfaces and regardless of the presence or absence of TF –, platelet parameters 

(P1-2) mostly accumulated in the first interval but yet continued to increase, similarly 

to the growth of thrombus size (P3), while the other thrombus parameters (P4-6) had 

reached completion in the first interval. In contrast, again across all surfaces with(out) 

TF, parameters of fibrin formation (P7-8) were essentially restricted to the second time 

interval. This sequence of events is schematically modelled in Suppl. Figure 3.

 To assess the relative contributions of the two platelet parameters to the thrombus-

forming process, we developed a mathematical regression model per microspot with(out) 

TF, which allowed us to determine which thrombus and fibrin parameters relied over 

time on the measured values of P1-2 (Suppl. Figure 3). Regardless of the type of surface, 

this analysis pointed to a consistently higher contribution of P1 (65-85% of maximal 

prediction) than of P2 (40-45% of maximal) for the thrombus parameters. The predictive 

power (7-27% of maximum) was lower for the fibrin parameters, due to the large time 

interval between platelet accumulation and (late) fibrin formation. On the other hand, 

the data did reveal a mechanism of thrombus formation primed by platelet adhesion and 

enhanced by thrombin formation, in which fibrin accumulates depending on TF and the 

platelet-activation strength of the surface.

◀ Figure 2. Surface-dependent enhancement by tissue factor of kinetics of platelet deposition, thrombus 
and fibrin formation. Whole blood with fluorescent labels was flowed over microspots M1-7 with or without 
co-coated TF (500 pM), as for Figure 1. Multicolour microscopic images were captured every 2 minutes (t = 
0, 2, 4, 6, 8 minutes, →), and analysed for parameters P1-9 (for coding, see Table 1). (A-B) Blood flow at high 
shear rate (1000 s-1). (C-D) Blood flow at low shear rate (150 s-1). (A, C) Heatmaps of univariate scaled (0-10) 
values per parameter (P1-9) across surfaces with(out) co-coated TF (500 pM). (B, D) Subtraction heatmaps 
indicating relevant TF effects per parameter, filtered for changes outside range of mean ± SD. Means of flow 
runs, n = 5-10 subjects. Scaling was at 0-10 across all surfaces. (E-F) Differential increase in parameters P1-9 
(1000 s-1) over intervals Δt1 = (0-4) minutes and Δt2 = (4-8) minutes per microspot without (E) or with (F) 
TF. Colour code indicates parameter increase (scaled 0-10 across surfaces, 8 minutes). 
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 To further substantiate this, we determined for 10 healthy blood donors how 

thrombus signatures correlated between the two high GPVI-activating microspots M6 

(collagen-I) and M7 (GFOGER-GPO). Correlation analysis of all scaled values over time 

for the non-TF microspots gave highest positive correlations (r>0.5, p<10-8) for particularly 

the thrombus and fibrin parameters at later time points (Suppl. Figure 4). For the TF 

microspots, correlations between parameters were substantially higher (Suppl. Figure 

4), thus pointing to a consistent, blood donor-dependent thrombus signature across the 

collagen-related microspots. 

Figure 3. Additive contribution of extrinsic and intrinsic coagulation pathways to kinetics of whole blood 
thrombus formation. Blood from control subjects was collected into citrate with or without CTI (40 μg/mL); 
where indicated, samples were supplemented with iFVIIa (1 μM). Whole blood perfusion (1000 s-1) was over 
microspots M1-7 (± co-coated TF, 500 pM). Analysis of parameters P1-9 over time (→) was carried out, as 
for Figure 2. Four conditions (± iFVIIa ± CTI) were compared per subject (n = 4-6). Data were scaled (0-10) 
per parameter (P1-9) across surfaces. (A) Subtraction heatmap representing relevant effects of CTI, iFVIIa or 
CTI + iFVIIa (no TF). (B) Idem for microspots with TF. Effects were filtered for changes outside the range of 
means ± SD. 
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TF-dependent regulation of intrinsic coagulation pathway

The findings so far pointed to a consistent accelerating role of the extrinsic TF/FVIIa 

pathway, mostly on parameters of thrombus and fibrin formation. As earlier flow studies 

suggested that the intrinsic FXII-triggered coagulation pathway is relatively slow in onset,13 

we also examined these kinetics. Therefore, citrate-anticoagulated blood samples were 

pre-incubated with blocking agents, inactive FVIIa (iFVIIa, 1 μM) and/or CTI (40 μg/mL, 

added upon blood drawing), and flowed over microspots M1-4 and M6-7 with(out) co-

coated TF at high shear rate (1000 s-1).

 In the absence of TF, blocking the extrinsic pathway with iFVIIa decreased only 

the thrombus parameters on M4,6 (Figure 3A). As expected, iFVIIa caused a pronounced 

suppression of both thrombus and fibrin parameters on TF-containing microspots 

(Figure 3B), confirming its TF-inactivating, thrombin-suppressing effect. On the other 

hand, CTI had a moderate inhibitory effect on fibrin formation in the absence of TF, but 

a substantially larger inhibitory effect with TF present, especially for the reactive (GPVI-

dependent) surfaces M6-7. Strikingly, with TF present, the combination of iFVIIa and 

CTI had a stronger inhibitory effect on thrombus (P3-6) and fibrin (P7-9) parameters for 

surfaces M2-4 than iFVIIa alone (Figure 3B). Similarly, for microspots M6-7 plus TF, the 

iFVIIa + CTI combination reduced fibrin formation more profoundly than iFVIIa or CTI 

did alone (medians, p=0.001 for M6, p=0.01 for M7). Accordingly, these results indicated 

a stimulating effect of immobilised TF on the intrinsic (FXII) coagulation pathway 

concerning overall thrombus formation and fibrin clot formation.

Prediction modelling of extrinsic and intrinsic coagulation pathways

Using the raw datasets of all flow runs (Data File 2), we performed mathematical 

modelling to predict values for the separate or combined presence of TF, iFVIIa and/

or CTI, also assuming interactions between the pathways (Suppl. Figure 3). Using the 
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constructed model, prediction for the presence of either TF, iFVIIa or CTI increased from 

M2 (mean 54%) to M7 (mean 74%), in agreement with an overall increase in effects of 

these interventions on the microspots (Suppl. Table 1). A similar increase was seen, when 

calculating the prediction accuracy of combined effects. This modelling hence indicated 

that the presence of TF, iFVIIa and/or CTI resulted in a consistent pattern of platelet-fibrin 

thrombus formation, especially on the active collagen and collagen-related microspots.
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Role of thrombomodulin-protein C anticoagulant pathway

Endothelial thrombomodulin (TM) supports anticoagulation, by converting protein C into 

the anticoagulant protease APC in the presence of thrombin.9 Once formed, APC operates 

in complex with protein S to cleave and inactivate FVa and FVIIIa. Since M6 provided an 

active procoagulant surface (P2), we used these collagen-I microspots to assess possible 

anticoagulant effects of immobilised TM or APC in microspots. Extrinsic coagulation here 

was triggered by the addition of TF in recalcification medium. Microscopic imaging after 
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Figure 4. Alterations in whole blood thrombus formation by immobilised thrombomodulin or activated 
protein C (APC). (A-E) Collagen-I microspots were co-coated or not with TM (M8) or APC (M9), and 
subjected to whole-blood flow at 1000 s-1 (TF in recalcification medium). (A) Representative brightfield and 
fluorescence microscopic images, as in Figure 1, taken after 6 minutes; bars = 20 µm. (B-D) Platelet deposition 
(B), phosphatidylserine exposure (C) and fibrin formation (D) after 6 minutes of flow. (E) Time to fibrin 
formation per microspotted surface, demonstrating delaying effects of TM and APC. (F-G) C4BP or soluble 
APC (sAPC) were added to whole blood before flow perfusion over collagen-I microspots co-coated or not 
with TF (M6). Time to fibrin formation (n = 4-7) in the presence of C4BP (F) or sAPC (G). Means ± SEM. n 
= 10-11, *p<0.05. **p<0.01, ***p<0.001.
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6 min indicated that co-coating of collagen-I with TM (M8) or APC (M9) left platelet 

adhesion unchanged, but markedly lowered platelet phosphatidylserine expression (Figure 

4A-C). In addition, the formation of fibrin was significantly impaired (p<0.001) (Figure 

4D,E). Subtraction heatmaps also disclosed a major inhibition of the co-coating of TM or 

APC on fibrin parameters P7-9 (Suppl. Figure 5). In agreement with these findings, TM 

reduced thrombin generation profiles in plasmas from control subjects (Suppl. Figure 5). 

This suggested that the neighbouring TM or APC diminished thrombin activity, likely by 

on-spot inactivation of coagulation factors.

 In agreement with a role of the protein C pathway under flow, the addition of 

C4BP, known to bind and decrease protein S activity,20 caused a significant decrease in time 

to fibrin on collagen-I microspots (M6) (Figure 4F). Furthermore, the addition of soluble 

APC (sAPC) to the blood revealed a similar delay in fibrin formation as immobilised APC 

(Figure 4G). Together, these data pointed to a regulatory role of the pathway of TM, APC 

and protein S in the later stage of flow-dependent platelet-fibrin thrombus formation.

Altered thrombus formation by congenital coagulation factor abnormalities

To assess how thrombus formation was altered in blood samples from patients with 

defects in coagulation or anticoagulation factors, we selected three sets of GPVI-activating 

microspots with a robust thrombus build-up, i.e. M6 (collagen-I ± TF); M7 (GFOGER-GPO 

± TF); and, M8 with sensitivity for anticoagulation (collagen-I ± TM; TF in recalcification 

medium). Blood was obtained from eight representative patients with known factor 

abnormalities, associated with either a bleeding or a prothrombotic propensity (Table 2). 

Of note, one patient with FXI deficiency used aspirin medication. Ten healthy subjects 

served as day controls. 
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Figure 5. Altered thrombus and fibrin formation in patients with coagulation factor abnormalities. Blood 
samples from healthy day control subjects (n = 10) and patients (Pat, n = 8) with indicated coagulation factor 
abnormalities were investigated for platelet, thrombus, and fibrin formation at a shear rate of 1000 s-1, with 
image capturing every 2 minutes (see Figure 2). Image parameters (P1-9) were obtained for microspot M6 
no TF (rows A) or with TF (rows B); M7 no TF (rows C) or with TF (rows D); M8 with TF (rows E). Data 
were univariate scaled (0-10) across surfaces per parameter for all flow runs. Differential heatmap of scaled 
parameters over time per patient in comparison to means of control subjects. Filtering applied for changes 
outside the range of means ± SD of control subjects. A green colour indicates a relevant decrease, a red colour 
a relevant increase in comparison to controls. 
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Subjects Deficiency Age (y) Male / 
Female

Platelets 
(109/L)

Haemato
crit (%)

Medication Ref.

Ctrl 1-10 none 30-51 5M, 5F 214-248 40.2-45.4 none n.a.
Pat 1 FXII 60 M 306 48.8 aspirin n.a.
Pat 2 FXII 44 F 198 33.3 none n.a.
Pat 3 FXI 18 M 260 44.1 none n.a.
Pat 4 FXI 31 F 292 40.2 none n.a.
Pat 5 FV 72 F 257 34.9 none [22]
Pat 6 FV 75 F 132 38.8 none [22]
Pat 7 FV-Leiden 48 F 257 38.6 none [45]
Pat 8 FV-Leiden 38 F 267 37.7 none [45]

33% FXI
<5% FV
<5% FV
F5  1691G→A
F5  1691G→A

Factor level

normal
<1% FXII
<1% FXII
19% FXI

Table 2. Characteristics of patients with coagulation factor abnormalities and corresponding control 
subjects.

 For structured analysis, subtraction heatmaps were generated of scaled parameter 

values (Figure 5), showing relevant changes in platelet (P1-2), thrombus (P3-6) and fibrin 

(P7-9) parameters. Subtraction heatmaps after 6 minutes of flow (Suppl. Figure 6) were in 

line with the integrated results. Simultaneously, plasma samples collected from controls 

and patients were used for assessment of thrombin generation curves (Suppl. Figure 6).

 In comparison to the overall control samples, blood from patients 1-2, with a 

severe FXII deficiency (<1%), was unchanged regarding platelet activation (P1-2), but 

overall reduced in parameters of thrombus and fibrin formation (P3,7,8), when TF was 

present (Figure 5). This agrees with the indications for a positive interaction of the intrinsic 

and extrinsic pathways. Typically, patient 1 demonstrated a more extensive reduction 

than patient 2 in extent of thrombus and fibrin formation over time (P3-9), which may be 

related to the intake of aspirin. Ellagic acid-induced thrombin generation in plasma was 

more severely reduced for patient 1 than for patient 2 (Suppl. Figure 6).

 Across all microspots, a strong FXI deficiency (19%) in patient 3 was accompanied 

by a consistent impairment in (early) thrombus and (late) fibrin parameters (P3-9). On the 

other hand, blood from patient 4 with limited reduction in FXI (33%) showed a relative 
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increase in parameters of platelet activation (P2) and fibrin formation (P7-9) (Figure 5), 

for all microspots. Plasmas from patients 3 and 4 showed the expected impairments in 

patterns of thrombin generation (Suppl. Figure 6).

 Patients 5-6 were included because of severe congenital deficiency in FV (<5%), 

associated with mild to severe bleeding symptoms.21, 22 In the whole-blood flow assay, for 

all microspots, but most strongly for M7, fibrin parameters were consistently impaired 

(Figure 5), which is also noticed in the 6-minutes heatmap (Suppl. Figure 6). For both 

patients, the lower fibrin formation was preceded by a steady and profound reduction 

in thrombus parameters. Thrombin generation triggered by ellagic acid or TF was also 

greatly suppressed in the patients’ plasmas (Suppl. Figure 6).

 Blood was furthermore analysed for patients 7-8, with a heterozygous FV-Leiden 

mutation, i.e. a moderate prothrombotic propensity. For patient 7, we found an overall 

increased platelet activation (P2) and fibrin formation (P7-9). This was compatible with 

higher TF-triggered parameters of thrombin generation. Markedly, for patient 8 no such 

changes were seen in either test. 

 As an integrative approach to compare the alterations in patient samples, we 

combined all relevant changes in platelet, thrombus and fibrin parameters to obtain a net 

summation of the decreases and increases in comparison to the samples from 10 healthy 

control subjects (Figure 6A). This calculation confirmed the overall decreases in thrombus 

and fibrin parameters for blood from patients 1 (FXII), 3 (FXI) and 5-6 (FV). It furthermore 

showed increased platelet parameters in blood from patients 4 (FXI) and 7 (FV-Leiden), all 

showing a gain-of-function in fibrin-thrombus formation. Consistent with this, changes 

in the patients’ blood samples were larger in the presence of TF (coloured bars of Figure 

6A) than in the absence of TF (white bars). This underlined that TF-containing microspots 

were more discriminative in revealing altered flow-dependent fibrin-thrombus formation 

than the non-TF microspots.
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◀ Figure 6. Integrated changes in thrombus formation in the presence or absence of TF or TM for individual 
patients with coagulation factor abnormalities. Microspot-based formation of platelet-fibrin thrombi was 
measured in whole-blood from 10 control subjects and 8 patients with coagulation factor abnormalities, as 
in Figure 5. Relevant changes of scaled parameters in comparison to means of control subjects (Ctrl, outside 
range of means ± SD) were integrated for all time points. Bars show results from all controls (means ± SD), 
from a representative control (Ctr1) and all individual patients (Pat1 to Pat8). (A) Cumulative relevant changes 
of scaled parameters of platelet adhesion (P1-2), thrombus signature (P3-6) and fibrin formation (P7-9) across 
five surfaces. (B) Mean relevant effects of TM on fibrin parameters for control subjects and patients, assessed 
for M8.

