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Abstract 

Tendons transfer forces from muscle to bone and allow the locomotion of the body. 

However, tendons, especially for tendons in the hand, get lacerated commonly in 

different injuries and the healing of tendon within the narrow channel in the hand will 

normally lead to tendon adhesion and sacrificed tendon mechanics. Researches have 

been focused on addressing tendon adhesion prevention but neglecting healed tendon 

mechanics. 

This thesis discusses the principles and challenges in the design of biomaterials 

regarding flexor tendon repair with advanced polymer chemistry and materials science. 

A rational platform, not only focusing on the prevention of tendon adhesion, but 

devoting more efforts on final healed properties of tendons via implementing 

glycopolymer-based materials to guide tendon cells attachment, was designed, 

fabricated and characterized. 

Controlled ring opening polymerizations and atom transfer radical polymerizations 

were combined for the synthesis of miktoarm well-defined block copolymers. Para-

fluorine click reactions were then implemented to afford glycopolymers with glucose 

units. 

Obtained copolymers were transformed into 3D membranes constituting a porous 

fibrous structure utilizing electrospinning. The aligned structure was then fabricated 

to optimize the mechanics of these materials for practical application as well as 

reconstruct normal tendon physiological structure.  

Lastly, the toxicity, cell affinity and cell activity of obtained materials were evaluated 

in vitro employing tendon cells as a cell line to confirm the suitability of obtained 

platforms for flexor tendon repair. 
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Chapter 1 Introduction 

As one of the biggest challenges across the world, more than 30 million humans suffer 

from tendon related surgeries annually worldwide and more than £1 billion was spent 

on tendon related injuries in 20131. Tendon healing could take up to four years to fully 

finish2 and commonly comes with complications such as tendon adhesion and loss of 

mechanics3caused by the complicate tendon healing mechanisms. Researches have 

been focused on prevention of tendon adhesion utilizing chemical agents4, early 

mobilization5, and physical barrier6. Most effective treatment over adhesion was 

observed using polymeric materials and two commercial products, Seprafilm® and 

DegraPol®, are available on market to reduce the adhesion formation7-8. However, the 

mechanics and function of healed tendons are commonly sacrificed which potentially 

could make tendons liable to re-rupture. With the advancement of polymer chemistry 

and material science, polymers with more sophisticated structures and materials with 

more functionalities could be designed and achieved nowadays. These developments 

should be combined for optimal tendon treatments and to achieve better tendon healing 

results. 

 

1.1 Polymer synthesis, post-polymerization modification and macromolecular 

structure design 

Macromolecules, defined as molecules of relatively high molecular mass, comprise 

multiple repetitions of units derived, actually or conceptually, from molecules with 

relatively low molar mass9. Polymers are substances composed of macromolecules, 

have been widely involved in daily life, ranging from biopolymers including proteins 

and DNA, to synthetic polymers such as polystyrene, poly(ethylene terephthalate) 

(PET), and poly(methyl methacrylate) (PMMA). 
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The majority of polymers are commonly synthesized through step-growth 

polymerizations, chain-growth polymerizations or multistep-growth10. This chapter 

will mainly focus on the introduction of living chain growth polymerization 

techniques, post-polymerization modification reactions, and related macromolecular 

structure design as well as their utilization in various applications. 

 

1.1.1 Living chain growth polymerization 

Generally, chain growth polymerization can be categorized as conventional chain 

growth polymerization and living chain growth polymerization10. Conventional chain 

growth polymerization represents reactions, which contain early termination reactions 

and these normally lead to the loss of chain livingness and the ability for further chain 

extension. 

The emergence of living chain growth polymerization allows a precise control over 

polymer properties, such as chemical compositions, topology and tacticity, which 

enable the synthesis of polymers with sophisticated structures. Living polymerizations 

can be categorized into living ionic polymerization11, living ring opening 

polymerization12, living ring opening metathesis polymerization13 and living radical 

polymerization14-18. Compared to conventional polymerization techniques, the living 

polymerization represents reactions with minimized termination with the ability to 

synthesize block copolymers. Generally, these techniques allow the design and 

fabrication of materials with tailored properties. 

 

1.1.1.1 Living ionic polymerization 

The first living anionic polymerization was introduced by Szwarc in 1956, during 

which polymerization of styrene was initiated by aromatic anions and propagated via 
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anionic species11. First living cationic polymerization was reported in 1984 by 

Sawamoto and Higashimura13. These mechanisms both involve the formation and 

propagation of ionic species during the polymerization and can be categorized into 

either anionic polymerization ( 

Figure 1.1 (a)) or cationic polymerization ( 

Figure 1.1 (b))19 depends on the ion species at the propagating chain end. Bimolecular 

termination was eliminated in these systems due to the electrostatic repulsion of 

similar charges. However, the selectivity of ionic polymerizations over monomer type 

and the strict purification steps, restrict the applications of ionic polymerizations 

compared with living radical systems. 

 

Figure 1.1 (a) Anionic polymerization of styrene with butyl lithium as initiator and (b) 

cationic polymerization of styrene with etherate boron trifluoride/alcohol co-initiator 

in the presence of water, polymer chains were formed through the propagation of 
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anionic and cationic species in each case. 

 

1.1.1.2 Living ring opening polymerization 

Ring opening polymerization, which represents polymerization in which cyclic 

monomers generate monomeric units with acyclic or fewer cycles than the original 

molecules9, was first introduced by Leuchs in the beginning of 1900s for the synthesis 

of polypeptides12. As one of the families that have been applied in different biomedical 

fields, the synthesis of polyesters was used here as examples to introduce ROP in more 

details. 

 

1.1.1.2.1 Living ring opening polymerization of cyclic esters 

For the synthesis of polyesters, living ring opening polymerization provides several 

advantages when compared to polycondensation. This technique requires milder 

reaction conditions and there are fewer possibilities for side reactions, which lead to a 

better control over the characteristics of resulting polymers. Ring opening 

polymerization of a cyclic ester can be achieved by means of different mechanisms, 

including cationic ROP20, anionic ROP21 and insertion-coordination ROP22 by 

implementing different catalytic system, such as organic, metal-based and enzymes 

catalyst22-23. 

Poly (ɛ-caprolactone) (PCL) has been one of the most widely employed polyesters as 

it was approved by the FDA for human clinical applications and has been utilized in 

biomedical applications for a long time. Polymerization mechanisms will be discussed 

in more details, with the main focus on ROP of ɛ-CL. 

Ɛ-CL can be polymerized via cationic, anionic, monomer-activated, or coordination 

insertion mechanisms22. However, anionic ROP and insertion-coordination ROP were 
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normally utilized to afford PCL with high molecular22. A strong base is normally used 

to catalyze the anionic polymerization of ɛ-CL, which generally affords faster reaction 

rates but also instability of the propagating species. Coordination-insertion is another 

widely used mechanism to obtain well-defined molecular properties and complicated 

structures (Figure 1.2). Normally, metal alkoxides or carboxylates, 1, within this 

system perform as coordination initiators rather than anionic initiators. With the 

addition of initiator 2 (like alcohol or amine), the polymerization initiates via 

acyloxygen cleavage of the monomer followed by the insertion of the monomer into 

the metal-oxygen bond. This coordination between the exocyclic oxygen and the metal 

results in the polarization and makes the carbonyl carbon of the monomer, 3, more 

susceptible for nucleophilic attack, which leads to the formation of polymers 4. One 

type of termination reaction under this mechanism caused the reaction between active 

polymer chain and non-initiating alcohol species, 5, normally water. Thus, in the case 

of the ring-opening polymerization, ensuring the absence of water within the system 

is one of the crucial steps during the reaction setup. 
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Figure 1.2 Polymerization mechanism for ring opening of ɛ-CL using Sn(Oct)2 as a 

catalyst and benzyl alcohol as an initiator; initiation step involves the formation of a 

complex between benzyl alcohol and Sn(Oct)2 catalyst, followed by activation of 

cyclic monomer and ring opening process. Polymer chains were subsequently formed 

via monomers insertion and normally terminated through chain-transfer reactions. 

 

Most commonly observed side reactions during the polymerization under this 

mechanism, defined as intermolecular and intramolecular transesterifications, were 

attributed to the high reaction temperature and long reaction time22. These type of side 

reactions mostly happen at the late stages of polymerization and normally leads to a 

broad polydispersity of final polymers22 (Figure 1.3). 
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Figure 1.3 (a) Intermolecular transesterification and (b) intramolecular 

transesterification reactions during ring opening polymerization of ɛ-CL. Both 

mechanisms will lead to the broadening of polymer dispersity.  

 

Although PCL was widely applied in the biomedical fields, it still has a number of 

limitations, namely its hydrophobic nature and lack of functional groups or biological 

cues on its backbone, restricting its applications in biological systems or ability to 

interact with cells. Aiding to improve this, ring-opening polymerization was normally 

combined with radical polymerization techniques to integrate functional groups onto 

PCL backbone24-25. 

 

1.1.1.3 Living ring opening metathesis polymerization 

Living ring opening metathesis polymerization was first introduced by Grubbs and 

Gilliom in 198626, which indicates a category of reaction in where a mixture of cyclic 

olefins is transformed into a polymer chain27. The proposed general mechanism for 

living ring opening metathesis polymerization can be found in Figure 1.427. The 

initiation step involves the coordination process between a transition metal alkylidene 

complex 1 and a cyclic olefin 2, followed by a [2+2] cycloaddition and transformed 

into a growing chain 3. Then the monomer was subsequently added to the growing 

chain until the full consumption of the monomer and formation of polymers 4. The 
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termination reaction normally involves adding deactivation species into the system. It 

has been applied for the fabrication of copolymers with well-defined topologies and 

utilized in biological and electronic fields27. 

 

Figure 1.4 General mechanism for ring opening metathesis polymerization. The 

initiation step involves the activation of the monomer vinyl group by a catalyst, 

followed by the formation of 2 plus 2 addition and ring opening process. Then 

monomers were added in the same manner to form longer polymer chains. The 

reaction is normally terminated via the addition of termination reagent(X=Y) to 

deactivate the transition metal and provide specific functional end group. 

 

1.1.1.4 Living radical polymerization 

Inspired by living ionic system and aiming at designed polymers with a defined 

structure, living radical polymerization, also known as controlled radical 

polymerization, was discovered in the 1990s with splendid advancements over the last 

few decades10. Living radical polymerization represents the radical polymerization 

with minimized termination reaction, which is normally achieved by having an 

equilibrium between the radical species and dormant chains to maintain a constant 

concentration of radical species within the systems, until the full consumption of 

monomers28. Other than these, monomer conversion follows a linear correlation with 

reaction time, which means the polymerization process can be easily monitored and 

the polymeric properties can be predetermined or adjusted throughout the process. The 

obtained polymers generally possess a desired molecular weight and low molecular 
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weight dispersity (Đ). Among these systems, polymer chains with a radical at the end 

normally have longer ‘living’ time, which offers the opportunity to design multi-block 

copolymers with sophisticated structures. 

Different polymerization techniques were introduced since then to adapt different 

monomer types, temperature range and solvent systems, which allows the generation 

of materials with defined properties for different applications. According to the 

equilibrium within the system, controlled radical polymerization can be divided 

mainly into four main techniques, namely nitroxide-mediated polymerization (NMP)16 

atom transfer radical polymerization (ATRP)14-15, reversible addition-fragmentation 

chain transfer (RAFT) polymerization17 and single electron transfer-living radical 

polymerization (SET-LRP)18. 

 

1.1.1.4.1 Nitroxide mediated polymerization 

The first successful living radical polymerization using a nitroxide group as an 

intermediate was developed and published by Solomon in 198616. Back then, both 

acrylates and styrene derivatives were polymerized using nitroxide and alkoxyamines, 

to achieve control over final polymer structure. NMP based on a reversible equilibrium 

between propagating radicals and stable alkoxyamines, which present as predominant 

species (Figure 1.5), to prevent termination reaction29. NMP can go through either a 

mono-component30 or bicomponent systems31 which allow the combination of NMP 

with traditional free radical initiators. The cleavage of nitroxide and formation of 

radicals were normally governed by the temperature which allows the easy control 

over polymerization29. The reversible activation and deactivation process also 

provides the possibility of chain extension using the macro-nitroxide to design 

multiblock copolymers. Nitroxides are normally synthesized via the oxidation of 
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amine or hydroxyl amine32-33. The stability of nitroxides mainly depends on the side 

group of nitrogen and slightly influenced by side groups on oxygen34. It was also 

proved that steric hindrance can attribute to the stability of nitroxide which allows the 

easy storage of most commercial nitroxides35. However, the synthesis of nitroxides 

and compatibility with monomer types restrict the applications of this technique. 

 

Figure 1.5 Scheme representation of nitroxide mediated polymerization process using 

MAMA-SG1 and styrene. Initiation involves the generation of radical species within 

the system and activation of styrene monomer; then monomers were added to the 

radical center and radical concentration was controlled through the reversible 

activation and deactivation equilibrium with nitroxide to suppress the termination 

reactions. 

 

1.1.1.4.2 Atom transfer radical polymerization 

Atom transfer radical polymerization was discovered independently by Sawamoto14 

and Matyjaszewski15 in 1995. ATRP is mainly based on establishing a rapid dynamic 
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equilibrium between a minute amount of growing active radicals and a large majority 

of the dormant species36. The overall mechanism of Cu catalyzed ATRP can be seen 

in Figure 1.637. The deactivation process is more prominent in the equilibration to 

maintain a low radical concentration and minimize the rate of termination reaction. 

Alkyl halides, 1, are typical initiators for ATRP, where X usually defines bromine or 

chlorine, which lead to a better control on the molecular weight and Đ of final 

polymers out of the suitable rate between activated and deactivated species. To initiate 

the reaction, lower oxidation copper ligand complexes, 2, will activate the initiator and 

generate radical species. However, the significant higher deactivation rate originates 

from Cu(II) halides, 3, maintains a lower radical concentration within the system and 

successfully suppress the termination reactions. 

 

Figure 1.6 Equilibrium of atom transfer radical polymerization (ATRP). Radical 

formation involves the homolytic halogen transfer from alkyl halide to Cu halide 

ligand complex in lower oxidation state and active radical concentration was 

controlled by the redox reaction of higher oxidation state transition metal halide ligand 

complex. 

 

Since this technique is benefiting from its wide ranging monomer compatibility and 

simple design of initiators, well-defined polymers with numerous properties and 

applications have been synthesized using ATRP36.  Meanwhile, benefit from the 

simple structure of the initiator, ATRP can be easily combined with other 

polymerization techniques. For example, Atzet et al. have synthesized poly(2-

hydroxyethyl methacrylate)-co-(ɛ-caprolactone) hydrogels combining ATRP and ROP 

for tissue engineering scaffolds38. 

During the last century, different transition metal compounds, ligands and solvents 
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have been investigated extensively in order to optimize the polymerization conditions. 

It was evidenced that the amount of metal and ligand have an enormous influence on 

the control over the polymers, mostly through balancing the activation and 

deactivation equilibrium37. It was proved that both the initiator and ligand structure 

will lead to different initiation rate and also the polymerization speed will be varied39-

40. Other parameters, such as the polarity of the solvent, will also impact the 

polymerization process by driving the equilibrium towards one direction41. 

 

1.1.1.4.3 Reversible Addition-Fragmentation chain Transfer polymerization 

RAFT polymerization was initially introduced in 1998 by Moad, Rizzardo and Thang 

et al17 as a living radical polymerization technique. The mechanism is shown in Figure 

1.7. The system normally requires the addition of initiator, 1, into the system to 

generate the first radical species, followed by monomer addition and radical 

equilibration between growing chain end and the chain transfer agent (CTA) 2. Similar 

to NMP, this provides the possibility to tailor polymers by combining with the 

traditional free radical initiator. Similar to other radical polymerization techniques, the 

active radical concentration stays constant during the activation-deactivation 

equilibrium, which was controlled by the CTA 242. The fast exchange rate between the 

active species and dormant chain compares to the propagating rate allows the control 

over the uniformity of polymer chain length. 
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Figure 1.7 General mechanism of RAFT. Initiation step normally involves the 

formation of radicals from radical source and activation of monomers. Then the 

propagating process allows the addition of monomers to radical centers, which go 

through reversible equilibrium mediated by CTA to achieve uniform chain length. 

 

Since the introduction of this technique, RAFT has been adopted to different monomer 

types43-45, yielding polymers with chemically diverse structures.46-47 It has also been 

applied to generate sequence-controlled block copolymers48-49. However, the synthesis 

of the RAFT agent and the removal of the RAFT agent-derived end group after 

polymerization limit the applications of this technique. 

 

1.1.1.4.4 Single electron transfer living radical polymerization 

Single electron transfer living radical polymerization was first introduced by Percec’s 

group in 2006 using DMSO as the reaction medium18. The ultrafast reaction rate while 

obtaining ultrahigh molecular weight polymers with defined structures at room 

temperature or even lower showed the tremendous advantages of using this technique. 

It is believed that the main difference of SET-LRP, when compared to ATRP, is the 

activating species in the equilibrium was changed from Cu(I) halide to more reactive 

species, Cu(0)18. The schematic representation of the SET-LRP is shown in Figure 1.8. 
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Cu(0), 1, is acting as initiating species to generate the radical species by reacting with 

the initiator 3 and Cu(II)X2, 2, is the deactivating species, which adjust the 

concentration of radicals within the system. In polar solvents, such as alcohols and 

DMSO, Cu(I)Br 4 can disproportionate into 1 and 2 in the presence of N-containing 

ligand, which is one of the crucial steps that enables the ultrafast polymerization rate 

within this system18. In 2013, Haddleton et al. expanded the scope of solvent for this 

polymerization technique by the most environmentally friendly solvent water. 

Aqueous systems successfully disproportionate Cu(I)Br in situ, which lead to another 

increase of reactivity of the Cu(0) powder50. The reaction time was further lowered to 

minutes rather than hours while maintaining the chain-end fidelity. This has also 

overcome the reactivity issue that acrylamides have in organic SET-LRP and thus, 

expanded the monomer compatibility. Based thereupon, mixed solvent systems51 and 

different copper source52 were also applied in SET-LRP, which indicate the robustness 

of this mechanism. However, the necessity to remove the residual metal catalyst from 

the system as well as the compatibility of the mechanism with non-polar solvents limit 

the applications of this technique. 
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Figure 1.8 General mechanism of SET-LRP. Radical formation involves the single 

electron transfer from the Cu(0) electron donor to the electron acceptor alkyl halide 

and active radical concentration was controlled by the redox reaction of higher 

oxidation state transition metal halide ligand complex. 

