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In vitro mechanotransduction studies, uncovering the basic science of the response

of cells to mechanical forces, are essential for progress in tissue engineering and its

clinical application. Many varying investigations have described a multitude of cell

responses, however as the precise nature and magnitude of the stresses applied are

infrequently reported and rarely validated, the experiments are often not comparable,

limiting research progress.

This thesis provides physical and biological validation of a widely available fluid

stimulation device, a see-saw rocker, as an in vitro model for cyclic fluid shear stress

mechanotransduction. This allows linkage between precisely characterised stimuli and

cell monolayer response in a convenient six-well plate format.

Computational fluid dynamic models of one well were analysed extensively to gen-

erate convergent, stable and consistent predictions of the cyclic fluid velocity vectors

at a rocking frequency of 0.5 Hz, accounting for the free surface.

Validation was provided by comparison with flow velocities measured experimentally

using particle image velocimetry. Qualitative flow behaviour was matched and quanti-

tative analysis showed good agreement at representative locations and time points. A

maximum shear stress of 0.22 Pa was estimated near the well edge, and time-average

shear stress ranged between 0.029 and 0.068 Pa, within the envelope of previous mus-

culoskeletal in vitro fluid flow investigations.

The CFD model was extended to explore changes in culture medium viscosity,

rocking frequency and the robustness to position on the rocking platform. Shear stress

magnitude was shown to increase almost linearly with an increase in the viscosity of

culture medium. Compared with 0.5 Hz, models at 0.083 and 1.167 Hz, the operational
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limits of the see-saw rocker, indicated a change in shear stress patterns at the cell layer,

and a reduction and increase in mean shear stress respectively. At the platform edge

at 0.5 Hz, a 1.67-fold increase in time-average shear stress was identified.

Extensive biological validations using human tenocytes underlined the versatility

of the simple in vitro device. The application of fluid-induced shear stress at 0.5 Hz

under varying regimes up to 0.714 Pa caused a significant increase in secreted collagen

(p < 0.05) compared to static controls. Tenocytes stimulated at a shear stress mag-

nitude of 1.023 Pa secreted significantly less collagen compared to static controls. The

potential for a local maximum in the relationship between collagen secretion rate and

shear stress was identified, indicating a change from anabolic to catabolic behaviour.

Collagen biochemical assay results were echoed with antibody stains for proteins, where

a co-localisation of connexin-32 with collagen type-I was also identified. A custom al-

gorithm showed that four hours of fluid-induced shear stress of 0.033 Pa intermittently

applied to tenocytes encouraged alignment and elongation over an eight day period in

comparison to static controls. Primary cilia were identified in human tenocyte cultures

and bovine flexor tendon tissue; however primary cilium abrogation in vitro using chlo-

ral hydrate proved detrimental to cell viability. Collaborative investigations identified

that ERK signalling and c-Fos transcription factor expression peaked after the appli-

cation of 0.012 Pa at 0.083 Hz for 20 minutes and anabolic collagen gene expression

relative quantities increased after 48 hours of rocking at 0.083 Hz.

In conclusion, validated shear stresses within a six-well plate, induced by cyclic flow

from a see-saw rocker, provides an exceptional model for the in vitro study of dynamic

fluid shear stress mechanobiology. Biological investigations have been linked to precise

applied shear stress, creating a foundation for understanding the complex relationship

between tenocytes and fluid-induced shear stress in vitro. Using this model, research

is repeatable, comparable and accurately attributed to shear stress, accelerating the

scientific advancement of musculoskeletal mechanobiology.
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Chapter 1

Introduction

1.1 Motivation & aims

The musculoskeletal system encompasses all tissues that allow the body to move and

perform tasks (1). The functions of these tissues at the macroscopic scale are well

known: bones provide structure that allow muscles to exert force; tendon connects

muscle to bone, transmitting muscle force; cartilage protects bone-to-bone interfaces;

and ligaments connect and provide stability to those interfaces. Forces such as tension,

compression, gravity, friction and impact are constantly acting on these tissues, yet

little is known about their effect on tissue behaviour.

Mechanical forces are detected by cells embedded in tissues (2). Astronauts re-

turning from zero gravity conditions have shown a reduction in bone density (3) and

tennis players consistently have thicker wrist bones on their racket arm (4). Thus, the

presence, or lack thereof, of force can have a positive and/or negative impact on tissue

mechanical function.

Musculoskeletal disease, such as osteoporosis which causes a reduction in bone den-

sity, can lead to a loss of tissue mechanical function (5). The role of mechanobiologi-

cal investigations is to understand why disease manifests in previously healthy tissue,

and whether the consequences can be reversed through the development of mechano-

stimulation strategies.

Tendon injury and disease is extremely painful and debilitating (6), causing diffi-

culty for individuals to complete everyday tasks or athletes from performing training

routines (7). Furthermore, immobilisation impacts on exercise that is prescribed as
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1.1 Motivation & aims

essential for a healthy lifestyle (8). Tendon disease may be due to mechanical damage,

resultant from overuse or a single traumatic event (9), or it may be due to matrix

degradation, due to compromised normal cell function (10). Tendons have the ability

to heal in response to injury; however after a long recovery time, newly formed tissue

does not match the mechanical function of tissue prior to damage (11). Additionally,

repaired tissue has an increased risk of further injury (12). The absence of mechanical

stimulation has been shown to be damaging to the healing process (13), yet the reason

for this is not fully understood. Healing is controlled by elongated fibroblast-type cells,

known as tenocytes, that regulate the synthesis and secretion of tendon matrix (14).

Thus, developing new therapies for tendon healing requires an intricate understanding

of how tenocytes respond to mechanical forces.

It is widely accepted that growing tendon tissue in vitro has some specific challenges,

including generating appropriate fibril distributions (15). Commercially, musculoskele-

tal tissue engineering has been focussed on biodegradable patches and scaffolds using

synthetic materials for tendon repair (16, 17, 18). Patches are seeded with host cells,

growth factors, and sutured at the tear site, and are hypothesised to improve healing

time and encourage alignment of new tissue at a repair site. In 2004 using a novel in

vitro culture system tenocytes in a monolayer between silk suture pins grew tendon-

like constructs with aligned collagen fibrils after twelve days and mechanical testing

showed an overall similar ultimate tensile strength (19). Tendon tissue engineering is

constantly evolving; however one aspect remains consistent: researchers are interested

in reducing the time taken for tissue to grow, heal, and/or mature; however, limited

progress has been made due to a lack of crucial mechanobiological understanding.

In vivo, cells are exposed to complex mechanical forces. In musuloskeletal tissue,

cyclic loading causes fluid flow as well as a primary tension or compression (20, 21,

22, 23). To understand how cells respond to these forces, systematic approaches using

in vitro techniques have been developed, where cultured cells are exposed to a defined

stimulus (24, 25, 26, 27, 28, 29, 30, 31, 32, 33). The precision and homogeneity of the

stimulus varies across devices (34) and research institutions as principles of a device

are maintained, but geometry and conditions altered (35).

In recent years, effort has been made to characterise stresses within cell-stimulation

devices and in rare cases, validate calculations (36). Characterisation has indicated

that in a popular in vitro device, cells are exposed to two types of stress, as a primary
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1.2 Tendon physiological background

applied stretch also induces significant fluid-induced shear stress (37, 38). This creates

difficulty for mechanobiologists, as understanding which force caused a cell response

may not be possible.

Characterising the effect of these fluid forces on cell behaviour is essential, as they

may have a significant role in matrix maintenance or tissue healing in vivo (14). As

a result, a fluid-cell stimulation device is required that is relevant for musculoskeletal

investigations, as understanding how mechanical forces are detected, and how the cell

responds, could provide a foundation for new pharmacological targets, developing new

clinical therapies and refining tissue engineering techniques.

This thesis has two overall aims:

1. To identify, design, characterise and validate an in vitro model for the application

of cyclic, flow-induced shear stress to cell monolayers.

2. To biologically validate the in vitro model for use with human tenocytes and to

capture their response using a computational model.

Within this chapter, the composition, structure and mechanical properties of ten-

don are introduced. Evidence of key mechanotransducers in tendon is detailed and

the background of tendon collagen and proteoglycan matrix secretion provided. Cur-

rent cell-stimulation devices and their merits for mechanotransduction research are

presented. Tenocytes, including previous in vitro tenocyte-fluid flow studies, are in-

troduced and additionally, existing models that estimate tendon interstitial flow are

examined. Subsequently, an in vitro fluid shear stress cell stimulation device is pre-

sented as suitable for musculoskeletal mechanotransduction research and the objectives

of the thesis established. Finally, the outline of the thesis is detailed.

1.2 Tendon physiological background

Tendon is a fibrous connective tissue that transmits forces created by muscle directly

to bone, thus allowing motion to occur. This transmission requires tendons to be able

to undergo regular and large cyclic loading.

Tendon interfaces with muscle and bone at the myotendinous and osteotendinous

junctions respectively (39). To allow for optimal integration the structure of tendon at

these different locations is highly specialised and this variance in tendon properties can
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continue along the length of the tissue as identified in the Supraspinatus (also known as

rotator cuff) tendon (40). Furthermore, one tendon is not the same as another, so the

structure and properties of a flexor and patellar tendon may differ due to functional

adaptation. This is highlighted when considering in vivo forces: peak forces in the

Achilles’ can reach 9 kN during sprinting (41), where as peak forces in hand flexor

tendons are reported to be relatively small at 35 N (42).

In order to understand the mechanical properties of tendon in situ, it is essential

to understand its composition. Within this section, the composition, structure and

mechanical properties of tendon will be considered. Additionally the pericellular matrix

and tendon pathology and healing are also discussed.

1.2.1 Composition

Tendon is mainly composed of collagen fibres orientated in the direction of the axial

force transmission (14). Interspersed within the collagen fibres are tendon cells which

are either a type of elongated fibroblast known as tenocytes, or immature tendon cells

known as tenoblasts (11). Tendon cells are discussed in detail in Section 1.6. Tendon

properties and composition vary dependent on tendon type and location; however the

typical composition of healthy tissue is as follows. Collagen is the most abundant

protein within tendon and accounts for over 60 % of the dry mass (43). The majority

is collagen type I, approximately 5 % is collagen types III and V (44) and there are also

some trace amounts of types II, VI, IX, X and XI (45). Elastin is found within tendon

tissue at a concentration of 2 % (46).

Proteoglycans are proteins with a covalently bonded glycosaminoglycan (GAG) side-

chain (47). Proteoglycan content of about 1 − 5 % (46) is small in comparison to

collagen and can vary considerably dependent on tendon function and location (14).

The most abundant within tendon are aggrecan and decorin. It is hypothesised that

aggrecan holds water and resists compression (48), while decorin is thought to facilitate

fibrillar slippage during deformation (49). Riley, Harrall et al. (50) found the mean

sulphated GAG content of Supraspinatus tendon and Bicep tendon to be 12.3µg mg−1

and 1.2µg mg−1 respectively. The most abundant GAG in their investigation varied

between chondroitin sulphate at 56 % and dermatan sulphate at 67 % for Supraspinatus

and Bicep tendon respectively. Hyaluronic acid (a non-sulphated GAG) was found to

be relatively consistent at 9.8 − 10.3µg mg−1. Tenocytes, (Section 1.6), synthesise all
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of the extracellular matrix components, including collagen and proteoglycans, and are

active in generating energy (51, 52).

1.2.2 Structure

Tendon form varies with anatomical locations from, for example, the wide and flat form

of the Supraspinatus tendon to the long thick form of the Achilles’ (53); however the

tissue consistently is highly organised with a widely accepted defined hierarchy. This

hierarchy breaks down into five sub-levels from macro to micro: tertiary bundles, the

tendon itself; secondary bundles known as fasicles; primary bundles known as fibres;

fibrils; and the collagen molecule, tropocollagen which are triple helix polypeptide

chains (Figure 1.1) (11). The collagen fibres mainly run in the direction of tension;

however they can also form plaits and spirals by running horizontally and transversely

through the tissue (54).

A crimp pattern is visible in tendon at rest, but during loading these fibres become

straightened, indicating that the crimp waveform is partially responsible for the well-

documented force-response behaviour (Figure 1.2) (55, 56).

Figure 1.1: Tendon composition: hierarchical structure of tendon, showing the char-

acteristic 64 nm spacing and features of fibrils and fascicles respectively. Inspired by Silver

et al. (57).
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1.2.3 Mechanical properties

The structure of tendon is vital in allowing the tissue to perform its function. High,

cyclic loading demands tendon tissue to be able to withstand large forces and work

has shown tendon to change composition and structure in response to its external

environment (58).

Tendon mechanical properties are characterised by a widely-accpeted stress-strain

relationship (Figure 1.2).

Figure 1.2: Tendon stress-strain relationship: a typical stress-strain curve for tendon

tissue force response. Crimp patterns occurring in unloaded tendon straighten as strain

increases, leading to microtrauma and then finally rupture.

The ‘toe region’, where crimped fibrils become straight, occurs up to 2 % strain.

Consequently, mechanical properties are believed to be influenced by crimp pattern

angle and wavelength, where tendon with a relatively small crimp angle fails before

that with a larger crimp angle (59, 60, 61), although this is not a clear structure-

property relationship. After the toe region, the fibres are straight and linearly respond

to the force applied up to 4 % strain. The gradient of this linear region is known as

the Young’s Modulus E and indicates the tendon mechanical properties (Equation 1.1)
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(14).

E =
stress

strain
=
σ

ε
=

FL

A∆L
(1.1)

where E is the Young’s Modulus, σ is the stress (FA ), ε is the strain (∆L
L ), F is the

force, A is the cross-sectional area, L is the original length, and ∆L is the change in

sample length.

The Young’s Modulus is a measure of the tendon’s resistance to elastic deforma-

tion. Tendon stiffness is determined from the cross-sectional area, length and Young’s

Modulus of a sample (Equation 1.2).

k =
AE

L
(1.2)

where k is the stiffness, A is the cross-sectional area, E is the Young’s Modulus,

and L is the sample length.

Reported values for the Young’s Modulus and stiffness of tendon are as high as

0.9− 1.8 GPa and 161 N mm−1 respectively (62).

Up to 4 % strain is considered to be the maximum physiological limit of tendon

response, after which damage starts to occur (14). Initially this damage is in the form

of microtrauma, but beyond 8 %, catastrophic rupture becomes prevalent (63).

Tendon ultimate tensile strength (UTS) and failure strain are dependent on collagen

fibre orientation, diameter and thickness (64). UTS is the stress that tendon can

undergo before failure or rupture, and a study across several mammals indicated values

in tendon of up to 100 MPa (65). In mature rabbit tendons, failure strain has been

reported to be 15 ± 5 % strain (66).

Loading during healing is reported to have a significant impact on resultant tissue

mechanical properties (14). As a result, the influence of mechanical force on tendon

healing and structure is significant, moreover, mechanical force could be a significant

causative factor in the development of pathological conditions (9).

1.2.4 Pericellular matrix

The pericellular matrix (PCM) consists of structures found in the immediate vicinity of

the cell (67) and in bone tissue it is thought to amplify strain through its deformation

induced by fluid flow (Section 1.7). The exact components of the tendon PCM are
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not entirely clear and previous work has associated all proteins found within tendon

as the ECM (68); however it is possible to isolate potential PCM proteins as they are

reported to have cell interactions. Collagens type VI and IX are hypothesised to be

cell-associated and/or mediate cell-matrix interactions (68). Additionally, recent work

has shown that elastic fibres are closely associated with tenocyte location, suggesting

that glycoproteins, elastin and fibrillin, may form part of the PCM (69). Furthermore,

proteoglycans may have a PCM function, as it is noted that decorin and aggrecan are

found in the vicinity of cells (70), and may assist in fibrillar sliding (71).

Little work has been performed on the PCM of tenocytes; however investigation into

other cells has shown a prevalent PCM and alludes to its presence in tendon as scanning

electron microscopy has shown structures surrounding tenocytes in rat tail tendon (72).

Chondrocytes that retained their in vivo PCM, known as chondrons, were shown to

produce significantly more ECM over an eight week period than chondrocytes without a

PCM (73). Additionally, support for the existence of a PCM in musculoskeletal tissues

was obtained from a particle exclusion assay performed on human smooth muscle cells,

where a PCM zone was found surrounding each cell (74).

Genetic mutations in proteins that form part of the PCM can have devastating

effects. Ullrich Congenital Muscular Dystrophy (UCMD), where patients suffer from

joint laxity and a predisposition to hip dislocation, is caused by the mutation of collagen

type VI (75). Additionally, down-regulation of collagen type VI, resulting in tissue

laxity and wasting, may cause Bethlem myopathy or joint hyper-laxity (76), and up-

regulation, resulting in increased fibrosis and stiffness, may cause Bullets Keratopathy,

or Scleroderma (77). Furthermore, mutation of fibrillin-1 and fibrillin-2 causes Marfan

& Beal’s syndrome, where patients suffer from hyper-flexibility and joint contractures

(78).

1.2.5 Pathology and healing

Repetitive tendon tissue microtrauma, started due to periods of exertion is the driving

force behind overuse injuries (79). Microtrauma occurs at low-magnitude forces and its

accumulation results in injury on the microscopic scale (46). Injury has been defined as

the inability of the tendon to successfully transmit further tensile forces after overuse

at a repeated strain of 4−8 % (79, 80, 81, 82); however injury is more easily identifiable

as the presence of pain or the inability of an individual to complete daily tasks (83).
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Spontaneous rupture occurs in tendon usually due to: previous significant wear or

growing abnormal tissue; tendon degeneration or disease; or a single traumatic event,

which is considered to be extremely rare (84).

Recovery from the injured state has three phases: inflammation; proliferation; and

maturation and remodelling (46). The inflammatory phase lasts a few days, although

there is rapid cell migration and site cleaning in the first 24 hours (14). The secondary

phase, proliferation, is the repairing phase and lasts approximately six weeks. During

this stage of healing, tenocytes produce large amounts of collagen and proteoglycans

which re-establish continuity at the damage site (14). Remodelling, the final phase, has

a decrease in cellular activity as ECM synthesis is down-regulated and newly produced

tissue may become aligned (14). The driving force behind alignment is unknown.

1.3 Mechanotransduction

The ability of a cell to sense mechanical forces from its external environment, convert

them into a biochemical signal, and potentially a biological response, is the process of

mechanotransduction (85). The biological response to a mechanical stimulus is vital

for cells to grow and perform their individual roles (85) and mechanical stress in the

form of blood pressure has been shown to influence the formation of tissue patterns

during the remodelling of blood vessels (86).

Tendon mechanotransduction encompasses the interaction between mechanical forces,

the PCM/ECM, and humoral factors such as cytokines (14). Mechanical loading path-

ways are numerous and complex (Figure 1.3); however this section will focus on the

various ways in which tendon cells are known to sense their mechanical environment

and the cell-cell communication pathways used as part of this process. Thus, gap junc-

tions, ion channels, the cytoskeleton, the primary cilium and the glycocalyx, will be

discussed individually (Figure 1.4).

1.3.1 Gap junctions

In essence, a gap junction is a form of ion channel, permitting electro and chemical

communication between cells that causes a change in intracellular concentrations (88)

potentially leading to a signalling cascade allowing cells to coordinate their activities.

Gap junctions are located on the surface membrane of a cell and join the cytoplasm
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Figure 1.3: Mechanical loading pathways: the various mechanisms by which cells

sense mechanical forces are numerous and complex. Figure used with permission (87).
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Figure 1.4: Mechanotransducers: schematic showing a cell’s various detectors of me-

chanical force and communication pathways. The five key structures involved in mus-

culoskeletal cell mechanotransduction have been identified as: 1. gap junctions; 2. the

cytoskeleton; 3. the primary cilium; 4. ion channels; 5. the glycocalyx.

of two adjacent cells together through the use of hemi-channels (88). Hemi-channels,

or connexons, are formed from six connexins which are the principal proteins found

in their formation (88, 89). Gap junction plaques are formed at the membrane as

gap junctions cluster in hundreds to thousands (88). Substantial evidence has been

obtained that tenocyte to tenocyte communication through gap junctions is important

for tissue response to mechanical stimuli (90).

1.3.2 The cytoskeleton

The cytoskeleton is an internal dynamic meshwork of filaments within a cell that pro-

vide structure, and link extracellular matrix with internal organelles (91). Cytoskeleton

filaments are polymers of actin, tubulin and vimentin and are thought to be preloaded

in tension or compression under a ‘tensegrity’ model (92). External coupling to the

extracellular matrix or other cells is achieved with integrins or cadherins, selectins and

cell adhesion molecules (93). These connections allow the cell to sense its external en-

vironment, by transmitting load to the cytoskeleton (94, 95). α and β cross-membrane

11



1.3 Mechanotransduction

integrins have been shown to transmit mechanical forces to actin filaments which initi-

ate gene transcription events (96). Actin is thought to assist in preserving gap junction

connections during tissue deformation (97), and tension generated by optical tweezers

applied to actin has shown a link with ion channels due to a Ca2+ ion influx (98).

Figure 1.5 shows the structure of the cytoskeleton within a cell and the numerous and

complex signalling pathways identified as a result of cell mechanical deformation.

Figure 1.5: Cytoskeleton communication pathways: forces acting on the cytoskele-

ton may originate from the extracellular matrix, other cells, or in culture, from substrate

deformations. These forces can induce signalling pathways. Figure used with permission

(99).

Models of cell behaviour, accounting for cytoskeleton mechanics, include a tenseg-

rity model, a soft glass rheology model and mixture theory. Tensegrity accounts for

cell migration and contractile cytoskeleton stress seen in durotaxis (100). The soft

glass rheology model accounts for local and global cell power law viscoelasticity (101).

Mixture theory uses the balance of mass and momentum to represent multiple material

phases when determining cell and tissue behaviour (102).
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Cell motility is achieved with the cytoskeleton, providing traction with their en-

vironment and generating the motion itself (103). In addition, the cytoskeleton also

causes local collagen fibril deformation (104) and the contraction of the extracellular

matrix on a larger scale (105).

1.3.3 Primary cilia

Primary cilia are hair-like organelles that extend from the cell membrane into the

extracellular space (106). As suggested by their name, most cells have only one cilium

and this is aptly called the primary cilium (107). It is constructed from nine doublet

microtubles, known as axonemes, in a peripherial structure (107).

The primary cilium was first identified in the 19th Century (108) in the rabbit kid-

ney, yet obtained little attention as its role was not clear. In 1961, Barnes suggested

that the primary cilium may have a sensory function (109) and in 1995 a review by

Wheatley addressed the role of primary cilia in normal and pathological tissues, con-

firming that cilia are organelles consistently found in cells and that they have a role in

sensing environmental cues (110). In addition, the importance of primary cilia in kid-

ney has been identified due to the existence of polycystic kidney disease, the mutation

of the polycystin receptor-like protein localised to the primary cilium (111).

In tendon, primary cilia were first identified in 1967 when Ross and Klebanoff ob-

tained an image of fibrocytes with a ciliary process (Figure 1.6 (a)) (112). Subsequently,

an investigation by Brooker et al. identified ciliated fibroblasts in the ear chambers of

rabbits ex vivo (113) which eliminated speculation that primary cilium growth is in-

duced by in vitro culturing (Figure 1.6 (b)). Work by Beertsen et al. showed that at

least 70 % of their fibroblast culture population exhibited a cilium structure (114).

They also identified the structure of the cilium at various positions along the shaft;

Figure 1.6 (c) shows the previously described nine axonemes structure of the cilium.

In rat extensor tendon, primary cilia have been shown to orientate in the direction of

collagen alignment and the long axis (115).

Various cilium signalling mechanisms have been documented (107); however two of

particular interest are that of Wnt signalling, and the chemosensation-/receptor-based

signalling model where platelet derived growth factor (PDGF) receptors are activated

by PDGF in flow, causing downstream signalling (116). Both of these signalling mech-

anisms require a fluid flow; although the former of the two requires a bending effect
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Figure 1.6: Primary cilia: a) electron micrograph image of a fibrocyte showing a

primary cilium as identified by the arrow (image used with permission (112)); b) ex vivo

imaging of fibroblast cilia in rabbit ear chambers (image used with permission (113)); c)

cilium nine axoneme structure (image used with permission (114)).
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on the shaft of the cilium to activate a calcium channel and the latter requires fluid

flow as the form of PDGF transport. The cilium has various specific mechanosensors

potentially acting as signal antennae, as passive cilia bending is required for fluid flow

mechanosensation of urine by cells (107).

In 1985, Poole et al. suggested that the cilium could act as a probe within connective

tissue, sensing stimuli from the surrounding environment and transducing signals to

the nucleus to result in a gene transcription event (117). They tested mature rabbit

flexor digitorum profundus tendon, six-day posthatch chick long digital flexor tendon

and three-month-old rat tail tendon (amongst other connective tissues) using electron

microscopy. Poole et al. found that a consistent relationship between the primary

cilium location and the Golgi apparatus exists, with their close proximity amongst all

tissues tested. This is of particular relevance considering the key role of the Golgi

in the secretion of proteins. Further evidence obtained by Poole et al. showed that

microtubules throughout the Golgi converged on the basal section of the cilium. This, in

tandem with Moran et al. who suggested that cilium deflection may cause microtubules

to slide and the cilium to bend near its base (118), gives reason to hypothesise that

cilium bending may have a direct impact on the response of the Golgi apparatus.

Identified primary cilium pathways are summarised in Figure 1.7.

Primary cilia have been investigated in bone cells. Chris Jacobs’s lab in Stanford

found that fluid flow cellular response was independent of stretch-activated ion channels

and a calcium ion flux (120, 121). They showed that cilia extend from bone cells and

deflect during steady flow, experiencing shear stress of 0.03 Pa. To reach the conclusion

that the cilium is the primary transducer of fluid flow, Malone et al. used chloral hydrate

to remove 90 % of cilia from the cell population (confirmed through α-tubulin staining)

and showed that untreated cells exhibited significant changes in gene expression in

comparison to treated cells after application of 1 Hz oscillatory laminar flow with an

estimated cell surface shear stress of 1 Pa (120).

Stress deprivation resulted in a significant increase in primary cilium length in rat

tendon cells and this increase was instantaneous (122). Furthermore, the application

of cyclic loading saw a reversal of this extension to cilia length matching that of fresh

controls. Renal collecting duct chief cells showed a reduction in cilia length with the

application of fluid shear stress in vitro (123).
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Figure 1.7: Primary cilium fluid flow responses: mechanotransduction pathways

of fluid flow signals detected by the primary cilium and its receptors. Three mechano-

sensation channels have been identified: 1) polycystin-1 gated Ca2+channel; 2) PDGF ac-

tivated receptor; and 3) microtubule deformation linked to the Golgi complex. Polycystin-1

is a transmembrane protein, belonging to a family of seven other polycystins known for the

activation of G-proteins that ultimately initiate Ca2+channels (119). Schematic inspired

by Fliegauf et al. (107) and Dalagiorgou et al. (119).
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1.3 Mechanotransduction

A lag exists between the start of cilium bending and the moment calcium signalling

is induced, likely due to the viscoelasticity of the cell membrane (124). After the

application of fluid flow, inducing shear stress ranging from 19−55 mPa, cilium bending

occurs in the first 0.5 s, whereas the maximum calcium response occurs at 30 s (124).

Thus, although studies appear to show that a change in cilia length is immediate after

the application of flow, a cell response, such as protein synthesis, may be delayed.

Chen et al. modelled ciliary motion in the embryo node using computational fluid

dynamics in order to investigate a hypothesis for the production of marked left-right

asymmetry of internal organs (125). They created a model including an active and

passive cilium with a length of 6µm and circumference of 0.2µm. For the active cilium,

Chen et al. increased the passive cilium stiffness reported by Schwartz et al. (126) by two

orders of magnitude to 10−23 N m−2. The active cilium was set to rotate at a frequency

of 10 Hz to generate fluid flow within the defined field. This generation of fluid flow had

an impact on the movement of the passive cilium, inducing deformation and rotation

in the opposing direction of the oscillating active cilium. Chen et al. analysed the

pressure and shear stress distributions in the active and passive cilium, identifying that

maximum shear stress, ranging from 0.949 Pa (active) to 0.0147 Pa (passive), induced

by fluid flow, occurs close to the tip.

Taking rat kangaroo kidney epithelial cells, Schwartz et al. used a parallel plate flow

chamber to investigate the effect of fluid induced shear stress on cilia length in vitro

(126). Steady flow of Hank’s Balanced Salt Solution (HBSS) was applied at 0.17 −
4.20 ml s−1 for approximately three minutes while continuous imaging was completed

using video recording software. Figure 1.8 shows the bending effect on a cilium induced

by fluid flow.

Modelling the cilium as a uniform cantilevered beam, Schwartz et al. applied a

unidirectional load, in the form of fluid drag, perpendicular to the long axis and created

a heavy elastica model that accurately calculated the deflection of the cilium tip, and

as such was used to calculate a flexural rigidity of 1.4− 1.6× 10−23 N m−2.

Schwartz et al. identified that in a given flow field, cilia that were longer had higher

shear forces acting on them which caused an increase in bending in comparison to

shorter cilia (126).
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1.3 Mechanotransduction

Figure 1.8: Primary cilium bending induced by fluid flow: a) No flow, b) passive

bending in the direction of flow, c) increased flow considerably increases cilium bending,

d) at the cessation of flow, the cilum returns to its original condition. Figure adapted from

(126) with permission.

1.3.4 Ion channels

Ion channels sense mechanical forces in the external environment and transduce them

into internal electrical or chemical signalling pathways (127). An ion channel response

involves the movement of cations (Ca2+, Na+, K+), from the intracellular to the extra-

cellular space or vice versa (128). This change in ion concentrations causes signalling

pathways within a cell to be activated and gene transcription events to occur (129).

Their existence was first considered in studies of mechanosensory neurons (130) and

their response is caused by forces on the plane of the cell membrane (131, 132, 133).

At present there are two models hypothesised to explain ion channel mechanical

gating: the bilayer model; and the tethered model. The bilayer model assumes that

the tension in the lipid bilayer of a cell membrane is enough to gate channels directly

(127). In the tethered model, the ion channel requires direct connections with the

extracellular matrix or the cytoskeleton (134). The tethered model is considered to be

the overriding model in literature. Ion channels are also known to be crucial in signalling

pathways sparked by other mechanoreceptors, as seen with the primary cilium (Section

1.3.3).

1.3.5 Glycocalyx

Positioned on the surface of the cell, the role of the glycocalyx is varied and its structure

complex (135). Chondroitin sulphate and hyaluronan, both of which are glycosamino-

glycans, play a role in the assembly of the glycocalyx structure and are attached to

anchoring foci linked to the cell cytoskeleton (136). The glycocalyx has been hypoth-

esised in endothelial cells to be a transducer of fluid shear stresses, passing cues to
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the actin cytoskeleton within the cell (137). Tarbell and Pahakis (138) support the

glycocalyx as a mechanotransducer of fluid flow in endothelial cells; however they note

that stress is transmitted to other regions of the cell, mainly intercellular junctions and

that investigations of the glycocalyx, which involve its degradation, cause fluid stress to

occur closer to the cell membrane, potentially activating other signalling mechanisms

that the glycocalyx would normally override.

1.3.6 Summary

This review of mechanosensors suggests that there may be more than one sensor of a

particular type of stress and as such, investigations into fluid flow by targeting specific

mechanotransducers, e.g. the abrogation of the glycocalyx or primary cilium, may not

give ‘clean cut’ results. While fluid flow may trigger a signalling cascade, influences

may be the result of growth factors that may not be monitored or controlled. Fur-

thermore, mechanotransducers are not necessarily acting independently of each other

and interactions such as: the primary cilium axoneme with cytoskeleton microtubules;

gated ion channels activated by protein interaction with the cytoskeleton and/or the ex-

tracellular matrix; and the glycocalyx interaction with the cytoskeleton, clearly shows

that biological mechanosensitivity can be extremely complex.

1.4 Matrix secretion

Matrix secretion, performed by tendon cells, is essential for the remodelling, healing

and maintenance of healthy and damaged tendon tissue (139). Within this section,

as key components of tendon, the structure, synthesis and secretion of collagen and

proteoglycans are discussed in turn.

1.4.1 Collagen structure and synthesis

Collagen is a triple helix consisting of three amino acid chains, two of which are

identical (140). Common amino acid sequences are glycine-proline-X and glycine-X-

hydroxyproline (140), where X represents any amino acid.

Collagen synthesis requires modification of amino acids in the polypeptide chain,

including the hydroxylation (the introduction of a hydroxyl group to an organic com-

pound) of proline and lysine, followed by the glycosylation (attachment of a carbohy-
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drate to a hydroxyl molecule) of the hydroxylysine hydroxyl group (141). Ascorbic acid

is required for propyl and lysyl hydroxylase (141).

1.4.1.1 Collagen secretion & fibrillogenesis

After synthesis, initiated by the transcription of mRNA, collagen is stored as tropocol-

lagen within the Golgi apparatus or pre-packed secretory vesicles (Figure 1.9) (142).

The assembly of collagen fibrils is complex and the exact process remains unclear.

Formation starts with short fibrils that act as precursors for the long fibrils found in

mature tendon (Figure 1.9) (143). This process occurs both inside and outside of the

cell. Canty and Kadler have shown that fibril formation can start deep within a cell cy-

toplasm in ‘fibripositors’ (Figure 1.9) (144). Fibril segment length in embryonic tendon

has been shown to increase from 22µm at twelve days, to 37µm at 16 days, followed

by a rapid increase to 106µm at 17 days (143, 145), suggesting that the short fibrils

bind to form large fibrils at the 17 day time-point.

