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Abstract

In our vessels, the endothelial glycocalyx is the first and foremost
barrier directly exposed to the blood inthe lumen. The functions of the
normal endothelial glycocalyx under physiological conditions are
widely accepted as a physical barrier to prevent the abnormal
transportation of blood components (e.g. ions, proteins, albumin and
etc.) and a mechanosensor and mechanotransducer to sense and

transmit mechanical signals from the blood flow to cytoplasm.

In this study, a series of large-scale molecular dynamics
simulations were undertaken to study atomic events of the endothelial
glycocalyx layers interacting with flow. This research is a pioneer study
in which flow in the physiologically relevant range is accomplished
based on an atomistic model of the glycocalyx with the to-date and
detailed structural information. The coupled dynamics of flow and
endothelial glycocalyx show that the glycocalyx constituents swing and
swirl when the flow passes by. The active motion of the glycocalyx, as
a result, disturbs the flow by modifying the velocity distributions. The
glycocalyx also controls the emergence of strong shear stresses.
Moreover, flow regime on complex surface was proposed based on
results from a series of cases with varying surface configurations and

flow velocities.

Based on the dynamics of subdomains of the glycocalyx core
protein, mechanism for mechanotransduction of the endothelial

glycocalyx was established. The force from blood flow shear stress is



transmitted via a scissor-like motion alongside the bending of the core

protein with an order of magnitude of 10~ 100 pN.

Finally, the mechanism of flow impact on ion transport was
investigated and improved Starling principle was proposed. The flow
modifies sugar chain conformations and transfers momentum to ions.
The conformational changes of sugar chains then affect the
Na*/sugar-chain interactions. The effects of flow wvelocity on the
interactions are non-linear. An estimation in accordance to the
improved Starling principle suggests that a physiological flow changes
the osmotic part of Na* transport by 8% compared with stationary

transport.



Impact Statement

The study is interdisciplinary in nature, at the interfaces of
engineering, life science and physics. It is of direct relevance to large
research communities working on fluid dynamics, biofluids, soft matter,
biomolecular surfaces, biomechanics, biophysics and healthcare
technologies. Fluid dynamicists will would benefit from knowledge
about flow behaviours over surfaces grafted with complex
biomolecules, which will fill a gap in flud mechanics. Biomedical
scientists will benefit from insight into the detailed dynamic interactions
between physiological flow and the endothelial glycocalyx, which is
currently unavailable. Findings about the flow effects on ion transport
and the dynamic response of the EG constituents would inspire
clinicians and engineers to design therapeutic strategies and devices

for a range of related diseases.

In the meantime, this study also has a significant importance to
the nation. According to the latest statistics, cardiovascular disease,
which endothelial glycocalyx isintimately related to, causes more than
a quarter of all deaths 8 over 150,000 deaths in the UK each year

(https://immww .bhf.org.uk/statistics) . Al zhei mer 6s

reported to be linked with the malfunction of the endothelial glycocalyx.
The situation will become more critical as the UK enters deeper into
an aging society. Accordingly, the Department of Health has given the
highest priority to prevention and treatment of cardiovascular diseases
in a recent national policy (NHS Outcomes Framework 2016-2017).

The study in this thesis indeed contributes to such an effort.
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As is known, new health products and services are a major
component of the UK Industrial Strategy. The UK is recognised as a
world leader in life and medical sciences and the sector contributes
more than £50 billion to the economy. About 176,000 people are
employed in over 5,000 companies. The therapeutic strategies and
devices inspired from this study will proactively keep the UK staying in
the leading position. Also, this research has the potential to benefit the

sector within the 10-50 year timescale.
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Chapter 1

