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Abstract 

Polycaprolactone (PCL) is an excellent FDA-approved biomaterial but still has potential for 

further functionalisation to obtain broadened range of applications. In this work, I synthesised 

a novel form of PCL – 4-arm PCL and performed methacrylation (PCL-M) and acrylation 

(PCL-A) on it. Characterisations of basic properties, which were chemical structures and 

molecular weights, were performed. By using PCL-M as a matrix, two series of composites 

were formulated. One was reinforced by commercial linear PCL, of which the curing 

performance, mechanical properties, crystallinity, microstructures, biocompatibility, 

degradability, and shape-memory effect were characterised. Another formulation was using 

hydroxyapatites (HAp) as reinforcements. HAp-reinforced PCL-M composites were fabricated 

as films, dog-bone-shaped samples, and 3D scaffolds. Mechanical properties test, wettability 

test, extrusion-based additive manufacturing, scanning electron microscopy (SEM) imaging of 

microstructures, 2D and 3D cell culture, and accelerated degradation were performed. For 

PCL-A, an alternative synthesis method, Steglich Esterification, was applied to obtain this 

compound. PCL-A synthesised via conventional way and Steglich Esterification were 

compared. Mechanical properties of cured PCL-A were characterised. I also deployed two 

light-based additive manufacturing systems, which were single-photon microstereolithography 

and two-photon laser direct writing (DLW), to fabricate 3D structures from PCL-A. Particularly, 

the ability of PCL being structured into ultra-fine geometries via two-photon polymerisation 

(2PP) without photoinitiator was confirmed. Additionally, PCL-A’s capability of surfactant-

free emulsion templating, biocompatibility, and degradability were explored.



Table of contents 

 

1. Literature Review ............................................................................................................................. 1 

1.1. Polycaprolactone .............................................................................................................................. 1 

1.2. Multi-arm Polycaprolactone ............................................................................................................ 3 

1.3. Functionalisation .............................................................................................................................. 5 

1.3.1. Methacrylation vs Acrylation ............................................................................................... 5 

1.3.2. Photo-curing .......................................................................................................................... 8 

1.3.3. Photoinitiators ..................................................................................................................... 12 

1.4. Polymer Matrix Composites .......................................................................................................... 16 

1.5. Fabrication Methods ...................................................................................................................... 21 

1.5.1. Additive Manufacturing ...................................................................................................... 21 

1.5.1.1. Extrusion-based Additive Manufacturing .................................................................... 21 

1.5.1.2. Vat photopolymerisation Single-photon Lithography .................................................. 25 

1.5.1.3. Two-photon Direct Laser Writing ................................................................................ 27 

1.5.2. Emulsion Templating .......................................................................................................... 30 

1.6. An Alternative Method to Synthesise PCL Acrylate ..................................................................... 34 

1.6.1. Conventional Method and Possible Optimisations ............................................................. 34 

1.6.2. Steglich Esterification ......................................................................................................... 35 

1.7. Summary ........................................................................................................................................ 39 

 

AIMS AND OBJECTIVES OF THE THESIS ................................................................................. 41 

 

2. Photocurable polycaprolactone-methacrylate (PCL-M) composites reinforced with linear 

polycaprolactone.  .............................................................................................................................. 42 

2.1. Introduction .................................................................................................................................... 42 

2.2. Materials and Methods ................................................................................................................... 44 

2.2.1. Materials ............................................................................................................................. 44 

2.2.2. Methods  .............................................................................................................................. 44 

2.2.2.1. Synthesis of PCL-M ..................................................................................................... 44 

2.2.2.2. Fabrication of PCL-M/PCL80k Composites ................................................................ 45 

2.2.2.3. Nuclear Magnetic Resonance Spectroscopy ................................................................ 46 

2.2.2.4. Fourier-transform Infrared Spectroscopy ..................................................................... 46 

2.2.2.5. Gel Permeation Chromatography ................................................................................. 46 

2.2.2.6. Mechanical Testing ...................................................................................................... 46 



2.2.2.7. Differential Scanning Calorimetry ............................................................................... 47 

2.2.2.8. Scanning Electron Microscopy .................................................................................... 47 

2.2.2.9. In Vitro Biocompatibility Assay ................................................................................... 47 

2.2.2.10. Accelerated Degradation ............................................................................................ 48 

2.2.2.11. Data Analysis and Statistics ....................................................................................... 48 

2.3. Results and Discussion .................................................................................................................. 49 

2.3.1. Chemical Structures ............................................................................................................ 49 

2.3.2. Molecular Weights .............................................................................................................. 53 

2.3.3. Mechanical Properties ......................................................................................................... 55 

2.3.4. Thermal Properties .............................................................................................................. 57 

2.3.5. Microstructural Properties .................................................................................................. 60 

2.3.6. Shape-memory Testing ....................................................................................................... 64 

2.3.7. Biocompatibility (Resazurin Assay) ................................................................................... 66 

2.3.8. Degradability ...................................................................................................................... 67 

2.4. Conclusions .................................................................................................................................... 68 

 

3. In vitro study of 3D printed photocurable PCL-M/HAp scaffolds ............................................. 70 

3.1. Introduction .................................................................................................................................... 70 

3.2. Materials ........................................................................................................................................ 71 

3.3. Methods.......................................................................................................................................... 72 

3.3.1. Preparation of Film Samples and Dog-bone Samples ........................................................ 72 

3.3.2. Additive Manufacturing (3D Printing) ............................................................................... 73 

3.3.3. Characterisation .................................................................................................................. 75 

3.3.3.1. Water Contact Angle .................................................................................................... 75 

3.3.3.2. Mechanical Testing ...................................................................................................... 76 

3.3.3.3. Scanning Electron Microscopy (SEM) ........................................................................ 76 

3.3.3.4. In Vitro Biocompatibility Assay ................................................................................... 76 

3.3.3.5. Accelerated Degradation .............................................................................................. 78 

3.4. Results and Discussion .................................................................................................................. 79 

3.4.1. Mechanical Properties and Microstructures of Dog-bone Samples .................................... 79 

3.4.2. Microstructures of 3D Printed Scaffolds ............................................................................ 81 

3.4.3. Biocompatibility ................................................................................................................. 83 

3.4.4. Wettability .......................................................................................................................... 88 

3.4.5. Degradability ...................................................................................................................... 90 

3.5. Conclusions .................................................................................................................................... 91 

 



4. Synthesis of Multi-arm PCL Acrylate via An Alternative Method and Exploration of Its 

Applications  .............................................................................................................................. 93 

4.1. Introduction .................................................................................................................................... 93 

4.2. Materials ........................................................................................................................................ 94 

4.3. Methods.......................................................................................................................................... 95 

4.3.1. Acrylation on PCL via Conventional Methods ................................................................... 95 

4.3.2. Acrylation on PCL via Steglich Esterification .................................................................... 96 

4.3.3. Dog-bone Samples and Films Fabrication .......................................................................... 96 

4.3.4. Viscosity Characterisation .................................................................................................. 97 

4.3.5. Additive Manufacturing via 1PP ........................................................................................ 98 

4.3.6. Additive Manufacturing via 2PP ........................................................................................ 99 

4.3.7. Surfactant-free Emulsion-templated Porous Material ....................................................... 101 

4.3.8. Characterisation ................................................................................................................ 102 

4.3.8.1. Chemical Structures ................................................................................................... 102 

4.3.8.2. UV/Vis Spectroscopy ................................................................................................. 103 

4.3.8.3. Tensile Testing............................................................................................................ 103 

4.3.8.4. Cell Viability Assay.................................................................................................... 103 

4.3.8.5. Accelerated Degradation ............................................................................................ 104 

4.4. Results and Discussion ................................................................................................................ 104 

4.4.1. Comparison of PCL-A Synthesised via Different Methods .............................................. 104 

4.4.2. Assessment of Mechanical Properties of PCL-A Bulk Material ...................................... 110 

4.4.3. Photocuring and Surface Treatment Performance ............................................................ 112 

4.4.4. Assessment of Cell Viability on PCL-A Films ................................................................. 114 

4.4.5. Light-based Additive Manufacturing (1PP) ...................................................................... 115 

4.4.6. Light-based Additive Manufacturing (2PP) ...................................................................... 119 

4.4.7. Surfactant-free Emulsion-templating Porous Material Fabrication .................................. 120 

4.4.8. Accelerated Degradation ................................................................................................... 123 

4.5. Conclusions .................................................................................................................................. 125 

 

General Conclusions ......................................................................................................................... 126 

Future Work  ............................................................................................................................ 127 

 

 



1 
 

1. Literature Review 

 

1.1. Polycaprolactone 

Polycaprolactone (PCL) is synthetic material approved by FDA for biomedical purposes 1. This 

material is normally synthesised via ring-opening reaction of ε-caprolactone with the presence 

of stannous octoate as the catalyst. The most common PCL products that can be found in the 

market have linear chemical structures with a wide range of molecular weights. Linear PCL 

products normally possess semi-crystalline microstructures, of which the crystallinity is 

approximately 60%, with a melting temperature (Tm) of 60°C and a glass transition temperature 

(Tg) of -60°C 2. This semi-crystalline structure offers relatively good mechanical properties 

below Tm due to the highly ordered structure of molecules  which limit the mobility of 

molecules and bring promising applications under heavy loads, such as dental filling materials.3 

For example, there is a commercially available polycaprolactone-based dental materials 

product, Resilion, which is used for root canal filling.4 Due to its excellent biocompatibility, 

PCL has been widely explored on it potential for tissue engineering.5, 6 In Yoshimoto et al.’s 

study, a porous material fabricated by electrospinning PCL nanofibers was reported for bone 

tissue engineering.5 Promising results, such as multilayers of cells covering on the scaffold and 

mineralisation, were observed after 4 weeks of cell culture.5 However, PCL is generally not 

considered as a hydrophilic material resulting in possibly poorer cell adhesion than other 

hydrophilic polymers, such as poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG), 

which are able to fabricate hydrogel.7 Additionally, the crystallinity not only brings strong 

mechanical properties but also poor degradability.8, 9 Though PCL is considered as a degradable 

material due to abundant ester bonds in its molecular structure where hydrolysis could happen, 
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such degradation process always starts from the amorphous region rather than the crystallised 

one, because the former one is poorly ordered so that water molecules could more easily 

penetrate inside these less dense structures and the degradation products could have more space 

to move out 8, 9. Also, the water penetration is dependent on the hydrophilicity of the materials, 

i.e., the more hydrophilic the faster the water penetration, and PCL is reported to be a 

hydrophobic material with a water contact angle of 112° 10, so water ingress is slow to more 

hydrophilic biodegradable polymers, such as  poly(glycolic acid) (PGA) 11. PCL’s relatively 

low hydrophilicity comes from a less ratio of polar functional groups, such as -(C=O)- and -

O-, on a single repeating unit (Figure 1), resulting in a lower overall polarity thus lower ability 

of attracting water molecules. 

 

 

Figure 1. Chemical structures of PCL and PGA. 

 

Thus, as a 60% crystallised material, the degradation rate of PCL is relatively low, which could 

last up to 4 years 12. Additionally, the mechanical properties of linear PCL mostly rely on the 

entanglement and crystallinity of molecules, of which the degrees are dependent on its 

molecular weight and temperature. However, linear PCL is commonly used above its Tg, the 

movability of PCL molecules would be allowed to slide away from each other under stress, a 

permanent deformation would occur on the material so that its performance might be critically 

affected. Particularly, when it is applied as an implant in human body, the temperature 

(approximately 36 – 37 °C) is close to its Tm, along with the long-term stress applied to it, 
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deformation such as creep is highly likely to happen to cause a secondary damage, however, 

without being noticed. Accordingly, PCL is an excellent material for biological applications 

but still to be further improved for better performance. 

 

1.2. Multi-arm Polycaprolactone 

To overcome the natural defects of linear PCL, research work to turn this material into a 

thermoset with chemically crosslinked structures has been proposed and conducted in previous 

years 13-15. 

To obtain a polymer material with a highly crosslinked structure, star-shaped multi-arm pre-

polymers with curable functional end groups have been developed. These pre-polymers play a 

role of being a ‘core’ or ‘pre-crosslinked’ structure. And when one end of a pre-polymer’s arm 

is covalently bonded to another one, a thermoset material with chemically crosslinked structure 

can be built up along with the accumulation of such behaviour. Compared to materials 

constructed from linear molecules, crosslinked star-shaped molecules usually have higher 

thermal stability as the molecules have already been ‘locked’ in a network once formed and the 

structural integrity can be maintained before reaching their thermal degrading temperature, 

which is normally over 300°C.16 As such, polymer materials with these structures could be 

more suitable for applications for heavy loads, high temperatures, and scenarios requiring 

rapid-curing rate such as dental filling materials and biomedical adhesives 17-19. Indeed, a large 

number of acrylic based resins are used as dental resins which are typically hard, but can be 

brittle 20. Previously, biomaterial researchers have started work on multi-arm polycaprolactone 

(multi-arm PCL) and due to PCL’s biocompatibility and relatively straightforward synthesis. A 

three-arm PCL, PCL triol, has been explored for bio-applications, such as tissue engineering 

and drug delivery 21. However, similar to the linear PCL products, the mechanical properties 
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of these multi-arm PCLs mostly rely on molecular entanglement and crystallinity of which the 

degree is affected by the arm lengths, but generally the crystallinity of multi-arm PCL is lower 

than that of linear PCL due to large steric effects 22. And yet, the molecular entanglement and 

crystallinity of polymer are influenced by temperature as well. Higher temperature usually 

leads to higher mobility of the molecules so that the molecule chains could be easily untangled 

under external stress and the distance between crystallised chains gets increased to break the 

intermolecular hydrogen bonds that build up crystallinity. Thus, the mechanical properties of 

PCL triols would become significantly poor when temperature is high, particularly beyond its 

melting point where the molecules are de-crystallised.  

To overcome such disadvantages, a few approaches could be worthy to conduct. One of them 

would be chemical crosslinking, which forms strong covalent bonds between these multi-arm 

molecules, and has become a preferable solution 13, 23. To achieve this, the multi-arm PCLs 

have to be further functionalised with curable groups at the end of their arms 13, 23. Another 

possible way is to fabricate composites. Work reported by Doganci et al showed that by 

blending star-shaped PCL with linear poly(lactic acid) (PLA), the PLA matrix had improved 

mechanical properties and transformed from a brittle material to a ductile one 24. The results of 

this work also showed that the star-shaped PCL/PLA blend also brought larger ultimate tensile 

strain values and the materials were more elastic than linear PLA 24.This work used star-shaped 

PCL as a reinforcement, but it provides an inspiration for enhancing the mechanical properties 

of multi-arm PCL as a matrix by blending linear polymer inside. By combining the two 

approaches mentioned above, it would be intriguing to fabricate composites with a photo-

curable star-shaped PCL as the matrix and linear polymer materials as reinforcement, which is 

further discussed in Section 1.4. 
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1.3. Functionalisation 

1.3.1. Methacrylation vs Acrylation 

The major methods of functionalisation for photocuring are methacrylation and acrylation, of 

which the products are usually referred to as methacrylate and acrylate, respectively. The only 

difference of chemical structures between these two types of functionalisation is the methyl 

group (-CH3, red segment in Figure 2) attached to the -C=C bond on the methacrylate group 

but hydrogen instead at the same position on acrylate group.  

 

 

Figure 2. Chemical structures of methacrylate (left) and acrylate (right). 

 

However, a mere change on the chemical structure could bring vital impact on the physical and 

chemical properties. The -C=O structure shows strong electron withdrawing effect on the 

(meth)acrylate group which makes the -C=C end highly active. However, the -CH3 group of 

methacrylate group, which is usually considered as an electron donor, is able to compensate 

the electron withdrawn effect. Moreover, since the -CH3 substitution on -C=C is rotatable along 

the -C-C- axis between them, one of the -C-H bonds from -CH3, which are all σ bonds, is able 

to locate within the same plane with the π bond of -C=C, so that there is a hyperconjugation 

formed in between. Summing up these two effects that this -CH3 brings, the entire methacrylate 

group is stabilised and shows higher stability than acrylate. As a result, the methacrylate 

products normally show less reactivity than the acrylate ones do, so that the former one is 
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suitable for longer storage, which is preferable for mass production, and the latter one is 

suitable for scenarios requiring high activity such as two-photon polymerisation, which could 

be more customisable. Moreover, the additional -CH3 brings more hydrophobicity to 

methacrylate products. For example, methyl methacrylate has a lower solubility in water (1.6 

g/100 ml) compared to methyl acrylate (6 g/100 ml) 25, 26. 

The way of methacrylation performed on PCL is straightforward, which is to use methacrylic 

anhydride (MAA) in an organic solvent, which is usually dichloromethane (DCM), to react 

with the -OH end groups so that methacrylate groups can be introduced on to PCL molecules 

with methacrylic acid generated as a by-product. To increase the conversion of this reaction, 

an organic alkali triethylamine (Et3N) is usually added in the reaction solution to absorb the 

generated acid and help push the reaction to the product side. The reaction mechanism is shown 

in Scheme 1 below. 
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Scheme 1. Mechanism of methacrylation between anhydride and alcohol with the presence of 

Et3N. 

 

Methacrylation of a three-arm PCL monomer is reported by Field et al. to be both a molar-

ratio-dependent and time-dependent reaction 13. The conversion rate showed a linear increasing 

trend along with increasing added amount of MAA+Et3N (from 0.5 molar eq. to 2 molar eq.) 

13. When the 2 molar eq. ratio was used, the conversion rate could reach ~50% after 20 hours 

of reaction 13. However, the conversion did not show significant growth from 40 hours to 96 

hours, which was from 63% to 77%, after which the degree of methacrylation could maximally 

reach 80% 13. However, in Dikici et al.’s work, a methacrylation functionalisation was 

performed on a 4-arm PCL for 68 hours, but the degree of methacrylation reached near 100% 

15.  
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For acrylation, a similar reaction route is commonly used. In this reaction, acryloyl chloride 

(AC) is the key reagent, which shows high reactivity with -OH, thus the acrylate groups can be 

introduced from AC to the substrate. The by-product of this reaction is HCl, which is usually 

removed by Et3N mixed in the solution. Due to the high activity of AC, the conversion rate can 

easily reach 70% to 80% after an overnight reaction. However, several studies reported that the 

final product showed a yellow colour which was difficult to be  purified. The yellowish 

impurity is considered to be a complex compound produced from a side reaction between AC 

and Et3N and shows potential cytotoxicity. Thus, optimisations should be carried out for 

acrylation for biomaterial. An alternative way to perform via Steglich Esterification is further 

discussed in Section 1.6. 

Additionally, arylates can be used in a wide range of biomedical applications due to their good 

biocompatibility, tunable physicochemical properties, excellent photo-curablility, and low 

price, such as hydrogels for tissue engineering and dental materials 27-29.  However, risks have 

also been found, such as allergy when acrylates are used 30. To overcome such issues, 

particularly in vivo, surface treatment, such as plasma treatment and coating, could be a solution 

to avoid direct contact with cells.  

 

1.3.2. Photo-curing 

There are multiple approaches to trigger the curing process of pre-polymer with -C=C bonds, 

such as redox reaction, heat absorption, adding crosslinking agents such as multifunctional 

amine or thiol compounds, and light absorption, among which the light absorption method 

shows efficiency, tunability, and low energy cost features indicating its promising application 

prospects, such as coating, printing, and additive manufacturing.  
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Polymerisation triggered by light absorption is referred to as photopolymerisation. This 

reaction usually happens on unsaturated -C=C bonds, which can react with the radicals 

generated by the photoinitiation process. To reduce the quenching of the reaction, the radicals 

during the propagation stage of the reaction need to be stabilised (see next paragraph). This is 

typically done via conjugation, in the case of styrene with a benzene group and in the case of 

(meth)acrylate with a C=O group. In the case of methacrylate compared to acrylates the double 

bond is further stabilised by the pendant methyl group, as previously discussed. This 

conjugation allows for the propagation reaction to proceed in ambient atmosphere without 

complete quenching (by oxygen for example), since the free carbon radical occurring in the 

propagation reaction is stabilised via conjugation with the -orbitals. 