1.4.1.2 Ascorbic acid & proline

The generation of new collagenous structures requires ascorbic acid (vitamin C) and

proline (146, 147), yet the presence of ascorbic acid in cell and tissue culture medium

has been varied in vitro.

In vitro tissue cultures modelling damage, media is often supplemented with ascor-

bic acid as it is recognised that tenocytes require ascorbic acid and proline for repair

purposes (148, 149, 150, 151), where the concentration of supplemented ascorbic acid

ranges from 50µg ml−1 to 150µg ml−1. In in vitro tissue models without damage,

ascorbic acid has not been supplemented (152, 153, 154, 155, 156, 157, 158).

Recent in vitro tenocyte culture has recognised the importance of culture medium

supplemented with ascorbic acid to ensure conditions do not inhibit cell processes (19,

159, 160, 161, 162, 163).

Additionally, previous studies have found ascorbic acid to be extremely unstable at

37 ◦C in culture medium, showing a significant reduction in ascorbic acid levels after

24 hours (147); however a stable version in the form of L-ascorbic acid 2-phosphate has

been shown to be effective in collagen synthesis (164).
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1.4 Matrix secretion

Figure 1.9: Collagen secretion: top - collagen in the form of procollagen is man-

ufactured within the cell and subsequently secreted into the extracellular space. Fibril

formation occurs outside of the cell; however whether the cell plays a further role in the

fibril formation is not clear. Bottom - fibril formation occurs deep within the cell in cyto-

plasm structures known as fibripositors, before being secreted into the extracellular space.

Figure used with permission (144).
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1.4.2 Proteoglycan structure and secretion

Proteoglycans consist of a protein core with at least one glycosaminoglycan (GAG)

side chain. GAGs are covalently attached long chain polysaccharides (165) and proteo-

glycans with fewer than four GAG side chains appear to play a role in collagen fibril

assembly and alignment in tendon (166).

Proteoglycan secretion begins similarly to collagen with protein synthesised by ribo-

somes, but then glycosylation occurs in the Golgi apparatus. Fully-formed proteogly-

cans, with their glycosaminoglycan side-chains, are secreted from the cell in secretory

vesicles (167).

1.5 Studying cell mechanobiology in vitro

Mechanobiologists use in vitro testing techniques to establish the response of cells to

applied forces. In vitro cell devices have been established for two over-arching purposes:

cell testing; and cell stimulation. Cell testing devices are dominated by single cell

techniques, where as cell stimulation is achieved with monolayer and three-dimensional

construct devices. Within this section, these two categories are presented in turn and

the merits of devices discussed.

1.5.1 Cell testing: targeting a single cell

Targeting individual cells allows researchers to obtain key information, such as the

mechanical properties of a cell. Four key techniques are used (Figure 1.10): atomic

force microscopy; magnetic twisting cytometry; optical tweezers; and micro-pipetting.

Atomic force microscopy

Atomic force microscopy is a technique whereby an oscillating cantilever tip in-

terrogates a structure at a force resolution of 10−12 N and a displacement res-

olution of 1 nm (Figure 1.10) (168, 169). Imaging live cells in fluid is difficult,

but has provided information on micro and nano scale cell structure dynamics

(170, 171, 172, 173).

Magnetic twisting cytometry and optical tweezers

Magnetic twisting cytometry and optical tweezers are similar devices in principle,

both requiring the displacement of a micro-bead next to a cell (Figure 1.10)
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(174). By analysing deformation of a portion of a cell, elastic and viscoelastic

properties are obtained (175). Although these techniques may be applied to

large cell populations, deformation mechanics are calculated to obtain mechanical

properties of individual cell components, or an individual cell as a whole (176).

Micro-pipetting

Micro-pipetting is a relatively old technique (177), yet provided the basis for the

formation of early models aimed at understanding cell mechanics. A shear stress

is applied using suction at the cell surface causing localised deformation (Fig-

ure 1.10) (178), from which mechanical properties such as the Young’s modulus

are obtained (179).

Figure 1.10: Single cell devices: obtaining the mechanical properties of a cell is domi-

nated by single cell testing regimes that include atomic force microscopy; magnetic twisting

cytometry; micro-pipette aspiration; and optical tweezers.

1.5.2 Cell stimulation: targeting cell populations

Cell stimulation for the purposes of studying mechanotransduction is dominated by

in vitro systems that apply a force to a group of cells. These stimulation devices are

divided into two categories: monolayer stimulation strategies; and three-dimensional

stimulation scaffolds, and are discussed in turn.
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1.5.2.1 Monolayer stimulation strategies

The first group of monolayer stimulation tools focus on applying a primary tensile or

compressive force to cell populations. They consist of: substrate bending; membrane

deformation; and uni/bi-axial stretching.

Substrate bending

Applying bending to a cell monolayer causes longitudinal strain along a substrate

(34). Holographic interferometry has shown four-point bending to create a homo-

geneous stretch across the substrate at low strain values (< 0.3 % strain) (180);

however the vast majority of bone-cell substrate bending tools are in the range

of 1 − 10 % strain (34) as this level of strain is required to elicit a biological re-

sponse. A commercial substrate bending device is not prevalent in investigations

and previous research has used various methods and geometries (181, 182, 183).

Substrate bending occurs within a medium bath that provide cells with nutri-

ents. As a result, a fluid shear stress may be present and this has not been

characterised.

Membrane deformation

Membrane deformation involves the stretch of a cell monolayer using a flexible

substrate. Flexercell, a commercially available device (24) has dominated mem-

brane deformation investigations; although other commercial devices are available

(184, 185). Brown et al. identified that unintended fluid shear stress was applied

and used a finite element model to estimate normal and shear stresses within a

membrane deformation system (37). Maximum normal stress was calculated to

be 70 Pa and maximum shear stress to be 0.05 Pa at 1 Hz and a pressure wave

of 1 kPa. Validation was achieved using particle image velocimetry for flow vi-

sualisation; although capturing flow behaviour at the cell layer proved difficult

(186). More recently, using computational fluid dynamics, fluid shear stress in the

Flexercell system has been shown to be in the range of 0.09− 3.5 Pa for varying

conditions (1 − 2.5 Hz, 20 − 40 kPa) and flow verification completed by tracking

the movement of fluorescent microspheres (38).

Uni/bi-axial stretch

Stretching of cell-seeded substrates using uni-axial or bi-axial models allows re-
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searchers to measure cell deformations through the use of live stain imaging and

comparison to substrate markers (181, 187). The choice of substrate and grip

conditions may lead to heterogeneity in local strains across a stretching device

(34); however this may be limited to earlier iterations of stretching devices (188).

They have been used for a variety of experiments including culturing strips of

bone (189) and delivering cyclic tension to flexor tendon explants from chicken

(190). Devices are created for experiment-specific conditions and as a result,

a standard platform does not exist; however strain rates reported are typically

< 10 % (191, 192).

Figure 1.11: Stretching and bending a cell monolayer: cells in the musculoskeletal

system respond to tensile and compressive forces. This has been studied in vitro using

substrate bending, membrane deformation and stretching devices.

The second group of monolayer testing strategies are concerned with applying a

fluid-induced shear stress to cell populations. They consist of an: orbital shaker; see-

saw rocker; cone-flow chamber; and parallel flow chamber.

Orbital shaker

Orbital shakers apply a fluid shear stress across a cell monolayer and are popular

tools for endothelial cell investigations at a high frequency of rotation (193, 194,

195, 196) (Figure 1.12). Shear stresses across the radius of a six-well plate were

characterised using computational fluid dynamics, and validated using particle

image velocimetry and free surface visualisation (36). Wells were subjected to
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two speeds (100 rpm, 200 rpm), and two fluid depths (2 ml, 4 ml) and shear stress

at the well base was reported to be in the range of 0.02 − 3.80 Pa. Due to the

extensive validation of this device, confidence in the reported shear stresses is

high.

See-saw rocker

Cyclic flow across a cell monolayer can be induced with a commercially available

see-saw rocker (Figure 1.12). Musculoskeletal investigations have shown bone

cells to increase mineralised matrix deposition and collagen secretion in response

to cyclic rocking at 45 cycles per minute (cpm) (197) and that fluid force is

detected by the primary cilium (198). A mathematical model of a rocking culture

system presented an estimate of shear forces for partially filled culture wells, and

has the advantage of adaptability for research-specific scenarios (199); however

assumptions limit the accuracy of reported values and no validation has been

performed.

Cone flow chamber

Plate and cone arrangements generate flow through the rotation of a cone in fluid

causing shear stress to act on a cell monolayer (34) (Figure 1.12). Turbulent flow

can be induced and at 100 − 130 rpm a shear stress of 1 Pa is reported (200).

Reported shear stress was based upon mathematical modelling where a range

for varying geometries of 0.01 − 100 Pa was presented (201). No validation of

plate and cone arrangement reported shear stresses has been performed; however

the cone flow chamber has proved popular for a range of cell types, including

endothelial cells and chondrocytes (202, 203, 204).

Parallel flow chamber

Parallel plate flow chambers are popular cell stimulation devices with various

geometries used to create uniform laminar flow (25, 26, 27, 28, 29, 30, 31, 32, 33).

A pressure gradient across a rectangular chamber causes flow and generates shear

stress at a cell monolayer (Figure 1.12). Shear stress within parallel plate flow

chambers has been characterised using mathematical modelling for varying flow

conditions and geometries (35); however, again, no validation was performed and

thus confidence in reported values is low. For a width/height ratio of 80, maximal

shear stress is reported to be 0.5 Pa for a flow velocity of 0.11 m s−1 (35).
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Figure 1.12: Inducing shear stress across a cell monolayer: fluid flow devices are

divided into four key groups: orbital shakers; see-saw rockers; cone flow chambers; and

generic parallel flow chambers that are the most popular fluid stimulation technique.

1.5.2.2 Three-dimensional stimulation in cell scaffolds

Three-dimensional systems are also used, including: compression and tensile stimula-

tion; and perfusion bioreactors, in an attempt to mimic the in vivo environment as best

as possible.

Compression & tensile stimulation

Compressive and tensile loading has been used to encourage a biological response

in cell-seeded scaffolds (205), a founding principle of musculoskeletal tissue engi-

neering. The structure, density and material composition of scaffolds can influ-

ence cell behaviour (206), potentially leading to a change in scaffold mechanical

properties (207). The secretion of collagen and formation of fibres has been iden-

tified after exposure of an avian tenocyte-seeded scaffold to tensile loading (208).

Additionally tensile stimulation of a collagen gel with fibroblasts has shown to

create a bioartificial tendon (209). Scaffolds and testing regimes vary due to ex-

periment specific conditions. Compressive and tensile systems have not been used

to estimate the forces required to initiate cell response. As a result, compressive

and tensile stimulation is not an ideal tool for mechanotransduction research.
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Perfusion bioreactor

Perfusion bioreactors involve the seeding of a scaffold with cells and the circula-

tion of culture medium that provide key nutrients to encourage both proliferation

and matrix formation (210). They were first utilised to encourage cell matrix pro-

duction in the late 1980s (211). Designing cell specific scaffolds that encourage

cell adhesion, growth and matrix formation is popular (212, 213, 214). With

the advancement of manufacturing techniques, the ability to produce scaffolds

with pore size and pattern uniformity is improving (215). This combined with

a computational fluid dynamics coupled mathematical biology model, allows op-

timal geometries to be established (216). Perfusion flow rates vary dependent

on the cell type; a typical bone cell study used a range of 0.01 − 1 ml min−1

(217). Mathematical models of perfusion flow rates have been validated against

experimental laser-Doppler techniques for a specific bioreactor (218) reporting a

maximum shear stress of 4.4×10−3 Pa; however with a large range of cell specific

scaffold-reactor arrangements, shear stresses are more than likely to vary from

experiment to experiment.

Figure 1.13: Three-dimensional cell stimulation devices: cells seeded in scaffolds

are stimulated using compressive and tensile stimulation regimes. Fluid flow stimulation

is achieved using perfusion bioreactors, which are popular tools for developing tissue engi-

neering techniques and studying tissue growth.
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1.6 Tendon cells

1.6.1 Structure, location & function

Tenocytes dominate the cellular components of tendon, with the remaining 5 − 10 %

consisting of chondrocytes at insertion sites (139), endothelial cells in vascular networks,

synovial cells in the tendon sheath (39), and human tendon stem cells (hTSCs) (219,

220). Tenocytes are characterised by the expression of tenomodulin and scleraxis (221)

and a spider-like structure in culture (Figure 1.14), where as hTSCs are characterised

by a cobble-stone shape in culture (Figure 1.14) (222), and require a specific matrix

coordinated by the presence of biglycan and fibromodulin in vivo (219).

Tenocytes are fibroblast-like cells that are sparsely populated in the dense tendon

fibre network (155), arranged in parallel chains (223) and stretched in the direction

of collagen alignment (14) (Figure 1.14). In tissue they become can very elongated

(80 − 300µm) due to the low cell number to matrix ratio and to ensure cell-cell com-

munication is maintained (39). Tenocytes are hypothesised to apply a force to the

matrix that they adhere to (104), potentially causing the formation of a crimp pattern

observed in unloaded tissue (224).

Tenocytes are stimulated by chemical and mechanical influences. Chemical factors

include cytokines and growth factors that bind to specific receptors on the cell surface

and cause biochemical signalling leading to a biological response, such as proliferation,

migration and matrix synthesis (225). Examples include transforming growth factor β

(TGF-β), which increases matrix synthesis (225, 226), and tumour necrosis factor α

(TNF-α), a pro-inflammatory cytokine, that has a role in tendon healing and matrix

degradation (227).

Experiments which expose tenocytes to mechanical stimulation have been varied.

Due to cyclic loading in vivo, cyclic stretching in vitro has proved popular, indicating

a change in gene expression, cell proliferation and matrix secretion (228, 229, 230, 231,

232, 233). In contrast to tensile testing, compressive testing has shown tendon cells to

become more spherical allowing them to withstand deformation, and their surroundings

to be more fibrocartilaginous (234).

Mechanical overstimulation of tenocytes has been shown to up-regulate inflamma-

tory mediators prostaglandin E2 (PGE2) and leukotriene B4 (LTB4) that can lead to
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Figure 1.14: Tendon cells in culture & in tissue: top - human tendon cells have a

spider-like structure in culture; middle - hTSCs exhibit a cobble stone shape in culture.

Figure used with permission (222); bottom - hematoxylin and eosin stain indicating the

distribution of tenocytes (purple) in collagen fibres (pink). Figure used with permission

(208).
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tendinopathy (229, 235). Conversely stress deprivation has also been shown to af-

fect tenocyte behaviour; Lavagnino et al. showed that a lack of stimulation causes a

matrix degrading enzyme, matrix metalloproteinase-1 (MMP-1), to be up-regulated

(228). Furthermore, the Young’s modulus of rat tail tendon fascicles has been shown

to decrease with static loading in comparison to fresh controls and high frequency, low

magnitude stimulation (236). In addition, Arnoczky et al. showed that inhibiting the

expression of MMPs reduced the rate of matrix degradation (237).

Finally, tenocytes have been exposed to fluid-induced shear stress using varying

loading regimes and is discussed further in Section 1.6.2.

1.6.2 Tenocyte fluid flow investigations

Previous tenocyte fluid flow investigations have been dominated by the use of un-

validated parallel flow chambers with differing geometries (Figure 1.12) for analysing

changes in gene expression and protein secretion.

After five minutes of flow in a parallel flow chamber, human tenocytes responded

to an estimated shear stress of 0.5 − 1.0 Pa with an increase in calcium signalling, a

pre-cursor to gene expression (238). Conversely using the same device, chicken flexor

tenocytes were exposed to two minutes of shear stress at the same flow rates and showed

no change in calcium signalling (239). Although the duration of applied flow and source

of tenocytes are different, the use of the same device and flow rates make the findings

comparable, alluding to differences between human and animal tendon cell response.

A different flow chamber device was used to investigate rabbit tenocytes. Applica-

tion of a range of estimated shear stress (0.1, 1 and 2.5 Pa) for three hours resulted in an

increase in collagenase-I (MMP-1), stromelysin-I (MMP-3), cyclooxygenase-II (COX-2)

and interleukin-1β (IL-1β) (240). No calcium signal was identified.

A cone viscometer (Figure 1.12) rotating at 50 rpm generated an estimated shear

stress of 0.41 Pa on rat flexor tendon cells for six and twelve hours (241, 242). The inves-

tigation concluded that the mechanical shear had an overall anti-fibrotic response with

decreased transcription of collagen type-I and collagen type-III. Sheared rat tenocytes

showed an increase in MMPs, consistent with extracellular matrix degradation. Addi-

tionally genes within the bone morphogenetic protein (BMP) and vascular endothelial

growth factor (VEGF) cytokine families that are considered to have a key role in tendon

healing (243) were up-regulated with the application of mechanical shear stress.
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Although not tenocytes, fibroblasts have shown increased proliferation and align-

ment when exposed to interstitial fluid flow in a three-dimensional flow chamber at a

flow rate of 0.012 ml min−1 (weighted average velocity of 6.3 × 10−6 m s−1) generating

an estimated shear stress between 15 and 33 mPa (244).

Investigations into the effect of fluid shear stress on matrix secretion is limited to one

investigation that used porcine tenocytes in a perfusion bioreactor (245). No estimate

of fluid shear stress was made. Cells were subjected to 0.1 ml min−1 for seven days and

showed an increase in matrix formation and tenocyte proliferation.

1.7 Fluid flow in tendon tissue

The water content of tendon amounts to 60 − 70 % of its weight (225), and this fluid

is free to move during loading (21). Interstitial fluid flow has been identified in tendon

as a result of experimental studies (246, 247, 248); however shear stress has not been

quantified in vivo. A poroelastic model has shown that the mechanical response of

tendon is caused by both matrix and fluid factors (249), and suggestion has been made

that glycosaminoglycans (GAG), a side-chain of a proteoglycan protein found in tendon,

may transfer force through the matrix by interaction with fluid (250). Additionally

Haut & Haut have shown that tendons respond differently to strain rate dependent on

their hydration (251) and hydrostatic stress has been indicated as an important factor

in regulating tendon composition (252).

An interstitial finite element model applied Darcy’s law to experimental results and

established a range of 7.62×10−2−2.23×104 Pa s−1 for the shear rate across the radial

direction of a tendon and a maximal fluid velocity of 0.6 mm s−1 within the model (21).

More recently, a finite element model estimated the level of fluid-induced shear

stress acting on cells in tendon and reported a maximum shear stress of 4.59× 10−4 Pa

at 3 % strain and a strain rate of 6 % strain min−1 (253). Additionally, a maximum

velocity magnitude of 1.2 × 10−4 mm s−1 was reported and experimentally stimulated

tendons were shown to reduce collagenase expression compared to static controls.

Tissue-level strains within bone, measured by strain gauges attached to a human

tibial shaft, are reported to be < 0.2 % (254); however, in vitro experiments have

identified that for a cellular response, a dynamic substrate strain must be at least ten-

fold larger (255, 256). You et al. have suggested that oscillatory fluid-induced shear
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stress of 2 Pa at 1 Hz has more influence over metabolic response of bone cells than

substrate strain ranging from 0.1 to 10 % at 1 Hz (256). Building on these findings, a

model presented the idea that GAG side-chains act as tethering elements across the

bone pericellular matrix, amplifying the fluid flow signal induced by strain to allow for

detection by cells (Figure 1.15) (257). Based on the findings of Robinson et al. (250),

this model may be relevant for tendon mechanics in vivo.

Figure 1.15: Idealised Han et al. model of the osteocyte process: tethering

elements, which ensure the osteocyte process remains central to the pericellular matrix,

experience deflection due to fluid flow, w. Figure adapted with permission (257).

1.8 Design of an in vitro fluid flow cell stimulation tool

1.8.1 In vitro model prerequisites

Tendon is exposed to cyclic forces in vivo and mechanical response is determined by

both a matrix and fluid flow element (Section 1.7). Understanding the effects of fluid

flow on tenocyte mechanosensation is essential (Section 1.1) and to achieve this, a

stimulation device is required that applies characterised fluid shear stress.

In vitro investigations using tenocytes have shown a biological response for esti-

mated shear stresses ranging from 0.1 − 2.5 Pa and as a result shear stresses should

be easily changeable (Section 1.6.2). In addition, unvalidated tendon tissue models

have indicated that in vivo tenocytes experience fluid-induced shear stress at a much

lower maximum of 4.59×10−4 Pa (228). Furthermore, fibroblasts have shown a positive

(anabolic) response to estimated shear stresses in the region of 15− 33 mPa (244).
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The device should generate cyclic flow conditions to mimic the loading found in

musculoskeletal tissues. To act as a useful model for multiple research institutions, the

device should be commercially available and give the researcher the freedom to alter

the frequency of flow oscillation and magnitude of shear stress with ease.

1.8.2 Model design

In this thesis a see-saw rocker is proposed as a suitable method of applying fluid shear

stress to cell cultures for mechanobiological investigations.

A Stuart SSL4 (Bibby Scientific, United Kingdom) see-saw rocker with a tilt angle of

7 ◦ was used to generate flow at a range of 5−70 cycles per minute (cpm) using a digital

selection method, allowing accurate speed selection and reproducibility (Figure 1.16).

The device allows the application of consistent cyclic flow across a cell monolayer.

The simple see-saw rocker stimulation device allows for high output through the use

of a six-well plate experiment design. Six-well plates are popular tools as they require

low levels of fluid consumables in comparison to bioreactors, and are regularly used

for methods such as the growth of biofilms (258, 259, 260). Six-well plate wells have a

diameter of 35 mm, generating a cell layer growth area of 950 mm2.

Video-capturing of platform motion allowed inspection at 0.2 s intervals to establish

vertical displacement over time. Analysis of platform displacement indicated a sinu-

soidal profile, with peak angular velocity when the platform is horizontal (Figure 1.16).

As a result, future modelling of a well requires a sinusoidal velocity boundary condition

for rotating surfaces.

Visual analysis of the free surface of fluid within a six-well plate indicated that at

30 cpm a volume of 2 ml ensured that a cell monlayer remained entirely covered by

culture medium during a full cycle (Figure 1.17). Thus, biological results using this

arrangement would show changes caused by fluid-induced shear stress as opposed to

nutrient starvation that might be present in a model where cells are exposed to air.
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1.8 Design of an in vitro fluid flow cell stimulation tool

Figure 1.16: Stimulation device: top - Stuart SSL4 see-saw rocker within incubator

showing digital input and maximal tilt angle of 7 ◦. Middle - video capturing of rocker

motion allowed the inspection of platform movement (red dots). Bottom - sinusoidal dis-

placement of the rocking platform at 30 s. x-axis - time in seconds. y-axis - vertical position

(z-direction) of the corner of the rocking platform from an arbitrary origin applied to side-

on video capture (middle figure). Analysis shows sinusoidal behaviour, the z-displacement

reduces for each time step as the rocker reaches its maximum and minimum positions.
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1.8 Design of an in vitro fluid flow cell stimulation tool

Figure 1.17: Fluid flow profiles: it is essential that during stimulation, cells remain

covered with fluid so that any biological response is a result of induced shear stress, rather

than factors such as nutrient, or oxidative stress. Visual inspection confirmed that at

maximal angle of tilt of 7 ◦, with 2 ml of fluid, a cell monolayer remains covered for the

entire cycle (t = 0− 2 s) at a frequency of 30 cpm. Schematic not to scale.
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1.9 Thesis objectives

The thesis aims detailed in Section 1.1 will be achieved with the following core objec-

tives:

1. Establish an in vitro tool for applying physically-relevant, fluid-shear stress to

cell culture monolayers as the sole method of stimulation.

2. Within the established tool, determine the range of shear stress using computa-

tional fluid dynamics.

3. From the fluid dynamics model, the pattern of flow velocities influencing cell

characteristics will be determined and compared to an experimental flow mea-

surement technique. Agreement will result in the validation of reported shear

stresses at the cell layer.

4. A change in relevant model parameters will be considered by adapting the vali-

dated tool and performing further computational fluid dynamics for a change in

frequency of rocking and the viscosity of the added culture medium.

5. To ensure that the tool is useful for in vitro cell investigations, a series of pre-

liminary tenocyte biological validations will be completed, focussing on tenocyte

alignment and matrix secretion. This will be achieved using microscopy tech-

niques and biochemical assays.

6. The adapted computational models and preliminary biological validations will act

as a foundation for the formulation of a mathematical model to predict tenocyte

response to fluid-induced shear stress, and further biological investigations will

be completed to establish whether relationships can be validated experimentally.

7. Finally, an investigation into the mechanosensor responsible for tenocyte flow

detection will be performed.

1.10 Thesis outline

In order to address the overall aims of this thesis, significant scientific knowledge of

tendon structure, cell mechanosensation, and matrix secretion is required as presented

within Chapter 1.
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1.10 Thesis outline

The arrangement, evaluation and results of a computational fluid dynamics model

created to characterise the velocity and fluid-induced shear stress within the well of a

six-well plate is presented in Chapter 2. In Chapter 3, an experimental flow capturing

technique called particle image velocimetry, is used to verify the velocity flow fields of

the computational model.

Within Chapter 4, expansion of the computational fluid dynamics model in Chapter

2 is presented. The impact of different flow viscosities and frequencies on the resultant

shear stress magnitude across the well base is considered as well as the effect of placing

a well at the edge of the rocking platform.

Chapter 5 details the materials and methods for all biological investigations that

are reported in Chapter 6.

Chapter 6 presents biological validation of the rocking platform for use with hu-

man tenocytes. A mathematical model is used to predict the behaviour of tenocytes

to changes in shear stress magnitudes computed in Chapter 4. Additionally, within

Chapter 6, consideration of the primary cilium as the key sensor of fluid flow in human

tenocytes in vitro is presented.

Finally, in Chapter 7 the thesis is concluded with some final remarks and discussion,

highlighting the limitations of this study and recommended future direction of further

work.
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Chapter 2

CFD estimation of shear stress

within the in vitro model

The characterisation of in vitro cell stimulation tools is essential in order to link applied

stress with observed biological response. Computational fluid dynamics (CFD) has been

used to characterise previous in vitro tools (Section 1.5.2), but a novel model is required

for the investigation of cyclic shear stress applied to musculoskeletal cells. Cyclic flow

induced by the see-saw rocker generates shear stresses that are experienced by cells

at the well base. Characterising these shear stresses is essential so that a biological

response can be mapped to a mechanical stimulus.

CFD is an iterative process whereby the behaviour of a fluid is solved using a series

of governing equations. The work presented in this chapter used a finite difference

technique known as the ‘finite volume’ method to complete the iterative process. This

is the most validated and well-established method and has a series of commercial CFD

codes, of which CFD-ACE (ESI CFD, France) was utilised.

Within this chapter, CFD was used to determine the range of shear stress within

the in vitro model in order to achieve the second thesis objective. The modelling ar-

rangement is presented, including the governing equations and varying techniques used

to predict fluid behaviour. Subsequently, model accuracy and stability is evaluated,

and the shear stress and velocity results from the modelling presented. In addition,

the limitations and intended use of the model are discussed with an evaluation of the

impact of key assumptions on model results.
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2.1 Modelling arrangement & methods

Before introducing the methods used for modelling, this section provides an assessment

using simple well-known tools for flow determination to define the scope and range

of the problem. Model dimensions and design are described earlier in Section 1.8.

Computational modelling was performed for a single well at an arbitrary oscillation of

30 cpm (0.5 Hz). This frequency was chosen as it was near the middle of the Stuart

SSL4 operating range of 5− 70 cpm.

2.1.1 Dimensionless numbers

Dimensionless numbers act as a tool to understand flow characteristics and behaviour.

Evaluation of the Reynolds, Weber and Bond numbers assisted in identifying assump-

tions that could be made to simplify the model arrangement.

2.1.1.1 Reynolds number

The Reynolds number Re is a measure of the relative importance of inertial forces and

viscous forces in a flow field (261). Pioneering experiments for varying geometries de-

fined the Reynolds number and established ranges to determine whether flow is laminar

or turbulent (262). In turbulent conditions, inertial forces are much larger than viscous

forces, where as in laminar conditions, inertial forces may still dominate viscous forces

up to a transition value.

The geometry of the flow was assumed to be similar to that of an open, rectangular

channel (Equation 2.1), where transition to turbulent flow occurs at a Reynolds number

of 600 (263).

Re =
ρ V DH

µ
(2.1)

where ρ is the fluid density, V is the fluid velocity, DH is the hydraulic radius, and

µ is the dynamic viscosity.

The hydraulic radius DH of 1.86 mm was determined from the flow wetted perimeter

(39.16 mm) and cross sectional area (72.8 mm2) (Figure 2.4).

Viscosity µ of 7.8× 10−4 kg m−1 s−1, and density ρ of 1000 kg m−3 were used to

represent cell culture medium (35).
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2.1 Modelling arrangement & methods

An upper bound for velocity V was estimated by calculating the velocity required

for a fluid particle to move from one edge of the well to the other during a quarter of a

complete cycle. At 30 cpm this suggested a speed of 0.07 m s−1, as a particle would be

required to move 35 mm in half a second. Reynolds number was determined to be 167

and flow concluded to be laminar.

Turbulent flow was estimated to occur at a flow velocity of 0.25 m s−1, and applying

the previous assumptions, this would occur at 107 cpm. As the see-saw rocker is limited

to a maximum of 70 cpm, it was concluded that flow within the well is laminar at all

applicable rocking frequencies.

The use of the calculation for an open, rectangular channel as a model for the flow

field within a culture well placed on a see-saw rocker provides a good estimation of the

Reynolds number; however, at different locations within the well the dimensions of the

hydraulic radius change. As the horizontal distance across the base of the well converges

as it reaches the wall, the hydraulic radius is reduced to 0.5 mm, reducing the Reynolds

number almost four-fold (1.86/0.5). Therefore, the use of the open, rectangular channel

calculation may over-estimate the average Reynolds number within the well.

2.1.1.2 Bond number

To further ascertain the forces that dominate flow behaviour the Bond number Bo was

considered. The Bond number is a measure of how important surface tension forces are

in relation to body forces (Equation 2.2). A value of less than one signifies that surface

tension is key.

Bo =
ρ g L2

σ
(2.2)

where ρ is the fluid density, g is the external force, L is the characteristic length,

and σ is the surface tension of the fluid.

Fluid density ρ of 1000 kg m−3 was used to represent cell culture medium. Gravity

drives inertial flow with the rotating surfaces of the well. For the external force g

gravitational acceleration of 9.8 m s−2 was used. The characteristic length L of 0.035 m

was determined from the width of the dish. The surface tension σ was estimated to be

0.072 N m−1 based on the reported surface tension of water.

The Bond number was calculated to be 167 and signified that inertial forces override

any surface tension effects.
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2.1 Modelling arrangement & methods

2.1.1.3 Weber number

The Weber number We is especially useful when considering fluid problems where an

interface is present. It represents the importance of hydrodynamic forces to surface

tension and as with the Bond number, a value of less than one would signify that

surface tension is the dominating force (Equation 2.3).

We =
ρ V 2 L

σ
(2.3)

where ρ is the fluid density, V is the fluid velocity, L is the characteristic length,

and σ is the surface tension of the fluid.

As in the Reynolds number calculation, fluid density ρ of 1000 kg m−3 and velocity

V of 0.07 m s−1 were used. The characteristic length L of 0.035 m and surface tension

σ of 0.072 N m−1 used were the same as for the Bond number calculation.

The Weber number was calculated to be 2.4 and thus it was concluded that hydro-

dynamic forces override surface tension effects.

2.1.1.4 Concluding model assumptions

In conclusion, dimensionless number analysis has shown that: the Reynolds number

indicates laminar flow; and that inertial and hydrodynamic forces override surface

tension effects.

2.1.2 Conservation laws & resultant governing equations

2.1.2.1 Navier-Stokes equations

Flow is described through a series of mathematical formulae, known as ‘governing

equations’, that define the conservation of mass, momentum and energy.

Using the finite volume method, across a control volume, fluxes and forces are

evaluated to ensure conservation of mass and momentum are derived.

The conservation of mass is governed by a partial differential equation known as

the continuity equation. This dictates a balance of masses that enter and exit a control

volume during a period of time ∂t, with the rate of change in the fluid density ρ. In
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2.1 Modelling arrangement & methods

three-dimensions, for a flow velocity vector U(u1, u2, u3) the continuity equation can

be expressed in vector form (Equation 2.4).

∂ρ

∂t
+∇.(ρU) = 0 (2.4)

The rate of change in momentum for a Newtonian fluid is also governed by a partial

differential equation, known as Navier-Stokes (Equation 2.5), that encompasses the sum

of all forces acting on a control volume surface, such as surface friction, pressure and

body forces (e.g. gravity).

ρ
∂U

∂t
+ ρU · ∇U +∇P = µ∇2U + f (2.5)

where P is pressure acting on the fluid, µ is the dynamic viscosity, and f encom-

passes other body forces.