 To evaluate the changes in TM-protein C pathway in the patient blood samples, 

the observed effects of TM as scaled fibrin parameters (P7-9) were integrated to obtain a 

mean effect parameter. In comparison to the overall positive TM effect in control samples 

(black bars in Figure 6B), we noticed a consistent TM effect in blood from patients 1-3, 

but not for the ‘reactive’ blood from patient 4. Importantly, TM effects were abolished with 

blood from patients 7-8 with protein C pathway defects, i.e. FV-Leiden mutation.

Discussion

In this study we have developed a multi-parameter microfluidics platform to determine the 

kinetics and interactions of thrombus formation in flowing whole blood under conditions 

that trigger specific platelet receptors and (anti)coagulation pathways. Key elements of 

the current optimised procedure are: (i) controlled two-step mixing of citrated blood 

with recalcification medium; (ii) use of combined microspots with or without co-coating 

of (procoagulant) TF and/or (anticoagulant) TM or APC; (iii) kinetic measurements 

of multiple processes from series of multicolour microscopic images; (iv) standardised 

image analysis. As a result, 41 parameter values per microspot were obtained, providing 

simultaneous information on platelet adhesion/activation, thrombus signature, and fibrin 

formation at defined flow and shear rates. This multiparameter analyses revealed novel 

insights into: (i) the comparative and inter-dependency of the intrinsic and extrinsic ways of 

fibrin formation; (ii) the identified local role of the protein C pathway in platelet-dependent 

fibrin formation; (iii) the fact that similar congenital abnormalities in coagulation factors 
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can result in distinct kinetics of clotting activity under flow. 

 This approach of systematically comparing time profiles of thrombus formation 

on multiple platelet adhesive surfaces provided new insights into the regulatory pathways 

of the clotting process under physiological as well as pathophysiological conditions. 

Regardless of the surface, we found an overall dose-dependent enhancing effect of TF on 

thrombus build-up and contraction, preceding the formation of a fibrin clot. This pointed 

to a priming effect of (thrombin-induced) platelet activation for the onset of clotting under 

flow. In addition, the enhancing effect of TF appeared to be independent of the shear 

rate (1000 or 150 s-1), while it was less pronounced on highly platelet-reactive surfaces 

(causing strong GPVI activation). These data extend the earlier reported effect of coated 

TF in combination with collagen-I on fibrin formation.18, 23

 Interventions to trigger (TF) or block the extrinsic (iFVIIa) or intrinsic (CTI) 

coagulation pathways provided novel information on the interactions between the two 

pathways in flowing whole blood. Strikingly, for all microspot surfaces, we found larger 

effects of CTI on thrombus and fibrin parameters, when TF was present. Indeed, modelling 

of the predicted contribution of either pathway also revealed positive interactions of 

iFVIIa and CTI interventions, in particular for M6,7. Our findings hence point to a new 

mechanism of intrinsic coagulation activation under flow that is promoted by the extrinsic 

TF pathway.

 Various mechanisms can be responsible for this coagulation crosstalk. Activated 

platelets are known to secrete polyphosphate particles, which trigger FXII activation.14 

Furthermore, studies with knock-out mice revealed a role of FXI and FXII in collagen-

dependent thrombus formation in vivo and ex vivo.13, 24, 25 The same studies also 

demonstrated a role of TF, later stabilised by FXII in vivo, hence pointing towards a TF-

priming effect of FXII activation. Interestingly, these findings confirm very early research 

papers describing a role for platelets in the contact phase of blood coagulation.26 
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 Strikingly, the present microfluidics technique also allowed detection of the natural 

anticoagulant protein C pathway, involving TM and APC. Herein, TM acts as a cofactor 

for the activation of protein C that together with protein S inactivates FVa and FVIIIa, thus 

abrogating the formation of thrombin and fibrin.27 Other authors have already established 

that, in a static plasma system, the addition of TM or APC suppresses thrombin generation, 

which effect is partly impaired in plasmas from carriers of the FV Leiden mutation.28-30 

Our group has shown that in flow adhesion the phosphatidylserine-exposing platelets can 

act as accumulating sites for FVa and FVIIIa.19 Together, this points to the presence of a 

local and acute mechanism of TM-dependent protein C activation, causing inactivation of 

FVa and FVIIIa, which operates on microspots in flowing whole blood. The existence of a 

pathway of prothrombin activation by APC in flowing plasma was reported before.31, 32

 To determine the pathophysiological implications of these findings, we examined 

blood samples from 8 patients with (anti)coagulation defects. Overall, the alterations in 

flow-dependent clot formation were in agreement with the clinical phenotypes. For instance, 

in case of particular coagulation factor deficiencies (FV, FXI, FXII) a decrease in thrombin 

and fibrin parameters, versus an increase in parameters in patients with procoagulant 

alterations (FV-Leiden). Markedly, platelet parameters were only decreased in case of 

severe FV-deficiency, followed by impairments in thrombus and fibrin parameters. On the 

other hand, we noted heterogeneity between patients with the same factor abnormality, 

although this is in general correlated with differences in thrombin generation profiles. The 

reason for this is unclear, but it has been shown that changes in a number of coagulation 

factor levels can influence the extent of APC resistance, such as detected in specialised 

thrombin generation tests, e.g. in plasmas from FV-Leiden patients.33-35 Clearly, the present 

whole-blood technique has as advantage that it integrates the alterations in platelet and 

plasmatic (anti)coagulation factors. Analysis of the patient samples further confirmed the 

priming effect of platelet adhesion and activation for the clotting process.
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 Taken together, our findings indicate that the approach of combined phenotyping 

of platelet-fibrin thrombus formation in whole blood can serve as the basis of a novel, 

integrative way of determining: (i) interaction mechanisms of the platelet and (anti)

coagulation pathways, (ii) haemostatic traits due to genetic or acquired aberrations in 

coagulation factors, and (iii) multi-parameter algorithms for assessment of (combined) 

platelet and coagulation defects. These microfluidic methods can further aid as an 

important functional add-on to genetic information coming from full or partial genomic 

sequencing protocols.

Methods

Materials

Collagen type I (Horm) was from Takeda (Hoofddorp, The Netherlands). Collagen type 

III (C4407), fibrinogen (F3879), and laminin 511/521 (L6274) were from Sigma-Aldrich 

(Zwijndrecht, The Netherlands). VWF from human plasma was isolated to homogeneity, 

as described.36 Recombinant human TF was from Dade-Behring (Breda, The Netherlands); 

thrombomodulin (TM) from American Diagnostica (Pfungstadt, Germany); activated 

protein C (APC) from Innovative Research (Novi, MI, USA). Rhodocytin was purified 

from the venom of the Malayan pit viper, Calloselasma rhodostoma37 and was a generous 

gift of Dr. K. Clemetson (Bern University, Switzerland). C4BP was obtained from Athens 

Research (Athens, GA, USA). Chemically synthesized triple-helical peptides were 

obtained from the Dept. Biochemistry, University of Cambridge (United Kingdom), 

and used as described:10, 36 H-GPC(GPO)3GFOGER(GPO)3GPC-NH2 (GFOGER-GPO); 

and VWF-binding peptide H-GPC(GPP)5GPRGQOGVMGFO(GPP)5GPC-NH2 (VWF-

BP). Bovine serum albumin (BSA) was obtained from Sigma-Aldrich; D-phenylalanyl-

L-prolyl-L-arginine chloromethyl ketone (PPACK) from Calbiochem (San Diego, CA, 

USA); corn trypsin inhibitor (CTI) from Haematologic Technologies (Essex Junction, VT, 
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USA), and Gly-Pro-Arg-Pro from Stago (Parsippany, JN, USA). Fragmin was obtained 

from Pfizer (Capelle a/d IJssel, The Netherlands), inactivated factor VIIa (iFVIIa) from 

NovoNordisk38 (Bagsvaerd, Denmark). 3,3’dihexyloxa carbocyanine iodide (DiOC6) 

from AnaSpec (Fremont, CA, USA); Alexa Fluor (AF)568-labelled annexin A5 from Life 

Technology (Carlsbad, CA, USA); and AF647-labelled human fibrinogen from Molecular 

Probes (Eugene, OR, USA).

Blood donors and blood collection

Blood was obtained from healthy volunteers free from antiplatelet or anticoagulant 

medication for at least 4 weeks. Patients and corresponding control subjects were obtained 

from the screening program for familial plasma-based causes of bleeding or thrombophilia 

at the University Hospital of Padua (Italy).39 Patient characteristics and medication use 

are reported in Table 2. Studies were approved by the local Medical Ethics Committees 

(Maastricht University Medical Centre, NL31480.068.10). All subjects gave full informed 

consent according to the Declaration of Helsinki and all methods were performed in 

accordance with the relevant guidelines and regulations.

 Blood was drawn by venepuncture using a vacuum container, and collected into 9 

ml tubes containing 3.2% trisodium citrate (Greiner, Alphen a/d Rijn, The Netherlands). 

Blood cell counts and other haematological parameters were assessed with a Sysmex XN-

9000 analyser (Sysmex, Chuo-ku, Kobe, Japan). The values were within normal ranges, 

except where indicated otherwise. Global coagulation times were only assessed, if aberrant 

thrombin or fibrin generation was suspected or detected.40 For microfluidics studies, 

blood samples were kept at room temperature and used within 4 hours. Blood quality was 

checked during measurements. Where indicated, blood samples were centrifuged twice to 

obtain platelet-free plasmas.41 The plasmas were snap-frozen, and stored at -80°C until use.
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Preparation of microspot coatings

Using a precision mall, cleaned and degreased glass coverslips (24 x 60 mm, Thermo-Fisher, 

Breda, The Netherlands) were fresh daily coated with two microspots (~1 mm diameter, 

5 mm centre-to-centre distance), with or without TF, TM or APC. To prevent cross-over 

effects, the most active microspot (with TF or without TM/APC) was placed downstream.11 

Coating was performed with 2.0 μL of the following solutions (Table 1): M1, BSA control 

(1% BSA-containing blocking buffer); M2, rhodocytin (250 μg/mL) + VWF (50 μg/mL); 

M3, laminin (100 μg/mL) + VWF (50 μg/mL); M4, collagen-III (100 μg/ml); M5, collagen-I 

low (10 μg/mL); M6, M8-9, collagen-I high (50 μg/mL); and M7, GFOGER-GPO (250 μg/

mL) + VWF-BP (100 μg/mL). Coating concentrations were optimised to achieve maximal 

platelet adhesion, as described.10 Where indicated, suspensions of TF, TM or APC (2.0 μL) 

were post-coated after 1 hour at one of the spots (after washing with saline). For M1-7, 

maximal co-coating concentrations of TF (500 pM); for M8, TM (10 nM or 0.7 μg/mL); 

for M9, APC (10 nM or 0.6 μg/mL). Before start of the regular measurements, the activity 

of co-coated TF was checked as a consistent acceleration of fibrin formation. 

 Absence of cross-over effects between the two microspots was verified by altering 

positions and checking key parameters of thrombus formation.11 After coating, the 

coverslips were blocked with BSA-containing Hepes buffer pH 7.45 (136 mM NaCl, 10 mM 

Hepes, 2.7 mM KCl, 2 mM MgCl2, 0.1% glucose, 1% BSA), mounted onto a transparent 

flow chamber (height 50 μm, width 3.0 mm, length 30 mm), and pre-rinsed with Hepes 

buffer pH 7.45 containing 0.1% BSA.10

Recalcification of blood and mixing in the flow chamber

During recalcification, samples of citrated blood (1000 µL) were perfused through a flow 

chamber using two pulse-free micro-pumps (Model 11 Plus, 70-2212, Harvard Apparatus, 

Holliston, MA, USA), and a y-shaped mixing tubing. The recalcification medium for 
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co-perfusion consisted of 32 mM MgCl2 and 63 mM CaCl2 in Hepes buffer pH 7.45 (in 

another 1 mL syringe). Mixing was at a volume ratio of 10 (blood) to 1 (recalcification 

medium), at flow rates to achieve the calculated wall shear rate in the chamber of 150 or 

1000 s-1. Additional mixing of the blood and medium was achieved by sudden flow profile 

change from round to flat at the flow-chamber entry side; complete mixing was confirmed 

by computer modelling of the fluid dynamics (Suppl. Figure 1). Where indicated, samples 

were pre-incubated with FVIIa inhibitor (iFVIIa, 1.0 μM) and/or corn trypsin inhibitor 

(CTI, 40 μg/mL), which was added during blood taking. Typically, for experiments with 

microspots M8-9, TF (10 pM) was added to the recalcification medium. As a standard 

procedure, blood samples were pre-labelled with final concentrations of DiOC6, (0.5 μg/

mL, staining all platelets), AF647-fibrinogen (8.5 μg/mL), and AF568-annexin A5 (4.0 μg/

mL, staining phosphatidylserine-exposing platelets).

 Full mixing of blood with recalcification medium was achieved by a simple, but 

effective, two-step mixing procedure. The first step was provided by an in house fabricated 

y-shaped Versitec silicone tubing (1.0 mm ID, 3.0 mm OD, Saint-Gobain Plastics, France); 

this was constructed by perforating the tubing laterally (at 1 cm from outlet, angle 30°) with 

a 18G needle placed inside-out, after which a second tubing was connected to the needle 

tip. Leakage-free sealing was obtained using liquid polymerizing silicone; the needle was 

removed after polymerisation. This resulted in a small pore (~0.5 mm) in the main tubing 

wall, through which the recalcification medium could be pressure-injected. The second 

mixing step was provided at the flow chamber inlet, by transition from a tubular (1 mm 

Ø) to flat (50 µm height, 3 mm width) cross-section, resulting in sudden redistribution of 

the flow velocity profile. This set up ensured consistent mixing, a low shear rate at the inlet, 

and a higher-shear laminar flow pattern inside the parallel-plate chamber (Suppl. Figure 

1).
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Real-time detection of platelet-fibrin thrombus formation on microspots

Brightfield and fluorescence microscopic images were acquired from each of the microspots 

during blood flow at t = 0, 2, 4, 6, 8 (to 10) min. Image recording was performed with an 

inverted EVOS fluorescence microscope (Life Technology, Ledeberg, Belgium), equipped 

with brightfield illumination, three LED diode cubes (GFP 470 nm, RFP 531 nm and 

Cy5 626 nm), and an Olympus 60x oil-immersion objective with high z-axis resolution 

(UPLSAPO60, numerical aperture 1.35). Monochromatic images were collected at 8 bit 

(1360 x 1024 pixels, resolution 0.108 μm per pixel). In specific cases, images were collected 

using a multicolour confocal microscope (similar excitation wavelengths), as described.11 

Duplicate flow runs were performed per blood sample, or triplicate runs in case of marked 

variation.

Standardised image analysis and delineation of thrombus outcome parameters

Images were analysed using semi-automated scripts, written in the open-access program 

Fiji.42 Specific scripts were designed for images of brightfield and each fluorescent label. 

