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Abstract

In cartilage tissue engineering, it is vital that an appropaiateunt of stress is received by the

cells to favour for the promotion of a chondroeiike phenotype and induction of deposition of

an appropriate matrix for tissue maturation. The aim of this thesis was to determine the effects
of incremental tissue cqmession on cell deformation in native and tissue engineered cartilage,
in an attempt to better understand Fi-likk ayds
constructg1].

A novel compression device was developed to apply compressive tissue strains and
simultaneous allow visualisation of cells within native and tissue engineered cartilage disks in
real time. A dual stainingnethod of Hoechst 33342 and CellMask Green plasma membrane
stains with superior retention of fluorescence signal following the capture of sequential images
was developed and used to visualise, track and image cell morphology in native and tissue

engineeredartilage. Both were used to address the aim of this thesis.

Significant changes in deformation of superficial zone chondrocytes within cartilage disks were
observed under 10 % and 15 % compressive strains and it is believed that these changes were

largdy influenced by the local ECM environment as well as the pericellular matrix.

For engineered constructs, limited amount of cartildgematrix was seen in contrast to Finlay

et al.(2016)[1]. The reason for the differences could be related to the starting scaffold porosity
used in the constructs, emphasising the need to understand the relationships between scaffold
porosity, cell geding density and time to cell differentiation. Limited change in synoviocyte
morphology was observed within loaded constructs under the estimated strain experienced by
the construct during mechanical loading and under 28 % compressive strain. Thedbserve

effects were likely be influenced by the microenvironment around the measured synoviocytes.

It is concluded that a novel methodology capable to visualise, track, image and quantify changes
in cell morphology within native cartilage disks and tissue erggied cartilage constructs under
static compressive tissue strains has been achieved. This provides a platform upon which to

build for future cell deformation experimental studies.
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@41V, o [T o To 1S3 1o o P 34

Figure 10: Diagram showing the two potential loading configurations for the
compression device; application of compression on a cartilage tissue/construct
disk (A) perpendicular and (B) parallel to the axis of the light path of the confocal
g1 o o eTo] o 1= PR 41

Figure 11: Schematic of compression devicesdign based on perpendicular
loading configurations to the axis of the light path for use in a upright confocal
microscope. The design features include a chamber, front, middle and back walls,
a sample holder, a compression platen, rods and a M3 screw/mieneter. The
compression device is presented in 3D and tOp VIEWS..........c.ccivevveiiinieeenennn. 42

Focal


file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746946
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746946
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746946
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746946
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746947
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746947
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746947
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746948
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746948
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746948
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746949
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746949
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746949
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746949
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746949
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746950
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746950
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746950
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746951
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746952
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746952
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746953
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746953
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746953
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746954
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746954
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746954
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746954
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746954
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746954
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746955
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746955
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746955
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746955
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746956
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746956
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746956
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746956
file:///D:/Thesis%20from%2021-1-2020/Thesis/final/submitted%20version/Thesis_Raymond%20Kwan.docx%23_Toc52746956

- XV -

Figure 12: (A) Schematic of the compression device design based on
perpendicular loading configurations to the axis of the light path without the
micrometer in a 3D view and (B) a sketh of the components (a well with an
opening at the bottom, a coverslip, a platen, a magnetic disk, a brace, metal
screws and a micrometer) which assemble to form the device in a side view. The
compression device can be used to apply compressive tissuaists on native
cartilage and tissue engineered cartilage construct disks..............c..cevevvnreenn 43

Figure 13: A sketch of the compression device which shows the inner ledge

required to provide support for the coverslip that is sealed on top of an opening
at the bottom of the device to withstand the load applied parallebtthe coverslip
£ 1 = o] TP 46

Figure 14: A skdch of the compression device showing that when load is directly
applied onto the coverslip, it would cause bending to the coverslip................ a7

Figure 15: Experimental set up for investigating coverslip ability to withstand 5
N applied load for protracted periods of time: (A) support plastic blocks, (B)
cowerslip, (C) the platen of the prototype device, (D), 5 N of applied load....... 49

Figure 16: Bose mechanical testing machine set up for coverlip deflection testing
under compression: (A) connection to the actuator, (B, C) platens, (D)

compression device and (E) connection to 10 N load transducet................... 50
Figure 17: Glass flexion profile of 0.14 £ 00 mm and 0.17 + 0.01 mnathick
coverslips under load of 700 Q......veiviiiiiiei e 52

Figure 18: Standard curve of displacement vs load for 0.17 mm +0.01 mthick
coverslip. Data represented as mean + SD at each 50 g interval (n=6).......... 54

Figure 19: Schematic of the confocal laser scanning microscopy (CLSM)
principle, showing the main components and the excitation ahemission light
paths. Excitation light (blue lines) is focused to a spot at a desired focal plane (i.e.
focal point) in the fluorescently labelled sample. Fluorescent light (green lines) is
collected by the objective lens and focused by a second lensatingh a pinhole

onto a detector. Any out of focus emission generated along the light path that is
outside the objective focal point (e.g. above and below the focal plangrey

dashed lines) is blocked. Figure adapted from [213]...........cccoeveiiiiiiiiiiiennnnnnn. 61

Figure 20: Overview of experimental plan for optimising SiRactin stain and
comparing with Alexa Fluor® Phalloidin stain on bovine synoviocyte monolayers.

Figure 21: Overview of experimental plan for characterising a dual staining
method of Acridine orange and SiRactin stains on bovine synoviocyte
monolayers, native cartilage and synoviocyt@olyethylene terefhthalate (PET)
immature constructs to determine the ability to penetrate tissue samples, label
cell nuclei and the Factin structures and image selected cells multiple times
without significant Signal 0SS.........coooiiiiiii i 68

Figure 22: Overview of experimental plan for characterising a dual staining
method of Hoedtist 33342 and CellMask Green plasma membrane stains on
bovine synoviocyte monolayers, native cartilage and synoviocypelyethylene
terephthalate (PET) immature constructs to determine the ability to penetrate
tissue samples, label cell nuclei and the-&ctin structures. ................cccccceeeees 69
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Figure 23: Overview of exrimental plan for examining the effects of
photobleaching with the use of ProLon§ Live Antifade Reagent in both staining
(00171 0100 KPP PSUPPPPPPPPPPPY 4 O

Figure 24: Overview of experimental plan for comparing image acquisition in the
confocal microscope using a traditional galvo scanner and a high speed resonant
scanne to potentially retain fluorescence signal............ccccoeeevvvievveveveiicneennnn 0

Figure 25: (A) Components of two steel disks with twelve 10 mm holes (connected
by four shafts) and two steel plates (attachable with sews to the steel disks)
combine together and (B) place on a pair of rollers (one of which is connected to a
DC electrical motor) to form the assembled dynamic cell seeding device to allow
the inserted tubes filled with cells/PET scaffold suspension to rataat a rate of
approxXimately 0.25 HzZ.......oooiiii e 74

Figure 26: A confocal imaging protocol consisting of a sequential series of four
3D volume images was used to determine the ability of Si&ttin to retain
fluorescence signal after tracking and imaging selected cells multiple times. This
protocol was appliedto chondrocytes located in the superficial surface and the
deep zone Of NAtIVE Carilage........cuvvuiiiii e 80

Figure 27: Confocal images of bovine synoviocytes stained with different
concentrations of SiRactin (red) for F-actin; (A) 2 uM, (B) 1 uM, (C) 0.5 uM and
(D) 0.1 UM SIR-ACTIN. 1ttt 83

Figure 28: Parallel staining of bovine synoviocyte monolayers using [Alexa
Fluor® 488phalloidin and (B) SiR-actin (pseudo coloured to greeny............... 84

Figure 29: Confocal images of live bovine synoviocyte monolayers labelled with
Acridine orange (pseudo coloured to blue) and SiRctin stains (pseudo coloured
to green) for staining of nuclei and actin filaments, respaively, were visualised

using (A-F) various magnifications and digital zooms...............cccceiiievininnnnn... 85

Figure 30: Maximum projected confocal images of (A) native articular cartilage,
(C) synoviocyte/PET immature cartilage construct and (E) a PET scaffold stained
with Acridine orange (pseudo coloured to blue) and SiR ain (pseudo coloured to
green) for nuclei and actin filaments, respectively; and nostained samples, (B)
native articular cartilage, (D) synoviocyte/PET immature cartilage construct and
(F) @ PET SCaffOld.. ... 87

Figure 31: 3D volume images of (A) native articular cartilage, (B)
synoviocyte/PET immature cartilage construct and (C) a PET scaffold stained
with Acridine orange (pseudo coloured to blue) and SiRactin (pseudo coloured

to green) for nuclei and actin filaments, respectively. Images are presented in the
D 74 o = 1 1= T PRI 88

Figure 32: A sequential series of four 3D volume images of selected cmcytes
on the superficial surface of bovine cartilage, images-4 (left to right) displayed
in the SiR-actin (Red) channel in various planes: (AD) XZY -plane, (EH) XZ-
plane and (FM) Z-plane..........couiiiiiiiiii e a0

Figure 33: A sequential series of four 3D volume images of selected chondrocytes
at the deep zonef bovine cartilage, images 4 (left to right) displayed in the
SiR-actin (Red) channel in various planes: (AD) XYZ-plane, (EH) XZ-plane and
8LV A o] F= T T 91
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Figure 34: 3D volume images of live bovine synoviocyte in monolayer cultures
stained with Hoechst 33342 (blue) and CellMask green plasmaembrane stains
(green) for nuclei and plasma membrane, respectively. Cells were visualised by
(A) a 20x air and (B) a 40x olimmersion objectives. Images are presented in the

Figure 35: 3D volume images of (A) superficial surface, (B) the deep zone of
native articular cartilage, (C) synoviocyte/PET immature cartilage construct and
(D) a PET scaffold stained with Hoechst 33342 (blue) and CellMask green
plasma membrane stains (green) for nuclei and plasma membrane, respectively.
Images are presented in th&XYZ-plane. ... 4

Figure 36: 3D volume images of (A) superficial surface, (B) éhdeep zone of
native articular cartilage, (C) synoviocyte/PET immature cartilage construct
and (D) a PET scaffold stained with Hoechst 33342 (blue) and CellMask green
plasma membrane stains (green) for nuclei and plasma membrane, respectively.
Images ae presented in theZ-plane. ... 95

Figure 37: Corfocal image of cross section of native articular cartilage stained
with Hoechst 33342 and CellMask green plasma membrane revealed both stains
penetrated through the full thickness of the tissue from the superficial layer down
(o Rt g[S 0 [=T=T o B 1= TS 96

Figure 38: A sequential series of three 3D volume images of selected chondrocytes
on the superficial surface of bovine cartilage, images-3 (left to right) displayed

in the CellMask green plasma membrane (Green) channel in various planes: {A

C) XYZ-plane, (D-F) XZ-plane and (G-J) Z-plane.........cccccoevveiiiiiiiiiieeeeeeiinnnn 97

Figure 39: A sequential series of three 3D volume images of selected chondrocytes
in the deep zone of bovine cartilage, images3l(left to right) displayed in the
SiR-actin (Red) channel invarious planes: (AC) XYZ-plane, (D-F) XZ-plane and

(G d) ZAPIANE.. e 98

Figure 40: Change in mean fluorescence intensity after selected chondrocytes
were sequentially imaged three times under nefoaded conditions using
traditional galvo and high speed resonant scanning in the confocal microscop®.

Figure 41: A sequential series of three 3Dolume images of selected chondrocytes
on the articular surface of bovine cartilage captured using the GBUVB GaAsP
detector on a Nikon C2 confocal microscope, displayed in the CellMask Green
plasma membrane (Green) channel iZ-plane: (A-C) image 1to 3............... 113

Figure 42 Overview of experimental plan for determining the effects of
incremental compressive strains on chondrocyte deformation behaviour within
the superficial zone of native cartilage..........ccooevieiiiiii i 119

Figure 43: (A) All the components of the device (a well with an opening at the
bottom, a coverslip, a platen, a magetic disk, a brace, metal screws and a
micrometer) assembled to form the compression device. (B) The compression
device mounted on the stage of an Nikon A1R invert confocal microscope system
enabling precise compressive tissue strain application while vialising cell
deformation behaviour under confocal miCroSCOPY.........ccoevveieiieiiiiierieenennnn. 125
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Figure 44: Flow diagram of the experimental procedure used to sequentially
image selected chondrocytes in the articular zone of native cartilage disk in the
uncompressed state and during applied static compressive strains of 10 % and 15
YA PP SUSPPPSTR 126

Figure 45: The control panel of Amirasoftware displaying the custom workflow
used to process the confocal volume images of cells and perform 3D rendering
and cell morphometric MEASUIEMENTS...........iii e it ee e eeeees 127

Figure 46: XY-orthoslices of the plasma membrane of chondrocytes from (A)

6rawbé and (B) o6filteredd i mageand@t a and t |
6filteredb6b i mage data, showi®h@abedioar fainldt
module used to smooth the raw data in order to reduce noise and preserve cell

Figure 47: XY-orthoslices of the plasma membrane of chondrocytes from (A)
6filteredbd and (B) dstlgeneaeclklddnumagie dad @

and (D) 6segmentedd i mage data, showing be
6l nt eract i v enodildused sohdetdrnine theldcation and geometry of

the plasma membrane and nuclei of chondrocytes.............cccvvvviiiiiiienneeeen. 130

Figure 48: XY-orthoslices of the plasma membrane of a@ndrocytes from (A)
6segmentedd and (B) o6filled holesd i mage ¢

6segmentedd and (D) o6filled holesd i mage ¢
applicationof 6 Fi | | mdtiolé usesl to fill incompletely labelled objects...131

Figure 49: XY-orthoslices of the plasma membranef chondrocytes from (A)

6filled holesbé, (B) 6removed small spotsd
the cell nuclei from (D) o6filled hol esbé, (
killedéd image data, showing ebeRfearoer ea rEdnad fl
S p omoslde andthed Bo r d emmodul€i..L..l..O...oooiiiiiiiien . 132

Figure 50: XY-orthoslice of the image data after merging together both the
processed image stacks of the nuclei and plasma membrane of chondrocytes
usingtheé Ar i t mmadle prior o the cells identification step................. 133

Figure 51: The interface of Amirads | mage
XY-orthoslice from the processed, merged image stack which highlights the
boundaries of the potential nucleiblue) and plasma membrane (green)....... 134

Figure 52: An example of cells identification using the Image Segmentation
Editor in the case of clear cell boundaries; (A) a nucleus (blue boundary selected
in red) and its corresponding plasma membrane (green boundary selected in red)
were selected and regtsr the two parts as (B) an individual chondrocyte (red
DOUNAANY)....ee e e e e e eees 134

Figure 53: An example of cells identification using the lasso tool from the Image
Segmentation Editor in the case of ildefined cell boundaries; (A) two

chondrocytes were in close contact which made it hard to distinguish cell
boundaries, (B) a diving line (white arrow) was manually defined by the lasso tool
in every 2D image that made up the 3D data, (C) two separated chondrocytes as a
result of the extra step taken with the lasso tool to refine cell boundaries, allowing
the two chondrocytes to be identified for 3D rendering and cell morphometric
IMNEASUIEIMEINES. ...ttt ettt et e e et e e et ettt e et e e e eea e e e e e e en e eeaeeeaneaaenes 135
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Figure 54:XY-or t hosl i ces of (A) the O6cellstoanal

identification step which highlights the chondrocytes (yellow boundaries) selected

for 3D rendering and cell morphometric measurements and (B) the processed,
merged image stack of the nuclei and plasma membrane showing the
corresponding selected chondrocytes (red).........ccoovvvvviiinieiieeeiiiiiii e 136

Figure 55: The measure port was used to select cell morphometric parameters
including cell length, width, height,volume and sphericity (which was manually
inserted specific equation) and create a new measure group for cell

morphometric qUaNtIfiCation. ...........coooveiiiiiiiiieee e 137

Figure 56: Definition of cell morphology parameters. Cell length and width were
defined along the major and minor axes of the cell crossection perpendicularto
its height. Height was defined as the maximum distance between the vertical
coordinates of all the vertices on th&-axiS. .............ccccvvviiiiiieiieeee 137

Figure 57: An example analysis spreadsheet displaying the cell morphometric
measurements performed on selected chondrocytes.............cccevvvvviiieeenennn. 138

Figure 58: 3D rendering of selected
image for 3D shape visualisation PUrPOSE.............uuiiiieeiiieiiiiiiiee e 138

Figure 59: Viability assessment of cartilage disks harvested from osteochondral
plugs after up to 3 days in culture. Chondrocyte metabolic activity was assessed
o)V I 13T |2 140

Figure 60: Live/Dead® confocal volume images of chondrocytes in cartilage slices

obtained from bovine cartilage disks cultired in different periods of time from
Day 0 to 3; (A, E) Day 0, (B, F) Day 1, (C, G) Day 2 and (D, H) Day 3. Images
revealed chondrocytes through the depth of the cartilage slices from the
superficial zone down to the deep zone labelled with (B) both live and dead
staining and (E-H) dead staining only. Images are presented in thé-plane....141

Figure 61: Live/Dead® confocal volume images of chondrocytes in cartilage slices

obtained from bovine cartilage disks cultured in different periods of time from
Day 0to 3; (A, E) Day O, (B, F) Day 1, (C, G) Ba2 and (D, H) Day 3. Images
show (A-D) live and (E-H) dead. Images are presented in th¥Z-plane.......... 142

Figure 62: Changes in the volume of chondrocytes in uncompressed cartilage
disks with three repeated confocal scans. There was a slight decrease in
normalised chondrocyte volume following capture ofepeated confocal images
and the changes were SignifiCant............c..coiiiiiiiiiee e 144

Figure 63: Absolute morphometric measurements for each individual
chondrocyte (n=37) in the superficial zone of each of the four bovine cartilage

disks (1-4 = left to right columns) at the selected compressive strain levels of 0 %,

10 % and 15 %; (A, B, C, D) Chondrocyte length, (E, F, G, H) width and (J, K, L,
M) height. There was no clear trend for changes in individual chondrocyte width
and length with the application of compressive tissue strain. Chondrocyte height
appeared to decreasvith application of compressive tissue strain............... 146
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Figure 64: Absolute morphometric measurements for each individual
chondrocyte (n=37) in the superficial zone of each of the four bovine cartilage
disks (1-4 = left to right columns) atthe selected compressive strain levels of 0 %,
10 % and 15 %; (A, B, C, D) chondrocyte volume and (E, F, G, H) sphericity.
Dotted linein (E, F, G, H) indicates the value of a prefect sphere. Chondrocyte
volume appeared to decrease with application of copnessive tissue strain.
Sphericity remained consistent in all cartilage disks, apart from chondrocytes in
Cartilage Disk 2 where sphericity appeared to increase with application of
COMPIESSIVE tISSUE STIAIM....ceeveeiiiiieeeeeieiiii et e e e e e 147

Figure 65: Mean values + SD of morphometric measurements for all
chondrocytes (n=37) in tle superficial zone of each of the four bovine cartilage
disks (1-4 = left to right columns) at the selected compressive tissue strain levels
of 0 %, 10 % and 15 %; (A, B, C, D) chondrocyte width and length and (E, F, G,
H) height. Mean values of chondrocy width decreased with applied tissue
strain, with the decrease being statistically significant in Cartilage Disk 1, 3 and
4. Mean values of chondrocyte length decreased with applied tissue strain and a
significant difference was seen in Cartilage Disk 2 and 4. Significant decrease
in mean values of chondrocyte height was observed in all cartilage disks at each
tISSUE SN IEVEL.....ceee e e 151

Figure 66: Mean values £ SD of morphometric measurements for all
chondrocytes (n=37) in the superficial zone of each of the four bovine cartilage
disks (1-4 = left toright columns) at the selected compressive tissue strain levels
of 0 %, 10 % and 15 %; (A, B, C, D) chondrocyte volume and (E, F, G, H)
sphericity. Dotted line in (E, F, G, H) indicates the cell shape for a prefect sphere.
Significant decrease in mean vales of chondrocyte volume was observed with
application of 10 % and 15 % compressive tissue strains except between 10 %
and 15 % strains in Cartilage Disk 1. Mean values of chondrocyte sphericity
remained largely consistent irrespective of applied tissudrain, apart from a
significant increase in Cartilage Disk 1 at 15 % applied tissue strain and in
Cartilage Disk 2 at each tissue strain [evel..............cccoeeveiiiiieeee i, 152

Figure 67: Percentage (%) change in morphometric measurements from baseline
(zero strain) for all chondrocytes (n=37) in the superficial zone of each difé four
bovine cartilage disks (34 = left to right columns) following application of 10 %
and 15 % compressive tissue strains; (A, B, C, D) chondrocyte width and length
and (E, F, G, H) height. Percentage change in chondrocyte width decreased with
applied tissue strain, with the decrease being statistically significant in Cartilage
Disk 1, 3 and 4. Percentage change in chondrocyte length decreased with applied
tissue strain and this was significant in Cartilage Disk 1, 2 and 4. Percentage
change in chondrayte height also significantly decreased at each tissue strain

Figure 68: Percentage (%) change in morphometric measurements from baseline
(zero strain) for all chondrocytes (n=37) in the superficial zone of each of the four
bovine cartilage disks (34 = left to right columns) following application of 10 %
and 15 % compressive tissue strains; (A, B, C, D) chondrocyte volume and (E, F,
G, H) sphericity. Percentage change iohondrocyte volume significantly
decreased with applied tissue strain. Significant increase in percentage change in
chondrocyte sphericity was only observed in Cartilage Disk 1 at 15 % applied
tissue strain and in Cartilage Disk 2 at each tissue strainvel........................ 154
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Figure 69: Morphometric measurementsfor all chondrocytes (n=37) in the
superficial zone combined from all bovine cartilage disks (n=4) following
application of 10 % and 15 % compressive tissue strains; (A, D) chondrocyte
length, (B, E) width and (C, F) height. The data is presented in (A, ,EC) mean
values and (D, E, F) percentage change from baseline (zero strain). The
chondrocytes combined in each cartilage disk showed chondrocyte length, width
and height significantly decreased at each tissue strain level...................... 157

Figure 70: Morphometric measurements for all chondrocytes (n=37) in the
superficial zone combined from all bovine cartilage disks (n=4) following
application of 10 % and 15 % compressive tissue strains; (A, C) chondrocyte
volume and (B, D) sphericity. The data is presented in (A, B) mean values and (C,
D) percentage change fronbaseline (zero strain). Dotted line in (B) indicates the
cell shape as a prefect sphere. The chondrocytes combined in each cartilage disk
showed chondrocyte volume significantly decreased and sphericity significantly
increased at each tissue strain level..............viiei e 158

Figure 71: Comparison of data (% strain/vdume change) obtained in the current
study for chondrocyte height strain and volume (black bars) and previous
studies using cartilage explants(light grey bars) and intact cartilage (dark grey
bars). In all cases, results are presented for an applied tisswompressive strain
(o) I KT TP PP PPPR 170

Figure 72 Overview of experimental plan for determining the effect of
incremental compressive strains on cell deformation behaviour in cartilage
(o0 ] 4153 1 (1 (o3 £ T PP UPPPPTT 178

Figure 73:Internal assembly of the inhouse built cyclic compressive bioreactor;
(A) 12 volt DC motor, (B) gear box, (C) timing belt and pulley systm, (D) cam
shaft, (E) C-shaped follower with roller in contact with cam and connected to (F)
transmission shaft and (G) precompressed spring and (H) the end of
transmission shaft where the plunger and culture apparatus joined by connector
(illustrated in FIgure 741). ... e 182

Figure 74:Components of cultre apparatus for in-house built cyclic compressive
bioreactor; (I) connector to the bioreactor (illustrated in Figure 73H) and (J)
plungers, (K) culture lid, (L) culture chamber and (M) assembly of these

(oT0] 10100 ] 1= | K= 183

Figure 75: Assembly of the apparatus used to fabricate cured silicone sheets for
silicone rings; (A) liquid silicone injected in between two glass plates where (B) a
U-shaped spacer is held by (C) clamps to ensure correct spacing............... 186

Figure 76: Example of a modified silicone ring. Silicone rings (internal diameter 6
mm and external diameter 14 mm) were further modified by remoing 1 mm of
the external diameter from four sides (white arrows) to create four edges
perpendicular to each other to ensure the rings fitted in to the wells within the
culture chambers of the bioreactor, allowing fluid movement but avoiding
displacement ofconstructs occurring during loading...............ccooeeeiiiiiiiieenn, 187

Figure 77: Dynamic mechanical testing rig set up; (A) actuator, (B, F) mechanical
actin wedge grips, (C,E) platens, (D) space where top platen lowered to form PBS
column with suspendecconstruct and (G) 250 N load transducet................. 191

Figure 78: Example of 10 cycles of 20 % strain triangular waveform at 1Hz
applied to constructs for the means of dynamic mechanical testing............. 192
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Figure 79: Example of typical engineering stress vs strain curve acquired from
dynamic mechanical testing. Exponential fit (blue line) made between 0.0 afd?
] = 1| PP EPPPPPPPPTR 193

Figure 80: Flow diagram of theexperimental procedure used to sequentially

image synoviocytes in the tissue engineered constructs in the uncompressed state
and during estimated compressive strain subjected to the construct during
mechanical loading and 28 % compressive tiSsue Strain.............cccccvvvereenn. 200

Figure 81: XY-orthoslices ofthe processed, merged image stack which highlights
the boundaries of the potential nuclei (blue) and plasma membrane (green).
Synoviocytes segmented from other touching synoviocytes with the use of the
lasso tool and registered as synoviocytes (yellow balaries) for 3D rendering

and cell morphometric MEASUIEMENTS...........ii e it e et 201

Figure 82: 3D rendering of selected synoviocytes from the label image for 3D
shape ViSualiSation PUIPOSE. ........uuuuiiieeeiieiiii et e e s 202

Figure 83: Collagen content of synoviocyte/PET constructs following preulture

in chondrogenic medium for 4 weeks andhen subjected to a mechanical loading

regime for either 28 or 56 dalgaded L [ Load:
constructs (light grey) and..Car.t.i.kldge [ N

Figure 84: sGAG content of synoviocyte/PET constructs following preulture in
chondrogenic medium for 4 weeks and thesubjected to a mechanical loading
regi me for either 28 and 56 ddoaded L [ L oact
constructs (light grey) and..Car.t.i.Gdge [ N

Figure 85: DNA content of synoviocyte/PET constructs following pre&ulture in
chondrogenic medium for 4 weeks anthen subjected to a mechanical loading
regi me for either 28 and 56 ddoaded L [ Loact
constructs (light grey) and..Car.t.i.Gdge [ N

Figure 86: Compressive moduli measured at 18 % strain for synoviocyte/PET

constructs under 1 Hz 20 % cyclic strain fdowing pre-culture in chondrogenic

medium for 4 weeks and then subjected to a mechanical loading regime for either

28 and 56 days. L [ L o-oddeddconétaicsr(light gr ey ) [
[0 151 TSP 207

Figure 87: Histological appearance of sections of decalcified bovine osteochondral
plugs. Sections wined with (A) antibodies to Collagen type Il, (C) antibodies to
Collagen type I, (E) Alcian blue/Sirius red and without the inclusion of either (B)
Collagen type Il or (D) Collagen type | primary antibody............cc..c..coeuunn.... 210

Figure 88: Negative controls for immunochemistry. Histological appearance of
sections fromtwo constructs at Day 56 of mechanical loading stained without the
inclusion of either Collagen type | or Collagen type |l primary antibodies. Two
images captured from each end of the constructs are collaged and shown in each
case, representing the entir€oNStruCt.............ccoviiiiiiiiii e, 211

Figure 89: Histological appeaance of sections from a construct at Day 0 (Sample
1) after 4 weeks of preculture in chondrogenic medium (prior to application of
mechanical loading). Sections stained with (A) antibodies to Collagen type I, (B)
antibodies to Collagen type 1l and (C) Alcan blue/Sirius red. Two images
captured from each end of the constructs are shown collaged in each case,
representing the entire CONSTIUCT...........ooouiiiiiiii e 212
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Figure 90: Histological appearance of sections from a construct atdy 0 (Sample
2) after 4 weeks of preculture in chondrogenic medium (prior to application of
mechanical loading). Sections stained with (A) antibodies to Collagen type I, (B)
antibodies to Collagen type 1l and (C) Alcian blue/Sirius red. Two images
captured from each end of the constructs are shown in each case, representing
the €NtIre CONSIIUCT........oiiiiii e e e e e e e e 213

Figure 91: Histological appearance of sections from a construct at Day 0 (Sample
3) after 4 weeks of preculture in chondrogenic medium (prior to application of
mechanical loading). Sections stained witfA) antibodies to Collagen type |, (B)
antibodies to Collagen type Il and (C) Alcian blue / Sirius red. Two images
captured from each end of the constructs are shown collaged in each case,
representing the entire CONSIIUCT...........ouuiuiiiiie e 214

Figure 92: Histological appearance of sections from a neleaded constructat

Day 28 (Sample 1) of culture without the presence of mechanical loading.
Sections stained with (A) antibodies to Collagen type I, (B) antibodies to Collagen
type Il and (C) Alcian blue / Sirius red. Two images captured from each end of
the constructs ae shown collaged in each case, representing the entire construct.

Figure 93: Histological appearance of sections from a neleaded construct at

Day 28 (Sample 2) of culture without the presence of mechanical loading.
Sections stained with (A) antibodies to Collagen type I, (B) antibodies to Cafien
type Il and (C) Alcian blue / Sirius red. Two images captured from each end of
the constructs are shown collaged in each case, representing the entire construct.

Figure 94: Histological appearance of sections from a neleaded ®nstruct at

Day 28 (Sample 3) of culture without the presence of mechanical loading.
Sections stained with (A) antibodies to Collagen type I, (B) antibodies to Collagen
type Il and (C) Alcian blue / Sirius red. Two images captured from each end of
the condructs are shown collaged in each case, representing the entire construct.

Figure 95: Histological appearance of sections from a loaded construct at Day 28
(Sample 1) of culture with the presence of mechanical loading. Sections stained
with (A) antibodies to Collagen type I, (B) antibodies to Cdéhgen type Il and (C)
Alcian blue / Sirius red. Two images captured from each end of the constructs are
shown collaged in each case, representing the entire construct................... 218

Figure 96: Histological appearance of sections from a loaded construct at Day 28
(Sample 2) of culture with the presence of mechésal loading. Sections stained
with (A) antibodies to Collagen type |, (B) antibodies to Collagen type Il and (C)
Alcian blue / Sirius red. Two images captured from each end of the constructs are
shown in each case, representing the entire construct...................ocoovvneee... 219

Figure 97: Histological appearance of sectionsom a loaded construct at Day 28
(Sample 3) of culture with the presence of mechanical loading. Sections stained
with (A) antibodies to Collagen type I, (B) antibodies to Collagen type Il and (C)
Alcian blue / Sirius red. Two images captured from each ahof the constructs are
shown collaged in each case, representing the entire construct.................. 220
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Figure 98: Histological appearance of sections from a neleaded construct at

Day 56 (Sample 1) of culture without the presence of mechanical loading.
Sections stained with (A) antibodies to Collagen type I, (B) antibodies to Collagen
type Il and (C) Alcian blue / Sirius red. Two images captured from each end of
the constructs are shown collaged in each case, representing the entire construct.

Figure 99: Histological appearance of sections fra a nonloaded construct at

Day 56 (Sample 2) of culture without the presence of mechanical loading.
Sections stained with (A) antibodies to Collagen type I, (B) antibodies to Collagen
type Il and (C) Alcian blue / Sirius red. Two images captured from eaclkend of

the constructs are shown in each case, representing the entire construct....222

Figure 100: Histological appearance of sections from a loaded construct at Day

56 (Sample 1) of culture with the presence of mechanical loading. Sections stained
with (A) antibodies to Collagen type I, (B) antibodiedo Collagen type Il and (C)
Alcian blue / Sirius red. Two images captured from each end of the constructs are
shown collaged in each case, representing the entire construct................... 223

Figure 101: Histological appearance of sections from a loaded construct at Day
56 (Sample 2) of culture with the presencef mechanical loading. Sections stained
with (A) antibodies to Collagen type |, (B) antibodies to Collagen type Il and (C)
Alcian blue / Sirius red. Two images captured from each end of the constructs are
shown collaged in each case, representing the eatconstruct....................... 224

Figure 102: Histological apgearance of sections from a loaded construct at Day

56 (Sample 3) of culture with the presence of mechanical loading. Sections stained
with (A) antibodies to Collagen type |, (B) antibodies to Collagen type Il and (C)
Alcian blue / Sirius red. Two images cptured from each end of the constructs are
shown collaged in each case, representing the entire construct................... 225

Figure 103: 3D volume images of synoviocytes in both uncompressed and
compressed state within two construct samples (1,2) at Day 0 stained with
Hoechst 33342 (blue) and CellMask gregplasma membrane stains (green) for
nuclei and plasma membrane respectively; images of synoviocytes captured
during 0 %, estimated strain applied during mechanical loading (23 % for both
samples) and 28 % compressive tissue strain in Sample 1 (A, B, C) é&&dmple 2
(D, E, F). Images are presented inthe-plane..........ccccocoooiiiiiiiiiciiieeeennnnn. 228

Figure 104: 3D volume images of synoviocytes in both uncompressed and
compressed state within two nodoaded construct samples (1,2) at Day 28 stained
with Hoechst 33342 (blue) and CellMask green plasma membrane stains (green)
for nuclei and plasma membrane respectively; images of synoviocytes captured
during 0 %, estimated strain applied during mechanical loading (23 % for

Sample 1 and 22.4 % for Sample 2) and 28 % compressive tissue strain in Sample
1 (A, B, C) and Sample 2 (D, E, F). Imags are presented in the lane......... 229

Figure 105: 3D volume images of synoviocytes in both uncompressed and
compressed state within two loaded construct samples (1,2) at Day 28 stained
with Hoechst 33342 (blue) and CellMask green plasma membrane stains (green)
for nuclei and plasma membrane respectiVg; images of synoviocytes captured
during 0 %, estimated strain applied during mechanical loading (13.2 % for
Sample 1 and 13.5 % for Sample 2) and 28 % compressive tissue strain in Sample
1 (A, B, C) and Sample 2 (D, E, F). Images are presented in thepkane......... 230
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Figure 106: 3D volume images of syviocytes in both uncompressed and
compressed state within two noroaded construct samples (1,2) at Day 56 stained
with Hoechst 33342 (blue) and CellMask green plasma membrane stains (green)
for nuclei and plasma membrane respectively; images of synovigtes captured
during 0 %, estimated strain applied during mechanical loading (23.1 % for
Sample 1 and 21 % for Sample 2) and 28 % compressive tissue strain in Sample 1
(A, B, C) and Sample 2 (D, E, F). Images are presented in thepfane............ 231

Figure 107: 3D volume images of synoviocytes in both uncompressed and
compressed state within two loaded construct samples (1,2) at Day 56 stained
with Hoechst 33342 (blue) and CellMask green plasma membrane stains (green)
for nuclei and plasma membrane respectivelyimages of synoviocytes captured
during 0 %, estimated strain applied during mechanical loading (14.7 % for
Sample 1 and 12.4 % for Sample 2) and 28 % compressive tissue strain in Sample
1 (A, B, C) and Sample 2 (D, E, F). Images are presented in thepfane......... 232

Figure 108: Mean values + SD of morphmetric measurements for 10 different
synoviocytes from two norloaded construct samples at Day 56 (Sample 1 and
Sample 2 = top and bottom rows) under different experimental conditions
(uncompressed state, estimated strain experienced by the constructs di
mechanical loading in the bioreactor (23.1 % for Sample 1 and 21 % for Sample
2, respectively) and 28 % compressive tissue strain); cell volume, sphericity,
height, width and length for sample 1 (A, B, C, D) and sample 2 (E, F, G, H).
Dotted line in (B, F) indicates the value for a prefect sphere. A significant
decrease in cell volume was only observed in Sample 2 between synoviocytes in
the uncompressed state and those at 28 % strain. Sphericity remained largely
consistent irrespective of applied tissustrain in both samples. Significant
decrease in cell height was only observed for synoviocytes in Sample 1 with
application of 23.1 % and 28 % compressive tissue strains. No significant
differences in cell length and width with applied tissue strain werebserved in
both samples, apart from significant decreases in cell width in Sample 1 at 23.1
%0 aNd 28 Y0 STFAIN. ...evveiiiie e 236

Figure 109: Mean values = SD of morphometric measurements for 10 different
synoviocytes from two loaded construct samples at Day 56 (Sample 1 and Sample
2 = top and bottom rows) under diferent experimental conditions (uncompressed
state, estimated strain experienced by the constructs during mechanical loading

in the bioreactor (14.7 % for Sample 1 and 12.4 % for Sample 2, respectively)

and 28 % compressive tissue strain); cell volume, Bpricity, height, width and
length for Sample 1 (A, B, C, D) and Sample 2 (E, F, G, H). Dotted line in (B, F)
indicates the value for a prefect sphere. No significant change in cell volume,
height, length and width were observed for all samples with applations of
estimated strain applied during mechanical loading in the bioreactor and 28 %
compressive tissue strain. Sphericity also remained largely consistent irrespective
of applied tissue strain in both samples, apart from a significant decrease in
sphericity in Sample 1 between synoviocytes in the uncompressed state and those
o R 1 - 1 o S 237
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Abbreviations
2D Two dimensional
3D Three dimensional
AB Antibiotic
ACI Autologous Chondrocyte Implantation
APO Apochromatic aberration correction
Au Airy units
BM-MSC Bone marrow mesenchymal stem cell
BMP Bone morphogenetic protein
BW Body weight

Calcein AM  Calceinracetoxymethyl ester

CLSM Confocal laser scanning microscopy

DMEM Dul beccods Modified Eagles Medium
DMMB Dimethylmethylene Blue

DMSO Dimethyl sulfoxide

DNA Deoxyribonucletic acid

EDTA Ethylenediaminetetracetic acid

ECM Extracellular matrix
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FACIT Fibril-associated collagens with interrupted triple helices
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Chapter 1 - General Introduction

This chapter outlines the scope of the thesis and reviews the literature relevant to its subject. It

first discusses articular cartilage compositionand straces and how t hese r el a
unigue mechanical properties, which enable its main functions of load bearing and near

frictionless articulation. The effect of mechanical loading on cartilage and chondrocyte

response are then reviewed. Cartilagerd@e and current repair strategies are then

considered, along with discussion of a promising strategy of tissue engineering for cartilage
regeneration. Cartilage tissue engineering is then addressed, describing its key elements and
discussing the recent ppaches used to create constructs that could be used for cartilage

repair.

1.1 Composition of Articular Cartilage

Articular cartilage (also called hyaline cartilage) is a specialised connective tissue that covers
the ends of articulating bone in diarthroda@hts, such as the hip and ki@ [3] and is an
essential component for the normal functarsynovial joints. Articular cartilage is typically
glassy smooth, glistening and bluigtite in appearance with a thickness ranging from0.5to0 5
mm in human joint$3], [4]. It is an anisotropic tissue of many componghblsit consists of a
dense functional extracellular matrix (ECM), with a relatively small number of specialised cells
called chondrocytes that are sparsely distributed within the nj@}ri€hondrocytes usually
constitie around 45 % of the total volume of articular cartilaig, [7], [8]. Chondrocytes
synthesis, secrete, organise and maintain matrix comporieht§8]. Although the

chondrocyte number per wohe unit varies from tissue to tissue, thendrocytalensitywithin
hyaline cartilage is approximately 15pxmcellstx & [9], [10]. The ECM is mainly composed

of collagen, proteoglycans (PGs) and glycoseglycans (GAGs)11]. GAGs are highly
hydrophilic which attracts water molecules and favours tissue hydfatpr12]. These
componentsantribute approximately 285% of the total cartilage weigf&]i [7], [12], [13].

