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Abstract

The shortage of bone tissue donors despite the rising cases of bone fracture
incidences, as well as complications with current transplant methods, has spurred
intense research into tissue engineering as a promising alternative. However,
existing tissue engineering strategies face critical limitations, especially in supplying
physiologically relevant levels of oxygen and nutrients to cells within the bone tissue
scaffolds. To address this issue, a novel microfluidics-based chip for 3D-printing
vascular structures was developed. The purpose of this research project was to
investigate the efficacy of this novel microfluidic-based chip for fabricating hollow cell-
compatible fibres, which are structurally adjustable, durable and can be perfused to

mimic physiological blood flow for tissue engineering purposes.

The range of hollow core-shell fibres that can be generated with a defined width
and geometry by changing the extrusion flow rates of core solutions, between 125-
2000 pl.min~', was demonstrated. Straight, wavy and helical core shapes were
generated that have the potential to be used for recapitulating different flow rates

found physiologically.

To optimise the printing conditions and materials for cell biocompatibility -
cytotoxicity, cell adhesion and cell morphology were assessed. This revealed that 10
wt% (100 mg/ml) calcium chloride bath solution provides optimal cell viability as well
as structural integrity of the 2 wt% (20 mg/ml) alginate fibres. Gelatine blended with
alginate at 1:1 concentration supported cell adhesion while ensuring core-shell fibres

could be formed. However, with the optimisation of printing conditions, such as
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temperature regulation, gelatine with higher concentrations can be used for

enhancing cell adhesion.

Furthermore, the impact of the extrusion method, material composition and
prolonged culture on viability of cells encapsulated in fibres with different structures,
alongside the influence of storage and incubation conditions on fibre degradation and
morphology was evaluated. The results demonstrated that fibres degrade over time
when cultured in cell culture media for 28 days at 37 °C. This suggested the
optimisation of shell material to improve the mechanical stability of fibres in culture is

needed for future studies.

Finally, the hollow core-shell fibres were perfused using gravity and cannulation
to confirm the structural integrity and uniformity of the fibre’s core for replicating blood
flow. The cannulation method and loading of fibres in channels to create a set-up that

can potentially be used for generating vascularised bone tissue were explored.

From this project, it can be concluded that, although the materials used for
fabricating the fibre need optimisation, the novel microfluidic chip has shown great
potential to create a variety of core-shell fibres to mimic human blood vessels for

vascularised bone tissue engineering.



v

To my parents



Acknowledgements

Foremost | would like to thank my supervisors, Dr. Gowsihan
Poologasundarampillai and Dr. Amirpasha Moetazedian for all their valuable
guidance, support, and patience throughout my undergraduate and postgraduate
projects. | am equally thankful to Dr. Malgorzata Wiench and Dr. Samuel Moxon,
whose guidance has been instrumental during my master’s project. My supervisors’
encouragement, constructive feedback, and commitment to excellence have helped

me broaden my perspective and refine my research skills.

| would like to show my appreciation to Frankie Lewns, Sandeep Shirgill (for
helping me with the Fiji macro), Louise Longhurst and Dunia Khalil for their support
during my project. My heartfelt gratitude to all my colleagues at the School of
Dentistry, for their help, multiple coffee runs, fun lab events and for constantly
reminding me that science is as much about resilience as it is about results. Here's to
my lab mates who made my master’s journey bearable and fun. May our pipettes
never break, our results always be statistically significant, and our laughter never

cease.

| am truly grateful to my family for their comfort, encouragement, and love.
Particularly my parents, for their sacrifices and guidance which have been the
cornerstone of my journey, shaping me into the person | am today.

Finally, but most importantly, | am deeply grateful to Allah, the Most Merciful,
All-Knowing and Wise, for the gift of intellect and providing me with the opportunities
to utilise my knowledge and skills to make a positive impact on the world around me.
Alhamdulillah (All praise be to Allah) for His countless blessings and for the journey

that lies ahead.



vi

List of conference contributions

1. Zeb N, Moetazedian A, Moxon S, Wiench M.1, Cox L, Grover L,
Poologasundarampillai G. Investigating the efficacy of a novel bioprinting system,
using microfluidic devices, to construct vascularised bone tissue. UKSB Conference,
Ulster University, Belfast. 2023 (Poster).

2. Zeb N, Moetazedian A, Moxon S, Wiench M.1, Cox L, Grover L,
Poologasundarampillai G. 3D-printed blood vessel models. Research Poster
Competition, University of Birmingham, Birmingham. 2023 (Poster).

3. Zeb N, Moetazedian A, Moxon S, Wiench M.1, Cox L, Grover L,
Poologasundarampillai G. A novel bioprinting system for constructing blood vessel
mimics with the potential for reducing animal use in research. Midlands 3Rs
Symposium, NC3Rs, University of Birmingham, Birmingham. 2023 (Poster & oral

presentation).



Vil

Table of Contents

ABSTRARCT ... eiiretiinnntinnneiessnsiosssssissssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssssses !
ACKNOWLEDGEMENTS .....cciiiiiiiniicnsnniinsnnicnsnsessssnsssssasssssssssssssssssssssssssssssssssssssssssses \"
LIST OF CONFERENCE CONTRIBUTIONS..........cccovviiiiuiiinnnrinscnencssnnscssnssossnssssssnes Vi
LIST OF TABLES ........iiiiiinetiinnetinnnntessnsiosssesssssssssssssssssssssssssssssssssssssssasssssssssssssss Xl
LIST OF FIGURES.........iiiieiinnntiinnnnicnsnntissnssssssssisssssssssssssssssssssssssssssssssssssssssssnss Xi
LIST OF ABBREVIATIONS ........uuiiiniiinnneiinsnnicssnnsisssassesssssssssssssssssssssssssssssssssss XX
1. INTRODUCGTION ....cciiiutiirnricnniinssnnnesserissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 1
1.1. Research background and significance........c.ccccccceiriiiiirmuuiiiiiiiiiiiinniiiiiiinitieenescceeneeeeenae. 2
I = T T 1= (L= 1 N 2
1.2 1. TYPES OF DONES ..ottt e ettt e e e sttt e e e e s bbe e e e e s saamneee 3
1.2.2. Layers of BONe tiSSUE.........ccoooiiiiiiiiiic et e e e 4
1.2.3. Composition of the bone MatriX ...........cccccooiiiiiiiiiiiiii e 7
1.2.4. Cellular components Of BONE.............coiiiiiiiiiiiiiiieeeee e eeeeeeeeees 8
1.2.5. Current bone transplantation strategies ..............ccccooiiiiiiiiiiii e 8
1.2.6. Bone replacement using tisSsue eNgiNeering ...........ccccceeeeeeiiiieeiiiiiiiiiiiinniireeeeeeeeeeeeee 9
1.2.7. A current challenge in bone tissue engineering.............cccccceeeeeiiiiiiiiiiiiiiniceeiiieeeeeeee 10
1.2.8. Vascularised bone tiSSUE...............cccoiiiiiiiiiiiiiiiiiiieeeeeee et 11
1.3. Vasculature: an unmet NEEd .........c...iiiruiiiiiiiniiiiiiiiiiiitiiiitc e aaae 12
1.3.1. Vessel formation............c...oiiiiiiiiiiiiii et e e e s 13
1.3.2. ANQGIOGENESIS ..ottt ettt ettt ettt et e e e e e e e e e e e e e rreneneeee 13
1.3.3. Role of oxygen levels in vessel formation .....................ccciiiiiiiiiiiiiieeceee 14
1.3.4. Types of BIOOA VESSEIS .......coooiimiiiiiiiiiiiiice ettt e e e st e e e s e 15
1.3.5. Structure of blood VESSEIS ............coooiiiiiiiiiiii e e 16
1.3.6. Endothelial barrier formation..................cccoiiiiiiiiiiiii e 19
1.3.7. Biochemical gradients ...ttt 19
1.3.8. Types of flow in the blood vasculature .................ccccoooiiiiiiiieece e 20
1.3.9. Current 3D artificial blood vessels .............cccooiiiiiiiiiii e 21
1.4. Additive ManuUfacCturing ........ceeciiiieiiiiimiiiiiiiierienietreneeettenessetsenesssssenesssssensssssssnsssssssnsens 23
1.4.1. Types of additive manufacturing ...............ccccoooiiiiiiiiiiiii e 24
1.4.2. Material extrusion additive manufacturing ................occcccciiiiiiiiiiiiiniiecee 25

1.4.3. Scaffold MAtErial..............oooniiiiiii ettt e et e et e e e eaas 26



viii

1.4.4. Microfluidics-based devices for 3D bioprinting of blood vessel mimics ....................... 27
1.4.5. Coaxial PrINtING .......coooiiiiiiiiiiie ettt ettt e et e e e s et e e e e e e 27
1.4.6. A novel microfluidic-based 3D-printing system ..............ccccooeiiiiiiiiiniiiiiiiiiiiieeee e 29
BT ST T3 43T T 32
1.6. Aim and ODJECHIVES .....covuuuiiiiiiiiiiiiiirrtctt e s aaaa 33
2. MATERIALS AND METHODS ........iiiiiiinneiicssnnnisssnsisssssssssssssssssssssssssssssssssssssses 35
2 TR | = Y = | 36
28R |1 =1 1 3 o T L 37
2.2.1. Preparation of solutions to generate and perfuse fibres ................ccccccovviiiiiiiiiiennn. 37
2.2.2. Production of core-shell alginate fibres..............ccccieiiiiiiiiiii e, 39
2.2.2.1. Extrusion of core-shell fibres ..............cccooiiiiiiiiiiii e 39
2.2.2.2. Width measurements ...ttt a1
2.2.3. Standard tissue culture teChNIQUES ................c.eviiiiiiiiiiiiiiiereeeee e 43
2.2.3.1. Cells and culture medilum ...........c.ooooiiiiiiiiiiiiiiiii e e ereee e e e 43
2.2.3.2. Cell PASSAQE .....coeeeiiiiiiiieieiiiiieee e eetttee e e ettt e e e e sibtttt e e e ettt e e e e esabbbeeeeeeaaabbaeeeeeeanree 43
2.2.3.3. Cell COUNL........oeiiiiiiiieeee ettt e ettt e e e ettt et e e e st e e e s ssabbeeeeeseannnee 44
2.2.3.4. Cryopreservation and thawing of cells ................ooccoiiiiiiiiiiiieccee 45
2.2.4. Effect of bath CaCl. concentration on cell viability ..............ccccooeoiiiiiiniiiii, 46
2.2.4.1. Fibre ProducCtion ..............oooiiiiiiiiiiee ettt e e e e e e eeeeeeeeeaaa 46
2.2.4.2. Live/DEad @SSAY .........uveeeiiiiiiiiiieeeeaiiitee e e ettt e e e e sttttt e e e ettt e e e st eeeeseeaabbeeeeeseanree 47
2.2.4.3. Width measurements ...ttt 51
2.2.5. Effect of polymer composition on fibre formation - blends with gelatine...................... 52
2.2.5.1. Cell attachment and morphology test...............coooiiiiiiiiiiiiiic e 52
2.2.5.2. Viability and morphological analysis .............cccccooiiiiiiiiiiiiiicceeeeee 53
2.2.5.3. EXtrusion of fibres ... e 55
2.2.5.4. Width measuremMeNnts ...ttt 56
2.2.6. Prolonged (28-day) culture and storage of fibres................cccceeviiiiiiiiniiiiiiieec e, 57
2.2.6.1. Preparation of cell-encapsulated fibres ..............cccccooviiiiiiiiiicccieees 57
2.2.6.2. Cell-free core-shell alginate fibres for different culture conditions........................ 58
2.2.6.3. Cell viability and morphological analysis of the cell-encapsulated fibres.............. 60
2.2.6.4. Observation of the fibres’ stability ................ccccoiiiiiiiiiiiinie e 60
2.2.6.5. Width measurements of fibres..............cccooiiiiiiii e 60
2.2.7. Perfusion of core-shell fIbres ............ccccoooiiiiiiiiiii e 61
2.2.8. SAtiSHICS ... e e e e sttt e e e s enrreeeeeeean 63
3. FABRICATION OF BIOMIMETIC CORE-SHELL FIBRES. ...........cccocceeeevverircencene. 64
B TR 101 Yo 11T o o N 65
B T -] U | N 67

3.2.1. Effect of extrusion flow rate on core-shell alginate fibres’ geometry 3.2.1.1. Core-shell
alginate fibres with a range of core geometry can be generated ...................ccccceeiiiiiiinnnnnn. 67



X

3.2.1.2. Extrusion flow rate of core solution impacts the width of fibre’s core and shell ... 71

3.2.1.3. Impact of Qshell/Qcore on fibre’s Wcore/Wshell and helical pitch ........................ 75
3.2.2. Testing different concentrations of CaClzin bath solution ................cccccccceiiiiiiniinnnnnae. 78
3.2.2.1. Fibre width decreases with increasing CaClzconcentration ......................ccccoee 78
3.2.2.2. Impact of CaClz concentration on cell viability and morphology ................ccc......... 80
3.2.3. Changing the shell’s polymer composition to promote cell attachment........................ 85
3.2.3.1. Impact of increasing the gelatine concentration on viability, spreading area and
amount of cells attached ... 85
3.2.3.2. Impact of increasing the gelatine concentration on fibre’s structure ..................... 92
B R D T T= o =17 oY o N 97
3.3.1. Effect of extrusion flow rate on core-shell alginate fibres’ geometry............................ 97
3.3 1. Printing PrOCESS ......oviiiiiiiiiiiiiiiiiiie ettt e et e e e eeeeee e e e e eeeeeeeas 97
3.3.1.2. FIBIE's STFUCLUIE ... e e e e ettt e e e e e e e eees 98
3.3.2. Testing different concentrations of CaClzin bath solution ................ccccccceeiiiiinnnnnnnie. 103
3.3.2 1. FIBre’s StrUCUIE ..ottt e e e e e e e eeee 103
B B 07 Y| IV - o 1] 11 4V USSP 104
3.3.2.3. Cell MOIPROIO@Y .......oceiiiiiiiiiieeieiteee ettt e ettt e e ettt e e e e eibtee e e e s e eanraeeeeesaannee 105
3.3.3. Changing the shell’s polymer composition to promote cellular biocompatibility ....... 106
B T Ty B 07 Y| RV - ' 1] 11 4T PSSR 107
3.3.3.2. Cell attachmeent............oooiiiiiiiiiiiiiiiieeeeeeeee et e e e e e eeeeeeee s 108
B T T T 071 | - (Y- [P RPPRP 109
3.3.3.4. FIBre’s StrUCUIe ........oeee ettt eeeeee 109
3.4. Limitations of the StUAY ......cceeiiiiieiiiiiieiiiiiiiiireeieireeererteeneeeteenesestsenesssssenesssssenssssssennes 111
BT T T 1Ty T = /N 114

4. EFFECT OF PROLONGED CULTURE ON CELL VIABILITY AND FIBRE

DEGRADATION.......ueiiritineticnnetinssnniesssstssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssss 115
4. INtrOAUCLION ...t ettt teeteretatansassensassassassassassassnssassassasesssasesssasennssnennns 116
T R =TT || (RS 118
4.2.1. Testing different types of fibres ... 118
4.2.1.1. Viability and morphology of cells embedded in fibres for a 28-Day culture.......... 118
4.2.1.2. Effect of culture time on fibres’ morphology ..............cccceeriiiiiiiiiiiiiiiieeciinieeeen, 126
4.2.2. Testing different incubation and storage conditions ................cccccccciiiiiiiiinnnnnin. 133
4.2.2.1. Effect of storage conditions on fibre’s morphology ..............cccccoeiiiiiiiiinnnnninnn. 133
4.2.2.2. Effect of storage conditions on fibre’s core and shell .............................o. 139

T 3 N B TE=T o7 U =] o o RS 145
4.3.1. Testing different types of fibres ... 145
4.3.1.1. Cell viability and morphology ..............ccceiiiiiiiiiiiiniiiiieee e 145
4.3.1.2. Fibre morphology and Structure.................ccoooiiiiee e 147
4.3.2. Testing different incubation and storage conditions ................c.ccccccoviiiiiiiinnnnnniinn. 148

4.3.2.1. Fibre morphology and Structure.................ccooiiiiiie e 149



4.3.2.2. Cause of fibre degradation .................ccccoiiiiiiiiiiiiiii e 150

4.4. Limitations of the study .......c..uuuiiiiiiiiiiiimiiiiiiiiiiiiiirrrt e eeaaaaaes 152
4.5, SUIMIMATY ..ouiiiiiiiiinnuiiiiiiiiiiettuuiiieisttetesauseessssssettesssasssssssssstessssssssssssssssessssssssssssssssesssssnses 154
5. PERFUSION OF FIBRES TO MIMIC BLOOD FLOW ........cccccieerveicnsnrccscnercscnnnees 155
L 00 R 151 Yo 11T 4o o TN 156
L L= U | =N 157
5.2.1. PerfUuSION @St ......cooiiiiiiiiiiiii e et e e e e e e e e e e e e e enannnn 157
5.2.1.1. Fibres printed using varying extrusion flow rates of core solution ..................... 157
5.2.1.2. Fibres printed using varying gelatine concentrations .......................ccccccccceeeen. 160
5.2.2. Cannulation and set-up of fibre ona chip........ccccccoeviiiiiiiiiiii e, 162
5.2.2.1. Cannulation of fibres...........ccccooiiiiiiiiic e 162
5.2.2.2. Setting up channels with fibres...............ccoccciiiiiiiii e 163

L T T T= o =17 oY o RN 164
5.3.1. PerfUuSION LSt .......oooiiiiiiiiiiii e e e e e e e e e e e e e e e e nnann 164
5.3.1.1. Fibres printed using varying core flow rates..............cccoccoceiiiiiiiiiiiiiiiiieceee 164
5.3.1.2. Fibres printed using varying gelatine concentrations .......................ccccccccceeeen. 164
5.3.1.3. FUtUre dir€CtIONS ........eei ettt e e e e eeeee 165
5.3.2. Cannulation and set-up of fibre ona chip........cccccceiviiiiiiiiiiii e, 166
5.3.2.1. Cannulation of fibres...........ccccooiiiiiiiicc e 167
5.3.2.2. Setting up channels with fibres............c..ccoociiiiiii e 168
5.3.2.3. FULUre dir€CtIONS ...... ..ottt e eeeeeee 168

5.4. Limitations of the StUAY ......ccee.iiiieeiiiiiieiiiiiiiiiiiriienrenererteeneeeteenesestsenesssssenesssssenssssssennes 170
LT T 11Ty T - /N 170
6. CONCLUSIONS........coireiiiretinnneiensntissssstssssasssssssssssssssossssssssssssssssssssssassssssssssssssssss 172
L2 R 1T = o TV L oo 1 1T 173
6.2. FULUIE WOKK...c.uiaeiiiiiiiiiiiiiiiecriiititteee et teae s taeesenesteassssaesesansssenssssnssssassssenssssnsssss 175
7. LIST OF REFERENCGES ...........iiiiinnniinnnnicnsenissnetcsssssessssssssssssssssssssssnssssssssses 178

8. APPENDICES .......ooiiriiinnintinnennenensnensenssesssesssesssesssesssesssssssssssssssssssasssssssssssssses 195



xi

List of Tables

Table 1. 1: Overview of the blood vessel diameter for different sections of the
vasculature tree. The diameter of the blood vessel varies depending on the age, sex
and exercise level of an individual (76,78-82,84,85)..........cceeeiiiiiiiiiiiie 16

Table 1. 2: Previous work has shown that perfusable hollow fibres can be fabricated
with a range of core widths, using different extrusion set-ups. ..........ccciiiiicinnn. 28

Table 2. 1: Extrusion pump settings used for the syringes when printing core-shell
L]0 (= TSP PP PPPPPRPRP 39

Table 2. 2: Extrusion flow rates of solutions used for printing core-shell alginate
L]0 (= TSP PPPPPRPTP 41

Table 2. 3: List of CaCl> bath solutions, in supplemented cell culture media, tested
fOr CeIl VIADIITY. ..o 46

Table 2. 4: List of different compositions of alginate-gelatine blends tested for
investigating cell response to the material. ... 52

Table 2. 5: Different concentrations of gelatine was mixed with sodium alginate to
make alginate-gelatine blends. ... 56

Table 2. 6: Types of cell-encapsulated fibres tested for prolonged 28-day cell culture
and the composition of materials that were used for each fibre................................. 57

Table 2. 7: The composition of incubation medium and temperatures that were used
for testing the stability of core-shell alginate fibre over a 28-day period. ................... 59

Table 2. 8: The composition of core-shell alginate fibre for testing its stability over a
28-AAY PEIIOMA. ...ttt e e e e e e e e e e e e e e e e e e e 59



Xii

List of Figures

Figure 1. 1: Types of bones. There are various types of bones in the human body.
These include flat, short, irregular, long and sesamoid bone (10-12). Created with
= 1T =T o [>T o] o o 4

Figure 1. 2: Periosteum and Endosteum. Bone is made up of layers called
periosteum and endosteum. Periosteum is the outer layer, composed of fibrous and
cellular components, and surrounds the layer called endosteum. Endosteum contains
the bone matrix and multiple cells (e.g., osteoclasts, osteocytes, osteogenic cells and
OSEEODIASTS) (19). .ttt 5

Figure 1. 3: Compact and spongy bone. There are multiple layers of bone,
containing various cellular (e.g., osteocytes) and structural (e.g., lamella and lacuna)
components. Compact bone is made up of circular units called osteons, which are
heavily innervated and vascularised through channels called Haversian canal.
Spongy bone tissue makes up the internal structure of the bone and houses the bone
MAITOW (24). ettt ettt et e e e e e e e e e e e e e e e e e e e e nnnnnnbennees 6

Figure 1. 4: Overview of bone tissue engineering. Tissue engineering involves
fabricating a scaffold made of a variety of materials, cells and growth factors to
induce bone regeneration (48). .......oooiiiiiiiii 10

Figure 1. 5: Angiogenesis process. Sprouting of blood vessels, regulated by
growth factors such as VEGF, ensure adequate oxygen is supplied to all cells. In
response to low oxygen level (hypoxia) stimulus, ECs sprout towards the area of
hypoxia, forming a new branch of blood vessel. Matrix metalloproteinases (MMPs)
degrade the basement membrane (BM) allowing the ‘tip cell’ to lead a stalk of ECs
towards the hypOoXiC @rea (72)........ueeeeiiiiiiiiiiiee e 14

Figure 1. 6: Structure and components of blood vessels. This diagram illustrates
the different sizes of blood vessels in the human body with different wall structures.
Main vessel types include large vessels (arteries and veins), small vessels (arterioles
and venules) and capillaries. A range of cells and components provide support to the
blood vessels, such as fibroblasts and elastic lamina (76). ............cccooeiiiiiiiiiiieenen. 17

Figure 1. 7: Vessel wall layers. Blood vessels are made up of three main layers:
tunica adventitia, tunica media and tunica intima (91). ... 19

Figure 1. 8: Additive manufacturing process. A simplified diagram to illustrate the
key difference between traditional manufacturing process and additive
manufacturing. Traditional manufacturing process involves machining to create a
desired product, while creating large waste from raw material. Whereas AM uses



xiii

filaments as raw material to precisely create 3D structures with minimum waste

Figure 1. 9: Main types of additive manufacturing. The diagram shows the three
main types of printing methods used for fabricating tissue mimics in regenerative
medicine. These include a) laser-assisted, b) inkjet and ¢) material extrusion (108).

Figure 1. 10: A novel microfluidic-based extrusion device for constructing
blood vessel mimics. A) Bioinks are extruded through the microfluidic-based nozzle
into a CaCl, bath, forming helical core-shell fibres. B) The chip has the potential to be
incorporated with a range of mixer channels for various studies. C) Flow focusing D)
channels allow the extrusion of multiple materials at once. Channel sizes are 400 pm
for core and 1000 um for shell. Figure provided by Moetazedian et al. (2023) (110).31

Figure 2. 1: Printing process of the core-shell fibres using the novel
microfluidic chip. The Pluronic solution was extruded from the inner channel of the
microfluidic chip, while sodium alginate was extruded from the outer channel, into the
bath solution. The samples were imaged using a microscope. Created in

= 1o =T o [T o] o o 40

Figure 2. 2: Width and helical pitch measurements of core-shell fibre. Figure
shows a core-shell fibre demonstrating how the helical pitch and width (W)
measurements for each parameter were taken. ..............cccccooiiiiiiii e, 42

Figure 2. 3: Siphoning method to perfuse fibres. The diagram illustrates the set-
up for perfusing fibres with blue dye, using the siphoning method. ........................... 61

Figure 3. 1: Photographic images of the fibre extrusion process using the novel
microfluidic chip. Ai-iii) Timelapse images of the fibre extrusion process. B) Image

demonstrating that a very long fibre could be printed in one go. Yellow and blue dyes
were used for visualisation of the fibres. Scale bar: 5cm............cice. 69

Figure 3. 2: Photographic images demonstrating fibres with a range of core
structures that can be printed by changing the ratio between shell and core
extrusion flow rates. A) Keywords to describe the structure of the fibre. Green lines
indicate the shell of the fibre and blue lines highlight the core of the hollow hydrogel
fibre. Bi & ii) Fibres with a straight core. C) Wavy core shapes. D) Fibres with a
range of helical core shapes that are loosely and densely packed inside the fibre.
The range of flow rates used for printing these fibres for the shell was kept constant
at 2000 ul.min~" while the flow rate of core was decreased from 2000-125 pl.min™".

