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ABSTRACT

The formation of new blood vessels from existing vasculature, angiogenesis, is driven by
coordinated endothelial cell migration and matrix remodelling in response to local signals.
Recently, a growing body of evidence has shown that mechanotransduction, along with
chemotransduction, is a major regulator of angiogenesis. Mechanical signals, such as fluid
shear stress and substrate mechanics, influence sprouting and network formation, but the
mechanisms behind this relationship are still unclear. Here, we present cellular traction

forces as possible effectors activated by mechanosensing to mediate matrix remodelling,
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and encourage the use of traction force microscopy to study mechanotransduction in
angiogenesis. We also suggest that deciphering the response of endothelial cells to
mechanical signals could reveal an optimal angiogenic mechanical environment, and provide
insight into development, wound healing, the initiation and growth of tumours, and new

strategies for tissue engineering.

Keywords:  Traction force  microscopy, microfluidics, extracellular  matrix,

mechanotransduction, angiogenesis, endothelial cells

LIST OF ABBREVIATIONS

EC Endothelial cells

ECM Extracellular matrix

PA Polyacrylamide

PDMS Polydimethylsiloxane
TFM Traction force microscopy
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1. INTRODUCTION

Angiogenesis, the complex process by which new blood vessels form from pre-existing
ones, is essential during embryogenesis, development and tissue repair. It is similarly crucial
for the development of a number of pathologies, including the formation and growth of
cancerous tumours [1]. In regenerative medicine, angiogenesis has been a long-standing
challenge for the creation of large tissues and whole organs. Therefore, a better
understanding of angiogenesis’ mechanism is expected to impact medicine widely, from
improved tissue engineering to novel cancer treatments. Angiogenesis can be described as
the rearrangement, migration and proliferation of endothelial cells (EC) from existing blood
vessels into the surrounding extracellular matrix (ECM), forming new capillary networks [2].
In addition to biochemical factors which have been studied most extensively in the past [3],
the mechanical microenvironment of EC has recently been shown to play a fundamental role
in angiogenesis (Figure 1). EC are located in a mechanically dynamic setting, not only
subjected to fluid flow-induced shear stress but also surrounded by ECM of varying stiffness.
These external forces influence EC behaviour, modulating their ability to generate traction
forces, for instance. These internal forces in turn enable cell migration and cell-induced
matrix remodelling. Although fluid shear stress, substrate stiffness and traction forces have
been studied individually on EC in vitro, few studies have aimed at combining them to
establish their simultaneous influence on cells. Here, we consider examples where
techniques for traction force measurement are combined with established microfluidic
platforms, routinely used to apply shear stress to adherent cells. This relatively new and
ongoing research endeavours to present a more complete biomechanical picture of
angiogenesis and the link between flow and matrix remodelling, and could guide the

development of microfluidic platforms specifically designed for this purpose.
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2. THE MECHANICAL ENVIRONMENT OF ANGIOGENESIS

Angiogenesis is driven by EC which are located in a dynamic environment and respond to a
wide range of external forces. These include shear stress generated by the friction of flowing
blood, strain caused by wall deformation due to the pulsatile nature of the flow, and
hydrostatic pressure. Here, we focus on shear stress, to which EC are particularly sensitive
and responsive; its magnitude and consistency has a significant effect on cell behaviour and
gene regulation [4]. In addition, we consider the effect of the mechanical properties of the
ECM, and internal traction forces. The link between these mechanical stimuli and

angiogenesis are summarised below.

2.1 SHEAR STRESS AND ANGIOGENESIS

Physiological shear stress in most vasculature lies within 0.1 to 5 Pa, but in microcirculation
it can be as low as 0.01 Pa [5] and lower still at the tips of sprouting, developing vessels.
Previous research found that sprouting was triggered above a shear stress threshold of
approximately 1 Pa, via either luminal or transmural flow [6]. However, when EC were
exposed to extremely low shear stress levels (10° to 10° Pa) in a separate study,
proliferation was high but no cytoskeletal reconstruction was observed [7]. Since cell
alignment and network formation require cytoskeletal reconstruction [8], it has been
concluded that the flow rates may have been too low to trigger shear stress sensing
mechanisms and activate flow-mediated angiogenesis. Continuous flow stimulation was also
found to be required to not only maintain vessel sprouting, but to prevent rapid retraction

[6][9].
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There are limitations to be considered in the in vitro models used for shear stress studies.
For example, while angiogenesis can occur through sprouting (the migration of EC into
tissue towards an angiogenic stimulus) and splitting (the separation of existing vessels by
reorganisation of EC), most in vitro models focus on the former. Furthermore, in vitro models
do not always consider the different haemodynamic conditions within arteries and veins, or
the different responses of arterial and venous cells given identical conditions. In an
embryonic animal model, shear stress only inhibited sprouting in the venous network, not
within the arterial network [10]. This differing behaviour may explain instances of shear

stress inhibiting sprouting angiogenesis in vitro [11].