In the scripts, optimised fast Fourier transformation was applied to reduce background 

noise and filtering down image-wide structures. Subsequently, morphological vertical 

and horizontal dilate and erode steps were applied to remove noise pixels and to enhance 

relevant structures. Overlay images were generated to verify the binary mask images, and 

scripts looped back to re-set thresholds if the analysis was incorrect. Thresholding was 

checked against t=0 images.

 Together, the binary brightfield and fluorescence images gave nine parameters 

(P1-9) per time point (see Table 1). The DiOC6 images reported on platelet deposition 

(P1); while the AF568-annexin A5 images indicated phosphatidylserine-exposing platelets 

(P2). Enhanced brightfield images were also analysed for platelet adhesion (P3). Brightfield 

images were analysed for thrombus morphology (P4): 0, no or few adhered platelets; 
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1, multiple single adhered platelets; 2, extensive coverage of single adhered platelets; 3, 

small platelet aggregates; 4, medium-size aggregates and thrombi; 5, large aggregates and 

thrombi.10 Bright-field images were also scored (scale 0-3) for thrombus aggregation (P5) 

and thrombus contraction (P6). Regarding fibrin, AF647-fibrin(ogen) images provided 

information on fibrin deposition (P7), with thresholds set above values for fibrinogen 

binding;11 brightfield images further gave a fibrin score on a scale of 0-3 (P8). Furthermore, 

shortening of the time to first fibrin formation (default t = 11 min) were recorded (P9). 

Fibrin formation was precisely quantified in real time from the appearance of growing 

fibres protruding from the platelet thrombi.18 All scoring was in comparison to a set of 

pre-selected, representative images. Analysts were blinded to the experimental conditions. 

As described before, variation of key thrombus forming parameters for collagen-I was 15% 

(median).43 In addition, intra-individual variation of time to fibrin was 7-12%. 

Calibrated automated thrombin generation 

Thrombin generation was measured in platelet-free plasma samples (total volume 120 μL) 

using a 96 wells plate assay, basically as described.41 Briefly, 80 μL plasma samples were 

incubated with 4 μM phospholipid vesicles (PS/PE/PC, 20/20/60, w/w/w) at 37°C for 10 

minutes, and subsequently mixed with 20 μL prewarmed trigger reagent containing either 

TF (1 pM, f.c.), ellagic acid (10 μg/mL, f.c.) or TM (0.325 nM, f.c.) and with 20 μL fluorogenic 

thrombin substrate (Z-Gly-Gly-Arg AMC) containing CaCl2. After mixing, thrombin 

generation was measured per well using Thrombinoscope software (Thrombinoscope, 

Maastricht, The Netherlands). Standard curve parameters were obtained, as indicated in 

Table 1.

Predictions of contribution of extrinsic and intrinsic pathways of coagulation

Models were made in Matlab for the predicted contribution of parameters to thrombus 
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formation at all time points, using the conditions with or without TF, CTI or iFVIIa, 

thus making in total 8 combinations or classes. Raw data were loaded into Matlab, and 

(few) missing values were estimated using the function Knnimpute. Per microspot, 

8-class predictions were run, in each case using 17 different machine learning programs 

(Weka classifiers: SimpleCart, BayesNet, NaiveBayer, Logistic, RBFNetwork, SMO, 

AggregationPerception, IB1, ConjunctiveRule, JRip, NNge, PART, BFTree, FT, J48, 

RandomForest, REPTree). Accuracies were calculated by leave-one-out cross validation. 

The predictions tested the hypothesis if the presence/absence of TF, iFVIIa or CTI 

significantly altered parameters of fibrin-thrombus formation per microspot. In other 

words, if the measured parameters allow to predict which of these factors is present. 

In addition, per class variable (TF, iFVIIa, CTI), t-tests (2-sided) were run to compare 

the performances of the 17 algorithms on every pair of surfaces, after correction for 

false discovery rate. These models were also checked by cross-validating, leave-one-out 

predictions. Linear regression models to predict P3-9 outcomes over time from P1-2 were 

also constructed in Matlab.

Bioinformatics and statistics 

Relationships between parameters were calculated by multiple regression analysis using 

the statistical package for social sciences (SPSS version 22). For comparative data analysis 

in heatmaps, mean values per parameter across surfaces were linearly scaled to a range 

from 0-10. One-way unsupervised hierarchical clustering was performed using the R 

version 3.2.5 (www.r-project.org). Euclidean distances were calculated, and clustering was 

by complete linkages. In order to visualise effects of TF co-coating or of interventions, 

scaled parameters were linearly subtracted to obtain subtraction heatmaps.

 Numerical data of interventions are presented as means with SEM. Data from 

individual patients were compared, as described before,44 to normal ranges established for 
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a cohort of control subjects (set as means ± SD). Blood samples from patients and controls 

were analysed in parallel over the same period. Statistical comparison was by probability 

analysis (Mann-Whitey U-test for numerical or continuous variables). Values of p<0.05 

were considered significant.
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Supplemental Figures

% TF iFVIIa CTI Mean Combined
M1 9.3 9.3 9.3 9.3 2.3
M2 42.1 55.5 64.2 53.9 12.3
M3 70.2 55.8 53.4 59.8 17.5
M4 87.6 62.4 61.0 70.3 24.2
M6 90.7 59.3 52.9 67.6 31.2
M7 81.2 67.5 73.5 74.1 38.4

Suppl. Table 1. Average performance of 17 algorithms in single class predictions. Predictions are expressed 
as percentage correct, in predicting thrombus formation parameters in the presence of TF, iFVIIa and/or CTI 
for microspots M1-7. Combined results of seven class predictions also indicated. Dark green colour points to 
high predictive performance.

Suppl. Table 2. Summed scaled effects of TF co-coating. Parameters P1-9 were summed, net effect of TF 
was calculated and filtered for mean ± SD, as for Figure 2. Dark blue colours indicate higher summed effects.

Summed 
scaled effect
of TF (P1-9 )

M1 (BSA) 0.00
M2 (rhodocytin) 43.77
M3 (laminin) 84.03
M4 (collagen III) 36.20
M5 (collagen I 20) 94.14
M6 (collagen I 100) 65.29
M7 (GFOGER-GPO) 6.55
Average 47.14
M1 (BSA) 0.00
M2 (rhodocytin) 26.42
M3 (laminin) 13.71
M4 (collagen III) 14.24
M5 (collagen I 20) 103.79
M6 (collagen I 100) 47.43
M7 (GFOGER-GPO) 32.29
Average 33.98

Shear rate Surface

1000 s-1

150 s-1
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Suppl. Figure 1. Computational fluid dynamics modelling of mixing efficacy and shear rate. The three-
dimensional structure of the microfluidics flow chamber (height 50 μm, width 3.0 mm, length 30 mm, 12° 
circular inlets and outlets) was digitised using Autodesk Inventor v2016 (San Rafael, CA, USA). The digital 
image was loaded into the computational fluid dynamics (CFD) package v4.2 of Comsol. Modelling was 
performed for whole-blood perfusion in the upper inlet at a rate of 4.5 mL/hour using a density of 1060 kg/
m3, a dynamic viscosity of 0.004 Pa•s, and a free Ca2+ concentration in citrated blood of 50 µM. Injection of a 
recalcification medium (63.2 mM CaCl2 ) in the y-shaped inlet was set at 0.45 mL/hour (no viscous stress at 
outlet). A physics-controlled mesh was used for laminar flow simulation, with a normal element size, resulting 
in 3.8 x 106 elements. Laminar flow was simulated using the module ‘Direct solver’, and the results were fed 
into the module ‘Transport of diluted species’ (equating for convection, diffusion and temperature), which 
thus simulated the extent of mixing of Ca2+ in the y-shaped inlet structure. Colour bars represent the calculated 
wall shear rate and the redistributed Ca2+ concentration. (A) Y-shaped dual inlet of recalcification medium 
injected into the blood with sudden fluid profile conversion from round to flat, giving complete fluid mixing. 
Coloured profile indicates mixing efficacy as calculated redistribution of free Ca2+. (B) Coloured profile of wall 
shear rate post-mixing in microfluidic chamber.
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Suppl. Figure 2. Effect of tissue factor co-coating on fibrin formation times on different surfaces. Co-
coating of microspots M2-4 and M6 with indicated concentrations of TF (0-500 pM TF). Whole-blood was 
perfused at a wall shear rate of 1000 s-1 or 150 s-1 as indicated for Figure 1. Indicated are times to first fibrin 
formation on VWF + rhodocytin (A), VWF + laminin (B), collagen-III (C) and collagen-I (D), obtained from 
differential images. Means ± SEM, n = 5-10, *p<0.05, **p<0.01, ***p<0.001 or ****p<0.0001.
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iFVIITF 

Extrinsic trigger  

CTI 

Intrinsic trigger

P1   P2 Platelet parameters

P3 – P6

P7 – P9

�rombus parameters

Fibrin parameters

A

B

P1 P2 P1 P2 P1 P2 P1 P2
M2 3 3 0 1 3 3 0 0
M3 2 1 0 1 2 1 0 1
M4 2 0 0 1 4 1 1 0
M6 2 2 0 1 4 0 0 3
M7 4 3 2 0 4 3 0 0
Sum 13 9 2 4 17 8 1 4
Max. 20 20 15 15 20 20 15 16
Predicted % 65% 45% 13% 27% 85% 40% 7% 25%

 - TF  + TF
�rombus Fibrin �rombus Fibrin

Suppl. Figure 3. Prediction modelling of intrinsic and extrinsic pathway modulation on parameters of 
thrombus formation. (A) Schematic presentation of coagulation processes triggered via intrinsic (TF) and 
extrinsic (FXII) pathways to enhance consecutive sets of parameters of thrombus formation. Modulating 
effects of TF, iFVIIa and CTI on the basal model are indicated. (B) Linear regression models were constructed 
of univariate scaled parameters, using P1 and P2 to predict the accuracies of P3-9. The mathematical equation 
of this model was as follows: Pi(t) = Ci + ai P1(t) + bi P2(t) + ci t + di P1(t-1) + ei P2(t-1), 3 ≤ i ≤ 9. Assessed 
was per microspot surface (M2-7) the number of variables, using values of P1 and P2 as an input, that 
contributed to a right prediction of thrombus parameters (P3-6) and fibrin (P7-9) parameters, in the absence 
or presence of TF. Tabled are percentages (%) of contributing variables, based on the maximums of 20 for 
thrombus parameters and 15 for fibrin parameters.
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Suppl. Figure 4. Consistency analysis of time-dependent whole blood thrombus formation on GPVI-
dependent surfaces. Whole blood from control subjects (n = 10) was flowed at 1000 s-1 over microspots M6 
(collagen-I ± TF) or M7 (GFOGER-GPO ± TF). Parameter values (P1-9) were univariate scaled values across 
microspots. (A-C) Shown are p values of correlation analysis of microspots without (A) or with (C) co-coated 
TF. Blue colour intensity reflects p = 10-1 – 10-12. Furthermore, R values of correlation analysis of microspots 
without (B) or with (D) TF. Only significant R values are shown (p<0.05). 
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Suppl. Figure 5. Altered kinetics of whole blood thrombus by the protein C anticoagulation pathway. (A-
B) Collagen-I microspots were co-coated or not with TM (M8) or APC (M9), and subjected to whole-blood 
flow at 1000 s-1 (see Figure 4). (A) Heatmap of parameters P1-9 over time (→) for M8-9 with or without TM or 
APC. Univariate scaling per parameter across surfaces; n = 10-11. (B) Subtraction heatmap indicating effects 
of co-coated TM or APC. Green (negative) and red (positive) colours indicate relevant changes (filtered for 
changes outside range of means ± SD). Full data are given in Data File 4. (C-E) Thrombin generation with 
platelet-poor plasma triggered with 1 pM TF, in the presence or absence of TM (0.325 nM). Effect of TM 
on thrombin lag time (C), endogenous thrombin potential (ETP) (D) and thrombin peak height (E). Dots 
represent values from individual control subjects. 
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Suppl. Figure 6. Whole blood thrombus formation and thrombin generation for patients with coagulation 
factor abnormalities. Blood samples from healthy control subjects (n = 10) and patients (Pat, n = 8) with 
indicated coagulation factor abnormalities were analysed for kinetics of platelet-fibrin thrombus formation, 
as in Figure 5. Data per parameter were filtered for relevant increases (red) or decreases (green), when outside 
range of means ± SD of the control subjects. (A) Differential heatmap in comparison to control samples 
of scaled parameters per patient at t = 6 minutes. (B) Calibrated automated thrombin generation (CAT) 
measured in plasmas from control subjects and patients. Triggering was with ellagic acid (EA) or TF, and 
curve characteristics C1-3 were measured (see Table 1).
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Low plasma levels of the natural anticoagulants protein C (PrC) or protein S (PrS) are 

frequently associated with venous thromboembolism, but not with arterial thrombosis. 

The increased coagulant activity in thrombophilia patients with (familial) defects in 

PrC or PrS is explained by reduced formation of the protease activated PrC (APrC), via 

endothelial thrombomodulin (TM). This results in impaired ability of APrC, assisted by its 

co-factor PrS, to cleave and inactivate coagulation factors Va/VIIIa.1 Platelet responses2 of 

these thrombophilia patients have hardly been measured. Here, we studied these platelet 

responses using a whole-blood microfluidics assay, integrating platelet and coagulation 

activities and sensing the PrC pathway. We report a partial impairment of platelet-

dependent thrombus build-up and fibrin formation in patients with PrC defects and to a 

lesser extent in patients with PrS defects. The data point to a role of platelet glycoprotein 

VI (GPVI).

 Blood samples were obtained after full informed consent (Declaration of Helsinki). 

Patients (12 PrC-deficient, 9F/3M; 11 PrS-deficient, 9F/2M) and 15 controls (8F/7M) were 

enrolled from the screening program for familial plasma-based causes of thrombophilia 

at the University Hospital of Padua (Italy).3 All subjects were free from antiplatelet or 

anticoagulant medication for >4 weeks. Blood drawn by venepuncture was collected into 

3.2% trisodium citrate. Blood cell counts and von Willebrand factor (VWF) antigen levels 

(increased in 1 PrS patient) were within normal ranges. In patient groups, activity levels of 

PrC (21-64%) or PrS (15-59%) were singly sub-normal (Figure 1A).

 Using a previously validated procedure, we perfused pre-labelled blood samples 

over surfaces of collagen-I (coll-I) with or without tissue factor (TF) at arterial shear rates 

of 1000 s-1, and collected microscopic images every 2 minutes. Hereby, platelet-fibrin 

thrombi were formed over time, dependent on platelet glycoprotein VI (GPVI) activation 

and extrinsic coagulation. Markedly, in spite of a variation among PrC and PrS levels, 

representative images recorded at t=6 minutes showed thrombi consisting of platelet 
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aggregates (DiOC6), but with less contraction and low phosphatidylserine exposure 

(p=0.01 PrC), when compared to control thrombi (Figure 1B). Also, fibrin formation on 

the patients’ thrombi was reduced. Stringent data analysis and subtraction (in comparison 

to controls) heatmap presentation for each patient showed no more than moderate 

changes in the platelet parameters P1-2 (Figure 1C). In contrast, we found substantial 

decreases at early time points in thrombus parameters P3-6 and, at later time points, in 

fibrin parameters P7-9. These defects could be identified in the majority of PrC deficient 

patients, and in about half of the PrS deficient patients; and these retained in the absence of 

TF. Effects of thrombomodulin coating on fibrin formation (as expected)4 were no longer 

present in the patient blood samples, with few exceptions (Figure 1C, right column). 