1 Introduction
1.1 Endothelial Glycocalyx (EG)

Material exchange between tissues and circulating blood plays an
essential role in human metabolism. The exchange process mainly
occurs across the endothelium, which is a delicate layer of endothelial
cells (ECs) positioned in the vessel luminal surface exposed to the
blood. The ECs constitute the skeleton of human vascular network,
from capillaries with the smallest dimensions to the wide arteries of
heart [1]. On the blood side of vascular EC surface, a network of
proteoglycans and glycoproteins bound with the cell membranes
serves as the primary and foremost barrier directly contacting with the
flowing blood. The network is known as the glycocalyx [2, 3]. It has
been proved that the endothelial glycocalyx layer (EGL) is responsible
for a variety of illness and particularly renal and cardiovascular
diseases, such as atherosclerosis [4, 5], ischemia/reperfusion [6], and
diabetes [7]. For example, as shown in Figure 1-1, compared with the
common arteries (shown in Figure 1-1a), the internal carotid arteries
(shown in Figure 1-1b) are more likely to suffer atherosclerosis due to
the reduction in endothelial glycocalyx thickness which facilitates the

transport of protein to the subendothelial space [8, 9].
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Figure 1-1 Schematic for the formation of atherosclerotic lesions
due to the reduction in the endothelial glycocalyx thickness. a. In
normal conditions, the endothelium (in blue) is coated with the
glycocalyx, preventing the movement of proteins into the region
beneath the EGL. b. After the shedding of the glycocalyx, proteins and
other biomolecules can cross the EGL and enter the space beneath
the EGL. The corresponding recruitment of inflammatory cells

encourages the development of atherosclerotic lesions. [10]

Two key functions are attributed to the EGL.: sieving materials [11-
13] from the blood, and mechanotransduction [14-16] for the flow
shear stress. It is considered a permeability modulator in the trans-
capillary exchange of water and ions, creating local osmotic potential
that is very different to the bulk of plasma in the capillary. Evidence
also indicates that the EGL participates in regulating red and white
blood cell interaction with the vascular lumen [17-19], most notably
during inflammatory response. Finally, the EGL is also proposed to
dominate the mechanism of flow shear stress sensing by the ECs.

Initial mechanosensing by the primary sensory structure is followed by

11



signal transduction to the cytoskeleton of the cell, inducing

biochemical responses as part of its self-regulation process [20].

The present of work mainly focuses on the understanding of the
roles of endothelial glycocalyx as a vascular barrier for ion transport

as well as a mechanotransducer.

1.2 Literature Review

Functions of biomolecules are determined by their structures or
conformations. Therefore, structure and components of endothelial
glycocalyx will be first reviewed as fundamentals. Based on the
structural information, key functions of endothelial glycocalyx layers
(i.e. mechanotransduction and sieving as vascular barrier) will then be
summarised. Since computational methods will be employed in this
research, multiscale modellings of endothelial glycocalyx layers will
also be reviewed, followed by a brief introduction of molecular

dynamics simulation which isthe principle method used for this study.

1.2.1 Structures and Functions of EG
1.2.1.1 EG Constituents and Structures
In this section, the constituents of the glycocalyx will be outlined,

and observation of the glycocalyx structure will be presented.
a. Glycocalyx Constituents

The endothelial glycocalyx, the layer rich in carbohydrate and
locating on the vascular endothelium, is linked to the endothelium with

the aidofitsibac k b one 0 6 poteaglygcans.e s
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Proteoglycans

Proteoglycans, comprising a core protein and at least one
glycosaminoglycan (GAG) chain linked to the core protein, are widely
accepted as the crucial ibkRboneo mol ecul es
Proteoglycan core proteins vary in accordance to different aspects,
such as size, the quantity of attached GAG chains, and their physical
relationship with cell membranes (say, whether they are connected
with the cell membrane or not). Syndecan is a typical core protein
group. | n i ts nami ng convention,
indicates the numbers of heparan sulfate proteoglycans. However, the
naming of such type of GAG is somewhat misleading, since the
percentage of the sugar chains may vary with circumstances and
stimuli [21]. For instance, according to the naming convention, the
proteoglycan syndecan-1 is generally deemed to be connected with
one GAG-chain (e.g. heparan sulfate). However in reality, both
heparan sulfate and chondroitin sulfate chains with similar quantity can

be observed in Syndecan-1 [22].

