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Abstract

A surgeon’s options for correcting congenital deformities, removing oral tumours
and reconstructing the head and neck region are typically restricted by the
equipment available to restore bone function and appearance for the patient. New
production techniques and implants with improved osseointegration performance
are urgently needed to meet the growing demand for effective implants at a
reasonable price. Non-degradable materials are used widely for bone repair;
however, they will stay in the body indefinitely until removed surgically. Metals,

such as titanium, can be used for three-dimensional (3D) printing of scaffolds.

3D printing has the potential to enhance the creation of anatomically fitting
patient-specific devices with highly effective delivery in a cost-effective manner.
However, metal implants have the disadvantage that they can release traces of
material over time and induce immunological responses. Non-degradable
polymers, such as poly (methyl methacrylate), have the disadvantages that they
undergo highly exothermic polymerisation, are prone to infection and lack
osseointegration. Ceramics, such as calcium phosphates, have also been
studied for use in craniofacial bone regeneration, however, they have poor

fracture toughness, brittleness and excessive stiffness.

In view of the disadvantages associated with several of the known 3D printable
materials, this thesis takes you through the development of an improved material

that addresses some of the disadvantages discussed above.

In this study, the synthesis of the new material referred to as “CSMA-2” is
investigated along with its mechanical properties and the effects of the addition

of different ratios of calcium phosphate fillers to the isosorbide-based, light-



curable, degradable polymer. A comparison between two different photoinitiator
systems is carried out throughout this study to ultimately find the most suited

formulation for the 3D printing of the resin.

Mechanical tests showed the modulus values to be between 1.7-3 kN/mm? in
CSMA-2 and its composites dependant on the photoinitiator system used. In vitro
cell culture studies, using human bone osteosarcoma cells and human adipose-
derived stem cells confirmed cytocompatibility of the material. Finally, Digital
Light Processing 3D printing, allowed a direct photo-polymerisation of the resin

to form bone- like scaffolds ready to be implanted in vivo.



Impact Statement

Craniofacial reconstruction surgery is a result of defects caused by traumatic
incidents, congenital disorders and cancerous tumours leading to tissue
resection. Around 1 in 700 babies in the UK are born with cleft lip or palate which
can ultimately lead to difficulties in feeding and in speaking as well as a long-term
risk of dental issues. The most common treatment for these congenital disorders
is surgery to correct the deformities. Further to this, approximately 125,000
people sustain serious facial injuries in traumatic incidents in the UK alone.
15,000 of these are said to go on to receive treatment for their craniofacial defects
(Hutchison et al., 2019). Oral cancers are the 6" most common cancer in the
world. In the UK, 8,300 individuals develop oral cancer every year and the

majority of treatment focusses on the removal of tissue and resection.

Over the years, attempts in restoring defects in the craniofacial region have
proven difficult due to the complexity of the tissue structure as well as the lack of
functionality post-surgery. The degree and extent of the defect determine the
clinical approaches for treating bone healing deficiencies. Surgical reconstruction
is required for critically damaged tissues that cannot restore by the conservative
method of self-repair. The current most popular options for surgical procedures
in the craniofacial region include the use of autologous, allogeneic and alloplastic
bone grafts. However, there are many associated complications and drawbacks
with using these grafting methods such as an increased risk of infection, severe
pain and discomfort for the patient, rejection of the implanted material and a high
cost. As a result of these drawbacks, many attempts have been made to find an

ideal bone implant that can offer the same benefits as already proven grafting



methods, whilst limiting the complications and risk. Over the years, the increased
research in the field of bone tissue engineering has led to new and successful

techniques for the reconstruction and correction of defects in this region.

The main aim of this study is to expand on current tissue engineering approaches
to find a good alternative to current treatment options for craniofacial and
maxillofacial surgery. The specific objectives are to produce a novel, light-
curable, degradable polymeric system which can be combined with calcium
phosphates to promote the regrowth of previously damaged craniofacial tissues.
These polymeric systems will be mechanically and chemically modified to use as
resins for 3D printing to allow the creation of personalised custom-fit implants for
patients to ultimately positively impact patients’ quality of life and offer them a
new approach to restore their abilities and deformities whilst taking into

consideration their aesthetic requirements.
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polymer/ filler paste onto a metal circlip disc, layering it with an acetate sheet and light-curing with a

450-470nm blue light diode for 40 seconds €ACH Side ................ueeeeeeeeeecieeeesiieeeeciee et ecee e e e cvea e 128

Figure 2-5: A screenshot image of the settings page from the standard options on the XYZ Nobel
Superfine 3D printer. As seen, the curing settings include the curing time, power intensity and power
level which are critical steps in the printing process. The peeling settings include the speed of which the
construct is peeled off the platform and the distance it travels. The platform settings highlight the speed

and distance of which the build platform ascends and descends when creating the construct layers. ... 132

Figure 2-6: Images taken of the XYZ Nobel Superfine DLP 3D printer used in this study. Image (A) shows
the printer itself with its red cover to eliminate light, (B) shows the build platform at the top of the

moving axis and (C) shows the resin tank ready to be filled with the appropriate material.................... 135

Figure 2-7: A schematic showing how the DLP 3D printer used in this study works beginning with the

laser source emitting UV light at 450 nm which is transmitted via a mirrored projector screen onto the
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resin tank which is pre-filled with the required material. The build platform descends the moving axis,
and the model is built layer by layer until it is complete, when the build platform will ascend back up to

the top and allow the release of the MOGEL. ............ccccoovueeeiiiiiiiniieeeeeeeseee et 136

Figure 2-8: The XYZ Printing UV Chamber for the purpose of post curing the 3D printed models. Image (A)
shows the chamber closed, with a solid red exterior to prevent any additional light emitting the chamber.

Image (B) shows the chamber open, with the platform that the item is placed upon. ............................ 137

Figure 2-9: 'H NMR spectra highlighting the chemical bond formation of BHIS. The synthesis is confirmed
by the proton signal at 3.58~3.73 ppm, which represents the H2-C-C-H:z protons and correspond to the
ethylene group in BHIS. On the spectra 1= withdrawing electron density from O-, 2= Alkane, 3= Ethylene

Group aNd 4= HYArOXY] GIOUD. ........cccuveeeeeeeeeeeeee et ettt ettt e e ettt e et te e e sttt e e e staaeessaaasatsesessssssessasseens 143

Figure 2-10: *H NMR spectra highlighting the chemical bond formation of BHIS with a focus on the
integrals investigated throughout the spectra. The area under the NMR resonance is proportional to the

number of hydrogens which that reSONANCE rEPIreSENt.............ueeeeuviereiiieeeseieeeeeiiieessieeeessiieeessiesessseeeas 144

Figure 2-11: 13C NMR analysis of the monomer BHIS. The spectrum here shows 10 visible carbon

environments which represent the 10 carbon environments seen in the structure of BHIS..................... 145

Figure 2-12: 1H NMR spectra highlighting the chemical bond formation of CSMA-2. The synthesis is
confirmed by the three singlets present at 6.14, 5.59 and 1.96 ppm corresponding to the protons of the
methacryl group (CH2=C-CHs). The signals seen between 0.8 and 1.2 ppm correspond to the protons of

the isophorone cycle. On the spectra 1= Alkene, 2=Methacrylate, 3= Ester bonds and 4=Isophorone cycle.

Figure 2-13: 1H NMR spectra highlighting the chemical bond formation of CSMA-2 with a focus on the
integrals investigated throughout the spectra. The area under the NMR resonance is proportional to the

number of hydrogens which that reSONANCE rEPIrESENTS. .......cccceeeeeuvveeeeeeeeeiicieeieeeeeesteitreaaeeeseesssresaaaaens 147

Figure 2-14: 3C NMR analysis of CSMA-2. The spectrum here shows 19 visible carbon environments

which represent the 19 carbon environments seen in the structure of CSMA=-2. .........ccoeevevvveeecvenescnenn. 148
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Figure 2-15: FTIR spectrum of CSMA-2 with 2% CQ photoinitator showing the percentage of reacted
monomers post curing; 65% of polymerisation was achieved in this formulation after exposure to blue
light for 40 seconds. Absorbance profiles were received at 1320 + 1 cm-1 (C-O stretch bond) and 1335 +

2 CM =1 WAS SEL AS ThE DASEIING. ....vveeeeeeieeeeeeeeeeeeeee ettt ettt e e ettt e e e eee st eaeeeeessiaseeees 150

Figure 2-16: FTIR spectrum of CSMA-2 with 2% BAPO photoinitator showing the percentage of reacted
monomers post curing; 72% of polymerisation was achieved in this formulation after exposure to blue
light for 40 seconds. Absorbance profiles were received at 1320 cm™ (C-0O stretch bond) and 1335 + 2

CNTLWAS SO AS TNE DASEIINE. ..ottt ete et e seae st e st e st e et e et e s eesearteaeeaneesresenenans 151

Figure 2-17: FTIR spectrum of CSMA-2 representing the rate of reaction to show the start time of the

FEACTION (.65 SECONTS) ..ot e et e et e ettt e e ettt e e et e e e et e e eastaa e e tsseasatsaaeesssssessasenann 152

Figure 2-18: 3D printed composite-polymer discs of 10 mm X 1 mm containing 0, 5 or 10 wt%
hydroxyapatite, printed via the XYZ Nobel Superfine DLP printer and post cured via the methanol and UV

CUTING CRAMBET METNOT. .......eoeeeeeeeee ettt e et e e ettt e et e e e sttt e e s astaessassteesaasseassssseasnasseneas 153

Figure 2-19: 3D printed porous scaffolds containing CSMA-2 + 2 wt% BAPO photoinitiator and either 0
wt% HA (left image) 5 wt% HA (middle image) and 10 wt% HA (right image). All scaffolds were designed

using AutoCAD and are 6 mm in diameter and 3 mm thick with pores of 0.5 mm. ................cccouuveeuunee... 154

Figure 2-20: Images taken of the log-pile structure symbolising cortical bone, on the left and trabecular
bone construct on the right. Both scaffolds were designed using AutoCAD and 3D printed using CSMA-2

with 2 wt% BAPO photoinitiator using the XYZ Nobel Superfine DLP Printer.............cccceevvverceersueencuennn. 154

Figure 2-21: Image (A) shows a 3D printed matrix utilising CSMA-2 and 2% BAPO photoinitiator, followed

by a matrix viewed via a SEM at 25 X magnification with highlighted dimensions (B)............cc..ccceeeue... 155

Figure 2-22: Images of the log-pile structure reoriented using the Bruker MicroCT DataViewer
programme to display the faces of the cylinders orthogonal to the perspective of direction. The sliced

CAD image (A) displays the faces of the cylinders, whereas (B) shows the faces of the cylinders. .......... 156

Figure 3-1: A graphical representation for the comparison of bend strength results from the biaxial

flexural test done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-5 wt%
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HA. The highest recorded value was 84.07 N/mm? for CSMA-2 with 2 wt% CQ and no added HA. The
lowest value recorded was 75.46 N/mm? for the 5 wt% HA composite polymer which was statistically

significant with the result of the CSMA-2 polymer composite by itself. (*p < 0.05)........ccceevvvevvvvevvueennen. 179

Figure 3-2: A graphical representation for the comparison of bend strength results from the biaxial
flexural test done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-50 wt%
HA. The highest recorded value was again, 84.07 N/mm? for CSMA-2 with 2 wt% CQ and no added HA.
This was statistically significantly different to the value recorded for 30 wt% HA (65.31 N/mm?), 40 wt%
(63.50 N/mm?) and the lowest value recorded which was 59.51 N/mm? for the 50 wt% HA composite

POIYMEE (F0 < 0.05). ..ottt e e e e et e e ettt e e ettt e e e ettt e e s assaaeeaasaaasatseaeeasssseeasaaaeastraaenns 180

Figure 3-3: A graphical representation for the comparison of Young’s Modulus results from the biaxial
flexural test done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-5 wt%
HA. The highest recorded value was 2.44 kN/mm? for CSMA-2 with 2 wt% CQ and no added HA. This was
statistically significantly different to the lowest value recorded which was 1.96 kN/mm? for the 5 wt% HA
composite polymers as well as the result for the 3 wt% HA composite-polymer sample which had a result

OF 2.02 KN/IMIMZ (D < 0.05) crvveoeeveeeeeeeeeeeeeeoseeeseseeseveesssesesesesseseseesssessesseseesesaessesesssessesssesessssesssssessssasees 181

Figure 3-4: A graphical representation for the comparison of Young’s Modulus results from the biaxial
flexural test done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-50 wt%
HA. The highest recorded value was 2.44 kN/mm? for CSMA-2 with 2 wt% CQ and no added HA. This was
statistically significantly different to the lowest value recorded which was 1.76 kN/mm? for the 40 wt%
HA composite polymers as well as the result for the 50 wt% HA composite-polymer sample which had a

rESUIt Of 1.89 KN/ (*P < 0.05). c..vvoeeeeeveeeeeeeeeeteeeeteeeete et te e et ese st et e s e e st e st e e st esssaseaes 183

Figure 3-5: A graphical representation for the comparison of hardness results from the Vickers Hardness
test done via the Wallace Micro-Hardness Tester for composite-polymer discs with 2 wt% CQ and a range
of 0-5 wt% HA. The lowest recorded value was 7.54 g/mm? for CSMA-2 with 2 wt% CQ and no added HA.
The highest value recorded was 8.04 g/mm? for the 5 wt% HA composite polymer which was statistically

significant with the result of the CSMA-2 polymer composite by itself. (*p < 0.05).......ccceecevveveeecrvveenee. 184
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Figure 3-6: A graphical representation for the comparison of hardness results from the Vickers Hardness
test done via the Wallace Micro-Hardness Tester for composite-polymer discs with 2 wt% CQ and a range
of 0-50 wt% HA. The lowest recorded value was 7.54 g/mm? for CSMA-2 with 2 wt% CQ and no added
HA. The highest value recorded was 21.47 g/mm? for the 50 wt% HA composite polymer which was
statistically significant with the result of the CSMA-2 polymer composite by itself as well as the values for

all the HA-incorporated composites 10-40 Wt%. (¥ < 0.05)........cccueeceeeseeeiieeiieesieesieeseaeieesseaeiseaens 185

Figure 3-7: Water contact angle measurements investigating the hydrophilicity of the polymer with no
added HA compared to HA incorporated composite discs: a direct correlation can be observed between
hydrophilicity and addition of CaP fillers. The 50 wt% formulation showed the most hydrophilic behaviour
(however not statistically significant, *P > 0.05, from the 10-40 wt% formulation) but statistically
significantly different to CSMA-2 alone which had the highest contact angle measurement of 59 °
showing the least hydrophilic behaviour out of the composites but still exhibiting hydrophilicity as the

angle is smaller thAn 90 °. (¥D < 0.05). .......uueeeeeeeeeeeee et ee e ettt e et e e ettt e e e s taa e e s aaaaesstsaaesssssaeesasseaas 187

Figure 3-8: A graphical representation for the comparison of flexural strength results from the biaxial
flexural test done via the Shimadzu for composite-polymer discs with 2 wt% CQ (red) and a range of 0-10
wt% HA vs. composite-polymer discs with 2 wt% BAPO (blue) and a range of 0-10 wt% HA. The highest
recorded value was 135.49 N/mm? for CSMA-2 with 2 wt% BAPO and no added HA. All CQ values were

significantly lower than their respective BAPO incorporated values (¥p < 0.05). ......ccceevvvevvvvevcivescuvannnen. 189

Figure 3-9: A graphical representation for the comparison of Young’s Modulus results from the biaxial
flexural test done via the Shimadzu for composite-polymer discs with 2 wt% CQ (red) and a range of 0-10
wt% HA vs. composite-polymer discs with 2 wt% BAPO (blue) and a range of 0-10 wt% HA as well as
comparing the Young’s modulus results from the DMA test. The highest recorded value was 2.44
kN/mm? for CSMA-2 with 2 wt% CQ and no added HA. This was statistically significantly different to the

respective values with BAPO and the BAPO formulations carried out via DMA (*p <0.05). .................... 190

Figure 3-10: A graphical representation for the comparison of hardness results from the Vickers Hardness
test done via the Wallace Micro-Hardness Tester for composite-polymer discs with 2 wt% CQ (green) and

a range of 0-10 wt% HA vs. composite-polymer discs with 2 wt% BAPO (white) and a range of 0-10 wt%
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HA. The CQ values ranged from 7.54-8.09 g/mm? for CSMA-2 which compare to the BAPO values which
ranged from 8.21-9.79 g/mm?Z. All CQ incorporated formulations had significantly lower hardness values

than their respective BAPO incorporated formulations (*p < 0.05). .......ccceeveeveeoieiieniesiesieieeieeeeins 192

Figure 3-11: A graphical representation for the comparison of the contact angle measurements for the
purpose of investigating the hydrophilicity of the composite-polymer discs with 2 wt% CQ (purple) and a
range of 0-10 wt% HA vs. composite-polymer discs with 2 wt% BAPO (white) and a range of 0-10 wt%
HA. The CQ values range from 54°-59° which compare to the BAPO values which ranges from 54°- 55°. A

direct correlation can be observed between the hydrophilicity and the addition of CaP fillers. (*p < 0.05)

Figure 3-12: SEM images highlighting the surface remineralisation of 0-50 wt% HA incorporated
composite-polymer discs. Deposition of HA particles can be clearly observed on the surface of the discs as
the quantity increased. The first image, CSMA-2 alone with no added HA, showed a clear surface with no
particles attached. By 50 wt% HA, there was a significantly greater amount of HA particles dispersed on

the surface of the discs which are shown to be a continuous layer of merged crystals. .......................... 196

Figure 3-13: X-Ray Diffraction analysis of calcium phosphate precipitation in the 0-50 wt% HA with 2 wt%
CQ composite-polymer specimens. Hydroxyapatite diffraction peaks began to be observed in the 10 wt%

HA specimens (purple) then increased in size as the quantity of HA increased up to 50 wt% HA (orange).

Figure 3-14: X-Ray Diffraction analysis of calcium phosphate precipitation in the 0-10 wt% HA with 2 wt%
BAPO composite-polymer specimens. Hydroxyapatite diffraction peaks began to be observed in the 5

wt% HA specimens (red) and the 10 wt% HA SPeCimens (BIUE). ..........cvevcvevvvercrvessiiesiiesiiiesieessieesiseanns 199

Figure 3-15: pH values of a glass control disc in comparison with CSMA-2 with 2 wt% BAPO photoinitator,
5 wt% HA and 10 wt% HA incorporated composite discs post 24-hour immersion in a neutral culture
media. All samples showed acidic behaviour with the values ranging from 6-7.4. The 10 wt% HA
formulations exhibited the highest pH at 7.4, however all the groups remained in the acidic-basic range.

(FDRO.05) .vvoeeeoseeeeeeeoeeeeeeeseeeos s eseese s eseese s se s et ee s eeseses s e e eessseseses e et seseeessesessaeeseeesesesseeesrseres 200
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Figure 3-16: Representation of the cumulative percentage mass change across a 6-month incubation
period at the set physiological temperate 37°C. Equation 2-4 allowed calculation of the rate of
degradation with respect to the initial dry weight percentage mass change of CSMA-2 compared to the
CaP incorporated composite discs in phosphate buffered saline: the highest rate of mass change is
observed in the 10 wt% CaP discs with a 8% drop in weight (blue), while the lowest value was exhibited

by the CSMA-2 polymer by itself which had a 6% drop in weight over the 6-month period (black). ....... 202

Figure 3-17: Representation of the cumulative percentage mass change across a 6-month incubation
period at a set temperature of 60°C. Equation 2-4 allowed calculation of the rate of degradation with
respect to the initial dry weight percentage mass change of CSMA-2 compared to the CaP incorporated
composite discs in phosphate buffered saline: the highest rate of mass change is observed in the 10 wt%
CaP discs with a 10 % drop in weight (blue), while the lowest value was exhibited by the CSMA-2 polymer

by itself which had a 9% drop in weight over the 6-month period (bIaCK). ...........ccccoveeveeevveeiiieiieerenn, 203

Figure 3-18: A graphical representation for the comparison of bend strength results from the biaxial
flexural test done via the Shimadzu for composite-polymer discs with 2 wt% BAPO and a range of 0-5
wt% HA across 6 months of incubation time to assess the degradation properties. The highest recorded
value was 137.54 N/mm? for CSMA-2 with 2 wt% BAPO and no added HA after 1 month of incubation in
PBS. The lowest recorded value for CSMA-2 with no added HA was at the 6-month time point giving a
bend strength value of 88.21 N/mm?. The lowest value recorded throughout the experiment was
57.21N/mm? for the 10 wt% HA composite polymer after 6 months of incubation in PBS. The results for
the 4,5 and 6-month time points were statistically significantly different compared to the results from O-

3 months incubation for all 3 formulations. (¥ < 0.05) .......ccccuveeeeeueeeeeiieeeeeeeeeeceeeectee e st e e e cvea e 205

Figure 3-19: A graphical representation for the comparison of Young’s modulus results from the biaxial
flexural test done via the Shimadzu for composite-polymer discs with 2 wt% BAPO and a range of 0-5
wt% HA across 6 months of incubation time to assess the degradation properties. The highest recorded
value was 2.62 kN/mm? for CSMA-2 with 2 wt% BAPO and no added HA after 1 month of incubation in
PBS. The lowest recorded value for CSMA-2 with no added HA was at the 6-month time point giving a
modulus value of 1.20 kN/mm?. The lowest value recorded throughout the experiment was 0.944

kN/mm? for the 10 wt% HA composite polymer after 6 months of incubation in PBS. The results for the
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4,5 and 6-month time points were statistically significantly different compared to the results from 0-3

months incubation for all 3 formulations. (¥ < 0.05).......cc.oooeereeoeeieeiesiestese et 207

Figure 4-1: Diagram representing the process for the metabolic activity alamarBlue assay. Interpreted
from the alamarBlue assay user guide provided by ThermoFisher Scientific. The diagram was created
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Figure 4-2: Diagram highlighting the steps involved in RNA isolation via the conventional TRIzol®
method. The protocol was interpreted from the TRIzol® user guide provided by ThermoFisher Scientific.

The diagram was created using BiORENAEI.COMMEL............c.coocueeeveimiieieiieieeesee et 228

Figure 4-3: Observation of (A) successful embryo transfer with an intact egg yolk and live embryo on
embryonic development day 3. (B) An unsuccessful embryo transfer with a live embryo. (C) Successful

embryo transfer with an intact egg yolk but a dead embryo as the heart is not beating........................ 237

Figure 4-4: An image taken from above the ex-ovo culture on embryonic development day 9 showing the
implantation of CSMA-2 composite-polymer porous scaffolds that were prepared via SLA 3D printing
along with the positive and negative controls which were all sterilised using ethanol before implantation

ON BN CAM.c.oooeeeeee ettt e et ettt e e e e e s et e e e e e se st e s e e eeeassssaeeaaeeesasssssaaaseessssssssesaaeeann 238

Figure 4-5: Metabolic activity of MG-63 cells on 0, 5 and 10 wt% HA incorporated composite discs with
either CQ or BAPO (BP) photoinitiator at 1, 4 and 7 days post incubation. The values are compared to
cells grown on tissue culture plastic (TCP) control in this experiment. As seen in the graph, the discs
containing BAPO (BP) initiator have higher fluorescence intensity values, suggesting a higher metabolic
activity on those samples. The control is significantly different to all the samples in the day 4 and 7

cultured experiment At (P < 0.05)........oooeeee et e e tee ettt e et tte e e ettt e e e et e e et aaaaestraaeesaasaeeareaas 240

Figure 4-6: Fluorescence imaging results for DAY 1 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of MG-63 osteosarcoma cells on the surface of
the tissue culture plastic control (A) compared to CSMA-2 prepared with 2 wt% CQ photoinitiator (B),
CSMA-2 with 2 wt% BAPO photoinitiator (C), CSMA-2 with 2 wt% CQ and 5 wt% HA (D), CSMA-2 with 2

wt% CQ and 10 wt% HA (E) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (G). Scale Bar = 100um...... 243
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Figure 4-7: Fluorescence imaging results for DAY 4 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of MG-63 osteosarcoma cells on the surface of
the tissue culture plastic control (A) compared to CSMA-2 prepared with 2 wt% CQ photoinitiator (B),
CSMA-2 with 2 wt% BAPO photoinitiator (C), CSMA-2 with 2 wt% CQ and 5 wt% HA (D), CSMA-2 with 2

wt% CQ and 10 wt% HA (E) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (G). Scale Bar = 100um...... 244

Figure 4-8: Fluorescence imaging results for DAY 7 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of MG-63 osteosarcoma cells on the surface of
the tissue culture plastic control (A) compared to CSMA-2 prepared with 2 wt% CQ photoinitiator (B),
CSMA-2 with 2 wt% BAPO photoinitiator (C), CSMA-2 with 2 wt% CQ and 5 wt% HA (D), CSMA-2 with 2

wt% CQ and 10 wt% HA (E) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (G). Scale Bar = 100um...... 245

Figure 4-9: Metabolic activity of hADSCs on 0, 5 and 10 wt% HA incorporated composite discs with BAPO
photoinitiator at 1, 4 and 7 days post incubation. The values are compared to cells grown on the surface
of a control glass. As seen in the graph, the discs containing 10 wt% HA have significantly higher
fluorescence intensity values when comparing them to the 0 and 5 wt% HA samples, suggesting a higher
metabolic activity for that formulation. The control is significantly higher than the other formulations for
all of the time points except for day 4 where the control and 10 wt% HA formulations are not

significantly different. (¥ < 0.05). ....ccuveeueeeeeeeee et ee et s e et s e et e s ete e e e e e e e et e s e e eta e e e e nreas 247

Figure 4-10: Fluorescence imaging results for DAY 1 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of hADSCs on the surface of a control glass
coverslip (A) compared to CSMA-2 prepared with 2 wt% BAPO photoinitiator and no added HA (B),

CSMA-2 with 2 wt% BAPO and 5 wt% HA (C) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (D). Scale Bar

Figure 4-11: Fluorescence imaging results for DAY 4 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of hADSCs on the surface of a control glass
coverslip (A) compared to CSMA-2 prepared with 2 wt% BAPO photoinitiator and no added HA (B),

CSMA-2 with 2 wt% BAPO and 5 wt% HA (C) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (D). Scale Bar
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Figure 4-12: Fluorescence imaging results for DAY 7 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of hADSCs on the surface of a control glass
coverslip (A) compared to CSMA-2 prepared with 2 wt% BAPO photoinitiator and no added HA (B),

CSMA-2 with 2 wt% BAPO and 5 wt% HA (C) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (D). Scale Bar

Figure 4-13: Metabolic activity of hADSCs cultured in either SM or OM on 0, 5 and 10 wt% HA
incorporated composite discs with BAPO photoinitiator at 1, 7, 14, 21 and 29 days post incubation. The
values are compared to cells grown on the surface of a control glass disc. As seen in the graph, after 7
days of culture, the cells grown in OM had a higher metabolic activity and this trend remained the same
throughout. The SM groups were compared statistically to the OM groups where all the timepoints from
day 7 onwards showed significant differences. The highest metabolic activity was seen in the OM-0% HA
group, although this was not significantly different to the OM control or the 5 and 10 wt% HA
formulations, suggesting promotion of cell metabolic activity throughout. Data are presented as Mean *
SD, n=3. (*p < 0.05) where* represents significant difference to the SM control sample and # represents

significant difference to the OM cONtrol SAMPIE. ............cooueeveeenieesiiiiieeeeeeeeet e 252

Figure 4-14: Fluorescence imaging results for DAY 7 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of hADSCs on the surface of the composite-
polymer specimens prepared in either standard media or osteogenic supplemented media. The left hand
side images are the results for the standard media, and they’re compared to the right hand side images

which are the osteogenic supplemented specimens. Scale Bar= 100UM. ..........cccceeevcveeeeecireeecrieaararennnn 255

Figure 4-15: Fluorescence imaging results for DAY 14 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of hADSCs on the surface of the composite-
polymer specimens prepared in either standard media or osteogenic supplemented media. The left hand
side images are the results for the standard media, and they’re compared to the right hand side images

which are the osteogenic supplemented specimens. Scale Bar= 100UM. ..........cccceeeecveeeeecvreesiienarsrennn. 256

Figure 4-16: Fluorescence imaging results for DAY 21 using DAPI and phalloidin (blue and green

respectively) to assess the proliferation and morphology of hADSCs on the surface of the composite-
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polymer specimens prepared in either standard media or osteogenic supplemented media. The left hand
side images are the results for the standard media, and they’re compared to the right hand side images

which are the osteogenic supplemented specimens. Scale Bar= 100UM. .........cccceevueemceeencueesieerseencneann. 257

Figure 4-17: Fluorescence imaging results for DAY 28 using DAPI and phalloidin (blue and green
respectively) to assess the proliferation and morphology of hADSCs on the surface of the composite-
polymer specimens prepared in either standard media or osteogenic supplemented media. The left hand
side images are the results for the standard media, and they’re compared to the right hand side images

which are the osteogenic supplemented specimens. Scale Bar= 100UM. .........cccceovueeeceeencuvenceerseencneanne 258

Figure 4-18: Runt-related transcription factor 2 (RUNX2) gene expression quantification by gPCR of
hADSCs grown on 3D printed CSMA-2 discs with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and
21. The gene expression was normalised against the housekeeping gene, GAPDH expression and using
the expression on TCP as a baseline control. A high upregulation of RUNX2 expression occurred on all
specimens at day 7 which reduced by day 21 as RUNX2 is an early marker. The osteogenic samples had a
better upregulation throughout, with the 0 wt% HA and 10 wt% HA showing the highest expression of

RUNX2 when compared to the control. Data are shown as Mean + SD, n=3. (*p < 0.05) (**p<0.01) ..... 260

Figure 4-19: Collagen type 1 (COL1A1) gene expression quantification by gPCR of hADSCs grown on 3D
printed CSMA-2 discs with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and 21. The gene
expression was normalised against the housekeeping gene, GAPDH expression and using the expression
on TCP as a baseline control. The early timepoints displayed an upregulation of COL1A1 expression as it
is an early marker of osteoblast. Downregulation of COL1A1 expression occurred by day 21. The
osteogenic formulations gave a significantly higher level of expression in comparison to the standard
media formulations and in comparison, to the control. Data are shown as Mean + SD, n=3. (*p < 0.05)
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Figure 4-20: Osteocalcin (OCN) expression quantification by qPCR of hADSCs grown on 3D printed CSMA-
2 discs with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and 21. The gene expression was
normalised against the housekeeping gene, GAPDH expression and using the expression on TCP as a

baseline control. Day 7 did not display much expression as the later timepoints as OCN is a late onset
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marker. Day 14s results display an upregulation in gene expression, particularly for the osteogenic
formulations which compared significantly with the control. A high upregulation of OCN expression
occurred on all specimens at day 21 however, the standard 0 wt% formulation was significantly lower
than the remainder of the group. The osteogenic samples had a better upregulation throughout, with the
10 wt% HA showing the highest expression of OCN. Data are shown as Mean * SD, n=3. (*p < 0.05)
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Figure 4-21: Osteopontin (OPN) expression quantification by gPCR of hADSCs grown on 3D printed
CSMA-2 discs with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and 21. The gene expression was
normalised against the housekeeping gene, GAPDH expression and using the expression on TCP as a
baseline control. Day 7 and day 14 showed a small gene expression but not a high amount of expression
as the later timepoints as OPN is a late onset marker. A high upregulation of OPN expression occurred on
all specimens at day 21 with the highest expression being seen in the 10 wt% formulations which
significantly compare to the remaining groups. The 5 wt% formulation was not as consistent as other
genes explored but still had significant expression of OPN throughout. Data are shown as Mean + SD,
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Figure 4-22: The results from the control groups for the CAM assay. The left hand side represents the
positive control sample, filter paper soaked in VEGF and the right hand side images represent the
negative control sample, filter paper soaked in PBS. Images taken of the control sample,(b) grey-scale

prepared image for analysis and (c) binary image. Scale bar =1 mMm. ..........cccocoveveevvevverceeeeeieseesenn, 268

Figure 4-23: The results from the CAM assay assessing angiogenesis on CSMA-2 with 0, 5 or 10 wt% HA
composite scaffolds. The left-hand side images represent the results for 0% HA, CSMA-2 by itself. The
middle set of images represent the results for 5 wt% HA and the right-hand side images represent the
results for 10 wt% HA samples. Images (a) show the first standard image of the excised sample that was
tested. The differences were observed in the vascular infiltration of the different composites as indicated
by the growth of blood vessels seen in red (Scale bar = 1 mm). Images (b) show the grey-scale prepared
image on Microsoft PowerPoint to allow for Imagel analysis and images (c) show the binary images on
Imagel which allow a detailed edge of the scaffold to be identified and newly formed blood vessels
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Figure 4-24: Graphical representation of the vascular density for the control samples and each
composite-polymer material scaffold calculated after the CAM assay. The positive control had the
highest vascular area at 15.15%. However, this was not significantly different to the results for 0 and 10
wt% HA which had vascular area results of 11.95 % and 13.32 % respectively. The negative control gave
a vascular area of 9.35 % which is significantly different to all the formulations, apart from the 5 wt%
group. The 5 wt% HA composites had a lower vascular density with only 8.79 % which compared
significantly with the 0 and 10 wt% groups as confirmed by the digital images. Data are presented as
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Figure 4-25: Graphical representation of the bifurcation points for the control samples and each
composite-polymer material scaffold calculated after the CAM assay. Thel0 wt% HA composite had the
highest number of BF points at 40 which compared significantly to the 5 wt% HA formulations at 22 BF.
All groups were significantly higher than the negative control group which only displayed 18 BF points.

All Data are presented as Mean £ SD, N=3. (*P < 0.05) .........uueecueeeeeciiieeeeiieeesiieeeeciteeeesitesaesiaeeeesraaaens 273
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1.1 Human Bone

The human body is composed of around 270 bones from birth which decreases
to around 213 bones by adulthood as bones become fused. The human skeleton
can be divided into the axial skeleton (containing approximately 74 bones) which
is formed by the skull, vertebral column and the rib cage and the appendicular
skeleton (containing approximately 126 bones) which is made up of the shoulder
girdle, pelvic girdle and upper and lower limb bones. During a human lifetime, all
of a human’s bones have the capacity to repair and remodel themselves
(Widmaier, E. P., Raff, H. & Strang, 2006). This enables the bones to adjust to
changing biomechanical stresses while also assisting in the removal of old and
damaged bone and the replacement of new, stronger bone (Langdahl, Ferrari

and Dempster, 2016).

The human skeleton performs a number of critical roles, including providing
structural support for the body, allowing for movement, protecting key organs,
and maintaining mineral homeostasis (Clarke, 2008) as well as harbouring bone

marrow.

Human bone can be classified into three types according to its morphology.
These include long bones, short bones and flat bones. Long bones are typically
longer than they are wide, and cartilaginous predecessors form them. The tibia
and femur are examples of long bones. The epiphysis, metaphysis, and diaphysis
are the three segments that make up long bones (Clarke, 2008). The epiphysis
is the bone's outermost layer, which surrounds the joints. It is mostly made up of
compact bone, which gives it good mechanical qualities. Between the epiphysis

and the diaphysis is the metaphysis. It is composed of thin compact bone on top
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and thick cancellous bone underneath. The metaphysis area carries the growth
plates and blood vessels and is the region where fractures occur most frequently
(Inoue et al., 2018). The diaphysis is made up of cortical bone and usually
contains bone marrow. A diaphysis' central section is made up of thick compact
bone and thin cancellous bone that surrounds the marrow cavity. This is where
primary ossification occurs, also known as the remodelling process (Inoue et al.,

2018).

Short bones are another classification of bone. They are seen as cuboidal shaped
and are as wide as they are long. Their major purpose is to provide support and
stability while allowing for minimal mobility. Carpals in the wrists and tarsals in
the ankles are examples of short bones. Flat bones are present in the cranium,
pelvis, and rib cage, and are made up of two thin layers of compact bone
surrounding a variable amount of cancellous bone between them. The primary
role of flat bones is to protect internal organs, and most red blood cells are
generated in flat bones in adult humans (Garzén-Alvarado, Gonzélez and
Gutiérrez, 2013). Finally, irregular bones can vary in shape and structure hence
not fitting into any of the three classifications. They have a complex shape which
helps protect internal organs such as the vertebrae which has a vital role of

protecting the spinal cord.

1.1.1 Cortical and Cancellous Bone

There are two types of bones: compact cortical bone and cancellous (trabecular)

bone. The adult human skeleton is composed of 80% cortical bone and 20%
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cancellous bone. Varying skeletal sites within the body have different ratios of

cortical to cancellous bone.

Cortical bone is dense and compact, and it forms the hard exterior of bones. The
cortical bone is also responsible for giving bone its white and smooth solid look.
Cortical bone facilitates the bones main functions such as protecting organs,
storing and releasing chemical elements such as calcium, supporting the whole
body and providing ability for movement. Cortical bone consists of multiple
microscopic columns referred to as osteons. A central canal known as the
Haversian canal is surrounded by many layers of osteoblasts and osteocytes in
each column. The haversian canal is a network of microscopic tubes through
which blood vessels and neurons can pass. The blood vessels and nerves are
connected throughout the compact bone via canals known as 'Volkmann's
canals'. The columns are metabolically active, and the type of the cells within the
osteon will alter as bone is reabsorbed and formed (Kim et al., 2015). Osteocytes
occupy various areas known as lacunae that are dispersed throughout the bone

lamella. Osteocytes are matured bone cells that are derived from osteoblasts.
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Figure 1-1: Structure of bone showing a) long bone and (b) cortical bone formation. Image taken from
Robles-Linares, J.A.; Ramirez-Cedillo, E.; Siller, H.R.; Rodriguez, C.A.; Martinez-L6pez, J.l. Parametric
Modeling of Biomimetic Cortical Bone Microstructure for Additive Manufacturing. Materials 2019, 12, 913.
https://doi.org/10.3390/mal2060913

Cancellous bone/trabecular bone is the internal tissue of the skeletal bone and is
an open porous network. Cancellous bone has a larger surface-area-to-volume
ratio than cortical bone and is substantially less dense and not as organised (Hart
et al., 2017). Due to this, cancellous bone tends to be weaker and more flexible
rather than rigid and dense. Cancellous bone is typically found at joints in the
core of the vertebrae and at the extremities of longer bones. Because it contains
red bone marrow, cancellous bone is extremely vascular and frequently serves
as a location for the generation of blood cells. The main functional area of
cancellous bone is the trabecula. The trabecula is a small tissue element that
supports areas of the body and organs. Trabecula is usually composed of
collagenous tissues and cancellous bone is formed from grouping trabeculated
bone tissue together. Overall, cancellous/ trabecular bone accounts for 20% of
total bone mass but has ten times the surface area of cortical bone (Doblaré,

Garcia and Gomez, 2004).
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1.2 Bone Composition

Bone is a strong, mineralised connective tissue that is dense and calcified.
Minerals, organic matrix, cells, and water make up the majority of bone tissue.
The mineral (inorganic) portion makes up around 65%, the organic matrix makes
up about 35% and is mostly made up of collagen fibres, while the rest of the bone
tissue is made up of cells like osteoblasts and osteocytes. Osteoclasts and bone
lining cells, for example, are involved in the production and mineralisation of bone

(Florencio-Silva et al., 2015).

1.2.1 Inorganic Matrix

Minerals, primarily calcium and phosphate ions that join together to create
hydroxyapatite (Cai0(POa4)s(OH)2), make up the inorganic composition of bone
tissue (the mineral) (Shaker and Deftos, 2018). Hydroxyapatite makes up at least
90% of the total mineral weight in bone tissue. The mineral matrix begins as an
unmineralised osteoid, which is later mineralised by osteoblasts secreting
vesicles containing alkaline phosphatase, which cleaves phosphate groups and
serves as calcium and phosphate deposition foci. The vesicles then break,

forming a crystal growth centre (Bottini et al., 2018).

Osteoblasts create the bone mineral hydroxyapatite in organised groups of linked
cells, which is deposited in a carefully regulated manner into the organic matrix,

generating a strong and dense mineralised tissue.
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1.2.2 Osteoblasts and Osteoclasts

Osteoblasts make up 4-6% of all bone cells and are found on the surface of the
bones. These cells are responsible for the bone forming function and show
characteristics of protein synthesising cells. Osteoblasts are terminally
differentiated products of mesenchymal stem cells (MSC'’s). Stem cells have the
ability to differentiate into a variety of cell types (Maher et al., 2015) which can
lead to the creation of pre-osteoblasts and the synthesis of restricted intercellular
substances (Dallas, Prideaux and Bonewald, 2013). Finally, mature osteoblasts
are in charge of osteoid production (extracellular matrix). Multinucleated cells, or
osteoclasts, are large cells with 4 to 40 nuclei. Osteoclasts are bone resorption
and bone removal cells that originate from the marrow monocyte-macrophage
lineage (Boyle, Simonet and Lacey, 2003). Osteoclasts are the only cells in the
body capable of absorbing extracellular bone matrix, a process critical for the
healing of skeleton microdamage and the adaptability of bone to mechanical

changes (Florencio-Silva et al., 2015).

Human bone undergoes growth, modelling and remodelling during life. Bone
remodelling is a complex process in which old bone is replaced by new bone in
a cycle of three phases. The first phase is the initiation of bone resorption by
osteoclasts, the second is the reversal period from resorption to new bone
forming and the third phase is the bone formation by osteoblasts. Bone
remodelling is an important occurrence in humans to allow for fracture healing
and adaptation to mechanical use as well as for calcium homeostasis (Feng and
McDonald, 2011). However, having an imbalance of bone resorption and
formation can result in bone disease. A study by Khosla and colleagues (Khosla,

Oursler and Monroe, 2012) explored a scenario in which excessive resorption by
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osteoclasts without the matching amount of newformed bone by osteoblasts
contributed to significant bone loss and osteoporosis, whereas the contradictory
may result in osteopetrosis (Crockett et al., 2011). Due to this, it is vital that there
is equilibrium between bone formation and resorption, but this could depend on
several factors such as hormones, biochemical stimulations, chemokines and

cytokines.