Statistical analysis showed an overall larger delay in time-dependent fibrin formation for 

the PrC than for the PrS patients (Figure 1D). In contrast, platelet deposition over time 

was not different from the control group.

 To further substantiate this, patient blood samples were perfused at high shear-

rate over other surfaces, known to activate platelets in a GPVI-dependent way, i.e. the 

collagen-related peptide GFOGER-(GPO)n with/without TF;4 or collagen-III and fibrin.5 

Strikingly, on all six surfaces, the early-time combined parameters P3-6 (representing 

aggregate size and contraction) were reduced in the PrC but not the PrS group (Figure 

1E-F).

 Collectively, our findings point to a GPVI-dependent delay in arterial thrombus-

fibrin formation in vitro in thrombophilia patients with PrC deficiency, and to a lesser 

extent in patients with PrS deficiency. The molecular mechanism is still unknown, but 

is thrombomodulin-independent and likely involves (activation) changes in the patient’s 

plasma and/or platelet desensitization.2 
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◀ Figure 1. Altered thrombus formation of patients with deficiency in PrC or PrS. Blood samples from day 

control subjects (n=15) and patients with established deficiency in PrC (Pt01-12) or PrS (Pt13-23), collected 

on citrate were analysed for multiparameter microfluidics. (A) Plasma activities of PrC and PrS, compared to 

control pooled plasma. (B-F) Recalcified blood (labelled DiOC6, AF568-annexin A5 and AF647-fibrinogen) 

was perfused at a shear-rate of 1000 s-1, and microscopic images collected over time (0,2,4,6,8,10 minutes) 

were investigated for nine parameters (ImageJ/Fiji scripts), as before.4,5 Flow runs were over microspots 

of collagen-I (coll-I, I.),4 coll-I + TF (II.),4 GFOGER-(GPO)n + VWF-BP (GPOn, III.),4 as III. + TF (IV.),4 

collagen-III (coll-III, V.),5 fibrin + FXIII (VI.),5 or coll-I + thrombomodulin (VII.).4 Obtained were platelet 

parameters: adhesion (P1, DiOC6 surface-area coverage, SAC%) and PtdSer exposure (P2, AF568-annexin A5, 

SAC%); thrombus parameters: thrombus coverage (P3, brightfield, SAC%), thrombus morphology score (P4, 

scale 0-5), thrombus aggregation score (P5, scale 0-3) and thrombus contraction score (P6, scale 0-3); fibrin 

parameters: fibrin deposition (P7, AF647-fibrin, SAC%), fibrin score (P8, scale 0-3) and shorter time-to-fibrin 

(P9, 15-t minutes).4 (B) Representative images (6 minutes) of thrombus formation in blood from a control, 

PrC and PrS-deficient patient. Bar=20 µm. (C) Univariate scaled heatmap showing changes (0-10 minutes) 

per patient of P1-9 for surfaces coll-I+TF and coll-I. Differences per patient, compared to means of controls, 

were filtered for changes outside the range of mean ± SD.4 Green colour: relevant decrease, red colour: relevant 

increase. Right column: univariate scaled effect of thrombomodulin (ΔTM) co-coating with coll-I4 on fibrin 

formation (P7, 4-8 minutes) per patient in comparison to controls (p, 1-way ANOVA, Excel). Green colour: 

value within 1xSD of controls. (D) Time-dependent increase in fibrin formation (P7) and platelet adhesion 

(P1, grey symbols) per group, based on normal distribution (means±SEM); p vs. controls. (E) Lower thrombus 

parameters (means P3-6) across surfaces I-VI at early time point of 4 minutes. Means per group (p, 1-way 

ANOVA). (F) Time dependency of reduced thrombus parameters across surfaces. Heatmapped p values at 

4-6 minutes.
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Abstract

Background. In the intact vessel wall, endothelial cells form a barrier between the blood 

and the remaining vascular structures, serving to maintain blood fluidity and preventing 

platelet activation and fibrin clot formation. The spatiotemporal space of this inhibition is 

largely unknown.

Objective. To assess the local inhibitory roles of a discontinuous endothelium, we 

developed a vessel-on-a-chip model, consisting of a microfluidic chamber coated with 

the thrombogenic collagen and tissue factor (TF), and covered with patches of human 

endothelial cells. By flow perfusion of human blood and plasma, the heterogeneous 

formation of platelet aggregates and fibrin clots was monitored by multicolour fluorescence 

microscopy.

Results. On collagen/TF coatings, a coverage of 40-60% of human umbilical vein 

endothelial cells resulted in a strong overall delay in platelet deposition and fibrin fibre 

formation under flow. Fibrin formation co-localised with the deposited platelets, and 

was restricted to regions in between endothelial cells, thus pointing to immediate local 

suppression of the clotting process. Fibrin kinetics were enhanced by treatment of the 

cells with heparinase III, partially disrupting the glycocalyx, and to a lesser degree by 

antagonism of the endothelial thrombomodulin. Co-coating of purified thrombomodulin 

and collagen had a similar coagulation-suppressing effect as endothelial thrombomodulin.

Conclusions. In this vessel-on-a-chip system with patches of endothelial cells on 

thrombogenic surfaces, the coagulant activity under flow is regulated by: (i) the residual 

exposure of trigger (collagen/TF), (ii) the endothelial glycocalyx, and (iii) to a lesser degree 

the endothelial thrombomodulin.
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Introduction

In the intact vessel wall, endothelial cells form a necessary barrier between the blood and 

the underlying vascular structures, thus controlling undisturbed circulation of the blood 

through the body.1, 2 The prevailing concept is that non-activated endothelium has anti-

haemostatic activities – thus maintaining blood fluidity –, and prevents inflammation, by 

impeding leukocyte adhesion. Damage or injury of the endothelial layer results in loss of 

its haemostatic protection, with as consequences unrestrained platelet aggregation and a 

more rapid formation of a fibrin clot.3, 4

 In vivo, the endothelial monolayer is known to prevent the activation of flowing 

platelets by the release of nitric oxide and prostacyclin as well as by nucleotide degradation 

via surface-expressed ectonucleoside triphosphate diphosphohydrolases (NTPDases).5-7 In 

addition, the endothelial cells can downregulate the coagulation process through several 

pathways. These include: (i) the surface expression of the glycoprotein thrombomodulin, 

which regulates the inactivation of thrombin and other coagulation factors via the protein 

S-dependent activation of protein C into activated protein C (APC); (ii) the membrane 

anchored tissue factor pathway inhibitor (TFPI), an anticoagulant which also inactivates 

several coagulation factors;4, 8 and furthermore by (iii) the glycocalyx which provides a 

physical barrier to blood components and scavenges thrombin, binding to negatively 

charged glycosaminoglycans such as heparan sulphates.9, 10 However, no more than little is 

known of the spatiotemporal regulation and the relative importance of these anticoagulant 

mechanisms.

 Damaging of the endothelial barrier results in uncovering of subendothelial 

matrix components, of which in particular collagen and tissue factor (TF) are considered 

to be the most active haemostatic components.4, 11, 12 Accordingly, endothelial damage can 

trigger the activation of platelets (e.g. via the collagen receptor glycoprotein VI) and the 

TF-dependent generation of thrombin and fibrin (via the extrinsic coagulation pathway of 
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factor VII).

 Since the 1990-tees, flow chamber models with confluent endothelial cell 

monolayers have shown that prolonged stimulation of these cells with tissue necrosis 

factor-α (TNFα) results in the exposure of TF (stimulating coagulation) and in the 

release of multimeric von Willebrand factor (stimulating platelet adhesion).13, 14 In recent 

years, other vascularised microfluidics channels have been developed to also assess the 

consequences of more severe endothelial disruption, for instance by the free radical-

generating FeCl3
15 or by trans-channel fluid pressure.16

 In this paper, we developed a different microfluidic model, using non-confluent 

endothelial cells grown on physiologically relevant blood-activating surfaces. We reasoned 

that the vascular media and atherosclerotic plaques contain high levels of pro-haemostatic 

collagens, as well as TF.12 On such surfaces with high procoagulant strength, we aimed to 

determine how nearby endothelial cells could influence platelet and coagulation processes 

under conditions of flow. As a most commonly studied source, we used human umbilical 

vein endothelial cells (HUVEC).

Materials and methods

Blood collection and plasma preparation. Human blood was collected from healthy 

volunteers, after full informed consent according to the Declaration of Helsinki. Subjects 

did not use antiplatelet medication for at least 2 weeks. Venous blood was collected 

into 3.2% trisodium citrate Vacuette tubes (Greiner Bio-One, Alphen a/d Rijn, The 

Netherlands). Platelet-free plasma was prepared by centrifuging twice for 10 min at 2200 

g, as described.17 Approval was obtained from the local Medical Ethics Committee.

Endothelial cell culture. Human umbilical vein endothelial cells (HUVEC, passages 4-6; 

Promocell, Heidelberg, Germany) were cultured in endothelial cell growth medium, 
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supplemented with growth medium supplement mix (Promocell), 1% penicillin/

streptomycin (Gibco, Waltham, MA, USA), and 1% L-glutamine (Gibco), after seeding in 

collagen-coated flasks (35.5 µg/ml, EMD Millipore, Darmstadt, Germany). Culturing was 

at 37°C in an atmosphere containing 5% CO2.
18

Microfluidic coating with endothelial cells (vessel-on-a-chip model). For microfluidic flow 

chamber experiments, Ibidi µ-slides I0.2 luer (height 200 μm, width 5 mm, length 50 

mm; Ibidi, Martinsried, Germany) were pre-coated with Horm collagen type I (75 µl of 

50 µg/ml, Takeda, Hoofddorp, The Netherlands) under sterile conditions. After washing 

with sterile phosphate-buffered saline (PBS), co-coating was performed with TF (75 µl 

of 500 pM, Dade-Behring, Breda, The Netherlands), unless indicated otherwise. This 

gave an estimated coating density of 15 ng/mm2 collagen and 90 x 106 molecules/mm2 

TF.19 Subsequently, HUVEC (around 100,000 cells/slide, passage 4-6) were seeded on the 

coated slides, and cultured until a coverage of 40-60% was obtained, thus representing a 

discontinuous endothelial layer. Control microfluidic chambers did not contain HUVEC. 

For specific experiments, HUVEC were treated with heparinase III (500 mU/ml for 3 h, 

Sigma-Aldrich, Zwijndrecht, The Netherlands) or anti-thrombomodulin mAb (10 µg/ml 

for 30 min, Acris Antibodies, Herford, Germany), before subjection to blood flow.

Microfluidic coating with two platelet-adhesive microspots. For specific experiments, glass 

coverslips (24 x 60 mm, Thermo-Fisher, Breda, The Netherlands) were coated with two 

microspots of Horm collagen type I (2.0 μl of 50 μg/ml) for 1 h. The upstream microspot 

was co-coated with thrombomodulin (1.0 μl, 10 nM), as before.20 After blocking with 

bovine serum albumin (BSA)-containing Hepes buffer pH 7.45 (136 mM NaCl, 10 mM 

Hepes, 2.7 mM KCl, 2 mM MgCl2, 0.1% glucose, 1% BSA), the coverslips were mounted 

onto a transparent parallel-plate flow chamber (height 50 μm, width 3.0 mm, length 30 
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mm), as described before.21

Platelet adhesion and fibrin formation under flow. Using the endothelial-covered microfluidic 

chambers, a two-step protocol was followed to monitor platelet deposition and ensuing 

coagulation activation, by adapting a procedure described earlier.19 Immediately before 

flow perfusion, the cellular nuclei were stained for 10 min with Hoechst 33342 (1 µg/

ml, Molecular Probes, Waltham, MA, USA). To achieve platelet adhesion, citrated whole 

blood labelled with DiOC6 (0.5 µg/ml, Anaspec, Fremont, CA, USA) was perfused for 3.5 

min at a wall shear rate of 500 s-1. After a 2 min rinse with modified Hepes buffer pH 7.45 

(5 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 0.42 mM, NaH2PO4, 2 mM MgCl2, 2 mM CaCl2, 

0.1% glucose, 0.1% BSA), coagulation was induced. Therefore, blood plasma labelled with 

Alexa Fluor (AF)546-fibrinogen (5 µg/ml, Invitrogen Life Technologies, Waltham, MA, 

USA) was co-infused with recalcification medium (10 : 1, vol./vol.; 63.2 mM CaCl2 and 

31.5 mM MgCl2), using a y-tube inlet system, placed immediately before the microfluidic 

chamber.20 Final wall-shear rate at this step was 50 s-1 in order to promote fibrin formation. 

Where indicated, anti-thrombomodulin mAb (5 µg/ml) was added to plasma samples.

 For experiments with collagen/thrombomodulin microspots in the absence 

of HUVEC, citrated whole blood was pre-labelled with DiOC6 (0.5 µg/ml) and AF546-

fibrinogen (5 µg/ml) and, using the y-tube inlet system, co-perfused with recalcification 

medium, containing 10 pM TF (shear rate 1000 s-1), similarly as described above.

 Multicolour confocal fluorescence images of appropriate colours were captured 

with a line-scanning confocal Zeiss LSM7 microscope (Carl Zeiss, Oberkochen, Germany) 

and a 63x / 1.4 numerical aperture oil immersion objective, as described.21 Brightfield and 

fluorescence images were captured every 2 min. After in total 10 min of plasma perfusion, 

z-stacks of endothelial cells, platelets (DiOC6 labelled) and fibrin (AF546 labelled) were 

taken with 1 µm steps. Time to first fibrin formation was assessed from recorded images, 
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by observing the presence of fluorescent fibrin fibres, and checked from differential 

subtracted images, as described in detail before.19 For the analysis of fibrin formation, 

images were thresholded to assess the highly fluorescent fibres only, thus eliminating a 

residual fluorescence from non-cleaved fibrinogen binding to platelets.19, 20 As previously 

assessed, after cleavage by thrombin, the AF546-fibrin is effectively incorporated into the 

microscopically visible fibrin fibres. In flow channels, upstream as well as downstream 

positions were regularly inspected; no heterogeneity in fibrin formation was observed.

Post-flow fixation and staining. HUVEC with(out) platelet thrombi on relevant coatings in 

microfluidic chambers were fixated with 1% paraformaldehyde, after which the cells were 

permeabilised with 0.005% SDS (unless indicated otherwise) and rinsed with 5% BSA-

containing PBS blocking buffer. As appropriate, the cells were subsequently stained with: 

CF543-phalloidin (1:200; VWR, Dublin, Ireland); AF647-labelled anti-VE-cadherin mAb 

(1:200; BD Biosciences, Franklin Lakes, NJ, USA); rat anti-human thrombomodulin mAb 

(1:25) followed by AF488-labelled anti-rat IgG (1:100, Molecular Probes, Waltham, MA, 

USA); FITC-labelled wheat germ agglutinin (WGA, 1:50; Sigma-Aldrich, Zwijndrecht, 

The Netherlands); and/or Hoechst 33342 (1:10,000). Staining patterns were evaluated 

using a Zeiss LSM7 confocal microscope.

Cell viability assay. Cell viability was assessed by calcein staining according to the 

manufacturer’s protocol (Molecular Probes, Waltham, MA, USA). In brief, HUVEC 

were treated with either control buffer or heparinase III (500 mU/ml) for 3 h in serum-

free medium. As a negative control, HUVECs were incubated with 0.2% Triton X-100 

for 30 min. The cells were then stained for 30 min with calcein dye (1 µM), after which 

fluorescence was measured with a Spectramax reader (excitation 485 nm, emission 530 

nm). In addition, cells were stained with both Hoechst and calcein dyes, and confocal 
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images were captured to assess percentages of living cells (positive for calcein).