The GAG chains can be categorised into five types which
individually have been extensively reviewed and investigated. The five
types include heparan sulfate [23], dermatan sulfate, chondroitin
sulfate [24], keratan sulfate [25], together with hyaluronic acid (or
hyaluronan) [26]. The five types of GAG chains are polymers of
disaccharides in linear forms, each consisted of a hexosamine and a
uronic acid of variable lengths which can be modified by

(de)acetylation and/or sulfation to a changeable extent. Therefore,
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classification of the GAGs is determined by two factors: hexosamine

or uronic acid incorporated and the sulfation pattern [4].
Heparan Sulfate

Heparan Sulfate (HS), an important member of the GAG family,
consists of a variably sulphated duplicated disaccharide as shown in
Figure 1-2. Some important features relevant to the biological activities
of HS are listed in the following: (1) HS together with other sulfated
GAGs are natural biopolymers featuring the highly negative charges,
and enormous polydispersity in nature can be attributed to the diversity
in the number and the chain lengths. (2) In some situations, only one
GAG chain can be spotted in some proteoglycans (e.g. CD44),
whereas others may have three to five chains attached (e.g.,
Syndecan). Some proteoglycans (e.g. syndecan-1), comprise both
chondroitin/ dermatan sulfate (DS) and HS chains. (3) Both the
number of the chains and sulfation state can change as response to
the changing growth conditions and growth factors. (4) The sequence
of the sulfate groups with negative charges and the orientation of the
carboxyl groups determine where ligand-binding sites are located. In
addition, the sulfated residues are usually in regionally clustered state
along the chain with the mixed glucuronic acid and iduronic acid (i.e.
NS domain in Figure 1-2), the chain is also interspersed with
nonsulfated domains containing sufficient glucuronic acid (i.e. NA

domain in Figure 1-2) to separate the sulfated residues. [27]
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Figure 1-2 Heparan sulfate (HS) structure. [27, 28]

Syndecan-4

As multifunctional molecules, syndecans react to the extracellular
matrix and signalling molecules with the aid of the GAG chains in the
ectodomain [29]. The core protein syndecan family comprises four
members: Syndecans 1 to 4. The expression of Syndecan-1 is
predominantly on myeloma cells and epithelial cells, while both
mesenchymal and endothelial cells facilitate the expression of
syndecan-2. Syndecan-3 has been confirmed to be expressed in
neural crest cells. By contrast, syndecan-4 is ubiquitously distributed

[30].

Syndecan-4 (Syn-4), can serve as a collaborator with fibroblast
growth factor receptors and participate in a variety of cellular
processes as a key unit of the signalling pathways. It can also work as
anindependent unit activating signalling pathways upon ligand binding,
thereby  affecting  migration,  mechanotransduction, cellular
proliferation and endocytosis [31]. Syndecan-4, due to the ubiquity in

human body, will be further studied in this research and the signalling
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pathways are summarised in Figure 1-3. Experiments also witness the
indispensable role of Syn-4 inthe alignment of ECs in the flow direction,

as shown in Figure 1-4 [32].
b. Observation of Glycocalyx Structure

The high content in polysaccharide brings the endothelial
glycocalyx a poor interaction with stains, like the widely adopted
postfixation stains. Therefore, to visualise the glycocalyx in
transmission electron microscopy (TEM), enhanced staining or
improved preservation is necessary [33]. Luft used ruthenium red, or
ammoniated ruthenium oxychloride to stain the aldehyde-fixed
mucopolysaccharides and generated an electron-dense stain with the
aid of osmium tetroxide [34]. In the realm electron microscopy, this is

the first achievement in staining the glycocalyx.