2.1.3 Discretisation using the finite volume method

The finite volume method required that a domain was divided into a grid of computa-

tional cells known as control volumes, an example of which is shown in Figure 2.1. This

process is known as discretisation. Using the generated grid, an implicit finite volume

method was employed by fluid dynamics software (CFD-ACE, ESI CFD, France) to

approximate a flow solution.

The fluid dynamics software assigns a node to each centre of a control volume. The

values of variables at neighbouring nodes are used together with differencing methods

to estimate a variable in a given control volume.

2.1.3.1 Generalised transport equation

The governing equations can be represented as a generalised transport equation that

is more convenient for mathematical evaluation (Equation 2.6) and can be integrated

over each control volume, V (Equation 2.7).

∂

∂t
(ρϕ) +∇ · (ρUϕ) = ∇ · (Γ∇ϕ) + Sϕ (2.6)

∫
V

∂

∂t
(ρϕ)dV +

∫
V
∇ · (ρUϕ)dV =

∫
V
∇ · (Γ∇ϕ)dV +

∫
V
SϕdV (2.7)

43
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Figure 2.1: Representative three-dimensional control volume: a domain is divided

into computational cells that act as control volumes for evaluation of governing equations.

Control volume centre, C, face, F and normal vector, v.

where ϕ is the conserved quantity being solved for, Γ is the diffusion coefficient,

and S is the source term. The continuity equation may be recovered by setting ϕ = 1,

Γ = 0 and Sϕ = 0. Similarly, the Navier-Stokes equation may be recovered by setting

ϕ = U , Γ = µ and Sϕ = f −∇P .

The general transport equation (Equation 2.6) is divided into its separate terms.

On the left-hand side, the first term represents the transient properties of the flow and

the second term represents convection properties. On the right-hand side, the first term

represents diffusion and the last term represents source properties.

2.1.3.2 Temporal discretisation

The flow within the culture well placed on the rocker changes over time, requiring a

transient model solution that evaluates the fluid motion at pre-defined time intervals

for a set number of cycles. As the model is transient, temporal discretisation is required

and involves integrating every term in the differential equations over a given time step

size δt. Temporal discretisation is achievable through explicit or implicit methods, or a

combination of the two. The implicit method evaluates the function of a variable ϕ at

a future time step and is solved iteratively at each time step before moving on to the

next. The explicit method evaluates the function of a variable ϕ at the current time
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step and ϕ can be expressed explicitly using existing solution values.

Within CFD-ACE an implicit first-order Euler method is available as well as a

second-order Crank-Nicholson method where explicit and implicit calculations are com-

bined. Temporal discretisation within this model was achieved with the default implicit

first-order, backward step Euler method (Equation 2.8).

ϕn+1
i − ϕni

∆t
+O(δt) = k

ϕni+1 − 2ϕni + ϕni−1

∆x2
+O(∆x2) (2.8)

where n is the time step number, i is the current control volume, ϕ is the variable

of interest, k is the diffusion coefficient, δt is the size of the time step, and ∆x is the

distance between the centre nodes of two control volumes.

The implicit method is numerically stable and convergent and is preferred where

the model has large time-step values. For smaller values Crank-Nicholson is preferred,

but comes at an increased computational cost and strict constraint on the Courant-

Friedrichs-Lewy (CFL) condition (Section 2.1.4).

Discussed further in Section 2.1.8, the high computational cost of this study led

to the decision to use a constant time-step value that resulted in a fluctuating CFL

number, thus the implicit Euler scheme was selected to encourage model stability.

2.1.3.3 Spatial discretisation

Within CFD-ACE, the value of a variable at a control volume central node is the mean

value for that variable within the control volume. To define the algebraic expression

for each centre node, spatial differencing schemes are used.

Within the see-saw rocker model, this was established with a combination of a

second-order upwind differencing scheme (SUD) (Figure 2.2) (Equation 2.9) and a

first-order upwind scheme (FUD) (Equation 2.10), linked together by a blending factor

of 0.1 (Equation 2.11). This resulted in a differencing scheme that was 10 % first-order

and 90 % second-order.

ϕSUD
e =

{
f(ϕW , ϕC) if V n

F is >0
g(ϕC , ϕEE) if V n

F is <0
(2.9)

ϕFUD
e =

{
ϕC if V n

F is >0
ϕE if V n

F is <0
(2.10)
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where V n
F is a velocity component in the direction that is normal to the control

volume face, F (Figures 2.1 & 2.2) and WW , W , C, E and EE subscripts refer to

west-west, west, centre, east and east-east control volumes, respectively. e represents

the face of the east control volume, E (Figure 2.2).

ϕF = αϕFUD
F + (1− α)ϕSUD

F (2.11)

where α is the blending factor: α = 0 yields a fully second order scheme and α = 1

yields a fully upwind scheme. ϕEE is the variable from a neighbouring downwind

control volume to control volume E (Figure 2.2).

First order spatial differencing is known to provide stable solutions, but can result

in diffusive results due to non-physical oscillations in the model solution. As such, the

use of blending generates a second-order solution whilst encouraging model stability

from the first-order scheme.

2.1.3.4 Pressure-velocity coupling and solver

Within CFD-ACE equations are solved separately; however the continuity equation

does not include a pressure term and therefore, a pressure-velocity coupling method is

used to derive a pressure correction equation known as the semi-implicit method for

pressure-linked equations (SIMPLE).

A first guess of pressure was made and estimated velocities calculated from discre-

tised momentum equations. A pressure correction value was then calculated and used

to correct guessed pressure and resultant estimated velocities. Finally, all other discre-

tised transport equations were solved. If convergence was achieved then the solution

was stopped, otherwise the algorithm returned to the start with the new guess for pres-

sure being the previously iterated value. For this model, a slightly altered algorithm

was used that manipulated momentum equations to remove less significant terms in

velocity corrections. This is known as the SIMPLEC (SIMPLE-Consistent) algorithm

(264).

An algebraic multi grid (AMG) solver (265) was utilised to find the pressure dis-

tribution, permitting 50 sweeps and a convergence criterion of 0.1. The AMG solver

created a fine-coarse hierarchy of grids, starting with the problem-defined grid geom-

etry. For the first few iterations the fine grid was used to obtain residuals. These
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Figure 2.2: Second-order differencing scheme: W, C & E represent the centre nodes

of west, centre & east control volumes respectively. To determine the velocity in a given

control volume a second order scheme is employed. ∆x is the distance between two centre

nodes.
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residuals were then transferred as source terms on to a coarser grid for subsequent

iterations. The corrections from these iterations were then interpolated back on to the

finer grid to update the solution. This process reduced the time to completion and

memory requirements of the calculations.

2.1.3.5 Numerical method boundary conditions

Computational volume boundary conditions were dealt with by CFD-ACE by setting

boundary coefficients to zero. A control computational volume adjacent to the west

boundary of a given control volume (Figure 2.3) can be represented by a finite-volume

equation for the central node, P (Equation 2.12).

aPϕP = aEϕE + aWϕW + aNϕN + aSϕS + S (2.12)

where aW is set to zero after the connections to the boundary node, B, are incor-

porated into the source term, S in its linearised form.

Figure 2.3: Computational boundary control volume

2.1.3.6 Velocity solver

A conjugate-gradient-squared (CGS) solver was selected for determining flow velocity

as industry recognised best practice for structured grides. The linear, iterative solver

established the solution at each control volume of the discretised well. The solver was

permitted to perform 50 sweeps with an individual convergence criterion of 0.0001.
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2.1.4 Courant-Friedrichs-Lewy condition

The Courant-Friedrichs-Lewy (CFL) condition is a dimensionless number that deter-

mines the percentage of fluid that has changed in a control volume during a given time

step (Equation 2.13).

CFL =
uδt

∆x
(2.13)

where u is fluid velocity, δt is time step size, and ∆x is the length of a given control

volume (Figure 2.2).

As discussed in Section 2.1.3.3, the calculations of flow velocities in a control volume

required knowledge of the conditions in the upwind control volume(s) and the conditions

during the previous time step. If the fluid was moving too fast and the fluid in a control

volume fluid entirely changed as the solution stepped from one time step to the next,

or in extreme cases, the control volume fluid moved through several control volumes in

one time step, then the solution would become unstable and ultimately diverge.

To encourage the model to remain stable, a CFL value of 0.25 was desired. Grid

geometry and time step size were dependent on satisfying this condition. A value of

0.25 indicates that no more than 25 % of the fluid in any given control volume may

change during a single time step.

2.1.5 Geometry & grid generation

Varying grid sizes and shapes were investigated for a single domain in order to establish

a solution that produced grid independent results, that is, increasing control volume

grid density had no further impact on the solution.

Using geometry and grid generation software (CFD-GEOM, ESI CFD, France) a

domain was established to represent a single cell culture well with a height of 6.21 mm

and a diameter of 35 mm (Figure 2.4). In accordance with cylindrical geometry best-

practice, a butterfly pattern was used for meshing the base of the well using five struc-

tured faces where the spatial resolution of points around the circumference of the well

varied between 36 and 396 points (Figure 2.4). By extruding the grid pattern at the

base of the well, the grid for the entire cylindrical structure was obtained resulting in

ten grids varying between 5,265 and 1,470,150 control volumes. A representation of the
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grid of the discretised domain is displayed in Figure 2.4b. This grid resulted in hexa-

hedral control volumes that are optimal for free surface calculations as they provide a

structured coordinate system for the computation of the orientation of the interface.

Figure 2.4: Model characteristics: a) butterfly grid pattern, b) representation of

extruded three-dimensional grid structure, c) model geometry, where blue represents the

culture medium depth (not to scale). The origin and direction of the x-axis at the base of

the well is shown.

2.1.6 Boundary and initial conditions

The cell culture well is commonly used with 2 ml of fluid in biological experiments.

The well was filled with liquid up to a depth of 2.08 mm (based upon 2 ml of fluid),

with a viscosity of 7.8× 10−4 kg m−1 s−1, and density of 1000 kg m−3 to represent cell

culture medium (35). The base and vertical boundaries of the model were assigned
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no-slip conditions, while the top of the well as an outlet with zero pressure to represent

interaction with air. No-slip conditions dictate that at a wall, the fluid velocity is

zero relative to the wall. The outlet condition allowed a flux of air across control

volume surfaces that were assigned this condition. Video capturing showed the motion

of the rocker to be sinusoidal (Figure 1.16) and the motion of the well was modelled by

sinusoidal rotation about the y-axis at a frequency of 0.5 Hz, with a maximum rocking

amplitude of ± 7 ◦, and the origin of the coordinate system and centre of rotation

located 35 mm below the bottom centre of the model. The model was required to move

28 ◦ during one complete cycle, with angular velocity determined from a sinusoidal

computation for each time step (Equation 2.14) (Figure 2.5).

|v| =

√(
14

0.637
cos(2πfT )

)2

(2.14)

The velocity expression assumed the well started level at 0 ◦. The frequency, f ,

was 0.5 Hz. CFD-ACE required that all velocities were absolute as constraining angle

conditions dictated a change in direction rather than the sign of the velocity component.

A high number of significant figures was required for the amplitude to achieve a high

level of angular displacement accuracy.

Under angle limits of ±7 ◦ an amplitude of 14
0.637 produced a frequency of 0.5 Hz;

however due to rounding limitations, an error was compounded within the results and

an accumulated displacement of 0.24 ◦ was achieved over six cycles. During six cycles,

168 ◦ of displacement was expected and thus the error in the parametric expression was

less than 0.15 %. This was assumed to have a negligible effect on generated results.

2.1.7 Grid deformation

Due to the existence of rotating surfaces, the grid was re-meshed at each time-step

(0.001 s) using a grid deformation scheme.

Grid re-meshing was achieved through a standard transfinite interpolation (TI)

scheme, which determined the interior node distribution based on the motion of the

boundary. As a result, the grid geometry remained consistent, but at a different angle

from the origin for a given time step in accordance with the moving boundary.
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(a) Angular velocity

(b) Angular acceleration

Figure 2.5: Well angular velocity and acceleration: the resulting velocity and accel-

eration profiles at 0.5 Hz achieved with the sinusoidal velocity expression (Equation 2.14).
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2.1.8 Free surface reconstruction

As the model included two fluids, culture medium and air, it was necessary to employ

a reconstruction scheme to establish the shape and structure of the interface where the

two fluids met.

The Volume of Fluid (VoF) technique (266) was employed in order to track and

locate the free surface of the liquid within the domain. Within the model, Bond and

Weber numbers were calculated to be greater than 1 (Section 2.1.1), signifying that

gravitational and inertial forces override capillary effects. Thus, computational mod-

elling of surface tension was neglected in the model of the free surface and a single

line interface construction (SLIC) scheme employed to track the free surface (267). A

static contact angle was assigned as the free surface-wall interaction boundary condi-

tion. Contact angle measurements confirmed the material of the well to be slightly

hydrophilic, (water: 84.95 ± 1.39◦, media: 79.74 ± 1.47◦ n = 6) (Figure 2.6), therefore,

a static contact angle of 90 ◦ was deemed an appropriate assumption as although it was

technically possible to represent contact angles other than 90 ◦, the computational cost

of this justified the simplifying assumption.

The process by which the SLIC scheme determined the fluid flux at the media and

air interface was through a process of inspecting upwind and downwind control volume

properties from a previous time step (Figure 2.7).
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Figure 2.6: Contact angle measurements: top - a six-well plate was cut in half

to allow for contact angles to be measured; middle - side profile of a water droplet (left)

and DMEM droplet (right); bottom - measurements indicate water has a contact angle of

84.95 ± 1.39 ◦, and medium has a contact angle of 79.74 ± 1.47 ◦ (n = 6).
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Figure 2.7: SLIC scheme for free surface modelling: schematic representing the

method of determining the flow of air and culture medium in a control volume where the

interface is present from an upwind control volume to a downwind control volume.

2.1.9 CFD solver criteria

2.1.9.1 Convergence criteria & minimum residual

A residual is the difference between two adjacent iterations. The convergence criteria

and minimum residual are conditions where, if satisfied, the iterative procedure stops,

and the model progresses on to the next time step.

The convergence criterion is the minimum reduction in residuals for each variable

in the solution. The default value in CFD-ACE is 1 × 10−4. In this model it was set

to 1× 10−18. The minimum residual is the minimum value of the residual below which

the convergence criteria is not applied. Within this model it was set to 1× 10−18.

By setting the convergence criteria and minimum residual to such low, virtually
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unachievable and matching values, it was ensured that the solution iterated the full

45 iterations per time step. By completing all 45 iterations, model stability and the

consistency in the solution across multiple cycles was encouraged. Attempts at relaxing

the convergence criterion to 1× 10−8 resulted in divergence.

2.1.9.2 Under relaxation

Under relaxation was a constraint on a variable to prevent a significant change from

one iteration to the next, encouraging model stability, but reducing the convergence

rate (Equation 2.15).

aC(1 + I)ϕP =
∑

anbϕnb + SU + aCIϕ
∗
P (2.15)

where ϕ∗P is the new value of ϕP , a is a link coefficient, C indicates a value in the

control volume centre, nb indicates a value at a neighbouring control volume, SU are

source terms.

When convergence is achieved, ϕ∗P has no impact on ϕP , but prior to this point

under relaxation links the two together and assists in removing any oscillations in the

numerical solution. Relaxation factors (I) for pressure and velocities were reduced from

1 to 0.8 and 0.2 respectively. Values of I in the range of 0.2 – 0.8 are common practice

(268).

2.1.9.3 Flotsam & jetsam

Due to the use of a SLIC free surface reconstruction scheme, there was the likelihood

of tiny isolated droplets of media appearing in the air and vice versa. This is known

as flotsam and jetsam. A filter was applied to the solver ensuring that droplets were

removed at the point of their initial formation so that they did not grow and impact

on future flow calculations. Flotsam and jetsam is mainly generated in conditions with

poor convergence, a large CFL number, or poor grid quality and therefore its impact

on the solution was expected to be minimal due to careful model refinement.

2.1.9.4 Parallel computing

A cluster arrangement of computer cores was used to reduce the time to completion for

each model by dividing the domain grid into similar sized groups of control volumes
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2.1 Modelling arrangement & methods

where grid density was in excess of 150,000 control volumes (Figure 2.8). Each group

of control volumes was assigned a separate computer core for the parallel computation

of governing equations.

The discretisation of the domain into groups of control volumes was achieved using

a python script to create a sun grid engine (.sge) file for submission to the cluster

arrangement. Each core had a random-access memory (RAM) of 8 gigabytes. The

number of cores used was dependent on the grid density and is discussed further as

part of the results in Section 2.2.1.2.

Figure 2.8: Domain decomposition: the cylindrical domain is decomposed into sepa-

rate volumes to enable parallel computing. Walls (blue), outlet (green) and boundaries of

newly formed volumes (purple) are shown.

2.1.10 Data extraction

Data files were acquired every tenth time step to minimise the effect of memory transfer

on the speed of model progress; however, monitor points at the well base along the

centre line recorded: x, y, z locations; u, v, w velocities; and strain rate, for each

calculated time step.

Model evaluation and analysis was completed using visualisation software (CFD-

VIEW, ESI CFD, France & Matlab, Mathworks, United Kingdom). Shear stresses,
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2.2 Fluid dynamics evaluation

calculated from model parameters and CFD velocity results, were obtained at the base

of the well at the no-slip surface (Figure 2.9).

Additionally, further shear stress analysis and velocity analysis was completed by

making a vertical slice through the domain for a planar view, and a further horizontal

cut to obtain data at varying depths (Figure 2.9). For a complete two-second cycle, data

was extracted every 0.05 s, resulting in 40 time-points documenting transient behaviour.

2.2 Fluid dynamics evaluation

2.2.1 Grid evaluation & independence analysis

2.2.1.1 Grid integrity

Within the flow domain, increasing levels of grid density were applied, and a total of ten

models tested. This was achieved by altering the discretisation of three characteristic

dimensions (Figure 2.10): two of which generated the butterfly grid (a & b); and the

third defined the discretisation of the three-dimensional extrusion (c).

Grid refinement reduced the minimum control volume size. This impacted on several

model outputs, including: grid quality; time to completion; and the CFL number. Time

to completion and the CFL number are discussed in Section 2.2.1.2 and Section 2.2.1.3,

respectively.

The grid quality was evaluated by analysing the volume and centroid angle of the

smallest control volume within the grid (Table 2.1). These were computed automat-

ically by the CFD-GEOM software. The centroid angle is an angle formed between

two corner nodes of a volume and the centroid. An angle of less than 5 ◦ is considered

to be detrimental to the model successfully completing. Table 2.1 indicates that for

all models the centroid angle was above 5 ◦. This was encouraged by using a butterfly

grid, which ensured hexahedral control volumes.
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2.2 Fluid dynamics evaluation

Figure 2.10: Discretised dimensions: the dimensions of the well domain are discretised

to generate a structured grid. Increasing dimension discretisation increased the density of

the grid (Table 2.1). ‘a’ represents a quarter of the circumference; ‘b’ is the distance from

the well edge to the central cuboid domain; and ‘c’ is the height of the well.
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2.2 Fluid dynamics evaluation

Model Number a b c Smallest control Smallest centroid

of control volumes volume [mm3] angle [◦]

1 5265 10 15 10 5.12× 10−4 56.86

2 12825 20 15 10 2.25× 10−4 53.61

3 46835 30 15 20 6.79× 10−5 52.02

4 107640 40 20 25 2.86× 10−5 50.28

5 177625 50 20 30 1.78× 10−5 49.64

6 310930 60 25 35 1.03× 10−5 48.80

7 497835 70 30 40 6.30× 10−6 48.22

8 747340 80 35 45 4.13× 10−6 47.79

9 1068445 90 40 50 2.86× 10−6 47.47

10 1470150 100 45 55 2.06× 10−7 47.21

Table 2.1: CFD models: ten models were created ranging from coarse (5265 control

volumes) to fine (1470150 control volumes) be altering the discretisation of key dimensions

a, b and c. CFD-GEOM software was used to identify the smallest control volume and

centroid angle.

2.2.1.2 Time to completion

With an increasing grid density there were more control volumes for the generalised

transport equation to be integrated over, increasing the computational cost. For ex-

ample, an increase in the resolution by a factor of two in a three-dimensional model

theoretically increases the solution time by a factor of 16. This is because as well as

each dimension doubling, the time-step size may be required to be halved for a CFL

constraint to hold true.

Time to completion was reported for each model and weighted to 24-cores for di-

rect comparison (Table 2.2). To reduce the time to completion, models were split over

multiple cores through a parallel computing arrangement (Section 2.1.9.4). The par-

allel computing arrangement significantly reduced the predicted time taken for models

to complete (Figure 2.11); however the predicted parallel computing completion time

based upon Model 1 was not matched. It is hypothesised that the difference was due

to the intensive free surface calculations, as increased grid refinement increased the

number of control volumes at the medium-air interface.
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2.2 Fluid dynamics evaluation

Model No of Approximate No of control volumes Time to completion [h]

cores per core (weighted to 24 cores)

1 1 5265 0.9375

2 1 12825 2.75

3 1 46835 10.25

4 1 107640 23.125

5 8 22203 140

6 8 38866 77.5

7 8 62229 122.5

8 16 46709 346

9 16 66778 454

10 24 61256 1362

Table 2.2: CFD time to completion: model 10 was completed using 24 cores, thus all

other completion times were weighted to 24 cores for direct comparison.

2.2.1.3 CFL evaluation

Based upon the smallest control volume and vertical discretisation (dimension c) (Ta-

ble 2.1), the smallest dimension in the x-direction was estimated (Table 2.3). Equa-

tion 2.13 was then used to estimate a CFL value for the defined time step of 0.001 s

and an average velocity of 35 mm s−1 (Table 2.3).

Analysis shows that all CFL values are under the recommended maximum of 0.25.

Additionally, the maximum time step size is also calculated, indicating that a time step

of 0.001 s was suitable.

It is noted that when the platform is at 0 ◦, maximal velocities of circa 80 mm s−1

are identified near the medium-air interface and if this velocity occurs in a control

volume smaller than 0.0328 mm3 the CFL condition would not have been satisfied.

This limitation was not considered to have a large impact on the reported results for

the following reasons:

1. The peak velocity of the culture medium occurred for a short period of time

(0.02 s) extending over only 20 time steps.
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2.2 Fluid dynamics evaluation

Figure 2.11: Time to completion: actual time to completion vs. predicted values for

models without and with parallel computing arrangements. Predicted values are based on

the time taken for Model 1 to run with 5,265 control volumes on a single core arrangement.
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2.2 Fluid dynamics evaluation

2. Divergence was not reported during the simulations, indicating that the velocity

occurred in a control volume large enough to ensure a satisfactory CFL number.

In the worst-case scenario, a velocity of 80 mm s−1 in Model 10 would suggest a

CFL number of 0.43, i.e. 43 % of fluid within the volume has changed. This was

still acceptable for the stability and convergence of the model, but may have created

some diffusivity at the medium-air interface. As the shape of the interface was not

paramount, this maximum was not considered to have a significant impact on the

model results.

In conclusion, it was surmised that the CFL condition was satisfied to a suitable

level in each model, thus providing reliable results for analysis.

Model Smallest estimated Predicted Maximum time-step

dimension [mm] CFL number size for CFL = 0.25

1 1.28 0.027 0.009

2 0.82 0.043 0.006

3 0.62 0.056 0.004

4 0.46 0.076 0.003

5 0.40 0.088 0.002

6 0.32 0.108 0.002

7 0.27 0.127 0.001

8 0.24 0.147 0.001

9 0.21 0.167 0.001

10 0.19 0.186 0.001

Table 2.3: Predicted CFL numbers: the smallest estimated dimension was used to

estimate the CFL number and maximum time step size for each model. Analysis indicates

that for a mean velocity of 35 mm s−1 the desired CFL condition of 0.25 was satisfied for

each model and that the selected time step size of 0.001 s was suitable.

2.2.1.4 Grid independence

Ten models were run to completion with an increasing grid control volume density in

order to identify a model that completed flow calculations in the shortest time, and

produced grid independent results. Of the ten models run, the ninth most-dense model

was determined to provide grid independent results (Figure 2.12).
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2.2 Fluid dynamics evaluation

This was ascertained through both qualitative and quantitative analysis. A com-

parison of x-directional velocities across the diameter of the well was completed at the

final time step of the simulation (12,000) for models nine and ten.

Qualitative analysis was achieved through comparison of plots in Matlab (Math-

works, United Kingdom) and showed good correlation.

Quantitative analysis was achieved by calculating the area under each plot with a

baseline of 0 mm s−1; the percentage error between the two areas, and thus the two

models, was calculated to be just 0.79 %.

A summary of all differences between the areas under the curve for the preceding

nine models to the tenth is shown in Figure 2.12. It was noted that qualitative analysis

indicated that flow fields were not similar until a grid resolution of 310,930 control

volumes, and this is represented in the quantitative analysis by a large jump from the

first five models to the sixth.

The difference in x-directional velocities between the eighth and ninth models was

1.17 % and hence the eighth model was not used as this was above 1 %, the level of

error that was deemed to be acceptable between two models for grid independence to

have been achieved.

2.2.2 Iterative convergence

Preliminary models were run with 100 permitted iterations for each time step. From

this data it was quickly identified that the maximum number of iterations permitted

could be reduced to 45, as convergence was reached within 30-45 iterations during each

time step (Figure 2.13). This assisted in reducing the time to completion.

2.2.3 Initial transient effects

As the fluid started from a static position, it was necessary for the computational

model to complete a series of rocks to ensure that the initial transient effects caused

by the starting motion were not transferred into the results analysis. As a result, the

model was run for six complete cycles. Other computational, cyclic models indicate

that results are repeated by the third cycle (38), thus six cycles were deemed to be an

appropriate number to ensure the flow field was repeating.

65



2.2 Fluid dynamics evaluation

Figure 2.12: Grid independence: X-axis is the grid density with ten datums, ranging

from 5,265 to 1,470,150 control volumes, Y-axis is the percentage difference from the most

dense model, determined from plots of x-component velocities for each model and the

difference between the area underneath to a baseline of 0 mm s−1.
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2.2 Fluid dynamics evaluation

Figure 2.13: Residuals convergence: top - 10,000th time step / 0 ◦; bottom - 10,500th

time step / 7 ◦. X-axis in the number of iterations, up to a prescribed maximum of 45.

Y-axis is the residuals for x-, y- and z- component velocities and static pressure.
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2.3 Fluid dynamics results

The sixth cycle was used for analysis and inspection showed that reported flow

velocities of the sixth cycle matched that of the fifth to within 99 %, confirming that a

repeating flow field had been achieved (Figure 2.14).

The flow field was similar after the first cycle is completed, suggesting that initial

transient effects are quickly resolved. Large oscillations are shown at the start of the

first cycle, but these quickly reduced to form a repeating flow pattern after the fourth

cycle.

Figure 2.14: Initial transient effects: X-axis represents the time taken for one complete

cycle at 0.5 Hz. Y-axis is the x-component velocity at the centre of the well. Six complete

cycles are represented from t=0 s to t=12 s.

2.3 Fluid dynamics results

2.3.1 Velocity profiles

Analysis of CFD velocity magnitude every 0.25 s of a 2 s cycle (Figure 2.15) confirmed

that the rocking system generated phase-symmetric fluid behaviour about the axis of
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2.3 Fluid dynamics results

rotation, and that the free surface remained close to horizontal throughout a cycle. In

addition flow was symmetrical about the x-direction (Figure 2.16)

Peaks of± 80 mm s−1 are identifiable at the medium-air interface at the start, middle

and end of a cycle, suggesting that the free surface reached the highest velocity at the

sinusoidal peak angular velocity, i.e. when the platform was at 0 ◦. Correspondingly,

velocities reached zero at ± 7 ◦ when t = 0.5 s and 1.5 s (Figure 2.15); this corresponded

with a prescribed angular velocity of zero as the rocker changed direction (Figure 2.5).

A two-dimensional numerical model of the velocity magnitude of the well base

correlated with CFD flow magnitude velocities extracted 0.4 mm above the well base

(Figure 2.17). The numerical model is based upon the angular displacement of the

well base during a complete cycle at six different locations along the x-axis (x =

0, 3.5, 7, 10.5, 14, 17.5 mm) . Differences between peak and trough velocity time-points

were present due to fluid inertia (Figure 2.17).

Comparison of velocity magnitude (Figure 2.18) with directional velocities (Fig-

ure 2.19), 0.4 mm above the well base and thus outside of the prescribed no slip condi-

tion zone, indicated that flow was primarily in the x-direction during a cycle; z-direction

velocities were small, in the region of ± 5 mm s−1, apart from when the angular velocity

was at its peak (t = 0 s, 1 s, 2 s) and a maximum of 20 mm s−1 was reached.

What appeared to be vortical flow was present after culture medium had moved

over to a constraining wall (Figure 2.15 b & f); however closer inspection indicated that

this was the fluid being forced to slow down and no dominating back flow was created

(Figure 2.20).

Above the well base at z=0.4 mm, peak velocity magnitude of 61 mm s−1 occured

at t = 0.82 s, when the rocker was moving at an angular velocity of 18.9 rad s−1 and

had moved a total of 10.4 ◦. At this point, the rocker was returning to the 0 ◦ position

having previously displaced to the −7 ◦ position (Figure 1.17). It was thus 3.6 ◦ away

from the horizontal point and peak angular velocity, i.e. between positions d) and e)

in Figure 2.15.

2.3.2 Shear stress

As with the velocity profiles, analysis of shear stress every 0.25 s of a 2 s cycle (at the

base of the well) indicated that shear stress was both phase-symmetric about the axis

of rotation and symmetric about the x-axis (Figure 2.21). Further inspection showed
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2.3 Fluid dynamics results

Figure 2.15: CFD velocity magnitude x-z plane (m s−1): velocity magnitude vectors

shown at 0.25 s intervals (y = 0). In image ‘a’ the domain is at the start of its sixth cycle.

The model progresses in 0.25 s intervals [a = 0, b = 0.25 . . . ], reaching maximal angles of

tilt at positions ‘c’ & ‘g’. At position ‘i’ the model is at the start of the seventh cycle and

the flow field matches that of position ‘a’.
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Figure 2.16: CFD velocity magnitude x-y plane (m s−1): velocity magnitude con-

tour maps shown at 0.25 s intervals, 0.4 mm above the base.
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2.3 Fluid dynamics results

Figure 2.17: Comparison of CFD flow velocity magnitude with a mathemati-

cal model of well base velocity magnitude (m s−1): CFD velocity magnitude was

extracted for the centre line of the well (y = 0) in the x-direction at z=0.4 mm and

compared with a mathematical model of well base velocity at six centre line positions,

0, 3.5, 7, 10.5, 14, 17.5 mm x-axis - one complete cycle of 2 s at 30 cpm. y-axis - velocity

magnitude calculated from velocity vectors in the x- and z-directions.
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2.3 Fluid dynamics results

Figure 2.18: Velocity magnitude (m s−1): velocity magnitude is extracted for the

centre line of the well in the x-direction (y = 0) at z=0.4 mm. As a phase symmetric flow

field has been identified (Figure 2.15), only one half of the dish is shown (well wall = 0 mm,

well centre = 17.5 mm).
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2.3 Fluid dynamics results

Figure 2.19: Component velocities (m s−1): top - x-component velocity at z=0.4 mm;

bottom - z-component velocity at z=0.4 mm, (x-direction: well wall = 0 mm, well centre =

17.5 mm) (y = 0).
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2.4 Discussion

Figure 2.20: Flow deceleration: velocity magnitude vectors at t=1.25 s at the edge of

the well extracted at y = 0, correlating to Figure 2.15(f).

that the vast majority of the well was subjected to similar shear stresses, reaching a

peak of 0.22 Pa near the well edge as the rocker approached the zero degree position

(0.9 s) (Figure 2.22). As might be expected, this peak correlated with a peak in velocity

magnitude identified at the same location (Figure 2.18). The peak in shear stress fell

across the diameter of the well during the time step reaching a low of 0.04 Pa at the

opposite edge. This is identifiable in Figure 2.22 at 1.9 s due to the phase-symmetric

properties of the flow.

Shear stress was at its lowest when the rocker was at its largest angle of tilt of

± 7 ◦ (t = 0.5 s & 1.5 s) as flow velocity at these time-points is virtually zero, causing

the strain rate to be very low. This behaviour is characterised by dark blue areas in

Figure 2.22.

The peak area of shear stress occurs for a very short period of time of just 0.1 s

ultimately having little effect on the time-averaged shear stress across the well. Across

the centre line of the well mean shear stress is 0.033 ± 0.017 Pa during a complete cycle

(Figure 2.23), with a shear stress range of 0− 0.22 Pa.

2.4 Discussion

An accurate, grid-independent, stable CFD model was created that characterised the

shear stresses at the base of a six-well plate and showed mean shear stress of 0.033 ±
0.017 Pa across the well centre line. Velocities were shown to peak at ± 80 mm s−1 at

the medium-air interface, and velocity magnitude was mainly driven by x-component
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2.4 Discussion

Figure 2.21: CFD shear stress profiles x-y plane: shear stress generated at the well

base shown at 0.25 s intervals and directly comparable with velocity vectors and magnitudes

shown in Figure 2.15 & Figure 2.16.
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2.4 Discussion

Figure 2.22: Shear stress distribution (Pa): shear stress values extracted z=0.1 mm

above the base of the well (well wall = 0 mm, well centre = 17.5 mm) for a complete cycle

at 0.5 Hz, (y = 0).
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(a) Time-averaged shear stress at 0.1 mm above the well base

(b) Distance-averaged shear stress at 0.1 mm above the well base

Figure 2.23: Maximum, minimum & average shear stresses (Pa): rocking fre-

quency of 0.5 Hz (well wall = 0 mm, well centre = 17.5 mm), (y = 0).
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velocities. A mathematical model, quantifying shear stress within a square rather than

circular rocking well, reported a maximum shear stress of 4.8 Pa at the well base at

a maximum tilt angle of 7 ◦ (199). Differences are likely due to the geometry of the

well and the origin of rotation located directly below the well base in the mathematical

model compared to 35 mm below in the CFD simulation.