The remaining weight is represented by water§8346 wet weight). Within the ECM, an
extensive network of dense collagen fibrils-@%% wet weight of cartilage) are enmeshed in a
concentrated gaif PGs (510 % wet weight) and GAGS]i [7], [9], [12], [13]

Unlike the magrity of tissues in the body, cartilage is an aneural and avascular connective tissue
and therefore nutrient and wast e[7]t[8,f3isf er do
[15]. Insteadpoth nutrient transportation and waste removal occur by diffusion through the

synovial fluid[16]i [18]. The interstitial fluid flows through the caade matrix to transport and

distribute nutrients to the embedded chondrocj@esThe absence of vascularisation
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contributes to the limited capacity for spontaneous repair and remgdehich may result in
progressive damage and degeneration following tissue ddtge

1.1.1 Chondrocytes

Despite the sparse distribution and low number of chondrocytes in artewigage, they play

a critical role in the devel opment, mE], nt ena
[71, [8], [19]. Chondrocytes synthesiall of the matrix components, including type Il collagen

and PGs and regulate matrix metabol[3in[20]. The cells vary in shape, number and size
throughout the deh of the tisae (as discussed in Sectio@)[8]. Chondrocytes present near

the articular surface are usually flatter and smaller and have a greater density than those located

deepeiin the matrix[19].

Each chondrocyte is associated with its own specialised microenvironment and determines the
turnover of its own local ECNB]. The microenvironment Is&ally traps individual

chondrocytes each within their own matrix, restricting any migration to adjacent areas of the
tissu€[8]. In articular cartilage, chondrocytes respond to a waakstimuli, such as growth

factors, mechanical loads and hydrostatic pressures, to regulate their metabolic and biosynthesis
activities[8], [21], [22]. In addition to low cellularity, they have limited capacity to divide and
proliferate, a factor thatontributego the intrinsic inability to repair in response to injury,

which in turn, makes cartilage defects very difficult to H8hI[23], [24].

1.1.2 Collagen

The main structural component of articular cartilage ECM is colliZign[26]. The collagen
fibrillar network formed within the ECM acts as a framework to provide sufficient resistance to
tensile and shear stresséhus supporting the tissue structiife A typical fibrillar collagen
molecule compromises three polypeptidistrands coiling around each other to form a right
handed triple helicatructurd5], [9], [12], [27]. Each polypeptid& chain is composed of a

basic repeating amino acid sequence of [glyXR¥] n, where X is often proline and Y is often
hydroxproling[9], [12].

The primary collagen type found in the ECM of articular cartilage is typelldgen

accountingfor9® 5% of t he t i s s[@]ga]sThis tgpke df aolagemisc ont ent
composed of three identicll pol ypepti des wound [2hThe a tripl
network of collagen fibrils is formed by assembling type Il collagen molecules laterally and
longitudinally and through intrantecular and intermolecular creisking between lysine

residues in adjacent molecul@8]. The triple helical structure and the cris&ing between

adjacent chains contribute to artiaula ¢ a r excelleatigrsife stiffness and strend#,

[12]. Collagen tye Il content is often used asrarker for hyalineartilagebecause it is one of

the major components of hyaline cartildg8].
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Apart from type Il collagen, a minor proportion of different collagens, such as tyjMé, 11X,

X, Xl, Xll'and XIV, can also be found within the cartilage EQ8], [28]. Collagens IX and

X1 both interact with collagen type Il through covalent crlasks on the surface of the collagen
type Il fibrils to form a network of heteromeric fits{l29]i [32]. These interactions help to form
and stabilise the organisation of the collagen network and therefore provide increase stability
and mechanical integrity to articular cartildde], [29], [31]. In addition to interfibrillar cross
linking, this allows the collagen fibril network to resist the swelling pressure from RGha
tensile and shear stresses developed within the matrix when the tissue isrcatledlong

with restraints fibrils to entrap PG28], [33].

Collagen Il is usually found to be gmlymerised and linked to collagen Il as a regular but a
minor component ithe matrix[34]. A large concentration of collagen Ill tends to be found in
the superficial and upper middle zones of osteoarthritic car{Belt has been speculated
that collagen Ill is involved in a wound healing role as it is produced by chondrocytes in
response to matrix damafg]. Type X collagen is found in the calcified zone of articular
cartilage and thought to be responsible for matrix calcificd@hri35]. It is also found in

osteoarthritic cartilagg].

Type VI collagen is primarily presented in thericellular region of articular cartilage to form a
highly branched filamentous network around the chondrogg6dsit also exists throughout the
matrix for binding to hyaluronans (GAG) and decorins (small B&]) Both collagen type XII

and XIV are members of the fibidssociatedollagens with interrupted triple helices (FACIT)
collagen subfamily37]. Collagen Xll is found mainly on the articular surface and collagen XIV
exists throughout the matrj28]. These two types of collagen are not covalently polymerised in

the matrix and their functions are unknof8].

1.1.3 Proteoglycans and Water

Proteoglycans are the other major components in articular cartilage. The secesidgergp of
marcomolecules in the ECM accounts fet®% of total cartilage wet weigf]i [9], [12],

[13]. They are vital for matrix assembly and structure of articular cartilager. ftirsiary
function is to maintain high water capacity in cartilage which endows the tissue with the
required mechanical properties (compressive strength) to carry out the fundtead bkaring
[39]. Proteoglycans are formed with a core protein and one or more covalently attached GAGs
chaing[9]. The most abundant PG found in articular cartilage is the large aggregating PG,
aggrecarf7], [12], [40]. Other PGs also exist in the ECM including the smaller PGs decorin,
biglycan and fibbromodul{i@], [12], [40]. Aggrecan is the largest PG in siz&é4 I0°kDa) but
even the smaller PGs present in articular cartilageuitelarge (approximately 1 x 1@Da)

[5]. The common types of GAGs present in carélaglude chondroitin sulphate, keratan

sulphate, dermatan sulphate and hyalurdidgril12].



-4-

Aggrecan is characterised by the ability to form large aggregates and contributes as much as 80

% to 90% of the overall PG content in articular cartilgge[8], [9]. Aggrecan in cartilage is

found as large PG aggregates of many aggrecan monomers boucavatentlyto a long

central core of hyaluronan which is further stabilised by the facilitation of small link proteins

(Figure 1)[5], [39]. Hyaluronan, also known #&galuronicacid (HA), is not sulphated like the

other GAGs found in articular cartilaffe?]. It is often considered a:
core proteirf12]. It consists only of disaccharide repeat units @fdétylglucosamine linked to
glucuronic acid. Its main function is to interact with aggrecan and link protein to form large PG
aggregates that are immobilised within the interfibrillar spacesoEM [41]i [43]. In

addition, HA has the capacity to link ECM to chondrocytes via interactidntiatr cell

surface hyaluronan receptor CD44].

PROTEOGLYCAN (PG) MACROMOLECULE

LINK PROTEIN 7 i

AGGRECAN —3 4 7 — - - Y Y HYALURONAN (HA)

Figure 1. Schematicdiagram of a proteoglycan(PG) macromolecule. In the matrix, aggrecasa
non-covalently bindto Hyaluronan (HA) to form a PG macromoleculeand further stabilised by
smadl link proteins. Figure adaptedfrom [5].

Aggrecan occupies the interterritorial region of the ECM and provides the cartilage with the
osmoatic properties that are critical for its abilibywithstand compressive loadif®]. Each
aggrecan consists of a protein core and as many as 100 chondroitin sulphate and 50 keratan
sulphate GAG chains covalently attached (Figurid2). These subunit side chains of PGs are
linear unbranched polysaccharides with disaccharide repeat units that colasgt aumbers

of negatively charged sulphate and carboxyl groups.
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Figure 2: Schematic deiction of aggrecan, whichconsistsof keratan sulphate and chondroitin
sulphate chainsattachedcovalently to a protein core.Figure adapted from [5].

Due to the high concentration of fixed negative charges, it gives rise to an ion concentration
gradient between cartilage and the surrounding synovial fluid, thus creating a fixed charge
density (FCD) within the tissue and yielding a Donnan osmotic pressure that favours tissue
hydration[6], [39], [44], [45] In order to maintain the osmogguilibrium and electrolyte

balance inside the matrix, this excess of densely concentrated ions in the matrix attracts counter
ions and céons (i.e. free mobile inorganic ions in water such as sodium, potassium, chloride
and calcium). The concentratiohtbese ions in the matrix would thus depend on the local
concentration of PGs and their FQ&), [46]. As a result, water is drawn into the cartilage and
held within the collagen fibril network, causing the tissue to swell and eXfpanis PGs are
entrapped in the collagen meshwork, the concentration of fixed negative charges surrounding
the PGs remains high and swelling is constrained imditeix which results in high osmolarity

and a high degree of hydration. The resulting hydrated ECM provides the tissue with the
osmoatic properties to resist significant compressive loads during joint loading and carry out the

function of load bearin{39].

The water content of cartilage contributes betweeB & % of ceaweight3],$8g e ds w
Thewater concentration is greatest near the articular surface and decreases in a near linear
fashion towards the deep zoofethe matrix[5]. Approximately 30 % of water is associated

with the intrafibrillar space within the collagen while a small percentage of water resides in the
intracellular spacgb], [8]. The remaining percentage occupies the interfibrillar (pqrages of

the matrix (not held by PG), is free to move and can be exuded out of the ECM when a pressure
gradient or load are applied to the tis§bie [8]. However, a high frictional resistance is

generated against the flow of water through the ECM as the permeability of eadilzry low

[5], [8]. Together with the frictional resistance to interstitial fluid (water) movement and the
swelling pressure created within the matrix, these two mechanisms are important in controlling

cartilage mechanical behaviour and joint lubricaf{in [8].

Besides large PGs (aggrecanharstsmaller PGs include decorin, biglycan and fiboromodulin,

present as less than 10 % of all the PGs in the cartilage [@s{®. These PGs are
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characterised as a small group of leucine rich PGs (because their core proteins are rich in
leucine residues) with the ability to @mact with collagef8], [47]. Although they are similar in
protein structure, their composition and functions are diffgBdnDecorin has one
chondroitin/dermatan sulphate chain attached to its core proteia aranly found bonding

directly to collagen type Il fibrils in theuperficial zone of articular cartila§@], [48], [49].

Decorin is believed to be responsible for the distribution of collagen type Il fibrils in matrix
organisation along with involvement in cell adhesion, migration and proliferation as a result of
binding toTGF-b [48], [50]. Biglycan, which consists of two chondroitin/dermatan sulphate
chains lirked to a core protein, is localised in the pericellular space of articular cartilage as well
as on the surface of chondrocytes, suggesting its involvement in modulating morphogenesis and
differentiation[48], [49]. Fibromodulininteracts with collagen fibres and is involved in the
structural formation of the matrix by aiding the assembly of collagen nef@jrk

1.2 Structure of Articular Cartilage

The organisation and composition of ECM components and the morphology and distribution of
chondrocytes are immogeneous within articular cartilage and vary with depth from the

articular surfacgl2]. Articular cartilage is characterised into four histologically distinct zones:
the superficial, middle, deemd calcified zones as illustrated in Figurfs3]. Each zone has its
specific organisation and distribution of constituent components which directly influence its
mechanical properties changing throughout tissue depth and consequently the functions of

articularcartilage (see Section 1.4).

1.2.1 Superficial Zone

This zone is situated at the top of the articular cartilage (i.e. the surface furthest away from the
underlying bone), and is the narrowest layer representing 10% to 20 % of total cartilage
thicknesq5], [8], [12]. Chondrocytes in this zone have a flattened morphology and are arranged
parallel to the articular surfa¢®]. Here, the superficial zone has thevest level of PGs

(aggrecan) and the highest water content in articular carfif3g&1]. This zone contains the
highest level of collagef8]. These fine, densely packed collagen fibres are aligned parallel to
each other and the articular surface, providing tensile and shear strength sufficient to resist to

the large tensile, shear anohapressive forces encountered during articuld@n8].

1.2.2 Middle Zone

Directly underneath the superficial zone is the middle zone which provides an anatomic and
functional bridge between the superficial zone and the deep[8pn@8]. This zone, also
known as the transitional zone, forms@@% of the total cartilage thicknelgq, [8], [12]. Here,

the chondrocytes are spherical in shape and evenly distributedell density is lower
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compared to the superficial zone but higher than the deed28indhe ECM has a higher PG
(aggrecan) content compared with the superficial zone but lower thangivealed7]. In

addition, the amount of collagen fibrils is lower in this zone compared with the superficial zone
but higher than in the deep zdi€]. The fibrils are thicker and less tightly packed with more

random arrangemefi].

1.2.3 Deep Zone

In between the middle and calcified zone is the deep zone, occupying approximately 30% of the
total cartilage thickneg%], [8], [12]. The cell density in this zone is the lowest of all of the

zones with chondrocytes arraige columns orientated perpendicular with respect to the

articular surface and parallel to the collagen filj7gs[8]. The deep zone alsmntainsthe

highest PG content and the lowest water concentrptlp[B], [28] of all of the cartilage zones,

as well as the thickest collagen fibres which are organised perpendicular to the articular surface
81, [28].

1.2.4 Calcified Zone

This mineralised zone lies in between the uncalcified portion of cartilage and the subchondral
bone, providing intermediate mechanical properties between the two {i28LeSlow

metabolic activity is typical of this zone as a small population of chondrocytes exists which
expressypertrophic phenotypdg], [28]. Hypertrophic chondrocytes are specialised cells tha
are at the end state of the chondrocyte differentiation pr@g2ssThese cells are characterised
by synthesis of type X collagen and are responsible for matrix calcifig@8pn52], [53] This
zone plays an integral role in providing an interface for structural integration with the
subchondral bong], [28]. The collagen fibrils of the deep zone are anchored to the

subchondr al bone forming an interlocking Or

[5], [8]. The presencef@l ayer call ed o6tidemar k6 acified i ngui

cartilage[7], [8].

(0]
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Figure 3: Schematic diagram of chondrocyte and collagen fibres organisation within the four histologically distinct zones of articuleartilage. Figure adapted from

[5].
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1.3 Articular Cartilage Functions

Its main functions are to provide a smooth surface for articulation between bone ends to allow
freedom of movement to occur with minimal friction and wear, while facilitating the
transmission of load agss the joint by distributing applied load over a wider contact area, thus
keeping contact stresses to a minim@n [5], [8], [54], [55]. These functions of articular

cartilage are related to its biomechanical properties, as dictated bygite wamposition and
structurd5], [22]. To date, its remarkable characteristics are still yet to be matched by anything

man made.

1.3.1 Near Frictionless and Wear Resistanc€haracteristics

Synovial joints are subjected to a variable range of loading conditions during physiological
loading and articulation occurs under very low friction in the presence of synovial fluid in the
joint cavity, with minimal weaf5]. Synovial joints have an extremely low coefficient of

friction (W), of approximately 0.02 during statieeasuremerib6] but thev a | u eneaguired €
under dynane conditions is as low as 0.89[5], [57]. The minimal friction and wear
characteristics of cartilage associated with such varied loads demonstrates not only its excellent
wear resistance properties but also that lubrication processes occur within the joint and within
and on the bearing surfaces of cartild§e Numerous theories have been developed depending
on the applied load and on the sliding velocity (speed and direction of motion) between two
articular surfaces to describe the lubrication mechanism in anthididial joint[5]. There are

two fundamental types of lubrication. One is boundary lubidnawhich is most effective in
describing low articulating speed or high load conditions in which both articular surfaces come
in contact with one anoth§s], [12], [58]. In the diarthrodial jointlubricin (a glycopretin)

within synovial fluid is absorbed as a monolayer on the bearing surfaces of articular cartilage
during motion and loading which prevents direct, suaesurface contact and minimise

surface weaf5], [12], [58]. The other is fluigfilm lubrication, which best describes lubrication
with high articulating speei], [12]. In this type of lubrication, a thin film of synovial fluid

forms between the articular cartilage surface to create a bearing surface sepHration

frictional properties are depemteon the viscosity of the fluid, the relative articulating speed
between the two surfaces and the magnitude of the appliefblogtl2]. However, no single
theory has been able to describe the lubrication mechanism for articular cartilage under all
loading circumstances. Thus, it is qui@ssible that a combination of both lubrication types is
responsible for the lubrication of cartilage under varying loading scenarios and that synovial
joints would adapt to the mechanism that will most effectively provide lubrication at a given
loading ondition[5], [12].
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1.3.2 Distribution of Joint Loads

The joint is exposed to repetitive mechanical loadimgng daily activitie§59]. Without the

layer of catilage, the underlying bone would experience extremely high contact stresses that
would lead to bone destruction and cause a lot of [68in Articular cartilage is a highly
hydrated tissue which is significantly less stiff than bone and has the ability to deform under
loadwhich allows high forces to be transmitted over a wider contact area across tf@jjpint
[60], [61]. Thus, this reduces contact strbsfng transferred to the bone and allows for normal
load transmission without damage or p&a]i [63].

1.4 Structure-Function Relationships of Articular Cartilage

The heterogeneous composition and ultrastructural organisation of matrix components in
articular cartilage are key to its unique functional properties, allowing therpenfice of its
functions of load bearing and near frictionless articulan[12]. As described beforin

Section 12, the constituent components of articular cartilage are inhomogeneously distributed

throughout the matrix.

The highest water content, lowest amount of PGs and highasint@f collagen are found in

the superficial zone in comparison to other zd6é$ The collagen fibrils are orientated

parallel to articular surface. It is known that this zone experiences the highest tensile and
compressive se¢sseg8], [64]. Given the unique organisation and composition of components in
this zone, it provides high tensile and shear strength that endowstilageawith the ability to
resist the large tensile, shear and compressive forces encountered during art[@ld8hn

[64]. Given that this zone is the most hydrated part of the tissue, relatively large deformation
occurs with fluid exuding out of the tissue in response to provide resistancepessive

strain.

In contrast, the content of collagen and water decreases with cartilage depth. Thicker collagen
fibrils are aligned perpendicular to the articular surface and a large quantity a0

GAGs9) are found in the deep zof&. Given the rich PG content and the specific collagen
orientation (perpendicular to the articular surface) that is able to entrap the water laden GAGs
within the matrix, this zone spreads the laggpload across the tissue and provides greatest
resilience to compressive forces, endowing the articular cartilage with load bearing properties
[8]. These constituent components aréritisted and organised in such a way to accommodate

the complex mechanical environment that is placed upon cartilage.

1.5 Mechanical Environment of Articular Cartilage

Appropriate physiological mechanical loading is known to be essential for the develppmen

maintenance and repair of healthy an d functional articular carfé&@jeCartilage responds to
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mechanical stimuli and remodels accordindl®]. Understanding the mechanical environment

and its effect(s) on cartilage provides insi
pathways associated with it. In addition, the responseatfix and chondrocytes to mechanical

forces needs to be understood as these contribute greatly to the overall tissue response to
loading.

1.5.1 Joint Forces and Stresses Imposed on Cartilage in Load Bearing
Joints

Articular cartilage, located within the loa@dring joint space, is constantly subjected to
mechanical loading during normal activitié®], [66]. Depending on the activity (e.g. walking

or running), the forces acting on the joints will vary. The forces measured across the hip joint
range from 2.5 to 5.8 times body weight (B&Ad the tibiefemoral joint experiences an

average load of 3.9 times BW during level walkjd], [68]. However, the loadan exceed to

8 times BW in the knee during downhill walkif@g].

Previous studies reported that during level walking, the mean contact stresses associated with
these loads are estimateetween 1.5 to 5.5 MPa in the hip, 1.2 to 2.6 MPa in the-térmral

joint and 0.6 to 2.4 MPa in pateltamoral joint[63], [69]i [74]. Contact stresses in the human

hip joint have been measured to be as high 20 MPa while standing up from a chair or jumping
[75]. The frequency of loading during normal walking ranges between 0.8 and [Z6]HZ 7],

with each loading duration lasting between 620 and 72[Y&}s[79]. For runningmotion, the

loading durations are shorter and the peak forces and frequencies ific6¢a3@].

1.6 Effect of Mechanical Loading on Cartilage

1.6.1 Effect of Mechanical Loading on Extracellular Matrix

The biomechanical response of cartilage to applied loading is largely determined by the
interaction between ehcollagen meshwork, the PGs (entrapped in the collagen meshwork) and
the water (held by the PGs). Articular cartilage can be considerebigisasic material

consisting of two distinct phases; an interstitial fluid phase and a ppesogeable solid phas

[5], [6], [8], [12]. The fluid phase is composed of mostly water with dissolved solutes and free
mobile ions. The solid phase consists primarily of collagen (mainly type Il), PGs and [GAGs

[6], [8], [12]. The primary determinants of the biomechanical behaviour of cartilage are the
Donnan osmotic swelling pressure induced by PG molecules in the matrix and the constraining
tensile stress developed within the aghn fibrillar networK5], [80]. Thus, it is key to

understand how interstitiafater flows through and is eded from the tissul80].

When cartilage is at the resting state, water flows through the pores of the proteoglycan

collagen matrix by attraction due to the higted charge densit{FCD) within the matrix,
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thereby endowing a high swelling press|8@]. Watercontinues to be drawn into the tissue
causing it to swell and expand until the swelling pressure and the constraining tensile forces
exerted by the collagen network reach equilibr{8ei.

Under static compressive loading, cartilage initially undergoes elastic deformation as the
applied stress causes the pressure within the tissue to exceeelthmgpressuré¢s]. This

causes interstitial water to be excluded from the tissue. Dine wdter loss within the tissue,

the effective PG (and in turn the FCD) concentration increases, which in turn, initiates water to
be drawn back into the tissue to restore equilibfisnUpon removal of loading, water

imbibes back into the tissue to restore the balance between the osmotic swelling pressure and
the tension developed by the collgignetworl{5]. As a resultcartilagereturns to its originally
6ndmaded[6]. shape

When the joint is subjected to consistent (i.e. high frequency) loading during physiological
activities, there i s ruliytreceverfrom théndeforimatien cadused by c ar t i
previous loading cycles. With a continual applied cyclic loading, a progressive consolidation of

the matrix occurs causing more water to be exuded than ised{i35]. This results in

successive deformation of tissue which causes a reduction in overall thif3&ledhe

thinning of cartilage continues with each cycle until the water exuded is equal to that imbibed. If
the loading magnitude or frequency reducdhs tissue will begin to imbibe water and recover

from deformation. This eventually leads to full restoration of cartilage thickness obtained in an

nonloaded state.

It is well known that the loss of function of osteoarthritic cartilage is due toptiisnuto the
macromolecular matrix netwofBQ]. Disruption to the matrix would reduce the straining
tension developed in the collagen netwallowing entrapped PGs to be depleted which makes
it vulnerable to microdamage and hinder its capability to suppor{&¥dAs PG content
decreases in the osteoarthritic cartilage, this leads to a reduced ability to bear load and
microcracks may begin to develop and grow propagate withicattidgage, further

compromising the matrix structural integrfg], [80]. Shouldthe rate and accumulation of
microdamage exceed the rate of matrix repair, it will eventually lead to bulk material f&]lure
In addition to PG depletion from the matrix, the FCD required to maintain tissue hydration (the
ability to retain wéer) is lost. Hence the superficial layer is absent in osteoarthritic cartilage
[80], [81].

1.6.2 Effect of Mechanical Loading onChondrocytes

Articular cartilage homeostasis is maintained through a process of consistent but slow ECM
turnover[82]i [84]. Chondrocytes are responsible for the synthesis and organisation of the ECM

conponents through their metabolic activity in order to maintain tissue structural integrity and
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functionality[22]. The metabolism of chondrocytes involves both anabolic and catabolic
activities and a balance between the two processes maintains the homeostasis of[tattilage
Anabolic activity is considered to be the synthesis, assembly and organisation of matrix, while
catabolic activity refers to the breakdown and degradation of njajx[85]. Chondrocytes

are sensitive to environmental changes asgond through metabolic chang&g], [86]. It is

well established that chondrocyte activity is regulated by not only genetic and environmental
factors (e.g. growth factors, cytokines, hormones) butlsmechanical factors (e.g. tensile,
compressive, shear stresses and strains, fluid pressure and associated electrokinetjt 2ffects)
[21], [22], [66], [82], [83], [86] This capability enables articular cartilage to alter its matrix
composition and structure to accommodate changes in physiological joint loading during norma
activities[21], [66], [87]

Mechanotranagttion is a process that chondrocytes detect and respond to changes in their local
mechanical environment (e.g. mechanical signals imposed by the ECM) and convert them into
intracellular biochemical and molecular signals that subsequently affect genssexpiand

regulate cell behaviour (e.g. biosynthetic activiBg], [86], [88]i [92]. Mechanotransduction

allows chondrocytes to regulate the rates of matrix synthesis and degradation and therefore
adjust the composition of the surrounding matrix that givilage its strength and the load

bearing functiorj22] to better suit its cuant mechanical environmej@3].

When mechanical forces impact on articular cartil@gendrocytes may detect alterations in

their mechanical environmetitroughcell deformation(change in cell shape) induced by the
forces acting upon the cell itself and through force transmission from the deformation of ECM
in conjunction with changes in fluid shear, hydrostatic pressure, electrical streaming potentials
and osmotic pressufg9], [65], [87], [94], [95] These are considered to be the primary
extracellular signalling events ofechanotransductidd9], [65] serving as mdwanical signals
(forces), in which chondrocytes recognise and respond by triggering intracellular mechanisms
that can alter cellular activity for maintaining healthy and functional articular carfddfjeAs
chondrocytes are responsible for matrix turnover and homeostasis of cartilage, understanding
how the chondrocytes react to mechanical loading within articular cartilage could aid the
understanding of how cartilage maintamkealthy and functionadtate][96]. In addition, whilst

the mechanismsf mechanotransduction are beyond the scope of this thesis, knowledge of the
cellular response to deformation or strain caused by applied mechanical loading could provide
insight on how best to utilise mechanical loading to promote the a desired ceathdaidur in

cartilagetissue engineering.

There are 3 specific intracellular mechanisms that are thought to be activated by these
extracellular events including integrmediated signalling, stretedctivated ion channels and

distortionof intracellular structureand organelld€5].
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Integrin is a transmembrane receptor that mediatesregtix interactiong89], [91]. It has two

main functions: 1) attachment of the cell to the ECM and 2) signal transduction from the ECM

to the cell[22], [97]as showninFiguré . Thi s type of mechanorecep
subunitg98]. The b domain is responsible for Iinki
(thecytoplasmidail) interacts with thentracellular actin cytoskeleton and various associated

proteins including vinculin, paxillin, talin and intracellular signalling proteins, such as focal
adhesion kinase (FAKR2], [98], [99] By assembling various cytoskeletal proteins, associated
proteins and protein kinases together at one
adhesiond which acts as a physhéactmkytoskeletonct ur a
[22], [99]. Focal adhesion is known to control the regulation of chondrocyte gene expression

and ECM remodellingl00].

ACTIN
CYTOSKELETON

FOCAL ADHESION
CYTOPLASM

INTEGRINS

PLASMA
MEMBRANE

EXTRACELLULAR
MATRIX

Figure 4: The celkmatrix interactions are mediated by transmembrane integrins (which consist

o f antdb subunits). Focal adhesion complex@(made up ofvarious structural and regulatory

proteinsincluding vinculin, talin, paxilin and FAK) serve as a structural and signalling link

between theECM and the actin cytoskeletonFigure adapted from [98].

Upon | oading of the ECM, chondrocytes can As
environment. Mechanical forces generated internally within and externally from the tissue can

be transmitted through integrin receptors to the cell cytogkelethere an intracellular

signalling cascade occurs to transduce extracellular mechanical signals into intracellular

biochemical responses as shown in Figufeg}, [101]
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Figure 5: Schematic diagram of the mechanotransduction processilising focal adhesions to
transmit mechanical forces from the ECM to a single cell. Figure adaptefiom [101].

Cell activity is influenced by the activation of stret@ttivated ion channe[402]. Upon

loading of cartilage, cell deformation induces tension across the plasma membrane which can
cause the membrane to deform and distort the lipid bilayer stryt@0k [103] This can lead

to changes to the conformation of the stredctivated ion channels causing an alteration in
their opening and closingites[100], [103] The loadinduced changes to the plasma membrane
trigger ion channels to open which allows an influx/efflux of iang.(C&", Na', K*) to occur

[22]. Changes in ion concentrations, mainly blad C&*, can initiatebiochemical signalling
cascadef22], [100]. An alteration to chondrocyte gene expression and translation may be
caused by these signalling pathways in response teilolded deformation of the membrane
[100]. These ion channels can also be activated by hydrostatic pressure, shear and fluid flow
[100].

In addition, cell deformation can lead to deformation of organelles, such as the nucleus,
endoplasmic reticulum and mitochondj®]. This is because most intracellular structures
within the cytoplasm are interconnected by the cytoskelé®ln Studies have illustrated that
distortion of these organelles can trigger mechanotransduction signalling pathways that alter

gene expression and therefore matrix syntHésis

The cell cytoskeleton is a 3D interconnected filamentous polymer network which is composed
of actin microfilaments, microtubules and intermediate filamgr@4], [L05] Together, these

cytoskeletal components are responsible for the regulation of cell shape and md&bahics

The cytoskeletal network in chondrocytes consists of actin filaments, tubulin microtubules and
vimentin intermediate filamenf406]. Several studies have revealed the organisation of the
three cytoskeletal networks within chondrocytes in many different preparatiwmsgrocytes in

articular cartilage explanfd07], [108] primary chondrocytes cultured in agar@ise@9i [111]
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and chondrocyte monolaydikl2]. In these studies, actin filaments werersiebe mostly
distributed at the periphery of the chondrocy&8]i [112]. The tubulin microtubules were
observed to form a loose meshwork that is uniformly distributed across the synapfla
chondrocyte$108], [111) [113]. Vimentin intermediate filaments formed a highly orged
network which was distributed between the cell periphery and the nuclear mefdi®@jne
[109], [111], [112]

Actin forms a dynamic network that is able to assemble and disassemble in response t
mechanical load. It is responsible for the alteration of cell sfia@8, cell-cell and cellmatrix
adhesiorj115], organelle transpoffL16], cellular stiffness and signal transductj@a®5]. The

actin cytoskeleton is alsovialved in maintaining the expression of chondrocyte phenotype and
ECM synthesis required for cartilage to resist highly repetitive strg834f These functions

are known to be regulated bgll deformatior]104], [115] In response to mechanical forces,
actin monomers (€ctin) can assemble (polymerise) into long and highly ordered filaments (F
actin) and organise into functional networks to provide chondrocytes with the mechanical
integrity to resist applied forc§$04]. Although the function of vimentin intermediate filaments
is less known, it is suggested that vimentin is involved in mechanotransdyszitinularly in
conveying mechanical signals into downstream biochemical signals responsible for ECM
production[117]i [119].

1.6.2.1 Previous Studies on Chondrocyt®eformation and Metabolic Activity

under Mechanical Loading

The cellular response to mechanical loading is of particular interest to ressdreteuse the
mechanical forces impacting upon chondrocytes strongly influence their deformation behaviour
and metabolic activity which are responsible for the biosynthesis and turndahielz@@M

(discussed in Section 1.6.[82], [120]. Thus, understanding how chondrocytes react to applied
mechanical stimulation is essential to understanding the homeostasis of healthy cartilage. In
addition, a knowledge of the cellular response to mechanical loading can have important

implicationsin the field of tissue engineerirandregenerative medicine.

Previous studies have demonstrated that mechanical loading regulates the biosynthetic response
of chondrocytedn vivo [121], [122]andin vitro [123]i [128], indicating he importance of

mechanical loading on normal maintenance of articular cartilagetro studies of chondrocyte
metabolism showed biosynthetic inhibition ensues when cartilage explants were subjected to
static compression. In contrast, cyclic compresaigplied to cartilage explants can either

stimulate or inhibit biosynthetic response of chondrocytes, depending on the frequency,
amplitude and the duration of the applied I1§B2], [123], [128] [131]. Static compression and

loading below a frequency of 0.001 Hz have been shown to decrease chondrocyte PG and GAG

syrthesis[12], [123], [128], [131] whilst dynamic loading has been shown to promote tissue
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synthesig12], [124], [127], [128], [131] In immobilisation studies, a decrease of matrix
synthesis and content were observed in the immobilised limbs and the-eagimg limbs
showed an increase matrix components and synthefig].

These studies have illustrated that the magnjtirdguency and the duration of mechanical

forces strongly affect the biosynthetic response of chondrofy2g9132]. Hence, cartilage
conditions to changes in mechanical loading during normal activities by adaptive matrix
remodelling. It is proposed that cartilage becomes mechanically conditionegularly applied
stresq493]. Damage to cartilage could result if an increase of prevalent stress was much greater
than the stress that was previously routinely applied to the caiffidapen response to an

increased prevalent stress, cartilage will only remodel its ECM to cope with such stress if the
change is large enough to trigger the anabolic effects of matrix synthesis and yet small enough
to nottrigger the catabolic activitig93]. In addition, a high magnitude of prevalent stress

would favour catabolic effects and cause chondrocytes to breakdown the ECM, making
cartilage more likely to sustairathagg12], [93]. The predominant stress to which a cartilage

site is subjected will vary for each individual because of their weight, age (stagavfedation)

and physical lifestyles and therefore the stress threshold responsible for anabolic and catabolic

effects will also vary93].

The deformation behaviour of chondrocytes has been extensivefigated under static
compression using either confocal microscopy or histological evaluation in cartilage explants
[21], [51], [87], [133] [139] and for chondrocytes within other scaffold materials (e.g. isolated
chondrocytes seeded in agardss), [140] [144].

Studies ofcartilageexplants showed that static loading had significant impact on the shape and
volume of chondrocyte1], [85], [87], [137], [145] Choiet al. (2007)[137] demonstrated

that chondrocyte height and volume significantly decreased in porcine cartilage explants
subjected to different magnitudes of compressive tissue strains (10 %, 303 %). The
magnitude of decreased height and volume were dependent on the zone and magnitude of
compression. In addition, the measured local tissue strain in each zone showed to be highly
inhomogeneous throughout the tissue depth. Geila. (1995)[87] found that chondrocyte

height and volume significantly reduced, along with significant lateral expansion in explants of
canine cartilage subjected to physiological levels of compressive loading (15 % applied strain).
The results also showéhata greder magnitude of local tissue deformation was observed in the
superficial zone compared to the other zones at 15 % applied tissue strain, suggesting the
compressive stiffness of the superficial zone is significantly low. In a study by Matdén
(2013)[85], in which superficial zone clhadrocyte deformation was examined in intact cartilage
attached to its native bone specimens from two regions of the rabbit knee joint (femoral

condyles and patellae) subjected to physiological and extreme compressive load8Q0¢/%6
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applied tissue straf), significant differences in deformation behaviour between chondrocytes

from different regions under compression were observed.

Previous studies have provided evidence of the complex and digpéimdent inhomogeneous
mechanical environment surroundingboldrocytes within native articular cartilage and

suggested the chondrocyte response (i.e. marphological change) is largely related to the local
changes in the cell 6s biophysical [2§,85]j r o n men
[87], [137], [145] The previous findingsugigested that pericellulanatrix (PCM) may also

greatly influence the mechanical environment of the chondrocyte by serving adirreaon

mechanical transducer in a zedependent manner in articular cartildg8], [87], [137], [145]

PCM is a narrow tissue region that completely surroehdsidrocyte$85], [137] For studies

of isolated chondrocytes seeded in agarose gels, it has been shown that the extent of cell
deformation was determined by the matrix previously elaborated from the chondfhdes

In attempts to provide insight into the complex mechanical environment around the chondrocyte
within cartilage, theoretical models have been developed to help study the deformation
behavour of chondrocytef95], [146]i [148]. These models indicated that tiedative

mechanical properties of the chondrocyte, ECM, and the PCM significantly influence cell
deformation behavioy®5], [146]i [148]. However, the deformation of chondrocytes under
dynamic loading has not been widely investigated. This is due to the practical difficulties of
loading in a controlled, physiological, dynamianner while simultaneously capturing 3D
morphological changes. Nevertheless, these previous works have provided a better insight into
cartilage and chondrocyte mechanobiology and skagean important foundation for the

current study in this thesis. Kntsdge of how native articular cartilage is damaged by applied
mechanical loads and corresponding changes in matrix structure and cell function, is also
necessary to provide insight into the response of chondrocyte to different loading scenarios that

couldinduce damage to cartilage.

1.7 Articular Cartilage Damage

The many factors that contribute to cartilage damage can be grouped in to two main categories;
molecular and mechanical. Molecular factors refer to age raethsmtjesMechanical factors

involve amormal loading (e.g. temporary increase in applied stress to cartilage) in trauma and
fatigue due to repetitive use. Cartilage defects are very common and have the potential to
progress to the development of osteoarthritis (24], [64], [149] OA is a degenerative joint
disease that causes pain and inflammatiamjoint due to the degeneration of articular cartilage
[150]. Patients with OA often suffer frojoint pain, stiffness, swelling and reduced joint

movement and function which impagn their quality of lifg151], [152]
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1.7.1 Molecular Factors Responsible for CartilageDamage

Articular cartilage undergoes structural, matrix compositional and mechanical changes with age
[150]. These canges are believed to be related to progressive changes in cell function that are
also associated with agifig50]. As the chondrocytes age, their ability to maintain cartilage
homeostasis is reduced as a consequence of senescence télicuagheshortening (which

occurs with the majority of cells in all other tissug€0], [153] This consequently leads to
abnormal protein synthesis. Alteration in aggrecan size is one of the matrix compositional
changeobserved in older cartilag@50], [154] The number of aggrecan molecules and the
length of each aggrecan raolle within the matrix are significantly redudéé0]. This leads

to reduced water content heldtive matrix, thereby decreasing cartilage stiffness and resilience
to compressiofil50]. As a result balteration to matrix structure and composition, the

mechanical properties of cartilage deteriorate with[&§B]. Under physiological loddg, the
resulting reduced water content in the matr.i
withstand compression and therefore the collagen network would experience higher levels of
strain than usual. Thiould cause disruption to the ¢afjen organisation and eventually lead to
mechanical failure. In addition, fibrillation forms in the surface zone of cartilage with age. Age
related changes therefore also increase the risk of injury and progressive degeneration of

articular cartilagg150].

1.7.2 Mechanical Factors Responsible for Cartilagddamage

Cartilage can sustain damage when subjectedliarge single load (i.e. such as might be
experienced in trauma) over short intervals of time, where the load might increase from zero to
peak value within 1 mgl56]. The single large stresses imparted on the cartilage can lead to
creation of fissures in the collagen network which consequently weaken the matrix structure,
thereby reduaing cartilage stiffness. With changes in the matrix structure, the ability to sustain
mechanical loading would be hindered, altering the stress distributions across the joint and
making cartilage more susceptible to further damage and development ofrdéigeil55],

[156]. If the rate of damage is greater than the rate of repair, accumulation of damage would
progressively lead to Of93]. Damage to cartilage caused by aygrimpact will be dependent

upon the magnitude and rate of the applied load.

In contrast, fatigue failure can also cause cartilage iffi8}y This is when low magnitude

cyclic loads (such as might bepetienced in daily activities) impact upon cartilage over long
periods of time. It is possible that fatigue failure within cartilage is likely to occur due to the
application of repetitive tension to the collagen network within the superficial zones s thi
the region where the collagen network is exposed to the highest amount of $8jai157].
Fibrillation of the surface layer of cartilage is believed to initiate this fatigue process which is

seen in early OAL57], [158] Although cartilage is susceptible to fatigue failure, it is difficult
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to determine if and when the cartilage will fail due to fatigue because it is not undeuoastin
cyclic loading during normal daily activities and it has an inability to repair itself.

Between the extreme of large trauma load and immobilisation, it is difficult to determine
whether a particular load could cause damaging effects to thegartihilst it might not
damage the matrix, it may alter cellular function. Adkcellular function could lead changes

in matrix composition and thereby the cartilage stiffness. As discussed in Section 1.6.2.1, it has
been previously hypothesised tleattilage conditions its stiffness to cope with the changes in
applied prevalent stress by ECM remodellj@g]; cartilage that is exposed to a high level of
prevalent stress will be stiffer than those sgbgd to a low level of prevalent stress. Previous
studies have shown that immaobilisation and static loading favour catabolic effects and cause
chondrocytes to decrease PG and GAG synthesis in cartilage, with consequent reduction in
cartilage stiffnes§l 2], [123], [128], [131] If normal activities are resumed (i.e. increase
applied load) to joints that received minimal loading due to immobilisation, the less stiff

cartilage will be susceptible to large strains and subsequent damage.