RS Toz= (= o = T 00 1 o PP 71



X1V

Figure 3. 3: Photographic images demonstrating the structure of fibres, as
seen without a microscope. The demonstrated fibres were extruded using core
flow rates of A) 2000 ul.min~', B) 1500 pl.min~', C) 1000 pl.min~", D) 500 ul.min"", E)
250 pl.min™', F) 125 pl.min~! with a constant shell flow rate of 2000 pl.min~'. Hollow
alginate fibres could be printed with a range of core structures by changing the ratio
of extrusion flow rates between shell and core. Specific areas of the fibres were
zoomed in (x4) (A-Fii) from the original images (A-Fi), to clearly show the structure of
the core. However, core of the fibres could be observed clearly with the naked eye as
well. Scale bar: 5 MM ... e 72

Figure 3. 4: Changes in the width of shell and core, of the alginate hollow fibre,
in response to increase in the extrusion flow rate of core solution. Ai-vi) Phase-
contrast images of the extruded core-shell fibres for each core flow rate, while the
shell flow rate was kept constant at 2000 pl.min~". Scale: 500 um. B) As the flow rate
of core was increased from 125 pl.min~" - 2000 pl.min~", shell width gradually
decreased from 1345.10 + 191.17 pm to 1062.07 + 143.20 ym while the core width
increased from 336.83 + 26.95 pm to 684.14 + 98.87 um. Linear regression for core
reported Y = 0.1768*X + 322.2. Data is shown as mean = SD of three independent
EXPEIMENTS. N = 3. i e e e e e e e e e e e e ettt e e e e e e e e e e eeeeeaennee 74

Figure 3. 5: Wcore/Wshen of hollow alginate hydrogel fibres in response to
increase in the extrusion flow rates (Q) ratio of shell and core solutions. The
flow rate of the shell was kept constant at 2000 ul.min~" while the flow rate of core
decreased from 2000-125 pl.min~". Weore/ Wshen (thickness of the fibre’s wall)
decreased from 0.65 + 0.097 to 0.27 + 0.05, as the Qshel/Qcore (ratio between shell
and core flow rate) increased from 1 to 16. Data is shown as mean + SD of three
independent experiments. N = 3. ... s 76

Figure 3. 6: Helical pitch of fibre’s core in response to increase in the extrusion
flow rates (Q) ratio of shell and core solutions. The flow rate of the shell was kept
constant at 2000 pl.min~" while the flow rate of core decreased from 2000-125
ul.min~'. There was no distinct trend in the effect of Qshei/Qcore ON the helical pitch of
fibre’s core. Data are shown as mean + SD of three independent experiments,
representative of pooled measurements from multiple samples to account for
measurements taken at random locations of each sample. N = ranges between 28 —
£ U 77

Figure 3. 7: Impact of CaCl. concentration on the width of the cell-encapsulated
alginate fibres’ shell. The extrusion flow rates used for alginate was 2000 ul.min"
through a plastic tube, without the microfluidic chip, into the CaCl2 bath solution at 2,
4 and 10 wt%. The concentration of alginate was kept constant at 2 wt%. A i-iii)
Phase-contrast images of fibres, visually demonstrating their size in comparison to
each other. Scale bar: 500 um. B) A line graph illustrating the relationship between
bath CaClz concentration and the width of the fibre. Linear regression reported Y = -
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19.34*X + 1414. Data are shown as mean * SD of three independent experiments. N
G TSP 79

Figure 3. 8: Effect of bath CaCl. concentration on the viability of cells
encapsulated in alginate fibres. The viability of cells (3T3s) embedded in solid
alginate fibres was measured 24 hours after incubation, following bathing in different
concentrations of CaClz (2, 4 and 10 wt%) in water. The solid fibres without core
were extruded at flow rate of 2000 ul.min~'. Raw data were collected as confocal Z-
stack images at random locations in the fibre samples, following a Live/Dead assay.
A - C i) Phase-contrast images of cells encapsulated in alginate fibres. Scale bar:
500 um. A - C ii - iv) Live (green) and dead (red) stained cells, encapsulated in the
alginate fibres. Scale bar: 100 um. D) Data are shown as mean + SD of three
independent experiments, representative of pooled measurements. This method was
chosen to minimize bias and to get a more reliable p-value (see section 2.2.4.2.). A
non-parametric one-way ANOVA on skewed data, followed by a multiple
comparisons test among test groups 2 wt% (n=28), 4 wt% (n=29) and 10 wt% (n=30)
was carried out (p < 0.05). Statistical analysis revealed significant differences in cell
viability amongst the different CaCl, concentrations (p <0.05). Cell viability was
highest for 10 wt% CaCl. group (86.6 + 7.072%), followed by 4 wt% CaCl. (80.61
12.12%), and then 2 wt% group having the least cell viability of all three groups
(69.03 £ 11.34%). ** p < 0.01 and **** p < 0.0001. Non-significant results (p > 0.05)
are not labelled 0N the graph. ... 82

Figure 3. 9: Impact of different concentrations of CaCl: in bath solution on cell
morphology. The extrusion flow rates used for alginate (2 wt%) was 2000 pl.min™"
through a plastic tube, without the microfluidic chip, into the CaCl2 bath solution at 2,
4 and 10 wt%. Live/Dead stain was carried out after 24 hours of culture. Live (green)
and dead (red) stained 3T3 cells, are shown encapsulated in the alginate fibres
printed in A) 2 wt%, B) 4 wt% and C) 10 wt% CacCl. bath solution, with a rounded
morphology. Scale bar: 100 um. D) The relationship between bath CaCl:
concentration and the mean spreading area of a cell (cell area; um?), encapsulated in
the alginate fibre, 24 hours after culture is shown. Measurements for samples were
collected as fluorescent images at random locations of the fibre samples, following a
Live/Dead assay. Data are shown as mean + SD of three independent experiments,
representative of pooled averaged measurements from multiple images of samples
(see section 2.2.4.2.). Statistical analysis using a non-parametric one-way ANOVA,
on skewed data, followed by a Dunn's multiple comparisons test between test groups
revealed no significant differences in spreading area of a cell amongst the different
CaClz concentrations (P >0.05). N = 0. oo 84

Figure 3. 10: Phase-contrast and confocal microscopy images of cells cultured
on different concentrations of alginate-gelatine blends. Cells (3T3s) were
cultured on alginate-gelatine blends composed of different concentrations of gelatine
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(0, 2, 6 and 10 wt%) for 24 hours, followed by a Live/Dead staining. A-E (i) show light
microscope images of cells in each experimental group, 24 hours after culture, to
demonstrate cell presence before Live/Dead assay was carried out. A-E (ii-iv) show
confocal images illustrating cell morphology and numbers in comparison to the
Negative control group. Scale bars: 100 PM. ... 86

Figure 3. 11: Impact of gelatine concentration in the alginate-gelatine blend on
cell viability and attachment. 3T3s were seeded on top of alginate-gelatine blends
consisting of alginate (2 wt%) with different final concentrations of gelatine (2, 6, and
10 wt%). The test group of 0 wt% was used a positive control with no gelatine added.
For Negative control, cells were seeded directly on the cell culture dish. The (A)
viability (%) and (B) the percentage of cells attached to the test material (compared
to Negative control; cell attachment (%)) were measured after 24 hours of culture.
Measurements for samples were collected as fluorescent images at random locations
of the samples, following a Live/Dead assay. Data are shown as mean + SD of three
independent experiments, representative of pooled averaged measurements from
multiple images of samples (see section 2.2.5.2.). A) One-way ANOVA, followed by
a Tukey's multiple comparisons test among Negative (n=35), 0 wt% (n=3), 2 wt%
(n=21), 6 wt% (n=25) and 10 wt% (n=45), was carried out (p < 0.05). Alginate-only
group (0 wt%) had a cell viability of 0 + 0% which was expected due to no cells left in
the samples (B). Cell viability for 2 wt% gelatine group was 4.3% lower compared to
Negative control, however, it was not significantly different (p = 0.5). Cell viability for
6 wt% gelatine group was significantly lower by 8.82% compared to Negative control
(p = 0.0072). Cell viability for 10 wt% gelatine group was significantly lower by 7.64%
compared to Negative control (p = 0.0067). B) Statistical analysis using a non-
parametric one-way ANOVA, on skewed data, followed by a Dunn's multiple
comparisons test among 0 wt% (n=3), 2 wt% (n=23), 6 wt% (n=23) and 10 wt%
(n=41) was carried out (p < 0.05). Only 10 wt% group had a significantly higher
number of cells attached compared to 2 wt% group by 150.07% (p =0.0357). No
significant difference was observed between 6 wt% and other alginate-gelatine blend
groups. There was large variation in data as represented by large error bars. * p <
0.05, ™ p = 0.01, *™** p < 0.0001. Non-significant results (p > 0.05) are not labelled on
the graph. wt% on the graphs refer to gelatine concentration in the alginate-gelatine
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Figure 3. 12: Impact of gelatine concentration in the alginate-gelatine blend on
spreading area of cells. 3T3s were seeded on top of alginate-gelatine blends
consisting of alginate (2 wt%) with different final concentrations of gelatine (2, 6, and
10 wt%). The test group of 0 wt% was used as a positive control with no gelatine
added to alginate. The Negative group refers to negative control where cells were
seeded directly on the cell culture dish. The mean spreading area of a cell (cell area;
um?), seeded on top of these polymer blends was measured after 24 hours of
culture. Measurements for samples were collected as fluorescent images at random
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locations of the samples, following a Live/Dead assay. Data are shown as mean +
SD of three independent experiments, representative of pooled averaged
measurements from multiple images of samples (see section 2.2.5.2.). One-way
ANOVA with Tukey's multiple comparisons test between Negative (n=9), 0 wt%
(n=9), 2 wt% (n=9), 6 wt% (n=9) and 10 wt% (n=7) was carried out (p < 0.05).
Statistical analysis revealed that only 10 wt% group had significantly different
spreading area of cells compared to the ones in Negative group by 35.20% (p =
0.0402). * p = 0.05, ** p = 0.01, **** p < 0.0001. Non-significant results (p > 0.05) are
not labelled on the graph. wt% on the graph refers to gelatine concentration in the
alginate-gelatine BIENd. ............ooiiiiiiiii e 91

Figure 3. 13: Impact of gelatine concentration on the structure of alginate-
gelatine hollow fibres. Core-shell fibres with different concentrations of gelatine
were printed. The final concentration of gelatine, 0, 2, 4 and 10 wt%, in the alginate-
gelatine blend fibres were tested, while the final concentration of alginate was kept
constant at 2 wt%.The extrusion flow rates used for materials in this study were 2000
ul.min~! for the shell and 1500 pl.min~" for the core, into the 10 wt% CacCl, bath
solution. Ai - iv) Phase-contrast images of core-shell fibres’ structure. Fibres printed
with 10 wt% gelatine (iv) did not have a distinct core. Scale bar: 500 ym. B)
Relationship between gelatine concentration and the width of shell (green) and core
(blue). C) Relationship between gelatine concentration and Weore/Wshel (i-€., fibre’s
wall thickness). Values are expressed as mean £ SD. n=3............cceoiriiiiiiiiiiinnnn. 94

Figure 3. 14: Impact of gelatine concentration on the helical pitch of core-shell
fibres’ core. Core-shell fibres with different concentrations of gelatine were printed.
The final concentration of gelatine, 0, 2, 6 and 10 wt%, in the alginate-gelatine blend
fibres were tested, while the final concentration of alginate was kept constant at 2
wt%. The extrusion flow rates used for materials in this study were 2000 pl.min~" for
the shell and 1500 pl.min~" for the core, into the 10 wt% CacCl; bath solution. Data
are shown as mean * SD of three independent experiments, representative of pooled
measurements from multiple samples to account for measurements taken at random
locations of each sample. N =ranges between 3 — 71. ... 96

Figure 4. 1: Confocal microscopy analysis of cells embedded in solid alginate
fibres. 3T3s embedded within solid alginate fibres are presented, with each row
representing a specific day of culture: Day 1 (i), 7 (ii), 14 (iii), 21 (iv) and 28 (v). Each
column displays different confocal imaging channels: A) both red and green
channels, B) green channel (alive cells) only, and C) red channel (dead cells) only.
The contrast in red channels (C) was enhanced by 0.35 saturation using Fiji
software. Scale: 100 M. ..o e e e e e e e e e e eeeenaes 120

Figure 4. 2: Confocal microscopy analysis of cells embedded in core-shell
alginate fibres. 3T3s embedded within core-shell alginate fibres are presented, with
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each row representing a specific day of culture: Day 1 (i), 7 (ii), 14 (iii), 21 (iv) and 28
(v). Each column displays different confocal imaging channels: A) both red and green
channels, B) green channel (alive cells) only, and C) red channel (dead cells) only.
The contrast in red channels (C) was enhanced by 0.35 saturation using Fiji
software. Scale: 100 M. ..o e e e e e e e e eeennees 121

Figure 4. 3: Confocal microscopy analysis of cells embedded in core-shell
alginate-gelatine blend fibres. 3T3s embedded within core-shell alginate-gelatine
fibres are presented, with each row representing a specific day of culture: Day 1 (i), 7
(i), 14 (iii), 21 (iv) and 28 (v). Each column displays different confocal imaging
channels: A) both red and green channels, B) green channel (alive cells) only, and C)
red channel (dead cells) only. The contrast in red channels (C) was enhanced by
0.35 saturation using Fiji software. Scale: 100 PM. ... 122

Figure 4. 4: The viability of 3T3s embedded in different types of fibres and
cultured for 28 days. The types of cell-encapsulated fibres tested were: (A) solid
and (B) core-shell fibres composed of 2 wt% alginate only and (C) core-shell fibres
made of 2 wt% alginate and 2 wt% gelatine blends. Extrusion flow rates used were
2000 pl.min~" for shell (A-C) and 1500 pl.min~" for core (B-C). Measurements for
samples were collected as confocal Z-stack images at random locations in the
sample, following a Live/Dead assay. Data are shown as mean £ SD of one
independent experiment, representative of pooled measurements from multiple
samples. Statistical analysis using a parametric and non-parametric one-way ANOVA
— on normally distributed and skewed data, respectively — followed by a multiple
comparisons test between Groups at a specific timepoint (Day) and between Days
for each group (p < 0.05) was carried out. * p <0.05 and ** p < 0.01. Non-significant
results (p > 0.05) are not labelled on the graph. N = ranges between 3 - 11........... 125

Figure 4. 5: Phase-contrast images of temporal changes in three different types
of fibres. The types of cell-encapsulated fibres tested were: (A) solid and (B) core-
shell fibres composed of 2 wt% alginate only and (C) core-shell fibre made of 2 wt%
alginate and 2 wt% gelatine blends. Fibres were cultured in supplemented DMEM,
which was changed regularly. Images represent multiple fibres that were printed
specifically for the day the images were taken. Each row within the figure represents
a specific day of culture (Day 1, 7, 14, 21 and 28) for all three groups, allowing for a
visual comparison of fibre's morphology over time. Extrusion flow rates used were
2000 pl.min~" for shell (A-C) and 1500 pl.min~" for core (B-C). Scale bar: 500 ym. 127

Figure 4. 6: The width of different fibres’ shell is influenced by culture for 28
days. The types of cell-encapsulated fibres tested were: (A) solid and (B) core-shell
fibres composed of 2 wt% alginate only and (C) core-shell fibres made of 2 wt%
alginate and 2 wt% gelatine blends. Extrusion flow rates used were 2000 pl.min=" for
shell (A-C) and 1500 ul.min~" for core (B-C). Width measurement data for all fibres’
shell size are presented in the green graph (Ai — Ci) and core size measurements for
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core-shell fibres are presented in blue graphs (Bii and Cii). Day 0 represents the
measurements taken of the fibres’ structure on the day it was printed for the
corresponding Day bar it is presented with. Data are shown as mean = SD of one
independent experiment, representative of pooled measurements from multiple
samples. Statistical analysis using a two-tailed parametric and non-parametric t-test
— on normally distributed and skewed data, respectively — between Day 0 and the
corresponding day was carried out (p <0.05). * p <0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Non-significant results (p > 0.05) are not labelled on the graph. N =
ranges between 3-16 for shell, and 3-13 for core. ... 130

Figure 4. 7: The Wcore/Wshen of different fibres when cultured for 28 days. The
types of cell-encapsulated fibres presented are: (A) core-shell fibres composed of 2
wt% alginate only and (B) fibres made of 2 wt% alginate and 2 wt% gelatine blends.
Extrusion flow rates used were 2000 ul.min~" for shell and 1500 pl.min~" for core. Day
0 represents the measurements taken of the fibres’ structure on the day it was
printed for the corresponding Day bar it is presented with. Data are shown as mean *
SD of one independent experiment, representative of pooled measurements from
multiple samples. Statistical analysis using a two-tailed parametric and non-
parametric t-test — on normally distributed and skewed data, respectively —
between Day 0 and the corresponding day was carried out (p < 0.05). Non-significant
results (p > 0.05) are not labelled on the graph. N = ranges between 3-13............. 132

Figure 4. 8: Camera photos of alginate core-shell fibres cultured in various
conditions for a 28-day period. Alginate fibres printed under the same conditions
were tested in various cell culture conditions. Cell culture conditions tested were: (A)
supplemented DMEM with FBS at 37 °C, (B) supplemented DMEM without FBS at
37 °C, (C) RO water at 37 °C, and (D) RO water at 4 °C. Media was changed
regularly. Each image represents an individual fibre that was printed specifically for
the day the images were taken. Each row within the figure represents a specific day
when images were acquired (Day 1, 7, 14, 21 and 28) for all groups, allowing for a
visual comparison of fibre's morphology over time. For groups A — C on Day 21 and
Day 28, infection occurred so the images could not be taken clearly without the lid for
those time points. White dotted line is used to highlight the fibres that were not clearly
visible. Scale bar: 5 mMm. ... 135

Figure 4. 9: Phase-contrast images of temporal changes in core-shell alginate
fibres cultured under various conditions. Alginate fibres printed under the same
conditions were tested in various cell culture conditions. Cell culture conditions tested
were: (A) supplemented DMEM with FBS at 37 °C, (B) supplemented DMEM without
FBS at 37 °C, (C) RO water at 37 °C, and (D) RO water at 4 °C. Media was changed
regularly. Each image represents an individual fibre that was printed specifically for
the day the images were taken. Each row within the figure represents a specific day
when images were acquired (Day 1, 7, 14, 21 and 28) for all groups, allowing for a
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visual comparison of fibre's morphology over time. For groups A — C on Day 21 and
Day 28, infection occurred so the images could not be taken for those time points.
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Figure 4. 10: Temporal changes in core-shell alginate fibres' shell and width
size when cultured under various conditions for 28 days. Alginate fibres printed
under the same conditions were tested in various cell culture conditions. Cell culture
media and conditions tested were: (A) supplemented DMEM with FBS at 37 °C, (B)
supplemented DMEM without FBS at 37 °C, (C) RO water at 37 °C, and (D) RO
water at 4 °C. Media was changed regularly. Extrusion flow rates used were 2000
ul.min~! for shell and 1500 pl.min~" for core. Width measurement data for all fibres’
shell size are presented in the green graph (Ai — Di) and core size measurements for
core-shell fibres are presented in blue graphs (Aii — Dii). Day 0 represents the
measurements taken of the fibres’ structure on the day it was printed for the
corresponding Day bar it is presented with. Data are shown as mean = SD of one
independent experiment, representative of pooled measurements from multiple
samples. Missing data for Day 21 and Day 28 for groups A-C are due to the loss of
samples to infection. Statistical analysis using a two-tailed parametric and non-
parametric t-test — on normally distributed and skewed data, respectively —
between Day 0 and the corresponding day was carried out (p < 0.05). *p<0.05, ** p
<0.01, ™ p £0.001, **** p < 0.0001. Non-significant results (p > 0.05) are not
labelled on the graph. N = ranges between 8-11. ... 141

Figure 4. 11: Temporal changes in core-shell alginate fibres' Wcore/Wshe When
cultured under various conditions for 28 days. Alginate fibres printed under the
same conditions were tested in various cell culture conditions. Cell culture media and
conditions tested were: (A) supplemented DMEM with FBS at 37 °C, (B)
supplemented DMEM without FBS at 37 °C, (C) RO water at 37 °C, and (D) RO
water at 4 °C. Media was changed regularly. Extrusion flow rates used were 2000
ul.min~! for shell and 1500 pl.min~" for core. Day 0 represents the measurements
taken of the fibres’ structure on the day it was printed for the corresponding Day bar it
is presented with. Data are shown as mean £ SD of one independent experiment,
representative of pooled measurements from multiple samples. Missing data for Day
21 and Day 28 for groups A-C are due to the loss of samples to infection. Statistical
analysis using a two-tailed parametric and non-parametric t-test — on normally
distributed and skewed data, respectively — between Day 0 and the corresponding
day was carried out (p < 0.05). * p < 0.05, ** p <0.01, *** p <0.001, **** p < 0.0001.
Non-significant results (p > 0.05) are not labelled on the graph. N = ranges between
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Figure 5. 1: Perfusion test of alginate core-shell fibres. Time-lapse images
demonstrating blue dye flowing through the core of hollow alginate fibres. Fibres
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were perfused using the siphoning method, with one end in a tube containing blue
dye, while the other end of the fibre was in a petri dish containing water. Fibres
extruded using core flow rates of A) 125 ul.min~', B) 250 pl.min~"', C) 500 ul.min~', D)
1000 pl.min~', E) 1500 ul.min~', F) 2000 ul.min~" were tested, with a constant shell
flow rate of 2000 pl.min~". A = F (i) show phase-contrast images of core-shell fibres’
structure, while the corresponding camera images (ii & iv) for each group show the
before and after perfusion of these fibres with blue dye. Close-up of each perfused
fibre is also provided (iv). Scale bar: 500 ym for A — F (i), and 5 mm for A — F (ii-iv).

Figure 5. 2: Perfusion of alginate-gelatine core-shell fibres. Core-shell fibres with
different concentrations of gelatine (2 wt% to 10 wt%) in an alginate-gelatine blend
were printed and perfused. Alginate concentration was kept as 2 wt%. A - D (i) show
phase-contrast images of core-shell fibres’ structure, while the corresponding camera
images (ii & iii) for each group show the before and after perfusion of these fibres
with blue dye. Close-up of each perfused fibre is also provided in A-C (iv). Fibres
printed with 10 wt% gelatine did not have a core and thus could not be perfused as
shown in D (ii-iv). Scale bar: 500 ym for A-D (i), and 5 mm for A - C (ii-iv). .......... 161

Figure 5. 3: Cannulation of a core-shell fibre. The fibre with a core size of 500 ym
(x50 pm) was cannulated with a 30G needle and perfused with blue dye mixed in
water. Black arrow indicates the order of images. Yellow arrows indicate the flow of
dye through the fibre’s core and yellow circle highlights the bubbles released from the
open end of the fibre, indicating the flow of dye through the fibre. Scale: 50 mm. ..162

Figure 5. 4: Photographic images of fibre set up in a channel slide. A core-shell
fibre was threaded through the channel of an ibidi slide with ends coming out of the
two channels. The polymer coverslip stuck to the bottom-side of the ibidi slide
pressed and flattened the fibre against the channel. 30 wt% Pluronic solution in the
channels was not strong enough to hold the fibre in place for cannulation with a
Needle. SCale: 1 CM. ..o e e e e e e e 163
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1. Introduction



1.1. Research background and

significance

Over the past several years, bone fracture incidences have increased
worldwide due to various reasons such as aging population and bone-related
conditions (1,2). As of 2019, approximately 178 million people have suffered from
bone fractures (1). By 2025, hip fractures are predicted to increase by 310% for men
and by 240% for women (3,4). Therefore, it is imperative to develop bone
therapeutics to address a substantial number of individuals that are predicted to be

affected in the future, as underscored by these statistics.

1.2. Bone tissue

Bone is an essential, hard and highly specialized connective tissue that serves
multiple functions in the human body. These include structural and mechanical
support, protection of vital organs, site of blood cell production (haematopoiesis) and
reservoir for minerals (5,6). Bone tissue has a complex anatomy, consisting of
various shapes, layers, cells, mineral composition, networks of nerves, blood and
lymph vessels (5,7,8). Bone tissue is usually effective in remodelling and repairing
itself after injury. However, damage to any of the bone components can result in
various complications, including lack of structural stability, limb movement, and risk of

damage to vital organs (9). Therefore, it is crucial to understand the complex



anatomy of bone tissue and provide therapeutics for healing bone injuries and

disorders to prevent further health complications.

1.2.1. Types of bones

There are various types of bones in the human body, including long, short, flat,
sesamoid and irregular bones (Figure 1.1) (10,11). Long bones such as the femur
(thigh bone) and humerus (upper arm bone), are longer than they are wide (12).
They primarily support the body’s weight and movement. Short bones such as the
carpals (wrists) and tarsals (ankles) are compact and cuboidal in shape. These are
important for enabling fine motor skills. Flat bones are characterized by their thin and
flat shape. These bones provide attachment support for muscles and protect the vital
organs. For instance, the sternum and ribcage protect the heart and lungs (13). Flat
bones contain the red bone marrow, in addition to the tip of long bones, where red
blood cells are formed (14-16). Sesamoid bones are primarily found near joints and
within tendons (13). They have a round pebble-like shape, such as the patella
(kneecap) which enables tendons to glide smoothly during limb movement. Irregular
bones don’t belong in the previous categories as they have complex shapes which
are unique to their functions. These include the vertebra which supports the spinal
cord and skull which surrounds the brain (17). Cooperatively, these bones provide

structure, mechanical support, protection, blood cell production and mineral storage.
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Figure 1. 1: Types of bones. There are various types of bones in the human body.
These include flat, short, irregular, long and sesamoid bone (10-12). Created with
BioRender.com.

1.2.2. Layers of bone tissue

The bone is composed of various layers of tissues that work together to create
a strong, durable skeletal system (Figure 1.2 & 1.3). These primarily include

periosteum, endosteum, compact bone and spongy bone (18).
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Figure 1. 2: Periosteum and Endosteum. Bone is made up of layers called
periosteum and endosteum. Periosteum is the outer layer, composed of fibrous and
cellular components, and surrounds the layer called endosteum. Endosteum contains
the bone matrix and multiple cells (e.g., osteoclasts, osteocytes, osteogenic cells and
osteoblasts) (19).

A periosteum is a dense and highly vascularized layer of connective tissue that
covers the bone's surface (Figure 1.2) (14). It has two layers, fibrous and osteogenic,
which play a key role in bone growth, repair, and overall health by supplying blood to
the bone tissue (20). Fibrous layer provides support in terms of attachment between
tendons and ligaments and is dense (21). Osteogenic layer contains cells such as
osteocytes, osteoblasts and osteoclasts, which facilitate the regeneration and
remodelling of bone tissue throughout life (18). The periosteum serves as a

passageway for blood vessels entering the bone through the Volkmann’s canals (14).

Endosteum is a layer of connective tissue that lines the inner surface of the
bone’s wall (Figure 1.2) (18). It is rich in fine blood vessels and surrounds the
Haversian canal and other internal cavities of the bone. It is primarily composed of

osteoblasts and single bone-lining cells (22). Osteoblasts are normally flattened and



are surrounded by type Il collagen (8). Upon activation, these cells transform into a
cuboidal shape and begin depositing a fresh layer of unmineralized bone matrix
(10,22,23). Upon mineralization, this layer transforms into inner circumferential

lamella (18).
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Figure 1. 3: Compact and spongy bone. There are multiple layers of bone,
containing various cellular (e.g., osteocytes) and structural (e.g., lamella and lacuna)
components. Compact bone is made up of circular units called osteons, which are
heavily innervated and vascularised through channels called Haversian canal.
Spongy bone tissue makes up the internal structure of the bone and houses the bone
marrow (24).

The outer layer of the bones is composed of compact bone, also known as
cortical bone, which is responsible for the rigidity of the bone due to its high density
(Figure 1.3) (25). Compact bone is comprised of osteons, which are concentric

layers of calcified matrix or lamellae (14,22). These lamellae surround a central



channel called Haversian canal, which contains the blood vessels, lymph vessels and
nerves (19,25). While Haversian canals run longitudinally along the bone’s axis,
Volkmann’s canals extend perpendicularly, linking the blood vessels of different
osteons and the periosteum (14,25). These blood vessels play a crucial role in the
maintenance of bone tissues by providing oxygen and removing waste amongst

other functions.

Spongy bone, also known as cancellous or trabecular bone, is mainly found in
the ends of the long bones and makes up the interior of some bones such as the
pelvis or vertebrae (Figure 1.3) (26). Compared to compact bone, spongy bones are
lighter and less dense as they are made up of a network of rod-like structures called
trabeculae which provide structural support while minimizing the weight (10). Porous,
lattice-like trabeculae structure of the spongy bones contain the bone marrow, which
is richly supplied with blood vessels and is primarily responsible for the production of

blood cells (haematopoiesis) (14).

1.2.3. Composition of the bone matrix

The bone matrix is composed of organic and inorganic materials. Organic
component constitutes 30% of the bone matrix and it is mainly composed of collagen
fibers (23). Collagen fibers provide tensile strength and elasticity, allowing bones to
absorb impact without breaking (25,26). Additionally, various proteins and
glycoproteins are present in the organic matrix which help form and maintain the
bone tissue (27). Inorganic component constitutes 70% of the bone matrix and is

primarily made up of hydroxyapatite (23). Hydroxyapatite is a crystalline form of



calcium phosphate and provides bone with a hardness and ability to endure
compressive forces (19,28). The fine balance between the organic and inorganic
components of the bone matrix is essential in ensuring the bones are strong yet not

brittle, for maintaining the correct structural role of bones in the body (28).

1.2.4. Cellular components of bone

There are four main types of cells in the bone tissue: osteoprogenitor cells,
osteoblasts, osteocytes, and osteoclasts (Figure 1.2 & 1.3) (24). Osteoprogenitor
cells are the stem cells that differentiate into osteoblasts (23). They are located in the
outer fibrous layer of bone (periosteum) and inner layer (endosteum) (18).
Osteoblasts are bone-forming cells that secrete organic components, such as
collagen, which are then mineralized to form bone (23). Osteocytes, derived from
osteoblasts, are mature bone cells responsible for the exchange of minerals and are
located within the bone matrix, in small cavities called lacunae (Figure 1.3) (10).
Osteocytes communicate with other osteocytes through tiny channels called
canaliculi for maintenance of bone tissue (29). Osteoclasts are large multinucleated
cells that resorb bone tissue. They play a crucial role in calcium homeostasis, bone

remodelling and repair through the breakdown of bone matrix (23).

1.2.5. Current bone transplantation strategies

Although bone tissue is constantly regenerated throughout an individual’s

lifespan, bone defects as a result of infection, trauma, or tumour removal do not heal



properly (7-9). This can result in a non-healing or non-union fractures, often due to
lack of angiogenesis at the site of injury (32—-35). Current gold standard for treatment
of bone defect is autologous bone grafts, which involves replacement of defected
bone tissue with a healthy bone tissue from the same individual (36). However, they
are associated with donor site morbidity and limited tissue available for grafts (35,36).
On the other hand, allogenic grafts can be utilised which involves the use of tissue
from another individual (donor) (36). While allogenic grafts offer advantages, such as
eliminating the need for further surgery to harvest healthy tissue from the patient
(host), they are also associated with further complications such as a limited supply of
organ donors, risk of infection and rejection by the host body in response to a

transplanted tissue (37—40).

1.2.6. Bone replacement using tissue
engineering

Promising novel technologies have been designed, based on tissue
engineering, which target the angiogenic process in bone healing combining both
mechanical and biological factors (30,41-43). These include scaffolding materials
made of synthetic and naturally derived materials, seeded with stem cells and growth
factors to promote bone regeneration (Figure 1.4) (44—46). Tissue engineering
provides various advantages over current bone transplant methods. It allows
fabrication of tailored scaffolds that can be customised using materials, cells and

growth factors to elicit specific healing responses, thus reducing complications and
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improving outcomes (44,47). By closely mimicking the natural bone structure, tissue-
engineered constructs provide enhanced biological compatibility and reduce the risk

of rejection by host’s system (44).
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Figure 1. 4: Overview of bone tissue engineering. Tissue engineering involves
fabricating a scaffold made of a variety of materials, cells and growth factors to
induce bone regeneration (48).

Scaffold fabrication
for Bone Tissue Engineering

1.2.7. A current challenge in bone tissue
engineering

Although there are many methods developed to generate bone tissue, there is
still a challenge to keep the cells in that artificially constructed tissue viable and

functioning while it is being printed, transplanted and as it integrates into the host
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tissue (49). Therefore, a mode of transporting gases and nutrients, through
incorporation of vasculature into the scaffold, is crucial for the physiology and viability
of cells in that tissue and it can potentially speed up the integration of an implanted
tissue (37,44,49). Thus, the development of perfusable vascular conduits can

facilitate the success of organ transplantation (39,49).

1.2.8. Vascularised bone tissue

Vascular-like structures, that mimic in vivo blood vessels, can be created using
tissue engineering methods for vascularization and perfusion of 3D-printed bone
scaffolds. Tissue engineering is a promising field in the context of fabricating blood
vessel mimics to facilitate the growth and function of transplanted bone tissue organs
(50). To achieve this, several strategies are being explored such as the use of
synthetic and protein-based polymers (e.g., collagen, fibrin), and 3D bioprinting
techniques (51,52). These strategies utilise self-assembled vascular networks, cell-
encapsulated hydrogels, cross-linking of polymers to enhance mechanical and
biological functions, and decellularised native tissues (51). However, there is still a
lack of an anatomically accurate blood vessel model that can perform the
physiological functions of a human blood vessel (53-55). This chapter will focus on
understanding the importance of vasculature in the body, its characteristics, and
current methods of artificially fabricating the human vasculature for use in tissue

engineering for regenerative medicine.
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1.3. Vasculature: an unmet need

Human vasculature is essential for the human body as it adapts throughout life
according to the specific needs of tissue physiology as well as during disease (55).
Tissues are highly vascularised to allow the gas exchange (such as oxygen and
carbon dioxide), removal of waste and to transport important components to cells for
tissue maintenance such as nutrients and growth factors (49,56). The distance
between the cells and capillaries in a tissue is 100—-200 ym to maintain the gradients
for gases, and an increase in this distance can be detrimental to the cells out of the
range of capillaries (50,57,58). Therefore, it is very important for the artificially
engineered tissues to be vascularised properly to ensure every cell is sufficiently

provided with oxygen and nutrients to remain viable.