1.2.3 Organic Matrix

The organic matrix, which is made up of collagenous and non-collagenous
proteins, accounts for about 35% of bone mass. The collagenous proteins
represent about 90% of the bone matrix in which type | collagen is the most
abundant protein. Bone's elasticity and tensile strength are due to the organic
matter's unique three-dimensional structure. The remainder of the organic bone
matrix (10%) is made up of non-collagenous proteins which play a vital role in
bone remodelling. The non-collagenous proteins include; osteonectin,
osteocalcin, osteopontin, proteoglycans and bone sialoproteins (Persikov,

Ramshaw and Brodsky, 2005).

1.2.3.1 Collagen

Collagen is known as the main structural protein in the extracellular matrix of the
bone and is the main component of connective tissues making it the most
abundant protein in mammals (Di Lullo et al., 2002). Over 90% of collagen in the
human body is type | collagen mineralised with hydroxyapatite crystals
(Hadjidakis and Androulakis, 2006) and it has a major role in bone health and

function. Type I collagen is an interstitial matrix collagen organised in fibrils, which
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are essential for the competence of several tissues. The effects of type | collagen
have been studied by several researchers for years to understand how it works
with a variety of cells, its effectiveness in different tissues and its overall role for
bone health in the body of mammals. According to McNerny and collaborators
(McNerny et al., 2015), collagen crosslinking may have a critical role in bone
health, particularly in bones with a high risk of fracture. Furthermore, a study
conducted by Wang and co-workers (Wang et al., 2012) explored if type |
collagen may initiate and direct the formation of carbonated apatite mineral in the

absence of any other extracellular matrix components.

1.2.3.2 Glycoproteins

Glycoproteins are the most common non-collagenous protein components in
bone matrix. Cell proliferation, hydroxyapatite deposition mediation, and cell
control are all functions of these molecules, which are generated by the binding
of carbohydrates to a protein core (Polo-Corrales, Latorre-Esteves and Ramirez-

Vick, 2014).

1.2.3.3 Osteonectin

Osteonectin is a calcium-binding glycoprotein found in bones. Osteonectin is a
non-collagenous organic protein produced in vast quantities by osteoblasts and
fibroblasts which initiates mineralisation and promoting mineral crystal formation.
(Rosset and Bradshaw, 2016). Osteonectin is found in relatively large amounts

in immature bone and promotes mineralisation of collagen, hydroxyapatite and
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calcium due to the presence of glutamate bonds which enable the conjugation of

ions and molecules.

1.2.3.4 Osteocalcin

Osteocalcin is a non-collagenous protein hormone found in bone similar to
osteonectin. Osteocalcin is a hormone produced by osteoblasts that helps
regulate the body's metabolism (Lee et al., 2007). A study carried out by Neve
and collaborators (Neve, Corrado and Cantatore, 2013) explores the role of
osteocalcin and its role in human bone. They explain that osteocalcin is vitamin
K-dependent and has a high affinity for calcium ions due to a unique arrangement
of Gla proteins in its structure that aids in hydroxyapatite absorption. Their
findings also imply that osteocalcin plays a beneficial role in bone metabolism
and osteogenesis. More research is being done on the involvement of osteocalcin
in the skeleton's endocrine functions. A study undertaken by Rossi and
colleagues (Rossi et al., 2019) investigated the ability of osteoclasts to affect the
decarboxylation of osteocalcin and glucose metabolism, as well as male fertility
and cognitive skills, using animal models. Furthermore, a study led by Moser and
co-researchers (Moser and van der Eerden, 2019) explains the functions of
osteocalcin in human bone and the evidence that osteocalcin is not only involved

in bone remodelling but also plays a vital role in physiological processes.

1.2.3.5 Osteopontin

Osteopontin is a phosphorylated glycoprotein found in a variety of tissues with a

strong affinity for hydroxyapatite. Osteopontin plays a part in a number of critical
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roles in the body, including immunological response, cell adhesion and migration,
and carcinogenesis (Zhao et al., 2018). Some studies, such as one carried out
by De Fusco and co-researchers (De Fusco et al.,, 2017), suggest that
osteopontin has a contribution in pathogenesis of various disease states such as
obesity and osteoporosis. Due to osteopontin being a protein primarily expressed
in cells with effects on bone remodelling and because it is known as being one of
the most overexpressed genes in the adipose tissue of the obese which
contributes to osteoporosis. Furthermore, studies have suggested that
osteopontin could play a role of a link between inflammation and cancer as
osteopontin is a mediator of tumour-associated inflammation and facilitates

metastasis (Lamort et al., 2019).

1.2.3.6 Bone Sialoprotein

Bone sialoprotein is a component of mineralised tissues such as bone, cementum
and dentin. Bone sialoprotein is a component of the bone extracellular matrix and
studies suggest that it constitutes approximately 8% of all non-collagenous
proteins found in bone and cementum. Whilst the function of bone sialoprotein in
these mineralised tissues remains unknown, studies have suggested that bone
sialoprotein can act as a nucleus for the formation of hydroxyapatite crystals
(Hunter and Goldberg, 1994). Furthermore, additional roles of bone sialoprotein

are angiogenesis and the potential protection in cell lysis (Ogata, 2008).
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1.2.3.7 Proteoglycans

Proteoglycans are a significant protein component of the extracellular matrix,
consisting of protein molecules linked to long sequences of polysaccharides and
glycosaminoglycans. The major function of proteoglycans is to maintain structural
integrity as well as acting as a local reservoir for cytokines and growth factors
and as mediators of cell-signalling pathways (Kram and Young, 2013).
Proteoglycans are potential nucleators for the precipitation of hydroxyapatite in

human bone due to their presence in an osteoid (Blair et al., 2017).

1.3 Bone Formation

Osteogenesis, also known as ossification, is the process of bone development
and creation. It starts with bone replacing collagenous mesenchymal tissue,
resulting in the creation of a primitive type of bone with randomly organised
collagen fibres that is later remodelled into mature lamellar bone with regular
collagen rings (Akter and Ibanez, 2016). This lamellar bone constantly undergoes
remodelling by osteoclasts and osteoblasts. The intramembranous ossification
and the endochondral ossification processes are the two types of bone

development (Setiawati and Rahardjo, 2019).

1.3.1 Intramembranous Ossification

Intramembranous ossification is a bone growth process in which undifferentiated
mesenchymal stem cells' connective tissue membrane transforms into bone and

matrix bone cells. An ossification centre forms in the connective tissue membrane
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to start the process. Mesenchymal stem cells clump together and start to
differentiate into specialised cells, some of which become capillaries and others
become osteogenic or osteoblasts (Setiawati and Rahardjo, 2019). Osteoblasts
are cells that are responsible for the mineralisation of the bone matrix and can
release proteoglycan proteins that trap calcium ions. The unmineralised bone
matrix composed of type | collagen and glycosaminoglycans is formed as a result
of this process. The skull and mandible bones are produced at this period. During
the sixth week of pregnancy, the mandible shows the first signs of

intramembranous ossification of the skull (Long and Ornitz, 2013).

Within a few days, the osteoid is produced within the fibrous membrane and
mineralised, prompting trapped osteoblasts to become osteocytes. When
osteoblasts continue to deposit osteoid, the encased cells mature into
osteocytes. Between embryonic blood vessels, which form a random network of
trabeculae, the osteoid is laid down. As the bone matrix forms, trabeculae also
form and connects to each other to create cancellous bone (Breeland, Sinkler
and Menezes, 2021). At the end of the intramembranous ossification process,

the formed cancellous/trabecular bone is substituted by cortical bone.

1.3.2 Endochondral Ossification

Endochondral ossification is a process of bone development in which the tissue
that will become bone is firstly formed from cartilage (Karaplis, 2002). Firstly, it is
separated from the joint and epiphysis and surrounded by perichondrium which
then forms the periosteum. Dependant on the location of mineralisation, this part

of bone development can be divided into perichondral ossification and
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endochondral ossification. Both types of ossification play important roles in the
formation of long bones however, only endochondral ossification occurs in the
formation of short bones (Setiawati and Rahardjo, 2019). Perichondral
ossification begins in the perichondrium where mesenchymal stem cells from the
tissue differentiate into osteoblasts, surrounding the bony diaphyseal before

endochondral ossification, indirectly affects its direction (Dennis et al., 2015).

Once the cartilage model has been established, cells from the centre and
periphery can infiltrate it, generating primary and secondary ossification centres.
These centres gradually develop in different directions, eventually replacing

cartilage with bone as seen in figure 1-2 below.
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Figure 1-2: A schematic diagram showing the development of endochondral bone. Reprinted from: Rosy
Setiawati and Paulus Rahardjo (December 14th, 2018). Bone Development and Growth, Osteogenesis
and Bone Regeneration, Haisheng Yang, IntechOpen, DOI: 10.5772/intechopen.82452. Available from:

https://www.intechopen.com/chapters/64747 (Setiawati and Rahardjo, 2019).
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Endochondral ossification occurs in the long bones at two separate sites: the
diaphyseal (main) and epiphyseal (secondary). The diaphyseal site is where
bone production begins, whereas the epiphyseal site, which is under autonomous
control, is ossified later in the process. As a result, a layer of differentiation will
occur between the two ossification centres, known as the epiphyseal plate, which
may be found between the diaphysis and epiphysis (Breeland and Menezes,
2019). Metaphysis is an area which is formed due to the fusion between diaphysis
and epiphysis that can occur during bone growth (Mencio and Swiontkowski,

2014).

At the primary centre area, chondrocytes segregate to allow local calcification to
occur. Because of the slow diffusion and poor nutritional supply throughout the
bone, chondrocyte death can occur (Stoddart et al., 2018). Despite many theories
connecting the death of chondrocytes with apoptosis, the most recent studies
explain that hypertrophic chondrocyte death occurs because of a mechanism that
is morphologically distinct from apoptosis but has not yet been characterised
(Ahmed et al., 2007). As a result of highly distributed vascularisation (which
occurs due to the formation of thin walled lacunae being broken leaving holes for
vascularisation), some of the cells go on to become osteoblasts. As a result of
the deposition of both calcium and phosphate as hydroxyapatite with the help of
other proteins and alkaline phosphatase expressed by osteoblasts, new bone
matrix is created in the central area, resulting in the replacement of the majority

of the central cartilage (Blair et al., 2017).

At this stage, osteoblasts play the main role in new bone formation. They allow
for the formation of trabecular bone on the cartilage remnant. Osteoclasts begin

to degrade bone in the core area while bone growth continues to the two outer
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ends, leaving a hole that is eventually filled with red bone marrow (Ortega,

Behonick and Werb, 2004).

The secondary ossification also has the help of epiphyseal vascularisation in
development. The secondary centres, on the other hand, do not resorb, and the
bone in the epiphysis does not resorb in the future. Furthermore, the hyaline
cartilage, which can be found commonly in the ribs, nose, larynx and trachea, is
totally changed into bone during diaphysis, however in the epiphysis, it is not
completely replaced into bone, leaving a trace of cartilage known as the

epiphyseal plate, which will ossify in early adulthood (Emons et al., 2009).
1.4 Osseointegration

Osseointegration has been defined in several ways by a variety of researchers
through the years. It is believed that back in 1940, Bothe and his collaborators
were the first researchers to implant titanium into an animal and observe how it
fused to the bone (Buser, Sennerby and De Bruyn, 2017). However,
osseointegration was later described by Gottlieb Leventhal in 1951 after placing
titanium screws in rat femurs and stating how by the end of the 16 weeks the
screws were so tight in the femur that when an attempt was made to remove it
the femur was fractured (Leventhal, 1951). This led to the final discovery and
naming of osseointegration in 1952 by physician Per-Ingvar Branemark who
implanted a titanium chamber in rabbit bone to study blood flow. At the end of the
experiment when it came time to remove the chambers from the rabbit bone, it
was discovered that the bone was so integrated to the implant that the chamber
could not be removed, leading to the term ‘osseointegration’ (Branemark, 1983).

As a result of Branemark’s work, implantation in dental medicine began in the
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mid 1960’s as he embarked on the first experiment placing dental implants into a

human who had a cleft palate defect (Sandor, 2006).

Osseointegration is now seen as a highly common treatment mode which allows
for the establishment of a direct interface between an implant and bone without
the need for soft tissue intervention. It's the structural and functional link between
living bone and the surface of a load-bearing artificial implant such as joint

replacements, dental implants, or prosthetics (Jayesh and Dhinakarsamy, 2015).

Any lesion of the pre-existing bone matrix is known to induce direct bone healing
in osseointegration, defects, and primary fracture healing. When the matrix is
exposed to extra cellular fluids, non-collagenous proteins and growth factors are
set free and activate bone repair (Wubneh et al., 2018). Once bone repair is
activated, osseointegration follows 3 stages. These are; the incorporation by
woven bone formation, the adaptation of bone mass to load and the adaptation
of bone structure to load, also known as remodelling (Parithimarkalaignan and

Padmanabhan, 2013).

Implants have become a highly prevalent therapy in dentistry for both restoring
missing teeth and correcting abnormalities for aesthetic reasons. As introduced
by Branemark in 1965, the favourable clinical performance of dental implants has

been attributed to their firm osseointegration.

Bone regeneration related to dental implants in a healthy specimen is a
complicated process that can take up to several weeks to occur. After
implantation, bone regeneration is regulated by growth and differentiation factors
that are released in the implant area (Shah, Thomsen and Palmquist, 2019).

Bone regeneration is formed either on the implant’s surface; known as contact
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osteogenesis, or from the surrounding bone around the implant’s surface; known
as distance osteogenesis. The final step is bone remodelling which occurs by
replacing immature bone with mature bone at the site of implant. This can provide

mechanical stability for the implant insertion process (Alghamdi, 2018).

1.4.1 The Success and Failure of Osseointegrated Implants

Although osseointegration is thought to be the foundation of a successful
endosseous implant, there are several elements that influence its success or
failure. Firstly, the exploration of the bone-implant interface is important to
understand as many studies have concluded that the strength of the interface
between bone and implant increases soon after the implant placement (within 12
weeks). This is vital as the strength may be described as being related to the
amount of bone surrounding the implant surfaces. Also, the biophysical
stimulation and time allowed for healing of the implants may affect the strength
of the bone-implant interface over time (Parithimarkalaignan and Padmanabhan,

2013).

Next, the implant compatibility is an important factor to explore as the implant
needs to have biocompatibility properties to allow a good resistance and lack of
toxicity to the body. Commercially, pure titanium has been widely used for several
years as the material of choice for dental implants due to its resistance to
corrosion which is down to the titanium alloys reacting with oxygen in the air to
form titanium oxide which protects it from corrosion, it's biocompatibility and

mechanical properties (Ozcan and Hammerle, 2012).
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The implant surface characteristics are also an important factor in determining
the success and failure of osseointegrated implants. Especially in the oral region,
the surface quality will determine the tissue reaction to the implant. The hardness
of the implant relates closely to the potential stresses in the surface of the oral
cavity which may result in increased corrosion rate and a higher chance of the
implant wearing. The wear can be caused by the hardness of the material but

also the surface roughness of the implant (Barfeie, Wilson and Rees, 2015).

These factors can heavily influence the osseointegration process which needs to
be successful for functional implants. However, materials are always changing,
and new technologies are always appearing so osseointegration properties are
constantly being adapted to suit the implant’s purpose. The main points to
address in order to create osseointegration are; a minimal amount of remaining
bone should be removed; the retention of the original bone should be maintained
and the basic topography of the region should not be changed (Jayesh and

Dhinakarsamy, 2015).

1.4.2 Osteoconductive vs. Osteoinductive

Osteoinduction is the process by which osteogenesis is stimulated and is
commonly found in any form of bone healing process. Osteoinduction involves
the stimulation of osteoprogenitor cells such as bone morphogenetic proteins, to
develop into osteoblasts, which subsequently initiate the production of new bone.
A bone graft material that is both osteoconductive and osteoinductive will not only
act as a scaffold for existing osteoblasts, but it will also stimulate the creation of

new osteoblasts, allowing the graft to integrate more quickly. In a bone healing

58



situation such as a fracture, the majority of bone healing is dependent on

osteoinduction (Polo-Corrales, Latorre-Esteves and Ramirez-Vick, 2014).

Bone grafting is a surgical procedure which is commonly used in implants to
replace missing bone or to repair bone fractures. Osteoconduction,
osteoinduction and osteogenesis are the biologic mechanisms that provide the
rationale for bone grafting to occur. All bone grafted materials should be

osteoconductive.

Osteoconduction means that bone grows on a surface. Osteoconduction occurs
when the bone graft material serves as a scaffold for new bone growth that is
perpetuated by the native bone. Osteoblasts from the margin of the defect that is
being grafted utilise the bone graft material as a framework upon which to spread

and generate new bone (Dym and Pierse, 2011).

1.5 Craniofacial Reconstruction

The craniofacial region encompasses the portions of the head that surround the
brain, as well as the face and neck structures formed from the embryonic pharynx
(Morriss-Kay, 2016). The craniofacial area is made up of a variety of tissue types,
including bone, cartilage, muscles, ligaments, and skin, as well as important
supporting structures like blood arteries and nerves (Visscher et al., 2016). Many
diseases, injuries, and deformities in the head, neck, face, jaw, and the hard and
soft tissues of the oral region are treated through oral and maxillofacial surgery.
In the United Kingdom alone, around 60,000 craniofacial reconstruction
procedures are performed each year (Laub, 2015). Trauma, such as vehicle

accidents, tumour removal surgery, or the correction of congenital deformities in
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babies and children born with cleft lip and palate, necessitate these operations.

Reconstructive surgery may be required in some cases to correct the conditions.

+——— Frontal Bone

£

Cheekbone — - «—————Upper Jawbone

Nose Bone

i g Lower Jawbone

Figure 1-3: The possible areas of craniofacial reconstruction in a human. The diagram was created using

BioRender.com

1.5.1 Congenital Disorders

Alongside cleft lip and palate, the most common facial abnormalities young
children are born with, there are several other conditions that require facial
reconstruction surgery known as craniofacial dysostosis. Craniofacial dysostosis
is used to describe a variety of problems involving the overgrowth and
undergrowth of the head and face structures. Couzon syndrome, Apert
syndrome, and Pfeiffer syndrome are examples of craniofacial dysostosis.
Children suffering with these conditions will frequently have aberrant facial growth

and will require surgery to reposition their facial bones forward (Tan et al., 2016).
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‘LeFort osteotomies' are operations that relocate the facial bones forward and are
numbered according to the level in the face where they are performed. LeFort I-
exclusively moves the upper jaw's tooth-bearing portion. LeFort Il advances the
upper jaw's tooth-bearing section and the nose forward, while LeFort Il moves
the entire upper jaw, nose, cheek bones, and eye sockets forward (Kashani and
Rasmusson, 2016). Prior to LeFort osteotomies there is a long period of
orthodontic preparation in which the teeth are moved into positions that will make
it suitable for surgery. During surgery, facial bones are moved and usually fixed
in a suitable position by a combination of bone grafts and metal screws

(Buchanan and Hyman, 2013).

Reconstruction of congenital defects, which account for major tissue loss in
infants, present significant challenges in the process of providing suitable

aesthetic and functional outcomes for the patients (Shand, 2018).

1.5.2 Traumatic Incidents

Motor vehicle accidents, sports injuries, violent assaults, falls, and collisions
during recreational activities are all common causes of traumatic occurrences. All
of these reasons can severely damage the craniofacial region in the human body
leading to the need for maxillofacial surgery to help correct parts of the bones
and tissues that have been injured. Injuries to parts of the face can cause long
term damage to a patient such as a disturbance in jaw movement, blindness and

breathing difficulties which could, although rare, lead to death (Jose et al., 2016).

Motor vehicle accidents are the most common cause of maxillofacial trauma and
fractures in a vast number of countries around the world, according to studies. A

study undertaken by Yadollahi and co-workers (Yadollahi, Behzadi Seyf-abadi
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and Pazhuheian, 2019) looked at the various types, causes and incidents
associated with maxillofacial fractures and found that motor vehicle collisions
were the most common. However, recent studies, such as one carried out by
Lello and associates (Lello, Allen and Haig, 2015), discussed how in recent years,
over 60% of severe facial injuries are a result of domestic abuse and assaults.
Furthermore, over 13,000 burns occur every year in England and Wales alone
which can be serious enough to require craniofacial surgery including but not
limited to, skin grafts, tissue grafts and bone replacement (Stylianou, Buchan and

Dunn, 2015).

1.5.3 Cancers

The craniofacial region can be significantly impacted by the effect of over 30
different types of cancers which can lead to deformation of the bony constructs
in that part of the body. In removal of large cancerous tumours in the craniofacial
region, defects in the mouth, throat or neck may need to be repaired. This is
usually done by a skin graft if the area is small and compatible. However, to repair
larger defects, more tissue may be needed which recent advances in facial
prosthesis and reconstructive surgery offers patients to align and correct missing
bone tissue and help with speech issues or swallowing issues that may have

been caused by the removal of the tumour (Gou et al., 2018).

1.6 Materials Currently In Use

The reconstruction of bone defects following congenital disorders, traumatic
incidents and the removal of cancerous tumours is a critical procedure requiring

a suitable implant material which will offer the correct properties and functions,
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including but not limited to, aesthetic restoration, optimum support, structural
integrity and functional rehabilitation (Neumann and Kevenhoerster, 2009). A
good material should also promote the formation of new bone as well as
osteoconductive and osteoinductive properties. Furthermore, the suitable
material should not cause pain, infection or any adverse reactions for the body
as well as adhering to the composition and structure of the native bone tissue

(Koons, Diba and Mikos, 2020).

The foreign body reaction occurs when any foreign material is implanted into the
body and causes an inflammatory and fibrotic response. When a foreign object
is implanted into a tissue, immune system cells become drawn to it and attempt
to break it down. If the substance does not degrade, fibroblasts encircle it and
establish a physical barrier to keep it isolated from the rest of the body. The
cellular response breaks the contact between the implant and its target tissue,
making long-term implantation of medical devices difficult (Carnicer-Lombarte et
al., 2021). The slow onset of this body-induced reaction, as well as its dynamic
character (beginning with an acute inflammatory onslaught and progressing to a
long-term fibrotic response), make it difficult to predict and test for during implant
device design and development. Optimisation of implanted technology for good
function over a period of days to weeks following implantation is a common
subject of research. Clinical devices must have the ability to be implanted in
human patients for years or decades, even though it is impractical to test new
technologies for extended lengths of time at each phase. It is critical to examine
the effects of foreign body reactions on both the implanted device and the
surrounding tissue in order to improve bench-to-bedside translation of novel

technologies (Xu and Siedlecki, 2007).
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According to their mechanism, regenerative bone materials are divided into four
categories: osteogenic materials, which directly stimulate bone cells to
synthesise bone tissue; osteoinductive materials, which induce the differentiation
of mesenchymal cells into osteoblasts, improving bone formation in orthotropic
and heterotopic sites; and osteoconductive materials, which aid cell proliferation,
migration, and the formation of new bone; osteo-promotive materials, which serve

as a substrate for bone cells to grow on (Rodella, Favero and Labanca, 2011).

Tissue engineering and regenerative techniques for the reconstruction of the
craniofacial region have received a lot of attention in recent decades. Although
bone has the ability to grow on its own, when a significant lesion surpasses the
tissue's regeneration capability, clinical intervention in the form of bone repair

operations may be required (Smith et al., 2015).

Bone grafting has been a technique used in the craniofacial reconstruction field
for centuries. The first successful bone grafting procedure was documented in
the 17th century by Dutch surgeon Job Van Meekeren, who transplanted a
fragment of bone from a dog's skull into a cranial deformity in a human soldier
(Fernandez de Grado et al., 2018). Furthermore, in the 19" century, Van Merren
reported of the first ever autogenous graft success. Allogenic grafts were also
reported around the 19" century and by 2001 bone grafting had become so
popular that there were more than 2 million procedures recorded in the world

(Campana et al., 2014).

Over the centuries, a persistent effort has been made in this field to identify new
graft materials to offer promising developments of new implants for patients

needing facial reconstruction surgery. Several methods have been implemented
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in this field for many years to try and keep up with a cost-efficient, customisable,

osteoconductive, readily available and durable properties (Meyer et al., 2020).

1.6.1 Autologous Bone Grafts

Autologous (or autogenous) bone grafts involve using bone from the same
individual receiving the graft. The bones can be harvested from non-essential
bones like the iliac crest region, but in craniofacial surgery, they are most typically
harvested from the chin area and are obtained from a preserved bone flap that

was removed during a prior procedure (Meyer et al., 2020).

Grafts have been fundamental for regenerating and repairing bone tissue around
the head and neck region. For bone regeneration, a variety of space-filling
biomaterials have been tested, and the material chosen is mostly determined by
the application site. Because of its osteogenic, osteoinductive, and
osteoconductive properties, autologous materials have been used for bone
regeneration since 1978 and are still considered the gold standard in bone

transplants (Matassi et al., 2011).

Many researchers, such as Fillingham and associates (Fillingham and Jacobs,
2016), have suggested that autologous bone grafts can be divided into non-
vascularised and vascularised grafts to suit both cortical and cancellous bone
regions. Several studies, such as one carried out by Yadla and colleagues (Yadla
et al., 2011) have explored the significance of the autologous bone grafting
method and confirm why it is the most frequently used grafting method around
the world due to its low infection rate. Due to the harvested graft originating from
the same individual, it is believed to be a grafting approach free of immunological

rejection, reducing external risks (Osorio et al., 2020).
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Autologous grafts, also referred to as autografts are known to be osteoactive
materials, having both osteoinductive and osteoconductive properties allowing it
to be able to promote the differentiation of mesenchymal stem cells into
osteoblasts, resulting in bone formation (Garcia-Gareta, Coathup and Blunn,

2015).

1.6.1.1 Cancellous Autografts

The most prevalent type of autologous bone graft is cancellous autografts.
Despite ischemic conditions during transplantation, a large number of
mesenchymal stem cells survive, helping to retain the osteogenic potential and
ability to produce new bone from the graft (Bhatt and Rozental, 2012).
Furthermore, the large surface area of a cancellous autograft aids improved
revascularisation and graft assimilation into the host bone. Inflammation and
hematoma form quickly in the early phases of autograft transplantation, with the
recruitment of mesenchymal stem cells to generate fibrous granulation tissue, but
the necrotic graft tissue is being removed by macrophages, generating
neovascularisation (Wang and Yeung, 2017). Furthermore, osteoid are produced
by osteoblasts around necrotic tissue during autograft integration, which happens
at the same time as the production of new bone by accumulating hematopoietic
cells within the transplanted bone. This process leads to the complete resorption

and replacement of the graft (Roberts and Rosenbaum, 2012).

1.6.1.2 Cortical Autografts

Cortical bone autografts have a limited number of osteoprogenitor cells leading
them to be mechanically supportive and to possess great structural integrity

(Roberts and Rosenbaum, 2012). In contrast to the cancellous autograft, the

66



substitution of cortical autograft is triggered by osteoclasts after the formation of
hematoma as well as the inflammatory response in the early phase of bone
regeneration, since the revascularisation and remodelling processes are
impeded by the dense architecture of the bone (Gross et al., 1991). Following
osteoclast resorption, the major method of incorporating the cortical autograft is
to increase bone development over a necrotic core. However, depending on the
state of the implantation site as well as the size and shape of the graft, this

procedure can take many years (Goldberg and Akhavan, 2005).

1.6.2 Allogeneic Bone Grafts

Allogeneic bone grafts, or allografts, are a common form of bone grafting material
that are from one individual, usually a human donor and are transplanted into a
different individual. As autologous bone transplants have several drawbacks,
such as the requirement for a second surgical site and greater surgery time,
allografts are considered as the best alternative especially for patients with poor
healing potential (Goldberg and Akhavan, 2005). Allografts are considered
osteoconductive materials in the same way that autogenous grafts are, however
their osteogenic capacity is lesser (Kumar, Vinitha and Fathima, 2013). Allografts
can be customised and therefore can be available in cortical and cancellous bone
options. They can also be produced in a variety of sizes for augmentation
procedures and are sterilised with approval by the Food and Drug Administration
(FDA) although the risk of cross infection remains the most significant drawback
after allograft implantation (Roberts and Rosenbaum, 2012). Allografts have been
reported to be immunogenic and have a higher failure rate than autografts, which
is due to the activation of major histocompatibility complex antigens (Wang and

Yeung, 2017).
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Although the specific mechanism of immune response in allograft incorporation
is unknown, multiple studies have demonstrated that when immunogenicity is
minimised by altering the allograft to narrow histocompatibility discrepancies,

allografts are more tolerated (Goldberg and Akhavan, 2005).

1.6.2.1 Cancellous allografts

Cancellous allografts are the most commonly used types of commercial allografts
and have been seen to be supplied mainly in the form of cuboidal blocks. Due to
their mechanical properties and their poor healing promoting ability, cancellous
autografts are mainly applied in spinal fusion augmentation and filler materials for
cavitary skeletal defects (Khan et al., 2005). In comparison to autografts, the
incorporation process of allografts follows a similar pattern of events; however,
osseointegration is predominantly slowed by the host's inflammatory response,
which can result in the creation of fibrous tissue around the graft. Meanwhile,
several years after transplantation, allografts might become entrapped and never

totally resorbed.

1.6.2.2 Cortical allografts

Cortical allografts are mainly applied in spinal augmentation to fill large skeletal
defects where immediate load-bearing resistance is needed (Orti et al., 2016).
Most commonly, frozen or freeze-dried products that are free of blood and
marrow are transplanted into patients. Furthermore, the cortical allograft is
incorporated through a process known as creeping substitution, similarly to the
autogenous grafts, which is when the cortical bone is incorporated and mediated

by osteoclasts as opposed to osteoblasts (Huang et al., 2014). The osteoclastic
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resorption initiates the cortical allografting process, which is followed by the

creation of new bone via osteoconduction (Temple and Malinin, 2008).

1.6.3 Xenografts

Heterologous materials, also known as xenografts are made from the bones of
several animal species, with bovine bone being the most prevalent (Temple and
Malinin, 2008). Bovine bone xenografts have been successfully used to treat a
variety of bone abnormalities (Mardas, Chadha and Donos, 2010). The bone
skeletal tissues are deproteinated to produce inorganic bone scaffolds. The
organic components of the bone are normally extracted using ethylene diamine
during the deproteination process (Thuaksuban, Nuntanaranont and
Pripatnanont, 2010). Many authors have confirmed the osteoconductive
properties of xenografts (Carlino et al., 2008). However, according to the Food
and Drug Administration (FDA), there is always a risk of transmission of Bovine
Spongiform Encephalopathy (BSE) when utilising xenografts (Sogal and Tofe,
1999). BSE is a neurodegenerative disease of cattle which has been referred to
more commonly as ‘mad cow disease’. Commercial xenografts such as Pepgen-
P15 or Bio-Oss are organic-free composition grafts and because they are
predominantly composed of calcium phosphate, their chemical characteristics
are comparable to those of the mineral component found in natural bone (Sartori
et al., 2003). Several investigations have revealed that commercial xenografts,
like the ones presented here, are often porous materials with porosity similar to
that of human cancellous bone. Xenografts are employed in a range of situations,
from minor bone defects in dentistry to more sophisticated surgical procedures
like maxillary sinus augmentation (Mardas, Chadha and Donos, 2010) and the

majority of cases show great promise in a clinical scenario in regards to bone
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growth. However, there are ongoing ethical debates about xenograft materials
that may prevent them being used in medical applications. A case study by
Rodriquez and co-researchers (Rodriguez and Nowzari, 2019), investigated the
long-term risks and late clinical complications of bovine-derived xenografts in
patients that had been referred due to bone augmentation complications. The
results of their case study showed a variety of concerns with the bone-derived
graft materials such as implant failure, foreign body reactions, sinus and maxillary
bone pathoses, displacement of the material, chronic inflammation and many

more complications which affect the long-term safety of the xenografts.

1.6.4 Alloplastic Grafts

Alloplastic is a synthetic substance that's utilised to repair bone tissue and is the
most frequently used type of bone graft in the implant industry due to its
osteoconductive properties, making it compatible with the patient’s own bone.
They have been introduced in this industry to overcome the disadvantages of
using natural bone substitutes such as autografts, allografts and xenografts
(AlGhamdi, Shibly and Ciancio, 2010). Alloplastic grafts can be produced with
varying physiochemical properties and can be customised with varying levels of
porosity and pore sizes. Bioceramics, polymers, and biocomposites are three
different types of alloplastic materials (Sheikh, Sima and Glogauer, 2015). Over
the years, ongoing studies have been proving that these synthetic bone
substitutes should be able to meet the optimal specifications of supporting the
newly formed bone and should essentially be biodegradable (Giannoudis,

Dinopoulos and Tsiridis, 2005).
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1.6.4.1 Bioceramics

Bioceramics are ceramic materials that are biocompatible and used commonly in
the medical and dental field for implant materials to replace hard tissue in the
body such as bone and teeth (Best et al., 2008). Bioceramics are classified as
bioinert, bioactive, or bioresorbable depending on the type of bioceramics utilised
and their interactions with tissue, as indicated in the flow chart diagram below

(figure 1-4).

Bioceramics

Bioinert Bioactive 1oresorbabl

e.g. Alumina, Zirconia,
Alumina-Zirconia Composites

e.g. Bioactive glass, Glass
Ceramics

e.g. Calcium Phosphate,
Tricalcium phosphate

Figure 1-4: A flow chart showing the three main classifications of bioceramics; bioinert, bioactive and

bioresorbable with examples of each group.

Bioinert

Zirconia (ZrO2) and Alumina (Al203) are categorised as being bioinert. These
materials have stable physiochemical properties which make good compatibility
with the hard tissues. Therefore, when these materials are implanted into the
body, there is little chance of there being a physiological reaction as well as no
chance of there being an immunological rejection by the tissue (Kumar, Dehiya

and Sindhu, 2018). The bioinert materials also have good strength to resist
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fractures and they are applied as a structural-support implant in places such as
bone plates and bone screws (Hench and Wilson, 1993). Zirconia has been used
as an implant material since the early 1960s, and alumina was first used as an
implant material in the early 1970s. Both alumina and zirconia have
predominantly been used in dental applications, bone spacing implants and in
orthopaedic joint replacements (Jayaswal et al., 2010). With the increasing usage
of both alumina and zirconia implants, a desire for a novel material with the
combined characteristics of Al203 and ZrO2 arose. This novel material should
have the biocompatibility of both alumina and zirconia, as well as the strength of
ZrO2 and the long-term in vivo stability of Al2Os (Apratim et al.,, 2015). To
overcome all the present limitations, new ZrO2 - Al2O3 composites have been
studied and investigated to find better properties for implant materials. These
composites have shown to be less prone to ageing than ZrOz and to have a
higher fracture toughness than Al2Os3 (Sequeira et al., 2017). There are two
different composites containing two possible compositions of zirconia and
alumina. If the composite has a richer side of ZrO: it is known as an Alumina-
Toughened Zirconia composite, on the other hand if the composite has a richer
side of Al2Os, it is known as a Zirconia-Toughened Alumina composite. Both of
the types of composites display higher mechanical property values of toughness,

hardness and strength than zirconia or alumina alone (Kurtz et al., 2014).

Bioactive
In 1969, the discovery of four-component glasses which could bond to living
tissues was made by Hench (Hench, 2006). Bioactive materials have been used

since the discovery. It was shown that it is possible for certain materials to evoke
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a controlled action and reaction in the physiological environment (Shirtliff and
Hench, 2003). Bioactive materials were being employed clinically in a number of
dental and orthopaedic applications by the mid-1980s, including a variety of
compositions of ceramics, bioactive glasses, glass-ceramics and composites

(Fernandes et al., 2018).

Bioactive materials have a positive effect on living tissues and have the ability to
induce a response that can help in the regeneration and repair of body tissues
(Kumar, Dehiya and Sindhu, 2018). A specific biological response is produced
when a bioactive material enters the body which begins to form chemical bonds
between the interface of the material and the body’s tissue. Bioactive glasses
(BGs) and glass ceramics are examples of bioactive materials. After decades of
reviewing the work in this field, in 1993 Rawlings (Rawlings, 1993) described the
key features and properties of BGs alongside glass ceramics. After extensive
research, the BG concept was in the spotlight with the discovery of Bioglass®
45S5 which had extraordinary interfacial bond properties between implants and
bone (Fernandes et al., 2017). Bioglass® 45S5 is composed of 45 wt% SiOz,
24.5 wt% CaO, 24.5 wt% Na20, and 6.0 wt% P20s (Tulyaganov et al., 2020). The
45S5 designation denotes glass with a SiO2 content of 45% and a calcium-to-
phosphorous molar ratio of 5:1 (Rahaman et al., 2011). As low ratios of Ca:P do
not bond freely to bone, the high ratio of Ca:P in Bioglass® 45S5 promotes the
formation of apatite crystals which explains why it is ideal for a variety of biological
applications due its comparable composition to hydroxyapatite, the mineral

component of bone (Jones, 2013).

Traditional melt-quench or sol-gel techniques, in which a number of chemicals

combine and solidify as glass, are used to make glass ceramics. The glass
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structure is made up of a network of Si4+, B3+, and P3+ ions, each of which
contributes to the creation of intermediate oxides and network modifiers. The next
step of controlled heat treatment is important to obtain glass crystallisation

forming glass-ceramics (Fernandes et al., 2017).

Bioresorbable

Calcium phosphates (CaPs) are resorbable bioceramics and due to their
outstanding biocompatibility, osteoconduction, and osseointegration capabilities,
are frequently used in bone regeneration. CaP was commercially made available
in the 1980s for the advantages it carries when assimilated by the human body,
however, the history of CaPs in the medical field began in 1769 when the first
evidence of its existence in bone tissue was discovered (Dorozhkin, 2012).
Furthermore, the attempt to treat various diseases with CaPs dates way back to
the 1790s with the original intention to treat rickets (Eliaz and Metoki, 2017).
Since then, there has been a surge in interest in researching CaPs, especially in
the field of bone tissue engineering. Various CaPs have been studied and used
in bone regeneration and are displayed in table 1-1 with their abbreviations,
chemical formulas and calcium phosphate : phosphorous ratios (Mehdawi and

Young, 2015).

Tricalcium phosphate’s (TCP) chemical formula is Casz(POa)2. It is a porous
calcium phosphate that occurs in two different crystalline forms known as aTCP
or BTCP which both have Ca/P molar ratios of 1.5 (Tamimi, Sheikh and Barralet,
2012). Studies, such as one by Zima and colleagues (Zima et al., 2017), carried
out tests on aTCP to see how the effect of modified hydroxyapatite influences the
physiochemical properties and cytocompatibility of aTCP bone cements. The

study led to show promising properties for aTCP as a fracture site filler. Like

74



aTCP, BTCP has also proven popular for use as a filler and has shown positive
and acceptable results in several clinical studies. A study by Rojbani and co-
workers (Rojbani et al., 2011) evaluated the osteoconductivity of both aTCP and
BTCP in animals and reported a higher degradation rate in aTCP which allows
more bone formation to occur in a shorter amount of time when compared to
BTCP and sintered HA. Furthermore, studies, such as one carried out by Yuan
and collaborators (Yuan et al.,, 2010), have shown BTCP to have high
osteoinductive potential and therefore BTCP has been highly favourable in the

study and discovery of bone graft materials.

In contrary, many studies have presented drawbacks associated with the
application of TCP such as the production of fibrous tissue rather than bone
during the healing process post-surgery, as well as the lack of mechanical

strength of TCP as a whole (Jeong et al., 2019).
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Table 1-1: Various types of calcium phosphates with their abbreviations and chemical formula are arranged in order of ascending calcium (Ca) to phosphorous (P) ratio.

Abbreviation

Chemical Formula

Ca:P Ratio

Monocalcium phosphate

monohydrate

Dicalcium phosphate
dihydrate (brushite)

Dicalcium phosphate
anhydrate (monetite)

Octacalcium phosphate

B-Tricalctum phosphate

Amorphous calcium
phosphate

a-Tricalclum phosphate
Hydroxyapatite

Tetracalcium phosphate

MCPM

DCPD

DCPA

OCP

B-TCP

ACP

a-TCP

TTCP

Ca(H,P0O,),.-H,0

CalPO,.2H,0

CaHPO,

Ca I, (PO,),.5H,0

Ca;(PO,),

Cay(POy),.nH,0

a-Cay(PO,),
Ca,((PO,)s(OH),

Ca,(PO,),0

0.5

1.0

1.0

1.33

L5

L5

1.67

2.0
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Hydroxyapatite (HA) is a naturally occurring mineral type of calcium apatite with
the formula of Cai10(POa4)s(OH)2. It accounts for almost half of the weight of the
bone and has excellent osteoconductive and osteointegrative capabilities (Eliaz
and Metoki, 2017). In human bone, HA is present in combination with other
common ions such as F, CO3* or Na*. Owing to its chemical similarities to
natural bone, HA is frequently employed as a bone substitute (Kattimani,
Kondaka and Lingamaneni, 2016). HA can be synthetically manufactured as well
as produced in different forms such as in a porous non-resorbable form, a solid
non-resorbable form or a resorbable non-ceramic and porous form (Sheikh, Sima
and Glogauer, 2015). The synthesis of the HA form and shape is aided by heat.
Work carried out by Sheikh and co-researchers (Sheikh, Sima and Glogauer,
2015) investigated how applying a high temperature during the production
process can result in the formation of a non-resorbable sintered dense form of
HA. However, the development of resorbable porous HA may be caused by a
lower fabrication temperature. Furthermore, several studies have been
undertaken to test the biological effect of HA in the healing of bone defects as an
implant material. These studies all showed promising clinical results such as one
carried out by Foster and co-researchers (Foster et al., 2016), which studied the
effects and complications of utilising HA as a filler for the correction of bone
defects in patients undergoing retromastoid craniectomy (a surgery to remove
part of the skull to relieve pressure in that area) procedures. The study concluded

that HA was successful in offering a positive alternative to titanium cranioplasty.