Articular cartilage has a lirted intrinsic repaicapacitydue to the lack of blood supply

supporting waste and nutrient transfer that is required for effective repair and remodelling,
which in turn, makes cartilage very difficult to heal once dam@b@d The primary route for
cartilage to receive nutrients and remove waste is through diffusion from the synovigléjuid

In addition, low chondrocyte density within the matrix restricts formation oftisage at the

damaged site. As a result, minor injury to articular cartilage can lead to progressive damage and
development of OA14]. Degenerative changes in osteoarthritic cartilage mainly due to an
imbalance between anabolic and catabolic activities of chondrocytes favouring net degenerative
(catabalic) effect$150]. This consequently leads to progressive thinning and loss of articular
cartilage[150].

1.8 Repair of Articular Cartilage Damage

As the general population continue to age and become more obese, OA, primarily developed by
progressive damage to cartilage, is a common clinical condition worldwide which affects a larg
proportion of people. Young and healthy individuals are also prone to a high incidence of
cartilage damage from sports injuries, given the limited spontaneous repair of cf2gllage

There is a major clinical need to address the healthcare challenge presented by cartilage defects.
The Arthritis Research UK report (Osteoarthritis in General Pra¢tib&]) estimatedhat
approximately 8.75 million people (13% of the total population) in the UK are affected by OA

to some degree which presents a massive burden to th¢ISRSOA has a significant

negative effect on the UK economy because a large number of the population are affected by the
condition, with their reduced quality of life, inability to work and their nisedchealth, social

care and welfare benefifs52). According to the Global Burden of Disease 201@gtDA
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was reported to be the eleventh leading cause of global disgb8}} As life expectancy,

ageing populations and levels of obesity continue to rise worldwide, OA was predicted to be the
fourth highest contributoof disability by 2020 and tbecome a significant problem for health

care systems global[{t59].

1.8.1 Surgical Treatments for Cartilage Lesions

There is currently no cure for OA but surgical treatments are available to treat paitients w
severe cartilage lesiofit4]. These treatments hope to delay the need for total joint
replacements (known as the standard treatment fostagg degenerative diseafE80])
especially in young and active patieftd]. The primary aim of these treatments is to relieve
symptoms such as pain, swelling and joint instability, improve joint congruency, restore joint
movement and function and prevent further cartilage degenefa6tp Surgical interventions
commonly used to repair cartilage include debridement, lavage, bone marrow stimulation
techniques (drilling and microfracture), direct tissue graft replacement (osteodreurtdgraft
transplantation and mosaicplasty) and cell cuthased treatment (autologous chondrocyte
implantation)[24], [162]i [166].

1.8.1.1 Debridement and Lavage

Debridement and lavage are used to remove loose cartilage and fibrin debribdrpint and
tissue surface in order to provide relief from symptoms and managg.fajnDebridement
shaves off tissue fragments that can cause reactive synovitis and joint effi6Einkavage
rinses the damaged site wjphysiologically compatible solutions to remove loose cartilage and
fibrin debris and reduce inflammatory mediatfi85]. However, both treatments can only

provide short term improvement to the symptoms and do not repair the defe¢1@Sglf

1.8.1.2 Microfracture

Microfracture is an arthroscopic surgery that involves shaving off tissue debris and
punching/drilling small holes into the defect af2d], [167] This technique is effective in
treating lesions up to A i°. Multiple small holes penetrate through the vascularised
subchondral bone induarbleeding and resulting in fibrin clot formatif2¥]. Bone marrow

also migrates into the defect area along with mesenchymal stem cells that are pluripotent and
able to be induced tdfterentiate into bone or cartilage when subjected to the appropriate
chemical or mechanical stimyfi4]. A resulting fibrocartilage is formed as a replacement for
the damaged cartil@g24], [168]. However, fibrocartilage has inferior mechanical properties in
comparison to healthgrticular cartilage due to its low compressive stiffness and consequently
lacks the required weight bearing and wear resistance charact¢ti68t5169] Previous

studies showed microfragte to be effective in sheterm improvement on knee functiitiz0].

However, a high degree of deformation is seen in the repair cartilage when loaded (low
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compressive stiffess), which possibly led to the observed variable repair cartilage volume in
different studie$170]. This suggests fibrocartilage might not be able to sustain physiological
loading in the long term, making it susceptible to further degeneration and possible functional
deterioratior[168Ji [170]. This alsanighlights the importance of pesperative care and

physical therapy, in particular with a gradual weight bearing approach, to prevent mechanical
breakdown of fibrocartilage which could lead to denudation of the repair fisélie In

addition, removal of tissue debris prior to the drilling process can cause apoptosis, thermal
necrosis and trauma to the surrounding healthy tiJ46&§.

1.8.1.3 Osteochondral autograft transplantation system (OATS)

OATS s a surgical procedure that involves harvesting of healthy autologous cabtilage

plugs from a less weight biéag site in the joint, such as the retropatellar facet of the femoral
condyles or the dorsal part of the condyles, and their implantation in to the defdd6aijea

Upon the removal of residual cartilage and debris, osteochondral plughevgame height and
diameter as the defect size are harvested for the prodaé&ijeFor a large defect site (up to

8A ), multiple small autologous tissue plugs are used to fill the defect and this process is
known as mosaicplasff67]. One advantage of OATS is that the graft is harvested from and re
implanted in the same individual and therefore it is immunologically ediip[167], [172] In
addition, the graft already has all of the essential components required fod eegair, such as

the presence of hyaline cartilage, intadeémark(as described in Section 1.2.2) and firm native
bone which ensures that the graft can also be securely fixed in placed aided by bone healing
[165], [172] However, major drawbacks of this procedure are donor site mobility, limited graft
availability and lack of lateral integration between the chondral surface and the surrounding
tissue[172]. The dono site would also be damaged from harvesting the graft, therefore creating
ever more damage to the patientds joint. I n

be harvest from, thus the number and sizes of defects that can be treatedi\asky ratadll.

Allogenic and synthetic materials can also be used as a graft tissue with this pr{@4jdure
Allografts are often obtained from cadavers, therefore there is no demanaibidity

associated with this type of grdft67]. In addition, medium to large sized defects (up to 3 cm

can be treatefl 67]. However, the major drawbacks of using allografts are disease transmission
and the potential triggering of an immune respdhé&]. Chondral grafts have been

investigated to some extdi71]. However, due to the few cartilage donor sites and the

difficulty in fixing the graft in place, a high probability of failure is associated with chondral
grafts[171].

1.8.1.4 Autologous chondrocytes implantation (ACI)
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ACl is a twestage procedurfd67]. The first stage involves debriding the defect site and
harvesting chondrocytes from the patient, generally from the healthy cartilage locatedn a low
weight bearing aref 65]. Once harvested, the cells are cultured and expando [165].

The second stage comprises chondrocyte implantation into the def¢t6gjteOnce a

sufficient number of cells has been achieved that is suitable to fill the defect volume, the
cultured chondrocytes are introduced into the defect site by injection and either a periosteal flap
or a collagen membraneused to cover the defddi67], [171] The cover over the defect is
sutured to the surrounding articutzartilage and may be secured by additional fibrin {l6&7],

[171]. Over time, transplanted chondrocypesliferate and lay down cartilaginous matrix
which subsequent iy kprbodwepead ra tad ssdOE], [H7& f i |
This surgical technique has been demonstrated to have a better clinical outcome than those
previously describefl74]. However, there are limitations. ACI is associated with prolonged
treatment duration as it is a complex procedure involving two surgeries in multiple sites. This
could potentially result in increased moribydand create additional scars in those sites. Other
major disadvantages of ACI include potential formation of fibrocartilage at the edges of the flap
and inferior fixation if the cartilage is softened/degenerdfi6é&]. Furthermore, ACI might be
accessible to only a relative small proportion of patients because of the associated high
treatment costs as it is a patient specific and requiresuvgeries together with a large amount

of expensive laboratory time.

1.8.2 Future Repair Strategies

All of the surgical tebnigues described in Section IL$resent advantages and disadvantages.
However, surgical interventions currently available to treetlage defects only provide short
term benefits and are not effective enough to restore the normal function of cartilage for the
long term. They also present a high probability of failure due to defect reoccuté6te

[175]i [178]. For example, studies have shown that significant decline of clinical improvement
and increase of faire rate were associated with microfracture after 2 \Jd@&@, [170] Thus,

there is a need for novel strategies to improve on the current treatmerdsr to repair

cartilage defects that could progressively lead to development of OA. Ideally, any new
strategies would need to be a single stage surgical procedure and be easily implemented. The
repair tissue generated should have similar biochemnthbemechanical properties to those

of native cartilage so it can function as articular cartilage. It should also be able to restore long
term normal joint function and improvement on the symptoms. In addition, it requires to be not

patient specific (hnoi s e r eci pi ent 6s own cell s/ tissues),

Since there is no effective treatment clinically available that can provide restoration of normal
cartilage function$160], [176] there hadeen much research conducted to find novel strategies

for cartilage repair. This has led to the development of an appeaithgromising approach
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based on tissue engineering for cartilage regenergit&), [166], [175], [176], [179] The
engineered cartilage is aimed at repairing t
functions of bad bearing and articulation and to relieve pain.

1.9 Tissue engineering

The general principle of tissue engineering involves three key components: cells, scaffolds and
appropriate bioactive factors (i.e. biochemical and physical stimulations) and carmllte use

create new functional tissue for cartilage defects (Figuf&4) [75]. The resulting engeered

tissue is intended to replace the damaged tissue and should ideally have similar biochemical and
biomechanical properties to those of the original healthy native tissue and the capability to
perform normal functions for the long teft®], [75].

CARTILAGE TISSUE
ENGINEERING

CELLS BIOACTIVE SCAFFOLDS
FACTORS

Figure 6: General components ged in cartilage tissue engineering166].

1.9.1 Cells

In tissue engineering, cells must be able to provide a specific ECM for new tissue formation
Multipotent/pluripotent stem cells are often used in tissue engineering because of their ability to
proliferate and differentiate into a variety of cell types including chondrocytes, adipocytes,
osteoblasts and myogenic and neuronal ¢EN8], [178] In addition, pimary cells (e.qg.
chondrocytes) that are already differentiated are also utilised due to their existing desired
phenotypd178]. Both chondrocytes and multipotent stem cells, in particular mesenchymal stem
cells (MSCs), have been the most investigated ssusEchondrogenic cells for engineering
cartilage tissue (see Section 1.94)5], [176], [180] Synoviocytes found within the synovial

fluid havealso shown the ability to differentiate into chondrocyié30], demonstrating its

potential application in cartilage tissue engineering. However, major concerns sueh as de
differentiation (loss of phenotype) during culture expansion, limited sources and donor site
morbidity associated with the use of chondrocytes have restricted their application in cartilage
tissue engineerind.75], [176], [180] More recently, the use#f MSCs has become the focus of

many studies because they are easily accessible from different donor tissue types and their



-25.

chondrogenic differentiation abilify. 75], [176], [180] The most studied MSC for this purpose

is the bone marrowlerived MSC but MSCs can also be isolated from adipose tissue,
perisosteum, synovial membrane, dermis and b]dd6], [178] The cell sources for tissue
engineering can be autgic, allogenic or xenogenic but autologous cells are preferred to
minimise adverse immunological reactions and cross infection. However, using MSCs as a cell
source also presents several limitations such as lomaelbersof MSCs in the bone marrow

or other donor tissue, the necessity of careful characterisation, the presence of several cell
subpopulations, the timeonsuming differentiation procedure and the instability of the
chondrogenic phenotyd75].

1.9.2 Scaffolds

The use of a scaffold is to provide a favourable environment for three dimensional (3D)
maintenance of a desired phenotype and as well as a structyattdopetain the cells and
promote cellular attachment, proliferation and differentiation for new specific matrix deposition
[14], [176] Uliimately, it acts as a template for tissue foriorg guiding the growth of new
tissue[179]. Three dimensional scaffolds such as 3D sponges, nonwoven fibrous constructs,
gradient fibrous constructs and woven structures are common scaffold architectures used in
cartilage tissue engineerifit0]. Scaffolds should also be porous to enable inward migration

of seeded cells or infiltration of native cells from the Htd{. Scaffold parameters (i.e. pore
size, geometry, di stribution, accessibility
physical architecture play a major role in detiging cellular functiong160]. These parameters
also affect the structural meamfical properties of the scaffditlé0]. For example, a scaffold

with high poro#ty would be expected to haveeaker mechanical properties compared to the
same scaffold with a lower porosity. Thus, there needs to be a balance between scaffold
parameters, mechanical properties and cellular functions in order to create a functional
redacement tissupL60]. An ideal scaffold must be biocompatible in order to misgradverse
inflammatory and immunological reactiofist], [176] The scaffold can be designed to
biodegrade, allowing the secreted new ECM to eventually take over the support for-the neo
tissues and the cells and leaving a scaffiadd repair tissugl4], [176]. However, the

degradation rate needs to be carefully controlled as it is desirable for degradation to occur
proportonal to new ECM production and deposition, therefore sufficient ECM must be laid
down to allow support for the néssue and the cells and to be able to transmit external forces
[160]. Furthermore, the scaffold degradation products need to have minimal undesirable effects
such as cytotoxicity, tumorigenicity and nephrotoxi¢ityt]. There are numerous different types
of biomaterials developed as scaffolds for cartilage tissue engineering including synthetic and
natural material§l4], [160], [175], [179] Synthetic polymers such as poly(glycolic acid)

(PGA), poly(lactic acid) (PLA), their copolymer poly(lactio-glycolic acid) (PLGA) and
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poly(caprolactone) (PCLhave been frequently used as scaffold materials due to their FDA
approval in medical applicatiofi$60], [179], [181], [182] PLA and PGA are beersed in the

clinics in applications including sutures, screws and [ii8]. Naturally derived polymers

including collagen, fibrin, agarose, alginate, chitosan and hyaluronan are commonly used in 3D
cultures, in the form of hydrogels and solid scaffolds, for cartilage regeneration and dvawe sh
promising results in supporting the growth of chondrocjté§ [160], [179] Composite

scaffolds comprising of both synthetic and natural biopolymers have also been created to
closely mimic the natural structural properties of cartifdg®]. Most recently, 3D printing
technology has emerged as a new manufacturing technique to allow researchers to bioprint
designedscaffolds with biomaterials and ce]l60], [166] Due toits ability to print with

speed, reproducibility, accuracy and precision, scaffolds with complex shapes and structures can
be created in an efficient and customised approach in an attempt to treat unique defect patterns
[160], [166]

1.9.3 Bioactive factors

Appropriate bioactive factors are essential to promote newudiformation and induce tissue
functionality because cells can sense and respond to many types of stimuli that are then
transduced into biochemical responses and consequently affect cell behaviour such as matrix

synthesis. There are two main types of atinbiochemical and physical.

1.9.3.1 Biochemical stimuli

Biochemical stimuli such as cytokines and growth factors are able to promote and maintain

cellular phenotypes duririg vitro culture of cells and tissues. The ability of biochemical

molecules to stimulateells towards a specific cellular phenotype is dependent on the

concentration us€fd83], the cell type and the state of cells when the biochemical cue is

applied; this includes the cebeeded densifyl 84] and the stiffness of the attached substrate

[185]. For cartilage tissue engineering, growth factors such as transforming growtkbietetor
proteins (e.g. GFb1 an® 37GRnd bone morphogenetic prot
these growth factors are commonly used to induce and maintain chondrogenic differentiation of
adult MSCH176], [178], [179] In addition, the classin vitro culture condition used to

modulate chondogenesis is a combination of TGF , dexsamet hasone and a

serum free mediurfi86].

1.9.3.2 Physical stimuli

Physical stimuli are essential for the development and maintenance abfahtissues as
every tissue is exposed to mechanical foimasvoin some way. Physical stimuli used in tissue
engineering are focused on four types of mechanical forces; tension, compression, shear and/or

hydrostatic pressuff@5]. It is typical that only one type of physical stimulation is used for
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construct(i.e. engineered tissue) development in tissue engineering. The magnitude and
frequency of physical stimuli shoutdosely resemble the physiological parameters to which
native tissue is subject¢ti87]. Application of physiological levels of mechanical stimulation
can be acleived by using a bioreactor in which the physical stimuli can be carefully controlled
along with other environmental parameters (e.g. pH, temperature, nutrient levels and gas
concentration) and subsequently promote functional tissue fornja8pri187]. Thus, a
bioreactor is basically used to support the formation of functional tissue through applying

vivo mechanical conditions.

Mechanical stimulation used in cartilage tissue engineering has included compression, shear and
hydrostatic pressure as these are known to impact upon articular cantiéaigeduring normal

joint activity [75], [140], [188] [191]. Compression is predominantly the type of mechanical
stimulation used in cartilage tissue engineering approaches because the primary function of
cartilage is to withstand compressive loading during normal activities. However, studies have
also attemptetb investigate the potential use of both compression and shear (multi axial
stimulation) for cartilage construct development in order to mimic more closely the complex
conditions associated with mechanical loadimgivo [75], [121], [140], [192], [193]The

cellular response to loading depends on the magnitude, frequency, rate and type of mechanical
stimuli, thesurrounding ECM and the cells attached to E[ZB]. Cells might proliferate then
differentiate and synthesise cartilage matrix if the appropriate type and amount of mechanical
loading is applied. In contrast, cell apoptosis might occur as a result of unfavourable applied
mechanical loadinflL87], [189]

As discussed in Section 1.6.2itlis well known that under conditions of sufficient dynamic
compression, chondrocyte viability, gene expression and biosynthesis of ECM components are
mocdulated in cartilage explanfg5]. Based on this knowledge, numerous studies have used the
application of unconfined dynamic compression with a range of frequencies (0.06tk)o 1
strains (315 %) and stresses (6255 MPa), on various tissue engineering systems, and
differentiated, undifferentiated or -dkfferentiated cells to promote cell proliferation,
differentiation biosynthetic activity and the deposition of a cartilaigs matri75]. Short term
(hours to days) studies have shown that the application of dynamic compression can enhance
ECM biosynthesis in a variety of tissue engineeringesyst including hydrogels and

PLA/PGA scaffoldq75], [189], [194], [195] Leeet al.(2000)[195] applied 15 % dynamic
compressive strain, at 1 Hz to a chondro@garose hydrogel system and showed a 50 %
increase in the GAG content for chondrocytes in the-deag. Buschmanetal. (1995)[189]

found that dynamic compressive loading (3 % strain,-Q.61z over 10 hrs) increased
proteoglycan levels by-85% and potein synthesis by 185 % in agarose systems, depending

on the frequency of loading. In longer term studies, MaicK. (2003)[196] found a 2fold

and a 3fold increase in the PG content and the collagen contenbimdcbcyteagarose



- 28-

hydrogels, respectively, with the application of intermittent compressive lofdir strain, 1
Hz, for 3 continuous cycles of 1 hr on/ 1 hr off, 5 days per week) over a two months period.

The complex mechanical loading applied tocatr cartilage involves fluihduced shear

forces as well as compression under normal physiological condiliehy Waldmanet al.
(2003)[191] developed a custom bioreactor designed to apply dynamic shearing forces to
cartilage constructs, in an attempt to extptloe use of tissue shear strain as the mechanical
stimulation to modulate the constructs developnrenttro. Cartilage constructs contained 40

% and 35 % more collagen and PGs, respectively, than thosesfedleng controls after 4

weeks of intermittetnshear stimulation. Most interestingly, these changes were obtained with a
low shear strain amplitude with only a relative small amount of cycles applied per day (2 %

cyclic shear strain, 1 Hz, 6 min per every second HeB3)].

During mechanical loading, hyobtatic pressure is introduced within the cartilage by the initial
resistance to fluid floyf75]. Bioreactors were developed to explore the potential of application
of hydrosatic pressure on regulating the development of cartilage constructs. These were
designed to apply hydrostatic pressure through pressurising fluid or gas in chgghg490],
[197]. Carver and Heath found that intermittent hydrostatic pressure (3.44 and 6.87 MPa of
compression, 5 secs pressurised/15 secs depressurised, fp@igdnin intervals every 4 hrs

for 5 weeks) applied to chondrocy®&A constructs enhanced the amount of GAGs content and
that a higher level of applied pressure also increased the collagen profil@@p he results
suggested there may be a minimum level of pressure required to stimulate ECM production.
Mizunoet al.(2002)[197] also showed the PGs content in chondrocgtiéagen constructs
increased after subjected them to cyclic hydrostatic preg2.8 MPa, 0.015 Hz for 15 days).

1.9.4 Cartilage TissueEngineering

As stated in Section 1,.8he prevalence of OA is increasing due to the ageing population and an
increase in related factors such as life expectancy and levels of obesity. The curreantiomi
activity to tackle cartilage lesions is through the application of tissue engineering. There have
been increasing efforts focused in the area of cartilage tissue engineering research over the past
few decades. It offers a promising prospects forlegdiregeneration. It allows precise control

in scaffold structures and mechanical properties, scaffold material selection, sources of cells and
biological factors, all of which can be fitened to achieve the biochemical and biomechanical

properties spéfic to native cartilagg160].

There are many studies reporting attempts tprexer cartilage constructs. Most studies focused
solely on investigating the biochemical properties of cartilage constructs developed using
different combinations of the principles of tissue engineddif@], [166], [175], [176], [179],
[198], [199] Although data on the biosynthetic response of cellgtanéinal histological
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appearancef developed tissue are highly important evidences to demonstrate appropriate tissu
production, it is also necessary to demonstrate the functionality of constructs. The functionality
of cartilage constructs is largely influenced by its mechanical properties because the primary
function of articular cartilage is to bear load. Thus, cahpnsive mechanical testing is

required to determine whether engineeretilege constructs can behasienilarly to native

cartilage under mechanical loading. Often, studies claim the production of their tissue
engineered constructs resemble hyalike cartilage[75], [166] The constructs were shown to
have upregulated ECM biosynthesis (notably GAGs and collagen content) and altered gene
expression bthe cells, leading to new ECM deposition and-tissue production. However,
compared to native cartilage, they lacked the appropriate mechanical properties or no
mechanical data was presented to support the claim of hyiédneartilage productiofi’5],

[166].

One of the main techniques used to create tissue engineered cartilage canstituotis to

utilise a cell seededel (hydrogel) culture sysm. In this method, chondrocytes or MSCs are
encapsulate within a gel scaffold composed of biopolymers (e.g. agarose) which can be
subjected to biochemical (e.g. T®&®3 , -FlGFand BMPs) and/ or physic
compression) stimuli to promote cargjlalike matrix production and tissue formatipfb].

Hydrogels have considerable benefits (engnipulablemechanical propertiesnd controllable
degradation rates throughriations in their fabrication) that can provide appropriate structural
matrix support for the encapsulated cells to funcfid@®]. Maucket al. (2003)[196] utilised
chondrocyteseeded agarose hydrogels which were subjected to intermittent deformational
loading(10 % strain at 1 Hz, 3 consecutiveelys of 1 hr on and 1 hr off per day, 5 days per

week) for two months. This particular loading regime resulted in constructs with increased
GAG and collagen contents and a more uniform distribution of collagen type Il. In addition,
constructs achieveda¥on g 6 s maugbroximately 18% kPa and a dynamic modulus of
approximately 1.6 MPHL96]. Lima et al. (2009)[200] also used an agarose hydrogel system,
entrapping bovine chondrocytes. The chondrocytes encapsulated in hydrogels were cudtured in
chemicallydefined medium supplementadgth biochemical stimuliTGFb 3 r thé first two
weeksand physical stimulatioiL0 % unconfined compression initially and tapered to 2 %
peakto-peak deformation by Day 42 at 1 Hz, 3 hrs per day) was then applied either parallel
with or after the period of TGB 3 s u p p | e mdunther2 days The resnlting a

constructs following the discontinuation B@6~b 3howed abundant GAG deposition and a
uniform distribution of collagetypel | . Constructs also obtained
MPa and a dynamic modulus of MPa[200].

More recently, Levatet al (2017)[201] attemptd to load bioprintable hydrogels with articular
cartilagederived progenitocells (ACPCs). A progenitor cell has the ability to drive towards a

specific type of cell lineage (but more specific than a stem cell). ACPCs are isolated from a



-30-

cartilage sourcand are suggested to have a high potential to chondrogenic differerf2aign
Gelatin methacryloyl (geIMA) hydrogels were used to encapsulate and culture ACPCs, MSCs
and chondrocytes and used as tisifor printing. ACPCs and chondrocytes were harvested
from equine metacarpophalangeal cartilage while equine bone marrow was used to source the
MSCs. By combining bioinks of ACPCs and MSCs in gelMA tecatiure the two cell types, a
superior amount anduglity of new cartilage matrix was produced within the bioprinted 3D
cartilage construdh vitro. Histological findings showed it contained zotiké architecture

with defined superficial and deep regions, each with a distinct distribution of celldl&Givi
(collagens and GAGs) components. The results indicated the possibility of using ACPCs as a
complementary cell source in cartilage constructs production. However, this study solely
investigated cell sources for cartilage tissue engineering, in gartibe biological

performance of ACPCs, in relation to MSCs and chondrocytes and did not provide the
mechanical properties of the developed constructs. Nevertheless, the results in the study
demonstrated the potential of usihgPC-laden hydrogels for ctlage regeneration as well as

opened new avenues for the biofabrication of 3D constructs fairo tissue model§201].

Another popular approach in tissue engineering of articular cartilage is sgnibetic

polymeric scaffolds. A study by Waldmahal. (2004) used a combination of chondrocytes

seeded in porous calcium phosphate scaffolds and the application of intermittent compression (5
% strain at 1 Hz, 400 cycles every second day) for 4 weekeate tissue engineered cartilage
constructs. These constructs contained approximately 40 % more collagen and 30 % more PGs
than the unstimulated contr ol s [282h tharethehi ev e d
studycombiningPCL scaffolds with adubhuman MSG (hMSC$ to produce engineered
cartilage constructs. A-400 &RAwasbisainedaepandingon r an g
the applied loading method (static or cyc[2d3].

The cartilageconstructs produced by these methods achieved compressive moduli at the lower
end of the values range for human articular cartijagd], with the highest dynamic modulus
reported being 4.1 MP200]. These constructs may therefore not be able to resist rigorous
compressive and shear forces within the joint. Under physiological loadingionadthe

magnitude of mechanical stresses applied to articular cartilage during light to moderate
activities ranges between 1 and 6 MPa; therefore these constructs would appear to be
insufficiently robust to restore cartilage areas that are subjectéglter levels of stred204],

[205]. However, postmplantation rehabilitation also needs to be considered and failure due to
low modulus might only occuriite r eci pi ent s usual activitie:
implantation of such a construct. Usually, controlled loading such as continuous passive motion
(i.e. application of slow and low load) is gradually reintroduced to the joint after the surgical
operation206]. This gadual rehabilitation regime might promote further tissue formation

situand increase the stiffness of implanted tissue over time. It allows time for integration of the
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repair tissue to the surrounding native tissue. Thus, with the application of lszhgi@dual

loading to the joint, the repair tissue could reach the appropriate moduli values required to
withstand the high stresses imposed on cartilage at the repair site during normal physiological
loading. However, engineered cartilage constructs lgher moduli could reduce this
rehabilitation time and be advantageous in frgn repair but lateral integration of the

construct with the surrounding native cartilage still needs to be act¥€d To date, there

has been little success in creating functional constthatfiave similar biochemical and
mechanical properties those of the surrounding native cartilage for implantation.

A recent method developed by Finlatyal. (2016)[1] used mechanical &mling to engineer

functional constructs vitro for long term cartilage repair. Bovisgnoviocytesvere seeded

onto nonwoven polyethylene terephthalate (PET) scaffolds followed by chondrogenic culture

for 4 weeks, after which cyclic compressive loadivags applied for an hour at 1 Hz, 5 days per
week for a further 84 days as shown in Figure 7. The engineered constructs achieved a cartilage
like histological appearance comparable to native cartilage. High dynamic compressive modulus
values, with a meanfd5.2 MPa, were obtained from the constructs after 84 days of mechanical
stimulation, comparable to the high end values for native cartilage. Thenoidhlus values

obtained from the constructs was attributed to the bioreactor set up used in the etperiie

the nature of the mechanical loading regime applied as the constructs matured. The application
of compressive loading was achieved by using a force controlled bioreactor and silicone rings.
The compressive strain applied to the constructs randecde 13 % and 23 % depending on

the mechanical properties of the immature constructs after 4 weeks in chondrogenic culture.
This range of strains appeared to produce suitable stress within the deposited matrix of each

construct, presumably via mechanosdinctive effects on the residing cells, causing an anabolic

response.

—

CHONDROGENIC COMPRESSIVE LOADING
CULTURE Initial strain 13-23% hacN
4 WEEKS 1Hz, 1 hour per day
IMMATURE 84 DAYS MATURE
CONSTRUCT CONSTRUCT

Figure 7: Schematic of the mechanical loading regime used to create mechanically competen
tissue engineered constructs. Figuradaptedfrom [1].
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Under the conditions determined by the bioreactor set up and the confinement of the constructs
within silicone rings, construct maturation was believed to cause the applied tissueadtres

to change during different stages in construct development as shown in Figure 8. In the early
stage of construct development (Day 0 and Day 28), the vast majority of the applied load would
be taken up by the silicone ring surrounding each cortdtut some load would be applied to

the cells within the construct causing them to experience a physiologically relevant level of
stress that induces an anabolic response. Cells would react to this by upregulating the
production and secretion of cartlabeée ke ECM i n an attempt to Are
construct continued to mature with increased elaboration of carlilklegeCM, this would

cause an increase in both thickness and compressive stiffness (between Day 28 and Day 56).
The accumuladn of new ECM would distribute the load away from the cells, thereby reducing
cellular stress. However, when the construct matures in this way, under the conditions of the
bioreactor set up, a greater proportion of the 5 N load applied by the biordangerpvould

be taken by the construct as well as increasing the strain applied. Thus, as the stiffness and
thickness of the construct increase, the stf@sg straiphapplied would also increase and

remain at a level that promotes further lafistributing matrix deposition (Day 56). This

would continue until the majority of the load is taken by the construct and not the silicone ring
(at Day 84). At this point, the effect of mechanical loading on the construct would have reached
a plateau and would maingerve to maintain tissue composition, aldrihe homeostasis of
native articular cartil agea.dabkpitnlngy mmegdtama sir
causes the external stimulation (the applied stress and strain) to increase as the engineered
catilage become more robust, thereby subjecting the residing cells with consistent stimulation
throughout culture to further deposit matrix in maturing the constflictslowever, the time

period taken to produce such constructs was approximately three to four months which limits its
suitability for translation to thelinic. In order to bring this method one step closer to clinical
translation, reducing the culture period will increase the feasibility that it will be economically

viable (as well as reducing the risk that something might go wrong during culture).
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DAY 0 (AFTER 4 WEEKS IN CHONDROGENIC CULTURE)

1  Construct composed of cells aloadv amount of
- e s -~ cartilagelike matrix

1  Low stiffness; the vast majority of load is taken by
the silicone ring

DAY 28

1 Increase in cellularity, cartilagée matrix and
~- e == compressive moduli

1 Compaction of the construct

DAY 56

- 1  Substantial increase in cartilagike matrix,
-~ compressive moduli and thickness

1  Reduction of load and consequent strain applied to
silicone ring; increased stress applied to the construc

- = 1  No significant increase in compressive moduli and

DAY 84

thickness

1  Construct takes entire load and silicone ring no
longer influences the mechanical loading regime

Figure 8: Finlay's hypothesised mechanism explaining the stages in the development of
cartilage-like constructs with the application of compressive loading. Adaptedrom [1].

The black ddedline represents the estimated level of strain appti¢de construct and silicone
ring at each development stage.

1.10 Thesis Aims and Objectives

The ultimate goal of the work in this thesiasmo bring the method developed by Firdal.
(2016)[1] to engineer functional cartilage constructs one step closer to clirdoalation, by
accelerating construct development. Reducing the culture period would increase the feasibility
of the method to become economically viable. By attempting to provide new insight into the
mechanisths) under pi nn demeippmettreew, essamt@ltinfoumationdfar

promoting matrix synthesis and deposition in future constructs might be derived. Such
information could improve efficiency of construct growth with consequential benefits for

increased potential for clinical translation antimately, patient benefit.

1.10.10verall Aim

The overall (long term) aim of this study was to improve the efficiency of construct maturation
and accelerate the production of mechanically competent cartilage constructs by generating new

insights in to theellular response to applied load.

The effect of cellular deformation within constructs at different stages in their development, in
particular the relationship between applied tissue strain and cellular strain, could provide insight
on how best to modifthe loading regime at different time points to accelerate tissue formation.

In cartilage tissue engineering, it is important that an appropriate level of mechanical stress is
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received by the cells to favour for the promotion of a chondrddygephenotye and induction

of deposition of an appropriate matrix for tissue maturg208]. An appropriate cellular

response to mechanical signals is also essential for the developnrewitiaf mechanically

functional engineered cartilage tis§2@9]. Thus, a sufficient amount of cell deformation is

required to stimulate cells to produce ECM for tissue maturation. It is hypothesised that

different magnitudes of applied compression are required for immature and mature constructs to
maintan sufficient amount of cell deformation to induce ECM production (Figure 9). For a

more mature construct, a greater load might be required to sustain the level of cell stimulation to
promote further ECM production and depaosition compared to an immatsgwat with

reduced amount and quality of ECM.

) L

MATRIX —

CELL

IMMATURE MATURE
CONSTRUCT CONSTRUCT

Figure 9: Schematic of immature and mature constructs after application of ditrent
magnitudes of compressive load in order to maintain sufficient amount of cell deformation to
stimulate ECM production. A greater applied load would be required for a more mature
construct (with different matrix composition compared to immature constiuct) in order to
sustain cell stimulation for further ECM deposition.

Finlay et al. (2016)[1] proposed a underlying mechanism operating by which theatome

constructs are transformed into cartidlgé ke const-adapsi agdamésclkeahi s
Section 1.9.4). However, the precisemecni s m( s) b e h idevelopmentein c onst r
particular at a cellular level has not been investigated. ltilgafest to determine the

mechanical stress experienced by the cells within constructs developed at different time points.

The specific aim of this thesis was therefore tmigtcell deformation behaviour in native

cartilage and tissue engineered congtrdeveloped at different time points under incremental
compression in an attempt to explore Finlayé
like constructg1] and toaddress the relationship between applied tissue strain and cellular

strain. To achieve this, a methodology for visualising, tracking, imaging and quantifying cell
morphological changes within native and tissudregyed cartilage constructs whilst applying

tissue compression needed to be developed.
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1.10.20bjectives

To determine the effects of compressive strainsedideformation behaviour in native
cartilage and tissue engineered constrantstoaddress the relaship between the applied
tissue strain and cellular strain, the following objectives needed to be achieved:

1 Development of a novel device for the application of accurately measured compressive
load to native and tissue engineered cartilage construdtsimiultaneous live cell
imaging (Chapter 2).

1 Development of a live cell staining and imaging method for visualisation of cell
morphology and morphometric quantification in native and tissue engineered cartilage
constructs (Chapter 3).

1 Use of the novel copression device and staining and imaging methodologies (Chapter
2 and Chapter 3) to study cell deformation in native cartilage disks under application of
incremental compressive strains in real time (Chapter 4).

1 Development of cartilage constructs usihg method developed by Finlayal. (2016)

[1] and use of the novel compression device and staining and imaging methodology
(Chapter2 and Chapter 3) to study cell deformation in constructs developed at different
time points under application ofcremental compressive strains in real tii@bapter

5).
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Chapter 2 - Development of A Compression Device for the Application

of Tissue Strain

This clapter describes the development of a novel compression device capable of applying
tissue strains to native and tissue engineered cartilage and simultaneously allow real time
visualisation of the changes in cell morphology. To determine the effects ofémted

compressive strains on cell deformation behaviour in native cartilage disks (Chapter 4) and
tissue engineered cartilage constructs (Clead), the device was capatdedeliveiing

compressive strains in accordance with the range of strains thathygothesised in Finlay et

al. (2016)[1] used to engineer cartilage constructs and the physiological levels of applied
native cartlage strain in situ@ %- 30 % strain to permit direct measurement of cell

dimension in situ via confocal microscopy. The device was successfully optimised and used in

further investigations as described in Chapter 4 and Chapter 5.

2.1 Introduction

To stuly cell deformation behaviour and its relationship to applied compressive strain in native
cartilage disks (Chapter 4) and tissue engineered cartilage constructs (Chapter 5), a compression
device was required for tissue strain application. In this chapgemain aim was to develop a

device capable of applying a range of precise tissue strain magnitudes and allow visualisation of

cell deformation in real time.

Many types of compression devices had been developed and used in previous studies to assess
themechanical behaviour of chondrocytes under static tissue compression in cartilage explants
[21], [51], [87], [133] [138], [210] intact cartilagg85], [145] and isolated chondrocytes

cultured in agarose gf38], [142]i [144]. These compression devices were custiasigned

and built specifically for each study to answer their research questions. In fixed cartilage
explants studies, Clait al. (2003)[138] and Choiet al. (2007)[137] compressed cartilage

explants at a range of static load of physiological magnitudes using a cylindrical, flat ended
indentor and polysulfone platens, respectively. Congmasartilage were then fixed prior to

the examination of cell deformation via confocal microscopy and histological observation,
respectively. Thus, the compression devices used in these studies were only designed for tissue
compression load applicatiom tontrast, studies investigated the deformation behaviour of
chondrocytes in nefixed native articular cartilage and isolated chondrocytes seeded in agarose
gel required an apparatus that was able to simultaneously apply tissue compression and allow
realtime visualisation of the changes in chondrocyte morphdedly [87], [88], [110], [133i

[135], [137], [142] [144]. These compressi@pparatuses only accommodated samples that

were prepared to seraylindrical/strip shapes. However, tissue preparation by



-37-
cutting/sectioning the cartilage tissue after harvesting would compromise the tissue integrity and
alter the material properties ofetleartilage which consequently would affect the mechanical
environment around the chondrocytes. In addition, fixed tissue may not reflect on the
instantaneous properties of chondrocytes within the cartilage tissue. Thus, fixed and cut tissue
approaches weravoided in this thesis. Due to the specificity in the designs of compression
device used in previous studies, a novel device was therefore required to be developed
specifically for norfixed and norcut samples (i.e. native cartilage disks and tissumeaged
cartilage constructs) in this thesis, to allow compregssgee strain application and

simultaneous live cell imaging) order toexamine cell deformation behaviour under different
magnitudes of compressive tissue straiftee different apparases used in the previous studies
illustrated a variety of design characteristics tiegdedo be carefully considered for the

development ofthe compression device in this study.

Application of dynamicompressiomould be the ideal for use in a dexito be developed in

this thesis for studying cell deformation behaviour in tissue engineered cartilage constructs
(Chapter5)j n an attempt to better understand Finl
cartilagelike constructsand to address thelationship between the applied tissue strain and

cellular strain. As mentioned in Section 1.%#hlayet al.(2016)[1] used a fore controlled

bioreactor for cyclic compressive loading application to engineer cartilage constructs. The
bioreactor was developed to simulate, as closely as possible, the physiological demands upon
cartilage. Compressive loading was applied to the constrantinually by the bioreactor for an

hour at 1 Hz, 5 days per week during constdestelopmentvhich in itself mimics the

physiological situation $¢ee Section 5.2.2 for full methodology). However, experimentally, it is
difficult to record and quarfii the threedimensional (3D) changes to cell morphology in cyclic
loadingconditionsdue to the practical difficulties of loading in a controlled, physiological,

dynamic manner and simultaneously capturing 3D morphological changes. To date, not many
studes have investigated cell deformation behaviour in native or tissue engineered cartilage
under dynamic |l oading. I n addition, to the a
determine 3D measurements of cells within native and tissue enginedilegeamder cyclic

loading. There have only beansilico studies thasimulatethe mechanical response of

chondrocytes to cyclic compression loading using finite element modgiiigand a study

that measured the 2D deformation of isolated chondrocytes in agarose gel during both static and

cyclic compressive loading41].