Data analysis. Microscopic images were analysed for surface area coverage of the indicated 

fluorescent stains, and to identify fibrin fibre morphologies, using predefined scripts in 

Fiji/ImageJ (version 1.48g: Rasband, NIH, Bethesda, MA, USA).22 Nuclei were counted 

using the ImageJ Cell counter plug-in. Fluorescent signal profiles were obtained with Zen 

software (Carl Zeiss, Oberkochen, Germany). Parameter values were normalised on a 

scale of 0-10; subtractions were performed to visualise treatment effects. Heatmaps were 

generated using the R project version 3.2.5, as described before.21 

Statistical analysis. Data are presented as means ± SEM. Significance was determined with 

the Student t-test or ANOVA for analysis of two or more groups, respectively, by using the 

program GraphPad Prism 6. P-values <0.05 were considered to be significant.

Results

Microfluidics model of partial coverage of endothelial cells affects platelet aggregation and 

coagulation activation

In an earlier developed microfluidics technique, a highly thrombogenic surface of collagen 

and TF was used to consecutively assess platelet deposition and coagulation activation 

under flow conditions.19 Herein, first perfusion with anticoagulated whole blood allowed 

to monitor collagen-dependent platelet activation via glycoprotein VI; and a second 

perfusion with recalcified plasma served to induce TF-triggered thrombin generation and 

ensuing fibrin clot formation. This clotting process appeared to rely on the flow rate,20 the 

coagulation factors VIII, IX and X,23 and was controlled by plasma-derived TFPI.19 For the 

present paper, we converted this method into a ‘thrombogenic’ vessel-on-a-chip model by 

growing a discontinuous layer of endothelial cells on top of the collagen/TF surface.
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 Microfluidic chambers, coated with collagen and TF, were cultured with HUVEC 

to achieve partial coverage of endothelial cells, i.e. 40-60% corresponding to around 22 

nuclei/field (Fig. 1A). Under these grow conditions, it appeared that the cells developed 

Figure 1. Discontinuous ‘vessel-on-a-chip’ model: non-confluent endothelial cells on collagen/TF coating 
in microfluidic chambers. HUVEC were cultured until partial coverage in collagen/TF-coated microfluidic 
chambers. (A) Confocal fluorescence images indicating contours of patches of cells and cell-free areas with 
40-60% of coverage after staining for nuclei (Hoechst 33342, blue) and F-actin (CF543-phalloidin, yellow). 
Right panel indicating quantification. (B) Confocal fluorescence overlay images after cell staining for nuclei 
(blue) or plasma membrane (AF647 anti VE-cadherin mAb, α-CD144, red). (C) Confocal fluorescence images 
after staining of HUVEC for nuclei (blue), surface-exposed glycosaminoglycans (FITC-labelled wheat germ 
agglutinin, WGA, green, no permeabilisation), surface-exposed thrombomodulin (rat anti-thrombomodulin 
mAb and secondary AF488-labelled rat IgG, green, no permeabilisation); bottom right image indicating 
control staining with AF488 rat IgG only. Right panel indicating quantification. Bars = 20 µm (n = 3).
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as patches in the flow channel (Fig. 1A), while expressing a normal cytoskeleton structure 

(phalloidin staining) and the expected surface-exposed VE-cadherin (CD144 staining) 

(Fig. 1B). Colouring of non-permeabilised cells for the presence of potential anticoagulant 

molecules revealed the presence of a glycocalyx (detected with fluorescent WGA), enriched 

at cell-cell contacts, and of thrombomodulin (detected by immuno-fluorescence staining) 

(Fig. 1C). Both fluorescent probes confirmed the partial cell coverage of around 40-60%.

 Microfluidic chambers with HUVEC were perfused with citrate-anticoagulated 

whole blood (pre-labelled with DiOC6 to stain platelets) at a shear rate of 500 s-1. Over 

a time period of 3.5 min, this resulted in the formation of aggregates of DiOC6-labelled 

platelets, mostly confined to spots between the patches of endothelial cells. Coagulation 

was subsequently promoted by perfusion of autologous plasma (with AF546-labelled 

fibrinogen) that was recalcified immediately before entering the microfluidic chip, at a low 

shear rate of 50 s-1. In the chambers containing HUVEC, as compared to chambers without 

endothelial cells, the clotting was substantially delayed, with times to fibrin formation 

increasing from 2.33 ± 1.53 min to 10.60 ± 1.82 min (mean ± SD, n = 4, P < 0.05) (Fig. 

2A-B). However, platelet surface area coverage was not significantly changed in chambers 

with or without endothelial cells (18.24 ± 6.31% vs 11.33 ± 1.53%, respectively) (n = 4). In 

agreement with a slower onset of fibrin formation (Fig. 2C), surface area covered by the 

fluorescent fibrin fibres lagged behind, when endothelial cells were present (Fig. 2D).

 Control experiments indicated that in the presence of the high-affinity thrombin 

inhibitor PPACK no fibrin was formed for >30 min. In the absence of TF co-coating, it 

also appeared that fibrin formation was markedly delayed, thus indicating a consistent 

procoagulant activity of the uncovered TF (data not shown). On the other hand, variation 

of the shear rate or lowering of the coated concentrations of collagen or TF did not 

substantially modulate the anticoagulant effect of the HUVEC, when compared to the 

conditions without cells (Suppl. Fig. 1). On BSA-containing spots, fibrin gradually grew 
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out from the adjacent collagen/TF areas, while fibrin formation was only slightly delayed 

when compared to HUVEC areas (data not shown). Taken together, these results indicated 

that the patched endothelial cells had a consistent effect in locally delaying and confining 

the deposition of platelets and the formation of fibrin through the presence of uncovered 

collagen and TF.

A B

D

DiOC6 AF546 Fibrin

2 min

10 min

Col/TF Col/TF + HUVEC
Hoechst DiOC6 AF546 Fibrin

Time  (min)

Fi
br

in
 (

%
SA

C
)

0 5 10 15
0

20

40

60

80
Col/TF
Col/TF + HUVEC

T
im

e 
to

 �
br

in
  (

m
in

)

C o
l /T

F
C o

l /T
F  

+  H
UVE C

0

5

10

15
***

C

Figure 2. Non-confluent endothelial cells on collagen/TF coating alter patterns of platelet deposition and 
fibrin formation under flow. Microfluidic chambers coated with collagen and tissue factor (Col/TF) were 
cultured with HUVEC until coverage of 40-60%, as for Fig. 1. Whole blood with DiOC6-labelled platelets was 
perfused over the cells to allow platelet deposition (3.5 min at wall-shear rate of 500 s-1), after which autologous 
recalcified plasma containing AF546-fibrinogen was perfused (10 min at 50 s-1, then stasis). Where indicated, 
chambers were used without HUVEC. (A-B) Representative confocal fluorescence images from microfluidic 
chambers without (A) or with (B) HUVEC at indicated times of plasma perfusion. Bar = 20 µm. (C) Times 
to initial formation of fluorescent fibrin fibres; and (D) surface-area coverage (%SAC) of fluorescent fibrin. 
Means ± SEM (n = 3-5), *P < 0.05.
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Figure 3. Localised platelet deposition and fibrin formation in endothelial cell-free areas. Microfluidic 
chambers with collagen/TF coating and 40-60% coverage of HUVEC were subjected to perfusion with whole 
blood (DiOC6-labelled platelets), followed by recalcified plasma (AF546-fibrinogen), for 10 min as described 
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◀ for Fig. 2. (A) Representative z-stacks of confocal images to reveal heterogeneous localisation of: HUVEC 
nuclei (Hoechst 33342), platelets (DiOC6) and fibrin (AF546). Stack arrangements are shown as orthologue 
views with xz projection (upper bars) and yz projection (right bars). Arrow indicates platelet-rich area, 
containing fibrin staining. Bar = 20 µm. (B) Representative cross-sectional intensity profiles of endothelial 
nuclei (Hoechst 33342), platelets (DiOC6) and fibrin (AF546). Right panel illustrates analysed image. (C-D) 
Fluorescence surface-area-coverage (%SAC) of rectangular regions-of-interest (ROI; 14.6 x 14.6 µm) around 
cell nuclei and distantly from cell nuclei. ROIs were drawn from images of Hoechst staining, without knowing 
the localisation of platelet-fibrin rich areas. Means ± SEM (n = 7-13), ***P < 0.001, **** P < 0.0001.

Localised inhibition of platelet aggregation and fibrin formation by endothelial cells

The heterogeneity in deposition of labelled platelets (DiOC6) and fibrin (AF546) was 

examined in more detail. Confocal optical z-stacks for both fluorescent labels, recorded 

after 15 min of plasma flow, indicated that the platelets had deposited at sites where 

distances between endothelial nuclei (stained with Hoechst 33342) were largest (Fig. 

3A). Highest fibrin staining was detected close to the platelet thrombi, but was almost 

absent in areas around the endothelial nuclei. A distinct localisation of endothelial cells 

in comparison to platelets and fibrin was also observed in cross-sectional fluorescence 

intensity profiles of endothelial nuclei (Hoechst 33342), platelets (DiOC6) and fibrin 

(AF546) (Fig. 3B). Confocal time movies supported the idea of fibrin fibres originating 

from mainly the platelet-rich areas.

 To further confirm these findings, the local presence of fibrin was also examined 

by staining the HUVEC with WGA. Confocal z-stacks and fluorescence intensity profiles 

again pointed to the presence of fibrin at sites where the endothelial cells were absent 

(Suppl. Fig. 2A,B). Comparing the quantification of fluorescence in regions-of-interest 

(ROI) of cell nuclei and in-between cell nuclei also revealed fluorescence from platelets 

and fibrin mostly present in the latter ROI (Fig. 3C,D). Taken together, these data pointed 

to a marked overall delay in the formation of platelet-fibrin thrombi in the presence of 

endothelial cells, and to a heterogeneous localisation of such thrombi in areas that were 

not covered by the cells.
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Figure 4. Thrombomodulin on endothelial cells suppresses fibrin formation only at low TF coating. 
(A-B) Microfluidic chambers coated with collagen plus TF (5 or 500 pM) and 40-60% coverage of HUVEC were 
treated with blocking anti-thrombomodulin mAb (α-TM, 10 µg/ml), as indicated. Cells were then subjected 
to perfusion with whole blood (DiOC6-labelled platelets), and for 10 min with recalcified plasma (AF546-
fibrinogen), as for Fig. 2. Indicated are treatment effects on initial formation of fluorescent fibrin fibres (A), and 
on fibrin formation kinetics (B) (n = 3-5). (C-E) Whole blood was perfused for 10 min under recalcification 
over microspots of collagen plus thrombomodulin (upstream) and collagen alone (downstream) in the 
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◀ presence or absence of anti-thrombomodulin mAb (10 µg/ml). Recorded was time to initial fibrin formation 
per microspot (C). After 6 min perfusion, representative microscopic images (D), and quantification of fibrin 
surface area coverage (E). Bar = 20 µm. Means ± SEM (n = 10-11), * P < 0.05, ** P < 0.01, **** P ≤ 0.0001. 

Microfluidic model revealing different anticoagulant mechanisms by endothelial cells

Given the presence of thrombomodulin on the HUVEC surface, we investigated its 

possible anticoagulant role using an established blocking anti-thrombomodulin antibody.24 

Interestingly, with cells grown on the standard surface of collagen (coated 50 µg/ml) and 

TF (coated 500 pM), the antibody did not alter times to or rates of fibrin formation (Fig. 

4A-B). However, when reducing the concentration of coated TF to 5 pM, the antibody 

treatment led to a significantly enhanced formation of fibrin, still at 40-60% coverage of 

endothelial cells. Kinetic analysis indicated that fluorescent fibrin was formed at a faster 

rate by thrombomodulin blockage (Fig. 4B). Also in this condition, the fibrin fibres were 

formed at the aggregated platelets in between the patches of endothelial cells.

 To confirm the ability of surface-immobilised thrombomodulin to suppress 

fibrin formation under flow, additional microfluidic experiments were performed using 

two adjacent microspots of coated collagen with or without thrombomodulin, which 

were then subjected to perfusion with recalcified blood. Markedly, the co-coating of 

thrombomodulin resulted in an increased time to fibrin formation and in lower fibrin 

coverage at platelet thrombi, when compared to the coating of collagen alone (Fig. 

4C-E). Platelet deposition and aggregation were essentially unchanged (Fig. 4D). As 

required, the anti-thrombomodulin antibody affected fibrin formation only at collagen/

thrombomodulin spots (Fig. 4C). It did not influence the localisation of fibrin formation at 

platelet areas (data not shown). Together, these results pointed to a moderate anticoagulant 

potential of HUVEC-expressed thrombomodulin, capable to suppress platelet-dependent 

fibrin formation, under conditions where the procoagulant strength by TF is low.

 Subsequently, we investigated the possible anticoagulant role of glycosaminoglycans 

in the endothelial glycocalyx. The HUVEC on collagen/TF (coated 500 pM) were 
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pre-treated with heparinase III prior to blood flow, as a manner to cleave off the negatively 

charged heparan sulphate side chains.25 This pre-treatment did not affect the cell viability 

(Suppl. Fig. 3). However, in the flow assay, it resulted in a shortening of the time to fibrin 

formation (Fig. 5A). Kinetic analysis indicated that the heparinase-treated cells mediated 

a more rapid and pronounced formation of fibrin (Fig. 5B). Control flow measurements 

without HUVEC indicated that heparinase then did not alter the fibrin formation time 

(6.6 ± 1.7 min in comparison to 6.2 ± 1.9 min, mean ± SD, n = 6, P = 0.71).

 The HUVEC treatment with heparinase seemed to result in limited platelet 

adhesion on the endothelial cells (Fig. 5C). However, quantification of the overlap of 

DiOC6 and WGA staining did not show a difference between the heparinase-treated and 

control cells (4.02 ± 1.06% vs. 2.90 ± 1.49%, mean ± SD, n = 3, P = 0.35). Kinetic analysis 

pointed to an overall increase of platelet adhesion and fibrin formation after heparinase 

treatment, while the HUVEC coverage was unchanged (Fig. 5D,E). Summarising, these 

data revealed a prominent role for heparan sulphates of the endothelial glycocalyx in the 

nearby suppression of coagulation.

Discussion

In the present proof-of-principle paper, we describe a novel model for in vitro investigation 

of the antiplatelet and anticoagulant properties of cultured endothelial cells using 

microfluidic chambers. By using HUVEC grown on a highly thrombogenic, platelet- 

and coagulation-stimulating surface (collagen/TF) at partial coverage, it appeared to be 

possible to examine the local haemostatic control near and at the sites of endothelial cells. 

This setup thus can mimic in vivo conditions of localised endothelial damage or injury, 

where also platelet aggregation and fibrin clot formation may be restricted to sites where 

no vital endothelium is present.