 

1.1.2 Post-polymerization modification reactions 

The development of living polymerization techniques allowed the synthesis of 

polymers with precisely controlled molecular weight, polydispersity and 

compositions10. However, tolerance of living polymerization towards functional 

groups are limited while also sometimes the direct polymerization of functional 

monomers requires the application of a protected monomer and an extra deprotection 

step53. Thus post-polymerization modification appears as an attractive approach for 

the synthesis of functional polymers that can overcome the limited tolerance of many 

controlled polymerization techniques54. Hereby, the generated polymer is chemically 

reacted in order to tailor or tune the respective properties. This bears the advantages 

range from mild reaction condition, offer quantitative yield and compatible with 

majority functional groups53. Thiol addition, para-fluorine click reaction and Azide-

Alkyne Huisgen Cycloaddition reaction were selected here to introduce the 

applications of post-polymerization modification in details. 
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1.1.2.1 Thiol addition 

General concepts about reactions between thiol and carbon-carbon double bond were 

established during early 1900s55 with the mechanism revealed in 193856. Thiol 

addition represents the radical addition of thiol groups to alkene (or alkyne) groups 

(Figure 1.9). The tolerance over functional groups and application of UV light as a 

source for radical generation allowed quantitative functionalization of polymer 

backbones, which is employed to afford glycopolymers57, polymer-peptide 

conjugates58 and functional hydrogel59. 

 

Figure 1.9 Radical thiol addition to poly (1,2-butadiene). Radicals are generated from 

radical source and then react with a thiol to afford thiyl radical species. Then the 

reaction propagates via thiyl radicals react with alkyne group to form a carbon center 

radical and follows by a chain transfer step to abstract the hydrogen from thiol to 

achieve multiple propagations. 

 

1.1.2.2 Para-fluorine click reaction 

The para-fluorine reaction, which utilizes the reaction between fluoro-substituted 

benzene analogs and nucleophilic compounds, first reported in the 1950s60-61 and 

optimized in early 2000s62-63 to reach quantitative yield under mild conditions, is a 

popular method enabling post-polymerization modification techniques. The reaction 

relies on the substitution of the activated fluoro in para position by nucleophilic attack 

of the para-carbon. Wooley and co-workers demonstrated the efficient ligation 

reaction between fluorinated aromatic groups on polymer chains using hydroxyl group 

containing compound (Figure 1.10 (a))64. Later on, the reaction was extend using both 

amines (Figure 1.10 (b))65 and thiols (Figure 1.10 (c))62, leading to a higher degree of 
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functionalization with quantitative yield. Among all these compounds, thiol-

containing compounds were more widely used for post-modification of polymers for 

para-fluorine click reaction. 

 

Figure 1.10 Para-fluorine click reaction using (a) hydroxyl, (b) amine and (c) thiol 

terminated compound. 

 

Base compounds such as trimethylamine (TEA)62, 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU)66, potassium carbonate (K2CO3)
67 have been used as base during the 

reaction. The reaction can happen in most polar solvents under mild conditions. The 

advantages of para-fluorine click reaction are mainly the absence of metal species in 

the system. By using this post-modification method, glycopolymers62, 68, responsive 

polymers66, as well as polymers with sophisticated structure62, can be easily designed 
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and synthesized. 

 

1.1.2.3 Azide-Alkyne Huisgen Cycloaddition reaction 

The Azide-Alkyne Huisgen Cycloaddition reaction was firstly introduced by Rolf 

Huisgen in 196169 and represent a 1,3-dipolar [3+2] cycloaddition between an azide 

and a terminal or internal alkynes, manufacturing 1,2,3-triazoles (Figure 1.11). The 

introduction of copper-based catalytic systems, termed Copper-Catalyzed Azide-

Alkyne Cycloaddition (CuAAc) by Sharpless and Meldal in 200170-71 significantly 

advanced this field, allowing the connection of two molecular building blocks in a 

facile, selective, high-yielding and mild reaction conditions with no byproducts. The 

system was further optimized to achieve the reaction without the addition of metal 

species by Bertozzi and co-workers in 200472. Nowadays, this reaction has been 

widely employed to synthesize polymer-polymer or polymer-protein conjugates73-74. 

 

Figure 1.11 General representation of azide-alkyne cycloaddition reaction. 

 

1.1.3 Polymer structure, design and miktoarm polymers 

The appearance and the development of synthetic polymer chemistry and post-

modification provide the possibility to design functionalized macromolecules and 

fabricate materials with desired properties. As a result, researches have been focused 

on the interface of biology, biochemistry and material science, which in turn, promote 

the progress of synthetic polymers. Numerous polymers with sophisticated structures, 

for instance, block copolymers, sequence-controlled polymers and miktoarm polymers, 

have been designed and synthesized. Among different structures, block copolymers 
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were normally utilized to fabricate nanoparticles75-76 through their self-assembly 

property, sequence-controlled polymers were extensively employed for information 

storage77 or specific recognition of biomolecules78, while miktoarm polymers combine 

the merits of different polymerization techniques and provide materials with advanced 

properties, such as targeting and loading properties79-80. 

Taking the design of miktoarm polymers as examples, generally, this category of 

polymers is synthesized uniting different polymerization techniques and click 

chemistry. Two of the most widely used methodologies are a core-first method and an 

arm-first method (Figure 1.12)79. The arm first methodology involves the synthesis of 

linear polymer arms first and then followed by linking to a multi-function core (Figure 

1.12 (a)). Inversely, the core first method entails the growth of polymer chains directly 

from a multifunctional core (Figure 1.12 (b)). The main difference lies in the role of 

the core part, which either performs as a crosslinking point or as an initiator for 

subsequent polymerization. 

 

Figure 1.12 Representative process of miktoarm polymer synthesis via the arm-first 

and core-first methodology. Miktoarm polymers represent a category of polymers with 

at least two different polymer arms emanated from the same center. 

 

The difference between miktoarm polymers and other polymers like dendrimers or 

polymer brushes is that all polymer arms are emanated from the same core79 and there 

are at least two different polymer arm types. For instance, ring-opening polymerization 
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of ɛ-Cl was combined with ATRP, which resulted in mikto arm block copolymers with 

jellyfish shape81. A similar approach can be used to incorporate sugar moieties68 into 

a miktoarm polymer that showed advanced properties in biological systems. Liu and 

coworkers82 showed that miktoarm PDMAEMA could provide better stability of the 

polymer-DNA complex and the transfection efficiency into cells were also improved. 

In conclusion, miktoarm polymers have shown it advantageous properties over the 

linear counterpart although the synthesis normally requires more polymerization and 

purification steps. 

One crucial contribution of polymer chemistry is the emergence of new materials 

ranging from industrial plastic, biological devices to responsive materials. Towards 

effective translation of polymers into real practical materials, different methods have 

been established to fabricate well-defined 2D and 3D materials. 2D materials, mostly 

nanoparticles, can be prepared via various techniques such as solvent evaporation83, 

nano precipitation84, dialysis,84 magnetic and emulsion-induced self-assembly 85-86. 

However, due to the limited dimension of these 2D materials, they are mainly applied 

and restricted to targeting drugs delivery to certain diseases such as cancer. For tissue 

regeneration and related diseases, which normally involve a reformation of tissue, 3D 

porous scaffolds were required and could be fabricated using electrospinning87, phase 

separation88, self-assembly,89 3D and 4D printing90-91. Among those methods, 

electrospinning is the most widely used approach owing to its simple, straightforward 

process and the formation of well-organized 3D porous structures92. 

 

1.2 Electrospinning 

1.2.1 Electrospinning setup and process 

Since the invention of electrospinning in 1934 by Formalas93 this technique has been 
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widely used for fabrication of 3D scaffolds made up by ultrafine filaments with a 

defined structure derived from both natural and synthetic compounds. Different from 

other spinning techniques, the electric force was utilized to elongate compound and 

obtain fibres in nano or micro range. The classic setup of electrospinning can be found 

in Figure 1.1394. The apparatus requires three main components: high voltage supplier, 

a tubular connector with small diameter electric conducting end, and a collecting 

device. During the electrospinning process, a high voltage was applied between the 

ejector and collector, which induces charge onto the compound solution surface. 

Increasing the electric field will lead to the rise of the repulsion force caused by the 

mutual charge. When it reaches the surface tension, the hemispherical solution at the 

tip will be ejected, elongated and start to form fibre bundles. This point was normally 

called Taylor cone. Then the discharge of the solution will cause an instability and 

allow the fibre to elongate into thin and long fibres87. 

 

Figure 1.13 Schematic representation of electron spinning setup. The main 

components of electrospinning including a syringe pump, a high voltage supply, a 

spinneret and a ground collector. 
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1.2.2 Electrospinning parameters 

Final fibre properties are correlated to the compound solution properties, applied 

voltage, and influenced significantly by environmental parameters95. The fabrication 

of uniform fibre structure and smooth fibres surface will require regulation of these 

parameters into a suitable range. Low concentration and molecular weight of polymers 

will lead to a mixture of fibre and droplet, initiated by the lack of chain-chain 

entanglement within the solution, while the concentrated polymer solution will 

prohibit fibres formation, triggered by an inability to process polymer solution96. The 

solvent selection also determines the fibre morphologies through viscosity, 

conductivity, evaporation speed, the dielectric constant of solvent and extensibility of 

solution in electric field97. For example, Edirisinghe and co-workers elucidated the 

relationship of the solvents dielectric constant with fibre diameter during the 

electrospinning of poly(methylsilsesquioxane), which high dielectric constant solvent 

normally led to thinner fibres98. Meanwhile, parameters in electrospinning, like 

voltage and nozzle collector distance, will also produce fibres with different 

morphologies and diameters. Similarly, applied voltage and nozzle collector distance 

mainly influence solvent evaporation, fibre extension and whipping or instability 

interval during electrospinning97. Sufficient voltage (same as shorter nozzle collector 

distance) should be supplied to generate electric repellent forces that can overcome 

the forces associated with the surface tension for fibre formation, whilst overload 

results in oscillation and asymmetry of the Taylor cone, observed by bead formation99. 

Environmental parameters, like temperature and humidity, were also proved to be 

involved in the determination of final fibre structure100 During the electrospinning of 

PCL, porous fibres were formed with the increase in humidity and decrease of 

temperature101. In conclusion, in order to fabricate uniform fibre structures, 
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optimization of the conditions needs to be performed for each specific polymer. 

 

1.2.3 Structure control in electrospinning 

With the development of electrospinning, more than 50 different compounds, both 

naturally derived compounds like collagen or chitosan and synthetic polymers with 

variable properties, were fabricated into 3D membranes101. The easy control over fibre 

orientation, fibre structure, the wide compound compatibility and the obtained 

ultrafine fibres dimension all facilitate the applications of electrospun membranes into 

tissue engineering102, drug delivery103 and related biomedical applications104.  

Aiming at improving the performance of the electrospun systems, manipulation over 

fibre orientation and structure has been carried out and investigated during the last 

decades. To exemplify, one of the most widely used methods to obtain aligned fibre 

orientation was the implementation of high speed rotating fibre collector rather than 

the stationary counterpart. The fibre orientation can be efficiently controlled into the 

same direction with a controlled extent (Figure 1.14)105 and provide distinct biological 

response compared to random fibre systems. Zhang and co-workers106 proved that the 

mechanical properties can be optimized while orientating fibres into the same 

direction and a difference in cell attachment pattern has also been witnessed. Later on, 

Xia’s group107 revealed the influence of fibre density, surface coating and supporting 

substrate on neurites attachment and outgrowth on electrospun films. Results showed 

cell behavior could be efficiently controlled utilizing electrospinning. 
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Figure 1.14 Scanning electron micrographs of electrospun PS sub-micron fibres 

showing morphology at varying magnifications. A–C are non-aligned, D–F are 

moderately aligned, and G–I are highly aligned sub-micron fibres. The images indicate 

effective control over fibre alignment can be achieved using electrospinning. 

 

Other than the manipulation over fibre orientation, attributed to the high surface-to-

volume ratio, introduced by Kenawy108 in 2002, this system has shown the potential 

in drug loading and drug delivery. However, the efficient drug delivery into humans 

not only requires high loading efficiency and promoted cell interaction with the 

systems, but also normally a sustained release pattern in vivo is preferred109. Taking 

advantages of the easy setup of electron spinning apparatus and aiming at the sustained 

release of drugs from the scaffolds, co-axial electrospinning was invented in 2002 by 

Loscertales and co-workers110 (Figure 1.15). Using this technique, core-shell fibres 
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can be easily fabricated with drugs111 or proteins112 located at the inner core of the 

fibre, which led to a sustained release using the protection of the outer layer. 

 

Figure 1.15 (a) TEM and (b) SEM images of the co-axially electrospun fibres. Evident 

core-shell fibril structure can be observed under electron microscopy and afford fibres 

with more complicated structure. 

 

1.2.4 Electrospinning applications 

The effective control over fibre structure and obtained materials properties precede the 

applications of electrospinning over other methodologies. Ranging from biomedical 

devices103 to electrochemistry apparatus113, electrospinning showed its capacities in 

diverse subjects and research domains. Ramakrishna’s group114 created guided a bone 

regeneration platform using bi-layer PCL/calcium carbonate composite, with 

sufficient mechanical strength and a promoted proliferation of osteoblast along the 

surface. Menceloglu and co-workers115 built a super-hydrophobic surface via 

electrospinning, with a finely tuned microscale texture, using poly(acrylonitrile-c-α,α‐

dimethyl meta‐isopropenylbenzyl isocyanate) (poly (AN-co-TMI)). More recently, 

Cui’s research group116 even utilized electrospinning to generate filter membrane for 

air pollution, which shows the versatility of this methods. In summary, the 

straightforward process to obtain ultrafine fibres, with high surface-volume ratio and 

comparable dimensions to native tissue, offers electrospun materials exceptional 

properties among the broad landscape of materials fabrication methodologies.  



26 

 

However, there are still some challenges remaining in this field. For example, the 

requirement of high voltage during the process, the sensitivity of fibre properties 

towards environmental parameters and most importantly, it can only be applied with 

the existence of high chain entanglement in order to produce continuous spinout jet117-

118. 

 

1.3 Tendon structure and function 

Tendons facilitate the motion of muscles and normally connect while transferring the 

strain from muscles to the bone, thus allowing muscles to withstand higher stress. 

Consequently, tendons are constantly used cyclically in our daily movements. The 

hierarchal structure of tendon tissue derived from their specialized cell environment 

permits tendons to work under high strength for a long time. 

Tendons are comprised of collagen, cells, proteoglycans and water, with collagen 

contributes more than 60% of dry weight in a tendon tissue119. Collagen type I, which 

accounts for more than 95% of collagen in normal human tendons120, possess great 

flexibility and durability121.  Aggregation of a triple helix of three polypeptide chains 

leads to the formation of collagen molecules. Subsequently, collagen molecules pack 

closely via chemical crosslink into fibre bundles122. This hierarchal structure of tendon 

is envisioned in Figure 1.16119, which leads to the complex response towards loading.  
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Figure 1.16 Scheme representation of the hierarchal structure of tendon. The 

hierarchal structure of tendon accounts for the unique mechanical responses and 

function of tendons. 

 

Most of the collagen fibres bundles in normal tendon tissue are well arranged along 

the long axis of the tendon123 (Figure 1.17), allowing the efficient transmission of high 

force. There are also crimp on relaxed tendon structure derived from elastin in tendon 

tissue, which allows tendon possess some extent of elasticity124. 

 

Figure 1.17 Collagen fibril organization and morphology in mature rat tendon and 

ligament, white arrow indicate the existence of crimp on tendon tissue. From the 

images, it can observed that in mature tendon tissue, collagen fibres are primarily 

aligned along the longitude of the tendon with crimps existing along the fibres (white 

arrow). 

 

Figure 1.18 shows a typical stress-strain curve of normal tendon upon load is applied. 

Crimp in tendon leads to a toe-region up to 2 % strain until reach smooth state and it 

varies from tendon types, the age of tendon and tendon locations125. Tendon mechanics 

follow a linear region after the removal of all the crimp, during which involves the 

extension of collagen fibres126, sliding between fibres127 and fascicles 128 until reaches 
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the limit of tendon extensibility, which results in microscopic failure following by 

rupture of the tendon.  

 

Figure 1.18 Typical normal tendon stress-strain curve. This figure shows the 

mechanics of normal tendon tissue. The crimp on tendon tissue leads to the toe region 

of the curve and followed by the elastic mechanical behaviour until the physiological 

limit of tendon tissue. Further extension will lead to the appearance of microscopic 

failure and lastly, the rupture of tendon tissue, termed here as macroscopic failure. 

 

Tendon mechanic mainly depends on the collagen fibres which is mediated by the cells 

function. As the main cell line within the tendon, tenocytes control the tendon 

performance by adjusting collagen synthesis, and protein secretion129. Meanwhile, the 

tendon is normally surrounded by a synovial sheath (Figure 1.19), which prevents the 

adhesion of tendon130 and allows tendon gliding freely against surrounding tissue131. 
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Figure 1.19 SEM of rat Achilles tendon sheath. Different from the fibre arrangement 

in tendon tissue, tendon sheath appears to be a randomly fibril connecting tissue which 

helps the gliding of tendon against other tissue. 

 

Although tendons are one of the well-organized tissues in the human body, 

complications in tendon injuries make the healing of tendon remains one of the biggest 

challenges across the world. 

 

1.3.1 Tendon injuries 

Tendon injuries can be categorized into acute or chronic injuries according to the 

initiation of the injuries132. Acute tendon injuries are normally derived from either 

penetrating or laceration by sharps133. These normally lead to partially or completely 

rupture of tendon followed by a tedious healing process. However, chronic tendon 

injuries are normally caused by repetitive tendon loads134, overuse, or aging of 

tendon135. It has been proved that tendons degenerate by increase age136 which leads 

to altered responses towards mechanical stimulation137 As the population and life 

expectancy is increasing steadily, it is estimated that 25% of adults will suffer from 
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tendon related problems, putting a further pressure on healthcare system138. 

As the major cause for tendon related injuries, tendon laceration possesses the highest 

incidence among 20–29 years population and a higher possibility in males than 

females139. It normally refers to a deep cut which leads to partial or complete tear of 

connective tendon tissue with discontinuity and disorganization of collagen fibrous 

bundles in biological view (Figure 1.20)140. Inflammatory cells were observed to 

migrate to the injured place and compared with normal tendon (top column), 

disorganized fibres were deposited during the tendon healing process after it gets 

injured at day 9 (Figure 1.20). Meanwhile, as mentioned before, tendons are 

surrounded by tendon sheath, a membrane-like structure. However, in tendon injuries 

like laceration, the integration of the tendon sheath is frequently damaged, which 

potentially leads to several further problems with further implication in restricting the 

functionality and movement of tendon observed by a reduction in tendon 

performance141. 
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Figure 1.20 Representative histologic sections of healthy and repaired canine flexor 

tendons at 9 days postoperatively. The sections were stained with Hematoxylin and 

eosin stain (H&E) and viewed under bright field for cell identification. The upper row 

shows the aligned fibre structure and arranged cell orientation in normal tendon tissue 

while the bottom row shows the disorganized fibre bundles and cell orientation.  