In this work, free-radical photopolymerisation is employed as it is relatively easy to initiate 

compared to the ionic method and the process can be immediately ceased once the light source 

is withdrawn, which is preferable for light-based additive manufacturing where photo-sensitive 

resin can be selectively cured within the local region. The basic mechanism of free-radical 

photopolymerisation, which is shown by the chemical reactions, is that in reaction (1) the 

photosensitive pre-polymers’ -C=C bonds themselves or photoinitiator molecules (PI) absorb 

energy from light hν, which is usually visible light to UV (wavelength 700 to 200 nm) 31, being 

excited to free radicals with unpaired electrons R∙32, this is called the intiation stage of the 

addition reaction. Then the R∙ activates photosensitive monomer or macromer M, and the 

polymer chain grows through this continuous radical forming, as shown in reaction (2) and (3) 

32, this is called the propagation stage. The termination of the free-radical photopolymerisation 

reaction can be either combination of two radicals (4) or disproportionation between two 

radicals (5) 32, and this is called the termination stage. 
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𝑃𝐼
ℎ𝜈
→ 𝑃𝐼∗ → 𝑅 ∙ (1) 

𝑅 ∙ +𝑀 → 𝑅𝑀 ∙ (2) 

𝑅𝑀 ∙ +𝑀𝑛−1 → 𝑅𝑀𝑛 ∙ (3) 

𝑅𝑀𝑛 ∙ + ∙ 𝑀𝑚𝑅 → 𝑅𝑀𝑛+𝑚𝑅 (4) 

𝑅𝑀𝑛 ∙ +𝑅𝑀𝑚 ∙→ 𝑅𝑀𝑛 + 𝑅𝑀𝑚
′ (5) 

 

Nevertheless, it should be noted that, if there is only one -C=C group on a single pre-polymer 

molecule, the result of polymerisation would possibly be polymers with long linear chains 

rather than chemically crosslinked network, which normally requires two or more -C=C bonds 

on one molecule. Hence, the degree of functionalisation is vital for curing multi-arm PCL into 

a thermoset material.  

Specifically, a phenomenon of ceasing polymerisation process caused by the presence of 

oxygen, which is referred to as oxygen inhibition or quenching, has been a challenge for curing 

acrylate products 33, 34. Briefly, oxygen can attack the free radicals and a peroxide free radical 

would be formed during the chain propagation and the chain reaction is stopped leaving 

abundant unreacted -C=C on the surface or even inside the cured material 33, 35. This leads to a 

lower crosslinking density thus poor mechanical properties and tacky surfaces 35, 36. These 

residual -C=C groups could be left still or further oxidised to -COOH so that the surface would 

show acidity in water environment, which could affect the cell culture. Thus, if acrylate 

products are to be applied as biomaterials, oxygen inhibition has to be prevented as much as 

possible or a surface treatment has to be performed to create a more biocompatible environment. 

To perform such optimisations, Norrish Type (II) photoinitiator (further discussed in Section 

1.3.3) or higher light intensity can be used, which could help generate more radicals under the 
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same time of light exposure and they could promote polymer chain propagation rather than be 

terminated by oxygen 37. Another potential route to achieve this is curing under inert gas 

environment 35, 38, which is less preferable since 100% inert gas environment is difficult to 

achieve particularly when a complex sample is moulded, and that oxygen, as a non-polar 

molecule, is more likely to be dissolved in organic compounds which generally show low 

polarity, which means that the dissolved oxygen is difficult to remove thoroughly. Interestingly, 

oxygen quenching can give some advantages for stereolithography-based printing, and this is 

exploited in Continuous Liquid Interface Production (CLIP) technology commercialised by the 

company carbon3D. The technology, published in Science, uses a gas permeable membrane as 

a platform for projection stereolithography 39. This creates a dead zone near the window used 

to project the image into the resin, where photopolymerisation does not occurs. This means that 

we can change the layer-by-layer manufacturing that is slow to a continuous photocuring 

process that can be done at speeds of 100’s of millimetres per hour. This decreases the print 

time from hours to minutes. 

There are also other approaches to improve the curing performance from oxygen inhibition, 

such as applying ‘thiol-ene’ click chemistry or adding trivalent phosphites or phosphines 40-43.  

A ‘thiol-ene’ click chemistry was used for photo-curing a 3-arm PCL acrylate poly-high-

internal-phase-emulsion (polyHIPE) by Johnson et al 40 and Dikici et al. utilised the same 

method to fabricate PCL-M polyHIPEs 43. Adding trivalent phosphites or phophines such as 

triethyl phosphite would significantly reduce the oxygen inhibition during photocuring 

acrylates, however, this series of reagents commonly lack stability under normal storage 

conditions 41.  

Having a large amount of remnant acrylate groups on the surface because of quenching can on 

the other hand also be used to funtionalise the surface with cell-adhesive molecules. For 

example a rather easy method to post-functionalise these materials was reported by Zhou et al., 
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which was to immerse the photocured objects into amine solutions so that the residual -C=C 

can react with -NH2 to obtain an optimised surface 36. This work showed high conversion rate 

on the surface via an immersion process that only took 10 minutes 36. Furthermore, diverse 

surface modifications could be expected from this method by selecting different types of amine 

compounds 36.  

 

1.3.3. Photoinitiators 

To trigger free-radical polymerisation, photoinitiators are a series of compounds that can absorb 

energy from light and generate reactive species (free radicals) causing chain extending 

reactions among pre-polymers. According to the mechanisms, photoinitiators can be 

categorised into two types: 

 

Table 1. Types of photoinitiators. 

Type Names Typical Compounds 

Norrish Type I  

(Cleaving) 
 

2-Hydroxy-2-methylpropiophenone 

Norrish Type II  

(Hydrogen-abstracting) 
 

Benzophenone 
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The Norrish Type I photoinitiator is cleaved to directly produce the radicals, while a type II 

photointiator extracts a hydrogen from a donor, which is typically an amine. This creates the 

amine-based radical to initiate the reaction. This means that the Type I photoinitiator is 

incorporated into the growing polymer chain, while the Norrish Type II is not. Additionally,  

using Norrish Type II photoinitiator, which is usually deployed with hydrogen donors such as 

amines and thiols, could potentially reduce oxygen inhibition 35. Also, Huang et al. reported a 

Type II photoinitiator modified by bis(trimethylsilyl)amino showed strong reduction of oxygen 

inhibition while curing acrylates under near UV 44. 

A special type of photoinitiation is based on multi-photon absorption. In practice, usually two-

photon absorption is achieved. In this process the photointiator absorbs 2 photons of half the 

absorption wavelength almost instantaneously via use of ultra-high intensity light sources, for 

example, for a photoinitiator than normally absorbs 400 nm light, an intense femtosecond light 

source of 800 nm is used. In this non-linear absorption behaviour, the absorption cross-section 

depends on the square of the intensity. This is opposed to normal 1-photon light absorption 

where the absorption cross-section depends linearly on the intensity. This means in practice, 

that for a Gaussian beam shape, when focused with a microscope objective, the 

photopolymerisation in the focal spot of the beam can be much more precisely controlled than 

single photon polymerisation. 2 photon polymerisation (2PP) thus allows for printing of high 

resolution structures, up to ~100 nm and polymerisation within the photocurable polymer 45 

(2PP is discussed in more detail in Section 1.5.1.3). Importantly, 2PP requires typically 

specialised PIs as this unique type of polymerisation demands both a high efficiency of light 

absorption and a mechanism to retain an absorbed photon in a virtual state for long enough to 

achieve 2PA. But traditional commercial photoinitiators usually possess a low 2PA cross-

section, which has to be exposed to a higher energy laser or for a longer time to trigger 2PA 46. 

Yet higher power or longer exposure time could bring damage to the cured area 46. Thus, 
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suitable selection of PI is the key factor for building 3D scaffold by 2PP. There is a large amount 

of research in 2PP photoinitiators 47, of which the chemical structures usually contain extended 

π-system connecting electron donor(s) (D) and(or) electron acceptor(s) (A). Among them, the 

complex A-π-D-π-A structure has shown (Figure 3) to increase the 2PP cross-section thus 2PP 

absorption 47.  

 

 

Figure 3. A typical 2PP photoinitiator with A-π-D-π-A structure synthesised by Xing et al. 46. 

 

Moreover, in the Norrish type I PIs, the radicals eventually become part of polymer chains. As 

a result, if photocurable materials are to be utilised as biomaterials, the biosafety of PI directly 

influences the biocompatibility of tissue engineering scaffolds manufactured by light-based 3D 

printing. Thus, the PI should be cautiously selected, and various research has been done on the 

PIs applied in photocurable biomaterials 48. This incorporation of the photointiator into the 

polymer chain is avoided in Norrish type II photoinitiation, where the synergist amine is 

incorporated into the polymer chain, providing an opportunity to produce inherently 

biocompatible materials easier via careful selection of the amine. A commonly used 2PP 

photoinitiator for biomaterials is a sodium salt that has benzylidene cycloketone structures 
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developed by Ovsianikov et al. (Figure 4), which is hydrophilic and can be used in combination 

with hydrogels and presents biocompatibility 49.  

 

 

Figure 4. A hydrophilic and biocompatible 2PP photoinitiator (G2CK) developed by 

Ovsianikov et al 49. 

 

Moreover, riboflavin (vitamin B2), which is a natural molecule and an essential nutrition in the 

human body, could be selected as a biocompatible photoinitiator for 2PP 50, 51. Since it shows 

hydrophilic character, riboflavin has become an excellent choice for biomedical hydrogel 

structuring via 2PP 52. Cross-linking of proteins such as silk was achieved with riboflavin as a 

photoinitiator by Brif et al., where the tyrosine groups in the protein were the hydrogen donors 

and cross-linked during UV-irradiation 53. However, as a Norrish Type II photoinitiator, 

riboflavin has to be used with co-initiators as electron donors, which are normally amines 50, 52. 

That brings another challenge that the co-initiator has to be biocompatible if the material is to 

be used for biological issues, and it has to be water soluble as well when hydrogels are to be 

fabricated 50. For example, L-arginine, also as a common naturally occurring amino acid, was 

selected as the co-initiator by Kim et al for photocuring and obtained excellent curing 

performance 54.  

In addition, it has been reviewed that it might be possible but extremely challenging to achieve 

2PP without photoinitiator to avoid biocompatibility risk 51. The energy of laser used has to be 
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above the 2PP threshold and below the charring threshold 51. According to the previously 

mentioned work of Thompson et al., increasing the concentration of photocurable groups can 

lower the threshold of 2PP thus increase the possibility of 2PP without photoinitiator to 

maintain biocompatibility 55. Apart from these methods, using molecules with lower 2PA 

threshold would be another direction for 2PP without photoinitiators. For instance, as discussed 

in Section 1.3.1, acrylates generally show higher reactivity than methacrylates, hence, 

photoinitiator-free 2PP structuring would be more likely to happen. 

 

1.4. Polymer Matrix Composites 

Composites are a series of solid materials composed of two or more distinct components, 

among which the advantages of one component are able to compensate for properties that other 

components lack of, so that the composites usually show superior performance compared to 

the single components under complex working conditions 56, 57.  

Among natural tissues, composites can be widely found. For examples, wood is a composite 

of long cellulose fibres as the inclusions in a matrix of hemicellulose, and lignin. The 

hemicellulose and lignin help construct cell walls, connect cell walls and enhance the rigidity 

of the wood against degradation, respectively 58. Also bone is a typical biological composite 

consisting of collagen providing elasticity and toughness, and hydroxyapatite providing 

strength, in particular when compressed 59. Soft tissues, e.g., skin and blood vessels are 

composites consisting of collagen to provide toughness and strength when stretched, while 

elastin provides the elasticity 60, 61. 

According to the composition of reinforcements or inclusions in typical industrial polymer 

based composites, they can be categorised as organic or inorganic reinforcements. Inorganic 

reinforcements have been applied to fabricate polymer-based composites for decades due to 
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their distinguished properties that polymers normally do not possess, such as glass or carbon 

fibre with ultra-high Young’s Modulus and ultimate tensile strength (UTS), and calcium 

carbonate which extensively used for strengthening the material and also reducing the cost 62. 

As for biomaterials, the reinforcements should be selected with caution to avoid cytotoxicity. 

These inorganic reinforcements would normally enhance the biocompatibility by creating 

rougher surface and introducing bioactive surfaces, which allow for protein adhesion, which 

then enables improved cell attachment and adhesion via integrin binding to these adhered 

proteins63. Hydroxyapatite (HAp) particles, which are natural ingredient in bone tissues as the 

inclusion that allows for compressive strength in load bearing bone, has become one of the 

most common inorganic materials for biological applications 64. For example, back in 1997, 

Huan et al. reported that the introduction of HAp increased the mechanical properties of a 

polyethylene matrix, improved its stability in aqueous environment as a permanent implant, 

and promoted cellular activities such as attachment, proliferation, and differentiation 65. As a 

ceramic, HAp is also capable of being manufactured into biomedical implants or cell scaffolds 

from an HAp powder via additive manufacturing by laser sintering 66, 67. However, this 

technique consumes high energy due to the high melting point of HAp (1650 °C) 68, and pure 

HA material normally shows brittle feature as common ceramics do. Sintered HA is not overly 

suitable to be applied under complex load-bearing conditions. Therefore, being added to a 

polymeric matrix as a reinforcement would make the most of HAp’s mechanical properties but 

also avoid the disadvantage brought by its high melting point and brittleness 69. 

 

Moreover, HAp particles would also provide additional surface roughness and allow for protein 

adhesion 70, 71, so that the surface of composites could be more suitable for cell attachment. For 

light-based additive manufacturing, HAp and photocurable resin is a promising combination, 

which could encapsule HAp particulates and strengthen the structure simply after photocuring, 
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which is a more low-cost and efficient process compared to direct laser sintering and thermal 

extrusion-based additive manufacturing (see more information on additive manufacturing 

techniques in Section 1.5.1). Moreover, adding some inorganic particulates could normally 

increase the viscosity of liquid 72, and even make it as a paste so that it can maintain its 

configuration after extrusion so that a structural integrity can be maintained. 

Organic reinforcements normally show better compatibility due to their similar carbon-based 

chemical structures. Currently, the most common organic reinforcements are other polymer 

materials with different properties, such as nylon-fibre-reinforced plastics, which normally 

have ultra-high molecular weights. However, if organic reinforcements with moderate 

molecular weights are used, due to the similarity with the polymeric matrix, the compatibility 

of this type of reinforcements in polymer would be increased and the distribution of organic 

reinforcements could reach molecular level, of which the phase separation might not be as clear 

as those doped with inorganic reinforcements, and the organic reinforcements might be able to 

merge into the matrix with higher homogeneity so that they can easily form composites with 

micro- or nano-domains, or even interpenetrating networks (IPNs) easily. Work on star-shaped 

PCL/PLA composites conducted by Doganci discovered that the mechanical properties of  PLA 

matrix were significantly changed 24. The microstructures under SEM showed immiscibility of 

star-shaped PCL and linear PLA 24. However, the phase separation was observed in micro-scale 

(Figure 5) 24. 
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Figure 5. Linear PLA reinforced by star-shaped PCL (3SPCL: 3arm stars-haped PCL, 4SPCL: 

4-arm star-shaped PCL, 6SPCL: 6-arm star-shaped PCL, figure adapted from Doganchi’s 

work 24, copyright: Springer Nature). 

 

This kind of distribution would not only compensate the defects from both matrix and 

reinforcements, but also could potentially give the material additional properties, such as tuned 
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physico-chemical properties, shape-memory properties, and self-healing properties. For 

example, a polycaprolactone diacrylate/poly(lactic acid) (PCL-DA/PLA) shape-memory semi-

IPN was reported by Michaela et al. in 2020 73. In this work, linear poly(lactic acid) was 

encapsulated within a chemically crosslinked polycaprolactone diacrylate network, which not 

only increased Young’s modulus, but also shape memory effect due to the penetrating PLA’s 

molecular-level distribution into the PCL network preventing it from being permanently 

damaged during deformation 73. Additionally, Mohsen et al. fabricated a series of semi-IPNs 

which demonstrated thermal-responsive self-healing properties, of which the self-healing 

behaviour was benefited from the linear polymer’s intermolecular interaction 74. The basic 

mechanism of this thermal-responsive semi-IPN is that when the ‘wound’ is compressed 

together, the linear molecules would form physical entanglement across the interface of the 

‘wound’ when the temperature is above the linear component’s melting point, subsequently, 

when the material is cooled down below the melting point, the entangled linear molecules are 

to be solidified across the interface and the ‘wound’ is ‘healed’. To our knowledge, a 

photocurable PCL reinforced by linear PCL composite has never been formulated, and due to 

the similarity of their chemical structures, it would be intriguing to explore the miscibility of 

these two components, improvement of mechanical properties of photocurable PCL matrix, 

and the change of degradation rate. 
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1.5. Fabrication Methods 

1.5.1.Additive Manufacturing 

1.5.1.1. Extrusion-based Additive Manufacturing 

Additive manufacturing, or commercially referred to as ‘3D printing’, is a cutting-edge 

manufacturing technology that allows objects to be constructed layer-by-layer. In polymer 

manufacturing, compared to conventional methods for manufacturing 3D objects such as 

injection moulding, additive manufacturing, of which the basic concept is to use digital slices 

of the 3D object to construct this object from thin layers and fabricate it layer-by-layer, enables 

structural construction with far more complexity and customisability.  

One of the additive manufacturing methods is extrusion-based, which allows the printing ink 

to be extruded and solidified onto a substrate. The solidifying process can be carried out via 

cooling and photo-curing, which applies to both thermoplastic and thermoset materials 

respectively. For the thermoplastic ones, the printing material is to be heated above its melting 

point and extruded out as a fluid, then cooled down on a substrate below its melting point so 

that one layer of object is constructed. For the thermoset ink, which is usually photo-curable, 

it is to be extruded onto a substrate and cured by a UV light source, rather than cooling, so that 

one layer is finished and another one is to be built on top. Following that, another layer is to be 

laid onto its previous one until the entire printing programme is finished. Generally, extrusion-

based additive manufacturing could generally offer resolution up to 100 μm 75, which is fine 

enough to deal with most scenarios requiring relatively large objects. However, as for 

manufacturing cell scaffolds for tissue engineering, extrusion-based additive manufacturing 

might not be capable of building micro- or nano-scale structures to mimic the micro-

environment for cells. Though fused filament fabrication (FFF), which is to melt thermoplastic 

material and extrude it layer by layer to build the demanded structure, could reach 50 and 2.5 
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μm resolution respectively, these two methods have either complexity of set-up along with high 

energy cost or uncontrollable pores in the fabricated structures 75.  

When fabricating fine structures, small diameter nozzles are used. However, the ‘inks’ used for 

extrusion would possibly clog the nozzle and the manufacturing performance is influenced. 

Furthermore, a composite ‘ink’ doped with powdery reinforcements may make the situation 

even worse since the fine particulates on one hand will increase the viscosity of the liquid, on 

the other hand they may form large aggregations and jam the nozzle. As a result, the printability 

of extrusion-based additive manufacturing is limited.  

Regardless of the natural defects, this technique is able to fabricate meso-scale porous materials. 