 Our approach herein differs from other vessel-on-a-chip methods, mostly 
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using a confluent monolayer of endothelial cells, which is activated with TNFα13, 26 or 

is damaged mechanically or by FeCl3.
15, 16 Those methods can be considered to reflect 

conditions of inflammation or severe endothelial injury and may lack the presence of a 

‘healthy’ endothelium. Markedly, we find that the immediate presence of non-stimulated 

endothelial cells prevents platelet deposition and delays coagulation, in terms of fibrin 

fibre formation originating from platelet thrombi on non-covered collagen and TF areas. 
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Figure 5. Heparinase treatment of endothelial cells accelerates fibrin formation but not platelet 
deposition. Microfluidic chambers with collagen/TF coating and 40-60% coverage of HUVEC were treated 
with heparinase III (500 mU/ml) or remained untreated. Cells were then subjected to perfusion with whole 
blood (DiOC6-labelled platelets), and for 10 min with recalcified plasma (AF546-fibrinogen), as in Fig. 2. (A) 
Times to initial formation of fluorescent fibrin fibres; (B) surface-area coverage (%SAC) of fibrin fluorescence 
over time. (C) Representative images of HUVEC (blue) and platelets (green) in the absence or presence of 
heparinase treatment. Bar = 20 µm. Parameters for the number of nuclei (Hoechst), platelets (DiOC6) and 
fibrin SAC were scaled from 0-10. (D) Scaled parameter values, with rainbow colouring (blue = low, red = 
high). E, Subtraction heatmap indicating effect of heparinase treatment (green = decrease, red = increase). 
Means ± SEM (n = 7).
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This is in agreement with earlier studies showing that an undamaged endothelium protects 

for fibrin formation,27 such in contrast to PS-exposing platelets adhered to collagen/TF, 

which promote this process.20, 28 In contrast, studies performed with human adult liver-

derived progenitor cells, expressing TF on their surface, revealed both platelet and fibrin 

deposition at sites of cell presence.29 

 In agreement with the present data, it has been described that HUVEC grown in 

culture expose a limited, but well-detectable glycocalyx,30 visible by electron microscopy, in 

spite of the fact that this structure is much thicker in blood vessels.31 The heparan sulphates 

appear to be the most active GAGs with anticoagulant activity, making up 50-90% of the 

endothelial glycocalyx.9 Degradation of the heparan sulphates by heparinase III in vitro 

has also been shown by others.25, 30 With the textbook knowledge that negatively charges in 

the glycocalyx serve to inactivate thrombin in an antithrombin-dependent way, our results 

are the first to demonstrate experimentally that heparinase-induced proteolysis of heparan 

sulphates can affect the anticoagulant potential of endothelial cells under flow conditions. 

Transgenic, heparanase-deficient mice show an increased thrombosis tendency after 

vascular injury,32 which is in agreement with the present data. Also activated platelets 

may release heparanase, causing the shedding of heparan sulphate proteoglycans from 

the glycocalyx.33 In the present setting of short-term flow runs, such a role of platelets 

likely is limited. On the other hand, in agreement with our findings, another recent study 

describes increased platelet adhesion under stasis to a HUVEC monolayer pre-treated 

with heparinase.34

 Thrombomodulin is a transmembrane glycoprotein, which is present at the luminal 

side of the endothelial cell vessel wall barrier. When binding thrombin, thrombomodulin 

converts protein C into APC in a protein S-dependent manner,35 thus resulting in 

inactivation of the coagulation factors Va and VIIIa, and thereby preventing the formation 

of fibrin. In our microfluidics approach, this anticoagulant effect of thrombomodulin on 
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HUVEC was found to be restricted to conditions of low TF, in a similar way as we have 

reported before for the anticoagulant effect of plasmatic TFPI.19 An explanation for this 

is that at high TF levels, the amounts of thrombin formed under flow are too high to 

be targeted by the coagulation factor-inactivating thrombomodulin. In an inflammatory 

endothelial model, it was also found that the introduction of thrombomodulin suppresses 

fibrin deposition.26

 An advantage of the present vessel-on-a-chip model with non-inflammatory 

HUVEC is that the working mechanisms of intact, non-inflamed endothelial cells can 

be studied regarding inhibition of platelets and coagulation. A second advantage is that 

the method provides detailed spatiotemporal information on the endothelial control of 

these haemostatic processes. Limitations of the model are that the cultured patches of 

endothelial cells can differ in properties from confluent endothelial layers, and that the 

conditions of in vivo haemostasis are only partly mimicked.

 In summary, this paper provides a proof-of-principle study using a new vessel-

on-a-chip model for investigating the local anticoagulant and antiplatelet properties of 

endothelial cells under whole blood flow conditions. Even at high procoagulant strength, 

provided by collagen and TF, our data point to a strong, local control of unharmed 

endothelial cells in regulating these haemostatic processes, with distinct roles of the 

endothelial glycocalyx and thrombomodulin. The present paper hence might serve as a 

field opener, based on which further biochemical and mechanistic studies work can be 

performed.
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Suppl. Figure 1. Effect of shear rate and collagen/TF dosing in the presence or absence of endothelial 
cells. Microfluidic chambers coated with collagen/TF at different concentrations were grown with 40-60% 
HUVEC. Other chambers did not contain HUVEC. The chambers were then perfused with whole blood 
(DiOC6-labelled platelets), and for 10 min with recalcified plasma (AF546-fibrinogen) at indicated wall-shear 
rates. See further Fig. 2. Shown are effects on kinetics of fluorescent fibrin formation by changes in shear rate 
(A), collagen concentration (B), or TF concentrations (C). Means ± SEM (n = 2-5).
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Suppl. Figure 2. Localisation of fibrin in endothelial cell-free areas. Microfluidic chambers with collagen/
TF coating and 40-60% coverage of HUVEC were stained for Hoechst and WGA and thereafter subjected to 
perfusion with whole blood, followed by recalcified plasma (AF546-fibrinogen) for 10 min. (A) Representative 
cross-sectional intensity profiles of endothelial nuclei (Hoechst 33342), HUVEC (WGA) and fibrin (AF546). 
Right panel gives the analysed image. (B) Representative z-stacks were taken of confocal images to reveal the 
localisation of: HUVEC nuclei (Hoechst 33342), HUVEC (WGA) and fibrin (AF546). Stack arrangements are 
shown as orthologue views with xz projection (upper bars) and yz projection (right bars). Arrow indicates 
platelet rich area, containing fibrin staining. Bar = 20 µm.
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Suppl. Figure 3. Effect of heparinase treatment on endothelial cell viability. HUVEC in serum-free medium 
on collagen were treated with control buffer or heparinase III (500 mU/ml) for 3 h, or with 0.2% Triton 
X-100 for 30 min. Cells were then stained with calcein and Hoechst 33342 to assess viability. (A) Normalised 
fluorescence after treatment with heparinase or Triton-X-100 (negative control). (B) Fractions of living cells, 
calculated as numbers of calcein-positive cells. Means ± SEM (n = 2-3, *** P<0.001, **** P ≤ 0.0001).
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Already from the early 1970s onwards, flow chambers were used to study thrombus 

formation on extracellular matrix components of the arterial wall.1-4 The first devices 

required large amounts of blood, caused pre-activation of platelets and only provided 

end-stage outcomes on thrombus formation.5 During the last decades, the flow chambers 

have been further developed to overcome these issues. Furthermore, it is more and more 

recognised that platelet activation and coagulation processes are closely intertwined,6, 7 

and that flow chambers allow the simultaneous assessment of these processes. Throughout 

this thesis, several methodologies of in vitro whole-blood flow techniques are developed 

and used to obtain novel insights into interactions between platelets, coagulation and 

vascular components in thrombus formation. The aim was to provide improved insight 

into the interactions between platelets, coagulation and vascular components in thrombus 

formation, using in vitro flow methods to unravel phenotypes of healthy subjects and 

patients with platelet- or coagulation-related disorders. In the next paragraphs, I will 

discuss how the developed methods disclosed additional platelet-coagulation interaction 

mechanisms underlying the process of thrombus formation. Subsequently, I will describe 

the inhibitory effects of anticoagulant pathways on platelet-dependent thrombus and 

fibrin formation, that occur on the surface of endothelial cells. In the last paragraph, I 

will discuss determinants of subject variability in multiparameter flow measurements and  

advances for platelet and coagulation phenotyping in clinical testing. 

Interactions between platelets and coagulation in thrombus formation on different 

thrombogenic surfaces

Chapter 2 reviews published papers that used a multiparameter approach to study platelet 

and coagulation abnormalities under flow on collagen surfaces in the presence or absence 

of TF. We further extended this overview by including the effects of matrix proteins from 

various vascular layers on the parameters of thrombus and fibrin formation under flow 
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conditions (Figure 1). In novel work, under conditions without coagulation (Chapter 3), 

we could distinguish different platelet activation and aggregation potentials separating 

platelets with no or limited activation, or thrombi consisting of aggregated platelets. 

Platelets in the latter thrombi showed P-selectin expression, integrin αIIbβ3 activation and 

phosphatidylserine (PS) exposure. When coagulation was introduced in the flow system 

(Chapter 4), we mainly observed increased platelet aggregation, contraction and PS 

exposure, where the degree of enhancement was dependent on the type of thrombogenic 

surface. Of the six matrices used in Chapters 3 and 4, platelet deposition, activation and 

aggregation increased under both non-coagulating and coagulating conditions in the order 

of fibrinogen + VWF < laminin + VWF < rhodocytin + VWF < collagen III < collagen I 

(Horm) < GFOGER-GPO + VWF, as will be further explained below.

 Laminin and fibrinogen are both present in the superficial intima layer, thereby 

acting as platelet substrates after mild vessel wall injury.8-11 Coating of these proteins 

in a flow chamber resulted in single platelet adhesion and almost no activation under 

conditions without coagulation, primarily induced by integrin α6β1 binding to laminin 

and integrin αIIbβ3 binding towards fibrinogen. Under coagulating conditions, the laminin 

surface provoked limited aggregation and fibrin formation. Besides immobilisation 

of circulating fibrinogen to the extracellular matrix, fibrinogen has a secondary role in 

aggregate stabilisation in vivo.12-14 Mice lacking fibrinogen still have the capacity to form 

aggregates, although the stability is heavily decreased. Furthermore, laminin is known 

to play a role in the maintenance of vascular integrity - with proven importance in the 

regulation of blood-brain barrier stability15, 16 -, which requires adhesiveness of platelets 

without activation, to seal gaps in the endothelial lining. 

 Podoplanin is another ligand that is capable to activate platelets via CLEC-2, yet is 

only present in lymphatic and tumour vessels. For our flow experiments, we used the well-

studied in vitro ligand, the snake venom rhodocytin. Binding of rhodocytin to CLEC-2 
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is known to induce platelet aggregation.17 In our flow measurements, rhodocytin coating 

triggered moderate platelet aggregation and activation, with only limited fibrin formation. 

Evidence from mouse models demonstrated that CLEC-2 mainly functions as an adhesion 

receptor in normal haemostasis and has a minor role in maintaining vascular integrity 

during inflammation in specific organs.11, 18 However, CLEC-2 acts as significant player 

in conditions where podoplanin expression is upregulated, as in thrombo-inflammatory 

disorders and cancer-associated thrombosis.19 

 Both fibrillar collagens type I and III, located in the lower layers of the vascular 

intima as well as the media and adventitia,20-22 were able to potently activate platelets and 

coagulation. This is the result of platelet binding to collagen via its major signalling receptor 

GPVI, generating strong intracellular signals with significant impact on thrombosis 

and thrombo-inflammation.18, 19 Collagen type I and GFOGER-GPO, containing the 

binding motifs of collagen for GPVI and integrin α2β1,
23 were more potent in provoking 

platelet activation, aggregation and fibrin formation as compared to collagen type III. 

These differences could be explained by a more limited capacity of collagen type III to 

induce GPVI signalling.24 Taken together, the platelet activation potential of the different 

Figure 1. Type of thrombogenic surface determines thrombus architecture as a function of coagulation and 
flow. In anticoagulated blood (left panel), only single platelet adhesion takes place on laminin and fibrinogen 
surfaces, while rhodocytin and collagen surfaces initiate (moderate) aggregation, phosphatidylserine (PS) 
exposure, P-selectin expression and integrin αIIbβ3 activation. In the presence of coagulation (tissue factor (TF); 
right panel), rhodocytin- and laminin-dependent platelet activation also results in smaller aggregates and less 
fibrin formation compared to collagen surfaces. Furthermore, activation of the intrinsic coagulation pathway 
through polyphosphates and collagen enhances platelet aggregation and fibrin formation in the presence of TF.
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thrombogenic surfaces in our flow chamber relates to the in vivo location of the matrix 

proteins, i.e. proteins located deeper in the vessel wall are more potent platelet activators 

that become exposed upon severe vessel wall injuries. 

 In vivo thrombus and fibrin formation rely on both extrinsic (TF) and intrinsic 

(collagen, polyphosphates) activation of the coagulation cascade.25-27 Therefore, the 

contributions of both pathways under whole blood flow conditions were assessed in 

Chapter 4. The addition of TF dose-dependently enhanced platelet, thrombus and fibrin 

parameters independent of the shear rate used. This is in line with the results of earlier 

studies, revealing a role of TF in thrombus and fibrin formation on collagen, which could 

be attributed to thrombin-induced enhancement of platelet activation, PS exposure and 

thrombus growth.28-31 Interestingly, on high activating surfaces causing strong GPVI 

activation, the effects of TF on platelet parameters were less pronounced and only resulted 

in additional fibrin formation under low shear conditions. Important to note here is that 

at lower shear rates, VWF-dependent surfaces resulted in less platelet adhesion compared 

to higher shear rates.32 Since fibrin formation under flow conditions is strongly dependent 

on the extent of platelet adhesion and activation, TF can still enhance platelet activation 

and subsequent fibrin formation at low shear rate, while this is already maximised at high 

shear rate. 

 Remarkably, the contribution of the intrinsic coagulation pathway to thrombus 

and fibrin formation was larger on surfaces with TF than without TF, indicating a new 

interaction mechanism between the extrinsic (TF) and intrinsic coagulation pathways 

via activated platelets under flow (Figure 1, right panel). Likely polyphosphate particles, 

secreted by activated platelets, or direct collagen-FXII interactions are responsible for 

triggering intrinsic FXII activation.33-36 In measurements of TF-triggered thrombin 

generation in platelet poor plasma, addition of CTI (an inhibitor of FXII) had only minor 

effects, suggesting that the extrinsic pathway could overrule the intrinsic effects under 
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these conditions.37, 38 Furthermore, another study reported only small contributions of 

the intrinsic pathway in the presence of high TF under flow conditions.39 Apparently, our 

multiparameter flow chamber is able to detect the additional contribution of the intrinsic 

pathway to thrombus and fibrin formation, even in the presence of high amounts of TF.