Thereafter, the endothelial glycocalyx in the lumen has been
subsequently observed via TEM based on numerous methods of
staining and preservation. An effective approach is to colour the
negatively charged sulfated GAGs. After colouring the GAGs, sharp
electron-dense contrast with osmium tetroxide is produced, which
facilitates the visualization [35-37]. A good stabilization of the
carbohydrate structures usually means an impressive visualization of
the glycocalyx. For instance, van den Berg et al. [38] used the alcian
blue 8GX for staining. Their success in better stabilizing the anionic
GAG structures in myocardial capillaries brings them an astounding
image of endothelial glycocalyx with a thickness of up to 500 nm.
Recently, Dane et al. [39, 40] used cupromeronic blue to visualise the
renal glomerulus endothelial glycocalyx. On top of those, cationic

16



ferritin is also used in staining the negatively charged constituents of
the EG. Figure 1-5 illustrates the examples of the widely used staining

methods in the visualization of the endothelial glycocalyx.
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Figure 1-3 Summary of Syndecan-4 Signalling at the cell

membrane[31].
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Figure 1-4 Syndecan-4is an indispensable part in the endothelial
cell polarity under flow shear stress. In the Syndecan-4 shRNA
group, Syn-4 level is decreased by 65-80%, and cells failed to form the
alignment inthe flow direction. Cells were fixed and labelled in red and
cyan colours [32]. (Please note that scale bars are not available from

the original publication, but the figure can still support its conclusion.)

19



Figure 1-5 Three different stabilizing and staining methods in the
visualisation of EG via electron microscopy. A. Left: Alcian blue
8GX is used to stain the acidic polysaccharides in the artery. Right:
Locally enlarged image of a myocardial capillary stained by alcian blue
8GX. B. Left: Cupromeronic blue is used to stain the sulfated
proteoglycans in vein. Right: Locally enlarged image of a capillary in
glomerulus. C. Left: Cationic ferritin is used to stain the negatively
charged constituents of the EG in vein. Right: Locally enlarged image
of a capillary in glomerulus. Scale bars of the left and right panels are

500 nm and 200 nm, respectively. [40]
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1.2.1.2 EG and Mechanotransduction

Mechanotransduction, defined as the modulation of biological
fates by physical forces, has been ubiquitously found in every corner
of the biological realm and with an extremely rich and diverse set of
mechanisms [41-44]. A wide range of studies in the past decades has
witnessed the emergence of several molecular participants that
contribute to cellular mechanotransduction as summarised in Figure

1-6 [45].

Mechanism study of  the endothelial glycocalyx
mechanotransduction can be traced back to the beginning of the 21st
century. The fcaamodu smdfidjurd AP proposed two
distinct cellular signalling pathways of the EG under fluid shear stress:
the force from the flow shear stress load is conveyed by the core
protein of glycocalyx via a torque acting on both the dense peripheral
actin bands (DPAB) and the actin cortical web (ACW); the force can
also stem from focal adhesions and stress fibres at the both the apical
and basal sides of the cell membranes [46, 47]. Retrospect of early

studi es on mechanotransducteviewi8l.can be f ol
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Figure 1-6 Cellular mechanotransduction [45]. a. Strain from
membrane opens the stretch-activated ion channels in the lipid
membrane, allowing the intake of Ca* ions and other related ions [45].
b. In ECs, mechanotransduction signalling is modulated by the
glycocalyx exposed to the fluid shear stress [45]. c. and d. Extracellular
matrixi cell focal adhesions or intercellular junctional receptors
facilitate cells to explore their surroundings [45]. e.
Mechanotransduction signalling outside the cell can be stimulated by
the unfolding of extracellular matrix proteins (e.g. fibronectin) by force
[45]. f. Changes in conformations of crosslinkers, filaments, motor
proteins and other cytoskeletal elements, caused by intracellular strain
can change binding interplays with specific molecules and activate
signalling pathways [45]. g. The nucleus per se is deemed to serve as
a mechanosensor [45]. Intracellular deformations can lead to
conformational changes in chromatin and control the access to
transcriptional machinery or transcription factors [45]. However, further
evidence for such a mechanism is still required [45]. h. Effective
concentrations of paracrine and autocrine signalling molecules can be