Dikici et al. reported scaffolds for tissue engineering were successfully fabricated by using 

high-internal-phase-emulsion (HIPE) made from a 4-arm PCL methacrylate via an extrusion-

based 3D printer (BioBots 2, now Allevi 2) 15. In Figure 6, meso-scale pores can be observed, 

where the large ones were the windows between the lines and the micro-scale ones were 

generated from the emulsion-templating.  
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Figure 6. Meso-sacle porous PCL-M polyHIPE scaffolds manufactured via extrusion-based 

3D printing, where A, B, C, and D are SEM images the meso-scale porous structure of 3D 

printed PCL polyHIPE, among which A and B show the large pores created by 3D printing 

with ~ 300 x 300 μm pore size , and C and D show the small pores with ~ 20 microns 

(diameter) pore size. Figures adapted from Dikici et al.’s work 15, copyright: American 

Chemical Society. 

 

Leachable porogen can be a promising method for fabricating the ink and create meso-scale 

porous material as well. Liu et al. and Menshutina et al. used chitosan and alginate, respectively, 

as porogen dopants in the ‘ink’ and scaffolds with meso-scale porous structures were 

successfully fabricated 76, 77. These additives could also increase and tune the viscosity thus 

help maintain the configuration after extrusion. So, this would also be a promising way to 

fabricate 3D objects with high structural integrity.  

It is to be noticed that the ink could spread on the printing substrate, leading to thicker dots and 

lines than the designed parameters, which lower the resolution. Because of this, shear thinning 
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inks are typically used in the 3D extrusion process 78, 79. These inks have high viscosity when 

static (low-shear situation). While being subjected to shear, their viscosity reduces. For 

polymers, the effect of shear-thinning could a result of the disentanglement of polymer chains 

upon shear 80. Therefore, adjusting a polymer’s entanglement would be key to obtain a 

preferable ink for extrusion. Particularly, for small molecule inks which normally have low 

entanglement, adding dopants, e.g., silica 81, could introduce extra intermolecular interactions, 

such as hydrogen bonds, so that the ink would have increased shear-thinning effect and better 

printing performance. On the other hand, when shear-thinning inks are used, they are able to 

stay still in the container without being extruded out until the compression breaches its 

threshold, which consequently would lead to a delay of extrusion, as shown in Figure 7, and 

defects on structures built at the beginning. Also, when changing layers, the monitoring 

programme would temporarily cut off delivering compression to the ink and to prevent over-

extrusion. But this would bring defects to other layer or even ruin the entire additive 

manufacturing process. However, the length of delay varies along with the different recipes of 

ink, which means it is difficult to implement this in the monitoring programme from the 

manufacturer, and thus becomes time-intensive for researchers to optimise parameters. As a 

result, extrusion-based additive manufacturing is competent to carry out large-scale 3D 

construction work but has limited advantages in the manufacture of fine structures.  
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Figure 7. Delay of extrusion after compression being applied. 

 

1.5.1.2. Vat photopolymerisation Single-photon Lithography 

Vat photopolymersation typically uses a light source to cure a photocurable resin in a spatially 

controlled manner 82. A few different techniques classified in vat photopolymerisation are 

stereolithography and digital light printing. Stereolithography typically scans a focussed light 

beam to scan through the photocurable resin to build the layer, while digital light printing 

projects a whole 2D image via a digital mask (e.g., micromirror array) to construct a layer. 

Additionally, LCD screens are becoming increasingly popular as light sources for cheap LCD-

based vat photopolymerisation techniques. 

Vat photopolymerisation could provide much higher resolution, which could easily reach a few 

microns 83, than extrusion-based additive manufacturing, which has been regarded as a 
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candidate for building fine structures. Particularly, in biomedical engineering field, such fine 

structures are preferable and often used to mimic the environment of living cells 84.  

Before building up complex 3D structures, they are usually designed by using computer-aided 

design (CAD) software with well-defined dimensions 85. Subsequently, the designed structure 

is to be ‘sliced’ into frames, of which the amount of slicing is dependent on the building 

resolution needed 85. However, the time duration for printing would generally increase linearly 

along with the number of slices defined. Thus, a few trials of print set-ups should be carried 

out to find the optimum slicing number with the best resolution. The patterns sliced from the 

imported structure can be loaded to the printer’s memory to scan the laser through the resin in 

stereolithography, while switching the laser on/off for the cured or non-cured sections. For 

digital light printing the sliced images get consecutively loaded onto a digital micromirror 

device (DMD) and projected through the printing platform or onto an LCD screen used as the 

printing platform 13, 86, 87. The difference between the DMD and masking device is that the light 

selectively reflects from the pattern on DMD to the resin through the transparent build platform 

87. A new projection stereolithography-based printing technique is computer axial lithography, 

where tomographic sections of a 3D object are illuminated onto a rotating tank holding a 

photocurable resin 88. This technique is likely the fastest stereolithography-based technique, 

because an entire 3D object is built in a single rotation of the resin tank 88. Deploying maskless 

projection system or programmable DMD has become the standard in digital light projection 

89. Recently cheaper LCD-based systems are available that mimic the resolution for DMD-

based systems. For a printing ink to work well, typical ink formulations include a 

photoabsorber to increase the printing accuracy by reducing the scatter. This was already 

highlighted in 2009 by Choi et al. who used Tinuvin 327 as a photoabsorber to produce sub-

micrometer resolution scaffolds via DMD based projection stereolithography 90. For fabricating 

biomaterials, it is necessary to avoid bringing extra risk of cytotoxicity into the product. Hence, 
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two common light absorbers, β-carotene and tartrazine, could be excellent candidates used in 

3D printing biomaterials 91, 92. These two compounds both show wide UV-vis absorbance range, 

which enables them to be eligible for most light-based additive manufacturing scenarios. 

Previously, Ozsoz et al. conducted an optimisation on 3D printing of polyHIPE via projection-

based additive manufacturing by adding β-carotene, and the resolution of structures was 

significantly improved 91.  

 

 

Figure 8. Schematic of stereolithography, where a polymer structure can be selectively cured 

on a vertically moving stage by being exposed to the incident light carrying specific patterns. 

The incident light could either come from above the vat and cure the top surface of the resin, 

or come from below the vat and pass through a transparent bottom and cure the bottom of 

resin.  

 

1.5.1.3. Two-photon Direct Laser Writing 

A cutting-edge method of light-based additive manufacturing is multi-photon direct laser 

writing (DLW), which is based on photopolymerisation triggered by multi-photon absorption, 
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of which two-photon absorption (2PA, Figure 9) is typically used. This phenomenon was 

originally described theoretically by Göppert-Mayer during 1930s and experimentally 

confirmed for the first time performed in via the use of a maser, microwave sources intense 

enough to achieve 2PA, in 1961 93, 94. It is a process that a photosensitive molecule, which is 

the photocurable monomer or the photoinitiator, absorbs two photons almost simultaneously 

and transits to an excited state to trigger following reactions. 

 

 

Figure 9. Single- (left) and two-photon (right) absorption. 

 

Since 2PA is a non-linear photon absorption process and its probability is proportional to the 

square of the light’s intensity 95, laser is the optimum light source for 2PA. Furthermore, the 

light intensity decreases rapidly from the focal point. So theoretically, 2PA only happens at the 

focal point of the laser (Figure 10), which brings opportunity for ultra-high resolution additive 

manufacturing, and the additive manufacturing method based on 2PA is called two-photon 

polymerisation (2PP). The resolution of 2PP can be sub-micron or even sub-100 nm 83, which 

can hardly be reached by 1PP due to its linear absorption and scattering features.   
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Figure 10. Difference of photo-polymerisation regions of 1PP (left) and 2PP (right). 

 

For biomaterials, micro- and sub-microscale structures are always required to mimic the micro-

environment that the cells are living in. With the help of ultra-high resolution manufacturing 

that 2PP can achieve, such requirements can be fulfilled with well-defined parameters and 

complex structures. In 2018, Samand et al. reported poly(glycerol sebacate) methacrylate 

(PGS-M) scaffolds fabricated via 2PP for tissue engineering, where ~70 μm chambers were 

built and muscular cells were successfully cultured 96. 2PP can also be applied to other complex 

biomedical devices which require micro- and nanoscale features such as biochips, 

microfluidics, drug delivery systems 97.  

However, the light intensity required by 2PP should be high enough to trigger the excitation, 

but the accumulation of such high energy would also burn the polymer at the focal point. 
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Therefore, femtosecond (10-15 second) laser is commonly used as the light source. The result 

of using a femtosecond laser to fabricate ultra-fine structures is that objects built by 2PP usually 

takes a considerably long time. As such, pre-polymers with higher photosensitivity, such as 

acrylate rather than methacrylate, would be preferable substrates for 2PP with a reduced light 

exposure time. Researchers have developed several approaches to improve the fabrication 

efficiency such as to deploy multi-spot laser (or multi-focus) systems, 98 and research groups 

are actively building a 2PP version of computer axial lithography (CAL). These methods would 

significantly increase the efficiency of 2PP DLW. However, due to the ultra-high resolution, 

the proximity effect between parallel laser beams would be inevitable, which could lead to 

poorly constructed objects 98. 

 

1.5.2. Emulsion Templating 

Another commonly used approach used for fabricating porous material is ‘emulsion-

templating’, by which two immiscible phases are mixed into a status where one of the phases 

is suspended as small droplets as the porogen internal phase in another one which carries a 

curable ingredient as external phase. And when the external phase is cured, a porous structure 

can be formed up after the internal phase is removed (Figure 11). This approach brings high 

customisability to the critical features of porous materials, such as adjusting porosity and pore 

sizes simply by changing the amount of internal phase and mixing speed of the lab-based stirrer 

mixing the emulsion 99. The amount of added porogen is the major factor of affecting porosity. 

Normally, the ratio between the volume of porogen and the entire mixture is considered as the 

porosity. When the internal phase reaches 74% or beyond, a high-internal-phase-emulsion 

(HIPE) can be formed, and the solid porous material cured from HIPE is referred for as 

polyHIPE 100. A broad range of applications have been discovered based on this polymeric 
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porous material. Due to the ultra-large surface area feature, these materials can be used as gas 

storage and enzyme immobilisation 101, 102. Also, when it is used in air, which is a poor thermal 

conductor, the micro-scale chambers filled with air make polyHIPE become an excellent heat 

insulator 103, 104. Additionally, the extremely complicated internal structure of polyHIPE is 

capable of attenuating the propagation of sound inside so that it shows a great sound insulation 

performance 104, 105. But most importantly, the micro-porous structures of polyHIPEs are 

becoming popular in bioengineering fields such as tissue engineering, due to that the 

microenvironment polyHIPEs can provide is capable of mimicking the natural living 

environment of cells 106. 

 

 

Figure 11. Schematic of fabrication of porous materials via emulsion templating. 

 

Due to the immiscibility of the mixed phases, the instability of the mixture is usually inevitable, 

which would lead to a significant phase separation. Hence, surfactants are usually used to 

stabilise the emulsions to prevent phase separation. 

Surfactants are a series of amphiphilic chemicals that have both polar and non-polar chemical 

structures on both sides of a single molecule, so that they can play a role of decreasing 

interfacial tension between the immiscible phases and stabilise the emulsion.  



32 
 

However, for biomedical applications specifically, the usage of surfactant actually introduces 

additional ingredients into the materials which could bring a risk of cytotoxicity and affect the 

porous material’s own biological performance. Therefore, minimising the usage of surfactant 

and using surfactant-free methods have become trends of fabricating porous materials for 

biological applications. This concept requires that either the porogen internal phase or the 

curable external phase is able to stabilise emulsified structure on their own. Researchers have 

developed methods to fabricate surfactant-free emulsion-templated porous materials. A 

commonly used method is to utilise nanoparticles, to produce pickering polyHIPEs. In this 

method the nanoparticles line the droplet interface and stabilise the emulsion 107, 108. Another 

interesting route to surfactant-free polyHIPEs is the use of macromolecules. For example, 

Furmidge et al. successfully fabricated polycaprolactone methacrylate (PCL-M) and  

poly(glycerol sebacate) methacrylate (PGS-M) polyHIPE materials without surfactant but 

using gelatine as a stabiliser in the internal phase 109. Due to the strong intermolecular 

interactions among these large molecules, the internal phase is able to maintain its 

configuration under specific temperatures so that the phase separation from interfacial tension 

is not powerful enough to break the structure of the internal phase. Another possible approach 

is to synthesise amphiphilic curable molecules so that the external phase carrying these 

molecules is able to form a stabilised emulsion without surfactant.  

According to a phenomenon described in Johnson et al.’s work of synthesising a 3-arm 

polycaprolactone acrylate, a thick cream-like emulsion was formed at the water oil 

(dichloromethane) interface during the washing process 40. However, such phenomenon has 

never been reported by work done on the synthesis of 3-arm or 4-arm polycaprolactone 

methacrylate 13, 15. According to estimated values of polarities of acrylate and methacrylate end 

groups on PCL by ChemDraw 19.0 and presented as log P (Figure 12), acrylate end shows a 

lower log P value than methacrylate does.  
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Figure 12. Estimated polarities of PCL-A (left) and PCL-M (right), of which the values are in 

the red boxes as log P. 

 

log 𝑃 = log
𝑐𝑜𝑐𝑡𝑎𝑛𝑜𝑙
𝑐𝑤𝑎𝑡𝑒𝑟

(6) 

 

In Equation (6), log P is defined as the logarithm of the ratio of the concentrations of substrate 

dissolved in a bi-phasic solvent containing a non-polar and a polar solvent, which are usually 

octanol (coctanol) and de-ionised water (cwater), respectively 110. According to Equation (6), if the 

value of log P is closer to 0, the ratio of coctanol/cwater is closer to 1, meaning that the substrate 

shows less difference of solubility in this non-polar and polar solvents. Since acrylate groups 

show a much closer value of log P to zero than methacrylate group on PCL does, it can be 

hypothesised that PCL-A might be a promising amphiphilic emulsifier for fabricating 

surfactant-free emulsion-templated materials. The main factor contributing to this result could 
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be one less -CH3 group on the chemical structure, which is a non-polar functional group, 

leading to a higher overall polarity of PCL-A. 

 

1.6.  An Alternative Method to Synthesise PCL Acrylate 

1.6.1. Conventional Method and Possible Optimisations 

Conventionally, acrylation is performed via acryloyl chloride/triethylamine (AC/Et3N) reaction 

system as shown in Scheme 2. Acryloyl chloride is a commonly utilised acylation reagent, 

where there is an electropositive C on the -C=O- to be attacked by the -OH group and the -C=C 

from acryloyl chloride can be introduced to the substrate 111. However, HCl will be generated 

as the by-product in this reaction, which has to be removed to acquire a higher degree of 

conversion. Due to the excellent solubility of triethylamine (Et3N) in most organic solvents and 

its nucleophilic property, it is usually selected as the ‘acid absorber’ in this reaction to help 

improve the final yield of final acrylate product 112, 113.  

 

 

Scheme 2. Esterification between acyl cloride and alcohol. 

 

However, it has been reported that a yellow final product is always generated after acrylation 

via this conventional method 40, 114. A study has been conducted and concluded that this yellow 

colour comes from a complex compound between acryloyl chloride and Et3N 114. And this 
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yellowish colour can hardly be removed thoroughly from the final product 40, 114. Due to its 

yellow colour, the performance of light absorbance could be limited during photocuring, certain 

wavelengths of incident light would be mostly absorbed by this impurity rather than the 

photoinitiator or photo-sensitive monomers, thus, the curing result could be affected. On the 

other hand, the report conducted the cytotoxicity of this impurity which demonstrated that this 

impurity could show significant cytotoxicity with concentration higher than 0.01g/L in the cell 

culture media 114. Thus, this risk has to be avoided when relative acrylate resins are going to be 

employed as biomedical materials.  

To improve this defect, multiple alternative methods have been suggested. One approach it to 

use inorganic compounds as the ‘acid absorber’, such as potassium carbonate 114. However, 

these compounds usually have poor solubility in organic solvents, so, they might have very 

limited improvement on the conversion rate. A direct polycondensation between acrylic acid 

and -OH is not considered to be suitable as well due to that high temperatures, which is usually 

over 100°C, is normally an essential condition to remove the generated water from the reaction 

system to acquire high conversion rate, but such high temperatures will trigger crosslinking 

which might lead to explosive temperature increase in this exothermic reaction115, which can 

ruin the product and also can be dangerous. In summary, an alternative way to perform high 

degree of acrylation without introducing toxic impurities but safe enough to protect the required 

-C=C functional group has become a challenge. 

 

1.6.2. Steglich Esterification 

In 1978, a novel method of performing esterification, Steglich Esterification, was discovered 

and named after Prof. Dr. Wolfgang Steglich 116. As shown in Figure 10, this reaction allows 

esterification to happen directly between acid and alcohol with mild conditions by using 
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carbodiimide (coupling agent, compound in red in Scheme 3) and 4-dimethylaminopyridine 

(DMAP, catalyst, compound in blue in Figure 10) 116, which could completely avoid 

introducing the yellowish impurity generated from the AC-Et3N reaction system. In this 

reaction, the N on carbodiimide, as a nucleophilic atom with unsaturated bond with C, attacks 

and captures the H from R1-COOH and becomes ionised. Subsequently, the electron on the π 

orbital of -C=N- transfers to -NH+ and forms an -NH group, leaving the central carbon being 

attacked by R1-COO- and forms an intermediate ester with a residual -C=N- structure. 

Following, this residual -C=N- performs similar reaction by attacking the H from an R2-OH 

group and forms another -NH+ and a -O-R2. Subsequently, the engagement of DMAP will 

ensure the reaction to follow the correct direction by attacking the π orbital of -C=O- ad form 

an unstable intermediate product 22. However, the strong induction effect of N and O atoms on 

the -H+N=C-O- structure has a trend of breaking π orbital of N=C, and the O-  and N+ on the 

pyridine side show a trend of withdrawing electron as well. As a result, the -O-C- bond of -O-

C-R is weakened and broken by the strong induction effect from both sides, leading to a stable 

urea product and a DMAP-(C=O)-R1 structure, of which the π orbital on the ketone structure 

is to be attacked by the -O-R2 generated before. Hence, another unstable intermediate 

compound is formed with an -O-C-O- structure. Since the orbit of O atom on -OR2 has already 

been saturated and, the O- needs another electron to fill in all the orbitals and it has a stronger 

induction effect than N does, the C-N bond is broken and an ester R1-(C=O)-O-R2 is produced 

leaving DMAP as the original form.  
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Scheme 3. A) Reaction scheme of Steglich Esterification, where the coloured compounds 

correspond to the chemical structures with same colours in B. B) Detailed mechanism of 

Steglich Esterification, where R′ and R′′ are the radicals of carbodiimide which are 

succeeded by urea so that they should have some similar properties, e.g., water solubility.  

 

In the original reaction system reported by Bernhard and Wolfgang, dicyclohexylcarbodiimide 

(DCC) was used as the coupling agent 116. However, the by-product urea dicyclohexylurea 

(DCU) generated from DCC has a poor solubility in water, hence, it can be difficult to remove 

thoroughly from the final product 22. Nevertheless, a water soluble one, such as 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) used in Lutjen et al.’s work 117, can be selected from 

the carbodiimide family so that the by-product urea should be water soluble as well. 

Additionally, DMAP is regarded as an essential catalyst to be introduced in this reaction system, 
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which is a water soluble reagent and only to be used up to 5 mol% 22, 118. Since acrylation on 

PCL is in fact a type of esterification, Steglich Esterification is eligible for this functionalisation. 

Therefore, if acrylic acid-EDC-DMAP reaction system is applied for acrylation on -OH groups, 

a clean final product can be expected, as all the by-product, catalyst, and excess acrylic acid 

can be easily removed by simple water washing.  

Steglich esterification provides multiple advantages such as high selectivity, mild reaction 

conditions, and high yield of product. More importantly, this reaction can also apply to 

substrates with low sensitivity, which are normally large or complex-structured molecules. 