In theprevious studiesf assessing cell deformation behaviour under static uniaxial
compression in native cdege explants or when seeded in agarose gel, chondrocytes were
subjected to either confingdi33], [134], [136]or unconfined51], [87], [135], [143], [210pbut
unconfined loading haypically been usefB7], [128]. In a device that utilised confined
compression, a cartilage sample was often placed in a rigid chambtiet radial confinement

was achieve(il33], [134], [136] Ideally, the dimension of the cartilage should be equal to the
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internal dimension of thehamber to avoid any friction occurring at the interface. A porous

platen would then be used to compress the cartilage so that exudation of interstitial fluid could
occur in one directiofiL33], [134], [136] Measurements under such loading can be difficult to
achieve for native cartilage and especially for tissue engineered constructs due to their
unpredictable growth (in all dimensions). This can be@awae by cutting both native and

tissue engineered cartilage to size but this would affect the tissue mechanical integrity as
previously mentioned in this section which would consequently change the local mechanical
environment around the cells. In uncowfil compression devisgwo impermeable platens

would often be used to compress the cartifad¢ [87], [135], [143], [210] Cartilage sampge

would be allowed to deform radially in its cressction, leading tuid exudation from the
circumference. Unconfined measurements would not be affected bysexsm irregularity, as

it does with confined measurements and therefore it could be argued that this loading figuration
is better suited to variable tissuggereered constructs. In addition, unconfined compression
configuration would better replicate the loading scenario in the bioreactor used indtialay
(2016)[1] for compressive loading applicationdngineer cartilage construgtsee Section

5.2.2 for full methodology). During compressive loading, each construct was confined within a
silicone ring that would be significantly §&r than the constructs themselves. The compressive
force generated in the bioreactor was applied to the constructs via impermeable loading platens
and fluid flow would occur radially inside the constructs during compressive loading, similar to
that obsered in unconfined compression configuration. Thus, in this thesis, unconfined uniaxial

static compression was selected as the loading method for the device.

The aim of the work in this chapter was to design and build a novel device for compressive
tissuestrain application and allogimultaneousive cell imaging in order to examine cell
deformation behaviour withinative and tissue engineered cartilafjee ability to apply
accurate strain values to cartilage tissue/construct disks was a vitally inhglasagn aspect of
the deviceln order to have good control on the applied strain, a micrometer Méatb(o,
Japan, 14&01), with a low graduation of 10 um step and an accuracy®fint was used for
compressive tissue strain application. It wis® &ssential to consider the loading configuration

with respect to the axis of tleptical path microscope.
The aim of this study was approached via the following objectives:

To outline the design specification for the compression device.

To compare twa@ompression device designs based on loading configuration
perpendicular and parallel to the axis of the light path, respectively, to determine which
best suited to the design specification (both designs used a micrometer for compressive
tissue strain appation).

1 To manufacture the final version of compression device



-39-
1 To validate the chosen compression device design; to determine the ability of coverslip
to withstand a 5 N load, the extent of coverslip flexion under applied load and the

micrometer accuradipr compressive tissue strains application.

2.2 Device design specification

Confocal microscopy was the imaging mode of choice in this thesis for visualisation of cellular
deformation in native and tissue engineered cartilage constructs under compoadsige

because of its ability to produce a 3D view of living cells within a glissuéconstruct sample

with minimal destruction (more detail in Section 3.1.1). Quantitative cell morphology
measurements could be recorded using an image ansdfisigrebased on the 3D

reconstruction of cells captured from the confocal image. The methodology used to visualise
and quantify the cell deformation behaviour in native cartilage disks and tissue engineered

cartilage constructs under compressive loading willéseribed in Chapter 3.

The aim of this chapter was to develop éodd a compression device for the application of
compressive tissue strain to assess the effects of incremental compressive strains on cell
deformation in native cartilage diskSHapter4) and tissue engineered cartilage constructs
developed at different time points (with and without loading in the bioreg€bgpter 5)

Thus, the device was designed to allow confocal visualisation of the morphology of the
respective embedded cells witmative and tissue engineered cartilage whilst applying selected
compressive strain accurately to the tissue or construct. To determine the effects of incremental
compressive tissue strains on chondrocyte deformation behaviour in native cartilage disks,
incremental static compressive tissue strain values of 10 % and 15 % were used in Chapter 4 to
correspond to physiological range of native cartilage stiaimi/o of betweerD % and 30 %

[20], [35], [36]. In Finlayet al.(2016)[1], it was hypothesised that the loading regime was
continually selfadjusting as the constructs developed i.e. the applied stress and strain increased
wit h changes in constructsdéd stiffness and thi
here therefore needed to be able to apply a range of compr&sainsin accordance with the

range of strains that were hypothesised in Fielagl. (2016)[1] and the physiological levels of
applied native cartilage straiim situin order to study the cell deformation behaviour in native

cartilage disks as well as in constructs developed at differenptimes

For the device to achieve its purpose, a number of design requirements needed to be met. The

device was required:

1 To apply a range of compressive strain magnitudes in acamraeith the range of
strains that were hypothesised in Findal. (2016)[1] and applied to native cartilage
in situ.

To keep cls and tissue viable for the durationexperiments

To mountonto the stage of a confocal microscope system.
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1 To accommodate native and tissue engineered cartilage disks with dimensions of
approximately 5 mm in diameter ane2Imm in thickness.
1 Toallow confocal visualisation of the respective embedded cells at different regions of
native and tissue engineered cartilage with good optical resolution.
To be easily cleaned amoaintained
To have sound optical qualities and material propertiesi{mgompatibility and
stiffness).

1 To tolerate applied compression.

2.3 Compression Device Designs

2.3.1 Loading configurations

In previous confocal microscopy studies in determining chondrocyte deformation-fixedn
native cartilage explanfg1], [51], [87], [133] [136], [210] intact cartilag¢85], [145] or in
isolated chondrocytes in agarose [§8]], [142]i [144] under static compression, the
compression devices followed either loading configurations perpendicular or pardikeletis
of the light path depending on the experimentaugefe.g. different confocal microscope

systems, sample shapes and region of interest used).

In this thesis, fixed and cut tissue approaches were avoided and thereféiseedatisk shaped
sample (i.e. native cartilage disks and tissue engineered cartilage constructs) were used. The
two loading configurations considered for the device to accommodate disk shaped samples in
this thesis are shown in Figure 10. The first loading configuration appiegression
perpendicular to the axis of the microscopeb
fluorescently labelled cells in this test configuration, this would enable visualisation of cells
throughout the full depth of the sample. For example, iniaenaartilage explant, this would
theoretically enable visualisation of chondrocytes in different zones within the tissue. However,
the downside of this sefp would be that only cells located at the circumferential edge could be
observed as the imagingatb is limited by the laser penetration of the confocal microscope. In
order to capture cell deformation changes under compression, high resolution images of cells
arerequiredand therefore a high magnification objective lens must be used. High matiifica
lenses usually have short working distances. This is not a problem if an inverted confocal
microscope was to be used with thisget However, if an upright confocal microscope was

used, the short working distance and the small gap between the sawhpte lens could

potentially cause difficulty when manoeuvring the microscope stalpeate cells formaging

The alternative loading configuration applied loading parallel to the optical path of the
microscope (Figure 10B). By adopting this teshfiguration, visualisation of cell deformation
on both sample surfaces would be facilitated. In a cartilage explant, it would be possible to

visualise chondrocytes in the superficial and deep zones but visualisation of the middle zone
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would be limited bythe laser penetration of the confocal microscope. In thissdhere is
scope forgreater manoeuvrability of the microscope stage, allowing observation of cell
deformation at theuteredge and central regions of the sample surfaces. Based on thesg loadin
configurations, a design was initiallyoposedor each configuration.

A B

Objective

' Compression

Cartilage tissue/construct
Outer edge  Central region

.
Cartilage

' tissue/construct ‘

Compression

Objective

Figure 10: Diagram showing the twopotential loading configurations for the compression device
application of compressionon a cartilage tissue/construct disk(A) perpendicular and (B) parallel
to the axis of the light path of the confocal microscope.

2.3.2 Compression Device Dagn Based on Loading Configuration
Perpendicular to the Axis of the Light Path

The design of a device incorporating the loading configuration perpendioules axis of the
optical path is shown in Figure 11. It was important to be able to assemble/disassemble the
individual components to make it easier to clean and maintaitethiee(Section 2.3. This

device was created for use with an upright coafanicroscope (Leica TCSP2, Leica
Microsystems, Milton Keynes, UK). The overall device dimensions @@ré x 29 x 16 mm,
allowing for fit onto the confocal stage. In addition, this device can accommodate native and
tissue engineered cartilage diskshwdimensions of approximately 5 mm in diameter ard 1

mm in thickness.

The device comprises of a chamber in whinieeadditional walls are placed inside; the front

and back wall are fixed in place and the middle wall is able to slide along insef hedsample

holder is positioned into a slot located in the front wall where a cartilage tissue/codsstkuist
oriented with the sample surface parallel to the face of the sample holder, while the compression
platen slots into the middle wall. The camagsion platen aligns with the sample holder and the

uniaxial compression would be applied parallel to the sample surface usingoaneter The
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micrometer asserts load directly onto the middle wall, which in turn moves the compression
platen towards theample to apply the desired strain. Alltbé components described above are
assembled and placed inside a flaidimber which can be filled with Live Cell Imaging
Solution (described in Chapter 3) to maintain cell viability during imaging. For vistiatisat
cellular deformation ircartilage tissue/construsamples, the chamber height would be
sufficient for a water immersioobjectiveto descend into the culture medium close to the
circumferential edge of the sample.

Sample holder

Compression platen

Figure 11. Schematic of compression device design based on perpendicular loading configuratio
to the axis of the light path for use ira upright confocal microscope. The design features include
chamber, front, middle and back walls, a sample holder, a compression platen, rods and a M3
screw/micrometer. The compression device is presented in 3D and top views.

2.3.3 Compression Device DesigBasel on Loading Configuration Parallel
to the Axis of the Light Path

The design of a device that accommodates the application of strain parallel to the plane of the
microscope light path is shown in Figure 12. This device can accommodate native and tissue
engineered cartilage disks with dimensions of approximately 5 mm in diameterZamuhiLin
thickness. This device was created for use with an inverted confocal microscope system (Nikon
A1R, Nikon Instruments Inc, Surrey, UKJhe dimensions of the devicd@ks it to mount

upon the stage of the confocal microscope system, enabling visualisati&spettive

fluorescently labelled cells withimative and tissue engineered cartilagbjected to static
compressionThe requirement of assembling individuahgmonents (for ease of cleaning) to

form the device was also incorporated in this design.

The device consists of a well with an opening at the bottom, a coverslip, a platen, a magnetic
disk, a brace, metal screws and a micrometer (Figure 12B). To setdgwvibe, a coverslip is

sealed to the open bottom of the well using silicone grease to provide fluid confinement within
the well. A sample (i.e. native cartilage disks/tissue engineered cartilage constructs) would then

be placed on top of the coverslipside the well (with the imaging surface faces down towards
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the coverslip). The coverslip allows penetration of the laser from the confocal microscope
through to the sample and reflect back to build up an image of the cells. The well would be
filled with Live Cell Imaging Solution (described in Chapter 3) to maintain cell viability. A
platen with an magie disk attached on top of ithat fitted and slid freely in thehannelsat
either side of the well is position@ah top of the sample. The brace is then secured to the well
by two metal screws withhe micrometer fixed onto the brace by a small screw. A compressive
displacement is achieved using a micrometer, which is applied in a direction parallel to the axis
of the microscope light path. The micrometer connects with the platen via the magnetic disk in
which load is asserted onto the platetich in turn applied the desired strain ontottbsue

A B

Insert for micrometer

Channel

MICROMETER

laten

SCREW ——— BRACE

MAGNETIC DISK

Insert for screws WELL ———

PLATEN

CHANNEL ———— .
t t CARTILAGE
W ” COVERSLIP —_— TISSUE/CONSTRUCT
- e

| OPENING

Figure 12 (A) Schematic of the compression device design based agrpendicular loading
configurations to the axis of thelight path without the micrometer in a 3D view and (B) a sketch of
the components (a well with an opening at the bottom, a covéigs a platen, a magnetic disk, a brace
metal screws and a micrometer) which assemble to form the device in a side view. The compressi
device can be used to apply compressive tissue strains on native cartilage and tissue engineered
cartilage construct dsks.

2.3.4 Final Design of Compression DevicBased on Loading Configuraton
Parallel to the Axis of the Light Path

Both proposed designs descrilimsed on different loading saps (described in Section 2.3.2
and Section 2.3.3) have their advantages and disadvantages. Ultimately, the configuration of
parallel loadinga the confocal optical path (Figure 10B) was selected as being more suitable
for applying compressive load whilst visualising cells under confocal microscopy in this thesis

than the perpendicular loading configuration (Figure 10A).

Loading perpendicularlio the light path enables visualisation of cells through the full depth of
both cartilage tissue/construct disks as illustrated in Figure 10A. However, the biggest downside
of this setup is that confocal imaging is restricted to the circumferential edtye due to the

limited penetration depth of the laser. In unconfined compression, inhomogeneous strain fields
occur near the edges of the tissues and thus it is better to avoid such[#&ji¢ris addition,

the need to harvest the cartilage samples in the first place by drilling would have compromised
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the cutting edge (i.e. the circumferential edge) (see Section @&).chondrocyteare likely

to be preserat the cuperipherydue to the increased temperature created from the drilling and
the mechanical integrity would have been affected which consequently affect the mechanical
environment around theellsin that region. It would be less than idealrage a potentially
damaged region. Another shortcoming of thisigets the difficulty in locating cells from a

small region (basically the thickness of the sample) for cell imaging. As well as the small gap,
the short working distance on high magration lenses contributes to this problem if an upright
confocal system is used because it would be challenging to manoeuvre the microscope stage

above such a small region.

One big advantage of using the proposedipeadf parallel loading to the opticahih for strain
application is that it can visualise living cells from tiemtral regioror outer edges on both

cartilage tissue/construct disk surfaces (Figure 1B). However, the strain field alasptizd

axis of the sample would be more homogenthamn at theedges and therefoitis better to

avoid the edgef 37]. For native cartilage disks, the articulating surface/superficial zone is the
sample area thad the least likely to be damaged following the harvesting process compared to
the opposite surface where the deep zone is located. Living cells would therefore be expected to
be found on the articulating surface. In addition, the cartilage tissue/adrditki surface

provides a larger area so that there is a greater potential regions to image and easier for the
microscope stag® manoeuvreuring imaging. The only downside of this-sgt is the limited

visualisation of cells within theoreof a diskdue to lack of penetration of the laser.

After consideration of the advantages and disadvantages of both designs, application of
compressive loading parallel to the optical path was selected to be used in the device (described
in Section 2.3.3).

2.3.5 Compression Device Fabrication

Manufacturing and assembling individual components to form the device was utilised to
facilitate maintenance and to be able to comprehensively clean the device. Additive and
traditional manufacturing methods were originally irtigegted as fabrication methods for the
device. 3Dprintingwas an attractive choice because it is a relatively inexpensive process with
costs significantly lower than other manufacturing methods for the productpmotofypesor
oneoff functional pars. Another attractive feature of 3D printing is the speed at which objects
can be produced compared to traditional manufacturing methods. Designs can be uploaded from
a CAD model and printed in a few hours. This allows rapid development, testing and
verification of different design ideas with prototypes. In addition, the design can be easily
altered by adjusting the digital print and therefore changes can be made easily and quickly
before the design is finalised. This technology has good utility for thtiption of custom,

oneoff parts that would normally need more than one manufacturing processes to make. The
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ability to build a part (with complex geometries) in one step makes this method mere cost
effective and efficient.

Although additive manufacturing an attractive method to use for manufacturing the device,

the degree of precision required for the device components was not achieved from the 3D
printers used in attempt to manufacture the device, therefore additive manufacturing was used
only for thepurpose of prototypes and assessing the design. Prototypes were produced to verify
the design, form and fit of the devidditimaker 2, the 3D printer, andcrylonitrile butadiene
styreng(ABS), the material, were used in the manufacture of the protetlyg&os Ltd (Leeds,

UK) prior to the fabrication of the compressive device.

Once the design was finalisetietdevice was manufactured by Kirkstall Precision (Leeds, UK)
using traditionamachining Delrir® acetal homopolymer (Polyoxymethyle{®uPont USA)

was selected as the material of choice to fabricate the device because it offers high compressive
strength andtiffnessso it can withstand the compressive forces imposed by the micrometer and
will not deform[212]. It is also easily machineable so complex components could be
manufactured. Choosing a medical gr&agrin® avoids any issues regardibgpcompatbility .

Due to all component parts of the device being in close proximity to the microscope optical path
where the laser scans the tissmattblack Delrin® was chosen as it could minimise back

scattered light and background fluorescence and therafpreve the quality of confocal

images acquired.
2.4 Validation of Compression Device Final design

2.4.1 Introduction

Compression device design based on loading configuration parallel to the axis of thatlight

as described in Section323, was selected as tfeal version of the device. This then needed to

be validated prior to use in later experiments. This device was created for use on the Nikon A1R
inverted confocal microscope. Within the device, a 12 mm opening situatedattih@of the

well (Figurel3) was designed to accommodate different objective lenses for microscopic
visualisation (see Section 3.4.5) and allow enough space to avoid high magnification lenses (i.e.
40x and 100x oil immersion objectives described in Section 3.4.5) hitting thengeelgjesof

the well when manoeuvring the microscope stage. As compressive load is applied parallel to the
optical path, the coverslip that is sealed to the bottom of the well where the opening is located
could be potentially subjected to a high amourfbofe (Figure 13)For this seup to work, the

coverslipwould be required to sustain the applied load and not shatter.

Commercially available coverslips come in a variety of thicknesses, typically range between 0.9
and 0.25 mm (e.g., Scientific Labtoay Supplies, Fisher Scientific and Boli Optics) and to

accommodate their use with different objective lenses. Using an inappropriate coverslip
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thickness can cause image degradation due to optical aberfafi@hdn order to achieve the

best image qualitybfightest, crispest, high resolution), a coverslip of the correct thickness is
required, especially with higher magnification lenses. Most modern objectives are designed to
be used with a 0.17 mthick coverslip[213]. With that in mind, the coverslip used het

device was also required to be strong enough to withstand the applied load as previously stated.

In addition to the coverslip itself, there needed to be sufficient support for the coverslip on top
of the opening. Due to the exact measurement reqtaretbunt the device securely onto the
microscope stage, any changes to the external diameter of the (ffégice 13)were restricted.
With a 12 mm opening situated at the bottom of the device, the internal diameter of the device
was required to be larger than thesnjmg itself in order to provide an inner ledge within the

well to provide support for the coverslip as shown in FigugeThus, the proposed inner
diameter of the device was 18 mm. Experimentation was therefore undertaken to validate
whether an 18 mm iarnal diameter of the device provided sufficient support for the coverslip
that is sealed on top of a 12 mm opening. The experimertapgaimicked the load

application that was planned to be delivered in the device during later investigations. The
amount of load applied to the tissue/construct disks would be dependent on the strains to be
identified in this thesis but a maximum load of 5 N, the same load applied in the bioreactor
during the development of constructs, would be expected to be endutezldyverslip. Static

load would be expected to be applied for a maximum duration of approximatetysdduring
confocal imaging. Prior to the fabrication of the device, coverslips with different thicknesses
(0.14 £ 0.01 mm and 0.17 + 0.01 mm) were thaneetested under 5 N of load for a duration of
comparable length to determine the ability of coverslips to withstand applied load and if an 18

mm internal diameter of the device provided sufficient support. The coverslip capable of

COMPRESIVE
LOAD

MICROMETER

INTERNAL DIAMETER

CARTILAGE 1 5 COVERSLIP
TISSUE/CONSTRUCT _ INNER LEGDE

| OPENING
EXTERNAL DIAMETER
Figure 13: A sketch ofthe compression device which shows the inner ledgequired to provide
support for the coverslip that is sealed on top afin opening at the bottom of the device to withstan
the load applied parallel to the coverslip surface.
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consistently withstandmthe maximum applied load of 5 N for over 4 hrs would then be
suitable to use in the chosen device design.

Direct application of compressive load onto the coverslip would cause it to bend as shown in
Figure 14. This flexion would need to be taken intosideration when applying accurate tissue
strain values in later experimentations. The amount of coverslip flexion caused by applied load
was therefore investigated once the device was manufactioradcomplish this, coverslips of
differentthicknesse$0.14 + 0.01 mm and 0.17 £ 0.01 mm) were loaded in the device up to 700
g (=7 N) and the displacement values were recorded. A higher load than 5 N was chosen
because it shows the glass flexion behaviour beyond the maximum applied load of 5 N that will

be wsed in lateexperimentations

APPLIED LOAD

COVERSLIP

Figure 14: A sketch of the compression device showirthat when load is directly applied onto the
coverslip, it would cause knding to the coverslip.

Accurate application of compressive tissue strain was vital to the success of the planned
investigations and a micrometer was selected for this purpose as part of the device design.
Before the device was used for experinagions, the accuracy of the micrometer was validated
against a Bose ElectroFord200mechanical testing machine (TA Instruments Inc, New Castle,
USA) because this machine is well suitedléav force/displacement testin@nce the

compression device wasanufactured, the thickness of an acrylic disk (with similar dimensions

to the cartilage tissue/construct disks to be used in the investigations) was recorded using the
compression device and a Bose ElectroF8&&0mechanical testing machine and congabio
determine the accuracy and precision of the micrometer. Acrylic was chosen because of its high
compressive modulus relative to the load being apfiigd] and therefore it was assumed that

the acrylic disk would not deform in the experimentaliget. Native artilage disks were also
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tested to investigate the accuracy of the delvemuse they are representative of future samples
(Chepter 4) and cartilage disks are more likely to deform under small loads compared to the
more resistant acrylic disk.

Thus, for the device to succeed, several investigations were carried out to characterise its
performance. These included:

Application of 5N static load to coverslips of different thicknesses
Coverslip flexionunder applied load

Validation of micrometer accuracy
2.4.2 Experimental Methodologies

2.4.2.1 Application of 5 N Static Load to Coverslips of Different Thicknesses

Prior to the manufacture of tldevice, coverslips with differethicknessesvere tested with

support around them (described previously, see Section 2.4.1) to determine their ability to
withstand 5 N of load over periods of time commensurate with the expected experimental
duration. Eghteen mrdiameter coverslips with thicknesses of 0.14 + 0.01 mm and 0.17 £ 0.01
mm were used in this investigation and three coverslips from each thickness group were tested.
The experimental setp to study the ability of coverslips to withstand a 5 Nligd load is

shown in Figure 15. Two acrylgastic blocksvere set apart to a distance of 12 mm with a
coverslipplaced on top to replicate the opening at the bottom of the device. An acrylic disk,
approximately 5 mm in diameter and 1.8 mm in heighmi{ar dimensions to the

tissue/constructs samples to be investigated later), was placed on top. A prototype of the device
was manufactured as described previously (Section 2.3.5) in which the platen was used in this
investigation. This was placed on topthe acrylic disk along with a weight of 510 g (5 N),
overnight The coverslips were then checked for any signs of damage, cracks and permanent

deformation.
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Figure 15: Experimental set up for investigating coverslip ability to withstand 5 N applied
load for protrac ted periods of time (A) support plastic blocks, (B) coverslip, (C) the platen
of the prototype device, (D), 5 N of applied load.

2.4.2.2 Coverslip Flexion under Applied Load

The amount of coverslip flexion caused by agplioad was determined on 18 raiameter
coverslips with thicknesses of 0.14 + 0.01 mm and 0.17 = 0.01 mm (n=3 per thickness group)
once the device was manufactured. Coverslips were randomly selected and tested as described
in the below protocol in ordeotcompare the flexion behaviour between the two thickness
groups. The compressialevicewas fabricated as described previously (Section 2.3.5) in which
the well and the platen were used in this investigation. First, a coverslip was sealed to the
openinglocated at the bottom of the device using silicone grease. An acryli(daséribed

Section in 2.4.2.1) was placed in the centre of the well to use as a sample to tessthe glas
flexion under load. The acrylic disk was used because it would not defoder the selected

load (700 g, ~ 7 N) due to its high compresstrength214]. The platen was then placed

directly on top of the acrig disk. Compressive load was applied using a Bose ElectroForce
3200 mechanical testing machine and the testing rig was set up as stoguréi6. A 10 N

load transducer was fixed on the base of the rig frame to which a wide platen was attached. A
smaler cylinder shaped platen was attached to the test rig actuator with two screws. The
prepared compression device was placed at the centre in between the two platens. Under the
control of the Bose Wintest software, the top platen was lowered to the @sioprdevice at a

rate of 0.2 mm/ s until a tare | oad of 0. 02
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position. At the 6zero displacementd positio
intervals of 50 g (10 secs hold at each interval) aadlifplacement values were recorded at

each 50 gnterval

After identifying which coverslip thickness is suitable for use in the device, coverslips from the
selected thickness group were tested in the samgdait they were subjected to loads
betweerD.02 g and 700 g at a rate of 50 g/s, whilst recording displacement (at a rate of 200 Hz).
Displacement/load profiles were obtained for six coverslips and a standard curueatad

(Figure 18).

Figure 16: Bose mechanical testing machine set up for coverlip deflection testing under
compression: (A) connection to the actuator, (B, C) platens, (D) compression device and (E)
connection to 10 N load transducer.

2.4.2.3 Validation of Micrometer Accuracy

To validate the ntrometer accuracy in the compression device against a Bose ElectroForce
3200mechanical testing machine, aerylic disk and bovine cartilage disks were used as
samples. The full methodology for harvesting bovine cartilage disks is described in Section
3.3.3. Thickness measurements were obtained using both the compression dexiBesnd

ElectroForce 3200 mechanical testing machine.
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To measure thickness utilising the compressi
by assembling the dese together in the absence of any sample. First, a coverslip was sealed to
the opening located at the bottom of the device using silicone grease prior to placing the platen
on top. The micrometer was then secured to the device by the brace and lowéred unti
connected with the platen via the magnetic disk and the distance value displayed on the
micrometer at this position was recorded as the zero position. The device was then set up again
with the sample placed in the centre of the well filled with phasphuffered saline (PBS)
(SigmaAldrich, Irvine, UK, D8537). Prior to lowering the platen to the sample, the micrometer
fixed to the brace was connected to the platen via the magnetic disk and secured to the device.
The platen was then lowered towards shenple by the micrometer until the platen made
contact with the sample. The distance value displayed on the micrometer was recorded at this
position. Sample thickness was determined by the difference between the distances displayed on
the micrometer witland without the sample. A Bose ElectroForce 3200 mechanical testing
machine used to obtain thickness measurements was set up as described previously in Section
2.4.2.2 but without the device. The platens were brought together with a load of 200 g to
establ sh a 6zero displacementd position, bef or e
column ofPBSwas formed in which a sample was held. Under the control of the Bose Wintest
software, the top platen was lowered at a rate of 0.2 mm/s until a tdreflea® N was

reached to determine the thickness.

Six repeats of an acrylic diskbds thickness w

native cartilage, six diskeere measured.
2.4.3 Results

2.4.3.1 Ability of Coverslip to Withstand 5 N Static Load

Prior to the fabrication of the device, coverslips with different thicknesses (0.14 £ 0.01 mm and
0.17 + 0.01 mm) were tested under 5 N of static load overnight with 3 mm o€ fdbmstks on

each side of the coverslip to determine their ability to withstand applied load and to validate if
an 18 mm internal diameter of the device provided sufficient support for the coverslips. No
signs of damage or cracks and no permanent deformagoeobservedn the tested coverslips

(n=3 per thickness group) with the application of load after 12 hrs.

2.4.3.2 Coverslip Flexion under Applied Load

The amount of coverslip flexion caused by applied load was determined on coverslips with
thicknesses (0.14 0.01 mm and 0.17 = 0.01 mm, n=3 per thickness group) once the device was
fabricated. The displacement of 0.17 + 0.01-thiok coverslips appeared greater than that seen
for coverslips with 0.14 + 0.01 mm thickness when the load was ramped up, sugthedting

more flexion occurred in 0.17 £+ 0.01 ntimck coverslips (Figure 17). However, there was no
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statistical difference between the two coverslip thickness groups when compared using a
repeated ANOVA test.
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Figure 17: Glass flexion profile 0f0.14 + 0.01 mnmand 0.17 + 0.01 mmthick coverslips under load
of 700 g

Displacements obtained byX¥ + 0.01 mnthick coverslipaveregreaterthan 0.14 + 0.01 mrthick
coverslips but no significant differend@ata represented as mean + SD at each 50 g interval (n=3,
per thickness group¥ptatistical analysis was determinedrbyeatedANOVA.

2.4.3.3 Validation of Micrometer Accuracy

The accuracyf the micrometer in the compression device was validated against a Bose
ElectroForce8200mechanical testing machine with regards to thickness measurements. The
thicknesses of aacrylic disk and bovine cartilage disks were recorded using both measureme
methods. The thickness values for an acrylic disk measured by the device and a Bose
ElectroForce 3200 mechanical testing machine were markedly similar. There was an absolute
difference of 1.1 % between the values but no significant difference tebimh statistically

using a test (Table 1). Cartilage thickness measurements obtained by the same measurement
methods were again similar. There was no statistically significant difference between
measurements recorded using either methods telséedstatstically using a paired sample t

test (Table 1).
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Table 1: Thickness measurements of an acrylic disk and bovine cartilage disks obtained using the
compression device and a Bose Electroforce 3200 mechanical testing machine. Thenewe
statistical significances found in thickness measurements of an acrylic disk (6 repeats) and bovine
cartilage disks (n=6) between the two measurement method3ata representedas mean + SD (n=6).
Statistical analysis was determined by-test for the acrylic disk and paired t-test for bovine

cartilage disks.

Thickness obtained fror Thickness obtained | Difference (%)
compression device from Bose

(mm) ElectroForce 3200
mechanical testing

machine (mm)

An acrylic disk 1.70 ( 0.020) 1.682 ( 0.012) 1.1%

Bovine cartilage disks 1.52 (£ 0.165) 1.473 (£ 0.170) 3.1%

2.4.4 Discussion

2.4.4.1 Ability of Coverslip to Withstand 5 N Static Load

Coverslips with different thicknesses (0.14 + 0.01 mm and 0.17 £ 0.01 mm) were examined
under 5 N of static load for 12 hrs tatelamine their ability to withstand applied load and to
validate if an 18 mm internal diameter of the device provided sufficient support. There was no
visible sighs ofdamage or crackspparent on any coverslips and all of them returned to their
original shape after a maximum load of 5 N was applied for 12 hrs which is a much longer
duration than the load that would be applied in planned experimentations. Although the
experimental setip did not perfectly mimic the set up in the device (with only suppoxtigeed

on either side of, instead of completely around, the coversliffjcient supportvas provided

from 3 mm of plastic blocks on each side of the coverslip because the coverslips withstood 5 N
static load without any signs of damage, cracks anmgeent deformation for an extensively
longer duration than that in later experimentations. This would suggest that an ih8nmiad
diameter of the device (with 3 mm of inner ledge around the coverslip) would provide enough
support to withstand an appdidoad of 5 N with a 12 mm opening at the bottom of the device.

In addition, the result does not provide information with regards to continued use of the same
coverslip for different tissue samples. In later experimentations, a new coverslip would be used

for different tissue samples to avoid cracking due to fatigue.

2.4.4.2 Coverslip Flexion under Applied Load

Due to load being directly applied onto the coverslip in the device, it was important to

determine the amount of flexion the coverslip undergoes as tllesretload application.



-54-
Different thicknesses of coverslips (0.14 + 0.01 mm and 0.17 + 0.01 mm) were subjected to
loads up t6700g (~7 N) to determine if/how the coverslips flex under high load. Acrylic plastic
has considerably high stiffneg&l4] and it was assumed that the acrylic disk would have
negligibledeformation in the experimental a4, thereby the displacement observed waad
the true flexion of the coverslip under loddherewere no significant differences between the
two coverslips with regards to displacement under load. This experiment was primarily
conducted to give an indication as to how coverslips with diffehecitriesses would flex under
load and the data was sufficigntmeet that requirement, suggesting that both batches of
coverslips were suitable to use in the device. Selecting the correct thickness of coverslip is
important for optimal image qualitjost objective lenses are designed to be used with Bh
mm coverslip and therefore coverslips with 0.17 + 0.01 mm thickness were chosen to be used in

the device for later experimentations

To represent the trend that the coverslip flexes under loadpOrii¥ 0.01 mm coverslips were
selected for displacement testing under load in order to create a standard curve (Figure 18).
When calculating the applied tissue strain in later cell deformation experimentations, this
standard curve was used to calculateatim@unt required to add on top of the selected tissue
strain in order to compensate for the glfission caused by the particular load used to apply the
selected tissue strain.
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Figure 18: Standard curve of displacement vs load for 0.17 mm +0.01 mthick coverslip. Data
representedas mean * SD at each 50 g interval (n36

2.4.4.3 Validation of Micrometer Accuracy

The accuracy of the micrometer in the copgmion device was validated against a Bose
ElectroForce8200mechanical testing machine. The thickness of an acrylic disk and bovine
cartilage disks were measured using both measurement methods. An acrylic disk was used

because it was assumed that it vadonbt deform under the applied load (700 g, ~ 7 N) due to its
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high compressive stiffne$214]. In addition, native @rtilage diskavere masured because they
are representative of future samples (Chapter 4) and they are more likely to deform under small
loads compared to the more resistant acrylic disk. The thickness measurements obtained for an
acrylic disk and bovine cartilage disks usthg compression device and a Bose ElectroForce
3200 mechanical testing machine were significantly similar. The results suggest the micrometer
and mechanical testing machine were suffidyesitmilar in their ability to measure
displacement.tlitherefore deermined that the micrometer was suitable to apply strain within the

compression device.

2.4.5 Conclusion

A 18 mminternal dimeter of the device was proven to provide sufficient support (of 3 mm)
around the coverslip to withstand 5 N of static loaith\a 12 mm opening window in the device
for over 12 hrs. A coverslip thickness@fL7 mm = 0.01 mmwas selected for use in the device
because this particular thickness can accommodate most of the objective lenses. A standard
curve was created to represéhe trend of coverslip flexion under load. This information will

be used in later experimentations when calculating the amount of displacement required to

compensate for coverslip flexion in order to accurately apply tissue strain.

The accuracy dhe micrometer was validated against a Bose ElectroForce 3200 mechanical
testing machine with regards to thickness measurements. The measurements obtained by both
methods were statistically similar, thereby it determined that the micrometer was suitable t

apply strain within the compression device.

2.5 Discussion

The aim of this chapter was to develop and build a compression device for compressive tissue
strain application and to allogimultaneous confocaisualisation of cell deformation in real

time to $udy cell deformation behaviour and its relationship to applied compressive strain in
native cartilage disks (Chapter 4) and tissue engineered cartilage constructs (Chapter 5).
Because an aim of this thesis was to determine cellular deformation withia aat tissue
engineered cartilage under different magnitudes of compressive strain, the device needed to be
able to deliver compressiwtrainsin accordance with the range of strains that were
hypothesised in Finlagt al. (2016)[1] used to engineer cartilage constructs and the
physiological levels of applied native cartilage stiaigitu(0 %- 30 % strain). In additionhe

ability to apply accurate strain values to cartilage tissue/construct disks was a vitally important
design aspect of the devjabereby a micrometer head was selected for compressive strain
application in the device. In this thesis, fixed and cut tissue swarieed and therefore the

device was also required to accommodatefin@d disk shaped samples (i.e. native cartilage

disks and tissue engineered cartilage constructs).
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This chapter investigated two potential compressive device designs based on loading
configuration perpendicular and parallel to the axis of the optical path (described in Section
2.3.2 and Section 2.3.3, respectively). After consideration of the advantages and disadvantages
of both designs, the compression device design based on loadiigucation parallel to the

axis of the light path was selected as the final version of the device. Serval validation
investigations on the compressive device were conducted to determine the dimensions of the
device, the ability of the coverslip to withsid applied load and the micrometer accuracy. The
findings suggested that a coverslip with a thickness of 0.17 mm + 0.01 mm was capable to
withstand the applied load within the compressive device and that the micrometer was suitable
to apply strain withirthe compression device. Thus, a compressive device that is capable
applying a range of compressive strains accurately tefired disk shaped samples (i.e. native
cartilage disks and tissue engineered cartilage constructs) andaliaitaneous confocéive

cell imaging was successfully developed, ready for use to study the effects of incremental
compressive strains on cell deformation behaviour in native cartilage disks (Chapter 4) and

tissue engineered cartilage constructs (Chapter 5).

Many types of conpression devices had been used in previous studies to examine the
mechanical behaviour of chondrocytes under static tissue compression in cartilage gflants

[51], [87], [133) [138], [210] intact cartilagg85], [145] and isolated chondroaa cultured in
agarose gdgB8], [142]i [144]. These devices followed either loading configurations

perpendicular or parallel to the axis of the light path depending on the experimenfal(seL

confocal microscope systems used, specimen shapes used and the specimen region of interest).

However, the majority of the devices were not suited for use in this thesis.

In fixed cartilage explants studies, these studies only required a loadiog teapply tissue
compression load to the cartilage during chemically fixation. Thus, fixed, compressed cartilage
were examined for chondrocyte deformation after the fixation process.atlakk2003)[138]
compressed cat patella and femoral groove cartéagtants under static load of physiological
magnitude using a cylindrical, flat ended indentor. The compressed cartilage were then
chemically fixed prior to examination of cell deformation via histological observation. In a
study by Chokt al. (2007)[137], porcine femoral condyle cartilage disks were compressed to
0%, 10%, 30%, and 50% strain using polysulfone platens and then chemically fixed.
Compressed cartilageere fluorescently immunelabelled for typ# collagen to outline the

PCM in order to examine the deformation behaviour of the chondrons from superficial, middle,
and deep zone of the cartilage under different magnitudes of compressive tissue strains via
confocal microscopy. The device being developed for this thesis was required to simultaneously
apply compressive tissue strain to the sample and allow confocal visualisation of cell

deformation in real time, thereby these devices described here weretalolesui
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In the studies investigatindhondrocyte deformation in ndixed native articular cartilage and
isolated chondrocytes seeded in agarose gel, a loading device was required to be able to
simultaneously apply tissue compression and allow real tisuahlsation of chondrocyte
deformation51], [87], [88], [110], [1331[135], [137], [142] [144]. In a study by Guilalet al.
(1995)[87], in which changes in chondrocyte morphology and local matrix deformation in the
surface, middle and deep zones of canine articular cartilage explants subjected to physiological
levels of tissue compression was investigated. A compressive device wagdésign
simultaneously apply unconfined static compression and accommodate imaging of chondrocytes
within the full cartilage depth using an inverted confocal microscopy. To achieve this, &uilak
al. (1995)[87] adopted the approach of loading perpendictddhe optical axis. The
compression device was placed within a Petri dish with a small hole drilled in the middle of the
dish and a coverslip attached to the bottom of the hole to allow confocal visualisation.
Compressive tissue strain was applied pedpzilar to the tissue surface using a digital
micrometer with two stainless steel platens. Seytindrical test specimens were used by
cutting the harvested cartilage cylindrical explants in half perpendicular to the articular surface
and labelling witHluorescein dextran. Each cartilage specimen was placed in the compression
device between two platens with the flat, exposed cross section faced down on the coverslip.
This compression device allowed for the same group of chondrocytes from different zones
within the cartilage to be imaged during a compressive strain of 0 % and 15 % and following
removal of compression for quantification of changes in chondrocyte morphology and local
matrix deformation87]. However, the specimens used in this deviceireduo be cut into a
semicylindrical shape and this would affect the tissue mechanical integrity and consequently
change the local mechanical environment around the cells. Thus, this was one of the reasons
why a new device was needed to be developduisrihesis; to accommodate Afixed and

nortcut samples (i.e. native cartilage disks and tissue engineered cartilage constructs).