The use of HA in the field of tissue engineering and craniofacial reconstruction

offers a number of benefits and drawbacks. Due to its biological features, such
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as biocompatibility, bioactivity, osteoconduction, osteoinduction, and
osteointegration, HA has been widely used as an artificial bone substitute
(Kattimani, Kondaka and Lingamaneni, 2016). With a Ca:P ratio of 1.67, HA is
one of the most stable and less-soluble calcium phosphate bioceramics
(Dorozhkin, 2009). Furthermore, HA only contains calcium and phosphate ions
which is why there have been no adverse local or systemic toxicity reported in
any study using HA biologically. Further studies have also proven that the surface
of HA supports the adhesion of osteoblastic cells and promotes growth and
differentiation (Ohgushi et al., 1993). Brittleness, low tensile strength, and
fracture toughness are some of the downsides of HA. Because of its low
mechanical qualities, HA cannot be used in bulk for load bearing applications
(Family et al., 2012). Moreover, research has shown that pure HA is low in
viscosity and has proven to be difficult to make complex shapes with, which is
why a lot of additive manufacturing techniques have been adapted for the use of

HA (Garagiola et al., 2016).
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1.6.4.2 Polymers

As many polymeric materials are biocompatible and biodegradable, they are
frequently employed in bone tissue engineering. Polymeric materials are also
extremely adaptable due to their controlled copolymerisation, implying that they
may be manufactured with a variety of biodegradation rates (Song et al., 2018).
Polymethylmethacrylate (PMMA) is the most often used polymer in craniofacial
reconstructive surgery nowadays. PMMA is made up of fine pre-polymerized
resin particles combined with methyl methacrylate (Fernandes da Silva et al.,
2014), with low postoperative irritation, provides a protective and defect-filling
substitute (Unterhofer et al., 2017). A popular commercially available PMMA
based polymer used for cranioplasty is Cranioplastic™ from DePuy Synthes,

Raynham, MA, United States of America.

The polymerisation process of PMMA starts by the reaction between the benzoyl
peroxide and N- dimethyl-p-toluidine. The polymerisation reaction is highly
exothermic, and the temperature of the PMMA material can reach 80°C.
However, It is currently well tolerated and supports bone formation on its surface
allowing it to be osteoconductive (Fernandes da Silva et al., 2014). A study by
Abdo-Filho and colleagues (Abdo Filho et al., 2011) explored the use of PMMA
in craniofacial surgery and discussed its advantages. It was said that PMMA
releases about 3-5% of monomer residues typically within 5 minutes of
polymerisation and can decrease to 1.2% over a prolonged period of time. This
suggests that the monomer's toxicity should vanish completely in around 4 hours.
Furthermore, investigations have demonstrated that after PMMA implantation, no
monomer fragments are produced and no PMMA toxicity occurs 48 and 78

months after the reconstructive procedure (Lu et al., 2002).
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A case study by Simon and associates (Simon et al., 2014) looked at the
challenging reconstruction of complex geometric shaped large cranial defects
and the need for a light weight, adaptable and easy to fit implant. They explained
that using PMMA for the implant was safe and easy as well as providing a better
economic alternative. Their study reported no post-operative complications and

excellent cosmetic results in the patient.

Some disadvantages of using PMMA for reconstruction of bony facial contour
deficiencies after facial trauma should be discussed such as the possibility of
infection and the lack of incorporation and vascularisation into adjacent bone.
However, when prefabricated, PMMA still holds several advantages including but
not limited to, shortening of operative times, complete polymerisation resulting in
no permeability to body fluids and the improvement of physical properties of the

implanted material (Abdo Filho et al., 2011).

Polyetheretherketone (PEEK), a semi-crystalline thermoplastic with mechanical
characteristics similar to human bone, is another extensively used polymer in
bone tissue engineering. PEEKSs characteristics such as its low Young’'s modulus
(3-4 kN/mm?), its tensile strength (90-100 N/mm?) and its robustness, all
properties that could provide better protection when used in craniofacial surgery
(Lethaus et al., 2012). Along with its mechanical properties, PEEK can be easily
sterilised through gamma irradiation, which is an advantage to help reduce the
risk of infection in the body. Furthermore, when comparing PEEK to PMMA,
several studies recorded similar success rates and complications rates for
cranioplasty using the two polymeric materials. The comparison between the two
is not clear, however, some studies recorded a greater damage to the

surrounding tissues with PMMA than with PEEK (Nguyen et al., 2018).
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As advantageous as PEEK is in the field of cranioplasty, it also has its own limiting
drawbacks that need to be considered. PEEK is a bioinert material which is prone
to deficient osteogenic properties, limiting its ability to be used in a variety of

applications (Johansson et al., 2016).
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Figure 1-5: Image (A) shows a PMMA customised implant commercially available through Stryker and
Image (B) showing a commercially available PEEK milled implant available through DePuy Synthes.
Image (A) reprinted from Stryker Corporation, Kalamazoo, MI, United States.
https://cmf.stryker.com/products/pmma-customized-implant with permission from Stryker. Image (B)
reprinted from DePuy Syntheses Companies, Raynham, MA, United States.
https://www.jnjmedicaldevices.com/en-EMEA/service-details/peek-milled-implants with permission from

DePuy Syntheses.

Polylactic acid (PLA), polyglycolic acid (PGA), and polycaprolactone (PCL) are
polyhydroxyesters that have also been explored for bone tissue engineering. PLA
is used widely in clinical applications today (Borkotoky, Dhar and Katiyar, 2018)
mainly due to its elastic modulus being similar to that of human bone, making it

ideal for bone scaffolds and implants (Grémare et al., 2018). PLA has the
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advantage of biodegradability, however, an ideal biomaterial should have perfect
biocompatibility, improved bioactivity, a customised degradation rate, non-toxic
degradation products, and great mechanical performance, yet PLA does not meet
all of these requirements (Murariu and Dubois, 2016). PLA has the disadvantages
of limited cell adherence and a slow disintegration rate due to its hydrophobicity,
as well as inflammation in vivo due to the acidic nature of the degradation
products (Liu et al., 2020). PGA is a hydrophilic, highly crystalline polymer that
degrades at an advanced rate. PLA and PGA are mostly employed in

bioceramics and allografts as binders or conjugators (Gentile et al., 2014).

PCL is an aliphatic semi-crystalline polymer used often as bone scaffolds in bone
tissue engineering due to its superior mechanical properties including high
strength, toughness and elasticity. It is non-toxic and generally tissue compatible,
and it degrades over a period of 2-3 years (Anderson and Shive, 1997). PCL as
a polymer has also been studied as it is known for its osteogenic property. Many
studies, such as one carried out by Shkarina and fellow researchers (Shkarina et
al., 2018) tested its use in conjunction with other bioceramics such as
hydroxyapatite and tricalcium phosphate to form scaffolds and suggested good

bone growth properties.

All polymers have varying mechanical and physical properties leading some to
be more effective than others in different scenarios. Some polymers such as
poly(DL-lactide) (PDLLA) are amorphous. They have a glass transition
temperature above which they can flow but have no melting point. Table 1-2
below displays the main properties of the most commonly used, commercially

available, polymers in bone tissue engineering and craniofacial reconstruction
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surgeries. The table highlights their melting point ranges, the young’s modulus

and tensile strength of each polymer.
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Table 1-2: Current commercially available polymers for use in craniofacial reconstruction surgery, highlighting their melting points, Young’s modulus and tensile strength.

Chemical Formula Melting Point (°C) Modulus (GPa) Tensile Strength
(MPa)
Poly(methyl (Cs0,Hy), =160 ~2.8 =70
methacrylate)
(PMMA)
Polyether ether ketone (C10H,503), = 343 =3-4 = 90-100
(PEEK)
Poly-lactic acid (C5;H,0,), ~ 150-160 =2.7 =37
(PLA)
Poly(glycolic acid) (C,H,0,), = 225-230 =0 = 60-120
(PGA)
Polycaprolactone (C:H;00,), = 60 =04 =16
(PCL)
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1.6.4.3 Biocomposites

Biocomposites are materials made up of several different materials, such as a
polymer-polymer combination, ceramic-ceramic, or ceramic-polymer. Combining
more than one material can help to improve biological and mechanical properties
of a scaffold to hopefully be a better substitute for allografts or autografts (Yunus
Basha, Sampath and Doble, 2015). There are a variety of different biocomposites
available, but a popular option is the self-reinforced polymers such as PLA and
poly(lactic-co-glycolic acid) (PLGA) with calcium phosphate. A study by Sokolova
and fellow researchers (Sokolova et al., 2020) looked at the combination of PLGA
with nano-hydroxyapatite (PLGA-nHA) to form spheres that were then thermally
sintered to porous scaffolds for use in bone substitution. Their scaffold porosity
was approximately 50% volume and in vitro studies demonstrated high
cytocompatibility with the scaffolds. The PLGA-nHA composites were further
investigated using DNA-loaded calcium-phosphate nanoparticles, which
demonstrated good gene transfection capability using enhanced green
fluorescent protein as a model protein which suggests potential enhanced bone

growth around the implanted scaffold.

Biocomposites were created to address the disadvantages of utilising polymers
and bioceramics separately by combining the flexibility of a polymer with the
hardness of bioceramics to create a new material with greater qualities than the

two components separately (Baino, Novajra and Vitale-Brovarone, 2015).
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1.6.5 Metals

Metals and alloys are also commonly used materials for maxillofacial surgery but
choosing which metals is also a challenge as they require specific mechanical
properties and characteristics including tensile strength, elasticity and shear
stress. The first alloy to be used for maxillofacial surgery was Vitallium composing
of 65% cobalt, 30% chromium and 5% molybdenum. Vitallium has been used in
dentistry since 1929 (Pacifici, DE Angelis, et al., 2016). It has been well tolerated
in oral and maxillofacial surgery and during the 1990s there were no significant

reporting’s of complications with the use of this alloy.

Gold and stainless-steel implants were also introduced relatively early. In facial
nerve paresis-induced lagophthalmos, gold implants were specially employed in
craniofacial surgery for middle ear and upper lid closure. The inability to close the
eyelid, whether on a blink, gently or forcefully, is known as lagophthalmos
(Gilardino, Chen and Bartlett, 2009). Inlays, on lays, crowns, bridges, periodontal
splints, and post and cores are just a few of the dental prostheses that have been
treated with gold (Bladen, Norris and Malhotra, 2012). However, due to the high
cost of gold, it is no longer a popular choice in prosthesis, and these sorts of
implants have been replaced by materials that are less expensive and more

biocompatible (Saini et al., 2015).

Stainless steel has adequate mechanical properties and bio-compatibility for
most maxillofacial implant applications. It is also known to be relatively easy and
cheap to manufacture and therefore is used in many implant devices. However,

stainless steel is amongst those metals which are known to be problematic due
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to their corrosion as well as potential allergic reactions from some patients due to

the nickel present in stainless steel alloys.

The use of titanium in maxillofacial surgery was established in 1967, and it
revolutionised the area (Saini et al., 2015). Titanium has mechanical qualities that
make it a good material for internal hard attachment, and when combined with its
biocompatibility, it is deemed appropriate for use in this field. For these reasons,
as well as overcoming any defects that were caused by previous metals used,
titanium has become the gold standard material in use for maxillofacial
reconstruction (Pacifici, De Angelis, et al., 2016). However, just like all materials
currently in use, titanium also has its drawbacks such as the release of traces of
metal over time and the potential stimulation of an immunological response (Kim

et al., 2019).

1.7 Additive Manufacturing

Three-dimensional (3D) printing, also known as additive manufacturing (AM), is
a method for creating three-dimensional objects by layering basic materials such
as polymers, ceramics, and metals. The 3D printable objects are usually
produced from a computer-aided design (CAD) drawings, or from a computed
tomography (CT) scan or even from a magnetic resonance image (MRI) (Paul et
al., 2018). The process of 3D printing has become increasingly popular over the
last few years as it is an easily repeatable process, as well as accurate and cost-

effective, allowing reliable production of customisable parts (Sidambe, 2014).

Despite the fact that AM technigues have been discussed and employed in many
manufacturing activities such as the aerospace, construction, and automotive

industries since the 1980s, it has only lately become a field of study in the
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technological and medicinal applications (Gu et al., 2015). In the medical field,
3D printing can allow for pre-operative surgical planning. Surgeons can use 3D
models to assist them in studying a patients impaired organs prior to operations
as well as allowing them to explore the condition of the patient and giving them a
better understanding in comparison to a 2D image. This alone could shorten the
operation time and ultimately improve the outcome of the operation for the patient

and the surgeon (Paul et al., 2018).

Throughout the medical field, the 3D printing process begins with an anatomical
scan using an MRI or CT image. Following that, the scan is transformed into a
standard tessellation language (STL) file to allow the creation of the model layer
by layer to achieve its final structure. The suitable printing method is chosen
based on the application's objective. The material will need to undergo
sterilisation before implantation to prevent any unwanted reactions post-
implantation. Sterilisation techniques could include carrying out the production of
the implant material in aseptic standards or simply sterilising in alcohol and under
UV light, which was the chosen method used in this study. This technique was
chosen due to its simplicity to reproduce in larger quantities, as well as the cost
of the alcohol used and the availability of the UV light. Another method for
sterilisation is gamma irradiation which has been used over the last 40 years as
one of the most common methods to eliminate microorganisms from medical
devices and bone grafts (Harrell et al., 2018). Amongst a variety of advantages
for the use of gamma irradiation, there has been ongoing concerns surrounding

the exposure of gamma rays and the effect on patients.

Ethylene oxide (EtO) is also used commonly for sterilisation in the medical field

as the advantages include high efficiency to destroy resistant microorganisms,
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working under low temperature and not being corrosive to metals, plastics and
rubber materials. However, disadvantages of using EtO are important to
consider. These include a detrimental hazardous effect on personnel handling it
as acute exposures to EtO gases can result in respiratory irritation and lung injury
as well as other side effects. Furthermore, chronic exposure has been associated
with the occurrence of cancer, reproductive effects and neurotoxicity. Aside from
health concerns, EtO sterilisation has lengthy cycle times and is expensive to run

often (Lewis et al., 2011).

The three main strategies that can benefit from 3D printing in the medical field
are reconstruction, rehabilitation, and regeneration. Reconstruction processes,
such as tissue grafting, is the main procedural approach for plastic surgery. The
use of 3D printing in plastic and reconstructive surgeries has become very
popular in the hope of helping to restore normal aesthetics and symmetry with
patients with mandibular defects, craniosynostosis, tumours or complex
syndromes (Dumas et al., 2019). One sector that has been heavily influenced by
the recent developments in 3D printing is the craniofacial region. Evolving 3D
printing technologies have enabled more effective and personalised treatments
of complex craniofacial defects (Tao et al.,, 2019). Rehabilitation involves
prosthesis with complex structures being created to replace previous damaged
tissues to enhance the aesthetics for the patient. Finally, in regards to tissue
regeneration, 3D printing allows the production of custom-fit scaffolds to restore
various defects which could be related to the bone, muscle, skin or cartilage
(Nyberg et al., 2017). When in combination, these 3D printing strategies can aid

in the development of personalised treatments for patients and allow acceptable
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aesthetic and functional outcomes in the craniofacial reconstruction field

(Gougoutas et al., 2015).

1.7.1 3D Printing Materials and Techniques

There are many examples of 3D printing techniques that are used frequently in
the medical industry at present. Digital light processing (DLP), stereolithography
(SLA), selective laser sintering (SLS), fused deposition modelling (FDM), inkjet
bioprinting, extrusion bioprinting, and electron beam melting (EBM) are examples

of these techniques.

Sterilisation is required for medical equipment and implants because the
presence of microorganisms can result in life-threatening infections. Also, any
substance that will come into contact with tissue must be biocompatible, that is,
it must not be hazardous to living tissue or cause detrimental reactions in
biological systems. Implants must be made of materials that recipients' bodies
are likely to absorb. Corrosion resistance is also crucial, as the bodies' fluids can
be quite corrosive over time. Further to this, implants need to stand up to heavy
long-term use, therefore, these materials must be strong, durable and lightweight.
Modern 3D printers, fortunately, are compatible with a variety of polymers and
metals that suit these requirements. A few of the most regularly used 3D printed
materials for the medical industry are listed below in table 1-3, highlighting the

printing methods, applications and suitable materials.
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Table 1-3: A summary of 3D printing techniques used for craniofacial reconstruction applications along with the suitable materials for each printing method.

Suitable References

Materials

Treatment

Printing Applications

Printing
Methods

Reconstruction

(Tissue grafting)

Tissue Regeneration

(Rebuild native tissue structure

and function)

Prosthetic Rehabilitation
(Patient aesthetics)

o

Surgical positioning
Custom-fit implants
Bone reconstruction

Composite craniofacial

tissues

Scaffold regeneration

Bone, skin, cartilage,
muscle

Surgical guides
Moulds for casting
Printed prosthesis

o SLA
o FDM
o SLS

Bioprinting

o Inkjet

o Extrusion

o SLS

o SLA
Acellular

o SLS

o FDM

o FDM

o Inkjet

PMMA
HA
PEEK
BGs
Titanium

© 0 0O 0 O

o Gelatine
o Alginate
o Fibrinogen

o CaPs
o PCL

o PMMA
o PDMS

Tappa ef
al., 2017
Han et al.,
2019

Shen ef al.,
2020
Tarafder et
al., 2015

o Mills et al.,
2017
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1.7.1.1 Fused Deposition Modelling

The most commonly used 3D printing process worldwide is FDM. To create a 3D
construct, FDM printers use a thermoplastic filament that is heated to its melting point
and then extruded layer by layer. Scott Crump created the technology behind FDM in
the 1980s. Since then, several 3D printing companies have adopted comparable
technologies under various names. FDM printers can handle several print heads,
allowing them to print a variety of materials at once. Typically, one of the print heads
in these multi-head printers has a supporting filament that can be readily removed or
dissolved in water. FDM's most common printing material in most industries is
acrylonitrile butadiene styrene (ABS), a basic thermoplastic that's found in many
products. PLA, nylon, polycarbonate (PC), and polyvinyl alcohol (PVA) are some other
common printing fibres. Because of their biocompatibility and biodegradability, lactic
acid-based polymers such as PLA and PCL are also frequently used in medical and

pharmaceutical applications (Tappa and Jammalamadaka, 2018).

In medicine, FDM is used to create individualised patient-specific medical devices
such implants, prostheses, anatomical models, and surgical guidance (Mills et al.,
2017). Due to its accessibility and affordability, in the medical industry, FDM 3D
printing is now most commonly utilised with plastics such as PEEK due to its
biocompatibility and high-performance, making it suitable for the creation of dental
implants (Han et al., 2019). L-lactide/-caprolactone (PLC) and poly(-
caprolactone)/bioactive glass (PCL/BAG), which are highly biocompatible with
fibroblasts, are also key biocompatible polymers utilised to create scaffolds via FDM

(Korpela et al., 2013).
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1.7.1.2 Extrusion Based Printing

In this method, materials are extruded via a print head utilising pneumatic pressure or
mechanical force. Materials are constantly put in layer-by-layer way, similar to FDM,
until the desired shape is achieved. Because this method does not require any heating,
it is most typically employed to create tissue engineering constructions containing cells
and growth hormones (Tappa and Jammalamadaka, 2018). Bioinks are biomaterials
that have been infused with cells and other biological materials and are utilised in 3D
printing. This 3D printing approach allows for the accurate deposition of small units of
cells while causing minimal cell harm.. This technology may be used to 3D print a wide
range of materials with varying viscosities and high cell density aggregates. Bioinks
for 3D printing usually contain natural polymers such as collagen (Rhee et al., 2016),
gelatin, alginate (Markstedt et al., 2015), and hyaluronic acid, as well as synthetic
polymers like as PVA and polyethylene glycol (PEG). These bioinks are commonly
post-processed with chemical or UV crosslinking to improve the mechanical properties
of the scaffolds. Depending on the type of polymer used in the bioink, various biological

tissues and scaffolds can be generated (Tarafder et al., 2015).

With this technology, many print heads holding different types of cell lines can be used
to create a complex multicellular construct. A study carried out by Lee and co-workers
(Lee et al., 2014) used extrusion-based 3D printing to regenerate the auricular
cartilage and fat tissue of an ear. They 3D printed using PCL and a cell-laden hydrogel
as the main part of the construct, using PEG as the sacrificial layer for support. They
explored chondrogenesis and adipogeneses of the cell-printed structure and
concluded that 3D printing technology can be utilised for ear regeneration as it allowed

significant tissue formation and satisfied geometry and anatomy expectations. Despite
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all of this progress, bioprinting material selection and mechanical strength remain a
serious challenge. Fabricating vascularisation within a complex tissue is still a difficulty

that this technology hasn't solved (Askari et al., 2021).

Biomaterial Cells Biomolecules Tissue/or, gan Regeneration

3D Bioprinting materials

-—

3D Bioprinting techniques

Figure 1-6: A schematic of extrusion based 3D bioprinting. Image reprinted from (Vanaei et al., 2021) Vanaei, S.,
Parizi, M. S., Vanaei, S., Salemizadehparizi, F. and Vanaei, H. R. (2021). ‘An Overview on Materials and
Techniques in 3D Bioprinting Toward Biomedical Application’ Engineered Regeneration. Elsevier, 2, pp. 1-18. Doi:

https://doi.org/10.1016/j.engreg.2020.12.001

1.7.1.3 Electron Beam Melting

To create high-precision prints, the EBM technique uses high-speed electron beams
to melt the metal powder layer by layer. This technology is particularly well suited to
the manufacturing of complex orthopaedic implants. EBM produces parts in a vacuum
environment, which increases melting efficiency, allows for stacking, and minimises
the need for post-heat treatment, all of which lowers costs for the user. Materials

commonly used in EBM 3D printing include titanium, cobalt and chrome alloys (Ni et
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al., 2019). Orthopaedic implants made with EBM technology operate exceptionally well
and have porous structures comparable to those seen in natural bone tissue, resulting
in improved osseointegration. This suggests EBM’s potential use in other areas of

tissue engineering and regenerative medicine (Lv et al., 2021).

1.7.1.4 Selective Laser Sintering

SLS is a 3D printing technique that employs a laser, rather than an electron beam, as
the power source to melt and fuse powders, which are then stacked layer by layer to
build a printed item based on 3D model data (Gan et al., 2020). SLS is widely utilised
in the medical field. SLS may theoretically use any material that can be turned into
powder and sintered with heat. In practise, seven commercially accessible materials
are frequently utilised, including wax, polycarbonate, nylon and acrylic. In tissue
engineering applications, bioceramics, like HA can also be sintered to create custom-
fit implants for bone tissue restoration (Comesafia et al., 2011). The mechanical
properties, density, and surface texture of sintered objects can be affected by the type
of laser used. Powdered materials for SLS should have the right particle sizes and
flowability for spreading on the SLS machine's component bed. As well as its use in
tissue engineering scaffolds, SLS is frequently employed in the fabrication of 3D

devices for drug incorporation and delivery (Duan and Wang, 2011).

SLS provides the ability to create bone regeneration implants with the added benefit
of allowing for the creation of complicated structures that are extremely strong once
cured (Liu et al., 2013). Unfortunately, a restricted range of materials can be employed
due to the high laser temperature necessary during the curing process (Colasante et

al., 2016). PCL polymer, polyether ketone, hydroxyapatite (HA), and biocompatible
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polymers such as polyetheretherketone (PEEK), poly(vinyl alcohol) (PVA),
polycaprolactone (PCL), and poly(L-lactic acid) (PLLA) are among the materials that
can be used in SLS 3D printing to create tissue engineering scaffolds (Wiria et al.,

2007).
1.7.1.5 Stereolithography

SLA was the first technology used in reconstructive surgery. The process involves
using a light source, such as UV light or a laser to selectively polymerise a liquid,
photosensitive resin (Mondschein et al., 2017). In the early 1980s, Kodama (Kodama,
1981) published the first study on the fabrication of 3D structures using UV light to
photopolymerise liquid-based resins. He devised two methods: one using a mask for
each layer to do the exposure through, and the other using an optical fibre to
selectively cure the photopolymer. Controlling fibore movement along the x and y axes
resulted in a pre-set design. In 1986, Hull (Hull and Arcadia, 1984) added to this by
using movement along the z-axis to create 3D scaffolds using UV light in a layer by
layer technique. Light selectively polymerises the resin in an SLA system using a CAD
model. The platform is lowered after the first layer is formed, and a new resin material

is added to polymerise and build the second layer.

SLA has a number of advantages over other approaches. When many objects are
being printed, each layer is printed at the same time, and the overall printing time is
only determined by the structural thickness. Printing time is greatly reduced as a result
of this. SLA can also perfectly regulate the scaffold's outward geometry and interior
architecture due to a high resolution advantage of precision and the light source's

narrow and tightly controlled width. As a result, a complicated scaffold can be readily
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constructed. The biggest problem is that there are just a few biocompatible materials
that can be used to make tissue engineering scaffolds using SLA (Colasante et al.,

2016).

Common photo-crosslinked macromolecules used as scaffolds in SLA 3D tissue
engineering include poly(propylene fumarate) (PPF), photocurable synthetic polymer
versions of poly(ethylene glycol)/poly(D,L-lactide) (PEG-PL) hydrogel, and gelatin
methacrylate (GelMA). GelMA demonstrates high pore interconnectivity useful in the
uniform distribution and proliferation of human umbilical vein endothelial cells in the
human umbilical vein. PPF has been successfully used in rabbit cranial reconstruction;
PEG-PL has been shown to promote human mesenchymal stem cell adherence and
proliferation; and PPF has been shown to promote human mesenchymal stem cell

adherence and proliferation (Gauvin et al., 2012).

1.7.1.6 Digital Light Processing

A similar technique to SLA, DLP 3D printing relies on the use of light, typically in the
UV region of 380-405 nm to cure photosensitive viscous resins. Each layer is projected
by DLP, resulting in an illuminated plane where photopolymerisation can take place.
As opposed to SLA, the minute the light hits the resin, it is not limited to a single spot.
Instead, the entire layer is created at the same time. To produce the required form for
each layer, patterning of the light is necessary. This is achieved with a “mask”
produced by a digital micromirror device (DMD). It sits between the optical path of the
UV-emitting lamp and the resin. Furthermore, A DLP projector has a DLP chip with
millions of mirrors inside it. These mirrors are incredibly small, measuring less than a

sixth of the width of a human hair. A single pixel is represented by each mirror. They
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swivel back and forth, reflecting light as needed to produce a highly detailed grayscale
image. The light is routed through a colour wheel that spins. To create the final

projected image, the wheel synchronises with the DLP chip.

Thousands of micrometre-sized LEDs are used as light sources in modern DLP
printers. Some DLP printers replace the DMD with an LCD screen, which has a
significant price impact. A DLP projector has a DLP chip with millions of mirrors inside
it. These mirrors are incredibly small, measuring less than a sixth of the width of a

human hair.

It's only logical that the resins for SLA and DLP are similar, given their common basic
way of functioning. Both require a photodegradable initiator material (or a combination
of them) that creates highly reactive species when exposed to light (free radicals,
cations, or carbene-like compounds). In both circumstances, the size of the monomer
molecules will aid in determining the object's stiffness. Short chain monomers tend to
make items that are more rigid, whereas long chain monomers are more flexible. The
difference in speed between SLA and DLP is significant. SLA is often slow due to the
very confined nature of its polymerisation technique. SLA 3D printers compensate for
this weakness by sweeping the infill regions of an object faster than the outer shells.
This can reduce time during the printing process, but to ensure the components to be
more structurally stable, a UV-curing post-processing stage is frequently

recommended.

DLP has the inherent advantage of being able to cure the entire surface of a layer at

once. Because there is no distinction between the outline and the inside sections, post-

98



curing is not required. For the same 3D file, a 30-minute print on a DLP printer can

take 4 hours on a SLA printer (Wu and Hsu, 2015).

DLP 3D printing typically employs a free radical photosensitive resin. The following
are some of the reasons why cationic photopolymerization should not be used: firstly,
cationic photoinitiator can barely function under 405 nm irradiation, some cationic
photoinitiator could work under 405 nm, however, the price is too high to constrain its
application and second, the DLP 3D printing light intensity is insufficient to photolysis
the cationic photoinitiators, preventing photopolymerisation from occurring (Quan et

al., 2020).

A study conducted by Zhang and co-researchers (Zhang et al., 2012) investigated the
fabrication of a 3D extracellular matrix via DLP, to assess the difference between 2D
and 3D cell culture systems. The lithography material used to create the microwell-
array structure in this study was poly (ethylene glycol) diacrylate (PEGDA), a
commonly used biomaterial. The scaffolds’ ability to influence cell proliferation and
cell—cell interactions was thought to be possible with this fine structure design with

variable feature sizes (Liu and Yan, 2018).

1.7.2 Photopolymerisation

Photopolymerisation occurs when a polymer is exposed to light, usually in the visible
or ultraviolet range of the electromagnetic spectrum. These changes often lead to
structural differences, for example affecting the hardness and stiffness of the material
post-exposure to light. Printable materials in photochemistry-based 3D printing include
primarily monomers, oligomers, and photoinitiators. Starting species are formed

during the 3D printing process by a photochemical reaction in a photoinitiating system
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under controlled light irradiation, and then react with monomer and oligomer units. As
a result, light-induced polymerisation is ideal for 3D printing polymer-based items
(Zhang and Xiao, 2018). Photopolymerisation-based 3D printing techniques have
been a popular area of research for material scientists, engineers and polymer
chemists due to the environmental, economic and production benefits (Chatani, Kloxin

and Bowman, 2014).

A photoinitiator, monomer, and potential additives and fillers make up a typical
photopolymer system. When photoinitiators are subjected to visible light, they produce
reactive species. They decompose in the presence of UV, visible and IR light. Several
commercial photoinitiators can be used in the process of 3D printing and all carry

different advantages and disadvantages depending on the system they are used in.

There are two main systems used in photopolymerisation mechanisms for 3D printing:
radical and cationic systems. Radical polymerisation is a method in which a polymer
is formed by the successive addition of free-radical building blocks. The free radicals
are usually formed by different mechanisms that usually involve separating initiator
molecules. The initiating free radical then adds non-radical monomer units to allow the

growth of a polymeric chain. (Nguyen et al., 2020)

For DLP based printing specifically, a variety of initiators have been explored (Bagheri
and Jin, 2019). Camphorquinones, benzophenones, and thioxanthones are the most
often utilised photoinitiators because they can perform hydrogen-abstraction or
electron-transfer processes in the presence of co-initiators such tertiary amines
(Fouassier et al, 2010). Lithium acyl phosphinate (Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate) is a free radical photoinitiator that causes free radical
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chain polymerisation when exposed to light. It is often coupled with GelMA to create a
photopolymer that can be utilised in bioprinting. However, many studies have shown
lithium acyl phosphinate to be cytotoxic to mammalian cells, therefore research is still

taking place to advance it for wider uses (Nguyen et al., 2020).

1.7.2.1 Methacrylate Based Photocurable Systems

Methacrylate based monomers are often used for 3D photopolymerisation processes
via a radical system. The three fundamental processes of radical systems are
generation, initiation, and propagation. Under light irradiation, radical generation
occurs, and a photoinitiator is responsible for converting photolytic energy into active
species to commence photopolymerisation. Under light irradiation, the majority of
commercially available photoinitiators undergo the Norrish type la-cleavage reaction
and create radical fragments. The incident light required to produce the cleavage
varies in wavelength and intensity which changes depending on the chemical
structures of the photoinitiators (Eibel, Fast and Gescheidt, 2018). Benzil ketals, such
as 2-hydroxy-2-methyl-1-phenylpropan-1-one (Irgacure 1173) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA; Irgacure651), absorb light in the UV region, making
them appropriate for SLA based 3D printing applications. Phosphine oxide containing
photoinitiators, such as phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO,;
Irgacure 819) present lower energy levels leading to higher wavelengths, which is

preferable for the DLP-based systems (Ligon et al., 2017).

Methacrylate-based resins are compatible with different types of commercially
available 3D printers and have been employed in a variety of applications, including

3D printing of shape memory polymers, a siloxane-based hybrid polymer network,
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extremely stretchy photopolymers, and functional materials for biological applications.
A study carried out by Gou and colleagues (Gou et al., 2014) investigated the use of
3D printed PEG-derived hydrogels for the purpose of a liver-inspired detoxification
device to replace the traditional methods of intravenously administered nanoparticles.
Their 3D printed hydrogel scaffold allowed toxins to be collected and removed within
the liver-biomimetic construct leading to novel alternative detoxification treatment

platforms.

Although methacrylate-based resins have shown to be effective in 3D
photopolymerisation, they do have some drawbacks. During the polymerisation
process, these resins tend to shrink. Depending on the functionality of the monomer
utilised, pure methacrylate resins tend to gel at low conversions. Usually, this event
would result in a relatively limited flow of uncured resin. With each newly created bond,
further photopolymerisation would result in an increase in shrinkage stress which is
not ideal for these systems (Boddapati et al., 2011). Shrinkage and associated stress
can result in deformation during the layer-by-layer 3D printing process; hence the
material of choice needs to have less shrinkage properties (Kim, Kim, J W and Kim,
2006). Another disadvantage of methacrylate free radical polymerisation is the oxygen
inhibition. A review by Moad and co-workers (Moad, Rizzardo and Thang, 2008)
establishes a solution to tackle this problem by suggesting the incorporation of
additives such as tertiary amines to lessen the oxygen-oxygen inhibition in the 3D
printing system. However, the use of tertiary amines could potentially discolour the

cured monomer (Ganster et al., 2008).
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1.7.2.2 UV-Sensitive Photoinitiators

As reported above, photopolymerisation reactions can be either radical or cationic.
Initiation takes place in the presence of light, and a photoinitiator or photoinitiator
system is responsible for converting photolytic energy into reactive species (Lalevée
etal., 2012). A variety of commercially available UV-light sensitive photoinitiators have
been used in 3D printing applications, particularly in the medical field (Bagheri and Jin,

2019).

A study carried out by Fantino and co-researchers (Fantino et al., 2016) explored the
use of two different photoinitiators, Irgacure 819 (BAPO) and Irgacure 1173
(DAROCUR) to initiate the photopolymerisation of poly(ethylene glycol) diacrylate
(PEGDA) hydrogels in a DLP fabrication process to obtain polymer nanocomposites
that were thermally treated to induce the generation of silver nanoparticles within the
printed polymer matrix, providing electrical conductivity. Another study conducted by
Chan and associates (Chan et al., 2010) investigated the use of another commercially
available photoinitiator known as Irgacure 2959; 2-hydroxy-4'-(2-hydrox-yethoxy)-2-
methylpropiophenone to photopolymerise PEGDA hydrogels via SLA 3D printing. In
their research, mouse embryonic fibroblasts were seeded homogenously within the
3D printed matrix of hydrogels and the material promoted cell proliferation, improved

cell viability and spreading, suggesting high biocompatibility.
1.7.2.3 Visible Light-Sensitive Photoinitiators

Visible light can overcome some of the limitations imposed by high-energy UV light
exposure while also lowering the danger of eye injury. When compared to UV light,

visible LEDs are more environmentally friendly, as they do not emit ozone and have a
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minimal thermal effect with long lifetimes (Bagheri et al., 2017). Furthermore, lights
with longer wavelengths are less harmful to living organisms making them a preferable
option for biomedical applications including the use in dentistry (Zhang and Xiao,

2018).

These benefits have led to the emergent use of visible light in 3D printing applications
by incorporating visible light-sensitive initiators. A study by Liska and co-researchers
(Liska, 2002) reported the use of a biological photoinitiator system incorporating
camphorquinone (CQ) which is a commonly used photoinitator, particularly in dental
composite fillings alongside a tertiary amine; ethyl 4-dimethylaminobenzoate (DMAB)
to initiate the photo-polymerisation under visible light irradiation. However, this
combined initiator system has its own drawbacks such as releasing a toxic effect on

the material, as well as its tendency for discoloration of the amine-based co-initiator.

The usage of dyes incorporating naphthalimide derivatives (1,8-naphthalimide
derivatives possessing a methacrylate functional group) as light-sensitive
photoinitiators was recently described in a study carried out by Xiao and colleagues
(Zhang and Xiao, 2018). The study explored a variety of combinations of derivates to
induce cationic or radical polymerisation under visible light at 457 nm. They reported
that the combinations they explored had higher versatility and ultimate better

performance than a CQ/amine photoinitator system.

Moreover, while photoinitiators with organic structures are widely used in light curing
applications, organometallic photoinitiators have also been extensively employed in
laboratory investigations. Strong visible light absorption, relatively long-lived excited

states, and appropriate redox potentials are among the photochemical properties of
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these metal complexes (Ohtsuki, Goto and Kaji, 2012). These compounds can operate
as photo-redox catalysts (by either an oxidation or a reduction cycle) producing active
species and driving photopolymerisation systems such as photo-induced atom
transfer radical polymerization (ATRP), photo-induced RAFT, and other

polymerisation systems (Bagheri and Jin, 2019).

1.7.2.4 Enhancement of Photocurable Materials

As previously stated, numerous photocurable formulations with diverse chemical and
mechanical properties have been used in a 3D printing application. Although created
technologies show significant potential in 3D printing, they are unable to meet all the
final product's needs. As a result, more inventive studies are needed to tune the final
properties of 3D printed materials in order to further extend and broaden the breadth
of 3D printing applications. One potential area of further exploration is to improve the

biocompatibility of the 3D printable, photocurable formulation.

3D bioprinting is a term that refers to processes for fabricating biocompatible materials,
functional tissues, and organs in three dimensions with precise control over cell
deposition (Kabb et al., 2018). The advancement of 3D bioprinting has piqued interest
in tissue engineering and regenerative medicine applications (O’bryan et al., 2018).
However, because to their low biocompatibility, transparency, elasticity, and other
properties, current photocurable resins are generally restricted for biological
applications. In the uncured state, commonly used methacrylate-based resins have
high degrees of irritancy or even cytotoxicity. When the unreacted monomer/oligomer
(as a result of low conversions of these resins) comes into direct contact with the

human body, it can potentially cause health problems. The generation of methacrylic
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acid as a result of possible hydrolytic breakdown of the methacrylate-based complex
can lower the local pH and have an unfavourable effect on the physiological

characteristics (Lebeau, Efromson and Lynch, 2020).

The biodegradation of polymeric materials is also a crucial factor in the field of tissue
engineering which can be impacted by the choice of photoinitiator used to create the
resin. Furthermore, only a small number of commercially available photoinitiators
exhibit adequate biocompatibility and water solubility, suggesting the desire to create
specialised biocompatible, biological resins with specific biological, mechanical and
chemical properties. A study carried out by Kowalska and colleagues (Kowalska,
Sokolowski and Bociong, 2021) explores the current commercial and alternative
photoinitator systems used in the field of dentistry. The study describes the effects that
alternating photoinitiators have on the values of biomechanical properties including
the hardness, degree of conversion and biocompatibility of the material in question.
Their research compared a variety of initiators to the commonly used CQ, to find an
alternative that compensates the disadvantages of CQ such as its yellow appearance
and poor biocompatibility. They concluded that alternative photoinitiators such as
novel acylphosphine oxide used alongside CQ were able to improve the aesthetic

properties as well as the degree of conversion of a dental resin.

It has been established that the small, photoinitiator component of composite
composition has a significant impact on the biomechanical and chemical properties of
the materials used. Therefore, finding the ultimate 3D printable resin, which unites
adequate mechanical qualities and aesthetic appearance of restoration, is an ever-

increasing field of research.
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1.7.3 3D Printing in Tissue Engineering

It is important to highlight the significant attention that 3D printing has garnered in the
tissue engineering field, specifically the opportunities it presents in the craniofacial
reconstruction sector, offering a personalised approach for patients to restore and
replace critical size defects in this region. Many studies have been carried out to look
at patient-specific scaffolds tailored to site-specific defects and if they maintain the
mechanical properties that are needed upon implantation into the body. Suska and co-
researchers (Suska et al., 2016) studied EBM, to reconstruct a patient's mandibular
defect. In this case study, EBM was used to construct an anatomically correct titanium
mandible, which was then implanted into a patient who had undergone severe
osteotomy (bone cutting) after a squamous cell cancer was removed. The implant was
created by mirroring the bone's opposite mandible into the resected area. After a nine-
month follow-up, the case study demonstrated to be highly beneficial in the creation
of patient-specific solutions for mandibular reconstruction, with an excellent aesthetic

result and increased patient satisfaction.

The use of biocompatible, suitable polymers such as PMMA and PEEK in combination
with 3D printing has been of great interest for the development of personalised, patient
specific maxillofacial implants (Jindal et al., 2021). In a study carried out by Han and
colleagues (Han et al., 2019), PEEK and carbon fibre reinforced PEEK composites
were fabricated by the process of FDM printing. Both the PEEK and the carbon fibre
reinforced PEEK materials displayed acceptable biocompatibility qualities, indicating

that they might be used for bone grafting in tissue engineering.
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There is significant emergence of custom-made implants in craniofacial reconstruction
to aid in the restoration and replacement of critical size defects. As of yet, the use of
metals is favourable as it offers optimum mechanical strength, biocompatibility and
availability. However, many commercially available materials have recently been
developed which are not metal such as polymeric materials available at companies
such as Sculpteo (Sculpteo, United Kingdom) that can be used to limit the drawbacks
associated with metal implants such as metal corrosion, late onset implant failure and
the lack of osteoconductive and osteoinductive properties (Bijukumar, McGeehan and

Mathew, 2018).