Norouzi et al. presented a work of functionalising polyhedral silsesquioxane pre-polymer with 

hydroxyl groups (POSS-OH) directly with acrylic acid via Steglich Esterification 119. The 

POSS-OH with a molecular weight of 900 g/mol (Mw) used in this work showed successful 

acylation on the hydroxyl groups attached to a saturated hexagonal ring 119, which inspired our 

work to carry out acrylation on multi-arm PCL via Steglich Esterification. However, Steglich 

Esterification can also be applied to amination reactions as well. Since -NH2 has higher 

nucleophilicity than -OH, the catalyst DMAP is not an essential reagent added in the reaction 

system.  Furthermore, Steglich Esterification would possibly be an approach to control 

molecular weight and to reduce the reaction time of some polycondensation reactions. For 

example, the synthesis of poly(glycerol sebacate) (PGS), which is an excellent elastomeric 

biomaterial, is usually performed under 120 °C with 24 hours of nitrogen flow and 24 hours of 

vacuum (40 mTorr) successively 120. However, the performance of maintaining such harsh 

conditions, such as high temperature and high vacuum, strongly depends on the capability of 

equipment. And the polydispersity index (PDI), which demonstrates the width of molecular 

distribution, would show a large value, particularly when high molecular weights are needed 

121. Deploying Steglich Esterification would help optimise such an issue because the reaction 

could be carried out under mild conditions rather than high temperature, which could possibly 
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bring oxidation and oil contamination to the polymer if an oil bath is used. Besides, the degree 

of esterification depends on the added amount of carbodiimide, which means that the process 

of esterification should be ceased once the carbodiimide is consumed up and the degree of 

esterification could be precisely controlled. Since the carbodiimide is a coupling agent taking 

off -OH and hydrogen from -COOH and -OH groups with a ratio of 1:1, there would be no 

water introduced into the reaction system, allowing the synthesised pre-polymer to stay in the 

solution for further functionalisation with water sensitive reagents such as anhydrides or acyl 

chlorides. Additionally, the reaction time would be significantly reduced due to the sensitivity 

of carbodiimides against -COOH and -OH. 

 

1.7. Summary 

PCL has been developed for years as a biomaterial due to its excellent physical properties and  

biocompatibility but also has potential for further functionalisation. Preparing photocurable 

multi-arm PCL would be an approach to overcome some of its natural defects. Moreover, 

introducing reinforcements into photocurable multi-arm PCL would possibly bring extra 

properties beside enhanced physico-chemical properties, such as self-healing or shape-memory, 

which could further broaden the application range of this material. To fabricate objects with 

complex structures for various of applications, additive manufacturing would be a promising 

approach including extrusion-lased and light-based. The extrusion-based additive 

manufacturing is more suitable for large-scale structuring while the light-based one is more 

suitable for building fine structures. Specifically, an up-to-date light-based additive 

manufacturing, two-photon laser direct writing, is able to fabricate ultra-fine 3D structures. 

Photoinitators (PIs) are normally used in light-based additive manufacturing. But selecting PIs 

would potentially affect biocompatibility of the cured material. So, more biocompatible PIs, or 



40 
 

even PI-free photocuring process, would be intriguing for exploration. Another way of 

fabricating porous biomaterials is called emulsion-templating, where surfactants are commonly 

used but could preferably be avoided to have less risk of cytotoxicity. Thus, surfactant-free 

emulsion-templated material would be worthwhile to explore. Interestingly, acrylates could 

potentially carry the duty of performing PI-free photocuring, specifically for 2PP, and 

surfactant-free emulsion-templating. However, the conventional method of acrylation would 

bring yellow cytotoxic impurity the final product, which would lower its biocompatibility and 

capability for PI-free 2PP structuring. Steglich Esterification shows a potential of performing 

acrylation withour bringing extra risk, which is worthy to be employed in this work. 
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AIMS AND OBJECTIVES OF THE THESIS 
 

The main aim of this thesis is to explore the properties and potential applications of novel 

formulations based on photocurable multi-arm polycaprolactone. 

The objectives of this project are: 

1) To synthesise photo-curable polycaprolactone and functionalise it via methacrylation 

and acrylation.  

2) To reinforce photocurable polycaprolactone with different types of additives. 

3) For acrylation, a conventional method and an alternative method (Steglich 

Esterification) are to be used and compared. 

4) To prepare samples by photocuring: dog-bone-shaped samples, films, and complex 

structures via additive manufacturing (both extrusion-based and light-based). 

5) To characterise the samples properties: chemical structures, mechanical properties, 

thermal properties, microstructures, biocompatibility, and degradability. 
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2.  Photocurable polycaprolactone-methacrylate 

(PCL-M) composites reinforced with linear 

polycaprolactone. 

 

2.1. Introduction 

Polycaprolactone is a commonly used biomaterial with interesting properties for implant 

applications 122, 123. The common available PCL is a linear polymer with molecular weights 

ranging from 530 to 120000 Da 124. Nowadays, there are commercially available PCL products 

which normally have linear chemical structures being widely utilised for medical research as 

it has been an FDA-approved material 125, 126. PCL has an elastic modulus of ~350 MPa, and a 

melting temperature of ~60 °C 6. The low melting temperature makes it quite applicable for 

melt deposition-based 3D printing applications, and its Young’s Modulus (YM) is higher than 

typical soft tissues, which is in between 0.1 kPa to 1 MPa 127. Its thermal and mechanical 

properties make itself a promising candidate for tissue engineering. 

Recently a few reports have highlighted photocurable forms of the polymer to be used in light-

based 3D printing, via a number of different strategies. Elomaa et al. reported the production 

of a photocurable 3-arm PCL resin via a ring-opening reaction of ε-caprolactone with 

trimethylolpropane and a following functionalisation with methacrylic anhydride 128. Dikici et 

al. successfully synthesised a photo-curable 4-arm PCL (PCL-M) via a similar reaction route 

but using pentaerythritol as the initiator, which can also form chemically crosslinked structures 

after being exposed to UV light 15. This was further explored by Field et al., who reported the 
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3-arm photocurable PCL showed relatively low YM and low ultimate tensile strength (UTS) 

(~3.5 MPa and ~4 MPa respectively, when the degree of methacrylation was over 75%) 13. And 

the mechanical properties of polyHIPEs based on 4-arm PCL reported by Dikici et al. showed 

potential brittleness of this material, of which the YM, UTS and ultimate elongation were up 

to ~0.5 MPa, ~0.5 MPa, and ~100%, respectively 23. For these materials to be implemented in 

commercial applications, and in particular as implant materials, one would need better 

mechanical properties. Recently, Melchels’ group reported combining linear methacrylated 

PCL formulation with pentaerythritol tetraacrylate crosslinker, which increased the toughness 

up to 65 times than that of pure crosslinker 129. In this study we followed an alternative approach 

to Melchels to obtain a photocurable resin via adding linear PCL in different ratios to a 4-arm 

photocurable PCL resin. This approach was similar to former approaches to produce 

crosslinked PCL with linear PLA composites 130. 

Compared with PCL-M/PLA composites. PCL-M and linear PCL have the same repeating units, 

which is hexanoate, on their chains, they should show excellent compatibility to each other 

after being mixed. Thus, composites consist of PCL-M and linear PCL should be able to cover 

the disadvantages of both sides and acquire enhanced properties. Moreover, compared to using 

PLA as the reinforcement, which would bring higher stiffness but might not overcome its 

brittleness, using PCL to reinforce PCL-M could increase both stiffness and flexibility 131. 

In this work, we synthesised 4-arm PCL-M and fabricated composites by doping it with a series 

amount of linear PCL. The mechanical properties, thermal properties, and the microstructures 

of these composites were characterised. In vitro cell work was carried out to explore the 

biocompatibility of these composites. 
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2.2. Materials and Methods 

2.2.1.Materials 

Pentaerythritol, ε-caprolactone, tin(II) 2-ethylhexanoate (stannous octoate), triethylamine 

(Et3N), methacrylic anhydride (MAA), polycaprolactone (PCL, average Mn 80,000 g/mol), and 

diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-2-methylpropiophenone blends 

(photoinitiator, PI) were purchased from Sigma-Aldrich. Dichloromethane (DCM), 

hydrochloric acid (HCl), methanol, tetrahydrofuran (THF), and sodium hydroxide (NaOH) 

were purchased from Fisher Scientific, UK. 

 

2.2.2.Methods 

2.2.2.1. Synthesis of PCL-M 

 

Scheme 4. Synthesis of PCL-M. A) Synthesis of 4-arm PCL which was kept running 

overnight under nitrogen flow at 160°C. B) Methacrylation of 4-arm PCL with MAA to 

prepare PCL-M, which was kept under nitrogen flow but in a dark condition for 20 hours 15. 
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The synthesis of PCL-M (Scheme 4) was done by following the work by Diciki et al 15. Briefly, 

the first step of synthesis was a ring-opening reaction between pentaerythritol (1 mol eq.) and 

ε-caprolactone (8 mol eq.) under 160°C and nitrogen flow overnight with 1 drop of catalyst 

stannous octoate (approx. 30 μL) added when the liquid showed a homogeneous status being 

stirred at 200 rpm at 160°C. A 4-arm PCL pre-polymer was then obtained for further 

functionalisation. For the second step, this 4-arm PCL pre-polymer was dissolved in DCM 

(ratio: 100 g 4-arm PCL in 600 ml DCM) with Et3N (6 mol eq.). The solution was kept stirring 

with continuous nitrogen flow and cooled in an ice bath. MAA (6 mol eq.) was then added into 

the solution dropwise. This reaction was performed in dark condition for 20 hours, during 

which it was allowed to raise to room temperature. The solution was then washed by HCl (1 

M) and de-ionised water to remove residual reagents and by-products. The solution was rotary-

evaporated to remove DCM as much as possible. Then the condensed solution was poured into 

methanol (approx. 10× volume) and kept under -80 °C to precipitate PCL-M to further purify 

the PCL-M from residual DCM and remnant reactants. The PCL-M precipitation was purified 

under another roto-evaporation and a high-vacuum line. 

 

2.2.2.2. Fabrication of PCL-M/PCL80k Composites 

PCL-M and PCL (80 kDa) were dissolved in DCM (1:3, w:v) with PI (2 wt% of PCL-M) in 

sealed vials and mixed thoroughly for at least 30 min. Then the PCL-M solution was mixed 

different weight ratios of linear PCL to form up PCL-M/PCL composite resins. The resins were 

loaded in syringes and injected into dog-bone-shaped PDMS moulds and also prepared as films 

on glass slides, respectively, which were then cured under UV lamp (OmniCure S2000, 40 



46 
 

W/cm2) for 5 min each side. The cured samples were then washed in methanol and dried in a 

vacuum oven overnight.  

 

2.2.2.3. Nuclear Magnetic Resonance Spectroscopy 

Proton Nuclear Magnetic Resonance Sectroscopy (1H NMR, Bruker AVIII 400 MHz, CDCl3 

as the solvent) was used for characterising the chemical structures of PCL and PCL-M. And 

the spectra were analysed via MestReNova. 

 

2.2.2.4. Fourier-transform Infrared Spectroscopy 

Attenuated Total Reflection - Fourier-transform Infrared Spectroscopy (ATR-FTIR, Thermo 

Scientific Nicolet 380 FT-IR Spectrometer) was performed for characterising the change of 

functional groups after 4-arm PCL being functionalised to PCL-M and the change after PCL-

M and PCL-M/PCL composite resins being cured. The scanned wavenumber range was 

between 4000 cm-1 to 400 cm-1. 

 

2.2.2.5. Gel Permeation Chromatography 

The molecular weights of 4-arm PCL and PCL-M were characterised via gel permeation 

chromatography (GPC, Agilent 1260 Infinity, calibration: polystyrene standard). Samples were 

dissolved in THF as solvent with a concentration of 2 mg/mL. 

 

2.2.2.6. Mechanical Testing 
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The dog-bone shaped samples were tensile-tested on Mecmesin MultiTest 2.5-dV testing 

machine with a tensile speed 1 mm/min. Nine replicates were used for each type of samples. 

 

2.2.2.7. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC, Perkin Elmer Diamond DSC) was used to characterise 

the thermal properties and crystallinities of different types of samples. The heating profile was 

performed as follows: the samples were heated from 30°C to 100°C, held at 100°C for 5 min, 

cooled to -60°C at 10°C/min, held at -60°C for 5 min, and heated to 100°C at 10°C/min. This 

heating profile was carried out under nitrogen for each sample.  

 

2.2.2.8. Scanning Electron Microscopy 

Bulk samples were cut into cubic shapes. One group of samples remained as original, while 

another group was soaked in DCM and left on a shaker overnight to leach the linear PCL 

molecules out from the PCL-M matrix. The leached ones were dried in a vacuum oven 

overnight. Subsequently, all samples were gold-coated for SEM imaging. 

 

2.2.2.9. In Vitro Biocompatibility Assay 

The cured films were cut with a biopsy punch into circular discs (diameter 9 mm) for cell 

culture. NG108-15 cells were used to perform cell culture. The initial concentration of cell was 

10,000 cells per well. Resazurin assay was carried out on day 1, 4, and 7 respectively to 

characterise the cell growth.  
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2.2.2.10. Accelerated Degradation 

To examine and compare the degradability of PCL-M and PCL-M/PCL composites, an 

accelerated degradation was performed using NaOH solution (5 M) and de-ionised water (DI 

water, control). Briefly, the ends of the dog-bone-shaped sample were cut off into cubes with 

the same size and configuration. Three of each type of sample were randomly selected for this 

test. Empty bijous were weighed as w0 and weighed as w1 after loading the samples, and the 

initial weights of samples were recorded as (w1-w0). Each of the bijous were then filled with 2 

ml NaOH solution and left in an incubator (37 °C), caps sealed to prevent water evaporation. 

Every 15 hours, NaOH solution was extracted from all the bijous which were then gently rinsed 

with 5 ml of DI water three times. The samples were left in the bijous and dried under vacuum 

(50 °C) for 2 hours to remove the residual moisture inside. After drying, each bijou containing 

sample was weighed as w1’, so the residual weight of sample is (w1’-w0). Subsequently, all 

bijous were filled with 2 ml fresh NaOH, sealed, and left in the incubator for further degradation. 

The bijous were labelled, and the weights were recorded accordingly. All the weighing process 

mentioned above was carried out without caps and this monitoring was conducted for 60 hours. 

 

2.2.2.11. Data Analysis and Statistics 

Data analysis was conducted in Origin Pro 2020 (mechanical testing, FTIR, and DSC data) 

and GraphPad Prism (version 10) (cell work data). Statistics was carried out by using One-

way ANOVA (mechanical testing data) and Two-way ANOVA (cell work and degradation 

data). Error bars on graphs indicate standard deviation and statistical significance on graphs is 

represented as p-value < 0.033 (*), 0.002 (**) and 0.001 (***). 
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2.3. Results and Discussion 

2.3.1. Chemical Structures 

 

 

Figure 13. a) ATR-FTIR spectra of 4-arm PCL and PCL-M, where peaks at 3450 cm-1, 1728 

cm-1, and 1637 cm-1 representing -OH, ester, and C=C functional groups respectively show 

significant change after 4-arm PCL being methacrylated to PCL-M. b(i & ii) NMR spectra of 

4-arm PCL and PCL-M, where peak a at 3.58 ppm shows a significant reduction of intensity 

but peaks b, c, and d at 1.87 ppm, 5.48 ppm, are 6.02 ppm, respectively. 
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As shown in the ATR-FTIR spectra of Figure 13a, a significant reduction of infrared absorbance 

intensity of O-H stretching at 3450 cm-1 can be observed, which indicates that the -OH groups, 

at the ends of 4-arm PCL have been consumed, but not thoroughly. An increased absorbance 

intensity at 1728 cm-1 and a new peak at 1637 cm-1, which represents the C=O and C=C groups 

respectively, indicate that the consumption of -OH groups is a result of esterification of MAA 

and -OH which have formed new ester bonds and introduced C=C bonds from MAA to the 

ends of 4-arm PCL molecules. 

The NMR spectra of 4-arm PCL and PCL-M are shown in Figure 13b (i & ii). It can be 

confirmed that the methacrylate group, represented by peaks b, c, and d, have been successfully 

introduced onto the 4-arm PCL. As there is a linear relationship between the number of protons 

with the same chemical environment and the integral areas of their peaks, it can be calculated 

that the ratio between peaks (c+d) and b is 2:3, which matches the theoretical numbers of 

protons on the groups respectively. After methacrylation, some of carbon a have been attached 

with methacrylate groups and transformed to a’, while the rest of them at the same location 

remained connecting with -OH as a. To calculate the degree of methacrylation, initially, the 

number of methylene carbons directly connecting with the methacrylate groups, labelled as a’, 

can be set as X. The number of methyl groups on methacrylate groups equals to X. And the 

number of residual carbons still with the -OH groups, which is labelled as peak a on PCL-M’s 

spectrum and located at the same position on PCL’s spectrum, can be set as (4-X). And the 

integral area ratio between b and a on PCL-M’s spectrum is 1:0.3. Multiplied by the numbers 

of protons attached on these methylene/methyl groups respectively, the equation of this peak 

integral area ratio is as follows: 
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3𝑋

2(4 − 𝑋)
=
1

0.3
 (7) 

 

By solving this equation, X is 2.76 approximately. If this 4-arm PCL molecule is fully 

methacrylated, X should be 4. Thus, the degree of methacrylation can be calculated as follows: 

 

𝟐. 𝟕𝟔

𝟒
× 𝟏𝟎𝟎% = 𝟔𝟗% (𝟖) 

 

The degree of methacrylation is approximately 69%. 

The PCL-M/PCL resins were prepared as shown: 

 

Table 2. Weight ratios of PCL-M and linear PCL. 

Name Weight ratio (PCL-M : PCL) 

PCL-M PCL-M only 

PCL-M-10 1:0.1 

PCL-M-20 1:0.2 

PCL-M-30 1:0.3 
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Figure 14. The ATR-FTIR spectra of PCL-M and PCL-M/PCL composites before and after 

curing. 

 

Figure 14 shows FT-IR spectra of the resins before and after photocuring for the different resins. 

The spectra show that peaks at 1637 cm-1 have reduced in intensity in the spectra of all PCL-

M and PCL-M/PCL composites upon curing, which indicates a consumption of C=C bonds. 

Furthermore, the peaks at 2940 cm-1 representing sp3 C-H stretching have shown increased 

intensity after curing, which indicates that C=C bonds have been transformed to C-C bonds to 

form a cross-linked structure. However, due to the strong similarity of chemical structures of 

linear PCL and PCL-M, both of which contain caprolactone as the major repeating units where 
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there are lots of methylene groups, the peaks at 2940 cm-1 and 1460 cm-1 representing sp3 C-

H stretching and C-H bending did not show significant difference between PCL-M, PCL-M-

10, PCL-M-20, and PCL-M-30. 

 

2.3.2.  Molecular Weights 

GPC results show that molecular weights of PCL and PCL-M are as follows: 

 

Table 3. Molecular weights of 4-arm PCL and PCL-M. 

Name Mn (g/mol) Mw (g/mol) PD 

4-arm PCL 1616 2167 1.341 

PCL-M 2347 2637 1.124 

 

 

According to the reaction recipe and the degree of methacrylation calculated from NMR result, 

which is 69%, the theoretical value of 4-arm PCL and PCL-M is calculated as follows: 

𝑀4−𝑎𝑟𝑚 𝑃𝐶𝐿 = 𝑀𝑝𝑒𝑛𝑡𝑎𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑡𝑜𝑙 + 8𝑀𝜀−𝑐𝑎𝑝𝑟𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 = 1049 g/mol 

𝑀𝑃𝐶𝐿−𝑀 = 𝑀4−𝑎𝑟𝑚 𝑃𝐶𝐿 + 4(𝑀𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒 𝑔𝑟𝑜𝑢𝑝 − 17) × 69% =1239 g/mol 

However, from the GPC results, a generally larger average molecular weight has been acquired 

than the theoretical value. The molecular weight discrepancy is likely because of a loss of 

unreacted and low molecular fragments during the washing steps, or potential sublimation of 

the pentaerythitol. Indeed, the GPC results show that PCL-M’s molecular weight is also 
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generally higher than the theoretical value, of which both Mn and Mw are over 2000 g/mol but 

with a lower PD value 1.124. Such deviation could be a result of the washing steps, during 

which the low molecular weight PCL-M could be washed away by acid, DI water, and methanol 

more easily leaving the heavier fraction in the final product with a lower distribution width. 