modified by the compression of the intercellular space [45].
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Figure 1-7 Schematic for the structural arrangement of the EC as
aresult to fluid shear stress load based on the bumper-car model.
A. In the confluent stationary state, ECs have an intact DPAB residing
in the adherens junction. The ACW is the supporting cortical scaffold
for the overall apical cell surface. B. The intact endothelial glycocalyx
of confluent ECs under fluid shear stress. C. The endothelial

glycocalyx of confluent ECs compromised to fluid shear stress. [47]

The contributions of the EG constituents to mechanotransduction
come into focus of the follow-on research. Most of the studies use
enzyme degradation to remove a specific component (say HS) of the
bio-macromolecule and determine the function of the component in
mechanotransduction and related gene expression and signalling
transmission [49-51]. For example, Dragovich et al. experimentally
demonstrate the role of EGL as a sensor and transducer of vertical
mechanical stretch in the production of nitric oxide (NO). Comparisons

of NO production between cases those with intact EG structures and
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those with the removal of HS and/or HA chains suggest that the
existence of both HS and HA chains in EGL accelerates the production
of NO. The generation of NO also relies on the influx of Ca?* ions
through endothelial channels [52]. To identify the importance of EGL
in the adhesive affiliation between white blood cells and endothelial
cells of human umbilical veins under resting or inflammatory conditions,
the researchers used a direct method 6 a single-cell adhesion assay
based on atomic force microscopy 6 to gauge the detachment force
and work vertical to the cell membrane. Results demonstrate that the
EGL layer serves a dual function: preventing adhesion of white blood
cells on resting endothelium; and participating in interactions of the
endothelial white blood cells with molecules (e.g. selectins) under
inflammatory conditions [53]. The latter function is also proved in
endothelial cells of human abdominal arteries under steady flow shear

stress [54].

1.2.1.3 EG and Vascular Barrier

An intact EGL transduces fluid shear stress into the synthesis of
endothelial NO, assists the endothelial barrier to fluid and protein, and
regulates leukocyte-endothelial adhesion. The endothelial glycocalyx
hinders the transcapillary leakage of macromolecules and water,
serving as an integral and indispensable part of the multi-layered

ffenceo on microvessel walls [11].

Multilevel studies with respect to vascular permeability have been
conducted. The aim of cellular-level studies is to articulate the
mechanisms of common ECs for permeability, and to propose

strategies for the restoration and maintenance of permeability in
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inflammation or injury situations. Remarkable progress towards this
aim has been made, especially regarding to the modulation of the
paracellular pathway. The biomolecular constituents controlling
channels of solutes, pathways of water molecules, and passage of
inflammatory cells through the in-between junctions of the ECs have
also been identified [55]. Figure 1-8a schematically summarises the
major transport pathways in association with the endothelium with
consideration of the connected tight junctions, vesicles, even
breakings in the tight junctions, leaky junctions, and the glycocalyx as
well. In Figure 1-8a, the glycocalyx is supposed to affect the
permeability of water and solutes with sizes up to that of aloumin via
the breaks in the tight junctions by providing a transport hindrance to
the entrance of the channels. For some big openings of the junctions,
glycocalyx is unable to cover the leakage, thus, the additional
resistance from the glycocalyx to this pathway is neglected. For small
solutes which can pass through tight junctions, they are usually even
smaller than the spaces between fibres inthe EG; consequently, weak
additional hindrance to transport is provided by the glycocalyx [56]. A
model for transport barrier based on the known pathways highlighting
the trans-vascular filtration of molecules by the endothelial layer is

shown in Figure 1-8b [57].
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Figure 1-8 Pathways of transport across the endothelium and a
model used for transport barrier. a. Major pathways of transport
across the endothelium include the tight junctions, vesicles, breaks in
between tight junctions, and leaky junctions. The glycocalyx covers the
channel surface entrances can be covered by the glycocalyx, but not
leaky junctions. [56] b. A model used for transport barrier considering

junctions [57].