Blood vessels play a key role in facilitating the interaction of different organs in
the body, for example, in hormonal and growth factor transport (59). Due to the lack
of tools to recapitulate the human vasculature in vitro because of its complex
structure and functions, it has been a challenge to recreate the vasculature in vitro for
disease modelling and tissue engineering for regenerative medicine (60). There are
different strategies proposed to vascularise artificially engineered tissue (37,61). For
instance, one approach is to introduce growth factors which can be released upon
implantation to trigger angiogenesis in a controlled manner in the host tissue. The
other is to bio-print the vessels and integrate those into the engineered tissue. Both
methods are used in drug development to create viable vascularised tissues for

testing new therapies (37).
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1.3.1. Vessel formation

Neovascularisation is the formation of new blood vessels, which plays a key
role in normal physiology as well as the progression of diseases such as cancer (62).
Initial blood vessel formation in a developing embryo, known as vasculogenisesis,
helps with providing oxygen, nutrients, and growth factors to growing tissues and
organs (56,62). Angiogenesis is the process of blood vessel formation from pre-
existing vessels in areas where there is a lack of oxygen and can happen following

vasculogenisesis as well as throughout the life of an individual (61,62).

1.3.2. Angiogenesis

Angiogenesis plays a key role in tissue regeneration following damage to the
tissue caused by an injury (62). The formation of new blood vessels supports the
regrowth of lost tissue. There are many studies carried out to understand this
underlying mechanism of blood vessels formation and its role in disease progression
(62,63). However, the gap in knowledge for our understanding of vasculature still

remains, that needs to be addressed to facilitate the treatment of diseases (62,64).

Angiogenesis has been one of the popular research topics since the discovery
of a network formation by the endothelial cells (ECs) (65). Early studies include using
tumour cells by Folkman & Haudenschild in 1980, aortic ring assay, organ culture
assays in Matrigel (65—67). Currently, there has been an increase in 3D fabrication of
tube structures to mimic the blood vessel models by either seeding the hydrogels

with cells or perfusing the cells through the fibres (60,63,68).
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1.3.3. Role of oxygen levels in vessel formation

The levels of oxygen the cells are exposed to in a tissue plays a huge role in
their activity, such as in oxidative metabolism (69). Oxidative stress caused by high
levels of oxygen can damage cellular DNA and affect cell viability (70). On the other
hand, cells release hypoxia-inducible factor 1-alpha (Hif-1a) in response to hypoxia
(lack of oxygen) which results in the upregulation of vascular endothelial growth
factor (VEGF) (62,71). VEGF promotes the stalk formation from local blood vessels
by acting on ECs, which elongate to form a blood vessel which stretches from the

original vessel, that the growth factors acted on, to the hypoxic cells in the tissue

(Figure 1.5) (62).
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Figure 1. 5: Angiogenesis process. Sprouting of blood vessels, regulated by
growth factors such as VEGF, ensure adequate oxygen is supplied to all cells. In
response to low oxygen level (hypoxia) stimulus, ECs sprout towards the area of
hypoxia, forming a new branch of blood vessel. Matrix metalloproteinases (MMPs)
degrade the basement membrane (BM) allowing the ‘tip cell’ to lead a stalk of ECs

towards the hypoxic area (72).
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In addition to tissue engineering, developing 3D blood vessels mimics can help
with studies such as ischemia/reperfusion injury where the flow of oxygen can be

controlled by regulating the perfusion of media through the tubes (73,74).

1.3.4. Types of blood vessels

The vasculature tree consists of a hierarchical network of continuous series of
blood vessels that range in size and structure, as presented in Table 1.1 and Figure
1.6 & 1.7 (37,56,75,76). Each section of the vasculature tree plays a specific role in
the transport of blood and its constituents. There are three main types of blood
vessels in the human body, including arteries, capillaries and veins. Aorta and vena
cava are the major blood vessels in the body; however, smaller blood vessels will be
given focus in this project due to their relevance in bone tissue engineering for

regenerative medicine (77,78).

Arteries are the major sized blood vessels, ranging from 0.6 mm to 10 mm, that
transport blood away from the heart towards other organs and tissues (76,79).
Arterioles are the smaller branches of arteries ranging from 7 pym to 300 ym, that
connect the arteries to capillaries (76,79-81). Capillaries are the smallest blood
vessels, ranging from 4 ym to 10 ym (76,79,82). These vessels form an extensive
network, called capillary bed, in the tissues and are the main site of gas, nutrient and
waste exchange between the tissue and blood. Venules are the smaller veins,
ranging from 20 ym to 25 ym, that transport the blood away from the capillary beds
(76,79,83). Veins ranging from 0.4 mm to 16 mm, take blood back to the heart, via

the vena cava.
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Table 1. 1: Overview of the blood vessel diameter for different sections of the
vasculature tree. The diameter of the blood vessel varies depending on the age, sex
and exercise level of an individual (76,78-82,84,85).

Vessel type Diameter (mm)
Aorta ~ 30
Vena cava 12-20
Arteries 0.6-10
Veins 0.4-16
Arterioles 0.007 -0.3
Venules 0.02 - 0.025
Capillaries 0.004 - 0.01

1.3.5. Structure of blood vessels

The structure of each section of the vasculature, particularly the wall of the
blood vessels, facilitates its function (Figure 1.6 & 1.7). These include the wall's
thickness, the layers that make up the vessel wall, endothelial lining and presence of

valves for some sections of the vasculature tree.

Arteries have large, thick and elastic walls, that help them withstand the high
pressures of blood that is ejected from the heart (56). The elastic ability of the
arteries’ wall helps them recoil after the contraction (systole) phase of the heart cycle.
The three layers of arteries are tunica adventitia, tunica media and tunica intima (84).
Tunica adventitia is the outer most layer of the artery. It is a connective tissue made
up of collagen and elastic fibbers, which anchor the artery to its surrounding tissues.
Tunica media is the middle layer of artery (83). It is made up of smooth muscle cells
(SMCs) and elastic fibers that help the vessel wall to contract (vasoconstriction) and

relax (vasodilation) for blood pressure regulation. The innermost layer is called the
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tunica intima, and it is made up of a single layer of endothelial cells and a very thin

subendothelial layer (83). This layer helps reduce friction of blood flow.
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Figure 1. 6: Structure and components of blood vessels. This diagram illustrates
the different sizes of blood vessels in the human body with different wall structures.
Main vessel types include large vessels (arteries and veins), small vessels (arterioles
and venules) and capillaries. A range of cells and components provide support to the
blood vessels, such as fibroblasts and elastic lamina (76).

Veins have larger diameters than arteries, however the wall is less thick due to
reduced pressure of blood (85). Veins are also made up of the three layers like
arteries (86). However, the tunica adventia is much thicker compared to arteries with
more collagen and elastin fibers (83,85). The tunica media is thinner due to less
SMCs present (83,87). The tunica intima contains valves, in addition to endothelial

cells, that prevent the back flow of blood (56). This is particularly useful in legs where



the blood is transported against gravity towards the heart. Valves are also present in

some venules (88).

Arterioles have similar wall structure to arteries, except the tunica media layer is
much thinner, and the elastic fibers are reduced (75). Blood flow and blood pressure
is primarily regulated by arterioles through the vasoconstriction and vasodilation
mechanism (56). This mechanism is controlled in response to various stimuli, such

as nervous signals, hormones, and local chemical factors (89).

Venules are smaller in diameter compared to veins and have thinner walls (56).
These walls are made up of thin tunica media and a tunica adventitia. Thin walls of
the venules, with only a few layers of SMCs, allow them to easily become permeable,

for instance during inflammation (90).

Capillary walls are made of a single layer of endothelial cells, a thin basement
membrane (83). The lack of other components, such as SMCs and elastic fibres,
allow easy exchange of gases, nutrients, and waste products between blood and the
surrounding tissues through diffusion (56). The wall of capillaries varies depending
on the tissue they are in (83). For example, bone marrow has sinusoidal capillaries
which have large gaps between the endothelial cells (82). These gaps allow easier

passage for larger molecules like proteins and cells.
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Figure 1. 7: Vessel wall layers. Blood vessels are made up of three main layers:
tunica adventitia, tunica media and tunica intima (91).

1.3.6. Endothelial barrier formation

Endothelial barrier formation is an important thing to study while developing new
blood vessel models (65). This is because the endothelial permeability plays a key
role in maintaining tissue homeostasis for the transport of gasses, nutrients, ions and
other key materials across the blood vessel wall, into and out of the tissue (65,92).
Additionally, the correct permeability of the endothelium is crucial for the
inflammation response because when the immune cells are recruited to the site of
injury, they can easily permeate through the endothelial barrier as it becomes looser

(92).

1.3.7. Biochemical gradients

ECs undergo temporal growth factor regulation in response to the biochemical

gradients in the extracellular matrix (ECM) (65). These gradients, either uniform or
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distributed in varying degrees, play a key role in angiogenesis. For instance, VEGF
through the action of and in addition to other growth factor plays an important role in
micro vessel formation in the hypoxic tissue (71). Sphingosine-1-Phosphate (S1P),
alongside VEGF, plays an important role in initiating the morphological changes of

the ECs in vivo (93).

1.3.8. Types of flow in the blood vasculature

Blood flow has been reported to play a key role in ECs’, lining the vascular
walls, morphology and migration (55,94). There are two main types of flow in the
vasculature, laminar and disturbed flow (94). Laminar flow is the parallel flow of blood
through a straight blood vessel or tube and causes uniform stress across the blood
vessel walls. Disturbed flow, on the other hand, causes high shear stress on the wall
it hits, and the stress is random throughout the vessel. Disturbed flow is found in
structures such as bifurcations of vessels and aortic arches (95). The constant flow of
fluid through the lumen of blood vessel, layered with ECs, will cause the cells to
grow, spread and line the inner wall of the channel forming an endothelial barrier
(92). Due to the uniform distribution of the stress on the vessel wall at the locations of
laminar flow, ECs are aligned along the direction of the flow. As for the locations with
the disturbed flow, there are increased chances of developing atherosclerotic
plaques due to high stress on the blood vessel walls (55). Another flow is called
swirling blood flow, or helical flow, that has protective effects against cardiovascular
conditions such as atherosclerosis and can be found in some blood vessels in the

body (96). Therefore, recapitulating the different types of blood flow in an in vitro
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vasculature model can provide a variety of research to be conducted beyond
regenerative medicine, such as for disease modelling and testing new therapeutic

agents in pharmaceutical industry.

1.3.9. Current 3D artificial blood vessels

There has been some development in current tissue engineering methods of

different sized blood vessels with co-cultured cells.

Melchiorri et al. (2016) generated vasculature mimics with inner diameters of 1
mm and wall thicknesses of 150 um using a biodegradable material called
poly(propylene fumarate) (PPF) (97). Human umbilical vein endothelial cells
(HUVECs) and human umbilical vein smooth muscle cells (HUVSMCs) were cultured
on these scaffolds, which showed sufficient cell attachment and viability. The
vascular graft remained unobstructed and functional within rodent models following
surgical implantation in the venous system. Additionally, Gao et al. (2017) developed
3D alginate scaffolds with diameter of 832 um, which is a relevant size to a small
arterial vessel (98). The printed scaffolds were mechanically stable and
biocompatible, as shown by culture with mouse fibroblasts. Co-culture of vessel-
related cell lines, i.e., fibroblasts, SMCs, and HUVECs in the vasculature mimics
demonstrated adherence to the material, spreading and formation of cellular

junctions.

Vascular scaffolds, around the size of arterioles and venules, were created by

Song et al. (2021) (99). Electrospun fibrous membranes were rolled around a glass
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rod to fabricate scaffolds with inner diameter of 2.68 + 0.08 mm and outer diameter of
3.89 £ 0.04 mm. Up to 14 days of in vitro studies showed good cell adhesion,
proliferation and morphology using the A7r5 SMCs. Perfusion of the fibres with media

(to mimic blood flow), and co-culture of vascular cells was not shown in this study.

Sarveswaran et al. (2016) used live cell lithography technique to engineer
perfusable microvessels that replicate the sinusoidal or fenestrated capillaries found
in vivo (58). Bona fide capillary, with a lumen size as narrow as 5 ym, was reported
to be created through precise assembly and co-culture of human microvascular
endothelial cells, human pericytes from the placenta, and human neonatal fibroblasts
in a hydrogel material. Although revolutionary, only sinusoidal capillaries could be
created. A mechanism to create a wide range of capillaries that recapitulate the
capillary structure found in vivo, such as continuous, fenestrated, and discontinuous

capillaries is still in demand.

When designing the blood vessel mimics, it is important to recapitulate the
structure of the blood vessels as closely as possible to the one in vivo (100). For
instance, vascular conduits were designed with rectangular-shaped tubes instead of
circular-shaped tubes in previous studies by Yang et al. (2011) (101). Leucocytes
were shown to distribute differently in the rectangle channel which was not the same

as those in vivo, as observed in channels with circular cross-section.
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1.4. Additive manufacturing

Additive manufacturing (AM), also known as 3D-printing, is popular in the field
of tissue regeneration research (102). It is a manufacturing process that involves
creating desired 3D models using a layer-by-layer approach, as opposed to
traditional manufacturing processes that involve mining or cutting away of material
from a solid mass of block (Figure 1.8) (103,104). With AM, complex geometries can
be created with a potential for customisation and rapid prototyping, while minimising

material waste.

In healthcare, AM gives users the ability to create personalised implants for
each patient, without additional moulding, and the composition of the ink materials
can be customised depending on the desired properties of the final product
(102,105). For example, temperature or pH responsive inks can be used, or hydrogel
with low or high porosity can be used in different areas of the product (106,107). This
allows the users to put materials with specific properties where they are needed most

in the 3D model (105).
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Figure 1. 8: Additive manufacturing process. A simplified diagram to illustrate the
key difference between traditional manufacturing process and additive
manufacturing. Traditional manufacturing process involves machining to create a
desired product, while creating large waste from raw material. Whereas AM uses
filaments as raw material to precisely create 3D structures with minimum waste
(104).

1.4.1. Types of additive manufacturing

There are different types of commonly used AM methods, such as laser-
assisted, inkjet and material extrusion (Figure 1.9). In laser-assisted printing, laser
pulses are concentrated on to a donor slide which absorbs the energy to propel
droplets of hydrogel onto the printing platform. Inkjet printing involves ejecting
droplets of polymers using thermal or electrical (piezoelectric) energy through a
nozzle (108). Material extrusion involves the extrusion of materials, such as hydrogel

precursors, through a nozzle in the form of filament or beads (105,108).
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Figure 1. 9: Main types of additive manufacturing. The diagram shows the three
main types of printing methods used for fabricating tissue mimics in regenerative
medicine. These include a) laser-assisted, b) inkjet and ¢) material extrusion (108).

1.4.2. Material extrusion additive manufacturing

Material extrusion additive manufacturing (MEAM) is a commonly used method
of AM in tissue engineering (109). Common examples of MEAM involve dispensing
material through a syringe or a heated nozzle (105). Hutmacher introduced MEAM
for fabricating scaffold for tissue engineering in 2000, which involved the extrusion of
filaments in a precise order in a layer-by-layer manner (109). Tissue scaffolds can be
printed with the desired amount of porosity to allow the cells embedded in the
scaffolds to receive nutrients and oxygen for growth and to allow the ingrowth of the
host’s blood vessels into the scaffold for its integration with the host tissue (109). For
this project, MEAM (or extrusion-based printing) will be used, to extrude materials
through a microfluidic-based device, due to its versatility, affordability, and a wider

selection of materials (110).
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1.4.3. Scaffold material

The scaffold material (bioink) is the primary component of tissue engineering
(38,111). It must be biocompatible so that it does not cause any harm to the
embedded cells as well as the host’s local tissue (112). Scaffolding materials provide
physical support to the cells and other constituents, if any, and their characteristics
can be fine-tuned to give desired outcomes (38,113). For instance, properties of the
biomaterials can be functionalised to induce angiogenesis (38,114). The biomaterials
used for the fabrication of vascular conduits should be biocompatible and be
mechanically stable once the gel is formed, however, not too stiff that it can reduce
the permeability of fibres’ walls. The second key constituent of tissue engineering is
the cells which will form the desired tissue (38). These include the ECs, SMCs or
mesenchymal stem cells (MSCs). The third key aspect of the tissue engineering is
the signalling mechanisms, either by the material itself (intrinsically) or the addition of

growth factors and drugs (exogenously) (38,115).

Alginate is a naturally derived polysaccharide from marine algae and is used in
the food industry as an ingredient in foods and beverages, to control blood sugar and
insulin levels, and to create edible food coatings and films (116,117). Alginate
hydrogels are widely used in the biomedical field, either on their own or in
combination with other materials, to enhance the delivery of bioactive substances,
drugs, tissue regeneration, wound healing, 3D-printing and in vitro modelling
(116,118). In this project, the potential of alginate hydrogel to create blood vessel
mimics will be assessed and the areas of improvement for the material will be

identified.
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1.4.4. Microfluidics-based devices for 3D

bioprinting of blood vessel mimics

Microfluidics is the term used for controlling and manipulating fluids at a
microscale level, through channels or devices with dimensions ranging from um to
mm (119). Microfluidic-based devices are popular across many fields, including
tissue engineering and 3D-printing (120). A 3D-printing nozzle, with microfluidic-
based channels, can be used to precisely control and deposit multiple biomaterials

for fabrication of tissue mimics (121).

Hollow tubes as vascular mimics can be 3D-printed using microfluidic-based
devices (49,68,122,123). There are different methods of fabricating microfluidic-
based devices which include soft lithography, micro moulding, micromachining or
milling and 3D-printing (62). Soft Lithography uses UV and thermal curing to produce
a microfluidic device. Soft lithography is commonly used because of its affordability,
ease of design and adaptability (124). Although the microfluidic devices
manufactured using PDMS, that use photo or soft lithographic processes, are well
established, they have drawbacks (110). These drawbacks include the high costs of
raw materials, time-consuming steps and difficulty to automate the process

(110,124).
1.4.5. Coaxial printing

Coaxial printing involves concentric deposition of two or more solutions through

a nozzle to create tubular structures (125). There are many coaxial extrusion printing
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devices being researched currently that fabricate hollow perfusable fibres for
vascular mimics, with a range of core/lumen sizes (Table 1.2). However, the
fabrication methods used are complicated and, for some, only straight core fibres

have been generated.

Table 1. 2: Previous work has shown that perfusable hollow fibres can be fabricated
with a range of core widths, using different extrusion set-ups.

Core Fibre Extrusion Extrusion Materials
Authors width width  nozzle
. rate used
(hm) (bm)  size
Outer Shell: 0.25 — | 5902
X. Dai nozzle: 0.5 ml Gela?tin'
et al, 242.89 - 870 1250 pym min-1 5wt : GSC23
2017. 527.49 Centre Core: 0.05- ’ o o, | HMSCs
i CaClz: 3wt%
(126) nozzle: 0.1 ml Eibri ;
510 uym min—1 'orinogen.
3wt%
Type |
_ collagen: 3mg
V. T. Shell. 0.7 ml =1
Duong min-1 Alginate:

850- Core: 0.01 o/ HUVECs
et 230 goo  280MM | imin-1, | 18wt HASMCs
al.,2020. 0.1 ml ’ NaCl: 145
(68) min—1 mM

CaCl2: 100
mM
Internal
Internal Channels Alginate: (1,
W. Jia needles: (shell): 2, and 3wt%)
etal, | 400- | 500 %g ; 0095 m S:(;'va‘:t(f/f) HUVECs
(21021% 1000 11500 | Eriornal | Extemal | PEGTA: (1,2, | [MSCs
needles: channels and 3wt%)
18G - 25G | (core): 0.07 | CaClo: 0.3M
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1.4.6. A novel microfluidic-based 3D-printing

system

Researchers at the School of Dentistry have developed a new microfluidic-

based device (fluidic chip or microfluidic chip), that can help overcome current

challenges with printing vascular models for research and tissue engineering (110).
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The fluidic chip made of PDMS is used for coaxial extruding of hollow hydrogel fibres

with a shell (i.e., wall) and core (i.e., lumen) (Figure 1.10).

An acrylonitrile butadiene styrene (ABS) channel, printed using the
Continuously Varied extrusion (CONVEX) method, is used as a mould to create a
PDMS chip. Once the PDMS sets, the ABS channels are removed from the chip by
dissolving them in acetone, leaving behind hollow channels, from which the solutions
are extruded using extrusion pumps. The channels are reported to have a very low
surface roughness from the inside which is very important to make sure the fluids can
flow through easily and to avoid cells and materials getting accumulated in the rough
edges of the channels from the inside (110,132). Additionally, the microfluidic-based
chip overcomes low optical transparency and low-resolution limitations that were
reported with previous systems, as well as a leak-free and seamless structure, with

an improved surface finish (110).

The preliminary studies have shown the potential of this novel device to
produce straight, wavy, and helical channels, similar to those found in vivo.
Additionally, the chip shows potential to create a variety of blood vessel mimics with
varying wall thickness, just by changing the flow rate of solutions through the inner
channel. In this project, the novel microfluidic-based chip will be tested to observe its
potential to create blood vessel mimics and identify areas of improvement to the

printing process.
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Figure 1. 10: A novel microfluidic-based extrusion device for constructing
blood vessel mimics. A) Bioinks are extruded through the microfluidic-based nozzle
into a CaCl. bath, forming helical core-shell fibres. B) The chip has the potential to be
incorporated with a range of mixer channels for various studies. C) Flow focusing D)
channels allow the extrusion of multiple materials at once. Channel sizes are 400 ym
for core and 1000 ym for shell. Figure provided by Moetazedian et al. (2023) (110).
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1.5. Summary

Perfusable vasculature models are in demand due to lack of oxygen and
nutrients, as well as removal of waste from the cells inside the core of the tissue
scaffold for tissue engineering, as this causes the reduced cellular activity and cell
death (37,39). It is crucial to have perfusable networks through the hydrogel
construct to provide essential materials for cells to maintain their metabolism until the
tissue mimic has integrated into the host tissue (49,133). There are many different
methods available to print blood vessel mimics, however, they have some drawbacks
which the novel microfluidic-based chip, manufactured using the MEAM method, can
overcome such as affordability to manufacture each chip because it is made of a
cheap, readily available silicone called PDMS (110). In this study, hydrogel fibres
with a variety of continuous core shapes, which can be perfused and have cells
embedded, will be developed to further the progress in tissue engineering to meet

the growing demand of organs required for bone transplantation.
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1.6. Aim and objectives

The aim of this research project is to investigate the efficacy of a novel
microfluidic-based chip for fabricating hollow cell-compatible fibres, which are
structurally adjustable, durable and can be perfused to mimic physiological blood flow

for tissue engineering purposes.

Objectives

The following objectives have been identified to achieve the project's aim:

1. Investigate the range of hollow core-shell fibres that can be generated with a
defined width and geometry by changing the extrusion flow rates of core
(section 3.2.1.).

2. Assess the cytotoxicity and alginate cross-linking capabilities of varying
concentrations of CaClz in the bath solution, to identify the concentration with
maximum cell viability and structural integrity of the fibre (section 3.2.2.).

3. Determine the optimal concentration of gelatine required to achieve the
desired cell adhesion and viability, while ensuring hollow core-shell fibre
formation (section 3.2.3.).

4. Evaluate the impact of extrusion method, material composition and prolonged
culture on cell viability of cells encapsulated in fibres with different structures

(section 4.2.1.).
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5.

Investigate the influence of storage and incubation conditions on fibre
degradation and morphology (section 4.2.2.).

Perfusion of hollow fibres, using gravity, to confirm the structural integrity and
uniformity of fibre’s core for replicating blood flow (section 5.2.1.).

Explore the cannulation methods and loading of fibres on a chip to create a
set-up that can potentially be used for testing the efficacy of fibres in future

studies (section 5.2.2.).
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2. Materials and Methods
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2.1. Materials

Except where stated, all chemicals used in this project were purchased from

Sigma-Aldrich®.
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2.2. Methods

2.2.1. Preparation of solutions to generate and

perfuse fibres

For the following, fresh solution was prepared whenever needed and was used
within 2 weeks of preparation. Additionally, for cell culture studies, solutions were

sterilised with 0.22 pm filter unit before use.

Sodium alginate

On a magnetic stirrer (Corning®), a glass bottle containing reverse osmosis
(RO) water, and a stirring magnet, was heated to 80 °C. Sodium alginate was
gradually added to the RO water, at a concentration of 2 wt% (20 mg/ml), while
stirring. Tartrazine, a yellow dye, was also added to the solution at a concentration of
0.1 wt% (1 mg/ml), for visualisation. In this project, sodium alginate is also referred to

as ‘alginate’ in some places for simplicity.

Pluronic solution

Pluronic solution was composed of Pluronic® F-127 and calcium chloride
(CaCl2), to a concentration of 30 wt% (300 mg/ml) and 2 wt% (20 mg/ml)
respectively, in RO water. The solution was left in 4 °C fridge to dissolve overnight

and thoroughly mixed on a magnetic stirrer before use. Erioglaucine disodium salt as
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blue dye was also added to the solution at a concentration of 0.1 wt% (1 mg/ml) for

visualisation.

CaCl; bath solution

Bath solution for extrusion of fibres was prepared for by dissolving CaClz in RO
water or cell culture media at concentrations of 2 wt% (20 mg/ml), 4 wt% (40 mg/ml)

and 10 wt% (100 mg/ml).

Gelatine-alginate blends

For making gelatine-alginate blends, gelatine (Bovine skin, Type B) was added
to 2 wt% sodium alginate at following concentration: 2 wt% (20 mg/ml), 6 wt% (60

mg/ml) and 10 wt% (100 mg/ml).

Blue dye for perfusion

Erioglaucine disodium salt was mixed with RO water at a concentration of 0.2

wt% (2 mg/ml). This blue dye solution was used for perfusion studies.
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2.2.2. Production of core-shell alginate fibres

2.2.2.1. Extrusion of core-shell fibres

The microfluidic-based chip was supplied by Moetazedian et al. (2023) (110).
Sodium alginate solution was loaded into 2 plastic luer-lock syringes (Terumo®) and
the Pluronic solution was loaded into a Hamilton 5 ml Gastight syringe (Hamilton®).
These syringes were mounted onto the dual syringe pumps (IPS-14RS, Inovenso),
and their inner diameter and volume was set up in the pumps’ system according to

Table 2.1.

Table 2. 1: Extrusion pump settings used for the syringes when printing core-shell
fibres.

Syringe type Inner diameter (cm) Syringe volume (ml)
Plastic 14.5 10.0
Hamilton 10.3 05.0

Needles (22G size; Nordson EFD) were screwed to the syringes and plastic
tubes (1/16" outer diameter x 0.51 mm inner diameter; Darwin Microfluidics) were
attached to the needles. The plastic tubes were inserted into the inlets of the
microfluidics chip, 27 cm long tubes into the outer channels and a 25 cm long tube
into the inner channel. Due to the narrow size of the inner channel, a small metal
tube was used as a connecter between the plastic tube and the microfluidics chip’s

inner channel.
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Figure 2. 1: Printing process of the core-shell fibres using the novel
microfluidic chip. The Pluronic solution was extruded from the inner channel of the
microfluidic chip, while sodium alginate was extruded from the outer channel, into the
bath solution. The samples were imaged using a microscope. Created in
BioRender.com.

The outlet of the microfluidic chip was held inside the bath solution contained in
a petri dish (Figure 2.1). Flow rates were set according to Table 2.2, and 1.5 ml of
solution was extruded from each syringe simultaneously. Once extruded, the
resulting fibres were stored in a 4 °C fridge, within the bath solution, for at least 10
minutes. The procedure was repeated for all groups (1-6; Table 2.2) and three chips

were tested individually.
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Table 2. 2: Extrusion flow rates of solutions used for printing core-shell alginate
fibres.

Group Extrusion flow rate (ul.min") Qshell/Qcore
Shell Core
1 2000 2000 1
2 2000 1500 1.3
3 2000 1000 2
4 2000 500 4
5 2000 250 8
6 2000 125 16

Throughout this procedure, the Pluronic solution was kept in a box with crushed
ice to keep it in the liquid form and prevent gelling at room temperature (22 + 2 °C).
Hamilton syringe, its needle, tube and the microfluidic chip were placed in the same
ice box, while not in use. An ice pack was kept on the syringe holder on the extrusion
pump to keep that area cool. After extruding each fibre, the microfluidic chip and the

tubing were flushed with cold water to remove excess Pluronic solution.

2.2.2.2. Width measurements

Carl Zeiss Primo Star microscope, attached to an iPad (2013, Apple), was used
for capturing images of the fibres for structural analysis. Phase-contrast images,
using a X4 objective, were taken on the Labscope app (Version 2.5, Zeiss). Three

images were taken for each technical replicate. Fiji software was used for taking



42

length measurements of the fibre’s width (see Appendix A) (134). For each image,

five measurements were taken for each parameter, as shown in Figure 2.2.