Re-evaluation of the Reynolds number using a CFD-generated peak velocity of

80 mm s−1 confirmed that flow was laminar (Re = 191) and well below the turbulent

transition value of 600 (263).

Time to completion was successfully reduced with parallel computing strategies

and a constant time step, yet remained extremely high due to extensive free-surface

calculations that increased with increasing grid densities. Rejecting the auto-time step

function in favour of a fixed time step size of 0.001 s resulted in a CFL number over

0.25 during peak flow velocity; however, some diffusivity at the media-air interface was

considered to have negligible impact on the model results, and this method allowed for

time to completion to be significantly reduced. Convergence at each time step and a

repeating flow field supported that the selection of a fixed-time step size of 0.001 s was

appropriate.

By enacting a fixed time step value 0.001 s, rather than using an auto-time step func-

tion, the rate of convergence fluctuated at different stages of the cycle. At time-points

of high velocity the full 45 iterations were necessary to achieve convergence. At times

of reduced flow velocity, convergence occurred slightly earlier at 30 iterations; although

the full 45 iterations were performed. Relaxing the convergence criteria slightly could

have modestly improved the time taken to complete the full transient solution; however

early models with a relaxed convergence criterion led to instability in the solution and

ultimately divergence.

The most significant limitation of the rocker was the modelling of the free surface

that did not account for surface tension and was reconstructed using a first order

scheme. The free surface reconstruction scheme was limited to a first order approach

as a second order scheme caused the time taken for each iteration to increase and

consistently resulted in divergence. This limited the accuracy of the media-air interface

profile and caused some diffusivity. In addition, this assumption may have presented

errors in flow calculations where fluid depth was small as surface tension may have

an increased role in flow behaviour. Within the see-saw rocker model, this may have
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occurred at the edges of the well along the midline at ±7 ◦ when the media has collected

at the opposite side of the well. Therefore shear stress results reported at the well-edge

may be inaccurate at t=0.5 and 1.5 s; however the impact on the global results is

minimal, as it would only effect the edge of the well for a short period of a cycle.

As a first order scheme was enacted, the contact angle was limited to 90 ◦; however

media and air measurements indicated that the contact angle of 90 ◦ was an appropri-

ate assumption as values were largely similar, thus the impact on model results was

considered small and would be localised to the well edges where the fluid meets the

well walls.

For free surface calculations it is recommend that the number of control volumes

computed is never above 10,000 due to the time taken to complete fluid-interface cal-

culations (268); however for the shear stress in a six-well plate to be computed and for

the results to be relevant for future biological studies, a three dimensional model was

required, and at a high resolution. Angular frequency and well geometry conditions

dictated that a grid size in excess of 10,000 was required. This caused the model to be

computationally intensive. A structured, hexahedral mesh was used as best practice for

free-surface calculations. Preliminary models using an unstructured, triangular mesh

resulted in divergence.

The burden of free surface calculations was compounded further by a sinusoidal

angular velocity impacting on an imposed Courant-Friedrichs-Lewy (CFL) condition

of 0.25. Estimations of CFL number based upon angular velocity were utilised for

programming the model arrangement, and a fixed time step size of 0.001 s was chosen

to encourage a CFL value of less than 0.25. As such, an auto-time step function was not

enacted with a SLIC scheme. Determining the method of transient progression, that is

whether to use the auto-step function or not, was a trade-off between the sharpness of

the fluid-air interface and the speed of acquiring the solution, therefore the auto-time

step was not enacted. An auto-time step may have increased the sharpness of the free

surface, but would have had a limited impact on the velocities calculated within the

flow field and the resulting shear stress reported at the cell layer.

As vortical flow was not identified during the velocity analysis, it is concluded

that biological cells seeded in a monolayer at the base of the well would experience

a frequency of flow stimulus that matches twice the rocking frequency of 0.5 Hz; a

mechanotransducer such as the primary cilium may experience a bending induced by
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flow moving in one direction and then as the see-saw rocker changes the direction of

rotation, the flow may cause the cilium to bend again, but in the opposite direction.

Within the operational limits of the rocker, this gives a frequency of bending for the

primary cilium a range of 0.166− 2.334 Hz, i.e. double 0.083− 1.167 Hz. The average

walking frequency of men and women is 2 Hz (269), therefore this model could act as a

platform for investigating the effect of different loading frequencies on musculoskeletal

cell behaviour that are relevant to the in vivo environment.

One minor limitation of this model is that it did not consider the cell monolayer

in the geometry; however, the tenocyte height would have a minimal impact on the

overriding strain rate within the solution. Furthermore, as shown in Chapter 6, when

stimulated, tenocytes secrete proteins that alter the surface structure at the well base,

and as a result the shear stress. This model could therefore be adapted to include

the shape and structure of tenocytes at the cell layer and additionally update the

structure based upon a rate of matrix secretion. However, it is noted that the impact

on time to completion could be huge as extensive additional calculations would be

required in between each time step, including recalculating and updating all geometry.

Additionally, by not including the geometry of tenocytes, a model has been created that

can be used across research institutions for a variety of cell types, and importantly, will

allow for results to be repeatable and comparable.

While CFD is a mature and reliable method, proper verification is still necessary,

the accepted standard of which is to make experimental flow field measurements using

a high fidelity technique, such as particle image velocimetry (PIV) (Chapter 3).
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Chapter 3

Particle image velocimetry flow

validation

Particle image velocimetry is a technique whereby velocity vectors are derived from

the motion of microspheres seeded in a flow field. Verifying CFD simulations with

PIV data justifies the simplifications and assumptions of the CFD model and thus

increases confidence in computationally derived values such as shear stress. Detailed

and accurate knowledge of shear stress is essential for understanding cell behaviour in

tissue engineering methods. PIV has previously been used to validate CFD modelling

(36, 270, 271, 272, 273) and also for the capture of flow around the beating wings of

insects (274), thus its ability to produce results in a small flow field, and its precedent for

comparison with CFD models, make it an ideal approach for validation of the see-saw

rocker fluid dynamic estimations.

Experimental capturing of flow velocities was completed in collaboration with Dr.

Richard Bomphrey and Dr. Per Henningsson of the Department of Zoology, University

of Oxford, using their existing experimental set-up, software and expertise.

Within this chapter the use of PIV to experimentally validate the CFD modelling

of the see-saw rocker is presented in order to achieve the third thesis objective (Sec-

tion 1.9). Firstly, the principles of PIV and the experiment arrangement are presented.

This is followed by an outline of methods for processing, extraction and noise reduction

of acquired data. Finally, PIV experimental results and CFD estimations are compared

qualitatively and quantitatively and discussed.
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3.1 Principles of laser sheet PIV

3.1 Principles of laser sheet PIV

PIV is a method for tracking the displacement of a light-reflective particle over a time

step δt by taking images in quick succession (Figure 3.1). A laser is focused through

a custom lens to create a thin sheet of light to illuminate particles in one plane only.

As a particle moves along the plane highlighted by the laser sheet, a high-speed cam-

era captures its displacement. Data processing of particle displacements results in an

approximation of the particle velocity over a period of time (Equations 3.1 & 3.2).

Figure 3.1: Principle of PIV: a particle, at time t and position (x1,y1), moves by

∆x and ∆y to position (x2,y2) after time δt has elapsed.

U = lim
t2→t1

(
x2 − x1

δt

)
(3.1)

V = lim
t2→t1

(
y2 − y1

δt

)
(3.2)

The processing assumes that the direction of travel of the particle is straight and

that the speed of travel in between successive images is constant. The selection of an

appropriate frame capture rate that ensures the full behaviour of the flow is captured

is essential. Capture rate is dependent on the pulse frequency of the laser and camera

frame speed.

Captured data is evaluated by dividing images into interrogation windows of a

defined pixel size and establishing the movement of particles in between time steps

83



3.2 Arrangement & methods of flow validation experiments

(Figure 3.2). Acquisition of displacement and resulting velocity vectors is discussed in

detail in Section 3.2.4.

3.2 Arrangement & methods of flow validation experi-

ments

3.2.1 Platform arrangement

A single well cut from a standard six-well plate (Greiner Bio-One, Germany) was placed

on the rocker and positioned within a laser sheet PIV set-up designed for small volume

flow capture (Department of Zoology, University of Oxford) (Figure 3.3). As the well

rocks, high rotating walls inhibit the ability of a static camera to capture fluid motion.

As a result, the walls of the well were cut down to a height of circa 6 mm to enable

a clearer path for image capture. To reduce interference with image capturing, the

exterior of the well was coated in a black matt paint and a black card was placed on

the rocker platform surface to reduce laser glare.

The rocking platform was placed with its centre directly underneath the laser sheet.

The well was placed in the centre of the platform, achieved through the use of prepared

marks on the platform surface.

3.2.2 Fluid seeding & laser specification

The fluid was seeded with a circa 1 % suspension of 48µm fluorescent beads (Duke Sci-

entific, United Kingdom). The suspension was illuminated by a 10 mJ laser (Nd:YLF,

527 nm, Litron LDY-300PIV; Litron Lasers Ltd, United Kingdom) producing pulse

pairs with a repetition rate of 125 Hz and a pulse separation interval of δt = 4 ms

(Figure 3.4). The sheet optics chassis was equipped with a −10 mm cylindrical lens

spreading the beam into a 2 mm thick sheet across the diameter of the well perpendic-

ular to the tilt axis, (Figure 3.3).

3.2.3 Image capturing

A flow field area of approximately 60 × 60 mm was recorded using a high-speed (2000

frames per second) CMOS-sensor camera (Photron SA3: 1024 × 1024 px; Photron Ltd,
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3.2 Arrangement & methods of flow validation experiments

Figure 3.2: PIV data capture, window interrogation & vector generation: images

of particles were captured and discretised into a grid format (top). Particle motion was

evaluated between time steps through a cross-correlation technique (middle). The cross-

correlation technique was used to define the magnitude and direction of a velocity vector

(bottom).
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3.2 Arrangement & methods of flow validation experiments

Figure 3.3: PIV experimental set-up: A 2 mm thick laser sheet highlights a central

plane within the well geometry. A high-speed camera captures the motion of fluorescent

microspheres in this plane. Well side-profile: the overlap of camera capture and laser sheet

covers 70 % of the well base. ‘a’ and ‘a*’ represent zones at the base of the well on the

central axis either side of the mid-point.
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3.2 Arrangement & methods of flow validation experiments

United Kingdom) (Figure 3.4). The camera was equipped with a 105 mm lens (Sigma

105 mm f2.8 EX DG), set to aperture 2.8 and mounted on a Scheimpflug adapter.

The laser and camera were controlled by DaVis 7.2.2 software package (LaVision,

Germany) and were triggered by a common high speed controller signal. The camera

was calibrated with the built in calibration routine in DaVis 7.2.2 using a 105× 105 mm

dual plane calibration plate (type 11; LaVision, Germany). The calibration plate al-

lowed the transformation of the coordinate system to a view perpendicular to the laser

sheet.

3.2.4 Data processing

The recorded PIV data (125 frames per second) were processed using the graphical

processing unit (GPU) module of DaVis 8.0.8., providing a more advanced data pro-

cessing system than the data acquisition software (version 7.2.2.). Raw images were

filtered by subtracting a sliding minimum over three frames to reduce noise.

Vector fields were computed from the filtered images using multi-pass cross-correlation.

For two successively acquired windows, the following method was applied:

1. The two-dimensional fast-fourier transform (FFT) of each window was calculated.

2. The cross product of the first window FFT and the second window FFT-conjugate

was computed.

3. The inverse FFT of the cross product was calculated.

4. The location of the maximum was found in the correlation plane (displacement

determination).

5. The second interrogation window was shifted based on the displacement vector

and the process applied again to obtain a smaller displacement vector.

6. This process was repeated from a 64 × 64 pixels window reducing stepwise to

8 × 8 pixels for the final pass.

7. The final displacement was the sum of all displacements from each pass.
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3.2 Arrangement & methods of flow validation experiments

(a) Laser pulse frequeny

(b) Camera capture rate

Figure 3.4: Laser pulse and camera capture rate: a laser pulse pair repetition rate

of 125 Hz and a pulse separation interval of δt = 4 ms synchronises with a camera capture

rate of 2000 Hz, resulting in an effective data acquisition frequency of 250 Hz.
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3.2 Arrangement & methods of flow validation experiments

Reducing the window size during the iterative process of multi-pass cross-correlation

allowed the acquisition of a higher spatial resolution and wider velocity dynamic range.

Vectors were considered erroneous and deleted if the magnitude was equal to or

more than twice the neighbourhood root mean square (RMS) or less than three times

the neighbourhood RMS (closest neighbour vectors). Empty spaces were filled by

interpolation (an average of all non-zero neighbour vectors) and the final vector fields

were subject to a 3 × 3 smoothing.

3.2.5 Noise reduction

3.2.5.1 Proper orthogonal decomposition

Proper orthogonal decomposition (POD) is a technique that identifies the periodic

vectors from a signal, reducing non-periodic noise from the final signal used for analysis.

Within PIV, it was first developed for the analysis of turbulence in data post-processing

by Lumley et al. (275). The linear POD procedure decomposed the set of signals

in modal base. Vector fields were reconstructed using the first 20 modes identified

from POD analysis performed in DaVis 8.0.8 on acquired vector fields. As the flow

was laminar, the computation was completed over six cycles as sufficient for a good

representation of the flow.

3.2.5.2 Low-pass filter

A fast fourier transform indicated that some low amplitude signal was present in excess

of 2 Hz (Figure 3.5). This was concluded to be noise as 2 Hz is equivalent to a rocker

oscillation of 120 cpm and dimensionless number calculations suggested that the fluid

profile was laminar (Section 2.1.1). The signal less than 2 Hz included the velocity

signal, and this was indicated by a large peak in amplitude at 0.5 Hz, the frequency of

the rocker at 30 cpm. A low-pass filter by-passed the signal at lower frequencies and

attenuated the signal above a pass band threshold. A pass band of 2 − 3 Hz (signal

attenuation of 45 dB) was used as the rocker was rotating at 0.5 Hz and flow frequencies

were expected to be low since no higher frequency instabilities emerged (Figure 3.6).

Although some noise was likely still present within the signal at under 2 Hz, the process

assisted in removing some of the erroneous data.
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3.2 Arrangement & methods of flow validation experiments

Figure 3.5: Fast fourier transform: sampling frequency of 22.5 Hz used. The fast

fourier transform shows that frequency amplitude peaks at 0.5 Hz and suggests that some

low amplitude noise is present above 2 Hz.
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3.2 Arrangement & methods of flow validation experiments

(a) Overall filter design with a signal attenuation of 45 dB

(b) Magnified filter at a low frequency, indicating a cut-off of 2 Hz

Figure 3.6: Low-pass filter design
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3.3 Evaluation of PIV velocities

3.3 Evaluation of PIV velocities

Visual inspection of vector distributions at different time steps allowed for the iden-

tification of the start of a see-saw rocker cycle, based upon when the lowest row of

non-zero vectors were completely horizontal. From this starting point, PIV velocities

were obtained every 0.045 s at the base of the well. Although, this equates to only circa

10 % of the acquired data, it was deemed to provide an appropriate representation of

flow behaviour. Acquisition of flow data at a higher resolution was necessary for the

implementation of accurate multi-pass cross correlation and POD analysis.

Vector identification at the well base was achieved by defining a spatial mask that

selected velocity vectors nearest to the well-base at each stage of rotation (δt = 4 ms),

while ensuring they were not subject to boundary effects from the interrogation win-

dows. This was to avoid selecting velocities within the boundary layer at 0 mm s−1.

The base layer vector mask was applied over a POD velocity magnitude contour map

and corresponding values extracted in Tecplot (Tecplot Inc., United States of America)

(Figure 3.7). Where the mask presented two vectors in the z-direction, the vector with

the smallest z-coordinate (i.e. that closest to the well base) was used.

The spatial resolution of velocity vectors was set at 0.44 mm and the minimum

number of vectors obtained for each extraction was 40 to ensure that coverage of at

least half of the well was obtained.

Due to the angle of the camera, for part of the cycle around 70 % of the length of the

well base was imaged. Assuming symmetry the see-saw rocker should show velocity-

time profiles that are phase-shifted symmetric around the central point (Figure 3.3).

Thus roughly 20 % of captured data was reflected about the mid-point and phase shifted

to provide an internal consistency check for each cycle (Section 3.4.1).
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3.4 PIV results

Figure 3.7: PIV data extraction: a vector mask identifies vectors deemed to be closest

to the base of the well. The mask is used to extract PIV POD processed velocities (contour

map) to obtain the PIV data for analysis.

3.4 PIV results

3.4.1 Velocity vector consistency check

To provide an internal consistency check for acquired velocity vectors after the appli-

cation of POD, x-component PIV velocities were compared at the spatial resolution

of 0.044 mm within zones a and a*, defined in Figure 3.3. PIV velocities within a*

were phase-shifted symmetric about the central point of the well for direct comparison

with velocities in zone a. An mean positive correlation across data points of 0.678

was achieved, a representation of which is shown in Figure 3.8 for comparable velocity

profiles at x=15 mm and x=20 mm, equivalent to A and A* in Figure 3.3 where a pos-

itive correlation of 0.697 was identified. This analysis confirms that separate PIV data
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3.4 PIV results

positively correlated, but additionally that some noise was present due to the difference

between respective signals.

Figure 3.8: PIV comparison: comparison of PIV velocities either side of the centre

at positions A and A* (Figure 3.3) (x=15 mm and x=20 mm respectively, y = 0) for one

complete cycle shows a positive correlation of 0.697. Velocities at A* have been phase

shifted symmetric about the centre point to allow for direct comparison.

3.4.2 Raw PIV velocities

Raw velocity vectors were obtained in the x- and z-direction (Figure 3.9) and used

to generate velocity magnitude (Figure 3.10). Velocities were not measured in the

y-direction due to the use of a single camera arrangement.

Initial inspection showed a clear cluster of positive velocities in both the x-direction

and z-direction at 0.8 s. z-component velocities appeared relatively smooth across the

well radius, except for a notable sharp peak of 0.029 m s−1; however x-direction veloc-

ities appeared to have some notable isolated peaks that potentially were the cause of

noise identified in the comparison of additional captured velocity vectors (Figure 3.8).
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3.4 PIV results

(a) x-component

(b) z-component

Figure 3.9: Raw x- and z-components of PIV velocities (m s−1): velocities ex-

tracted at the base of the well obtained for an entire cycle from 0− 2 s and one half of the

well along the x-direction centre line (y = 0).
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3.4 PIV results

Qualitative analysis of the velocity magnitude across the well radius showed a clear

area of peaks from 0.5 to 0.8 s followed by an area of low velocity (dark blue) from 1.2

to 1.7 s. Additionally some notable peaks were identified close to the centre of the well

between 14 and 16 mm at 0.05, 0.15, 1.1, 1.65 and 1.75 s (Figure 3.10).

Figure 3.10: Raw PIV velocity magnitude (m s−1): velocity magnitudes extracted

at the base of the well obtained for an entire cycle from 0 − 2 s and one half of the well

along the x-direction centre line (y = 0).

3.4.3 Filtered PIV velocities

Prior to the application of a low-pass filter, raw PIV velocity magnitude had a range of

0−55 mm s−1 (Figure 3.10). Post-filtering this reduced to 0−36 mm s−1 indicating that

some noise above 2 Hz was present in the raw signal (Figure 3.11). From the filtered

PIV velocity magnitude (Figure 3.11), five key trends were identified:

1. From 0.7− 1.1 s velocities rise to peak velocities at 0.8 s before reducing. A clear

maximum at the well edge decreases along the centre line. This decrease is flanked
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3.4 PIV results

by other regions of peak velocity starting near the centre of the well and reducing

towards the edge.

2. An identifiable region of dark blue is present from 1.15 to 1.6 s, dominating the

second half of the cycle. At this stage of the cycle, the fluid depth was high as

culture medium is collected on one side of the well due to a maximum angle of

tilt, hence a region of low velocity is present.

3. After the region of dark blue, velocities start to increase once more and are

generally consistent across the radius of the well, with some identifiable peaks at

1.6 s and 1.8 s. The peak at 1.8 s is exactly one second after the 0.8 s, indicating

that the velocity magnitude continues to fall across the well centre line after

17.5 mm at 0.8 s.

4. At the start of the cycle, from 0 to 0.6 s, a diagonal dip in velocity magnitudes is

identifiable, starting at 0.1 s / 16 mm and continuing towards the well edge and

finishing at 0.6 s.

5. The dark blue region after the peak in velocity at 0.8 s starts with a pocket of

low velocity immediately near the well edge and then continues diagonally up to

the 10 mm and the start of the dark blue region at 1.15 s.

In addition, it was noted that low-pass filtering eliminated notable peaks identified

earlier within the raw data between 14 and 16 mm at 0.05, 0.15, 1.1, 1.65 and 1.75 s,

suggesting that these peaks were specifically high frequency (> 2 Hz) elements of noise.

Post filtering, x-component velocities continued to dominate z-component velocities

(Figure 3.12).
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3.4 PIV results

Figure 3.11: Filtered PIV velocity magnitude (m s−1): velocity magnitudes ex-

tracted at the base of the well obtained for an entire cycle from 0− 2 s and one half of the

well along the x-direction centre line (y = 0) and subjected to a low-pass filter.
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3.4 PIV results

(a) x-component

(b) z-component

Figure 3.12: Filtered x- and z-components of PIV velocities (m s−1): velocities

extracted at the base of the well obtained for an entire cycle from 0 − 2 s and one half of

the well along the x-direction centre line (y = 0) and subjected to a low-pass filter.
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3.5 Validation of CFD using PIV

3.5.1 Qualitative comparison of filtered-PIV and CFD velocities

Fluid flow was expected to oscillate with the angular frequency of the see-saw rocker.

Fluid inertia was expected to cause minimal out-of-phase effects due to the low rocking

frequency. Peaks of velocity were expected to occur at 0 ◦ as the bulk of the fluid

was being displaced from one side of the well to the other. At maximal angles of tilt,

it was expected that the fluid would reach its lowest velocity, as the angular velocity

passes through zero to change direction. Due to boundary layer effects, flow velocities

were expected to be low at the well base, in contrast to higher fluid velocities at the

air-media interface.

A qualitative comparison of low-pass filtered PIV and CFD velocity magnitude

patterns indicates that flow followed this pattern as expected, with a clear peak in

velocity magnitude occurring in both analyses at 0.8 seconds (Figure 3.13). At 0.8 s,

velocity was maximum near the well edge and reduced across the radius of the well to

the centre. Prior to 0.8 s, the well was accelerating towards the 0 ◦ position causing the

flow to be directed across the well from one side to the other (Figure 3.14).

An area of matching low velocity magnitude, indicated by dark blue, is visible in

both the PIV and CFD surface plots (Figure 3.13). During this period, the well was

reaching its maximal angle of tilt of 7 ◦ with zero angular velocity and maximum angular

acceleration (Figure 3.14). For the half of the well analysed, during this time-period,

the fluid depth was at its maximum as the bulk of the culture medium has displaced

to this side of the well.

Fluid velocities then begin to increase once more, only as the rocker moves back

towards the horizontal start-point (1.5− 2.0 s).

3.5.2 Quantitative analysis of filtered-PIV and CFD velocities

Filtered PIV velocities result in the removal of signals above 2 Hz and the smoothing

of remaining data points (Figure 3.12). Velocity magnitudes were smoothed along the

x-direction centre line, potentially attenuating, or masking some peaks in flow velocity

that are also present in the CFD. It was therefore necessary to consider raw data and

filtered data along side CFD for quantitative analysis purposes (Figures 3.15 & 3.16).
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3.5 Validation of CFD using PIV

(a) CFD velocity magnitude

(b) PIV velocity magnitude

Figure 3.13: Qualitative comparison of PIV with CFD velocity magnitudes

subject to a low-pass filter (m s−1): velocity magnitudes are presented along the

centre line of the well (y = 0) for one half of the diameter due to phase-symmetric flow

behaviour. One complete cycle is shown.
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3.5 Validation of CFD using PIV

Figure 3.14: See-saw rocker cycle characteristics: angular displacement, veloc-

ity and acceleration at 0.5 Hz.
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3.5 Validation of CFD using PIV

As the resolution of the PIV was limited to 0.44 mm, CFD velocity magnitude

was extracted 0.1 mm above the well base (and thus securely away from the no-slip

condition) and additionally at 0.4 mm. This provided a range for the CFD across the

well centre line and was used as a tool for quantitative analysis.

Quantitative analysis comparing PIV and CFD velocity magnitude was performed

at 0.8 s, as the instant that the velocity peak occurred at the base of the well.

Analysis showed that the filtered-PIV signal fell within the CFD velocity magnitude

envelope at 0.1 mm and 0.4 mm along the z-axis (Figure 3.15).

Figure 3.15: Quantitative comparison of PIV with CFD velocity magnitudes:

PIV raw and filtered velocity magnitudes with CFD velocity magnitudes at 0.1 and 0.4

mm above the base of the well are compared at 0.8 s, (y = 0).

Further analysis of x-component velocities indicated good agreement at 1.25 s and

1.75 s (Figure 3.16). A comparison of x-component velocities was made as qualitative

analysis indicated that they were the dominating component of velocity magnitude

(Figure 3.12). At 1.25 s, over 77 % of the filtered PIV velocities fall within the envelope

of CFD velocities at 0.4 mm and 0.1 mm above the well base. This is echoed in the
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3.6 Discussion

analysis at 1.75 s which shows that over 65 % of the filtered PIV velocities fall within

or near to the CFD envelope. Differences appear to be localised to the well edge where

fluctuations in CFD velocities are also identified. At 1.75 s from 0 − 4 mm along the

x-axis, the pattern of raw and filtered PIV is similar to that of the CFD, albeit at a

larger magnitude, suggesting that potentially PIV at this time-point and location has

been extracted at a height above the 0.4 mm CFD data extraction upper boundary.

3.6 Discussion

Physical validation of a simple in vitro system for cell culture mechanical stimulation

has been achieved using particle image velocimetry and computational fluid dynamics.

The CFD result has been compared with detailed, internally consistent PIV character-

isation of the actual fluid flow and shows good agreement.

Qualitative comparison of PIV and CFD velocity magnitudes indicated good agree-

ment between the experimental PIV flow capturing and computational flow modelling

techniques (Figure 3.15). This agreement holds over the entirety of a cycle along the

mid-line of the base of the well.

Quantitative comparison indicated that filtered PIV velocity magnitudes match

that of CFD extracted at the same spatial resolution (Figure 3.15). Further analysis

of x-component velocities provided good agreement for the majority of the well radius

with some differences noted near the well edge, which potentially were due to the

identification of the correct PIV vectors at the base of the well (Figure 3.16)

Potential sources of error may exist in the acquisition of experimental PIV velocities.

They include:

1. Flow visualisation through the free surface during PIV experiments, causing dis-

torted velocity readings. Visual inspection of the rocker during experiments in-

dicated that the free surface appears relatively horizontal throughout an entire

cycle, and therefore the distortion of velocity readings through a ‘wave’ is con-

sidered unlikely. If this did occur, it would move along the free surface with the

motion of the rocker, generating a cyclic error in the capture of the results for

a small fraction of the captured distance at each time point. As a result, if the

error does exist, it is considered to be negligible.
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3.6 Discussion

(a) x-component at 1.25 s

(b) x-component at 1.75 s

Figure 3.16: Quantitative comparison of PIV and CFD x-component velocities

at 1.25 & 1.75 s: PIV raw and filtered velocity x-components with CFD velocity x-

components at 0.1 and 0.4 mm above the base of the well (y = 0) are compared at different

time points. x-axis - x-direction distance from the well edge (0 mm) to the well centre

(17.5 mm). y-axis - x-direction velocities captured in the centre of the well.
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3.6 Discussion

2. Background, cyclic noise not eliminated through POD (for example, periodic glare

from the well) may remain present in the readings. Although glare was reduced

through the use of black surfaces for data capture, it is possible that it was not

eliminated, potentially contributing noise to the final signal. As this noise would

be periodic, it would be present throughout the entire signal, inflating components

of x- and z-velocities. Due to use of black surfaces in the experimental approach,

the presence of this noise is considered to be negligible.

A fixed grid was used to calculate velocity vectors for the rotating platform, thus

comparable velocity vectors were translated during each time step. PIV vectors were

identified through the use of a mask; however, it is noted that within the CFD solution

a spatial difference of 0.3 mm between data points can produce differences of 0.04 m s−1

for extracted velocities (Figure 3.15).

Noise removal techniques, although successful, have inherent limitations that will

impact on the final solution. The use of a low-pass filter may have removed some of

the signal that provided accurate contributions to the overall solution. For example, an

area of peak velocity at 0.5 s / 4 mm (Figure 3.10) is comparable with a peak in CFD

velocity magnitude at 0.4 s / 3.5 mm (Figure 3.13), but is eliminated and smoothed

after the application of a low pass filter (Figure 3.11). Additionally, comparison of the

raw-PIV data with the CFD boundary at 0.4 mm shows a very similar general trend,

albeit at a lower magnitude. A peak in the raw PIV data is present in the 0.4 mm

CFD signal at 2 mm. In addition, at 14 mm, a large peak in the PIV, where some noise

may be present, is also reflected by a small increase in the 0.4 mm CFD signal that was

otherwise following a gradual descent.

Analysis has shown that it is clear that the PIV and CFD velocity magnitudes

indicate that flow behaviour matches. A clear peak in both the CFD and PIV data is

present and practically coincident, and in addition, flow velocities follow predictions as

they increase and decrease when reaching the 0 ◦ and 7 ◦ positions respectively. Quan-

titative analysis has indicated that PIV velocity magnitudes obtained at a resolution

of 0.44 mm fall within the range of CFD velocities obtained at the same resolution

(Figure 3.15). Additionally, good agreement between x-component velocities has been

achieved at varying time-points (Figure 3.16). The matching of PIV with CFD con-

firms that the selection of a vector spatial resolution of 0.44 mm was appropriate and
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3.6 Discussion

that data recorded at 250 Hz provided an accurate level of temporal resolution for data

processing techniques.

In conclusion, agreement between CFD and PIV is achieved to a high level of

confidence, resulting in the validation of underlying CFD modelling assumptions. The

CFD model can now be used to provide accurate estimations of shear stress profiles

for cells seeded at the base of the well of a six-well plate and biological response can

confidently be attributed to specific shear stresses.

With successful validation, the CFD model provided a foundation for further expan-

sion. For Newtonian flow, it was hypothesised that increasing the dynamic viscosity of

the medium would yield a similar shear stress pattern, but at an increased magnitude.

Thus, two models using alternative medium viscosities were considered in Section 4.1.

Furthermore, rocking frequencies at the limit of the Stuart SSL4 operating range were

also considered (Section 4.2). Additionally, the model provided shear stresses for wells

placed only above the axis of rotation and a model displaced from the central axis was

considered in Section 4.3.
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Chapter 4

Extending the CFD model -

shear stress magnitude,

frequency, & robustness to

position

A validated model for characterising the shear stress and generated velocities in a six-

well plate placed on a Stuart SSL4 rocker has been presented at a rocking frequency

of 0.5 Hz (30 cpm) (Chapter 2). However, for the see-saw rocker to act as a versatile

platform for fluid flow investigations it is beneficial to understand the effect of a change

in key model parameters. This will give researchers the freedom to change experimental

conditions while continuing to have a fully characterised testing environment.

Musculoskeletal cells are likely sensitive to shear stress magnitude and frequency

(Section 1.6.2), thus the ability to independently vary these parameters for in vitro cell

monolayer investigations would benefit experiment design and mechanobiology discov-

eries.

Furthermore, to increase experiment throughput it would be beneficial to under-

stand the model robustness by checking the effects of platform position on shear stress

magnitude.

Within this chapter the following model conditions are presented and evaluated

in relation to the 0.5 Hz base-scenario in order to achieve objective four of this thesis

(Section 1.9):
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4.1 Varying fluid viscosity

1. A change in the viscosity of the fluid to investigate whether shear stress magnitude

is altered at a maintained oscillation of 30 cpm.

2. A change in the rocking frequency to 5 and 70 cpm, so that the the operational

limits of the platform are characterised.

3. The effect of placing a well at the edge of the platform, thus increasing its vertical

displacement during a cycle.

4.1 Varying fluid viscosity

Shear stress is determined from viscosity and strain rate (Equation 4.1), as such a

method of increasing shear stress magnitude is to increase the viscosity of the fluid.

τ = µ
du

dh
(4.1)

where µ is the dynamic viscosity, u is the fluid velocity, and h is the height of the

fluid.