Additionally, due to that PCL and PCL-M used in this work have multi-arm molecular 

structures, they would occupy larger space in the solution than linear molecules with the same 

theoretical molecular weight, which would make them spend more time running through the 

columns so that GPC results showed a higher value 132. 
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2.3.3.  Mechanical Properties 

 

 

Figure 15. Plots of Young’s Modulus, break strength, max strain, and toughness of PCL-M 

and PCL-M 10, 20, and 30 composites. 9 samples of each group were tested (n=9). 

 

The Young’s Modulus of PCL-M (~13.8 MPa) shows the highest value among all types of 

samples, although increasing the amount of PCL from 10 to 30% increases the YM from ~9.3 

MPa to ~13 MPa (Figure 15). After adding 10 wt% of linear PCL, PCL-M-10 shows lower YM 

compared to PCL-M. This could be a result of the introduction of linear PCL broke  the highly 

crosslinked structure and lowered the crosslink density, but the added amount of linear PCL 
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was too low to compensate the lost YM value, which led to a lower stiffness 133.  But as the 

added amount of PCL increased, the degree of crystallised linear PCL increased (as calculated 

in Section 2.3.4), which contributes an increasing value of Young’s Modulus to the materials 

134.   

As a reinforcement, PCL also provides extra break strength, max strain, and toughness. This is 

largely contributed by the added linear PCL, of which its mobility is highly restricted due to its 

high molecular weight (80,000 g/mol). Additionally, the entanglement and crystallinity of these 

large linear molecules would also introduce extra intermolecular interactions into the 

composites so that higher stress is required to break them 135. Furthermore, the large volume 

and entanglement of linear PCL molecule also would allow a longer molecular moving distance 

of being stretched from entangled to straightened, and to completely moved away from each 

other 135. Accompanying this, more energy is required during this process, which leads to the 

higher toughness 129, 135. Accordingly, this composite could be suitable for scenarios which may 

require heavy loads, high flexibility, or impact absorbance. 
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2.3.4.  Thermal Properties 

 

 

Figure 16. DSC thermograms of PCL-M and PCL-M/PCL80k composites, where peaks 

refering to melting points (Tm and Tm’) and crystallisation points (TC) can be found on PCL-

M/PCL80k composites but cannot be found on PCL-M sample. 
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Table 4. Thermal properties of PCL-M and PCL-M/PCL composites. 

Sample 

Name 

Tm/°C ΔHm/(J/g) Tc/°C ΔHc/(J/g) Tm’/°C ΔHm’/(J/g) 

PCL-M N/A N/A N/A N/A N/A N/A 

PCL-M-10 57.11 6.82 6.87 -5.07 54.47 4.88 

PCL-M-20 61.38 12.47 8.90 -9.92 54.93 9.72 

PCL-M-30 61.55 17.58 13.21 -13.75 55.10 13.05 

 

All samples used in DSC were completely cured with all residual solvent removed under high 

vacuum.  

As shown in Figure 16, DSC curves show that no peaks can be seen from PCL-M’s thermogram, 

indicating that the photocured PCL-M is an amorphous material, which is expected given that 

the low-molecular weight pre-polymer will likely form a heavily cross-linked thermoset 

polymeric network upon cross-linking. 

However, peaks can be obtained from PCL-M/PCL samples, and the melting temperatures 

basically match with PCL’s melting point, which is approximately 60°C 6. These peaks indicate 

that there are crystallised phases brought by the added PCL, which is a semi-crystalline polymer. 

Thus, PCL-M-10, 20, and 30 samples can be defined as composites due to this phase separation. 

The crystallinity of PCL in PCL-M/PCL composites can be calculated as follows: 

 

𝑋𝑐 =
∆𝐻𝑚
∆𝐻0

× 100% (9) 
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where ΔHm is the melting enthalpy measured from each sample’s DSC result and ΔH0 is the 

standard melting enthalpy of 100% crystallised PCL (Mw 80,000 g/mol), which is 136 J/g 136. 

The result of calculated crystallinity of PCL in the composites is shown in Table 5 below, where 

Xc and Xc’ are the crystallinity values before and after thermal history erasing, respectively. 

 

Table 5. Degrees of crytallinity of PCL-M and PCL-M/PCL composites. 

Sample Name Xc/% Xc’/% 

PCL-M N/A N/A 

PCL-M-10 5.01 3.59 

PCL-M-20 9.17 7.15 

PCL-M-30 12.93 9.60 

 

 

From the calculated results, generally, the crystallinity of the linear phases shows a rising trend 

along with more added PCL, and a same trend could also be found from the samples after 

thermal history erasing. These results indicate that crystallinity is able to restore in these PCL-

M/PCL composites after heating is withdrawn, which makes the linear PCL encapsuled in 

crosslinked PCL-M a thermally reversible phase. This would probably bring these composites 

thermoresponsive shape-memory capability 137, of which the testing result is further discussed 

in Section 2.3.6. 
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2.3.5.  Microstructural Properties 

 

 

Figure 17. A) Appearances of PCL-M to PCL-M-30 before DCM leaching. B) Appearances 

of PCL-M to PCL-M-30 after DCM leaching. 
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Figure 18. A) Surface PCL-M to PCL-M-30 before DCM leaching. B) Cross-sectional area of 

PCL-M to PCL-M-30 before DCM leaching. 
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Figure 19. A) Surface of PCL-M to PCL-M-30 after DCM leaching. B) Cross-sectional area 

of PCL-M to PCL-M-30 after DCM leaching. Scale bars: 100 μm (left columns) and 10 μm 

(right columns).  

 

Figure 17A shows a set of cured PCL-M materials , the PCL-M samples are transparent, which 

indicates a phase segregation and a composite structure instead of a mixed polymer structure. 

To further investigate the microstructure of these materials DCM was used to leach the linear 

PCL phase out of the PCL-M matrix.  

The appearance of PCL-M/PCL leached samples (Figure 17B) look more pale and less 

reflective on the surfaces, indicating that the leached samples might have porous structures 
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after leaching. From each type of material, 5 samples were selected randomly and cut into cubic 

shape with approximately 0.1 g as their initial weight. After DCM leaching, all the samples 

were dried under vacuum and weighed to record the weight loss. According to the results 

(Figure 17C), the weight loss shows compliance with the added ratio of PCL. Such results 

indicate that the distribution of PCL after solvent casting was considerably homogeneous in 

the composites. The mass loss Fig 5C showed that the 10% PCL-M/PCL materials lost 10.4%, 

the 20%-PCL-M/PCL lost 22.4% and the 30% PCL-M/PCL lost 26.5%, indicating that most of 

the linear PCL can be eluted from these objects. As expected, the PCL-M did not lose any 

significant weight upon DCM treatment.  PCL-M did exhibit cracking after DCM treatment, 

which was due to the mechanical stresses on the materials during swelling and subsequent 

drying. 

Before DCM leaching, SEM images show that the cured PCL-M/PCL composites generally 

acquired bumpy surfaces compared to PCL-M’s surface which is a rather smooth one (Figure 

18A). Some spherical structures can be observed on the surface of PCL-M-20 and PCL-M-30 

sample. The samples were cut through by a scalpel so that the cross-sectional areas can be 

observed. Under SEM, a smoother cross-sectional area can be seen compared to PCL-M/PCL 

composites (Figure 18B). However, a massive number of spherical structures, which appear to 

be immersed in a matrix, can be observed, which indicates a composite structure, driven by a 

phase separation between the linear and 4-arm PCL materials. To further explore the phase 

separation of these composites, all samples were washed in DCM overnight to leach the linear 

PCL out from the matrix. In Figure 19A and particularly in the cross-sectional areas shown in 

Figure 19B, porous structures formed by the spherical structures can be seen, of which the size 

is basically homogenously distributed, and the approximate average diameter of spheres is 

below 1 micron. Since these structures have not been washed away, it can be confirmed that 

these structures are PCL-M matrix. These structures indicate a well-mixed structure micro-
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composite obtained by solvent casting, which might be able to be combined with other 

manufacturing techniques (e.g. stereolithography or emulsion templating). 

 

2.3.6.  Shape-memory Testing 

 

 

Figure 20. A) The original configuration of PCL-M-10 dog-bone shaped sample. B1 & B2) 

Bending and twisting of this sample, respectively. C1 & C2) The restoration of configuration 

after heat applied. All pictures were taken under room temperature (RT). 

 

A PCL-M-10 sample was selected to test the shape memory property. The initial configuration 

is shown as a dog-bone shaped sample in Figure 20A. The sample was heated at 80°C in an 

oven for at least 10 minutes. Then, the sample applied with bending (B1 in Figure 20) or 

twisting stress (B2 in Figure 20), separately, and fixed on a glass slide with tapes to maintain 

the configurations. The sample was then frozen at -80 °C for 5 minutes and taken back to RT. 

The fixing tapes and glass slides were removed, and it was found that the deformation could 



65 
 

be maintained (Figure 20 B1 & B2).  Subsequently, the sample was moved to the 80°C oven, 

and the shape restoring process could be accomplished in 15 seconds.  

Such a shape-memory property could be explained by its two-phase composite structure. After 

photo-curing, PCL-M forms a chemically cross-linked thermoset network but combined with 

a thermoplastic semi-crystalline matrix of linear PCL semi-crystallised. When the temperature 

is below the melting point of PCL (60°C), due to its crystallised structure, its linear molecules 

do not exhibit mobility but offer much higher stiffness to deformation (PCL YM: 343 MPa vs, 

PCL-M YM 15 MPa, approximately) which means that PCL dominates the internal stress thus 

the deformation can be maintained under RT. When the temperature is above 60 °C, these linear 

molecules de-crystallise and exhibit mobility, however, the PCL-M phase still maintains 

chemically cross-linked structures. This also provides a mechanism of storing mechanical 

energy. Energy input by applied external stress can be stored within the deformed PCL-M 

network and also can be released when the deformed sample is heated over 60°C where the 

PCL-M phase dominates the internal stress, the stored external energy can be released, and the 

shape can be restored. This was also observed by Melissa’s group working on a 

thermoresponsive PCL-DA/PLA shape-memory materials 73. 
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2.3.7.  Biocompatibility (Resazurin Assay) 

 

 

Figure 21. Resazurin assay results of PCL-M and PCL-M/PCL composites. a) Comparison 

between days within groups. All groups (except the negative control, NC) show significant 

cell growth on Day 7 compared to Day 1. b) Comparison of each group against NC on each 

day. On Day 7, a significant difference can be observed from all other groups against NC.  

 

The result of NG108-15 cell culture (resazurin assay) (Figure 21) shows that there is a 

significant cell growth on all types of materials after 1 week. The composite groups generally 

show slightly less increase in cell growth compared to the PCL-M results. Due to that PCL has 

less polar functional groups, such as the -(C=O)- group of methacrylate group (Figure 22), PCL 

is overall more hydrophobic than PCL-M and adding linear PCL will slightly reduce cell 

adhesion and proliferation.  
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Figure 22. Chemical structures of PCL and PCL-M, where the -(C=O)- group of methacrylate 

group (in the red dashed box) provides additional polarity thus more hydrophilicity. 

 

To optimize the cell attachment performance, some surface modification can be considered, 

such as air plasma treatment which could bring a more hydrophilic surface for better cell 

adhesion, thus, a better biocompatibility. Regarding that these composites shows quite similar 

or even better mechanical properties than some natural tissues, such as cartilage (YM 5 – 25 

MPa), it could potentially be applied as a biomaterial 138, 139. 

 

2.3.8.  Degradability 

 

 

Figure 23. Degradation results of PCL-M and PCL-M/PCL composites in de-ionised water 

(d-H2O) and 5 M NaOH solution (remaining weight percentage after 60 h, weights recorded 

every 15 hours). 
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From the degradation results shown in Figure 23, it can be seen that generally all types of 

samples had weight loss after 60 hours of immersion in 5 M NaOH solution. Interestingly, pure 

PCL-M exhibits the least significance among all samples indicating its stability under aqueous 

condition even with high concentration alkali, which should be a result of its relatively low 

hydrophilicity. Such phenomenon was also observed by Woodard et al., who conducted 

accelerated degradation on PCL-DA/PLLA semi-interpenetrating networks (semi-IPNs) in 

NaOH solution, where PCL-DA showed much lower degradation than the semi-IPNs 130. 

Possibly, this is on one hand due to the phase separation of PCL-M and linear PCL, meaning 

that there are no actual strong covalent bonds in between, water molecules would have higher 

probability to diffuse into these composites than into pure PCL-M, which leads to higher 

degradation rates 73. On the other hand, according to the crystallinities, the doped linear PCL 

shows much less degree of crystallisation (3.6% to 9.6%) compared to the crystallinity of pure 

linear PCL (~60%) allowing much higher water diffusion for hydrolysis leading to a higher 

rate of degradation than pure PCL, which could take 4 weeks in 5 M NaOH 73, 140. Along with 

the increased amount of linear PCL, the degradation rate slows down, which would be 

contributed by the increased crystallinity 8, 141. Such results indicate that by doping linear PCL, 

a tunable degradation rate could be obtained, which would be beneficial for applications 

requiring different degradation rates. 

 

2.4. Conclusions 

PCL-M/PCL composites can be fabricated via solvent casting. These composites have PCL-M 

with an interconnected spherical structured matrix which has linear PCL droplets as reinforcing 

inclusions. The composites have shown significantly enhanced mechanical properties 
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compared to pure PCL-M material. Moreover, the composites have also shown shape-memory 

properties due to the added PCL. Additionally, the addition of linear PCL is capable of tuning 

the degradation rate of PCL-M/PCL composites. Meanwhile, we have discovered that these 

composites are biocompatible and could be potentially used as biomaterials. 
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3.  In vitro study of 3D printed photocurable PCL-

M/HAp scaffolds 

 

3.1. Introduction 

Previously, researchers have successfully synthesised photocurable multi-arm PCL (PCL-M) 

and used to fabricate cell scaffolds for tissue engineering, and several cell culture experiments 

have been conducted on these scaffolds and shown positive results of biocompatibility 13, 15. 

Since this is produced in a liquid resin, which could be easily combined with particles to form 

a composite, it would be interesting to explore its potential application for hard tissue 

engineering, such as bone tissues. 

Hydroxyapatite (HAp), as a naturally existing inorganic compound in bone tissues, plays a vital 

role in providing ability of bearing loads and promoting bone regeneration 142. It has been 

extensively used as a reinforcement in polymeric biomaterials and has shown excellent 

capability of introducing higher biocompatibility to the polymeric matrix 69, 143. In practical 

scenarios, the scale of bone damage could vary a lot which requires customised geometries and 

tuned degradation rate of cell scaffolds if tissue engineering is applied as the treatment 143. 

Photocurable materials, such as PCL-M, are able to offer complex structures as required via 

additive manufacturing, and the addition of hydroxyapatites could bring tuned degradation rate 

of the polymer matrix. Thus, hydroxyapatite-reinforced PCL-M could be a potential material 

for biological issues, such as tissue engineering. 

Instead of using pure hydroxyapatite, some other ions which naturally exist in bone tissues 

have drawn researchers’ attention, such as Sr2+ and Mg2+, due to their ability of promoting bone 
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formation 144, 145. Therefore, using hydroxyapatites doped with other ions (substituted 

hydroxyapatites) as reinforcements in a polymer matrix would hopefully increase 

biocompatibility, specifically for bone cells. These substitution dopants would also change the 

grain size of HAp due to their different atomic radius 146, which would further influence its 

physical properties and relative performance under certain conditions, such as changing the 

viscosity when being used as a reinforcement of a 3D printing ink 124.  

In this work, we aim to synthesise a 4-arm PCL-M as the matrix and use different types and 

ratios of HAp as reinforcements. And three types of samples are fabricated, films, dog-bone-

shaped samples, and 3D printed scaffolds via extrusion-based additive manufacturing. Water 

contact angle testing is to be performed on some of the film samples to examine their 

hydrophilicity. Tensile testing was performed on the dog-bone-shaped samples. And an in vitro 

assay is to be conducted on all types of samples to evaluate their biocompatibility. An 

accelerated degradation is also performed to characterise PCL-M/HAp composites’ 

degradability. 

 

3.2. Materials 

Pentaerythritol, ε-caprolactone, tin(II) 2-ethylhexanoate (stannous octoate), triethylamine 

(Et3N), methacrylic anhydride (MAA), hydroxyapatite (HAp), 3-(Trimethoxysilyl)propyl 

methacrylate (MAPTMS), diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-2-

methylpropiophenone blend (photoinitiator, PI), 37% formaldehyde solution, 6-diamidino-2-

phenylindole dihydrochloride (DAPI), and  phalloidin were purchased from Sigma-Aldrich. 

Dichloromethane (DCM), hydrochloric acid (HCl), and methanol were purchased from Fisher 

Scientific, UK. Silica (HDK H30,  hydrophobic) was purchased from Wacker Chemicals UK. 

Substituted HAp (C4, 5 mol% Mg and 5 mol% Sr) was acquired from Finceramica (Italy). 
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3.3. Methods 

3.3.1.  Preparation of Film Samples and Dog-bone Samples 

PCL-M resin were synthesised by using exactly the same method described in Section 2.2.2.1. 

To prepare film samples, coverslips (dia. 13 mm) were washed by piranha solution, which was 

a mixture of H2SO4 (97%) and H2O2 (30%) (3:1, v/v), to remove any residual organic 

contaminants and bring -OH groups on the surface. Subsequently, the coverslips were rinsed 

by methanol to remove residual acid and H2O2. A MAPTMS solution (10 wt% in toluene) was 

then to immerse the coverslips for at least half an hour, after which the surface of coverslips is 

to be added with -C=C groups so that after photocuring, the films could form covalent bonding 

with the glass surface and be able to maintain flat without falling off the coverslips.  

Non-substituted HAp (SigmaAldrich) was selected to fabricate the films for a preliminary 

experiment to evaluate the biocompatibility of PCL-M/HAp composites, due to limited 

availability of the substituted one. Initially, PCL-M was blended with PI (2 wt% of PCL-M) 

for at least 5 min to obtain homogenous mixtures. Subsequently, different ratios of HAp were 

added into individual PCL-M resins. An ultrasonicator (UP100H, Hielscher) was used to help 

break large particles of HAp until no aggregation could be observed in the mixtures.  

Drops of fabricated PCL-M/HAp mixture onto glass slides individually. The inks were covered 

by surface treated coverslips which were allowed to compress by gravity.  When the coverslips 

were fully covering the ink and horizontal ‘sandwich’ structures were fabricated, the samples 

were taken to a UV light source (OmniCure S2000, 40W/cm2) for UV exposure for 5 min each 

side. The coverslips were then removed, and the film samples were peeled off the glass slide 

substrate. The films were then washed in methanol to remove the residual photoinitiator and 
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unreacted PCL-M. And these samples were used under the biocompatibility assay protocol 

described in Section 3.3.3.4. 

For tensile testing, dog-bone-shaped samples were also prepared. Briefly, the photocurable 

PCL-M and PCL-M/HAp (SigmaAldrich, 10, 20, 30 wt% against PCL-M) composites were 

prepared by the method above, loaded into individual syringes, injected into PDMS moulds, 

and cured under the same UV light source as for the films for 5 min each side. 