Core-shell fibre

- EX

elcalpich

Helical pitch

Figure 2. 2: Width and helical pitch measurements of core-shell fibre. Figure
shows a core-shell fibre demonstrating how the helical pitch and width (W)
measurements for each parameter were taken.
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2.2.3. Standard tissue culture techniques

2.2.3.1. Cells and culture medium

Murine 3T3 fibroblasts (3T3s; ECACC 85022108) were used between passage
number 24 and 38 throughout the course of this project. Cells were cultured in
Dulbecco's Modified Eagle's Medium — high glucose (DMEM) supplemented to final
concentrations of 10% foetal bovine serum (FBS; Gibco), 1 mM L-glutamine (L-glut;

Thermo Fisher, UK), 100 U/ml penicillin and 100 ug/ml streptomycin (P/S; Gibco).

All cell culture solutions were stored in 4 °C fridge and pre-warmed in a 37 °C
water bath (Grant Instruments, UK) prior to use. All plasticware and outer surface of
containers were wiped down with 70% ethanol before moving into the Class |l
biological safety cabinet or laminar flow hood (Guardian MSC T1200, Monmouth

Scientific, Bridgwater, UK).

2.2.3.2. Cell passage

In T75 flask, 3T3s were cultured in a 37 °C incubator and the cell culture media
was refreshed every 2-3 days. An inverted phase-contrast microscope (AE 2000,
Motic) was used to regularly monitor cell growth, and approximately every 3-4 days

cells were passaged once 80% cell confluency was reached.

For harvesting, adherent cells in T75 were washed with 10 ml sterile phosphate
buffered saline (PBS) to remove the FBS-containing cell culture media before adding
2.5 ml of trypsin-ethlyenediaminetetraacetic acid (trypsin-EDTA, 0.25% (v/v)) to

detach the cell monolayer. Cells were incubated with trypsin for 3-4 minutes in the 37
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°C incubator and then the flask was gently tapped from the side, with the palm of a
hand, to detach any cells still partially attached to the surface of T75. After checking
under the microscope for detachment of cells, trypsin was immediately diluted with
the FBS-containing cell culture media. Cells were collected in a falcon tube and
centrifuged (1000rpm, 3 minutes, 24 °C; Hettich®). After aspirating the media to
remove trypsin, the cell pellet was resuspended in the fresh cell culture media and

either used in experiments or passaged further.

2.2.3.3. Cell count

For determining cell number, e.g., for cryopreserving or seeding density for
experiment purposes, cells were counted using a hemacytometer slide (Brand™). A
10 pl of cell suspension, in cell culture media, was mixed with 10 pl trypan blue in a
1:1 dilution, and vortexed. A 10 pl of that mixture was added underneath the glass
cover slip of a hemacytometer. Under a microscope, the number of cells in each of
the four hemacytometer grids were counted using a tally counter, averaged, and then
calculated for seeding, using this formula: Number of cells in the 1 ml suspension =
average number of counted cells x 2 (dilution factor) x 10%. The appropriate number
of cells were collected from the stock cell suspension for different purposes by
following this calculation: Volume required (ml) = cell density of 1 ml cell

suspension/cell density required.
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2.2.3.4. Cryopreservation and thawing of cells

Cells were frozen using cryomedia that was composed of 70% DMEM (with P/S
and L-glut), 20% FBS and 10% dimethyl sulfoxide (DMSOQO). The cell pellet was
collected after trypsinizing and centrifuging the cells as described in section 2.2.3.2.
The cell pellet was resuspended in the cryomedia and around 1x10° cells/ml were
prepared for cryopreservation. Cryovials (Fisherbrand) were gradually frozen in Mr.
Frosty™ Freezing Container (Thermo Scientific™, Cat No: 5100-0001) in —80 °C
freezer before moving them to the liquid nitrogen storage facilities (-196 °C), after 24

hours, for long-term storage.

Whenever required, cells were retrieved from the liquid nitrogen storage and
thawed before resuspending in the fresh cell culture media. After centrifuging the cell
suspension to collect a cell pellet, the media was discarded to remove DMSO. The
3T3s cell pellet was resuspended in fresh 7 ml cell culture media and cultured in a
T25 flask for 3-5 days in a 37 °C incubator. Cell culture media was replaced every 1-
2 days. After cells had adhered to the T25 flask and showed spreading and

multiplying, the cells were passaged into T75 flasks as described in section 2.2.3.2.



2.2.4. Effect of bath CaCl, concentration on cell
viability

To investigate the best concentration of CaClz bath solution for cell-related

studies, this experiment was carried out.

2.2.4.1. Fibre production

Extrusion equipment was sterilised with 70% ethanol and moved inside the
laminar flow hood. The 3T3s were trypsinized and counted as described in section
2.2.3.3. The required amount of four cell suspensions were taken from the stock
solution, containing 2x10° cells/ml for each group (Table 2.3), and then centrifuged
individually to collect a pellet. Media was carefully aspirated and discarded leaving

behind 100 £10 pl of cell culture media to mix the sodium alginate solution with.

Table 2. 3: List of CaClz> bath solutions, in supplemented cell culture media, tested
for cell viability.

Group title Description
2 2 wt% CaClz bath solution
4 4 wt% CacCl; bath solution
10 10 wt% CaClz bath solution

After mixing sodium alginate with the cells, solution was loaded into the plastic

luer-lock syringe and mounted onto the extrusion pump. The 27 cm long plastic tube
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was attached to the needle (22G size) of the syringe and 1.5 ml of the solution was
extruded (flow rate: 2000 ul.min-") directly into a 15 ml bath solution. The bath
solution was composed of supplemented cell culture media as a base with CaCl>
added and sterilised using a 0.22 ym filter unit. Once the fibre was extruded, it was
left in the bath for 30 minutes at room temperate (22 + 2 °C). After the bath, the fibre
was gently washed with RO water to remove excess CaClz, then cut into three 3 cm
long pieces for each technical repeat. These fibre pieces were transferred to tissue
culture plates (12-well; Thermo Scientific™). Supplemented cell culture media was
added to each well at 2 ml and left to incubate in a 37 °C incubator. The same
extrusion, bath and preparation steps were taken for all three (2, 4 and 10 wt%) test
groups (Table 2.3). Samples were checked under the microscope before incubation

to validate cells were homogenously distributed in the sodium alginate fibres.

2.2.4.2. Live/Dead assay

After incubation, a Live/Dead assay was carried out, using the LIVE/DEAD
Viability/Cytotoxicity Kit (Invitrogen, Thermo Fisher Scientific, US), to measure

viability of the cells embedded in the fibres and to assess the cells’ morphology.

The staining solution for the assay was prepared as per the manufacturer's
instructions, with a few variations in the staining steps. Calcein acetoxymethyl ester
(Calcein-AM) at 2.5 pl and ethidium homodimer-1 (EtD-1) at 10 yl was added to 5 ml
supplemented cell culture media. The falcon tube containing the solution was
covered with tin foil for protection from light. A fresh solution was prepared every four

hours, when needed.
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Samples were taken out of the incubator and cell culture media was aspirated
from the wells. Staining solution at 500 ul was added directly to the samples in the
wells. The stain was added to three wells at a time, every 30 minutes, to prevent the
cells from being over-exposed to stain while the first three samples were being
imaged. After adding the stains, the plate was very gently agitated on an orbital
shaker (10 seconds, x1 speed; Luckham) to allow the stains to mix evenly into the
media and cells. The plates were covered with tin foil and incubated with the stains
for 30 minutes at room temperature (22 + 2 °C). After incubation, the staining solution
was removed from the well, gently washed with fresh 500 pyl media, and then
replaced with 500 pl of fresh cell culture media to ensure the sample does not dry out

during the imaging process.

Using a fluorescence confocal microscope (Zeiss LSM 700, Jena, Germany),
stained samples were visualised. Wavelengths used were 488 nm for green channel
and 555 nm for red channel. Images were saved in 16-bit, full resolution and tif file
format. The specific methods of image acquisition and processing, for cell viability

assessment and measurement of the spreading area of a cell, are explained below.

Cell viability

For measuring the viability of the cells, three independent experiments were
conducted, each consisting of three technical repeats per test group. For each
technical repeat, at least three Z-stacks were captured (using the Zen 2011
application) at random locations of the samples, starting from one side of the fibre's

wall and progressing perpendicularly to the other. The interval between Z-stacks was
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maintained at 50 ym to avoid duplication of cells. The number of images per Z-stack
varied between 6 and 27 (averaging 19) depending on the fibre’s thickness. Some
images were excluded during image processing due to high background noise that
interfered with cell fluorescence and counting. The area of an image used for

analysis was 1.63328 mm? (captured with a 5X objective lens).

Cell counts were performed using a custom automated macro in Fiji software
(Appendix B). This macro processed images in sequence from each Z-stack. Briefly,
an image was split into green (live cells) and red (dead cells) channels, and then
converted into greyscale. Fiji's "3D Objects Counter" tool was employed to count
cells in each image. The process was automated, repeating the counting of alive and
dead cells for all images in the Z-stack folder. Results were recorded in a log file

containing cell counts for each image.

The values generated by the Fiji macro were collated in an Excel spreadsheet. The

following formula was used to calculate the percentage viability for each image:

Number of green-stained (alive) cells

Cell viability (%) = x 100
Total number of cells

(green-stained + red-stained)

Percentage values generated from the individual images were averaged for each z
stack. Since the images were not taken consistently from the same location of the
samples, the average viability values from Z-stacks per technical repeat were pooled
across the three experiments. This method was chosen to minimize bias, especially if
the cell viability might differ a lot across various regions of the same sample. By

pooling the percentage values rather than averaging within the technical repeats, it



50

also allowed for statistical analysis on a larger data set for a more reliable p-value.

The final pooled viability percentages were then analysed for statistical evaluation.

Spreading area of a cell

For analysing the average spreading area of a cell, one image was selected at
random from each Z-stack (used for viability assessment), covering an area of
1.63328 mm? (captured with a 5X objective lens). The image was usually acquired
from the fibre’s centre when viewed cross-sectionally and from random locations of
the sample. For each experimental repeat, three images were chosen. The scale of
the image was set manually using Fiji’s ‘set scale’ tool before applying the custom
macro (Appendix C). Briefly, this macro split the image into green (alive cells) and
red (dead cells) channels, but only the green channel was processed. The green
channel was converted to greyscale, and a suitable threshold was applied. The cells
in the image were masked, separated using the watershed tool if touching, and
analysed to measure the surface area of each cell. The measurements (um?) were

then collated into an Excel spreadsheet.

The spreading area (um?) for each cell was averaged with other cells within the
same image. These averaged values were pooled across the three experimental
repeats (x3 values each). As before, this method was selected to minimize bias,
accounting for potential differences in cell size across various regions of the sample.
Throughout the thesis, the average spreading area of a cell (um?) is also referred to

as ‘cell area’ particularly in Figure 3.9 and 3.12.
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2.2.4.3. Width measurements

The fibres were imaged, and the data were processed as described in section

2222
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2.2.5. Effect of polymer composition on fibre
formation - blends with gelatine

2.2.5.1. Cell attachment and morphology test

To investigate if the cells attach to the surface of gels after 24 hours of
incubation on different gelatine blends, including the alginate-only group, the

following experiment was carried out.

Transwell inserts (transparent membrane, pore diameter: 0,4 um, Greiner Bio-
One Thincert) were used to hold the blends and were placed inside the 12-well
plates. CaClz bath solution (supplemented DMEM as a base) was added into each of
the plate’s well at 1 ml. Solutions were added to their specific transwell inserts (Table
2.4). After 30 minutes of incubation in the 37 °C incubator, CaClz bath solution was
removed from the wells, washed with PBS and replaced with 1 ml of the
supplemented cell culture media. The Negative group was used as a control which

had no gel present, and the cells were seeded directly on the transwell’s surface.

Table 2. 4: List of different compositions of alginate-gelatine blends tested for
investigating cell response to the material.

Group Gelatine Sodium alginate
0 Not added 2 wt%
2 2 wt% 2 wt%
6 6 wt% 2 wt%
10 10 wt% 2 wt%

Negative Not added Not added




53

Cells were trypsinized and counted as described in section 2.2.3.3. The
required amount of cell suspension was taken from the stock solution, containing
1x10° cells/ml, and then centrifuged to collect a pellet. After mixing the cells with the
fresh cell culture media, 1 ml of the cell suspension was seeded on top of the gels in

the transwells. The samples were incubated in the 37 °C incubator.

2.2.5.2. Viability and morphological analysis

After 24 hours of incubation, samples were observed under a light microscope
to ensure there were cells present on the gels before staining was carried out.
Subsequently, to measure viability, spreading area and amount of cells attached to
the gel’'s surface, the samples were stained using the LIVE/DEAD
Viability/Cytotoxicity Kit and visualised using the fluorescence confocal microscope,

as described in section 2.2.4.2.

Cell viability

For measuring the viability of the cells, three independent experiments were
conducted, each consisting of three technical repeats per test group. For each
technical repeat, at least three individual images were captured at random locations
of the samples. The area of an image used for analysis was 1.63328 mm? (captured

with a 5X objective lens).

Cell counts were performed using a custom automated macro in Fiji software

(Appendix B). The individual images for each test group were compiled into one
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folder. This is because the macro is designed to process multiple images in
sequence, for the purpose of ease and saving time. The cell counts and viability
calculation method is described in section 2.2.4.2. under ‘Cell viability’. Percentage
values generated from the individual images per technical repeat were pooled across
the three experiments. As mentioned previously, this method was chosen to minimize

bias and to get a more reliable p-value.

Quantification of attached cells

Cell attachment means the percentage of cells attached to the test material (i.e.,
gel made up of alginate-gelatine blend) for each test group, relative to the Negative

control.

The same values generated previously for ‘Cell viability’ (section 2.2.5.2.)
were used to determine the amount of cells attached in test samples compared to the
control group, after 24 hours of culture. For each experimental repeat, the total
number of green-stained (alive) cells in the Negative group were averaged across all
images within that repeat. This average was then used as a reference for comparing

the amount of green-stained (alive) cells present in the test sample images.

The percentage of cells present in each image, for the test groups, was

calculated using this formula:

Number of green-stained cells in an image

(of a test group, i.e., 0, 2, 6 and 10 wt%)
% cells attached = x 100

Average number of green-stained
cells in Negative control
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For statistical analysis, the percentage values for individual images were pooled
across the technical repeats in each experiment, with a minimum of 3 values per
technical repeat. As mentioned previously, this method was chosen to minimize bias

and to get a more reliable p-value.

Throughout the thesis, the percentage of cells attached to the material (relative
to Negative control group) is also referred to as ‘% cell attachment’ particularly in

Figure 3.11 B.

Spreading area of a cell

For analysing the average spreading area of a cell, one image was captured for
each technical repeat, covering an area of 1.63328 mm? (captured with a 5X
objective lens). Images were taken from random locations of the samples (x3 per
technical repeat). After applying the custom macro (Appendix C), the raw values for
area of each cell within an image were collected in an Excel spreadsheet. These
spreading area values (um?) for each cell were averaged with other cells within the
same image. Averaged values for the area of cells for each image were then pooled
across the three experimental repeats. As mentioned previously (section 2.2.4.2.),

this method was chosen to minimize bias and to get a more reliable p-value.

2.2.5.3. Extrusion of fibres

To investigate if the core-shell fibres still form if gelatine is added to the sodium

alginate in the shell, this experiment was carried out. Another aim was to measure
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the width of the fibre’s core and shell to check if there was a difference compared to

control, for different gelatine fibres (Table 2.5).

As described in section 2.2.2.1., solutions for the shell and core of the fibre
were loaded into the syringes and mounted on extrusion pumps. Microfluidic chip
was attached to the end of the tubes and materials were extruded at the flow rate of
2000 pl.min~" for the shell and 1500 ul.min=" for the core into the 10 wt% CaCl. bath
solution. A 1.5 ml of solution was extruded from all three syringes simultaneously.
Once the fibres were extruded, they were left in the bath for 30 minutes, then
transferred to a petri dish containing RO water to gently wash and remove excess
CaClz. After a gentle wash, fibres were transferred to fresh RO water. The same

steps were repeated for all test groups.

Table 2. 5: Different concentrations of gelatine was mixed with sodium alginate to
make alginate-gelatine blends.

Group Gelatine Sodium alginate
0 0 Not added 2 wt%
2 2 wt% 2 wt%
6 6 wt% 2 wt%
10 10 wt% 2 wt%

2.2.5.4. Width measurements

The fibres were imaged, and the data were processed as described in section

2.2.2.2.



57

2.2.6. Prolonged (28-day) culture and storage of
fibres

2.2.6.1. Preparation of cell-encapsulated fibres

To test if the viability of cells when embedded and cultured in hydrogel fibres of
different material compositions over time and if there was a change in fibres’ stability,
a 28-day experiment was carried out. Cell viability was tested on Day 1, 7, 14, 21 and
28 of fibre’s extrusion. Composition of materials and fibre types tested are listed in

the Table 2.6.

Table 2. 6: Types of cell-encapsulated fibres tested for prolonged 28-day cell culture
and the composition of materials that were used for each fibre.

Shell (wt%) Core (wt%)
Group Fibre type  Sodium alginate Gelatine Pluronic CaCl;
A Solid 2 0 (No core)
B Core-shell 2 0 30 2
C Core-shell 2 2 30 2

Fibres for the solid group were prepared, with 3T3s embedded, as described in
section 2.2.4.1. Fibres for the core-shell group were prepared as described earlier in
section 2.2.2.1., with some changes. Briefly, 3T3s were trypsinized and a pellet was
collected. Shell solution was mixed with cell suspension at a final concentration of
2x108 cells/ml for each technical replicate. After loading the shell and core solutions

into the syringe pump, with the microfluidic chip, the solutions were extruded into a
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10 wt% CaCl2 bath solution (cell culture media as a base). Flow rates for the shell
solution was 2000 pl.min~" and for the core it was 1500 yl.min~'. A 1.5 ml of the
solutions were extruded simultaneously from each syringe. Once the fibres were
extruded, they were left in the bath for 30 minutes then washed with sterile RO water.

Fibres were transferred to fresh cell culture media.

For each group, three technical replicates were prepared. Technical replicate
refers to one continuous fibre extruded in a fresh bath solution. This one fibre was cut
into five 3 cm long pieces for each time point. These fibre pieces were transferred to
12-well tissue culture plates. 1 ml of supplemented media was added to each well
and left to incubate in 37 °C incubator. Cell culture media was changed three times a
week. After incubation, Live/Dead assay was carried out to measure viability of the

cells embedded in the fibres, for each time point.

2.2.6.2. Cell-free core-shell alginate fibres for different

culture conditions

To investigate the stability of the fibres incubated in different compositions of
culture medium and temperature over time, a long-term 28-day test was carried out.
Measurements were taken on Day 0, 1, 7, 14, 21 and 28 of fibre’s extrusion (Table

2.7).
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Table 2. 7: The composition of incubation medium and temperatures that were used
for testing the stability of core-shell alginate fibre over a 28-day period.

Group Composition of medium Incubation temperature
A Supplemented DMEM and FBS 37 °C
B Supplemented DMEM and no FBS 37 °C
C RO water 37 °C
D RO water 4°C

Core-shell fibres were prepared as described earlier in section 2.2.6.1., with
minor changes. No cells were embedded in the fibres for this experiment. Core-shell
fibres with Pluronic solution as the core and 2 wt% sodium alginate as the shell was

tested only (Table 2.8).

Table 2. 8: The composition of core-shell alginate fibre for testing its stability over a
28-day period.

Shell (wt%) Core (wt%)
Fibre type Sodium alginate Pluronic CaCl;
Core-shell 2 30 2

After extrusion and preparation of the core-shell alginate fibre, as described in
2.2.6.1., 3 cm long pieces for each time point were transferred to 12-well tissue
culture plates. Media (1 ml), according to Table 2.7, was added to each well and left
to incubate at the specific temperature for that group. Media was changed three

times a week.
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2.2.6.3. Cell viability and morphological analysis of the cell-

encapsulated fibres

After 24 hours of incubation, Day 1 samples were observed under a microscope
to ensure there were cells present in the wells before staining was carried out.
Subsequently, to measure cell viability and morphological analysis, the samples were
stained using the Live/Dead assay, imaged and processed using the same procedure
described in section 2.2.4.2., except the Z-stacks interval, which was increased to
100 ym. The same steps were carried out for other samples at their specific time
points. For instance, Day 7 plate was imaged after seven days of incubation and so

on.

2.2.6.4. Observation of the fibres’ stability

Stability of the fibres was observed qualitatively on Day 0, 1, 7, 14, 21 and 28 of
extrusion by taking images of fibres using the phase-contrast microscope.
Additionally, for section 2.2.6.2. only, phone camera images of the fibres were also

taken.

2.2.6.5. Width measurements of fibres

As described in section 2.2.2.2., each piece of fibre was imaged and processed
for core and shell width measurements on Day 0 for all time points. Then for each

timepoint (Day 1, 7, 14, 21 and 28) samples were imaged again.
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2.2.7. Perfusion of core-shell fibres

The methods below describe the different attempts for perfusing core-shell

fibres.

Siphoning effect

To test the perfusion of core-shell alginate and gelatine fibres, created in
sections 2.2.2.1. and 2.2.5.3., siphoning (use of gravity) method was carried out
(Figure 2.3). One end of a 24 cm long core-shell fibre was placed inside a falcon
tube (50 ml; Falcon™) containing blue dye and the other end was sticking out from

the falcon tube and put into a petri dish containing RO water.

Core-shell fibore ——»

=

T

Water Blue dye

Figure 2. 3: Siphoning method to perfuse fibres. The diagram illustrates the set-
up for perfusing fibres with blue dye, using the siphoning method.



Cannulation with needles

A needle (30G size; Nordson EFD) attached to a Hamilton 1 ml Gastight syringe
(Hamilton®), containing blue dye, was used for cannulating the fibre. A dissection
microscope (Wild Heerbrugg, Switzerland) was used to facilitate the cannulation of

fibre’s core.

Ibidi channels

A core-shell fibre was threaded through the channel of ibidi slides (sticky-Slide |
Luer, ibidi®, Germany) with ends coming out of the two reservoirs. The slide was
placed in a petri dish, turned upside down, and 30 wt% Pluronic solution (no CaCl;
added) was poured into the two reservoirs and base of the slide for fixing the fibre in
place. A polymer cover slip (ibidi®) was stuck to the bottom-side of the ibidi slide to
secure the fibre and Pluronic solution in place. A needle (27G size; Monoject™),
connected to a Hamilton 1 ml Gastight syringe (Hamilton®) containing blue dye, was

used for cannulating the fibre.
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2.2.8. Statistics

All statistical analysis in this project was performed using GraphPad Prism
(version 8 for Windows, GraphPad Software, Boston, Massachusetts USA). The
main types of analyses used are regression analysis and one-way ANOVA with post-
hoc tests where appropriate. Linear regression was carried out for line graphs. In
case of one-way ANOVA, Shapiro-Wilk test was carried out to determine whether or
not the data were skewed. For skewed data, non-parametric (Kruskal-Wallis) test
was carried out, followed by Dunn’s multiple comparisons test. For normally
distributed data, one-way ANOVA was carried out followed by Tukey’s multiple
comparisons test. The analyses performed for particular data sets are indicated in

the relevant figure legend in Chapters 3 and 4.

Generally, the values processed from raw data were averaged within technical
repeats, and then within experimental repeats, before any statistical analysis was
performed (n=3). However, for some figures, the individual values processed from
raw data were pooled across experimental repeats, to perform statistics on (n=3).
Sample size and the specific data processing method used for each results figure are
mentioned in sections (2.2.4.2 & 2.2.5.2) of Chapter 2, and figure legends in

Chapter 3 and 4.
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3. Fabrication of biomimetic
core-shell fibres
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3.1. Introduction

The blood vessel mimic for tissue engineering need to recapitulate the complex
structure and function as closely to the blood vessels as possible, in order to function
properly when used in regenerative medicine (106,135,136). It needs to have a shell
(i.e., vessel wall) and a core (i.e., lumen) to be able to recapitulate the basic structure
of blood vessel. Moetazedian et al. (2023) created a chip, based on microfluidic
system, for fabrication of hollow core-shell fibres that mimic the structure of blood
vessel (110). A range of core shapes from straight, wavy and helical can be
generated by varying the flow rates of the inner channel. In this section, the flow
rates used for extruding the hydrogel fibres in the paper will be repeated to test the

reproducibility and understand the process of the core-shell fibre generation.

Moetazedian et al. (2023) used 10 wt% concentration of CaCl, (45 mM of Ca?*
ions) in the bath solution to fabricate alginate hydrogel fibres (110). Extracellular Ca®*
concentrations of 1.1 — 1.3 mM are considered safe for normal cell functions and
increase or decrease in this concentration can lead to cell death (137). Therefore,
lower than 10 wt% concentrations of CaClz need to be investigated that are
biocompatible to cells, while still maintaining the integrity of the fibres. In 3D-printing,
a range of CaCl2 concentrations have been tested (126,129,131). An experiment will
be carried out to assess the cytotoxicity of CaCl,, used in the bath solution, on cells

embedded in the hydrogel fibres.

Alginate, despite being biocompatible, is a non-adhesive biomaterial due to the

lack of cell-interactive domains on its surface which prevent the cells to form
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attachment links to the material (116—118). Although this might seem like a negative
thing, instead the ‘blank slate’ nature of the sodium alginate provides the opportunity
to modify its structure to design a hydrogel with specific properties for eliciting
desired biological and mechanical outcomes in a highly regulated way (116).
Gelatine is a commonly used material to promote cell attachment and viability when
mixed with sodium alginate (138-140). The concentrations of gelatine blended with
sodium alginate in the literature range from 1 wt% to even 20 wt% (87,126,141,142).
Therefore, in this chapter, alginate will be blended with a broad range of gelatine
concentrations to improve its adhesive properties, while ensuring that core-shell
fibres are still formed. The use of gelatine to improve cellular response to shell
material was also chosen due to the simple, cost- and time-effective preparation
steps required, which are physical mixing with the alginate in water, unlike other
methods such as arginine—glycine—aspartic acid (RGD) conjugation (143,144).
Gelatine from bovine source was used in this project instead of porcine gelatine,
which is widely used in 3D-printing (145-148). This is because the use of porcine-
derived materials is prohibited in some religions, and since the final scaffolds will be
implanted within patients, it is better to use bovine gelatine to facilitate patient care by
providing alternatives to other blood vessel mimics that use porcine-derived gelatine
(143,145,149-151).

Consequently, the overall aim of this chapter will be to optimise the fabrication
process of hollow core-shell fibres to replicate the complexity of blood vasculature,
while determining the optimum concentrations of materials required to promote cell

biocompatibility.
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3.2. Results

3.2.1. Effect of extrusion flow rate on core-shell

alginate fibres’ geometry



68

3.2.1.1. Core-shell alginate fibres with a range of core
geometry can be generated

Extrusion of core-shell alginate fibres

The extrusion process is demonstrated in Figure 3.1 A. The microfluidic chip’s
nozzle was submerged in the 10 wt% CaClz bath during extrusion. The solutions
were extruded into the bath which formed into a hydrogel fibre through crosslinking of
alginate polymers with Ca?* ions in the bath. The CaCl; in the Pluronic solution gelled
the alginate solution from the inside, while the CaClz present in the bath solution
gelled the fibre from outside as the partially gelled alginate solution was extruded out
of the chip’s nozzle. The use of dyes helped with the visualisation of the printing
process. Pluronic and CaClz (blue) solution was clearly seen to be concentrated in
the middle of the fibre with sodium alginate (yellow) solution surrounding it from the
sides. The images in Figure 3.1 show that the fibre could be printed continuously. In
Figure 3.1 B, the change in colour of the bath from clear to green showed the dye
leaking out of the fibres. Figure 3.1 B shows that gelled fibres (green) with
continuous length could be extruded in a controlled manner. The results in Figure
3.1 clearly demonstrate the feasibility of employing 3D-printed microfluidic chip to

produce core-shell alginate fibres.
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Figure 3. 1: Photographic images of the fibre extrusion process using the novel
microfluidic chip. Ai-iii) Timelapse images of the fibre extrusion process. B) Image

demonstrating that a very long fibre could be printed in one go. Yellow and blue dyes
were used for visualisation of the fibres. Scale bar: 5 cm.
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A range of core geometry can be generated

A set of images in Figure 3.2 depict the range of core shapes that can be
generated, using the microfluidic chip, when the solution flow rate for shell is kept
constant at 2000 pl.min~" while the flow rate of core is changed within the range of
2000-125 ul.min~". Figure 3.2 highlights the key words used in describing these
fibres, with outer green lines highlighting the shell of the fibre and blue lines

highlighting the core of the fibre.

From images in Figure 3.2 B-D, three distinct core shapes can be identified:
straight, wavy and helical. Firstly, Figure 3.2 B shows fibres with straight core that
have linear and uniform morphology along the length of the fibre’s wall. Some fibres
had core lining the fibre in the centre and almost evenly distributed in with the fibre’s
wall (Figure 3.2 Bi) but in some straight core fibres, the core was closer to one wall
of the fibre and away from the other (Figure 3.2 Bii). Secondly, Figure 3.2 C shows
wavy core structures, where the core of the fibre was not straight and uniform along
the fibre’s shell and showed periodic undulations and bends. Lastly, Figure 3.2 D
shows a range of core shapes with bending and twisting patterns along the length of
the fibres. From the ‘Helical’ images in Figure 3.2 D, the bend in the core seemed to
be created through the core continuously touching the fibre’s edge on one side and

zigzagging to the opposite side of the fibre’s edge.
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Figure 3. 2: Photographic images demonstrating fibres with a range of core
structures that can be printed by changing the ratio between shell and core
extrusion flow rates. A) Keywords to describe the structure of the fibre. Green lines
indicate the shell of the fibre and blue lines highlight the core of the hollow hydrogel
fibre. Bi & ii) Fibres with a straight core. C) Wavy core shapes. D) Fibres with a
range of helical core shapes that are loosely and densely packed inside the fibre.
The range of flow rates used for printing these fibres for the shell was kept constant
at 2000 ul.min~" while the flow rate of core was decreased from 2000-125 pl.min™".
Scale bar: 500 pm.