Starling Equation and Revision

Theoretically, the vascular barrier can be quantified by classic or
revised Starling principle. The classic and revised Starling models are
compared in Figure 1-9 [58]. Classic Starling model is illustrated in
Figure 1-9A and follows the principle described in EqQ. (1-1)
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2=l {B s P 1)
where Jv is the volume filtration rate per unit endothelial area A, Lp is
the membrane hydraulic conductivity, 0 is the osmotic reflection
coef fi [@is kydrdstatic gressure difference, a n ds ospigtic
pressure difference across the membrane [58]. A variety of solutes are
contained in plasma and interstitial fluid. Thus, the movement of fluid

acrossing the intervening capillary wall based on Eq. (1-1) can be

further written as:

“=L{P &s, D (1-2)

>|&

where n is the varieties of solute species, and Elngin is the
aggregated osmotic pressure differences across the vessel walls from
all the solutes in plasma and interstitial fluid [58]. In most microvascular
situations, osmotic reflection coefficients ((1) for small solutes are no
larger than 0.1, and usually the macromolecular solutes have
significant concentration differences. Therefore, under these

circumstances, Eg. (1-2) can be further refined as Eqg. (1-3).

J
=GR R s( P ) (1-3)
wher € indags. (1-1) and (1-2) is calculated by the difference
between the Dblood pressure Pc and interstitial fluid hydrostatic
pressure Pi, and the osmotic term in Eq. (1-1) or (1-2) is simplified

using the difference between the effective osmotic pressure from

macromol ecul es) iawnd |liarstnean).s(td t i al
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However, as reviewed in Ref. [58], the conventional model
illustrated in Figure 1-9A fails to predict fluid exchange in actual
microcirculation situations, due to the following reasons: a) The
changes in Jv will result in the variations of both Piand Hi change in
Eqg. (1-3); and b) a different composition to bulk interstitial fluid is
generated due to the structure of the semipermeable membrane (the
sub-glycocalyx fluid). In this context, a revised Starling principle was
proposed as in Figure 1-9B. Particularly, the filtration force (FF) has

been revised as:

FF= P s( ,P ;)

(1-4)

In Eq. (1-4), the osmotic part of the filtration force is calculated by the

differences in osmotic pressures between both sides of the EGL.
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Figure 1-9 Comparison between classical and revised
perspectives of semipermeability of the endothelial membrane
and the corresponding filtration forces. (A) Continuous
endothelium as a semipermeable membrane in the view of classical
Starling principle. (B) In the revised perspective, glycocalyx is

identified as a semipermeable layer in the glycocalyxi cleft model. [58]

The revised Starling principle serves as an effective method to
estimate the permeability of the EGL and provides a unique view to
understand solute behaviour under the EGL [59-61]. However, when
the microvascular environment is changed (e.g. changing blood
velocity or changes in sugar chain configurations), even this revised

principle seems to be incapable of predicting the response of solute
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transport. Therefore, further efforts are still needed to improve the

Starling principle.

It is also worthwhile to mention some additional models alongside
experimental data for a complete view of the solute transport theory.
For example, theoretically, Ogst ond s 1 9[B2Z quantfiedaiei o n
distribution of permeation into gels in relation with molecular size in a
random network of straight fibres situation. And a typical scenario of
this situation is proteins within the glycocalyx. Experimentally, the
sodium permeability can be altered by the introduction of external
substance, like herb. Peters et al. investigated the influence of a type
of herbal remedy & the hawthorn extract WS 1442 & on the
permeability of Na* on endothelial cell monolayer. Despite the
pertinent mechanism is still unclear, the data indicate that the
endothelial surface layer accounts for around 11% of the overall
endothelial barrier hindrance for Na*; beside, WS 1442 fortifies the

EGL hindrance for Na* by approximately 45% [63].