The precise mechanisms linking shear stress and angiogenesis currently remain unclear.
Yet, it is known that one of the initial steps in shear-induced angiogenesis involves the
combined action of several mechanotransducer molecules, including cell-cell [12] and cell—-
ECM adhesion complexes [13]. It is thus relevant to also establish the role of the cells’

substrate on angiogenesis.

2.2 ECM MECHANICAL PROPERTIES AND ANGIOGENESIS

During angiogenesis, EC are known to interact with their surrounding environment and ECM
stiffness has been shown to have a profound effect on endothelial cell behaviour, particularly
migration, proliferation [14] and network assembly [15]. Similarly, the influence of ECM
stiffness on angiogenesis can be investigated by altering the substrates’ mechanical
properties in vitro (for example, synthesising polyacrylamide (PA) gels of varied stiffness

[15], or incorporating polyethylene glycol hydrogels [16][17]).
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Angiogenesis studies with substrates of a wide range of stiffness have shown that softer,
more compliant substrates (Young’s modulus < ~1 kPa) encourage the assembly of stable
networks, capillary-like structures and lumen formation [16][18], while stiffer substrates (> ~1
kPa) do not see any network assembly, but rather a uniform spreading of cells and growth to
confluence [15] [17]. An intermediate state has also been identified around the transition
point of 1 kPa, with some cells connecting to one another amongst others growing in

patches [15].

It has been noted that glass, polystyrene and laboratory plastics, with moduli of several
megapascals (10°%), fall well outside of the angiogenic range, and that — perhaps
unsurprisingly — the elastic modulus of the angiogenic compliant substrates is similar to
many soft tissues [19]. Yet, it is also clear that the mechanical properties of the substrate are
not the only influences of angiogenesis, as other physical properties of the ECM, including
its density [20] and topography [21] also control network formation in vitro. Nor is it likely that
mechanical properties are the predominant influences. Indeed, Califano and Reinhart-King
showed that by reducing substrate-bound collagen | concentration from 100 pg/ml to 1
pag/ml, it is possible to induce network formation on relatively stiff PA substrates (2.5 kPa —
10 kPa) [18]. Conversely, on very compliant substrates (140 Pa), network stability can be
decreased by treating cells with growth factors [15]. Chemical stimulation thus appears to

dominate stiffness-induced mechanical stimulation of angiogenesis.

At this point, we can establish that shear stress and mechanical stiffness of the substrate
influence angiogenesis, and can be used to modulate sprouting. However, it is unclear how
those external mechanical forces encourage cells to physically alter and shape their

environment to create new vessels. One theory is that mechanical forces modulate the
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ability of cells to generate traction forces, thus allowing them to restructure their

surroundings, and in turn enabling vessel growth.

23THE ROLE OF TRACTION FORCES ON ECM REMODELLING AND

ANGIOGENESIS

Unlike external forces such as shear stress and substrate stiffness, described above,
traction forces are generated by EC themselves. They involve the coordinated action of
various cell organelles (e.g. stress fibres, actomyosin, and actin filament bundles) and are
transmitted to the substrate through protein structures, such as focal adhesions, used by the
cells to anchor themselves to their surrounding ECM [22]. Traction forces could play a
fundamental role in angiogenesis as they drive a wide range of related EC processes,
including migration and ECM remodelling [23], which have been shown to be required for
blood vessel formation and maintenance [24]. Traction forces can also facilitate cell-cell
communication by transmitting mechanical stresses in compliant substrates [25]. It would not
be surprising that traction forces could influence angiogenesis, as cells need to migrate and
extensively remodel their environment during the formation of new vessels. Currently, few
studies (described in the following section) have investigated the link between shear stress,
the mechanical properties of substrates, and the generation of endogenous traction forces in
EC and, to our knowledge, none have specifically assessed the role of external forces on

traction forces in angiogenesis.
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3. TRACTION FORCE MICROSCOPY

Traction force studies were first developed following the realisation that cells placed on thin
films would deform them. The first qualitative reports estimated fibroblast traction forces by
observing silicone membrane wrinkling [26]. The approach was further developed into a

more sophisticated quantitative method referred to as ‘traction force microscopy’ (TFM) [27].