3.2.1.2. Extrusion flow rate of core solution impacts the
width of fibre’s core and shell

Photographic images in Figure 3.3 show that transparent fibres with distinct
core shapes could be printed using core flow rates of 2000 ul.min~"' (Figure 3.3 A),
1500 pl.min~" (Figure 3.3 B), 1000 pl.min~"! (Figure 3.3 C), 500 pl.min~"! (Figure 3.3
D), 250 pl.min~' (Figure 3.3 E), 125 ul.min~" (Figure 3.3 F) with a constant shell flow
rate of 2000 pl.min~'. The fabricated fibres were observed without the aid of a
microscope. The fibres had a transparent core appearance, as observed against a

black background. This transparency of the fibres made it easier to observe the
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defined core inside the fibre. The images have been zoomed in (x4) (Figure 3.3 A-
Fii) for the ease of visualisation in the figure, however, the translucent fibres with

distinct core could be observed just with the naked eye (Figure 3.3 A-Fi).

Figure 3. 3: Photographic images demonstrating the structure of fibres, as
seen without a microscope. The demonstrated fibres were extruded using core
flow rates of A) 2000 ul.min~', B) 1500 pl.min~!, C) 1000 pl.min~", D) 500 ul.min"", E)
250 pl.min~', F) 125 ul.min~! with a constant shell flow rate of 2000 ul.min~". Hollow
alginate fibres could be printed with a range of core structures by changing the ratio
of extrusion flow rates between shell and core. Specific areas of the fibres were
zoomed in (x4) (A-Fii) from the original images (A-Fi), to clearly show the structure of
the core. However, core of the fibres could be observed clearly with the naked eye as
well. Scale bar: 5 mm.
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Width of shell and core

The relationship between core solution flow rate and the two key parameters of
hollow hydrogel fibres, shell and core width, is illustrated in Figure 3.4. The shell’s
width (green line), gradually decreased from 1345.10 £ 191.17 ym to 1062.07 +
143.20 uym when the core flow rate was increased from 125-2000 ul.min™", which
indicates a proportional reduction in the fibre’s overall thickness. In contrast, the core
(blue line) exhibited a gradual increase in width from 336.83 + 26.95 ym to 684.14 +
98.87 um, which suggests a proportional growth in the width of the fibre’s core. The
opposite is true for both of these parameters when the core flow rate was decreased
from 2000 - 125 ul.min~'. Notably, the width values for both, shell and core, seemed
to converge as the core flow rate increased from 125-2000 ul.min="'. This
convergence indicates that there is a possible relationship between the thickness of
the fibre’s wall and the changes in core flow rate when the flow rate of shell is kept

constant at 2000 pl.min".
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Figure 3. 4: Changes in the width of shell and core, of the alginate hollow fibre,
in response to increase in the extrusion flow rate of core solution. Ai-vi) Phase-
contrast images of the extruded core-shell fibres for each core flow rate, while the
shell flow rate was kept constant at 2000 pl.min~". Scale: 500 um. B) As the flow rate
of core was increased from 125 pl.min~" - 2000 pl.min~", shell width gradually
decreased from 1345.10 + 191.17 pm to 1062.07 + 143.20 ym while the core width
increased from 336.83 + 26.95 ym to 684.14 + 98.87 ym. Linear regression for core
reported Y = 0.1768*X + 322.2. Data is shown as mean = SD of three independent
experiments. N = 3.
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3.2.1.3. Impact of Qshell/Qcore on fibre’s Wcore/Wshell and
helical pitch

Weore/Wshell

The ratio of core width to shell width (Wcore/Wshell) of hollow hydrogel fibres in
response to increase in the extrusion flow rate (Q) ratio of shell and core solutions

was tested. The flow rate of the shell (Qsheil) was kept constant at 2000 pl.min~" while

the flow rate of core (Qcore) Was decreased from 2000-125 ul.min~". The ratio of

extrusion flow rates of shell and core solutions was plotted on the x-axis of the graph

and the width of shell and core were measured, and their ratio was calculated and
presented in the y-axis (Figure 3.5). Ratio of core width to shell width (Wcore/Wshell)
represents the relative size of the core in comparison to the overall fibre's width. A
higher Wecore/Wshell value indicates a wider core, while a lower ratio indicates a

narrower core compared to the fibre width.

Relationship between Weore/Wshell and Qshell/Qcore is shown in Figure 3.5. As

the Qshell/Qcore increased from 1 to 16, the Wcore/Wshell decreased from 0.65 + 0.097

to 0.27 £ 0.05. This indicates that the core width decreased as the extrusion flow rate
of the core solution relative to the shell solution decreased. Conversely, as the
extrusion flow rate of the core solution relative to the shell solution increased, it
resulted in an increase in fibre’s core size. These results demonstrate that fibres with
thicker walls can be achieved by reducing the extrusion flow rate of the core solution

in comparison to the extrusion flow rate of the shell solution, and vice versa.
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Figure 3. 5: Wcore/Wshell of hollow alginate hydrogel fibres in response to
increase in the extrusion flow rates (Q) ratio of shell and core solutions. The
flow rate of the shell was kept constant at 2000 ul.min~! while the flow rate of core

decreased from 2000-125 pl.min~". Wecore/Wshell (thickness of the fibre’s wall)

decreased from 0.65 + 0.097 to 0.27 + 0.05, as the Qshell/Qcore (ratio between shell
and core flow rate) increased from 1 to 16. Data is shown as mean + SD of three
independent experiments. N = 3.

Helical pitch

Relationship between the helical pitch (um) of alginate fibre's core and increase
in the extrusion flow rate (Q) ratio of shell and core solutions, from 1 — 16, is shown in
Figure 3.6. Helical pitch represents the distance between consecutive bends in the
helical structure of the core within a hollow hydrogel fibre. Higher the helical pitch
value, the greater the distance between turns of the helix, while lower the helical

pitch value, the narrower the distance between each turn of the core’s helix.

From Figure 3.6, no clear relationship between ratio of flow rates (Qshell/Qcore)

and helical pitch can be observed. The data points are spread unevenly across the



71

graph, with large error bars (SD ranging between 289.38 and 634.73), as the
Qshell/Qcore increases from 1 — 16. This finding suggests that varying the extrusion

flow rates to achieve a specific helical pitch cannot be predicted accurately at this

point.
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Figure 3. 6: Helical pitch of fibre’s core in response to increase in the extrusion
flow rates (Q) ratio of shell and core solutions. The flow rate of the shell was kept
constant at 2000 pl.min~" while the flow rate of core decreased from 2000-125
ul.min~'. There was no distinct trend in the effect of Qshei/Qcore ON the helical pitch of
fibre’s core. Data are shown as mean + SD of three independent experiments,
representative of pooled measurements from multiple samples to account for
measurements taken at random locations of each sample. N = ranges between 28 —
76.
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3.2.2. Testing different concentrations of CaCl;
in bath solution

3.2.2.1. Fibre width decreases with increasing CaCl.

concentration

To investigate the influence of different concentrations of CaCl. in bath solution
on fibre’s width, 2 wt% solid alginate fibres were extruded into 2, 4 and 10 wt% CaCl2
containing baths. Figure 3.7 A (i-iii) show phase-contrast images of fibres,
confirming that alginate fibres can be printed in all test groups. A visual
demonstration of fibres' size in comparison to each other shows that fibre printed in
10 wt% CaCl, appeared thinner than 2 wt% (by 31.61%) and 4 wt% (by 20.96%)
fibres. Figure 3.7 B shows that the width of the shell gradually decreased from
1371.13 £ 115.74 ym to 1219.06 + 96.67 pm as the concentration of CaCl. increased
from 2 wt% to 10 wt%. Overall, Figure 3.7 provides a comprehensive examination of
the alginate fibres' thickness following printing in various concentrations of CaCl, bath

solutions.
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Figure 3. 7: Impact of CaCl: concentration on the width of the cell-encapsulated
alginate fibres’ shell. The extrusion flow rates used for alginate was 2000 ul.min"
through a plastic tube, without the microfluidic chip, into the CaCl2 bath solution at 2,
4 and 10 wt%. The concentration of alginate was kept constant at 2 wt%. A i-iii)
Phase-contrast images of fibres, visually demonstrating their size in comparison to
each other. Scale bar: 500 um. B) A line graph illustrating the relationship between
bath CaCl. concentration and the width of the fibre. Linear regression reported Y = -
19.34*X + 1414. Data are shown as mean = SD of three independent experiments. N
= 3.




3.2.2.2. Impact of CaCl, concentration on cell viability and
morphology

Cell viability

The effect of different CaClz concentrations (2, 4 and 10 wt%) on 3T3s’ viability
while encapsulated in 2 wt% solid alginate-only fibres was investigated.
Measurements for viability calculation of samples were collected, 24 hours after
culture, as confocal Z-stack images at random locations in the sample, following a

Live/Dead assay.

Figure 3.8 A-C (i) show phase-contrast images of 3T3s in alginate fibres,
followed by corresponding confocal images of the cells (Figure 3.8 A-C (ii-iv)). Cells
appear alive (green) in all test groups, confirming that cell-encapsulated alginate

fibres can be extruded in different concentrations of CaCl, baths.

According to the results in Figure 3.8 D, the mean viability was observed to be
highest for cells encapsulated in fibres that were bathed in 10 wt% CaCl, (86.6 +
7.072%), followed by 4 wt% CaClz (80.61 + 12.12%), and 2 wt% group having the

least cell viability of all three groups (69.03 + 11.34%).

Statistical analysis revealed significant differences in cell viability amongst the
different CaClz concentrations (p <0.05). As shown in Figure 3.8 D, increasing the
concentration of CaClz from 2 to 4 wt% in the bath solution resulted in a noticeable
difference in cell viability by 11.58% (p = 0.0011). Cell viability was further improved,

by 17.57% (p <0.0001), when the bath CaCl. concentration increased from 2 wt% to
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10 wt%. No significant difference was observed between 4 wt% and 10 wt% groups

(p = 0.2009).

Overall, these findings demonstrate a dose-dependent effect of CaCl:

concentration on cell viability of 3T3s embedded within the alginate-only solid fibres.
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Figure 3. 8: Effect of bath CaCl. concentration on the viability of cells
encapsulated in alginate fibres. The viability of cells (3T3s) embedded in solid
alginate fibres was measured 24 hours after incubation, following bathing in different
concentrations of CaClz (2, 4 and 10 wt%) in water. The solid fibres without core
were extruded at flow rate of 2000 ul.min~'. Raw data were collected as confocal Z-
stack images at random locations in the fibre samples, following a Live/Dead assay.
A - C i) Phase-contrast images of cells encapsulated in alginate fibres. Scale bar:
500 um. A - Cii - iv) Live (green) and dead (red) stained cells, encapsulated in the
alginate fibres. Scale bar: 100 um. D) Data are shown as mean + SD of three
independent experiments, representative of pooled measurements. This method was
chosen to minimize bias and to get a more reliable p-value (see section 2.2.4.2.). A
non-parametric one-way ANOVA on skewed data, followed by a multiple
comparisons test among test groups 2 wt% (n=28), 4 wt% (n=29) and 10 wt% (n=30)
was carried out (p < 0.05). Statistical analysis revealed significant differences in cell
viability amongst the different CaCl, concentrations (p <0.05). Cell viability was
highest for 10 wt% CacCl. group (86.6 + 7.072%), followed by 4 wt% CaCl. (80.61
12.12%), and then 2 wt% group having the least cell viability of all three groups
(69.03 £ 11.34%). ** p < 0.01 and **** p < 0.0001. Non-significant results (p > 0.05)
are not labelled on the graph.
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Cell morpholoqy

Influence of different concentrations of CaCl. in bath solution on cell
morphology is presented in Figure 3.9. In Figure 3.9 A-C, as well as Figure 3.8 A-C
(ii-iv), it can be observed that cells remain spatially distant from each other and have

a rounded morphology, 24 hours after culture.

The impact of different CaClz concentrations (2, 4 and 10 wt%) on 3T3 cell's
spreading area (um?), encapsulated in 2 wt% solid alginate fibres, is illustrated in
Figure 3.9 D. The mean spreading area of a cell was 37.12 + 8.01 um? for 2 wt%,
38.05 + 7.03 ym? for 4 wt% and 32.66 + 5.96 um? for 10 wt% group. However,
statistical analysis revealed no significant differences in cell's spreading area

amongst the different CaClz concentrations (p >0.05).

Overall, Figure 3.9 provides insights into the distribution and morphology of
cells within the solid alginate fibres, offering a closer examination of cellular
interactions and spatial organisation within the alginate hydrogel matrix, 24 hours

after culture.



84

A| 2 wt% B |4 wt% C| 10 wt%

N
e
|
|

N
et

Cell area (pmz)
|
|

2 4 10

Calcium chloride (wt%)

Figure 3. 9: Impact of different concentrations of CaCl: in bath solution on cell
morphology. The extrusion flow rates used for alginate (2 wt%) was 2000 pl.min™"
through a plastic tube, without the microfluidic chip, into the CaClz bath solution at 2,
4 and 10 wt%. Live/Dead stain was carried out after 24 hours of culture. Live (green)
and dead (red) stained 3T3 cells, are shown encapsulated in the alginate fibres
printed in A) 2 wt%, B) 4 wt% and C) 10 wt% CacCl. bath solution, with a rounded
morphology. Scale bar: 100 um. D) The relationship between bath CaCl:
concentration and the mean spreading area of a cell (cell area; um?), encapsulated in
the alginate fibre, 24 hours after culture is shown. Measurements for samples were
collected as fluorescent images at random locations of the fibre samples, following a
Live/Dead assay. Data are shown as mean + SD of three independent experiments,
representative of pooled averaged measurements from multiple images of samples
(see section 2.2.4.2.). Statistical analysis using a non-parametric one-way ANOVA,
on skewed data, followed by a Dunn's multiple comparisons test between test groups
revealed no significant differences in spreading area of a cell amongst the different
CaCl; concentrations (p >0.05). N = 9.
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3.2.3. Changing the shell’s polymer
composition to promote cell attachment

3.2.3.1. Impact of increasing the gelatine concentration on

viability, spreading area and amount of cells attached

The examination of cell morphology and attachment to the gel membrane in
Figure 3.10 provided valuable insights into cellular responses of cells seeded on
alginate-gelatine blends composed of 0, 2, 6 and 10 wt% concentration of gelatine.
Concentration of sodium alginate was kept constant at 2 wt%. Figure 3.10 A-E (i),
shows light microscope images confirming the presence of cells in all experimental
groups, including the alginate-only control (0 wt%), prior to viability assessment
following 24 hours of culture. However, a qualitative contrast emerged in stained
confocal images (Figure 3.10 A-E (ii-iv)) after the Live/Dead assay was carried out,
where a noticeable reduction in cell density was observed compared to the initial light
microscope images. The Negative group (Figure 3.10 E) was used as a comparison
for the percentage of cells present (as an indication of cell attachment to the test
material) and morphology under normal culture conditions. Images such as those in
Figure 3.10 A-E (ii-iv) were used to calculate the data presented in Figures 3.11

and 3.12.
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Figure 3. 10: Phase-contrast and confocal microscopy images of cells cultured
on different concentrations of alginate-gelatine blends. Cells (3T3s) were
cultured on alginate-gelatine blends composed of different concentrations of gelatine
(0, 2, 6 and 10 wt%) for 24 hours, followed by a Live/Dead staining. A-E (i) show light
microscope images of cells in each experimental group, 24 hours after culture, to
demonstrate cell presence before Live/Dead assay was carried out. A-E (ii-iv) show
confocal images illustrating cell morphology and numbers in comparison to the
Negative control group. Scale bars: 100 ym.
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Cell viability

The investigation into the impact of gelatine concentration (0, 2, 6 and 10 wt%)
on cell viability, 24 hours following culture on top of alginate-gelatine blends, was
carried out (Figure 3.11 A). The mean viability of 3T3s in the Negative group was
measured at 89.33 + 5.04%, providing a reference point for the observed differences
in the test groups where cells were seeded on top of the gel. Statistical analysis
revealed significant differences in cell viability amongst the different groups tested (p
<0.0001). Alginate-only group (0 wt%) had a cell viability of 0 + 0% which was
significantly low compared to all other groups (p <0.0001). Cell viability for 2 wt%
gelatine group was 84.99 + 13.76%, which was 4.3% lower compared to Negative
control, however, it was not significantly different (p = 0.5). Cell viability for 6 wt%
gelatine group was 80.51 £ 10.87%, which was significantly lower by 8.82%
compared to Negative control (p = 0.0072). Cell viability for 10 wt% gelatine group
was 81.69 = 10.08%, which was significantly lower by 7.64% compared to Negative
control (p = 0.0067). There was no significantly different cell viability within the
groups with 2, 6 and 10 wt% gelatine added (p >0.05). These results implied that
seeding cells on top of alginate-gelatine blends, with 6 and 10 wt% concentrations of

gelatine, had a noticeable decrease in cell viability compared to the Negative control.

Cell attachment

The relationship between gelatine concentration and the % cells present in
samples (relative to Negative control) is presented in Figure 3.11 B. Results showed

that after 24 hours of culture there were 0% cells left in 0 wt% gelatine group, which
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was composed of alginate only with no gelatine added. Statistical analysis using a
non-parametric one-way ANOVA, on skewed data, followed by a Dunn's multiple
comparisons test between test groups revealed that only 10 wt% group had a
significantly higher percentage of cells attached to the material compared to 2 wt%
group by 150.07% (p =0.0357). This is supported by qualitative observation of
images in Figure 3.10 A-D (ii-iv) which show that 10 wt% gelatine had the most
amount of cells present among the test groups. However, there was no significant
difference between 6 wt% and other alginate-gelatine blend groups (p >0.05). It is

noteworthy that there was large variation in data as represented by large error bars.
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Figure 3. 11: Impact of gelatine concentration in the alginate-gelatine blend on
cell viability and attachment. 3T3s were seeded on top of alginate-gelatine blends
consisting of alginate (2 wt%) with different final concentrations of gelatine (2, 6, and
10 wt%). The test group of 0 wt% was used a positive control with no gelatine added.
For Negative control, cells were seeded directly on the cell culture dish. The (A)
viability (%) and (B) the percentage of cells attached to the test material (compared
to Negative control; cell attachment (%)) were measured after 24 hours of culture.
Measurements for samples were collected as fluorescent images at random locations
of the samples, following a Live/Dead assay. Data are shown as mean + SD of three
independent experiments, representative of pooled averaged measurements from
multiple images of samples (see section 2.2.5.2.). A) One-way ANOVA, followed by
a Tukey's multiple comparisons test among Negative (n=35), 0 wt% (n=3), 2 wt%
(n=21), 6 wt% (n=25) and 10 wt% (n=45), was carried out (p < 0.05). Alginate-only
group (0 wt%) had a cell viability of 0 + 0% which was expected due to no cells left in
the samples (B). Cell viability for 2 wt% gelatine group was 4.3% lower compared to
Negative control, however, it was not significantly different (p = 0.5). Cell viability for
6 wt% gelatine group was significantly lower by 8.82% compared to Negative control
(p = 0.0072). Cell viability for 10 wt% gelatine group was significantly lower by 7.64%
compared to Negative control (p = 0.0067). B) Statistical analysis using a non-
parametric one-way ANOVA, on skewed data, followed by a Dunn's multiple
comparisons test among 0 wt% (n=3), 2 wt% (n=23), 6 wt% (n=23) and 10 wt%
(n=41) was carried out (p < 0.05). Only 10 wt% group had a significantly higher
number of cells attached compared to 2 wt% group by 150.07% (p =0.0357). No
significant difference was observed between 6 wt% and other alginate-gelatine blend
groups. There was large variation in data as represented by large error bars. * p <
0.05, ™ p = 0.01, *™** p £ 0.0001. Non-significant results (p > 0.05) are not labelled on
the graph. wt% on the graphs refer to gelatine concentration in the alginate-gelatine
blend.
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Spreading area of a cell

Impact of gelatine concentration on the average spreading area of a cell is
illustrated in Figure 3.12. Statistical analysis using one-way ANOVA showed a
significant difference in data (p < 0.05). However, Tukey's multiple comparisons test
between groups revealed that only 10 wt% group had significantly different average
spreading area of a cell compared to Negative group by 35.20% (p = 0.0402). There
was no significant difference in the average spreading area of a cell amongst the
different gelatine concentrations (p >0.05). Alginate-only group (0 wt%) had
significantly lower average spreading area of a cell compared to all other groups (p

<0.0001), as excepted due to absence of cells.

These differences in viability, spreading area and number of cells between
experimental and Negative control groups provided useful insights into cell-material

interactions for various gelatine concentrations.
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Figure 3. 12: Impact of gelatine concentration in the alginate-gelatine blend on
spreading area of cells. 3T3s were seeded on top of alginate-gelatine blends
consisting of alginate (2 wt%) with different final concentrations of gelatine (2, 6, and
10 wt%). The test group of 0 wt% was used as a positive control with no gelatine
added to alginate. The Negative group refers to negative control where cells were
seeded directly on the cell culture dish. The mean spreading area of a cell (cell area;
um?), seeded on top of these polymer blends was measured after 24 hours of
culture. Measurements for samples were collected as fluorescent images at random
locations of the samples, following a Live/Dead assay. Data are shown as mean +
SD of three independent experiments, representative of pooled averaged
measurements from multiple images of samples (see section 2.2.5.2.). One-way
ANOVA with Tukey's multiple comparisons test between Negative (n=9), 0 wt%
(n=9), 2 wt% (n=9), 6 wt% (n=9) and 10 wt% (n=7) was carried out (p < 0.05).
Statistical analysis revealed that only 10 wt% group had significantly different
spreading area of cells compared to the ones in Negative group by 35.20% (p =
0.0402). * p=0.05, ** p = 0.01, **** p < 0.0001. Non-significant results (p > 0.05) are
not labelled on the graph. wt% on the graph refers to gelatine concentration in the
alginate-gelatine blend.
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3.2.3.2. Impact of increasing the gelatine concentration on

fibre’s structure

Core-shell fibres with different composition of gelatine, in alginate-gelatine
blends, were printed to test if the addition of gelatine affects core-shell fibre
formation, as shown in Figure 3.13. Fibres with gelatine added to alginate-gelatine
blend (Figure 3.13 Aii-iv) were compared with the control 0 wt% gelatine group with
no gelatine added (Figure 3.13 Ai). In Figure 3.13 A, microscopic phase-contrast
images show the structure of alginate-gelatine fibres and illustrates successful
printing of core-shell fibres using 2 and 6 wt% gelatine in alginate-gelatine blends,
like the alginate-only group (0 wt%). Fibre with 10 wt% gelatine did not have a

distinct core like other groups (Figure 3.13 A iv).

Width of fibre’s shell and core

Relationship between the width (um) of the fibres’ shell and core, and varying

the concentration of gelatine, was investigated (Figure 3.13 B). The width of the shell

(green line) gradually increased by 8.12% between alginate-only (0 wt%) and 2 wt%
gelatine concentration group. Within the gelatine groups, width of the shell increased
by 0.19% from 2 wt% to 6 wt%. From 6 wt% to 10 wt%, the width of the shell
decreased by 27.81%. The mean width of the core (blue line) decreased by 6.34%
between alginate-only (0 wt%) and 2 wt% gelatine concentration group. Within the
gelatine groups, width of the core increased by 6.02% from 2 wt% to 6 wt%. For 10

wt% group, the width of the core was O.
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Weore/Wshell

The line graph (Figure 3.13 C) illustrates the relationship between gelatine

concentration (wt%) within alginate-gelatine blend and the ratio of fibre's core and
shell in width (i.e., Wcore/Wshell). The Wcore/Wshell value decreased by 13.37%
between alginate-only (0 wt%) and 2 wt% gelatine concentration group. Within the

gelatine groups, the Wcore/Wshell value increased by 3.5% from 2 wt% to 6 wt%. From

6 wt% to 10 wt%, the Wcore/Wshell value decreased by 33.27%. Furthermore, the

results for the 10 wt% gelatine concentration showed considerable variation, as
indicated by the error bar, suggesting increased variability in the observed width

measurements for this concentration.
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Figure 3. 13: Impact of gelatine concentration on the structure of alginate-
gelatine hollow fibres. Core-shell fibres with different concentrations of gelatine
were printed. The final concentration of gelatine, 0, 2, 4 and 10 wt%, in the alginate-
gelatine blend fibres were tested, while the final concentration of alginate was kept
constant at 2 wt%.The extrusion flow rates used for materials in this study were 2000
ul.min~! for the shell and 1500 ul.min~" for the core, into the 10 wt% CaCl, bath
solution. Ai — iv) Phase-contrast images of core-shell fibres’ structure. Fibres printed
with 10 wt% gelatine (iv) did not have a distinct core. Scale bar: 500 um. B)
Relationship between gelatine concentration and the width of shell (green) and core

(blue). C) Relationship between gelatine concentration and Wecore/Wshell (i.€., fibre’s
wall thickness). Values are expressed as mean + SD. n=3.
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Helical pitch

The relationship between the helical pitch (um) of the alginate-gelatine fibre's
core and increase in the final concentration of gelatine at 0, 2, 6 and 10 wt%, was
investigated. From Figure 3.14, no clear relationship between gelatine concentration
and helical pitch can be observed. The helical pitch value (um) decreased by 335.53
pum from the 0 wt%) to 2 wt%; then increases by 28.13 ym from 2 wt% to 6 wt%
gelatine concentration before decreasing again to 0 ym for 10 wt%. Additionally, the
data for 2 wt% and 6 wt% gelatine concentration vary considerably, as indicated by
the large error bars, suggesting increased variability in the observed helical pitch
measurements for these concentrations. Overall, from these results, varying the
gelatine concertation in alginate-gelatine blends to achieve a specific helical pitch

cannot be predicted accurately.
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Figure 3. 14: Impact of gelatine concentration on the helical pitch of core-shell
fibres’ core. Core-shell fibres with different concentrations of gelatine were printed.
The final concentration of gelatine, 0, 2, 6 and 10 wt%, in the alginate-gelatine blend
fibres were tested, while the final concentration of alginate was kept constant at 2
wt%. The extrusion flow rates used for materials in this study were 2000 pl.min~" for
the shell and 1500 pl.min~" for the core, into the 10 wt% CacCl; bath solution. Data
are shown as mean * SD of three independent experiments, representative of pooled
measurements from multiple samples to account for measurements taken at random
locations of each sample. N = ranges between 3 — 71.
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3.3. Discussion

3.3.1. Effect of extrusion flow rate on core-shell

alginate fibres’ geometry

In order to mimic the blood vessels’ structure, a precise control over the
fabrication of the fibre and core’s size and the thickness of the fibres' wall is important
(106). Therefore, first aim of the study was to repeat the extrusion flow rates used by

Moetazedian et al. (2023) to confirm the formation of core-shell fibres (110).

3.3.1.1. Printing process

Initially, the amount of material extruded was not specified to see if the fibre can
be extruded continuously. It was found that continuous fibre could be printed in one
go. The nozzle of the chip was held inside the bath solution to help the exiting
partially crosslinked sodium alginate to be able to react with the CaCl.. The partially
linked sodium alginate crosslinked immediately upon touching the bath solution,
forming a fibre. The yellow and blue dyes, mixed in the solutions, helped with
visualising where each solution was concentrated in the fibre’s structure. The yellow
was on the outer edges of the fibre and blue was in the centre of the fibre. The dyes
mixed to form green and bled into the bath solution when the fibres were left in the

bath solution after printing. This finding is consistent with Lan et al. (2021) who
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observed the blue dye leaking out of the hydrogel fibre’s wall after 5 minutes of

printing, thus confirming semi-permeability of the fibre’s wall (152).

The Pluronic solution in the core of the fibre acted as a scaffold to hold the core
of the fibre open for the alginate to polymerise with Ca?* from the inside, to form
different shapes of cores. The Ca?* from the bath solution polymerised the alginate
from outer side of the shell (106). Leaving the fibres in the bath solution for 30
minutes ensured that the sodium alginate was fully formed. As the Pluronic liquifies
at low temperatures, storing the fibres in fridge (4 °C) for 10 minutes helped the
Pluronic solution and dyes to leak out from the fibres structure, leaving a hollow core

behind (110,153).

3.3.1.2. Fibre's structure

With increasing the core extrusion flow rate from 125 - 2000 ul.min~", the fibres
shell (i.e., overall fibre’s size) became smaller in width by 21.04% while core

increased in width by 103.11%. This was also reflected in the wall thickness as

increasing the core flow rate (i.e., reducing the Qcore/Qshell) resulted in an increase in

Woshell/Weore by 140.74%. This means that by reducing the ratio of extrusion flow rate

for core and shell, the amount of space taken up by the core in comparison to the
overall fibre is increased, thus, reduction in fibre’s wall thickness. Altering the fibre’s
core size with changing the flow rate of materials can be explained by the amount of
Pluronic solution that is being extruded in comparison to sodium alginate at a given
time. Pluronic solution coming from the inner channel of the chip pushes the sodium

alginate solution outwards to the wall of the nozzle as it gels the sodium alginate.
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Therefore, if the extrusion flow rate of core is changed, the force that it exerts to push
the alginate solution to the chip nozzle’s wall is changed. If the core flow rate is
reduced from 2000 pl.min~" to 125 pl.min™", the force exerted is reduced and the
amount of space the Pluronic solution takes up inside the fibre is also reduced, which
results in thinner core. Furthermore, the wall of the printed fibre is translucent,
allowing the core shape to be clearly seen through the fibre’s shell without the use of
a microscope. This is important because it allows the visualisation of fluids going

through the fibres core if needed for different studies.