Recent developments in AM show great promise in advancing treatments for restoring
and repairing bone defects in the craniofacial region. However, significant research
into finding the optimum material to use in 3D printing approaches is ongoing and can
potentially be used in fabrication of custom-fit, patient-specific implants in facial

reconstruction surgery.

1.8 Clinical Need for New Materials

In the field of biomaterials, continual advances have been made to best fulfil the
optimal selection criteria for maxillofacial implant functionality, biocompatibility,
aesthetics, and durability. Among all the different materials discussed, there are still
studies carried out to overcome their weaknesses and to come out with a material
which can be labelled as the “ideal maxillofacial prosthetic material” (Sapru, Mohan

and Roy, 1999).
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While the materials presented have remarkable qualities, they also have defects, and
as a result, they are unable to fully restore a maxillofacial abnormality to its previous
state. A new material could help reduce the risk of bone graft risks such as insufficient
supply of donor bone, rejection of the bone-graft, infections in the transplanted bone
or donor site, difficulties in creating the exact shape required as well as pain and long-
healing processes. Metal implants such as the ones discussed above can have
complications such as metal toxicity, rejection of the implant, deterioration of the
surrounding bone allowing the implant to become loose and multiple operations for
children who need their implants replaced with larger sizes as they grow. All of these
variables can lead to the need for more surgeries and, in turn, to psychological
disorders, particularly in young patients or those with persistent deformity

(Thrivikraman et al., 2017).

While researching a variety of new biomaterials, the exemplar material should be
biocompatible and chemically stable. Aesthetically, the colour, texture, form, and
translucency should match the neighbouring skin as well as the component to be

replaced.

1.9 Aims and Objectives

In this thesis, we are aiming to synthesise a light-curable, degradable polymer and
adapt it for 3D printing applications to prepare custom-fit facial implants for use in
craniofacial reconstruction surgery. This project’s purpose is to address the varying
limitations that are associated with the current techniqgues and materials used in the

industry. The polymeric system studied throughout, referred to as CSMA-2 should
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prove cytocompatibility, be degradable, mechanically strong and easily adaptable for

3D printing purposes.

The overall objectives for this project are:

1. The synthesis, purification and characterisation of a degradable polymeric
system and incorporation of 2 comparable photoinitiators to allow the system
to be light-curable and mechanically stable.

2. The incorporation of a varying ratios of a calcium phosphate filler into the
polymeric system which will facilitate surface apatite formation and eventually
promote osseointegration.

3. To assess the mechanical and physical properties of CSMA-2 and its
composites to ultimately achieve the goal of 3D printing the material.

4. To computationally design and format models ready for 3D printing to provide
precise control over the shape and size of the scaffolds to address the
limitations and drawbacks current techniques hold.

5. To biologically explore the materials cytocompatibility abilities as well as

angiogenesis assessment.
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Chapter 2 : Synthesis and 3D printing of a light-

curable degradable polymeric system (CSMA-2)
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2.1 Introduction

As previously discussed in Chapter 1: Introduction and Literature Review, new
techniques are constantly under review to overcome limitations and disadvantages of
current approaches in restoring craniofacial defects. As reviewed, there are many
events that can severely affect the cranium region leading to the need in cranioplasty.
The current gold standard technique is the use of autografts which is when a graft of
tissue is taken from the individual’s own body. However, there are multiple drawbacks
associated with autografts as well as the limitation of the defect’s size and complexity
which can further complicate the material choices. The advancement of alloplastic
materials, including as polymers, ceramics, and metals, has resulted in advancements
in cranioplasty and tissue engineering (Nikolova and Chavali, 2019). Biodegradable
polymers offer the possibility of tailored mechanical properties to allow scaffolds to be
built in the desired shape to facilitate the correct tissue growth. The have drawn
significant attention in the field of tissue engineering over the last few decades (Song
et al., 2018) and continue to be of interest to researchers in the field particularly for

use in cranio-maxillofacial reconstruction surgery.

The material of choice, along with the defect size and shape, are the determining
factors in the successful restoration of the affected region (Kumar et al., 2016). In the
field of craniofacial reconstruction, the discovery of the ideal material for the correction
of bone defects which addresses both aesthetic and functional complications is yet to
be achieved. In the realm of bone tissue engineering, it's particularly crucial to
emphasise the importance of isosorbide-based dimethacrylic monomers as
biodegradable and light-curable polymers. The composite in question should consist

of an inorganic filler phase and an organic matrix which is fabricated as a result of free
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radical polymerisation of dimethacrylic monomers. Such systems are highly
advantageous due to exhibition of lower polymerisation shrinkage, reduced monomer

leaching and relatively high chemical resistance (Soares et al., 2017).

Bioceramics made of calcium phosphate are commonly employed in the field of bone
regeneration, especially in orthopaedics and dentistry. CaPs are the natural inorganic
minerals found in human bones; they consist of calcium cations and phosphate anions.
Incorporation of certain CaP fillers in bone substitutes have been extensively
investigated over the last century due to their good osseointegration, osteoconduction
and biocompatibility (Eliaz and Metoki, 2017). It has been said that combining CaP
powders with scaffolds is advantageous as they can allow control of the porosity as

well as provide stable properties to reduce cytotoxicity (Pina et al., 2019).

The type of CaP incorporated into a scaffold can influence its porosity which can aid
in improving the angiogenesis and revascularisation of the composite. In this thesis,
hydroxyapatite (HA) has been used as it has osteoconductive properties and high
biocompatibility as well as bone-binding capability which will encourage bone growth

(Bruno et al., 2020).

In this chapter, the synthesis of a light-curable polymeric system that has been under
development for the purpose of 3D printing, custom-fit personalised scaffolds for use
in craniofacial / maxillofacial surgery is explored. The material was previously
investigated by Owji and co-researchers (Owji et al., 2019), where the first variation of
the polymer,(((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl)bis-
(oxy))bis(ethane-2,1-diyl)bis((4-methyl-3-oxopent-4-en-1-yl)-carbamate) referred to

as CSMA-1 was synthesised and characterised to be compared to
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(CCC(((((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl)bis(oxy))bis(ethane-
2,1diyl))bis- (oxy))bis(carbonyl))bis(azanediyl))bis(methylene))bis(3,3,5-
trimethylcyclohexane-5,1-diyl))bis(azanediyl))bis(carbonyl))bis- (oxy))bis(ethane-2,1-

diyl)bis(2-methylacrylate), referred to as CSMA-2.

As a starting material, bis(2-hydroxyethyl) isosorbide (BHIS) was used to make CSMA-
2. The monomer has a methacrylate unit that is linked to isosorbide through a urethane
linkage; the urethane coupling reaction between the isocyanate group and hydroxyl
group allows synthesis of the final monomer. Potassium Carbonate (K2COs3) is utilised
in this reaction as a catalyst to speed up the process. It is easily removed prior to the

final purification of CSMA-2 being achieved by column chromatography.

The addition of HA to CSMA-2 in varying ratios was investigated to find the optimum
formulations for 3D printing. A range of 0-50 wt% HA was originally tested but could
only be formulated by hand. The 3D printable composite polymer samples could reach
a maximum of 10 wt% HA. Further to this, two photoinitiator systems were explored to
find the best suited initiator for the composites (Table 2-1). Camphorquinone (CQ) and
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) are both investigated
within this study to decipher the optimum formulation for 3D printing of custom-fit facial

implants.
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Table 2-1: Description of the two photoinitiators used in the study, CQ and BAPO, with the appropriate

nomenclature, abbreviation, chemical structure and molecular mass in g/mol.

CQ Camphorquinone 166.22
BAPO LN Phenylbis (2,4,6-trimethylbenzoyl)- 418.50
0] — phosphine oxide

As mentioned in Chapter 1, 3D printing technology has gotten a lot of attention in the
last decade, especially in the medical field. Tissue and organ manufacturing,
personalised implants and prostheses, and pharmaceutical research, including
medication dosage forms, delivery, and discovery, are all examples of medical
applications for 3D printing (Ventola, 2014). The use of 3D printing in medicine can
provide many benefits such as the ability to design and create customised and
personalised products, drugs and equipment as well as its cost-effectiveness and
increased productivity (Schubert, Langveld and Donoso, 2014). Custom-made hearing
aids, dentures, surgical models, orthopaedic implants, and prosthetic components are
among the current medical applications of 3D printing (Wang et al., 2017). Moreover,
the exploration of 3D printing for use in tissue engineering to allow the fabrication of
scaffolds that will be combined with bioactive materials and human cells to regenerate
the tissue or organ is widely discussed in the field (Mabrouk, Beherei and Das, 2020).
However, even with all the recent advancements in the field of 3D printing for tissue

engineering, finding a suitable material for use remains the number one challenge.

115



For the purpose of craniofacial implants, the type of biomaterial employed in the
implant's manufacturing determines its success. ldeally, an implant material should be
inert, mechanically durable, and stable. Current materials previously discussed
include metals, ceramics, polymers and composites. The use of all of these materials
in facial implants carry potential drawbacks such as the risk of corrosion, being prone
to infection, chance of rejection, laborious manufacturing methods, high-costs, difficult

to mould and keeping the sterility (Tappa and Jammalamadaka, 2018).

Scaffold design in regenerative medicine is also considered a key element; direct
printing produces 3D constructs with precise control over the exact size and complex
internal structure of scaffolds. Subsequently, cell attachment and proliferation can be
enhanced, and the mechanical strength of the construct can be tailored by controlling
variables such as the porosity and addition of fillers (Turnbull et al., 2018). The scaffold
should serve to promote osteogenesis and angiogenesis as well providing mechanical
support, allowing nutrient diffusion and cell infiltration through its pores (Bose, Roy

and Bandyopadhyay, 2012).

Therefore, the current challenges in regeneration of bone defects can be addressed
by exploiting 3D manufacturing approaches to ultimately overcome the issues

associated with the current techniques.

The work in this chapter discusses 3D printing technigues using digital light
processing, stereolithography, for the purpose of exploring the printability of CSMA-2

and its hydroxyapatite composites.

The vat polymerisation category of 3D printing includes both Digital Light Processing

(DLP) and Stereolithography (SLA). An important difference between SLA and DLP is
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the light source used to cure the material. DLP uses a digital light projector screen
rather than direct UV light (Mukhtarkhanov, Perveen and Talamona, 2020). SLA is

limited to the critical use of UV or visible light.

The process in DLP and SLA starts with a standard tessellation language (STL) file
that is sliced on the provided software to allow the 3D model to be transformed into
2D slices that contain cross-section information. A layer-by-layer approach can be
used to create the print based on these 2D slices. Firstly, the build platform is
submerged in the tank and for DLP, a digital light projector screen is used to flash an
image of each layer at once. In SLA, the UV or visible light laser beam traces the
contours and solidifies the resin layer by layer (Huang, Qin and Wang, 2020). The
build platform is lowered once the layer is complete in both systems, providing way for

the following layer.

The photopolymer resin used in a DLP/ SLA system is comprised of a thermoset
material that is light sensitive as well as a photoinitiator, and therefore, upon exposure
to a certain wavelength of light, depending on the type of printer, chain polymerisation
of the monomers takes place to generate a solid construct (Ligon et al., 2017). The
resolution and accuracy of prints are very important parameters when utilising 3D
printing methods. When compared to other 3D printing techniques, DLP offers high
printing accuracy at a low cost as well as having shorter build time compared to SLA.
DLP allows precise control over the details of the surfaces as well as the flexibility of

the print (Dabbagh et al., 2021).

A recent emerging technology in the field is two-photon polymerisation 3D printing

(TPP). It's a non-linear optical process in which two photons are absorbed
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simultaneously in a photosensitive material, resulting in localised polymerisation.
Afterwards, all non-polymerised material is washed away, revealing the structure. The
ultimate material of the structures is not limited to photosensitive polymers, as later
chemical processes can convert the basic structure into silicon or metals. To produce
polymerisation, two-photon absorption employs a high-intensity, precisely focused
infrared femtosecond laser beam (Mahmood and Popescu, 2021). Absorption occurs
solely in the focus since it is proportional to the square of the intensity, resulting in high
spatial resolution. The material polymerises solely in the ellipsoidal focus, referred to
as a "voxel" or volume pixel, and the desired structure is written voxel-by-voxel by
scanning the laser through the resist in all three dimensions. The presence of oxygen
around the voxel helps to limit polymerisation to a certain extent, allowing for feature
sizes of less than 100 nm. Furthermore, many polymers exhibit near-zero linear
absorption in the near-infrared, allowing the laser to penetrate deep into the material

and create otherwise inconceivable nanostructures (Bunea et al., 2021)

In this chapter, a DLP technique was used for the purpose of 3D printing scaffolds to
test for mechanical properties of CSMA-2 and its HA-incorporated composites as well

as its degradation and cell-material interactions.
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In summary the main aims and objectives of this chapter are as follows:

1. The synthesis of a light-curable degradable system in line with bone tissue
engineering requirements, for restoring maxillofacial deficiencies.

2. The creation of composite-polymer specimens using two varying photoinitiators
and varying ratios of hydroxyapatite fillers

3. The investigation of two photoinitiators for the purpose of DLP 3D printing of
CSMA-2 along with its HA incorporated composites

4. The assessment of printing settings to optimise the technique to allow for easy
and flexible printability of CSMA-2 and its composite-polymer specimens.

5. A comparison between the custom-designed STL files and the respective CT

file to assess the accuracy and reliability of the DLP 3D printed scaffolds.

The work in this chapter was published in the Journal of Biomedical Materials:

Shakouri, Taleen, Cha, Jae-Ryung, Owiji, Nazanin et al. ‘Comparative study of
photoinitiators for the synthesis and 3D printing of a light-curable, degradable polymer
for custom- fit hard tissue implants.’ Biomedical Materials, vol. 16, issue 1, (2020), pp:

015007
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2.2 Materials and Methodology
2.2.1 Materials

Ethylene carbonate (1,3-dioxolan-2-one) (99%) was bought from Alfa Aesar (A15735-
36) for the production of the starting monomer, BHIS (Haverhill, MA, USA). Scientific
laboratory supplies (P5833-500) (Nottingham, UK) provided the potassium carbonate
(99%) and Sigma-Aldrich provided the isosorbide (1,4:3,6-dianhydroD-sorbitol) (98%)

(329207) (St Louis, MO, USA).

To continue the polymer synthesis to produce CSMA-2, the following chemicals were
purchased from Sigma-Aldrich (St Louis, MO, USA) to continue the polymer synthesis
to produce CSMA-2: isophorone diisocyanate (IPDI) (98%) (317 624), 2-hydroxyethyl
methacrylate (HEMA) (97%) (128 635), triethylene glycol dimethacrylate (TEGDMA)
(95%) (261548), dibutyltin dilaurate (99.8%) (322 415). For additional experimental
synthesis, tert-butyl acrylate (98%) (327182) was also obtained from Sigma-Aldrich

(St Louis, MO, USA).

For the purpose of purification, column chromatography was performed on the
synthesised polymer. Merck (11511) (Darmstadt, Germany) provided silica gel beads
(0.015-0.040 mm), while Sigma-Aldrich provided white quartz sand (274739). (St
Louis, MO, USA). The photoinitiators camphorquinone (CQ) (97% ) (124893) and
phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO) (97%) (511447) were
acquired from Sigma-Aldrich (St Louis, MO, USA). to aid in photopolymerisation.
‘CAPTAL R' hydroxyapatite (HA) with a Ca:P ratio of 1.67 and a high surface area of

approximately 6-20 m?g! was acquired from Plasma Biotal Limited (Buxton, UK) for
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the addition of CaP fillers. Camphorquinone (CQ) and phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO) were the photoinitiators employed as an
additive to CSMA-2 to aid in the DLP printing throughout the investigation (Sigma-
Aldrich St Louis, MO, USA).The 3D printer used throughout the study is the ‘Nobel

Superfine’ printer from (XYZ Printing, The Netherlands).

2.2.2 Synthesis of BHIS

The first attempt to synthesise Bis(2-hydroxyethyl) isosorbide (BHIS) involved using
isosorbide and ethylene carbonate in the presence of a catalyst (potassium
carbonate). In a 1000ml three-necked round bottom flask, a mixture of isosorbide (100
g, 684.27mmol) and ethylene carbonate (132.57 g, 1,505.45mmol) was degassed
under dry nitrogen for 60 minutes. The flask was placed on a hot plate and heated to
70°C for 30 minutes while the contents were stirred. Potassium carbonate (208.06 g,
1,505.45 mmol) was added to the flask after the solid contents had completely melted
and the mixture was left to react at 170°C for 48 hours. This method was previously

explored by Owiji et al. and Shakouri et al. (Owji et al., 2019)(Shakouri et al., 2020).

When adding the potassium carbonate, the reaction occurred very quickly, bubbling
up and extruding via the vessels. This indicated that there was too much of the catalyst
added therefore the amount had to be re-evaluated. After several re-evaluations of the
components, the correct quantities were deciphered and used going forward (See

Table 2-3).

Finally, BHIS was made by combining isosorbide (100 g, 684.3 mmol) with ethylene

carbonate (132.57 g, 1505.5 mmol) in a 1000 ml three-necked round-bottom flask. The
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flask was degassed with dry nitrogen for 60 minutes. The reaction mixture was then
heated for 60 minutes on a hot plate at 70°C. The reaction liquid was heated to 170°C
after the solid contents were entirely melted, and then potassium carbonate (3.0 g,
21.71 mmol) was added to the reaction mixture and left to react for 48 hours. To get
high-purity BHIS, the synthesised BHIS was purified using silica column
chromatography with a methanol/ethyl acetate (1/9) mobile phase and dried at 60°C

for 24 hours under vacuum (figure 2-1 and 2-2).

S o
0 ~__0
e
Isosorbide 0 o
K*
Potassium
BHIS
Carbonate

Ethylene Carhonate

Figure 2-1: Chemical structures showing the production of bis(2-hydroxyethyl) isosorbide (BHIS).
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Figure 2-2: An image of the column set up for the final purification of the initial starting monomer, BHIS. Silica
beads were used as a separation material and a mixture of methanol: ethyl acetate with a 1:9 ratio was used for

the mobile phase. The column was then left to dry at 60°C for 24 hours under vacuum to obtain high-purity BHIS.

2.2.3 Synthesis of CSMA-2

In the presence of a diluent such as TEGDMA, a two-step reaction between the
intermediate molecule, BHIS, and a three-fold excess of IPDI gave CSMA-2 (figure 2-
3), which was followed by a reaction between the NCO-terminated monomer and 2-
HEMA. BHIS (32.15 g, 79.37 mmol), IPDI (57.15 g, 257.07 mmol), TEGDMA (125 g,
436.56 mmol), and 5 drops (approximately 0.5 ml) of DBTDL were gradually added to
a large amber glass beaker, which was then covered with aluminium foil to prevent
light from entering. The reaction mixture was constantly stirred for 4 hours at 25°C.

HEMA (71.42 g, 548.82 mmol) was added as a bonding agent to the resultant NCO-
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terminated monomer in the reaction mixture, along with another 5 drops
(approximately 0.5 ml) of DBTDL, due to its hydrophilic nature. The reaction mixture
was agitated continuously for 12 hours at 25°C before being evaporated in a rotary

evaporator resulting in the crude product which is a viscous colourless liquid.

H TO7™~_-OH Dibutyltin Dilaurate
IPDI

o] 0]
\()kO/\/OH o omoop
@]

TEGDMA

O

0 )cl)\ ﬁj\ fk o) ne i H 2
~0 H H 0~ - -,O/-\V,O\n/N @’NYO\/\OJ’Y
oH 0 o)

CSMA-2
Figure 2-3: Preparation of ((((((((((((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl)bis(oxy))bis(ethane-2,1
diyl))bis- (oxy))bis(carbonyl))bis(azanediyl))bis(methylene))bis(3,3,5-trimethylcyclohexane-5,1-

diyl))bis(azanediyl))bis(carbonyl))bis- (oxy))bis(ethane-2,1-diyl)bis(2-methylacrylate).
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2.2.4 Photoinitiator systems

To allow the synthesised monomers to photopolymerise, photoinitiators were
investigated throughout the study. Camphorquinone (CQ) and phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO) (Table 2-1) were both used to prepare
composite polymer pastes. To include the photoinitiator into the liquid phase system,
2 wt% of CQ or BAPO was accordingly added. 20 g of CSMA-2 was weighed into a
brown glass jar and 2 wt% (0.4 g) of either CQ or BAPO were added and left to stir
vigorously for 12 hours at room temperature to allow a thorough dispersion of the

particles.
2.2.5 Material Characterisation
2.2.5.1 Nuclear magnetic resonance (NMR)

In order to detect the chemical structure of the monomers, NMR was carried out on
both BHIS and CSMA-2. The 'H NMR and 3C spectra were recorded using a JEOL
NMR-ECA 600 spectrometer (600 MHz, Tokyo, Japan), and the solvent for both BHIS
and CSMA-2 was deuterated chloroform (CDCls). The ‘delta NMR software; version

4.3.6’ was used to calculate chemical shifts relative to tetramethylsilane (8, ppm).

The NMR sample preparation and analysis was carried out by myself for this study.
However, the NMR was performed by a colleague, Dr Peter Haddow at the University

of Hertfordshire School of Life and Medical Sciences.
2.2.5.2 Fourier transform infrared spectroscopy (FTIR)

The infrared spectrum of absorption or emission of a solid, liquid, or gas is obtained

using the FTIR technique. FTIR allows users to analyse the infrared light that interacts
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with materials at a molecular level. It works by measuring the wavelength and intensity
of light absorption by the sample. The resulting signals correlate with vibration

frequencies between the atomic bonds of the material (Bellisola and Sorio, 2012).

The degree of polymerisation, also referred to as the degree of monomer conversion
is the successive linking of monomeric units in a macromolecule which depends on
the kinetics of the reactants which is determined by their concentration and the rate of
reaction (Moldovan et al., 2019). The mechanical properties of a material such as a
higher flexural strength, modulus, low shrinkage properties and Dbetter
cytocompatibility have been said to correlate with higher degrees of polymerisation

(Kangwankai et al., 2017).

The rate of monomer conversion of the materials and appropriate composites in this
study was determined by FTIR spectroscopy (Perkin Elmer series 2000 FTIR
spectrometer, Seer Green, UK). To investigate the continuous change of the spectra,
a drop of polymer premixed with 2 wt % CQ or 2 wt % BAPO was placed on the
diamond of an attenuated total reflectance (ATR) (Golden Gate ATR, Specac Ltd.,
United Kingdom), and spectra were recorded for 1000 seconds after exposure to blue
light. The resolution was set at 4 cm ! with the wavelength range of 800-1800 cm. A
tiny aliquot of CSMA-2 combined with 2 wt% CQ/BAPO was put onto the diamond
ATR to determine the optimum curing time. The temperature was set at 37 °C and
Timebase software was used to record the observed changes. The absorbance
profiles for the C—O stretch bond and the baseline were measured at roughly 1320
cm™'+ 1 (C-0O stretch bond) and 1335 cm™ + 1 (baseline). The following equation (2-
1) was used to compute the rate of monomer conversion using these absorbance

patterns.
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Equation 2-1: Equation used to calculate the rate of monomer conversion; where C is the conversion, Ao is the

initial absorbance peak and Aris the final absorbance peak.

2.2.6 Composite Preparation
2.2.6.1 Manual Composite Preparation

Initially, different amounts of HA filler were blended to make the composite polymer
paste with CSMA-2 and 2 wt% CQ using a centrifugal planetary mixer (SpeedMixer,
Hauschild Engineering, Hamm, Germany, DAC150.1 FVZ) at 1700RPM for 4 minutes.
Polymer-composite discs with 1-50 wt% HA filler added were investigated for their
mechanical properties and the ability to be used as a 3D printable resin as the

presence of HA will inhibit light transmittance and therefore inhibit light-curing.

After mixing, the composite paste was spread into circlip discs of 10 mm in diameter
which were placed on a thin acetate sheet and entirely filled. A new acetate sheet was
placed on top of the sample discs and flattened with a glass block to ensure even
distribution of the composite paste and parallel surfaces. The discs were then light

cured with blue light emitting diode with a wavelength of 450-470nm for 40 seconds
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on each side through the acetate sheet and then popped out of the circlip discs. Table
2-2 below shows the amounts of HA filler used in this study alongside the appropriate

CSMA: HA ratios and volumes described.

Figure 2-4: An example of the manual method to produce composite-polymer discs by placing the polymer/ filler
paste onto a metal circlip disc, layering it with an acetate sheet and light-curing with a 450-470nm blue light diode

for 40 seconds each side
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Table 2-2: A table displaying the polymer to calcium phosphate filler wt % ratios for the composite polymer discs used in this study

CSMA-2 (wt%) CSMA-2 Volume CSMA- | Hydroxyapatite | Hydroxyapatite Volume Volume ratio
2 (cm? (wt%) (g) Hydroxyapatite | HA:CSMA-2 (%
(cm3)

100 10 8.47 0 0.0 0.00 0.00
99 9.9 8.39 1 0.1 0.03 0.36
98 9.8 8.30 2 0.2 0.06 1.08
97 9.7 8.22 3 0.3 0.09 1.09
96 9.6 8.14 4 0.4 0.13 1.59
95 9.5 8.10 5 0.5 0.16 1.97
90 9.0 7.63 10 1.0 0.32 4.19
80 8.0 6.78 20 2.0 0.63 9.29
70 7.0 5.93 30 3.0 0.95 16.02
60 6.0 5.08 40 4.0 1.27 25.00
50 5.0 4.24 50 5.0 1.58 37.26
40 4.0 3.39 60 6.0 1.90 56.05
30 3.0 2.54 70 7.0 2.22 87.40
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2.2.6.2 3D Printed Composite Preparation

The composite-polymer discs made during this study were used for a variety of tests
in order to find the optimum formulation for maxillofacial applications. 3D printing using
the DLP technique was investigated to prepare the composite-polymer discs in less
time with less chance of contamination or human error. It was soon discovered that
the printer could only function with a maximum of 10 wt% HA as the viscosity of the
polymeric system became higher and the printer could not produce detailed fine prints
with a high viscosity. The mixtures of 0 wt%, 5 w%, and 10 wt% inorganic phases:
organic phase with either CQ or BAPO were loaded into the 3D printer (Nobel
Superfine, XYZ Printing, The Netherlands), where discs with a diameter of 10 mm and
a thickness of 1 mm were printed and photopolymerised at 450 nm based on the trial-
and-error findings. Printability using CQ photoinitator proved challenging due to having
to use the printer on its maximum settings to allow for photopolymerisation to take
place which would take an extensive amount of time as well as more material being
required. Therefore, 3D printed samples were created using only 2 wt% of BAPO going

forward.

To conduct testing using the dynamic mechanical analysis (DMA) method, 3D
printing was used to construct composite polymer bars for mechanical testing. The
same 0 wt%, 5 wt%, 10 wt% inorganic phases: organic phase combinations with
either CQ or BAPO were produced and put into the 3D printer, where bars with
dimensions of 20 mm x 5 mm x 1 mm were manufactured and photopolymerised at

450 nm.
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2.2.7 Computer-Aided Design

All printable constructs used in the study were designed using ‘AutoCAD 2019’
(Autodesk, USA). Once a model was created, it was exported to a Standard
Tessellation Language file, also known as an STL file. The STL file is made up of
several triangles, allowing the printer to understand the shape of the model in a simple,
geometric way. Once converted into an STL file, the XYZ slicing software, ‘XYZmaker
Suite’ was used to slice the file, essentially turning it into a G-code file which the 3D
printer can make use of. The G-code is a series of commands that instructs the printer
on whatto do. The STL file is imported and checked for the same dimensions designed

on AutoCAD. The file is then sliced into a G-code to prepare the printer settings.

2.2.8 Optimisation of Settings

Once the STL file is set up on the printing software, the settings can be optimised
according to the type of resin being used. The standard settings pre-set on the XYZ
Nobel Superfine DLP printer can be seen below in figure 2-5. The base, intermediate
and model set up explain the different parts of the print. The curing section contains
the curing time, power intensity, power level and wait time. The curing time is critical
when setting up a print as it is the amount of time that the light source will expose each
layer during printing. The default for this printer is 19000 ms (19 seconds) but different
printers have different defaults. The power intensity allows control of the power of the
light source emitting onto the construct and the power level has three options to allow
for customisation. The peeling section contains settings to control the speed and

distance of the material polymerising and lifting off from the resin tank onto the build
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platform. The platform ascending/descending refers to the speed at which the build

plate is lifted from the resin tank between layers.

These settings were originally used to test the printing ability of CSMA-2 and its

composites but were changed using a trial and error method to find the optimum

settings for accurate printability.

(») Advanced
Base Setup Intermediate Setup Model Setup
Curing Curing Curing
'S '8
Base Layers 2 Intermediate Layers 0
Curing Time {ms) 19000 Curing Time (ms) 200 Curing Time (ms) 200
Power Intensity (W/m*2) 60 Power Intensity (W/m*2) 70 Power Intensity (W/m*2) 70

Power Level 15%[ | 33%[ | 52% Power Level 15%[ | 33%[ ] 52% Power Level 15%[y/] 33%[] 52%
Wait time 1 {ms) 0 Wait time 1 (ms) Q L Wait time 1 (ms) 0
Peeling Peeling Peeling
( Speed (mm/s) 02500 Vv Speed (mm/s) 05000 Vv ( Speed (mm/s) 0.5000 v
Distance (mm) 5.0 Distance (mm) 3.0 Distance (mm) 3.0
LWa‘rt time 2 (ms) 20000 ‘Wait time 2 (ms} 0 \Wsit time 2 (ms) 0
J 2,
Platform Ascending Platform Ascending Platform Ascending
Speed (mm/s) 0.2500 M ) [ Speed (mm/s) 0.5000 v f Spesd (mm/s) 0.5000 ™~
Distance (mm) 0 Distance (mm) 0 Distance (mm) 0
Wait time 3 (ms) 0 L Wait time 3 (ms) 0 Wait time 3 (ms) 0
Platform Descending Platform Descending Platform Descending
f Speed (mm/s) 0.2500 Y. | [ Speed (mm/s) 1.0000 Y f Spesd (mm/s) 10000 v
Wait time 4 {ms) 10000 Wait time 4 (ms) 2000 Wait time 4 (ms) 2000

Figure 2-5: A screenshot image of the settings page from the standard options on the XYZ Nobel Superfine 3D

printer. As seen, the curing settings include the curing time, power intensity and power level which are critical steps

in the printing process. The peeling settings include the speed of which the construct is peeled off the platform and

the distance it travels. The platform settings highlight the speed and distance of which the build platform ascends

and descends when creating the construct layers.
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When testing the CQ photoinitiator-incorporated composites, the curing time had to be
set to the maximum on the software (65535 ms) with the power intensity at the
maximum (100 W/m=) and all three power levels selected. The platform ascending
speed was set to 0.25 mm/s for the base set up and 0.5 mm/s for the intermediate and
model set up. The platform descending speed at 0.25 m/s for the base set up and 1.0
mm/s for the intermediate and model set up. When incorporated HA fillers to the CQ

photoinitiator CSMA-2 formulation, the printer was not able to produce any constructs.

When testing the BAPO photoinitiator-incorporated composites with no pores, the
curing exposure time was set to 19000 ms, the power intensity at 100 W/m-? and the
power level of 33 % was selected. For the intermediate and model set up sections, the
curing time was set to 8300 ms and the power intensity also at 100 W/m-2. The platform
ascending speed was set to 0.5 mm/s and the platform descending speed at 0.25 m/s

for the base set up and 1.0 mm/s for the intermediate and model set up.

When exploring the incorporation of pores into the CSMA-2 scaffold, the settings had
to be optimised to allow for porous infiltration of the material. The curing time for the
base set up was set to 15000 ms, with it being 6000 ms for the intermediate and model
set up. The power intensity was set to 53 W/m2 for all three modes and the power
level was selected to be the minimum, at 15%. The peeling speed was set to 0.25
mm/s with a wait time of 30000 ms. The wait time is the time in between each layer
peeling off from the resin tank onto the platform. The platform ascending speed was
set to 0.25 mm/s and the descending speed set to 0.25 mm/s for the base set up, but

then increased to 1.0 mm/s for the intermediate and model set up.
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2.2.9 3D Printing

Once the construct had been designed and imported into the software and the settings
adjusted dependent on the material and the model type, the monomeric system
containing well dispersed photoinitiator (CQ or BAPO) was placed into the resin tank
of the printer. Figure 2-6 below shows (A) the XYZ Novel Superfine DLP printer, (B),
the build platform and its moving axis and (C) the resin tank, or vat, where the liquid
is filled into. The red cover for the printer seen in image A is critical and the print would

not work without this being securely placed on top as it eliminates light.
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Figure 2-6: Images taken of the XYZ Nobel Superfine DLP 3D printer used in this study. Image (A) shows the
printer itself with its red cover to eliminate light, (B) shows the build platform at the top of the moving axis and (C)

shows the resin tank ready to be filled with the appropriate material.
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Figure 2-7: A schematic showing how the DLP 3D printer used in this study works beginning with the laser source
emitting UV light at 450 nm which is transmitted via a mirrored projector screen onto the resin tank which is pre-
filled with the required material. The build platform descends the moving axis, and the model is built layer by layer

until it is complete, when the build platform will ascend back up to the top and allow the release of the model.

2.2.10 Post Curing

Following the successful digital light processing 3D print, the newly formed model is
removed from the build platform and washed in 99.9% methanol (Sigma-Aldrich St
Louis, MO, USA) to remove any remaining residue from the model. After 5 minutes of
washing in methanol, to ensure an in-depth photopolymerisation, the model was
placed into a UV chamber (XYZ Printing, The Netherlands) where post curing was

facilitated for 5 minutes. The UV chamber seen below in figure 2-8 gives off a
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wavelength of 375-405 nm emitted from a UV LED lamp allowing prints from various

types of resins to be cured between 1-60 minutes.

Figure 2-8: The XYZ Printing UV Chamber for the purpose of post curing the 3D printed models. Image (A) shows
the chamber closed, with a solid red exterior to prevent any additional light emitting the chamber. Image (B) shows

the chamber open, with the platform that the item is placed upon.

2.2.11 Scanning Electron Microscopy (SEM)

SEM images of 3D-printed specimens designed into a matrix of 0.50 mm X 1.00 mm
cross-sectional dimensions were acquired (Philips XL30 field emission SEM,
Amsterdam, Netherlands). 3 repeats of each specimen were analysed and SEM was
utilised to visualise the specimen's surface and gather measurements to compare to

the digital STL files in order to determine print accuracy.
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All specimens were fixed in 3% glutaraldehyde (Agar Scientific, United Kingdom) in
0.1M cacodylate buffer (CAB) for 24 hours at 4°C. The samples were then mounted
onto aluminium pin stubs, taking care with orientation, double-sided carbon tabs (Agar
Scientific, United Kingdom). The samples are sputter coated with 95% gold and 5%
palladium (Polaron E5000, Quorum Technology, United Kingdom) before being placed
in the SEM where samples are examined in a ZEISS EVO MA10 (ZEISS, United

Kingdom) operating at 10kV, spot size 300 for imaging.

2.2.12 Computed Tomography (CT)

For the purpose of comparing the accuracy of the print to the original CAD design,
MicroCT was used. AutoCAD was used to create a log pile structure that represents
how cortical bone is constructed. 3 structures were created and assessed for the
purpose of reproducibility. SkyScan 1172 was used to obtain CT scans of the printed
build (Bruker, United Kingdom). The scan parameters were as follows: 0.5 mm
aluminium filter, 200 mA current, 80 kV voltage, 666 ms exposure duration, 23.8 m
pixel size, rotation step 0.3°, frame averaging 6. NRecon software (Bruker, United
Kingdom) was used to reconstruct the scans, and CTVox software was used to create
3D renderings (Bruker, United Kingdom). To guarantee that the faces of the cylinders
from the build were orthogonal to the view direction, the dataset was re-oriented
utilising DataViewer software (Bruker, United Kingdom) for numerical analysis. The
reoriented dataset was then loaded into CTAnN software (Bruker, UK), where binary
data was created. Only the faces of the cylinders were visible in the slices selected at
random through the dataset in both orthogonal directions. The area and diameter of
each cylindrical cross-section were determined individually using 2D object analysis.

Selecting four slices at random, two in each orthogonal direction. The area and area-
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equivalent circle diameter of four random slices, two in each orthogonal direction, were
employed for numerical analysis. This section of the work was also investigated and

published in (Shakouri et al., 2020).

The samples prepared for CT analysis were created by myself however, the running
of the CT and analysis of the dataset were performed by a colleague at the University

of Birmingham, Dr Thomas Robinson.

2.3 Results

2.3.1 Polymer Synthesis

2.3.1.1 Variations of BHIS

In the process of synthesising the starting monomer, BHIS, many variables were
changed to ensure a stable reaction. Originally, following advice from researchers in
our group at Dankook University, 208.06 g of potassium carbonate was suggested for
use as the catalyst. However, when adding the potassium carbonate, the reaction
occurred very quickly, bubbling up and extruding via the vessels. This indicated that

the quantity of catalyst was too high and needed to be re-evaluated.

Table 2-3 below explains the changes carried out in the first part of the polymeric
synthesis to formulate BHIS. The final product required a smaller amount of potassium
carbonate then originally decided on in the protocol followed. This allowed the reaction
to occur giving a viscous black liquid as the final product of BHIS which could then go
on to be purified using the column chromatography filtration methods to give a clear

viscous liquid.
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Table 2-3: A table explaining the several steps taken in the production of the starting monomer, Bis(2-hydroxyethyl) isosorbide (BHIS) with all the varying quantities of

catalyst used throughout the process along with their outcomes.

Variable

Outcome

1 Mixture of ethylene carbonate and isosorbide left to react

for 2 hours instead of 1 hour

2 Degassing under dry nitrogen carried out in vacuum oven

instead of fume hood

3 Heated reaction up to 170°C after the addition of catalyst
rather than before

4 Final product was left to cool for 12 hours post reaction

5 Amount of K,CO; changed to 1.134g(8.205mmol)

6 Amount of K,CO; changed to 3g (21.706mmol)

No change occurred

No change occurred

Catalyst took a longer time to mix in with reagents- no final

change occurred

Product solidified inside the beaker

Reaction occurred forming a light-yellow liquid — tested via

FTIR to be solvent only

Product purified via column chromatography to give a clear

viscous liquid (BHIS)
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2.3.2 Material Characterisation
2.3.2.1 Nuclear Magnetic Resonance

'H NMR and *C NMR analysis confirmed the creation of the starting monomer
precursor BHIS and the final monomer CSMA-2, both of which were manufactured
from isosorbide as a starting material. The *H NMR spectrum (figure 2-9) shows the
confirmation of the synthesis of BHIS which is highlighted by the proton signal at
3.58~3.73 ppm, which represents the H—C—-C—Hz protons and correspond to the
ethylene groups in BHIS. (Figure 2-10) of BHIS highlights the integrals of the peaks.
The area beneath an NMR resonance is proportional to the number of hydrogens
represented by that resonance. Information on the relative number of chemically
unique hydrogens can be found and analysed by combining the different NMR
resonances. (Figure 2-11) displays the 3C NMR analysis of the monomer BHIS. The
spectra depict ten visible carbon environments that correspond to the ten carbon

environments found in the BHIS structure.
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Figure 2-9: 'H NMR spectra highlighting the chemical bond formation of BHIS. The synthesis is confirmed by the
proton signal at 3.58~3.73 ppm, which represents the H2-C-C-H: protons and correspond to the ethylene group in
BHIS. On the spectra 1= withdrawing electron density from O-, 2= Alkane, 3= Ethylene group and 4= Hydroxyl

group.
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Figure 2-10: 'H NMR spectra highlighting the chemical bond formation of BHIS with a focus on the integrals

investigated throughout the spectra. The area under the NMR resonance is proportional to the number of hydrogens

which that resonance represent.
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Figure 2-11: 13C NMR analysis of the monomer BHIS. The spectrum here shows 10 visible carbon environments

which represent the 10 carbon environments seen in the structure of BHIS.

The 'H NMR and '3C NMR of CSMA-2 are represented in figures 2-12, 2-13 and 2-14
below. Figure 2-12 indicates that the protons of the methacryl group (CH2=C—-CHs3)
are represented by the three singlets present at 6.14, 5.59, and 1.96 ppm. The protons
of the isophorone cycle correspond to the signals between 0.8 and 1.2 ppm. The
protons of the urethane groups that link the methacrylate units to isosorbide, on the
other hand, were not visible, possibly because they were obscured by other signals.
These results are consistent with the *H NMR spectra previously recorded by Owji and
co-researchers (Owiji et al., 2019). The 3C NMR spectra shown in (figure 2-14)

confirms the 19 visible carbon environments in the structure of CSMA-2.
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Figure 2-12: *H NMR spectra highlighting the chemical bond formation of CSMA-2. The synthesis is confirmed by
the three singlets present at 6.14, 5.59 and 1.96 ppm corresponding to the protons of the methacryl group (CH2=C-
CHs). The signals seen between 0.8 and 1.2 ppm correspond to the protons of the isophorone cycle. On the spectra

1= Alkene, 2=Methacrylate, 3= Ester bonds and 4=Isophorone cycle.
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Figure 2-13: 'H NMR spectra highlighting the chemical bond formation of CSMA-2 with a focus on the integrals
investigated throughout the spectra. The area under the NMR resonance is proportional to the number of hydrogens

which that resonance represents.

147



H6E+06

F6E+06

F6E+06
=SE+06
F4E+06
. Z
@
F4E+06 5
{ ~
4€ E E
F4E+06 — g,
[ =&
r3E+06
-
70]
F2E+06
F2E+06
=2E406
’ F1E+06
| +SE+05
"“" """W'W‘UMWWW ". v % M’.O

-5E+05

Frequency
(ppm)

Figure 2-14: 13C NMR analysis of CSMA-2. The spectrum here shows 19 visible carbon environments which

represent the 19 carbon environments seen in the structure of CSMA-2.