 

3.3.2. Additive Manufacturing (3D Printing) 

To prepare 3D printing ‘inks’, PCL-M was mixed with PI (2 wt%) for at least 5 min under dark 

conditions to obtain a homogenous mixture. Subsequently, 10, 20, 30, 40, and 50 wt% HAp 

(C4, weight percentage against PCL-M) was added into PCL-M individually. During the 

mixing process, an ultrasonicator (UP100H, Hielscher) was used to break the large particulates 

until no aggregation could be found in the ‘inks’. Then, with the assistance of the same 

ultrasonicator, all inks with HAp were doped with 1.5 wt% silica (weight percentage against 

HAp), which is typically added to make the inks shear-thinning specifically at low flow rate 81, 

147, and allow for better 3D printing performance. The inks were loaded into syringes 

individually (BD, 10 ml with Luer-lock), on each of which a dispensing tip (METCAL, taper 

tip, pink, gauge 20, inner diameter 0.61 mm) was fixed. A syringe was loaded and tightened 

into BioBots 2 3D printer (now Allevi 2).  
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Figure 24. Schematic of preparing 3D printing on Biobots (now Allevi 2). 

 

A 2-layer lattice structure we aimed to print was downloaded from 3D printer’s website 

(https://www.allevi3d.com/sample-files/), which can be used as sample printing files freely. 

And after trials and optimizations, the printing parameters were chosen as follows: 

 

 

Figure 25. Structure to be printed (top left), photocuring during 3D printing (top right), and 

printing parameters for each concentration of HAp (bottom). 
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The scaffolds were printed on a glass slide and cured by the LED light (wavelength: 405 nm) 

fixed on the 3D printer (top right of Figure 25). And the printed scaffolds were gently removed 

from the glass slide by a scalpel and washed in methanol to remove unreacted PCL-M and 

photoinitiator. 

 

 

3.3.3. Characterisation 

3.3.3.1. Water Contact Angle 

Film samples were used to test the wettability of PCL-M and the composite formulations. An 

additional group of samples, PCL-M doped with silica (named as PCL-M/Silica), were 

introduced into wettability test as a control due to that all PCL-M/C4 samples used for 3D 

printing and the following cell work were doped with 1.5 wt% of silica to increase 3D 

printability from silica’s shear-thinning effect 81, 147, 148. Since the amount of HAp was used as 

10, 20, 30, 40, and 50 wt% against PCL-M and the doped silica was 1.5 wt% against 

hydroxyapatite, the concentration of silica against PCL-M should be 0.15, 0.3, 0.45, 0.6, and 

0.75 wt% against PCL-M, respectively. To simplify the process of experiments, PCL-M with 

0.15, 0.45, and 0.75 wt% silica was selected, which were chosen as the controls for comparison 

with PCL-M with 10, 30, and 50 wt% hydroxyapatites respectively. Kruss DSA 100 was used 

to conduct water contact angle tests. On each type of sample, ~ 30 μL of de-ionised water was 

placed on 5 locations respectively, which were selected randomly without overlapping each 

other. The shapes of water droplet and contact angles were recorded and analysed by the 

machine automatically by its monitoring software. Data analysis was performed via GraphPad 
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Prism 10.0.1, where two-way ANOVA was used for statistical analysis. Films reinforced by 

normal hydroxyapatite (SigmaAldrich) were named as PCL-M/N, and those reinforced by 

substituted HAp were named as PCL-M/C4. 

 

3.3.3.2. Mechanical Testing 

Mechanical testing was performed on the dog-bone-shaped samples. The samples were loaded 

individually on a tensile testing machine (Mecmesin MultiTest 2.5-dV) with a tensile speed 1 

mm/min. Five replicates were used for each type of samples. Tensile testing results were 

analysed in GraphPad Prism (version 10), and statistics was carried out by using One-way 

ANOVA. 

 

3.3.3.3. Scanning Electron Microscopy (SEM) 

The microstructures of 3D printed scaffolds and cross-sectional area of PCL-M/HAp dog-bone 

samples were imaged by SEM (FEI Nova NanoSEM 450) 

 

3.3.3.4. In Vitro Biocompatibility Assay 

Biocompatibility test was conducted by seeding Y201 cells on to the films and 3D printed 

scaffolds. Before cell seeding, all samples were washed by pure methanol for 3 days to remove 

the residual unreacted monomer and photoinitiator. Following that, a sterilisation process was 

performed by immersing samples in 70% ethanol solution for 3 days (discs for 1 week, 3D 

scaffolds for 4 days). Then the samples were washed twice by sterile de-ionised water to 

remove residual ethanol. Prior to the actual cell seeding, all samples were immersed in 300 μL 
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growth media for 45 min, which was used to improve cell attachment by introducing media-

bound proteins to the samples. The media was then removed from culture plate and the cells 

were seeded onto the samples (cell concentration: 4000 cells/cm2). Standard cell culture 

conditions were used (37°C, 5% CO2, and 95% humidified). Two groups of control were used 

in this work and cultured under the same conditions, which were tissue culture plate (TCP) 

where there were no samples but only cells seeded in the plates with media, and a negative 

control (NC) where there were only samples and media, but no cells seeded in the plates. 

Resazurin assay was used to test the metabolism of cells on Day 1, 4, and 7. Briefly, before 

adding resazurin solution, media was withdrawn from the culture plates which were then 

washed by Hanks' Balanced Salt Solution (HBSS) twice. For films and discs, resazurin solution 

was added directly to the culture plates. For the 3D printed scaffolds, they were transferred to 

a new plate so that only the cells attached to the scaffolds were examined. 650 μL of resazurin 

solution was added to each well under minimum light condition. Then, the well plates were 

placed in an incubator (37°C, 5% CO2) with aluminium foil cover for 2 hours. Subsequently, 

200 μL solution from each well was transferred to 96-well plate which was then placed in a 

plate reader to obtain the fluorescence intensity (excitation at 540 nm, emission at 590 nm). 

The intensity data was analysed via GraphPad Prism 10.0.1, with two-way ANOVA as the 

statistical method. 

Confocal microscopy was also used in this assay to image the cells’ morphology on the 3D 

scaffolds of PCL-M/C4 (30 wt%, with 1.5 wt% silica). Formaldehyde solution was initially 

used to fix the cell on the scaffolds (500 μL, 30 min) after media removal and two times of 

PBS washing. Subsequently, the formaldehyde solution was removed, and the scaffolds were 

rinsed in PBS for 2 times. 500 μL permeabilization solution was then used to treat the scaffolds 

for 10 min and removed. After the treatment, the scaffolds were washed in PBS twice. Then, 

4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, 1 μg/ml in PBS) was added to the 
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scaffolds, which were then covered in dark condition and incubated for 15 min at room 

temperature. Following that, the DAPI solution was removed, and the scaffolds were washed 

in PBS twice. The scaffolds were then added with phalloidin solution (10 μg/ml in PBS) for 30 

min in dark condition and room temperature. Phalloidin solution was then removed, and the 

scaffolds were washed in PBS twice, which were kept in PBS under dark conditions until 

confocal microscopy imaging was performed. The images were captured via MetaMorph® 

Microscopy Automation & Image Analysis Software (Molecular Devices4 LLC, UK). 

 

3.3.3.5. Accelerated Degradation 

Due to the limited availability of substituted HAp, accelerated degradation was performed on 

PCL-M and PCL-M with normal HAp (Sigma Aldrich, 10, 20, and 30 wt%) cubic samples, 

which were cut approximately with the same configuration and size from the ends of dog-bone-

shaped samples, to evaluate the effect that HAp could bring on the degradation rate of PCL-M. 

6 of each type of samples were immersed in 2 ml NaOH solution (3 M) in individual bijous (7 

ml, polystyrene) to monitor the accelerated degradation process. Each empty bijou was 

weighed as w0 and weighed as w1 after loading the sample, and the initial weights of samples 

were recorded as (w1-w0). The bijous were sealed and left in an incubator (37 °C). Every 5 

days, NaOH solution was extracted from all the bijous which were then gently rinsed by 5 ml 

of de-ionised water for 3 times. The samples were left in the bijous and dried under vacuum 

(50 °C) for 2 hours to remove the residual moisture inside. After dying, each bijou containing 

sample was weighed as w1’, so the residual weight of sample is (w1’-w0). Subsequently, all 

bijous were filled with 2 ml fresh NaOH, sealed, and left in the incubator for further degradation. 

All the weighing process mentioned above was carried out without caps and this monitoring 



79 
 

was conducted for 15 days. Data analysis was performed via GraphPad Prism 10.0.1, where a 

two-way ANOVA was used for statistical analysis. 

 

3.4. Results and Discussion 

3.4.1.  Mechanical Properties and Microstructures of Dog-bone 

Samples 

 

 

Figure 26. Tensile testing results of PCL-M and PCL-M/HAp composites, left to right: 

Young’s Modulus, ultimate tensile strength  (UTS) and max strain. 

 

Tensile testing results show that the Young’s Modulus (YM) of PCL-M/HAp composites 

gradually increase along with the added amount of HAp. Particularly after being doped with 

20 and 30 wt% HAp, there is a significant increase of stiffness, indicating that compared to 

PCL-M only, under the same stress PCL-M/HAp composites are more capable to maintain their 

shape, which is beneficial for applications of hard tissue engineering. Compared to cancerous 
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bones, of which their Young’s Modulus normally falls within 20-500 MPa 149, PCL-M-20HAp 

and PCL-M-30HAp show appropriate YM values (27 MPa and 38 MPa respectively, mean 

values) exactly in this range, which brings them potential applications for this type of tissue. 

Moreover, the UTS also shows an increasing trend after adding 20 and 30 wt% HAp, which 

indicates that the additional HAp in the PCL-M matrix provides higher strength so that the 

composites can resist higher stress along the long axis of the material until breaking. The 

increase of YM and UTS could possibly be a result of extra hydrogen bonds formed between 

the -C=O and -OH groups of PCL-M and P-OH groups of HAp molecules which has been 

confirmed by Zhou et al.’s and Zhang et al.’s work on HAp-reinforced poly(lactic acid) and 

polyamide 66 150, 151. However, the maximum strain does not show significant changes after 

adding HAp. It is largely due to that HAp, as a ceramic, is stiff but brittle, so the flexibility of 

the composite is mainly dominated by the flexibility of the polymer matrix, which makes this 

reinforcement unable to contribute much to composite’s maximum strain. But with the stiff 

crystalline structure, the composites’ anti-compression properties would hopefully be increased 

149, which are yet to be examined in the future. 
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Figure 27. SEM images of cross-sectional area of A) PCL-M, B) PCL-M-10HAp, C) PCL-M-

20HAp, D) PCL-M-30HAp (magnification 10000x, scale bar: 4 μm) 

 

All four types of samples were cut to image their cross-sectional area. SEM images (Figure 27) 

show that along with the increased amount of HAp addition, more sub-micron scale particulates 

can be found in the matrix, which further enhanced the YM and UTS of composites. The 

distribution of HAp particulates in PCL-M-10HAp to 3PCL-M-30HAp show relatively 

homogeneous status. However, as a ceramic, HAp particles have charged surface due to their 

ionic nature, which resulted in they still slightly aggregated in PCL-M matrix, even with the 

help of ultrasonicator to mix. 

 

3.4.2.  Microstructures of 3D Printed Scaffolds 
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Figure 28. 3D printed scaffolds with different concentrations of C4 substituted 

hydroxyapatite (concentrations 0 - 50: 0 - 50 wt% C4 HAp, all with 1.5 wt% silica against C4 

HAp except sample 0), scale bar 500 μm. 

 

PCL-M without any hydroxyapatite does not show a well-printed 3D structure but the trace of 

printing can still be recognised. From 10 wt% to 50 wt% hydroxyapatite, the upper lines can 

be observed as partially merged into the bottom lines, but the resolution of printing is gradually 

improved. When the concentration reaches 50 wt%, sharp edges of lines can be observed, the 

printed two layers can be better distinguished from each other, and the width of turning point 

shows a proximity of the width of straight lines. This should be a result of increased added 

amount of hydroxyapatite leading to an increased viscosity 124, which gradually improved the 

ink’s ability to maintain its configuration after being printed out rather than spread or merge 
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into each other. Additionally, more particulates can be observed on the surface, indicating that 

the surface roughness could be increased along with more added C4 HAp.  

Additionally, during 3D printing, the pressure requirement was increased along with higher 

amount of HAp dopant. Particularly when the amount reached 50 wt%, 75 psi and higher 

temperature (30 °C) were both needed so that the ink could be extruded out but still the 

extrusion speed (0.6 mm/s) could not be as high as the ones used for lower concentration inks 

(0.8 mm/s). This should be a result of increased viscosity brought by higher concentration of 

HAp dopant 124. However, as this 3D printer was driven by compressed air stored in a tank, 

while being used, the air was gradually consumed from the tank and the total pressure 

(maximum 100 psi) went down until it fell to 60 psi. Then an air pump started to refill the tank 

back to 100 psi. Thus, an over 60 psi pressure requirement might not be stably delivered into 

the ink and the printing performance and structural integrity would be influenced. To optimise 

this issue, more silica dopant, rather than a fixed ratio, could be used when high concentrations 

of HAp to be added, which could possibly bring more shear-thinning effect to the ink so that 

lower pressure could be required. 

Among all 3D printed structures, 30 – 50 wt% C4 show preferable printing performance. But 

30 wt% C4 required lowest printing conditions, this composition was used to fabricate 3D 

scaffolds for a biocompatibility assay.  

 

3.4.3.  Biocompatibility 
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Figure 29. Images from optical microscopy: A & B:  Y201 cells on the film (pointed by red 

arrows, magnification A: 50x, B: 100x), C & D Y201 cells at the edge of the film (in the red 

dashed boxes, magnification C: 50x, D: 100x) (PCL-M-30HAp, Day 7). 

 

 

Figure 30. Resazurin assay (Day 1, 4, and 7) results of Y201 cells on PCL-M and PCL-

M/HAp films. 
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After 1 week, cells can be observed under optical microscope (Figure 29) on the film samples 

with elongated feature and fibroblast morphology, from which it can be confirmed that Y201 

cells have been successfully seeded on the films and proliferated  152. Resazurin assay on film 

samples can also confirm that significant growth of Y201 cells could happen on all types of 

films (Figure 30). But HAp reinforced samples do not show higher metabolism than pure PCL-

M. Additionally, the media did not become cloudy, which is usually a result of cell debris from 

dead cells but remained clear indicating that PCL-M and PCL/M/HAp samples are not 

cytotoxic. According to the images, the cells tend to proliferate more around the edge of the 

films rather than in the central areas (Figure 29). This would a consequence of roughness 

difference between the top and edge surfaces. Since the samples were cured on glass slides, the 

surface of glass slides actually limited the exhibition of surface roughness brought by HAp, but 

the edge area was not limited which allowed the protrusion of HAp particle and led to a higher 

roughness, which is preferable for cell attachment and proliferation 153. Such phenomena could 

be further investigated by curing samples on substrates with different softness to allow HAp to 

protrude on surfaces with different degrees and obtain surfaces with different roughness. And 

cells could be cultured on these surfaces to further explore the influence of HAp as a 

reinforcement in a polymer matrix. 
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Figure 31. Resazurin assay results (Day 1, 4, and 7) of cell culture (Y201 cells) on the 3D 

printed scaffolds (C4 HAp ) 
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Figure 32. Confocal microscope images of Y201 cells on 3D printed scaffold (C4, 30 wt% of 

PCL-M). 

 

After confirming that the PCL-M matrix and PCL-M/HAp composites did not exhibit 

cytotoxicity and allowed cell growth. 3D printed PCL-M/C4 (30 wt%) scaffolds were used for 

further cell work. The resazurin assay results show that there is a significant cell growth on the 

3D printed scaffolds from Day 1 to Day 7 (Figure 31). And the cells under confocal microscope 

also exhibit elongated shapes on the scaffold indicating cell attachment (Figure 32). The 

scaffold allows cell proliferation but exhibits relatively lower metabolism activity than that on 

the films on Day 7 (compared to the fluorescence intensity of TCP on Day 7). Multiple factors 

could possibly lead to this result, such as surface morphology and surface chemistry. However, 

since hydroxyapatite additives would normally increase surface roughness of a polymer matrix 

thus increase cell attachment 70, surface chemistry of these compositions should be investigated 

to analyse this phenomenon, such as hydrophilicity test. 
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3.4.4.  Wettability 

 

 

Figure 33. Water contact angles of different types of samples, where a, b, and c mean 

different concentrations of additives (weight percentage against PCL-M). PCL-M/silica 

(dotted yellow plots): a—0.15 wt%, b—0.45, c—0.75 wt% silica. PCL-M/N (blue plots): a—

10 wt%, b—30 wt%, c—50 wt% HAp. PCL-M/C4 (left-hashed blue plots): a—10 wt%, b—

30 wt%, c—50 wt% substituted C4 HAp. 

 

The wettability test shows that all samples have water contact angles lower than 90°, which 

indicates that the hydrophilic feature has remained after adding several types and amounts of 

dopants, and that they should be suitable for biological applications. However, the increased 

amount of silica/HAp (N)/HAp (C4) has not brought significant change on the water contact 

angle. This should be largely due to that there might not be significant change of surface 

roughness, which is limited by the glass slide’s surface where they were cured. Compared to 

PCL/silica samples, PCL-M/N samples do not exhibit significant change in water contact 

angles as well, but PCL-M/C4 shows significantly increased values. This should be resulted 

from a different average particle size that C4 has, which could possibly bring a different surface 

morphology, such as roughness, along with the hydrophobic feature of doped silica, the water 
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contact angle slightly but significantly increased. This phenomenon would also indicate that 

silica particles could dominate the hydrophilicity on the surface. Such results could be a 

potential explanation for cellular activity on C4 3D scaffolds (30 wt%), on which there should 

be higher surface area and surface roughness but poorer cell attachment and metabolism 

activity than that on films. As such, hydrophilic silica, which is also capable for shear-thinning 

the organic matrix154, would be preferable to be added to obtain a more hydrophilic surface and 

improved biocompatibility. However, Gashti et al.’s work on comparison between the 

dispersity of hydrophilic and hydrophobic silica in a polyethylene terephthalate (PET) matrix 

demonstrated that hydrophilic silica is more likely to aggregate at the surface area and the 

hydrophobic silica would have a more homogenous distribution in the polymer matrix 155. So, 

adding hydrophilic silica into PCL-M/HAp composites would lead to a non-homogenous 

mixture which would benefit less from shear-thinning so that it might require higher pressure 

printing or clogging printing tips frequently. More practically, surface treatment, such as O2 

plasma treatment 156, would be a preferable method to improve hydrophilicity of PCL-M matrix 

thus increase the composites’ biocompatibility. 
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3.4.5.  Degradability 

 

 

Figure 34. Accelerated degradation of PCL-M and PCL-M/HAp composites (15 days in 3 M 

NaOH solution). 

 

The results of accelerated degradation in Figure 34 show that all samples show significant 

degradation in 3 M NaOH after 15 days. From Day 0 to Day 5, the weight between PCL-M 

and PCL-M/HAp samples did not show significant differences but on Day 10 and Day 15, a 

more obvious weight loss acquired on samples doped with HAp showed a more significant 

trend of degradation. HAp, as a ceramic powder, would bring more charge on the surface of 

the composites, which helps attract OH- and water molecules to perform hydrolysis on the ester 

bonds.  Furthermore, on Day 15, the residual weight of PCL-M-30HAp had the highest value 

and PCL-M-10HAp had the lowest one. And the remaining weight percentage of PCL-M-

10HAp showed significant difference with both PCL-M-20HAp and PCL-M-30HAp on Day 
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15. During degradation, PCL-M network was broken into degraded product and rinsed away 

leaving HAp structure in the sample so that when the degradation process was close to the end, 

samples doped with more HAp showed higher value of residual weight. However, the 

degradability of PCL-M/HAp with silica dopant has not been investigated yet. Since the silica 

used in this work is hydrophobic, a lower degradation rate could be expected. Thus, adding 

silica would be a feasible approach to adjust the degradability of these composites. Additionally, 

Gu et al. discovered that doping Sr in HAp could lead to a higher degradation rate of HAp 157. 