Within cell culture experiments, carboxymethyl cellulose (CMC) salts are added

as a biologically inert compound to increase fluid viscosity (38). They are particularly

advantageous as high viscosities can be achieved at low concentrations. A large concen-

tration of CMC salts causes fluids to exhibit non-Newtonian psuedoplastic behaviour,

known as shear-thinning. To ensure Newtonian flow behaviour, CMC concentration

must not exceed 0.5 % (276). Within this section of the thesis, the effect of CMC

concentrations of 0.1 % and 0.2 %, generating viscosities of 20 mPa s and 31 mPa s re-

spectively (276), on fluid flow behaviour within the rocking system are considered using

CFD modelling.

4.1.1 Dimensionless numbers

A change in the viscosity of the fluid required re-evaluation of the system dimensionless

numbers to ascertain whether the modelling assumptions would continue to hold for the

new conditions. To calculate new dimensionless numbers, viscosity values were altered

and the change assumed to have a negligible affect on surface tension.
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4.1 Varying fluid viscosity

A change in viscosity did not affect the Weber number or Bond number; however

it did affect the Reynolds number and a marked fall was seen to 6.5 and 4.2 for vis-

cosities of 20 mPa s & 31 mPa s respectively (Table 4.1). Even though there was a large

difference in comparison to the base-scenario Reynolds number of 167, no change in the

modelling assumptions was required as the value indicated that flow was still laminar

and that Stokes’ flow was not present as inertial forces continued to dominate viscous

effects.

Dimensionless number Base-scenario 20 mPa s 31 mPa s

Reynolds 167 6.5 4.2

Bond 167 167 167

Weber 2.4 2.4 2.4

Table 4.1: Dimensionless numbers for a medium viscosity of 20 mPa s &

31 mPa s

4.1.2 Model methods & arrangement

A domain was established as per the validated CFD model arrangement presented in

Chapter 2. Fluid viscosity was increased to 20 mPa s & 31 mPa s by altering secondary

fluid properties within the VoF condition. All other aspects remained consistent.

4.1.3 Model evaluation

Although the base-scenario indicated that the vast majority of initial transient effects

were removed after the first cycle, both viscous models were run for six complete cycles

and the sixth cycle used for analysis.

To complete six cycles on a 24-core arrangement, 1008 hours of computation time

was required for each model, 554 h (122 %) more than the base-scenario (Table 2.2).

Evaluation of the CFL number using the smallest dimension of 0.21 mm indicated

that both of the models were within the CFL prescribed condition of 0.25 (Table 4.2).

Consistent with the base-scenario, the maximum velocity of 80 mm s−1 and 60 mm s−1

for the 20 mPa s & 31 mPa s models respectively, peaked at the fluid-air interface, and

would support a CFL number larger than 0.25; however model iterative convergence
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4.1 Varying fluid viscosity

indicated an appropriate selection of the time-step size. Additionally, maximum ve-

locities within the viscous models were either similar or slightly lower than the base-

scenario, encouraging a reduced CFL number across the model system compared to the

base-scenario as the same grid density and time step size were used (Equation 2.13)

(Table 2.3).

Condition Average velocity CFL

(mm s−1)

20 mPa s 25 0.12

31 mPa s 15 0.07

Table 4.2: CFL number evaluation for models with an increased fluid viscosity

4.1.4 Results from models with an increased fluid viscosity

Under viscosity conditions of 20 mPa s, mean shear stress along the x-direction radius

is 0.714 ± 0.509 Pa, a 21.6-fold increase on the base-scenario reported shear stress,

compared to a 25.64-fold increase in viscosity. Shear stress across the entire dish radius

ranges from 0 to 9 Pa (Figure 4.1).

Similarly, under viscosity conditions of 31 mPa s, mean shear stress along the x-

direction radius is 1.023 ± 0.702 Pa, a 31-fold increase on the base-scenario reported

shear stress, compared to a 39.74-fold increase in viscosity. Shear stress across the

entire dish radius ranges from 0 to 12 Pa (Figure 4.2).

The shear stress profiles for both cases are similar to that of the base-scenario

(Figure 4.3). Peak shear stress occurs near the well edge at circa 1 s when the well is

at 0 ◦, lasting for a twentieth of the complete cycle time. For the remainder of the well,

the shear stress is much lower for the entire cycle, as fluid velocity becomes increasingly

homogenous across its depth.

Distance-averaged shear stress indicates a similar profile for both viscosity condi-

tions as peaks occur near the 0 ◦ position (Figures 4.1 & 4.2).

As Newtonian fluid behaviour is maintained at CMC concentrations of 0.1 and

0.2 %, the strain rate remains largely similar to the base-scenario and the change in

shear stress is driven by the increase in viscosity; however it is noted that the peak shear

stress is shifted temporally to later in the cycle by 0.2 s and 0.25 s, and spatially further
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4.1 Varying fluid viscosity

from the well edge by 0.5 mm and 1 mm, respectively for the 20 mPa s and 31 mPa s

cases. This could be explained by the reduced inertial dominance of the flow properties

signified by a fall in the Reynolds number.

A prediction of the change of shear stress at the same strain rate provides very

similar results (Figure 4.4). For the 20 mPa s scenario, a 21.64-fold increase identified

in computational results is very similar to the 25.64-fold increase prediction based on

the increase in fluid viscosity (20/0.78). Additionally, for the 31 mPa s condition, a

computational-predicted 31.00-fold increase is similar to a predicted 39.74-fold increase

(31/0.78). Differences identified may be due to the reduced velocity, resulting in a

change in fluid depths during parts of the cycle, creating slightly different strain rate

profiles.

4.1.5 Conclusion of increased viscosity modelling

The shear stress distributions for the base-scenario and increased viscosity conditions

are similar and the magnitudes appear to show an approximately linear variation with

viscosities. As viscosity change is assumed to be the overriding factor determining the

increase in shear stress profiles, the change in viscosity was used to estimate the profile

of maximum shear stress using the base-scenario condition.

It is concluded that for Newtonian flow an increase in viscosity is a good indicator

of the change in the shear stress magnitude at the base of a six-well plate.
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4.1 Varying fluid viscosity

Figure 4.1: Maximum, minimum & average shear stress from a medium vis-

cosity of 20 mPa s: time-averaged and distance-averaged shear stress profiles (y = 0) are

very similar to the base-scenario. Time-averaged shear stress is homogenous across the

well radius, with a small peak of 2 Pa near the well edge.
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Figure 4.2: Maximum, minimum & average shear stress from a medium vis-

cosity of 31 mPa s: time-averaged and distance-averaged shear stress profiles (y = 0) are

very similar to the base-scenario. Time-averaged shear stress is homogenous across the

well radius, except for a small peak of just under 3 Pa near the well edge.
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4.1 Varying fluid viscosity

(a) 20 mPa s, shear stress peaks at 1 s at 0.5 mm from the well edge(y = 0).

(b) 31 mPa s, shear stress peaks at 1.05 s at 1 mm from the well edge (y = 0).

Figure 4.3: Shear stress distributions from a medium viscosity of 20 and

31 mPa s (Pa)
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4.1 Varying fluid viscosity

(a) Time-averaged shear stress profiles for each viscosity condition

(b) Comparison of predicted maximum shear stress patterns based on an increased viscosity

within the base-scenario condition (dashed lines) and maximum profiles determined by fluid

dynamics modelling (solid lines)

Figure 4.4: Shear stress comparison for different fluid viscosities
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4.2 Varying rocking frequency

The Stuart SSL4 see-saw rocker has an operating range of 5−70 cpm (0.083−1.167 Hz).

These two limits were modelled in order to understand the effect a change in oscillation

frequency had on the shear stress profile at the base of a well.

4.2.1 Dimensionless numbers

To determine the dimensionless numbers of the model at 0.083 and 1.167 Hz it was

necessary to re-evaluate the estimated maximal velocity in the domain. At 0.083 Hz

the rocker completed one cycle every twelve seconds giving a maximal velocity over

35 mm in three seconds of 0.012 m s−1. Applying the same principles to the 1.167 Hz

condition, a maximal velocity of 0.163 m s−1 was estimated and used for dimensionless

number calculations.

Under the 0.083 Hz condition, the Reynolds number is reduced to 29, confirming

that flow is dominated by inertial rather than viscous effects. Interestingly, the Weber

number is reduced to 0.07, suggesting that the presence of flotsam and jetsam in the

solution is likely reduced as hydrodynamic forces dominate inertial effects.

At 1.167 Hz, the Reynolds number increases, but remains in the laminar range.

The Weber number also increases, suggesting that flotsam and jetsam may be more

prevalent in the model solution and that the solution may consist of ‘sloshing’ effects,

rather than steady flow.

Dimensionless number Base-scenario 0.083 Hz 1.167 Hz

Reynolds 167 29 388

Bond 167 167 167

Weber 2.4 0.07 12.9

Table 4.3: Dimensionless numbers for a rocking frequency of 0.083 Hz &

1.167 Hz

4.2.2 Model methods & arrangement

A domain was established as described in Section 2.1.5 and a grid size of 1,068,445 cells

used as a basis to obtain grid independent results (Section 2.2.1.4). All aspects of the
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arrangement were consistent with the validated base-scenario presented in Chapter 2

except for altering the time step size and sinusoidal displacement profile for the rotating

surfaces (Table 4.4).

Condition Time-step size (s) Parametric expression amplitude

0.083 Hz 0.003 2.33
0.637

1.167 Hz 0.0002 32.676
0.637

Table 4.4: Sinusoidal angular velocity amplitudes for a rocking frequency of

0.083 Hz & 1.167 Hz

As with the base-scenario, error inherent in the use of a parametric function due to

rounding limitations was present in both conditions. Both scenarios were run for two

complete cycles (discussed in Section 4.2.3) presenting a displacement error of 0.017 %

and 0.026 % for the 0.083 Hz and 1.167 Hz conditions respectively.

4.2.3 Model evaluation

For both frequency conditions, the second cycle was used for analysis. This was due

to a significant increase in the time to completion for each model. Although use of

the second cycle will result in some error in the analysis, initial transient effects were

negligible in the base-scenario after the first cycle (Section 2.2.3).

The 0.083 Hz model was run on a 24-core arrangement, taking 1488 hours to com-

plete two cycles. A full six cycles would have taken 4464 hours to complete. The

1.167 Hz model was run on a 40-core arrangement, taking 864 hours to complete two

cycles. Reduced to a 24-core arrangement and run for a full six cycles, it is hypothesised

the solution would take 4320 hours to complete. These times are an increase of 983 %

and 952 % for the 0.083 Hz and 1.167 Hz conditions respectively, on the base-scenario

time to completion of 454 h. Use of the second cycle was considered an appropriate

approximation given the large increase in time to completion.

A reduced rocking frequency presented a computational challenge as a longer cycle

would mean that maintaining the base-scenario time step size would have increased the

number of time steps required to complete the desired number of cycles. Thus, identi-

fying a maximum time step size permitted ensuring convergence presented a challenge,
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4.2 Varying rocking frequency

but was overcome with a time step size of 0.003 s. Although the rocking frequency

decreased six-fold, the time step size could only be increased three-fold.

Evaluation of CFL numbers indicated that the selection of time step sizes was

appropriate (Table 4.5). In both cases, the CFL number based on average velocity was

less than 0.25, supporting model stability and result accuracy.

Condition Average velocity CFL

(mm s−1)

0.083 Hz 8 0.095

1.167 Hz 100 0.114

Table 4.5: CFL summary for a rocking frequency of 0.083 Hz & 1.167 Hz

4.2.4 Model results

4.2.4.1 Rocking frequency of 0.083 Hz

The shear stress distribution at 0.083 Hz is quite different in comparison to the distri-

bution at 0.5 Hz (Figures 4.5 & 2.22). A peak of 0.03 Pa occurs at 3.5 s 4 mm from the

well edge, just after the first quarter of a cycle when the well has started to return to

the 0 ◦ position. At this time-point and location, the fluid depth is very low as most

of the culture media has moved over to the other side of the well where the opposite

edge is at −7 ◦. Nearer the well edge, at circa 1 mm, from 4−9 s, a peak in shear stress

appears to be fairly constant from 3.75− 8.5 s.

Across the well centre line in the x-direction, a mean shear stress of 0.012± 0.004 Pa

occurs, with a shear stress range of 0.005 − 0.029 Pa (Figure 4.5). Near the well centre

the time-averaged shear stress has its smallest standard deviation as the maximum and

minimum values come close to converging. Near the well edge, peaks in shear stress

are identified and the time-averaged shear stress standard deviation is at its largest. A

region of maximum shear stress occurs at 0.5− 4.5 mm between 0.025 and 0.029 Pa.

FFT of shear stresses along the x-direction centre line at the well base, at a sampling

frequency of 3.42 Hz, indicated that shear stresses occur at low frequencies close to the

angular rocking frequency of 0.083 Hz (Figure 4.6). Above 0.1 Hz (equivalent to a

rocking oscillation of 6 cpm) amplitudes are zero, indicating that no shear stresses are

present at this frequency. Therefore, it was concluded that shear stresses within the
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4.2 Varying rocking frequency

well were driven by laminar, steady flow, cyclic velocity conditions, closely following

the frequency dictated by the see-saw rocker.

4.2.4.2 Rocking frequency of 1.167 Hz

Analysis of shear stress along the x-direction centre line indicates that the shear stress

distribution can be clearly divided into two separate intervals (Figure 4.7). From 0

to 0.42 s, shear stress peaks occur and regions of shear stress in excess of 0.4 Pa are

prevalent. After 0.42 s for the rest of the cycle, shear stress levels dramatically fall to

less than 0.2 Pa. Shear stress ranges from 0.008 to 1.314 Pa, peaking 0.08 s through a

cycle at the well wall. At this time-point the well had moved 3.87 ◦ from the horizontal

starting position.

Mean shear stress of 0.248 ± 0.169 Pa is constant across the well radius, although

rises slightly towards the centre point (Figure 4.7), a different profile to the time-

averaged shear stress identified in the base-scenario.

Fast fourier transform of shear stresses along the x-direction centre line at the

well base, at a sampling frequency of 51 Hz, indicated that shear stresses occur at a

frequency range of 0 − 2.5 Hz, with peaks close to the rocking platform frequency of

1.167 Hz (Figure 4.8). Above 2.5 Hz, the remainder of the amplitudes are zero, except

for a couple of small peaks, one near the centre of the dish at 5 Hz and the other at the

quarter-point along the dish diameter (circa 8 mm) where a frequency of 5− 8 Hz was

identified. These peaks could signify that conditions may be in the transition phase from

a laminar state; however amplitudes are low, and for turbulent conditions, numerous

isolated frequency peaks would be expected, therefore the flow is not turbulent. The

Reynolds transition number of 600 for an open-channel is an estimate applied to this

scenario and although the Reynolds number at 1.167 Hz was determined to be 388, it

may be that the transition number is smaller for a well on a rocking platform.

4.2.5 Conclusion of modelling at 0.083 & 1.167 Hz

Average shear stress showed a non-linear relationship with rocking frequency (Fig-

ure 4.9). Predicting maximum shear stress based on the increase/decrease in rocking

frequency indicates that the base-scenario may be used to accurately estimate the re-

sponse at 5 cpm; however at 70 cpm, the maximum shear stress is 1.314 Pa, 260 % higher
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4.2 Varying rocking frequency

(a) Shear stress distribution along the x-direction centre line (Pa)

(b) Maximum, minimum & time-averaged shear stress with standard deviation (Pa)

Figure 4.5: Shear stress behaviour for a well at a rocking frequency of 0.083 Hz:

shear stress values extracted 0.1 mm above the base of the well (y = 0). Comparative base-

scenario shear stress distributions are shown in Figures 2.22 & 2.23.
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Figure 4.6: Fast fourier transform of shear stress at a frequency of 0.083 Hz:

sampling frequency of 3.42 Hz used. The fast fourier transform shows that frequency am-

plitude peaks at 0.083 Hz and supports a conclusion of laminar conditions as flow of other

amplitude peaks are low and localised around the rocking frequency.
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(a) Shear stress distribution along the x-direction centre line (Pa)

(b) Maximum, minimum & time-averaged shear stress with standard deviation (Pa)

Figure 4.7: Shear stress behaviour for a well at a rocking frequency of 1.167 Hz:

shear stress values extracted 0.1 mm above the base of the well (y = 0). Comparative base-

scenario shear stress distributions are shown in Figures 2.22 & 2.23.
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Figure 4.8: Fast fourier transform of shear stress at a frequency of 1.167 Hz:

sampling frequency of 51 Hz used. The fast fourier transform shows that frequency ampli-

tude peaks near 1.167 Hz. There are some rises in amplitude between 5 and 8 Hz.
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4.2 Varying rocking frequency

than the predicted maximum of 0.5 Pa. In addition, the profile of the maximum shear

stress at 70 cpm is very different to that at 5 cpm.

The stability inherent in these models suggests that they are good indicators of flow

behaviour; however improvements of model assumptions could include: a PLIC scheme

for the 70 cpm condition, where the shape of the free surface may take more of a wave

form; a dynamic contact angle estimate for the 70 cpm condition, as the fluid is moving

much more quickly over the well surfaces; and a surface tension scheme for the 5 cpm

condition, where inertial effects are reduced.

125



4.2 Varying rocking frequency

(a) Time-averaged shear stress profiles for each viscosity condition

(b) Comparison of predicted maximum shear stress patterns based on an increased viscosity within

the base-scenario condition (dashed lines) and maximum profiles determined by fluid dynamics

modelling (solid lines)

Figure 4.9: Shear stress comparison for different rocking frequencies (Pa)
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4.3 Characterising flow at the platform edge

It is hypothesised that the see-saw rocker platform will not produce the same velocities

within wells placed in the centre of the platform as those placed at the edge. The

platform is 355 × 355 mm and the largest distance of the centre of a well from the

axis of rotation is 160 mm. As angular velocity across all areas of the platform is

consistent, fluid velocity is partly driven by displacement from the origin of rotation.

Figure 4.10 shows the velocity vectors of a particle (green) at a given displacement d

from the origin of rotation. Angular velocity is determined from the velocity vector

acting perpendicular to the displacement and is defined by Equation 4.2.

V = ωd (4.2)

Figure 4.10: Angular velocity: a particle at a given angle Φ and distance d from the

centre of rotation is subjected to a velocity magnitude consisting of x- and z-direction

velocity components.

Within the rocking system at 0 ◦, V1 is equivalent to the Z-component velocity of

a fluid particle, and is determined from displacement from the centre of rotation and

the angular velocity.

Considering two locations on the rocking platform, 10 mm and 160 m from the

centre, it is possible to consider the effect of well position on flow velocities. Based

on an oscillation of 30 cpm, the z-component velocity for 10 mm and 160 mm at 0 ◦,
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are 2.4 mm s−1 and 41 mm s−1 respectively. Assuming that the maximal x-component

velocity (V2) is constant at 80 mm s−1, this would result in a velocity magnitude of

80 mm s−1 for the particle 10 mm from the origin, and 90 mm s−1 for the particle 160 mm

from the origin. In summary, a circa 17-fold increase in displacement results in a 12.5 %

increase in velocity magnitude.

The assumed increase in velocity magnitude is based on a two-dimensional sim-

plification of the three-dimensional rocker model. This was considered appropriate as

velocity in the y-direction is negligible based on findings presented in Chapter 2.

4.3.1 Dimensionless numbers

For the Reynolds, Bond and Weber numbers, all variables remain the same (Chapter 2)

except for an estimated 12.5 % increase in velocity magnitude based on conclusions from

Section 4.3. As such, based on a maximum of 80 mm s−1 obtained from computational

and experimental investigations for a well placed on the axis of rotation, for the cal-

culation of the dimensionless numbers, the velocity magnitude was hypothesised to be

90 mm s−1 within a well at the edge of the platform.

Dimensionless numbers are reported in Table 4.6. The Bond number is not altered

as a velocity term is not present in its calculation, but is shown for clarity.

Dimensionless number Base-scenario Platform edge

Reynolds 167 215

Bond 167 167

Weber 4.0 2.4

Table 4.6: Dimensionless numbers for a well at the rocking platform edge

As expected, with an increase in velocity the Reynolds number increases; however

at a value of 215 it remains in the laminar region of flow. Additionally, the increase in

inertial force driven by the increase in velocity, causes the Weber number to increase

from 2.4 to 4.0 as inertial forces continue to dominate surface tension effects.
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4.3.2 Model methods & arrangement

A domain was established as described in Section 2.1.5 and a grid size of 1,068,445 cells

used as a basis to obtain grid independent results as model characteristics have not

changed significantly (Section 2.2.1.4). The centre of the domain was displaced from

the centre of rotation by 0.16 m in the x-direction. All other aspects of the arrangement

were consistent with the validated base-model presented in Chapter 2.

4.3.3 Model evaluation

The third cycle was used for analysis. This decision was based on the analysis of the

base-scenario in Chapter 2 that concluded initial transient effects were negligible after

the second complete cycle.

The model was not run for an entire six cycles due to an increased time to com-

pletion. To complete three cycles on a 32-core arrangement, 504 hours of computation

were required. For comparison, if this was reduced to a 24-core arrangement and in-

creased to six cycles, it was hypothesised that total completion time would have been

in excess of 1300 hours, almost a three-fold increase over the base-scenario (Table 2.2).

The large increase in processing time was identified during preliminary models and

and the core arrangement increased to 32 from the 16 that were used for the grid

independent model. The cause of increased computational cost is difficult to identify;

however it could have been due to a larger displacement during each time step, causing

an increased number of sweeps for the velocity and pressure solvers for each iteration.

In addition, although using a 32-core arrangement over a 16-core arrangement will

reduce the time to completion, this will not be linear, as there will be an added factor

of memory transfer and communication as each core processed results for its respective

segment of the domain.

As per the validated model, convergence criteria and the minimum residual were

set at 10−18 to ensure that the full 45 iterations were completed for each time step.

Inspection confirmed that iterative convergence was achieved within 45 iterations for

each time step, encouraging model stability and accuracy.

Average velocity within the displaced model was 40 mm s−1 indicating a CFL of 0.19,

satisfying a desired condition of 0.25. As with the base scenario, peaks in flow appear

129



4.3 Characterising flow at the platform edge

near the media-air interface; however the model remained stable during iteration, and

as such, results are considered to be reliable.

4.3.4 Platform edge results

Placing the well at the edge of the rocking platform increased the vertical displacement

of the well by c.25 mm and increased the impact of the z-component velocity on the

overall velocity magnitude. Inspection shows that velocity magnitude (Figure 4.11)

consisted mainly of z-component velocities as x-component velocities are significantly

reduced in comparison to the base-scenario (Figures 4.12 & 2.19). The magnitude

profile is significantly different. Velocities peak at the well edge (x=0 mm) when t =

0, 1, 2 s. In addition velocities are not phase symmetric about the centre of the well

as the origin of rotation is not directly beneath the well, instead one half of the well

is exposed to a larger shear stress than the other, although this difference is small

(Figures 4.13 & 4.14).

The change in the profile and magnitude of velocities produced different shear stress

patterns to the base scenario (Figure 4.14 & 2.16).

An investigation of time-averaged shear stress indicated that although the shear

stress is larger, it follows a similar pattern to the base-scenario, showing little variation

across the well diameter, as between 5 and 30 mm, equating to 71 % of the well diameter,

time-averaged shear stress remains constant (Figure 4.14). The mean shear stress for

the x-direction centre-line is 0.055 ± 0.025 Pa, a 1.61-fold increase on the base-scenario

condition. Fluctuations in the time-averaged shear stress are localised around the well

edges.
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Figure 4.11: Platform edge model velocity magnitude: magnitude of x-component

and z-component velocities along the x-direction centre line (y = 0) for the entire diameter

of the well. Velocities have been extracted 0.4 mm above the base of the well outside of the

no-slip condition. Comparative base-scenario velocity magnitude shown in Figure 2.18.
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(a) x-component velocities

(b) z-component velocities

Figure 4.12: Edge model x- and z-component velocity profiles: velocities have

been extracted 0.4 mm above the base of the well outside of the no-slip condition along the

x-direction centre line (y = 0) for the entire diameter of the well. z-component velocities

are larger than x-component velocities. Comparative x- and z-component velocities for the

base scenario are reported in Figure 2.19.
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Figure 4.13: Edge model velocity magnitude profiles x-y plane (m s−1): velocity

magnitude vectors shown at 0.25 s intervals, 0.4 mm above the base. Flow is symmetric

about the x-axis. In image ‘a’ the domain is at the start of its third cycle. The model

progresses in 0.25 s intervals [a = 0, b = 0.25 . . . ], reaching maximal angles of tilt at

positions ‘c’ & ‘g’.
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(a) Shear stress distribution along the x-direction centre line (Pa)

(b) Maximum, minimum & time-averaged shear stress with standard deviation (Pa)

Figure 4.14: Shear stress behaviour for a well placed at the platform edge at

a rocking frequency of 0.5 Hz: shear stress values extracted 0.1 mm above the base

of the well (y = 0). Comparative base-scenario shear stress distributions are shown in

Figures 2.22 & 2.23.
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4.4 Discussion

Modelling different parameters has indicated versatility of the see-saw rocker for ap-

plying a change in shear stress magnitude at different frequencies. The shear stresses

generated under different model parameters are summarised in Table 4.7.

Condition Mean shear stress (Pa) Increase

Base-scenario (0.5 Hz, 7.8× 10−4 mPa s) 0.033 ± 0.018 -

20 mPa s (0.5 Hz) 0.714 ± 0.509 21.64-fold

31 mPa s (0.5 Hz) 1.023 ± 0.702 31.00-fold

0.083 Hz (7.8× 10−4 mPa s) 0.012 ± 0.004 1
2.72 -fold

1.167 Hz (7.8× 10−4 mPa s) 0.248 ± 0.169 13.78-fold

Edge of platform (0.5 Hz, 7.8× 10−4 mPa s) 0.055 ± 0.025 1.61-fold

Table 4.7: Shear stress summary for varying model conditions

Increasing the viscosity of culture medium using a biologically inert compound,

such as CMC, maintained the time-averaged shear stress profile within a culture well

while increasing its magnitude. The increase in viscosity was approximately linear with

the increase in computed shear stress. The multiple-increase in viscosity on the base-

scenario provided a close estimate to computed shear stress. For 20 mPa s and 31 mPa s,

estimated mean shear stress is 0.714 Pa and 1.023 Pa respectively.

A well placed at the edge of the platform had a 1.61-fold increase in mean shear

stress to 0.055 Pa in comparison to that placed at the centre. Flow was no longer phase-

symmetric about the centre point of the well, as the axis of rotation is not located

directly underneath. Velocity profiles appeared smoother and shear stress along the x-

direction centre line was representative of shear stress across the well in the y-direction.

z-component velocities drove overall velocity magnitude, where as at the centre of the

platform x-component velocities were largest.

Shear stress is proportional to rocker frequency; although the relationship is not lin-

ear. At 0.083 Hz, mean shear stress of 0.012 Pa was just over a third of mean shear stress

reported in the base-scenario. At 1.167 Hz mean shear stress increased to 0.248 Pa.

Going forward, improvements in computational capacity and solver code may allow

for the refinement of high frequency models where peak velocities require small time
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4.4 Discussion

step sizes. This would allow for more cycles of a given condition to be completed,

thus assisting in ensuring that initial transient effects are removed as at a higher flow

velocity, initial transients may be more prevalent. At high fluid velocities where the free

surface is more likely to take a waveform rather than remain horizontal during a cycle,

enacting a second order free surface reconstruction scheme may provide more accurate

results. However, given the high mesh density, a first order, single line reconstruction

scheme is concluded to be a fair approximation.

The range of mean shear stress for all modelled conditions is 0.012 − 1.023 Pa,

supporting the see-saw rocker as a versatile tool for experimental research of cell biology.

A further model scenario could include modelling a non-Newtonian fluid to determine

shear stress distributions for CMC concentrations in excess of 0.5 %. In addition,

modelling the effect of Newtonian flow at a range of viscosities at 0.083 Hz and 1.167 Hz

could assist in determining whether the relationship between shear stress magnitude

and viscosity identified at 0.5 Hz is also present at alternate frequencies.
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Chapter 5

Biological materials & methods

The materials and methods detailed within this chapter are applicable to biological

investigations presented in Chapter 6.

5.1 Cell culture for mechanical stimulation

5.1.1 Cell extraction

Tenocyte populations were explanted from healthy hamstring tendon tissue samples ob-

tained from anterior cruciate ligament replacement surgery in accordance with methods

described by Torricelli et al. (277). Tissue samples were obtained from the Muscu-

loskeletal Biobank and were collected with informed donor consent in full compliance

with National and Institutional ethical requirements, the United Kingdom Human Tis-

sue Act, and the Declaration of Helsinki (HTA Licence 12217 and Oxford REC C

09/H0606/11).

5.1.2 Long-term cell storage

Cells were prepared for storage as a single-cell suspension in a freezing medium of

foetal calf serum (FCS) (Biosera, Ringmer, United Kingdom) with 10 % (v/v) dimethyl

sulfoxide (DMSO) (Sigma Aldrich, United Kingdom) and stocks were maintained in a

liquid nitrogen cell bank at −195 ◦C.
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5.2 Cell viability

5.1.3 Monolayer culture & growth to confluency

Tenocytes were maintained in Dulbecco’s modified Eagle medium (DMEM):F12 with

HEPES (Lonza, United Kingdom), supplemented with 10 % (v/v) FCS and 1 % (v/v)

penicillin-streptomycin solution (PS) (Invitrogen, United Kingdom). Cells were kept at

37 ◦C in a humidified incubator supplied with 5 % (v/v) CO2. After reaching confluency,

cells were scraped to produce a cell suspension, diluted in DMEM and propogated into

new culture dishes (each propagation is a new passage). At passage two, cells were

propogated in to six-well plates in preparation for stimulation at passage three when

confluent.

All investigations were performed on cells up to passage three which are well char-

acterised with no phenotypic drift of major tendon cell markers. Yao et al. (278) have

shown that tenocyte markers significantly change after passage five.

5.1.4 Mechanical stimulation

Twenty-four hours prior to stimulation, media was removed and replaced with 2 ml of

0.5 % (v/v) FCS 1 % (v/v) PS, DMEM:F12 added to each well. Low serum was used

in order to inhibit usual cell proliferative activity.

5.2 Cell viability

The extent of cell death was measured to investigate the effect of cyclic flow using a

live/dead stain (Invitrogen, United Kingdom). Culture medium was removed and cells

washed twice with PBS to remove any serum that may interfere with staining. To each

well within a six-well plate, 1µl of Calcein-AM solution (live stain) and 1µl of ethidium

homodimer-1 (dead stain) were added to 1 ml of DMEM:F12. Plates were incubated for

30 minutes at 37 ◦C and protected from light. After incubation, imaging was completed

using a fluorescence microscope (Nikon inverted microscope, Nikon Instruments Inc.,

United States of America). Calcein-AM is a colourless compound which is cleaved

by esterases in living cells to give a green fluorescent dye. Ethidium homodimer-1 is

excluded by live cells only.
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5.3 Collagen measurement & analysis

5.3 Collagen measurement & analysis

Collagen levels were quantified using picrosirius-red dye techniques that binds to col-

lagen structures. These techniques can be used to quantify collagen retained at the

cell layer as newly formed extracellular matrix as well as that released into cell culture

medium.

5.3.1 Quantification of collagen at the cell layer and within the medium

Collagen quantification was completed with a Sircol assay kit (Biocolor Ltd, United

Kingdom). The cell layer was scraped from the culture well at room temperature

in 1 ml of a 0.5 M solution of acetic acid with 0.1 mg pepsin, to which 100µl of acid

neutralising reagent (TRIS-HCl & NaOH) was added. 1 ml of culture medium was

aspirated from each well. To all samples 200 µl of isolation concentration reagent at

4 ◦C (polyethylene glycol & TRIS-HCl buffer) was added. After mixing by inversion

and overnight incubation on ice, tubes were centrifuged at 12, 000 rpm for ten minutes.

Subsequently, 1 ml of supernatant was removed and 1 ml of picrosirius-red dye added.

Each tube was mixed by inversion and placed on a lateral shaker at a medium frequency

for 30 minutes. Post shaking, tubes were centrifuged at 12, 000 rpm for ten minutes

and the supernatant removed. To each tube, 750µl of acid-salt wash reagent at 4 ◦C

was gently layered on to the pellet, then centrifuged at 12, 000 rpm for ten minutes,

and again, the supernatant removed. Finally, 250µl of alkali reagent (0.5 M sodium

hydroxide) was added to each tube, vortex mixed, and 200µl transferred to a 96-well

plate for absorbance measurement at a wavelength of 540 nm on a SpectraMax Plus

plate reader (Molecular Devices LLC, California, United States of America).