 

Normally, clinic strategies for tendon healing involve surgery, followed by 

rehabilitation exercises which could last for years until tendon fully healed142. The 

detailed tendon healing mechanism and existing challenges will be discussed in the 

next section. 

 

1.3.2 Tendon healing mechanism and challenges 

Due to the importance of tendons, tendon injuries have gained numerous attention. 

There are mainly two mechanisms for tendon healing: intrinsic and extrinsic healing, 

based on the cell populations involved in the healing process143. Intrinsic healing refers 

to tendon healing whereby only tenocytes, fibroblasts and inflammatory cells within 
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the tendon and epitenon invade the healing site and fulfill the healing process (Figure 

1.21 (A))144, which formed connected tissue within the injured tendon. Tenocytes from 

epitenon were normally stimulated by nourishments diffused from the synovial fluid145 

and then initiate the healing process through proliferation and migration130. Instead, 

extrinsic healing requires invasion of cells from the surrounding sheath and synovium, 

which generally formed scar-like tissue to help with the healing process (Figure 1.21 

(B))143. Clinic results showed that tenocytes from epitenon synthesized larger and 

more mature collagen fibres146 and could lead to scar-free healing145, which represents 

better biomechanical properties of the healed tendon by intrinsic healing only. 

However, real tendon healing normally involves both mechanisms due to the 

sophisticated responsive triggering systems of human bodies147. 

 

Figure 1.21 Schematic representation of (A) intrinsic and (B) extrinsic pathways of 

tendon healing. The intrinsic healing only involves the cells within tendons and the 

formation of connecting tissue was mostly located within tendons. In contrast, 

extrinsic healing leads to the formation of connecting tissue surrounding tendon, 

which subsequently leads to scar and adhesion formation. 

 

Regardless of the difference in tendon healing mechanisms, tendon repair normally 

involves three overlapping stages: the inflammatory stage, the proliferative stage and 

the remodeling stage (Figure 1.22)2. The inflammatory stage normally starts straight 

after the injury and witnessed by clot formation, inflammatory responses and initiation 

of cellular migration2. This stage provides injured tendons with initial migration of 

cells from the surrounding tissue and various chemotactic factors expressed to help 
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the reconstruction of tendon tissue (Figure 1.22(A)). After three weeks, Proliferative 

stages will observe by the proliferation of cells with the appearance of synthetic 

collagen bundles and further secretion of growth factors. The collagen fibres 

synthesized during this stage are mainly collagen type III in a disorganized and 

immature manner (Figure 1.22 (B))148. Lastly, the remodeling stage will happen in 6-

7 weeks after injuries and during which, mainly collagen I will be synthesized. 

Meanwhile, collagen fibres bundles will start to reorganize along the axis of the tendon, 

while reform crosslinked interaction between fascicles (Figure 1.22 (C)). This 

normally provides the tendon with better strength and the whole process could last for 

years149-150. 

 

Figure 1.22 Cellular phases of tendon healing. A: Inflammatory stage; B: Proliferative 

stage; C: Remodelling stage. Images show the three main stages during tendon healing. 

Inflammatory stage involves the inflammation reaction of human body and the initial 

migration of cells to the injured place; during migration stage, cells continue to 

proliferate and start to deposit disorganized immature collagen fibres; the remodelling 

stage is in charge of the reorganization and maturation of fibre bundles. 

 

Although the tendon healing process has been understood for years, unfortunately, up 

to now tendon repair still faces some challenges. Firstly, tendon injuries normally 

involve disruption of nutrition system. Poor blood supply, the release of synovial fluid 

and decrease of pressure are normally witnessed after breakage of tendon sheath, 
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which all lead to starve of cells within the injured place and slow down the healing 

process147. Especially for flexor tendon healing, surgical trauma, like sutures between 

two ends, was normally required to promote the healing process. The intervention of 

surgical operation will further interfere with the nutrition system. Meanwhile, 

followed by surgical treatment, a fixation apparatus will normally be applied to 

prohibit load over the injury place, but it also comes with an increase in tendon 

stiffness, scar formation and tendon adhesion formation147. 

The tendon adhesion formation was first introduced in the 1920s by Bunneel151 and 

Garlock152. It is normally caused by the disruption of the synovial sheath (Figure 1.23 

(A)) and invasion of cells afterwards (Figure 1.23 (B))153 which result in swelling and 

adherence of tendons with surrounding tissue (Figure 1.23 (C)). Subsequently, 

connective tissue will form between the injured tendon and peritendinous tissue 

(Figure 1.23 (D)), normally termed tendon adhesion. Tendon adhesion will restrict the 

gliding properties of healed tendon and it requires secondary surgeries to be separated, 

which is essential for promoting the range of motion of healed tendons. In order to 

minimize tendon adhesion formation and allow the restoration of tendon gliding ability, 

different methods have been introduced. 
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Figure 1.23 Basic histology of adhesion development in mouse flexor tendon. T: 

tendon, ST: subcutaneous tissue, SS: sheath space, and B: bone. From image A, it can 

be observed there is a clear space between tendon and bone as well as tendon and 

subcutaneous tissue. Image B shows the invasion of cells into the injured place (black 

arrow). Image C shows the swelling of tendon and adherence with subcutaneous tissue 

(black arrow). Image D indicate the formation of adhesion after tendon healed (black 

arrow). 

 

1.3.2.1 Treatment to tendon adhesion prevention 

The methods used for tendon adhesion prevention mainly focused in three fields: 

surgical techniques, chemical agents, and physical barriers154. 

One method to help reducing tendon adhesion is controlled early mobilisation5. 

However, the risk of re-rupture and poor strength during the early stage requires a long 

time immobilization. Thus surgical techniques employing non-absorbable sutures 

were applied to bridge the gap of the ruptured tendon to enable enough mechanical 

property during the early stage of tendon healing155. To date, numerous suture 

techniques have been developed for tendon repair, for example, Bunnell, Mason-Allen 

and modified Kessler, which are all widely used suture methodologies156 Figure 1.24 

shows some of the suture methods that are widely utilized in the clinic. According to 

the number of suture strings, the methods can be categorized into a single string, 
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double string or multiple string methods. A suture has been estimated to withstand up 

to 20 N using a single strain method, or 70 N using a 6 string method157-158. However, 

it is proved suture techniques have a significant influence on the amount and extent of 

adhesion formation 159. Increase in the number of sutures will provide injured tendon 

with better mechanical properties during the early healing stage whilst also causes 

more damage to the site, introduces more external foreign materials and leads to higher 

tendon volume, subsequently result in severely adhesion formation159-161. After the 

tendon healed with adhesions, they normally require secondary surgeries to be 

separated, which is essential for promoting the range of motion of healed tendons. 
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Figure 1.24 Examples of tendon suture techniques; (a) Bunnell method; (b) Double 

modified Kessler method; (c) Savage method. Image a, b and c correspond to a two 

strand, four strand and six strand suture method, respectively. 

 

Another method of tendon adhesion prevention is using chemical agents. The 

inflammatory reaction of the body has been reckoned as the main reason for adhesion 

formation162. Based on this theory, several anti-inflammatory molecules like slow-

acting antirheumatic drugs (SAARDs) or non-steroidal anti-inflammatory drugs 

(NSAIDs) are extensively used in tendon repair to prohibit or relieve inflammatory 

reaction, subsequently decreasing the number of cells participating in the tendon 

healing process and finally reducing the amount of collagen that is produced by cells163. 
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However, the side effects of these drugs and the fast degradation rate restrict the 

applications of pharmaceutical agents. Later on, other biological cues involved in 

tendon healing, such as vascular endothelial growth factor (VEGF),164 platelet-derived 

growth factor (PDCF),165 basic fibroblast growth factor (bFGF)166 and transforming 

growth factor-ß (TGF-ß)4, were widely studied to prevent adhesion. Among the 

growth factors family, TGF-ß is the most well-researched molecule due to the close 

relationship with the synthesis of collagen molecules167. The suppression of TGF-ß1 

has shown significantly lower tendon adhesion following a dose-dependent manner168. 

However, since the complicated effects of growth factors on tendon healing and the 

controversial results169-170, the applications of growth factors are not commercialized 

yet. 

A physical barrier is another alternate method by using biocompatible membranes to 

mimic the properties of a natural tendon sheath, which hinder or block the invasion of 

surrounding cells to injured tendon. In theory, extrinsic healing is mostly accounting 

for the adhesion formation because it requires the invasion of numerous cells3. Due to 

the excellent biocompatibility, naturally derived materials such as hyaluronic acid 

(HA)171 and oxidized cellulose (CEL)172 based materials were firstly tested for tendon 

adhesion prevention. The sodium hyaluronate–carboxymethylcellulose (HA–CMC) 

barrier (Seprafilm®) is one of the commercial representative materials for tendon 

adhesion prevention7. The applications of Seprafilm resulted in much better adhesion 

prevention evident by a gap between the tendon and surrounding tissue (Figure 1.25 

(A)) compared with extensive connective tissue witnessed in the controlled group 

(Figure 1.25 (B)). 
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Figure 1.25 Histology staining of Adhesion prevention combine (A) tenolysis and 

Sperafilm®; (B) Non treated group. Image A shows the sheath space formed after 

tendon healed and proved the efficiency in prevention of tendon adhesion compared 

with significant less sheath space in Image B, which has no treatment during the 

healing. Red arrow shows the sheath space formed during tendon healing. 

 

With the development of polymer synthesis and functionalization, synthetic polymers 

have gained increasing research interests for biomedical applications6. Among the 

biocompatible polymers, polyesters are most widely researched and used. For instance, 

poly(lactic acid) (PLA)173, poly(glycolic acid) (PGA)174, poly(ɛ-caprolactone) 

(PCL)175 and their copolymers176 have been used extensively in the clinic applications 

such as surgery sutures,177 fixation devices178 and tissue scaffolds179-180 for a long 

history. Not only because of their great biocompatibility and biodegradability, but also 

because these polymers are some of the few synthetic polymers which were approved 

by the U.S. FDA for human clinical applications. 

More specifically, there are already biodegradable polymers which can be used in the 

prevention of tendon adhesion formation such as DegraPol® 181 chitosan-grafted 

poly(ɛ-caprolactone) (PCL-g-CS) nanofibrous membrane (NFM)182, and some anti-

adhesive agent containing membranes183. DegraPol® is made up of poly-

hydroxybutyrate as a crystalline segment and ε-caprolactone as the soft segment8 

Membranes were fabricated via electrospinning and the adhesion prevention property 

of this materials was tested on female New Zealand white rabbits model with reduced 
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adhesion formation in the experimental group181. It was further modified by 

Buschmann181 by changing the ratio of the block copolymer to optimal anti-adhesive 

properties as well as lower the inflammation reaction. 

The appearance of physical barrier system also allows the combination with chemical 

compound therapies. One example is using ibuprofen-loaded poly(lactic acid)-

poly(ethylene glycol) (PELA) copolymer based fibrous membranes to prevent the 

adhesion formation of tendon184. The fibrous membrane was made by ibuprofen-

loaded PELA fibres via co-axial electrospinning. Results showed a sustained release 

of ibuprofen, which lowers the inflammatory reaction, while maintains the anti-

adhesive properties (Figure 1.26 (C)) compared with control group (Figure 1.26 (A)) 

as well as PELA only group (Figure 1.26 (B)). However, due to the release of 

ibuprofen, the tendon healing process was significantly suppressed and as a result, the 

strength of the repaired tendon was significantly lower than the control group. 

Although there are already some commercial products for tendon adhesion prevention 

like Seprafilm® and DegraPol®, the results of these products are not ideal when comes 

to the mechanical properties of healed tendon. 

 

Figure 1.26 Histology staining of (A) Control group; (B) PELA membranes; (C) 6% 

Ibuprofen PELG membranes. White arrow shows the adhesion tissue formed 

surrounding tendon while black arrow shows the sheath space. T stands for tendon 

tissue while A stands for adhesion tissue. It can be observed that there are several 

adhesion tissue from in control group (Image A). While some adhesion formed in the 

PELA treated group (Image B) and no adhesion formed in ibuprofen loaded PELA 

group (Image C). 
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1.4 Aims and objectives 

To date, numerous biodegradable polymers have been assessed for the efficiency of 

tendon repair with various experimental or clinic results. However, considering the 

healed results of tendon and developments of polymer chemistry, more contribution 

still needs to be devoted to accomplishing better healing results. PCL showed great 

potential in the prevention of tendon adhesion, not only derived from the hydrophobic 

characteristic of PCL backbone which affords PCL cell repellent properties, but also a 

relatively slower degradation rate which can be adjusted to cover whole tendon healing 

process. However, it is crucially important that such a scaffold can also provide 

appropriate cellular cues, which requires the incorporation of bio-active polymers, to 

activate cell behavior and achieve optimal healing mechanics. Moreover, to fulfill a 

further improvement upon recent systems, membranes that encourage the 

recapitulation of native tissue behavior should be fabricated by orientating fibres, 

which should come along with additional mechanical strength and guidance to cell 

attachment.  

Figure 1.27 shows the schematic representation of the final aiming bilayer membranes 

for this project. It mainly constitutes by two different layers with different purposes. 

The outer layer will be made up by hydrophobic polymers which allow the repellent 

of proteins and cells to achieve the anti-adhesive purpose. However, the inner layer 

will incorporate glycopolymers with pendant glucose moieties to provide biological 

cues for cell attachment. Meanwhile, aligned fibres will be designed within the inner 

layer to potentially facilitate the creation of normal tendon physiological structure and 

guidance over cell attaching pattern. 

In brief, not only an ideal platform for tendon healing, but a general substrate for tissue 

engineering and other related biomedical applications will be obtained at the end of 
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the project. 

 

Figure 1.27 Schematic representation of bilayer biocompatible copolymers membrane 

for tendon adhesion prevention and tendon repair promotion. The outer hydrophobic 

layer will behave as an anti-adhesive layer while the inner glycopolymer-based layer 

will allow cell attachment and provide biological cues through the incorporation of 

sugar moieties. 
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Chapter 2. Polymer synthesis 

2.1 Introduction 

2.1.1 Synthetic biocompatible polymers 

As the main component of cell matrix, collagen has been used directly to fabricate 

scaffolds185-186. However, whilst cell attachment is excellent in collagen scaffolds, 

their poor structural stability limits their practical application187. Previous studies have 

also shown that by aligning fibres in naturally derived materials such as cellulose188-

189 or chitosan190 based materials, cell adhesion and alignment can be controlled to 

recapitulate the direction of fibre alignment, whilst providing structural stability also. 

However, the high stiffness and low flexibility of these materials have limited their 

adoption for biomedical applications. Fortunately, with the development of polymer 

chemistry, numerous researches have been focused on the fabrication of polymers that 

display compatibility within living organisms and shows the potential to be used in 

biomedical applications such as tissue engineering191-192. Generally, these are termed 

as synthetic biocompatible polymers and are made to replace or substitute naturally 

derived (macro) molecules. Synthetic biocompatible polymers range from polyesters, 

polyamides, poly (amino acids), polystyrene derivatives to the relatively new field of 

glycopolymers, that only started to emerge in the last two decades193. 

 

2.1.1.1 Polyesters 

Among all synthetic biocompatible polymers, polyesters are the most widely 

investigated and used family, which typifies a category of polymers that possess ester 

linkage along the backbone. Taking as examples, poly(lactic acid) (PLA)173, 

poly(glycolic acid) (PGA)174, poly(ɛ-caprolactone) (PCL)175 and their copolymers176 

have been used in clinic applications, such as surgical sutures,177 fixation device178 and 
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tissue scaffolds179-180. The numerous applications benefit not only from their great 

biocompatibility and biodegradability, but also these polymers are some of the few 

synthetic polymers, which were approved by the U.S. Food and Drug Administration 

(FDA) for human clinical applications. 

Relative to other polyesters, due to the better reactivity, crystallization ability, 

relatively long degradation time and mechanical stability,175 PCL shows the potential 

to be used for long-term tissue regeneration platforms22. For example, Zhang et al.194 

utilized drug-loaded PCL/gelatin membranes in wound healing, prevention of 

postsurgical adhesions for up to 8 months. The membranes maintained the mechanical 

properties with gradual degradation and anti-bacterial properties achieved by 

sustained drug release. Moreover, MacLellan and co-workers195 also blended PCL 

with ECM components like elastin, collagen and gelatin for cardiovascular 

regeneration. It was observed that PCL possessed broad miscibility with all other 

compounds and formed fibres with smooth, uniform morphology. Furthermore, the 

introduction of PCL into this scaffold significantly increased the mechanical stability 

of the platform and obviating the need for further cross-linking. Consequently, PCL 

proved the appropriateness to be applied in tissue regeneration and has achieved 

tremendous success196-197 in biomedical fields. 

 

2.1.1.2 Polystyrene derivatives  

Since the first introduction in 1839 by Eduard Simon198, polystyrene and its 

derivatives were used in plastic industry199 as well as biomedical materials, such as 

tissue culture Petri dishes200. The mechanical properties, processability durability and 

biocompatibility all benefit the application of polystyrene derivatives in commercial 
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products such as tissue culture plate201. Nowadays, polystyrene is mostly synthesized 

via conventional polymerization and obtained polymers are post-processed into 

materials with different shapes by taking advantage of the low glass transition 

temperature of polystyrene202. 

The limitations of polystyrene derived materials include the hydrophobicity and low 

surface energy of the material which restrict the attachment and proliferation of cells203. 

Researches have utilized surface plasma204, chemical vapor deposition205, ultraviolet 

(UV)205 and other surface treatments206-207 to address these problems. For example, 

Busscher and coworkers204 employed a glow discharge treatment to modify 

polystyrene surface with oxygen incorporation. Cell adhesion studies confirmed cell 

adhesion, which is proportional to oxygen percentage and hydrophilicity (Figure 2.1). 

As discussed before, the polyester family has been widely used in biomedical 

applications for a long-term and possesses decent biocompatibility in vivo. Based on 

this background, we combined PCL with PS to fabricate miktoarm block copolymers 

for the anti-adhesive purpose. 

 

Figure 2.1 Phase-contrast light microscopic images of adhering cell populations on 

PS treated with glow discharge for (A) 5 s; (B) 10 s; (C) 30 s; (D) 60 s and (E) TCPS; 

Cells were incubated for 48 h. Notable higher number of cells were observed on PS 

treated with longer glow discharge which has higher oxygen content. 
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2.1.1.3 Glycopolymers 

Glycopolymers represent both natural and synthetic polymers with carbohydrate 

units208. In this section, glycopolymers will be discussed in depth with mainly focusing 

on synthetic glycopolymers and their respective applications. Glycopolymers are 

mainly synthesized either via glycomonomer approach209 or post-modification 

approach180. In the last couple of decades, they have obtained increasing attention, 

which is attributable to the abundant existence and importance of polymeric 

carbohydrates in living organisms210-211.  