Thus, a different degradation rate could be expected on polymer reinforced by Mg-Sr 

substituted HAp, which would be another potential method to adjust the degradability of 

polymer matrix. Furthermore, it would be interesting to investigate whether silica would bring 

an effect on the degradability of PCL-M matrix composites.  

 

3.5. Conclusions 

Photocurable PCL-M with 69 % methacrylation can be synthesised via a ring-opening reaction 

followed by methacrylation for 20 hours. HAp reinforcement can bring extra stiffness and 

ultimate tensile strength to the PCL-M matrix, which could make this composite as a potential 

candidate for some hard tissue engineering, such as cancerous bones. Photocured PCL-M, and 

PCL-M reinforced by normal and substituted hydroxyapatites (Mg-Sr substitution) are 

biocompatible. However, a very low amount of silica dopant would bring a relatively strong 

effect on the surface chemistry, thus affect biocompatibility. PCL-M and PCL-M/HAp 

composites are all degradable. The degradation process can be accelerated with the presence 

of hydroxyapatites, but the amount of doped HAp might not bring impact to the degradability. 
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4.  Synthesis of Multi-arm PCL Acrylate via An 

Alternative Method and Exploration of Its 

Applications 

 

4.1. Introduction 

As an FDA-approved material for clinical use, polycaprolactone (PCL) has become a 

promising material for biomedical research due to its biocompatibility and degradability 1.  

Researchers have been working on further functionalising PCL as a photocurable material so 

that high-resolution and highly customised 3D structures can be obtained, which are beneficial 

for biomedical applications, such as tissue engineering 13, 23. 

To acquire photo-curable properties, acrylation and methacrylation are the most common 

approaches. Previously, methacrylated 3 and 4-arm PCL have been successfully prepared by 

Field et al. and Dikici et al., both of which showed excellent photo-curability and capability of 

light-based additive manufacturing 14, 15. However, due to hyperconjugation between CH3 and 

its neighbouring C=C group, the methacrylate groups on these multi-arm PCL molecules 

should be more stable than acrylate groups 158. Thus, we can have a hypothesis that PCL 

acrylates, which do not have these methyl groups, should have lower photo-stability but higher 

photosensitivity to have a higher probability of being cured via two-photon polymerisation 

(2PP) to fabricate ultra-high resolution structures, which are beneficial for scenarios requiring 

hyperfine structures such as biomedical microfluidics devices and biochips 159-161. 
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Additionally, we explore the hydrophilic/hydrophobic character of the produced resins. It was 

observed in Johnson et al.’s study which mentions that during the washing multi-arm PCL 

acrylate, a thick emulsified layer formed between the organic phase and aqueous phase, which 

was stable and could hardly be separated without high-speed centrifugation40. This indicates 

that the multi-arm PCL acrylate could potentially be amphiphilic or even water soluble. 

Therefore, we explored the possibility of surfactant-free emulsion-templated porous material 

and water-based 3D printing resins.  

In this work, we report the synthesis of 4-arm PCL acrylate (PCL-A) via Steglich Esterification 

(SE) and comparison with conventional methods. Curing performance and mechanical 

properties of bulk PCL-A material are investigated. An initial biocompatibility test via cell 

culture was carried out and light-based additive manufacturing, via both single-photon and 

two-photon polymerisation (1PP and 2PP respetively), was applied to explore PCL-A’s 

potential of structuring. 

 

4.2. Materials 

Pentaerythritol, ε-caprolactone, tin(II) 2-ethylhexanoate, acryloyl chloride (AC), triethylamine 

(Et3N), Celite® Hyflo, acrylic acid (AA), 4-dimethylaminopyridine (DMAP), and 

Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-2-methylpropiophenone blend 

(photoinitiator, PI), and tetrazine were purchased from Sigma Aldrich. Dichloromethane 

(DCM), acetone, methanol, ethanol, isopropanol (IPA), toluene, chloroform, ethylenediamine 

(EDA), sodium chloride (NaCl), sodium hydroxide (NaOH), potassium hydroxide (KOH), 

potassium carbonate (K2CO3), hydrochloric acid (HCl, 37%), and magnesium sulphate 

(MgSO4) were purchased from Fisher Scientific. N-(3-Dimethylaminopropyl)-N'-
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ethylcarbodiimide hydrochloride (EDC·HCl) was purchased from FluoroChem. NG108-15 

cells and resazurin sodium salt were purchased from SigmaAldrich, UK. 

 

4.3. Methods 

4.3.1. Acrylation on PCL via Conventional Methods 

To synthesise PCL acrylate (PCL-A) via the conventional way, we followed but slightly 

modified Johnson et al.’s method 40. Our 4-arm PCL pre-polymer (1 mol eq.), which was 

synthesised by using the method in Section 2.2.2.1, was mixed with DCM (1:5, w:v) in a three-

necked round bottom flask. Then Et3N (8 mol eq.) was added into the solution. The reaction 

system was kept running in an ice bath with continuous stirring and nitrogen flow. After every 

component was well mixed in the solution, AC (10 mol eq.), which was prepared with DCM 

as a solution (1:3, w:v), was added dropwise. The reaction system was kept running for 18 

hours in dark condition and allowed to raise to room temperature. The solution became amber 

and cloudy. Subsequently, the solution was filtered by Celite® Hyflo to remove most of the 

particles, washed by KOH solution (3 wt%) and HCl solution (1 v%) respectively, centrifuged, 

dried via MgSO4, filtered, and dried again under vacuum. A yellow viscous resin was obtained 

as the final product, named as PCL-A-AC. 

A proposed alternative method to synthesise PCL-A was carried out as well, following a 

protocol described by Cai and Wang 114. Briefly, excess K2CO3 was utilised in the reaction to 

replace Et3N as the acid absorber. Apart from K2CO3, this reaction was performed with exactly 

the same ratio of reagents stated in the AC/Et3N method and with same conditions which were 

ice bath, continuous nitrogen inlet, dark condition, and 18 hours of reaction. The solution was 
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post-processed through exactly the same steps as the one performed in the AC/Et3N method. A 

colourless and transparent resin was obtained as the final product, named as PCL-A-K. 

 

4.3.2. Acrylation on PCL via Steglich Esterification 

Inspired by Lutjen et al., we slightly optimised Steglich Esterification by choosing EDC·HCl, 

117 rather than N,N'-dicyclohexylcarbodiimide (DCC) which was originally reported in Neises 

and Steglich’s ground-breaking work,116 as the coupling agent due to its own and its 

corresponding by-product urea’s better solubility in water 162, 163. Besides, DMAP and acrylic 

acid are also water-soluble 164. Therefore, in theory, a clean final product should be obtained 

after being purified by using a straight-forward water washing.  

Briefly, PCL (1 mol eq.) was dissolved in DCM (1:5, w:v) in a three-necked round bottom flask. 

Then EDC·HCl (6 mol eq.), was added and the solution turned cloudy. Subsequently, DMAP 

(0.1 mol eq.) was added as the catalyst. The flask was cooled in an ice bath with continuous 

stirring and nitrogen flow. Later, AA (6 mol eq., diluted in DCM, 1:3, w:v) was added into the 

solution dropwise from a dropping funnel. The entire reaction system was kept running under 

dark condition for 18 hours and allowed to raise to room temperature.  

The solution was then washed by saturated NaCl solution twice and rotary-evaporated to 

remove DCM as much as possible. Afterwards, the solution became cloudy with some NaCl 

precipitations inside. Acetone was used to dissolve the resin again to precipitate NaCl from the 

final product. The solution was then filtered, and roto-evaporated. The final resin showed a 

colourless and transparent feature, named as PCL-A. 

 

4.3.3. Dog-bone Samples and Films Fabrication 
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The final resin PCL-A was blended with PI (5 wt%) for at least 5 min to obtain homogeneous 

distribution. Then the resin was loaded to a syringe and injected into a PDMS mould, of which 

the dimensions were designed and forged in compliance with BS EN ISO 527-2:2012. The 

samples were then cured under UV lamp (OmniCure S2000) for 5 min each side. The excess 

parts at the ends of dog-bone samples were cut off for a proper mechanical testing condition.  

For the film samples, one droplet (~50 μL) of the resin blended with PI (5 wt%) was placed on 

a glass slide and covered gently by a coverslip (dia. 13 mm) to form up a ‘sandwich’ structure. 

Until the coverslip was fully covered by the resin, the ‘sandwich’ was cured under UV lamp 

(OmniCure S2000) for 5 min each side and then the cured film was peeled off from the glass 

slide and coverslip carefully.  

All samples stated above were washed in methanol to remove the residual monomer and PI on 

the surface. However, a slightly tacky surface was always obtained after photocuring. It was 

assumed to be result of oxygen inhibition which commonly happens in photocured acrylate-

based resins 165. Further characterisation by ATR-FTIR confirmed this phenomenon on the 

cured samples. This could provide an opportunity to further functionalise the surface with 

designed functionality. Therefore, a surface treatment following Junyi et al.’s work to reduce 

the unreacted C=C on the surface 36. Briefly, EDA was diluted in methanol (10 wt%) and the 

samples were immersed in the solution for at least 10 min 36. Subsequently, the films were 

taken out, washed in pure methanol for 2 times, and dried under vacuum. 

 

4.3.4. Viscosity Characterisation 

Viscosity of PCL-A and its corresponding water solutions (weight ratios and results are shown 

in Section 4.4.5) was carried out by using TA instruments AR 2000 (cone plate 40 mm, 2°, 

25°C, ramping shear rate: 0.01 Hz to 100 Hz).  
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4.3.5. Additive Manufacturing via 1PP 

 

Figure 35. Light-based additive manufacturing of PCL-A. A) A built-in-house 

stereolithography set-up based on UV LED and DMD. B) Flow chart of programmed patterns 

for building wood pile structures displayed on DMD 

 

Light-based additive manufacturing was performed by built-in-house UV LED (Thorlabs 

M405LP1, wavelength: 405 nm) additive manufacturing system (Figure 35A). This system 

worked on a programmable digital micromirror device (DMD, DLP® 0.7’’ XGA, Texas 

Instruments Inc.), on which the ‘|||’ and ‘≡’ patterns (Figure 1B) can be displayed as a 

programmed cycle for 10 seconds for each pattern. The cycle was programmed to repeat four 

times (Figure 35B). There was a substrate connected to a motorised stage (Figure 35A, 
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Thorlabs one- axis stage MT1-Z8, controller: Thorlabs apt - dc servo controller tdc 001), which 

was programmed to move vertically at 0.05 mm/s. The light source was controlled by Thorlabs 

DC2200. UV light emitted from the light source was focused and reflected as the pattern 

displayed on the screen of DMD. Then the ‘pattern beam’ was reflected on a mirror and focused 

on the substrate. Initially, the stage was adjusted carefully to make sure that the pattern is 

precisely focused on the substrate. Subsequently, the substrate was loaded into the polymer vat 

(Figure 35A), of which the height was adjusted carefully by tuning the blue platform (Figure 

35A) to make sure that the upper surface of the substrate touched the polymer liquid’s surface. 

Once the UV was turned on, the programmes of running were switched on as well manually 

on the controlling computer. The fabricated structure was then peeled off the substrate carefully 

and washed by IPA.  

 

4.3.6.  Additive Manufacturing via 2PP 

Due to the potential high reactivity of PCL-A along with the high energy density that multi-

photon could bring, a PI-free additive manufacturing via 2PP using this PCL-A was considered 

as a potential intriguing fabrication route for high resolution structures. We collaborated with 

Jurga Jeršovaite and Prof Mangirdas Malinauskas (Laser Research Centre, Vilnius University, 

Lithuania) on this experiment by employing their built-in-house two-photon laser direct writing 

set-up, of which the structure and light route is shown in Figure 36. In this set-up, a Yb:KGW 

laser source was deployed (PHAROS Femtosecond Lasers, Light Conversion, Lithuania), 

which generated 300 fs pulsed laser with a 1030 nm wavelength.  
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Figure 36. Schematic of the 2PP set-up with annotations below (this figure was kindly 

provided by Prof Mangirdas Malinauskas’ research group and adapted from Jonusauskas et 

al.’s work 166). 
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Figure 37. Lattice structure used for 2PP (free download from: 

www.thingiverse.com/thing:2788117, with license CC BY-NC-SA 4.0, creator: RobotMama 

(Anika Uhlemann) ). 

 

After initial trials on PCL-A without PI, it was found that 2PP could happen and structures 

could be built successfully. After optimising the operational parameters, we tried 2, 3, and 4 

mW to fabricate a lattice structure shown in Figure 3. A scanning speed 25000 μm/s was chosen 

to fabricate the structure to acquire the fastest production rate. The fabricated samples were 

then carefully rinsed by IPA to remove residual PCL-A. 

 

4.3.7. Surfactant-free Emulsion-templated Porous Material 

PCL-A behaved as a surfactant and showed strong potential of emulsification during washing 

process 40. A trial of using PCL-A to fabricate surfactant-free emulsion-templated porous 

material was carried out. Briefly, by following Dikici et al.’s protocol performed on PCL 

methacrylate 15, 0.4 g PCL-A and 5 wt% of PI was added into 0.6 g solvent mixture (0.36 g 
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toluene + 0.24 g chloroform) in a closed EPA vial under room temperature. The solution was 

mixed at 300 rpm for 5 min to ensure homogeneity. 5 vials of such solution were prepared for 

different types of added aqueous phase. Subsequently, 4 ml of deionised water, NaCl solutions 

(2.5, 5, 7.5, and 10 wt%) were loaded into separate syringes with needles. These different 

aqueous phases were added dropwise into the vials respectively through the seals of vials. The 

mixtures were kept stirring at 300 rpm while the aqueous phases were being added. The 

mixtures were left being stirred for a further 5 min for homogeneity. Then, all emulsions were 

removed from stirring and left still for 2 hours to evaluate stability. The most stable one without 

phase separation was loaded to a syringe and cured under an UV spotcurer (OmniCure S2000, 

5 min each side). Then, the sample was withdrawn from the syringe and washed in methanol 

and deionised water successively to remove residual solvent mixture, PI, and NaCl. The cured 

emulsion-templated material was frozen under -20 °C then freeze-dried (Edwards Modulyo 4K 

Freeze Dryer) overnight. 

 

4.3.8. Characterisation 

4.3.8.1. Chemical Structures  

Chemical structures 4-arm PCL, PCL-A-AC, PCL-A-K, PCL-A were characterised via Proton 

Nuclear Magnetic Resonance (NMR) Spectroscopy  (1H NMR, Bruker AVIII 400MHz, CDCl3). 

Spectra analysed on MestreNova. Attenuated total Reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR, Thermo Scientific Nicolet 380 FT-IR Spectrometer, scanning range: 

4000 cm-1 to 600 cm-1, 64 scans) was used to characterise the performance of photocuring and 

surface treatment of film samples.  
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4.3.8.2. UV/Vis Spectroscopy 

UV/Vis Spectroscopy was performed to explore the difference of UV/Vis absorbance between 

PCL-A-AC and PCL-A. Shimadzu UV-2600 UV-Vis spectrophotometer was used for this 

characterisation. Individually, 2 resins were dissolved in a methanol/acetone solvent mixture 

(1:1, v:v) with a concentration 0.033 g/ml. Each of the samples was loaded into the UV/Vis 

spectrometer along with the pure solvent mixture as the reference, of which the baseline was 

subtracted automatically by the controlling software. A 200 nm to 800 nm wavelength range 

was selected for the scanning. The wavelength resolved spectra were analysed in OriginPro 

2020. 

 

4.3.8.3. Tensile Testing 

Tensile testing was performed on Mecmesin Multitest 2.5-dV with a tension speed 1 mm/min. 

The data was analysed in OriginPro 2020. Nine replicates were tested. 

 

4.3.8.4. Cell Viability Assay 

Film samples were further washed in 70% ethanol for sterilisation and washed in PBS 3 times 

to remove the residual ethanol. A specific type of neuro cell NG108-15 was chosen for 2D cell 

culture on the films sample to assess the biocompatibility of PCL-A. On Day 0, 10000 cells (in 

20 μL droplet) were seeded on the films in each well and cultured in an incubator for 1 hour 

initially. Triplicate samples were cultured along with tissue culture plate (TCP) and a negative 

control (media only). Cells were cultured in an incubator under 37 ℃ and for 1 week. On day 

1, 4, and 7 respectively, resazurin assay was utilised to characterise the cell growth status. A 

spectrofluorometer (FLX800, Bio-TEK Instrument) was used to read the intensity of 
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fluorescence. On day 7, the dead/alive status of cell were imaged under confocal microscope 

(Zeiss LSM800 Airyscan). Data were analysed via GraphPad Prism and ImageJ. 

 

4.3.8.5. Accelerated Degradation 

PCL-A samples were cured as disc-shaped samples in a PDMS mould (5wt% PI, dia. 9 mm, 

thickness 3 mm) and weighed as 0.1 g approximately for each. The samples were then soaked 

into bijous with 2 ml NaOH (1 M) in each to characterise the rate of accelerated degradation. 

All the empty bijous were weighed beforehand, recorded as w0. After being loaded with 

samples without NaOH solution, they were weighed again as the initial weights, recorded as 

wi. Thus, the initial sample weight was recorded as (wi - w0). Then the samples were added 

with NaOH solution and left with caps sealed in a 37℃ incubator. Every hour, the liquid phase 

was removed carefully by a pipette gun, and the solid phase was kept in bijous and gently 

rinsed with deionised water. The rinsing water was then disposed. Following, the bijous with 

leftover solid parts were dried in a warm vacuum to get rid of the residual water and weighed 

individually, recorded as w1, w2, w3, and so on. Thus, the weight of remaining solid parts after 

each hour was recorded as (w1 - w0), (w2 - w0), (w3 - w0), and so on. 

 

4.4. Results and Discussion 

4.4.1. Comparison of PCL-A Synthesised via Different 

Methods  
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Figure 38. Chemical structures of PCL (A) and PCL-A (B) with proton sites labelled, (C) 1H 

NMR spectra of PCL (4-arm PCL pre-polymer), PCL-A-AC (resin synthesised via AC/Et3N), 

PCL-A-K (resin synthesised via AC/K2CO3), and PCL-A (resin synthesised via SE), where all 

peaks are labelled according to the proton sites on the chemical structures respectively. 

 

From the spectra in Figure 38, it is clear that the intensity of peak a at 3.6 ppm has reduced and 

a series of peaks f, g, and h at 5.8,  6.1 and 6.4 ppm, respectively, have occurred on the spectra 

of PCL-A-AC, PCL-A-K, and PCL-A, which confirms that acrylate groups have been 

successfully introduced onto the PCL molecules via all methods 40.  
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After acrylation, the chemical environment of protons at site a has changed to the same one as 

site a’. To calculate the degree of acrylation, on each PCL molecule, we set X as the average 

number of converted carbon atoms directly connected the acrylate groups. As the number of 

acrylate groups, on each of which there are 3 protons shown as peaks f, g, and h, equals to the 

number of converted carbons, we can have the number of protons on acrylate groups as 3X.  

And we can have the number of non-converted carbon atoms, still remaining as -C-OH, as 

(4 - X), where there are 2 protons. Since the integral area has a linear relationship with the 

number of protons, we can have an equation as follows: 

 

∫ 𝑝𝑒𝑎𝑘𝑎

∫𝑝𝑒𝑎𝑘𝑠𝑓+𝑔+ℎ
=
2(4 − 𝑋)

3𝑋
    (𝑋 ≠ 0) (10) 

 

And the degree of acrylation is follows: 

 

𝜂 =  
𝑋

4
× 100% (11) 

 

From the software analysis, we can have the integral ratio between peak a and peak f-h are 

0.13/0.53, 0.19/0.30, and 0.07/0.42 for PCL-A-AC, PCL-A-K, and PCL-A respectively. So, we 

can have the calculated results shown in Table : 
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Table 6. Calculated results of acrylated PCL resins. 