  

Anticoagulant mechanisms under flow conditions

In Chapter 4 and 6 we investigated the inhibitory roles of endothelial cell-associated 

anticoagulant pathways on thrombus and fibrin formation under flow. In Chapter 4, we 

focused on the anticoagulant proteins thrombomodulin (TM) and activated protein C 

(APC). Both TM and APC appeared to decrease collagen-triggered PS exposure and 

fibrin formation, while platelet adhesion and aggregation remained unchanged (Figure 

2A). These results are in line with the known function of TM, which upon binding of 

thrombin mediates the activation of  protein C, thereby inhibiting FVIIIa and FVa.40 The 

inhibiting effects were more prominent on APC co-coated microspots, most presumably 

because APC can directly inhibit FVIIIa and FVa, while TM still needs to convert protein 

C to its active form.40 Furthermore, the endothelial protein C receptor (EPCR) is missing 

in this system, which has been estimated to cause a ~20-fold enhancement of protein C 

activation.41 Other authors have demonstrated similar TM and APC effects in static plasma 

systems,42, 43 and upon addition of APC to whole blood perfused over a denuded rabbit 

aorta.44 However, our results are the first reporting the effects of immobilised TM or APC 

on a collagen surface under whole blood flow conditions. Surprisingly, platelet aggregation 

was unaffected upon TM or APC co-coating. As platelet activation only requires traces of 

thrombin, these levels were probably high enough for proper aggregation but not to induce 

fibrin formation.45 In the same system, TFPIα, another endothelial-based anticoagulant 

protein, only decreased fibrin formation at low TF concentrations.29 This suggests a larger 

role of the TM/APC-pathway than of TFPI in this set-up of the flow method.  
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 Several microfluidic devices combining platelet and coagulation activation 

have been described, almost all using collagen together with TF as substrates.7, 46 In this 

thesis, we further extended these methods by additionally using other platelet-activating 

substrates. Some devices introduce atherosclerotic geometries in flow chamber systems, 

thereby mimicking the process of in vivo thrombosis.47, 48 Moreover, multichannels are 

often used, providing the opportunity to measure multiple blood samples at once.49 The 

T-TAS system is often applied to evaluate thrombogenicity in an easy-to-use system, with 

changes in flow pressure as read-out.50 Although the latter method is easy to handle, it 

lacks detailed kinetic information on platelet adhesion, aggregation and fibrin formation. 

Together, it can be stated that our flow model provides an adequate set of measurements 

on parameters of platelet and coagulation activation, but adaptations in geometric design 

and in obtaining a faster and easier test procedure can still be made. 

 Since the incorporation of vascular cells is important for a more physiological 

relevant method of assessing thrombus formation,51 a new vessel-on-a-chip model was 

developed. Chapter 6 investigates the local inhibitory roles of endothelial cells in platelet-

dependent fibrin formation. By culturing human umbilical vein endothelial cells (HUVEC) 

on a thrombogenic surface at partial confluency, we demonstrated that these cells 

restricted platelet adhesion and fibrin formation to sites not containing endothelial cells 

(Figure 2B). Furthermore, fibrin formation was reduced and delayed. This delay in fibrin 

formation was partly due to the anticoagulant activity of endothelial thrombomodulin, 

since its inhibition resulted in more fibrin formation. The thrombomodulin effects were 

however restricted to low TF concentrations, similar to the earlier reported effect of the 

anticoagulant TFPI.29 Apparently, the thrombin burst triggered by high doses of TF in 

between cells overrules the local anticoagulant activity of the thrombomodulin receptor 

on the endothelial surface. Culturing endothelial cells under flow might overcome this low 

effect, as this has been reported to increase TM levels on the endothelial surface.52, 53 
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 Furthermore, it is known that also the endothelial glycocalyx possesses 

antithrombotic properties through interactions with several anticoagulant factors, like 

the binding of anti-thrombin to heparan sulphates.54 We demonstrated that cleavage 

of heparan sulphates, making up 50-90% of the glycocalyx,54 resulted in faster fibrin 

formation under flow. Although in vitro endothelial cells only express a limited but 

well-detectable glycocalyx,55 removal of heparan sulphates significantly increased fibrin 

formation. Other components of the glycocalyx, like hyaluronic acid, dermatan sulphate 

and chondroitin sulphate, can also bind to several anticoagulant factors and might 

affect the coagulation activity in this system as well.54, 56 Collectively, these findings are 

in agreement with other studies, showing suppressive effects of TM on TNFα-stimulated 

endothelial cells in vitro and increased thrombosis tendency in heparanase-deficient mice 

after vascular injury in vivo.57, 58 We found that platelet adhesion was generally restricted 

to the gaps in between endothelial cells. This supports earlier reports where no platelet 

Figure 2. Overview of detected anticoagulant mechanisms in the absence or presence of endothelial 
cells in microfluidic measurements under flow conditions. (A) Co-coating of collagen with anticoagulant 
thrombomodulin (TM) decreases fibrin formation and platelet phosphatidylserine (PS) exposure under 
flow. (B) Presence of endothelial cells impairs and delays local platelet adhesion and aggregation and fibrin 
formation. Both TM and glycosaminoglycans (GAG) at the endothelial surface contribute to this delay.
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adhesion was observed on monolayers of HUVEC in resting conditions.57, 59 It is known 

that nitric oxide and prostacyclin are two potent platelet inhibitors released by endothelial 

cells, also by HUVEC.21, 60, 61 One paper describes that a decrease in nitric oxide production 

by endothelial cells in vitro augments platelet adhesion under flow conditions.62 These 

antiplatelet functions of endothelial cells likely explain the absence of platelet adhesion 

near/on endothelial cells in this microfluidic model. 

 The endothelialised model described in this thesis showed for the first time the 

interaction between platelets and coagulation in intact, noninflamed endothelial cells at 

partial coverage using a high thrombogenic surface. Furthermore, it provides detailed 

spatiotemporal information on how endothelial cells control haemostatic processes. 

Limitations of this model are that patches of cells are applied instead of confluent layers and 

the fact that cultured HUVECs may not be ideal for representing a vascular-bed specific 

primary endothelium. Furthermore, the endothelial cells were cultured under stasis and 

not under flow conditions. This can affect the antiplatelet and anticoagulant properties of 

the cells, since nitric oxide, prostacyclin and TM are known to be upregulated by culturing 

under flow.53, 63, 64 Previous endothelial-based microfluidics studies have mainly focussed on 

platelet adhesion and fibrin formation on inflamed endothelial cells, which can be relevant 

for thrombo-inflammatory conditions.48, 57, 65, 66 However, in the physiological process of 

haemostasis, the damaged endothelium is surrounded by healthy, intact endothelial cells. 

Another study used a pneumatic microvalve to injure healthy endothelial cells, resulting 

in a bleeding-like response.59 This vascularised bleeding model might correspond better to 

the in vivo damage than our proposed model, but it lacks the promoting role of underlying 

TF. For future work it may also be of interest to include patient-derived endothelial 

cells. Blood outgrowth endothelial cells or induced pluripotent stem cell (iPSC)-derived 

endothelial cells are promising candidates that are currently tested for ex vivo assessments 

of endothelial cell functions, for instance in patients with von Willebrand disease.67, 68 
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Towards platelet and coagulation phenotyping

Microfluidic flow chambers are promising tools that can investigate the interplay of 

platelets, coagulation and vascular components under physiological flow conditions.7, 69 

When translating the flow method from research to clinic, variation analyses are important 

for diagnostic assay validation.70 As a first step, the individual variation was assessed in 

Chapter 3. We showed that inter-individual variability, i.e. the variation between donors, 

was about twice as high as the intra-individual variability. To reduce the variation of this 

method, further progress can be made, including the complete automation of image 

analyses and standardisation of coating procedures using robots.71-74 The variation between 

individuals in the current coagulation-free method was partly determined by the platelet 

count and crit, mainly on collagen-related microspots. Although the correlation between 

platelet count and flow-dependent thrombus formation on collagen has been described 

before,75, 76 this mainly applied to low platelet counts (<50x109/L) such as occurring in 

thrombocytopenic patients. In addition, glycoprotein expression levels (CD41a, 61, 42a, 

42b, 29 and 148) correlated with parameters of collagen-induced thrombus formation, 

suggesting that receptor abundance can partly determine the parameters of thrombus 

formation. Receptor expression levels can vary in patients with a higher platelet turnover 

or larger platelets (e.g. in patients with hypercholesterolemia, diabetes and sepsis),77-79 

making the flow chamber technique a promising tool to detect changes in thrombus 

formation in these patient groups. Based on correlation analysis and thrombus signatures, 

it appeared that the parameters of thrombus aggregation were most coherent. These 

parameters revealed patterns of high and low aggregation between individuals over 

multiple microspots.

 In Chapter 3 and 4, blood from patients with platelet and coagulation abnormalities 

was obtained to assess the pathophysiological relevance of our method (Table 1). In 

Chapter 3 we have demonstrated that single nucleotide variants in either GP6 or FCER1G 
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in healthy subjects associated with collagen-dependent platelet adhesion or integrin 

activation, respectively, while a variant in VWF-CD9 did not reveal any association. On 

the other hand, these variants, even when analysed for all six evaluated surfaces, could 

explain only a small part of the inter-individual variation on the thrombus parameters. 

Environmental factors, e.g. smoking, physical exercise, coffee and alcohol consumption, 

might also contribute to the variation in thrombus formation.71, 80 Furthermore, selected 

patients with Glanzmann thrombasthenia, lacking integrin αIIbβ3,
81 or patients with 

δ-granule storage pool disease demonstrated distinct thrombus signatures from controls, 

with lower aggregation and integrin activation. Together, these results revealed that 

Table 1. Observed changes in parameters of thrombus formation under flow in studied healthy subjects 
and selected patients. (A) Overview of determined effects of single nucleotide variants (SNVs) and platelet-
function defects on changes in platelet adhesion, activation and aggregation assessed under flow conditions. 
(B) Overview of determined effects on platelet adhesion, aggregation and fibrin formation assessed under 
conditions of flow and coagulation in selected patients with a factor deficiency. Colour-codes from red-green: 
decreased-unchanged-increased, as compared to control group.
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Protein S deficiency = =/↓ =/↓ =/↓

Protein C deficiency = ↓ =/↓ ↓
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differences in either qualitative or quantitative platelet traits affect thrombus formation 

under defined flow conditions.

 Platelet-fibrin thrombus formation was further assessed in patients with (anti)

coagulant defects. Patients with a coagulation factor deficiency (FV, FXI, FXII) and with a 

procoagulant mutation (FVLeiden) revealed in general the expected decreases/increases in 

fibrin formation, as well as a decrease in platelet aggregation (Chapter 4). Heterogeneity was 

observed between patients with a similar deficiency. An explanation for this heterogeneity 

can be related to changes in the levels of other coagulation factors, as already described in 

plasmas from patients with FVLeiden and haemophilia.82-84 The coagulation-dependent 

method seemed to be most sensitive for patients with severe bleeding complications, since 

FV-deficient patients revealed the most potent decrease in platelet aggregation and fibrin 

formation. Although patients with platelet defects have not been tested under coagulating 

conditions in this thesis, there is evidence that platelet alterations, either by platelet defects 

or antiplatelet treatment, can also be identified under these conditions.28, 85-87 

 Unexpectedly, patients with a prothrombotic protein C or S deficiency88 

demonstrated opposite effects under GPVI-dependent flow conditions, i.e. decreased 

platelet aggregation and platelet-dependent fibrin formation (Chapter 5). The molecular 

mechanism is still unknown, but likely involves changes in other coagulation factors in 

the patient’s plasma and/or platelet desensitisation.21, 77 Platelet desensitisation, also called 

exhaustion, has already been described for patients with acute ischemic stroke, cancer and 

sepsis.89-91 In these patients, in vivo platelet activation resulted in an impaired activation 

potential in vitro, possibly explaining our findings. To further unravel this mechanism, 

detailed platelet function tests and coagulation measurements need to be executed. Of 

note, the present study only investigated platelet and fibrin activation under conditions of 

arterial shear, while their prothrombotic phenotype is mainly associated with an increased 

risk of venous thromboembolism.88, 92
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 In another study it was demonstrated that platelets were activated via their GPIbα 

and ApoER2 receptors upon binding to immobilised protein C or APC.93 This mechanism 

is in line with our data, showing a decrease in platelet aggregation in patients with lower 

protein C levels, but it is still unknown whether this interaction occurs in vivo. 

Future perspectives

Summarising, in this thesis we established and initially validated new methods for the 

integrative investigation of platelet, thrombus and fibrin formation under whole blood 

flow conditions using multi-parameter approaches. We demonstrated how these methods 

under (non)coagulating conditions could be used to support platelet phenotyping in 

relation to common genetic variations and rare mutations linked to bleeding disorders. In 

addition, we established a method to investigate the local inhibitory roles of endothelial 

cells under flow conditions. In general, parameters on thrombus aggregation appeared to 

be most sensitive to distinguish patient populations under non-coagulating conditions. 

The inclusion of coagulation in this system additionally provides valuable insights on 

fibrin formation, thereby making this flow device suitable for detecting both platelet and 

coagulation abnormalities.

 The current test set-ups still have some disadvantages which could be improved in 

the future. At the moment, trained personnel is required to execute the test and interpret 

the high-throughput data, which is not preferred for clinical use. In addition, larger clinical 

studies are needed to obtain more insight in the method’s ability to diagnose mild platelet 

disorders. Furthermore, it might be useful to establish protocols for flow perfusion at 37°C, 

to come closer towards physiological conditions. Finally, the inclusion of endothelial cells 

in microfluidic models for clinical purposes needs to be further developed.
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Platelets play essential roles in haemostasis and thrombosis. Platelet activation in 

response to vascular damage and the subsequent formation of a platelet thrombus are 

crucial to arrest bleeding. Furthermore, activated platelets promote the stimulation of the 

coagulation system, resulting in the generation of fibrin fibres that stabilise the platelet 

plug. Given the complex interplay between platelets, coagulation and the vessel wall, the 

simultaneous assessment of these processes is required to estimate the potential risk of 

thrombosis or bleeding. In this thesis, novel interactions between platelets, coagulation 

and vascular components are studied using in vitro flow measurements for phenotyping 

healthy subjects and patients with platelet- or coagulation-related abnormalities.

 Chapter 1 provides general background information on the regulation of thrombus 

formation under flow. This chapter focusses on the most important interactions of 

thrombogenic substrates in the vessel wall with platelet receptors and coagulation proteins 

in the process of thrombus formation. In addition, the modulating role of endothelial cells 

on platelet and coagulation activation is described, as well as known platelet-coagulation 

interactions. This chapter also introduces how microfluidic flow chambers can be 

employed to improve the phenotyping and diagnosis of platelet or coagulation disorders. 

Chapter 2 presents an overview of published studies describing the use of microfluidic 

flow devices for phenotyping patients with genetically linked bleeding disorders. Changes 

in parameters of platelet-fibrin thrombus formation are summarised for several patients 

with either platelet or coagulation defects. Furthermore, the application of flow devices 

for assessing effects of antithrombotic medication, administered in vivo or in vitro, on 

thrombus formation is reported. This chapter also provides useful protocols for studying 

whole blood thrombus formation under flow in the presence or absence of coagulation, 

based on surface microspot coating. 

 Given the importance to further characterise the determinants of thrombus 

formation, the contribution of several platelet factors to the variation between individuals 
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is presented in Chapter 3. We found that the inter-individual variation for most thrombus 

parameters was 2-4 times higher than the intra-individual variation across three different 

microspots. Testing of six different microspots revealed important differences between 

individuals in platelet adhesion, activation and aggregation potentials. Evaluation of 

thrombus formation outcomes in a cohort of 94 healthy genotyped subjects showed a 

relationship between platelet count and crit with thrombus formation on collagen-related 

microspots. In addition, platelet glycoprotein expression levels could partly explain the 

outcomes of thrombus formation on collagen-containing surfaces. Associations were 

reported between single nucleotide variants in GP6 and FCER1G and collagen-dependent 

platelet adhesion and integrin activation. Finally, we demonstrated thrombus signatures in 

healthy subjects based on platelet aggregation, revealing patterns of high and low platelet 

aggregation. Patients with Glanzmann thrombasthenia showed very low aggregation 

signatures, while patients with storage pool disease were in the low-normal range.