Indeed, the discovery and investigation of multivalent interactions of carbohydrate 

units and human lectins212-213, have boosted the field of glycopolymers drastically and 

resulted in platforms for specific cell isolation from a heterogeneous population214-215 

and enzyme delivery purpose216.  

Lectins signify a category of proteins with carbohydrate-binding domains217. Lectins 

carbohydrate interactions are significantly enhanced due to the multivalence of 

repeating sugar moieties along glycopolymers, which is termed as glycocluster 

effect218. The strong and specific interaction between glycopolymers and lectins was 

reported by Haddleton et al.212 and Becer et al.213, describing that the specific 

interaction between mannose and DC-SIGN could efficiently inhibit the binding of 

HIV envelop protein, gp120 to DC-SIGN at nanomolar concentrations (Figure 2.2). 
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Figure 2.2 (a) Experimental design of gp120 functionalized surface for competitive 

binding studies; (b) Competition experiments on gp120 functionalized surface 

between dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin (DC-SIGN) and homo poly(D-mannose methacrylate) at a concentration 

range of 0-400 nM for the glycopolymers and 4 nM DC-SIGN. 

 

Meanwhile, the incorporation of glycopolymers also showed promoted interaction 

with cells and minimizing effects in toxicity of materials applied in biological systems. 

For instance, Park and co-workers219 showed by adjusting the ratio of glycopolymer 

and anti-bacterial polymer chains, optimal anti-bacterial efficiency as well as 

biocompatibility could be achieved. In conclusion, pronounced interests of 

glycopolymer combinations with polyesters for the biomedical applications have been 
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revealed. 

 

2.2 Experimental overview and hypothesis 

In this chapter, to afford well-defined block copolymers, homopolymerization 

conditions of ɛ-CL, styrene and 2,3,4,5,6-pentafluorostyrene (PFS) were optimized, 

respectively. Then polymerization sequence was also optimized to minimize the 

number of dead polymer chains for subsequent reactions. Synthesis of PCL-mikto-PS 

and PCL-mikto-PPFS block copolymers were subsequently performed by combining 

ring opening polymerization (ROP) and atom transfer radical polymerization (ATRP) 

to afford hydrophobic polymers employing a heterofunctional initiator. Thiol-para-

fluorine click reaction was utilized here to functionalized PCL-mikto-PPFS into 

glucose-containing glycopolymers. Lastly, trials on the synthesis of thermo-responsive 

block copolymers were implemented uniting ROP of ɛ-CL and SET-LRP of N-

isopropylacrylamide (NIPAM). 

ROP of ɛ-CL polymerization was optimized in the aspect of water existence influence, 

solvent influence, catalyst amount and reaction temperature while ATRP of styrene 

and PFS were mainly investigated on reaction time to suppress chain-chain coupling. 

Meanwhile, it was assumed that for the block copolymer synthesis, ROP of ɛ-CL 

should be carried out first due to the sensitivity of chain ends towards water molecules. 

 

2.3 Materials and methods 

 

2.3.1 Materials 

Tin(II) 2-ethyl hexanoate (Sn(Oct)2, 92.5%-100 %), benzyl alcohol (99.8 %), DL-1,2-

isopropylideneglycerol (98 %), α-bromoisobutyryl bromide (Bibb, 98 %), ethyl α-
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bromoisobutyrate (EBiB, 98 %), trimethylamine (TEA, BioUltra, ≥99.5 %) 1-thio-β-

D-glucose sodium salt, aluminium oxide (Al2O3), and anhydrous toluene were 

purchased from Sigma Aldrich and used as received. 

N,N,N’,N’’,N’’-Pentamethyldiethylenetriamine (PMDETA) was purchased from 

Acros Organics and used as received.  

ε-CL (97 %) was purchased from Sigma Aldrich, distilled over calcium hydride and 

stored over molecular sieves under Ar atmosphere before further use. 

Styrene (99.5 %, stab. with 4-tert-butylcatechol) was purchased from Alfa Aesar and 

PFS (99 %, stab. with 0.1 % p-tert-butyl catechol) was purchased from Sigma Aldrich. 

Both monomers were passed over a basic aluminum oxide column to remove 

inhibitors prior to use. 

NIPAM (97 %) was recrystallized from n-hexane and stored at 4°C before further use. 

Copper(I) bromide (Cu(I)Br) was stirred in glacial acetic acid for 4 hours, then filtered 

and washed with ethanol and dried in vacuum prior to use. 

All other reagents and solvents were purchased from Fisher Scientific at the highest 

purity available and used without further purification. 

 

2.3.2 Measurements and characterization 

1H NMR spectra were recorded on a Bruker AV 400 using CDCl3 or DMSO-d6 unless 

stated otherwise at 303 K. Data was analyzed using ACD/NMR (12.0, ACD Labs, 

Toronto, Canada) and spectra were reconstructed in Origin 9.0 (OriginLab, 

Northampton, MA).  

SEC measurements were conducted on two different systems. An Agilent 1260 infinity 

system operating in DMF with 5mM NH4BF4 at 40 ºC and equipped with refractive 



50 

 

index detector and variable wavelength detector, 2 PLgel 5 μm mixed-C columns 

(300×7.5 mm), a PLgel 5 mm guard column (50×7.5 mm) and an auto sampler. The 

instrument was calibrated with linear narrow polystyrene standards in the range of 575 

to 281,700 g/mol. Samples with copper catalyst were passed through neutral 

aluminum oxide while all the samples were filtered using 0.2 μm Nylon filter before 

analysis. 

Some measurements were conducted on a Varian PL-220 infinity system operating in 

THF with TEA (2 % v/v) and equipped with refractive index detector, 2 PLgel 5 μm 

mixed-D columns (300×7.5 mm), a PLgel 5 mm guard column (50×7.5 mm) and an 

auto sampler. The instrument was calibrated with linear narrow polystyrene standards 

in the range of 575 to 281,700 g/mol. Some samples were passed through the basic 

aluminum oxide and 0.22 μm PTFE filter before analysis. 

All reactions were carried out using standard Schlenk techniques under an inert 

atmosphere of Argon or Nitrogen. 

 

2.3.3 General synthesis procedures 

 

2.3.3.1 ROP of ε-CL 

PCL homopolymer was prepared by ring-opening polymerization of ε-CL initiated by 

benzyl alcohol using stannous octoate as catalyst following the procedure reported 

elsewhere (Figure 2.3)220. Briefly, monomer, initiator, catalyst and solvent were mixed 

and transferred into a pre-dried glass Schlenk tube via a degassed syringe, previously 

vacuumed and Ar purged for 3 times, Then the reaction was sealed under Ar 

atmosphere and initiated by dipping into a pre-heated oil bath. During the 
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polymerization, samples were isolated from the reaction mixture employing a 

degassed syringe for 1H NMR and GPC to determine monomer conversions and 

polymer properties. The final polymer solution was diluted with 10 mL of 

Tetrahydrofuran (THF), precipitated twice in cold methanol, filtered and the final 

polymer was dried in vacuum at 40 °C overnight, from which a white powder was 

obtained.  

1H-NMR of PCL (400 MHz, CDCl3, ppm, TMS): 1.38 (m, 2H × n, –

CH2CH2CH2CH2CH2–), 1.65 (m, 2H × n, –CH2CH2CH2O), 1.65 (m, 2H × n, –CO 

CH2CH2CH2–), 2.31 (t, 2H × n, –OCOCH2CH2–), 3.65 (t, 2H × n, –CH2CH2O–), 4.06 

(t, 2H × n, –CH2CH2O–), 5.2 (s, 2H, -C6H5CH2-), 7.3 (s, 5H, -C6H5CH2-). 

 

Figure 2.3 ROP of ε-CL using benzyl alcohol as an initiator. 

 

2.3.3.2 ATRP of Styrene or PFS 

PS or PPFS homopolymers were prepared by ATRP of styrene or PFS initiated by 

EBiB using Cu(I)Br/PMDETA as a catalyst in anisole following the procedure 

reported elsewhere (Figure 2.4)81. Monomer: initiator: Cu(I)Br/PMDETA ratio was 

maintained at 80:1:1 for styrene polymerization and 40:1:1 for PFS polymerization. 

The typical procedure for the synthesis of PS or PPFS started with degassing the ligand 

and 50% of the total amount of anisole for 10 minutes. After degassing, the solution 

was transferred with a degassed syringe to a Schlenk tube containing Cu(I)Br in an 

inert atmosphere. Cu and the ligand mixture in anisole were degassed for a further 15 

minutes. In parallel, styrene or PFS was purged by nitrogen for 15 minutes and then 
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transferred with a degassed syringe to the mixture. Finally, the degassed macroinitiator 

and solvent mixture was transferred with a degassed syringe to the Schlenk tube, and 

the mixture was purged for another 15 minutes before initiating the reaction. The 

reaction was started by placing the Schlenk tube into an oil bath preheated at 110 °C 

and stopped by bubbling the solution for 3 minutes with air. Then the solution was 

further diluted with 10 mL THF. The final block copolymer was purified by passing 

the dilute solution through the basic Al2O3 column to remove the Cu0 formed during 

reactions. The polymer was then precipitated in cold methanol (pH ≈ 3) and then 

filtered. The final block copolymer was dried in vacuum at 40 °C overnight, from 

which a white powder was obtained.  

1H-NMR of PS (400 MHz, CDCl3, ppm, TMS): 1.2-2.2 (b, 3H × n, -CH-CH2-) 6.3-

7.25 (b, 5H × n, C6H5). 

1H-NMR of PPFS (400 MHz, CDCl3, ppm, TMS): 2.0-2.8 (b, 3H × n, -CH-CH2-). 

 

 

Figure 2.4 ATRP of PFS using EBiB as an initiator. 

 

2.3.3.3 Synthesis heterofunctional initiator 

In order to synthesize multi-arm block copolymers combining ROP and ATRP, a 

hydroxyl and alkyl halides terminated heterofunctional initiator (2, 3-dihydroxpropyl 

2-bromo-2-methylpropanoate) was synthesized following a procedure reported before 

(Figure 2.5)221. 
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Figure 2.5 Synthesis of the heterofunctional initiator (2). 

 

In the first step, 10 g (0.075 mol) of DL-1,2-isopropylideneglycerol and 15.3 g (0.15 

mol) of TEA were stirred into 38 mL of THF in a 500 mL round-bottom flask and 

cooled down to 0 °C. A mixture of 19 g (0.083 mol) of BiBB and 100 mL of anhydrous 

THF was prepared and added dropwise under N2 atmosphere over a period of 2 hours 

under constant stirring and stirred for 45 minutes while allowing to heat up to room 

temperature. The mixture was then poured into an excess of deionized water and the 

product was extracted by 50 mL diethyl ether. The organic layer was washed two times 

with aq. HCl (pH ≈ 4.5) and saturated sodium carbonate (3x) respectively. The organic 

layer was then dried over MgSO4, filtered and removed by rotary evaporation to yield 

a yellow oil 1. 

Subsequently, 17.1 g of 1, 58 mL of glacial acetic acid and 144 mL of water mixture 

were stirred for 30 minutes at 80 °C to give a homogeneous mixture. The solution was 

then allowed to cool down to room temperature before 100 mL of diethyl ether was 

added. The aqueous layer was saturated by portion wise addition of NaHCO3. The 

organic layer was separated and the aqueous layer extracted twice with 100 mL of 

diethyl ether. After combining the organic layers the mixture was concentrated and 

allowed to crystallize overnight at ambient temperature. The crude yellowish solid was 

recrystallized from toluene (≈ 1g in 25 mL) to yield crystals as the final 

heterofunctional initiator 2. 

1H-NMR of the initiator (400 MHz, CDCl3, ppm, TMS): 1.95 (s, 6H, -C(CH3)2Br), 
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2.75 (s, 1H, -CH-OH), 2.33 (s, -CH2-OH), 3.68 (d, 1H, -CHaHbOH), 3.74 (d, 1H, -

CHaHbOH), 4.00 (m, 1H, -CHOH), 4.28 (m, 2H, -CH2OCO-). 

 

2.3.3.4 Synthesis of miktoarm block copolymers 

PCL-mikto-PS and PCL-mikto-PPFS block copolymers were synthesized by either 

ROP of ε-CL and then ATRP of styrene/PFS or the other way around (Figure 2.6). The 

first polymerization was initiated by the synthesized heterofunctional initiator and the 

obtained polymer was purified by precipitation. Then the polymer was used as a 

macroinitiator to initiate the chain extension reaction to afford miktoarm 

copolymers.The obtained PCL-mikto-PS and PCL-mikto-PPFS copolymers were 

precipitated into cold methanol (pH ≈ 3) and dried in an oven at 40 °C overnight to 

yield a white powder.  

1H NMR of PCL-mikto-PS (400 MHz, CDCl3, ppm, TMS): 1.20-2.20 (b, 3H × m, 

CH2CH(C6H5)), 1.39 (m, 2H × n, –COCH2CH2CH2CH2CH2O–), 1.66 (m, 4H × n, – 

COCH2CH2CH2CH2CH2O –),2.32 (t, 2H × n, – COCH2CH2CH2CH2CH2O –),4.07 (t, 

2H × (n-1), – COCH2CH2CH2CH2CH2O-), 6.3-7.25 (b, 5H × m, C6H5). 

1H NMR of PCL-mikto-PPFS (400 MHz, CDCl3, ppm, TMS): 1.75-2.90 (b, 3H × m, 

CH2CH(C6F5)), 1.39 (m, 2H × n, –COCH2CH2CH2CH2CH2O–), 1.66 (m, 4H × n, – 

COCH2CH2CH2CH2CH2O –),2.32 (t, 2H × n, – COCH2CH2CH2CH2CH2O –),4.07 (t, 

2H × (n-1), – COCH2CH2CH2CH2CH2O-). 

 

Figure 2.6 ROP of ε-CL and then ATRP of PFS. 
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2.3.3.5 Para-fluorine click reaction using 1-thio-β-D-glucose 

The general method for performing the click reaction has been reported elsewhere and 

was adopted here, with a modification to the reaction time (Figure 2.7) 180. In brief, 

the click reaction was performed by mixing PCL-mikto-PPFS copolymer (1.00 g, 2.37 

mmol) with the unprotected thio-glucose (510 mg, 2.37 mmol) and all chemicals were 

dissolved in 8 mL of dry DMF. TEA (1.00 mL, 7.02 mmol) was added to the mixture 

as a base. The reaction mixture was stirred for 19 h at 40 °C, concentrated to 2.5 mL, 

precipitated into cold methanol twice and filtered. The final block copolymer PCL-

mikto-PTFSGlc was dried in vacuum at 40 °C overnight and obtained as a white 

powder. The obtained PCL-mikto-PTFSGlc copolymers were precipitated into cold 

methanol twice and dried in an oven at 40 °C overnight to afford a white powder.  

1H NMR of PCL-mikto-PTFSGlc (400 MHz, DMSO-d6, ppm, TMS): 1.75-2.90 (b, 3H 

× y, CH2CH(C6F4(S-C6H5O–(OH)5))), 1.39 (m, 2H × n, –CH2CH2CH2CH2CH2–), 1.66 

(m, 2H × n, –CH2CH2CH2O), 1.66 (m, 2H × n, –CO CH2CH2CH2–), 2.31 (t, 2H × n, 

–OCOCH2CH2–), 3.65 (t, 2H × n, –CH2CH2O–), 4.07 (t, 2H × (n-1), –CH2CH2O–), 

4.2-5.5 (broad multiplet, 10H × m, –S-C6H5O–(OH)5). 

 

 

Figure 2.7 Para-fluorine click reaction using 1-thio-β-D-glucose. 
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2.3.3.6 Synthesis of thermo-responsive block copolymers 

The polymerization was carried out as described above (Figure 2.8)222. In brief, 

Cu(I)Br was added to a nitrogen purged Schlenk tube fitted with a magnetic stirrer bar 

and followed by further 10 minutes of degassing. Meanwhile, Me6TREN was mixed 

with half of the total amount of H2O and was degassed for 15 minutes. Then the 

ligand/solvent mixture was transferred with a degassed syringe into Cu(I)Br 

containing flask and the disproportionation reaction was allowed to proceed at room 

temperature for 30 minutes. NIPAM in H2O and PCL in THF were degassed for 20 

minutes at the same time and added to a Schlenk tube subsequently. The reaction was 

started by adding the PCL macroinitiator in THF solution at room temperature and 

stopped by bubbling with air for 3 minutes. The final reaction mixture was analyzed 

by GPC and NMR to determine the molecular properties and monomer conversion. 

Monomer conversion for NIPAM was calculated by comparing the integration of 

backbone protons of the polymer with the vinyl protons of the monomer in the 1H 

NMR spectra. The obtained PCL-mikto-PNIPAM copolymers were precipitated into 

cold diethyl ether twice and dried in an oven at 40 °C overnight to afford a white 

powder.  

1H NMR of PCL-mikto-PNIPAM can be found in Figure 2.22 (400 MHz, CDCl3, ppm, 

TMS): 1.13 (s, 6H × m, -NHCH(CH3)2), 1.66 (m, 2H × n, –CH2CH2CH2CH2CH2–), 

1.5-1.7 (m, 4H × n, –CH2CH2CH2CH2CH2–), 1.7-2.1 (s, 3H × m, -CHCH2-), 2.30 (t, 

2H, –CH2CH2CO–), 3.96 (b, H × m -NHCH(CH3)2), 4.07 (t, 2H × (n-1), –CH2CH2O–), 

6.52 (b, H × m, -NHCH(CH3)2). 
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Figure 2.8 SET-LRP of NIPAM and then ROP of ε-CL. 

 

2.4 Results and discussion 

 

2.4.1 Optimization of ROP of ε-CL 

ROP of ε-CL was carried out using benzyl alcohol as an initiator and Sn(Oct)2 as a 

catalyst. Firstly, ε-CL was used directly from the bottle without purification and 

polymerized at 110 °C for 24 h in bulk. GPC results indicated (Figure 2.9) the 

existence of two different polymer distributions with high polymer dispersity (1.60), 

which might be due to the existence of water in the system. Polymers could be initiated 

from either benzyl alcohol or water, which leads to two different polymer species. 

Meanwhile, transesterification reaction is one of the most commonly seen reactions in 

ROP and will lead to the formation of non-uniform polymer chain distribution, 

observed by the low retention time shoulder and high retention time tailing in the GPC 

trace. Thus distilled ε-CL was used for the rest of polymerizations. 
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Figure 2.9 GPC trace of PCL polymerized from non-distilled ε-CL. 

 

The polymerization was optimized by the catalyst amount, solvent influence and 

reaction temperature. The properties of final polymers were characterized using GPC 

and NMR spectroscopy. Table 2.1 shows the summary of the results obtained from the 

optimization reactions for ROP of ε-CL. At lower catalyst loading, only polymers with 

low DP were obtained (Table 2.1 (P1)) while the increase of the catalyst leading to 

higher monomer conversion and produce longer polymer chains (Table 2.1 (P2)). 