Ability to create vessel mimics with a range of sizes is essential for the
progression of tissue engineering technologies within the field of regenerative
medicine. In this project, vessel mimics with diameter sizes (i.e., Wshen) ranging from
1345.10 £ 191.17 ym to 1062.07 £ 143.20 ym were created. These sizes are
comparable to the sizes of arteries and veins (Table 1.1). Engineering of blood
vessel mimics with even smaller diameters were beyond the scope of this project.
Although different fabrications methods, vasculature mimics as small as 5 ym have
been engineered previously (58,99). Therefore, one of the potential investigation
opportunities is to push the capabilities of our novel microfluidic-based chip to print
hollow hydrogel fibres that are comparable to the size of arterioles, venules, and
even perhaps capillaries. For capillary-sized fibres, either hollow fibres that are within
the diameter range of 3 ym — 30 ym (Table 1.1) could be printed or the endothelial
cells embedded in arteriole-sized vessel mimics could be induced with growth factors
(such as VEGF) to grow microvessels through the process of angiogenesis (section
1.3.2.). It is important to note that such microvessels should allow appropriate

diffusion of relevant substances such as oxygen, carbon dioxide and metabolites
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across the wall of the fibres between the plasma and bone tissue parenchymal cells.
Further investigation into the range of vessel mimics that could be created with this
microfluidic-based chip is very important for bone tissue engineering or testing novel

therapeutics.

Helical pitch

The helical pitch is the twists and turns in the core along the lining of the shell.
In literature, the extrusion flow rates have shown to play a role in core morphology
(i.e., straight, wavy, helical) (96,154). Results in this study confirmed that different

flow rate ratios (Qshell/Qcore) generated different core helical shapes from straight,

wavy and helical. This is an interesting finding because other technologies require a
support structure to produce complex shapes of blood vessel mimics, such as a
PDMS block to mould the 3D-printed blood vessel mimic, nozzle of the extrusion
devices to be modified in sizes and quantities, and specific moulds to be used in
order to print a specific core shape (96,154—157). In contrast, printing the hollow
hydrogel fibres using our novel microfluidic chip does not require any moulds or
further support. Previously, Jia et al. (2019) obtained similar helical structures as the
ones in this study by microfluidics-based technique, however, they used a complex
set-up of the device which required the nozzle of the chip to be adjusted to get a
desired shape (96). With our novel chip, only the extrusion flow rates needed to be
changed to create different core shapes, without the modification of the chip’s nozzle
or the requirements for specific moulds. In further studies, once the control of

changes in helical shape of the core in relation to changes in core flow rate is
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optimised, it will be a device of significant importance as it will allow the researchers
to easily print a fibre with desired core shape without the need for sophisticated

nozzles or moulds.

The mechanism behind the helical core formation and frequency of turns can be
explained by the amount of core solution being extruded compared to the shell
solution. A phenomenon observed by Jia et al. (2019) can provide some insights into
why the decrease in core flow rate led to narrower helical pitch (96). Jia et al. (2019)
increased the concentration of polyvinyl alcohol (PVA) in the crosslinker solution,
extruded it from the outer channel for their device and alginate from the inner
channel. This pushed the alginate solution inwards, decreasing the fibre’s width and
thus helped the fibre twist more easily and form a tighter coil (96). The similar
situation could have happened with fibres in this study, but instead of sodium alginate
in the centre, we had Pluronic in the centre and alginate on the outside. Although it
was the addition of PVA in the solution extruded through the outer channel in that
study that led to increase in sheer stress, it can still explain why the reduction in
core’s size in our case led to the decrease in helical pitch measurements (i.e., tighter
coil). On the contrary, Xu et al. (2017) printed the fibre similar to ours with CaCl; in
core and sodium alginate for shell and attributed the coiling of the core (helix
formation) to the sheer forces exerted on the core by the gelled sodium alginate area
(by the core solution) (154). When there is less core solution being extruded, during
slower core flow rates, less of the shell solution is gelled within the nozzle area of the
chip where the solutions first meet. Conversely, when more core solution is being
extruded, during higher core flow rates, more of the shell solution is gelled within the

nozzle area of the chip when the solutions first meet. This means the velocity of the
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outer sodium alginate solution and the sheer stress is low when slower core flow
rates are used compared to higher core flow rates, from 2000 pl.min~"! to 125 pl.min-
. Therefore, when less core solution is being extruded through partially gelled
sodium alginate, which is exerting less shear stress on core due to low velocity, it can
help the core twist and turn easily leading to a narrower helical pitch. On the other
hand, when more core solution is being extruded through partially gelled sodium
alginate, exerting more shear stress on it due to high velocity as a result of quicker

gelling, it cannot move easily thus leading to a wavy or straight core.

Although multiple shapes of the core could be generated, when measurements
for each test group was taken, the relationship between the helical pitch and core
flow rate was not clear at the moment as the spread of error bars indicated the
variation in data. This is due to the movement of chip during printing of fibres,
because whenever the movement and orientation of the chip inside the bath was
changed, the shape of the core seemed to be changing along with it. The chip had to
be swayed from side to side to remove the extruded fibre out of the way as the new
part of the fibre was being extruded. Otherwise, the printed fibre would block the new
fibre section by forming a clump at the opening of the chip. In literature, other
researchers fixed the printing nozzle which means they could control the core shape

better (154,158).

The Reynolds number is a dimensionless number used for predicting the
behaviour of fluid flow (159). It is related to fluid properties, flow rate and channel
dimensions of the microfluidic-based chip. As a result, it influences the profile and
pattern of the flow and, consequently, the core structure of the fibre. A high Reynolds

number suggests turbulent flow while a low Reynolds number indicates a laminar
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flow. Detailed investigation on the effect of Reynolds number was outside the scope
of this thesis project. However, based on the analysis carried out by Moetazedian et
al. (2023) (where identical microfluidic-based chip, similar printing conditions and
solutions were used), the Reynolds number is expected to be under 100 (110). This
would imply that, under our experimental conditions, laminar flow is taking place
within our microfluidic-based chips. Nonetheless, in further studies, accurate
calculation of the Reynolds number is encouraged to support the links between flow

rate and changes in the internal structure of the fibre’s core.

3.3.2. Testing different concentrations of CaCl;
in bath solution

3.3.2.1. Fibre’s structure

Width of the fibres, generated using different concentration of CaClz, was
measured to see if the changes in CaClz concentration influences fibres size. Using
phase-contrast images of the fibres printed in 2 wt%, 4 wt% and 10 wt% groups, it
was observed that the fibres were thinner for 10 wt% group (1219.06 pm) compared
to 2 wt% (1371.13 ym) and 4 wt% groups (1341.80 um). This was expected since
higher the CaClz concentration is, compared to sodium alginate, the higher the
polymerisation and tighter the structure of the alginate gel due to high concentrations
for Ca?* (160,161). This could also explain the delicate nature of the 2 wt% and 4

wt% fibres, which were breaking easily during the handling of fibres, after 24 hours of
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culture. For tuning the structural integrity, the mechanical strength of the fibres can
be tested in future studies by doing tensile strength test, to ensure the fibres can
withstand stresses (97,106).

The changes in fibre’s size due to changes in CaClz concentration is
advantageous for the purpose of creating blood vessel mimics, as it will allow further
control of the fibre’s structure, in addition to the changes in core flow rate (as
mentioned in section 3.3.1.). In future studies, perhaps higher concentrations of
CaClz can be tested such as 20 wt% and 30 wt% CaClz: to see if the fibres will
continue to become thinner in width. According to the equation in Figure 3.7, the 20
wt% CaClz baths should give around 1027.2 pym thick fibres and 30 wt% should give
around 833.8 um thick fibres. This will be an important thing to consider if an even
smaller width fibre, than the ones generated in this study, are required in future
studies. Although, the cell viability studies will need to be carried out to confirm the

biocompatibility of those fibres.

3.3.2.2. Cell viability

Intriguingly, 3T3s encapsulated in fibres that were printed and bathed in 10 wt%
CaCl2 showed significantly higher viability compared to 2 wt% by 25.45% after 24
hours of culture. It is important to note that during the pilot studies, when fibres were
printed in 10 wt% calcium bath, cells had a very low viability (see Appendix D). It
was found that if the fibres are transferred directly to the media for culture, after being
left in the bath for 30 minutes, it transfers excess CaCl: to the media, thus constant
exposure of cells to the Ca?* ions. Bosch-Rué et al. (2020) washed fibres with media

after bathing to remove excess CaCl before culture (153). Therefore, the same
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rinsing step was carried out in this study following bath in CaClz, but sterile water was
used instead to prevent the waste of media.

Trypsin, used for detachment of cells for culture, can cause some damage to
the cells (162). When cells are reintroduced to Ca?* in the bath solution, they are
more sensitive to its cytotoxic effects, thus leading to apoptosis (163). Therefore, the
reason behind cell survival for 10 wt% group being more compared to 2 wt% group
could be the decrease in porosity of the fibre’s structure. Higher the concentration of
cross-linker used (i.e., CaClz), the tighter the crosslinking of alginate structure due to
high concentrations for Ca?* (160,161). This means that less CaCl, (along with water)
was able to enter fibres from the bath, and cause cell damage for 10 wt% group
compared to 2 wt% group. For 2 and 4 wt%, the fibres structure is more porous, so
more cells are exposed to the CaClz from the bath, that is why they experience more
cell death. To support this interpretation, in the future, scanning electron microscope
(SEM) analysis of the fibres can provide insight into differences in the porosity of the
cross-linked alginate’s structure between different calcium concentrations.

Since, 2 wt% group had a cell viability lower than the ISO standard (< 70%), it is
considered cytotoxic and inadvisable to go ahead with this concentration in future
studies (164). Although 4 wt% group met the ISO standard (cell viability > 70%), the

fibres were more delicate compared to 10 wt% group.

3.3.2.3. Cell morphology

The cells were visibly evenly distributed in the hydrogel matrix of the fibres, as
shown by the phase-contrast and confocal images, rather than being clumped

together (Figures 3.8 A-C & 3.9 A-C). The area of the cell was measured to get an
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indication of cell growth after 24 hours of culture. It was found that cells remained
rounded and the same size for all test groups. This was expected since cells have
been shown to keep a rounded morphology when embedded in alginate fibres due to

lack of cell-ECM interaction (165,166).

3.3.3. Changing the shell’s polymer
composition to promote cellular
biocompatibility

The reason why these experiments were carried out is because although 3T3-
embedded fibres with alginate could be printed (section 3.2.2.), which remained
viable for 24 hours of culture, those cells had a rounded morphology and were not
spreading as cells normally should. Lack of 3T3 adhesion to material has been
reported to result in cell death (167). In literature, modification of alginate is
recommended to support cell-ECM interactions for cells embedded within the
hydrogel fibres, and for the cells that will be lined in the fibre’s core in future studies
(168). Gelatine is a well-tested material that allows cell attachment and spreading
once the cells are seeded on it (139,169).

Extrusion flow rates of 2000 pl.min~" for shell was chosen in this experiment as
it has already shown good cell viability in section 3.2.2.2.. Extrusion flow rates of
1500 pl.min~" for core was chosen because in section 3.2.1., this was the fastest

flow rate that could generate fibres with more frequency of helical core (as observed
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qualitatively from images) and had a wide width that will be useful for cannulation
studies later in the project. Additionally, fast extrusion speed of fibre printing will

reduce the time for cells to be out of the media, thus less effect on cell viability.

3.3.3.1. Cell viability

The viability of 3T3s that were remaining on the gel after 24 hours of culture
was measured to observe any trends in data between the different gelatine
concentrations. As expected, groups with 0 wt% gelatine had a significantly lower
viability compared to Negative group due to lack of adhesive motifs on alginate.
Groups with 6 wt% and 10 wt% gelatine also had a significantly lower viability
compared to Negative control, but their mean was still above 80%. Interestingly, the
2 wt% group did not have a significantly different viability compared to Negative
group. This could possibly be due to the large overlapping error bars for 2 wt%.
Overall, the investigation into the impact of gelatine concentration on cell viability,
seeded on top of alginate-gelatine membranes, revealed that despite the increasing
final concentrations of gelatine from 2 wt% to 10 wt%, cell viability did not change

significantly between groups.

Data for the viability of cells in 2 wt% test group (Figure 3.11 A) should be
interpreted with caution. This is because a very low number of cells were actually
present in the sample when the confocal microscope images were taken, according
to Figure 3.11 B. The loss of cells is due to cells not being able to attach to the
alginate material (in the absence of gelatine) and thus are washed away during the
Live/Dead staining process. To avoid the loss of cells and get a more accurate

representation of cell viability, perhaps a cell viability assay that doesn’t involve the
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washing step can be carried out in future studies such as the ReadyProbes Cell

Viability Imaging Kit (Blue/Green) (170,171).

3.3.3.2. Cell attachment

The attachment of the 3T3s to the surface of gel membranes containing different
concentrations of gelatine from 0 wt% to 10 wt% were compared with Negative
control (2D culture). This study was carried out to determine if the hydrogel blend
material was adhesive for cells.

When the Live/Dead staining was carried out 24 hours after culture, there were
no cells attached to the surface of gel membranes containing no gelatine (0 wt%) and
only alginate present, as expected. The highest attachment of cells was to the
surface of gel membranes containing 10 wt% gelatine compared to the groups with 2
wt% and 6 wt%. This was expected because higher the concentration of gelatine is in
a polymer blend; higher the cell attachment should be as shown previously (172). It is
important to consider that the cells were present in the wells before the Live/Dead
assay was carried out, as shown in light microscope images. This means that the
cells were washed away as the media was aspirated from the wells for the Live/Dead
stain to be added.

Cell attachment mainly seemed to be towards the corners of the gel membrane
and was not uniform throughout the surface of the gel, except for Negative group.
Cell aggregate formation on gelatine was also observed previously (173). For this
reason, confocal images for Live/Dead assay were taken only at locations with cells

and there were large areas of the gel membranes for 2 wt%, 6 wt% and 10 wt%
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gelatine groups that had no cells attached to the gel. This could be due to gelatine
polymers sticking out of the alginate solution at specific places thus cells attaching to

those areas of the gel only.

3.3.3.3. Cell area

The morphology of the 3T3s seeded on top of gel membranes containing
different concentrations of gelatine from 0 wt% to 10 wt% were compared with
Negative control (2D culture). This was measured to indicate if the cells were
elongating or not following attachment to the test material. The cells seeded in
Negative group showed spreading after 24 hours of culture as observed using
Live/Dead stained images and spreading area of a cell was 63.49 + 19.52 um?.
However, the cells seeded on top of 2 wt%, 6 wt% and 10 wt% gelatine membranes
had a rounded morphology and spreading area of a cell approximately 27.64% less

(averaged) than the Negative group.

Nonetheless, from the results in this study, it can be hypothesised that alginate-
gelatine with 2 wt%, 6 wt% and 10 wt% gelatine have the potential to allow
attachment of HUVECs to the inner lining of the core-shell fibres, when tested in

future studies.

3.3.3.4. Fibre’s structure

Core-shell fibres composed of gelatine at 0 wt% (alginate-only), 2 wt%, 6 wt%

and 10 wt% concentration were printed. Concentration of alginate was kept constant
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at 2 wt% for all groups. The purpose of this study was to check if core-shell fibres can
be printed even if gelatine is added to the shell solution and if the increase in gelatine
concentration from 2 wt% to 10 wt% has any effect on the fibre’s core formation.
When the fibres were extruded using 2000 pl.min~"! extrusion flow rate for shell and
1500 pl.min~" for core, the core-shell fibres were printed for 0 wt%, 2 wt% and 6 wt%
gelatine blend groups but not for 10 wt%. This is likely due to the fluctuating
temperatures, and solidifying, of gelatine in shell solutions which could not be kept
the exact same temperature for all groups (174,175). Even when placed in 37 °C
bath, by the time (less than 1 minute) the solution was transferred from the main
bottle in the water bath to the syringe and after assembling of the printing equipment,
the solutions had cooled down slightly to room temperature. For 2 wt% the gelling
was slower compared to 6 wt% and 10 wt% groups and the fibres could be printed
easily. However, the shell solution for 6 wt% would gel faster than 2 wt%, resulting in
the blockage of tubes and chip channels during printing and thus had to be refreshed
from solution warmed in the water bath for each technical repeat. Shell solution with
10 wt% gelatine gelled the fastest and would block the tubing (in less than 1 minute).
This resulted in fibres without a defined core for 10 wt% group.

Width of the fibre’s shell and core was measured to observe if there were any
differences between different concentrations of gelatine used and the alginate-only
group. The results showed that no clear trend between the fibre’s structure and the
gelatine concentration can be predicted. Generally, it could mean that there is no
major difference in structure between fibre containing alginate-only and different
concentrations of gelatine (except 10 wt%) in the shell solution. Same was observed

for helical pitch.
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3.4. Limitations of the study

For section 3.2.1., there were some disparities between the data obtained in
this study and the data generated by Moetazedian et al. (2023) for the width of shell
and core, ratios and the helical pitch (110). Although the material preparation,
extrusion flow rates and the printing equipment used were the same for both studies,
the differences in the data could be attributed to the temperature and the chip size.
As the Pluronic F-127 in core solution gels at room temperature, care was taken to
keep it cool and in liquid form during printing. Ice was used to keep the microfluidic
chip and solution cool before loading into the syringe, ice packs were placed on top
of the syringes in the extrusion pump during printing. But whenever the printing was
stopped, the tubing and the chip had to be cleaned with cold water within ~10
seconds otherwise the solution would gel inside and cause blockage. While printing,
it is very likely that the temperature of the core solution fluctuated and resulted in
different flows between replicates of each test group. This could have resulted in the
slight variation of fibre’s structure and inconsistency between data from this study
and the data by Moetazedian et al. (2023) (110). Slight changes in the room
temperature due to weather and time of the year could have also played a role in the
liquid state of the core solution during printing. The equipment would get blocked with
Pluronic solution quicker during the summer than it did during winter. In order to
prevent further issues and ensure reproducibility of the data, in future studies it is
best to use a syringe cooler such as the one designed by Kogler et al. (2022) to keep
a constant temperature of core solution for the duration of printing process

(176). Temperature regulated syringes will also ensure that regardless of where the
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fibres are printed geographically, for example in countries with hot climates, the
structure of the fibre generated should not be affected due to inconsistencies in the
solution and room temperature. As for controlling the chip size and length of
channels, rather than just cutting the chip out from the Petri dish it was casted in, it is
best to use a custom 3D-printed master mould, as done by Behroodi et al. (2020), for
casting PDMS to form the chip (177). This should simplify the production of chips,
ensure reproducibility, and allow for rapid manufacturing in the future. If the
disparities in data were caused due to any differences in the size of the chip, it

should be reduced by consistency in the chip design.

For section 3.2.3.2., in future studies it is best to use a syringe warmer such as
the Syringe Heater Kit (New Era Instruments, USA) to keep a constant temperature
of the shell solution at 37 °C for the duration of printing. Fan et al. (2016) printed a 3D
construct with and without temperature-control and found that controlled temperature
enhanced the homogeneous composition of the material (agarose in their case)
(178). Therefore, printing alginate-gelatine blends with a temperature-controlled
syringe will ensure a hollow core-shell fibre is printed, that has a homogeneous
composition of the material and less variation between the technical repeats.

The mechanical properties of the hollow fibres have not yet been measured.
Once the printing conditions are optimised, the investigation into the mechanical
properties of the fibres should be carried out and comparisons made with those of

native blood vessels.

In future studies, if the experiments for cell viability and cell area are repeated,
they should be carried out separately. In this research project, cell viability studies

were given priority as they were some of the main experiments (Figure 3.8 D & 3.11
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A). The data used to create graphs for Figures 3.9 D and 3.12 were the same
confocal microscope images taken for cell viability studies. This could potentially be
the reason behind high variability in results for cell area because low-resolution
images were used. For this reason, data regarding the cell area should be taken with
caution. Additionally, Live/Dead stain was used for visualising the cells and it stains
part of the cytoplasm, not the full cell. Therefore, the data for cell morphology in
Chapter 3 have been included to give only an indication of cell area. To get a more
accurate representation of the changes in cell spreading area in future studies, stains
for actin protein (e.g., the gold standard phalloidin or CellMask™ Green Actin
Tracking Stain kit) can be used because it is present throughout the cell (179).
Furthermore, higher resolution images (using the 20X objective lens) should be taken

for subsequent image analysis.

In future studies, the confocal microscope images for measuring cell viability,
cell area and cell attachment should be taken at fixed locations of the samples for
technical repeats within an experiment. Currently, a minimum of three Z-stacks
(section 2.2.4.2.) or individual images (section 2.2.5.2.) were taken per technical
repeat at random locations of the samples. Additionally, for Figure 3.9 D, only three
images were used for extracting raw data (average cell area) per experimental repeat
for each test group. To get more reliable data, in addition to taking images at fixed
locations of the sample (such as the start, middle and end of the fibre for Figure 3.9
D), a minimum of five Z-stacks or individual images should be taken. This is because,
if any of the images for a technical repeat need to be excluded from data analysis,
due to background noise in fluorescence during image processing, there will still be

three or more samples within a technical repeat for averaging and statistical analysis.
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3.5. Summary

This study confirmed that by using the novel microfluidic-based chip, a range of
hollow core-shell fibres can be generated with a defined width and geometry, just by
changing the extrusion flow rates of core solution. Fibres printed in 10 wt% CaCl2
bath had a high viability, compared to 2 wt% and 4 wt% groups, were stronger to
handle and also had a smaller width. For this reason, it was confirmed that the 10
wt% concentration of the bath solution was right for this project. Addition of gelatine
to the shell solution improved cell attachment to the material in a dose-dependent
manner. However, the formation of fibre became difficult with increasing
concentrations of gelatine due to gelatine gelling at room temperature and blocking
the printing equipment. Therefore, for the prolonged cell culture and fibre degradation
studies (Chapter 4), 2 wt% gelatine concentration is chosen due to its ease of use,

core-shell fibre formation and confirmation of cell attachment.
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4. Effect of prolonged culture
on cell viability and fibre
degradation
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4.1. Introduction

Having established some cell attachment on gel membranes (section 3.2.3.1.),
studies in this chapter were carried out to investigate the viability of cells
encapsulated inside the fibre‘s shell. General purpose behind this study was to
observe how the cells react to material over time and how the material will need to be
modified to improve its biocompatibility before it is made more complex in the future.
This will allow optimisation for SMCs, embedded in fibre’s shell, when used in the
future for producing 3D-printed blood vessel mimics.

Overall, it would be an interesting finding to observe how much the culture of
fibres printed using the novel microfluidic chip can be prolonged. Therefore, the time-
points tested were Day 1 to observe what would happen to the cells and fibres after
24 hours of culture, as normally tested during this project so far, and then every week
from the start date of when the fibres were printed, on Day 7, 14, 21, and 28.

In this chapter, the impact of the shear stress produced by the extrusion
technique, using the novel chip, on cell viability between fibres without a core (Group
A) and with a core (Group B) after 24 hours of culture (Day 1) will be assessed.
Comparison between the core-shell alginate-only fibre (Group B) and core-shell fibre
with the 2 wt% gelatine added (Group C) was to see if the addition of gelatine has
any influence on cell viability and fibre structure over a long period of culture.

The reason behind the use of 2 wt% gelatine concentration for prolonged cell
culture is because with this concentration the fibres were easy to print (section
3.2.3.2.) and there was still some cell attachment, compared to the 0 wt% (alginate-

only) group (section 3.2.3.1.). Although 6 wt% and 10 wt% groups had generally
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more cell attachment, the fibres were not easy to print at this stage. In future studies,
depending on the results for 2 wt% gelatine, fibres with 6 wt% and 10 wt% gelatine
can be printed and compared with 2 wt% group. HUVECs attachment to the fibre’s
inner lining can be compared between these groups, when the fibres are perfused
with cell suspended media for culture.

In this chapter, the effect of prolonged culture time on fibre’s structure, cultured
and stored under different conditions, was also tested. This is a crucial analysis
because it will provide insights into how the storage conditions of the fibres will need
to be optimised to ensure their structural integrity for tissue engineering.

Therefore, the overall aim of this chapter is to assess the impact of fibre
extrusion, with varying structures, on cell viability and storage conditions and time-

dependent degradation of fibres over a prolonged culture period.
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4.2. Results

4.2.1. Testing different types of fibres

4.2.1.1. Viability and morphology of cells embedded in

fibres for a 28-Day culture

To investigate the changes in morphology and viability of cells embedded in
different types of fibres, across long culture period, this study was carried out. 3T3s
were embedded in alginate-only solid fibres (Figure 4.1), alginate-only core-shell
fibres (Figure 4.2) and alginate-gelatine core-shell fibres (Figure 4.3). Live/Dead
assay was carried out on cells encapsulated in fibres on Day 1 (24 hours of culture),
7,14, 21 and 28. Confocal images of cells were captured and used for morphological

and viability analysis.

Figures 4.1- 4.3 show that the morphology of cells embedded in all fibres
appeared rounded across all days. For all groups, cells show a consistent distribution
throughout the hydrogel with little to no apparent clustering. From the green channel
(live cell) images (A & B), a consistent signal is observed throughout the culture
period, which indicates sustained cell viability within both alginate-only (Figures 4.1
& 4.1) and alginate-gelatine blend (Figure 4.3) fibres. However, the green channel
images for Day 28 for both solid (Figure 4.1) and core-shell (Figure 4.2) alginate-
only fibres exhibit a lot of background noise, characterised by bright green

fluorescence. In order to improve the visibility of red channels (dead cells), due to a
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faint signal which was detected across all days, they had to be enhanced using the

Fiji software (Figure 4.1C — 4.3C).

Overall, the confocal microscopy analysis provided a valuable insight into the
viability and morphology of 3T3s embedded within the solid and core-shell fibres

composed of alginate-only and alginate-gelatine blends, across 28-day culture.
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Figure 4. 1: Confocal microscopy analysis of cells embedded in solid alginate
fibres. 3T3s embedded within solid alginate fibres are presented, with each row
representing a specific day of culture: Day 1 (i), 7 (ii), 14 (iii), 21 (iv) and 28 (v). Each
column displays different confocal imaging channels: A) both red and green
channels, B) green channel (alive cells) only, and C) red channel (dead cells) only.
The contrast in red channels (C) was enhanced by 0.35 saturation using Fiji
software. Scale: 100 um.
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Figure 4. 2: Confocal microscopy analysis of cells embedded in core-shell
alginate fibres. 3T3s embedded within core-shell alginate fibres are presented, with
each row representing a specific day of culture: Day 1 (i), 7 (ii), 14 (iii), 21 (iv) and 28
(v). Each column displays different confocal imaging channels: A) both red and green
channels, B) green channel (alive cells) only, and C) red channel (dead cells) only.
The contrast in red channels (C) was enhanced by 0.35 saturation using Fiji
software. Scale: 100 um.
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Figure 4. 3: Confocal microscopy analysis of cells embedded in core-shell
alginate-gelatine blend fibres. 3T3s embedded within core-shell alginate-gelatine
fibres are presented, with each row representing a specific day of culture: Day 1 (i), 7
(i), 14 (iii), 21 (iv) and 28 (v). Each column displays different confocal imaging
channels: A) both red and green channels, B) green channel (alive cells) only, and C)
red channel (dead cells) only. The contrast in red channels (C) was enhanced by
0.35 saturation using Fiji software. Scale: 100 pm.
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Cell viability

Changes in the viability of three types of cell-encapsulated alginate fibres, over
a 28-day culture period was studied (Figure 4.4). The types of groups tested were
two alginate-only fibres with a solid (Group A) and core-shell (Group B) structure, and
alginate-gelatine blend core-shell fibres composed of 2 wt% alginate and 2 wt%
gelatine (Group C). The days the measurements were taken were Day 1, 7, 14, 21
and 28. Measurements for samples were collected as confocal Z-stack images at
random locations in the sample, following a Live/Dead assay. Statistical analysis
using a parametric and non-parametric one-way ANOVA — on normally distributed
and skewed data, respectively — followed by a multiple comparisons test between

Groups at a specific timepoint (Day) and between Days for each group (p < 0.05).

For a multiple comparisons test between Groups at a specific timepoint (Day),
significant differences in viability were observed (Figure 4.4; p < 0.05). For Day 1
and Day 14, Group B had a significantly higher viability compared to Group A by
7.44% (p= 0.0345) and 15.68% (p= 0.017), respectively. Additionally, for Day 1,
Group B also had a significantly higher viability compared to Group C by 9.77% (p=
0.0072). For Day 14, Group C had a significantly higher viability compared to Group

A by 21% (p= 0.0014).

For a multiple comparisons test between Days for each group, significant
differences in viability were observed (Figure 4.4; p < 0.05). Group A had a
significantly higher viability on Day 21 compared to Day 1 by 15.29% (p= 0.0249).
Group B had a significantly higher viability on Day 7 compared to Day 1 by 27.64%

(p=0.0012). However, between Day 7 and Day 21, viability of cells in Group B
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reduced by 28.06% (p= 0.0015). Group C had a significantly higher viability on Day 7
compared to Day 1 by 26.86% (p= 0.0378), which further increased by 29.64% (p=

0.0172) on Day 14.