The compression device developed for this thesis was therefore capable of applying a range of
compressive strains accuratebynonfixed disk shaped samples (i.e. native cartilage disks and
tissue engineered cartilage constructs) and simultaneousexiamination of cell deformation

via confocal imaging.

2.6 Conclusion

The aim of this chapter was to the develop a novel compredsiice capable of delivering
compressive strains to native and tissue engineered cartilage in accordance with the range of
strains that were hypothesised in Finlay et al. (2(1Jé)sed to engineer cartilage constructs

and the physiological levels of applied native cartilage strain inGfa+30 % straif and
simultaneously allow real time visualisation of the changes in aglbnology. Two potential
compressive device designs based on loading configuration perpendicular and parallel to the

axis of the optical path (described in Section 2.3.2 and Section 2.3.3, respectively) were
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investigated and compared. After consideratibthe advantages and disadvantages of both
designs, the device design based on loading configuration parallel to the axis of the light path
was chosen as the final version of the device. The compression device was successfully

optimised and used in furthmvestigations as described in Chapter 4 and Chapter 5.
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Chapter 3 - Development of Methodology to Visualise Live Cells within

Native and Tissue Engineered Cartilage

This chapter describes the development of a methodology for live cells visualisation within
native and tissue engineered cartilage in order to study cell deformation behaviour and its
relationship to applied compressive strain. Two staining methods (method using Acridine
Orange and SiRctin Probe and method using Hoechst 33342 and CellMasknGlasma
Membrane Staining) were developed and compared for their suitability for the required
application in live cell sequential imaging within native and tissue engineered cartilage under
norntloaded conditions as a prelude to subsequently determinlhdetermation behaviour

under compressive loads. It was determined that both staining methods were able to penetrate
native and tissue engineered cartilage revealing morphology of the respective embedded cells.
However, with the addition of ProLong® Lientifade Reagent to aid the reduction in
photobleaching, the dual staining method of Hoechst 33342 and CellMask Green plasma
membrane stains showed superior fluorescence signal retention than the staining method of
Acridine orange and SHactin after trackng selected cells on multiple confocal scans. Galvo
scanning proved tbesuperior than resonant scanning when comparing the two microscope
scanning modalities at retaining fluorescence signal after live cell sequential imaging. In
summary, Hoechst 33342d Cell Mask Green plasma membrane stains, together with
ProLongd® Live Antifade Reagent and galvo scanning were selected for use in all further

experimentation for live cell visualisation in native and tissue engineered cartilage.

3.1 Introduction

To studycell deformation behaviour and its relationship to applied compressive strain in native
cartilage disks (Chapter 4) and tissue engineered cartilage constructs (Chapter 5), a live cell
staining method first needed to be established for cell morphologylisaian. In this chapter,

the main aim was to establish and develop a method that was capableab$ing, tracking,
imagingand quantifying 3D changes in cell morphology (shape and size) of living chondrocytes
within nativecartilageand bovine syngocytes within tissue engineered cartilage during

different magnitudes of static compressions. To visualisesliblar level within living tissue,

there are many challenges to overcome and technical details to be tested, especially for live cells
that reeded to be imaged a multiple times. These included cell viability, stain(s) penetration,
fluorescence crosstalk, imaging depth (which is affected by laser light depth penetration and the
working distance (WD) of the objectives), microscope scanning ntiedadind photobleaching

which would all be addressed in this chapter (discussed in Section 3.1.2).
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For the purposes of this thesis, to visualise cell shape, a number of options were possible, either
with actin or plasma membrane fluorescence stainingddiition, It is well established that the
cellular response to mechanical stimulation is largely influenced by cell deformation (changes in
shape) associated with the actin cytoskeleton. It would therefore be interesting to observe
whether reorganisatiorof the actin filament network would occur, as well as determining the

cell deformation behaviour in native and tissue engineered cartilage under different magnitudes

of compressive strains.

3.1.1 Confocal Microscopy

The 3D deformation behaviour of chondrocytiesler static compression has been widely
studied in cartilage explants and within other scaffold materials (e.g. agarose gel) using either
confocal microscopy or histological evaluati@i], [51], [87], [8], [1L33]i [144]. The concept

of confocal imaging was first introduced by Minsky (1987)5] and he confocal principle has
become the basic configuration of all modern confocal microscopes. Confocal laser scanning
microscopy (CLSM) uses the principle of fluorescence excitation and emission to image
biological samples (i.e. fixed or living cells angisties) that have been labelled with one or

more fluorescence staif16]. Fluorescent molecule exhibits fluorescence which is a property
of absorbing light of short wavelength andemaitting light of long wavelength after a short
period of timg217]. For any given fluorescent molecule, it has its own distinct excitation and
emission energy lel@meaning that light excitation and emission can occur only at specific
wavelengths. Figure 19 shows the main components and the light paths in a basic CLSM
configuration. The key to the confocal approach is the use of pinhole apertures to eliminate
fluorescent signal from outside the plane of intef2t8], [216], [218] When a fluorescently
labelled sample is imaged using a CLSM, a laser light beam (i.e. excitation light) (Figure 19,
blue lines) is reflected towards an objective lens by the dichroic mirror (also known as the
beamsplitter) in which the light focuses to atsat a desired focal plane (i.e. focal point) in the
samplg213], [218], [219] The fluorescent molecules within the carii@llumination are

excited by absorbing the light and results in light emission (i.e. fluorescence). The fluorescent
light emitted by excited fluorescent molecules from within the focal plane (Figure 19, green
lines) is then collected by the objectivade passed back through the dichroic mirror and
focused by a second lens through a pinhole onto a detector. A pinhole positioned in the light
path between the objective lens and the detector ensures that only in focus fluorescence signal
from the focal pait passes through to the detector and any out of focus emission generated
along the light path that is outside the objective focal point (i.e. above and below the focal
plane) (Figure 19, grey dashed lines) is blod2da@], [218], [219] This results in acquisition

of the fluorescent signal from only the illuminated point. The confocal approach only collects
the emission lighfrom a single point at a time and therefore creates an image one pixel at a

time[218], [219] A two-dimensional imag is created by scanning the sample in a raster pattern
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using one or mor e Sscanni/[2lg],[24d] A rastar an@aternisy a n o m

when an area is scanned side to side in lines from top to bf@&i&j Typically, one mirror is
responsible to direct the laser light beam in the x direction and the other in the y direction. Both
mirrors work together to direct the excitation light to scan the sampleaster fashion to

create pixel by pixel in the-y axis. The detector (e.g. photomultiplier tube (PMT)) collects the
emission signal that passes through the pinhole and consequently convert them to an image
[219. This i mage represents a single O6optical
sample can be produceg scanning numbers of optical planes (sections/slices) and
computationally stacking them using a microscopy softwastgck)[213], [218]

EXCITATION EMISSION

DETECTOR (PMT) — I:I

PINHOLE E— | —— ] —
PINHOLE LENS — <
DICHROIC MIRROR ~ |——
/BEAMSPLITTER OUT OF FOCUS
LIGHT
LASER —
44— FLUORESCENCE
EMISSION
SCANNER — | —| c—
OBJECTIVE LENS I AT PN
LIGHT
FLUORESCENTLY S FOCAL POINT —é>

LABELLED SAMPLE

Figure 19: Schematic of the onfocal laserscanning microscopy (CLSM principle, showing the
main components and the excitation and emission light paths. Excitation light (blue lines) is focus
to a spot at a desired focal plane (i.e. focal point) in the fluorescently labelled sampléudfescent
light (green lines) is collected by the objective lens and focused by a second thrmugh a pinhole
onto a detector Any out of focus emission generated along the light path that is outside the
objective focal point (e.g. above and below the focal plangjrey dashed lineis blocked. Figure
adapted from[213].

The confocal imaging approach offers many advantages over conventional fluorescence
imaging[213], [218], [220] In a conventional fluorescence microscope, the excitation light
illuminates the entire field ofiew of the sample and thereby fluorescence emits throughout the
entire depth of the sample (or as deep as the excitation light is able to penetrate), including the
regions that are not of interest (i.e. planes above and below the focal plane) and thlarieca
Much of the emitted light, collected from regions outside the focal plane would contribute to an
out of focus blur to the image and a consequent reduction in image resf2a8arin confocal
microscopy, imaging occurs through a pinhole that restfiigbrescence emission of the sample

to a focal point, with most of the illumination from regions above and below the focal plane
being blocked and thus prevented from contributing to the if2d, [218], [220], [221] In

addition,the pinhole also eliminates points of light in the focal plane (except the focal point).
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As a result of removal of out of focus light, a shempge of the sample can be produced with
significant enchantment in both axial and lateral optical resolution and in signal to noise ratio.
Thus, confocal microscopy can produce high resolution and high signal to noise [gigjes

[216], [218], [220], [221] Another major advantage thfe confocal microscope is the ability to
create a confocal image (i.e. optical section) from a singleplaough optical sectioning

which allows visualisation of thick samples (3129) (i.e. tissues) internally without having to
physically section the samp213], [220], [221] In addition, it can acquire a series of confocal
images (i.e. optical sections from different focal planes) to produce a 3D image dataset (z stack)
from a thick sample, enabling the visualisation, reconstruction and quantitation of 3D
structures/features from the sample volJg18], [220], [221] Due to its ability to remove out

of focus light and its optical sectioning property to permit the acquisition of high resolution and
high signal to noise 3D images, confocal microsompg selected as the visualisation system

used for this thesis.

3.1.2 Challenges in Live Cell Imaging in Tissue

Imaging live cells within tissumtroduces many challenges that need touecome.

Fluorescent labelling of cells within living tissue can be potatic[222]i [224]. The stais are
required to penetrate the tissue to specifically label the cells. If multiple fluorophores are used,
fluorescence crosstalk, a common problem, is possible and must be d2aleCrosstalk is

when the emission spectra of a fluorophore overlaps anddsxieto the spectra area of other
fluorophores, resulting in bleatirough artefacts that might complicate the interpretation of the
resulting imagg213]. In other words, emission of a fluorophore is collected by more than one
detector. The simplest solutiom crosstalk is to select fluorophores that do not overlap in the
emission spectra. In addition, sequential excitation scanning (i.e. channel series described in
Section 3.4.5) should be used so that only one laser is scanning at any particular time to
minimise the occurrence of crosstalk. If crosstalk is unavoidable, spectral unmixing is a
technigue that could be used after acquisition to allows separation of fluorophores with
overlapping spectr225]. Thus, selecting the appropriate fluorescent stains to labetlise

within native and tissue engineered cartilage is vital when providing an accurate representation

of cell morphology in this thesis.

Live cell imaging is further complicated by the need to keep the live cells/tissues viable prior to
and during imagig because any stress experienced by the cells would affect cell behaviour
[213], [222], [223] For example, cells transportation (e.g. across campus or between buildings)
could potentially induce significant stress to the cedisanse of the motion and the changes in
temperature associated with the transportdfd8]. Thus, it is vitally important to provide

suitable environmental conditions (i.e. temperature, pH,aD@ humidity) for cells/tissues to
replicatein vivo cell dynamis as accurate of a representation as pod2ib83, [222], [223] An

environmental chamber could be used to control the environmental conditions during imaging
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as well as the use of physiological medium that keefls healthyat ambient atmosphere and
temperatur¢213], [222], [223], [226]

Imaging depth has always been a challenge in biological tissue imaging. The penetmhion de

is typically limitedto561 00 e m f or <conf ocal mi croscopy dep
transparency and the wavelength of the excitation [Rft®], [227] [229]. This is due to light

absorption and scattering by ttiesue specimens. When imaging deep into a tissue, image

guality could worsen as a result of fluorescent light being scattered, absorbed and defocused as

it passes back through the tissue and consequently very little emitted fluorescence reaches the
detedors[228], [230] For everyspecimen, there is a depth, dependent on the tissue density, at
which light scattering occurs and where traditional fluorescence techniques are no longer

effective. Generally, longer wavelength light has a deeper penetration depth than shorter
wavelengtHight due to less light absorption and scattef2ij3], [228] The working distance

(WD) (vertical distances between the front of the objective and the closest sample surface when
the sample is focused) of the objective could also affect the imaging[@&pihTypically, the

imaging depth reduces as the WD decreases along with increased magnidicdtibe
objectiveds numerical aperture (NA). | maging
objective would improve the imaging depth, but with lower resolution and sensitivity. Thus,

when selecting the objective used for live cell imaging inttiésis, a balandeetween image

resolution and imaging depth must be considered.

Another challenge in live cell imaging is to minimise photobleaching effect whilst maintaining
high signal to noise ratio required for the image resolyfiaB], [222], [223] Thus, in this

thesis, it was important that the microscope, detector (i.e. comparison of microscope scanning
modalities) and image acquisition settings (i.e. laser light exposure time, excitation light
intensity, optical seabn thickness and number of optical sections) were optimised to maximise
image resolution while minimising photobleaching effect in live cell imaging (discussed in
Section 3.6)Photobleachings the irreversible destruction of the fluorophore that canrodae

to photochemical modification which leads to fluorescence fading during observation and
consequently loss its ability to fluoresce permand@®], [224], [231][233]. When

fluorescent molecules are excited by light, it leads to photons to be absorbed and causes a shift
fromthe ground energy state (S) to the singletrgy level (S*]233]. Energy can be dissipated

by emission of fluorescence, or in radiation less processes such as internal conversion (a
transition from a higher to a lower electrostate) and intersystem crossing to the excited

triplet state (T*)[233]. However, excited fluorophores, either in a singlet (S*) or triplet (T*)

state can undergo permanent structural changeddnages a loss its ability to fluoresce and
thereby become a photobleached molef288]. In the triget state, it permits the excited dye
molecules to interact with their environment (oxygen molecules dissolved in sample media) for
a much longer time (milliseconds instead of nanosecd@d8]. Interactions between oxygen

(O2) and excited triplet state dye molecules may create singlet ox}@gmich has a longer
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lifetime than the triplet excited fluorophores, allowing more time for further inieractvith

other excited dye molecules and causing further degrada88h All these chemical reactions
depend on both the singlet oxygen concerinasind the distance between the fluorophore and
intracellular components such as proteins and lif#@8]. Thus, the amount of photons emitted
(fluorescence) before a fluorophore is permanently destroyed depends both on the nature of the
fluorophore and on its environmg@B3]. In this thesis, fluascence signal loss due to
photobleaching would result in lack of detail for cell morphology and therefore could

potentially affect the accuracy of quantitative data on cell deformation obtained from the
images. The proposed imaging approach in this thesigd require the stains to be capable for
sequential imaging of cells multiple times without signal loss therefore it was especially
important that this was addressed. Thus, long illumination time and high laser intensity must be
avoided to reduce photl@aching. Another way to aid the reduction in photobleaching is to
deplete oxygen from the imaging media as oxygen is one of the main actors in photobleaching
[222], [233]

3.1.3 Actin Staining

Staining actin filaments can show the overall shape and structure of the cell. There are many
commercially available stains and probes for labellingasttoskeleton in living and fixed

cells in order to determine and track the structure and function of the filaments.

The gold standard for labelling actin is to usadiin maker phalloidifi234]i [236]. Phalloidin,

a bicyclic peptide from a family of toxins in the death cap mushr@omatita phalloides

only binds specifically to factin at the junction between the actin subuaitd does not bind to
other forms of actifi235], [237] Fluorescent phalloidin conjugates utilise phalloidin to
selectively bind to small and largedetin with a 1:1 stoichiometric ratio between phallotoxin

and actin subunits whilst the fluorescent dye provides fluorescence visualisation; this therefore
reduces nospecific background stainirjg37]. Fluorophores such as Alexa Flfialyes (e.g.
Invitrogen Alexa Fludt 488) coupled vth phalloidin are commonly used fluorescent probes for
labelling Factin and claimed to be superior in brightness and photostability across the full
spectral range. However, due to phalloidin being notpmslineable, fixation and

permeabilisation stepsearequired for its use or it must be microinjected into live cells prior to
imaging[236], [238] Furthermore, phalloidin binding stabilisesaEtin which subsequentl

perturbs its normal assembly and dynamics and therefore limits its applicability for live imaging
of actin filament4236], [239]

In living cells, actin structures can be visualised either by parating fluorescently labelled

actin through microinjection (technically demanding) or by overexpre§a8i), [239] The
technique of overexpressing a fusion protein composed of actin monomers and a fluorescent
protein, such as green fluorescent protein (GFPpbar widely usef39], [240] It requires

manipulation of the cellular genetics by transfecting the target cells with expression vectors that
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carry the actiflGFP fusion proteinf240]. GFRactin DNA vectors are readily transfected into
human cell line$237]. However, primary cells, tissues and many-n@ammalian cells are

often difficult, impractical or unreliable to transf¢287]. In addition, GFHabelled actin is

known to interfere with cytoskeletal dynamsiduring cell cytokinesis and migratif241], cell
deformation242], [243] and celmatrix adhesiofi237], [240], [244] Alternatively, fluorescent
actinbinding proteins or domains have been used as a less disruptive method for visualising
actin structures in live cel[236], [237], [239], [240] Such commonly used liverobes include
fusions of LifeAct[240], [245] Ftractin and Utrophifi239] to a fluorescent protein (e.g. green
fluorescent protein (GFP)236], [240] Compared to ActiGFP, studies have reported that
LifeAct-GFP displays better definition of the actin organisation and dynamics without affecting
the biomechanical properties of either the entire cellseathin cortef240], [245. Moreover,
fluorescent probes based on the actin binding domain of Utrophin have shown to obtain clear
visualisation of Factin distribution in living and fixed cells and distinguish between stable and
dynamic Factin[239]. Although these probes have been successful in labeHaajif, they

still need to be introduced into cells either via protein transfection reagents (plasmid or viral

vectors) or microinjectiof239], [245]

In recent years, a probe conjugating silicbndamine (SiR) to a ligand desbromesmethy
jasplakinolide which binds to filamentous actinggtin), SiRactin, was developer labelling
actin filaments in living cell§238], [240], [246] The membrane permeable characteristic of
SiR-actin allows for labelling of actin inside live cells without the need to transfect and
overexpress fluoresceptlabelled proteins such as actin monomers or actin binding proteins
which makes it easy to uf238], [247], [248] Other advantages of Si&ttin over the other
methods include its use in liviraglls without fixation and its fared absorption and emission
wavel engths which doesndt overlap with other
Other key properties of SiRctin such as its fluorogenicity and high specificity tad&in

provide dear visualisation of actin filaments with a high signal to noise [a88], [247],

[248]. Due to these beneficial features, Sigin was selected as a potential candidate stain for
determining ell morphology and the actin structures and dynamics in living native and tissue

engineered cartilage during tissue deformation in this thesis.

By coupling a nuclear stain with the actin probe, it would beldentify the actin filaments
associated wiit each cell as well as cell morphology and, therefore Acridine orange was chosen
to visualise cell nuclei. Acridine orange is a cell permeant nucleic acid dye, and was thus
suitable for live cell imaging applications. In addition, there was minimal ctiogstbveen the

two stains as the overlap in the emission spectra is insignificant. Acridine orange emits between
490 and #4526 nnmand SiRctin displays a fared emission between 600nm and

8 5 0 n BhmgbBB4Nm).
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3.1.4 Plasma Membrane Staining

Apart from actin filament staining to visualise cell shape, plasma membrane staining is also a
convenient marker for highlighting cell boundaries. There are many probes that are available for
staining the plasma membrane. One method used for labellingembranes is the CellMask

(Gr een, Orange and Red) plasma membrane st ai
descriptions, CellMask stains are amphipathic molecules which provide a lipophilic moiety for
membrane loading and consist of a negatively chargebphilic dye that is able to anchor the
probe in the plasmaembraneCellMask stains are able to provide bright, robust and uniform
staining of plasma membrane across various mammalian cell types and are slow to internalise.
They also rapidly stain @smamembraneén live cells. Thus, CellMask Green plasma

membrane stain was chosen to determine its potential application in staining plasma membrane
as a means of highlighting cell morphology. In addition, Hoechst 33342 dye was selected to
couple with C8Mask Green plasma membrane to label cell nuclei and identify cells because

there is minimal overlap between the two stains on the emission spectra.

3.2 Objectives

In this chapter, the main aim was to establish and develop a method that was capable of
visudising, tracking, imagingnd quantifying 3D changes in cell morphology (shape and size)
of living chondrocytesvithin nativecartilagedisks and bovine synoviocytes within tissue
engineered cartilage constructs during different magnitudes of staticessigms. The method
developedcheededo allow stains to penetrate thetrix and provide specific and highly

resolved visualisation of cell morphology for 3D quantification measurements. In addition,
because an aim of this thesis was to determine theecedeformation behaviour within native
and tissue engineered cartilage under different magnitudes of compressive sted@inshe
needed to label the cells and allow the operation of the confocal microscope tmnutdaaiage
selected cells multiplémes without significant signal loss. Fluorescence signal loss needed to
be avoided as this would result in lack of detail for cell morphology and therefore could
potentially affect the accuracy of quantitative data on cell deformation obtained from the

images.
The aim of this study was approached via the following objectives:

1 To characterise and optimise S#Rtin stain on bovine synoviocyte monolayers.

1 To characterise a dual staining method of Acridine orange andG@ifRstains on
bovine synoviocytenonolayers, native cartilage and synoviogytdyethylene
terephthalate (PET) immature constructs to determine the ability to penetrate tissue
samples, label cell nuclei and thegtin structures and image selected cells multiple

times without significansignal loss.
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9 To characterise an alternative dual staining method of Hoechst 33342 and CellMask
Green plasma membrane stains on bovine synoviocyte monolayers, native cartilage and
synoviocyte/PET immature constructs to determine the ability to penessue ti
samples, label cell nuclei and the plasma membrane and image selected cells multiple
times without significant signal loss.

f To examine the effects of photobleaching with the use of Prdlidug Antifade
Reagent in both staining methods.

1 To comparémage acquisition in the confocal microscope using a traditional galvo
scanner and a high speed resonant scanner to potentially retain fluorescence signal.

Evaluation of the two staining methods (described in Section 3.4.1 and Section 3.4.3) and
determinaibn of which one was best suited for live cell imaging within native and tissue
engineered cartilage was conducted underloaded conditions as a prelude to
subsequently determining cell deformation behaviour under different compressive loads
(describedn Chapter 4 and Chapter 5). Once a staining method was established, an
appropriate confocal imaging setting for tracking changes in cell morphology within native
and tissue engineered cartilage subjected to different amounts of tissue deformation was
detemined. An overview of the experimental plan with variations of staining is depicted in
Figure 2124.



- 68-

SiR-actin Staining
(Different concentration: 2, 1, 0.5,
0.1 uM)

¥

Confocal Imaging
(Single Plane Images)

Bovine Synoviocyte Monolayer

/\

Y

Alexa Fluor 488 Phalloidin Staining

Figure 20: Overview of experimental plan for optimising SiR-actin stain and comparing with Alexa Fluor® Phalloidin stain on bovine
synoviocyte monolayers

Confocal Imaging
(Single Plane and
3D Volume Images)

Bovine Synoviocyte Monolayer

/

Native Cartilage

Acridine Orange and (0.1 pM)

SiR-actin Staining

Synoviocyte/PET Construct
Y cyte/ Sequential Imaging of Selected

Chondrocytes (4 Images)

Y/

PET Scaffolds (No Cells)

Figure 21. Overview of experimental plan forcharacterising a dual staining method of Acridine orange and SiRactin stains on bovine
synoviocyte monolayers, native cartilage and synoviocyfmlyethylene terephthalate (PET) immature constructs to detrmine the ability
to penetrate tissue samples, label cell nuclei and thedgtin structures and image selected cells multiple times without significant signal
loss
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Bovine Synoviocyte Monolayer

Mative Cartilage

Confocal Imaging
(Single Plane and
3D Volume Images)

Hoechst33342 and CellMask
Green Plasma Membrane Staining

¥

Cross-Sections of Native Cartilage

Synoviocyte/PET Construct

N/

PET Scaffolds (No Cells)

Figure 22: Overview of experimental plan forcharacterising a dua staining method of Hoechst 33342 an@ellMask Green plasma membrane
stainson bovine synoviocyte monolayers, native cartilage and synoviocypelyethylene terephthalate (PET) immature constructs to determin
the ability to penetrate tissue samples, labekll nuclei and the Factin structures.
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Native Cartilage

Acridine Orange and (0.1 pM)
SiR-actin Staining with ProLong®
Live Antifade Reagent

Figure 23: Overview of experimental plan forexamining the effects of photobleaching with the use of ProLorfgLive Antifade Reagent in both

staining methods.

Native Cartilage

/'
\.

Hoechst 33342 and CellMask
Green Plasma Membrane Staining
with Prolong® Live Antifade
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h

Figure 24: Overview of experimental plan forcomparing image acquisition in the confocal microscope using a traditional galvo scanner and

Hoechst 33342 and CellMask
Green Plasma Membrane Staining
with ProLong® Live Antifade
Reagent

Y

h 4

Sequential Imaging of Selected
Chondrocytes (3 Images)

Sequential Imaging of Selected
Chondrocytes (3 Images) using
Galvo Scanning

high speed resonant scanner to potentially retain fluorescence signal.

h

Sequential Imaging of Selected
Chondrocytes (3 Images) using
Resonant Scanning
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3.3 Experimental Methodologies

3.3.1 Cell Isolation and Monolayer Expansion

Cell isolation and monolaygexpansion followedhe method desibed inFinlay et al (2016)

[1]. Bovine synoviocytes were obtained from the synovia of approximately 6 month old bovine
metatarsopalangeal joints. The legs were first cleaned with warm soapy water, followed by
removal of skin without compromising the joint capsule. The joint was dissected aseptically
using sterile surgical tools to open up the joint in order to expose the syndvieraynovium

was removed before placing it in Dulbeccods
100x antibiotic (AB) (SigmaAldrich, Irvine, UK, P4333) (final concentration of AB in solution

was 100 units/mL penicillin and 0.1 mg/mL streptomycifhe synovium was then cut into

small pieces and placed in 0.25 % (w/v) collagenase 1A (SAJdrich, Irvine, UK, C9891)
within Dulbeccobs Modified Eagles Medi um/ Ham
ThermoFisher Scientific, Northumberland, UK, 2104102537°C for 3 hrs. Once digested, the
solution was filtered through a 70 em nyl on
Amsterdam, Netherlands, 352350) before it was centrifuged at 100 g for 6 mins. The
supernatant was then removed and thietpeas resuspended before seeding into 175 cm

tissue culture flasks (Corning Life Sciences B.V., Amsterdam, Netherlands, 431080), containing
growth medium (which consisted of DMEM/F12 medium supplemented with 10 % foetal

bovine serum (FBS) (Sigmaldrich, Irvine, UK, F7524), 4 AB and 2 mM Lglutamine
(SigmaAldrich, Irvine, UK, G7513). Bovine synoviocytes were incubated at 37°C, 5 % CO

and above 90 % humidity. When confluence reached approximately 90 %, cells were passaged
by trypsinisation. Growth ntium was removed and the cells washed with PBS. TrBBIRA

(0.25 % wiv) (SigmaAldrich, Irvine, UK, T4049) was added to the cells for approximately 5

mins to induce cell detachment. The resulting cell suspension was then centrifuged at 100 g for
5 mins lefore the supernatant was removed and the pellet was resuspended in growth medium
and reseeded into 175 crtissue culture flasks at 5,000 cellsfcledium change occurred

every 34 days. Cells between passage 1 and 3 were used for all of the expedesenitsed in

this thesis.

To determine cell number for seeding, an aliquot of cell suspension combined with Trypan blue
(SigmaAldrich, Irvine, UK, T8154) was added to a haemocytometer. Cells (located in three
random squares in the haemocytometer) wenateal manually under a light microscope. The
cell concentration can be calculated using the following formula:
417 OMIAT OT OdA AEIT OBDEAQGT O

T O AlADI 01 ®RAAOAO

417 GATI, O
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3.3.2 Synoviocyte Monolayer Culture for Staining with SiRactin

To prepare synoviocyte monolayer for confocal imaging, synoviocytes were trypsinised and re
seeded at 7000 cells/éwn 6-well cell culture plates (Corning Life Sciences B.V., Amsterdam,
Netherlands) with each well containing 5 mL of growth meditihe cell monolayers were

cultured in the incubator at 37°C and 5 % CKledium change occurred every3lays. When

cells reach approximately 80 % confluency (cultured up to 7 days), both staining methods;
Acridine orange coupled with SiRctin stains antloechst 33342 combined with CellMask

Green plasma membrane stains (described in Section 3.4.1 and Section 3.4.3) were applied prior

to confocal imaging.

3.3.3 Harvesting of Osteochondral Plugs for Cartilage Disks

Osteochondral plugs (5 mm in diameter were @sed source for cartilage disks as native
cartilage samples) were obtained from the (relatively flat) medial and lateral regions of the
patellofemoral groove of bovine knee joints. The joint was opened by removing remnant joint
capsule tissue and other ocaative tissue using a scalpel, leaving the patellofemoral groove
exposed. Only joints showing no visible defects were used. The articular surface was kept
hydrated by dripping PBS on to the surface throughout the procedure. The initial outlines
circumscrbing the desired plug were marked on the cartilage surface using a plain ended corer.
A drill mounted with a customised drélided corer was then used to drill down into the
subchondral bone at the marked locations. Upon completion, the resulting ostiratptug

was snapped igitu and removed from the joint surface with the aid of a plain ended corer. The
extracted plugs were washed and placed in PBS before transferring them to PBS containing 10x
AB for 20 mins. Once the plugs were sterilised, the Babdral bone ends were removed from

the osteochondral plugs by a scalpel to leave as close to full depth cartilage as possible. The
cartilage disks were then placed into culture conditions withimaetcell culture plate

(Corning Life Sciences B.V., Asterdam, Netherlands), with growth medium (DMEM/F12
medium supplemented with 10 % FBS¢ AB and 2 mM Lglutamine) for a maximum three

days prior to confocal imaging.

3.3.4 Production of Synoviocyte/PET Immature Constructs

To fabricate synoviocyte/PET immaturartilage constructs, bovine synoviocytes,-m@mven
PET scaffolds (Xiros Ltd., Leeds, UK) and biochemical stimuli were usadthe purposes of

stain testing, mechanical loading was not applied to the constructs during their development.

3.3.4.1 Preparation of Non-Woven PET Fibre Scaffolds

Nonwoven PET fibre scaffolds provided by Xiros Ltd. for this project were plaszatet to
improve cell attachment. Woven PET scaffold is clinically used in ligament repair and has been

FDA approvedNonwoven PET fibre sdéolds were provided as sheets with dimensions of 20
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x 60 mm and a porosity of 90.2 % by volume that resulted in 0.9 mm thickness. This was
produced with the 97 % porosity scaffold by plastic compression, with heating, which causes a
reduced in scaffold tbkness and porosity. The PET sheets were cut into 5 mm disks using a
custommade cutter under aseptic conditions. Prior to the fabrication of constructs, the scaffolds
were subjected toltra violet (UV) radiation for a total of 30 mins (with 15 minsexposure on

each side of the scaffold) to ensure sterility before being used.

3.3.4.2 Cell Isolation, Monolayer Expansion and Dynamic Cell Seeding

Synoviocytes were isolated and expanded as described in Section 3.3.1. In brief, synoviocytes
were isolated from bdane synovium via collagenase digest for 3 hrs at 37°C. The digest was
filtered and centrifuged before the pellet was resuspended and seeded into tissue culture flasks.
Synoviocytes were cultured in DMEM/F12 meatisupplemented with 10 % FBS AB and 2

mM L-glutamine at 37°C, 5 % G@nd above 90 % humidity. When approximately 90 %,
confluency was reached, cells were passaged by trypsinisation-seeded at 5000 cells/ém
Medium change occurred everyd3ays. Cells between passages 1 and 3 werdarsed

experimentation.

Once sufficient cell numbers had been reached, a 250,000 cells/mL suspension was prepared
prior to the dynamic cell seeding procedure. A 1 mL aliquot of cell suspension along with a

PET disk were inserted in a 2 mL capacity polyprepg tube (Sarstedt, Leicester, UK,

72.695). Each tube was then inserted into dmourse built, dynamic seeding apparatus, as

shown in Figure 25. The dynamic seeding device consisted of a pair of rollers (one of which is
connected to a DC electrical motawo cylindrical steel disks connected by four shafts with

twelve 10 mm holes where tubes were inserted and two cylindrical steel plates (attachable to the
steel disks with screws for fixing the tubes in place). These components were assembled
together tallow the inserted tubes filled with cells suspension and the PET scaffold to rotate at
a rate of approximately 0.25 Hz. The dynamic cell seeding device was placed in the incubator at
37°C for 24 hrs to allow the cells to attach to the PET scaffold.



Rollers and electrical motor

Figure 25; (A) Componentsof two steel disks with twelve 10 mm holes (connected by four
shafts) and two steel plates (attachable with sews to the steel disks) combine together anc
(B) place on a pair of rollers(one of which is connected to a DC electrical mototp form the
assembled dynamic cekbeeding device tallow the inserted tubes filled with cellSPET
scaffold suspension to rotée at a rate of approximately 0.25 Hz

3.3.4.3 Chondrogenic Culture of Synoviocytes on PET Scaffolds

Each celPET construct was transferred into a single well of -a&H cell culture plate after

the seeding was completed. Each construct was submerged in 1 mL of chondrogenic medium,
which consisted fotDMEM/F12 medium supplemented with, 10 ng/mL transforming growth

fact or -bB3 ((TP&Rr o T e c h-36E), 80mugnikascolbiK gcieR-prsphate
sesquimagnesium salt hydrate (Sighddrich, Irvine, UK, A8960), 10 M dexamethasone
(SigmaAldrich, Irvine, UK, D4902), & Insulin-TransferrinSelenium (ITS) (ThermoFisher

Scientific, Nathumberland, UK, 5130044), X AB and 2 mM Lglutamine. Chondrogenic

medium was freshly made prior to application due to the instability of6GF and ascor bi
acid-2-phosphate in solution. The plates were placed in the incubator at 37°C and 5 % CO

Cultures were kept under these conditions for 12 weeks. Medium was changedwlays3
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3.4 Analytical Methods

3.4.1 Live Cell Staining for Cell Nuclei and Actin Filaments wih Acridine
Orange and SiRactin Stains

For visualisation of Factin structure and cell morphology in live bovine synoviocyte
monolayers, native cartilage and synoviocyte/PET immature constructs, Acridine orange
(Invitrogen, Paisley, UK, A1301) and S#&tin (TeBubio, Peterborough, UK, 251SC001) were
used to stain cell nuclei anddetin, respectively.

A 1 mM stock solution of SiRactin live probe was prepared by dissolving the content of the

vialof SIRact i n i n 50 denkthylesdifoxaeiDM$a) (SamaAldrich, Irvine,

UK 276855). The stock solution was diluted with DMEM/F12 medium to makstaiping
solutions with different concentrations of t
synoviocyte monolayers in order to determine the desired staining concentratioramftiBiR
requiredtovisualise ct i n. Ver ap a mio,lPeefbdrdughgU)2190-0 1R a

broad spectrum efflux pump inhibitor, was added to each staining solution to improve on
staining efficiency[238]. Growth medium in each well was replaced by different staining
solutions, ensuring that cells were submdrigethe solutions. The plates were placed in the
incubator at 37°C and 5 % GOvernight (approximately 12 hrs of labelling time). Once

labelling was completed, cell monolayers were washed once with Live Cell Imaging Solution
(Molecular probes by Thermastier Scientific, Northumberland, UK, A14291DJ) before

imaging. Live Cell Imaging Solution is a physiological medium developed specifically for live

cell imaging applications (live cell imaging, dye loading and wash steps). According to the

ma n u f a cnsstiwati@ns, i is anioptically clear, physiological solution buffered with HEPES

at pH 7.4 which can keep cell healthy for up to 4 hrs at ambient atmosphere and temperature. In

addition, it provides better optical clarity and signal to noise ratio tlandatd media.

Once optimal staining of-Actin was achieved, the combination of Acridine orange ané&iiR

was applied to four different samples; i) bovine synoviocyte monolayers cultured in growth
medium, ii) cartilage disks obtained from the plafelmoral groove of bovine knee joints and
cultured in growth medium, iii) immature cartilage constructs generated by dynamically seeding
bovine synoviocytes on PET scaffolds and cultured in chondrogenic medium for 12 weeks and

iv) PET scaffolds (no cellgjultured in growth medium. Medium in each well was replaced by a
staining solufaiconnofnd. 10e MMSVBr apamiactini n DN
labelling. The samples were then placed in the incubator at 37°C and 5 ,%v&®@ight
(approximatelyl2 hrs of labelling time). The samples were washed once with Live Cell Imaging
Solution before | abelling nucl ei with Acridi

mins at 37°C. Three wash steps with Live Cell Imaging Solution were applied to thkesdam
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remove any residual staining. All samples were placed in Live Cell Imaging Solution prior to
imaging. Staining solutions were freshly prepared for each experimental set up.

3.4.2 Alexa Fluor®488Phalloidin Staining for F-actin Visualisation

To comparestaining of SiRactin with the more commonly useedetin marker, phalloidin (e.g.
Alexa Fluof® 488 phalloidin) [234], [249] for labelling of Factin, synoviocyte monolayers
cultured in a éwell cell culture plate were used. The monolayers were washedBiEhthree

times before and after being submerged in 10 % neutral buffered formalin (NBF) {Sidriad,

Irvine, UK, HT501128) for 15 mins to fix the cells. Cell membranes were then permeabilised
with 0.1 % TritiorX (SigmaAldrich, Irvine, UK, T8787) in BS for 20 mins followed by three

PBS washes. The monolayers were then incubated with Alexa®F48& phalloidin stain
(Molecular probes by ThermoFisher Scientific, Northumberland, UK, A12379), at a 1 in 10
dilution for 2 hrs at room temperature, protectenin light. Three PBS washes on monolayers
were completed after which they were submerged and stored in fresh PBS prior to confocal

imaging.

3.4.3 Live Cell Staining for Cell Nuclei and Plasma Membrane using
Hoechst 33342 and CellMask Green Plasma Membrand&ns

Bovine synoviocyte monolayers, chondrocytes within native cartilage and synoviocytes within
synoviocyte/PET immature constructs were stained with Hoechst 33342 (ThermoFisher
Scientific, Northumberland, UK, 62249) and CellMask Green plasma membraec(Nar
probes by Thermo Scientific, Northumberland, UK, C37608). A combined staining working
solutionof 1 pg/mL Hoechst 33342 and CellMask Green plasma membrane (prepared from
100 concentrated stain solution) were freshly prepared with DMEM/Fddium prior to
application to samples. A sufficient volume of the stain working solution was applied to
completely cover the synoviocyte monolayers imael cell culture plate, the native cartilage
and the immature constructs in a\&éll cell culture pate. The plates were covered with
aluminium foil to protect from the light and incubated at 37°C and 5 %f@@O0 mins. The
monolayers and tissue samples were then washed three times in Live Cell Imaging Solution
before visualisation using an Nikon AlRverted confocal microscope (Nikon Instruments Inc,

Surrey, UK). Staining solutions were freshly prepared for each experimental set up.