However, further increase in catalyst amount led to a significant amount of 

transesterification reaction and afforded a bimodal distribution in the GPC traces 

(Table 2.1 (P3), Figure 2.10 (P3)). 

In further note, the polymers obtained in bulk polymerization normally possess high 

polydispersity (P1-P3). In order to achieve better control over polymer properties, 

anhydrous toluene was introduced as a solvent. The results shown introduced toluene 

significantly lowered the Đ of the final product (Table 2.1 (P4-P5)) and afforded 
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narrowly distributed polymers (Figure 2.10 (P4-P5)). However, too much solvent led 

to the notable decrease of the polymerization rate and an increase in reaction time. 

The effect of reaction temperature was also investigated in this study. Polymerization 

did not proceed at 90 °C confirmed by the absence of polymer formation employing 

Sn(Oct)2 as a catalyst. When elevating the reaction temperature to even higher 

temperatures (130 °C), the polymerization reached to 97 % conversion after 9 h with 

relatively good control over molecular weight and Đ (Table 2.1 (P6) and Figure 2.10 

(P6)). 

In conclusion, the ROP of ε-CL was optimized in the aspect of catalyst amount, solvent 

amount, reaction temperature and temperature. Catalyst amount influences the 

reaction rate and also led to the existence of side reactions. Addition of solvent to the 

system lowers the reaction speed whilst improve the control over polymer properties. 

Meanwhile, the increase of reaction temperature accelerates the reaction rate without 

the loss of control over final polymers. In summary, after optimization, ROP of ε-CL 

could be achieved at 130 °C for 9 h with decent control over polymer properties. 
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Table 2.1 Summary of the results obtained from the optimization reactions for ROP 

of ε-CL 

Entry [M]:[I] 

:[Catalyst] 

Solventa/ 

Monomer 

volume ratio 

T 

[°C] 

Time 

[h] 

Conversionb 

[%] 

Mn,GPC
c 

[g/mol] 

Đ 

P1 50:1:0.005 In bulk 110 24 15 1030 1.37 

P2 50:1:0.025 In bulk 110 24 100 5740 1.60 

P3 50:1:0.05 In bulk 110 24 100 6750 1.92 

P4 50:1:0.025 1:1 110 24 13 890 1.19 

P5 50:1:0.025 1:5 110 24 93 5580 1.23 

P6 50:1:0.025 1:5 130 9 97 5700 1.25 

a Toluene was used here as a solvent; b Conversion calculated from 1H NMR; c DMF eluent, 

linear PS standards. 

 

Figure 2.10 GPC traces of polymers from the optimization reactions for ROP of ε-CL. 

 

Purified PCL was isolated with an 85 % yield. 1H NMR of PCL can be found in Figure 

2.11. NMR result shows the appearance of polymer peak and complete removal of 
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monomer and solvent in the final purified product. 

 

Figure 2.11 1H NMR of homo PCL. The result confirms the formation of polymers 

and complete removal of solvent and left-over monomers. 

 

2.4.2 Optimization of ATRP of styrene and 2,3,4,5,6-pentafluorostyrene. 

PS or PPFS homopolymers were prepared by ATRP of styrene or PFS initiated by 

EBiB using Cu(I)Br/PMDETA as a catalyst in anisole. The reaction was carried out at 

110 °C and samples were isolated from the reaction mixture employing a degassed 

syringe for 1H NMR and THF GPC to determine monomer conversions at 

predetermined time points. 
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Figure 2.12 GPC traces obtained from ATRP of (a) styrene and (b) PFS at different 

time points. GPC traces show the growth of the polymers after the chain extension 

step. Additionally, chain-chain coupling reactions, which leads to increase of polymer 

dispersity, were observed in the polymers after longer reaction time. 

 

The GPC results show ATRP of styrene maintained narrow polymer distribution 

(Đ=1.08) without chain-chain coupling after 1 h reaction (50 % monomer conversion) 

(Figure 2.12 (a)) and chain-chain coupling was observed when monomer conversion 

reached higher values (70 %, Đ=1.15) at 2.5 h. Compared to styrene, PFS 

polymerization was observed to possess higher reaction rate but also sustained control 

(Đ=1.04) over polymerization at 50 % monomer conversion after 30 minutes while 

starting to form chain-chain coupling products (Đ=1.25)  at higher monomer 

conversions when left the reaction for an hour(Figure 2.12 (b)).  

Final purified PS and PPFS were isolated with a 50 % yield attributed to the copper 

removal step. 1H NMR of PS can be found in Figure 2.5 (a) and 1H NMR of PPFS can 

be found in Figure 2.5 (b). NMR results confirmed the polymer formation and removal 

of monomer and solvent after purification. 
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Figure 2.13. 1H NMR of homo (a) PS and (b) PPFS. The result confirms the formation 

of polymers and complete removal of solvent and left-over monomers. 

 

2.4.3 Synthesis of heterofunctional initiator 

2,3-dihydroxpropyl 2-bromo-2-methylpropanoate was synthesized in a two-step 

process. The first step of the reaction was esterification between the Bibb and DL-1,2-

isopropylideneglycerol under the catalysis of TEA in THF and the second step of the 

reaction was the deprotection of the hydroxyl groups. 

The heterofunctional initiator was obtained as white crystals with a 65 % yield. 1H-

NMR of the initiator can be found in Figure 2.14. NMR Spectrum confirms the 

chemical structure and the purity of the structure in the final product. 
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Figure 2.14 1H NMR of the heterofunctional initiator (2). NMR Spectrum confirms 

the chemical structure and the purity of the structure in the final product. 

 

 

2.4.4 Synthesis of miktoarm block copolymers using the hetereofunctional 

initiator 

Synthesis conditions of PCL-mikto-PS and PCL-mikto-PPFS block copolymers were 

optimized. Reactions were carried out in either ROP of ε-CL and then ATRP of styrene 

or the other way around. 

In both circumstances, homo PCL and homo PS (PPFS) were synthesized using the 

heterofunctional initiator followed by precipitation in cold methanol twice. The 

obtained white powder was filtered, dried and kept in the fridge until further use.  

PCL (Mn,theo ≈ 11600 g mol-1) and PS (Mn,theo ≈ 6000 g mol-1) were used as 

macroinitiators for the chain extension reactions. Either PCL or PS was used as a 

macroinitiator to initiate the chain extension reaction. Figure 2.15 shows the GPC 

traces before and after chain extension reaction. In Figure 2.15 (a), it can be seen that 
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when PS was utilized here as the macroinitiator, not only PS-mikto-PCL was formed, 

but homo PCL was initiated by impurities in the system. However, when PCL was 

used as a macroinitiator, there is a clear shift in the GPC traces without leftover macro 

initiators or side polymers and Đ stays low after the chain extension (Figure 2.15 (b)). 

This difference was caused by the sensitivity of ROP and the tolerance of ATRP system 

towards the water. Starting from here, PCL-mikto-PS and PCL-mikto-PPFS block 

copolymers were synthesized always utilizing PCL as a macroinitiator. 

 

Figure 2.15 GPC traces of (a) PS first and then PCL and (b) PCL first then PS. The 

GPC traces show the growth of polymer chains after chain extension reactions. 

However, lower molecular weight polymers were formed when using PS as the macro 

initiator while only block copolymers were synthesized utilizing PCL as the macro 

initiator. 

 

Similar to homopolymerization of styrene and PFS, PCL-mikto-PS and PCL-mikto-

PPFS block copolymers were prepared utilizing the PCL macroinitiator in anisole at 

110 °C. The monomer: initiator: Cu(I)Br: PMDETA ratio was maintained at 80:1:1:1 

for all the polymerizations. Samples were isolated from the reaction mixture to 

monitor reaction process. 

Figure 2.16 shows the kinetic results of PCL-mikto-PS and PCL-mikto-PPFS at 
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different time points. The PCL macroinitiator has been successfully converted into 

block copolymers observed by a clear shift in GPC. Well-defined block copolymers 

with low polydispersity were obtained at ≈ 70 % (Figure 2.16 (a), (c) and (e)). 

However, compared with homopolymerization of styrene, monomers were consumed 

slower (50 % monomer consumption after 7 hours) while could reach higher 

conversion without chain-chain coupling of polymer chains compared to the case in 

homo polymerization, which can attribute to the higher steric hindrance of the 

macroinitiator compared with the heterofunctional initiator. Furthermore, in line with 

the homopolymerization results before, PFS was consumed faster than styrene at the 

same time point (Figure 2.16 (c) and (d)). Similarly, PFS was consumed slower (50 % 

monomer consumption after 4 hours) while could reach higher conversion without 

chain-chain coupling of polymer chains (Figure 2.16 (b), (d) and (f)) compared to the 

case in homo polymerization. 
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Figure 2.16 GPC traces of (a) PCL-mikto-PS and (b) PCL-mikto-PPFS at different 

time points using the PCL macroinitiator;(c) styrene and (d) PFS monomer conversion 

by 1H NMR with time; (e) and (f) molecular weight and Đ of block copolymers. The 

GPC traces (a) and (b) show the complete growth of the macro initiator during the 

chain extension reactions. Images (c), (d), (e) and (f) shows the linear relationship 

between molecular weight with time and conversion. The Đ of polymers also 

maintains low during the polymerization which shows the successful control over 

polymerization. 

 

PCL-mikto-PS was isolated with a 47 % yield while PCL-mikto-PPFS was purified 

with a 45 % yield. 1H NMR of PCL-mikto-PS can be found in Figure 2.17 (a) and 1H 

NMR of PCL-mikto-PPFS can be found in Figure 2.17 (b). NMR spectra shows the 

appearance of both PCL and PS/PPFS peaks in the final block copolymers. Together 

with the GPC traces before, the formation of block copolymers were confirmed. 
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Figure 2.17 1H NMR of purified (a) PCL-mikto-PS and (b) PCL-mikto-PPFS. The 

result confirms the formation of block polymers and complete removal of solvent and 

left-over monomers. 

 

2.4.5 Synthesis of miktoarm glycopolymer 

PCL-mikto-PTFSGlc was obtained by functionalizing PCL-mikto-PPFS utilizing para-

fluorine click reaction of 1-thio-β-D-glucose. The reaction was carried out in DMF at 

40 °C for 19 h. 

GPC results (Figure 2.18 (a)) and 19F NMR (Figure 2.18 (b)) spectroscopy indicate 

the quantitative consumption of para fluorine groups after the click reaction and 
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successful preparation of PCL-mikto-PTFSGlc. 

 

 

Figure 2.18 (a) GPC traces and (b) 19F NMR of PCL-mikto-PPFS and PCL-mikto-

PTFSGlc. The GPC traces (a) shows the growth of polymer chains and (b) 19F NMR 

shows the complete consumption of para-fluorine in the polymers. 

 

Purified PCL-mikto-PTFSGlc was isolated with an 80 % yield. 1H NMR of PCL-

mikto-PTFSGlc can be found in Figure 2.19. NMR spectra shows the appearance of 

sugar peaks after the click reaction. Together with the GPC traces before, the formation 

of glycopolymer was confirmed. 
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Figure 2.19 1H NMR of purified PCL-mikto-PTFSGlc. The result confirms the 

formation of glycopolymers after the para-fluorine click reactions. 

 

In conclusion, PCL, PCL-mikto-PS, PCL-mikto-PPFS and PCL-mikto-PTFSGlc were 

successfully synthesized combining ROP and ATRP to afford well-defined miktoarm 

copolymers. The molecular weight, Đ and conversion of each copolymer shown in 

Table 2.2. Purified polymers were directly employed to produce 3D scaffold with 

different hydrophobicity in the next stage utilizing electrospinning. 

 

Table 2.2 Summary of the results of PCL, PCL-mikto-PS, PCL-mikto-PPFS and PCL-

mikto-PTFSGlc 

Compositiona Conversion 

[%] 

Mn,theo 

[g mol-1] 

Mn,GPC
d
 

[g mol-1] 

Đd 

(PCL80)2 CL 100b 11600 18190 1.46 

(PCL80)2-mikto-PS56 Styrene 70b 22420 27350 1.29 

(PCL80)2-mikto-PPFS59 PFS 65b 28280 29550 1.51 

(PCL80)2-mikto-PTFSGlc59 Thio-glucose 100c 51410 56800 1.45 
a Calculated by GPC results; b Conversion (ρ) measured by 1 H NMR; c Conversion (ρ) 

measured by 19 F NMR; d DMF eluent, PS standards. 
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2.4.6 Synthesis of thermo-responsive miktoarm block copolymers 

To provide more advanced properties to the system, thermo-responsive polymer 

PNIPAM was copolymerized with PCL through a combination of ROP and SET-LRP. 

According to the results from the optimization reactions before, PCL-mikto-PNIPAM 

was synthesized employing PCL as a macroinitiator. 

Benefiting from the comparable lower critical solution temperature (LCST) of 

PNIPAM to body temperature, it has been widely used in the fabrication of thermo-

responsive carriers223. PNIPAM could be polymerized via ATRP224, RAFT225 or SET-

LRP226 while SET-LRP in aqueous system showed the optimal control over polymer 

properties and structure within a short reaction time222. Thus here, aqueous SET-LRP 

was decided to be combined with ROP to afford PCL-mikto-PNIPAM. 

Monomer: initiator: Cu(I)Br: Me6TREN ratio was maintained at 80:1:0.16:0.24 for all 

polymerization reactions. Reactions were carried out at 25 °C and samples were 

withdrawn from the reaction mixture employing a degassed syringe for 1H NMR and 

GPC analysis to determine monomer conversions and molecular weights, respectively, 

at predetermined time points. However, the solubility of the PCL macroinitiator in 

water restricted the chain extension reaction in pure aqueous system followed by 

utilizing the THF/water biphasic system. The ratio of THF/water was adjusted and the 

representative picture of reaction mixtures could be found in Figure 2.20. It is worth 

noting that when THF volume ratio is above 50 %, Cu(I)Br cannot disproportionate 

into Cu(0) observed by no formation of Cu(0) powder, which acts as the reactive 

species in aqueous SET-LRP. However, when THF ratio was below 25 %, the PCL 

macroinitiator aggregated into precipitates (Figure 2.20 (a)) which also prevented this 
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reaction. When THF ratio was elevated to 33 %, PCL could disperse into the solution 

phase and form emulsion solution (Figure 2.20 (b)). Further increase in THF amount 

led to the formation of a homogenous solution without interference with the 

disproportionation process (Figure 2.20 (c)). 

GPC results indicate the solvent effect on initiator efficiency. Figure 2.21 (a) shown 

that the PCL macroinitiator cannot fully initiate the polymerization if it is not 

completely soluble. The fully soluble system allows a complete shift in the GPC traces 

with less than 15 % initiator left (Figure 2.21 (b). 

 

Figure 2.20 Reaction mixture using (a) 3: 1, (b) 2: 1 and (c) 1: 1 water: THF volume 

ratio. Image (a) shows the formation of polymer precipitates in 3:1 water: THF mixture. 

Dispersion solution without large aggregation (Image b) was observed with the 

increase in water: THF ratio to 2:1 and clear soluble reaction mixture was formed with 

further increase in THF amount to 50 %. 
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Figure 2.21 GPC traces of PCL-mikto-PNIPAM in (a) 2:1 and (b) 1:1 water/THF 

volume. All the GPC traces show the growth of polymer chains after chain extension 

reactions. However, significant lower amount of uninitiated macro initiator was left in 

the system with higher THF ratio. 

 

PCL-mikto-PNIPAM was isolated with a 44 % yield. 1H NMR of PCL-mikto-PNIPAM 

can be found in Figure 2.22. NMR spectra shows the appearance of NIPAM peaks and 

together with the GPC traces, confirm the formation of PCL-mikto-PNIPAM. 

 

Figure 2.22 1H NMR of purified PCL-mikto-PNIPAM. The result confirms the 

formation of PCL-mikto-PNIPAM after the chain extension reactions. 
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In conclusion, miktoarm thermo-responsive polymer PCL-mikto-PNIPAM were 

successfully synthesized by a combination of ROP and SET-LRP, which showed the 

potential to functionalize PCL with more advanced properties.  

 

2.5 Conclusion 

In this chapter, ROP of ε-CL, and ATRP of styrene and PFS were optimized. Then 

heterofunctional initiator was designed and synthesized to combine ROP with ATRP 

and SET-LRP followed by miktoarm block copolymers synthesis through core first 

approach. Lastly, para-fluorine click reaction was utilized here to graft sugar moieties 

onto polymer backbone and functionalized PCL with bioactive molecules.  

The results showed the successful synthesis of PCL, PCL-mikto-PS, PCL-mikto-PPFS, 

PCL-mikto-PTFSGlc and PCL-mikto-PNIPAM was effectively synthesized with well-

defined polymer properties. PCL was obtained using ROP at 130 °C for 9 hours 

utilizing toluene as solvent. Then PCL was employed as a macroinitiator to afford 

PCL-mikto-PS and PCL-mikto-PPFS via ATRP at 110 °C in anisole for 8 hours and 4 

hours, respectively. Followed on this, and PCL-mikto-PTFSGlc was synthesized using 

para-fluorine click reaction. Lastly, thermos-responsive PCL-mikto-PNIPAM was 

achieved by a chain extension reaction of PCL via co-solvent mixture. All polymer 

samples were characterized using GPC and NMR to evaluate the chemical 

compositions. In summary, these polymers are successfully synthesized and will be 

fabricated into materials in the next chapters to characterize their performance for the 

promotion of tendon healing and related biological properties. 
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Chapter 3. Materials development and optimization 

3.1 Introduction 

In chapter 2, three block copolymers with distinct chemical compositions, poly (ε-

caprolactone-mikto-polystyrene (PCL-mikto-PS), poly (ε-caprolactone-mikto-poly 

(2,3,4,5,6-pentafluorostyrene) (PCL-mikto-PPFS), poly (ε-caprolactone-mikto-poly 

(4-(1-thio-β-D-glucopyranosido)-2,3,5,6-tetrafluorostyrene) (PCL-mikto-PTFSGlc), 

were synthesized, with potential interests for further medical applications. However, 

in order to implement the synthetic polymers in tissue regenerations like tendon 

regeneration and healing, polymers need to be manufactured into 3D membranes. 

Common methods for the design and fabrication of 3D porous membranes include 

electrospinning87, self-assembly89, 3D227 or 4D printing228. All these methods offer the 

advantages of highly organized biomimetic structures229 and easily programmable 

production of the final products230. However, electrospinning remains to be one of the 

most widely used approaches owing to the simple, straightforward process of 

obtaining ultrafine fibres with comparable dimension to native tissue92. 