Overall, this study provides an overview of the changes in viability between cell-

encapsulated fibres with different structures when cultured for 28 days.
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Figure 4. 4: The viability of 3T3s embedded in different types of fibres and
cultured for 28 days. The types of cell-encapsulated fibres tested were: (A) solid
and (B) core-shell fibres composed of 2 wt% alginate only and (C) core-shell fibres
made of 2 wt% alginate and 2 wt% gelatine blends. Extrusion flow rates used were
2000 pl.min~" for shell (A-C) and 1500 pl.min~" for core (B-C). Measurements for
samples were collected as confocal Z-stack images at random locations in the
sample, following a Live/Dead assay. Data are shown as mean *+ SD of one
independent experiment, representative of pooled measurements from multiple
samples. Statistical analysis using a parametric and non-parametric one-way ANOVA
— on normally distributed and skewed data, respectively — followed by a multiple
comparisons test between Groups at a specific timepoint (Day) and between Days
for each group (p < 0.05) was carried out. * p < 0.05 and ** p < 0.01. Non-significant
results (p > 0.05) are not labelled on the graph. N = ranges between 3 - 11.
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4.2.1.2. Effect of culture time on fibres’ morphology

The temporal changes in three types of cell-encapsulated alginate fibres'
morphology were observed using phase-contrast microscopy, over a 28-day culture
period (Figure 4.5). The types of groups tested were two alginate-only fibres with a
solid (Group A) and core-shell (Group B) structure, and alginate-gelatine blend core-
shell fibres composed of 2 wt% alginate and 2 wt% gelatine (Group C). The days the
images were taken are Day 1, 7, 14, 21 and 28. The individual fibre was printed for
each day, and the columns do not represent a single fibre imaged over time (Figure

4.5 i-vi).

The temporal phase-contrast images of fibres illustrate the visual changes in
fibres shell overtime for each test group (Figure 4.5). The shell of the fibres is seen
to be cracking, when compared with Day O fibres, and even break in some areas,
such as for images Figure 4.5 B & C (v). A noteworthy finding is the gradual
darkening of the fibres over time, with Group B and C appearing more darker
compared to Group A. It is interesting to note that the culture media was changed
regularly, indicating that factors other than nutrient depletion or waste accumulation

could be the cause of observed changes.

Overall, the images reveal progressive changes in fibres' structure, including
cracking in the shell wall and darkening, suggesting dynamic remodelling within the

hydrogel matrix over a long period of culture.
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Figure 4. 5: Phase-contrast images of temporal changes in three different types
of fibres. The types of cell-encapsulated fibres tested were: (A) solid and (B) core-
shell fibres composed of 2 wt% alginate only and (C) core-shell fibre made of 2 wt%
alginate and 2 wt% gelatine blends. Fibres were cultured in supplemented DMEM,
which was changed regularly. Images represent multiple fibres that were printed
specifically for the day the images were taken. Each row within the figure represents
a specific day of culture (Day 1, 7, 14, 21 and 28) for all three groups, allowing for a
visual comparison of fibre's morphology over time. Extrusion flow rates used were
2000 pl.min~" for shell (A-C) and 1500 pl.min~" for core (B-C). Scale bar: 500 um.
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Width of fibre’s core and shell

The temporal changes in three types of cell-encapsulated alginate fibres'
morphology, over a 28-day culture period was observed (Figure 4.6). The types of
groups tested were two alginate-only fibres with a solid (Group A) and core-shell
(Group B) structure, and alginate-gelatine blend core-shell fibres composed of 2 wt%
alginate and 2 wt% gelatine (Group C). The days the measurements were taken
were Day 1, 7, 14, 21 and 28 and the day when samples were first printed. For
example, a fibre printed for Day 1 was measured on the day it was printed (Day 0)

and one day later (Day 1).

For each test group, the width of fibres’ shell and core was statistically
compared between the day the fibre was printed and the day of interest when the
measurements were taken. Statistical analysis using a two-tailed parametric and
non-parametric t-test — on normally distributed and skewed data, respectively —
between Day 0 and the corresponding day was carried out. For group A, the increase
in fibre’s mean shell size after 1 day and 14 days were 212.5 ym (p= 0.0053), 520.7
pum (p = 0.0062), respectively (Figure 4.6 Ai). For group B, the increase in fibre’s
mean shell size after 1 day and 14 days were 176 ym (p<0.0001), 388.1 pm
(p<0.0001), respectively (Figure 4.6 Bi). For group C, the increase in fibre’s mean
shell size after 7 and 14 days were 133.9 um (p = 0.0422), 235.3 ym (p<0.0001),
respectively (Figure 4.6 Ci). Although changes in fibres’ shell and core sizes were

observed for all days and groups, it was not significantly different for all (p >0.05).
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Overall, this study provides an overview of the changes in different fibres’
structures when cultured for 28 days, between the day it was printed and the time-

point of interest.



130

Ali
2000
5 1500
£
o
= 1000
H
2
o 500
OA
01 07 014 021 0 28
Day
Bli Blii
2000 2000
*kk%k
= Kok -
E 1500 E 1500
= =
3 = I I I I £
g 1000 $ 1000
3 o
< 1
o 500 S o0
0.
01 07 014 021 0 28 o
Day
Cli C
2000 2000
E 1500 * *ﬁ* g 1500
§ .o 1o I B
= 1000 =
s T I $ 1000
E e
wn 500 S 500
! 0
01 07 014 021 0 28 07 014 021 0 28
Day Day

Figure 4. 6: The width of different fibres’ shell is influenced by culture for 28
days. The types of cell-encapsulated fibres tested were: (A) solid and (B) core-shell
fibres composed of 2 wt% alginate only and (C) core-shell fibres made of 2 wt%
alginate and 2 wt% gelatine blends. Extrusion flow rates used were 2000 pl.min~" for
shell (A-C) and 1500 ul.min~" for core (B-C). Width measurement data for all fibres’
shell size are presented in the green graph (Ai — Ci) and core size measurements for
core-shell fibres are presented in blue graphs (Bii and Cii). Day O represents the
measurements taken of the fibres’ structure on the day it was printed for the
corresponding Day bar it is presented with. Data are shown as mean = SD of one
independent experiment, representative of pooled measurements from multiple
samples. Statistical analysis using a two-tailed parametric and non-parametric t-test
— on normally distributed and skewed data, respectively — between Day 0 and the
corresponding day was carried out (p <0.05). * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Non-significant results (p > 0.05) are not labelled on the graph. N =
ranges between 3-16 for shell, and 3-13 for core.
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Weore/Wshell

The temporal changes in two types of cell-encapsulated alginate fibres'
Weore/Wshell, over a 28-day culture period, were measured to investigate the

differences in fibre's wall thickness over time (Figure 4.7). The types of groups tested
were alginate-only fibres with a core-shell (Group B) structure and alginate-gelatine
blend core-shell fibres composed of 2 wt% alginate and 2 wt% gelatine (Group C).
The days the measurements were taken were Day 1, 7, 14, 21 and 28 and the day
when samples were first printed. For example, a fibre printed for Day 1 was

measured on the day it was printed (Day 0) and one day later (Day 1).

For each test group, the width of fibres’ Wecore/Wshell was statistically compared
between the day the fibre was printed and the day of interest when the
measurements were taken. Statistical analysis using a two-tailed parametric and
non-parametric t-test — on normally distributed and skewed data, respectively —
between Day 0 and the corresponding day was carried out. Although changes in

fibres’ Weore/Wshell were observed for all days and groups, it was not significantly

different (p > 0.05).
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Figure 4. 7: The Wcore/Wshell of different fibres when cultured for 28 days. The
types of cell-encapsulated fibres presented are: (A) core-shell fibres composed of 2
wt% alginate only and (B) fibres made of 2 wt% alginate and 2 wt% gelatine blends.
Extrusion flow rates used were 2000 ul.min~" for shell and 1500 pl.min~" for core. Day
0 represents the measurements taken of the fibres’ structure on the day it was
printed for the corresponding Day bar it is presented with. Data are shown as mean *
SD of one independent experiment, representative of pooled measurements from
multiple samples. Statistical analysis using a two-tailed parametric and non-
parametric t-test — on normally distributed and skewed data, respectively —
between Day 0 and the corresponding day was carried out (p < 0.05). Non-significant
results (p > 0.05) are not labelled on the graph. N = ranges between 3-13.
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4.2.2. Testing different incubation and storage
conditions

4.2.2.1. Effect of storage conditions on fibre’s morphology

Camera photos were taken to visually inspect the changes in alginate core-shell
fibres, cultured in various conditions for 28-day period (Figure 4.8). Fibres were
printed under the same conditions and bathed in 10 wt% CaCl.. Subsequently, the
fibres were cultured under different conditions. Group A fibres were cultured in
supplemented DMEM with FBS, Group B fibres were cultured in supplemented
DMEM without FBS, and Group C and D fibres were cultured in RO water. Group A -
C were incubated at 37 °C, while Group D was stored in a 4 °C fridge. Each image in

Figure 4.8. represents an individual fibre, not the same fibre imaged over time.

Based on the camera photos in Figure 4.8, distinct trends can be observed in
the structural integrity of alginate core-shell fibres between test conditions for
different days. In Groups C and D, the fibres consistently maintain their integrity
throughout the 28-day culture, as shown by their continuous intact (as one fibre)
presence in the images for all days. However, for Group C, the visibility of the fibre is
poor due to the image taken with the culture-dish's lid present, as a result of an
infection on Day 21 and Day 28, which limits clarity. In contrast, fibres in Groups A
and B displayed a different trend over time. Fibres initially appeared intact on Day 0
when printed but afterwards broke into pieces from being in culture from Day 1
onwards. Interestingly, Group A and B fibres appear as translucent, causing poor

visualisation and had to be observed by swaying the plate to allow the varied lighting
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conditions which could not be captured through the camera lens for still images. A

white dotted line is used to outline the fibres that are not clearly visible.

Overall, the images in Figure 4.8 demonstrate the structural integrity of alginate
core-shell fibre cultured under various conditions for a 28-day period and give insight

on the differences between test groups.
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Figure 4. 8: Camera photos of alginate core-shell fibres cultured in various
conditions for a 28-day period. Alginate fibres printed under the same conditions
were tested in various cell culture conditions. Cell culture conditions tested were: (A)
supplemented DMEM with FBS at 37 °C, (B) supplemented DMEM without FBS at
37 °C, (C) RO water at 37 °C, and (D) RO water at 4 °C. Media was changed
regularly. Each image represents an individual fibre that was printed specifically for
the day the images were taken. Each row within the figure represents a specific day
when images were acquired (Day 1, 7, 14, 21 and 28) for all groups, allowing for a
visual comparison of fibre's morphology over time. For groups A — C on Day 21 and
Day 28, infection occurred so the images could not be taken clearly without the lid for
those time points. White dotted line is used to highlight the fibres that were not clearly
visible. Scale bar: 5 mm.
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The temporal changes in cell-free alginate core-shell fibres' morphology were
observed using phase-contrast microscopy, over a 28-day culture period (Figure
4.9). Fibres were printed under the same conditions but cultured under different
conditions. Group A fibres were cultured in supplemented DMEM with FBS, Group B
fibres were cultured in supplemented DMEM without FBS, and Group C and D fibres
were cultured in RO water. Group A - C were incubated at 37 °C, while Group D was
stored in a 4 °C fridge. Each image in Figure 4.9 represents an individual fibre, not
the same fibre imaged over time. Days the images were taken are Day 1, 7, 14, 21

and 28 (Figure 4.9 i-vi).

The temporal phase-contrast images of fibres illustrate the visual changes in
fibres shell overtime for each test group (Figure 4.9 i-vi). The shell of the fibres
predominantly appears intact for all test groups across time, however, fibres from
Group A and B exhibit swelling and translucency compared to Groups C and D, for
Day 1 time-point (Figure 4.9 ii). Another noteworthy finding is the gradual darkening
and browning of the fibres colour over time, for Group A and B, while fibres in Group
C and D keep the same visual appearance (Figure 4.9 iii & iv). It is important to note
that the culture media was changed regularly, confirming the change was not due to
aging of media. The absence of Day 21 and Day 28 images for Group A-C is due to

the infection of cell culture plates (Figure 4.9 v & vi).

Overall, these phase-contrast images reveal progressive changes in Group A
and B fibres' structure, including swelling of the shell on Day 1 and darkening over
time, while fibres in Group C and D remained unchanged (confirmed up to Day 14 for

Group C). These qualitative observations suggest dynamic remodelling within the
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alginate hydrogel matrix over a long period of culture for fibres cultured in

supplemented DMEM at 37 °C.
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Figure 4. 9: Phase-contrast images of temporal changes in core-shell alginate
fibres cultured under various conditions. Alginate fibres printed under the same
conditions were tested in various cell culture conditions. Cell culture conditions tested
were: (A) supplemented DMEM with FBS at 37 °C, (B) supplemented DMEM without
FBS at 37 °C, (C) RO water at 37 °C, and (D) RO water at 4 °C. Media was changed
regularly. Each image represents an individual fibre that was printed specifically for
the day the images were taken. Each row within the figure represents a specific day
when images were acquired (Day 1, 7, 14, 21 and 28) for all groups, allowing for a
visual comparison of fibre's morphology over time. For groups A — C on Day 21 and
Day 28, infection occurred so the images could not be taken for those time points.
Scale bar: 500 um.
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4.2.2.2. Effect of storage conditions on fibre’s core and

shell

Width of fibre’s core and shell

The temporal changes in 2 wt% core-shell alginate fibres’ core and shell width,
printed under the same conditions, but tested in various cell culture media and
conditions were investigated (Figure 4.10). Cell culture media and conditions tested
were supplemented DMEM with FBS at 37 °C (Group A), supplemented DMEM
without FBS at 37 °C (Group B), RO water at 37 °C (Group C), and RO water at 4 °C
(Group D). The days the measurements were taken were Day 1, 7, 14, 21 and 28
and the day when samples were first printed. For example, a fibre printed for Day 1

was measured on the day it was printed (Day 0) and one day later (Day 1).

For each test group, the width of fibres’ shell and core was statistically
compared between the day the fibre was printed and the day of interest when the
measurements were taken. Statistical analysis using a two-tailed parametric and
non-parametric t-test — on normally distributed and skewed data, respectively —

between Day 0 and the corresponding day was carried out.

A significant increase in fibre’s shell size was observed for some samples from
the day they were initially printed. For group A, the increase in fibre’s mean shell size
from the day it was printed and on Day 1 was 521.5 ym (p<0.0001), on Day 7 was
443.8 ym (p<0.0001) and on Day 14 was 152.5 ym (p= 0.0037) (Figure 4.10 Ai). For
group B, the increase in fibre’s mean shell size from the day it was printed and on
Day 1 was 445.6 ym (p <0.0001), on Day 7 was 371.7 ym (p= 0.0001) and on Day

14 was 270.1 ym (p<0.0001) (Figure 4.10 Bi). For group C, the increase in fibre’'s
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mean shell size from the day it was printed and on Day 7 was 99.38 um (p= 0.0296)
(Figure 4.10 Ci). For group D, the increase in fibre’s mean shell size from the day it
was printed and on Day 7 was 47.37 um (p= 0.0426), on Day 21 was 86.95 ym (p=

0.0158) and on Day 28 was 77.57 ym (p= 0.0428) (Figure 4.10 Di).

Additionally, a significant change in fibre’s core size was observed for some
samples from the day they were initially printed. For group A, the increase in fibre’s
mean core size after 7 days was 130.40 ym (p = 0.0360) but decreased for Day 14
by 144.30 um (p 0.0079) (Figure 4.10 Aii). For group D, the increase in fibre’s mean
core size from the day it was printed and on Day 7 was 24.90 ym (p= 0.0475), and

on Day 21 was 73.91 um (p= 0.0250) (Figure 4.10 Dii).

Although changes in fibres shell and core sizes were observed for all days and
groups, it was not significantly different for all (p > 0.05). Moreover, lack of data for
Day 21 and Day 28 for groups A-C meant that fibres’ core and shell sizes for those
groups could not be compared fully. Nonetheless, Figure 4.10 provides an overview
of the changes in different fibres’ structures when cultured under various conditions

for at least 14 days.
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Figure 4. 10: Temporal changes in core-shell alginate fibres' shell and width
size when cultured under various conditions for 28 days. Alginate fibres printed
under the same conditions were tested in various cell culture conditions. Cell culture
media and conditions tested were: (A) supplemented DMEM with FBS at 37 °C, (B)
supplemented DMEM without FBS at 37 °C, (C) RO water at 37 °C, and (D) RO
water at 4 °C. Media was changed regularly. Extrusion flow rates used were 2000
ul.min~! for shell and 1500 pl.min~" for core. Width measurement data for all fibres’
shell size are presented in the green graph (Ai — Di) and core size measurements for
core-shell fibres are presented in blue graphs (Aii — Dii). Day 0 represents the
measurements taken of the fibres’ structure on the day it was printed for the
corresponding Day bar it is presented with. Data are shown as mean = SD of one
independent experiment, representative of pooled measurements from multiple
samples. Missing data for Day 21 and Day 28 for groups A-C are due to the loss of
samples to infection. Statistical analysis using a two-tailed parametric and non-
parametric t-test — on normally distributed and skewed data, respectively —
between Day 0 and the corresponding day was carried out (p < 0.05). * p<0.05, ** p
<0.01, ™ p £0.001, **** p < 0.0001. Non-significant results (p > 0.05) are not
labelled on the graph. N = ranges between 8-11.
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Wecore/Wshell of different fibres

The temporal changes in 2 wt% core-shell alginate fibres’ Wcore/Wshell, printed

under the same conditions, but tested in various cell culture media and conditions
was investigated (Figure 4.11). Cell culture media and conditions tested were
supplemented DMEM with FBS at 37 °C (Group A), supplemented DMEM without
FBS at 37 °C (Group B), RO water at 37 °C (Group C), and RO water at 4 °C (Group
D). The days the measurements were taken were Day 1, 7, 14, 21 and 28 and the
day when samples were first printed. For example, a fibre printed for Day 1 was

measured on the day it was printed (Day 0) and one day later (Day 1).

For each test group, the width of fibres’ Wecore/Wshell was statistically compared

between the day the fibre was printed and the day of interest when the
measurements were taken. Statistical analysis using a two-tailed parametric and
non-parametric t-test — on normally distributed and skewed data, respectively —

between Day 0 and the corresponding day was carried out.

A significant increase in fibre’s Wecore/Wshell Was observed for some samples
from the day they were initially printed. For group A, the decrease in fibre’s mean
Weore/Wshell from the day it was printed and on Day 1 was 0.25 (p<0.0001), on Day 7
was 0.13 (p=0.0137), and on Day 14 was 0.26 (p<0.0001) (Figure 4.11 A). For group
B, the decrease in fibre’s mean Wcore/\Wshell from the day it was printed and on Day 1
was 0.18 (p = 0.0014), on Day 7 was 0.18 (p = 0.0074) and on Day 14 was 0.16
(p=0.0004) (Figure 4.11 B). For group C, the decrease in fibre’s mean Wcore/Wshell

from the day it was printed and on Day 14 was 0.095 (p= 0.0074) (Figure 4.11 C).
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Although changes in fibres Wecore/Wshell were observed for all days and groups,
it was not significantly different for all (p > 0.05). Moreover, lack of data for Day 21
and Day 28 for groups A-C meant that fibres’ Wcore/Wshell for those groups could not

be compared fully. Nonetheless, Figure 4.11 provides an overview of the changes in
different fibres’ structures when cultured under various conditions for at least 14

days.
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Figure 4. 11: Temporal changes in core-shell alginate fibres' Wcore/Wshell When
cultured under various conditions for 28 days. Alginate fibres printed under the
same conditions were tested in various cell culture conditions. Cell culture media and
conditions tested were: (A) supplemented DMEM with FBS at 37 °C, (B)
supplemented DMEM without FBS at 37 °C, (C) RO water at 37 °C, and (D) RO
water at 4 °C. Media was changed regularly. Extrusion flow rates used were 2000
ul.min~! for shell and 1500 pl.min~" for core. Day 0 represents the measurements
taken of the fibres’ structure on the day it was printed for the corresponding Day bar it
is presented with. Data are shown as mean £ SD of one independent experiment,
representative of pooled measurements from multiple samples. Missing data for Day
21 and Day 28 for groups A-C are due to the loss of samples to infection. Statistical
analysis using a two-tailed parametric and non-parametric t-test — on normally
distributed and skewed data, respectively — between Day 0 and the corresponding
day was carried out (p £ 0.05). * p < 0.05, ** p <0.01, *** p <0.001, *** p < 0.0001.
Non-significant results (p > 0.05) are not labelled on the graph. N = ranges between
8-11.
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4.3. Discussion

4.3.1. Testing different types of fibres

This study was carried out to investigate the changes in viability of 3T3s
encapsulated in fibres and the structure of those fibres during prolonged 3D cell

culture for more than 24 hours.

4.3.1.1. Cell viability and morphology

To investigate the changes in viability between cell-encapsulated fibres with
different structures when cultured for 28 days, this experiment was carried out. The
types of groups tested were two alginate-only fibres with a solid (Group A) and core-
shell (Group B) structure, and alginate-gelatine blend core-shell fibres composed of 2
wt% alginate and 2 wt% gelatine (Group C). Analysis between Groups at a specific
timepoint (Day), showed significant differences in cell viability. Group B had a
significantly higher viability compared to Group A on Day 1 and Day 14. This meant
that the extrusion through the novel microfluidics-based chip did not have a negative
impact on cell viability. This interpretation could have been further supported by the
generally higher cell viability on other days too, however the overlapping error bars
caused no significant difference to be reported. Cell viability when gelatine is added
to the shell solution was significantly lower than Group B (alginate-only) 24 hours
after culture (Day 1), however, the differences fluctuated throughout the remaining

culture period of 28 days.
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For comparison between Days for each group, significant differences in viability
were observed for all groups. Based on significant difference analysis, cells
embedded in solid alginate-only fibres improved in cell viability between Day 1 and
Day 21. While cells embedded in core-shell alginate-only fibres improved in cell
viability between Day 1 and Day 7, the cell viability reduced by Day 21. Cells
embedded in core-shell alginate-gelatine fibres consistently improved in cell viability
between Day 1, 7 and 14. From these results, it can be interpreted that the viability of
cells embedded in fibres with gelatine added improves over 14-day culture. However,
the viability of cells, embedded in fibres with no gelatine added, decreases over 21-
day culture, despite the initial rise in cell viability between Day 1 and Day 7. This is
very likely due to the lack of adhesive molecules on alginate, causing the cells to
escape the gel matrix as the fibre breaks in culture over time. Escape of cells from
the alginate hydrogels has been previously reported by Fannon et al. (2021) due to
degradation gel in culture overtime (180).

The trend in data could also be due to samples taken from areas of the initially
printed fibre that had more cells which survived printing conditions, than other areas.
This can explain the viability of cells embedded in core-shell alginate-only fibres to be
below 80% on Day 1 but above 80% on Day 7. Cells embedded in solid alginate-only
and core-shell alginate-gelatine fibres also had a viability below the ISO standard (<
70%) after 24 hours of culture (164). This supports the interpretation that the low cell
viability, after 24 hours of culture, is not due to the extrusion of cells through the
novel microfluidics-based chip. This is because even the solid fibres had a low cell
viability after 24 hours of culture, contrary to the >80% viability in section 3.2.2.1.

Additionally, there was no significant difference between other samples on the graph
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which can be explained by large error bars. Therefore, in the future, it is best to
measure the viability of cells repeatedly on the same sample for each timepoint,
under sterile conditions, so a more controlled comparison can be made.

Furthermore, the 3T3s that were incapsulated in these fibres, remained rounded
overtime. The lack of cell growth over time could be because of cells entering non-

proliferative phase (GO) of cell cycle due to no cell attachment to the material (167).

4.3.1.2. Fibre morphology and structure

Study in this section was carried out to investigate if the thickness of the fibre’s
wall changes or if the fibre’s shell degrades overtime. Measurements of the shell and
core’s width, and their ratio revealed that the size of core-shell alginate fibre
fluctuated when cultured in DMEM over the period of 28 days. This was supported by
the observations made from phase-contrast images which revealed progressive
changes in fibres' structure, including cracking in the shell wall and darkening, which
suggested dynamic remodelling within the hydrogel matrix over a long period of
culture. Alginate gels are sensitive to compounds such as phosphate or cations such
as sodium or magnesium which can interfere with the calcium-alginate binding (168).
This can cause degradation of the gel and cause mechanical instability (180). The
swelling of fibres can be explained by water uptake in the fibres as the fibre structure
expands due to de-crosslinking caused by sodium in the DMEM (180,181). The
cracking of the outer shell can be explained by the constant exposure of the outer
layer to non-gelling cations and calcium chelating compounds creating a break in the

fibre’s wall (180). Perhaps this degradation of the gel could also explain the reduction
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in cell number (both red and green) for fibres on 28" day in section 4.2.1.1. as the
cells were escaping the fibre’s structure and washed away in the media.
Degradation of a hydrogel can be beneficial on one hand to allow the hydrogel
to be broken down and removed once an endothelial tube has formed. However,
uncontrolled degradation of the hydrogel fibre can also result in weaking and
rupturing of the developing endothelial wall. Additionally, it is important to study the
degradation of fibres further because when the fibres are perfused in future studies,
they will need to have a structurally robust to be able to withstand the sheer stress

from fluid flow.

4.3.2. Testing different incubation and storage

conditions

The cause behind morphological changes of the fibre, such as shell and core
structure, when cultured for 28 Days as seen in section 4.2.1, needed to be
investigated. Although blood vessels in vivo remodel structurally according to the
changes in nutritional and oxygen demands of the tissue they are supplying to, it is a
highly controlled process (182). It is important to study the changes in structure of the
core-shell fibre (i.e., blood vessel mimic) overtime because if the size of shell (i.e.,
vessel wall) increases it will result in an increased porosity of the fibre’s wall which
will affect the diffusion of nutrients and molecules into the ECM. Similarly, if the core
(i.e., lumen) of the fibre changes in size overtime, it can cause changes in the blood

flow dynamics to the target tissue or organ. Therefore, it is crucial to study the
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structural changes of the hydrogel fibres, produced to mimic the blood vasculature, to
ensure that their function is controlled to achieve the desired outcome.

This study was designed to determine if it was mainly the DMEM, FBS, or the
temperature of incubation that was causing the browning of the fibres. The reason
behind the use of 2 wt% alginate-only core-shell fibre in this study is because it was
one of the fibres that was browning and turning opaque in previous study (section
4.2.1). Once there is any indication of what the reason behind the structural changes
of the fibre could be, then the experiment could be repeated in the future with

gelatine core-shell fibres for comparison.

4.3.2.1. Fibre morphology and structure

The observations made from the phone camera images were that the fibres that
were incubated (37 °C) or stored (4 °C) in water did not brown or become opaque
overtime. Additionally, these fibres remained intact over time and their shell did not
crack like the fibres in Group A and B. These fibres were also easy to handle during
transfer from culture well to the petri dish for observations under the microscope. In
contrast, fibres that were cultured in DMEM with FBS (Group A) and without FBS
(Group B) displayed a different opacity of the fibres over time. Fibres initially
appeared intact on Day 0 when printed but afterwards broke into pieces from being in
culture from Day 1 onwards. Interestingly, Group A and B fibres appeared translucent
24 hours after culture at 37 °C, causing poor visualisation and had to be observed by
swaying the plate to allow the varied lighting conditions which could not be captured

through the camera lens for still images.
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Measurements of the shell and core’s width, and their ratio revealed that the
size of core-shell alginate fibre fluctuated when cultured in DMEM over the period of
14 - 28 days. This was supported by the observations made from the phase-contrast
images which showed that while the shell of the fibres predominantly appeared intact
for all test groups across time, fibres from Group A and B exhibited swelling and
translucency compared to Groups C and D, for Day 1 time-point. This made it difficult
to see the fibres with and without the microscope. Presence of Ca?* in the DMEM
solution is supposed to maintain the integrity of the fibres in culture as reported by
Andersen et al. (2014), however, we observed that the fibres that were kept in water
were more structurally intact than the fibres that were kept in DMEM, regardless of
the temperature (168). The amount of CaCl, present in our sample was 0.2mg/ml
according to the manufacturers (183). Another interesting contrast between our data
are that their cells were spreading inside the 3D gel from 6 to 23 days of culture,

while the cells in this study (section 4.2.1.1.) remained rounded (168).

4.3.2.2. Cause of fibre degradation

In this section, the potential reasons behind the structural changes of the fibres
overtime will be discussed to narrow down the real reason behind the issue.

Firstly, printing conditions such as extrusion flow rates and bath duration in
CaCl; cannot be the issue in Group A and B fibres turning brown, going transparent
and becoming delicate from Day 1. This is because the aforementioned changes
were observed for Group A and B only and not for Group C and D, despite all of the
printing conditions being kept the same for all groups. Pluronic F127, used for core

solution, also cannot be the cause behind changes in fibres morphology. This is
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because in section 4.2.1., alginate-only solid fibres (without the core) would not have
changed morphologically, as they did not have the Pluronic F127 present. Also, the
reason behind the browning of the fibres could not be due impure pigments in the
alginate. This is because all sample were made from sodium alginate and the fibres
for RO water would have browned too.

Secondly, the temperature cannot be the cause behind changes in fibres
morphology. This is because the fibres’ that were kept in incubator at 37 °C in RO
water looked unaffected morphologically compared to their Day 0 samples over time.
Similarly, the fibres kept in the 4 °C fridge in water also remained unchanged over
time. In order to strengthen this interpretation of the data, fibres in DMEM (with FBS
and without FBS) should be stored at 4 °C as well next time, to see if the temperature
change alters the effects of DMEM.

Thirdly, the FBS cannot be the cause behind changes in fibres” morphology
because the fibres that were kept in Group B (without FBS) turned transparent,
became delicate and looked brown. If it was because of the FBS, the changes would
have been observed only in Group A ( with FBS) and not Group B ( without FBS).
Therefore, it further narrows down something being in the DMEM (other than FBS)
that was causing the browning of the fibres. The DMEM did seem to be the factor as
both A and B Groups appeared brown on Day 7 and Day 14. Also, the fibres broke
very easily, and some pieces were dissolved in media and washed away during
media change for DMEM Groups (A & B). This was not observed in Group C and D
with water. Therefore, the reason could be due to the oxidation of tryptophan present

in the DMEM cell culture media, as reported previously to be the cause behind
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browning of alginate gels (184). The DMEM used during this project had a tryptophan
concentration of 0.016 mg/ml (183).