Quantification of collagen content was achieved using a linear absorbance standard

curve. Concentrations of collagen type I were diluted in a 0.5 M solution of acetic acid

with 0.1 mg of pepsin or DMEM:F12 (Table 5.1). To each tube 1 ml of picrosirius-red

dye was added and the protocol followed as detailed in the previous paragraph. Ab-

sorbance values for the standards were plotted in Matlab and a linear trend relationship

used to quantify the collagen content of samples.
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5.4 Glycosaminoglycan measurement & analysis

Collagen (µg) Collagen (µl) 0.5 M acetic acid with 0.1 mg pepsin

/ DMEM:F12 (µl)

0 0 100

5 10 90

10 20 80

15 30 70

Table 5.1: Collagen-ECM quantification standard curve formulation

5.3.2 Imaging collagen structures

5.3.2.1 Staining collagen at the cell layer

In order to prepare culture wells for imaging, cells and collagen were fixed in Bouins

solution for one hour at room temperature (15 ml saturated aqueous pircric acid, 1 ml

glacial acid, 35 % (v/v) formaldehyde in double-distilled H2O (ddH2O)). The Bouins

solution supernatant was removed and cells subjected to two gentle washes with 2 ml

of PBS at room temperature. Picrosirius-red dye was added to the well base and plates

were incubated for one hour at 37 ◦C as the minimum duration to ensure that staining

was complete (279). After incubation, the supernatant was removed and the well base

washed twice for five minutes with acid (0.5 % (v/v) glacial acetic acid). Finally, the

wash was removed and imaging completed using a colour, inverted light microscope

(Zeiss Axio Imager, Carl Zeiss AG, Germany).

5.3.2.2 High-level staining maps

Images of entire six-well plates stained with picrosirius-red dye were obtained using

a high resolution scanner (Epson Perfection V700 Photo, Seiko Epson Corporation,

Japan).

5.4 Glycosaminoglycan measurement & analysis

GAG levels were quantified using a Dimethylmethylene Blue (DMB)-based spectropho-

tometry assay that required three main reagents as detailed in Table 5.2. The assay was

developed from work performed by Farndale et al. (280, 281) who specifically looked

at musculoskeletal (cartilage) cultures.
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5.5 Normalisation of extracellular matrix quantifications

The medium was aspirated from the well and the cell layer gently washed twice with

2 ml of PBS at room temperature. Cells and ECM structures were scraped in 1 ml of

papain digestion buffer and incubated at 60 ◦C for two hours with occasional mixing.

To a 96-well plate, 40µl of each sample was added in duplicate, followed by 100µl of

DMB reagent and immediately read at a wavelength of 520 nm.

Quantification of GAG content was achieved using a linear absorbance chondroitin

sulphate standard curve. In order to make the standard curve, 5 mg of chondroitin

sulphate was vortex mixed with 10 ml of double-distilled H2O and left to dissolve at

room temperature for in excess of one hour. Once mixed, dilutions were made at 0, 50,

125, 250 and 500µg ml−1 so that a standard curve could be generated. To a 96-well

plate, 4µl of each standard was added in duplicate, followed by 100µl of DMB reagent

and immediately read at a wavelength of 520 nm. To remove ‘background’ values 100µl

of papain digestion buffer was used as a blank.

Reagent

Papain digestion buffer 210 mM sodium phosphate buffer (pH 6.8) (328 mg)

1 mM EDTA (29.24 mg)

2 mM dithiothreitol (200µl of 1 M DTT)

300µg ml−1 papain (30 mg)

DMB colour reagent 40.55 mM glycine (304 mg)

40.55 mM NaCl (237 mg)

9.5 mM 0.1 M HCl (9.5 ml)

0.0016 % (w/v) 1,9-Dimethylmethylene blue (1.6 mg)

pH 3.0, A 525 0.31

Standard curve Chondroitin sulphate (Sigma Aldrich C9819)

Table 5.2: GAG assay reagents: (values in brackets for 100 ml)

5.5 Normalisation of extracellular matrix quantifications

Collagen and GAG readings were normalised to double-stranded DNA content as an

estimate of cell number. Double-stranded DNA (dsDNA) levels were quantified using a

Quant-iT PicoGreen assay (Invitrogen United Kingdom); a fluorescent nucleic acid stain
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5.5 Normalisation of extracellular matrix quantifications

that utilises a spectrofluorometer and fluorescein excitation and emission wavelengths

(490 nm and 540 nm).

The medium was aspirated from the well and the cell layer washed twice with PBS

before being scraped in 1 ml of PBS. Subsequently, the liquid was sonicated for 15

seconds to disrupt cells (Sonicator W-225, Heat Systems-Ultrasonics Inc., USA).

The dsDNA reagent was thawed at room temperature from 4 ◦C for one hour and

10µl diluted with 1.99 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5), while

being protected from light.

Lamba DNA standard was diluted in TE buffer to a concentration of 0.2µg ml−1

and 2.0µg ml−1 to make the standard curve (Table 5.3).

To a 96-well plate, 10µl of each sample was loaded in duplicate, then to each sample,

100µl of TE buffer was added. To create a blank 10µl of PBS and 100µl of TE buffer

was added to a well.

For each sample and standard, 100µl of the dsDNA diluted reagent was added. All

samples were protected from light and placed on a lateral shaker at a medium frequency

for 30 minutes at room temperature.

Post-shaking, fluorescence was read using: excitation 490 nm; emission 540 nm; cut

off filter 530 nm; and a gain of 1500, using a Fluostar Optima plate reader (BMG

Labtech GmbH, Allmendgruen, Germany).

Fluorescence values for the standards were plotted in Microsoft Excel and a linear

trend relationship used to quantify the dsDNA content of samples.

dsDNA 2.0µg ml−1 0.2µg ml−1 1× TE buffer PBS

(ng) dsDNA (µl) dsDNA (µl) (µl) (µl)

0 0 0 100 10

0.2 0 1 99 10

2 0 10 90 10

4 0 20 80 10

10 5 0 95 10

20 10 0 90 10

40 20 0 80 10

Table 5.3: PicoGreen standard curve summary: quantities were loaded directly in

to a 96-well plate for fluorescence measurement.
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5.6 Bovine digital tendon extraction

5.6 Bovine digital tendon extraction

Bovine hooves, obtained from the local abattoir immediately after sacrifice were stored

at 4 ◦C for 24 h prior to dissection. An incision was made along the posterior surface

of the bovine hoof to expose the superficial flexor tendon. The tendon was severed just

past the point of transition into the deep flexor tendon and the sheath removed with a

scalpel. A longitudinal cross section was cut from the tendon for immunohistochemistry

(Section 5.7.2.1). Cross sections were taken from the centre of the tendon length and

at the middle of the tendon depth.

5.7 Primary cilia abrogation & immunohistochemistry

5.7.1 Abrogation of the primary cilium in cell culture

Abrogation of primary cilia in tenocyte cultures was achieved using chloral hydrate

(Sigma Aldrich, United Kingdom). Chloral hydrate was dissolved in ddH2O at 37 ◦C

using a magnetic stir bar to create a 1000× 4 mM concentration. Stocks were kept

at −20 ◦C, thawed in a 37 ◦C water bath and 2µl diluted in 2 ml of 10 % (v/v) FBS,

DMEM:F12. The chloral hydrate/DMEM solution was subsequently added to each

well containing tenocytes.

After incubation for 24 hours at 37 ◦C the medium containing chloral hydrate was

removed from each well, washed twice with DMEM:F12 and 2 ml of 10 % (v/v) FBS,

DMEM:F12 added. Primary cilia are reported to be abrogated from a culture for 24

hours following chloral hydrate treatment (120).

5.7.2 Immunostaining of primary cilia

α-tubulin is the primary protein found in the central structure of cilia and as such

staining tenocytes using an α-tubulin antibody allowed for imaging of primary cilia in

tissue and tenocyte cultures.

5.7.2.1 Tissue section immunohistochemistry

Bovine flexor tendon tissue was harvested (Section 5.6) and structures cross-linked by

fixation in 10 % (v/v) formalin, ddH2O for 14 days. Sections were cut into 2 mm ×
2 mm × 3 mm pieces, embedded in hot wax and then cooled. Once solidified, 20 micron
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5.7 Primary cilia abrogation & immunohistochemistry

slices of wax and tendon tissue were made using a microtome. Slices were placed on

individual glass slides and baked for two hours at 60 ◦C, followed by one hour at 37 ◦C

in an oven.

Wax was removed by placing slides in two successive five minute clearene baths,

followed by three minutes in 100 % ethanol, three minutes in 90 % (v/v) ethanol in

ddH2O, and 30 minutes in 3 % (v/v) hydrogen peroxide 97 % (v/v) methanol. A gentle

wash was completed by pipetting ddH2O on to each slide for three minutes. This was

repeated ten times to ensure all chemicals were removed.

Non-specific binding sites were blocked by applying 5 % (v/v) horse serum 0.1 %

(v/v) TritonX in PBS to tissue sections for 30 minutes. The primary antibody, acetyl-

α-tubulin (Lys40) (D20G3) rabbit antibody (New England Biolabs, United Kingdom)

diluted 1:50 (v/v) in 1 % (v/v) horse serum 0.1 % TritonX (v/v) in PBS was applied

to all tissue sections and incubated overnight at 4 ◦C in a humidified incubator.

The following day, the secondary antibody, anti-rabbit IgG (H+L) (New England

Biolabs, United Kingdom), was diluted 1:100 (v/v) in PBS, with a 1:500 (v/v) concen-

tration of DAPI, added to each tissue section, protected from light, and incubated for

30 minutes at room temperature.

Finally, tissue sections were gently washed twice with PBS, 10µl of mounting

medium added, and a coverslip applied. Coverslips were sealed with clear nail var-

nish to prevent mounting media evaporation and sample de-hydration.

5.7.2.2 Cell monolayer immunohistochemistry

All culture medium was removed and the cell layer gently washed twice with 2 ml

of PBS at room temperature. To fix the cells, 2 ml of 10 % (v/v) formalin (Fisher

Scientific, United Kingdom) in ddH2O was added to the monolayer for 30 minutes

at room temperature. After fixation, the formalin was removed and cell layer gently

washed twice with PBS. In order to permeabilise the cell membranes, a soft detergent,

TritonX-100 (Sigma Aldrich, United Kingdom) was applied to the cell layer for six

minutes. The TritonX-100 was subsequently removed and the cell layer washed twice

with PBS at room temperature. To block non-specific binding sites, 1 ml of horse serum

(Sigma Aldrich, United Kingdom) was added to the cell layer for 30 minutes. Excess

serum was then removed and a 0.5 cm diameter hydrophobic barrier circle created in

the area of interest using an ImmEdge pen (Vector Labs, United Kingdom). Within the
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5.8 Matrix immunohistochemistry

circle, 50µl of 1:50 (v/v) dilution of acetyl-α-tubulin (Lys40) (D20G3) rabbit antibody

(New England Biolabs, United Kingdom) in 0.2 % (v/v) TweenX-20 in PBS (PBST)

was added and incubated at 4 ◦C overnight. Parafilm was used to ensure that the

primary antibody did not evaporate from the cell layer. The following day, the cell

layer was then washed three times with 2 ml of PBS at room temperature to remove

any unbound primary antibody. A 1:100 (v/v) dilution of anti-rabbit IgG (H+L) (New

England Biolabs, United Kingdom) in PBS was mixed with a 1:500 (v/v) dilution of

DAPI (Sigma Aldrich, United Kingdom) in PBS and added to the cell layer for 30

minutes and protected from light. The cell layer was subsequently washed twice with

2 ml of PBS at room temperature and images taken using a fluorescence microscope

(Nikon inverted microscope, Nikon Instruments Inc., United States of America).

5.8 Matrix immunohistochemistry

Matrix immunohistochemistry staining and imaging was completed for tenocyte mono-

layers using the same protocol outlined in Section 5.7.2.2 adapted for use with the

primary and secondary antibodies detailed in Table 5.4 as required.

Structure Primary antibody Secondary antibody

Collagen I Human raised in Anti-rabbit IgG rhodamine

rabbit monoclonal (2150-0020) raised in goat (red) (D20G3)

Collagen VI Human raised in Anti-mouse IgG fluorescein

mouse polyclonal (AB49273) raised in goat (green) (AP124R)

Elastin Human raised in Anti-mouse IgG fluorescein

mouse monoclonal (AB9519) raised in goat (green) (AP124R)

Fibrillin-I Human raised in Anti-mouse IgG fluorescein

mouse monoclonal (MAB2502) raised in goat (green) (AP124R)

Connexin-32 Human raised in Anti-mouse IgG fluorescein

mouse monoclonal (MAB3069) raised in goat (green) (AP124R)

Table 5.4: Pericellular matrix immunohistochemistry primary and secondary

antibodies: all antibodies were purchased from EMD Millipore Corporation, USA, except

for the elastin primary antibody (Abcam, United Kingdom) and the collagen type-I primary

antibody (ABD Serotec, United States of America).
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5.9 Kinase, transcription factor & gene expression

5.9 Kinase, transcription factor & gene expression

Expression of tendon-relevant kinases, transcription factors and genes were investigated

using qPCR through a collaboration with Dr. Andrew Jones and Dr. Philippa Hulley

(Nuffield Department of Orthopaedics, Rheumotology & Musculoskeletal Science). All

RNA extraction and qPCR reactions were performed by Dr. Andrew Jones. Tenocytes

were subjected to the same mechanical stimulation preparation methods detailed in

Section 5.1.

RNA was extracted from tenocytes using the standard Qiagen extraction kit pro-

tocol (Qiagen, Netherlands). A reverse transcriptase reaction was performed using a

superscript III Invitrogen kit (Invitrogen, United States of America) with random hex-

amers to make cDNA, which was used as a template for SYBR Green qPCR. 18s RNA

was used as an internal reference for all PCR reactions. Relative quantification (RQ)

was determined using the comparative Ct method. For each gene analysed, samples

were completed in triplicate and results were averaged for two patients.

ERK activation was measured by western blot on lysed cells using antibodies specific

for phosphorylated ERK 1 and 2. Blots were stripped and re-probed with pan ERK

antibody.

5.10 Statistical analysis

Values are presented as mean ± S.E.M. unless otherwise stated. n is the number of

experiments. All statistical analysis was completed within Prism (GraphPad Software

Inc., California, USA) using an independent-samples t-test. Results are significant

where p was calculated to be less than 0.05.
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Chapter 6

Application in tendon

mechanobiology: validation &

basic science

To ensure the use of the see-saw rocker is valid for biological investigations, tenocytes,

exemplary to the musculoskeletal system, were subjected to a variety of loading regimes

and their response investigated in order to achieve objective five, six and seven of

this thesis (Section 1.9). These investigations were performed at a variety of model

parameters to identify whether the model arrangement may be used for the study of a

wide-range of tenocyte behaviours.

Within this chapter several investigations are presented. Firstly, preliminary inves-

tigations that were performed to establish the effect of a rocking frequency of 0.083 Hz

on collagen and glycosaminoglycan secretion using biochemical assays. Subsequently,

these findings are used to formulate a system-approach model for predicting collagen

secretion at a range of fluid-induced shear stresses at a rocking frequency of 0.5 Hz .

Interrogation of model predictions was completed using a combination of biochemical

assays and immunohistochemistry. A system approach was developed to act as a foun-

dation for building up future signal and investigation complexity with ease. Addition-

ally, the effect of various shear stress magnitudes on tenocyte alignment and elongation

was evaluated using a custom image intensity-based algorithm. Furthermore, evidence

of the primary cilium within tenocyte tissue and cell cultures is presented and finally,

collaborative research completed to investigate the effect of cyclic flow on tenocyte:
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6.1 Fluid flow affects tenocyte protein secretion

kinase signalling; transcription factor activation; and gene activation is presented.

6.1 Fluid flow affects tenocyte protein secretion

6.1.1 Preliminary investigations - continuous stimulation vs. rest in-

sertion

Two stimulation protocols were designed taking into account previous tenocyte fluid

flow investigations (Section 1.6.2). One of the loading regimes was a low-frequency

seven-day shear stress stimulation henceforth known as ‘continuous stimulation’, whereas

the other, an intermittent application of flow over two days, was aimed at identifying

whether rest-insertion, shown to enhance osteogenesis (282), had an impact on tenocyte

matrix formation, and is henceforth known as ‘short-interval stimulation’. Both proto-

cols were completed at a rocking frequency of 0.083 Hz. Computational modelling has

indicated mean shear stress of 0.012 Pa at a frequency of 0.083 Hz, which was within

estimated in vivo ranges and previous tenocyte in vitro investigations (Section 1.6.2).

6.1.1.1 Stimulation protocols

Human tenocytes (up to passage three) were grown in a monolayer in a six-well plate

until confluence was achieved (1-2 weeks growth) and prepared for mechanical stimu-

lation per methods described in Section 5.1. The six-well plate was placed centrally

on the see-saw rocker platform, and subjected to 0.083 Hz at 37 ◦C in a humidified

incubator for a duration dictated by the stimulation regime detailed in Table 6.1.

For the continuous stimulation regime, after day three, culture medium was re-

freshed. Used culture medium was retained and frozen at −20 ◦C for matrix quantifi-

cation biochemical assays.

All biochemical assays were performed at the end of respective stimulation regimes

after a period of rest (Table 6.1) at 37 ◦C in a humidified incubator to allow for cell

response to be of a suitable magnitude to ensure differences were measurable. Collagen,

GAG and dsDNA biochemical assays were subsequently performed. Healthy cells from

two patients were tested (n = 5).
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6.1 Fluid flow affects tenocyte protein secretion

Stimulation regime Protocol

Continuous stimulation (8 days) 7 days stimulation

24 hours rest

Complete assay

Short-interval stimulation (2 days) 4 hours stimulation

20 hours rest

4 hours stimulation

20 hours rest

Complete assay

Table 6.1: Continuous stimulation and short-interval stimulation protocols

6.1.1.2 Results

Continuous stimulation over seven days produced a significant increase in collagen

secretion both retained in the cell layer (p < 0.0001) and released into the culture

medium (p < 0.0001) (Figure 6.1). At the cell layer collagen secretion showed a 4.24-

fold increase from 6.50µg ng−1 under control conditions to 27.59µg ng−1 in tested wells.

Within the culture medium this was reduced to a 2.86-fold increase from 7.67µg ng−1

to 21.90µg ng−1. Analysis of GAG secretion showed no difference in the average con-

tent for test and control conditions (p = 0.0707) (Figure 6.1). Measurement of dsDNA

content indicated that control conditions have 193 % more dsDNA than test wells (Fig-

ure 6.2).

Short-interval stimulation showed a significant increase in the secretion of: collagen

at the cell layer (p < 0.0001); collagen released in to the culture medium (p < 0.0001);

and GAG at the cell layer (p < 0.0001) (Figure 6.1). Collagen retained at the cell

layer exhibited a 2.56-fold increase in test wells in comparison to controls. In addition,

collagen secreted into the culture medium exhibited a 2.07-fold increase in compari-

son to controls. In tested cultures, collagen at the cell layer and within the medium

were 19.09µg ng−1 and 7.13µg ng−1 respectively, indicating that at a low frequency of

0.083 Hz, newly secreted collagen is more likely to be retained at the cell layer as newly

formed matrix, rather than be released into the culture medium. GAG retained at the

cell layer exhibited a significant 2.48-fold increase in test wells in comparison to con-

trols. GAG content under test conditions was 9.19µg ng−1, whereas control conditions
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6.1 Fluid flow affects tenocyte protein secretion

was 3.99µg ng−1. Measurement of dsDNA content indicates that control conditions

have 110 % more dsDNA than test wells (Figure 6.2).

When compared with short-interval stimulation, continous stimulation caused teno-

cytes to secrete significantly more collagen at the cell layer (p < 0.0001), within the

media (p < 0.0001) and also to secrete significantly more GAG (p < 0.0001) (Fig-

ure 6.3); however this increase was not consistent with an increase in the number of

applied cycles (Figure 6.4).

6.1.1.3 Discussion

Prior to normalisation of results, all GAG, collagen matrix and media samples indicated

that collagen and GAG content in control conditions was larger than stimulated cul-

tures. Double-stranded DNA quantification signified that, although wells in both con-

trol and stimulated dishes were grown to 100 % confluency, control conditions showed a

larger ‘cell number’, and as such, collagen production per cell was lower when compared

to stimulated conditions (Figures 6.2 & 6.1). Differences were not due to cell necrosis

as live/dead images confirmed viability under test conditions (data not shown).

It is hypothesised that fluid-flow stimulation allows tenocytes to become more

‘tendon-like’, differentiating rather than proliferating (209). In control conditions, the

lack of stimulus causes tenocytes to continue proliferative activities, even with a low

amount of serum.

Short-interval stimulation cells were subjected to a total of eight hours of rocking

(2,400 complete cycles) compared to continuous stimulation cells that were subjected to

seven days of rocking (168 hours / 50,400 complete cycles). It is clear that an increased

duration of stimulus caused a significant increase in the secretion of matrix proteins

per cell (Figure 6.3) (p < 0.0001). Continuous stimulation cells secreted more collagen,

both as matrix at the cell layer and that which was released into the culture medium, as

well as more GAG as matrix at the cell layer, than short-interval stimulation; however

the increase was not proportional to the number of cycles that cells were stimulated for

(50,400 vs. 2,400) (Equation 6.1) (Table 6.2).

QC(S) = QSI(C) + 50, 400×
QSI(S) −QC(C)

2, 400
(6.1)

150



6.1 Fluid flow affects tenocyte protein secretion

Figure 6.1: Collagen and GAG secretion is significantly up-regulated follow-

ing rocker stimulation: collagen secreted and bound to the cell layer as newly formed

matrix is significantly up-regulated after short-interval and continuous loading regimes

(top row). In addition, collagen secreted and released into the culture medium is signifi-

cantly up-regulated for both loading regimes (middle row). GAG secretion is significantly

up-regulated under short-interval stimulation conditions, but not during continuous stim-

ulation (bottom row). *** = (p < 0.0001). Results are normalised to ng of dsDNA

(Figure 6.2).
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6.1 Fluid flow affects tenocyte protein secretion

Figure 6.2: dsDNA content: control groups for both short-interval stimulation and

continuous stimulation show a larger dsDNA fluorescence in comparison to test groups.

Statistical analysis has not been performed as results are obtained in duplicate.
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6.1 Fluid flow affects tenocyte protein secretion

Figure 6.3: Short-interval vs. continuous stimulation: continuous stimulation

produces significantly more matrix in comparison to short-interval stimulation for collagen

at the cell layer (top), collagen released into the medium (middle) and GAG at the cell

layer (bottom) (p < 0.0001). Results are normalised to ng of dsDNA (Figure 6.2).
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6.1 Fluid flow affects tenocyte protein secretion

where QC(S) and QSI(S) are the quantities of collagen after stimulus and QC(C)

and QSI(C) are the quantities of collagen in control conditions, for continuous and

short-interval stimulation respectively.

Matrix component Increase in secretion

Collagen at the cell layer 1.30-fold

Collagen released into the medium 2.77-fold

GAG at the cell layer 2.01-fold

Table 6.2: Quantification of collagen and GAG secretion normalised increase

for continuous stimulation vs. short-interval stimulation

Rest-insertion may have a very positive impact on the rate of collagen and GAG

secretion in human tenocytes, as collagen secretion per cycle is higher in short-interval

stimulation over continuous stimulation. This may be so that the cell has functionality

to respond to a given mechanical stimulus. In addition, a review of the literature

indicated that cilia extend during periods of stress deprivation, and suggested that

a longer cilium may ‘amplify’ a given mechanotransductive signal when a stimulus is

applied (Section 1.3.3). Periods of rest would allow cilia extension and later detection

of a stimulus when flow is started again.

Experiments were performed without the addition of supplementary ascorbic acid,

known as essential for the synthesis of collagen. Thus, results are representative of the

secretion of collagen pre-synthesised, or collagen synthesised using ascorbic acid already

present in the cell or media. Importantly, results presented may be a rate-limited view

of collagen secretion and the addition of supplementary ascorbic acid is essential for

further experiments. This may explain why continuous stimulation tenocytes did not

secrete more collagen per cycle than short-interval stimulation tenocytes. For all future

collagen investigations, ascorbic acid and proline was supplemented to culture medium

at a concentration of 50µg ml−1 to ensure that the rate of collagen secretion was not

limited.

The secretion of matrix at the start of the stimulus may be a form of the pericellular

matrix. Cells may rapidly produce PCM as an attempt at mimicking their in vivo

environment. Once a layer of PCM is secreted, ECM is subsequently secreted and the

rate of ECM secretion is reduced in comparison to the PCM. This two-rate hypothesis
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6.1 Fluid flow affects tenocyte protein secretion

Figure 6.4: Comparison of matrix secretion for continuous stimulation and

short-interval loading regimes with predicted secretion values: an increased period

of stimulus increases secretion of all matrix components investigated. A calculated increase

in short-interval secretion results generates predicted values much larger than experimental

results (Equation 6.1). Collagen at the cell layer = blue; collagen released into the media

= green; GAG = orange. Predicted values are denoted by ∧ and are based on the number

of cycles (Equation 6.1).
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6.1 Fluid flow affects tenocyte protein secretion

may explain why the increase in matrix production across the two stimulation regimes

is not as expected. Pericellular matrix immunohistochemistry was completed after

tenocyte stimulation at varying shear stress magnitudes.

Cell response may not be proportional to the duration of stimulus and a large

increase in matrix secretion may be achieved in a short period of time. Only a short

duration of stimulus is required for cell signalling (283). Additionally cells may only

detect the first part of the stimulus and then become desensitised to the fluid force

(284). There may be a mechanotransducer that detects the fluid force at first, causing

a large initial response, and then subsequent flow detection may be performed by a

secondary mechanotransducer that does not detect flow as effectively.

It may be argued that the increase in collagen and GAG secretion is due to the

circulation of the culture medium within the dish caused by the rocker motion, thus

increasing the rate of transport of key nutrients to cells and increasing the rate at which

they synthesise proteins. This is not considered to be the reason for the increase in

matrix secretion, as the rate of diffusion of metabolites and waste products is widely

recognised as sufficient in monolayer cultures.

6.1.1.4 Conclusion

In conclusion:

• Preliminary investigations have confirmed that the see-saw rocker model is a

successful in vitro stimulation tool for fluid shear stress experiments.

• Extracellular matrix secretion per cell significantly increases with application of

fluid-induced shear stress at 0.012 Pa.

• The rate of matrix secretion as a result of fluid-induced shear stress does not

appear to be linear, but requires further investigation.

• The measured secretion occurs both during stimulation and at rest.

• Fluid flow stimulation may be encouraging cell differentiation rather than cell

proliferation, indicated by reported dsDNA numbers.
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6.2 Predicting the effect of fluid flow on tenocyte collagen secretion

6.2 Predicting the effect of fluid flow on tenocyte collagen

secretion

Preliminary investigations have indicated that human tenocytes are responsive to fluid-

induced shear stress (Section 6.1). This finding supports gene expression and calcium

signalling work reported in the literature (Section 1.6.2). Tendon homeostasis is a

fine balance between damage and repair, the latter managed by tenocytes embedded

between collagen fibres.

For tenocytes to be able to repair damaged tissue, or remodel existing fibrils, they

must either be aware that repair or remodelling is required, or respond directly to a

primary signal that caused the initial damage or a secondary signal induced by damage.

These responses may be induced by either chemical or mechanical signals.

Thus, it was hypothesised the tenocyte rate of collagen secretion would increase

with an increase in the magnitude of applied shear stress.

Within this section of the chapter, a system approach to predicting tenocyte collagen

secretion is presented.

Validation is performed using further biological experiments and the system’s ca-

pabilities evaluated. Modelling is focused on collagen secreted and released in to the

culture medium as preliminary investigations have indicated a clear difference between

test and control conditions (Figure 6.1), and a clear difference between two testing

regimes (Figure 6.4). Furthermore, collagen detected within the medium is entirely a

result of experiment conditions, where as some of the collagen at the cell layer may

have been manufactured and secreted prior to stimulus.

6.2.1 A mathematical model

It was hypothesised that the rate of collagen secretion is affected by the magnitude

of shear stress and the type of the stimulus signal, i.e. rest insertion or continous

stimulation (Equation 6.2).

dQ

dt
= f( τ, K) (6.2)

where dQ
dt is the rate of protein secretion, τ is the average shear stress, K is the

stimulus signal.
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6.2 Predicting the effect of fluid flow on tenocyte collagen secretion

An applied shear stress τ with frequency ω and amplitude A in the form of a sine

wave can be transformed using fourier analysis to obtain a periodic signal consistent

with stimulation protocol design considerations, such as rest-insertion. The conversion

of the signal to a rate of protein secretion is dependent on understanding the effect of

signal frequency ω, shear stress amplitude A and the lag in matrix production after a

signal, which may be represented by a phase shift φ. The integration of the computed

secretion rate results in a predicted quantity of protein secretion (Figure 6.5).

Figure 6.5: System approach to determining the relationship between shear

stress and secretion rate: the application of a shear stress with an amplitude A, fre-

quency ω for varying durations over a time period is converted into a rate of collagen

secretion.

The addition of multiple sine wave inputs representing a variety of model condi-

tions can be achieved using the Euler relationship, where exponential relationships are

combined; however further experiments are required to fully understand the function

that transforms a shear stress input to a rate of secretion output.

Preliminary investigations allowed a hypothesis on the shape and magnitude of the

rate of secretion (dQdt ) to be formed for a shear stress magnitude of 0.012 Pa.

This rate of secretion was subsequently altered for a new stimulation protocol and

varying applied shear stress at 0.5 Hz in order to generate predictions for collagen

quantities that were interrogated using experimental procedures. The model assumed

that shear stress magnitude was the driving force behind secretion response, thus the

increase in frequency from 0.083 Hz to 0.5 Hz was not built into the model design.

This work presents a hypothesis for the change in the rate of secretion over the dura-

tion of an experiment, in essence, forming the shape of dQ
dt in Figure 6.5 for integration

in order to predict the amount of secreted collagen Q.
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6.2.1.1 Establishing rate of secretion

Within this section, the rate of secretion at 0.012 Pa for the preliminary investigation is

presented. A mathematical model was developed using a system approach to build up

components of collagen secretion rate, before integrating over a time period to establish

a predicted collagen secreted quantity. Within this section the model is constructed in

three stages:

1. Firstly, the impact of collagen secretion under non-stimulated conditions is con-

sidered;

2. Secondly, the application of a stimulus signal is built into the system; and

3. Finally, the impact of an increase in the applied shear stress magnitude is con-

sidered and added to the model.

Subsequently, the model is interrogated using a rest-insertion stimulation protocol

outlined in Section 6.2.2.1.

6.2.1.2 Rate of secretion under control conditions

From preliminary results it was identified that for each experiment condition tencoytes

continued to secrete collagen when no applied stimulus was present. It was therefore

concluded that part of the quantities secreted under test conditions are the result of a

‘normal’ tenocyte secretion rate, i.e. the collagen secretion rate in control wells.

Thus, the first stage of the model design was to determine the control ‘normal

secretion’ signal (Figure 6.6). This was achieved by assuming a constant rate of collagen

secretion over the entire duration of stimulus and was calculated from control conditions

for each testing regime.

The control signals for rest-insertion and continuous stimulation regimes were es-

tablished by dividing the average control quantity secreted by the duration of the

experiment in hours (Figure 6.7).

6.2.1.3 Rate of secretion induced by mechanical stimulation

Using results from preliminary investigations in Section 6.1, the change in the rate of

secretion over time was hypothesised. The hypothesis divided the rate of secretion

induced by stimulation into two distinct regions:
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6.2 Predicting the effect of fluid flow on tenocyte collagen secretion

Figure 6.6: Collagen secretion model - control rate: a constant rate of secretion

was established using data from control wells to establish secretion quantities under un-

stimulated conditions. This was called ‘normal secretion’. 1/s represents an integrator

function that establishes the quantity of collagen over an applied time period.

1. Firstly, a period where the rate of secretion is constant that is equal to the period

of time that cells are stimulated for, as it is suggested that collagen is made during

stimulus as well as during rest (region one).

2. Secondly, immediately post-stimulation the rate of secretion rises instantaneously,

before falling linearly over a period of 20 hours. Initial investigations indicated

that collagen differences between test and control conditions as a result of stimulus

were identifiable after 20 hours, hence the selection of this time period for the

second region of secretion rate (region two).

Using this hypothesis, simultaneous equations were formed based on data from

preliminary investigations to determine the magnitudes of the rate of secretion in the

first and second region (Equation 6.3).

QT = QC + (hsx) + (hry)

7.13 = 3.44 + 8x+ 40y

21.90 = 7.67 + 168x+ 20y

(6.3)

where QT is the quantity of collagen secreted under test conditions, QC is the quan-

tity of collagen secreted under control conditions, hs is the total hours of stimulation

(region one), hr is the total hours at rest where secretion as a result of stimulation

occurs (region two), x is the rate of secretion when stimulated in region one, and y is
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6.2 Predicting the effect of fluid flow on tenocyte collagen secretion

(a) Short-interval stimulation - normal, unstimulated rate of secretion

(b) Continuous stimulation - normal, unstimulated rate of secretion

Figure 6.7: Model input - rate of secretion for control conditions: when un-

stimulated, control wells continue to produce collagen. This rate of collagen production is

assumed to be constant and is calculated from the Sircol assay collagen quantifications for

control wells.
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6.2 Predicting the effect of fluid flow on tenocyte collagen secretion

Figure 6.8: Collagen secretion model: a systematic approach to predicting collagen

secretion allows for manipulating the duration and type of stimulus at varying shear stress

magnitudes.

the average rate of secretion at rest in region two. Sub-equations were populated with

numbers from Figure 6.1, e.g. for sub-equation one, after rocked conditions lasting

eight hours in total (hs) and static conditions lasting 40 hours (hr), 7.13µg ng−1 of

collagen was secreted (QT ) in the rocked well, compared to 3.44µg ng−1 of secreted

collagen in the static well (QC).