For electrospinning, an electric voltage is employed to generate smooth and uniform 

fibres bundles at the macro or nano scale97, and the dimension of the fibres can be 

manipulated by changing the compound solution properties, applied voltage, or 

environmental parameters95. Spinning conditions were first optimized in order to 

produce uniform and smooth fibres, and also to control factors such as aligning fibre 

orientation231 employing a rotating drum. Luo and coworkers showed how fibre 

alignment alters cell signaling and provides more physiological organized structures230.  

Specifically for tendon-related disease, the ability to recapitulate aligned fibre 

structures shows promise for promoting tendon healing and stimulating cell 
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functions232-233. However, for any giving polymer, electrospinning conditions need to 

be optimized based on the specific compound, for efficient control over fibre 

properties. 

3.2 Experiments overview and hypotheses 

The goals of this chapter are to optimize the electrospinning processes to manufacture 

membranes with uniform and smooth fibre morphologies for further analysis, and then 

to characterize the mechanical properties of the resulting membranes. Firstly, the 

translation of block copolymers synthesized in chapter 2 allows the fabrication of real 

material that can be utilized in tendon injuries to afford both anti-adhesive and healing 

promotion properties. Additionally, to obtain suitable platform for tendon healing, 

aligned porous fibrous membranes with improved mechanical properties, which 

potentially could reduce the suture number utilized in surgeries and achieve cell 

patterning on the inner side of the final product, are the main rationale of this chapter. 

The hypothesis is that membranes will have consistent material properties, despite the 

different chemical compositions of the four polymers, but that material properties can 

be manipulated by altering fibre alignment in the electrospinning process. The 

materials should also be able to maintain a stable mechanical behavior under cyclic 

movement. 

 

3.3 Methods 

3.3.1 Preparation of polymer electrospinning solutions 

In order to produce continuous fibre bundles, sufficient chain-chain entanglement 

within the electrospun solutions is required 117, which can be achieved by adding a 
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high molecular weight constituent to the solution108. High molecular weight PCL 

(CapaTM 6500D, Mw ≈ 50000 Da) was kindly provided by Perstorp Winning Formulas 

Corporation and utilized here to provide enough chain-chain entanglement. Homo-

PCL was first used in isolation to optimize initial electrospinning conditions, mixing 

it at different chloroform (CHCl3): dimethylformamide (DMF) ratios and then also 

with various polymer concentrations. Once preliminary settings were established, 

PCL-mikto-PS, PCL-mikto-PPFS, PCL-mikto-PTFSGlc were mixed with homo-PCL 

at 1:4 weight ratio to prepare the electrospinning solutions for manufacturing 

membranes. It should be noted that specifically for the electrospinning of PCL-mikto-

PTFSGlc, the insolubility of the polymer in CHCl3, meant ethyl formate was used 

instead, which is known to ensure PCL solubility234. All the solutions were stirred for 

at least six hours to achieve homogenous mixtures before electrospinning into fibres.  

 

3.3.2 Electrospinning 

The polymer solutions were transferred to a plastic syringe (5 ml, Injekt®, Braun, 

Germany) fitted with a metal needle (0.8 mm diameter), and then connected with a 20-

gauge PTFE syringe tube onto the pump. The flow rate of the polymer solution was 

controlled by a programmable syringe pump (Genie, Kent Scientific Corporation, 

USA). All membranes were electrospun at 25 kV, supplied directly from a high DC 

voltage power supply (0-30 kV, Glassman High Voltage Inc, Whitehouse Station, NJ, 

United States) with a fixed solution flow rate of 1 ml/h. The resulting membranes were 

collected onto either a static aluminum foil covered steel plate (randomly oriented 

fibrous membranes) or a rotating aluminum foil covered steel collector (aligned 

fibrous membranes) with a distance of 10 cm to 15 cm between the plate and the tip 
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of the spinneret (Figure 3.1). Membranes were dried in a vacuum oven at 40 °C 

overnight to remove the residual solvent before further analysis.  

 

Figure 3.1 Schematic representation of electrospun solution preparation and 

electrospinning setup for membranes with different fibre orientation. The fibres 

alignment was adjusted by changing the collector type and utilized the dragging force 

to align the fibre bundles. 

 

3.3.3 Characterization of polymer membranes  

Random and aligned membranes of materials P1 to P4 (P1-P4-R and P1-P4-A) were 

taken further, to fully understand the morphology and surface properties of the 

obtained membranes, and also to characterize the mechanical properties. 

Fibre morphology was evaluated using a scanning electron microscope (Inspect F, FEI, 

Netherlands), by punching a 5 mm diameter circular disc from each sample for 

analysis. The average fibre diameter of each disc was obtained by manually measuring 

the diameters of at least 100 fibres from at least three SEM images random located 

across the sample using Image J (ImageJ software, NIH Image, MD, U.S.A) with a 
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single value (mean ± standard deviation (SD)) presented for each membrane type. 

Additionally, the images were further analyzed using a Fast Fourier Transform (FFT) 

described previously235 to elucidate the difference in fibre arrangement presented in 

random and aligned fibre images. In brief, images were first transformed into 8-bit 

images and then thresholded to achieve a sharp contrast. A frequency distribution 

histogram from the transformed image was then established using the directionality 

plugin in Fiji/ImageJ (ImageJ software, NIH Image, MD, U.S.A.) 236, denoting the 

number of fibres in each direction. The program divided the images into small squares 

and evaluated the Fourier power for each angle to compute the spectra237. Spectra were 

reconstructed in Origin 9.0 (OriginLab, Northampton, MA) via reporting the data from 

-90 to 90 degree in bins of two degrees with zero degree denoting the mean fibre 

orientation. 

Surface wettability was also determined via water contact angle measurements (WCA) 

taken for a drop of purified water deposited onto the samples using a micro-pipette. A 

small rectangle sample (20 mm * 30 mm) was cut from each membrane, and WCAs 

were measured with a Kruss DSA100 (Hamburg, Germany) followed by image 

analysis of the sessile drop using the inbuilt DSA 1.9 software. For each rectangular 

test sample, at least five measurements were taken at different locations across the 

surface area. 

 

3.3.4 The uniaxial tensile tests 

All mechanical testing was performed at room temperature using an Instron 3365 

(Instron Co, Norwood, MA, USA) materials testing system, equipped with a 100 N 

load cell. Rectangular samples (~ 40 mm * 10 mm) were prepared manually from P1-
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P4 membranes, ensuring that samples both with and against fibre direction were 

prepared from aligned materials. The thickness of each individually prepared sample 

was measured using a light microscope and the mean value used for cross-sectional 

area calculations. Each test specimen was mounted vertically between the pneumatic 

grips at a gauge length of roughly 20 mm, after which a 0.1 N preload was applied to 

ensure a consistent starting condition and then the test gauge length was measured. 

For pull to failure tests, samples were stretched at 1 % strain s-1 and the ultimate tensile 

stress and strain and maximum modulus were obtained from the calculated stress-

strain curves. A continual modulus curve was also drawn, calculated over every five 

points of the stress-strain curve, from which a maximum value was found. At least six 

samples were tested for each type of membrane and fibre orientation condition, and 

mean values presented here. 

 

3.3.5 Cyclic loading tests 

The cyclic load response of samples was also investigated utilizing cyclic loading tests. 

Samples were prepared, secured in grips and subjected to a tare load as previously 

described, after which ten loading-unloading cycles were applied, straining the 

samples along the fibre direction to 30 % strain (n=6 per strain condition), followed 

by a pull to failure test at 1 % strain s−1 238-239. The ultimate tensile stress and strain and 

maximum modulus were obtained from the pull to failure tests, and hysteresis was 

determined from the loading cycles. The values were averaged over six repeat tests.  
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3.3.6 Cyclic recovery tests 

The recoverability of aligned samples was also investigated employing P4-A samples 

as representative material. Samples were prepared, secured in grips and subjected to a 

tare load as previously described, after which ten loading-unloading cycles were 

applied, straining the samples along the fibre direction to either 10 %, 20 % and 30 % 

strain (n=2 per strain condition). Samples were then returned to 0 % strain for 30 

minutes or 24 hours at room temperature to allow for any recovery, after which they 

were subjected to a further 10 loading-unloading cycles to the same peak strain, 

followed by a pull to failure test at 1 % strain s−1. The ultimate tensile stress and strain 

and maximum modulus were obtained from the pull to failure test, and hysteresis and 

percentage recovery from the loading cycles.  

A further random and aligned P4 specimen were subjected to ten loading cycles to 30 % 

strain, then prepared for SEM images to compare fibre dimensions and alignment after 

the cyclic loading. Three images were taken of the micro-scale surface morphology of 

each membrane, with a representative image of each shown here. The diameters of 35 

fibres in each image were manually analyzed and data combined to give a frequency 

distribution of fibre diameter for each group. All fibres orientation in three images 

were analyzed using Image J and data combined to give an angle plot of fibre 

orientation. 

 

3.3.7 Statistical Analyses 

All data were analyzed using statistical analysis software GraphPad Prism 6.0 

(GraphPad Software, San Diego, CA) and expressed as mean ± SD. All the mechanical 

results were smoothed using Curve Fitting Toolbox™ (MATLAB and Statistics 
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Toolbox Release 2017b, The Math Works, Inc., Natick, Massachusetts, United 

States.) to remove noise from the data before further processing. Due to the non-

normal distribution of the mechanical data, Kruskal-Wallis tests were performed 

followed by Dunn’s tests for all mechanical data analysis, with p < 0.05 considered 

significant. 

 

3.4 Results and discussion 

 

3.4.1 Optimization of electrospinning condition  

Chloroform (CHCl3) and dimethylformamide(DMF) were chosen as the solvent for 

electrospinning of PCL according to a procedure reported before240. In order to 

construct membranes with smooth and uniform fibre bundles, various solvent ratios 

and polymer concentrations were investigated before selecting electrospun conditions. 

 

Figure 3.2 A typical SEM image of PCL electrospun fibres in (A) 1:1; (B) 1:3 and (C) 

1:5; weight ratio CHCl3: DMF solutions; Images show the influence of solvent 

volatility and dielectric constant on fibre form; Scale bar represents 10 µm in all 

pictures. 

 

Firstly, CHCl3: DMF ratio was optimized, while the polymer concentration was kept 

constant at 20 wt. %.  Figure 3.2 shows the typical images of electrospun PCL 
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membranes using different solvent ratios. When chloroform reached more than 50 wt. % 

in the final solution, it led to blockage of the spinneret, thus solvent ratios were set up 

to a maximum of 50 % chloroform. The fibres tend to possess thicker diameters at 

higher chloroform ratios (Figure 3.2 (A)) due to the low dielectric constant and poor 

extensibility of the polymer solution under the same voltage98. With the increase of 

DMF fraction, thinner fibres with smooth and uniform appearance were formed, while 

maintaining the individual 3D porous fibrous structure (Figure 3.2 (B)). However, 

further increase of DMF in the solvent led to the insufficient removal of the solvent 

before the fibre reach the collector, evidenced by the formation of very fine fibres 

which completely merged to create into unseparated thicker fibre bundles (Figure 3.2 

(C))241. According to the results, CHCl3: DMF weight ratio was fixed as 1:3 for all 

following electrospinning. 

 

Figure 3.3 A typical SEM image of electrospun fibres of (A) 15 wt. %; (B) 20 wt. % 

and (C) 25 % wt. % PCL in CHCl3 and DMF mixture; Low concentration led to non-

uniformed fibres while high concentration led to beaded fibres; Scale bar represents 

10 µm in all pictures. 

 

After finalizing the suitable solvent ratio, polymer concentration was further explored 

to determine the appropriate polymer amount for the manufacture of identical bead-

free fibres. When PCL concentration was below 15 wt. %, fibres were emitted with 

droplets due to the lack of entanglement within the solution97. Thus 15 wt. %, 20 wt. % 

and 25 wt. % PCL solutions were prepared to evaluate the appropriate polymer 
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concentration. Figure 3.3 shows typical SEM images of fibre bundles at different 

polymer concentrations. Figure 3.3 (A) shows the lower polymer ratio, in fibres with 

various diameter were generated because the insufficiency of chain entanglement led 

to the creation of non-uniformed fibres. When the polymer concentration was elevated 

to 20 wt. %, straight, uniform fibres were produced with smooth surface morphology 

(Figure 3.3 (B)). Further increase of polymer concentration leads to the inability of 

fibres to elongate within the electric field, and subsequently, the formation of beaded 

fibres (Figure 3.3 (C)). Based on these results, 20 % polymer solutions were applied 

to fabricate the rest membranes. 

 

Figure 3.4 Typical SEM images of electrospun fibres at (A) 20 KV; (B) 25 KV and 

(C) 30 KV using 20% wt .% PCL solution; Higher voltage generated thinner fibres 

bundles; Scale bar represents 10 µm in all pictures. 

 

Applied voltage also had a significant influence on fibre diameters97 as shown in 

Figure 3.4. It can be clearly observed that with the increase in voltage (Figure 3.4 from 

A to C), there is a clear decrease in fibre diameters. However, all the fibres possessed 

a smooth surface with uniform fibre diameter, demonstrating simple control over fibre 

diameter by adjusting the applied voltage. 

Another advancement electrospinning provides is the straightforward manipulation 

over fibre alignment and fibre structure, allowing the fabrication of aligned fibres106 

and also the ability to manufacture more complex arrangements, such as core-shell 

fibres111. 
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First fibre alignment was investigated, using a rolling collector at 2080 rpm. 

Considering the fibre alignment, Figure 3.5 shows a typical image of random and 

aligned fibre materials, with a matched fibre distribution angle plot. A notable 

difference in fibre distribution was witnessed between the random fibre group (Figure 

3.5 (A)) and aligned fibre group (Figure 3.5 (B)). Results show effective control over 

fibre organization with smooth fibre appearance was achieved. Subsequently, all 

polymers were fabricated into both random and aligned fibres to acquire membranes 

with optimal mechanical properties and provide potential cell attachment stimulation 

via alignment. 

 

Figure 3.5 A typical SEM image of (A) random and (B) aligned PCL electrospun 

fibres with corresponding angle plot below; Fibre alignment has been controlled via 

adjusting collector type; Scale bar represents 10 µm in all pictures. 

 

In summary, having optimized electrospinning conditions, the previously synthesized 

PCL-mikto-PS and PCL-mikto-PPFS were dissolved in CHCl3: DMF (w/w = 1:3) 

together with homo PCL (CapaTM 6500D) in 1:4 w/w ratios as outlined in Figure 3.6. 

The chemical structure of four block copolymers synthesized in chapter 2 could be 
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found in Figure 3.6. For the electrospinning of PCL-mikto-PTFSGlc, ethyl formate 

was employed to replace CHCl3 due to the solubility of this polymer. 

In total, three random and three aligned fibrous membranes, approximately 300mm × 

200 mm were made from each sample solution and dried in a vacuum oven at 40 °C 

overnight to remove the residual solvent before further analysis.  

 

Figure 3.6 Scheme of polymer synthesis route and detailed chemical structures of 

each polymer. 

 

Table 3.1 Composition of solutions for electrospun membranes. 

Membrane code Solution composition Solvent ratio 

Random P1 (P1-R) 

Aligned P1 (P1-A) 

PCL a CHCl3: DMF (w/w = 1:3) 

Random P2 (P2-R) 

Aligned P2 (P2-A) 

PCL-mikto-PS: PCL a= (w/w = 1:4) CHCl3: DMF (w/w = 1:3) 

Random P3 (P3-R) 

Aligned P3 (P3-A) 

PCL-mikto-PPFS: PCL a= (w/w = 1:4) CHCl3: DMF (w/w = 1:3) 

Random P4 (P4-R) 

Aligned P4 (P4-A) 

PCL-mikto-PTFSGlc: PCL a = (w/w = 1:4) ethyl formate: DMF (w/w = 1:3) 

a PCL was kindly provided by Perstorp Winning Formulas Corporation (CapaTM 6500D). 
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3.4.2 Characterization of final polymer membranes 

A small disc from one membrane of each material was cut to analyze with SEM in 

order to investigate fibre organization and characteristics, whilst a second sample was 

cut to determine hydrophobicity using water contact angle measurements. 

All membranes appeared to possess a smooth finish when viewed at the macro-scale, 

while individual fibre arrangement was visible at the microscale with scanning 

electron microscope. Three images were taken at the micro-scale to investigate fibre 

morphology of each membrane, with a representative image of each shown in Figure 

3.7. 

 



88 

 

 

Figure 3.7 A typical SEM image of both random and aligned polymer membranes, 

with inset showing a matched typical water contact angle result. Mean fibre diameter 

and water contact angle across all analyzed samples are presented with fibre diameter 

distribution graph combining all analyzed fibres. Scale bar represents 10 µm in all 

pictures. All fibres possess a smooth surface with slightly thinner fibres within aligned 

fibres systems. 

Mean fibre diameter, calculated across all images for a particular membrane material 

shows a range from 0.2-0.4 µm (Figure 3.8), with the small variability between 

materials likely attributed to the different solubility of each polymer type in the co-

solvent242. Aligned fibre membranes consistently showed a trend towards smaller fibre 

diameters when compared with their randomly distributed counterparts, likely 

attributable to the dragging force of the collector (Figure 3.8 (a)). 

Water contact angle was measured at five locations across each sample. Overall, data 

demonstrated that while mixing block copolymers with homo PCL did not 
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significantly influence the average diameter of fibres in electrospun membranes, it did 

change the hydrophilicity of the surface significantly (Figure 3.8). Whilst the 

incorporation of a hydrophobic block (PS or PPFS) created a surface which behaves 

slightly more hydrophobically (P2-P3), the incorporation of hydrophilic glycopolymer 

made the surface more significantly hydrophilic, such that the WCA was reduced to 

zero (P4). Aligning fibres within membranes resulted in an insignificant but consistent 

increase in water contact angle relative to the corresponding randomly oriented fibres 

materials for each hydrophobic membrane only, likely a result of reduced spacing 

between fibres in aligned materials. Glycopolymer based membranes retained their 

hydrophilicity regardless of fibre arrangement.  

 

Figure 3.8 (a) Fibres diameters and (b) water contact angle of different membranes. 

Changes in chemical composition did not alter fibre diameter significantly, but 

dramatically affected the surface hydrophobicity. 

 

3.4.3 Mechanical properties of electrospun membranes 

Six randomly oriented and twelve aligned fibre samples were cut from the electrospun 

membranes, for the quasi-static pull to failure tests, with aligned fibrous membranes 

pulled with and against the fibre direction (n=6 per text condition). 

Mechanical test data highlighted no significant differences in the mechanical 
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properties of the four membrane materials, but a significant, order of magnitude 

increase in the failure properties and modulus of aligned fibres relative to their 

randomly oriented counterparts when loaded in the fibre direction (Figure 3.9 (a-d), 

Figure 3.10, and Figure 3.11). Trends in sample specific and material mechanical 

parameters were consistent for all membrane materials, indicating consistent fibre 

arrangement and spacing between test groups. 