The significance of these finding is that the issue in structural changes of the
fibres overtime is due to the materials used (i.e., sodium alginate) and not the novel
microfluidics-based chip. Therefore, in the future, structural integrity of the sodium
alginate will need to be enhanced through ligand conjugation, such as with the RGD
motifs. This is because the presence of RGD ligand in alginate hydrogels have
previously shown increased viability, proliferation, and migration of cells, while the
mechanical stability of the gel was further supported by cell-ECM interaction

(181,185-187).

4.4. Limitations of the study

The results presented in this chapter are obtained from just one experimental
repeat for each study (sections 4.2.1 and 4.2.2.), due to the short duration of the
project. This can explain the large error bars and variation in some data. Therefore,
multiple experimental repeats should be carried out with the suggested optimisation
steps to ensure consistency in data and a clear trend to be determined.
Nevertheless, this study provided an overview of the changes in viability between
cell-encapsulated fibres with different structures when cultured for 28 days.

It should be noted that only the temporal changes in cell-free fibres' morphology
were observed under different culture conditions (section 4.2.2.). Although the
potential causes behind fibre degradation were highlighted in section 4.3.2.2., cell-

encapsulated fibres should also be cultured alongside cell-free fibres in future
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studies. This should provide clarification if any cell-related factors are contributing

towards fibre’s degradation overtime, as observed particularly in section 4.2.1.

Fibres that were kept in 37 °C incubator (Group A, B and C) were infected on
Day 21 and Day 28 for section 4.2.2. Day 21 plate was infected first, followed by
plate for Day 28 few days afterwards. Therefore, the images for measurements could
not be taken on their specific timepoints for these samples. Lack of data for Day 21
and Day 28 for groups A-C meant that fibres’ core and shell sizes for those groups
could not be compared fully. Photo images taken for visual observation were poor
quality due to the culture-dish's lid present that could not be removed. This limits the
clarity in the changes being observed for long term studies. The media was changed
regularly and was freshly aliquoted from stock solution. 3T3s being cultured in the
flask for other studies at the same time, did not show any infection otherwise the
reason for infection could have been narrowed down to infection of the media. The
samples were kept separately, in a box in the incubator in order to prevent infection
from other samples in case there was an infection from other’s work. The reason
behind the infection, therefore, is very likely due to the opening of the lid outside of
the flow hood, or the tips used for this experiment. Nonetheless, this experiment
provided an overview of the changes in different fibres’ structures when cultured

under various conditions for at least 14 days.
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4.5. Summary

Overall, this study provides an overview of the changes in different fibres’
structures when cultured for 28 days, between the day it was printed and the time-
point of interest. Additionally, cell viability measurements demonstrated that the loss
of cells overtime due to the degradation of fibres in media. Therefore, structural
integrity of alginate core-shell fibres, cultured under various conditions for a 28-day
period, was carried out to gain insight into the differences among the test groups.
Findings revealed progressive changes in fibre’s structure that were cultured in
DMEM (with FBS and without FBS), including swelling of the shell from Day 1 and
darkening over time, while fibres kept in water remained unchanged (confirmed up to
Day 14 for fibres in 37 °C). These observations suggest dynamic remodelling within
the alginate hydrogel matrix, over a long period of culture, for fibres cultured in

supplemented DMEM at 37 °C.
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5. Perfusion of fibres to
mimic blood flow
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5.1. Introduction

Having successfully printed the hollow core-shell fibres in sections 3.2.1. and
3.2.3., perfusion test of the fibres needed to be carried out to mimic blood flow and
confirm fibre’s ability to function as blood vessel mimics. The reason why it is
important to test the flow of fluid through the fibre’s core is to ensure that the fibre
has a continuous core from which fluid can be flowed without any blockage.
Furthermore, by perfusing the hollow fibres to mimic blood flow, the potential of these
fibres to be used for generating vascularised bone tissues will be determined.

Additionally, in order to create a fully functioning blood vessel mimic, the fibre
needs to be cannulated to allow constant flow of fluid through the fibre. This is
because when the cells are cultured in the fibre, such as SMCs and HUVECs in
fibres and MSCs outside the fibre to form bone tissue, they will need to be supplied
with oxygen and nutrients for development. Therefore, in this chapter, methods to
create a set-up like organ-on-a-chip model would be explored with a potential as a

‘nutrient circulation system’ (188).
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5.2. Results

5.2.1. Perfusion test

5.2.1.1. Fibres printed using varying extrusion flow rates of

core solution

In order to test the hollow structure of the fibre’s core and its perfusion for
mimicking blood vessels, the hollow alginate fibres were perfused with blue dye
solution using the siphoning method (Figure 5.1). Alginate fibres, printed using
extrusion core flow rates of (Figure 5.1 A) 125, (Figure 5.1 B) 250, (Figure 5.1 C)
500, (Figure 5.1 D) 1000, (Figure 5.1 E) 1500, (Figure 5.1 F) 2000 uyl.min~"!, with a

constant shell flow rate of 2000 pl.min~", were tested.

The time-lapse images show the before and after state of fibres during the
perfusion process (Figure 5.1 ii-iv). These images clearly demonstrate that all fibres
have a continuous core present, from one end of the fibre to the other, that can be
perfused without interruptions in the flow of blue dye solution. Notably, the uniformity
of the perfusion throughout the fibres is evident from these images, as no localised
areas of blockage or irregular flow patterns were observed. The blue dye solution
flowed through the core of the fibre from one end and mixed into the clear water bath
as it flowed out from the other end of the fibre. For Figure 5.1 F, the reason there is a
leakage in the fibre is because the fibre broke during the handling for imaging after it

was perfused. The perfused area after the leakage proves that the fibre had a
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continuous core initially. These results emphasise the structural integrity of the fibre’s

core and their ability to be perfused with a consistent flow of fluid.
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| Before perfusion || After perfusion |

2000 pt.min-! H 1500 pl.min-1 ﬂ 1000 pl.min-1 H 500 pl.min-" n 250 pl.min-1 ﬂ 125 pl.min-1 n

Figure 5. 1: Perfusion test of alginate core-shell fibres. Time-lapse images
demonstrating blue dye flowing through the core of hollow alginate fibres. Fibres
were perfused using the siphoning method, with one end in a tube containing blue
dye, while the other end of the fibre was in a petri dish containing water. Fibres
extruded using core flow rates of A) 125 ul.min=', B) 250 pl.min~", C) 500 yl.min~", D)
1000 pl.min~", E) 1500 ul.min~"', F) 2000 ul.min~" were tested, with a constant shell
flow rate of 2000 pl.min~". A = F (i) show phase-contrast images of core-shell fibres’
structure, while the corresponding camera images (ii & iv) for each group show the
before and after perfusion of these fibres with blue dye. Close-up of each perfused
fibre is also provided (iv). Scale bar: 500 ym for A - F (i), and 5 mm for A —F (ii-iv).
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5.2.1.2. Fibres printed using varying gelatine

concentrations

Core-shell fibres with different compositions of gelatine in alginate-gelatine
blends were perfused, as shown in Figure 5.2 (i-iv). Fibres with gelatine added to
alginate-gelatine blend (Figure 5.2) were compared with the control group (0 wt%)
with no gelatine added (Figure 5.2). Optical images show the visual evidence of
fibres’ before and after perfusion with blue dye thus confirming successful perfusion
of these fibres with fluid, except for the 10 wt% group due to a lack of core.
Therefore, Figure 5.2. illustrates the successful perfusion of core-shell fibres using 2

and 6 wt% gelatine in alginate-gelatine blends, like the alginate-only group (0 wt%).
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After perfusion

Before perfusion |

Figure 5. 2: Perfusion of alginate-gelatine core-shell fibres. Core-shell fibres with
different concentrations of gelatine (2 wt% to 10 wt%) in an alginate-gelatine blend
were printed and perfused. Alginate concentration was kept as 2 wt%. A - D (i) show
phase-contrast images of core-shell fibres’ structure, while the corresponding camera
images (ii & iii) for each group show the before and after perfusion of these fibres
with blue dye. Close-up of each perfused fibre is also provided in A-C (iv). Fibres
printed with 10 wt% gelatine did not have a core and thus could not be perfused as
shown in D (ii-iv). Scale bar: 500 pym for A-D (i), and 5 mm for A - C (ii-iv).



162

5.2.2. Cannulation and set-up of fibre on a chip

5.2.2.1. Cannulation of fibres

Figure 5.3 shows time-lapse images of the perfusion process of a hollow
alginate fibre. The fibre was cannulated with a 30G needle, using a PDMS block with
hollow area to hold the fibre in place. Thus, precision and control required to hold the
needle into the fibre’s core is illustrated. Subsequently, blue dye solution was
perfused through the fibre’s core from one end to the other. The sequence of images
demonstrates the movement of blue fluid along the fibre’s core, gradually filling the
internal structure. Low opacity of the alginate fibre’s shell allowed the visual

representation of the perfusion process in the core.

Figure 5. 3: Cannulation of a core-shell fibre. The fibre with a core size of 500 ym
(x50 pm) was cannulated with a 30G needle and perfused with blue dye mixed in
water. Black arrow indicates the order of images. Yellow arrows indicate the flow of
dye through the fibre’s core and yellow circle highlights the bubbles released from the
open end of the fibre, indicating the flow of dye through the fibre. Scale: 50 mm.
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5.2.2.2. Setting up channels with fibres

A hollow core-shell alginate fibre was inserted into an ibidi channel with the aim
to create a microfluidic system. However, upon sticking the coverslip to the bottom of
the ibidi channel, the hydrogel fibre was compressed and deformed due to limited
space, as shown in Figure 5.4. Rather than the round morphology of the fibre, as
seen from the ends sticking out from the channels, the fibre exhibited a flattened
morphology upon compression between ibidi channel and coverslip. Additionally, 30
wt% Pluronic solution which was poured into the channels around the fibre was not

strong enough to hold the fibre in place for cannulation with a needle.

Ibidi channel slide Core-shell fibre

Figure 5. 4: Photographic images of fibre set up in a channel slide. A core-shell
fibre was threaded through the channel of an ibidi slide with ends coming out of the
two channels. The polymer coverslip stuck to the bottom-side of the ibidi slide
pressed and flattened the fibre against the channel. 30 wt% Pluronic solution in the
channels was not strong enough to hold the fibre in place for cannulation with a
needle. Scale: 1 cm.
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5.3. Discussion

5.3.1. Perfusion test

In order to confirm the hollow structure of the fibre’s core and its perfusion for
mimicking blood vessels, siphoning effect was used to test the movement of blue dye

from one end of the fibre’s core to the other.

5.3.1.1. Fibres printed using varying core flow rates

The images of fibres’ perfusion in section 5.2.1.1. clearly demonstrate that all
fibres had a continuous core present, from one end of the fibre to the other, that can
be perfused without interruptions in the flow of blue dye solution. The helical and
straight cores inside the fibres could be seen clearly from the transparent shells of
the fibres, similar to other core-shell fibres in literature (96,154). These results
emphasised the structural integrity of the fibre’s core, printed using various core flow
rates (125 pl.min~'-= 2000 ul.min~"), and their ability to be perfused with a consistent

flow of fluid to mimic blood flow.

5.3.1.2. Fibres printed using varying gelatine

concentrations

The blue dye successfully flowed through the core-shell fibres printed with 0

wt%, 2 wt% and 6 wt% gelatine blend groups but not for 10 wt%. Images showed
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that the blue dye was only leaking out from the end of the fibres and mixing into the
bath solution. This is a noteworthy finding because it showed that there were no
leakages in the fibre wall even if gelatine was added to the shell solution, alongside
alginate. This finding means that the addition of gelatine did not have a negative

effect on fibre’s shell integrity during perfusion.

5.3.1.3. Future directions

The diffusion of substances from the fibres shell could be studied to see if the
dye or specific molecules leak out of the shell (96,144,189). Jia et al. (2019) reported
that if the cross-linking of alginate and Ca?" is increased, then the fibre’s wall
becomes less permeable (96). However, if the cross-linking of fibres wall is
increased, more permeability and leakage of perfused fibres is observed, as shown
by fluorescein isothiocyanate-labelled bovine serum albumin (FITC-BSA) leakage
from the fibre’s wall (96). Therefore, further studies should be carried out to
investigate the permeability of the fibre’s shell using FITC-BSA technique. This will
allow the desired manipulation of the fibre’s shell according to the specific studies.
For example, if the researchers want to enhance the diffusion of VEGF or drugs from
the fibre’s core to the cells, then the permeability of the fibre’s shell can be increased
by reducing the cross-linking of fibre’'s shell materials. Alternatively, if the researchers
want to reduce the diffusion of molecules from the fibre’s core to the cells seeded in
ECM, then the permeability of the fibre’s shell can be decreased by increasing the
cross-linking of fibre’s shell materials in specific areas. Additionally, SEM should be

carried out on the fibre’s core in a cross-section view to observe the hollow nature
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and wall structure of the alginate-gelatine fibre and support the findings of perfusion
tests (110,189,190).

The fibre that was outside of the fluid started to dry and shrink during perfusion
(>1 minute later). Therefore, in future studies, the fibres can be prevented from drying
out by perhaps coating the exposed area of the fibre with Pluronic solution which gels
at room temperature and can act as a barrier between alginate fibres and the air

(191).

5.3.2. Cannulation and set-up of fibre on a chip

Although siphoning effect was a sufficient method to test the perfusion, it does
not provide control over the speed of fluid flowing through the fibre. Control over the
perfusion rate is important because it will allow a controlled delivery of the drugs to
the bone cells through the fibre in future studies. Previously, a needle has been used
to cannulate and perfuse the hollow fibres with a syringe pump to control perfusion
flow rate through the fibre’s core (96). Therefore, a setup with cannulated fibres set in
an organ-on-a-chip style could be very useful to control the perfusion and function of
these hollow core-shell fibres. Furthermore, the concept behind setting up the
cannulation channels is to create a multi-channel perfusion system using the core-
shell fibres that can be perfused and cultured simultaneously to allow rapid
prototyping in the future. In this section, the use of a needle to cannulate the fibres

and ibidi channels to create a channel set-up of the core-shell fibres is discussed.
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5.3.2.1. Cannulation of fibres

Having established that the fibres do have a continuous core, using the
siphoning method (section 5.2.1.), a core-shell fibre was cannulated with a 30G
needle for perfusion. The needle was attached to a syringe with blue dye in it, which
was perfused through the fibre from one end to the other.

First challenge was to cannulate the fibre. When the fibre was held in hand, it
was too delicate to be held with even a gentle force to insert the needle, as it would
crush and block the fibre’s core. Therefore, a block of PDMS cut from a spare
microfluidic chip, with an ID of about 1 mm, was used to hold one end of the fibre.
With delicate movements and difficult attempt, the fibre was successfully inserted
and held inside the PDMS block. A needle was injected into the PDMS block where
the fibre was, as shown in Figure 5.3. One end of the fibre was inside the PDMS
block, and the other end was inside the water. Blue dye was pumped through the
fibre using a syringe attached to an extrusion pump. The dye did seem to flow
through the fibre’s core at first, as seen by the bubbles being formed in the water.
However, the fibre slipped out of the PDMS block, possibly due to pressure.

Although reproducing the results in this section were difficult and need
optimisation, nonetheless this study showed that the fibres could be cannulated by
holding the fibre in a PDMS block to reduce movement of the fibre during perfusion.
Perhaps a transparent epoxy adhesive can be used to glue the fibre to needle, as
done by Jia et al. (2019) (96). This intervention should prevent the fibre from slipping

out of the PDMS block during perfusion.
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5.3.2.2. Setting up channels with fibres

The aim behind set-up of fibres in ibidi channels was to have a single hollow
core-shell fibre going through the channel with bone cells seeded on the sides of the
fibre. Additionally, the goal was to fix the fibres in the slide to limit the movement of
the fibre for cannulation and provide constant hydration to prevent the drying out of
the fibre. However, when the fibre was inserted inside the channel of the ibidi slide,
the fibre was crushed between the slide and the plastic cover, which was glued to
bottom of the slide. In the future, this issue can be resolved by creating a custom
slide with larger channel height of 2 mm, compared to the ibidi channel slide which
had a channel height of 0.8 mm (192). This should allow a 1 mm fibre to be placed
inside the channel with extra room for additional cells to be seeded around it. The
concentration of Pluronic solution used as a glue should either be increased (perhaps
to 50 wt%) or a hydrophilic adhesive can be used to fix the fibre ends in the
reservoirs of the ibidi channel before cells are seeded (193). Another thing to
consider when designing the custom channel in the future, is to ensure transparency
of the channel, that will allow the visualisation of cell behaviour under a microscope.
Finally, when making a custom channel slide, the channels should be designed at a
45° angle, rather than the 90° angle of the ibidi channel, to further ease the insertion

of capillary in the fibre.

5.3.2.3. Future directions

Previously, peristaltic pumps have been used to control flow rate of media

through the fibre’s core by altering the pressure in chambers (194,195). Therefore, in
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future studies, a variety of perfusion methods should be tested to find the best one
for our hydrogel fibres. Additionally, fluorescent labelled microspheres can be used to
microscopically image the flow of fluids through the fibre’s core (196). Once the
structural integrity of the fibres and cannulation method is optimised, the fibres
should be integrated into bone tissue scaffolds to create a perfusable vascularised

bone scaffold for tissue engineering.
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5.4. Limitations of the study

A hollow fibre, printed using the flow rates of 2000 pl.min~" for shell and 1500
ul.min=" for core, was cannulated with a needle for perfusion in this study. With
optimisation, fibres with smaller cores, printed using slower core flow rates, can be
tested in the future too. Referring to section 4.2.1., the cell-encapsulated fibres
(Group B and C) were too delicate to be perfused for the perfusion test. Fibre pieces
were also too small (< 3 cm long) to be held and tested using siphoning effect.
However, once the structure of the fibres is optimised in future studies, cell-
encapsulated fibres should be cannulated and perfused with media for prolonged cell
culture (28 days). This will allow the investigation into the effect of prolonged
perfusion on fibre’s structure and morphology.

Notably, the results reported in this study for cannulation and set-up of fibres
were preliminary studies and will require troubleshooting and optimisation in the
future. Due to complexity of the fibre’s cannulation and set-up, the priority was given
to other studies in this project to gather enough repeats for statistical analysis.
Nonetheless, siphoning method was sufficient during this project to confirm the

continuous core and perfusion of the fibres to mimic blood flow.

5.5. Summary

In this section, the fibres were perfused using siphoning method to confirm the

continuous hollow nature of the fibre’s core. Preliminary data for cannulation and ibidi
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channel set-up were also presented. However, the preliminary methods explored in

this section should be further investigated and improved in future studies.
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6. Conclusions
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Despite the increasing cases of bone fracture incidences, as well as the
limitations with current bone transplant methods, there is a shortage of bone tissue
donors. This has impelled research into tissue engineering strategies for bone
regeneration, which has shown some promising results. However, existing tissue
engineering strategies face some drawbacks, especially in supplying physiologically
relevant levels of oxygen and nutrients to cells within the bone tissue scaffolds. To
resolve this issue, a novel microfluidics-based chip for 3D-printing vascular structures
was developed by researchers at the School of Dentistry, University of Birmingham.
The purpose of this research project was to investigate the efficacy of this novel
microfluidic-based chip for fabricating hollow cell-compatible fibres, which are
structurally adjustable, durable and can be perfused to mimic physiological blood flow

for tissue engineering purposes.

6.1. Major outcomes

The major outcomes of this project are highlighted below, which correspond

with the objectives in Chapter 1, section 1.6.:

1. This project demonstrated that a range of hollow core-shell fibres can be
generated with a defined width and geometry by changing the extrusion flow
rates of core solutions through the microfluidic-based chip between 125
ul.min~'= 2000 pl.min~"', while keeping the flow rate of shell constant at 2000

ul.min-1. Straight, wavy and helical core shapes were generated that have the
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potential to be used for recapitulating different flow rates found

physiologically.

. Assessment of the printing conditions for cell viability revealed that 10 wt%
(100 mg/ml) CaClz in the bath solution provides optimal cell viability (> 80%),
compared to 2 wt% (20 mg/ml) and 4 wt% (40 mg/ml), as well as structural

integrity of the 2 wt% (20 mg/ml) sodium alginate fibres.

. To optimise the biocompatibility of materials used for the hollow fibre’s shell,
cytotoxicity, cell adhesion and cell morphology were assessed. Results
revealed that, 2 wt% gelatine blended with alginate at 1:1 concentration
supported cell adhesion while ensuring core-shell fibres to be printed with

ease.

. Long-term studies were carried out to learn the impact of incubation period on
different fibres, to determine the areas of improvement for future studies. It
was revealed that alginate fibres (whether core and gelatine present or not)
degraded in cell culture media over the 28 days of culture. Although, the
viability of cells embedded in core-shell fibres with gelatine added was
observed to be improving for the first 7 days of culture, the variation in data

meant that no clear trend could be observed at this stage.

. To confirm that the cause behind fibre degradation was the structure of
alginate and components of DMEM media, alginate core-shell fibres were
incubated in DMEM (with and without FBS) and water, and stored at 37 °C
and 4 °C. Results from this study and the literature review revealed that it was

in fact non-gelling cations, calcium chelating compounds and tryptophan
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present in DMEM media that were causing the fibre’s degradation and

morphological changes, such as darkening and opaqueness.

The hollow core-shell fibres were perfused using gravity and cannulation to
confirm the structural integrity and uniformity of the fibre’s core for replicating
blood flow. Fibres printed using a blend of alginate and gelatine
concentrations were successfully perfused, except the fibres with 10 wt%

gelatine, due to a lack of core.

Finally, cannulation methods and loading of fibres on a chip to create a set-up
that can be used for testing the efficacy of fibres in future studies were
explored. Areas of improvement were identified, such as the design of the set-

up channels to ensure an easy and reproducible set-up for further studies.

6.2. Future work

below:

Key areas of improvement and suggestions for future projects are outlined

Although a range of hollow core-shell fibres can be generated, temperature of
the core solution needs to be regulated at 4 °C to ensure consistency in fibre
and helical pitch formation for each test group. This should allow a clear
relationship between flow rates of solutions and the fibre structure to be

determined.
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In addition to the optimisation of printing conditions, such as temperature
regulation to allow homogonous composition of materials, gelatine with higher
concentrations should be tested. Higher concentrations of gelatine in the
alginate-gelatine blends are hypothesised to increase cell adhesion to the
material. However, care should be taken to ensure that enough alginate is
present in the blend to allow crosslinking of material with Ca?* ions during

printing.

Components of the DMEM media were observed to cause degradation and
morphological changes, such as darkening and opaqueness, of the alginate
fibre. Therefore, to avoid this, modification of the hollow fibre’s shell solution
needs to be carried out to enhance the structural integrity of fibres overtime.
This intervention is imperative to ensure that the hydrogel fibres can withstand

long-term culture and perfusion with media in future studies.

Thermal regulation of the shell and core solution during printing is required.
This is because most of the materials used for fibre generation, particularly
Pluronic® F-127 and gelatine, are temperature sensitive. Therefore, during
printing of the fibres, the temperature of the solutions can fluctuate and cause
disparities in the core formation. Thermal regulation of the shell and core

solution during printing should allow this issue to be fixed in future studies.

For the long-term culture of hollow fibres with HUVECs and SMCs (for
creating blood vessel mimics) consistent perfusion of cell culture medium
through the fibre’s core is required. To achieve this, cannulation method and

loading of fibres in channels to create a set-up were explored. However, due
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to the fragile nature of the fibre’s hydrogel structure, customisation of the set-
up is required to ensure perfusion of fibres in culture without any damage and

disruption.

e In future studies, the current microfluidic based printing system should be
refined to create hollow hydrogel fibres that are comparable to those of the
microcirculation, particularly capillaries. Either capillary mimics should be 3D-
printed, or larger hollow tubes should be induced to grow micro vessels
through the process of angiogenesis. Such smaller vessels should allow
appropriate diffusion of relevant substances such as oxygen, carbon dioxide
and metabolites between the plasma and tissue parenchymal cells. Ultimately,
this would allow a wide range of vasculature systems to be generated for bone

tissue engineering or testing of novel therapeutics.

This research project revealed that hollow core-shell fibres with a range of core
shapes, printed using the novel microfluidic-based chip, can be perfused to mimic
blood flow. With some optimisation, the fibres have the potential to be used in
fabricating vascularised bone tissue scaffolds, to meet the increasing demands of

organ donors for bone transplantation.
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Appendix A:

Measuring the width of fibre’s shell and core using Fiji Software:

In the software, scale was set up by measuring the distance in pixels (448.9375) for
the known scale of 500 um (distance: 500) already present on the image. This
information along with the unit of length (um) was put into the ‘Set scale’ tool (under
Analyze) in the Fiji software, and ‘Global’ was selected. This resulted in a Scale of
0.8979 pixels/um, which was used in measurements for all of the images acquired

through the Carl Zeiss Primo Star microscope.

In an open image file, straight segmented or freehand lines from the Fiji software
were used to draw a line across the diameter of the fibre. Then on a keyboard,
Command+M (on a macOS device) or Ctrl+M (on a Windows device) keys were
pressed simultaneously to measure the length of the segmented line. This step was
repeated five times in multiple locations on a fibre. From the ‘Results’ pop-up

window, Length data were saved and processed.

Appendix B:

Automated Fiji macro used for counting the number of green and red labelled

cells for viability calculations.

For Green channel:

Il Clear any previous selections and images

run("Close All");
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setBatchMode(true);

Dialog.create("Cell Viability Checker");

Dialog.addMessage(" This macro processes fluorescence images of cells
to count the number of green cells in each image. \n First put your image(s) to
be processed in a separate input folder. ");

Dialog.addString("Add image file type suffix: ", ".tif", 5);

Dialog.addMessage("Click OK to choose your input and output directories. \n
After processing you will be able to save the the number of green cells in each
image.");

Dialog.show();

suffix = Dialog.getString();

input = getDirectory("Input directory");

output = getDirectory("Output directory");

processFolder(input);

function processFolder(input) {
list = getFileList(input);
for (i = 0; i < list.length; i++) {
if(File.isDirectory(input + list[i]))

processFolder("" + input + list[i]);
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if(endsWith(list[i], suffix))

processFile(input, output, list[i]);

function processFile(input, output, file) {

open(input + File.separator + file);

lIrenames channels to generic names that the code can understand
title = getTitle();

run("Enhance Contrast", "saturated=0.35");
run("RGB Color");

rename("Image");

run("Split Channels");
selectWindow("Image (red)");
rename("red");

selectWindow("Image (green)");
rename("green");

llcloses blue channel
selectWindow("Image (blue)");

close();

selectWindow("green");
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run("3D Objects Counter", "threshold=35 slice=1 min.=4 max.=262144

exclude_objects_on_edges centres_of masses summary");

/Imacro "Close All Windows™ {
while (nImages>0) {
selectimage(nimages);

close();

For Red channel:

/IClear any previous selections and images

run("Close All");

setBatchMode(true);

Dialog.create("Cell Viability Checker");

Dialog.addMessage(" This macro processes fluorescence images of cells
to count the number of red cells in each image. \n \n First put your image(s) to

be processed in a separate input folder. ");

Dialog.addString("Add image file type suffix: ", ".tif", 5);

Dialog.addMessage("Click OK to choose your input and output directories. \n
After processing you will be able to save the log file containing the number of

red cells in each image.");

Dialog.show();
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suffix = Dialog.getString();

input = getDirectory("Input directory");

output = getDirectory("Output directory");

processFolder(input);

function processFolder(input) {
list = getFileList(input);
for (i = 0; i < list.length; i++) {
if(File.isDirectory(input + list[i]))
processFolder("™ + input + list[i]);
if(endsWith(list[i], suffix))

processFile(input, output, list[i]);

function processFile(input, output, file) {

open(input + File.separator + file);

lIrenames channels to generic names that the code can understand
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title = getTitle();

run("Enhance Contrast", "saturated=0.35");
run("RGB Color");
rename("Image");

run("Split Channels");
selectWindow("Image (red)");
rename("red");
selectWindow("Image (green)");
rename("green");

llcloses blue channel
selectWindow("Image (blue)");

close();

selectWindow("red");
/Ivalue between 1.5 and 5 depending on the quality of image
run("Gamma...", "value=5"),

lIradius between 0.05 and 1 depending on the quality of image

run("Median...", "radius=0.25");

run("3D Objects Counter", "threshold=34 slice=1 min.=4 max.=262144

exclude_objects_on_edges centres_of masses summary");

/Imacro "Close All Windows™ {
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while (nlmages>0) {
selectimage(nimages);

close();

Appendix C:

Automated Fiji macro used for measuring the area of cells on florescent

confocal images.

Il Clear any previous selections and images

run("Close All");

path = File.openDialog("Select a File");
/lopen(path); // open the file
dir = File.getParent(path);
name = File.getName(path);
print("Path:", path);

print("Name:", name);

list = getFileList(dir);
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open(path);

llrenames channels to generic names that the code can understand

title = getTitle();

run("RGB Color");
rename("Image");

run("Split Channels");
selectWindow("Image (red)");
rename("red");
selectWindow("Image (green)");
rename("green");

/lcloses blue channel
selectWindow("Image (blue)");

close();

selectWindow("green");

setAutoThreshold("Default dark no-reset");

//Adjust threshold to cover most of the cells.

waitForUser
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run("Convert to Mask");

run("Watershed");

run("Analyze Particles...", " show=[Count Masks] display exclude include summarize

overlay composite");

Appendix D:

Live and dead cells in solid alginate-only fibres (24 hours culture), before (i)

and after (ii) washing with water, following bathing in 10 wt% CacCl2 bath.

Before

After
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