3.4.4 Live Cell Staining with the Addition of ProLong® Live Antifade
Reagent

The effect of addition of ProLofid_ive Antifade Reagent to potentially reduce photobleaching
was investigated on native cartilage specimens. Following dual staining of Acridine orange and
SiR-actin stains, and Hoechst 33342 and CellMask Green plasma membrane on native cartilage
disks as described iretion 3.4.1 and Section 3.4.3, respectively, ProPdrige Antifade
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Reagent (Invitrogen by Thermo Fisher Scientific, Northumberland, UK, P36975) was diluted in
1:100 with Live Cell Imaging Solution and applied to the samples in the dark at 37°C for 2 hrs
before sequential imaging using an Nikon A1R inverted confocal microscope. Sequential
imaging allows selected cells to be tracked and imaged through a series of 3D volume images.
Given that both SiFactin and CellMask Green plasma membrane stains wereaidetine cell
boundaries, the ability of both stains to retain fluorescence signal after tracking identified cells
three times via sequential imaging, with the addition of Profdrege Antifade Reagent, were
determined and compared. The full methodesfuential imaging is described in Section
3.4.5.6.

3.4.5 Confocal Microscopy Imaging

3.4.5.1 Confocal Imaging of Synoviocyte Monolayers Following Staining with
SiR-actin, Alexa Fluor® 488 Phalloidin or Combined Acridine Orange and

SiR-actin Stains

All confocal image®f synoviocyte monolayers stained with either different concentrations of
SiR-actin, Alexa Flud? 488 phalloidin or a staining combination of Acridine orange and SiR
actin were acquired using an Leica FSB2 upright confocal laser scanning microscopecf.ei
Microsystems, Milton Keynes, UK). Thew@ell cell culture plates containing the stained
synoviocyte monolayers were placed on the stage of the confocal microscope and cells were
randomly selected for imaging. Using a 20x watemersion objective lengH4CX APO 0.5
numerical aperture (NA), Leica Microsystems, Milton Keynes, UK) and the 633 nm Helium
neon laser selected to excite SiBin, 1024 x 1024 pixel images of synoviocyte stained with
different concentrations of SiRctin were captured with fodimes line averaging. Averaging is
usually used in image acquisition to improve image quality by adding the sum of pixel values
from the specified number of scan and using the average as the final value in the image. Line
averaging is a form of averaging whiscans each line for a specified number of times prior to
moving to the next line. This is repeated for all lines in the frame and the pixel data collected is

averaged to produce an image with reduced noise and improved signal to noise ratio.

For the canparison of synoviocytes stained with either Alexa Fiu88 phalloidin or SiR
actin, confocal images (1024 x 1024 pixels) were recorded using a 63ximatersion
objective (HCX APO 0.9 NA, Leica Microsystems, Milton Keynes, UK) with fonres line
aveaaging and lasers at excitation/emission wavelengths of 488/520 nm and 652/674 nm,
respectively. Images of SiRctin stained synoviocytes (use for comparison with Alexa Fluor
488 phalloidin labelled synoviocytes) were compiled and pseudo coloured taigiegrieica

Confocal Software (Leica Microsystems, Milton Keynes, UK).
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To acquire images (512 x 512 pixels) of synoviocytes stained with Acridine orange and SiR
actin, objective lenses with various magnifications (20x and 63x) and digital zooms were used
with four-times line averaging. The 548n Argon laser and the 633 nm Helikmaon laser

were used to excite Acridine orange and-8®n, respectively. Unidirectional scanning and
channel series were selected to capture all images. Channel series segbéntial scanning
mode which means only one laser is scanning at any particular time, this therefore reduces
fluorescence crosstalk where emission from one fluorophore is detected by more than one
detector. Images were compiled using Leica Confocdlv@oé and Acridine orange and SiR

actin were pseudo coloured to blue and green, respectively.

3.4.5.2 Confocal Imaging of Native Cartilage and Synoviocyte/PET Immature
Constructs Following Staining with Combined Acridine Orange and SiR
actin Stains

All 3D volume images Z stack) of cells within native cartilage and immature cartilage
constructs were acquired using an Nikon Ad¥erted confocal microscope. The 488 nm Argon
laser and 641 nm solid state laser were selected to excite Acridine orange -@utirs#Rans,
respectively. Unidirectional galvo scanning and channel series were used to capture all images.
Individual tissue samples were placed inside the compredsigoewithout load application

and with the imaging surface (i.e. the deep zone) faced dotertlee coverslip, as described in
Section2.3.3 The tissue was submerged in Live Cell Imaging Solution to maintain hydration
and cell viability during imaging. The device (with no load applied to the tissue) was mounted
onto the stage of the microsco@hondrocytes and synoviocytes were randomly selected from
the central region (radially) of the native cartilage and Synoviocyte/PETimmature construct,
respectively. To determine the ability of both stains to penetrate through both tissue samples,
serial gtical sections of 512 x 512 pixels were recorded at an interval of 1.25 pum/section with
no line averaging using a 20x air objective (PL APO 0.75 NA, Nikon Instruments Inc, Surrey,
UK). Three dimensional volume and maximum projection images were recaadtfram the
series of optical sections using Nikon NERments software (Nikon Instruments Inc, Surrey,
UK) and Acridine orange and Si&tctin were pseudo coloured to blue and green, respectively.
Maximum projection is a method that projects 3D data\{thesl with the highest intensity

values from the sections throughout the volume) onto a single plane image.

3.4.5.3 Confocal Imaging of Synoviocyte Monolayers, Native Cartilage and
Synoviocyte/PET Immature Constructs Following Staining with
Combined Hoechst 33342nd CellMask Green Plasma Membrane Stains
All 3D volume images4 stack) were acquired using an Nikon AibRerted confocal

microscope. The 405 nm solid state and 488 nm Argon laser were selected to excite the Hoechst

33342 and CellMask Green plasma meanie stains, respectively. Unidirectional galvo
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scanning and channel series were used to capture all images. For visualising synoviocytes in
monolayers, the-@vell cell culture plate was mounted directly onto the stage of the confocal
microscope and seriaptical sections of 512 x 512 pixels at an interval of 0.2 pm/section with

no line averaging were recorded using a 20x air and 40x oil immersion objective lens (20x PL
APO 0.75 NA and 40x S Fluor 1.30 NA, Nikon Instruments Inc, Surrey, UK). For all
experimentations that involved tissue samples, they were placed in tHeadesd compression
device filled with Live Cell Imaging Solution (with the imaging surface either the superficial
surface or the deep zone faces down onto the coverslip, as descrileetionZ3.3) and

mounted on the stage of confocal microscope. To determine the ability of both stains for cell
visualisation via penetrating through native cartilage and immature cartilage constructs, a series
of optical sections of 512 x 512 pixels a23 pm intervals with no line averaging were captured
using a 20x air objective (PL APO 0.75 NA). Three dimensional volume images were compiled

using Nikon NISElements software.

3.4.5.4 Determination of Staining Penetration using CrossSections of Native
Cartilage

In preparation for determining the extent of penetration of Hoechst 33342 and CellMask Green
plasma membrane stains in to native cartilage, €sessonal slices (approximately 1 mm

thick) were prepared from the stained cartilage disks from the carisadf the articular

surface down to the deep zone using a scalpel. The cross sectional slices were then imaged by
acquiring a series of optical sections of 512 x 512 pixels at 6.22 um intervals using a 10x air
objective (PL Fluor 0.30 NA, Nikon Instrumninc, Surrey, UK) to produce an overall view of

the crosssection. Unidirectional galvo scanning and channel series were used to capture all
images. Maximum projection images were reconstructed from the series of optical sections

using Nikon NISElementssoftware.

3.4.5.5 Sequential Imaging of Selected Chondrocytes in Native Cartilage

Following Staining of Acridine orange and SiRactin

In order to study the effect(s) of incremental compressive loading on cell deformation in living
native cartilage and immaturartilage constructs, selected cells must be visualised multiple
times without significant signal loss. An imaging acquisition protocol of a sequential series of
four 3D volume images (as shown in Figure 26) was used to determine the abilityadftiBiR

to retain fluorescence signal during tracking and imaging selected cells multiple times. A set of
four sequential volumeZ(stack) images was chosen because this would allow examination of
changes in cell morphology (shape and size) from the uncompressei ¢shee deformed state
following application of various magnitudes of compressive tissue strain in later cellular
deformation experiments. Following application of Acridine orange aneh8iiR (described in

Section 3.4.1)the stained native cartilage sample was placed in the essipn device
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(without load application) filled with Live Cell Imaging Solution and with the imaging surface
either superficial surface or the deep zone faced down onto the coverslip, as described in
Section 2.3.3 prior to mounting on the stage of the@smwpe. Chondrocytes located in the
superficial surface and the deep zone of native cartilage were examined untsrdesh
conditions as a prelude to subsequently determining cell deformation behaviour in native and
tissue engineered cartilage under atiéint compressive loads (described in Chapter 4 and
Chapter 5). Chondrocytes from the central region (radially) of the tissue were randomly selected
from a depth of 2(B0 um inside the tissue and tracked by capturing a sequential series of four
volumes imges. To capture a volume image of selected chondrocytes in both the superficial
surface and the deep zone, a series of optical sections of 512 x 512 pixels at 0.2 um intervals
were taken using a 100x oil immersion objective (Plan APO 1.40 NA, Nikon Institsrinc,
Surrey, UK) with unidirectional galvo scanning and no line averaging. Thin optical section
thickness (0.2 pum) was selected to achieve higsplution that could provide sufficient pixel
details to resolve 3D cell morphology. No line averagiag &pplied in order to reduce
scanning time on tissue samples and consequently minimise the risk of photobleaching. After 30
mins of equilibrium time, a further another volume image was recorded of the same selected
cells in the same area. The procedurs vegpeated for two additional volume images of the
same selected cells in the same area to complete the sequential series of four volume images.

Images were compiled using Nikon NEl.ements software.

30 mins 30 mins 30 mins 30 mins
wait wait wait wait

Aquisition of Aquisition of Aquisition of Aquisition of

Volume
Image 4

Volume
Image 3

Volume
Image 2

Volume
Image 1

Figure 26: A confocal imaging protocol consisting of a sequential series of four 3D volume images
was used to determine the ability of #R-actin to retain fluorescence signal after tracking and
imaging selected cells multiple times. This protocol was applied to chondrocytes located in the
superficial surface and the deep zone of native cartilage.

3.4.5.6 Comparison in Sequential Imaging of Selected Chondrotgs in Native
Cartilage Between Staining of SiRactin and CellMask Green Plasma

Membrane with the addition of ProLong® Live Antifade Reagent

Given that SiRactin and CellMask Green plasma membrane stains were used to define cell
boundaries, the ability taetain fluorescence signal after tracking identified cells multiple times
were compared between the two stains, with the addition of Pr&llong Antifade Reagent to
potentially reduce photobleaching. An imaging acquisition protocol of sequential 3iesolu

images as described in Section 3.4.5.5 was used, except a sequential series of three images
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instead of four. Following application of either dual staining of Acridine orange anrddiR

stains, and Hoechst 33342 and CellMask Green plasma membrarieenaidition of

ProLond Live Antifade Reagent on native cartilage (described in Section 3.4.4),
experimentation was conducted under+waded conditions as a prelude to subsequently
determining cell deformation behaviour in native and tissue enginearéldge under different
compressive loads (described in Chapter 4 and Chapter 5). In brief, a stained native cartilage
sample was placed in the compression device (without load application) filled with PfoLong
Live Antifade Reagent and with the imagisigrface either superficial surface or the deep zone
faced down onto the coverslip, as described in Section 2.3.3. The device was then mounted on
the stage of the microscope. Chondrocytes from the central region (radially) of a sample of
native cartilage we randomly selected from a depth of2Dum inside the tissue and tracked

by capturing a sequential series of three volurdesack) images. Three volume images (512 x
512 pixels and 0.2 pum optical section thickness per a volume image) of the saiifiediesits

in the same area were conducted sequentially with 30 mins of waiting time apart. Unidirectional
galvo scanning, channel series and no line averaging were used to capture all images. Lasers
were set at 5 % of full power to minimise stain bleaghin addition, the pinhole was set at the
theoreticaloptimum of1 Airy units (Au) to provide a diameter that gives the best compromise
between light throughput, noise and resolution. Images were compiled using Nikon NIS

Elements software.

3.4.5.7 Sequental Imaging of Selected Chondrocytes in Native Cartilage using
Galvo and Resonant Scanning Systems Following Staining of Hoechst
33342 and CellMask Green Plasma Membrane with the Addition of

ProLong® Live Antifade Reagent

To examine which scanning systerasibest in order to retain fluorescence signal of stain, a
series of three volume images of chondrocytes in the same sample of native cartilage was
captured using the galvo and resonant scanner systems on an Nikon ALR inverted confocal
system. Experimentiain was conducted on native cartilage under-loadled conditions as a
prelude to subsequently determining cell deformation behaviour in native and tissue engineered
cartilage under different compressive loads (described in Chapter 4 and Chapter 5)n§ollow
application of Hoechst 33342 and CellMask Green plasma memfges®ibed in Section

3.4.4) the stained cartilage sample was placed in thd@aahed compression device filled with
ProLond’ Live Antifade Reagent (with the imaging surface faces down onto the coverslip, as
descriked in Sectior?.3.3)and the device was mounted on the stage of the microscope.
Chondrocytes from the central region (radially) of a sample of native cartilage were randomly
selected at a depth of BD um within the tissue. The 405 nm solid state andrdB8&\rgon

laser were used to excite Hoechst 33342 and CellMask Green plasma membrane stains

respectively. For the galvo scanner, lasers were set at 5 % of full power with no line averaging
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and the pinhole was set at the theoretical optimum of 1 Au toge@vidiameter that gives the

best compromise between light throughput, noise and resolution. To set up the resonant
scanning, 30 % of full laser power was used with sixtéeas line averaging and the pinhole

was set at 1 Au. When a higher speed scasngsead, increase in laser power and line averaging
are required to compensate on the shorter pixel dwell time which means less photon influx per
pixel and consequently lower signal to noise ratio. A volume image (22.25 pum in depth) was
recorded by takingesial optical sections of 512 x 512 pixels at 0.2 um intervals with a 40x oil
immersion objective (S Fluor 1.30 NA). Three volume insagfecells in the same area were
collected every 30 mias described in Section 3.4.53x cartilage samples were imaged using
eitherthe galvo and resonantasming system in total. Images were compiled and change in
fluorescence intensity (%) was recorded following three sequential images using Nikon NIS

Elements software.

3.5 Results

3.5.1 Characterisation and Optimisation of SiRactin Stain on Synoviocyte
Monolayers

3.5.1.1 Confocal Microscopy of Synoviocyte Monolayers Stained with Different

Concentrations of SiRactin

The different concentrations of S#éttin applied to bovine synoviocytes appeared to have little
effect on the resulting fluorescence intensity (Figure 2iis $uggests the lowest concentration
( 0. 1 ¢ Mactinprbvid&liadequate signal and was suitable to label actin filaments in live

bovine synoviocytes.
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Figure 27: Confocal images of bovine synoviocytes stained with different concentrations of Sif
actin (red) for F-actin; (A) 2 uM, (B) 1 uM, (C) 0.5uM and (D) 0.1 uM SiR-actin.

Fluorescence intensity was similar in synoviocyte mayeis applied with different concentrations
of SiR-actin.

3.5.1.2 Comparison of SiRactin and Alexa Fluor® 488 Phalloidin Stains for F

actin visualisation
Confocal images of live bovine synoviocytes stained with&ifn and Alexa Flu6r488
phalloidin revealed similar actin filament organisations and structures (Figure 28), respectively,
confirming that SiRactin is highly specific to labelling-&ctin. Sgherical stained structures was
visible in the image of synoviocytes stained with-aikin (Figure 28B) which could

potentially be stain debris.



Figure 28: Parallel staining of bovine synoviocyte monolayersising (A) Alexa Fluor® 488
phalloidin and (B) SiR-actin (pseudo coloured to green).

Staining ofboth Alexa Fluor® 488 phalloidin and Siittin revealed similar actin filament
organisations and structuré&pherical stained structurakso appeared in the imagesghoviocyts
stained SiRactin.

3.5.2 Characterisation of the Dual Staining Method of Acridine Orange
and SiR-actin Stains on Synoviocyte MonolayersNative Cartilage

and Synoviocyte/PET Immature Constructs

3.5.2.1 Confocal Microscopy of Synoviocyte Monolayers Stained with Acridine

Orange and SiRactin

Foll owing staining of Aecarcitdiinne 0Oorlanegve) ,( U ievg/r
monolayers weramaged via confocal microscopy. The staining combination of Acridine orange

and SiRactin to label the nuclei (blue) and actin filaments (green), respectively, revealed cell
morphology (overall shape) in the live bovine synoviocytes (Figure 29). Imagéeguire 29

revealed Factin in live bovine synoviocytes to be highly organised, forming bundles and 3D
networks (Label 1, Figure 29E) along with different lengths of filaments (Label 2, Figure 29A).
Staining also appeared to reveal globular actin (Lab€lgBire 29E). Acridine orange revealed

cell nuclei (Label 4, Figure 29F) and denser staining within some regions of nuclei was

observed, potentially indicating the presence of nucleoli (Label 5, Figure 29D and Figure 29F).
Acridine orange was also faintlysible in the cytoplasm (Label 6, Figure 29F). Gzl

interactions and adhesion plagues were also observed (Label 7, Figure 29D).
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Figure 29: Confocal images of live bovine synoviocyte monolayelabelled with Acridine orange
(pseudo coloured tdblue) and SiRactin stains(pseudo coloured tayreen) for staining of nuclei and
actin filaments, respetively, were visualised usindA-F) various magnificationsand digital zooms

Bundles and 3D networks of actin filaments (Label 1) were observed along with different lengths of
filaments (Label 2). Staining also revealed the assembly and disassembly of antnt8lavith globular

actin (Label 3) appeared to be visible along with actin filaments. Nuclei (Label 4) were labelled with
Acridne orange and denser staining was observed in some regions of the nuclei compared with others,
potentially indicating the presee of nucleoli (Label 5). Acridine orange was faintly visible in the
cytoplasm (Label 6). Celtell interactions and adhesion was also observed (Label 7).
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3.5.2.2 Confocal Microscopy of Cells Stained with Acridine Orange and SiFactin
within Native Cartilage and Synoviocyte/PETImmature Constructs

The 3D volume images showed both Acridine orange aneaiiiR stains had penetrated

through native cartilage and synoviocyte/PET immature constructs and labelled cell nuclei and
actin filaments, respectively (Figure 31). Both 3D voluane maximum projection images of

the deep zone of native cartilage revealed chondrocytes with a rounded morphology which were
arranged in columns (Figure 30A and Figure 31A), as woukkpectedFrom the 3D volume

and maximum projection images of thaeviocyte/PET immature construct, synoviocytes
appeared to have a spindilee morphology and were distributed relatively elyethroughout

the construct (Figure 30C and Figure 31B). They were more densely packed than the
chondrocytes in native cartilagad difficult to distinguish one cell from another. Low level
staining was observed with the PET scaffold control (no cells) in Figure 30E and Figure 31C,
indicating a low level of nospecific stain was present at the selected wavelengths. However,
the gaining intensity was insignificant compared to the fluorescently labelled nuclei and actin
filaments associated with the cells in native cartilage and synoviocyte/PETimmature constructs.
For the negative, nestained controls shown in Figure 30B, Figué®3and Figure 30F, there

was no visible staining present, inferring that the staining methodology developed to stain

nuclei and Factin does not exhibit false positive staining.



100 pm

100 pm

Figure 30: Maximum projected confocal images of (A native articular cartilage, (C)
synoviocyte/PET immature cartilage construct and (fEa PET scaffold stained with Acridine
orange (pseudo coloured tdlue) and SiR actin pseudo coloured tagreen) for nuclei and actin
filaments, respectively;and non-stained samples, (B) native articular cartilage, (D
synoviocyte/PET immature cartilageconstruct and (F) a PET scaffold.

Individual chondrocytes located in the deep zone of cartilage appeared rounded in shape (Label 1)
and synoviocytem thesynoviocyte/PETmmature construct revealed a spintike morphology

(Label 2). Low level staining of Acridine orange was observed with the PET scaffold control (Label
3). There was no visible staining presenhonstained controls
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Figure 31 3D volume images of(A) native articular cartilage, (B) synoviocyte/PET immature cartilage
construct and (C) a PET scaffoldstained with Acridine orange @pseudo coloured tdlue) and SiRactin (pseudo
coloured togreen) for nucleiand actin filaments, respectively Images are presented in th&XYZ-plane.

Imagesevealed the stains had penetrated through native cartilaggramdocyte/PETimmature construct and
labelledA) chondrocytes anB) synoviocytes, respéeely. Low level staining of Acridine orange was observed
with C) the PET scaffold control
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3.5.2.3 Retention of Fluorescence Signal after Sequential Imaging of Selected
Chondrocytes in Native Gartilage

After application of a staining combination of Acridine orange andé&®ifith (as described in

Section 3.4.1), confocal microscopy was used to sequentially image selected chondrocytes in
the superficial surface and the deepeohnative cartilage. A series of four 3D volume images

was used to record specific chondrocytes in the superficial and deep zone of native cartilage, as
shown in Figure 32 and Figure 33, respectively. The fluorescence signalatigiRvas seen

to decease in the sequential series of images of chondrocytes in the superficial surface of native
cartilage, with the loss of signal more visible images 1 and 2 (Figure 32). In addition, there was
a considerable loss in fluorescence signal between the imggeasechin the deep zone, in

particular fading was more pronounced towards the end of the series (between images 3 and 4)
(Figure 33). Due to a significant loss in fluorescence signal, details on cell morphology were
lost.
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Figure 32 A sequential series of four 3D volume images of selected chondrocytes onghperficial surface of bovine cartilage, image$-4 (left to right) displayed
in the SiR-actin (Red) channel in various planes: (AD) XZY -plane, (EH) XZ-plane and (}M) Z-plane.

There was a considerable loss in fluorescence signal between the images. Example of loss of fluorescence signal htghdigtieed w
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3.5.3 Characterisation of the Dual Staining Method of Hoechst 33342 and
CellMask Green Plasma Membrane Stains on Synoviocyte
Monolayers, Native Cartilage and Synoviocyte/PET Immature

Constructs

3.5.3.1 Confocal Microscopy of Synoviocyte Monolayers Stained with Hoechst
33342 and CellMask Green Plawa Membrane Stains

The 3D volume images of live bovine synoviocytes, cultured in monolayer and stained with
Hoechst 33342 and CellMask Green plasma membrane stains revealed high contrast labelling of
cell nuclei and plasma membrane. The staining combimafi Hoechst 33342 and CellMask

Green plasma membrane stains provided an excellent fluorescence signal with minimal
background noise, enabling clear visualisation of synoviocyte morphology including overall

shape (Figure 34).

160 um

Figure 34: 3D volumeimages of live bovine synoviocyten monolayer cultures stainedwith Hoechst
33342 (blue) and CellMask green plasma membranestains (green) for nuclei andplasma
membrane, respectively. Cellsvere visualisedby (A) a 20x air and (B) a 40x odlimmersion
objectives.Imagesare presented in theZ-plane.

Staining revealed synoviocyte morphology and shape with excellent fluorescence signal and mini
background noise.

3.5.3.2 Confocal Microscopy of Cels within Native Cartilage and
Synoviocyte/PET Immature Constructs Stained with Hoechst 33342 and
CellMask Green Plasma Membrane Stains
Following staining of Hoechst 33342 and CellMask Green plasma membrane, native cartilage
and synoviocyte/PET immature &tructs were imaged via confocal microscopy. The 3D

volume images showed both stains had penetrated through the tissue samples and successfully

labelled cell nuclei and plasma membrane (Figure 35 and Figure 36). The images of native
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cartilage revealed chdrocytes with flattened morphology within the superficial area of the

tissue (Label 1, Figure 35A and Figure 36A). The CellMask Green plasma membrane staining
appeared to have also labelled peeicellularmatrix that surrounds chondrocytes, providing
visualisation of chondrons in the superficial area (Label 3, Figure 35A and Figure 36A). In the
deep zone of native cartilage, the images showed a rounded appearance for chondrocytes which
were uniformly distributed throughout the tissue (Label 2, Figureé8&Brigure 36B), as

would be expected.

The 3D volume images of synoviocyte/PET immature constructs showed densely packed
synoviocytes to have a spindlke morphology and an even distribution throughout the

construct constructs (Label 4, Figure 35C aigiife 36C), with an appearance similar to that of
synoviocytes SiRactin stained (Section 3.5.2.2). The staining provided highly resolved
visualisation of cell shape within the construct. Blue fluorescence signal was observed with the
PET scaffold controfno cells), indicating that the Hoechst 33342 stain had been bound to the
scaffold fibres (Label 5, Figure 35D and Figure 36D). The scaffold fibres appeared to have a
high affinity to Hoechst 33342 and consequently fluoresce at the same wavelength as cell
nuclei. Negative, nestained controls showed no visible staining present, suggesting no

autofluorescence.
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Figure 35: 3D volume images of(A) superficial surface, (B) the deep zone of nativarticular
cartilage, (C) synoviocyte/PET immature cartilage construct and (D) a PET scaffolstained with
Hoechst 3334Zblue) and CellMask green plasma membranestains (green)for nuclei and plasma
membrane, respectively Imagesare presented in theXYZ-plane.

Individual chondrocytes located in the superficial and the deep zone of cartilage appeared flattene
(Label 1) andounded (Label 2) in shape, respectively. Staining appeared to have also labelled the
pericellular matrix that surrounds chondrocytes (Label 3). Synoviocytes withdiynoviocyte/PET
immature construct appeared to have a spilikbemorphology and a raom distribution throughout the
construct (Label 4). Blue fluorescence signal was picked up by the scaffold fibres in the PET scaffold
control (no cells) (Label 5).
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Figure 36. 3D volume images of (Apuperficial surface, (B the deep zone bnative articular
cartilage, (C) synoviocyte/PET immature cartilage construct and(D) a PET scaffold stained with
Hoechst 33342 (blue) and CellMaskreen plasma membrane stains (green) fauclei and plasma
membrane, respectively Images arepresented in theZ-plane.

Individual chondrocytes located in the superficial and the deep zone of cartilage appeared flatten
(Label 1) and rounded (Label 2) in shape, respecti&thining appeared to have also labelled the
pericellular matrix that surrounds chondrocytes (Label 3). Synoviocytes withdyribgiocyte/PET
immature construct appeared to have a spilikbemorphology and a random distribution throughout
constructLabel 4). Blue fluorescence signal was picked up by the scaffold fibres in the PET scaffold
control (no cells) (Label 5).
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3.5.3.3 Tissue Penetration of Hoechst 33342 and CellMask Green Plasma
Membrane in Native Cartilage
Confocal image of crossectional stes of stained native cartilage revealed that both Hoechst
33342 and CellMask Green plasma membrane stains had penetrated through the full thickness

of the tissue and were able to provide cell visualisation by labelling nuclei and plasma
membranes, respideely (Figure 37).

Superficial layer

Deep zone

Figure 37:. Confocal image of cross section afative articular cartilage stained with Hoechst 3342
and CelMask green plasma membraneevealed both stains penetrated through the full thickness
of the tissue from the superficial layer down to the deep zone.

3.5.4 Effect of Addition of ProLong® Live Antifade Reagent on Retention of
Fluorescence Signal after Sequential Imaging of Selected
Chondrocytes in Native Cartilage

With the addition of ProLorfyLive Antifade Reagent, the ability to retdlnorescence signal

in native cartilage after tracking selected cells through multiple times were compared between
the staining methods of Hoechst 33342 coupled with CellMask Green plasma membrane and
Acridine orange combined with Si&ctin. After appliction of stains, confocal microscopy was

used to sequentially image selected cells in the samples. The intensity of the fluorescence signal
of CellMask Green plasma membrane stain in native cartilage was seen to be similar between
the three sequential imagyand was much superior to that seen for&ikn stained cartilage

(Figure 38 and Figure 39), indicating that the CellMask Green plasma membrane stain may be
better at retaining its signal. With the addition of Prolhiye Antifade Reagent in the

stainng method, SiRactin appeared to retain its signal better than previous experimentation but

fading still occurred (Figure 39).
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Figure 38 A sequential series ofhree 3D volume images of selected chondroays$ on thesuperficial surface of bovine cartilagejmages 13 (left to right) displayed in
the CellMask green plasma membran€Green) channel in various planes: (AC) XYZ-plane, (D-F) XZ-plane and (GJ) Z-plane.

Similar fluorescence signal intensity was observed between three sequential volume images following staining of CeliiMzakrgeemembrane coupled with ProL®n(
Live Antifade Reagent.
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Figure 39: A sequential series of three B volume images of selected chondrocytésthe deep zoneof bovine cartilage,images 13 (left to right) displayed in theSiR-

actin (Red) channel in various planes{A-C) XYZ-plane, (D-F) XZ-plane and (GJ) Z-plane.
With the addition of ProLorfyLive Antifade Reagent in the staining method, -Bl&inimproved on retaining fluorescence signal following the capture of three sequential il

compared to previous experimentation but fading still occurred.
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3.5.5 Retention of Fluorescence Signal after Sequential Imaging of Selected
Chondrocytes in Native cartilage using Galvo and ReonantScanning
with the Addition of ProLong® Live Antifade Reagent

Following application of Hoechst 33342 a@édlIMask Greemplasma membrane stains with the
addition of ProLon§j Live Antifade Reagent, the change in fluorescence signal following the
capture of a series of three volume images was measured and compared between image
acquisition methods using either galvo or resonant scanning. Approximately 90 % of the
fluorescence signal was retained when galvo scanning was used compared to 83% far resona
scanning after the images were recorded (Figure 40).
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Figure 40: Change in mean fluorescence intensity after selected chlimacytes were sequentially
imaged threetimes under nonloaded conditions usingraditional galvo and high speedresonant
scanning in the confocal microscope.

Significantly greater loss of fluorescence signal was observed with the use of resonamt Bediaine
represented as means + SD (nSitistical difference determined by parede st (* [ p <0

3.6 Discussion

The aim of this chapter was to develop a live cell staining method thatbles fluorescently

label cellsand allow the operation of the confocal microscope to track and image 3D sliange
cell morphology (shape and size) of living chondrocytes within native caréladjbovine
synoviocytes within tissue engineered cartilage during different magnitudes of static
compressions via sequential imaging. Thus, the method developed neatied siains to

penetrate thdense matrixand provide specific and highly resolved visualisation of cell
morphology for 3D quantification measurements. In addition, because an aim of this thesis was

to determine the cellular deformation behaviour wittitive and tissue engineered cartilage

. 05
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under different magnitudes of compressive strain, the stains needed to label the cells inside both
tissue samples arik capable of imagingelected cells multiple times without significant signal
loss. Fluorescencégmal loss would result in lack of detail for cell morphology and therefore
could potentially affect the accuracy of quantitative data on cell deformation obtained from the

images.

This chapter investigated two potential staining methods; i) a dual gtam@thod of Acridine
orange and SiRctin stains and ii) a dual staining method of Hoechst 33342 and CellMask
Green plasma membrane stains for application in live cell imaging in native and tissue
engineered cartilage. To determine which staining methedoest suited, both staining

methods were evaluated on synoviocyte monolayers, bovine cartilage disks and
synoviocyte/PET immature constructs under-teaded conditions as a prelude to subsequently
determining cell deformation behaviour in native andugssngineered cartilage under different
compressive loads (described in Chapter 4 and Chapter 5). The effects of photobleaching with
the use of ProLorftLive Antifade Reagent in both staining methods were evaluated. In
addition, an appropriate confocal igiag setting for tracking changes in cell morphology

within native and tissue engineered cartilage subjected to different amounts of tissue

deformation was determined.

3.6.1 Characterisation and Optimisation of SiRactin Stain on Synoviocyte
Monolayers

Stainirg actin filaments allows visualisation of the overall cell shape. A humber of various
methods and probes are currently available for labelling actin in living cells which apply the
principle of fusing fluorescent protein to different adbinding proteinsr domains, such as
LifeAct [240], [245] utrophin and Rractin[239], as well as the technique of expression of
GFPRactin (as described in Section 3.1[334], [236], [240] Although these technigues have
been successful in visualisation 6&Etin in living cells, there is still a need to introduce them
into cells either via protein transfeati reagents (plasmid or viral vectors) or microinjection

which could be time&onsuming and problemati239], [245]

A novel membrane permeable fluorescemte called SiRactin was recently developed to bind

to Factin in living cells without the need to overexpress fluorescently labelled prf#aBis

[246]. It was chosen as a potential marker in this study to laketiR and provide visualisation

of the overall cell shape in living native cartilage and synoviocyte/PET immature constructs
because of its membrane permeable characteristic, fluorogenity pes@estivell as high

specificityto Factin[238]. To be best of t hactinhas heheobbeéns know
applied to native cartilage and cartilage constructs before, therefore, in this thesis, its use was

first optimised on cell monolayers. Bo synoviocyte were selected for this as this is the cell

type used to produce the tissue engineered cartilage in Einddy(2016)[1] and in this thesis.
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To evaluate SiRactin as a potential marker for labellingaEtin, the desired concentration to
obtain strong staining in synoviocyte was first determined, following by a comparison-of SiR
actin staining with the more widely usEeactin marker, phalloidin (e.g. Alexa Flfo488
phalloidin) [234], [249]

There is little literature available that provides a recommendeé&iR concentration to use

for labelling Factin in live cell maging of cartilage specimertdowever, a rangef

concentration between 0.1 to 2 uM have been used in previous studies to label actin in various
types of cells and tissuga38], [246], [249] [251]. Esteet al.(2016)[246] revealed that the

periodic organisation (rinrghaped pattern) of actin and spectrincauical cytoskeleton is not

just a distinctive feature of hippocampal neurons but rather a fundamental characteristic of cells
in the nervous system with stimulated emission depletion (STED) super resolution microscopy.
SiR-actin probe (0.1 uM) was useg Esteet al.to discover the formation of a subcortical

periodic actin structure in the axons of live rat dorsal root ganglion neurons, cortical neurons,
striatal neurons and granule cells from the cerebd2486]. In another study by Romarowskil

et al.(2018)[249], 0.1 uM SiRactin was also used, in combination with susolution
microscopy, to effectivg reveal the regions that contaireltin within the head of live mouse
sperm cells and observe the dynamic changesaafif prior to and during acrosomal

exocytosis. In a study by Magliocetal (2017)[250], in which 1 uM of SiRactin and SiR

tubulin probe were used, actin and tubulin cytoskeletal dynamics were analysed in proliferating
induced pluripotent stem celSCs) and iPS@erived neurons following treatments with de
polymerisation. The use of both SiR probes with live cell iapse imaging allowed

Maglioccaet al (2017) to monitor the rapid4@ganisation of the cytoskeleton in both iPSC

and iPSCderived neurons after induced g@lymerisatior{250]. Furthermore, a SHactin
concentration of 2 uM was used by Klementieval. (2016)[251] to study the fine structure

and remodelling of actin filaments within tumour tissue. The &ifh probe combined with

live cell imaging provided an efficient way to visualise the fine details of actin cytoskeleton in
tumour tissues of two mouse models at high resolution and allowed Klemegttizlvé2016) to
demonstrate for the first time thidse actin structure of cancer cells in tumouvivo differs

from that in cancer celi® vitro and in normal tissug251].

Since SiRactin is developed from a derivative of Jasplakinolide, a drug that is known to
stabilises actin and has shown to be cytotoxtic, the only potential disadvantages are the possible
alternation of actin dynamics and induced phototgxeitects in living cell§238]. However, it

has been reported that at concentrations up to 3 uMa&tiR did not alter the mitotic spindle
morphology and the duration of mitotic formati@38]. In addition, SiRactin did not have
cytotoxicity efects toward primary human fibroblasts over a period of 24 hrs oflipse

imaging as well as showed no detectable effect on proliferation in cultured HelLa cells when a

concentration up to 0.1 pM was ug4@ad8]. Since higher concentrations could irmgectin
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dynamics and have cytotoxicity effects, it is recommended to minimise the concentration of
SiR-actin up to or equal to 0.1 uM for long term live cell imagi288].

In this study, a concentration of S&etin that provides good staining inséy with minimal
undesirable effects on cell viability was desired. For this reason, different concentrations of SiR
actin (0.1 to 2 uM) were investigated on synoviocyte monolayers to identify a suitable
concentration for visualising the structure andadyits of Factin without interference. There
seemed to be no discernible difference in staining intensity when synoviocytes in monolayer
culture were stained with different concentrations of-&d®n. A concentration of 0.1 uM SiR

actin (in accordance thhe manufacturer recommendations to avoid undesirable effects) resulted
in bright fluorescent signal in the synoviocytes in comparison to those other concentrations
used, suggesting that this concentration could provide a sufficient amountaft8iR

molecules for labelling factin. Elevated concentration of S#tin is suggested to have
undesirable effects on actin filaments, as described previously in this section. Lukinetvadius
(2014)[238] suggested that there is a concentration window evtierse undesirable effects are
minimal and showed that low imaging concentrations (equal or below 0.1 uM) had little
phototoxcity, did not affect actin dynamics and provided a high signal to noise ratio. It is
evident that by keeping the concentrationhaf stain as low as possible would avoid or

minimise the undesirable effects. In this study,-&d#n at 0.1 uM provided a bright

fluorescent signal that is adequate to identify cell shape and, therefore 0.1 UM was chosen as the

concentration of SiRactinused following the preliminary experiment described in this thesis.

Since phalloidin, a fluorescent derivative of phallotoxins, is traditionally used as the gold
standard marker for labelling actin filamef284], [249]and according to the manufacturer,
Alexa Fluof® 488phalloidin is a Factin specific probe often used by resier, it was used to
benchmarlagainst SiRactin in terms of morphological comparison of labelled cell features
[252]. Confocal images of synoviocytes labelled with SiBtin and Alexa FluSr488

phalloidin revealed similar labelled filamentous structures, indicating that actin filaments were
being stained by the SiRctinto a similar extento those stined using the moreigely used

Alexa Fluof® phalloidin. Spherical stained structures was also visible in the image of
synoviocytes stained with Siictin (Figure 28B). This might potentially be stain debris,

however this is unknown.

3.6.2 Characterisation of the Dual Staining Metha of Acridine Orange
and SiR-actin Stains on Synoviocyte Monolayers, Native Cartilage
and Synoviocyte/PET Immature Constructs

The strategy of these experiments was to evaluat@&iR as a potential marker to determine
cell morphology and actin filamestructures in living native cartilage and tissue engineered

constructs which would ultimately be subjected to different incremental compressive strains in
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later experimentations. In order to achieve this, the stain was required to penetrate in to tissue
sanples and provide specific and highly resolvable labelling of cell morphology. Most
importantly, the stain must be able to retain its fluorescence signal after tracking and imaging of
selected cells multiple times in order to study the effect(s) of incr&ieading on cell
deformation behaviour in native and tissue engineeaeiilage

By using a staining combination of Acridine orange and-&ikn, confocal images of

synoviocyte monolayers, native cartilage and synoviocyte/PET immature constoveesish

highly resolved cell morphology, supporting the use of Acridine orange ardc8iRRfor the
required live cell imaging applications. By coupling a nuclear stain with the actin probe, it
helped to identify the actin filaments associated with eaclasellell as cell morphology.

However, it was more difficult to distinguish cell boundaries in synoviocyte/PET immature
constructs due to the synoviocytes being so densely packed. The actin cytoskeletan is well
known in forming a 3D dynamic network thatable to assemble and disassemble to provide
mechanical support for the cell in response to mechanical stimul&€dh In addition, it is
physically associated with cell adhesions whick tim cells to their ECM and to neighbouring
cells[253]. These details were observed in confocal images of monolaylére synoviocyte,
revealing in particular highly organised bundles and networks of actin filaments (Label 1,
Figure 29E) and celtell adhesions (Label 7, Figure 29D). In addition, staining also revealed
the assembled and disassembled actin filamentsvindeynoviocytes; globulaactin was

visible along with actin filaments (Label 3, Figure 29E). Although actin filaments are able to
assemble/disassemble, they do not simply switch between the polymerised and depolymerised
state[105]. Instead, Factin elongates steadily in the presence of actin mondd@s$ This

explains why actinifaments with different lengths were observed in the confocal images shown
here (Label 2, Figure 29A).