Evaluation of the simultaneous equations to obtain the rate of secretions during

stimulation and at rest results in a constant rate of secretion during stimulation (x)

of 0.0755µg ng−1 h−1 and an average rate of secretion after stimulation (y), lasting 20

hours of 0.0771µg ng−1 h−1. These values were used to determine the signal for the

rate of secretion as the primary input into the model (Figure 6.9).

Evaluation of the model for the preliminary investigations into short-interval stim-

ulation and continuous stimulation confirmed that system-generated results matched

very closely to experimental results (Table 6.3).

Stimulation condition Actual (µg ng−1) System generated (µg ng−1)

Rest-insertion 7.13 7.15

Continous 21.90 21.91

Table 6.3: Comparison of secretion model to experimental results for short-

interval stimulation and continuous stimulation at 0.083 Hz
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(a) Short-interval stimulation - first rest-insertion rate of secretion

(b) Short-interval stimulation - second rest-insertion rate of secretion

(c) Continuous stimulation rate of secretion

Figure 6.9: Model signal input - short-interval and continuous stimulation

rates of secretion: during stimulation the rate of secretion is constant. Immediately

after stimulus, collagen secretion rate peaks as tenocytes respond to the shear stress. The

effect of the stimulus on secretion rate is hypothesised to have completed after 20 hours.
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6.2.1.4 Shear stress magnitude effect on the rate of secretion induced by

mechanical stimulation

The rate of secretion due to stimulation was then increased or decreased based on the

magnitude of the applied shear stress through a simple product system (Figure 6.10).

Average shear stress reported for each condition (Table 6.4) was utilised to develop a

‘shear factor’, based upon a normalised multiple increase of the mean shear stress from

the 0.083 Hz condition. This shear factor was input into the collagen prediction model

to establish predicted collagen secretion quantities for each condition (Table 6.5).

Figure 6.10: Collagen secretion model: a systematic approach to predicting collagen

secretion allows for manipulating the duration and type of stimulus at varying shear stress

magnitudes. The rate of collagen secretion is estimated using a ‘shear factor’.

Altered parameter Mean shear stress (Pa)

0.5 Hz base-scenario 0.033

Placed at the platform edge 0.053

0.1 % CMC, 20.0 mPa s 0.714

0.2 % CMC, 31.0 mPa s 1.023

Table 6.4: Shear stress condition and model parameter: all stimulation conditions

are performed at 0.5 Hz.
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Mean shear stress (Pa) Shear factor Predicted collagen secretion (µg ng−1)

0.012 1.00 -

0.033 2.75 28.55

0.053 4.42 39.97

0.714 59.50 395.90

1.023 85.25 562.60

Table 6.5: Predicted increase in secreted collagen for each shear stress magni-

tude using shear factors determined from the 0.083 Hz model

6.2.2 Experimental investigations

To interrogate the prediction model, an experiment protocol was developed to investi-

gate the affect of a rest-insertion stimulus on the secretion and release of collagen in to

the culture medium over eight days.

6.2.2.1 Experimental design, methods & model predictions

Human tenocytes were grown to confluency and prepared for mechanical stimulation

(Section 5.1). To ensure secretion results were not rate limited, ascorbic acid and

proline were supplemented to culture medium at a concentration of 50µg ml−1 for all

wells. In addition, FCS was removed from stimulation and control medium to further

encourage the inhibition of cellular proliferation in all wells.

Four periods of one hour rest-insertion at 0.5 Hz was applied at different shear

stresses using models developed in Chapter 4 and summarised in Table 6.4. For each

condition, cells from two healthy patients were used (n = 12). Culture medium was

refreshed at t = 3 & 6 days and stored at −20 ◦C until day 8 when culture medium

was combined for the Sircol assay.

The control signal was obtained from collagen quantities measured for cells at rest

for 8 days with no stimulus. Using the signals from preliminary investigations for the

rate of secretion (Figure 6.7), manipulated for the new testing protocol, and altered

dependent on the ‘shear factor’ of each condition, predictions of collagen quantities

were established.
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6.2.2.2 Experimental results

Application of fluid-induced shear stress at 0.5 Hz to tenocytes at the centre of the

rocking platform and at the extremity significantly increases the secretion of collagen

in to the culture medium (p < 0.0001) (Figure 6.12). In addition, the increased shear

stress of 0.053 Pa at the platform extremity causes tenocytes to secrete significantly

more collagen than those at the centre of the platform exposed to 0.033 Pa (p = 0.0005).

Application of 0.714 Pa significantly increases the quantity of collagen released in to

the media in comparison to controls (p = 0.0156), but is significantly less than the

collagen secreted under the base condition of 0.033 Pa (0.78 mPa s) (p < 0.0001). At

1.023 Pa collagen secreted in to the media is significantly less than the controls (p

< 0.0001), suggesting that a catabolic state is present within the culture well. In

addition, collagen released in to the media at 1.023 Pa is significantly less than the

base-scenario of 0.033 Pa (p < 0.0001) and the 0.1 % CMC condition of 0.714 Pa (p

< 0.0001).

For the base-scenario (0.033 Pa) and the extremity condition (0.053 Pa), system

generated predictions were close to the actual results (Table 6.5). However, when

a large magnitude of shear stress was applied, compared to the 0.033 Pa condition,

experimentally measured collagen was reduced, and ultimately falls to below quantities

observed in control cultures after an application of 1.023 Pa of shear stress (Figure 6.12).

Stimulation condition (Pa) Predicted (µg ng−1) Actual (µg ng−1)

0.033 28.55 41.58

0.053 39.97 43.31

0.714 395.90 32.63

1.023 562.60 12.34

Table 6.6: Comparison of secretion model to experimental results for short-

interval stimulation and continuous stimulation at 0.083 Hz

Evaluation of the relationship of secreted collagen quantity with applied shear stress

indicated that a quadratic relationship can be used to estimate tenocyte response (y =

−52.51x2 + 25.23x + 41.45) with a root mean square error (RMSE) of 0.9322µg ng−1

(Figure 6.13) that is indicative of anabolic and catabolic response regions. It was
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Figure 6.11: dsDNA content for experimental interrogation of model predic-

tions: control wells have increased dsDNA content in comparison to stimulated wells.

dsDNA values were used to normalise collagen quantification.
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Figure 6.12: Collagen viscosities: top - comparison of collagen content for each model

condition (* = p <0.05, *** = p <0.001). Bottom - representative capture of Sircol assay

picrosirius red gradients for each model condition.
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identified that the rate of protein secretion with respect to a change in shear stress falls

linearly at a slope of -105.20 µg ng−1 Pa−2.

Figure 6.13: Collagen rate analysis: experimental data points can be represented by

a quadratic fit. Differentiation of the quadratic expression provides the rate of collagen

secretion at each shear stress condition. The rate of collagen secretion linearly decreases

with an increase in shear stress at a slope of -105.20 µg ng−1 Pa−2.

6.2.3 Discussion

Preliminary investigations indicated that rest-insertion was a more effective method of

stimulus than continuous stimulation; however results were completed without ascorbic

acid supplementation and only limited conclusions can be drawn. Significant differences

were identified between control conditions and tenocytes exposed to rest-insertion for:

collagen retained at the cell layer; collagen released into the culture medium; and GAG

retained at the cell layer; however, staining of the cell layer identified that picro-sirius

red is an anionic dye that binds to other parts of the cell, and although normalisation

ensures that this background data does not impact on the difference between results,
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the reported quantity of collagen secreted may be inflated (Figure 6.14). Thus, collagen

secreted into the culture medium was the focus of future investigations, supported by

immunohistochemistry staining (Section 6.3).

Figure 6.14: Sirius red appears to stain collagen as well as other structures at

the cell layer: left - high-level staining map of the cell layer shows homogenous staining.

Right - microscopy at 20× highlights staining of individual cells. Staining next to the

nucleus may be due to the presence of the collagen monomer inside the cell, or could

be the staining of non-collagenous cytoplasm structures creating a background reading in

quantification results.

Experimental interrogation of a mathematical model built to predict collagen se-

cretion indicated that a linear shear stress multiple, known as a ‘shear factor’ produced

promising results for low shear stress values, but an identified quadratic relationship

between the quantity of collagen secreted and the shear stress magnitude caused large

differences between actual results and linear predictions at applied shear stresses of

0.714 Pa and 1.023 Pa. The difference was especially large after application of a shear

stress magnitude of 1.023 Pa as a Sircol biochemical assay identified that secreted col-

lagen was significantly less than in control conditions (p < 0.0001), suggesting that

tenocytes had entered a catabolic state. Whether 0.714 Pa was additionally a catabolic

state, rather than a reduced anabolic state, requires further investigation. It may be

that by extending the time frame of the experiment, any matrix degrading enzymes

released under the 0.714 Pa condition would have additional time to degrade measured

collagen.

170



6.3 Fluid flow alters tenocyte communication & secretion at the cell layer

Results at the centre of the platform and at the edge are significantly different (p

= 0.0005). Clearly the location of the six-well plate on the rocker platform has an

important role in establishing collagen secretion levels.

The quadratic relationship suggests that collagen secretion is at a maximum when

an average shear stress of 0.25 Pa is applied. This only applies for the specific experi-

ment condition; however it is hypothesised that this relationship may be present across

other test conditions. The first order and second order terms of the equation could

be the foundation of the relationship between collagen quantities secreted and shear

stress, and the y-intercept determined as a function of collagen quantities determined

in control conditions. This may be a useful manipulation of the model going forward.

A quadratic relationship provides a local maximum, suggesting the change between

anabolic and catabolic conditions. Alternatively, the relationship identified may not

be quadratic, and be a combination of linear anabolic and catabolic responses to ap-

plied shear stresses. Further investigation is required, where anabolic and catabolic cell

responses are investigated.

6.3 Fluid flow alters tenocyte communication & secretion

at the cell layer

Using the same conditions for evaluating the secretion prediction model as described in

Section 6.2, collagen type-I, collagen type-VI, fibrillin-I and elastin were investigated at

the cell layer using immunohistochemistry (methods detailed in Section 5.8) to evaluate

whether differences identified in the media were similar to that at the cell layer, and

whether suggested catabolic conditions indicated at a shear stress of 1.023 Pa had an

effect on key pericellular matrix proteins that are linked with tendon damage. In

addition, the impact of fluid-shear stress on tenocyte communication pathways was

also considered by investigating connexin-32.

It is hypothesised that the relationship of collagen type-I at the cell layer to applied

shear stress will be similar to the Sircol biochemical assay results in Section 6.2.2.2,

as collagen content in tendon in vivo is dominated by collagen type-I (Section 1.2.1).

Hence, identified differences in Sircol quantification results were most likely due to

collagen type-I quantities.
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It is further hypothesised that shear stress will encourage the formation of pericellu-

lar matrix at the cell layer, however, the impact of shear stress magnitude on tenocyte

pericellular matrix genes or secretion has so far not been investigated (Sections 1.6.2

& 1.2.4). The existence of a pericellular matrix may be a pre-cursor to the secretion of

collagen type-I.

The presence of connexin-32 is expected to increase with the application of shear

stress as tenocytes exposed to 0.1 Pa of shear stress in a laminar flow chamber upreg-

ulated the expression of the connexin-43 gene (239). However, a ten-fold increase in

this shear stress in the rocker model using the CMC concentration of 0.2 % CMC to

produce a shear stress of 1.023 Pa, may inhibit the presence of connexin-32.

6.3.1 Collagen type-I

The application of fluid shear stress changed the appearance of collagen type-I formed

at the cell layer (Figure 6.15). Under control conditions, collagen type-I appeared

to form in clusters at different sites within a well, resulting in areas of high and low

collagen density. The collagen type-I structures appeared spider-like, spanning in every

direction. Some cells had little or no collagen type-I in their immediate vicinity. With

the application of 0.033 Pa of shear stress, there was a marked increase in collagen

type-I at the cell layer. Every cell appeared to be associated with the accumulation of

collagen type-I and close inspection showed that the cytoplasm of cells were stained,

suggesting that tenocytes have manufactured collagen that has not yet been secreted.

The collagen type-I appeared aligned in one direction (analysis of matrix and cell

alignment is completed in Section 6.4). As the shear stress magnitude was increased to

0.714 Pa, the collagen type-I presence reduced; however several cells appeared to show

deposits of collagen type-I in their vicinity. No large collagen type-I structures were

present (relative to control and 0.033 Pa conditions), instead the collagen type-I formed

small globules, with the occasional amalgamation to create a slightly larger structure.

At 1.023 Pa, collagen type-I appeared similar to the 0.714 Pa condition; however larger

areas with minimal collagen type-I quantities were present, a sharp contrast to cells

exposed to a stimulus of 0.033 Pa.
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Figure 6.15: Collagen type-I immunohistochemistry: tenocytes exposed to varying

magnitudes of shear stress exhibit changes in collagen type-1 secretion. Top - clockwise

from top left: control; 0.033 Pa; 1.023 Pa; 0.714 Pa. Bottom - from left to right: control;

0.033 Pa; 0.714 Pa; 1.023 Pa. Red - collagen type-I, blue - whole cell stain.
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6.3.2 Collagen type-VI

Collagen type-VI is associated with the pericellular matrix, and increases in gene ex-

pression have been identified in rotator-cuff tendon where medium and large tears are

present (D. Thakkar - unpublished, Nuffield Department of Orthopaedics, Rheumatol-

ogy, and Musculoskeletal Sciences, University of Oxford).

Inspection of control conditions indicated that collagen type-VI was secreted in

very minimal amounts compared to cells exposed to shear stress (Figure 6.16). Within

all three stimulated conditions, collagen type-VI was present outside of cells in small

bright spots. There were no large collagen type-VI structures similar to those iden-

tified in collagen type-I imaging. This result is in agreement with the understanding

of the composition of tendon where collagen type-VI contributes only trace amounts

(Section 1.2.1).

Collagen type-VI is present in both healthy and damaged tendon; amounts identified

are not indicative of whether cells are exposed to a ‘healthy’ or ‘damaging’ stimulus.

6.3.3 Fibrillin-I and elastin

Fibillin is a pre-cursor to the formation of elastin that contributes 2 % to the composi-

tion of mature, healthy tendon (Section 1.2.1) and was identified in all control and test

conditions; however quantities in cells exposed to 0.033 Pa appear slightly larger than

other conditions, potentially indicating that fluid-induced shear stress of 0.033 Pa sup-

ports the increased secretion of fibrillin-I. In control conditions and tenocyte cultures

exposed to 0.714 Pa and 1.023 Pa, fibrillin appeared to amalgamate into localised bright

spots that are not present in 0.033 Pa conditions. Elastin immuno-staining was also

performed for all conditions (data not shown), but no elastin was observed in control or

test conditions. The lack of elastin secretion may be due to the low quantity of fibrillin-

I, but also there is a suggestion that elastin is only synthesised during development and

growth and not in mature tendon (285).

6.3.4 Connexin-32

Connexin-32 is a protein that forms gap junctions (Section 1.3.1). Under all conditions,

connexin-32 was present at the cell layer (Figure 6.18). Under control conditions, gap

junctions were present in localised groups. However, after the application of 0.033 Pa of
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Figure 6.16: Collagen type-VI immunohistochemistry: tenocytes exposed to vary-

ing magnitudes of shear stress exhibit changes in collagen type-VI secretion. Top - clockwise

from top left: control; 0.033 Pa; 1.023 Pa; 0.714 Pa. Bottom - from left to right: control;

0.033 Pa; 0.714 Pa; 1.023 Pa. Green - collagen type-VI, blue - whole cell stain.
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Figure 6.17: Fibrillin-I immunohistochemistry: tenocytes exposed to varying mag-

nitudes of shear stress exhibit changes in fibrillin-1 secretion. Top - clockwise from top

left: control; 0.033 Pa; 1.023 Pa; 0.714 Pa. Bottom - from left to right: control; 0.033 Pa;

0.714 Pa; 1.023 Pa. Green - fibrillin-I, blue - whole cell stain.
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shear stress, the presence of connexin-32 was greatly increased and was spread across the

entirety of the cell layer. Connexin-32 appeared to co-localise distribution of collagen

type-I under this condition.

After the application of 0.714 Pa of shear stress, the presence of connexin-32 ap-

peared less widely distributed than that of 0.033 Pa and where it was present, slightly

more concentrated. This may occur as tenocytes focus on forming large, strong gap

junction plaques, rather than numerous smaller gap junction plaques.

Large areas of connexin-32 staining were also identified after the application of

1.023 Pa of shear stress; however they were much sparser than the 0.714 Pa condition

and some areas of cells of 400×400µm showed little if any gap junction staining at all.

6.3.5 Discussion

For both 0.714 Pa and 1.023 Pa conditions, it may be hypothesised that the quantity

of collagen secreted equals that of the other conditions, but the shear stress magnitude

prevents the formation of collagen as extracellular matrix. By cross-analysing culture

medium collagen quantifications with immunohistochemistry confocal images, this was

confirmed to not be the case for the 1.023 Pa condition as collagen quantities were

less than the control in both situations; however it may be the case for the 0.714 Pa

condition as collagen released into the media was higher than the control condition,

but collagen retained at the cell layer was less than the control. It would be of interest

to perform immunohistochemistry, identifying key catabolic enzymes (MMPs) for each

condition to establish whether shear stresses are inducing catabolic effects.

Immunohistochemistry indicated that stimulation at 0.033 Pa increased the secre-

tion of pericellular matrix components, collagen type-VI and fibrillin-I; however quan-

tities were much smaller than that identified in collagen type-I immunohistochemistry,

a result that mimics the tendon in vivo composition. Increasing shear stress magnitude

to 0.714 Pa and 1.023 Pa caused collagen type-VI and fibrillin-I to appear aggregated,

taking on the shape of circular ‘globules’ in areas of particularly high tenocyte density.

The presence of collagen type-VI appeared to be much higher than fibrillin-I and no

elastin was identified in either the control or any of the test conditions.

Results suggest that when connexin-32 is present, it is found at the tips of the

long axis of each tenocyte. This corresponds with findings that suggest connexin-32

is responsible for longitudinal connections in tendon, and connexin-43 is responsible
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6.3 Fluid flow alters tenocyte communication & secretion at the cell layer

Figure 6.18: Connexin-32 immunohistochemistry: tenocytes exposed to varying

magnitudes of shear stress exhibit changes in connexin-32 quantities. Top - clockwise

from top left: control; 0.033 Pa; 1.023 Pa; 0.714 Pa. Bottom - from left to right: control;

0.033 Pa; 0.714 Pa; 1.023 Pa. Green - connexin-32, blue - whole cell stain.
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6.3 Fluid flow alters tenocyte communication & secretion at the cell layer

for lateral connections (286). The formation of an increased quantity of connexin-32

may be a by-product of increased cellular alignment as the alignment gives tenocytes

polarity.

Closer inspection of each condition, indicated that under the 0.033 Pa condition, gap

junctions were present on every cell, even if only at a small quantity. Gap junctions

may be essential in coordinating the response of a cell layer and tenocytes may secrete

collagen type-I preferentially with an increase in gap junction formation. Comparison

of connexin-32 with collagen type-I indicated that the direction of collagen formation

strongly correlated with the direction of connexin-32 presence (Figure 6.19), suggesting

that cell-cell communication may play a key role in collagen type-I secretion.

It has been suggested that connexin-32 plays a stimulatory role in collagen secretion

and connexin-43 plays an inhibitory role (286), therefore it would be interesting to see

the presence of connexin-43 under each testing condition.

Figure 6.19: Whole cell stain, collagen type-I and connexin-32: collagen type-I

structures form above cells and appear localised where high concentrations of gap junctions

are present. Left - whole cell stain, middle - connexin-32, right - collagen type-I

To confirm whether differences identified in collagen type-I secretion are the result

of catabolic effects, further scrutiny is required. This could include the use of an

MMP zymogram (an experiment to measure the breakdown of a collagen gel by MMPs

released into the culture medium) to confirm the presence of MMP-1 in test conditions.

Additionally, qPCR to identify the presence of key oxidative stress markers, such as

Forkhead-1, may provide an interesting insight into cell behaviour.
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6.4 Fluid flow alters tenocyte alignment & elongation

Finally, although CMC is reported to be a biologically inert compound, confirmation

that results are not due to toxicity induced by its presence would be beneficial.

6.4 Fluid flow alters tenocyte alignment & elongation

Within tendon, tenocytes are aligned in the direction of the load-bearing collagen hi-

erarchy, with processes reaching out in each direction to make cell-cell connections

(Section 1.6). Cell motility is driven by the cytoskeleton; the polymerisation and de-

polymerisation of filaments and microtubules allows a cell to move in a specific direction

(103). Cells have chemical receptors to help assimilate the information from their imme-

diate environment and this may assist in alignment or movement in a specific direction,

but there are also mechanical triggers that could impact on cell alignment (287, 288).

The alignment could be due to a number of factors, such as, but not limited to: the

direction of an applied force; the presence of an aligned extracellular matrix; and/or

the location of vital nutrients. Tenocyte elongation could be a response to shear stress

for cells to form gap junctions, or it may be a by-product of increasing cell-substrate

attachments to withstand an applied force (85).

The purpose of this study was to ascertain whether tenocyte morphology, defined by

alignment and elongation, was influenced by fluid flow stimulation. This was achieved

using a custom image analysis technique and tendon cell culture in the validated rocker

model. Analysis of the velocity vectors in the x-y plane of a stimulated six-well plate

indicated that at 0.5 Hz, fluid flow moves perpendicular to the angle of rotation for all

angles of tilt (Figure 6.20). It was therefore hypothesised that tenocytes would align

at 90 ◦ to the axis of rotation to achieve a more favourable stress across the cell profile

as seen in endothelial cell simulations (289).

6.4.1 Algorithm design and experimental approach

Tenocytes are heterogeneous, with a variety of compartments and structures (Sec-

tion 1.6). Previous cell alignment techniques have involved using edge detection tech-

niques (290); however problems with computerised cell identification algorithms have

also resulted in time-intensive manual drawing of an angle for every cell (291). An

intensity-based approach was taken for establishing the alignment of tenocytes sub-

jected to fluid forces. Intensity analysis interrogates the texture of the image. If the
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6.4 Fluid flow alters tenocyte alignment & elongation

Figure 6.20: Velocity magnitude vectors at the well base: inspection indicates

that fluid flow vectors are at 90 ◦ to the axis of rotation, indicating that tenocytes in the

central area of the well are influenced by oscillating flow. For the purposes of generating an

image, a thinning process has been applied to obtain a vector density at which individual

vectors are identifiable. [a = 0, b = 0.25 . . . h = 2 s].
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6.4 Fluid flow alters tenocyte alignment & elongation

image has a characteristic pattern this is reported as part of the analysis, and issues

such as thresholding required for cell identification are not present.

Phase-contrast images were taken from the centre of culture wells and subjected

to a custom intensity analysis technique based on a previously described method for

analysing the fibre alignment of composite materials (292). Images were rotated in 10 ◦

steps through 180 ◦ from the y-axis, and the cumulative intensity variance over a pixel

window (size n×n) calculated for each rotation angle (θ = 10, 20, . . . 180). The angle

that produced the minimum variance for each pixel was reported and a map showing

the angle with the minimum intensity variance produced, (Θ(x, y)) (Equation 6.4).

Θ(x, y) =
180
min
θ=0

(
n∑
i=1

σ(γn)

)
(6.4)

where σ is the intensity variance and γn is a vector across n pixels.

From the angle map, frequency distributions of the minimum reported angle for

each pixel were formed, identifying trends in alignment.

In order to quantitatively evaluate the orientation of tenocytes subjected to fluid

flow compared with a control group, tenocyte alignment congruity, Ψ, was calculated

from the angle map frequency distributions (Equation 6.5).

Ψ =

k∑
i=1

(χ− χ)2 (6.5)

where χ is reported for each angle of rotation k and is the frequency of pixels that

reported that angle as having the minimum intensity variance, and χ is the mean pixel

frequency across all angles, i.e. the total number of pixels in the image divided by the

number of stages of rotation.

Tenocyte alignment congruity values are normalised to the control group, (i.e. con-

trol Ψ=1) for comparison across cultures and statistical analysis.

Cell elongation Λ(x, y) was determined from the aspect ratio of each pixel within

an image. This was achieved by evaluating the maximum and minimum cumulative

intensity variances from a captured image (Equation 6.6).

Λ(x, y) =

180
max
θ=0

(∑n
i=1 σ(Γn)

)
180
min
θ=0

(∑n
i=1 σ(Γn)

) (6.6)
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6.4 Fluid flow alters tenocyte alignment & elongation

Figure 6.21: Alignment and elongation algorithm principle: a pixel array (top

left) is determined by the user and an image rotated in ten degree intervals (top right)

for every pixel P0. At each angle, the variance in intensity across the array is measured.

Alignment is concluded to occur at the angle with the smallest intensity variance (bottom

right). Elongation is defined by an aspect ratio, which is the maximum intensity variance

(bottom left) divided by the minimum intensity variance (bottom right).
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6.4 Fluid flow alters tenocyte alignment & elongation

To experimentally investigate the effect of fluid shear stress on alignment and elon-

gation in tenocyte cultures exposed to the same range of shear stresses and loading

regime as detailed in Section 6.2.2.1, the algorithm was completed for 25 images, using

cells from two healthy patients (n = 25). Images were taken at a magnification of 4x

(Figure 6.22) and analysis was completed using 5×5 pixel windows, equivalent to circa

8µm × 8µm. This was deemed an appropriate pixel window size in order to capture

individual cells as opposed to clusters of cell populations. As cells are compartments,

any alignment and elongation evaluation will not result in a single angle or aspect ra-

tio output. There will always be distribution of the angles with the maximum and

minimum frequency as the curved ends of cell processes are taken into consideration.

Figure 6.22: Representative images used for alignment and elongation analysis:

phase contrast images of tenocytes at a magnification of 4x were obtained for analysis using

the alignment and elongation algorithm.

6.4.2 Alignment results

Comparison of various viscosities indicates that at 0.78 mPa s (0.033 Pa), tenocytes

become aligned in the direction of fluid flow (180 ◦) (Figure 6.23). Results of control

conditions are similar to viscosity conditions of 20.0 mPa s (0.714 Pa) and 31.0 mPa s

(1.023 Pa) (n = 25) (Figure 6.23).

Tenocytes exposed to a culture medium viscosity of 0.78 mPa s (0.033 Pa), are sig-

nificantly more aligned than tenocytes exposed to no stimulus and tenocytes exposed

to a culture medium viscosity of 20.0 mPa s (0.714 Pa) (p <0.001) (Figure 6.24).
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6.4 Fluid flow alters tenocyte alignment & elongation

Figure 6.23: Alignment analysis: X-axis represents each stage of rotation (10, 20, 30,

... , 180). The Y-axis represents the number of pixels reporting that stage of rotation as

having the minimum intensity variance compared to all other stages of rotation. For each

stage of rotation, reported frequencies have been set a baseline of the average pixel density

assuming alignment was equal in all directions. n = 25 for each condition.
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6.4 Fluid flow alters tenocyte alignment & elongation

Figure 6.24: Alignment congruity: X-axis represents each fluid viscosity condition.

Y-axis is tenocyte alignment congruity calculated from Equation 6.5. (** = p <0.01, ***

= p <0.001).

6.4.3 Elongation results

Analysis of tenocytes exposed to fluid-induced shear stress of 0.033 Pa, 0.714 Pa, 1.023 Pa

and cells that were exposed to no stimulus (controls), indicated that tenocytes become

significantly more elongated after shear stress of 0.033 Pa in comparison to all other

conditions (p < 0.05) (Figure 6.25).

6.4.4 Discussion

The application of fluid-induced shear stress of 0.033 Pa caused tenocytes to become

significantly more aligned and elongated in comparison to control conditions (p < 0.05).

Although significant differences in elongation are identified between the different

conditions, the difference in aspect ratio is only 0.4 between the control condition

and cells exposed to a shear stress magnitude of 0.033 Pa, therefore they may not

be meaningful. It is hypothesised that tenocytes alter their structure to find a more

‘favourable’ shear stress condition, that is, by becoming aligned and elongated in the

direction of fluid flow, the magnitude of shear stress acting on the tenocyte structure

would be reduced. It may be interesting to model the differences in stress between
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6.4 Fluid flow alters tenocyte alignment & elongation

Figure 6.25: Elongation: tenocytes exposed to a culture medium viscosity of 0.78 mPa s

(0.033 Pa), are significantly more elongated than controls and tenocytes exposed to higher

viscosities. (* = p <0.05, ** = p <0.01, *** = p <0.001).

tenocytes with an aspect ratio of 2.0 and 2.4 similar to endothelial computations by

Yamaguchi et al. (289).

Cell alignment is permitted by changes in cytoskeleton structures (287, 288). There-

fore an investigation into actin and intermediate filaments, as well as microtubules, to

identify whether the structures of the cytoskeleton become aligned in the direction of

fluid flow may be beneficial and provide a more detailed understanding of the method

of cell alignment.

An increase in shear stress, past an unidentified threshold, appears to reduce align-

ment. It is hypothesised that this may be because cells are using energy for non-

alignment cell processes at 0.714 Pa, such as the production of catabolic enzymes.

As the custom image analysis algorithm analyses the entirety of an image, in estab-

lishing alignment and elongation, it includes the intensity of non-tenocyte structures

in its variance analysis. As such, although tenocytes are the clear, visible structures

from phase-contrast images, the results included any other structures, such as secreted

proteins, that were large enough to be captured by phase-contrast imaging at a mag-

nification of 4x. Thus, the results were truly a quantification of the alignment of all

187



6.4 Fluid flow alters tenocyte alignment & elongation

visible structures at the cell layer.

The custom algorithm has some limitations. Firstly, calculations are performed for

every pixel within an image, resulting in a large computation time. Going forward an

assessment of whether computations for a selection of pixels is representative of the

overall behaviour would be beneficial to improve the speed of analysis. Additionally,

the location of image capture was estimated to be the centre of culture wells; however a

more accurate system of location identification and comparison with the CFD-derived

velocity vectors may provide more insight to cell response. Finally, the algorithm does

not separate out the alignment of cells and matrix structures for phase-contrast images;

however this limitation may be circumvented by using targeted imaging techniques as

using immunohistochemistry results from Section 6.3.1, 0.033 Pa was shown to produce

collagen aligned with the direction of applied fluid flow (Figure 6.26).

Figure 6.26: Collagen type-I aligns with the direction of fluid flow: after the ap-

plication of 0.033 Pa, collagen type-I becomes aligned with the direction of fluid flow (180 ◦).

Analysis is performed on the collagen type-I immunohistochemistry results (Section 6.3.1

& inset).
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6.5 Tenocyte detection of fluid flow: the primary cilium

6.5 Tenocyte detection of fluid flow: the primary cilium

Several investigations have shown the role of the primary cilium in detecting fluid forces

in bone tissue in vitro (29, 120, 198, 293). In addition, the primary cilium has been

detected in rat tendon tissue ex vivo (294); however, whether the primary cilium is

involved in the detection of fluid forces by human tenocytes remains unclear.

The aims of the presented investigation into the primary cilium are:

1. to identify the primary cilium in tendon tissue;

2. to identify the primary cilium in tendon cell culture; and

3. to assess the effect of experimental procedures designed to abrogate primary cilia

from cell cultures on response to fluid shear stress

6.5.1 Primary cilia in tendon tissue

Evidence that primary cilia are oriented with the direction of collagen and the long

axis of tendon has been obtained for rat extensor tissue (294). Immunohistochemistry

was performed on bovine flexor tendon to identify whether this orientation was present

in other tendon tissue (methods as per Sections 5.6 5.7.2.1).

6.5.2 Primary cilia in tenocyte cultures

Preliminary work showed that for the maximum amount of cilia expression in a tenocyte

culture, 100 % confluency is required, and cells should be exposed to 0 % FCS for

24 hours (Figure 6.29). This finding is consistent with studies of other tissue where

confluency and starvation are concluded to be consistent drivers of cilia growth (295).

6.5.3 Abrogating primary cilia

Chemical abrogation, or retraction, of primary cilia in cell cultures has been achieved

successfully in bone cells using chloral hydrate (120) following its development for

Madin-Darby canine kidney (MDCK) cells (296). The bone cell protocol uses 4 mM of

chloral hydrate applied to cells for 72 h, washing with PBS and providing fresh culture

medium for 24 h prior to the application of fluid flow. Chloral hydrate causes the de-

stabilisation of microtubules as well as primary cilia. The application of fresh medium
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6.5 Tenocyte detection of fluid flow: the primary cilium

Figure 6.27: Primary cilia in bovine tissue: primary cilia are orientated with the

direction of collagen fibrils and protrude into the extracellular space through the tissue.

Cell nuclei are stained by DAPI (blue) and primary cilium are stained using a primary

antibody targeting acetylated alpha-tubulin (red). Confocal microscopy is used to obtain

a z-stack at 5.4 micron intervals. Tissue extraction methods detailed in Section 5.6.