Increased stress and reduced strain are commonly seen in membranes if comparing 

random and aligned fibres, as the large majority of fibres are directly loaded and 

directly recruited to resist the applied strain in the aligned instance, meaning there is 

less space for fibre movement, relative to the situation in a randomly oriented 

membrane. 
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Figure 3.9 Representative pull to failure curves for both random (a-b) and aligned 

polymer membranes (P1-P4; with (c-d) and against the fibre (e-f)). All the samples 

were pulled to failure at 1 % strain/s. Note the substantial variation of scale on the Y-

axis denoted the substantially improved failure properties for aligned fibre systems.  
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Figure 3.10 Comparison of mean (a) force, (b) stress and (c) strain between all random 

and aligned polymer membranes groups. Significantly higher failure properties and 

slightly decreased strain were observed when samples were loaded with the fibre 

direction. 

 

 

Figure 3.11 Comparison graphs of maximum modulus between all random and 

aligned polymer membranes groups. Significant higher stiffness was witnessed when 

loaded with fibre direction compared with the rest groups. 
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It was also notable that a clear decrease in the failure properties and modulus of aligned 

fibres loaded against the fibre direction was evident, relative to the random fibres, and 

aligned fibres loaded with the fibre direction (Figure 3.9 and Figure 3.10 and Figure 

3.11) caused by the lower amount of fibres involved in withstanding the load during 

the tensile tests.  

Membranes were further explored to ascertain their elastic, plastic and time-dependent 

parameters, and capacity to manage repeated cyclic loading, as required in many 

biological applications. Samples were subjected to ten cycles to 30 % strain before a 

pull to failure test. 

 

Figure 3.12 Representative cyclic loading curves for both random and aligned 

polymer membranes (P1-P4). (a) Random fibre samples and (b) aligned fibre samples 

(loaded with the fibre direction). Note the substantial variation of scale on the Y-axis 

indicated the considerably higher failure properties of aligned fibre systems.  

 

The cyclic loading curves demonstrated the Mullins effect, in that the mechanical 

response is irreversibly dependent on the maximum load previously encountered, with 

instantaneous softening occurring if the load is increased beyond its previous all-time 

maximum value (Figure 3.12). Concomitant with this behavior, most plastic 

deformation and energy loss were observed within the first cycle (93% deformation 

and 71 % hysteresis).  
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Importantly, materials showed a stable mechanical state after the first loading cycle 

(Figure 3.12), showing promise for producing future materials with consistent 

mechanical behavior. ‘Plastic-rubber’ behavior is quite common for PCL derived 

materials196, and occurs as the weaker bonds between fibres bundles start to rupture 

and lead to the softening of the materials during the first cycle. However, once broken 

the primary stronger bonds govern response, and instantaneous softening will appear 

again if the load is increased beyond its previous all-time maximum value, which 

causes the break of more bonds. 

 

Figure 3.13 Comparison graphs of the maximum modulus (a) with cycle 1 and (b) 

without cycle 1 between all random and aligned polymer membranes groups. Notable 

higher stiffness was observed when loaded with fibre direction compared with the rest 

groups and a higher maximum modulus evident after the first loading cycle. 

 

Meanwhile, in line with the results from pull to failure tests, there is still a significant 

increase in the failure properties and maximum modulus in aligned fibres relative to 

their randomly oriented counterparts when loaded with the fibre direction (Figure 3.12 

and Figure 3.13). Nonetheless, all the membranes behave differently in the first 

loading cycle relative to further cycles. To understand the performance of the materials 

in vivo, which is normally under constant cyclic movement, we extracted the 

maximum modulus with or without the first loading cycle (Figure 3.13). It was 

observed that all aligned membranes maintained the same trend in modulus and 
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stiffness which shown stiffening after the first cycle and a stable mechanical state 

(Figure 3.12). It was also notable that all the aligned fibre can sustain more than 20 N 

force (similar to single suture strength) with 30 % strain deformation158, potentially 

indicating the suitability of applying these materials in tendon healing. 

In order to further characterize the recovery ability of these membranes, two aligned 

P4 membranes were prepared. Samples were subjected to ten loading cycles, then 

returned to the unloaded state to allow 30 minutes of recovery, before applying a 

further ten loading cycles and pull to failure measurements. 

Results showed a similar slope to loading-unloading curves when 10%, 20 % and 30 % 

strain was applied (Figure 3.14 (a)). The last cycle of the first load batch was directly 

compared with the first cycle of the second load batch (Figure 3.14 (b) and (c)). After 

30 mins recovery period, at which point data suggested, samples showed a slight 

recovery of plastic deformation. This small ratio of recovery could cause by the 

relatively increased mobility of the PCL chain above its glass transition temperature. 
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Figure 3.14 (a) Representative stress-strain curves showing cyclic loading followed 

by a pull to failure for aligned P4 materials. Samples were pulled to 10 %, 20 % or 

30 % strain cycles and then returned to 0% strain for 30 minutes before repeating the 

10 loading cycles and then pulling failure at 1 % strain s-1. (b) Extracted stress-strain 

curves of the first and last ten cycles; (c) A direct comparison of the extracted stress-

strain curve (30 % strain) of the last cycle from first loading batch and the first cycle 

from the second loading batch. Samples show slightly recovery of mechanical 

properties after 30 minutes of holding at the original position. 

 

To further investigate the contribution of thermal behavior of the PCL chain to the 

recovery ability of membranes, two more samples were prepared from P4-A, and the 

double batches of loading cycles repeated, with a 24 hours wait period between 

batches (Figure 3.15). Interestingly, samples showed the ability to recover to original 

mechanical behavior after allowing this larger recovery period. 
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Figure 3.15 Cyclic loading curves for aligned P4 membranes, subjected to two 

batches of ten loading cycles, with a 24 hours recovery period between batches. 

Curved show stress-strain data for the first two cycles before and after recovery for 

two individual samples. 

 

Further random and aligned P4 specimen was subjected to ten loading cycles to 30 % 

strain, then prepared for SEM images to compare fibre dimensions and alignment after 

the cyclic loading. Three images were taken of the micro-scale surface morphology of 

each membrane, with a representative image of each shown in Figure 3.16.  

Figure 3.16 demonstrates no notable change in fibre orientation, but a thinning in fibre 

diameter after the cyclic loading. These results corresponded to the cyclic loading-

unloading results obtained before, in which the random fibre maintained the lower 

failure force and failure stress compared with aligned fibre membranes after ten 

loading-unloading cycles. 
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Figure 3.16 A SEM image of both a random and aligned polymer membrane, before 

and after being stretched to 30 % strain; A frequency distributions of fibre diameter 

and angle plot of fibre alignment is shown for each image. Scale bar represents 10 µm 

in all pictures, no notable change in fibre orientation was observed after the loading 

cycles. 
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3.6 Conclusion 

The experimental work in this chapter shows the success for translation of previously 

synthesized polymers into 3D membrane via electrospinning.  

Firstly, electrospinning conditions were optimized and control of fibre orientation 

achieved by using a rotary collector. Eight types of membranes were fabricated using 

different polymer solutions. The influence of chemical composition on the fibre 

structure and surface properties was characterized using SEM and WCA, and 

parameters like fibre diameter and fibre alignment were analyzed and compared using 

Image J and GraphPad. Then the mechanical properties of all membranes were then 

compared. For the successful application of these materials in tendon injury, which is 

normally under cyclic movements, the cyclic response of these materials was also 

evaluated. Lastly, the recoverability of these materials was ascertained using cyclic 

loading recovery tests. 

Results showed that smooth, uniform fibre bundles were acquired after optimization. 

Furthermore, by arranging fibres into the same direction, the failure force and stress 

could be significantly improved. Aligned membrane groups also showed elevated 

modulus relative to random counterparts. Results highlighted a typical Mullins effect 

behavior of these materials. Meanwhile stable mechanical behavior and analogous 

fibre orientation were observed under constant cyclic movements after removal of 

plastic deformation. The recovery results showed the mechanical properties are fully 

recoverable after holding at the original position for an adequate period.  

In conclusion, electrospun membranes with strong, stable and recoverable mechanical 

properties, which are suitable for tendon healing and other related biomedical 

applications, were designed and fabricated through electrospinning with different 

chemical compositions. In order to characterize the cell interaction between the 
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obtained platforms and cells, in vitro biological evaluation of the materials will be 

carried out in the next chapter. 
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Chapter 4. In vitro biological characterization using tendon cells 

 

4.1 Introduction 

In chapter 3, synthetic polymers were successfully electrospun into 3D membranes, 

with a uniform smooth porous 3D structure on the microscale, and the ability to 

recapitulate the structure observed in tendons at the microscale. The mechanical 

evaluation of these materials also demonstrates a strong, stable and recoverable 

material for biomedical applications. However, successful use of the membranes in 

biomedical applications also requires appropriate biocompatibility, and suitable cell 

affinity. It has previously been shown that hydrophobic surfaces will change the 

conformation of adsorbed proteins 243 and thus lower cell attachment244-245, and there 

has been some early interest in adapting glycopolymers for biomedical applications213, 

246-247. This gives an exciting opportunity to combine the versatility of polymer 

chemistry with biological applications248-249, and it has been witnessed that 

glycopolymers can significantly lower the toxicity of polymer-based nanoparticles 

towards mammalian cells250-251 as well as provide functional groups for cell 

attachment to bio-inert polymers like PCL68. However, the interaction between tendon 

cells and glycopolymers has not been well investigated.  

 

4.2 Experiment overview and hypotheses 

The aim of this chapter was to investigate the biological performance of the obtained 

membranes (P1-P4-R and P1-P4-A) from chapter 3, investigating preliminary cell 

toxicity, cell attachment and cell activity. 
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It is hypothesized that hydrophobic membranes (P2-P3) will show low cell attachment 

while the glycopolymer-incorporated membrane would promote the interaction with 

tendon cells and facilitate the generation of 3D cell interactions in the preliminary 

stage. It is also hypothesized that fibre alignment will guide cell alignment specifically 

in the glycopolymer P4-A materials at initial cell attachment. 

 

4.3 Methods 

4.3.1 Isolation of tendon cells from bovine joint 

Tendon cells were isolated from bovine extensor tendons via tissue digestion (1 U/ml 

Dispase and 2 mg/mL collagenase type II for 24 hours at 37 °C) were adopted as a cell 

source252. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (low 

glucose, pyruvate) supplemented with 10% (v/v) bovine serum, 100 U/mL penicillin, 

1% (v/v) nonessential amino acids, 2% (v/v) N-2-hydroxyethylpiperazine-N-2-ethane 

sulfonic acid (HEPES), 0.37% (w/v) sodium bicarbonate, and 1% (v/v) L-glutamine, 

here referred as culture medium) at 37 °C, 5% CO2 in a humidified incubator. The 

culture medium was changed every 2 days and cells maintained until use at passage 

three, when they were harvested using trypsin-EDTA (0.25% trypsin). 

 

4.3.2 Polymer membrane and cell preparation for in vitro tests 

Figure 4.1 showed a schematic depiction of the preparation of cell seeded electrospun 

polymer samples, and the related assays that were investigated. Fifteen discs (15mm 

diameter) were cut from each material P1-P4-R and P1-P4-A, using a punch. All discs 

were sterilized by immersion in 70% ethanol overnight, and irradiated under UV light, 
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after which they were washed repeatedly with sterile PBS to remove residual ethanol 

prior to cell seeding. SEM images of membranes after sterilization could be found in 

appendix Figure S.1. 

 

Figure 4.1 Schematic representation of samples preparation for in vitro cell tests using 

live-dead assay, cytoskeleton assay and Alamar blue assay. 

 

4.3.3 Preliminary cell viability and affinity on membranes 

Six sterilized discs of each membrane material (P1-P4-R and P1-P4-A) were placed 

individually, one disc per well, into the wells of a non-cell culture-treated 24-well plate, 

and cell solution pipetted directly onto the discs, in order to seed them at a density of 

1 × 104 cells/cm2. Cell seeding density was firstly optimized to achieve countable 

images. Six sterilized discs of PEG and six empty wells were additionally prepared in 

the same manner, providing negative controls. For positive controls, cells were seeded 

directly onto 6 wells of a standard cell culture-treated 24-well plate. Discs and controls 

were then incubated in complete culture medium for up to 48 hours. 

The preliminary toxicity of membranes was investigated by comparing cell viability 

on the membranes with that on the positive control standard tissue-culture treated 
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plates. In addition, preliminary cell affinity with each material was investigated by 

comparing the percentage area covered by live cells, compared to both positive and 

negative controls. 

Both cell viability and cell coverage were determined at 24 hours and 48 hours (three 

discs of each material or control well per time point). At the relevant time point, 2 

μM/ml calcein AM and 10 μM/ml ethidium homodimer were added to each well for 

30 minutes at 37 °C, and stained cells were observed under a fluorescence microscope. 

Both 2.5x and 10x magnification were used, and images were taken at an 

excitation/emission of 488/526 nm (calcein AM) and 568/612 nm (ethidium 

homodimer) (Leica DM4000 B LED, Heidelberg, Germany). Matched images of 

samples were taken at the two wavelengths, in which calcein AM produced an intense 

uniform green fluorescence in live cells, while ethidium homodimer produced a bright 

red fluorescence in dead cells. At least three pictures were taken at random locations 

across the surface of each disc at each time point. The number of live cells (Lm) and 

dead cells (Dm) on the membrane disc, and live cells (Lw) and dead cells (Dw) in the 

well were counted in Image J (ImageJ software, NIH Image, MD, U.S.A.) and 

preliminary cell viability was calculated as a live cell ratio (Eq. 4.1).  

𝐋𝐢𝐯𝐞 𝐜𝐞𝐥𝐥 𝐫𝐚𝐭𝐢𝐨 =
𝑳𝒎+𝑳𝒘

𝑳𝒎+𝑳𝒘+𝑫𝒎+𝑫𝒘
       Eq. 4.1 

Cell coverage was also calculated using Image J (ImageJ software, NIH Image, MD, 

U.S.A.), dividing the area covered with viable cells by the whole area of interest.  

The cell viability and cell affinity analyses were repeated three times, with three 

different sets of membranes and controls, and tendon cells from three different bovine 

donors. 
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4.3.4 In vitro preliminary cell adhesion and morphology assay 

Six sterilized discs of each membrane material (P1-P4-R and P1-P4-A) and six media-

coated glass slides (positive controls) were placed, one disc per well, into two non-cell 

culture-treated 24-well plates. Cell solution was pipetted directly onto the discs and 

glass slides, in order to seed them at a density of 4 × 104 cells/cm2, and all samples 

incubated in complete culture medium for up to 48 hours. The cytoskeleton of cells on 

each electrospun membrane was compared with that of tendon cells cultured on media-

coated glass slide surfaces (positive control) after 24 hour and 48 hour. 

To visualize the cytoskeletal arrangement, cell coated discs and glass slides were 

washed twice in PBS, and then fixed in 4% paraformaldehyde for 10 minutes. After 

removing the fixative, cells were washed repeatedly in PBS, permeabilized with 0.1% 

Triton X-100 in PBS for 10 minutes, and then washed twice more in PBS. The actin 

cytoskeleton was then stained with Alexa Fluor 488 phalloidin (20 µg/mL) in PBS 

with 1% (wt) bovine serum albumin for 30 minutes, after which, cells were washed 

twice in PBS and the cell nucleus stained with DAPI (1 μg/mL) in PBS with 1%(wt) 

bovine serum albumin for 1 minute before a final wash in PBS. Samples were imaged 

under a confocal laser scanning microscope (Leica TCS SP2; Leica Microsystems, 

Heidelberg, Germany) at an excitation/emission of 488/526 nm (phalloidin) and 

358/468 nm (DAPI). At least 3 matched pictures at each wavelength were taken for 

each sample at 40x magnification, and an additional picture digitally zoomed 3 times 

was taken, to show the morphology of a single cell.  

The preliminary cytoskeletal analysis was repeated three times with three different sets 

of membranes and controls, and tendon cells from three different bovine donors. 
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4.3.5 Preliminary cell viability and morphology on aligned membranes 

To ascertain the influence of fibre alignment on preliminary cell viability and cell 

attachment pattern, twelve sterilized discs of aligned P1-P4 materials and an additional 

twelve discs of the randomly oriented P1-P4 membranes were prepared in non-cell 

culture treated 24-well plates, and preliminary cell viability, affinity and morphology 

examined, as described in sections 4.3.3 and 4.3.4. 

The resulting confocal images were further analyzed using a Fast Fourier Transform 

(FFT) described previously235 to elucidate the correlation between fibre alignment and 

cell orientation presented in each image. In brief, images were first transformed into 

8-bit images and then thresholded to achieve a sharp contrast. A frequency distribution 

histogram from the transformed image was then established using the directionality 

plugin in Fiji/ImageJ (ImageJ software, NIH Image, MD, U.S.A.) 236, denoting the 

number of actin and nucleus in each direction. The program divided the images into 

small squares and evaluated the Fourier power for each angle to compute the spectra237. 

Spectra were reconstructed in Origin 9.0 (OriginLab, Northampton, MA) via reporting 

the data from -90 to 90 degree in bins of two degrees with zero degree denoting the 

mean cell orientation. 

The actin and nucleus angle plot of cells were compared between random and aligned 

fibre membranes. Both the experiments and analyses were repeated three times with 

tendon cells from three different bovine donors and mean data combining all three 

repeats presented. 
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4.3.6 Preliminary cell activity with the existence of different polymer-based 

membrane 

Three sterilized discs of each membrane material (P1-P4-R) were placed, one disc per 

well, into a cell culture treated 24-well plate. The 12 wells with membranes plus an 

additional three blank wells were all seeded with cells at a density of 4 × 104 cells/cm2, 

as previously described. Cell activity on each membrane and control well was 

investigated using an Alamar blue assay after 24 hours, 48 hours, and 96 hours. At the 

24 hour time point, a 1/10 volume ratio of Alamar blue reagent was added to the culture 

media of each well, and plates returned to the incubator for another 4 h. At this point, 

100 μL of the Alamar blue media mixture was taken from each sample well and its 

fluorescence was detected using a Fluo Star plate reader (BMG LABTECH). At least 

3 technical repeats were performed for each sample. After obtaining a reading, all 

media was discarded from each sample and control well, and fresh media was added, 

after which the plate was returned to the incubator. The same samples and controls 

were subjected to repeat Alamar blue assays at 48 hour and 96 hour following the same 

procedure, to monitor the cell activity over time. The preliminary activity of cells on 

membranes was displayed normalized to the activity of the control samples. The 

Alamar blue assay was repeated for three sets of membranes and controls, using 

tendon cells from three different bovine donors. 

 

4.3.7 Statistical Analyses 

Results are expressed either as mean ± SD or box-whisker plots. The normality of the 

data was characterized using Shapiro-Wilk normality tests. For the live and dead assay, 

a one way ANOVA was performed followed by Tukey comparison of means, while for 
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viable cell coverage and Alamar blue analysis, due to the non-normal distribution of 

the data, Kruskal−Wallis tests were performed followed by Dunn’s tests using 

statistical analysis software GraphPad Prism 6.0 (GraphPad Software, San Diego, CA). 