3.1 MEASURING CELL TRACTION FORCES

TFM uses the displacement of fiducial fluorescent markers embedded within an elastic
substrate to map the location, magnitude and direction of forces exerted by cells against the
substrate (Figure 2). PA gels are most commonly used as substrates as their stiffness can
be readily controlled [28]. Other substrates used for TFM include ultra-soft
polydimethylsiloxane (PDMS) [29] and gelatine [30]. PA gels and PDMS require treatment
with ECM proteins such as fibronectin and collagen to support cell attachment. Upon
attachment, traction forces exerted by the cells generate displacements within the substrate.
These displacements can be quantified by taking images of the same location with and
without cells (i.e. ‘force loaded’ and ‘force unloaded’). By comparing the two images, a
displacement field can be calculated based on the movement of the fluorescent markers on
the surface of the elastic substrate [31]. Depending on the mechanical properties of the
substrate, the measured deformations are converted into strain fields and traction forces. A
wide range of different computational methods have been developed which are reviewed
elsewhere in more detail [32][33]. In addition to planar substrates, traction forces have also
been calculated by analysing the displacement of deformable PDMS micro-posts
[34][35][36]. Despite TFM on both flat hydrogel substrates and micro-posts sharing the same
aim, their different methodology can lead to differences in force calculations [37]. When
performing TFM, the effect of surface treatments should also be considered as this may

affect traction forces, cell spread area and focal adhesion area [36]. For example, Yeung et
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al observed that matrix stiffness is not the only cue for cell morphology and motility as EC

spread less on collagen-coated gels compared to fibronectin-coated gels [28].

3.2 TRACTION FORCES UNDER STATIC CONDITIONS

In contrast to early qualitative silicone membrane assays, TFM enables a spatial and
temporal resolution of traction forces. Traction forces in single EC are not uniformly
distributed throughout the adhered area, but correlated to the location of focal adhesions,
primarily located around the edge of the cells and most strongly expressed at the end of
pseudopodia [38]. This polarisation enables EC to generate substrate strains which can be
sensed by their neighbours. These strains are thought to guide endothelial migration,
drawing cells closer together and thereby guiding network self-assembly [39]. In line with
single cell observation, traction forces are heterogeneously distributed within endothelial
monolayers, with cell-cell junctions showing the greatest magnitude [40]. Traction forces also
appear to differ between EC types. Tip and stalk cells, arising from asymmetric cell division,
exert very different forces from each other. This disparity drives angiogenic sprouting via
coordinated collective cell migration [41][42]. Tumour-derived capillary EC grown on
fibronectin-coated PA gels displayed greater traction forces (~100 nN) than healthy EC (~50
nN). The increased traction forces might enable tumour-derived cells to form tubular
networks more readily [43]. EC traction forces also depend positively on matrix stiffness [23].
Therefore, higher traction forces of tumour-derived cells might be associated with matrix

stiffening of tumour tissue [44].
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3.3 TRACTION FORCES UNDER DYNAMIC CONDITIONS

The effect of shear stress on EC has been the focus of much research, and as such a range
of microfluidic in vitro systems for the application of flow have been developed, some
specific to the study of angiogenesis and others repurposed to that aim. Comprehensive
reviews already exist, in which these techniques are described in detail [45]. In brief,
systems range from common planar flow chambers [7], in which shear stress is applied via
the laminar flow of fluid between two parallel plates, to simple circular channels [46],

microvascular networks [47] and patient-specific geometries.

In vitro fluidic systems allow the simultaneous use of separate techniques (for example, the
application of both shear stress and cyclic substrate stretch), and recently have been
coupled with TFM to quantify cellular stress changes under the influence of flow. TFM
requires flow to be applied within planar parallel plate models, with the lower plate
comprising the deformable substrate. Both elastic PA [48][49][50][51] and micro-post arrays
[34][35][52] have been used to perform TFM under flow, applied by passive, gravity-driven
flow [50], syringe- [48], peristaltic- and piston-pumps [51] at rates required to generate

physiologically relevant levels of shear stress.

Currently, analysis of traction forces under flow has produced conflicting, often contradictory
results. Both Conway et al (using a micro-post assay, under 1.5 Pa shear stress) [52], and
Steward et al (1.2 kPa PA gel, 1 Pa shear stress) [49] report a decrease of traction forces of
25% and 6% respectively, compared to static conditions. Ting et al [34] also observed a
decrease in force, but for disturbed flow only — traction forces were increased when cells

were exposed to laminar flow.
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Additional studies support the contrary hypothesis that shear stress is linked to increased
traction force. Lam et al (micro-post assay, 2 Pa shear stress) [35] saw an increase in
cytoskeletal contractility, which was maintained for approximately 4 hours before returning to
baseline — the same time period during which the cells were aligning and elongating parallel
to flow. EC migration and increased traction forces were observed by Shiu et al (28 kPa PA
gel, 1.2 Pa shear stress) [50]. The largest increases were found at the front and rear of cells,

perpendicular to flow direction — the leading advancing edge and the area of detachment.