When used in NMR, integration refers to the number of hydrogens present at each
signal. In a *H NMR spectrum, the integrated intensity of a signal yields a ratio for the
number of hydrogens that give rise to the signal, allowing the total number of

hydrogens present in a sample to be calculated.

The area beneath an NMR resonance is proportional to the number of hydrogens
represented by that resonance. Information on the relative number of chemically
unique hydrogens can be found and analysed by combining the different NMR

resonances.
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2.3.2.2 Fourier-Transform Infrared Spectroscopy

The monomer conversion rate during photopolymerisation of the liquid phase was
determined using time-dependent FTIR spectra of CSMA-2 with two distinct
photoinitiators. The level of conversion achieved during polymerisation has a direct
impact on the physical and mechanical properties of photo-cured composites. The
intensity of the methacrylate as it transforms from a monomer to a polymer is used to
determine the degree of conversion (DC). A high DC may impact the polymer's
durability and performance due to the presence of unreacted monomers, and an
incomplete (or low) degree of polymerisation of any methacrylate monomer can affect
biological properties, potentially leading to cytotoxic consequences. The calculation of
the optimum curing time upon photo polymerisation in liquid phase was achieved
through the analysis of monomer conversion rate of two different formulations, CSMA-
2 + 2 wt% CQ photoinitator and CSMA-2 + 2 wt% BAPO photoinitator was carried out
by the aid of Equation 2-1. In this equation, absorbance profiles were received at 1320

+ 1 cm™" (C-0O stretch bond) and 1335 + 2 cm™~! was set as the baseline.
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Figure 2-15: FTIR spectrum of CSMA-2 with 2% CQ photoinitator showing the percentage of reacted monomers
post curing; 65% of polymerisation was achieved in this formulation after exposure to blue light for 40 seconds.
Absorbance profiles were received at 1320 + 1 cm—-1 (C-O stretch bond) and 1335 + 2 cm—-1 was set as the

baseline.
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Figure 2-16: FTIR spectrum of CSMA-2 with 2% BAPO photoinitator showing the percentage of reacted monomers
post curing; 72% of polymerisation was achieved in this formulation after exposure to blue light for 40 seconds.

Absorbance profiles were received at 1320 cm™~’ (C-O stretch bond) and 1335 + 2 cm~7 was set as the baseline.

The conversion was calculated using the absorbance profiles, as shown in figures 2-
15 and 2-16 and it was discovered that within the first 40 seconds of the spectra, 65%
conversion of CSMA-2 was detected in the sample with CQ, and 72% conversion of
CSMA-2 was observed in the sample with BAPO. These findings imply that a 40-
second curing period is sufficient for further composite preparation. The monomer with
BAPO initiator has a substantially higher degree of monomer conversion, implying that
it would be a preferable alternative for use in the future to reduce time spent curing

monomer systems. Figure 2-17 below shows how long it took for the reaction to start
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occurring after the monomer was cured using a 450nm blue light diode. As per
spectrum, it took approximately 4.65 seconds for the polymerisation to begin

occurring.

Rate of Reaction (Seconds)
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Figure 2-17: FTIR spectrum of CSMA-2 representing the rate of reaction to show the start time of the reaction (4.65

seconds)

2.3.3 3D Printed Constructs

Originally, following on from the manually prepared composite-polymer discs that were
created in section 2.2.6 the discs used for the purpose of the assessing BAPO
incorporated CSMA-2 composites for mechanical testing, degradation studies and in
vitro studies were all 3D printed using the DLP technique. The standard, 10 mm in

diameter and 1 mm thick discs designed via AutoCAD and 3D printed can be seen
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below in figure 2-18. For the ex-ovo CAM assay, described in Chapter 4, section 4.2.5,
porous 3D scaffolds were designed via AutoCAD and printed. The final porous
scaffolds were designed to print at 6 mm in diameter and 3 mm thick with 0.5 mm

pores. Figure 2-19 shows the porous scaffolds used for the purpose of the CAM with

either 0, 5 or 10 wt% HA incorporated into the scaffold.

Figure 2-18: 3D printed composite-polymer discs of 10 mm X 1 mm containing 0, 5 or 10 wt% hydroxyapatite,

printed via the XYZ Nobel Superfine DLP printer and post cured via the methanol and UV curing chamber method.
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Figure 2-19: 3D printed porous scaffolds containing CSMA-2 + 2 wt% BAPO photoinitiator and either 0 wt% HA
(left image) 5 wt% HA (middle image) and 10 wt% HA (right image). All scaffolds were designed using AutoCAD
and are 6 mm in diameter and 3 mm thick with pores of 0.5 mm.

When exploring different designs on AutoCAD, a log-pile structure, symbolising how
the cortical bone in the human body is built, and a trabecular bone structure were both
designed and printed using CSMA-2. Figure 2-20 below shows (left-hand image) the
cortical bone log-pile structure, and (right-hand image) the trabecular bone structure

after printing via the DLP technique.

| Cortical

28.24 mm 14.21 mm

Figure 2-20: Images taken of the log-pile structure symbolising cortical bone, on the left and trabecular bone
construct on the right. Both scaffolds were designed using AutoCAD and 3D printed using CSMA-2 with 2 wt%

BAPO photoinitiator using the XYZ Nobel Superfine DLP Printer.
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2.3.4 SEM Analysis

To determine the accuracy of the printing technique, SEM was used to observe

constructs to allow for measurement between designed pores.

Figure 2-21 shows a comparison between the 3D printed matrix with cross-sectional

dimensions of 0.50 mm X 1.00 mm between the matrixes.

29.00 mm

Figure 2-21: Image (A) shows a 3D printed matrix utilising CSMA-2 and 2% BAPO photoinitiator, followed by a

matrix viewed via a SEM at 25 X magnification with highlighted dimensions (B).

The dimensions marked in figure 2-21B represent the cross-sectional measures
between the matrixes. The cross-sectional dimensions of the original AutoCAD STL
file were 0.50 mm x 1.00 mm. After printing and post curing, the SEM shows the
dimensions as an average of 0.56 mm + 0.10 mm x 0.91 mm % 0.14 mm. This is
significantly close to the original designed values, suggesting the accuracy of the
printer and quality of the resin. The small difference in size could, however, be
attributable to a balance between curing time, power intensity, and the amount of

photoinitiator utilised.
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2.3.5 CT Analysis

MicroCT analysis was utilised to evaluate the accuracy of the final product print to the
original CAD design using the log-pile structure depicted in figure 2-21. The STL file
was imported into the XYZmaker Suite software, and the model was printed with
CSMA-2 and 2% BAPO photoinitiator. At the settings listed in section 2.2.8, printing
the log structure took 3 hours 11 minutes. Following the completion of the printing, the

model was post-cured to remove any leftover residues and firm all portions of the print.

As shown in figure 2-22, CT scans were reconstructed, and the dataset was

reoriented so that the cylinders' faces were orthogonal to the view.

Figure 2-22: Images of the log-pile structure reoriented using the Bruker MicroCT DataViewer programme to display
the faces of the cylinders orthogonal to the perspective of direction. The sliced CAD image (A) displays the faces

of the cylinders, whereas (B) shows the faces of the cylinders.

To compute the area-equivalent circle diameter as well as the cross sectional area, an
average of four random orthogonal slices depicting the cross sections of the cylinders
were collected from both directions. Table 2-4 below highlights the numerical analysis

from the CT scan, suggesting the accuracy of the print.
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As seen in the table, the results were very consistent for all the faces of the cylinders
and were not too different to the original dimensions from the STL file. The STL file
had an area-equivalent circle diameter of 3.46 + 0.20 mm and a cross sectional area
of 37.96 + 4.32 mm?2. The average dimensions from the CT analysis were 3.35 + 0.04
mm and 34.96 + 3.98 mm?for both measurements respectively. The cylinder logs were
kept uniform, it may be stated, throughout the printing and post-curing process as the
4 layers measured displayed very similar values ranging between 3.33- 3.36 mm for

the area-equivalent circle diameter and 34.41- 35.50 mm? for the cross-sectional area.
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Table 2-4: The results from the numerical CT scan analysis carried out on the log-pile structure highlighting the accuracy of the 3D printing. 4 orthogonal faces were chosen

and measured for their area-equivalent circle diameter as well as their cross-sectional area to compare to the original STL file dimensions (last row).

1 3.33£0.02 3490 £5.61

2 3.34£0.03 35.03 £ 0.66

3 3.36 £0.04 34.41 + 8.65

4 3.36 £0.04 35.50 £ 1.01
Average 3.35+0.04 34.96 + 3.98
STL Dimensions 3.46 £0.20 37.68 =432
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2.4 Discussion

In this chapter, a light-curable, degradable polymeric system has been introduced with
the potential to be 3D printed into custom-fit implants for use in craniofacial
reconstruction surgery. Two types of photoinitiators were explored for their effect on
the printability of the material to assess the best formulation to go forward within the
study. The 3D printing settings were optimised and adjusted to ensure the accuracy

of the constructs that were used for experimental exploration.

In this study, CSMA-2 was successfully synthesised from a reaction incorporating the
starting monomer BHIS, in the presence of TEGDMA, HEMA and DBTDL. BHIS, was
explored as the starting monomer in the reaction. The direct esterification of
isosorbide was performed using potassium carbonate as the catalyst and ethylene
carbonate as the water carrier for the reaction. Once the reaction took place after 48
hours, the crude product was filtered via column chromatography using (eluent:
methanol/ethyl acetate = 1:9, v/v) to remove all excess solvents and reagents,
producing BHIS. A similar material explored by Yu and colleagues (Yu et al., 2019)
where they used the same procedure to synthesise a novel bio-based monomer
containing mono-acrylated isosorbide as their core scaffold. Isosorbide-based
polymers are known to exhibit many excellent properties ranging from their
optical clarity to their strong resistance to UV irradiation, heat, chemical degradation,
impact, and abrasion (Saxon et al., 2020). In the synthesis of CSMA-2, isosorbide
provided core stability for the monomer to photopolymerise under UV light without
having a negative impact on the structure of the polymer itself. Carrying out the CSMA-
2 reaction in the presence of TEGDMA allowed an enhanced solubility of the final resin

as well as a harder material, as TEGDMA acted as a diluent. HEMA was incorporated
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in the final stage of synthesis. HEMA will lead the polymerised material to exhibit
hydrophilic properties as well as promoting water uptake throughout the
polymerisation process. Finally, the use of DBTDL was purely as a catalyst to improve
the drying of curing systems, such as CSMA-2. DBTDL can also be used to aid the
curing process of a variety of materials such as polyurethanes, silicone resins and

silane modified polymers (Matveeva, Efremova and Baranets, 2018).

As discussed, CSMA-2 is modified with functional groups such as acrylates which
undergo free-radical polymerisation in the presence of a photoinitiator and upon

exposure to light (Chiulan et al., 2021).

Light-curable polymers have a number of advantages, especially in biomedical
applications, such as providing a minimally invasive approach, enhanced biological
characteristics and the capacity to be crosslinked into dense networks in minutes (or
less), giving potential for use in surgery (Di and Yoshihiro, 2014). UV radiation has
been found to permeate the skin, allowing for photopolymerisation of injected
polymers, which could be useful in plastic and reconstructive surgery, such as

craniofacial reconstruction (Stalling, Akintoye and Nicoll, 2009).

Both CQ and BAPO are commercially used as photoinitiators with an amine system,
generating primary radicals with light irradiation. The free electrons then attack the
double bonds of resin monomers, such as CSMA-2, resulting in photopolymerisation.
CQ absorbs very weakly at 468 nm, causing it to have a pale-yellow colour in
appearance. On the other hand, BAPO absorbs at a lower 350-380 nm which explains
its paler, more white appearance (Meereis et al., 2014). The composite-polymer discs

prepared by hand in this study contained 2 wt% CQ photoinitiator. CQ is a widely used
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photoinitiator in biomedical applications and is by far the more popular choice in this
field due to its well-established reputation and good clinical acceptance (Kamoun et
al., 2016). The initial composites were prepared with CQ and investigated for their
properties however, it was found that the printability of CQ was not as efficient as
BAPO. The 3D printed composite-polymer discs were prepared with 2 wt% BAPO and
trialled through the printing process to find the optimum settings. BAPO also referred
to commercially as IRGACURE 819, is used in a variety of formulations ranging from
coatings on wood and metal, plastics and optical fibres as well as a variety of printing
inks and resins (Zhang and Xiao, 2018). BAPO exhibits great curing performance at
low concentrations and has very positive absorption properties which allow curing of

more viscous materials at a faster rate.

To assess the rate of monomer conversion whilst photo polymerising, the degree of
conversion of CSMA-2 was obtained with both initiator systems. Similarly, Galvao and
colleagues (Galvéao et al., 2013), evaluated the DC of dental composites, finding that
the composites tested had values ranging from 55 to 68%, which is the highest
possible range for this type of material. The best results in this investigation are similar
to the DC values observed for CSMA-2 which ranged between 65-72%. The BAPO
photoinitiator formulation exhibited a higher degree of monomer conversion (72%)
than the CQ system. This could be because the chemical structure contains more
photo-crosslinking groups, allowing for a faster polymerisation time and hence more

monomer polymerisation in the same amount of time.

In the fields of regenerative medicine and bone tissue engineering, 3D printing is a
new technique that promises significant benefits by addressing present challenges in

the development of patient-specific models (Tao et al., 2019). Although the advance
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in the field of additive manufacturing has been impactful, there are still quality-related
challenges that exist, such as finding optimal materials that fit the specification

required to provide a platform for the printable resin.

This chapter further focussed on the potential use of DLP 3D printing techniques in
the fabrication of CSMA-2 based composites with the incorporation of two varying
photoinitiators and up to 10 wt% HA fillers. This type of 3D printing provided fast light-
curing upon photopolymerisation of the monomers. The accuracy of the printing was
assessed via SEM imaging and CT analysis by taking various measurements of the
final printed scaffold compared to the original CAD STL file. It can be said that using
the optimised settings and a maximum of 10 wt% HA filler, CSMA-2 was accurately
printed into solid discs, porous scaffolds, cortical bone log-pile structures and a variety

of matrixes with different pore sizes.

Tao and associates (Tao et al., 2019) studied applications of 3D printing for
craniofacial tissue engineering using hydrogels combined with HA for the purpose of
creating periodontal complex scaffolds. In their study, they analysed different types of
3D printing as well as a variety of materials such as polymers, ceramics and
composites to find their optimum formulations. They concluded that a 3D printed
hydrogel might help odontoblast cells survive in bone and cartilage, and that HA-

modified ceramics can boost angiogenesis.

In order to improve the overall print quality, it is critical to achieve a balanced
compromise between the amount of photoinitiator of use, cure time and cytotoxicity. A
study carried out by Cheng and colleagues (Cheng and Chen, 2017), explored

different concentrations of chitosan to add to PCL based resins for DLP 3D printable

162



scaffolds for tissue engineering applications. Their research looks at how chitosan
affects structural wettability, cell adhesion, and cell proliferation. Chitosan is a naturally
occurring polymer that is commonly utilised in biomedical materials; however, it has
the drawback of having a poor mechanical strength. The findings suggested that
chitosan can promote cell adherence and differentiation on the printing resin by
tampering PCL's hydrophobic qualities. The work carried out in this thesis compares
the effects of varying photoinitiators as well as varying ratios of CaP, HA fillers to the

printable CSMA-2 resin.

Similarly, Hong and co-workers (Hong et al., 2020) fabricated a glycidyl-methacrylate
based scaffold which was mixed with silk fibroin for the aim of bone tissue engineering.
DLP printing allowed the formation of the final Silk-GMA composite through layer by
layer deposition of the polymer resin. Rapid printing of this scaffold resulted in good
cell biocompatibility and low cytotoxicity which are advantageous in clinical

applications.

Despite the abovementioned benefits of 3D printing, particularly DLP lithography, a
substantial amount of work is currently dedicated to utilising this technique for printing
hydrogel-based scaffolds. Even if the mechanical strength of such systems has
improved significantly compared to typical hydrogels, the obtained values in non-load
bearing regions are still much below the modulus of bone. Therefore, establishing a
novel, mechanically strong and biocompatible synthetic polymer, such as CSMA-2,

holds great promise in the field.

3D printing can potentially revolutionise custom-fit implants in the field of craniofacial

reconstruction. It is important to mention that depending on the type of printing, cost
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limitation can be a matter of concern for this method and clinical applications. Although
considered a relatively low-cost manufacturing technique (Poomathi et al., 2020) the
price of the starting material, the software of use and the 3D printer device itself must
all be considered, especially in larger-scale manufacturing systems. Moreover, the
time taken to create the 3D printed models must be considered. The construct size
and geometry from the original CAD file, as well as the printing resolution, power
intensity and accuracy, are the factors that contribute to the required printing time
(Shahrubudin et al., 2020). The optimisable settings allow the user to generate a 3D
prototype by facilitating layer-by-layer fabrication of the construct, which can take

anywhere between 1 minute to 24 hours.

Furthermore, the aim of additive manufacturing in tissue engineering is the ability to
create new tissue or organ scaffolds. Scaffolds are vital in this method because they
act as a platform for cell adhesion and cell recruitment to infiltrate deep into the
defective area. Thus, the patterning of cells and materials in a printed scaffold would
need to be carefully engineered in order for it to give mechanical support and generate
an environment similar to that of the organ's native extracellular matrix (ECM) (Wu and
Hsu, 2015). Using additive printing techniques, the scaffold's size, geometry, and
porosity may be controlled and customised, providing a platform for reproducibility and

manipulation.

The previously mentioned challenges need to be addressed to bridge the gap between
the current concepts to clinical applications. An approach to address such challenges

would be to design materials in a way that ensures faster and more accurate
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manufacturing as well as providing optimum biological properties without affecting the

mechanical strength.

In this chapter, along with the synthesis of CSMA-2, DLP 3D printing was used for the
potential formation of custom-fit implants for smaller defects in the craniofacial region.
Using CSMA-2 as the resin for 3D printing has a promising future. The photoinitiators
explored allowed optimisation for relatively fast printing and did not affect the
mechanical properties or degradation time of the polymer, as confirmed in Chapter 3:
Mechanical Properties and Degradation. Moreover, the non-cytotoxic nature of CSMA-
2 as well as the ability to promote angiogenesis is confirmed in Chapter 4: Biological
Exploration. Furthermore, regarding the printing resolution, a well-balanced system
with a suitable compromise between the print time and the resolution can be designed.
As seen in the CT analysis (see section 2.3.5), the CSMA-2 printed construct
displayed comparable values between the digital STL file and the final printed model.
This confirms the ability of CSMA-2 to be used as a printing resin as it has a well-
balanced dispersion of polymer to photoinitiator phases as well as providing good

resolution and accurate print.

In summary, using additive manufacturing technigues to create custom-fit implants in
the craniofacial region holds great promise. Such techniques can allow for the careful
control of the defects distinctive contour while producing optimal printing resolution.
This is a critical consideration when designing any biomaterial-based scaffold for
tissue engineering since it promotes vascularisation and, eventually, the development
of new tissue (Ma et al., 2018). Furthermore, adopting a highly precise and accurate

printed model can improve in vivo cell adhesion and proliferation which will ultimately
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improve the aesthetic and functional outcomes of the bone defect restoration without

the need for additional surgery (Aldaadaa, Owji and Knowles, 2018).

2.5 Conclusion

To conclude, the studies carried out in this chapter were to explore the synthesis of an
isosorbide-based light-curable, degradable polymeric system to assess its potential
use in cranio-maxillofacial reconstruction. The incorporation of calcium phosphate
fillers, particularly, hydroxyapatite, as well as the comparison between two different
photoinitiator systems. The material was chemically characterised to confirm the
synthesis and 3D printing techniques were introduced to explore the materials ability
to act as a resin in a DLP type printing system. The printability of the formulations
containing 2 wt% CQ or BAPO photoinitiator and 0, 5 and 10 wt% HA filler was
investigated throughout the chapter to construct composite-polymer scaffolds for the
purpose of assessing the materials mechanical properties as well as the rate of
degradation and wettability which is discussed in detail in Chapter 3: Mechanical
Properties and Degradation Studies. Further to this, the 3D printed scaffolds were
used for the purpose of exploring the materials in vitro properties, using cell-culture
experimental studies and ex-ovo, using the chorioallantoic membrane assay to
determine their cytocompatibility and angiogenic response which is discussed in detail

in Chapter 4: Biological Exploration.
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Chapter 3 : Mechanical Properties and Degradation

Studies
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3.1 Introduction

As previously discussed in Chapter 2: Synthesis and 3D printing of a light-curable
degradable polymeric system, the material of choice for creating scaffolds for the
purpose of restoring craniofacial defects is critical. An ideal implant material would be
mechanically resilient and stable, inert, biocompatible, degrade gradually without
being toxic and be easily malleable (Tappa and Jammalamadaka, 2018). Three-
dimensional printed natural and synthetic biomaterials have emerged as gold
standards for tissue engineering scaffolds in recent decades due to their role in hard
tissue regeneration; yet the fundamental disadvantage of these scaffolds is their weak
mechanical strength. When utilised in bone tissue engineering, implanted scaffolds
are subjected to mechanical stresses such as compression, tension, torsion, and
shearing. As a result, mechanical properties are crucial to their in vivo performance
(Little, Bawolin and Chen, 2011). The structure required for replacement tissue must
give appropriate mechanical strength and is thus a significant consideration when
developing innovative materials since it must match the native tissues to be restored

(Prasadh and Wong, 2018).

The materials studied in this project offer fundamental properties such as mechanical
stiffness and good biocompatibility which can be altered and modified via the synthesis

process as well as the addition of various amounts of CaP filler.

Young's modulus and tensile strength are key mechanical properties of bone, and a
bone scaffold must mimic these mechanical properties to integrate with the bone
architecture at a macroscopic level during the implantation stage, and to sustain these

properties for regeneration later on (Tian and Chen, 2014). To improve mechanical
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properties and promote osteoconductivity, many studies have been conducted where
copolymers and bioceramics, such as CaPs have been incorporated into the original
polymer (Bruno et al., 2020). The strength, absorption and elasticity of the material in
guestion should be in close association with the mechanical properties of the
surrounding bone at the target site as well as retain its properties after implantation.
Cortical bone has a strength that varies between 100 — 230 N/mm? and materials
intended for scaffold use should be similar to this range to prevent the scaffold from

failing after being transplanted into the body (Prasadh and Wong, 2018).

In this chapter, the mechanical properties and degradability of CSMA-2 and its
composites containing 0-50 wt% HA were assessed alongside the effect of the two
varying photoinitiators, CQ and BAPO on the mechanical properties. The mechanical
bend strength, Young’s modulus, wettability and hardness were explored in detail for
formulations containing 0-50 wt% HA which was tested using manually prepared
composite-polymer discs made using CQ photoinitiator. Once deciphering the
maximum quantity of HA was able to be 3D printed, the formulations containing 0-10
wt% HA created with 2 wt% BAPO photoinitiator and 3D printed were further analysed
for their comparative mechanical properties. Remineralisation of the composites was
analysed to investigate the surface properties and the potential HA precipitation on the
different ratios of CaP filler to CSMA-2. Finally, degradation studies were carried out
over 6 months to understand the rate of degradation and the effect of the HA fillers on

the degradation time.

As previously discussed in Chapter 1: Introduction and Literature Review, there are a
variety of materials available for craniofacial bone regeneration implants. While the

materials provided have some good properties, they also have defects, making them
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incapable to restore a maxillofacial abnormality to its original state. There is a pressing
need to investigate novel materials. A novel substance could assist to lower the
likelihood of bone graft complications such as lack of donor bone, graft rejection and
infections in the transplanted bone. The properties of an exemplar material should
match the need to overcome these deficiencies whilst adapting to the appropriate

mechanical, physical and biological properties.

Utilising hydroxyapatite in CSMA-2 composites for the purpose of this study has
proven to be beneficial throughout. HA is one of the most important elements in bone
and teeth. This bioactive ceramic is a potential biomaterial for bone regeneration due
to its strong mechanical properties and favourable biocompatibility. HA possesses
suitable osteoconductivity and biocompatibility since it is chemically and physically
comparable to the mineral phase of real human bone. The HA particles are known to
improve the scaffold's Young's modulus and tensile strength in most cases; however,

this is dependent on the type of HA utilised (Corona-Gomez, Chen and Yang, 2016).

The mechanical properties of a material are critical in bone tissue engineering. In this
chapter, various conditions have been adapted to assess the effect on the mechanical
properties as well as the degradability of the material to find the optimum material

formulation that displays potential advancement in this area.

170



In summary, the main aims and objectives of this chapter are as follows:

1. To assess the mechanical properties of CSMA-2 and its composites including
up to 50 wt% hydroxyapatite fillers to find optimum formulations for the purpose
of craniofacial implants.

2. Exploration of the effect of two varying photoinitiators on the mechanical
properties of CSMA-2 and its composites.

3. Achieving biodegradability explored via degradation studies.
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3.2 Materials and Methodology
3.2.1 Materials

The materials used in this chapter were previously discussed in Chapter 2: Synthesis
and 3D printing of a light-curable degradable polymeric system (CSMA-2) and were
either prepared by hand or 3D printing via DLP technology for the purpose of

mechanical testing and degradation studies.
3.2.2 Mechanical testing
3.2.2.1 Biaxial flexural testing

Shimadzu Autograph AGS-X machinery (Shimadzu, Milton Keynes, United Kingdom)
was used to perform a 3-point biaxial flexural test, which required applying a load via
a 2 kN load cell at a displacement rate of 1 mm min in order to investigate and
characterise the mechanical properties of the monomer alongside the composite-
polymer discs. 10 samples were tested for the purpose of reproducibility. Origin Pro
2019 software was used to analyse the data. The biaxial flexural test was performed
for ten specimens in each group until specimen failure. Prior to loading the specimens
in the rig, callipers were used to measure the thickness (~1mm) and the diameter
(~10mm) of each disc which was inputted into the system to calculate the equations
needed for the test. The results of these tests allowed for the determination of the
materials' flexural strength and Young's modulus. The flexural strength of a material,
also known as bend strength, represents the material's maximum stress at the point
of yield. The Young's modulus, also known as the modulus of elasticity, is a
measurement of a material’s stiffness that is determined using the formula shown

below in equation 3-1
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Equation 3-1: Equation showing how to calculate the Young’s modulus where E represents the Young’s modulus
in pressure units, g represents uniaxial stress, or uniaxial force per unit surface in pressure units and € represents

the strain, or proportional deformation and is dimensionless.

3.2.2.2 Dynamic Mechanical Analysis

The three-point bend test via the DMA was used to determine the reproducibility of
techniques, as well as the Young's modulus. The composite-polymer bars with
nominal dimensions of 5 mm in width X 1 mm thick X 20 mm in length were bent at 1
mm-! on a 3-point bending rig until the instrument load limit of 18 N was reached. The
modulus was calculated using the TA Instruments TRIOS programme to analyse the
collected data. 10 samples were tested for the purpose of reproducibility. As the
specimens did not reach a failure point, the bend strength could not be measured

using the 3-point bending DMA method.

3.2.2.3 Hardness testing

A Wallace Micro-hardness tester (Wallace Instruments, United Kingdom).was used to
determine the hardness of the composite-polymer specimens. 10 samples were tested
for the purpose of reproducibility. Micro hardness testing methods are to determine a
material’s hardness or its resistance to penetration. The Vickers pyramid number (HV),
which is determined by the equation, is the unit of hardness supplied by the equation

3-2 below,
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Equation 3-2: The Vickers pyramid number (HV) is an equation for determining the hardness of a material, where
F is the force applied to the diamond in kg-force (kgf) and A is the surface area of the resulting indentation in square
millimetres (mm?).

To convert Vickers numbers (HV) into Sl units, the force applied from kgf is converted

to newtons and the area is converted from mm? to m? to give the results in Pascals as

1kgf/mm? — 9.80665x10° Pa.

3.2.2.4 Water Contact Angle Measurement

Water contact angle measurements were taken to determine the
hydrophilic’/hydrophobic nature of the composite-polymer samples and the influence
of different CaP addition ratios into the composite. This was performed using a CAM
200 Optical Contact Angle Meter instrument (KSV Instruments, Finland) and the
angles were obtained upon encounter of the specimen surface with the water droplet
and were measured between the sample surface-water interface and the water-air
interface. Hydrophilic samples have contact angles less than 80°, while hydrophobic

samples have contact angles more than 90°.
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3.2.3 Remineralisation Properties

3.2.3.1 X-Ray Diffraction

To identify and investigate the precipitation of calcium phosphate crystals, X-ray
diffraction (XRD) was used. The atomic and molecular structure of the specimen
determines the scattering of the x-ray beam diffraction. The composite polymer discs
including 0-50% HA with CQ photoinitiator and 0-10% HA with BAPO photoinitiator
were placed in flat plate geometry on the instrument and XRD spectra were acquired
with Ni filtered Cu Ka radiation using a Briker D8 advance diffractometer (Bruker,
Coventry, United Kingdom). Data were collected using a Lynx eye detector with an

incident slit of 0.2 mm and step size of 0.019° over a 26 range of 10-100°.

3.2.3.2 Scanning Electron Microscopy

SEM is a type of electron microscopy that creates images by scanning a material's
surface with a focused beam of electrons (Raghavendra and Pullaiah, 2018). Signals
are produced in correlation with composition of the specimen to give qualitative
visualisation of the surface of the composite-polymer discs. All specimens were fixed
in 3% glutaraldehyde (Agar Scientific, United Kingdom) in 0.1M cacodylate buffer
(CAB) for 24 hours at 4°C. The samples were then mounted onto aluminium pin stubs,
taking care with orientation, double-sided carbon tabs (Agar Scientific, United
Kingdom). The samples are sputter coated with 95% gold and 5% palladium (Polaron
E5000, Quorum Technology, United Kingdom) before being placed in the SEM where

samples are examined in a ZEISS EVO MA10 (ZEISS, United Kingdom) operating at
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10kV, spot size 300 for imaging to visualise the surface properties of the composite-

polymer specimen discs.

3.2.4 Degradation Studies

3.2.4.1 pH Values

Three discs from each variant (0, 5 and 10% HA) were immersed in 10 ml of
Dulbecco's modified Eagle's medium (Gibco®, Life Technologies Ltd., Paisley, United
Kingdom) and placed in a CO:2 incubator overnight to determine the acidity of the
composite-polymer specimens. The pH of each disc was then measured by an Orion
star A111 pH meter (Thermo Scientific, United Kingdom) which had been calibrated
using standard solutions of pH 4 and 7. Measuring the acidity of the polymeric system

provides an initial indication of the composites ability to act as a compatible resin.

3.2.4.2 Percentage Mass Change

To determine the degradation rate of the polymer itself as well as with 5 wt% and 10
wt% CaP incorporated, CSMA-2 plus the appropriate amount of HA were soaked in
10ml of PBS (pH 7.4 £ 0.1) and incubated at the physiological temperature of 37°C
and a set incubated at 60°C for the duration of 6 months. The mass change of the
composite-polymer discs were assessed at the following time intervals; day 1, 4, 7,
14, 28, 56, 84, 112, 140 and 168. 10 samples were tested for the purpose of
reproducibility. At each of the given time points the discs were manually dried for 1

minute using laboratory provided blue paper and weighed using an analytical balance
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accurate to 4 decimal places (OHAUS, US). For each time point until the final at day
168 (6 months), the discs were re-immersed in fresh PBS. The final weight
measurement was recorded by transferring the specimens to a vacuum oven for two

hours at 40°C before placing on the analytical balance and recording the weight.

The equation below was used to calculate the percentage mass change.

Final dry weight — Initial weight
% Mass Change = Initial weight x 100

Equation 3-3 : Equation showing how the percentage mass change was calculated for degradation studies.

3.2.4.3 Biaxial Flexural Testing After Degradation

Like the percentage mass change experiment described in section 3.2.4.2, composite-
polymer discs with 0, 5 and 10 wt% of HA were incubated in 10ml of PBS at 37°C.
Prior to incubation, 10 samples of each variation were tested on the Shimadzu as seen
in section 3.2.2.1. Biaxial flexural testing was carried out to assess the samples bend
strength and Young’s modulus. 10 samples were tested for the purpose of
reproducibility. After incubation for 1, 2, 3, 4, 5, and 6 months, the specimens were
taken from the PBS and manually dried for 1 minute with blue paper towels before
being measured and mechanically evaluated using the biaxial flexural method. Again,
specimens were measured using callipers and found to be ~1mm thick and ~10mm in

diameter. All sample variations had 10 repeats which were then tested, and the results
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analysed using OriginPro 2019 software to determine the effect of degradation of the

polymer on the mechanical properties.

3.2.5 Statistical Analysis

In this chapter, all data were analysed using OriginPro 2020 (OriginPro, OriginLab
Corporation, USA). The results are presented in mean + standard deviation. A one-
way analysis of variance with Tukey’s post hoc test was used throughout where p <

0.05 was considered significant after being calculated at a 95% confidence interval.

3.3 Results

3.3.1 Mechanical testing
3.3.1.1 Biaxial Flexural Test

A biaxial flexural test was used to assess the polymer and composite discs' flexural
bend strength and Young's modulus values. The initial comparison was with the
manually prepared composite-polymer discs of 2 wt% CQ and 0-50 wit%

hydroxyapatite.

Figure 3-1 displays the bend strength results from the biaxial flexural test for the
composite-polymer discs using 0-5 wt% HA. It can be seen that CSMA-2 with no added

hydroxyapatite had the highest recorded bend strength value of 84.07 N/mm?. As the
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amount of HA was increased from 1-5 wt%, the samples failed at lower values
meaning lower loads were needed to fracture the material with higher amounts of CaP.

The only statistically significantly different result was that of 5 wt% with a given value

of 75.46 N/mm?.

100 - +

-

Bend Strength (N/mm©)

CSMA-2  19%%HA 2%HA  3%%9HA  499HA  500HA

Figure 3-1: A graphical representation for the comparison of bend strength results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-5 wt% HA. The highest
recorded value was 84.07 N/mm? for CSMA-2 with 2 wt% CQ and no added HA. The lowest value recorded was

75.46 N/mm? for the 5 wt% HA composite polymer which was statistically significant with the result of the CSMA-2

polymer composite by itself. (*p < 0.05)

Composite polymer discs containing up to 50 wt% HA were also tested for the purpose
of bend strength measurements. Figure 3-2 displays the bend strength results from

the biaxial flexural test for the composite-polymer discs using 0-50 wt% HA. Similar to
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the results shown in figure 3-1, CSMA-2 with no added HA had the highest recorded
bend strength value of 84.07 N/mm?2. As the amount of HA was increased from 10-50
wit%, the samples failed at lower values meaning lower loads were needed to fracture
the material with higher amounts of CaP. The results for CSMA-2 alone were
statistically significantly different to the results of the composite-polymer specimen
containing 30 wt% at a value of 65.32 N/mm?, 40 wt% at a value of 63.50 N/mm? and
finally the lowest value of 59.51 N/mm? for the composite sample containing 50 wt%

HA.
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Figure 3-2: A graphical representation for the comparison of bend strength results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-50 wt% HA. The highest
recorded value was again, 84.07 N/mm? for CSMA-2 with 2 wt% CQ and no added HA. This was statistically
significantly different to the value recorded for 30 wt% HA (65.31 N/mm?), 40 wt% (63.50 N/mm?) and the lowest

value recorded which was 59.51 N/mm? for the 50 wt% HA composite polymer (*p < 0.05).
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The Young’s modulus was tested via the same biaxial flexural method as the bend
strength. Figure 3-3 below represents the modulus results from the biaxial flexural test
done via the Shimadzu for the composite-polymer samples containing 2 wt% CQ
photoinitator and 0-5 wt% hydroxyapatite. The polymer itself, CSMA-2 has a Young's
modulus value of 2.44 kN/mm? which is significantly stiffer than when HA is
incorporated. The Young’s modulus value for CSMA-2 is statistically significantly
different at *p<0.05 to the value for 3 wt% HA and the value for 5 wt% HA which is the

lowest value at 1.96 kN/mm?.

Young’s Modulus (kKN/mm?

CSMA-2 1% HA 2% HA 3% HA 4% HA 5%HA

Figure 3-3: A graphical representation for the comparison of Young’s Modulus results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-5 wt% HA. The highest

recorded value was 2.44 kN/mm? for CSMA-2 with 2 wt% CQ and no added HA. This was statistically significantly

181



different to the lowest value recorded which was 1.96 kN/mm? for the 5 wt% HA composite polymers as well as the

result for the 3 wt% HA composite-polymer sample which had a result of 2.02 kN/mm? (*p < 0.05)

Again, composite-polymer discs containing up to 50% Figure 3-4 displays the Young’s
modulus results from the biaxial flexural test for the composite-polymer discs using 0-
50 wt% HA. Similar to the results shown in figure 3-3, CSMA-2 with no added HA had
the highest recorded modulus value of 2.44 kN/mm?2. It can be seen that the
composites become less stiff as more HA is incorporated. Although there are small
amounts of significant difference between the formulations, a slightly higher value was
observed in the 50 wt% composite (1.89 kN/mm?) suggesting that the addition of a
higher quantity of calcium phosphate caused an increase in the stiffness of the

material.
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Young’s Modulus (KN/mm?

CSMA-2 10% HA 20% HA 30% HA 40% HA 50% HA

Figure 3-4: A graphical representation for the comparison of Young’s Modulus results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% CQ and a range of 0-50 wt% HA. The highest
recorded value was 2.44 kN/mm? for CSMA-2 with 2 wt% CQ and no added HA. This was statistically significantly
different to the lowest value recorded which was 1.76 kN/mm? for the 40 wt% HA composite polymers as well as

the result for the 50 wt% HA composite-polymer sample which had a result of 1.89 kN/mm? (*p < 0.05).
3.3.1.2 Hardness Testing
The Hardness of the polymer and the composite discs were investigated by running a

Vickers Hardness test. The initial comparison was with the manually prepared

composite-polymer discs of 2 wt% camphorquinone and 0-50 wt% hydroxyapatite.

Figure 3-5 below shows the Vickers Hardness results for the 0-10 wt% HA
incorporated composite-polymer specimens. As seen, CSMA-2 by itself, represented

by the 0 wt% column, has a VHN of 7.54 g/mm? which increases to 8.04 g/mm? at 5
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wt% HA. The results show only a small significant difference as the quantity of HA

increases.
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Figure 3-5: A graphical representation for the comparison of hardness results from the Vickers Hardness test done
via the Wallace Micro-Hardness Tester for composite-polymer discs with 2 wt% CQ and a range of 0-5 wt% HA.
The lowest recorded value was 7.54 g/mm? for CSMA-2 with 2 wt% CQ and no added HA. The highest value
recorded was 8.04 g/mm? for the 5 wt% HA composite polymer which was statistically significant with the result of
the CSMA-2 polymer composite by itself. (*p < 0.05)

Composite polymer discs containing up to 50 wt% HA were also tested for the purpose
of hardness measurements. Figure 3-6 below displays the VHN results from the
hardness test for the composite-polymer discs using 0-50 wt% HA. Similar to the

results shown in figure 3-6, CSMA-2 with no added hydroxyapatite had the lowest

recorded hardness value of 7.54 g/mm?. As the amount of HA was increased from 10-
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50 wt%, the samples became harder. The results for CSMA-2 alone were statistically
significantly different to the results of the composite-polymer specimen containing 40

wt% at a value of 14.28 g/mm? and 50 wt% HA at a value of 21.47 g/mm?.
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Figure 3-6: A graphical representation for the comparison of hardness results from the Vickers Hardness test done
via the Wallace Micro-Hardness Tester for composite-polymer discs with 2 wt% CQ and a range of 0-50 wt% HA.
The lowest recorded value was 7.54 g/mm? for CSMA-2 with 2 wt% CQ and no added HA. The highest value
recorded was 21.47 g/mm? for the 50 wt% HA composite polymer which was statistically significant with the result
of the CSMA-2 polymer composite by itself as well as the values for all the HA-incorporated composites 10-40 wt%.

(*p < 0.05)
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3.3.1.3 Water Contact Angle

Water contact angle measurements were analysed for CSMA-2 with no added CaP
filler as well as 10-50 wt% HA incorporated composite polymer discs. The results
(shown in figure 3-7 below) confirmed the hydrophilic nature of the monomer and the
range of hydroxyapatite fillers. As expected, the addition of CaP fillers had a direct
correlation with hydrophilicity of the composites; The 50 wt% HA formulations showed
the most hydrophilic behaviour as it had a contact angle measurement of 42°. This
was not significantly lower than the formulations of 10-40 wt% which had values
between 54° and 46°. The CSMA-2 monomer with no added HA was the least
hydrophilic out of the group with a contact angle measurement of 59° however, this
was still well within the hydrophilic range as if a contact angle is smaller than 90°, the

solid is considered hydrophilic (Fowkes, 1964).
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Figure 3-7: Water contact angle measurements investigating the hydrophilicity of the polymer with no added HA
compared to HA incorporated composite discs: a direct correlation can be observed between hydrophilicity and
addition of CaP fillers. The 50 wt% formulation showed the most hydrophilic behaviour (however not statistically
significant, *P > 0.05, from the 10-40 wt% formulation) but statistically significantly different to CSMA-2 alone
which had the highest contact angle measurement of 59 ° showing the least hydrophilic behaviour out of the

composites but still exhibiting hydrophilicity as the angle is smaller than 90 °. (*p < 0.05).