Macromolecular permeation into the basement membrane of
renal glomerulus is also experimentally studied. Lawrence et al.
concluded the success of macromolecules in reaching in urine can be
attributed to two aspects: a) size-based permeation both into the
glomerular basement membrane and into a gel-like coat covering the
slits; and b) tubular reabsorption in saturable states. Their findings
challenge a conventional view that the primary filtration of protein is
low as fluid departing the glomerulus travels through slits spanned by

a diaphragm serving as a molecular sieve with a low-porosity [64].
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1.2.2 Multiscale Modellings of EG

Multiscale modelling studies, from continuum of the macroscale
via dissipative particle dynamics (DPD) or coarse-graining method of
the mesoscale/microscale to molecular dynamics (MD) of
microscale/nanoscale, of endothelial glycocalyx have been conducted
to theoretically or numerically predict the biomolecular behaviour in
past decades. In this research, a few representative studies related to

EGL are reviewed.

1.2.2.1 Continuum Models

In the early theoretical models, the glycocalyx and membrane
were assumed to be rigid and immobile [46, 47], a hypothesis that is
clearly too restrictive for this system. However, some new insights can
still be obtained from the simple models. For example, Tarbell and Shi
developed a simplified fluid model in which the glycocalyx layer
implanted in an extracellular matrix is regarded as a uniform region
with certain fluid properties. To estimate the force transmitted from the
fluid to the cell surface, flow profiles of the extracellular matrix and the
glycocalyx layer were calculated by the Brinkman equations. They also
determined the solid mechanical stress via the glycocalyx stemming
from the loading of fluid flow shear stress. Results have shown that the
solid cell surface stress is about 10 to 100 times larger than the fluid
shear stress in terms of order of magnitude. The significantly
enhanced stress of the cell surface suggests that the cell surface
glycocalyx can sense the flow shear stress, which provides theoretical

support for plenty of relevant experimental observations about the
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function of the glycocalyx as a mechanotransducer of the flow shear

stress [65].

Follow-on studies incorporate more complicated models which
emphasize the rheology of the cytoskeleton network [66-68]. For
example, Dahagh et al. [68] developed a multi-component, multi-scale,
and three-dimensional viscoelastic model of focally adhered
endothelial cells, and applied oscillatory wall shear stress in the
parallel direction as the mainstream flow, or multi-directional
oscillatory wall shear stress with reversing transverse and axial
components over the endothelial surfaces (Figure 1-10 a and b). The
computational model contains the glycocalyx layer, stress fibres,
adherens junctions, focal adhesions, actin cortical layer, cytoskeleton,
and nucleus. Results indicate that stresses and strains can be
weakened by the reversing flow (Figure 1-10 c to f), and forces on
integrins and adherens junctions related to mechanotransduction are

also predicted.
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Figure 1-10 Comprehensive model of endothelial cells by Dahagh
et al. [68] and computational results. (a) Geometric arrangement of
inter-/intracellular organelles and EC monolayer. (b) Side view of EC,
with surrounding cells and pertinent subcellular structures in the
neighbourhood. (c)-(f). Displacement of the EC monolayer under
different set-ups of flow shear stresses. (c) EC exposed to disturbed
flow in multi-directions. (d) EC exposed to pulsatile and reversal flow.
(e) EC exposed to pulsatile but no-reversal flow. (f) EC exposed to

steady flow.

1.2.2.2 Coarse-Grained Models

Among coarse-grained methods, dissipative particle dynamics
(DPD) method aims to tackle complex fluids problems at mesoscale
(e.g. blood [69-71]) and soft matter (e.g. polymer [72-75]). In DPD
method, the system is treated as an ensemble of coarse-grained

portions (i.e. DPD particles). Therefore, DPD models allow longer and
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