190



6.5 Tenocyte detection of fluid flow: the primary cilium

Figure 6.28: Primary cilia are located near tenocyte nuclei and are aligned in

the direction of collagen fibrils: clear alignment of primary cilia with the direction of

collagen fibrils is present. Cilia are located near tenocyte nuclei. Cell spacing is consistent

with reports of tenocytes being found surrounding bundles of fibrils, named as fibres.
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Figure 6.29: Primary cilia in cell culture: culturing tenocytes to a high confluency,

followed by application of serum free culture medium for 24 hours provides ideal conditions

for primary cilium expression. Cell nuclei are stained by DAPI (blue) and primary cilia

are stained using a primary antibody targeting acetylated alpha-tubulin (red). Cilia may

appear as small specks as they orientate in the vertical direction, or as clear hair-like

structures orientated with the imaging plane.
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6.5 Tenocyte detection of fluid flow: the primary cilium

for 24 hours prior to stimulation is hypothesised to give the cell time to re-stabilise

microtubule structures, but is not enough time for the primary cilium to re-form.

Application of the same protocol to tenocytes caused widespread cell necrosis. Re-

ducing the chloral hydrate concentration continued to cause cell necrosis until a con-

centration of 1 nM was applied (Figure 6.30). Live and dead imaging indicated that

chloral hydrate treatment had a severe effect on tendon cell viability at a concentration

of 4 nM. At a concentration of 1 nM viability was not affected (Figure 6.30); however,

immunohistochemistry of tenocytes exposed to 1 nM of chloral hydrate for 24 hours

confirmed that the primary cilium was not abrogated across the entire culture. At

1 nM, pH levels increase to 7.65 from a range of 7.0-7.4 for untreated culture medium.

Figure 6.30: Live & dead cell staining: green cells are live and red cells are dead.

Left - tenocytes exposed to 1 nM of chloral hydrate for 24 hours. Right - tenocytes exposed

to 4 nM of chloral hydrate for 24 hours, 1/1000 of the dosage used in previous successful

bone cell investigations (120).

6.5.4 Discussion

Evidence of the existence and orientation of the primary cilium ex vivo has been ob-

tained for bovine flexor tendon using immunohistochemistry, correlating with previ-

ously findings for rat extensor tendon (294). In addition, the optimum conditions for

the expression of the primary cilium in tenocyte cultures has been established; however

chemical removal of the primary cilium has proved complicated and the application of

previously successful methodologies in bone cultures lead to tenocyte necrosis. As a

result it was not possible to establish whether the primary cilium is a key detector of
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6.6 Fluid flow affects tenocyte signalling and gene activity

fluid flow in tenocyte cultures. A systematic approach to varying durations of 1 nM

of chloral hydrate should be applied in future experiments to determine when primary

cilia are abrogated. To prevent cell necrosis, extremely low concentrations of chloral

hydrate, relative to bone cells, may be required due to the importance of tenocyte

morphology, partly maintained by microtubules. Interestingly it was identified that

in water the pH values for concentrations of 1 nM and 4 nM of chloral hydrate were

4.90 and 4.23 respectively, suggesting that the buffer HEPES in DMEM:F-12 may play

a significant role in maintaining pH levels when chloral hydrate is added to culture

medium.

In providing the optimum conditions for cilia expression, it is considered that the

confluent layer could be providing tenocytes with a more in vivo like environment,

where cell-cell communication is at a peak. Starvation is also likely similar to the

in vivo environment, as cells are focused on differentiation-type activities rather than

proliferation. Part of this may include the expression of a primary cilium. In addition,

the primary cilium is not expressed in cultures that are undergoing division as part of

the process of proliferation. Once the cell has divided, the primary cilium is expressed

through the polymerisation of the axoneme and ultimate extension in to the pericellular

space.

6.6 Fluid flow affects tenocyte signalling and gene activity

In addition to the results already presented, collaborations were undertaken with Dr.

Philippa Hulley and Dr. Andrew Jones (Nuffield Department of Orthopaedics, Rheuma-

tology and Musculoskeletal Sciences, University of Oxford) to investigate the impact

of fluid-induced shear stress on tenocyte: kinase signalling, transcription factor C-fos

response; and matrix & communication gene activity.

6.6.1 Kinase signalling

Confluent tenocytes were grown without FCS for 24 hours before being subjected to

cyclic rocking at 0.083 Hz for various durations up to a maximum of 60 minutes (t=0,

5, 10, 15, 20, 30, 60). Relative intensity of phosphorylated ERK was measured as per

methods described in Section 5.9.
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Figure 6.31: Fluid-induced shear stress of 0.012 Pa induced kinase signalling:

the relative intensity of phosphorylated ERK reached a maximum after 20 minutes of

rocking.
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Results showed that ERK signalling increased with an applied fluid shear stress and

peaked after twenty minutes of rocking (Figure 6.31). The ERK signalling pathway has

been shown to be downstream of primary cilium flow detection (Section 1.3.3).

6.6.2 Transcription factor response

c-Fos is a gene transcription factor, converting extracellular signals into gene expression.

Confluent tenocytes were grown without serum in DMEM:F12 for 24 hours before being

subjected to rocking at 0.083 Hz for varying durations up to a maximum of 60 minutes

(t=0, 5, 10, 15, 20, 30, 60). c-Fos levels were measured as per methods described in

Section 5.9.

c-Fos mRNA levels increased when tenocytes were subjected to rocking, with max-

imum responses at 20 and 30 minutes (Figure 6.32).

Figure 6.32: Transcription factor c-Fos is affected by fluid-induced shear stress:

rocking at 0.083 Hz induced a maximum c-Fos response after 20 minutes of rocking.

6.6.3 Matrix & communication gene activity

Confluent tenocytes were grown in 0.5 % (v/v) FCS, DMEM F:12 for 24 hours before

the application of 0.012 Pa of shear stress (Section 5.1), induced by a rocking oscillation

of 0.083 Hz for 48 hours, and a subsequent rest period of 24 hours.
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mRNA expression of collagen type-1α1, collagen type-IIIα1, collagen type-VIα1,

collagen type-VIα2, collagen type-VIα3, connexin-43 and decor in were measured using

qPCR as per methods described in Section 5.9.

Shear stress of 0.012 Pa caused the relative increase in the expression of mRNA for

all genes investigated (Figure 6.33). The relative increase in collagen type-VI mRNA

was particularly high, suggesting that 0.012 Pa may be a stimulus conducive to activat-

ing pathways that result in the secretion of pericellular matrix proteins. Additionally,

an increase in collagen type-I appeared small, but this increase may be much larger

than other genes in real terms, potentially inducing the secretion of significant quan-

tities of collagen type-I extracellular matrix. Connexin-43 expression increased also.

This may have been a result of tenocytes becoming aligned at 0.083 Hz allowing the

formation of more gap junctions, or it may be the start of tenocytes forming more gap

junctions for cell-cell communication after receiving a stimulus.

Figure 6.33: Relative gene expression increased for key matrix and cell commu-

nication genes after 48 hours at 0.083 Hz: quantification of collagen type-I, collagen

type-III, collagen type-VI, connexin-43 and decorin mRNA levels indicated that fluid-

induced shear stress of 0.012 Pa increased mRNA expression. All values are relative to

control conditions for respective genes that are normalised to a value of 1 (not shown).
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6.6.4 Discussion

Analysis of signalling pathways indicated that ERK peaks 20 minutes after stimulation

at 0.083 Hz, corresponding with an increase in the transcription factor c-Fos after 20-

30 minutes. Investigation into anabolic gene expression levels identified an increase in

relative quantities for collagen type-I, type-III, type-VI, connexin-43 and decorin genes,

suggesting that the activation of identified signalling pathways may be causing the

downstream increase in gene expression. The increase in gene expression is potentially

a pre-cursor to the change in quantities of collagen secreted from tenocytes.

The 20-30 minute peak in cell signalling correlates with a further investigation that

identified no difference between tenocytes exposed to 0.083 Hz and control conditions for

varying durations, where collagen assays were performed immediately after stimulation

(Figure 6.34).

Figure 6.34: Collagen initial response time course: no significant differences be-

tween collagen at the cell layer and within culture medium for test and control conditions

was identified when assays were performed immediately after stimulation at 0.083 Hz for

15− 180 minutes.
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6.7 Summary

Investigations have validated the see-saw rocker as a reliable and adaptable tool for the

study of tenocyte response to fluid-induced shear stress. The versatility of this simple,

validated in vitro tool has been demonstrated and the following key conclusions have

been drawn:

• Fluid induced shear stress of 0.012 Pa applied using rest-insertion and continuous

stimulation regimes significantly increased secreted collagen retained at the cell

layer, released into the media and GAG retained at the cell layer in comparison

to controls.

• Collagen quantities within cell culture medium after the application of fluid-

induced shear stress of 0.033, 0.053 and 0.714 Pa is significantly higher than con-

trols.

• The application of fluid-shear stress of 0.033 Pa increased the aspect ratio of the

cell layer and encourages tenocyte alignment with the direction of fluid flow in

comparison to static controls.

• Immunohistochemistry has indicated a similar relationship between collagen type-

I presence at the cell layer and quantities reported in cell culture medium using

a Sircol biochemical assay. In addition connexin-32 presence appeared to be co-

localised with collagen type-I at the cell layer.

• Collagen type-VI and fibrillin-I immunohistochemistry indicated an increase in

their presence after the application of 0.033 Pa in comparison to control con-

ditions, and under increased shear stress magnitude conditions of 0.714 and

1.023 Pa, collagen type-VI and fibrillin-I appeared to amalgamate into localised

bright-spots.

• Shear stress of 0.083 Hz induced a peak in ERK and c-Fos after 20 minutes and

relative quantities of collagen type-I, III and VI genes, as well as connexin-43 and

decorin genes, have all been shown to up-regulate after 48 hours of rocking in

collaborative investigations.

199



6.7 Summary

In addition, the foundation of a mathematical model has been created to act as a

platform for predicting and characterising the secretion of matrix and the development

of an algorithm allows for the easy measurement of alignment and aspect ratios of whole

cell monolayer populations.

Finally, primary cilia have been identified in bovine tendon tissue and human teno-

cyte cell cultures. Cilia abrogation has proved difficult and protocols require further

investigation in order to identify whether the primary cilium is a key transducer of fluid

forces in tenocytes.
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Chapter 7

Discussion

Within this chapter the important findings of this work are summarised. The back-

ground, including general literature and motivation, that lead to the development of

this thesis are presented, followed by an overview of the project aims and the approaches

taken to achieve them. The achievements are discussed in the context of the work of

other authors and groups. The limitations of each study are also addressed and finally,

the direction of future work is suggested.

7.1 Background

Recent work has validated an orbital shaker as a model for in vitro cell stimulation (36);

however, stress generated at high frequencies is more indicative of studies for endothelial

cells, and musculoskeletal investigations have demonstrated changes in cell response at

low frequency, cyclic shear stress applied with a see-saw rocker model (197, 198).

Although a rocking model has been mathematically analysed (199), reported shear

stresses are without validation, necessary for a biological response to confidently be

attributed to an applied stimulus.

As fluid-induced shear stress continues to take a firm footing in mechanobiological

investigations of bone cells, the requirement for a tool that applies physiologically rel-

evant shear stress to musculoskeletal cells in a simple, effective, and cyclic manner is

essential. Previously, device design has caused a primary stretch to generate a signif-

icant fluid-induced shear stress, causing difficulty in identifying the trigger behind a

measured biological change (38).
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In addition, the use of devices across research groups with the same principle, but

different dimensions, has led to the generation of uncomparable results as they are

based on reported shear stresses that are different and remain unvalidated.

Due to few previous investigations, focussed on gene expression and calcium sig-

nalling, the characterisation of tenocyte response to fluid flow is limited, and most

studies have been performed using animal cells in laminar flow chambers (Section 1.6.2).

Tendon injury is painful and debilitating, affecting sports participants and the

middle-aged (297, 298). Of all reported sports injuries, 30 − 50 % are tendon disor-

ders (299), while the incidence of rotator cuff tears is suggested to be as high as 30 %

in cadaveric studies (300). Achilles’ tendon injury impacts daily living and 25 − 45 %

of patients eventually require surgery (301).

Understanding how tendon cells respond to fluid forces could form the foundations

for the development of new drug therapies and physio-therapies, targeting a particular

cell response by activating fluid flow mechanosensation pathways.

This thesis has presented an experimentally-validated in vitro model for the inves-

tigation of musculoskeletal cell response to shear stress and some preliminary results

on tendon cell response. The tool is inexpensive, commercially-available, and allows

results from multiple institutions to be directly comparable, thus accelerating the rate

of scientific advancement.

7.2 Aims, objectives & approaches

This project had two over-arching aims.

1. To identify, design, characterise and validate an in vitro model for the application

of cyclic, flow-induced shear stress to cell monolayers.

2. To biologically validate the in vitro model for use with human tenocytes and to

capture their response using a computational model.

These aims were achieved using specific project objectives which will now be assessed

in turn.

• Establish an in vitro tool for applying physically-relevant, fluid-shear stress to cell

culture monolayers as the sole method of stimulation
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• Within the established tool, determine the range of shear stress using computa-

tional fluid dynamics.

Within Chapter 2, computational fluid dynamics was used to estimate the shear stress

within a well of a six-well plate induced by cyclic fluid flow from the motion of a see-saw

rocker. Base-scenario frequency of 0.5 Hz in conjunction with a time-step size of 0.001 s

generated the transient results from six complete cycles for ten models with a mesh

density ranging from 5265 to 1470150 control volumes. Analysis verified that results

were independent of mesh density and that transient initial effects were not present in

the analysed cycle. From the computational model, shear stresses at the base of the

well were obtained showing a mean shear stress of 0.033 ± 0.017 Pa with a range of

0 − 0.22 Pa. The maximum shear stress was identified near the edge of the well and

occurred at 0.9 s as the well approached the 0 ◦ position. Maximal velocity within the

well was ± 0.08 m s−1 and occurred at the media-air interface. Throughout the entirety

of the well, numerical analysis based on open-channel flow estimated that fluid flow was

laminar. Sinusoidal velocity profiles oscillated at the driving frequency of the rocker.

• From the fluid dynamics model, the pattern of flow velocities influencing cell char-

acteristics will be determined and compared to an experimental flow measurement

technique. Agreement will result in the validation of reported shear stresses at the

cell layer.

Particle image velocimetry was used to capture two-dimensional flow velocities on the

x-z central plane of the well placed on the rocking platform. Proper orthogonal de-

composition was used to eliminate non-periodic signals by comparison of the first 20

modes. Subsequently, further noise reduction was achieved using a low-pass filter.

Qualitative analysis confirmed that the pattern of velocity magnitude across an entire

cycle matched that of the CFD, validating the assumptions used in CFD modelling.

Quantitative analysis indicated good agreement at different time points, acknowledging

some error due to difficulty in identifying the base of the well.

• A change in relevant model parameters will be considered by adapting the vali-

dated tool and performing further computational fluid dynamics for a change in

frequency of rocking and the viscosity of the added culture medium.
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The CFD model presented in Chapter 2 was modified to generate new models: firstly

at new fluid viscosities based on the addition of a biologically-inert cellulose to culture

medium at concentrations of 0.1 % and 0.2 % (v/v); secondly at 5 cpm and 70 cpm to

establish fluid-induced shear stress at the operational limits of the rocker; and finally

the displacement of the well to the extremity of the rocker platform dimensions.

Results identified that an increase in viscosity caused an increase in fluid-induced

shear stress, and that the shear stress magnitude varied approximately proportional to

the culture medium viscosity. Shear stress patterns were similar to the base condition,

with the vast majority of the well experiencing the same average shear stress, and

the same edge location of peaks in shear stress were identified near the 0 ◦ position.

Time-averaged shear stress of 0.714 ± 0.509 Pa and 1.023 ± 0.702 Pa were found for

the 20 mPa s and 31 mPa s conditions respectively.

A rocking frequency of 5 cpm (0.083 Hz) was modelled and indicated an estimated

mean shear stress of 0.012 ± 0.004 Pa. In addition, a model at 70 cpm (1.167 Hz)

concluded mean shear stress to be 0.248 ± 0.169 Pa. Both models produced different

shear stress profiles to the 0.5 Hz base-scenario; however time-averaged shear stress

appeared to remain uniform across the well radius.

Displacement of the well to the platform extremity caused phase asymmetry of

velocities and shear stress about the y-axis of the well, as the axis of rotation was

shifted from beneath the well. Mean shear stress was computed to be 0.055 ± 0.025 Pa,

a 1.61-fold increase on the base-scenario condition.

• To ensure that the tool is useful for in vitro cell investigations, a series of pre-

liminary tenocyte biological validations will be completed, focussing on tenocyte

alignment and matrix secretion. This will be achieved using microscopy techniques

and biochemical assays; and

• the adapted computational models and preliminary biological validations will act

as a foundation for the formulation of a mathematical model to predict tenocyte

response to fluid-induced shear stress, and further biological investigations will be

completed to establish whether relationships can be validated experimentally.

Investigations completed at the lowest identified shear stress of 0.012 Pa, induced by a

rocking frequency of 0.083 Hz, resulted in the significant up-regulation of secreted colla-

gen and glycosaminoglycans for two stimulation regimes. Using the results from these
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stimulation regimes, a numerical model was defined to predict the quantities of collagen

secreted into the culture medium at four different shear stresses, induced by a change

in the location of the well on the rocking platform or the culture medium viscosity, and

a rocking frequency of 0.5 Hz. As the secretory response at 0.012 Pa of shear stress was

entirely anabolic for the first two stimulation regimes, the resulting model predicting

future responses was also entirely anabolic. Findings from experimental investigations

to validate the model predictions indicated that with a large increase in shear stress

magnitude, induced by an increase in culture medium viscosity, tenocytes most likely

enter a catabolic state, resulting in the reduction of collagen quantities compared to

control conditions. Analysis of the relationship between applied shear stress and se-

creted collagen indicated a negative quadratic fit, suggesting that tenocytes may switch

from a predominantly anabolic role to a catabolic one at 0.25 Pa.

Confocal imaging of immunohistochemistry targeting collagen type-I, collagen type-

VI, fibrillin-I and connexin-32, indicated that shear stress has a significant affect on

matrix proteins at the cell layer and tenocyte communication pathways. Collagen

type-I content was present across an entire cell monolayer, next to every cell, after

the application of 0.033 Pa in comparison to controls, where spider-like clusters of col-

lagen were identified. Additionally, collagen type-I appeared to be more aligned in

the 0.033 Pa condition, as were the cells with the predominant direction of fluid flow.

After the application of 0.714 and 1.023 Pa, collagen type-I content at the cell layer

appeared reduced, potentially as the result of an induced catabolic effect causing the

release of MMPs and breakdown of collagen structures formed during cell growth to

confluency. Collagen type-VI quantities appeared higher in tenocyte cultures exposed

to fluid-induced shear stress; at 0.033 Pa the entire confluent cell layer appeared to have

collagen type-VI structures, whereas at 0.714 and 1.023 Pa type-VI content appeared

to be more aggregated into globule-like structures. Fibrillin-I results were similar, with

an increase in content at 0.033 Pa in comparison to all other conditions, where fibrillin-

I appeared to amalgamate into bright spots. Connexin-32 was particularly strong at

0.033 Pa and analysis identified that collagen type-I localisation corresponded with

connexion-32 presence. At increased shear stress magnitudes, connexin-32 was less

widely distributed and where it was present, appeared more concentrated, suggesting

that potentially cells are focused on forming few strong gap junction plaque pathways

rather than many less-strong pathways.
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A custom algorithm was developed for the analysis of cell alignment and elongation

using an image intensity interrogation technique. After the application of 0.033 Pa,

tenocytes became significantly more aligned and elongated in comparison to controls.

In addition, the application of shear stress of 0.714 Pa or 1.023 Pa reduced elongation

to control levels. A link between cell elongation and matrix secretion is likely - the role

of cell slope in detecting phenotype is well documented (302).

Collaborative investigations considered the impact of mechano-loading on kinase

signalling, transcription factor response and gene expression. ERK pathways peaked

after the application of 0.012 Pa for 20 minutes and c-Fos transcription factor response

peaked after 20-30 minutes. In addition, the relative quantities for anabolic matrix

genes increased for collagen types-I,III & VI and decorin after an applied fluid-induced

shear stress of 0.012 Pa for 48 hours. Furthermore using the same stimulation regime,

the relative quantity of connexin-43 also increased.

• Finally, an investigation into the mechanosensor responsible for tenocyte flow

detection will be performed.

Primary cilia were identified ex vivo in bovine tendon tissue, orientated with the di-

rection of collagen fibrils and the long axis of the tendon tissue. In vitro primary cilia

were found to express in tenocytes when the cell layer was confluent and cells had been

starved of FCS for 24 hours. Abrogation techniques utilised proved damaging to cell

viability and resulted in widespread cell necrosis. The concentration of chloral hydrate

required over a 24 hour period to ensure cell necrosis was eliminated was 1 nM; however

this concentration did not abrogate cilia and experimental investigations designed to

measure collagen secretion after the application of chloral hydrate were not performed.

7.3 Study limitations

7.3.1 Experimental validation of fluid dynamics

Two key limitations from the CFD validation were identified. Firstly, the ability to

accurately identify PIV vectors at the base of the culture well. Secondly, the effect of

potentially over-smoothing by the low-pass filter. The result of these limitations was

that PIV and CFD measurements did not match precisely.
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Identification of the base of the well proved difficult and the movement of data

across a static grid led to some rounding and interpolation of data across a distance of

0.44 mm. This may have caused the inclusion of vectors further into the flow field at a

higher velocity in the final solution used for comparison with the CFD output.

The low-pass filter caused the over-smoothing of some data points, potentially caus-

ing the loss of part of the signal. Comparison of the raw PIV data with the CFD results

indicated areas of matching that were subsequently lost after smoothing.

7.3.2 Fluid dynamics estimation of shear stresses

A minor limitation of the study was that the fluid flow calculations did not consider the

cell layer or the secreted matrix in deriving flow behaviour and shear stress patterns.

The shape and structure of the cell layer would have a small impact on the derived

local shear stresses; however the global impact on the model would be minimal. The

free surface would continue to move over a confluent layer of cells, most likely within

the boundary layer of flow, having a limited impact on the velocity conditions within

the 2 mm of fluid directly above. Tenocytes are circa 10µm in height, thus protruding

in to only 0.5 % of the height of the fluid.

Secreted matrix, formed on top of a confluent layer of cells, may have the same level

of impact as the cell layer itself on shear stress magnitudes; however, importantly, the

secreted matrix may act as a buffer between the shear stress and the mechanotrans-

ducers of the cell. A reduction in the secretion rate of proteins may be influenced by

previously secreted proteins that block a fluid flow signal from influencing the cell, as

such, coupling a fluid dynamics model with a secretory response may be of particular

interest in the future. This hypothesis could explain the change in the rate of secretion

per cycle identified in preliminary investigations (Section 6.1).

7.3.3 Matrix quantification experiments

Imaging of a confluent cell layer identified that the picro-sirius red dye may bind to

non-collagenous structures. If homogenous across all cells, this ‘noise’ is normalised

to cell number and differences between tested and control conditions remain relevant

and significant where identified; however establishing the exact quantity of collagen

secreted as a result of stimulus proved difficult. Biochemical assay quantification of

collagen content proved most successful by inspection of culture medium, although this
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result did not quantify extracellular matrix found at the cell layer and the relationship

between culture medium collagen content and matrix collagen content may not always

be mirrored.

Two-dimensional testing of cell cultures is not representative of the three-dimensional

in vivo environment. Tenocytes in tissue form attachments on all sides, whereas in cul-

ture, tenocyte attachment is limited to the area of the tenocyte that interfaces with

the base of the culture well. This may induce tenocyte behaviour that is not indicative

of an in vivo response.

Finally, normalisation of cell culture results was achieved using a picogreen bio-

chemical assay. As this assay is destructive to the cell layer, it was performed for one

control and one tested culture well, and the results used to normalise the biochemi-

cal assay results from the same condition. Although, tenocytes in control and tested

conditions are exposed to the same conditions, imperfect seeding techniques may have

resulted in an inflated secretion value after normalisation. However, the impact of this

is considered to be minimal as standard deviations for collagen assays are minimal and

in the 0.5 Hz experiment (Figure 6.12) differences identified were only intensified by

normalisation.

7.3.4 Alignment & elongation algorithm

The alignment algorithm identifies the direction of the least intensity variance for the

pattern of structures at the base of the well. Alignment that may be present in cells

could be lost during analysis due to the lack of alignment of newly formed structures,

such as secreted collagen.

Furthermore, the algorithm is designed so that when the intensity variance is equal

for more than one inspected angle, the lowest reported angle is used in the final anal-

ysis. Although this condition is likely to occur only minimally due to the nature of

the heterogenous cell surface, it may cause discrepancies in the results that are not

immediately identified.

7.3.5 Primary cilium abrogation

The chemical abrogation of primary cilia from cell cultures using chloral hydrate proved

extremely damaging to cell viability. Although a concentration was identified that limits

cell necrosis, its ability to cause primary cilia to retract across a culture has not been
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confirmed as a duration of 24 hours was shown not to be long enough. As chloral

hydrate severely impacts cell viability, any further work completed to identify whether

abrogation of the cilium using chloral hydrate affects collagen secretion should consider

whether any changes identified are truly due to a lack of the cilium, or a change in the

biochemical behaviour of tenocytes, influenced by the presence of chloral hydrate.

7.4 Further work

7.4.1 System for targeted collagen quantification at the cell layer

Due to difficulties identified in establishing the secreted collagen quantities at the cell

layer, a new approach is required. Collagen is a birefringent material, that is, when

rotated through a field of polarised light, the refractive index of the structure changes,

causing a change in image intensity obtained by microscopy.

By generating a custom rig, the specific location of a six-well plate can be identified

and rotated through a polarised light field and images captured to identify collagenous

structures. As the process is not destructive, by taking images before and after an

experiment the difference in identified collagenous structures may be assumed to be that

which has been synthesised by the cell. The process could also be used to quantify the

shape and alignment of the synthesised collagen using the custom developed algorithm.

By using a targeted approach to obtaining collagen images from specific well loca-

tions, the results of the birefringence imaging may be compared to CFD results and

location specific shear stresses used to understand the results. As physiologically rel-

evant stimuli, such as a ‘stress-kick’ have been shown to cause cells to respond to

shear stress (35), it may be identified that secretion is caused by a group of cells that

then distribute the secretion ‘signal’ to other cells using communication pathways such

as gap junctions. Furthermore, it may be identified that some of the tenocytes are

behaving anabolically and that other cells within the same culture well are behaving

catabolically.

The change in intensity of collagen structures using polarised light microscopy has

been shown using a collagen standard and the hypothesis of image comparison for two

different angles shown in Figure A.9.
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7.4.2 Investigate MMPs and extended experiment durations

Investigations at increased levels of shear stress magnitude have shown that cells are

behaving in either a reduced anabolic capacity, or have entered a catabolic state. To es-

tablish which of these is occurring, an investigation into the expression of MMPs should

be performed. This coupled with immunohistochemisty of collagen type-I at varying

durations before and after stimulation should identify whether collagen is aggregated

as cells grow to confluency and is then subsequently broken down by MMPs, or if an

increase in shear stress magnitude causes less collagen to be synthesised and secreted.

7.4.3 Mechanoreceptor identification

Chemical removal of the primary cilium has proved difficult. Further work would benefit

from a less crude method of primary cilium abrogation and it is recommended that the

use of silencing RNA (siRNA) of the polaris gene (120) would indicate whether cilia

play a key role in detecting fluid forces across tenocyte cultures.

Identification of the mechanoreceptor involved in the detection of fluid flow could

provide the basis for the development of new drug therapies.

7.4.4 Damage and recovery

Establishing a shear stress that induces catabolic effects may be a useful in vitro tool

for understanding the break down of collagen, associated with damage in vivo. It would

be interesting to identify whether tenocytes that have entered a catabolic state can be

induced into an anabolic state through a lower shear stress magnitude that has been

shown to have clear anabolic effects. By using the system approach model, different

stages of stimulus could indicate what might happen in vitro. Changing cells from

a catabolic to an anabolic state could be the foundation for the development of new

physiotherapies.

7.4.5 Coupled fluid dynamics model to investigate multiple secretion

rates

The computational model could be adapted to include a coupled calculation of fluid

flow properties and matrix secretion. This could be achieved by altering the porosity

of control volumes near the cell layer when a certain shear stress condition is satisfied,
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or it could be achieved by incorporating a shape and structure of the cell layer into the

model design and subsequently updating this shape and structure with each time step

in accordance with whether shear stress criteria have been satisfied.

The disadvantage of such a model is that it would add computation time to an

already time-intensive simulation.

7.4.6 Further biological investigations

The versatility of the rocking model, and identification of shear stress magnitudes

that generate different secretion patterns, allows for the application of a multitude of

biological manipulations, including, but not limited to: hypoxic conditions; high and

low glucose levels; silencing various genes to identify communication pathways using

siRNA techniques; and targeting cell-cell communication pathways, by blocking gap

junctions.

7.4.7 Development of the mathematical model

The foundation of a mathematical model has been defined and further work is required

to establish the relationship between anabolic and catabolic cell response and applied

fluid induced shear stress. By developing a strategy to break down cell behaviour using

targeted experiments, the complexity of model predictions can be built up using the

addition of fourier representations of sine waves to represent the applied shear stress

and model input.

7.5 Conclusions

The validation of shear stresses generated by the see-saw rocker within a culture well

gives confidence to the reported shear stress magnitudes that caused specific cell mono-

layer responses. Biological experiments have shown that a see-saw rocker is a reliable

platform for varied investigations into the response of cell monolayers. In addition, the

adaptability of the rocker has been identified, and results indicate that the range of

shear stresses generated may be ideal for the investigation of both tenocyte anabolic

and catabolic effects in vitro. The see-saw rocker model is a simple, commercially-

available device, that now validated for use with six-well plates, allows the results of

research institutions to be comparable and attributed shear stresses to be reliable.
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Appendix A

Supplementary figures

Within this appendix, supplementary figures are provided as additional detail to results

reported in the main chapters, as well as preliminary results for recommended further

work. This includes:

1. Standard curves from biological investigations

2. Alignment validation

3. Collagen birefringence imaging
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Figure A.1: Cell layer collagen standard curve: short interval and continuous stim-

ulation (Section 6.1).

Figure A.2: Culture medium collagen standard curve: short interval and continu-

ous stimulation (Section 6.1).
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Figure A.3: Cell layer GAG standard curve: short interval and continuous stimula-

tion (Section 6.1).

Figure A.4: dsDNA standard curve: short interval and continuous stimulation (Sec-

tion 6.1).

214



Figure A.5: Culture medium collagen quantification standard curve: stimulation

at varying shear stress magnitudes (Section 6.2.2.2).

Figure A.6: dsDNA quantification standard curve: stimulation at varying shear

stress magnitudes (Section 6.2.2.2).
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Figure A.7: Alignment algorithm evaluation: Top: cartoon cells are aligned at

90 ◦ from the y-axis. Middle: Angle map representing the angle where the minimum

cumulative intensity variance was calculated. Bottom: Frequency distribution of angle

map. A peak at 10 ◦ is present as when intensity is equal for more than one angle, the

lowest angle was reported (Section 6.4).
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Figure A.8: Collagen birefringence: polarised light microscopy of type I collagen

structure, untreated (left) and treated with picrosirius red stain (right). The structure

is rotated at different stages of tilt. A change in the refractive index is identified as

collagen is birefringent. The picrosirius red stain intensifies the change in refractive index.

(Section 7.4.1).
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Figure A.9: Collagen birefringence: a polarised light microscope image is taken (top)

and then rotated through 90 ◦ to acquire a second image, rotated back to 0 ◦ (middle) and

the difference between image intensity identified (bottom) (Section 7.4.1).
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Durotaxis as an elastic stability phenomenon.

Journal of biomechanics, 41(6):1289–1294, 2008. 12

[101] Ben Fabry, Geoffrey N Maksym, James P Butler,

Michael Glogauer, Daniel Navajas, and Jeffrey J Fred-

berg. Scaling the microrheology of living cells.

Physical Review Letters, 87(14):148102, 2001. 12

[102] Bram G Sengers, Mark Taylor, Colin P Please, and

Richard OC Oreffo. Computational modelling of

cell spreading and tissue regeneration in porous

scaffolds. Biomaterials, 28(10):1926–1940, 2007. 12

[103] Chun-Min Lo, Hong-Bei Wang, Micah Dembo, and Yu-li

Wang. Cell movement is guided by the rigidity

of the substrate. Biophysical journal, 79(1):144–152,

2000. 13, 180

[104] Adam S Meshel, Qize Wei, Robert S Adelstein, and

Michael P Sheetz. Basic mechanism of three-

dimensional collagen fibre transport by fibrob-

lasts. Nature cell biology, 7(2):157–164, 2005. 13, 29

222



REFERENCES

[105] Massimo Marenzana, Nick Wilson-Jones, Vivek Mudera,

and Robert A Brown. The origins and regulation of

tissue tension: identification of collagen tension-

fixation process in vitro. Experimental cell research,

312(4):423–433, 2006. 13

[106] DENYS N WHEATLEY, AI MEI WANG, and GILLIAN E

STRUGNELL. Expression of primary cilia in mam-

malian cells. Cell biology international, 20(1):73–81,

1996. 13

[107] M. Fliegauf, T. Benzing, and H. Omran. When cilia

go bad: cilia defects and ciliopathies (vol 8, pg

880, 2007). Nature Reviews Molecular Cell Biology,

9(1):88–88, 2008. 249MA Times Cited:1 Cited Refer-

ences Count:4. 13, 15, 16

[108] K.W. Zimmerman. Beiträge zur Kenntniss einiger
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