 In Chapter 4, this method of platelet-based thrombus formation was further 

extended to study the interactions of platelets with coagulation on multiple platelet-

adhesive surfaces in the absence or presence of tissue factor, thrombomodulin or activated 

protein C. Again, strong differences in platelet adhesion, aggregation and fibrin formation 

were found between surfaces, as assessed by 9 parameters in time per microspot. Tissue 

factor (TF) dose-dependently enhanced platelet aggregation, contraction, and fibrin 

formation, independent of the shear rate and surface. We found a novel interaction 

mechanism between extrinsic and intrinsic coagulation under flow, as the contribution 

of the intrinsic pathway was higher on TF-containing surfaces. Furthermore, a decrease 

in fibrin formation could be detected by co-coating of thrombomodulin and activated 

protein C. Finally, patients with either a coagulation factor deficiency or prothrombotic 

mutation showed, respectively, decreased or increased fibrin formation, which was often 

accompanied by corresponding alterations in thrombus aggregation and contraction. This 
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method was also used in Chapter 5 to investigate alterations in platelet and coagulation 

activation in patients with a heterozygous mutation in protein C or S genes, resulting in 

decreased protein C/S activity. In contrast to their in vivo prothrombotic phenotypes, 

thrombus aggregation and fibrin formation were decreased in this flow model under 

coagulating conditions on several GPVI-dependent microspots. 

 Endothelial cells are known to potently inhibit platelet and coagulation processes 

in vivo. Therefore, in Chapter 6 a new vessel-on-a-chip model was developed to examine 

the local inhibitory effects of endothelial cells. The microfluidic chamber was coated with 

collagen and TF, and covered with patches of human endothelial cells. We showed that 

human umbilical vein endothelial cells restricted platelet adhesion and fibrin formation to 

sites not containing endothelial cells. Furthermore, a strong delay in fibrin formation was 

observed in the presence of endothelial cells. Inhibition of the thrombomodulin receptor 

only increased fibrin formation when low TF concentrations were applied on the surface. 

Disruption of the endothelial glycocalyx by the cleavage of heparan sulphates resulted in 

faster fibrin formation under flow conditions, even under high TF conditions. 

 Chapter 7 discusses the most important and novel findings of this thesis in 

relation to the current literature. It is speculated that high-throughput measurements 

using microfluidic flow chambers provide new opportunities for phenotyping platelet- 

and coagulation-based deficiencies, when simultaneously assessing platelet, thrombus and 

fibrin formation.
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Plaatjes spelen een essentiële rol bij zowel hemostase als trombose. De activering van plaatjes 

en de vorming van een trombus als gevolg van een vaatwandbeschadiging zijn cruciaal om 

een bloeding te kunnen stoppen. Daarnaast kunnen geactiveerde plaatjes ervoor zorgen 

dat de stolling bevorderd wordt, met als gevolg de vorming van fibrinedraden die de 

trombus stabiliseren. De interacties tussen plaatjes, stolling en de vaatwand zijn complex, 

en daarom is het van groot belang om deze processen ook gelijktijdig te meten, om daarmee 

een risico op een bloeding of trombose beter te kunnen voorspellen. In dit proefschrift zijn 

nieuwe interacties tussen deze plaatjes-, stollings- en vasculaire componenten onderzocht 

door gebruik te maken van in vitro flowsystemen om bloed van gezonde individuen en 

patiënten met een bekend plaatjes- of stollingsdefect te analyseren.

 Hoofdstuk 1 biedt algemene achtergrondinformatie over de regulatie van 

trombusvorming onder stromingscondities. Dit hoofdstuk beschrijft de meest relevante 

trombogene substraten in de vaatwand die kunnen binden aan plaatjesreceptoren en 

stollingseiwitten tijdens het proces van trombusvorming. Daarnaast introduceert het de 

bekende interacties tussen plaatjes en stolling en de modulerende rol van endotheelcellen 

hierin. In dit hoofdstuk wordt ook besproken hoe flowkamer-modellen gebruikt 

kunnen worden voor het verbeteren van de fenotypering en diagnose van plaatjes- of 

stollingsdeficiënties. Hoofdstuk 2 geeft een overzicht van het gebruik van microfluidic 

flowkamers voor de fenotypering van patiënten met een genetische bloedingsziekte. 

Gepubliceerde veranderingen in plaatjes-, fibrine- en trombusparameters zijn samengevat 

voor verschillende patiëntgroepen met een plaatjes- of stollingsdefect. Verder wordt het 

effect van antitrombotische medicatie op de trombusvorming in dergelijke flowkamers 

bediscussieerd. Ook worden protocollen gegeven om de trombusvorming te meten in 

volbloed onder stromende condities, in de aan- of afwezigheid van stolling, gebaseerd op 

een microspot-coating van trombogene substraten.

 Het is belangrijk om de determinanten van trombusvorming in stromend bloed 



Samenvatting

185

Ch
ap

te
r 8

verder te karakteriseren. Daarom zijn in Hoofdstuk 3 de bijdragen van verschillende 

plaatjesfactoren aan de variatie in trombusvorming tussen individuen in detail bestudeerd. 

Hierbij kon aangetoond worden dat de inter-individuele variatie voor de meeste 

parameters van trombusvorming 2-4 keer groter was dan de intra-individuele variatie op 

drie verschillende microspots. Het testen van zes verschillende microspots in dit model 

resulteerde in opmerkelijke verschillen tussen individuen betreffende plaatjesaanhechting, 

-activering en -aggregatie. Na vergelijking van de parameters van trombusvorming in een 

cohort van 94 gegenotypeerde individuen, bleek er een verband te zijn tussen het aantal 

plaatjes in het bloed, de plaatjes massa (platelet crit) en de mate van trombusvorming op 

collageen-gerelateerde microspots. Plaatjes receptorniveaus voorspelden voor een deel de 

trombusvorming op de collageen-gerelateerde microspots. Verder werden er associaties 

gevonden tussen nucleotide polymorfismen in de genen GP6 en FCER1G en collageen-

afhankelijke plaatjesaanhechting en integrine activering. Tot slot is aangetoond dat de 

meting van trombussignaturen informatie gaf over zowel hoge als lage aggregatiepatronen 

bij gezonde individuen. Bloed van patiënten met Glanzmann’s thrombasthenie liet een 

sterk verlaagde aggregatiesignatuur zien, terwijl bloed van patiënten met een plaatjes 

opslagdefect laag-normaal was.

 In Hoofdstuk 4 hebben we de methode van plaatjes-gebaseerde trombusvorming 

in stromend volbloed verder ontwikkeld om de interacties tussen plaatjes en stolling op 

adhesieve oppervlakken te bestuderen. Deze oppervlakken werden samengesteld met 

of zonder weefselfactor, trombomoduline of geactiveerd proteïne C. Hierbij werden 

grote verschillen in plaatjesaanhechting, -aggregatie en fibrinevorming gevonden 

tussen de verschillende oppervlakken. De aanwezigheid van weefselfactor verhoogde 

de plaatjesaggregatie, -contractie en fibrinevorming op een dosis-afhankelijke manier, 

onafhankelijk van het type oppervlak of de stroomsnelheid van het bloed. Daarnaast 

hebben we een nieuw interactiemechanisme kunnen aantonen tussen de extrinsieke en 
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intrinsieke stollingsroutes onder flow, met daarbij een grotere bijdrage van de intrinsieke 

stolling in de aanwezigheid van weefselfactor. Trombomoduline en geactiveerd proteïne 

C zorgden voor een afname in fibrinevorming in dit stromingsmodel. Tot slot bleek dat 

bloed van patiënten met een stollingsfactordefect of met een protrombotische mutatie 

zorgde voor een respectievelijke afname en toename in fibrinevorming. Deze veranderde 

fibrinevorming ging vaak gepaard met bijbehorende veranderingen in de plaatjesaggregatie 

en trombuscontractie. Deze flow methode werd ook gebruikt in Hoofdstuk 5 om 

de verschillen in plaatjes- en stollingsactivatie te onderzoeken in patiënten met een 

heterozygote mutatie in proteïne C of S genen, hetgeen resulteert in verminderde proteïne 

C/S activiteit in deze patiënten. Hoewel deze patiënten een protrombotisch fenotype 

hebben, vonden wij een vermindering van trombusaggregatie en fibrinevorming in het 

volbloed perfusie model onder stollende condities op verschillende GPVI-afhankelijke 

microspots.

 Endotheelcellen in de vaatwand beschikken over een sterk vermogen tot remming 

van plaatjes- en stollingsprocessen in vivo. Om dit beter te kunnen bestuderen, hebben 

we in Hoofdstuk 6 een nieuw ‘vaatwand-op-een-chip’ model ontwikkeld, waarmee de 

lokale inhibitoire effecten van endotheelcellen goed in kaart konden werden gebracht. Het 

oppervlak in de flowkamer werd daarvoor gecoat met collageen en weefselfactor, waarna 

dit deels bedekt werd met endotheelcellen. In dit systeem hebben we aangetoond dat in 

aanwezigheid van endotheelcellen, de plaatjesaanhechting en fibrinevorming beperkt 

was tot de open plekken tussen de cellen. Bovendien konden we een sterke vertraging 

in fibrinevorming constateren in de aanwezigheid van endotheelcellen. Blokkering van 

trombomoduline op het celoppervlak verminderde de fibrinevorming alleen bij lage 

concentraties weefselfactor. Verstoring van de glycocalyx op het endotheel door het knippen 

van heparaansulfaten resulteerde in een snellere fibrinevorming onder stromingscondities, 

zelfs bij hogere concentraties weefselfactor. 
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 Hoofdstuk 7 bediscussieert de meest belangrijke en nieuwe bevindingen van dit 

proefschrift in het licht van de huidige literatuur. Verder speculeer ik dat grootschalige 

(high-throughput) metingen met behulp van microfluidic stromingskamers nieuwe 

mogelijkheden bieden voor een verbeterde diagnose van plaatjes- en stollingsafhankelijke 

(bloedings)ziekten, door het simultaan meten van plaatjesactivering, trombusopbouw en 

fibrinevorming. 
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Cardiovascular diseases are still the leading cause of death globally and are often 

characterised by thrombotic complications.1 When a vessel wall is injured, platelets are 

the first responders that close the gap by the formation of a platelet plug, also indicated 

as a platelet thrombus. This process is accompanied by blood clotting and the formation 

of fibrin, which stabilises the platelet thrombus. Abnormal functioning of these processes 

can lead to bleeding or thrombotic complications. Unfortunately, current diagnostic 

platelet and coagulation tests used in the clinic often lack sensitivity for accurate bleeding 

or thrombotic risk prediction.2 Furthermore, they still lack integration of all processes 

involved in thrombus formation. Importantly, most clinical assays do not include the 

critical aspect of blood flow. The platelet function analyser (PFA)-100 so far is the only 

clinical device that includes flow to assess platelet function, but this assay is insensitive for 

the detection of mild platelet disorders.3, 4 

 In this thesis, I focused on the development and validation of new flow 

measurements, ultimately aiming to result in methods for the laboratory assessment of 

platelet- and coagulation-related diseases. In Chapter 3, we employed a novel technique 

that uses whole blood perfusion through a microfluidic channel in order to mimic the 

injured human blood vessel. First, we investigated the differences in thrombus formation 

between healthy individuals and the causes of this variation. A minor part of the variation 

between individuals could be attributed to differences in platelet count and mass, as well 

as specific genetic variation between people. Moreover, we confirmed a relation between 

the level of receptors on the platelet surface and the outcomes in our flow parameters. 

Since e.g. diabetic or septic patients have altered levels of these receptors, a flow method 

like the present one can be a promising tool to detect changes in thrombus formation 

in these patients. Blood from patients with a functional platelet defect also showed 

reduced thrombus formation by microfluidic measurements, indicating the usefulness 

for characterising patients with such a defect. The flow method was extended in Chapter 
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4, where thrombogenic components located in the vessel wall were combined in the 

microfluidic channel to simultaneously assess platelet activation and fibrin formation. 

By assessing the thrombus-forming potential of seven components that are exposed 

upon vascular damage, we were able to estimate the contribution of each component to 

platelet and fibrin activation under flow conditions. Blood samples from patients with 

different coagulation abnormalities were used to validate the (altered) thrombus and 

clot formation under flow. We could show that flow measurements indeed are suitable 

to phenotype patients which have increased (patients with a thrombotic tendency) or 

decreased (patients with a bleeding tendency) thrombus formation compared to healthy 

controls. This method was also used to phenotype patients with a heterozygous protein 

C or S deficiency in Chapter 5. Although these patients have an increased risk of venous 

thrombosis,5 decreased platelet aggregation and fibrin formation were found in flow 

measurements. Further analysis on the molecular mechanism behind this should reveal 

if and how this method can be implemented for phenotyping these specific coagulation 

defects.

 In order to study the interaction of platelets and coagulation factors with other 

cell types, such as endothelial cells, further modifications need to be made to the flow 

channel system.6 Endothelial cells covering the inside of a healthy vessel wall prevent 

the activation of both platelets and coagulation. In Chapter 6, such interactions between 

platelets, coagulation factors and endothelial cells were studied in vitro. These flow studies 

revealed a consistent inhibition of platelet adhesion and fibrin formation by the presence 

of endothelial cells in the flow channel. We could show that in this model platelets still 

adhered and promoted fibrin formation at sites where no endothelium was present, 

thus mimicking the local damage upon vascular injury. The flow system thus comprised 

key elements present in the human vasculature. As a result, we propose that this newly 

developed ‘humanised’ vessel-on-a-chip model can be used to target the 3R approaches of 
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reducing, refining and replacing of animal experiments. 

 The combined results of this thesis are likely to be useful for clinical diagnostics in 

the future. With the use of tailored flow chamber systems, new opportunities are provided 

for the diagnosis of platelet and/or coagulation defects and risk prediction of thrombosis 

and bleeding. However, some limitations of these flow chambers still require improvement 

before they can be applied in the clinic. First of all, inter-donor variability is still high 

in all set-ups, making it difficult to set correct reference ranges for patient diagnosis. 

Furthermore, there is still a lack of a device that is easy to use and directly reports the 

outcome during the measurement. At the moment, highly trained personnel is required to 

execute the measurements, perform the image analysis and interpret the outcome data. An 

easier point-of-care device, preferably including all pathways on platelets, coagulation and 

vascular cells together, should therefore be established. Until now, our flow measurements 

have only been used for phenotyping of patients with a known platelet or coagulation 

defect. For future purposes, it is of high importance to develop these type of methods in 

a way that they are suitable for prediction of bleeding or thrombosis risks. In this way, 

they can be used for disease prevention before clinical manifestations occur. To mimic 

the physiological situation more closely, the performance of flow methods at 37°C should 

be considered and tested. New uniform guidelines should be provided and evaluated 

over different laboratories to standardise the method. Importantly, larger clinical studies 

of thrombus formation under flow are necessary to proof their value for diagnostic and 

predictive purposes. 

 To further develop these measurements and get such flow methods ready for 

clinical diagnosis, it is important to involve commercial parties that develop a prototype 

device and contribute to large scale testing and validation. Although advances still need to 

be made, the results of this thesis emphasise that whole blood flow measurements can be 

promising tools to better predict bleeding or thrombotic complications. Accordingly, flow-
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dependent thrombus measurements in the various modalities used in this thesis provide 

new possibilities aiming to improve personalised therapy management, hopefully with 

lower clinical events. 
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