Within the fluorescently labelled nuclei (Label 4, Figure 29F), denser staining of Acridine
orange was observed in some regions ohtiiei compared with others, potentially indicating

the presence of nucleoli (Label 5, Figure 29D and Figure 29F). Nucleoli are responsible for the
transcription of ribosomal RNA and the synthesis of ribosomes and therefore a high
concentration of RNA anBNA is present in these suivganelleg§254]. Since Acridine orange

is a cell pemeable nucleic acid stain that binds to single/double stranded DNA and RNA,
nucleoli were identified with dense staining within the nuclei. In addition, Acridine orange was
faintly visible in the cytoplasm (Label 6, Figure 29F). Likewise, this may beddtiledsomes,
(composed of RNA molecules for the translation process into proteins) which are found in the

cytoplasm.

Both Acridine orange and SiRctin stains appeared to have penetrated through the native
cartilage and synoviocyte/PET immature constracis were able to reveal the morphology of

chondrocytes and synoviocytes, respectively (Figure 31). As expected, chondrocytes had a
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round morphology and were arranged in columns in the deep zone of native cartilage (Figure
30A and Figure 31A). In synoviofPET immature constructs, synoviocytes were seen as
spindlelike structures with actin filaments branching out to other actin filaments in surrounding
synoviocytes and were scattered relatively evenly throughout the construct (Figure 30C and
Figure 31B).In addition, the synoviocytes were more densely packed than the chondrocytes in
native cartilage and difficult to distinguish one cell from another. This observation revealed that
cell-cell interactions might be occurring within the construct.-Cell interaction plays a role in
the mechanotransduction process as actin filaments are able to transmit intercellular forces
arising from ceHcell adhesion and respond by triggering mechanotransduction signalling
pathways to increase matrix synthesis and ddposh maturing the construgt01]. These
observations were therefore encouraging data which supported the usalofetarange and
SiR-actin for determining cell morphology in native cartilage and tissue engineered constructs

for later cell deformation studies.

Due to light absorption and scattering by tissue specimens, laser light penetration depth has
always been ahallenge in biological tissue imaging which play®le in the achieved imaging
depth[213]. It was noted that confocal microscopy was unable to visualise cells throughout the

full thickness of native cartilage and synoviocyte/PET immature constructs. asisast

likely due to the density of both tissues being too great (even in constructs at the early stage of
development) causing absorption and scattering which consequently prevented light penetration.
The maximum penetration depth was therefore limiteletweerl001 4 0 e m (wi t h a
objective)and consequently restricted visualisation to the sample surfaces. This meant that only
the articular surface and the deep zone of native cartilage could be observed (i.e. by inverting

the sample). Howevermé¢ depth of penetration is generally limitedtel5@0 0 e m f or conf
microscopy{213]. Previous studies that have examined 3D deformation behaviour of

chondrocytes in native cartilage achieved the maximum imaging depth of areén@ 40e m

without cutting theissue to expose the cressctional are§85], [145]. Hanet al.(2010)[145]

took Z stack images of chondrocytes from the superficial surface to a depth of 40 um inside the
catilage, whilst Madderrt al. (2013)[85] managed to image chondrocytes between the

superficial surface and 50 um depth (both studies used a 40x water immersion objective).
However, another contributing factor in determining the imaging depth is the working distance
(WD) (vertical distancebetween the front of the objective and the closest sample surface when

the sample is focused) of the objectj2é&3]. Typically, the depth of imaging decreases as the

WD decreases along with increased magnificat
Imaging thick tissue sample with a lower NA, longer WD objective would improve the imaging
depth, but with lower resolution and sensitivity. However, the use of a higher magnification
objective (with a higher NA) would limit the imaging depth into the dardpe to a tradeff of

a shorter WD. The 40x water immersion objective used bydtah(2010)[145] and Madden

et al.(2013)[85] which had an NA of 0.8 would have partly contributed to the limited depth
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achieved compared to thathieved with a 20x air objective (0.75 NA) in this study.
Nevertheless, a significant improvement on penetration depth was achieved with the dual
staining method of Acridine orange and SiBtin stains in this study in comparison to those
previously achieed in the field. Penetration depth could be further improved by increasing
excitation light intensity but this would then increase the likelihood of photobleaching, causing
the fluorescent marker to lose the ability to fluoresce throughout the requiegériod. As
penetration depth is a limitation of using confocal microscopy to image tissue samples in this
thesis, the regions of interest was restricted to the regions in which the confocal microscope was
capable of imaging.

Significant loss of flucescence signal was observed and consequently loss of details of cell
morphology when selected chondrocytes in the superficial surface and the deep zone were
sequentially imaged four times (Figure 32 and Figure 33). There are at least two potential

factorsthat could explain the reduced fluorescence intensity seen after sequentially imaging:

a) SiR-actin effluxes from the cells over the duration of experimentation; unbound -or non
specific bindingof SRact i n doesndét fluoresce.
b) Long exposure to light causphotobleaching to occur and consequently fluorophores

lose their fluorescence permanently.

The labelling efficiency of SiRactin was reported to vary with cell types, depending in
particular on the expression level of efflux punfp38]. SiR-actin mokcules can be removed

from the cells via efflux pumps, consequently resulting in low staining effici@38].

Verapamil is a known broaspectrum effluspumpinhibitor [255] which could block efflux of
fluorophores and it was recommended by the manufacturer to adthé SiRactin staining
solution to reduce such effd@38]. It was reported that the addition of Verapamil improved
staining substantially in cell lines that showed low labelling efficig@88]. It is possible that
Verapamil unbind from thefflux pumps during the duration of experimentation and results in
low signal intensity. However, Mishra et al. (20]256] showed that the supplementation of

100 nM of Verapamil with SiRactin staining prolonged retention of the probe in the study to
determine the turnover dynamics of actin cytoskeleton in humantanm®w derived MSCs
following lineage diverging culturdn addition, SIRactin signal started to fade at different time
between the sequential images of chondrocytes captured in two native cartilage disks3@-igure
and Figure 38 As both cartilage disks were harvested from the same bovine knee joint and
cultured and imaged in the same conditions (expect the use of different laser power for
imaging), this perhaps suggests the signal loss might be related to the image acquisition settings.
This therefordends to reduce the potential of (a) as the primary dexglaining the significant

loss of fluorescence.

In the deep zone, the loss of SRtin signal was substantially more noticeable in later images

of the sequential series, between images 3 and 4 (Figure 33). This provides evidence to suggest
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(b) is likdy to be the predominant driving factor to explain the results. As described in Section
3.1.2, photobleaching occurs when a fluorophore is permanently damaged and unable to
fluoresce due to photmduced chemical alteration and covalent modificaf#2?], [224],
[231]i [233]. Photobleaching can happen from long exposure to the excitation light. To reduce
the ocarrence of this, the intensity level of the excitation light should be kept as low as possible
but it still needs to be sufficient to excite the fluorophores to fluoresce. In the case of the work
described here, the laser power was set at 5 % to seqlyantade chondrocytes in the deep
zone (Figure 33). However, around 25 % of laser power was used to capture chondrocytes in the
superficial surface and loss of signal was more significant from image 1 and 2 (of Figure 32),
indicating that the intensity leV of excitation light might be too high and potentially caused
rapid photobleaching. This illustrated the excitation light intensity is required to be low in order

to minimise photobleaching.

Even if the level of excitation light was kept to a minimuinis inot uncommon to detect
fluorescence fading after sequentially imaging a region of interest (ROI) repeatedly. This is
because a long exposure time partly contributes to photobleaching as well as high light intensity
[223]. The duration required for acquisition of repeated images @lassil exposes sample to

a low intensity of light for a long period and photobleaching would inevitably occur. It could be
argued that acquiring four repeated images in the same region of native cartilage, as carried out
here, was pushing beyond the daifity of the SiRactin stain. Some fluorescent molecules

have a very short useful lifetime, after which fading occurs and they only emit a few hundred
photons while some can emit a large number of photons (tens of millions) before becoming
permanently blached233]. The number of photons emitted before photobleaching occurs
depends on both on the nature of the fluorescence molecule and on its ervif@33ie In

this study, 5 % of laser power was used to image chondrocytes in the deep zone of native
cartilage and yet loss of fluorescence intensitg observed, with fading being more

pronounced in the later images (Figure 33), suggesting that the acquisition time (exposure time
to light) required to record four sequential volume images was too long, causing photobleaching
and so beyond the usefuliime of SiRactin. It was therefore decided that a maximum of three
sequential images would be used to track cells within the native cartilage and tissue engineered

constructs.

Overall the staining method using Acridine orange anddgifih proved to mpvide specific and

highly resolved visualisation of cell morphology for cells in monolayers, native cartilage and
immature cartilage constructs. However, significant fluorescence signal loss was observed when
four sequential images were recorded for ¢etbchondrocytes in native cartilage. The loss of

cell morphology details due to the faded fluorescence signal would affect the measurements
during any quantification from the images. This compromised the prospect of utilising the
staining method of Acrigie orange and SiRctin in native cartilage and tissue engineered

constructs. The confocal images using Verapamil point towards photobleaching as being the
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predominant driver that caused the reduced signal. Effects could be made to reduce
photobleaching byninimising exposure to excitation light, such as limiting light intensity and
exposure tim¢223]. Light intensity could be reduced by lowering laser power or decreasing
pinhole size. Exposure time depends on the number of repeated images, the number of optical
sections per image and thige of an optical section. It was proposed to reduce the number of
sequential images from four to three in order to reduce exposure time to the sample. In addition,
the use of antifade protection in mounting medium such as PrBlLong Antifade Reagent
could help reduce photobleachif22]. This works by reducing the oxygen available for
photcoxidation reactions that promote photobleaching. Thus far, the photobleaching prevented
SiR-actin fom being a promising marker for cell morphology labelling the samples used in this
thesis and a means to reduce photobleaching would therefore need to be devised. Alternatively,
a switch to a more photstable fluorochrome would be required.

3.6.3 Characterisation of the Dual Staining Method of Hoechst 33342 and
CellMask Green Plasma Membrane Stains on Synoviocyte
Monolayers, Native Cartilage and Synoviocyte/PET Immature
Constructs

Apart from the use of actin filaments staining to identify cell shape, plasméorare staining

can be a convenient marker for highlighting cell boundaries. A traditional approach for
membrane labelling is the use of lipophilic dyes such as Dil andZs@. However, they
internalise rapidlyn live cells which offers a very small window for imaging. Fluorescent

wheat germ agglutinin (a plant lectin), has also been typically used as a membrg2&8}ain
Staining sing lectins depends upon the binding of lectimjugates to certain cell surface

sugars (e.g. glycoproteins or glycolipids) and as a result, inconsistent staining can occur with
different cell types. Another way to label cell membranes is the use di&axdblasma

membrane stain, a commercially available stain. According to descriptions provided by the
manufacturer, it is an amphipathic molecule which provides a lipophilic moiety for membrane
loading and consists of a negatively charged hydrophiliclthteid able to anchor the probe in

the plasma membrane therefore it can rapidly stain plasma membranes across various
mammalian cell types as well as providing robust and uniform staining. In addition, the
manufacturer claims it internalises slower comgacethe traditional approaches that were
described above. Thus, CellMask Green plasma membrane stain was chosen to determine its
potential application in staining plasma membrane as a means of highlighting cell morphology.
In addition, Hoechst 33342 dyeaw selected to couple with CellMask Green plasma membrane

to label cell nuclei and identify cells.

Hoechst 33342 and CellMask Green plasma membrane staining was apparent throughout the

depth of a crossectional native cartilage sample (Figure 37), suggebbth stains were able
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to penetrate the full thickness of tissue and permit visualisation of the chondrocytes. Confocal
images of stained synoviocyte monolayers, native cartilage and synoviocyte/PET immature
constructs revealed bright staining of celtlei and membranes and consequently provided
highly resolved cell morphology (Figure-386). Chondrocytes located in different regions of
native cartilage clearly showed different morphologies. Flattened and rounded chondrocytes
were revealed in the supieial surface and the deep zone, respectively, as would be expected
(Figure 35AB and Figure 36A) [8]. Staining appeared to have also labelled the pericellular
matrix surrounding thehmondrocytes in the superficial zone (Figure 35A and Figure 36A).
However, clear cell boundaries could still be visualised from the images, therefore permitting
future analysis of cell deformation in later studies. The spilikibernorphology of synoviocyte
in the synoviocyte/PET immature constructs was clearly labelled but it was difficult to
distinguish the cell boundaries due to the synoviocytes being so densely packed (Figure 35C
and Figure 36C). Lower penetration depth (aroun@®@m) was achieved famative cartilage
and synoviocyte/PET immature constructs stained with Hoechst 33342 and CellMask Green
plasma membrane stains, in comparison to that achieved with the dual staining of Acridine
orange and SiRctin stains. This is most likely because sfrowavelength light (blue/green)
which is used to excite the CellMask Green plasma membrane stain, experiences greater
absorption and scattering than longer wavelength light (far red) (used to excite theiSiR
stain) and therefore results in shallowenetration deptf213], [228] However, the
penetration depth achieved by using Hoechst 33Bd2CellMask Green plasma membrane
stains was similar to the range achieved by previous studies in the field (as described in Section
3.6.2)[85], [145] Thus, the preliminary results suggested that the Hoechst 33342 and CellMask
Green plasma membrane stains were promising for use in revealing cell morphology in these

tissue samples.

3.6.4 Effect of Addition of ProLong® Live Antifade Reagent on Retention of
Fluorescence Signal after Sequential Imaging of Selected
Chondrocytes in Native Catilage

As mentioned before in Section 3.1.2, the staining method must be able to track and image
selected cells in tissue samples repeatedly without significant loss of fluorescence signal. The
fluorescence fading that occurs following the capture efig@s of images would directly affect

the accuracy of the quantitative data on cell deformation because cell measurements are
recorded from the images. Previous results in this chapter showed trattBiRtain

significantly lost fluorescence intensityrihg the time period required to capture sequential

confocal volume images, possibly due to photobleaching.

ProLond’ Live Antifade Reagent is a commercially available product which the manufacturer
claims it metabolises these singlet oxygen moleculesjtiieg in increased signal intensity and

duration whilst keeping the background signal low. Thus, the effect of the addition of PfoLong
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Live Antifade Reagent on the retention of fluorescence signal after sequential imaging of
selected chondrocytes in net cartilage were compared between the staining methods of
Acridine orange combined with Sigctin and Hoechst 33342 coupled with CellMask Green

plasma membrane.

SiR-actin was better at retaining its signal with the addition of ProEang Antifade Regent
(Figure 39), compared to without the use of Prol®obige Antifade Reagent as seen previously
(Figure 32 and Figure 33), though some signal loss was still observed. This suggested that
ProLongd’ Live Antifade Reagent provided protection against theot$f of photobleaching of

the stain. Given that molecular oxygen is one of main actors in the photobleaching process, it is
possible that ProLoffgLive Antifade Reagent protected Sitin molecules from

environmental molecular oxygen by metabolising ghgkygen molecules which consequently

resulted in lowering the rate of photobleaching and improving the survival period-ac&iR

Following three sequential volume images of chondrocytes in native cartilage, the CellMask
Green plasma membrane stdfiiglire 32) retained almost all of the fluorescence signal unlike
the SiRactin staining to which it was compared (Figure 33). This indicated that these stains
exhibit different photostability under the same illumination conditions (same dose of light and
imaging acquisition settings), with CellMask being more pistable. With the presence of
ProLongd’ Live Antifade Reagent in the imaging solution to potentially provide environmental
protection to fluorophores, it is likely that CellMask Green plasma mamtwauld have a
greater total number of photons available for emission before bleaching compareetiisiR
resulting in reasonable images, where photobleaching was negligible. According to the
manufacturer, there is a possibility that CellMask Greesmgamembrane stain could
internalise 90 mins after the removal of the staining solution. The data here showed distinct
staining for the entire duration of igpa acquisition (approximately @2nins), suggesting

minimal internalisation.

Overall, the Hoech23342 and CellMask Green plasma membrane stains with the addition of
ProLongd’ Live Antifade Reagent have the ability to provide specific and highly resolved
visualisation of cell morphology in native cartilage and immature constructs. Following the

captue of three sequential volume images, it would appear that CellMask Green plasma
membrane stain is a high photostability stain with negligible photobleaching effecactBiR

was not able to retain its fluorescence signal, even with the addition of RfoLioe Antifade

Reagent. These data suggest that CellMask Green plasma membrane stain was more superior to
SiR-actin at retaining fluorescence signal after repeatedly imaging selected cells within a dense

tissue.
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3.6.5 Retention of Fluorescence Signal afteBequential Imaging of Selected
Chondrocytes in Native cartilage using Galvo and Resonant Scanning

The previous preliminary data had shown that the staining method of Hoechst 33342 and
CellMask Green plasma membrane was able to follow selected chondrioayéisve cartilage

by capturing three sequential 3D volume images without significant fluorescence loss. The next
stage was to investigate the appropriate confocal microscope settings for image acquisition.

To be able to quantify cell morphology changesative and tissue engineered cartilage

samples under incremental compression in later experimentations, it was important to obtain

high resolution images that could observe the fine detail of cell morphology with visible

contrast between the featurdsrderest (cell morphology) and the background. Resolution is
dependent on the wavelength of light used to
(NA) of the objective lenf259]. Rayl ei ghdés criterion is a rul

achievable maximum lateral resolution:
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For example, cell featusecould be resolved at ~200 nm lateral resolution if labelled with a
green fluorophore, such as Cell Mask Green pl
with a highNA oil immersion objective (NA = 1.3). Axial resolution is generally about two or

three times worse than lateral resolution (~800 nm in this example). Fluorophores excite by
shorter wavelength light (blue/green) generally achieve higher resolution than those illuminate

by longer wavelength light (ref®13]. In this study, by using shortefavelength fluorophore

(i.e. CellMask Green plasma membrane stain) to label native cartilage and immature constructs,

it appeared to achieve better resolution for imaging cell morphology compare-&gt8iRlong
wavelength fluorophore) (Figure 30 and litig 36). However, this came with the traafEof a

shallower penetration depth (as described in Section 3.6.2 and Section 3.6.3).

Objective is perhaps considered as the most important component in an optical microscope
because it is primarily responsilfta the quality of images that could be produced by the
microscopd213], [260] therefore choosing the appropriate objective for the experiments is
critically important. The NA of thelmective is generally considered as the most important
design feature when selecting an objective lens and not the magnification because it is an
indicator of the resolution that could be achieved for a given objectiv2e0§ It also affects

the depth of imaging into the sample (as described in Section 3.6.2). An objective lens with a
high NA is capable to achieve higher resolution (i.e. smaller features can be resolved)and has
greater lightcollecting ability (i.e. more efficient at capturing fluorescence) but with reduce
depth of imagindg213]. When selecting the objective for the imaging method here, a balanced
between image resolution and imaging depth must be considered. Tinethéen 40x, 60x

and 100x oil lenses were similar (NA = 1.3, 1.4 and 1.4, respectively). However, the 40x lens
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had a longer WD than the other objectives, which would allow more space to manoeuvre the
lens during focusing on the sample and improve theimgagdepth into the sample without
compromising too much on the resolution. Typically as the magnification increases, the
objective would have to be closer to the sample in order to focus which results in shorter WD
and consequently reduces the imaging léub the sampl§13].

In addition, image brightness is influenced by the objective magnification which is inversely
proportional to the magnification squai@®0]. In other words, irage intensity decreases

drastically with increased magnification. This is because there is a fixed of amount of light per
area and when an area is magnified (increase in magnification), a smaller area is being observed
and therefore the light level is deaised which consequently results in dimmer image. Elevation

of laser power could improve image brightness but this would also increase the risk of
photobleaching213]. Thus, an objective with the highest NA but having the lowest possible
magnification still caable of providing adequate resolution and imaging depth is recommended

for fluorescence live cell imaging in low light level settifgg0].

For these reasons, a 40x-iiimersionlens was selected for use in these studies instead of a
100x oitimmersion lens (used in previous sequential imaging experiments as described in
Section 3.4.5.5 and Section 3.4.5.6) because it maintains reasonably high NA compared to the
100x lens so the agnification of 40x would still produce good enough resolution for cell
morphology visualisation and measurements but with higher image signal intensity and an

increase in imaging depth.

In addition to obtaining high resolution images, it was also impottaminimise the

photobleaching effect. Photobleaching can be addressed/decreased by reducing excitation light
exposure by limiting exposure time and light intensity to a minimum while retaining a high
signal to noise ratio required for the image resohif223]. Thus, it was proposedahthe laser

power was kept at the lowest possible level of illumination and 5% was selected because it was
proved to provide good staining signal intensity in previous experiments with minimal loss of
fluorescence signal. The exposure time to illuminaissaie sample was also kept at a

minimum. Photobleaching can occur when scanning too long on the ROI therefore sample focus
and imaging acquisition settings were established on a neighbouring region to reduce the time
spent illuminating the ROl when naagturing images before returning to the ROI for image
acquisition. For the volume image acquisition settings, it was proposed to use a smaller image
depth (approximately 20 um) that is still capable to track a population of cells and keep the
same opticasection thickness (0.2 um) as previously in the preliminary experiments (Section
3.4.5.5 and Section 3.4.5.6) to reduce illumination time in ROI but still providerésoiution
required for sufficient pixel details to resolve 3D cell morphology. Intaddiline averaging
(described in Section 3.4.5.1) was not applied to reduce the laser exposure time on a tissue

sample and consequently decrease the risk of photobleaching.
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A Nikon A1R inverted confocal microscopy was equipped with two scanningmnysa
traditional galvo (nosresonant) and a high speed resonant scanners. Thus, image acquisition in
the confocal microscope using a traditional galvo scanner and a high speed resonant scanner to
potentially retain fluorescence signal were comparduadtpreviously been demonstrated that
resonant scanning with a faster scan speed was able to suppressed photobleaching better
compared to galvo scannif@pl], however, this was not found to be the case in this study.
Galvo scanning appeared tosagerior at retaining the fluorescence signal compared to
resonant scanning (Figure 40). There was a significant difference in fluorescence intensity loss
following each sequential image captured between the two scanning systems (p <0.05, Figure
40).

Onepossible explanation for this is that the current version of the resonant scanner might not be
compatible for this particular imaging application. The image quality was poor with high noise
background when resonant scanning was used for image acqusiggesting that the

capacity of the scan head was pushed beyond optimal. Part of what defines the image resolution
captured from a resonant scanner is the ability of the electronics to sample the image and create
pixels quickly[261]. Higher samplscanning rates means more pixels can be created in the

same amount of time, and therefore the electronics can generate a more highly resolved image.
Image quality is also defined by the ability of the resonant scanner to reduce the noise
contribution to e final imagg261]. Reduced noise not only aids improvement of the overall
quality of the image but, with shorter pixel dwell time and potentially less signal, is also

effective in maximising signal to noise ratio. In the case of the currenbrafthe resonant

scan head used here, it is possible that it was not able to create the pixels needed fast enough to
produce the image resolution required to define cell morphology and the quality of the
electronics was not good enough to reduce theerleivel of the final images. In order to
compensate for the poor image resolution, laser power and line averaging needed to be set
higher which increased excitation light intensity and illumination time on the sample, which
potentially leads to photobldaing. With continual enhancements of the quality of the

electronics in resonant scan heads, there are now commercially available resonant scanners such
as a Nikon HD higtspeed resonant scanner (Nikon ALR HD25) reported to be efficient in
producing sharpegjuential images with good resoluti@61]. Thus, the possibilities of

examining the capability of a Nikon HD resonant scanner for live cell imaging in cartilage

tissue could be explored in future work.
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A possible explanation for the low sidrta noise ratio observed when using the resonant
scanner here is that the conventional photomultiplier tubes (PMTSs) installed in the current A1R
confocal system might not have the efficiency to detect the low signal potentially caused by a
shorter pixel @ell time (resulted from faster sample scanning rate). With a higher sensitivity
detector, such as a Nikon GaAsP detector (NikorDO2%/B), that has a high signal to noise
ratio and more than double the efficiency of conventional PMTSs, the acquisitizroaddtent
signals with less laser power applied to the sample is possible, which results in less
photobleaching213], [262] The confocal images of chondrocytes in articular cartilage
captured using Nikon C2DUVB GaAsP detector on a C2 confocal microscope in a
demonstration showed no discernible difference of fluorescence signéFigase 41).
However, the Nikon HD resonant scanner and the GaAsP PMT were not available to use in this
thesis. The glvo scanning showed to be superior at retaining fluorescence signal than the
resonant scanning with the current A1R confocal microscope, therefore galvo scanning was

selected as the sequential image acquisition method for further cell deformation erfgerime

Figure 41 A sequential series of three B volume images of selected chondrocytes on the articular suda of
bovine cartilagecaptured using the C2DUVB GaAsP detector on a Nikon C2 confocal microscope
displayed in the CellMask Green plasma membrane (Green) channel i&-plane: (A-C) image 1 to 3.

3.6.6 Conclusion

The staining method of Acridine orange and-&iRRin provided for visualisation of specific and

highly resolved cell morphology in bovine synoviocyte monolayers, native cartilage and
synoviocyte/PET immature constructs. However, signififiaorescence signal loss was

observed and consequently loss of details on cell morphology when selected chondrocytes in the
superficial surface and the deep zone were sequentially imaged. A means to reduce
photobleaching therefore needed to be deviseth e addition of arphotobleaching,

ProLond’ Live Antifade Reagent to aid the reduction in photobleaching;a8ti still showed

some signal loss.

The dual staining method of Hoechst 33342 and CellMask Green plasma membrane stains was
selected as aritarnative method to visualise, track and image cell morphology in native

cartilage and tissue engineered constructs in this thesis due to its ability to provide highly



-114-
resolved visualisation of cell morphology in monolayers, native cartilage and syrneiiey
immature constructs. In addition, it was because with the addition of ProLorgAntifade
Reagent, the CellMask Green plasma membrane stain was more superior teabhtrSsRin
at retaining fluorescence signal following the capture of thegaential images.

Following application of Hoechst 33342 and CellMask Green plasma membrane stains with the
addition of ProLon§ Live Antifade Reagent on native cartilage, galvo scanning proved to be
superior than resonant scanning at retaining the fheerece signal after the capture of three
sequential volume images of chondrocytes in native cartilage in the current Nikon A1R confocal
microscope used in this thesis, therefore it was selected as the image acquisition method used in

further cell deformatin studies in native and tissue engineered cartilage.

In summary, Hoechst 33342 and Cell Mask Green plasma membrane stains, together with
ProLond Live Antifade Reagent and galvo scanning will be used for all further

experimentation.
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Chapter 4 - Effect of Compressive Strains on Cell Deformation in

Native Cartilage

This chapter investigates the effects of incremental compressive strains on the deformation
behaviour of live bovine chondrocytes within cartilage disks subjected to different magnitudes
of compressivéissue strains, in an attempt to verify a novel cell deformation measurement
method (i.e. a live cell staining technique for live cell confocal imaging to label and visualise
chondrocytes within cartilage disks, a custom designed compression devissiferdtrain
application and a custom workflow on Amira software for cell deformation quantification
analysis) developed in this thesis prior to cell deformation experiments in tissue engineered
constructs and compare the observed findings to previousestumdihe literature. It is the first

time that the same population of live superficial zone chondrocytes was tracked to determine the
3D deformation behaviour under incremental tissue strains (10 % and 15 %)-fixadn

bovine cartilage disks. Confocahages of the same chondrocytes were captured (i) at zero
strain, (ii) 10 % and (iii) 15 % applied tissue strains and Amira software used to quantitate
chondrocyte morphometric parameters including: cell length, width, height, volume and
sphericity. A sigrficant change in chondrocyte shape, size and volume in response to
incremental cartilage compressive strains was observed. These deformational changes were
substantially greater than the applied tissue strains, suggesting that large changes in
chondrocytanorphology might occur in the superficial zone under compressive tissue strains. It
is possible that chondrocyte deformation was largely influenced by the local ECM structure and
composition as well as partly modulated by the physical properties of PCkhartiondrocyte

itself. Cell deformation may therefore be considered to be a function of applied tissue load and
local cartilage matrix structure. The findings observed in the present study were consistent with
previous deformation measurements of supi@tfzone chondrocytes in cartilage explants. This
suggests that a novel methodology to visualise, image and quantify live cell morphology
developed in this thesis was capable to determine changes in chondrocyte 3D morphology

within nativecartilage disksunder incremental static compressive tissue strains.

4.1 Introduction

Articular cartilage, a highly hydrated connective tissue, facilities load transmission and provides
a lowfriction surface for articulation of diarthrodial joints to protect underlyingsbemd joint
functions[22], [144]. The health and function of the diarthrodial joint is largely influenced by

the local mechanical environment of specialised cartilage cells (chondrocytes) which are
responsible for synthesis and degradation of the uraguacellular matrix that gives cartilage

its strength and loalearing functioj21], [22], [84], [139], [144] Chondrocytes in articular
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cartilage detect and respond toaenical signals through mechnotransduction mechanisms in
conjunction with other environmental and genetic factors to regulate their metafd@ism
[21], [22], [66], [82], [83], [86] This capability provides a means by which articular cartilage
can alter its structure and composition in response to changesgivo loading n the
diarthrodial joint in order to meet the physical demands placed upon th¢2idd§87].

One mechanism by which chondrocytes magdealterations in their mechanical environment
during cartilage deformation is through direct stress transmission from the ECM causing
deformation (changes in shape and volume) of the chondrocytes themselves which in turn
generate signals that regulatetatmlic and biosynthestic activiti§g9], [65], [87], [94], [95]
Chondrocytes may be exposed to complex mechanical andiogmeironments during

articulation of joints, including compressive and tensile stresses and fitiidiflow as well as
changes in hydrostatic pressure, osmotic pressure and ionic gradients, which in turn may
influence the biosynthesitic response abetirocytesn situ[139]. In attempts to understand

the complex environment around the chondrocyte within the tissue resulting from applied load,
several studies have investigated the deformation behaviour of chondrocytehesiegcal

and numerical analys§g5], [146] [148]. Theresultsindiat ed t hat the tissue
anisotropy and its depitbependent inhomogeneous mechanical properties significantly
influence the local mechanical environment of the chondrd@%ie [146] [148]. Furthermore,

the mechanical properties of the chondrocyte itself and the pericellular matrix (PCM), a narrow
tissue regia which completely surrounds the chondrocwas$together with enclosed cell (s)
has been t er mga3], wehealsofourd torinfluencentite deformational response
of chondrocytes to compressive loadjf§], [146] [148].

Chondrocyte deformation has been widely investigated in previous studies under static
compression, generally with the use of confocal microscopy or histological observation in
native cartilage explanf&1], [51], [87], [133] [138], [210] intact cartilag¢85], [145]and

isolated chondrocytes seeded in agaf88g [140]i [144]. These studies measured aspects of

cell morphology lateral and axiatliameter), deformation index (aspect ratio of cell), cross
sectional area and cell volume to assess the effect of static compression on chondrocytes. In
native cartilage, it was observed that static loading had major impact on the sthaptiare

of chondrocytes and that the resulting significant changes were greatly influenced by their local
ECM deformatior21], [85], [87], [137], [145] It was also found that chondrocytes responded
differently to loading according to their location throughout the depth dfsthee[87], [137].
Moreover, the findings suggested that PCM plays a biomechanical role in the cartilage by
regulating the local mechanical and osmotic envirorimmefithe chondrocyte in a depth

dependent mann@85], [87], [137], [145] For isolated chondrocytes seeded in agarose gels, it
has beentsown that the matrix developed by chondrocytes was largely influenced by the extent
of cell deformatiorj142]. The results indicated an increase in matrix elaboration which led to a

decrease in cell deformation under static loadii4@]. These studies have greatly improved our
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understanding of cartilage and chondrocyte mechanics and provide an important foundation for
the present study.

Many approaches have been used in earlier studies to determine the deformatimubehav
chondrocytes under static compression in cartilage explants. Fixed tissue approaches were used
by Clarket al.(2003)[138] and Choiet al.(2007)[137] but these sy may not reflect on the
instantaneous properties of chondrocytes within the cartilage tissue. Some studies investigated
chondrocyte deformation in ndixed articular cartilage with seraylindrical/strip samples

under either one compressive strain 1¢8&l, [134], [210]or a range of compressive strain
levels[133], [135] However, sample preparation by cutting the cartilage tissue would
compromise the tissue integrity and alter the material ptiepeof the cartilage which

consequently would affect the mechanical environment around the chondrocytes. Thus, fixed
and cut tissue approaches should be avoided. Wu et al. (2@8] )nanaged to examine sheep
chondrocyte deformation within cylindrical cartilage specimens at two compression levels under
live cell conditions. The same chondrocytes were followed but only changes in chondrocyte 2D
morphology were measured. Thus, toahat hor 6 s best knowl edge, no
track the same chondrocytes and examine the changes in 3D morphology in cartilage disks

subjected to different compressive strain levels, without cutting and fixing the tissue.

The aim of the work describexl this chapter was to investigate the deformation response of a
given population of chondrocytes in the articular zone of bovine cartilage disks subjected to
different magnitudes of static compressive strains under live cells imaging condition and
comparehis to previous measurements in the literature prior to moving on to determining the
effect(s) of incremental loading on cell deformation behaviour in tissue engineered constructs
(Chapter 5). In Chapter 2, a compression device that adapts a pardilgj loanfiguration to

the confocal light path was developed for compressive tissue strain application whilst allowing
microscopic visualisation of cell morphology in native and tissue engineered cartilage. In

Chapter 3, two staining methods were examimedi¥e cell visualisation and imaging in native
cartilage and tissue engineered constructs. The confocal images showed that Hoechst 33342 and
CellMask Green plasma membrane stains penetrated both native cartilage and tissue engineered
constructs and praged specific and highly resolved visualisation of cell morphology. In

addition, retention of fluorescent signal was shown to be superior to the alternative staining
method using Acridine orange and SiRtin after sequential imaging of selected chondescyt

in native cartilage. This led to the conclusion that use of Hoechst 33342 and CellMask Green
plasma membrane staining was for the method of choice for visualising, tracking, imaging and
guantifying changes in chondrocyte morphology (shape and sizé) wattilage explants

subjected to incremental magnitudes of compressive strains.

To observe the effects of incremental compressive tissue strains on chondrocyte deformation

behaviour in bovine cartilage disks, both the compression device and the Steatinogl of
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Hoechst 33342 and CellMask Green plasma membrane developed previously in this thesis were
used. Static compressive strains of 10 and 15 % were selected to correspond to physiological
levels of cartilage strain range between 0 % and 303%@), [210], [264] In addition, thee
strain levels were used in previous studies, therefore it would be easier to compare the results to
the literature. Due to the limited penetration depth with the confocal system, deep tissue
visualisation (i.e. chondrocytes in the middle zone of natwrélage) was not possible (as
discussed in Section 3.6.2). Chondrocytes in the articular surface were selected for the
investigation because dead cells may potentially be present in the vicinity of the cut surface
required to acquire the cartilage diskiah is located in the deep zone. In addition, the cutting
of cartilagewould havemechanicallydamage and disrupt the matrix which affects the local
mechanical environment around the chondrocytes and consequently could alter the cell
deformation behavioy265]. Previous studies found that cutting of cartilage induced tissue and
cell swelling near the cut surface which were likely caused by loosening of collagen fibril
tension[265], [266]

Prior to the cell deformation experiment in native cartilage, the wabilichondrocytes within
cartilage disks needed to be tested. In this study, the cartilage disks were cultured for up to 3
days after harvesting from the bovine osteochondral plugs because of the practicality of
harvesting tissue (i.e. harvesting take tafghe day in another laboratory) and the logistic of a
weekly tissue delivery from the abattoir. It was important to ensure that the chondrocytes are
healthy before live cell imaging. In addition, following this, potential errors in the

morphometric mesurements introduced by photobleaching of the stains were assessed
The aim of this study was approached via the following objectives:

1 To examine the viability of chondrocytes within bovine cartilage disks cultured for up
to 3 days after hargéing by Live/Dead staining and XTT reduction assay.

9 To assess the potential errors in the morphometric measurements introduced by
photobleaching of the stains.

9 To determine the effects of incremental compressive strains on chondrocyte
deformation behawiur within the superficial zone of native cartilage in the

uncompressed state and during applied compressive tissue strains of 10 % and 15 %.

An overview of the experimental plain is depicted in Figure 42.
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Figure 42 Overview of experimental plan for determining the effects of incremental compressive strains on chondrocyte deformation laefour within the

superficial zone of nativecartilage.
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4.2 Experimental Methodologies

4.2.1 Harvest of Osteochadral Plugs for Cartilage Disks

Osteochondral plugs, used as a source for native cartilage disks (5 mm in diameter), were
harvested from the (relatively flat) medial and lateral regions of the patellofemoral groove of
bovine knee joints as stated in Seet®3.3. In brief, the articular surface of the patellofemoral
groove was kept hydrated by PBS. A drill equipped with amouse customised dridlided

corer was used to drill down from the cartilage surface into the subchondral bone. The
osteochondral plg was then snappéd situand removed from the joint surface with the aid of

a plain ended corer. The extracted plugs were washed in PBS before transferring them in to PBS
containing 10x AB (written in full in Section 3.3.1) for 20 mins. The subchordna ends

were removed from the osteochondral plugs using a scalpel to leave as close to full depth
cartilage as possible. The cartilage disks not tested immediately were cultured in DMEM/F12
mediun supplemented with 1% FBS, X AB and 2 mM Lglutamine &437°C, 5 % CQand

above 90 % humidity for up to 3 days prior to cell viability determination, metabolic activity

guantification and confocal imaging.

4.3 Analytical methods

4.3.1 Metabolic Activity Quantification on Native Cartilage Disks After
Harvest of Osteoclondral Plugs Using XTT Assay

Chondrocyte metabolic activity within the cartilage disks obtained from osteochondral plugs
was quarified using the XTT assay whiaheasures cellular metabolism of a tetrazolium salt,
2,3-bis[2-methoxy4-nitro-5-sulfophenyl}2H-tetrazolium5-carboxanilide (XTT)Y267]i [269].

XTT is cleaved by dehydrogenase enzymes in the mitochondria of metabolically active cells
and reduced to an orange coloured formazanZ&M. Given that reduction of XTT can only
occur in metabolically active cells, the measured absorbance at 450 nm diealstes to the
number and metabolic activity of viable cdlt¥1]. The XTT assay ia more convenient

method than previously used MTT assays because it forms a soluble formazan product which
can be measured directly from cult(i267], [270] It has been reported that the sensitivity of
XTT assay is similar to or better than that of the MTT a$8@¥]. In addition, it is a safer

method than past assays that use radiolabelled thymidine.

Cell viability in native cartilage was analysed using an XT3elan vitro toxicology assay kit
(SigmaAldrich, Irvine, UK, TOX-2). Preweighted cartilage tissue harvested from the
osteochondral plugs was chopped into small pieces using a scalpel and placed into a well of a
12-well cell culture plate filled with 0.5L of growth medium (DMEM/F12 medium
supplemented with 10 % FBS, AB and 2 mMylutamine). XTT working solution was made
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up of 0.8 mL of 1 mg/mL XTT and 1.2 mL of growth medium and 0.5 mL of this XTT working
solution was added to the well. A blank well kvjust the XTT solution (0.5 mL of growth
medium and 0.5 mL XTT working solution) and no tissue was included. The plate was
incubated for 4 hrs at 3€ in 5 % CQwith gentle agitation. Following this, the XTT solution
was removed from each well, includithe blank well and retained into 2 mL tubes.
Tetrazolium product was then extracted from the tissues using 0.5 mL of DMSO added to each
well for an hour at room temperature, in the dark, by gentle shaking. The 1 mL XTT solutions
and the corresponding DNIBtissue suspensions were then pooled before transferring three
aliquots of 100 pL of each sample into &®éll microplate(Corning Life Sciences B.V.,
Amsterdam, Netherlandshbsorbances were measured at 450 nm and 690 nm using a
microplate spectrophotaeeter ThermoFisher Scientific, Northumberland, URhe
absorbances at 690 nm were subtracted from those at 450 nm followed by subtraction of the
average blank reading (no tissue sample) to remove background measurements and XTT content
calculatedper gram of tissueThree cartilage disks per culture duration of day 0 (immediately
after harvest), 1, 2 and 3 (a total of 12 cartilage disks harvested from the patellofemoral groove

of two bovine knee joints) were used for XTT assay.