3.3.2 Comparing CQ Vs. BAPO Mechanically

Mechanical testing was carried out for the purpose of comparing the results of these
specimens with CQ and BAPO as the photoinitator in question in order to decipher the

optimum formulation for its intended purpose. The Bend strength, Young’s Modulus,
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Hardness and Hydrophilicity was tested again for the specimens with both types of

photoinitator.
3.3.2.1 Bend Strength and Young’s Modulus

The biaxial flexural test was performed via the Shimadzu as previously mentioned, for
the composite-polymer samples containing 0-10 wt% HA and either 2 wt% CQ or 2

wt% BAPO photoinitator.

Figure 3-8 below shows the results from the biaxial flexural test for the purpose of
bend strength measurement for these specimens comparing the results between the
CQ groups and BAPO groups with the addition of either 0, 5 or 10 wt% HA. As seen
in the graph below, the bend strength values were higher in the BAPO formulations,
ranging between 135.49-98.57 N/mm?, than those of CQ, which ranged between
84.07-71.55 N/mm?. The results for both formulations decreased significantly with

higher amounts of HA, suggesting a less stiff material being formed.
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Figure 3-8: A graphical representation for the comparison of flexural strength results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% CQ (red) and a range of 0-10 wt% HA vs.
composite-polymer discs with 2 wt% BAPO (blue) and a range of 0-10 wt% HA. The highest recorded value was
135.49 N/mm? for CSMA-2 with 2 wt% BAPO and no added HA. All CQ values were significantly lower than their

respective BAPO incorporated values (*p < 0.05).

The Young’s Modulus was also evaluated for the purpose of comparing the CQ
formulations against BAPO formulations with 0-10 wt% HA incorporated. For the
purpose of repeatability, the Young's modulus values of the 0-10 wt% HA samples
with 2 wt% BAPO photoinitator were also determined using the three-point bend test
via the DMA. Figure 3-9 below shows the graphical representation for these results
highlighting that BAPO (shown in blue) had a significant impact on the elasticity of the

composites with modulus values ranging between 1.96-1.71kN/mm? which
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significantly compares to the CQ values (shown in red) which range between 2.44-
1.66 kN/mm?. As well as BAPO having an effect, the higher amounts of HA also
lowered the Young’s Modulus values, leading to a more elastic material. The DMA
tested modulus did not show any significant difference with modulus values of 1.855
kN/mm? for CSMA-2 with no added HA, 1.75 kN/mm? for 5 wt% and 1.68 kN/mm? for
the 10 wt% HA formulation. The trend is also consistent with the results from the biaxial
flexural test method in the sense that as the HA amount increases, the modulus

decreases, leading to a more elastic material.
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Figure 3-9: A graphical representation for the comparison of Young’s Modulus results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% CQ (red) and a range of 0-10 wt% HA vs.
composite-polymer discs with 2 wt% BAPO (blue) and a range of 0-10 wt% HA as well as comparing the Young’s

modulus results from the DMA test. The highest recorded value was 2.44 kN/mm? for CSMA-2 with 2 wt% CQ
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and no added HA. This was statistically significantly different to the respective values with BAPO and the BAPO

formulations carried out via DMA (*p <0.05).

3.3.2.2 Hardness Testing

The hardness of the composite-polymer discs containing 0-10 wt% HA with either 2
wt% CQ or 2 wt% BAPO were evaluated and compared using the Vickers Hardness

method as previously carried out.

The hardness measurements for CSMA-2 and composite discs containing 0%—-10%
HA (figure 3-10) reveal that as the amount of HA increases, so does the amount of
CQ and BAPO integrated therein, implying that the material gets harder. As seen,
CSMA-2 by itself, represented by the 0 wt% columns, has a VHN of 7.54 g/mm? for
the CQ value and 8.21 g/mm? for the BAPO value which increases with the higher
amounts of HA. The results for the CQ formulations had lower VHN values than the
BAPO formulations as the CQ ranged from 7.54-8.09 g/mm? which were all statistically
significantly different at p*<0.05 to the BAPO formulations ranging from 8.21-9.79

g/mm?,
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Figure 3-10: A graphical representation for the comparison of hardness results from the Vickers Hardness test
done via the Wallace Micro-Hardness Tester for composite-polymer discs with 2 wt% CQ (green) and a range of
0-10 wt% HA vs. composite-polymer discs with 2 wt% BAPO (white) and a range of 0-10 wt% HA. The CQ values
ranged from 7.54-8.09 g/mm? for CSMA-2 which compare to the BAPO values which ranged from 8.21-9.79 g/mm?.
All CQ incorporated formulations had significantly lower hardness values than their respective BAPO incorporated

formulations (*p < 0.05).
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3.3.2.3 Water Contact Angle

The hydrophilicity of the composite-polymer discs containing 0-10 wt% HA with either
wt% CQ or 2 wt% BAPO were evaluated and compared using the water contact angle

measurement method as previously carried out.

The contact angle measurements for CSMA-2 and composite discs containing 0%—
10% CaP (figure 3-11) show that the CQ and BAPO included formulations decrease
as the quantity of HA increases, implying that the material becomes more hydrophilic
as the amount of HA increases. As seen, CSMA-2 by itself, represented by the 0 wt%
columns, has a contact angle measurement of 59° for the CQ value and 54° for the
BAPO value which was statistically significant and which decreases with the higher
amounts of HA. The difference between the CQ and BAPO formulations for the water
contact angle measurements were not statistically significantly different at p*<0.05 for
the 5 and 10 wt% HA formulations but did have slight differences in the range of
values. The results for the CQ formulations had slightly higher WCA values than the
BAPO formulations as the CQ ranged from 55°-59 and the BAPO formulations which
ranged between 54°-55°. The results confirmed the hydrophilic nature of the monomer
and the range of hydroxyapatite fillers. As expected, the addition of CaP fillers had a

direct correlation with hydrophilicity of the composites.

193



Bl co

eo-h* N\ BAPO
e

[

0 5 1
Hydroxyapatite (%)

Figure 3-11: A graphical representation for the comparison of the contact angle measurements for the purpose of
investigating the hydrophilicity of the composite-polymer discs with 2 wt% CQ (purple) and a range of 0-10 wt%
HA vs. composite-polymer discs with 2 wt% BAPO (white) and a range of 0-10 wt% HA. The CQ values range from
54°-59° which compare to the BAPO values which ranges from 54°- 55°. A direct correlation can be observed

between the hydrophilicity and the addition of CaP fillers. (*p < 0.05)

3.3.3 Remineralisation Properties

3.3.3.1 Scanning Electron Microscopy

In order to investigate surface remineralisation and potential hydroxyapatite
precipitation of the different ratios of CaP filler to CSMA-2, scanning electron
microscopy was used. The SEM images, shown in Figure 3-12 present a series of
images of CaP deposition on the surface of the composite-polymer discs. CSMA-2 by

itself with no added hydroxyapatite, shows a smooth layer with no clumps or material
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bubbles. A slight scratch seems to be present which could be from handling of the
sample. More HA particles were visible on the surface of the composite-polymer discs
as the amount of HA grew from 10 to 50 wt% resulting in a continuous layer of merged
crystals. These images justify the results for the mechanical properties as they suggest
each specimen had a good distribution of calcium phosphate and the polymer was

well immersed in it.
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Figure 3-12: SEM images highlighting the surface remineralisation of 0-50 wt% HA incorporated composite-polymer
discs. Deposition of HA particles can be clearly observed on the surface of the discs as the quantity increased. The
first image, CSMA-2 alone with no added HA, showed a clear surface with no particles attached. By 50 wt% HA,

there was a significantly greater amount of HA particles dispersed on the surface of the discs which are shown to

be a continuous layer of merged crystals.
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3.3.3.2 X-Ray Diffraction

Subsequently, the presence of CaP precipitates observed via SEM microscopy was
confirmed through XRD analysis. XRD analysis is a non-destructive test method for
examining crystalline materials' structure. This diffraction technique precisely
examines the formation of precipitates inside the CaP incorporated samples. The
composite-polymer discs made manually by hand, using 2 wt% CQ photoinitator were
analysed using XRD to assess the mineralisation of HA. As seen in figure 3-13, the
samples containing 10-50 wt% HA have a significant HA diffraction peak in

comparison to the polymer by itself (represented in black).

Figure 3-14 displays the XRD analysis for the 3D printed composite-polymer samples
prepared with 2 wt% BAPO photoinitator along with 0-10 w% HA. Similar results can
be seen here, where the HA diffraction peak is observed in the 5 and 10 wt% samples
and not in the polymer by itself. It can be said that the photoinitator did not have an

impact on the XRD results as neither CQ nor BAPO have a crystalline structure.
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Figure 3-13: X-Ray Diffraction analysis of calcium phosphate precipitation in the 0-50 wt% HA with 2 wt% CQ
composite-polymer specimens. Hydroxyapatite diffraction peaks began to be observed in the 10 wt% HA

specimens (purple) then increased in size as the quantity of HA increased up to 50 wt% HA (orange).
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Figure 3-14: X-Ray Diffraction analysis of calcium phosphate precipitation in the 0-10 wt% HA with 2 wt% BAPO
composite-polymer specimens. Hydroxyapatite diffraction peaks began to be observed in the 5 wt% HA specimens

(red) and the 10 wt% HA specimens (blue).

199



3.3.4 Degradation Studies
3.3.4.1 pH Values

The acidity of CSMA-2 and the composite-polymer discs was investigated by
immersing the specimens into a neutral culture media solution as shown in figure 3-
15. All samples gave rise to a slightly acidic solution post incubation with pH values
ranging from 6-7.4. It can be seen that the addition of HA increases the pH level, but
no significant difference was observed between the polymer and the HA incorporated

formulations (*p < 0.05).

8.5

8.0

¢

pH Value

6.5

6.0 + §

T T T T
Control 0% HA 5% HA 10% HA

Figure 3-15: pH values of a glass control disc in comparison with CSMA-2 with 2 wt% BAPO photoinitator, 5 wt%
HA and 10 wt% HA incorporated composite discs post 24-hour immersion in a neutral culture media. All samples
showed acidic behaviour with the values ranging from 6-7.4. The 10 wt% HA formulations exhibited the highest pH

at 7.4, however all the groups remained in the acidic-basic range. (*p<0.05)
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3.3.4.2 Percentage Mass Change

The cumulative percentage mass change was investigated across a 6-month
incubation period. The degradation was tested at a standard physiological temperature
of 37°C as well as an accelerated temperature of 60°C for comparison. Equation 3-3
allowed calculation of the rate of degradation with respect to the initial dry weight. 3D-
printed composite discs containing CSMA-2 with 2 wt% BAPO photoinitator and 0-10
wt% HA incorporated formulations exhibited a relatively slow degradation behaviour,
where the highest mass loss percentage was seen in the 10 wt% composite-polymer
disc with a total of 8% drop in weight over the incubation period. S, in this case the
maximum degradation of the polymer alone was 6%, whilst the HA incorporated

specimens gave a 10% percentage mass loss.
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Figure 3-16: Representation of the cumulative percentage mass change across a 6-month incubation period at the
set physiological temperate 37°C. Equation 2-4 allowed calculation of the rate of degradation with respect to the
initial dry weight percentage mass change of CSMA-2 compared to the CaP incorporated composite discs in
phosphate buffered saline: the highest rate of mass change is observed in the 10 wt% CaP discs with a 8% drop
in weight (blue), while the lowest value was exhibited by the CSMA-2 polymer by itself which had a 6% drop in

weight over the 6-month period (black).

At an accelerated temperature of 60°C, the degradation rate was slightly faster as
expected. Similarly, to the 37°C experiment, the specimens were immersed in PBS for
the duration of 6 months. As seen, the formulation containing 10 wt% HA had the
highest drop in weight over the 6-month incubation period at 10%, however, this was
not significantly different to the percentage mass change of the CSMA-2 composite-

disc with no added HA which had a percentage mass change drop of 9.1% and the 5
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wit% incorporated specimen which had a drop of 9.2%. These results suggest that with
an accelerated temperature control the degradation of CSMA-2 and its composites

occurs at a faster rate as the percentage mass change increased as when compared

to the standard 37°C.
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Figure 3-17: Representation of the cumulative percentage mass change across a 6-month incubation period at a
set temperature of 60°C. Equation 2-4 allowed calculation of the rate of degradation with respect to the initial dry
weight percentage mass change of CSMA-2 compared to the CaP incorporated composite discs in phosphate
buffered saline: the highest rate of mass change is observed in the 10 wt% CaP discs with a 10 % drop in weight
(blue), while the lowest value was exhibited by the CSMA-2 polymer by itself which had a 9% drop in weight over

the 6-month period (black).
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3.3.4.3 Mechanical Testing Post Degradation

To further explore the degradation properties of the composite-polymer formulations
of 0, 5 and 10 wt% HA were tested mechanically after a set period incubation in 10ml
of PBS at 37°C. After the set time point of 0-6 months, the sample was dried and tested
via the biaxial flexural method for the purpose of bend strength and Young’s modulus
evaluation. Figure 3-18 below represents the results for the bend strength
measurements of the samples after each incubation time point. It can be seen that
CSMA-2 with no added hydroxyapatite after 1 month of incubation time in PBS had
the highest recorded bend strength value of 137.54 N/mm?2. After 6 months of
incubation at 37°C in PBS, the CSMA-2 specimen with no added HA had a significantly
lower bend strength value of 88.21 N/mm?. The values for the 5 wt% HA and 10 wt%
HA incorporated composite-polymer discs followed a similar trend where their bend
strength value increased slightly in the first 2 months, due to water absorption and
retention, then significantly dropped in value between 3-6 months. The 5 wt% HA
formulations ranged between 107 N/mm? — 64.56 N/mm? whilst the 10 wt% HA
formulations ranged between 104.54 N/mm? — 57.21 N/mm?2. The samples failed at
lower values as the amount of HA was increased from 0-10 wt%, implying that lower

loads were required to fracture the material with increasing quantities of CaP.
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Figure 3-18: A graphical representation for the comparison of bend strength results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% BAPO and a range of 0-5 wt% HA across 6 months
of incubation time to assess the degradation properties. The highest recorded value was 137.54 N/mm? for CSMA-
2 with 2 wt% BAPO and no added HA after 1 month of incubation in PBS. The lowest recorded value for CSMA-2
with no added HA was at the 6-month time point giving a bend strength value of 88.21 N/mm?. The lowest value
recorded throughout the experiment was 57.21N/mm? for the 10 wt% HA composite polymer after 6 months of
incubation in PBS. The results for the 4,5 and 6-month time points were statistically significantly different compared

to the results from 0-3 months incubation for all 3 formulations. (*p < 0.05)

The Young’s Modulus was also evaluated for the purpose of exploring the degradation
properties of the composite-polymer formulations of 0, 5 and 10 wt% HA. Figure 3-19
below represents the results for the Young’s modulus measurements of the samples
after each incubation time point. It can be seen that CSMA-2 with no added

hydroxyapatite after 1 month of incubation time in PBS had the highest recorded
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modulus value of 2.62 kN/mm?2. As well as BAPO having an effect, the higher amounts
of hydroxyapatite also lowered the Young’s Modulus values, leading to a more elastic
material. After 6 months of incubation at 37°C in PBS, the CSMA-2 specimen with no
added HA had a significantly lower Young’'s modulus value of 1.20 kN/mm?. The
values for the 5 wt% HA and 10 wt% HA incorporated composite-polymer discs
followed a similar trend where their Young’'s Modulus values increased slightly in the
first 2 months, due to water absorption and retention, then significantly dropped in
value between 3-6 months. The 5 wt% HA formulations ranged between 2.11 kN/mm?
— 1.01 kKN/mm? whilst the 10 wt% HA formulation ranged between 1.99 kN/mm? — 0.94
kN/mm?. As the amount of HA was increased from 0-10 wt%, the samples had
significantly lower modulus values, suggesting that the addition of a higher quantity of
calcium phosphate caused a decrease in the stiffness of the material. As clearly visible
in this experiment, the Young’'s modulus is significantly impacted over a prolonged
period of incubation time in PBS as the values for all formulations are statistically
significantly different between the measurement taken before immersion in PBS and

after 4 months of incubation time leading to a more elastic composite.
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Figure 3-19: A graphical representation for the comparison of Young’s modulus results from the biaxial flexural test
done via the Shimadzu for composite-polymer discs with 2 wt% BAPO and a range of 0-5 wt% HA across 6 months
of incubation time to assess the degradation properties. The highest recorded value was 2.62 kN/mm? for CSMA-
2 with 2 wt% BAPO and no added HA after 1 month of incubation in PBS. The lowest recorded value for CSMA-2
with no added HA was at the 6-month time point giving a modulus value of 1.20 kN/mm?. The lowest value recorded
throughout the experiment was 0.944 kN/mm? for the 10 wt% HA composite polymer after 6 months of incubation
in PBS. The results for the 4,5 and 6-month time points were statistically significantly different compared to the

results from 0-3 months incubation for all 3 formulations. (*p < 0.05)
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3.4 Discussion

In this chapter, a light-curable, degradable and 3D printable polymeric system has
been explored for its mechanical and physical properties, highlighting the effects of
the addition of hydroxyapatite fillers in a variety of ratios. Two types of photoinitiators
were explored for their effect on the mechanical properties to assess the best

formation to go forward within the study.

Matching the mechanical strength of the synthetic material to the native tissue is one
of the most critical things to consider when building a biomaterial-based scaffold to
prevent the possibility of material extrusion and infection (Koons, Diba and Mikos,
2020). Many scaffolds' biostability is determined by variables such as strength,
flexibility, and absorption. To induce rapid tissue regeneration in the surrounding area,
a polymer-based scaffold should have mechanical properties and degradation rates
with the bioactive surface (Nair and Laurencin, 2007). The scaffold must be able to
endure and conduct the loads and stresses that the new promoting tissue will be
subjected to in order to be used successfully in tissue engineering applications. Due
to this, it is essential to evaluate the elastic modulus and flexural strength accordingly

(Dhandayuthapani et al., 2011).

The mechanical properties of cortical and trabecular bone are important to compare
to the results in this study. Significant research involves the measurement of Young's
modulus as well as mechanical strength for both cortical and trabecular bone. A study
carried out by Gerhardt and colleagues (Gerhardt and Boccaccini, 2010) investigated
the comparison of mechanical properties of human bone against a commercially

available bioglass and found that the compressive strength of these columnar
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bioactive glass scaffolds is >1.5 times higher than the highest strength reported for
trabecular bone. In comparison with CSMA-2, table 3-1 below highlights the
comparison of tensile strength and Young’s modulus against CSMA-2 with 0-10 wt%

HA.

Table 3-1: Comparison of mechanical strength and Young's modulus values for trabecular and cortical bone

compared to CSMA-2

i R tal., 2006 )
Mechanical 0120 100-230  fmenels 00, 84.07-13549
Strength
(N/mm2)

Young's 00505 70 o, 19624
Modulus
(KN/mm?)

The mismatched stiffness of current commercially available implant materials such as
PMMA and PEEK has led to complications for patients. Stress shielding, which
correlates to a decrease in bone mass density and implant loosening, is one of the key
concerns (Sas et al., 2019). Furthermore, increasing local stress concentrations at the
implant site might result in detachment, extrusion, and infection risk. In the synthesis
of CSMA-2, the addition of ethylene glycol groups to isosorbide delivered optimal
mechanical stiffness. CSMA-2 however, displayed a significantly lower Young's
modulus compared to the literature values for modulus of similar bone cement such
as PMMA. In a study by Abdallah (Abdallah, 2016), the Young’s modulus of PMMA

with no added substitutes was 4.45 kN/mm? which compares with CSMA-2 with a

209



modulus value of 1.96-2.4 kN/mm? with BAPO and CQ initiators respectively. This
considerable change could be related to the increased degree of crosslinking in the
material, which causes the structure to become less elastic with time. As CSMA-2 is
highly viscous, it has a higher resistance to flow, which might affect powder particle
dispersion, resulting in a stiffer composite with a higher Young's Modulus. As seen
throughout the study, the addition of hydroxyapatite filler has an impact on Young’s
modulus causing it to decrease slightly with higher amounts of HA. A study by Aldabib
and colleagues (Aldabib and Ishak, 2020) investigated the effect of hydroxyapatite
filler concentration on mechanical properties of PMMA denture bases and found a
significant improvement in the modulus of PMMA with incorporated HA as the quantity
of HA was increased. HA could resist the stress and limit the movement of the cross-
linked molecular chain in a polymeric system such as PMMA or CSMA-2 for instance

when a load is applied on the composite.

The mechanical strength is also crucial when exploring a biomaterial for tissue
engineering purposes. The mechanical strength of cortical bone in humans ranges
between 100-230 N/mm?2. The values witnessed from the studies in this chapter
revealed CSMA-2 to have varying mechanical strength properties of 84.07 N/mm?
when prepared with CQ photoinitiator and 135.49 N/mm? when prepared with BAPO
photoinitiator suggesting that the type of photoinitiator did have a significant effect on

the mechanical properties of the material.

A study by Zhao and fellow researchers (Zhao and Liang, 2017) developed a new
combined scaffold with chitosan and hydroxyapatite for bone tissue engineering that
has improved mechanical properties. They employed 3D printing to manufacture two

moulds, one with pores and the other without, to build a biomimetic comby scaffold
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that increased the material's mechanical strength. The compressive strength and
reactions of preosteoblast cells were studied on the scaffolds. The strength and
modulus values of the high-porosity scaffold were comparable to those of cancellous

bone.

Similarly, the mechanical properties of CSMA-2 and composite discs, such as
hardness determination, are directly proportional to the filler content, with the addition
of HA increasing the overall hardness of the material (Yunus Basha, Sampath and
Doble, 2015). In a study by Musib and colleagues (Musib et al., 2012), the hardness
of PMMA bone cement was compared to that of CSMA-2 with 10% HA incorporated,
and the results showed that PMMA had similar hardness qualities to CSMA-2 with

10% HA incorporated.

However, it can be said that a higher resistance to flow is exhibited as a function of
shear rate which inevitably impacts the flow and dispersion of the CaP fillers, leading
to an increase in Young’s Modulus and Biaxial Flexural strength measurements if the
filler content exceeded a certain amount. For example, the Young’s Modulus value
began to increase accordingly when reaching 50 wt% HA filler as a more viscous
polymeric phase will only permit a limited amount of CaP powder through without
triggering agglomeration and poor filler dispersion (Ryabenkova et al., 2017). Due to
these findings, as well as the suitability for 3D printing, the 10 wt% HA incorporated

specimen was established as the optimum formulation within the ranges investigated.

The biocompatibility of a polymeric based scaffold can be determined by its wettability,
often expressed by the water contact angle. The hydrophilic nature of biomaterials can

encourage in vitro and in vivo proliferation on the surface of the material which is
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dependent on the powder dispersion, amount and type of filler of choice and the
surface properties (Xueyong Deng et al., 2021). In this study, CSMA-2 and its
composites were assessed to determine the materials’ wettability. All composite
specimens exhibited a hydrophilic behaviour. As expected, the addition of CaP fillers
had a direct correlation with the hydrophilicity of the composites; The 50 wt% HA
formulations showed the most hydrophilic behaviour as it had a contact angle
measurement of 42°. This was not significantly lower than the formulations of 10-40
wt% which had values between 54° and 46°. When comparing the two photoinitiator
types, CQ and BAPO, the water contact angle measurements followed the same
pattern. For both groups of formulations, CSMA-2 displayed hydrophilic behaviour
which became more hydrophilic with added HA fillers. These results essentially reflect
on optimum adhesion between the CaP particles and the liquid phase. CaP patrticles,
like hydroxyapatite, tend to demonstrate a link with surface energy, where any filler
incorporation at higher quantities increases the surface energy (Wang et al., 2018).
Carrier and co-researchers (Carrier and Bonn, 2015) investigated the effect of the
sample surface area and roughness of the material and its impact on hydrophilicity. In
the study they concluded that if a sample characteristic is rough, a hydrophobic
substrate will be much more hydrophobic than the identical smooth substrate, and vice
versa. The difference between the contract angle and roughness of a solid is

represented by Wenzel’s equation (equation 3-4).

cos®Om = rcos®Y

Equation 3-4: Wenzel’s equation stating the relationship between surface roughness and wettability where ©m is

the measured contact angle, ©Y is Young's contact angle and r is the roughness ratio.
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As well as hydrophilicity, the pH of a polymer-based scaffold is also critical for
determining biocompatibility. CSMA-2 and its HA-incorporated samples gave rise to
an acidic-basic solution post-incubation in neutral culture media with pH values
ranging from 6-7.4 suggesting that the biocompatibility of the system is not affected by
the addition of HA fillers. The recorded literature pH value for standard hydroxyapatite
in aqueous solution is between 6.6-7.2 (Christoffersen, Christoffersen and Kjaergaard,

1978) which reflects on the results obtained when assessing the pH in this study.

Hydroxyapatite, in higher quantities is known to promote remineralisation, making HA
an important factor in encouraging osteogenesis in new tissue formation (Hughes et
al., 2018). The remineralisation of HA was assessed using SEM for this study. The
distribution of HA particles agglomerated across the surface of the polymer disc and

can be seen to be evenly distributed throughout the formulations.

Achieving biodegradability was one of the main objectives of this chapter.
Biodegradable polymers have revolutionised the applications of biomaterials for tissue
engineering implants (Dhandayuthapani et al., 2011). The degradation rate is an
important variable when designing polymeric scaffolds for the purpose of clinical
applications as the rate of new tissue formation must match the rate of degradation in
proportion (Chen, Zhou and Li, 2011). A biodegradable scaffold degrades over time,
eventually being replaced by newly produced tissue from attached cells. In this study,
we anticipate the degradation of the polymeric system to be replaced by new bone
tissue growth in the region where the material is implanted. The degradation that

occurs as a result of scaffold disassembly results in material dissolution or resorption
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through the scaffold's bulk or surface degradation (Middleton and Tipton, 2000).
Scaffolds that degrade in bulk frequently tear down the internal structure of the
scaffold, lowering the molecular mass of the material. On the other hand, materials
that undergo surface degradation have a constant degradation rate, providing longer
mechanical stability for the surrounding tissue to regenerate (Woodruff and
Hutmacher, 2010). The rate of degradation of a polymeric scaffold is determined by
the chemical structure, hydrophilicity, presence of hydrolytically unstable bonds,
crystalline/amorphous morphology, and overall molecular weight of the polymer
(Dhandayuthapani et al., 2011). A study carried out by Ye et al. (Ye et al., 1997)
explored the in vitro degradation of PCL and PLA scaffolds to explore the influence of
composition, temperature and morphology on the degradation rate. It was found that
the controllable degradation should match the rate of tissue growth in vitro and in vivo

for biodegradable materials.

CSMA-2 and its composite polymer specimens displayed a relatively slow
degradation, with the highest mass loss observed in the 10 wt% HA formulations with
a total of 8% drop in weight over the incubation period. Using accelerated temperature
controls, the degradation rate was slightly faster with the highest mass loss observed
in the 10 wt% HA formulations with a total of 10% drop in weight over the 6-month
incubation period. These properties can be beneficial in a dynamic in vivo environment
as slow degradation can prevent the sudden pH changes that are usually expected,
as well as potentially offering long-term mechanical stability (Chen and Liu, 2016). A
study by Huang and co-workers (Jinhui Huang et al., 2019) investigated the
differences in bone repair between three polymer-based scaffolds of varying

degradability. The study resulted that PLGA scaffolds incorporated with nano-HA had
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the fastest degradation rate, potentially leading to the loss of scaffold structural
integrity therefore a reduction of bone volume when implanted in vivo. Furthermore, it
was found that the polymer-based scaffold containing nano-HA and PCL had the
slowest degradation rate and maintained its structural integrity throughout suggesting
that it was the model to use as a scaffold that can keep its structural integrity until the
completion of bone reconstruction around it is more ideal for the repair of bone

deformities.

As discussed in Chapter 1: Literature Review, PLGA is a well-known degradable
polymer, however, its fast degradation has limited its use in clinical settings over the
recent years. Therefore, CSMA-2 may address one of the major drawbacks associated
with the currently reviewed synthetic degradable polymer scaffolds (EImowafy, Tiboni
and Soliman, 2019). The amount of CaP filler addition is also an important variable in
determining several properties of the polymeric-based composites such as the
modification of degradability. The in vivo degradation of CaP materials is dependent
on the physicochemical and cellular mechanisms and processes (Yuan et al., 2010).
As seen in the degradation studies, the higher amounts of HA filler added to CSMA-2
lead to a slightly faster degradation time. Initial degradation of the composite-polymer
specimens (Habraken et al., 2016) was achieved through the hydrolysis of the filler
phase. Hydroxyapatite fillers are relatively hydrophilic at a content of 2 wt% or more
thus explaining the difference in mass loss throughout the experiment. Furthermore,
the degradation of HA leaves behind holes and pits in specimens such as CSMA-2
composites, which can affect the degradation of CSMA-2 as the surface area of the

specimen will be increased. However, it is important to mention that although HA is
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advantageous in systems like CSMA-2, finding the right balance of polymer: filler ratio

is critical to prevent rapid degradation (Sheikh et al., 2015).

3.5 Conclusion

To conclude, the studies carried out in this chapter were to assess the mechanical and
physical properties of an isosorbide-based light-curable, degradable polymeric system
for its potential use in craniofacial bone regeneration. The effect of the addition of
varying ratios of hydroxyapatite, as well as the use of two different photoinitiators on
the mechanical and physical properties, were also investigated throughout this chapter

in the hope to find the ultimate formulations for use in vitro and in vivo.

The formulations containing over 10 wt% HA were not used after this chapter of work
due to them not being compatible with the 3D printing method of choice. Therefore,
the formulations using 0, 5 and 10 wt% HA were used to explore the in vitro properties
in Chapter 4: Biological Exploration. The results from this work also suggested that the
formulation containing 2 wt% BAPO photoinitiator with 10 wt% hydroxyapatite, created
via the DLP 3D printing technique holds promising advances in addressing the current
drawbacks associated with commercial materials, particularly in restoring cranial
defects. Its results have been consistently positive throughout this chapter of the study,
highlighting the positive impact HA can have on mechanical properties as well as the

rate of degradation and wettability properties.
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Chapter 4 : Biological Exploration
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4.1 Introduction

As previously discussed in Chapter 1: Introduction and Literature Review as well as in
Chapter 2: Synthesis and 3D printing of a light-curable, degradable polymeric system
(CSMA-2), bone grafts and alloplastic materials are the current treatment options for
restoring bone. Autograft bone grafts, in which bone or tissue is transferred from one
location on a patient's body to another, are currently the gold standard treatment for
providing osteoinductive and osteoconductive qualities (Kohli et al., 2021). However,
as previously discussed in this study, these types of grafts have a significant risk of
complications such as the increased risk of infection and rejection at the site of the
implant. As a result, numerous attempts have been made to create bone implants with
better biological qualities. An exemplar material should possess excellent
biocompatibility and promote angiogenesis. Biocompatibility is the ability of a material
to function with an appropriate host response in a specific application. When a live
organism is exposed to a biomaterial, it has a natural predisposition to respond. Many
interconnected local and systemic interactions can occur at the biomaterial-biological
system interface. Therefore, biocompatibility is difficult to define as it includes all the
responses of the biological system to the biomaterial. In general, a biocompatible
material will not be rejected when introduced to a living organism and will not produce
a toxic or immunological response when exposed to the body or bodily fluids (Song et

al., 2018).

Angiogenesis is a process that involves the differentiation of endothelial cells that line
the inside walls of blood vessels to produce new blood vessels. The success of tissue
healing, such as bone rebuilding, depends on enabling angiogenesis. A suitable

material should allow vascularisation to recruit cells and populate them to further
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encourage the creation of tissue matrix chemicals for optimal tissue regeneration. A
material intended for use in tissue engineering should promote angiogenic events to
ultimately lead to the formation of re-vascularised tissue. A study by Lee and co-
workers (Lee et al., 2021) investigates the angiogenesis strategies based on materials
to repair and regenerate damaged tissues such as bone. The study explores a variety
of materials tailoring the physio-chemical properties as well as mechanical properties
throughout. They concluded that scaffolds with 3D open-pore architectures are the
most often employed biomaterials for tissue healing. This is because the pore area is

quickly filled with cells, causing vascularisation to aid the repair process.

Since biocompatibility and angiogenesis are key for successful bone regeneration
(Noori et al.,, 2017), the addition of an osteogenic component to the scaffold was
investigated, in this case, hydroxyapatite (HA) to promote vascularisation as well as
help the material in its biocompatibility towards cells. Hydroxyapatite is a complex
calcium phosphate with a chemical composition similar to that of bone material and
promotes good biocompatibility, osteoconductivity and osteoinductive properties

(Deligianni et al., 2000).

The work carried out in this chapter explores the biological properties of CSMA-2 along
with its composite-polymer specimens formulated with 0-10 wt% hydroxyapatite filler
for the purpose of cytocompatibility testing to determine the ultimate custom-fit scaffold
for use in cranio-maxillofacial surgery. The material, previously synthesised and
characterised in Chapters 2 and 3, was prepared for the purpose of in vitro cell culture
and Ex-Ovo Chick Chorioallantoic Membrane Assays experimentation. MG-63 cells, a

line derived from human osteosarcoma cancer cells, and mesenchymal stem cells
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(MSCs) derived from adipose tissue (human adipose-derived stem cells) (hADSCs),

were explored for the purpose of cell proliferation and metabolic activity.

hADSCs possess the ability to readily expand in vitro and can undergo osteogenic,
adipogenic, chondrogenic and myogenic differentiation (Gir et al., 2012). The
differentiation process toward osteoblasts is regulated by a number of genes. In this
study, using hADSCs, osteogenic differentiation was assessed to understand the
effect of the materials on bone-related gene expression. All of the osteoblast marker
genes, Runt-related transcription factor 2 (RUNX2), Collagen type 1 (COL1A1l),
Osteopontin (OPN), and Osteocalcin (OCN), appear to be expressed during the
developmental sequence of osteoblast differentiation. They are known to play an
important role in regulating cell differentiation, mineralisation and bone matrix

formation (Sun et al., 2008).

Finally, the composite-polymer specimens were also investigated for their angiogenic
response using an ex-ovo Chick Chorioallantoic Membrane Assay. These

investigations will provide details on the ideal formulation in an in vitro environment.

220



In summary, the main aims and objectives of this chapter are as follows:

1. The assessment of MG-63 Osteosarcoma cells on both manually prepared
composite-polymer discs using CQ photoinitiator and up to 10 wt% HA filler and
3D printed composite-polymer discs using BAPO photoinitiator and up to 10
wit% HA fillers.

2. The investigation of human-adipose derived stem cells on 3D printed
composite-polymer specimens to evaluate the cytocompatibility of the
scaffolds.

3. A comparison between the use of standard hADSCs media and osteogenic
supplemented media to assess the differentiation of the cells via the composite-
polymer scaffolds.

4. A differentiation study using real-time PCR technigues to assess gene
expression of specific bone markers via the composite-polymer scaffolds.

5. Exploring the angiogenic response of the composite-polymer scaffolds using

the ex-ovo Chorioallantoic Membrane Assay.
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4.2 Materials and Methodology

4.2.1 Materials

The materials used in this chapter were the previously discussed CSMA-2 composite-
polymer discs with dimensions of 10 mm in diameter and 1 mm thick as well as the
porous scaffolds with dimensions of 6 mm in diameter and 3 mm thick with 0.5 mm
pores. The materials used for the comparison of metabolic activity using MG-63 cells
between two photoinitiators were CQ and BAPO. The CQ discs were prepared in the
manual method as per Chapter 2 section 2.2.6.1 and the BAPO discs were 3D printed.
All the 3D printed materials incorporated 2 wt% BAPO photoinitiator and either 0, 5 or
10 wt% hydroxyapatite filler and were printed using the XYZ Nobel Superfine DLP
Printer (XYZ Printing, The Netherlands) as previously described in Chapter 2 section

2.2.9.

4.2.2 Cell Culture

4.2.2.1 MG-63 Osteosarcoma Cell Line

To assess the efficacy and biological activity of the composite-polymer discs, MG-63
human osteosarcoma cell line passage number 10 (European Collection of
Authenticated Cell Cultures, United Kingdom) was grown in T-45 polystyrene flasks in
Dulbecco’'s modified Eagle's media with 10% foetal bovine serum (Gibco, Life
Technologies Ltd., United Kingdom) (FBS) (Sigma-Aldrich St Louis, MO, USA), 1% of

L-Glutamine (Sigma-Aldrich St Louis, MO, USA), and 0.1% of penicillin/streptomycin
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(P/S) (Sigma-Aldrich St Louis, MO, USA). The cells in the media were cultured at 37°C
with 5% CO2 and used once they had attained about 80% confluency. To continue

culture, the cell culture media was replaced every two days.

MG-63 in vitro work was published previously in: Shakouri, T., Cha, J.-R., Owji, N.,
Haddow, P., Robinson, T. E., Patel, K. D., Garcia-Gareta, E., Kim, H.-W. and Knowles,
J. C. (2020). ‘Comparative study of photoinitiators for the synthesis and 3D printing of
a light-curable, degradable polymer for custom-fit hard tissue implants’. Biomedical

Materials, 16 (1), p. 015007. doi: 10.1088/1748-605X/aba6d2.

4.2.2.2 Human Adipose Derived Stem Cells

To further explore the biological activity of the composite-polymer discs, human
adipose-derived stem cells (hADSCs) passage 0 (Lonza, United Kingdom) were
cultured in T-45 polystyrene flasks in MesenPRO RS Media (ThermoFisher, United
Kingdom) with 2% MesenPRO RS growth supplement (ThermoFisher, United
Kingdom) and 0.1% of penicillin/streptomycin (P/S) (Sigma-Aldrich St Louis, MO,
USA). The cells in the media were cultured at 37°C with 5% CO2 and used once they
had attained about 80% confluency. To continue culture, the cell culture media was

replaced every two days.
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4.2.3 Cell Metabolic Activity
4.2.3.1 MG-63 Osteosarcoma Cell Line

A resazurin-based alamarBlue assay was performed to assess the cytocompatibility
of the composite-polymer specimens by measuring the level of cells metabolic activity
at different time points. Once confluent, the cells were passaged by using trypsin-
EDTA (Invitrogen, Paisley, United Kingdom). The composite-polymer discs
investigated included the 0, 5 and 10 wt% HA composites containing wither 2 wt% CQ
or 2 wt% BAPO photoinitiator to assess if there were any significant differences
between the two initiators. The CQ based discs were prepared by hand (see chapter
2, section 2.2.6.1) and the discs containing BAPO were prepared via SLA 3D printing
(see chapter 2, section 2.2.6.2). The control for this experiment was the tissue culture
plastic (TCP). All discs were sterilised for 30 minutes on each side under UV light
(254 nm) before being inserted in 24-well tissue culture plates (Thermo Fisher
Scientific, Loughborough, United Kingdom). 1 ml of MG-63 cell suspension (1 x 10%)
was added to each well and incubated at 37 °C, 5% CO:2. To determine cell metabolic
activity at day 1, 4 and 7 of culture, 100 pl of alamarBlue dye (alamarBlue agent,
ThermoFisher, United Kingdom) was added to each well and incubated for a further
3-hour period. See figure 4-1 for a representation of the protocol. Before adding

alamarBlue, the samples were placed into new 48 well plates to avoid any contribution
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from the «cells that had attached to the previous well plate.
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Figure 4-1: Diagram representing the process for the metabolic activity alamarBlue assay. Interpreted from the

alamarBlue assay user guide provided by ThermoFisher Scientific. The diagram was created using BioRender.com

4.2.3.2 Human Adipose Derived Stem Cells

To further investigate the in vitro properties of the composite-polymer materials,
hADSCs were explored. The composite-polymer discs investigated included the 0, 5
and 10 wt% HA composites containing 2 wt% BAPO photoinitiator to assess the effect
of the varying amounts of hydroxyapatite on the stem cells. All discs were sterilised
for 30 minutes on each side under UV light (254 nm) before being inserted in 24-well
tissue culture plates. 1 ml of human adipose derived stem cell suspension (3 x 10%)
was added to each well and incubated at 37 °C, 5% CO2. To determine cell metabolic
activity, 100 pl of alamarBlue dye was added to each well at day 1, 4 and 7 of culture

and incubated for a further 3-hour period.
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4.2.3.3 Osteogenic Differentiation

In order to further understand the cytocompatibility of the polymer discs and the effect
of filler addition on osteogenic differentiation, a final cell culture experiment took place
with the hADSCs at passage 2. The cells were cultured comparing hADSCs in regular
media (MesenPRO RS Media) against the hADSCs in osteogenic supplemented
media (hMSC Osteogenic Differentiation Media with SingleQuoats supplements)
containing 20ml of mesenchymal cell growth supplement (MCGS), 4ml of L-Glutamine,
2ml of P/S, 2ml of B-glycerol-phosphate, 1ml of Ascorbic acid and 1ml of
dexamethasone were added to the media. Like the previous cultures, the composite-
polymer discs investigated included the 0, 5 and 10 wt% HA composites containing 2
wt% BAPO photoinitiator to assess the effect of the varying amounts of hydroxyapatite
on osteogenic differentiation. All discs were sterilised for 30 minutes on each side
under UV light (254 nm) before being placed in 24-well tissue culture plates. 1 ml of
human adipose derived stem cell suspension (3 x 10%) was added to each well and
the relevant media added then incubated at 37 °C, 5% CO2z. To determine cell
metabolic activity and compare the different conditions, 100 pl of alamarBlue dye was
added to each well at day 1, 7, 14, 21 and 28 of culture and incubated for a further 3-

hour period.
4.2.3.4 Fluorescence Measurements

A BioTek FLx800 microplate reader was used to detect fluorescence in all three cell
culture experiments (excitation wavelength 530 nm, emission wavelength 590 nm)

(BioTek, USA). Finally, the fluorescence intensity ratio of the reduced alamar blue was
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compared with the coverslip control (Thermanox plastic coverslips, ThermoFisher,

United Kingdom) to evaluate the relative cell viability.