Name X η 

PCL-A-AC 2.92 73% 

PCL-A-K 1.19 29.8% 

PCL-A 3.2 80% 

 

Thus, the degree of acrylation of PCL-A-AC, PCL-A-K, and PCL-A are 73%, 29.8%, and 80% 

respectively.  

Acrylation via AC/Et3N method provides relatively high conversion rates, but still lower than 

SE method. Acrylation via potassium carbonate method results in a significant lower degree of 

conversion due to its poor solubility in organic solvents such as DCM. As the degree of 

acrylation is 29.8%, it indicates that there are only slightly over 1 acrylate group on each of the 

4-arm PCL molecules averagely, which means after curing, the final resin will unlikely form a 

chemically crosslinked network, which normally requires at least 2 acrylate groups on a single 

molecule. However, under the same reaction time and conditions, acrylation via SE leads to a 

decent degree of acrylation 80%. It indicates that there are more than 3 acrylate groups being 

introduced onto each PCL molecules on average. Thus, after curing, a highly chemically 

crosslinked structure can be expected.  

 



108 
 

 

Figure 39. A) Colour difference between PCL-A-AC and PCL-A. B) UV/Vis spectroscopy of 

PCL acrylates via both methods, where there is tall and sharp peak at 337 nm on the spectrum 

of PCL-A-AC but only a much weaker peak can be found at 321 nm from PCL-A. 

 

From the results of UV/Vis spectroscopy (Figure 39B), compared to PCL-A synthesised via 

SE, the yellow-coloured sample synthesised via the AC/Et3N shows a much stronger 

absorbance between 300 nm and 500 nm, which agrees with the yellow colour caused by the 

impurity. Unfortunately, this is also within wavelength range of common photocuring 

wavelengths, i.e. 360 and 405 nm. Particularly, for light-based additive manufacturing, the 

impact of this yellow impurity cannot be ignored, because it absorbs strongly in the near-UV 

and blue region of the spectrum which means that commonly used light sources for photocuring 

(300 – 500 nm) will be strongly absorbed by this impurity rather than photoinitiator to trigger 

photo-polymerisation. When fine structures being fabricated via micro-stereolithography such 

as two-photon 3D printing, it will likely lead to a poor polymerisation performance. In addition, 

since this yellow impurity cannot be completely removed from the final product, its 

concentration and effects on photoabsorption and biocompatibility cannot be controlled 

effectively. In contrast, PCL-A synthesised via SE presents a visibly clear compound which 

ensures that the incident light can be efficiently absorbed by added photoinitiator during 
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photocuring rather than any impurities. If the light needs to be attenuated to improve printing 

resolution, a light absorber, e.g., tartrazine, can be added to provide tuneable light absorbtion 

91.  

Therefore, compared to conventional AC/Et3N and alternative inorganic compound methods, 

SE should be the preferable one to acquire clean PCL-A resin with high degree of acrylation. 
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4.4.2. Assessment of Mechanical Properties of PCL-A Bulk 

Material 

 

 

Figure 40. Tensile testing results of cured PCL-A dog-bone samples (n = 9). A) Strain-stress 

curves. B) Mechanical properties PCL-A: Young’s Modulus (YM) 6.27 MPa, ultimate tensile 

strength (UTS) 0.44 MPa, and max strain 8.85% (mean values).  
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After analysing tensile testing results, PCL-A dog-bone samples present average Young’s 

Modulus (YM) 6.27 MPa and ultimate tensile strength (UTS) 0.44 MPa. Such mechanical 

properties can be regarded as elastic. Compared to some natural tissue, such as human tibial 

nerve which has YM 9.5 MPa and UTS 3.9 MPa 167, PCL-A shows potential to be applied in 

soft tissue engineering applications. However, the samples broke when their elongation reached 

8% - 10% approximately, which indicates the brittleness of this cured PCL-A. Such low 

stiffness could be a result of low crosslinking density due to oxygen inhibition during 

photocuring process, which usually happens when photocuring acrylate-based resins with 

presence of oxygen 38. To reduce the influence of oxygen inhibition, several approaches were 

suggested, such as curing under nitrogen, performing ‘thiol-ene’ click chemistry, and amine 

chemical modification. Furthermore, PCL-A would have better mechanical properties thus a 

broader range of applications if the oxygen inhibition issue is reduced. When compared to PCL-

M of the same molecular weight discussed in the PCL-M/PCL composite work, PCL-A’s YM 

(6 MPa approximately) is about half of PCL-M’s YM (13 MPa approximately), which indicates 

lower cross-linking density. Generally, oxygen inhibition is considered to happen more easily 

during curing acrylates than methacrylates due to that firstly oxygen could have a higher 

solubility in acrylates leading to a stronger oxygen inhibiting effect 168, and secondly an 

abstractable tertiary hydrogen rather than a -CH3 on carbon -C= makes acrylate’s radical less 

stable and easier to be attacked by oxygen performing a chain transfer reaction and leading to 

an termination to crosslinking 169, 170.  
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4.4.3. Photocuring and Surface Treatment Performance 

 

 

Figure 41. ATR-FTIR spectra of PCL-A resin (liquid, pink spectrum), cured film before 

treatment (red spectrum), and surface-treated film (purple spectrum). 
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To reduce the amount of residual -C=C on the surface, an EDA solution (10 wt% in methanol) 

treatment was introduced to this work. PCL-A film was characterised by ATR-FTIR before and 

after this treatment. 

In Figure 41, ATR-FTIR spectra shows that after curing, the peak at 812 cm-1 becomes flattened 

indicating that -C=C groups have been consumed 36. However, the peak at 1653 cm-1 still shows 

strong intensity indicating that there are -C=C groups remaining. The residual -C=C groups 

could be result of oxygen inhibition. As the photocuring in this work is a free radical 

polymerisation process, -C=C groups can be triggered by PI into free radicals, but with the 

presence of oxygen, the free radicals can be oxidised by oxygen and turn into carbon centred 

free radical peroxide which terminates the process of polymerisation and leaves unpolymerised 

-C=C on the surface or even inside the sample, which is called oxygen quenching. And from 

the spectra in Figure 41, the intensity of peak at 1653 cm-1 significantly decreased, which 

indicates that the residual -C=C groups have been consumed by -NH2 groups and EDA 

molecules have been introduced to the surface of PCL-A films. Moreover, this surface 

modification method could be used to create more cell-adhesive surface, such as using 

butanediamine 171, 172.Interestingly, the rapid oxygen quenching of this resin could allow it to 

be explored for continuous liquid interface production (CLIP), which is to make use of this 

oxygen quenching effect to fabricate fine 3D structures rapidly, which was reported by 

Tumbleston et al 39.   
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4.4.4. Assessment of Cell Viability on PCL-A Films  

 

 

Figure 42. (i) Confocal microscope images of live-dead stained NG108-15 cells on 4PCL-A 

films on Day 7, where green fluorescence indicates living cells and red dead cells, (ii) 

resazurin assay results show that from Day 1 to Day 4, cell growth was not significant, but 

from Day 4 to Day 7, a significant growth can be observed (TCP: tissue culture plate, Neg: 

negative control). 

 

Resazurin assay results (Figure 42ii) indicate that from Day 1 to Day 4 there is no significant 

cell growth but from Day 4 to Day 7, cells have grown on the film samples significantly. One 

possible reason for this phenomenon is that the films were still not that suitable for cell 

attachment as TCP which is usually treated to promote cell growth. Another possible reason is 

that oxygen inhibition during the curing process might not only result in residual -C=C groups 

but also peroxyl groups (-O-O-) on the surface 173, which could not be overcome by EDA 

treatment and would oxidise protein 174. Thus, the general environment on the films’ surface 

was not that preferable for cell attachment and growth. 
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Images from confocal microscopy on Day 7 (Figure 42i) show that basically all cells on the 

films are still alive and dead cell can hardly be found, which indicates that these PCL-A films 

are conducive to neuronal cell growth. Interestingly, we can further functionalise these surfaces 

with amine groups which should further increase the neuronal cell attachment and 

differentiation 175. Accordingly, PCL-A synthesised via Steglich Esterification can be 

considered as a promising resin for further cell scaffold fabrication.  

 

4.4.5. Light-based Additive Manufacturing (1PP) 

 

PCL-A diluted with different weight ratios of DI water is shown as follows: 

 

Table 7. Weight ratioes of water in PCL-A. 

Name PCL-A DI water 

PCL-A-0 1 0 

PCL-A-25 1 0.25 

PCL-A-50 1 0.5 

PCL-A-75 1 0.75 

PCL-A-100 1 1 
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Figure 43. Viscosity of PCL-A and its water solutions (numbers in the parentheses are the 

water weight ratio against PCL-A, e.g., 1/4  means water : PCL-A = 1 : 4, w/w). 
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Figure 44. A woodpile structure fabricated via stereolithography. A) General appearance of 

the wood pile structure, approximately 3 mm x 3 mm x 3mm cubic shape. B) Structure details 

under SEM (scale bar: 3 mm), where the width of each line is approximately 0.35 mm and 

the horizontal distance between lines is approximately 0.4 mm, and the height of each line is 

approximately 0.35 mm. 

 

Before running stereolithography, to optimise the printing performance of vat polymerisation, 

dilution of PCL-A to reduce its viscosity might be  necessary. PCL-A exhibited good water 
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solubility. Therefore, we tested the viscosity of the PCL-A water solutions. After a few trials of 

stereolithography, resins with viscosity higher than PCL-A-50 in Figure 43 (weight ratio of 

water and PCL-A: 0.5:1) could not be properly structured due to high viscosity, which led to 

overly cured polymer rather than a designed structure. This is largely due to that when the 

viscosity is high, the stage has to move downwards with lower velocity to allow fluid 

compensation on the top so that the additive manufacturing can be continued. But the low 

velocity would allow the top surface to be exposed to UV for longer time resulting an overly 

cured polymer. But when then concentration of water was higher than PCL-A-50, the printed 

structures showed higher brittleness, which were extremely difficult to remove from the 

platform without being broken. Thus, we chose PCL-A-50, which showed decent viscosity 

(approximately 1 Pa·s), for further stereolithography. 

Figure 44 shows the woodpile structure manufactured via stereolithography by using PCL-A-

50. The yellow colour is a result of doped tartrazine to acquire the optimum resolution of light-

based stereolithography. From two directions of observation (Figure 44A), both vertically and 

horizontally, the cubic wood pile structure can be seen through meaning that a proper 3D 

structure has been fabricated. Under SEM (Figure 44B), some curvy surfaces can be observed 

on each layer of wood pile. Such curvy surfaces should be a result of slow compensating flow 

of resin which could not cover the top of fabricated structure while the stage being moved 

downwards. Thus, resins with lower viscosity should be used for stereolithography, such as 

PCL-A-75 and PCL-A-100 to acquire higher resolution structures. 
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4.4.6. Light-based Additive Manufacturing (2PP) 

 

 

Figure 45. SEM images of lattice structures fabricated by 2PP without photoinitiator with 

different powers: A) 2mW, B) 3mW, C) 4mW. Imaging directions: 1) 45°, 2) horizontal. 

 

The SEM images (Figure 45) show that ultra-high resolution lattice structures have been 

fabricated, where the wanted patterns with sharp edges can be observed. The structural integrity 

has also been maintained after IPA washing. These exciting results exhibit the capability of this 

PCL-A for PI-free 2PP structuring with a relatively wide laser power window under fast direct 

writing speed. Besides, this PCL-A resin was synthesised via Steglich Esterification which 

should leave much fewer toxic impurities in the final product, along with the PI-free 2PP 

fabrication process, these PCL-A scaffolds with ultra-fine structures would be promising 

materials for future cell work. As can be observed in the horizontally imaged structures, the 

line thickness increases with higher power. This is largely due to that the light spatial 

confinement, in which 2PP happens, normally increases along with the light intensity, which 
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delivers larger voxels during fabrication and lower resolution 166. However, the curing 

performance and surface chemistry is uknown at the moment, but can be examined via state-

of-the-art characterisation techniques, such as nano-FTIR. 

 

4.4.7. Surfactant-free Emulsion-templating Porous Material 

Fabrication 

We also tested the potential of the PCL-A as an amphiphilic compound to be used in emulsion 

templating.  
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Figure 46. A) Stability of emulsions left still for 2 hours (aqua phase from left to right: 

deionised water, 2.5 wt%, 5 wt%, 7.5 wt%, 10 wt% NaCl). B) Microstructures of freeze-dried 

PCL-A emulsion-templated porous material  (made with 10 wt% NaCl) under SEM (scale 

bars: B: 100 μm, B1 and B2: 30 μm). 



122 
 

 

In Figure 46A, pure deionised water forms a cloudy suspension with phase separation marked 

by short red lines, where the upper part of the mixture shows a less cloudy phase than the 

bottom one. This indicates that pure deionised water formed an oil-in-water emulsion where 

organic solvent droplets are wrapped by PCL-A molecules. When the ionic concentration of 

the aqueous phase in increased by adding NaCl, Na+ and Cl- rapidly increase the polarity 

leading a clear phase separation. However, when the amount of NaCl reaches 7.5 wt%, phase 

separation still occurs but begins to show a trend of being less obvious. When the concentration 

of NaCl reaches 10 wt%, the emulsion becomes able to maintain stability for 2 hours. After 

curing, washing, and freeze drying, the material shows a highly porous internal structure with 

interconnected microscale pores. However, the surface of the material shows a much less 

porous feature with smaller pore sizes. This promising result shows that the potential of PCL-

A being applied as surfactant-free emulsion-templated material for cell scaffolds, which could 

help avoid the cytotoxicity brought by residual surfactant to a large extent 176. 

Additionally, from the configuration of the porous structures it can be seen that it is not highly 

stabilised compared to surfactant-stabilised emulsion-templated materials with micro-spherical 

voids 15. To enhance its stability and obtain decent micro-porous structures but without using 

surfactant, Pickering emulsions, which uses solid particles rather than surfactants, could 

potentially be applied to PCL-A to fabricate surfactant-free emulsion-templated materials 107. 

 

 

 

 



123 
 

4.4.8. Accelerated Degradation 

 

 

Figure 47. A) Visual progress of PCL-A’s accelerated degradation in 1M NaOH solution from 

0 to 5h, B) weight losing trend of 0.1 g sample in 1M NaOH with samples in d-H2O as 

control (n=3). 

 

 

Figure 48. Comparison of degradation rate comparison between A) PCL-A and B) PCL-M 

(PCLMA used in Field et al.'s work), among which PCLMA 1M20 shows the lowest degree 

of methacrylation (DM) and the fastest degradation process but the degradation time is still 

over 2 weeks 13. 
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The result of accelerated degradation shows that PCL-A disc samples were be fully degraded 

within 6 hours in 1M NaOH solution. Compared to the commercial PCL products, which 

usually have linear molecular structures with 60% crystallinity and can be degraded in 5M 

NaOH over 6 weeks 177, this PCL-A material shows much higher degradability even in a lower 

concentration of NaOH solution. Moreover, a study of 3-arm PLC methacrylate (PCL-M), 

which has similar star-shaped molecular structure, carried out by Field et al. shows that PCL-

M disc samples with low degree of methacrylation (dia. 4 mm, thickness 1.3 mm) were 

degraded in 5M NaOH for 17 days (Figure 48B), which still took much longer time for a 

thorough degradation 13.   

According to a study investigating the mechanism of degradation of PCL, its crystallinity 

contributes significant impact to the degradation time 178. As this PCL-A has 2 repeating units 

on each arm which extremely limits the ability of crystallisation, we can assume that there is 

hardly any crystalline region in the cured material. Additionally, the methacrylate group is more 

hydrophobic because of the additional methyl group in its chemical structure which cannot be 

found on PCL-A. Thus, while PCL-A being degraded in aqueous solutions, water ingress in the 

polymeric structure is enhanced in the acrylate, which allows the hydrolysis of the ester groups 

to occur more rapidly 179. On the other hand, the relatively low crosslinking density brought by 

oxygen inhibition could also be a reason for this rapid degradation.  

Furthermore, this rapid degradation indicates the high water absorbance of cured PCL-A. This 

would also lead to some other applications, such as co-polymerising with hydrophilic 

monomers, e.g., poly(ethylene glycol), to further increase hydrophilicity and potentially 

fabricate hydrogels 180, and also tailored degradability by co-polymerising with less hydrophilic 

monomers, such as styrene, which could also tune its mechanical properties 181. 
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4.5. Conclusions 

4-arm PCL can be functionalised with acrylate groups via SE with 80% conversion. Compared 

to conventionally synthesised PCL acrylate, PCL-A via SE is a highly purified colourless resin, 

which brought higher tunability of absorbing light. The bulk material showed an elastic 

property which indicates that it might be capable for soft tissue engineering. The PCL-A 

synthesised via this novel method has also shown biocompatibility for future cell work. PCL-

A is also capable for high-resolution light-based additive manufacturing for both single and 

two-photon light sources. Additionally, this PCL-A shows capability of structuring via 2PP 

without PI. This PCL-A is also found to have an excellent degradability compared to other 

linear PCL and PCL methacrylate, of which the accelerated degradation process could take 

days even weeks.  
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General Conclusions 

1. Photocurable 4-arm PCL (PCL-M) can be synthesised via ring-opening reaction of ε-

caprolactone with pentaerythritol, and a following functionalisation with methacrylic 

anhydride. The degree of methacrylation can reach ~ 69% after 20 hours of 

methacrylation. 

2. Doping linear PCL into PCL-M can obtain biocompatible composites with tuned 

mechanical properties and degradability, also with intriguing micro-scale spherical 

structures. 

3. Linear PCL-reinforced PCL-M composite has thermoresponsive shape-memory 

property. 

4. Doping HAp particles in PCL-M can also fabricate biocompatible materials with 

enhanced mechanical properties and accelerated degradation process. 

5. Increasing HAp concentration in PCL-M matrix can bring better performance on 

extrusion-based additive manufacturing. 

6. Acrylation on 4-arm PCL can be achieved via Steglich Esterification which produces 

highly purified polymers with 80% of conversion. 

7. PCL-A shows biocompatibility but still there is a potential to further improve its surface 

and mechanical properties to by reducing oxygen inhibition during photocuring. 

8. PCL-A is surprisingly water soluble, thus, shows a potential of formulate water-based 

3D printing resin with tuned viscosity. 

9. PCL-A is capable for photoinitiator-free 2PP structuring. 

10. PCL-A can be used for fabricating porous material via emulsion-templating method 

without surfactant. 
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Future Work 

1. Additive manufacturing of PCL-M/PCL composites, and relevant 3D cell culture. 

2. Characterisation of dynamic thermo-mechanical properties of PCL-M/PCL 

composites. 

3. Exploration of the chemical composition of the micro-spherical structures of PCL-

M/PCL composites to examine whether it could have semi-interpenetrating network 

(semi-IPN) structures. 

4. Trying to formulate PCL-M/PCL-based polyHIPE and also leached polyHIPE with 

meso-scale porous structures. 

5. Trying to explore the possibility of fabricating PCL-M/PCL/HAp composites. 

6. Characterising compressive mechanical properties of PCL-M/HAp scaffolds. 

7. Further exploration of the effect of substituted HAp would bring to extrusion-based 

additive manufacturing and biocompatibility. 

8. Further explore the possibility of increasing the degree of acrylation on 4-arm PCL. 

9. Acrylation on other multi-arm polymers such as PLA via Steglich Esterification. 

10. Further surface modification on PCL-A materials to acquire higher biocompatibility. 

11. Cell work on 2PP-structured scaffolds. 

12. Stabilising surfactant-free emulsion-templated PCL-A porous material via optimising 

emulsion recipe or Pickering method.  
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