Perrault et al applied shear stress of between 0.014 and 0.133 Pa, an order of magnitude
lower than previous studies and more representative of venous and interstitial flow [48].
Once again, increased traction forces were seen under shear stress. However, altering the
level of shear — achieved through the use of a channel of varying height and changing the
flow rate — had no significant effect. In agreement with the previously described works, a
tendency for traction forces to orientate perpendicular to flow direction, and to return to

baseline levels once the flow stimuli was removed, was identified.

Finally Hur et al [51], studying EC on a PA substrate of Young’s modulus 3.63 kPa, found
that the increase in intracellular tensions under flow was beyond levels necessary to simply
balance the applied shear. Tension was shown to be 3.5 times higher than required under
oscillatory flow (0.05 +0.4 Pa) and almost 8 times higher than required under laminar flow
(1.2 Pa). It would thus appear that the modulation of traction force with flow is not an attempt
by the cells to re-establish a mechanical equilibrium state, but rather to actively respond to

this mechanical stimulation by physical alteration of their substrate.
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3.4 FUTURE DEVELOPMENTS IN TRACTION FORCE MICROSCOPY

TFM is currently primarily performed on flat substrates exposed to uniform hydrodynamic
conditions within parallel plate flow chambers. Yet, planar models are poor approximations
of natural vessel geometry and hinder the application of three-dimensional hydrogel
substrates which better mimic the ECM. In vitro models can be enhanced by better
representing in vivo anatomy through the use of realistic vascular structure. However, while
traction forces of cells on two-dimensional substrates can be measured in three dimensions
(2.5D TFM’) [51], applying TFM techniques to cells within non-planar models, or a three-
dimensional ECM, is more complex [53]. Challenges, such as the tracking of markers within
three dimensions, and the consideration of anisotropic substrate properties, could be
overcome with the implementation of improved computational algorithms. These can provide
even greater resolution, and aid the development of reference-free approaches by removing
the need to detach cells to obtain the reference location of trackers [54]. Increased accuracy
is vital to look deeper at the sub-cellular level, to study the coordination of cytoskeletal

structure and sites of mechanoreceptor activation and traction force generation [35][50].

At the macro-scale, most TFM algorithms are optimised for single cell studies, even though
the application of TFM to confluent monolayers provides more physiologically relevant data
than single-cell analysis [51]. Future improvements in this area would allow the exploration
of cell-cell stresses during migration and network formation, key aspects of angiogenesis,

which is, by its nature, a multi-cellular process.
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4. CONCLUSION

Angiogenesis is known to be influenced by flow-induced shear stress and matrix mechanics.
The development of microfluidic systems and the use of substrates of various rigidities have
helped to establish these relationships. It is, however, unclear how those external
mechanical forces can lead to matrix remodelling, which is required to alter and shape the
ECM into nascent vessels. Cellular traction forces are a plausible and viable mechanism that

would enable cells to link mechanical stimulation and matrix remodelling.

Traction force microscopy is an effective tool to examine cellular forces and ECM interaction.
When considering EC in particular, the ability to integrate TFM with fluid systems makes it
even more valuable, as the addition of flow-generated shear stress more closely mimics the
natural cell environment. This combination will continue to yield increasingly reliable data as
further improvements allow TFM to be applied with more advanced microfluidic platforms,
which model accurate vessel geometries and mechanical properties, cell co-cultures and

realistic fluid dynamics.

The mediation of EC behaviour, morphology and biochemical response by shear forces,
ECM mechanical properties and intercellular stresses, and the impact on vessel formation, is
not entirely understood; the interplay between these stimuli even less so. The combined
results of shear stress, substrate mechanics and traction force studies, could point to the
existence of optimal mechanical angiogenic environments (Figure 3), and the techniques

described here may provide valuable insight into this intricate relationship.
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Figure 1: Schematic representation of the local mechanical environment of angiogenesis.
Endothelial cells are subjected to external stimuli, including shear stress and
extracellular matrix (ECM) stiffness. In response to these cues, endothelial cells
generate traction forces themselves, enabling matrix remodelling and enhancing cell-

cell communication, both integral parts of angiogenesis.

Figure 2: Traction force microscopy (TFM). A: Schematics of typical techniques. TFM is
commonly performed on elastic substrates with embedded fluorescent markers (left)
or on flexible micro-posts (right). B: TFM protocol. *For dynamic flow environments

elastic substrates or micro-posts could be integrated in a microfluidic chamber.

Figure 3: Angiogenic effects in relation to mechanical conditions (shear stress and
substrate stiffness) including results from traction force studies. Green icons indicate
an increase in network formation, sprouting, or traction force; red a decrease; yellow
intermediate or insignificant change. While angiogenic behaviour can be seen on
compliant substrates under static conditions, a stiffness threshold may exist above
which shear stress must be applied to induce angiogenesis-related function (green
background). *Denotes oscillatory or disturbed flow, numbers within icons refer to

citations.
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