4.3.2 Cell Viability Determinatio n on CrossSections of Native Cartilage
Disks After Harvest of Osteochondral Plugs: Confocal Microscopy
and Live/Dead® Staining

A Live/Dead Viability/Cytotoxicity Kit (Molecular probes by ThermoFisher Scientific,
Northumberland, UK, L3224) was used &tefmine the cell viability within theartilage

tissue. Discrimination of live from dead cells was achieved by simultaneously staining with
greenfluorescent calcela c et ox y met hyl e sutm 49/517 ong andred n - A M)
fluorescent ethidium homodimédr ( E Huam 528/817 nm) whicHlboth fluoresce at different
wavelengths. Calcein AM readily passes through intact cell membranes and converts to calcein
when it is in contact with intracellular esterases and consequently fluoresces. Ethidium
homodimerl can only pass through damaged o@mbranes to enter cells and upon binding

with exposed DNA increases its fluorescencdal@. Thus, live cells would show green
fluorescence whilst dead cells would show red fluorescence upon fluorophore excitation. This

provided a visualisation of callability within native cartilage cultured with different durations.

A Live/Dead working solution was made up of 2.5 pL of 4mM calcein AM, 5 uL 2 mM EH
and 10 mL of PBS. Prior to stain application, cartilage disks were washed with PBS three times
before two crosssectional slices (approximately 1 mm thick) per cartilage disk were prepared

by cutting perpendicular to tissue surfaces from the central axis of the disks with a scalpel.

Cartilage slices were placed in wells of awdll cell culture platerad 1 mL of the Live/Dedd

working solution was added to each cartilage slice. The plate was then incubated for an hour in
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the dark at 37C. The cartilage slices were washed three times in PBS before visualisation via an
Nikon A1R inverted confocal microspe and images complied using Nikon NEf&ments
software. Two cartilage disks per culture duration of day O (immediately after harvest), 1, 2 and
3 (a total of 8 cartilage disks harvested from the patellofemoral groove of two bovine knee
joints) were usetb prepare two cartilage slices from each cartilage disk for Live/Dead

staining.

4.3.3 Live Cell Staining of Native Cartilage Disks for Cell Nuclei and
Plasma Membrane usingHoechst 33342 and CellMask Green Plasma
Membrane Stains

Chondrocytes within the caldge disks harvested from the osteochondral plugs were stained
with Hoechst 33342 and CellMask Green plasma membrane as described previously (Section
3.4.4). Only flat cartilage disks were used in the experiment. In brief, a combined staining
working soluion of 1 pg/mL Hoechst 33342 and CellMask Green plasma membrane were
freshly prepared in DMEM/F12 medium and applied to the cartilage disks placed-inell 24

cell culture plate. The plate was covered with aluminium foil to protect it from the hght a
incubated at 37°C and 5 % &for 40 mins. Cartilage disks were then washed three times in
Live Cell Imaging Solution. Following on from the wash step, ProEdrige Antifade Reagent

was applied to cartilage disks in dark at 37°C for 2 hrs before igatiah using an Nikon A1R

inverted confocal microscope.
4.3.4 Confocal Image acquisition

4.3.4.1 Live/Dead® imaging of CrossSections of Native Cartilage Disks

Volume images of the Live/De8dtained cross sectional slices obtained from the cartilage

disks culturedor up to 3 days (as described in Section 4.3.2) were acquired using an Nikon

A1R inverted confocal microscope, recorded by taking serial optical sections of 512 x 512
pixels at 3 um intervals perpendicular to the articular surface with a 10x air obj&itivduor

0.30 NA) to produce an overall view of the cregxtion. The 488 nm Argon laser and the 561

nm solid state laser were used to excite calcein and ethidium homebimegpectively. Lasers

were set at 10 % of full power. The pinhole was setfat.1Unidirectional galvo scanning and
channel series were used to capture two volume images per cartilage slice. Two cartilage slices
obtained from each cartilage disk (n=2 per culture duration of day 0 (immediately after harvest),

1, 2 and 3) were labetlewith Live/Dead staining and imaged.
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4.3.4.2 Sequential Imaging of Selected Chondrocytes in Native Cartilage Disks
under Non-loaded Conditions Following Staining with Hoechst 33342 and
CellMask Green Plasma Membrane after the Addition of ProLon§ Live
Antifad e Reagent

Sequential imaging of selected chondrocytes within the superficial zone of native cartilage disks
(stained with Hoechst 33342 and CellMask Green plasma membrane for cell nuclei and plasma
membrane, respectively, as previously described in $e4t®3) was performed under Ron

loaded conditions to assess whether photobleahcing of CellMask Green plasma membrane stain
may introduce errors into the morphometric measurements. Stained native cartilage disk was
placed in the compression device (withtmad application) filled with Live Cell Imaging

Solution and with the imaging surface faced down onto the coverslip, as described in Section
2.3.3, prior to mounting on the stage of an Nikon Alrted confocal microscope. The same
group of chondrocyteselected in each cartilage disk was observed throughout the experiment.
Three sequential volume images of selected chondrocytes were acquired in each non
compressed cartilage disk at a 30 min interval. A total of five cartilage disks harvested from the

patellofemoral groove of two bovine knee joints were imaged.

To determine the effects of incremental compressive strains on chondrocyte deformation
behaviour, sequential imaging of selected chondrocytes within the superficial zone of stained
native cartilag disks was performed under incremental compressive strains. Three sequential
volume images of selected chondrocytes were acquired in the uncompressed state and during
applied compressive strains of 10 % and 15 % using an Nikorilk&Red confocal

microope. The same group of chondrocytes from each cartilage disk was imaged under the
selected strain levels throughout the experiment. A total of four cartilage disks harvested from
the patellofemoral groove of two bovine knee joints were compressed arebimsigg the
experimental proglure described in Section 4.35Volume image acquisition is described in

this section.

The 405 nm Solid state and 488 nm Argon lasers were used to excite Hoechst 33342 and
CellMask Green plasma membrane stains, respegtivaters were set at 5 % of full power to
minimise photobleaching. In addition, the pinhole was set at 1 Au to provide a diameter that
gave the best compromise between light throughput, noise and resolution. Unidirectional galvo
scanning and channel serigere used to capture all images. Chondrocytes from the central
region (radially) of the articular surface of native cartilage were randomly selected at a depth of
20-30 um inside the tissue. Volume images (approximately 20 pum in depth) were recorded by
taking serial optical sections of 512 x 512 pixels at 0.2 um intervals with a 40x oil immersion
objective (S Fluor 1.30 NA). Typically, around-30 chondrocytes were captured within the
imaging depth of field.
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4.3.5 Cartilage Compressive Strain Application

To determine the change in morphology of chondrocytes in the articular zone of native cartilage
under different magnitudes (10 % and 15 %) of uniaxial unconfined compressive tissue strains,
the compression device described in Chapter 2 was used for owsadl $itrain application.

The thickness of the cartilage disks used here was first measured using the Bose ElectroForce
3200 mechanical testing machine. The mechanical testing rig was set up to determine the zero
displacement point (as described in Sec#igh2.3). In brief, the top platen of the testing rig

was lowered at a rate of 0.2 mm/s towards the bottom platen until the two platens were brought
together with a force of 100 N to establish
mm apart. hie cartilage disk was then placed in between the two platens and the top platen was
lowered at a rate of 0.2 mm/s until the load signal read a tare load of 0.02 N. The distance
between the two platens at this tare load was defined as the cartilage thicknes

To determine the final compressed thickness that corresponded to the selected compressive
tissue strains (10 % and 15 %), the amount of compressive displacement required to be applied
to the tissue surface by the micrometer of the compression devicealealated knowing the
cartilage thickness. For example, 10 % strain of a cartilage disk with thickness of 1 mm would
correspond to a deformation of 100 um, which corresponds to a compressed thickness of 900

pm. Thus, 100 um of displacement would be &upto the tissue using the micrometer.

In Chapter 2, it was determined that the coverslip used in the compression device would
undergo flexion during load application and it was important to take this into account when
calculating the load required t@mpress the cartilage. To achieve this, each cartilage disk was
placed in between the two platens of the Bose ElectroForce 3200 mechanical testing machine
and the top platen was lowered at a rate of 0.2 mm/s until the load signal read a tare load of 0.02
N. The cartilage disk was then subjected to loads up to 700 g at a rate of 50 g/s, whilst recording
the displacement (at a rate of 200 Hz). The amount of load required to apply selected
compressive tissue strains (10 % or 15 %) to the cartilage was tieemithed from the

cartilage displacement and load data. To determine the amount of displacement attributable to
the coverslip flexes, the displacement that corresponded to the load required to apply the
selected compressive strain to the cartilage wasfreadthe standard curve of

displacement/load for the coverslip (Section 22).4The amount of displacement caused by
coverslip flexion was added on top of the compressive displacement that corresponds to selected

tissue strain in order to compensatetf@ glass flexion effect.

The compression device was set up as described previously (Section 2.3.3) for strain application
to the cartilage. Figure 43A shows all the components of the device (i.e. a well with an opening
at the bottom, a coverslip, aapén, a magnetic disk, a brace, metal screws and a micrometer)
assembled to form the compression device. In brief, the coverslip was sealed to the bottom of

the device well using silicone grease. The individizatilage diskstained with Hoechst 33342
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and CellMask Green plasma membrane for cell nuclei and plasma membrane, respectively, as
previously described in Section 4.3.3) was placed articular surface down on the coverslip before
filling the well with ProLon§ Live Antifade Reagent in Live Cell Imagj Solution to maintain
hydration and cell viability during imaging. To assemble the top half of the device, the
micrometer was fixed onto the brace by a small screw along with the platen that was connected
to the micrometer by a magnetic disk. The tog bithe device was secured to the well via the
brace by two metal screws. The compression device was then attached to the stage of an Nikon
A1R inverted confocal microscope (Figure 43B). The experimental procedure used to compress
the cartilage disk andeguentially image selected chondrocytes in the articular zone in the
uncompressed state and during incremental compressive tissue strains of 10 % and 15 % is
shown in Figure 44. To define the 60 % strai
lower ed by the micrometer to the distance equ
position was held for 30 mins before compressive strains appieed A volume image of the
selected chondrocytes in the uncompressed state was captured i@ssfyrelescribed in
Section 4.34.2) prior to application of compression. A compressive tissue strain of 10 % (the
compressive displacement that corresponded to this selected strain combined with the additional
coverslip flexion displacement) was then agglin a direction parallel to the tissue surface,
using the micrometer. The cartilage disk was allowed to equilibrate for 30 mins and another
volume image was recorded of the deformed state of selected chondrocytes in the same region.
The cartilage disk as then further compressed by manual turning of the micrometer to yield
compressive strain of 15 % (the compressive displacement that corresponded to this selected
strain combined with the additional coverslip flexion displacement) and allowed to reach

equilibrium for 30 mins before a final volume image of the same chondrocytes was recorded.

- Micrometer

Metal screws
- Well

Figure 43: (A) All the components of the device (a well with an opening at the bottom, a coverslig
platen, a magnetic disk, a bracemetal screws and a micrometerassemble to form the
compression device. (B) The compression device mounted the stage ofan Nikon ALR invert
confocal microscope system enabling precise compresstigsuestrain application while visualising
cell deformation behaviour under confocal microscopy.
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Figure 44: Flow diagram of the experimental procedure used to sequentially image selected
chondrocytes in the articular zone of native cartilage diskn the uncompressed st and during
applied static compressive strains ofLl0 % and 15 %

4.3.6 Confocal Image Analysis

4.3.6.1 Volume Measurements of Chondrocytes in Uncompressed Cartilage using
Repeated Confocal Scans

Chondrocyte volume measurements were recorddti@sequential volume images acquired in
nortcompressed cartilage disks (as described in Section 4.3.4.2) using Nik&iexi8nts

software. The (3D) confocal volume images were loaded onto the software and processed for
cell volume measurements. Imagesre subjected to intensity thresholding which results in

binary images for cell volume measurements. Intensity thresholding is a process that determines
the pixels to be included in the binary image by defining threshold limits based on intensity
pixel vdues and thus distinguishes regions of interest (i.e. the cells in this thesis) for analysis. In
other words, this process masks regions of interest in an image to be included in the binary
image and segment them from unwanted regions. Once threshofMieni defined, the same
threshold was then applied for all the images. Volume measurements were calculated from the
resulting thresholded binary images. The measurements were performed on the same
chondrocytes (n=3 cells per cartilage disk) in all regemtages captured in each cartilage disk

(for a total of 5 cartilage disks harvested from the patellofemoral groove of two bovine knee

joints). A total of 15 cells (from five cartilage disks) were measured.

4.3.6.2 Quantification of Chondrocyte Deformation

For the purposes of image processing, 3D rendering and cell morphometric quantification,
Amira software (ThermoFisher Scientific, Northumberland, UK) was used. A custom workflow
was specifically developed by the author to analyse (raw) 3D confocal volume iofiagds

and perform cell morphometric measurements within native and tissue engineered cartilage

(chondrocytes within native cartilage disks in this chapter and synoviocytes within tissue
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engineered cartilage in Chapter 5) in order to quantify cell oefton behaviour under
incremental compressive strains. The custom workflow, as shown in Figure 45, was created by
selecting and combining several modules used for image processing, cells identification and
data analysis (i.e. 3D rendering and cell morpgglmeasurements on the identified cells).
Modules including Ga u s si aonl nRielrtaecrtd v,6 FT ht eRetmeod@n gdna | |
SpotBO6r de(only &pliedtdchondrocytes in the chaptéra r i t lusedkfor image
processing and moduleschasy Vol ume nmaredld&b ¢ In gWeneaided feriimade
analysis (i.e. 3D rendering and cell morphometric measurements). Once the workflow was
satisfactory (i.e. the order of modules and their settings), the workflow was applied on every
imageset to perform the same analysis. It was important to be consistent across comparison so
that a fair analysis was conducted. The 3D images were analysed by travelling through the
custom workflow in Amira and processed by each module in order.

Upon startilg the chondrocyte deformation quantification analysis on the sequential images of
chondrocytes acquired under incremental compressive strains (as described in Section 4.3.5),
the confocal volume images were first converted to 16 Bit greyscale TIFF imatjes@arated

into two image stacks of the nuclei and plasma membrane using Fiji (National Institutes of
Health, Maryland, USA) before being imported to Amira software for image processing and
analysis. Image voxel (i.e. 3D equivalent of a pixel) size watolefine the spatial dimensions

of the image stack. The custom workflow was then applied to the image stacks in which the
image stack of the plasma membrane travelled through the workflow and were processed by
each module in order followed by the imaggack of the nuclei (Figure 45).

=almage ® =mVolume Rendering Settings o
=mcellstoanalyse.label.am™® 54— [maVolume Rendering o
——{aGaussian Filter o}

oolnteractive Thresholding & oLabel Analysis o+ {oacellstoanalyse.Label-Analysis™ o

[enFiltered2.thresholded o

R
oaNo-small-spots™ o =Remove Small Spots o
-Em.ale-mem—rane [©]

d

sArithmetic o omResult o

emLabel-nuclel” o

Figure 45: The control panel of Amira softwaredisplaying the customworkflow used to process the
confocal volume images of cells and perform 3D rendering and cell morphometrineasurements.

Firstly, a Gaussian filter was used to smoothen the raw image stacks in order to reduce noise
and preserve cell edges. Filtering is typically applied to raw data agpaggessing denoising
technigue to enhance (cell)gadetection for the image segmentation stage so that it can later
be analysed effectively. The identifying pixels in an image at which the image brightness/signal
intensity changes dramatically are typically defined as edges and this is known as edge

detection. ExampleXY-orthoslices from the raw image stacks of the nuclei and plasma
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membrane of chondrocytes, along with the filtered slices after the applicatoGaf u s s i a n
f i | modute &re shown in Figure 46. Orthoslice is a 2D orthogonal slice frartiautar
plane.

Figure 46. XY-orthoslicesof the plasma membraneof chondrocytesfrom (A) dawband (B) dilteredd
image data and the cell nuclei from (C) d¢awband (D) filtered 6image data, showing before and afte
the application of6 Ga u s s i aaoduld used to emoébthihe raw data in order to reduce noise and
preserve cell edges.

The 6filteredd data were then segmented to d
and plasma membrane of chondrocytes (in their respective image stacks). Image segmentation is
a process used to separate a digital image intovaer of regions/phases (also known as image
objects), where each region has a set of pixels with certain visual characteristics (e.g. colour,
intensity and texture). In other words, it is a process that allocates a label to every pixel in an
image and piels that share similar characteristics would be assigned with the same label which
identify the region associated with those pixels. This process is typically conducted to locate
objects and boundaries (e.g. contour lines or curves that outline theoftthp@bjects) in a

digital image. The main goal of segmentation is to simplify the representation of an image and
present it in a more meaningful way (i.e. divide it into a number of distinct regions/phases),
allowing further analysis to be readily panfted on each region. The resulting segmented

image could be made up of a set of regions/objects (i.e. different labels) that collectively cover
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the entire image or a set of contours (the outline of the shape of objects) extracted from the

image.

In this tesis, interactive thresholding was used for image segmentation to locate and label the
nuclei and plasma membrane from the image stacks for further quantitative analysis. The

concept behind the approach of interactive thresholding is to mask and lategitdmeof

interest by setting threshold levels with a visual feedback. In this study, the threshold intensity
range to separate the nuclei and plasma membrane of chondrocytes from the background (in
each of their respective image stacks) were selectedghrinteractive, visual pixel evaluation.

By overlapping greyscale (i.e. filtered image) and segmented images, threshold intensity values
were assigned to the pixels representing the nuclei or plasma membrane in their respective

image stacks. An immedia®® visual feedback (preview) was used to modify and evaluated

the threshold values in multiple 2D optical slices to ensure the labelling matches the nuclei and
plasma membrane in their respective 3D image stacks. The chosen threshold values were then
appled to the filtered data usingtbel nt er act i v moddlehAs a resulyg andutputg 6
binary image stack of the |l abelled pixels (i
XY-orthoslices of the nuclei and plasma membrane of chondrocyta® laefd after interactive
thresholding are shown in Figure 47. The labelled pixels that are identified as the nuclei and

pl asma membrane of chondrocytes are displaye
47).
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Figure 47. XY-orthoslicesof the plasma membraneof chondrocytesfrom (A) 6 f i | aned By d 6

0 s e g memageeddtddbandt he cel | nuc !l e iand(Dydbosme g nCanmayéefldiad) t
showing before and after the applicdionof 6 1 nt er act i v enodulldusee ®© dedelmihe n g 6
the location and geometry of the plasma membrane and nuclei of chondrocytes.

Following interactive thresholding, the labelled pixels that represent the nuclei and plesmbaane

are displayedh darkblueand light blue, respectivelin theirrespectivéd s egment edd i mage d
Due to high contrast between phaskesuzlei/background and plasma membrane/background,
segmentation was reasonably straightforward using interactive thresholding. However, there is a
minor complication introduced by the nature of fluorescence staining and image acquisition
(uneven stainingntensity in cells). The staining intensity of the nuclei and plasma membrane

were slightly irregular across the chondrocytes. The majority of pixels that represent the nuclei
and plasma membrane were selected by the threshold levels in interactiveldimgsh

However, some pixels, that were supposed to be assigned to either the nuclei or plasma
membrane (in their respective image stacks) but were not within the threshold levels, were
excluded. To overcome this issue, th& i | | mddladd wasuded fidl incompletely labelled

objects (i.e. the nuclei or plasma membrane in their respective imagégarapleXY-

orthoslices of the nuclei and plasma membrane of chondrocytes before and &terkthé Hol e s

module are presentéa Figure 48 Thered arows in Figure 48 indicate where the pixels were
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excluded because they lied outside the threshold level range but were supposed to be assigned to
either the nuclei or plasma membrane (in their respective image stacks).

A

Figure 48 XY-orthoslices of the plasma membrane of chondrocytes from (A) s e g meandt(B) d 6
o6if I | e dimége da andl thecellnucleifrom (C)d s e g me nt(@® A Hi laln erdagehdat, e s
showing before and after theapplication of 6 Fi | | matlold usestd fill incompletely labelled
objects.

Incompletéy labellednuclei and plasma membmof chondrocytes highlighted with red arrows
which were filled usingthé Fi | | mdduad. e s 6

The o6fill ed holrter processed loyapplyirgtheR ewreorvee fSuma |l | Spc
module. This was to clean up the image stacks and provide a more accurate visualisation of the
cells. A volume size threshold was defined for each image stack to preserve the nuclei and the

cell bodies while eliminate extraneous objects too small to be the nuclei and cells. Example 2D
orthoslices of the o6filled holesdé image sets
6 Remove S maduld appigatimrn aseGhown in Figure 49 (red arrowsie last image

processing step was to remove incomplete objects near the border through the application of the

6 B o r d emmodul€.iThid nmieans incomplete cells that were located at the border would not be
included for further analysis. Example 2D orthasc es of t he &ér emoved s m:
the nuclei and plasma membrane from pre anddd&t r d enmmodul€ applicadion are shown

in Figure 49 (orange arrows).
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Figure 49: XY-orthoslices of the plasma membrane of chondrocytes from (A f i | | e(B) 6 hr eVvedosall,

spodand(6C) O6border ki | thecdllihucieifmeny® fillkdhblesd a)@E moved sm
and( F) oO6border killeddé i mage

dat a, shhReimy eb &fmarl ¢
module and theé Bo r d emmodulke.i | | 6

Spotséb
0

Removal ofextraneous gbcts too small to bthe nuclei anahondrocytesighlighted withred arrows Removal of
incomplete objectfi.e. the nuclei and plasma membrane of chondrocwiess) the borddrighlighted with orange
arrows
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Once both image stacks were processed through the workflow by each module,ithesde
were then merged together by usingéhA r i t Imodelé to aedte an binary image that
highlights the nuclei and plasma membrane of chondrocytes (Figure 50).

Figure 50: XY-orthoslice of the image data after merging together both the processed image stacl
of the nuclei and plasma membrane of chondrocytes using tiieA r i t hmodrle prior éo the cells
identification step.

The nuclei and plasnraembrane of chondrocytes are displayed in dark blue and light blue, respecti

in the processed, merged image stack.

The next stage of the image analysis process was to identify and select chondroaytbs f
processed, merged image stack of the nuclei and plasma membrane of chondrocytes for 3D
rendering and morphometric quantification analysis. The cells identification stage was
conducted using thenage Segmentation Editor of Amira. The Image Segrtient&ditoris a
workroom that provides a variety of tools and functions for srtomated and manual
segmentation. It is typically used for interactive segmentation tasks. It can be used to correct or
refine previously labelled regions/objects by aut@dategmentation module (i.e. interactive
thresholding used for nuclei and plasma membrane segmentation in this thesis). It also allows
the user to identify and extract a particular region/regions from the 3D data for further analysis.
In this study, thént er act i v e mddanle was usedlprdvionsly tb segment the

potential nuclei and plasma membrane of chondrocytes from their respective image stacks.
Further editing was conducted using the Image Segmentation Editor to identify and extract
chondrocyes from the 3D processed data for 3D rendering and morphometric quantification
analysis. By default, the Image Segmentation Editor operates irvie@0mode which

normally displays onXY-orthoslice of a 3D image. Figure 51 is a screenshot of the Image
Sgment ation Edit or 6 sXY-orthaslee fform theeprovselsied; hergedh o w s
image stack; highlighting the boundaries of the potential nuclei and plasma membrane in blue

and green, respectively.
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Intensity:

Figure 51 The interfaceof Amirad s | mage S e g mdigplayang an X¥Yrorthosiide framr
the processed merged image stack which highlightshe boundaries of the potential nucle{blue)
and plasma membranggreen)

By using the Image Segmentation Editor, isveapable of easily picking out chondrocytes that
had clear cell boundaries from the 3D processed image stack. In this case of clear cell
boundaries, the nuclei and plasma membrane of chondrocytes were merged together and
identified as individual chondrotgs. An example of this is demonstrated in Figure 52; a
chondrocyte was identified by selecting the nuclei (Blue boundary selected in red, Figure 52A)
and its corresponding plasma membrane (Greendary selected in red, Figure/A2and

registering the tw parts as a chondrocyte (Red boundary, Figure 52B,).

Figure 52 An example of cells identification using the Image Segmentation Editor in the case of
clear cell boundaiies; (A) a nucleus (blue boundary selected in red) and its corresponding plasm:
membrane (green boundary selected in red) were selected and register the two parts as (B) an
individual chondrocyte (red boundary).
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However, in some cases, the cell boundaries wedefihed (as demonstrated in Figure 53
where the cells were touching unwanted surroundings (i.e. pericellular matrix) and each other.
This made theells identification step more challenging and an extra step was required to
separate touching chondrocytes or remove pericellular matrix from the chondrocytes. The lasso
tool from the Image Segmentation Editor was used to manually define dividing li2Bstan
separate different objects (i.e. separation of touching chondrocytes and removal of pericellular
matrix) so chondrocytes identification were made possible. This extra step was required to be
completed each cell on every 2D image that made up thdagD Once this was completed, cell
boundaries could be defined more easily. The plasma membrane and the corresponding nuclei
were then merged together to be identified as individual chondrocytes for morphometric
measurements. An example of this is dematst in Figure 53; two chondrocytes were in
close contact which made it hard to distinguish cell boundaries (Figure 53A). To overcome this,
the lasso tool was used to manually define a dividing line in 2D to separate the two
chondrocytes (White arrow, Rige 53B). This was completed on every 2D image that made up
the 3D data, resulting in two separated chondrocytes (Figure 53C). Once clear cell boundaries
were refined, the plasma membrane and the corresponding nuclei were selected and registered

as chondroytes.

Figure 53: An example ofcellsidentification using the lasso tool fromthe Image Segmentation
Editor in the case ofill -defined cell boundaries; (A)two chondrocytes were in close contact which
made it hard to distinguish cell boundaries, (B) a diving line (whe arrow) was manually defined by
the lasso tool in every 2D image that made up the 3D daf®&;) two separated chondrocytes as a
result of the extra step taken with the lasso tool to refine cell boundaries, allowing the two
chondrocytes to be identified fo 3D rendering and cell morphometric measurements.

The identified chondrocytes were then extracted to create a label image stack named
6cell stoanal yseb for 3D rendering and cell
2D ortheslice from the resulting ¢ e | | s Edagenstatk yollwing the cell identification
step, highlighting the chondrocytes (labelled with yellow boundaries) selected for further
analysis. Figure 54B shows an 2D orthoslice of the corresponding selected chondrocytes

(labelled in red) from the processed, merged rstgck of the nuclei and plasma membrane.
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Figure 54: XY-or t hos | i c ecslstaarialysdbifage ttakokefollabving the cell identification step
which highlights the chondrocytes (yellow boundaries) selectedrf8D rendering and cell

morphometric measurements and (B) the processed, merged image stack of the nuclei and plasm
membrane showing thecorresponding selected chondrocytes (red).

The6 L abel maddelwassused  carry out cell morphometric measurements on the
identified chondrocytes from the label image stack. Cell morphometric parameters including
cell length, width, height angblume were selected from the measure port along with sphericity
(which was manually inserted specific equation) and saved as a new measure group for cell
morphometric quantification (Figure 55). Cell length and width were defined along the major
and minoraxes of the cell crossection perpendicular to cell height (Figure 56). Height was
defined as the maximum distance between the vertical coordinates of all the vertices
(perpendicular to cartilage surface) on Ihaxis (Figure 56). Sphericity is the maass of how
closely the shape of an object approaches that of a mathematically perfect sphere and this was
defined as the ratio of the surface area of a sphere (with the same volume as the given cell) to
the surface area of the cell. A sphericity valué abrresponds to a perfect a sphere, any value
less than 1 indicates departure from the sphere, with lower values signifying least spherical
structures. Once measurements were saved and selected from the measure port in Amira, the
6Label Anal gssappkedothetocdalll les twoagestackty peréodn the
morphometric measurements. An example analysis spreadsheet of the morphometric

measurements conducted on selected chondrocytes is shown in Figure 57.
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Choose a measure group: cell measurements R EE D E
' Custom measures: | Measures selected in the group:
Name Formula Name Formula
sphericity =& (1 Shape VA3d)™(1/3) Lenath3d
sphericity 2 B2 (1/ Shape VA3d)*"(1/3) Width3d
Volume3d
BoundinaBoxDz
sphericity 2 Bl (1/ Shape VA3d)™(1/3)
5
=
Native measures: X
Name Formula
Cooccurrence
Feret
Geometrv
Histoaram
Inertia
Intensitv
Intercent
Locate
Seament
l OK I Cancel Help

E— - = S —— =

Figure 55: The measure port was usedb select ell morphometric parameters including cell length,
width, height, volume and sphericity (which was manually inserted specific equation) andreatea new

measure group for cell morphometric quantificatian.

X I » y
Z
O o
4

LENGTH

X WIDTH

> L
z y
Figure 56: Definition of cell morphology parameters.Cell length and width were defined along the
major and minor axes ofthe cell crosssection perpendicularto its height. Height was defined as the
maximum distance between the vertical coordinates of all the veréison the Z-axis.
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Length3d Width3d FeretShape3d Volume3d BoundingBoxDz EqDiameter sphericity_2 index Materials

1 123247  9.81861 1.28441 559.84 12.2 10.2256 0.857113 1 cells
2 17.3374  10.2462 1.66428 931.786 9.8 12.1182 0.634033 2

3 13.6651  10.3307 1.27088 617.808 10.6 10.567 0.885985 3

4 123423 955671 1.26272 518.632 10.6 9.96828 0.859928 4

5 115632 74602  1.52452 381.017 7 8.9946 0.860411 5

6 12.962 9.91011 1.26247 591.745 9.4 104163 0.824049 6

7 12.8235 951211 1.21537 512.943 9 9.9317 0.781123 7

8 154717 921128 1.6342 733.973 8.6 111916 0.834862 8

9 13.9408  10.8355 1.27153 741.892 10.6 11.2317 0.885104 9

10 122544  9.62682 1.22615 428.145 9.4 9.35113 0.846739 10

11 13.0282  8.86652 1.447 546.232 8.6 10.1421 0.785129 11

12 0.260898 0.260898 3.37022 0.07688 0.2 0.52756 1.34159 12

Figure 57: An example analysis spreadsheedlisplaying the cell morphometric measurements
performed on selected chondrocytes.

Three dimensionakconstruction of the selected chondrocytes fronttieee | | s timmagen al y s e
was then performed following the cell morphometric measurements usiagMhe | u me

R e n d e madulegTie 3D rendering of chondrocytes was used for 3D visualisation purpose.
Figure 58 shows an example of 3D rendering of selected chondrocytes.

Figure 58: 3D rendering of selected chondrocytefom the label (6 c e | | s t onagefarl3p s
shape visualisation purpose.

As described in Section 4.3.4.2, three sequential volume images of selected chondrocytes from
the superficial zone of cartilage disks (n=4, obtained from the medial and lateral rddloms o
patellofemoral groove of two bovine knee joints) were acquired under zero, 10 % and 15 %
applied tissue compressive strains using confocal microscopy in order to determine the effects
of incremental compressive strains on chondrocyte deformatiowibah@ native cartilage. In

other words, the same group of chondrocytes from each cartilage disk was imaged under the
selected strain levels throughout the experiment. All confocal volumes images of chondrocytes
were analysed using the custom workflovea&ed in this section to quantify cell deformation
behaviour under incremental compressive tissue strains. It was important to reduce bias

associated with manual measurements so that a fair analysis was conducted, therefore the
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custom workflow was appléeon every image set with the same modules, module order and
settings. Due to the extra step required to identify chondrocytes in the caseebhéd cell
boundaries (i.e. chondrocytes touching pericellular matrix and each other) which was extremely
time-consuming and required considerable effort and concentration, this led to low chondrocyte
numbers for analysis in this study. Consequently, 3D rendering and cell morphometric
measurements were performed on a total of the same 37 chondrocytes froartitage disks
under the selected strain levels, with data collected-fick 6hondrocytes per cartilage disk.

4.4 Results

4.4.1 The Effect of Culture Duration on Chondrocyte Metabolism and
Viability within Native Cartilage

In this study, cartilage disks cultunas required because it was not possible to regularly

harvest fresh osteochondral plugs (i.e. the source for cartilage disks) from bovine knee joints
due to the logistic of a weekly tissue delivery from the abattoir. Thus, a culture period of up to 3
dayswas used to investigate the effect of culture duration on chondrocyte metabolism and
viability within cartilage disks as it was important to ensure that the chondrocytes were healthy
before live cell imaging. XTT assay and Live/D&amiaging were used tidetermine the effect

of length of time in culture on chondrocyte metabolism and viability within native cartilage

disks harvested from bovine osteochondral plugs.

XTT assays of cartilage disks cultured for different durations from day 0 to 3 indicafzd sim
metabolic activity, suggesting that the culture times used here had no measurable effects on
chondrocyte viability in native cartilage upBay 3 (Figure 59). Live/Deddimages of cross
sectional slices obtained from cartilage disks cultured uptoIshowed densely distributed

live chondrocytes through the depth of the tissue and some dead chondrocytes were visualised
(Figure 60 and Figure 61). Live/Déamnages in thé&Z-plane revealed chondrocytes in the

depth of about 200 um below the cut segahowed that the majority of the dead chondrocyte

were located at the cut surface (Figure 61).
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XTT reading per g tissue

Day 0 Day 1 Day 2 Day 3

Culture Duration

Figure 59: Viability assessment of cartilage disks harvested from osteochondral plugs after up to :
days in culture. Chondrocyte metabolic activity was assessed B T assay.

Therewere no statisticaignificancedound between cartilageamples in culturéor differenttime
duratiors (up to Day 3). Data represented as means *+ SD (n=3). Statistalgbis was determined by
the Kruskal Wallis test.
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Figure 60: Live/Dead® confocal volume images of chondrocytes in cartilage slices obtained from bovine cartilage disks cultured in different periedgime from Day 0 to 3; (A, E)
Day O, (B, F) Day 1, (C, G) Day 2 and (D, H) Day 3. Images maled chondrocytes through the depth of the cartilage slices from the superficial zone down to the deep zone labe
with (A-D) both live and dead staining and (EH) dead staining only.Images arepresented in theZ-plane.
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Figure 61: Live/Dead® confocal volume images of chondrocytes in cartilage slices obtained from bovine cartilage disks cultured in different periadigime from Day 0 to 3; (A, E)
Day 0, (B, F) Day 1, C, G) Day 2 and (D, H) Day 3. Images show ¢(B) live and (E-H) dead.Images arepresented in theXZ-plane.
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4.4.2 Chondrocyte Volume Changes in Uncompressed Native Cartilage

with Repeated Confocal Scans

In order to assess whether photobleahcing of CellMask (@lasma membrane stain may
introduce errors into the morphometric measurements, three sequential images of selected
chondrocytes within the superficial zone of cartilage disks were acquired undieraden
conditions. Cell volume measurements were peréalion the same chondrocytes (n=3 cells per
cartilage disk) in all repeated images captured in each cartilage disk (for a total of 5 cartilage
disks harvested from the patellofemoral groove of two bovine knee joints).

Changes in chondrocyte volume wer¢edmined after the capture of three repeated confocal
images in uncompressed cartilage disks. Chondrocyte volume normalised to the original volume
(Image 1) after the repeated confocal images is shown in Figure 62. There was a significant
decreasé normalised chondrocyte volume after each capture, of 2.1 % between Image 1 and
Image 2 and 4.5 % between Image 1 and Image 3 (p <0.0001 and p <0.001, Figure 62). This
most likely indicates the errors (%) in the morphometri@asurements were introduced by
photdestruction of the CellMask Green plasma membrane stain. It was important to examine
the measurement errors associated with the staining method because photobleahcing of
CellMask Green plasma membrane stain would result in loss of detail for cell mgylaold
consequently affect the accuracy of morphometric measurements. Thus, the measurement errors
introduced by the staining method needed to be taken into account for the morphometric

guantitative data as a limitation of the staining method.
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Figure 62 Changes in the volume of chadrocytes in uncompressed cartilage disks with three
repeated confocal scandlhere was a slight decrease inormalised chondrocytevolume following
capture of repeated confocal images and the changes were significant

Data represented as means + SD ffrdm 5 cartilage disksptatisticalanalysis was determined by one

way repeated ANOVA after data normality was det el
comparison between uncompressed chondrocytes cdptitterepeated confocal imageés. [ 0.4, <

** % [ p**<*0*, 0[01lp. <0. 0001

4.4.3 Quantifi cation of Chondrocyte Deformation under Incremental
Compressive Tissue Strains In Native Cartilage Disks via Amira:
Morphometric Measurements

In order to determine the effects of incremental compressive strains on chondrocyte deformation
behaviour in natig cartilage, cell morphometric data was collected from volume images of
selected chondrocytes in the superficial zone of cartilage disks acquired sequentially at zero, 10
% and 15% applied compressive tissue strains. A dual staining method of Hoechsard$342
CellMask Green plasma membrane stains was used to label chondrocytes within cartilage disks.
Each cartilage disk was placed in to the newly develop device (see Chapter 2) and viewed under
confocal microscopy at the selected strain levels. After aitileqion period of 30 mins in

each case, images of the same chondrocytes were acquired and Amira software used to
guantitate chondrocyte morphometric parameters including: cell length, width, height, volume
and sphericity (see Section 4.3.6.2 for fullthzelology). Cell morphometric data was collected

for 6-11 chondrocytes per cartilage disk and from four cartilage disks obtained from the
(relatively flat) medial and lateral regions of the patellofemoral groove of two bovine knee

joints. A total of the sme 37chondrocytedrom four cartilage disks under the selected strain

levels were analysed faell deformation quantification.
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The resulting data is presented in three different ways to fully demoristeatends and
changes in each parameter ancailitate comparisons: (1) absolute measurements for each
chondrocyte at each strain level; (2) mean values + SD and percentage (%) change in dimension
compared to baseline (zero strain) for all chondrocytes in each of the four cartilage disks
compare stadtically at each strain level and (3) mean values + SD and % change in dimension
compared to baseline (zero strain) for all chondrocytes combined in each cartilage disk
following application of compressive strain

4.4.3.1 Absolute Morphometric Measurements for E&h Chondrocyte at Each
Strain Level in Each of the Four Cartilage Disks

Absolute measurements of cell length, width, height, volume and sphericity for a total of the
same 37 chondrocytes in the superficial zone of four bovine cartilage disks following
applcation of compressive tissue strains (0 %, 10 % and 15 %) are presented in Figure 63 and
Figure 64. Figure 63 and Figure 64 illustrates all of the raw data for each chondrocyte in each

cartilage disk at each strain level.

Following application of compres® tissue strain, there was no clear trend for changes in
chondrocyte Iagth and width (Figure 634). Chondrocyte height and volume appeared to
decrease in all cartilage disks at each strain level (10 % and 15 %) (Figuveas@lUFigure
64A-D). Spheriity appeared to be consistent, expect in Cartilage Disk 2 which appeared to
increase (Figure 64B). These trends were tested statistically for whole populations of

chondrocytes in each of the four cartilage disks at each strainseesbection 4.4.3.2)
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Figure 63. Absolute morphometric measurementsfor each individual chondrocyte (n=37)n the superficial zone of each of théour bovine cartilage disks (1-4 =

Em Uncompressed
10 % compressive tissue strain

mm 15 % compressive tissue strain

left to right

columns)at the selectedcompressive strain levels of 0 %, 10 % and 15 %A, B, C, D) Chondrocyte length, (E, F, G, H)width and (J, K, L, M) height. There was no clear trent
for changes in individual chondrocyte width and length with the application of compressive tissue strain. Chondrocyte heigifipeared to decrease with application of
compressive tissue strain.











































































































































































































































