4.2.4 Phalloidin and DAPI Staining

Cells were cultivated on 3D-printed surfaces, and cell morphology was monitored
using fluorescence microscopy throughout the length of the experiment (as mentioned
above). The samples were removed from the culture material and transferred to new
well plates as the time points were achieved, where they were gently washed three
times with PBS before being fixed with 4.0% paraformaldehyde (Sigma-Aldrich, St
Louis, MO, USA) for 10 minutes at room temperature. After fixation, samples were
rinsed three times in PBS before being penetrated for 10 minutes with 0.1% TritonX-
100 (Sigma-Aldrich, St Louis, MO, USA) in PBS. The samples were then incubated
with phalloidin-iFlour 488 (Abcam, United Kingdom) for 30 minutes at room
temperature. After the phalloidin was removed, the samples were washed three times
with PBS to eliminate any leftover residue. Finally, to facilitate nuclear visualisation,
the cell nuclei were stained with 4',6-diamino-2-phenylindole (DAPI) (Abcam, United
Kingdom) by covering the samples for 10 minutes at room temperature. After a final
wash with PBS, the samples were photographed using a Leica DMIRB fluorescent
microscope (Leica Microsystems United Kingdom) and a Qlmaging QICam Mono
camera (Media Cybernetics United Kingdom). QCapture software (Media Cybernetics
United Kingdom) was used to take the photos, and ImageJ was used to analyse them

(ImageJ, National Institutes of Health, USA).
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4.2.5 Real-Time Polymerase Chain Reaction

For the purpose of exploring the osteogenic differentiation and gene expression of the
hADSCs, Real-Time Polymerase Chain Reaction (QPCR) was performed. The details
below highlight the steps taken to reach the final gene expression analysis for the

markers of interest.

4.2.5.1 RNA Isolation

Under sterile and RNA-free environmental conditions, RNA was isolated by the
TRIzol® (Invitrogen, Paisley, United Kingdom) method on days 7, 14, 21 and 28 of
culture throughout the hADSC experiment investigating the osteogenic differentiation
as mentioned in section 4.2.3.2. The TRIzol® protocol involves a series of steps

highlighted in figure 4-2.

Homogenisation Phase Separation Extraction Resuspension
hADSC /_\A /_\ /_\ /_\
_J
—_— E— —p | —
} TRIzoI Chloroform Isopropanol RNA-Free Water
RNA RNAPellet

Figure 4-2: Diagram highlighting the steps involved in RNA isolation via the conventional TRIzol® method.
The protocol was interpreted from the TRIzol® user guide provided by ThermoFisher Scientific. The diagram

was created using BioRender.commet

As seen in the diagram, the starting step is to homogenise the cells with the addition

of the TRIzol® reagent which is the brand name for guanidinium thiocyanate. 0.75ml

of the reagent is added to the cultured samples in the well-plate and homogenised for
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a prolonged period to ensure all cells have detached from the surface of the material.
The homogenised solution was transferred into a 1.5ml RNA-free Eppendorf
microcentrifuge tube (ThermoFisher, United Kingdom) and incubated at room
temperature for 5 minutes. 0.2ml of molecular grade 99.8% Chloroform (Sigma-
Aldrich, St Louis, MO, USA) was added to each Eppendorf tube and then centrifuged
using a Biofuge Fresco Centrifuge (Heraeus, Germany) at 13000 RPM for 15 minutes
to allow for phase separation. From the centrifuged Eppindorf’s, the aqueous phase

(top layer) was removed at a 45° angle to avoid disruption of the organic phase.

Once the aqueous phase has been carefully removed it is added to a 0.5ml RNA-free
microcentrifuge tube (ThermoFisher, United Kingdom) ready for the extraction phase
which involves the addition of 0.5ml of molecular grade 99.5% Isopropanol (Fisher
Scientific, United Kingdom). The Eppendorf was then placed on an IKA MS 3 Basic
Vortex Mixer (Fisher Scientific, United Kingdom) to mix the components before
incubating at room temperature for 10 minutes. Centrifugation was then carried out at
12000 RPM for 10 minutes prior to the supernatant being discarded. To further isolate
the RNA, 1ml of a 75% dilution of 99% extra pure ethanol (Fisher Scientific, United
Kingdom) was added, shaken and then centrifuged for 5 minutes at 7500 RPM. The
ethanol was then removed carefully, ensuring not to disrupt the RNA pellet seen at the
bottom of the Eppendorf. The tube was left to air-dry for 15 minutes to ensure removal
of any excess ethanol. Finally, the RNA was re-suspended in 50ul of RNAse-free water
(Sigma-Aldrich, St Louis, MO, USA) and placed on a heat block for 10 minutes at
55°C. The yield of RNA was quantified by spectrophotometry (Spectronic Camspec

Ltd., United Kingdom).
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4.2.5.2 cDNA Synthesis

Complementary DNA (cDNA) is a DNA copy of a messenger RNA molecule produced
by reverse transcriptase. For this study, cDNA synthesis was carried out using
QuantiNova Reverse Transcription Kit (Qiagen, Germany). The components of the kit
are highlighted in table 4-1 below. The kit includes integrated genomic DNA (gDNA)
removal mix as well as an additional internal control. gDNA contamination in RNA
samples is effectively eliminated by the gDNA Removal Mix which is crucial for
accurate gene expression results and the internal control RNA can be used to test

successful reverse transcription and amplification.
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Table 4-1: Table representing the components of the QuantiNova Reverse Transcription Kit used for the

synthesis of cDNA. The protocol was interpreted from Qiagen’s procedural guide.

Component Benefits
gDNA Removal Mix Detection of RNA only in real-time PCR
Internal Control RNA Verification of successful RT-PCR performance
Reverse Transcriptase Use of a wide range of RNA amounts (10 pg-
5ug RNA)
RT Buffer System Read-through of difficult templates
RT Primer Mix cDNA synthesis from all regions of transcripts

The whole procedure of cDNA synthesis is set up on ice to minimise the risk of RNA
degradation. The gDNA removal reaction is prepared by mixing 2 pul of gDNA removal
mix, 1 pl of internal control RNA, 5 ug of template RNA (from previous steps) and 6 pl
of RNAse-free water to make up the reaction volume of 15 ul. All the above
components were mixed in a 0.2 ml PCR microcentrifuge tube (Fisher Scientific,

United Kingdom) and incubated for 2 minutes at 45°C then placed immediately on ice.

The Reverse-transcription master mix was then prepared on ice by mixing 1 ul of the
reverse transcription enzyme, 4ul of the reverse transcription mix and 15 pl of the
template RNA (entire gDNA elimination reaction) from the previous step to make up a

total reaction volume of 20 pl.

Using a PTC-100 Programmable Thermal Controller (MJ Research, Inc. Canada) the

gDNA elimination and reverse-transcription temperature protocol was followed.

Table 4-2 below highlights the steps taken throughout the cycle.
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Table 4-2: Reverse-transcription thermal cycle protocol followed.

Step Time Temperature
Annealing 3 minutes 25°C
Reverse-transcription 10 minutes 45°C
Inactivation of reaction 5 minutes 85°C

The reverse-transcription reactions were then placed in the -20°C freezer where they

were stored until real-time PCR was carried out.

4.2.5.3 gPCR Workflow

Power Sybr Green PCR master mix (ThermoFisher, United Kingdom) and pre-
prepared primers (Tagman Gene Expression Assay) (ThermoFisher, United Kingdom)
(Table 4-3) were used to perform real-time polymerase chain reaction (QPCR) for the
analysis of differentiation pathways of hADSCs. Beta-2-microglobulin (B2M),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and peptidylprolyl isomerase
A (PPIA) were used as reference genes until the first time point, where expression of
B2M and PPIA was not seen so GAPDH was used to go forward with in the
experiment. The primers of interest for this study were Runt-related transcription fact
2 (RUNX2), Collagen, type 1 (COL1A1), Osteocalcin (OCN) and Osteopontin (OPN /

SPP1).
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Table 4-3: Table representing the forward and reverse primer sequences used for qPCR highlighting

the species acquired from and the annealing temperature for each gene.

GAPDH (Reference Gene) = GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA Human 56.5
RUNX2 CCCAGTATGAGAGTAGGTGTCC GGGTAAGACTGGTCATAGGACC Human 55
COL1A1 GATTCCCTGGACCTAAAGGTGC AGCCTCTCCATCTTTGCCAGCA Human 57
OCN CGCTACCTGTATCAATGGCTGG CTCCTGAAAGCCGATGTGGTCA Human 64
OPN (SPP1) CGAGGTGATAGTGTGGTTTATGG GCACCATTCAACTCCTCGCTTTC Human 60

To prepare the reaction mix and the well-plate ready for gPCR, all the TagMan Gene
Expression Assays mentioned above were thawed on ice along with the cDNA
samples and the Sybr Green Master Mix. According to the protocol provided by
Applied Biosystems and Thermo Fisher, triplicates of each reaction should be

performed for the purpose of reproducibility.

Table 4-4 below shows the components of the PCR reaction mix and their required

volumes for a 20 pl reaction.

Table 4-4: Table highlighting the quantity required of each component for the qPCR reaction.

20X TagMan Gene Expression Assay 1.0
2X Sybr Green Master Mix 10.0
cDNA Template 4.0
RNAse-free Water 5.0
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The 20 ul of PCR reaction mix was transferred to a 96-well reaction plate
(ThermoFisher, United Kingdom) and sealed with an appropriate cover slip. The plate
was centrifuged for 20 seconds before being loaded into the instrument. The

instrument used was the Applied Biosystems 7300 Real-Time PCR System.

The gPCR reaction was run for a total of 40 cycles with it at 95°C for 15 seconds and
60°C for 1 minute. Analysis was performed by viewing the amplification plots for the
entire plate, setting the baseline and threshold values and using the comparative cycle

threshold (Cr) values.

4.2.5.3 gPCR Analysis

Absolute and relative quantification are the two approaches to presenting quantitative
gene expression. To provide the data of the gene of interest relative to an internal
control gene, relative gene expression was used in this study. To eliminate any
sources of variation in RNA concentration and cDNA between samples, a
normalisation procedure is required. These equations have been described in detalil
by Livak and colleagues (Livak and Schmittgen, 2001), and will be discussed briefly
below. All Ct values were exported from the gPCR machine and transferred to an
Excel spreadsheet, where the relative gene expression value was calculated using the
delta Ct method (AACt) with GAPDH as the reference gene and TCP expression as

the control.

The data was normalised to ensure high precision for both the target and reference

genes. The gene of interest is the target gene, while the housekeeping gene is the
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reference gene. All of them were tested in triplicates, yielding several Ct values that

were added together to create an average Ct value for both genes.

To normalise the average C: of the target gene in relation to the average C: of the

reference gene, equation 4-1 was used.

ACt = Average target Ct — Average reference Ct
Equation 4-1: Normalisation step to calculate the ACt.

The control sample group used throughout the experiment, in this case the cells
seeded on tissue culture plastic, are selected as the calibrator sample. This allows the
calculation of AAC: for each sample. The calibrator sample was also calibrated against
itself to produce a value of zero in order to generate a value of 1 which will be set as
the baseline for the relative gene expression comparison.

AACt = ACt target — ACt calibrator

Equation 4-2: Calibration step to set a value for the baseline

Finally, a fold change was calculated using the obtained gene expression values of
the samples that were higher or lower than the baseline (set to 1) represented by the

final equation 2-24Ct (equation 4-1).

Relative quantification = 274A¢t

Equation 4-3: Showing the final form of the 2-4ACtequation, the derivation of which has been reported previously

by Livak and colleagues (Livak and Schmittgen, 2001).

Expanding relative quantification to its full form gives the equation:
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2 — AACt = [(CT gene of interest — CT internal control)sample A

- (CT gene of interest — CT internal control)sample B)]

Equation 4-4: Expanded relative quantification where the equation may be used to compare the gene expression

in two different samples (sample A and sample B); each sample is related to an internal control gene.

All gPCR reactions were performed in triplicate and each of the gene signals were
normalised to the GAPDH signal detected simultaneously on the same plate. The data
were presented as the mean fold change (relative expression) (z SD) compared with
that of control cells cultured on TCP in either standard or osteogenic media in the

absence of any material additions.

4.2.6 Angiogenesis Assessment

For the purpose of evaluating the biocompatibility and angiogenic response to the
polymer (CSMA-2) along with its composites containing either 5 wt% HA or 10 wt%
HA, an ex-ovo (embryo cultured outside of the eggshell) Chick Chorioallantoic
Membrane (CAM) Assay was used. The glass-cling film set-up method followed for
this procedure was previously explored by Kohli and co-researchers (Kohli et al.,
2020). The use of chick embryos in this study did not require ethical permission,
according to Institutional Animal Care and Use Committee (IACUC) guidelines, which
specify that a chick embryo would not experience pain before the 14th day of its
gestation cycle, therefore it can be used for experiments. Fertilised pathogen-free
eggs were procured from a licenced local farm in Middlesex (United Kingdom) and
incubated for three days at 38°C with 40-45% humidity in an egg incubator with
automatic rotation. The eggs were cracked onto a glass-cling film set up on embryonic

day 3 (ED 3). Observing the unbroken egg yolk and the beating heart of the chick
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embryo, as shown in figure 4-3 below, confirms a successful embryo transfer into the
set-up. 500 pl of antimicrobial solution was pipetted onto the albumen to prevent
contamination from the eggshells. To give time for growth, the successful embryo
glasses were covered with a Petri dish and placed in the incubator at 38°C and 80-

90% humidity for another 6 days until ED 9.

Figure 4-3: Observation of (A) successful embryo transfer with an intact egg yolk and live embryo on embryonic
development day 3. (B) An unsuccessful embryo transfer with a live embryo. (C) Successful embryo transfer with

an intact egg yolk but a dead embryo as the heart is not beating.

On ED 9, all the scaffolds and control samples were implanted on the developing CAM
to allow infiltration of blood vessels. All samples were sterilised by dipping in ethanol.
The positive control was filter paper discs soaked in 10 ng/ml of vascular endothelial
growth factor (VEGF) solution and the negative control was filter paper discs soaked
in PBS. CSMA-2 composite-polymer porous scaffolds, 6 mm in diameter and 3 mm
thick with 0.5 mm pores were designed via AutoCAD (Autodesk, United Kingdom) and

3D printed using the XYZ Nobel Superfine SLA Printer (XYZ Printing, The
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Netherlands) (See Chapter 2, section 2.2.9 for details). After placement of the
scaffolds (figure 4-4) the ex-ovo cultures were incubated for a further 3 days until ED

12.

+Ve Control (VEGF)

CSMA-2 + 5% HA

CSMA-2 + 10% HA

CSMA-2 + 0% HA™

-Ve Control (PBS)

Figure 4-4: An image taken from above the ex-ovo culture on embryonic development day 9 showing the
implantation of CSMA-2 composite-polymer porous scaffolds that were prepared via SLA 3D printing along with

the positive and negative controls which were all sterilised using ethanol before implantation on the CAM.

4.2.6.1 CAM Assay Analysis

At the end of the testing period, on embryonic development day 12, the cultured
embryos were euthanised as per UK Home Office regulations by freezing at -20°C for
15 minutes before being fixed in 5 ml of 4% paraformaldehyde for another 15 minutes
to avoid any bleeding of the CAM after excision. The scaffolds were dissected with a

small amount (~5 mm) of the CAM excised along with the scaffold.
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Digital images were taken using a Canon EOS 1300D camera (Canon UK Ltd,
Uxbridge, United Kingdom) with a Nikon (Nikon UK, Kingston Upon Thames, United
Kingdom) macro lens (AF Micro Nikkor 55 mm). The samples were inverted to observe

the infiltrating blood vessels from underneath.

The images taken were analysed further using ImageJ software. The images were first
converted into grey scale images, followed by binary images to allow the vascular
density area to be calculated via the programme’s area fraction function. Bifurcation
points were also counted in each image using ImagedJ’s counter function which digitally

selects the number of branching points seen in the image of each scaffold.

4.2.7 Statistical Analysis

In this chapter, all data were analysed using OriginPro 2020 (OriginPro, OriginLab
Corporation, USA). All experiments have three repeats (n = 3). The results are
presented in mean * standard deviation. A one-way analysis of variance with Tukey’s
post hoc test was used throughout where p < 0.05 was considered significant after

being calculated at a 95% confidence interval.

4.3 Results

4.3.1 Cytocompatibility Studies

4.3.1.1 MG-63 Metabolic Activity

In order to investigate the cytocompatibility of CSMA-2 and the effect of the two
photoinitiators, CQ and BAPO, the metabolic activity and proliferation of MG-63
osteosarcoma cells were initially assessed. Additionally, incorporation of various filler

percentages (0, 5 and 10 wt% hydroxyapatite) into the composite and its effect on the
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metabolic activity of the cells was evaluated. Figure 4-5 shows the findings of the

alamarBlue assay, which provided a quantitative evaluation of cell metabolism.
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Figure 4-5: Metabolic activity of MG-63 cells on 0, 5 and 10 wt% HA incorporated composite discs with either CQ
or BAPO (BP) photoinitiator at 1, 4 and 7 days post incubation. The values are compared to cells grown on tissue
culture plastic (TCP) control in this experiment. As seen in the graph, the discs containing BAPO (BP) initiator
have higher fluorescence intensity values, suggesting a higher metabolic activity on those samples. The control is
significantly different to all the samples in the day 4 and 7 cultured experiment at (*p < 0.05).

Figure 4-5 demonstrates that both the CQ and BAPO groups had an increase in
metabolic activity throughout the study, albeit at a substantially lower pace than the
control group, which exhibited fluorescence intensity measurement findings ranging

from 1084 to 4442. The control group for this experiment was seeding cells on tissue

culture plastic (TCP) which offers a good platform for cells to proliferate on due to its
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pre-treated hydrophilic surface. The addition of HA had an effect on cell metabolic
activity as well, albeit it is unclear whether this was a good or negative effect based on
the results of this experiment. The results also suggest an increase in metabolic
activity rate for the BAPO photoinitiator prepared specimens as they were all
consistently higher than the CQ formulations. These results suggested that the focus
of the rest of the study should be on the BAPO incorporated CSMA-2 specimens with

an investigation into the effects of up to 10 wt% HA.

4.3.1.2 MG-63 Fluorescence Microscopy

For the purpose of investigating the MG-63 cells morphology and attachment, DAPI
and phalloidin staining were used. DAPI highlights the nucleus and phalloidin
highlights cytoskeleton of the cell which can be seen in blue and green respectively in
figures 4-6, 4-7 and 4-8. The staining allowed the analysis of cell interaction with the
surface of the polymer in comparison with the control samples. The images at day 1
(figure 4-6) confirm that the cells adhered and spread well on the surface and of the
composite-polymer discs in a similar pattern as the control samples which were
seeded on TCP. The same pattern can also be observed for the day 4 results (figure
4-7) and by day 7 (figure 4-8) the surface was completely covered in cells on all the
formulations. It can be seen in figure 4-6 that the results from the CQ groups (B, D and
F) are harder to visualise as the discs became slightly concave after curing under the
UV for a prolonged period. This could also suggest that the 3D printed discs gave
better uniformity as they did not change in structure over time, even when exposed to

the same amount of UV as the CQ, manually prepared specimens. The composite-
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polymer made with 2 wt% BAPO and 10 wt% HA (represented by image G) seemed
to exhibit the highest quantity of cells present at all-time points with little difference to

the control sample.
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Figure 4-6: Fluorescence imaging results for DAY 1 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of MG-63 osteosarcoma cells on the surface of the tissue culture plastic
control (A) compared to CSMA-2 prepared with 2 wt% CQ photoinitiator (B), CSMA-2 with 2 wt% BAPO
photoinitiator (C), CSMA-2 with 2 wt% CQ and 5 wt% HA (D), CSMA-2 with 2 wt% CQ and 10 wt% HA (E) and

CSMA-2 with 2 wt% BAPO and 10 wt% HA (G). Scale Bar = 100um
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Figure 4-7: Fluorescence imaging results for DAY 4 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of MG-63 osteosarcoma cells on the surface of the tissue culture plastic
control (A) compared to CSMA-2 prepared with 2 wt% CQ photoinitiator (B), CSMA-2 with 2 wt% BAPO
photoinitiator (C), CSMA-2 with 2 wt% CQ and 5 wt% HA (D), CSMA-2 with 2 wt% CQ and 10 wt% HA (E) and

CSMA-2 with 2 wt% BAPO and 10 wt% HA (G). Scale Bar = 100um
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Figure 4-8: Fluorescence imaging results for DAY 7 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of MG-63 osteosarcoma cells on the surface of the tissue culture plastic
control (A) compared to CSMA-2 prepared with 2 wt% CQ photoinitiator (B), CSMA-2 with 2 wt% BAPO
photoinitiator (C), CSMA-2 with 2 wt% CQ and 5 wt% HA (D), CSMA-2 with 2 wt% CQ and 10 wt% HA (E) and

CSMA-2 with 2 wt% BAPO and 10 wt% HA (G). Scale Bar = 100um
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4.3.1.3 hADSC Metabolic Activity

The cytocompatibility of CSMA-2 and its composites was further analysed by using
Human Adipose Derived Stem Cells. Based on the previous MG-63 experiment in
section 4.3.1.1, the BAPO photoinitiator gave better results for the metabolic activity
compared to the CQ samples. As a result of this, the formulations carried forward for
further in vitro investigation were all 3D printed into 10 mm x 1 mm discs using 2 wt%
BAPO as the photoinitiator. The control sample used in this study was a glass cover
slip of the same dimensions and the formulations chosen for use were 0, 5 and 10
wt% HA incorporated composite-polymer discs. Figure 4-9 shows the findings of the
alamarBlue assay, which provided a quantitative evaluation of cell metabolism in

hADSCs.
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Figure 4-9: Metabolic activity of hADSCs on 0, 5 and 10 wt% HA incorporated composite discs with BAPO
photoinitiator at 1, 4 and 7 days post incubation. The values are compared to cells grown on the surface of a control
glass. As seen in the graph, the discs containing 10 wt% HA have significantly higher fluorescence intensity values
when comparing them to the 0 and 5 wt% HA samples, suggesting a higher metabolic activity for that formulation.
The control is significantly higher than the other formulations for all of the time points except for day 4 where the

control and 10 wt% HA formulations are not significantly different. (*p < 0.05).

The results from figure 4-9 show that the effect of higher quantities of HA have a
positive impact on the metabolic activity of hADSCs. All 3 groups continued to show
an increase in metabolic activity throughout the study time points but remained
significantly lower than the control group, apart from the 10 wt% HA formulations.
CSMA-2 by itself, with no added HA (blue) promoted good cell growth and proliferation

with a fluorescence intensity measurement ranging between 858-1125 throughout, but
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the results were consistently significantly lower than the 10 wt% HA incorporated

formulation which ranged between 1138-1255.

4.3.1.4 hADSC Fluorescence Microscopy

For the purpose of investigating the hADSCs morphology and attachment, DAPI and
phalloidin staining were used. DAPI highlights the nucleus and phalloidin highlights
cytoskeleton of the cell which can be seen in blue and green respectively in figures 4-
10, 4-11 and 4-12. The images at day 1 (figure 4-10) confirm the attachment and
proliferation of the cells on the surface of the composite-polymer discs in a similar
pattern as the control samples, represented by image (A) in the figures, which were
seeded on glass cover slips. As seen in the figures, the hADSCs adhered and spread
well on the scaffolds, as seen by their change from a rounded shape on day 1 (figure
4-10 B, C and D) to a flattened and elongated spread morphology by day 4 and day
7. It can be seen in all the timepoints that the 10 wt% formulation (represented by
image D) has the highest quantity of cells attached to the surface, closely comparing

to the control group.

248



Figure 4-10: Fluorescence imaging results for DAY 1 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of hADSCs on the surface of a control glass coverslip (A) compared to
CSMA-2 prepared with 2 wt% BAPO photoinitiator and no added HA (B), CSMA-2 with 2 wt% BAPO and 5 wt%

HA (C) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (D). Scale Bar = 200um
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Figure 4-11: Fluorescence imaging results for DAY 4 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of hADSCs on the surface of a control glass coverslip (A) compared to
CSMA-2 prepared with 2 wt% BAPO photoinitiator and no added HA (B), CSMA-2 with 2 wt% BAPO and 5 wt%

HA (C) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (D). Scale Bar = 200um
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Figure 4-12: Fluorescence imaging results for DAY 7 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of hADSCs on the surface of a control glass coverslip (A) compared to
CSMA-2 prepared with 2 wt% BAPO photoinitiator and no added HA (B), CSMA-2 with 2 wt% BAPO and 5 wt%

HA (C) and CSMA-2 with 2 wt% BAPO and 10 wt% HA (D). Scale Bar = 200pum

4.3.2 Osteogenic Differentiation

4.3.2.1 Metabolic Activity

In order to assess the osteogenic differentiation of hADSCs on CSMA-2 and its
composite-polymer specimens the metabolic activity and proliferation of the cells

grown in either standard MesenPRO RS Media (SM) or the cells grown in osteogenic
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supplemented media (OM) were assessed alongside the incorporation of various filler
percentages (0, 5 and 10 wt% HA) into the composite. The alamarBlue assay gave a
guantitative measurement of cell metabolic activity and the results can be seen in

figure 4-13 below.
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Figure 4-13: Metabolic activity of hADSCs cultured in either SM or OM on 0, 5 and 10 wt% HA incorporated
composite discs with BAPO photoinitiator at 1, 7, 14, 21 and 29 days post incubation. The values are compared to
cells grown on the surface of a control glass disc. As seen in the graph, after 7 days of culture, the cells grown in
OM had a higher metabolic activity and this trend remained the same throughout. The SM groups were compared
statistically to the OM groups where all the timepoints from day 7 onwards showed significant differences. The
highest metabolic activity was seen in the OM-0% HA group, although this was not significantly different to the OM
control or the 5 and 10 wt% HA formulations, suggesting promotion of cell metabolic activity throughout. Data are
presented as Mean + SD, n=3. (*p < 0.05) where* represents significant difference to the SM control sample and

# represents significant difference to the OM control sample.
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The results from figure 4-13 show that the osteogenic media used to culture the
hADSCs had a bigger impact on the cell metabolic activity than the standard media
used. Consistently from day 7- day 28, the metabolic activity results were higher for
all the formulations in OM. The standard control displayed fluorescence intensity
measurements ranging between 478-1048, the lowest being day 28 again, and the
highest being day 1. This significantly compares to the osteogenic-supplemented
media results as the OM control samples displayed fluorescence intensity
measurements ranging between 672-1346, the lowest being at the end of the

experiment (day 28) and the highest being at day 14.

When comparing the polymer and its composite formulations, the OM cultured CSMA-
2 with no added HA (highlighted in the green) showed the closest results to the OM
control with measurements ranging between 671-1306 which is significantly higher
than its standard media culture (highlighted in the yellow) which ranged from 434-
1023. The HA incorporated formulations also followed a similar trend where the

osteogenic media group displayed higher metabolic activity than the standard media.

By day 21, the rate of metabolic activity took a negative toll, where the quantity reduced
quite drastically. This could be due to the stress that the cells were under, given it was
such a lengthy experiment, or that the cells had grew in such a way that there was no

space left for more proliferation to occur.

4.3.2.2 Fluorescence Microscopy

Like the previous experiments, for the purpose of investigating the hADSCs

morphology and attachment, DAPI and phalloidin staining were used. DAPI highlights
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the nucleus and phalloidin highlights cytoskeleton of the cell which can be seen in blue

and green respectively in figures 4-14, 4-15, 4-16 and 4-17.

The images were taken for the day 7, 14, 21 and 28 timepoints. The day 1 results did
not stain in the expected way therefore fluorescent images could not be captured to
show the attachment after day 1. In all the figures below, the left hand side images
represent the cell culture that took place in standard media, and the right hand side
images represent the cell culture that took place in osteogenic-supplemented media.
Figure 4-14, highlighting day 7s results, confirms the attachment and proliferation of
the cells on the surface of the composite-polymer discs in a similar pattern as the
control samples. It can be seen clearly the difference in morphology of the hADSCs in
the two different media states. The standard media cells have an elongated
morphology, showing their attachment to one another. The osteogenic media cells
show a more rounded morphology, especially during the early time points as they are
differentiated over time. The figures show that the hADSCs adhered and spread well
on the scaffolds in comparison to the control samples that were seeded on glass cover
slips. The day 14 (figure 4-15) and the day 21 (figure 4-16) show a significantly higher
number of cells attached to the surface with their cytoskeleton and nucleus clearly
highlighted. The cells cultured in osteogenic-supplemented media can be seen to
differentiate into potential osteoblasts throughout the study, however they can also be
differentiating into other types of cells such as chondrocytes, myocytes or adipocytes

which explains the variations in morphology seen in the figures below.
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Standard Media Osteogenic-Supplemented Media

Control Control

Figure 4-14: Fluorescence imaging results for DAY 7 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of hADSCs on the surface of the composite-polymer specimens prepared
in either standard media or osteogenic supplemented media. The left hand side images are the results for the
standard media, and they’re compared to the right hand side images which are the osteogenic supplemented

specimens. Scale Bar= 100um.
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Standard Media Osteogenic-Supplemented Media

Control Control

Figure 4-15: Fluorescence imaging results for DAY 14 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of hADSCs on the surface of the composite-polymer specimens prepared
in either standard media or osteogenic supplemented media. The left hand side images are the results for the
standard media, and they’re compared to the right hand side images which are the osteogenic supplemented

specimens. Scale Bar= 100um.
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Standard Media Osteogenic-Supplemented Media

Control

Control

Figure 4-16: Fluorescence imaging results for DAY 21 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of hADSCs on the surface of the composite-polymer specimens prepared
in either standard media or osteogenic supplemented media. The left hand side images are the results for the
standard media, and they’re compared to the right hand side images which are the osteogenic supplemented

specimens. Scale Bar= 100um.
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Standard Media Osteogenic-Supplemented Media

Control Control

Figure 4-17: Fluorescence imaging results for DAY 28 using DAPI and phalloidin (blue and green respectively) to
assess the proliferation and morphology of hADSCs on the surface of the composite-polymer specimens prepared
in either standard media or osteogenic supplemented media. The left hand side images are the results for the
standard media, and they’re compared to the right hand side images which are the osteogenic supplemented

specimens. Scale Bar= 100um.

258



4.3.3 Differentiation Studies (QPCR)

Osteogenic gene expression was assessed by qPCR by investigating the expression
of RUNX2, COL1A1, OPN and OCN on hADSCs cultured on CSMA-2 and 0, 5 or 10
wt% HA composite-polymer specimens prepared in either standard or osteogenic-
supplemented media. The gene expression was normalised using the AAC: method,
using GAPDH as the reference gene and assessing the expression on TCP as the
control. The results were presented as an amplification plot which gave an absolute
cycle threshold (Ct) value. These results were further analysed to find the relative gene
expression fold change. Figures 4-18-4-21 are the pooled data from the three technical
repeats per experimental condition. Each figure highlights the relative gene expression
for that specific gene throughout the varying conditions and time points of the
experiment. As seen below, the results are only explored for days 7, 14 and 21, this
being due to a low, or non-existent gene expression on days 1 and 28 of the
experiment. As confirmed by the metabolic activity results in section 4.3.2.1, figure 4-
13, the cell viability was compromised by day 28, showing a significant decrease in
the metabolic activity with both OM and SM formulations. Thus, the gene expression

was not investigated past day 21.
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Figure 4-18: Runt-related transcription factor 2 (RUNX2) gene expression quantification by qPCR of hADSCs
grown on 3D printed CSMA-2 discs with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and 21. The gene
expression was normalised against the housekeeping gene, GAPDH expression and using the expression on TCP
as a baseline control. A high upregulation of RUNX2 expression occurred on all specimens at day 7 which reduced
by day 21 as RUNX2 is an early marker. The osteogenic samples had a better upregulation throughout, with the 0
wt% HA and 10 wt% HA showing the highest expression of RUNX2 when compared to the control. Data are shown

as Mean = SD, n=3. (*p < 0.05) (**p<0.01)

Looking at the expression of RUNX2 in figure 4-18 allowed an investigation of
osteogenic gene expression on the hADSCs seeded on the composite-polymer discs.
The differences in gene expression were mainly noticed at day 7 and day 14

timepoints. The polymer by itself with no added HA, represented by the yellow and
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green bars shows the highest upregulation of RUNX2 expression. The 10 wt% HA
incorporated formulation also showed an advanced expression of the gene,
particularly at the earlier timepoints. RUNX2 is the first transcription factor required for
determination of osteoblast lineage so explains why it is upregulated at earlier points
in the experiment. When comparing the RUNX2 expression between the standard and
osteogenic media treated hADSCs, it is apparent that the osteogenic-supplemented
media provides a better platform for the upregulation of gene expression as the relative
expression was significantly higher when normalised against the reference gene, and
in comparison, with the baseline control. The low induction of RUNX2 expression on
day 21 is due to the transcription factor typically being upregulated at the onset of

osteogenic differentiation (Komori, 2010)
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Figure 4-19: Collagen type 1 (COL1A1) gene expression quantification by gPCR of hADSCs grown on 3D printed
CSMA-2 discs with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and 21. The gene expression was normalised
against the housekeeping gene, GAPDH expression and using the expression on TCP as a baseline control. The
early timepoints displayed an upregulation of COL1A1 expression as it is an early marker of osteoblast.
Downregulation of COL1A1 expression occurred by day 21. The osteogenic formulations gave a significantly higher
level of expression in comparison to the standard media formulations and in comparison, to the control. Data are

shown as Mean + SD, n=3. (*p < 0.05) (**p<0.01)

Figure 4-19 displays the relative gene expression of COL1A1 on the hADSCs seeded
on the CSMA-2 and its composites in either standard, or osteogenic media. Like
RUNX2, the differences in gene expression were mainly noticed at day 7 and day 14
timepoints. Both markers reached a maximum expression at day 7, decreased to a

lower expression, but still very well upregulated at day 14, to completely decreasing

262



at day 21.The polymer by itself with no added HA treated in osteogenic media showed
a much higher expression of COL1A1 compared to the same sample treated in
standard media. Furthermore, the 10 wt% HA formulations represented by the red and
blue bars show a high upregulation of COL1A1 expression, suggesting the addition of

HA is promoting a positive effect on expression of the genes on the cell-seeded sample
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Figure 4-20: Osteocalcin (OCN) expression quantification by gPCR of hADSCs grown on 3D printed CSMA-2 discs
with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and 21. The gene expression was normalised against the
housekeeping gene, GAPDH expression and using the expression on TCP as a baseline control. Day 7 did not
display much expression as the later timepoints as OCN is a late onset marker. Day 14s results display an
upregulation in gene expression, particularly for the osteogenic formulations which compared significantly with the
control. A high upregulation of OCN expression occurred on all specimens at day 21 however, the standard 0 wt%
formulation was significantly lower than the remainder of the group. The osteogenic samples had a better
upregulation throughout, with the 10 wt% HA showing the highest expression of OCN. Data are shown as Mean +

SD, n=3. (*p < 0.05) (**p<0.01)
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As seen in figure 4-20 above, the relative gene expression of OCN on the hADSCs
seeded on the CSMA-2 and its composites in either standard, or osteogenic media.
Unlike RUNX2 and COL1A1, the differences in gene expression were mainly noticed
at day 14 and 21 timepoints. OCN is a small conserved non-collagenous extracellular
matrix protein which is found in the bone and is expressed during late osteoblast
differentiation. This explains why the results for day 21 were significantly upregulated
when compared to the earlier timepoints, as well as the control. Once again, the use
of hydroxyapatite gave a slightly better platform to promote OCN gene expression as
seen in the graph in the 5 and 10 wt% HA formulations. For the polymer by itself, the
sample with no added HA that was treated in osteogenic media showed a much higher

expression of OCN compared to the same sample treated in standard media.
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Figure 4-21: Osteopontin (OPN) expression quantification by gPCR of hADSCs grown on 3D printed CSMA-2 discs
with either 0, 5 or 10 wt% HA incorporated at day 7, 14 and 21. The gene expression was normalised against the
housekeeping gene, GAPDH expression and using the expression on TCP as a baseline control. Day 7 and day
14 showed a small gene expression but not a high amount of expression as the later timepoints as OPN is a late
onset marker. A high upregulation of OPN expression occurred on all specimens at day 21 with the highest
expression being seen in the 10 wt% formulations which significantly compare to the remaining groups. The 5 wt%
formulation was not as consistent as other genes explored but still had significant expression of OPN throughout.

Data are shown as Mean = SD, n=3. (*p < 0.05) (**p<0.01)

Figure 4-21 highlights the relative gene expression of OPN on the hADSCs seeded on
the CSMA-2 and its composites in either standard, or osteogenic media. Like OCN,
the differences in gene expression were mainly noticed later in the experiment, at the

day 21 timepoint. Osteopontin is a bone sialoprotein involved in osteoclast attachment
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to the bone matrix and is expressed during late osteogenic differentiation which
confirms the results. The addition of HA to the polymer made a significant impact
towards the upregulation of OPN gene expression as seen by the 10 wt% HA
specimen results displaying the highest relative gene expression. The osteogenic
supplemented media promoted upregulation of OPN against the formulations when

compared to the standard media.
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4.3.4 Angiogenic Response (CAM)

An Ex-Ovo chicken chorioallantoic membrane (CAM) assay was used to test the
angiogenic potential of CSMA-2 and its composites including 5 and 10 wt%
hydroxyapatite. The 3D printed scaffolds and the control samples were excised from
the CAM on embryonic development day 12 where vasculature was studied for each
formulation. The positive control sample which was filter paper soaked in VEGF
showed a good level of vascularisation when compared to the negative control which
was soaked in PBS. The two control samples can be seen in figure 4-22 below and
the three CSMA-2 composite-polymer scaffolds that were 3D printed and used for
CAM assay can be seen in figure 4-23. Vascularisation was noticed in all conditions
tested. The first images (a) represent the original image taken of the scaffold after
inversion. The newly formed blood vessels are shown clearly in red, and differences
were observed in the vascular infiltration of the different composites as indicated by
the growth of the vessels. Images (b) represent the grey-scale images that were
prepared on Microsoft PowerPoint for the purpose of analysis on ImageJ and images
(c) represent the binary image of the scaffold on ImageJ which allows for a more

detailed comparison of the vascular area with new blood vessels shown in black.
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Positive Control Negative Control
PBS

Figure 4-22: The results from the control groups for the CAM assay. The left hand side represents the positive
control sample, filter paper soaked in VEGF and the right hand side images represent the negative control sample,
filter paper soaked in PBS. Images taken of the control sample,(b) grey-scale prepared image for analysis and (c)

binary image. Scale bar = 1 mm.
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Figure 4-23: The results from the CAM assay assessing angiogenesis on CSMA-2 with 0, 5 or 10 wt% HA
composite scaffolds. The left-hand side images represent the results for 0% HA, CSMA-2 by itself. The middle set
of images represent the results for 5 wt% HA and the right-hand side images represent the results for 10 wt% HA
samples. Images (a) show the first standard image of the excised sample that was tested. The differences were
observed in the vascular infiltration of the different composites as indicated by the growth of blood vessels seen in
red (Scale bar = 1 mm). Images (b) show the grey-scale prepared image on Microsoft PowerPoint to allow for
ImageJ analysis and images (c) show the binary images on ImageJ which allow a detailed edge of the scaffold to

be identified and newly formed blood vessels shown in black.

As seen in figure 4-23, blood vessels were observed in all the composite-polymer
scaffolds in varying extents depending on the composition of the material. The CSMA-

2 scaffold represented by the 0% HA images show a high level of vascularisation as
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demonstrated by the formation of new blood vessels which can be seen in red. There
is a significant large vessel with several capillaries branching from it, suggesting
CSMA-2 promotes angiogenesis. The 5 wt% HA scaffolds did not show as many blood
vessels infiltrated within the material when compared to the polymer by itself. This
could be due to the HA particles not being evenly distributed or the clarity of the pores.
The 10 wt% HA formulation showed significant vascularisation with a thick red line
highlighting the infiltration of a blood vessel through the pores of the material with

several new capillaries branching from it.

4.3.4.1 Vascular Area

The number of newly formed vessels was comparable between the control groups and
the 3 experimental conditions: CSMA-2 with 0, 5 and 10 wt% HA. The vascular area
was calculated for each formulation and represented below in figure 4-24 as a graph
comparing the vascularisation of the controls against the composite-polymer scaffolds.
The positive control sample had a vascular area of 19.43% which significantly
compared to the negative control sample which had a vascular area of 9.35%. The
composite-polymer scaffold with the highest percentage of vascularisation throughout
was the 10 wt% HA formulations with an average vascular area of 13.31%. CSMA-2
by itself gave a vascular area average of 11.95% and the 5 wt% HA formulations had
the lowest vascularisation at 8.79%. These results suggest that CSMA-2 prepared with
10 wt% HA has the best potential to promote vascularisation which could be due to
the addition of the HA filler being well dispersed within the scaffold as well as the

material itself having significant pores where the vessels are running through. These
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results are consistent with the images seen above in figure 4-23 as the 10 wt% HA

formulation display major vessels and numerous capillaries.
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Figure 4-24: Graphical representation of the vascular density for the control samples and each composite-polymer
material scaffold calculated after the CAM assay. The positive control had the highest vascular area at 15.15%.
However, this was not significantly different to the results for 0 and 10 wt% HA which had vascular area results of
11.95 % and 13.32 % respectively. The negative control gave a vascular area of 9.35 % which is significantly
different to all the formulations, apart from the 5 wt% group. The 5 wt% HA composites had a lower vascular density
with only 8.79 % which compared significantly with the 0 and 10 wt% groups as confirmed by the digital images.

Data are presented as Mean + SD, n=3. (*p < 0.05)

4.3.4.2 Bifurcation Points

Bifurcation points (BF), also known as branching points, were counted for each
formulation. Like the results for the percentage vascular area, CSMA-2 with 10 wt%

HA formulations displayed the highest number of bifurcation points. As seen in figure
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4-254 on average, 40 points were seen in the 10 wt% HA formulations, which was
significantly higher than the other groups. The positive control sample had an average
of 27 BF points which is similar and not significantly different to the CSMA-2 scaffold
with no added HA which had an average of 28 BF points. Once again, the 5 wt% HA
formulations had the lowest results, displaying only an average of 22 BF points. These
results suggest that the highest level of vascularisation took place in the 10 wt% HA
scaffolds. The 5 wt% group may be displaying less vascularisation and branching due
to the HA particles not being dispersed properly prior to 3D printing of the scaffolds.
The 10 wt% HA scaffolds had the clearest pores, which allow the new capillaries to
bifurcate more freely than in the other scaffolds where the pores may not be as clear
to flow through. However, all three experimental groups obtained significantly higher
bifurcation point numbers than the negative control sample, prepared in PBS which

had an average of 18 BF points.
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Figure 4-25: Graphical representation of the bifurcation points for the control samples and each composite-polymer
material scaffold calculated after the CAM assay. ThelO wt% HA composite had the highest number of BF points
at 40 which compared significantly to the 5 wt% HA formulations at 22 BF. All groups were significantly higher than
the negative control group which only displayed 18 BF points. All Data are presented as Mean = SD, n=3. (*p <

0.05)
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4.4 Discussion

In this chapter, the biological properties of CSMA-2 along with its composite-polymer
specimens formulated with 0-10 wt% hydroxyapatite filler to determine the ultimate
custom-fit scaffold for use in cranio-maxillofacial surgery were explored. The addition
of HA to the polymeric system was investigated via cytocompatibility, differentiation
and angiogenic assessments. Two different cell lines, MG-63 osteosarcoma human
cells and human adipose-derived stem cells were explored in this chapter as well as
the osteogenic differentiation of the cells seeded on the polymer utilising relative gene

expression of specific bone markers and the materials ability to promote angiogenesis.

With respect to cell culture, both metabolic activity and visual investigation of the cell
morphological changes were assessed; initially, MG-63 cells were seeded on the
surface of CSMA-2 discs, prepared with either CQ or BAPO photoinitiator, by hand or
3D printing respectively. Two ratios of CSMA-2: HA were explored, 95:5 and 90:10,
which established the ideal formulations. The 3D printed, BAPO photoinitiator-
prepared composites containing either 0, 5 or 10 wt% HA were used going forward.
Subsequently, hADSCs were used to investigate the impact of HA filler addition on the

proliferation of stem cells.

Materials that are commonly used for implants such as PMMA have been seen to be
relatively cytocompatibile, however the majority of commercially available materials
have had to incorporate other extracellular membrane components to improve
mechanical properties as well as compatibility to cells. A study carried out by Jiang

and co-workers (Jiang et al., 2015) investigated the improvement of PMMA implants
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by incorporating mineralised collagen. Their cell adhesion and proliferation results
were significantly improved on the modified materials, as well as beneficial results for

good osteointegration formation between the bone implant and the host bone tissue.

As mentioned previously, calcium phosphates can significantly influence various
biochemical properties of composite systems in bone tissue engineering (Jeong et al.,
2019). A study by Ku and colleagues (Ku et al., 2019) explored the effects on the
biological activity of poly(methyl methacrylate) (PMMA) when incorporating
hydroxyapatite. The PMMA polymer was adapted to incorporate ethylene glycol and
poly (e-caprolactone) (PCL) to improve affinity between the polymer and ceramic
particles. Along with some mechanical properties improving with the addition of HA
particles, the 20 wt% PCL-grafted ethylene glycol-HAP formulation promoted pre-
osteoblast metabolic activity in vitro and showed the best osteogenic activity between

the composites when tested in vivo.

In a similar study, Ma and collaborators (Ma and Guo, 2019) assessed the role of HA
incorporation in a polyetheretherketone (PEEK) composite to evaluate the bioactivity
of the composite, cell attachment and proliferation of cells. It was found that the HA
incorporated PEEK composites promoted higher cell growth and attachment on the
material surface than when seeded on the PEEK polymer alone. Using microscopy, it
was seen that the cells on the HA/PEEK composite exhibited a higher spreading
efficiency on the material surface compared to those on the pure PEEK. Alkaline
phosphatase activity (ALP) was also assessed for the purpose of bone-implant
interfacial osseointegration and their results revealed that the cells on the HA/PEEK
composite demonstrated higher ALP activity, suggesting the material is supporting

osteoblast growth and osteogenic differentiation.

275



Throughout this chapter, the metabolic activity of CSMA-2 and its composites of 5 and
10 wt% HA filler was intensely examined to find the most biocompatible formulation
when assessing MG-63 and hADSC cells. The most optimum formulation for the MG-
63 study was the 0% HA (BP) sample which is the polymer by itself with no added HA,
prepared via 3D printing with 2 wt% BAPO photoinitiator. The BAPO formulated discs
provided a higher metabolic activity with the MG-63 cells than the CQ formulated discs
and were therefore chosen to explore further throughout the study. This change could
be due to the composition of the photoinitiator itself, for example, the extra cross-
linking group in BAPO, or the uniformity that was achieved throughout the 3D printing

process for the BAPO samples (Shakouri et al., 2020).

Adipose-derived stem cells were used throughout this thesis due to their ability to
maintain self-renewal properties and enhanced multi-differentiation potential. Through
the production of a number of paracrine factors and extracellular vesicles, ADSCs can
allow the healing of damaged organs and tissues. Many studies have reviewed the
use of ADSCs in research against bone marrow-derived mesenchymal stem cells (BM-
MSCs) to find the optimum usage. A study carried out by Kunze and fellow researchers
(Kunze et al., 2020) explores the advantages of ADSCs over BM-MSCs, for example,
having the ability to obtain higher yields of ADSCs from subcutaneous regions through
minimally invasive, and painless, procedures. Furthermore, ADSCs can maintain their
phenotype in culture for longer periods of time and have a higher proliferation ability,
leading to more suitability for potential allogenic transplantation (Zhang et al., 2020).
As previously mentioned, ADSCs can differentiate into adipocytes, osteoblasts,
chondrocytes, neurocytes, and hepatocytes from the three development germ layers

(endoderm, mesoderm and ectoderm). Due to all of these advantages, ADSCs are an
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attractive source for use in regenerative medicine and tissue engineering research
(Dai et al., 2016). Therefore, hADSCs were chosen to examine the cytocompatibility

of the material as well as the osteogenic differentiation.

Further assessments of cytocompatibility of the BAPO incorporated CSMA-2 discs
with either 0, 5 or 10 wt% HA filler was carried out where hADSCs were selected as
the cell type of choice. All 3 formulations continued to proliferate throughout the study
time points of days 1, 4 and 7 but remained significantly lower than the control group,
apart from the 10 wt% HA formulations where the metabolic activity increased
significantly. This can be explained by exploring hydroxyapatite’s presence in the
formulation. Hydroxyapatite incorporation has traditionally been shown to enhance
cytocompatibility of scaffolds as a result of its osteoconductive nature (Polo-Corrales,
Latorre-Esteves and Ramirez-Vick, 2014) but it is important to consider the importance
of achieving uniformity of dispersion between the liquid and powder phases. This is
critical when related to cell metabolic activity and the overall cytocompatibility of the
materials. In the hADSC experiment in this study, the 5 wt% HA incorporated
composite-polymer specimens did not achieve the same level of metabolic activity as
the 10 wt% HA formulation which could be due to the quantity of HA not being quite
enough to make a positive impact, or the mixing process of the HA with CSMA-2 not
being as evenly distributed as with the 10 wt% group. There is also the possibility that
during the 3D printing, SLA process the composites containing 5 wt% HA did not
photopolymerise evenly, causing more HA particles to be dispersed on one side of the

disc.

Osteogenic differentiation of human adipose-derived stem cells is functionally defined

by their capacity to self-renew and their ability to differentiate into multiple cell types
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including osteoblasts (Zhou et al., 2021). In this study, the osteogenic potential of
human mesenchymal stem cells (MSCs) isolated from adipose tissue (hADSCs) has
been evaluated in vitro in combination with CSMA-2 scaffolds and hydroxyapatite-
incorporated composites. In order to assess the osteogenic differentiation of hADSCs
on the materials, the metabolic activity and proliferation of the cells grown in either
standard MesenPRO RS Media (SM) or the cells grown in osteogenic supplemented
media (OM) were assessed. As seen by the metabolic activity results (see section
4.3.2.1), the OM provided a non-harmful enhancement to cell growth. Quite often,
growth factors are incorporated to improve the cytocompatibility of polymeric systems.
Bone Morphogenic Proteins (BMPs) and Vascular Endothelial Growth Factors (VEGF)
have exhibited successful results in enhancing osteogenesis as well as vascularisation
in bone regeneration (Aryal et al., 2014). A review by Garcia-Gareta and fellow
researchers (Garcia-Gareta, Coathup and Blunn, 2015) discussed the osteoinduction
of bone grafting materials in depth. It was noted that BMPs are transforming growth
factors that tend to play a major role in stimulating bone growth. VEGF was also
discussed in its role to promote angiogenesis. Therefore, both growth factors can be
included in a scaffold to significantly improve tissue formation. However, it has been
widely studied that delivery of growth factors can be a complex procedure, as well as
time-consuming, expensive and limitations when achieving optimum mechanical

properties (Fernandez de Grado et al., 2018).

A study carried out by Tirkkonen and collaborators (Tirkkonen et al., 2013) explored
the benefits of osteogenic media for hADSCs in comparison with common growth
factors. The study revealed that osteogenic differentiation was detected solely with

OM and the addition of growth factors such as bone morphogenetic proteins (BMP-2
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and BMP-7) and VEGF did not enhance the osteogenic differentiation of hADSC more
than just the standard media used. In this chapter, similar results were found, where
there was higher metabolic activity when the hADSCs were cultured in OM, compared
to SM. Consistently from day 7- day 28, the metabolic activity results were higher for
all the formulations in OM. The results for CSMA-2 by itself, with no added HA, were
significantly higher than the standard control and all the SM cultured formulations.
Throughout this study, it has been demonstrated that the varying amounts of calcium
phosphates can also affect the potential of osteogenic differentiation. The addition of
HA to the composites made a positive impact on the metabolic activity, where the 5
and 10 wt% HA groups gave high metabolic activity readings, significantly different to
the same groups in standard media. Another study carried out by Calabrese and co-
workers (Calabrese et al., 2016) explored the osteogenic differentiation in vitro of
hADSCs on collagen-hydroxyapatite scaffolds. They explored the difference in
osteogenic response using standard media vs. osteogenic media and concluded that
the osteogenic media demonstrated more osteoinductive features of the scaffold to
support the potential of hAADSCs inducing the formation of new bone tissue. To further
understand the potential of osteogenic media, a study carried out by Nishimura and
associates (Nishimura et al., 2015) explored the effect of osteogenic differentiation
media on the proliferation of hAADSCs. They found that by culturing the cells in OM,
the cell metabolic activity was significantly promoted in both their static and dynamic
cultivation for 14 days of their experiment. This can be explained as the OM induces
the stem cells to differentiate to preosteoblast-like cells, which can expand faster than

undifferentiated stem cells (Katayama et al., 2012). Furthermore, the supplements
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added to the osteogenic media promotes cell division and proliferation as they

themselves have mitogenic properties (Jaiswal et al., 1997).

One way to determine the ability of the cells to differentiate into osteoblasts is through
gene expression exploration, quantitatively measured through real-time polymerase
chain reaction (QPCR). To perform qPCR, an internal control gene is selected to be
used as the reference gene which is quantified along with the target gene (Kuang et
al., 2018). The most common housekeeping gene, GAPDH was used as the reference
gene after exploring B2M and PPIA did not give any amplification whereas GAPDH
provided a stable reference gene. This also correlated to a study undertaken by
Panina and colleagues (Panina et al., 2018), which compared 12 common
housekeeping genes for their stability and reliability and observed that GAPDH

outperformed the 12 other selected genes for stability on the mRNA level.

Upregulation of osteoblastic differentiation markers, RUNX2, COL1A1, OCN and OPN
was observed throughout the experiment, particularly for the cells cultured in the

osteogenic media.

RUNX2 is a protein that is detected first in preosteoblast, and then upregulated in
immature osteoblasts, but downregulated in mature osteoblasts. RUNX2 is the first
transcription factor required for determining the osteoblast lineage, therefore triggers
the expression of major bone matrix genes during the early stages of osteoblast
differentiation (Komori, 2010). In this study, RUNX2 was upregulated at the early time
points (day 7 and 14) and downregulated later (day 21). When comparing the RUNX2
expression between the standard and osteogenic media treated hADSCs, it is

apparent that the OM provides a better platform for the upregulation of gene
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expression as the relative gene expression was significantly higher when normalised
against the reference gene, GAPDH, and in comparison, with the baseline control. The
low induction of RUNX2 expression on day 21 is due to the transcription factor typically

being upregulated at the onset of osteogenic differentiation.

COL1A1 is the most abundant protein in all vertebrates. It assembles into fibres that
form the structural matrix of bone (Ricard-Blum, 2011). COL1A1 is known to be an
early marker of osteogenic cells which explains why the upregulation of COL1A1 in
this study occurred mainly at day 7 and day 14 time points (Kaneto et al., 2016). Like
RUNX2, the COL1A1 reached a maximum expression at day 7, decreased to a lower
expression, but still very well upregulated at day 14, to completely decreasing at day
21. CSMA-2 with no added HA treated in OM displayed a much higher expression of
COL1A1 compared to the SM treated cells. Following the same pattern as with
RUNX2, the addition of HA promoted a positive effect on the upregulation of gene
expression on the cells treated with OM. A study by Kannan and collaborators
(Kannan, Ghosh and Dhara, 2020) investigated the osteogenic differentiation potential
of MSCs treated in different basal media. They found that COL1Al1 had a varying
expression for the cells grown in the different media options, but the osteogenic
differentiation media promoted the up-regulation of COL1A1 when exploring its

activity.

Osteocalcin, the most abundant non-collagenous protein expressed in bone, is solely
expressed and secreted by osteoblasts (Moser and van der Eerden, 2019). OCN on
the hADSCs seeded on CSMA-2 and its composites in either SM or OM was
investigated in this study. It was found that, unlike RUNX2 and COL1Al, the

differences in gene expression were mainly noticed at day 14 and 21 time points. OCN
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is known to be expressed during late osteoblast differentiation (Ikegame, Ejiri and
Okamura, 2019). This explains why the results for day 21 were significantly
upregulated when compared to the earlier time points, as well as the control. Once
again, the addition of HA gave a better platform to promote OCN gene expression.
Again, for all groups of the composite-polymer specimens, those treated in OM
showed a much higher expression of OCN compared to the same sample group

treated in SM.

Finally, Osteopontin, also known as bone sialoprotein |, is involved in osteoclast
attachment to the mineralised bone matrix (Kruger et al., 2014). OPN is a late-onset
marker, which is expressed mainly at the initiation phase of mineralisation. A similar
study to ours carried out by Rozila and associates (Rozila et al., 2016) explored the
guantitative gene expression of OPN on hADSCs seeded on electrospun 3D
poly[(R)—-3-hydroxybutyric acid] (PHB) scaffolds with incorporated bovine-derived
hydroxyapatite (BHA). It was concluded that the OPN expression was increasingly
upregulated throughout the study within the hADSCs seeded on the PHB-BHA scaffold
group suggesting that the stable co-culture system has a strong impact on exerting
the osteogenic differentiation ability. In this study, like OCN, the differences in gene
expression of OPN on hADSCs seeded on the composite-polymer specimens were
mainly noticed later in the experiment, at the day 21 timepoint. Following the same
pattern as previous genes, the addition of HA to the polymer made a significant impact
on the upregulation of OPN gene expression. Notably, the osteogenic supplemented
media promoted upregulation of OPN against the formulations when compared to the

standard media.
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Reaching the end of the experiment, towards day 28, there was no upregulation of
gene expression determined due to the materials not supporting the cells to proliferate
for 28 days. This is confirmed by the sudden decrease of metabolic activity that can
be seen in Figures 3-16. There is a possibility that the expression of the genes was
also not induced by the hADSCs later in the experiment as the mRNA expression
returned to the baseline level after the condensation and aggregation process during
the first week of induction. Hamid and co-workers (Hamid et al., 2012) also discussed
this in their study of chondrogenic genes during induction of cartilage differentiation.
They explain how the continuous culture of the cells in the chondrogenic induction
media did not promote further ECM production to increase the size of cell aggregates
suggesting that one week of their experiment was sufficient for the cartilage

regeneration.

The final aim of this chapter was to explore the angiogenicresponse of the composite-
polymer scaffolds using the ex-ovo Chorioallantoic Membrane Assay. The ex-ovo
method chosen for use in this study provides full uninhibited access to the embryo.
Many researchers prefer the windowing method to study chick development as it is
simpler to perform and has positive survival rates to late- stage development, however,
it has limitations such as the ability to view the entire embryo and obtaining good
visibility to see inside the egg (EI-Ghali et al., 2010). To overcome such limitations, the
ex-ovo CAM assay method is discussed in detail by Cloney and co-workers (Cloney
and Franz-Odendaal, 2015), in a study describing the advantages of having full
uninhibited access to the embryo. They explain the ability of the whole embryo being
observed under high magnification microscopy to allow for easy viewing and

manipulation of embryos without the limitations on access at the late stage of the
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development. The ex-ovo technique utilised in this study uses a simple glass-cling film
set-up that can be easily replicated by others, easily demonstrated in teaching
scenarios and minimising any trauma to the chick embryo. A further advantage to
using this ex-ovo method is the ability to compare multiple samples in one CAM at the
same time, providing reliability and reproducibility but also decreasing the number of
eggs needed for the experiment which in turn reduces cost and time consumption.
Finally, in this ex-ovo method, the chicken embryo can fully develop in the same way
it would in an in ovo method. Schomann and co-workers (Schomann et al., 2013)
explored both methodologies to find out the optimum survival rate for chicken embryos
cultivated in both systems. In their study, they concluded that the ex-ovo system,
similar to the one used for the purpose of this thesis, allows survival of chicken
embryos for up to embryonic day 15, showing normal growth in regard to its weight

and size, as well as the cartilage, bone and nerves developing in the intended way.

In a CAM assay, blood vessels penetrate from the edges of the scaffold towards the
centre of the scaffold, leading to vascularisation. This represents the vascularisation
that would occur in an in vivo environment upon implantation of the scaffold (Marshall,
Kanczler and Oreffo, 2020). A study by Kohli and colleagues (Kohli et al., 2020)
discuss in depth further advantages of this ex-ovo method by assessing its suitability
for screening biomaterials. The study investigates angiogenic properties such as the
vascular density, the number of bifurcation points and presence of blood vessels within
the materials tested. The vascular density, or area, is a quantitative measurement to
calculate the percentage of newly formed blood vessels infiltrating the scaffold (Kohli
et al., 2021). The bifurcation points, or branching points, are points on the scaffold that

the infiltrated blood vessel branches out to a new capillary. Both measures were
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investigated for the newly formed blood vessels infiltrating the CSMA-2 composite-

polymer scaffolds in this study.

The results from the CAM assay conducted on the CSMA-2 composite scaffolds
demonstrated good blood vessel formation. The varying ratios of HA added to the
polymer did lead to a varying angiogenic response as the formulation with 10 wt% HA
gave the highest level of vascularisation demonstrated by the formation of new blood
vessels in the microscopy images as well as the highest percentage of the vascular

area and the highest number of branching points.

Porosity and pore size of the scaffolds also play a vital role in determining mechanical
properties as well as angiogenic properties. The porosity of a scaffold is determined
by the volume, size, shape, orientation, and connectivity of its pores. Cell growth,
homogenous cell distribution and vascularisation are all possible using porous
scaffolds. Although greater porosity and pore size of scaffold materials have various
advantages, it compromises the scaffolds compressive strength, resulting in a
decrease in the mechanical strength and properties (Karageorgiou and Kaplan, 2005).
Usual porosity ranges from 50-90% with pore sizes ranging from 150 pum to 600 pm.
Various studies have previously suggested that the architecture of the pores in a
biomaterial plays an important role in its revascularisation in vivo (Mehdizadeh et al.,
2015). A study reported by Feng and fellow researchers (Feng et al., 2011)
investigated the role of pore size on tissue ingrowth and neovascularisation in porous
bioceramics and found that the amount of vascularisation is proportional to the size of
the pore, therefore suggesting that a pore size smaller than 400 um limits the growth
of new blood vessels. Furthermore, according to Di Luca and co-workers (Luca et al.,

2016), increasing the porosity of the scaffold increases the regeneration of the bone.
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The extracellular matrix (ECM) mineralisation and differentiation of hADSCs both

increase when the pore size is altered.

The CSMA-2 composite-polymer scaffolds designed, and 3D printed for this CAM
assay were 6 mm in diameter and 3 mm thick with 0.5 mm pores which is a good size
to promote new blood vessel infiltration. The control group samples were filter paper
dipped in VEGF (positive control) and PBS (negative control) and all the scaffolds were
grafted well within the CAM, suggesting that the materials were well-tolerated by the
embryo (Kohli et al., 2021). It is suggestive from the results of the CAM assay that the
blood vessel infiltration is dependent on the porosity of the scaffold as well as the
composition of the material. The filter sample soaked in VEGF that was used as the
positive control did not show significantly higher vascular density compared to the
CSMA-2+HA based scaffolds suggesting the importance of porosity, and the pore
size, for critical bone formation. In a study conducted by Boller and colleagues (Boller
et al., 2015), it is highlighted that increasing the VEGF concentration above 10 ng/ml
does not result in increased angiogenesis which suggests that using VEGF for our

positive control in this CAM study did not have any biased impact.

Blood vessels were observed in all the composite-polymer scaffolds to varying extents
depending on the composition of the material. The CSMA-2 scaffold shows a high
level of vascularisation and there is a significant large vessel with several capillaries
branching from it, suggesting CSMA-2 promotes angiogenesis. The 5 wt% HA
scaffolds did not show as many blood vessels infiltrated within the material when
compared to the polymer by itself. This could be due to the HA particles not being
evenly distributed or the clarity of the pores. The 10 wt% HA formulation showed

significant vascularisation with newly formed blood vessels infiltrating the pores of the
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scaffold and several capillaries branching from it. The branching points are indicative
of the vessel sprouting phase, where pre-existing blood supply leads to vascular
sprouting that then develops into mature blood vessels (Kohli et al., 2020). The CSMA-
2 with 10 wt% HA formulation showed increased bifurcation points, suggesting an
increase in vessel sprouting potential which could be due to the HA deposited into the
material, giving a platform for angiogenesis to occur. CaPs such as HA are known to
induce pro-angiogenic factors and therefore are a good addition to promote
angiogenesis in biomaterials (Saberianpour et al., 2018). Furthermore, as discussed
in Chapter 2; section 2.3.6: Degradation studies, the 10 wt% HA formulations had the
highest rate of degradation under standard (37°C) and accelerated (60°C) conditions.
This could suggest that the increased quantity of HA had increased vessel branching
potential due to the degradation of the CaP ions. The faster dissolution process makes
calcium ions more readily available, which are known to promote angiogenesis (Kohli
et al., 2021). The 5 wt% HA displayed significantly lower branching points than the
polymer by itself and the 10 wt% HA group. This group may be displaying less
vascularisation and branching due to the HA particles not being dispersed properly
before 3D printing of the scaffolds. The 10 wt% HA scaffolds had the clearest pores,
which allow the new capillaries to bifurcate more freely than in the other scaffolds
where the pores may not be as clear to flow through. However, all three experimental
groups obtained significantly higher bifurcation point numbers than the negative

control sample, prepared in PBS.

287



4.5 Conclusion

To conclude, the studies carried out in this chapter were to explore the biological
properties including the cytocompatibility, osteogenic differentiation and
angiogenicresponse of an isosorbide-based light-curable, degradable polymeric
system and assess its potential use in craniofacial reconstruction. The biological
impact from the addition of hydroxyapatite filler to the polymer was evaluated in-depth
with the assessment of metabolic activity, osteogenic differentiation studies,

osteogenic gene expression and angiogenesis development.

MG-63 and hADSCs were explored for their ability to proliferate and promote cell
growth on the surface of CSMA-2:HA composite-polymer discs. To further investigate
the materials cytocompatibility, a comparative experiment was carried out to explore
the effect of treating hADSCs in osteogenic-supplemented media vs. standard media.
The real-time PCR technique was used for the purpose of differentiation studies to
assess gene expression of RUNX2, COL1A1, OCN and OPN bone markers. Finally,
the angiogenic response of the composite-polymer scaffolds was investigated using

the ex-ovo CAM assay model.

The formulation of CSMA-2 with 10 wi% HA demonstrated promising results
throughout the chapter and can address the current drawbacks associated with current
commercial materials when looking into craniofacial bone regeneration. The positive
results highlight the importance of HA and the positive impact the addition of such
calcium phosphates can have on the proliferation of cells as well as the promotion of

angiogenesis.
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Chapter 5 : General Discussion and Conclusion
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5.1 Discussion

The overall aim of this thesis was to explore an isosorbide-based, light-curable,
degradable polymeric system for the purpose of 3D printing custom-fit implants for
patients requiring facial reconstruction surgery affecting their head and neck region.
The material, referred to throughout the study as CSMA-2, was synthesised and
chemically characterised in Chapter 2 to explore its printability using a DLP,
stereolithographic technique to allow photopolymerisation to take place. Chapter 3
investigated the mechanical and physical properties of the polymer alongside a
comparison of the effect of varying ratios of hydroxyapatite, as well as the effect of two
different photoinitiators to ultimately find the optimum formulation going forward. A
thorough biological exploration took place in Chapter 4, where two cell lines, MG-63
and hADSC’s were assessed for their compatibility with the composite-polymer
scaffolds. This was advanced by the assessment of osteogenic differentiation as well
as gene expression through the materials. Finally, an intensive angiogenesis
assessment was investigated to understand the capabilities of the material to promote

vascularisation.

For the ultimate goal of achieving osteogenesis, bone tissue engineering in
craniofacial reconstruction is most effective when it can mimic and interact with the
surrounding native environment. As explored in Chapter 1, various issues and
limitations are inhibiting the use of current techniques and technologies in craniofacial
reconstruction, mainly due to insufficient biochemical stability, poor mechanical
properties, lack of durability and degradability. For years, researchers have been trying
to overcome limitations such as these by developing novel materials that would

potentially be better-suited candidates for use in surgery. However, a balance between
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the physiochemical characteristics and biocompatibility is required to bridge the gap

between research and clinical applications.

In this study, CSMA-2, a highly advantageous light-curable polymer was explored in
depth. Previous work done by our group, (Owiji et al., 2019) confirmed the polymers
exhibition of low polymerisation shrinkage, reduced monomer leaching and improved
biological cytocompatibility. The exploration of the monomer’s ability to rapidly
photopolymerise offers advantages, particularly when exploring a minimally invasive
surgical approach. Two photoinitiators, CQ and BAPO were investigated throughout
the study for their photopolymerisation properties as well as the toxic effect they may
have in a biological environment. The formulations created with CQ initiator were only
made by the manual method which involved the monomer liquid (or paste when
incorporated with HA) being poured into 10 mm circlip discs and cured with a hand-
held blue light-emitting diode for 40 seconds on each side. The composites with CQ
were attempted to be 3D printed, however, the settings had to be set to maximum for
the power intensity, curing time and power level to allow the material to
photopolymerise. When incorporated HA fillers to the CQ photoinitiator CSMA-2
formulation, the printer was not able to produce any constructs therefore the CQ
composite-polymer specimens were all prepared by hand to allow for physiochemical
and mechanical testing. BAPO on the other hand, allowed a uniform 3D printed
structure to be printed whilst incorporating up to 10 wt% HA with the CSMA-2
formulation. When exploring the differences between CQ and BAPO, BAPO proved to
be the more suitable initiator to use as it gave a better rate of reaction time, suggesting
less time was needed for BAPO incorporated monomers to polymerise. This allowed

for the 3D printing of CSMA-2 composite polymer specimens to be prepared using the
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DLP method. When assessing the effect of the varying photoinitiators mechanically,
BAPO gave better results in particular with the bend strength of the material which
gave a value of 135.49 N/mm? significantly comparing to the bend strength of the
polymer incorporating CQ which gave a value of 84.07 N/mm?2. Further to this, the
hardness, modulus and wettability of BAPO-incorporated polymers were superior to
the results from the CQ-incorporated polymers. Moreover, when assessing the
cytocompatibility of CSMA-2 composite-polymers with either CQ or BAPO using MG-
63 osteosarcoma cells, the metabolic activity for the BAPO incorporated polymers
proved to be slightly more positive than the CQ. Therefore, moving forward with the
studies, the 3D printed BAPO-incorporated CSMA-2 composite polymer specimens

were used for further in vitro assessments.

Hydroxyapatite, a calcium phosphate similar to the human hard tissues, was added
into the CSMA-2 composites for further characterisation. The modulus values of
CSMA-2 and HA composites were examined as matching the mechanical properties
of synthetic materials to the native tissue is a crucial principle in creating biomaterial-
based scaffolds. Originally, up to 50 wt% HA formulations were investigated
mechanically to understand the effect of higher additions of calcium phosphates on
the polymeric system. The results up to 5 wt% HA showed little significant difference
for the modulus, bend strength, hardness and wettability however, when increasing
the quantity up to 50 wt% HA, the modulus significantly decreased, the bend strength
slightly decreased and the contact angle became smaller, proving a more hydrophilic
material. Following on from this, when assessing printability, the 1: 10 liquid to powder
phase formulation was the maximum the 3D printer could handle as it still flowed freely.

Therefore, with the mechanical and physiochemical properties and the printability, the
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10 wt% HA formulation was established to be the optimum formulation as a result of
suitable mixing between the liquid and powder phase. Achieving biodegradability was
also a critical objective in this thesis. CSMA-2 and its composite polymer specimens
displayed a relatively slow degradation, with the highest mass loss observed in the 10
wt% HA formulations over the 6-month incubation period. These characteristics can
be advantageous in a dynamic in vivo environment since slow degradation can
minimise abrupt pH shifts, as well as potentially providing long-term mechanical

stability (Brooks and Alper, 2021).

For the purpose of reproducibility and reliability, the formulations tested for further
investigation of in vitro and ex vivo were the 0, 5 and 10 wt% HA incorporated CSMA-

2 polymer composites.

Following cultivation of MG-63 cells on the surface of CSMA-2 and CSMA-2 + 5 or 10
wt% HA discs prepared with either CQ or BAPO photoinitiator and compared to the
cells seeded on tissue culture plastic, a difference in metabolic activity was detected.
Both CQ and BAPO groups continued to grow throughout the study, but the BAPO
group had consistently higher metabolic activity than the CQ. This observation was
consistent and in parallel with the quantitative cell metabolic activity findings; hence,
the cytocompatibility of the materials was confirmed, particularly improved by the
BAPO incorporated specimens. These results suggested that the focus of the rest of
the study should be on the BAPO incorporated CSMA-2 specimens with an

investigation into the effects of up to 10 wt% HA.

Preliminary cytocompatibility characterisation was followed by a more extensive

investigation of the effects of the composite-polymer specimens on hADSCs, a
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clinically relevant source for tissue engineering applications. The 3 formulations, 0, 5
and 10 wt% HA incorporated BAPO prepared CSMA-2 discs, continued to show
significant metabolic activity throughout the study time points but mainly remained
significantly lower than the control group, with an exception for the 10 wt% HA
formulations where the metabolic activity increased significantly compared to the
control. The results can be confirmed by understanding the effect of HA which is known
to have osteoconductive properties which in turn enhance cytocompatibility of
scaffolds. The results for the 5 and 10 wt% HA formulations compare significantly
suggesting better metabolic activity for the 10 wt% HA group. This could be due to the
guantity of HA not being quite enough to make a positive impact, or the mixing process
of the HA with CSMA-2 not being as evenly distributed to achieve uniformity, which is
a critical factor when related to cell proliferation and biocompatibility (Ghassemi et al.,

2018).

The exploration of hADSCs cultivated on CSMA-2 composite-polymer discs was
expanded to include the comparison of cell metabolic activity when cultured using
standard media or osteogenic-supplemented media. Osteogenic differentiation
promotes the differentiation of osteogenic cells to develop into osteoblasts, which are
responsible for new bone formation (Rutkovskiy, Stenslgkken and Vaage, 2016).
Mesenchymal stem cells (MSCs), which are present in multiple tissues such as bone
marrow and fat tissue, can give rise to osteoblasts, chondrocytes, myoblasts and
adipocyte lineages (Canalis, 2008). The follow-up differentiation is governed by
transcriptional regulators, for osteoblasts this is RUNX2. The activation of RUNX2
allows the cells to be defined as preosteoblast, as they undergo a 3-stage

differentiation. RUNX2 directs stem cells including hADSCs, to differentiate into

294



osteoblasts and inhibits other differentiation pathways, especially adipocyte
differentiation (Komori, 2010). As previously discussed, to achieve optimal
differentiation efficiency, cell-material interactions are explored. Many efforts have
been undertaken to specifically mimic tissue-specific in vivo environments by

modifying numerous material properties (Han et al., 2020).

The osteogenic media in this experiment provided a non-harmful environment to
enhance cell growth, without the addition of external growth factors. There was
significantly higher metabolic activity when the hADSCs were cultured in osteogenic
media, compared to standard media consistently throughout the 28-day experiment.
Throughout this hADSC study, it has been demonstrated that the varying amounts of
calcium phosphates can also affect the potential of osteogenic differentiation. The
addition of HA to the composites made a positive impact on the metabolic activity,
where the 5 and 10 wt% HA groups gave high metabolic activity readings, significantly

different to the same groups in standard media.

The osteogenic potential was further explored quantitatively by real-time PCR.
Osteogenic gene expression was assessed by gPCR by investigating the expression
of RUNX2, COL1A1, OPN and OCN on hADSCs cultured on CSMA-2 and 0, 5 or 10
wt% HA composite-polymer discs prepared in either standard or osteogenic-
supplemented media. The results for this experiment suggested that there was an
upregulation of osteogenic genes being expressed through the hADSCs cultivated on
the composite-polymer specimens. The results for the osteogenic supplemented
media prepared specimens showed consistent upregulation after induction by
hADSCs on the material, compared to the standard media. These findings indicate

that the osteogenic media could increase the expression of osteogenic genes in
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hADSCs when seeded on CSMA-2 and its composites, and stimulate their
osteogenesis and therefore lead to a cellular resource for bone regeneration (Park,

Bae and Park, 2015).

Angiogenesis, the formation of new blood vessels, was investigated on CSMA-2 along
with its composites containing 5 and 10 wt% HA. The chorioallantoic membrane (CAM)
assay is an affordable and simple screening method for the assessment of angiogenic
characteristics and the materials potential to be used in the field of tissue engineering
(Merckx et al., 2020). There are two main types of CAM assays that researchers use,
one is the in ovo technique, incorporating the material inside the eggshell, and the
other is the ex-ovo technique where the entire egg content can be grown in a recipient
(Nowak-Sliwinska, Segura and Iruela-Arispe, 2014). For this study, the ex-ovo CAM
technique was used. The formation of new blood vessels was observed in all the
composite-polymer scaffolds to varying extents depending on the composition of the
material. The CSMA-2 scaffold showed a high level of vascularisation as well as the
group containing 10 wt% HA which demonstrated the closest angiogenic response as
the positive control sample. The CAM results were quantitatively analysed by
calculating the percentage of vascular density as well as investigating the number of
branching points. Throughout the CAM study, the 10 wt% HA formulation was
significantly closest to the positive control, which was treated in VEGF, suggesting the
addition of HA to the polymer promoted a higher level of vascularisation. The presence
of pores in the scaffolds promoted the formation of new blood vessels just as explained
by Karageorgiou and associates (Karageorgiou and Kaplan, 2005) in their study
assessing the porosity of 3D biomaterials on osteogenesis. They concluded that the

porosity and pore size of a scaffold plays a critical role in bone formation in vitro and
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in vivo (Karageorgiou and Kaplan, 2005). Their study also suggested that when
exploring cell-material interactions in vitro, lower porosity stimulates osteogenesis by
suppressing cell proliferation and forcing cell aggregation. However, when an in vivo
environment is implemented, higher porosity and a larger pore size result in greater
bone ingrowth. Therefore, the results from the CAM assay in this study are positive in

suggesting potential bone regeneration when materials will be implanted in vivo.

Throughout this thesis the potential use of 3D printing techniques in the fabrication of
bone tissue engineering scaffolds was explored. Although the incorporation of CaP
particles was found to be considerably challenging, small variations in the
manufacturing process and optimisation of settings can allow the printing of the
polymeric system to allow it to be applicable in restoring cranial defects by allowing
the production of customised implants. The DLP 3D printing technique was assessed
and chosen to be the printing technique of choice for this study due to its
photopolymerisation properties as well as the relatively low cost, and speedy printing
time. This technology allowed for quick printing at a high resolution, allowing for the
correct creation of complicated constructions while maintaining exact control over the
defects unique contour (Ghaffar, Corker and Fan, 2018). The utilisation of a high-
resolution printing technique can considerably enhance cell attachment and
proliferation in a dynamic in vivo environment (Augustine et al., 2021) which will
ultimately improve the aesthetic and functional outcomes in the replacement of bone

defects without the need for additional surgery, limiting the trauma caused to patients.

Finally, it is important to emphasise the advantages of the fabrication of CSMA-2 as a
polymeric system for use as a printable resin. The synthesis route taken allowed for a

clean, reliable and accurate polymerisation to take place. The precursors used to
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prepare the starting monomer, BHIS, include isosorbide, ethylene carbonate and
potassium carbonate. Isosorbide is an affordable, greener compound that is used in a
variety of medical applications, in particular in the synthesis of biodegradable scaffolds
for tissue repair and regeneration. Ethylene carbonate is used in a variety of
applications including being used as a plasticiser in polymers and potassium
carbonate is used as a mild base catalyst in the reaction. All of these components are
sourced easily, as well as being cost-effective and do not cause a release of any toxic
side products when reacting together to form BHIS. The synthesised BHIS was filtered
using the classic column chromatography method incorporating silica gel beads and
an ethyl acetate and methanol solvent phase which eliminated any unnecessary toxins
and solvents that did not react. Whilst this method was effective to achieve a relatively
high yield of BHIS, it is time consuming, irreproducible and difficult to pack a good
column. This can be substituted by an automated flash chromatography device. These
devices are used in industrial scale polymer synthesis to purify products in an
automated and more accurate manner by using pre-packed flash columns and a fully
automated instrument to isolate target molecules from synthetic reactions (Compton

et al., 2020).

To complete the synthesis of CSMA-2, TEGDMA, a monomer widely used in the
composition of composite resins in dentistry, and HEMA, a colourless viscous liquid
that forms a variety of polymers, were both incorporated. Again, the components are
easily and affordably sourced and are safe to use in a small scale laboratory synthesis.
The benefits mentioned in regard to the pre-cursors, led to a successful fabrication of

an isosorbide based, light-curable, degradable polymeric system with no side products
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being formed throughout the synthesis, and a positive contribution to 3D printable

resins.
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5.2 Future Work

The main areas that require further investigation if future work was to be carried out

related to this study would be as follows:

1. Further work to assess the osteogenic differentiation of stem cells seeded on
CSMA-2 and its composites by using staining techniques to qualitatively
visualise the upregulation of gene expression. Further expanding the gene
expression work into protein expression by carrying out gel electrophoresis to
confirm these findings from the qPCR.

2. Potential investigation of different CaP fillers to further improve the
physiochemical and mechanical properties of CSMA-2 to ultimately achieve the
aim of creating custom-fit facial implants for use in craniofacial reconstruction
surgery.

3. Optimisation of printing settings to incorporate higher quantities of calcium
phosphate powders into the CSMA-2 formulations to allow suitable printability
using the DLP 3D printing system.

4. Enhance the porosity of the material by designing larger scaffolds, with greater
porosity to potentially enable further angiogenesis as well as promote further
cell growth.

5. Potential investigation into other extracellular membrane components such as
collagen to incorporate into the scaffold for further compatibility assessment.

6. Investigating the in vivo properties of CSMA-2 and its appropriate composite-
polymer formulations by implanting scaffolds into a cranial defect of rats to
evaluate the materials ability to promote healthy bone formation when

translated into clinical trials in humans.
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5.3 Conclusion

In conclusion, the experimental findings presented in this thesis reveal the successful
fabrication of a light-curable, degradable polymeric system that offers mechanical
strength, flexibility, printability and non-cytotoxicity which can be beneficial to fit the
specific needs for a biomaterial to restore cranio-maxillofacial defects. With the
incorporation of a suitable photoinitiator, as well as the support from a calcium
phosphate powder phase filler, when compared to current polymeric systems that
have been widely reviewed in tissue engineering, this material holds significant

promising features.

The positive outcomes observed in vitro and ex vivo in this study suggest a clinical
potential of the tissue-engineered approach developed as part of this work and future
experiments need to be designed to prove the efficacy of the polymeric system in vivo.
These studies will be aimed at characterising this material in an animal model to
translate the current manufacturing process to a clinical setting to achieve successful

osteogenesis.

Finally, the utilisation of 3D printing technology allows for the fabrication of
customised-fitted implants which can address the aesthetic concerns linked with the
already available commercial materials used in this field. Furthermore, the rapid
photopolymerisation of CSMA-2 via DLP 3D printing offers promising results in terms
of reducing surgery time and the number of surgeries required for a patient, pushing

CSMA-2 as a viable biomaterial alternative in craniofacial bone regeneration.
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