Unless otherwise stated, p < 0.05 was considered significant. 

 

4.4 Results and discussion 

4.4.1 Results of preliminary cell viability and affinity on membranes 

Preliminary cell viability was maintained above 60 % in all test groups for up to 48 

hours of incubation (Figure 4.2 and Figure 4.3). No significant differences in viability 

were evident between any of the test groups, nor between test groups and the positive 

control, of cells cultured on tissue culture plates, indicating that membranes were non-

toxic to tendon cells in vitro. 

To characterize the effect of chemical structure on tendon cells affinity, cell number 

and coverage were calculated using Image J for the quantitative analysis (Figure 4.4 

and Figure 4.5). As P1-P3 membranes are all hydrophobic in terms of surface 

wettability, PEG was chosen as hydrophilic negative control. It was notable that both 

the number of cells and cell coverage were significantly improved on P4 membranes 

relative to P1-P3 (Figure 4.4 and Figure 4.5), with coverage on P1-P3 membranes 

below that seen in negative controls using non-treated 24-well plates during the first 

48 hours. The preliminary cell coverages on P1-P3 were also comparable to the results 

from hydrophilic PEG negative control, which is commonly considered a gold 

standard for an anti-adhesive platform253. Taken together, these data suggest that 

incorporating sugar molecules into a polymer, even at low percentages, can enhance 

its interaction with cells, while hydrophobic polymers can effectively lower cell 
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attachment during the initial stage. 

 

Figure 4.2 Typical images of the live-dead assay with tendon cells on random P1-P4 

polymer membranes, PEG and positive and negative control surfaces after (a) 24 hours 

and (b) 48 hours. Viable cells are shown in green and dead cells in red. Scale bar 

represents 200 µm in all pictures. Significant higher number of cells could be observed 

on P4 membrane compared with P1-P3 groups. 
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Figure 4.3 Comparison of cell viability on P1-P4 membranes and the tissue plastic 

controls at 24 hour and 48 hour time points. All the membranes maintain higher than 

60 % cell viability after 48 hours incubation without significant different between 

membranes. 
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Figure 4.4 Comparison of cell number on different membranes and the tissue plastic 

controls at 24 hour and 48 hour time points; * represent significant the indicate group 

different from all other groups of data. Significant higher number of viable cells were 

observed on P4 membrane compared with P1-P3. 
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Figure 4.5 Comparison of viable cell coverage between different membranes and 

tissue culture plastic controls at the (a) 24 hour and (b) 48 hour time points. Significant 

higher of cell coverage was observed on P4 membrane compared with P1-P3. 
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4.4.2 In vitro preliminary cell adhesion and morphology 

Images of cytoskeleton arrangement of cells on each material demonstrate that tendon 

cells on the P4-R membranes were better adhered with greater cytoskeleton tension, 

relative to the rounder cells on P1-P3-R membranes (Figure 4.6) during the first 48 

hours. These data further support the hypothesis that the grafted sugar molecules 

provide the membrane with a functional group, which facilitates preliminary cell 

migration and cell attachment during the initial stage. 

To visually assess how initial cell attachment differed between groups during the first 

48 hours, images were digitally zoomed (Figure 4.6: grey scale bar images). Under 

higher magnification, it can be clearly observed that the cells on P4-R tend to form a 

well-spread 3D structure on the surface, while an isolated round cell pattern is 

observed on P1-P3-R. 
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Figure 4.6 Typical images of tendon cells seeded onto each of the polymer membranes 

(P1 to P4) and on tissue culture plastic (control). Green staining represents the 

cytoskeleton while blue represents the nucleus of cells. Images show cells after 24 

hours (left columns), and 48 hours (right columns). Two different magnifications are 

shown for each condition: the white scale bar represents 100 µm; the grey scale bar 

represents 25 µm. Greater cytoskeleton tension was observed on the P4-R membrane 

relative to the rounder cells on P1-P3-R membranes during the first 48 hours. 

 



114 

 

4.2.3 Results of preliminary cell viability and morphology on aligned membranes 

To better recapitulate native tendon, aligned fibre membranes were proposed to 

orientate tendon cells along the tendon long axis in our system. To further characterize 

the influence of the fibre alignment on preliminary cell toxicity and initial attachment, 

twelve more samples were prepared using aligned fibre membranes (Figure 4.7 and 

Figure 4.8). In line with results on random fibre membranes, cell viability was 

maintained above 60 % in all groups regardless of fibre orientation (Figure 4.3 and 

Figure 4.9). As shown previously, incorporating sugar molecules into the polymer, 

even at low percentages, can enhance its interaction with cells and show a tendency 

towards higher cell viability (Figure 4.9) during the first 48 hours. In further note, in 

line with our previous experiments, the number of cells was significantly improved on 

the aligned sugar-incorporating P4 membranes relative to the P1-P3 membranes 

(Figure 4.7), while fibre organization did not influence typical cell coverage on a 

surface, it did influence cell organization, with images consistently demonstrating that 

cells aligned with and spread along the fibres in the aligned membranes (Figure 4.7 

and Figure 4.8). It was proved the alignment can stimulate cell differentiation and 

function through the micro mechanics generated by the fibres, which potentially could 

be used to activate cells function231. Additionally, after the degradation of the 

membranes, the collagen fibres cell synthesized could potentially arranged into the 

same direction and help to improve the healed tendon mechanics. 
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Figure 4.7 Live/dead assay of tendon cells on random and aligned P1-P4 polymer 

membranes after (a) 24 hours and (b) 48 hours. Viable cells are shown in green and 

dead cells in red. Scale bar represents 200 µm in all pictures. Significant higher 

number of cells could be observed on P4 membrane with different cell attach pattern 

on random and aligned fibres. 
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Figure 4.8 Live tendon cells on (a) random and (b) aligned P4 membranes at 2.5 

magnification. Scale bar represents 1 mm in all pictures. Different initial cell 

attachment pattern was observed at low magnification. 

 

L
iv

e
 c

e
ll

 r
a

ti
o

P
1
-A

P
2
-A

P
3
-A

P
4
-A

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

2 4  h

4 8  h

 

Figure 4.9 Comparison of preliminary cell viability across aligned P1-P4 membranes, 

at 24 hour and 48 hour time points. All the membranes maintain higher than 60 % cell 

viability after 48 hours incubation without significant different between membranes. 

 

Cell morphology also differed between aligned and random materials, but only for P4 

(Figure 4.10 and Figure 4.11). The cells form clusters, which are randomly distributed 

on the random P4 group, with the nucleus evenly oriented evenly in each direction. 

On the other hand, the cells appear aligned and stretched along the fibre direction in 

the aligned fibre systems, looking more similar to cell pattern seen within tendons. 
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To further visually examine cell attachment between different groups, images were 

digitally zoomed indicating elongation of the cytoskeleton in the fibre direction. 

Subsequent quantitative analysis of cell alignment was carried using Image J, with the 

histogram data showing that both the cytoskeleton and nucleus orientation clearly 

exhibit a Gaussian distribution, compared to their random arrangement on the random 

fibre systems (Figure 4.12). As discussed before, there is a significant difference in 

cell attachment after incorporation of sugar moieties into the membranes. It has been 

proven that the glycopolymer interacts with cells 254-255 and alignment of fibres has 

here been shown to translate into the aligned pathway for efficient control over cell 

attachment. As mentioned before, this alignment showed in Figure 4.12 could 

stimulate cell differentiation and function through the micro mechanics generated by 

the fibres. 
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Figure 4.10 Typical images of tendon cells seeded onto both random and aligned 

polymer membranes (P1 to P4). Green staining represents the cytoskeleton while blue 

represents the nucleus of cells. Images show cells after (a) 24 hours and (b) 48 hours. 

Two different magnifications are shown for each condition: the white scale bar 

represents 100 µm; the grey scale bar represents 25 µm. 
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Figure 4.11 Confocal images of tendon cells on (a) random and (b) aligned P4 

membranes at 10 magnification. Scale bar represents 400 µm in all pictures. 

 

 

Figure 4.12 Histograms of cell actin and nucleus distribution in both random and 

aligned fibre systems. A significant difference was witnessed between groups. Aligned 

fibre systems resulted in clear cell alignment in the fibre direction. 

 

4.4.4 Influence of polymeric membranes over initial cell activity 

The influence of chemical composition on cell activity was characterized using an 
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Alamar blue assay with cell activity calculated relative to that seen in control cells 

seeded on tissue culture plastic at equivalent time points (control cell activity is shown 

in Figure 4.13). A trend towards reduced relative cell activity was observed on all the 

polymer membranes relative to the positive controls for the first 48 hours, after which 

activity on most membranes tended to increase to either match or surpass that on tissue 

culture plastic. The activity of cells on PCL was notably lower than in all other 

materials, and consistently lower than seen in the cell culture plastic controls (Figure 

4.14). 
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Figure 4.13 Comparison of cell activity in control cells on tissue culture plastic plates. 

Data compares activity at different time points. The normality of the data was 

characterized using Shapiro-Wilk normality tests, indicating a non-normal distribution 

of the data. Results are expressed as box-whisker plots. Statistical significance was 

calculated using Kruskal-Wallis tests followed by Dunn’s tests. 
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Figure 4.14 Comparison of cell activity between different membranes at different time 

points. Values represent the mean ± SD normalized to the activity of control cells at 

the same time (Set as 1.0) (n = 3). Statistical significance was calculated using the 

Kruskal-Wallis tests followed by Dunn’s tests. 

 

4.5 Conclusion 

In this chapter, the interaction between tendon cells and polymer membranes with 

different chemical compositions and fibre alignments was investigated. Live dead 

assays showed low membrane toxicity for all materials, indicating possible suitability 

in biological systems. Meanwhile, tendon cells affinity was shown to be highest on the 

glycopolymer-based material P4 while the hydrophobic surfaces achieved low cell 

attachment on the surfaces. 

To further characterize tendon cell affinity and morphology on different membranes, 

a cytoskeleton assay was used to image tendon cell attachment in detail. Tendon cells 

were found to better adhere on the glycopolymer-based membrane as greater 

cytoskeleton tension was observed relative to the rounder cells on other membranes.  

Moreover, it was also observed that through sugar-promoted cell interaction, tendon 
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cell attachment could be adjusted by orientating the fibre alignment, which would 

potentially facilitate better healing results for tendon and other related tissue 

regeneration applications. 

Tendon cell activity was also compared for cells in the existence of membranes with 

different chemical compositions. Data showed that the membranes have some 

influence on tendon cell activity but no extreme effects of different chemical 

compositions (within 25 % compared with positive control). 

In conclusion, both P2 and P4 possess low cell toxicity and well-controlled cell affinity, 

which indicate the potential applications of these materials in tendon repair. 
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Chapter 5 General discussion, conclusion and future work 

 

5.1 General discussion 

Tendons connect and transfer strain from muscle to bone, thus allowing muscles to 

withstand higher stress. Overload of tendon tissue, the increase of age and acute harm 

will all lead to the injuries of tendon and although have gained tremendous attention 

over years, it still remains one of the most time and money consuming diseases1. One 

of the most several complications of tendon injuries is tendon adhesion, which restricts 

the movement range as well as the maximum strength of healed tendon147. Surgical 

techniques, chemical agents, and physical barriers 154 have all been applied for the 

prevention of tendon adhesion. Among them, physical barriers showed the wide 

applicability due to the easy handling, longer retention time, outstanding mechanical 

properties and biocompatibility6 in vivo. In further note, chemical agents have been 

combined with physical barrier taking advantage of the materials science to promote 

the performance of designed systems184. Both natural compounds and synthetic 

polymers have been implemented into the fabrication of anti-adhesive membranes256.  

Owing to its simple, straightforward process and the formation of well-organized 3D 

porous structures92, electrospinning is one of the most widely used approaches to 

fabricate anti-adhesive membranes6. However, although the adhesion has been 

effectively prevented, the mechanical properties of healed tendons were sacrificed due 

to the decreased number of cells followed by the lower amount of fibres deposited 

during tendon healing257. 

This study aimed at designing more defined 3D membranes for tendon adhesion 

prevention and healing promotion, which including the synthesis of star shape 
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polymers, fabrication of controlled 3D membrane utilizing electrospinning and 

evaluation of materials’ performance in vitro employing bovine tendon cells.  

 

5.1.1 Synthesis of star shaped polymers 

Both natural and synthetic polymers have been applied to facilitate tendon adhesion 

prevention. Synthetic polymers are a common focus for tissue regeneration 

applications, as the materials offer better mechanical stability and thus excellent 

control of mechanobiology within the systems. One essential requirement for the 

selection of polymers is the biocompatibility of the derived materials. Not only benefit 

from its excellent biocompatibility, but also been shown to possess stronger 

mechanical behavior and better stability than other polyesters175, PCL was utilized to 

constitute the base of the materials. 

Meanwhile, it was reported that hydrophobic surfaces will change the conformation 

of adsorbed proteins258 and thus lower cell attachment244-245, which affords the 

possibility of adhesion prevention here. However, the insufficient healing of tendon 

still remains to be addressed. As one of the most naturally abundant compound, 

incorporation of sugar moieties promoted cell attachment to materials, maintaining 

good viability, thus showing potential for utilizing these materials in tissue engineering. 

Glycopolymers are promising candidates to address these limitations owing to the 

existence of bioactive sugar moieties on the polymer backbone 213, 246-247. This gives 

an opportunity to combine the versatility of polymer chemistry with improved cell 

interaction for biological applications 248-249. Studies have demonstrated that 

glycopolymers offer significantly lower toxicity for mammalian cells than standard 

polymer-based nanoparticles 250-251. However, to date, there has been very little work 
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focused on fabricating synthetic glycopolymer-based materials, with the main focus 

on the isolation of cells through sugar-protein interactions214-215 or enzyme 

immobilization for the delivery purpose216. Aiming at improving tendon healing 

without adhesion, miktoarm hydrophobic copolymers and glycopolymers were chosen 

to fabricate 3D membranes with distinct cell affinity. 

Development of ring-opening polymerization (ROP) allows the synthesis of well-

controlled biodegradable polymers with relatively high yield and the possibility for 

the combination with other functional monomers. In order to retain high livingness of 

the polymer chains and avoid side reactions, ROP was optimized here to obtain well-

controlled PCL with the less time. Although the Đ of the final PCL was not extreme 

low (~ 1.2), it is much lower compared with the commercial product (1.5-1.6) and 

showed almost full initiation ability during the following radical polymerization step. 

Aiming at increasing the hydrophobicity of PCL, styrene was incorporated here as a 

hydrophobic monomer utilizing atom transfer radical polymerization (ATRP). 

Coupling reactions were one of the most common side reactions during atom transfer 

radical polymerization37. Thus here, reaction time was optimized for the purpose of 

minimizing the side reaction and offer polymers with a well-defined structure. 

Meanwhile, to introduce functional sugar moieties into PCL, PFS was incorporated 

here to provide functionality for sugar incorporation. Later on, para-fluorine click 

reaction was employed here and quantitatively converted the para-fluorine on PFS into 

glucose units. All the polymers were fully analyzed utilizing GPC and NMR to 

characterize the molecular weight and the chemical composition of the polymers. GPC 

results showed a clear shift after each step and NMR confirmed the incorporation of 

the monomers into the final miktoarm block copolymers, indicating the success in the 
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synthesis of miktoarm block copolymers by combination of different polymerization 

techniques. 

In summary, by a combination of ROP, ATRP and para-fluorine click reaction, we 

successfully designed and synthesized both miktoarm hydrophobic polymers (PCL-

mikto-PS) and miktoarm glycopolymers (PCL-mikto-PTFSGlc) with controlled chain 

length and relatively low polydispersity. This biomaterial provides both anti-adhesive 

hydrophobic behavior on one side and tendon healing promoter owing to bioactive 

sugar-containing polymers on the other side. 

 

5.1.2 Materials design and optimization 

Electrospinning was selected here to afford porous 3D scaffolds and achieve further 

control over fibre alignment. Although electrospinning membranes with controlled 

fibre alignment have been widely used in wound healing and wound dressing259-260, it 

has not been investigated in the promotion of tendon healing. To afford uniform fibres 

with smooth morphology, firstly, the electrospinning process was optimized in the 

aspect of solvent ratio and polymer concentration. Then the system was applied to 

electrospun miktoarm block copolymers to afford membranes with distinct surface 

properties and chemical compositions. In general, electrospinning of copolymers 

produced uniform fibres, with some variation in fibre dimensions evident for the 

different material chemistries investigated, likely a result of the solubility of each 

polymer type in the co-solvent. To clarify the effects of chemical composition on the 

surface properties of electrospun fibres, the water contact angles of each membrane 

were measured. Overall, data demonstrated that mixing block copolymers with homo 

PCL does change the hydrophilicity of the surface significantly without influencing 
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the fibre diameter significantly. The incorporation of a hydrophobic block creates a 

surface, which behaves more hydrophobic and vice versa. Then experiments on the 

creating aligned or randomly oriented fibres were simply achieved with classical 

electrospinning approaches by altering fibre collectors. Slightly thinner fibres were 

attained in aligned membranes compare with the random ones, as a result of the 

dragging force of the collector, whilst it was also noted that aligning fibres in the 

hydrophobic block copolymers (P2-P3) led to a further increase in hydrophobicity, 

which is likely a result of the better organization and reduced spacing between fibres 

in aligned materials.  

Success applications of materials into tissue engineering also require the easy handling 

and mechanical stability of the materials. It was reported before that the mechanical 

properties can be optimized by orientating fibres in the same direction106. To further 

ascertain the influence of chemical composition and co-mixture polymer systems, the 

mechanical properties of the materials were investigated, and as typically seen in 

aligned fibre systems, significant increase in failure stress and modulus and a reduction 

in failure strain were seen when materials were loaded in the fibre direction, as the 

large majority of fibres are directly loaded and recruited to resist the applied strain, 

with less capacity for fibre reorganization under loading261. Further, whilst a large 

energy loss was seen in the first loading cycle for the material, behavior was consistent 

with further loading, indicating promising mechanical stability. Such ‘plastic-rubber’ 

behavior is common in PCL derived materials and other polymers and is commonly 

referred to as the Mullin’s effect 196. During the first loading cycle, weaker bonds 

between fibres bundles will start to rupture and thus led to the softening of the 

materials, after which stable mechanical behavior will be witnessed with further cycles 

to the same strain. However, instantaneous softening will appear again if the load is 
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increased beyond its previous all-time maximum value at which point further of the 

weak bonds can be broken. Interestingly, after 30 minutes of rest, a small amount of 

recovery was seen in the loading curves, which may result from the movement of 

polymer chains above their glass transition temperature, leading to the rebuild of bonds 

between fibres. Further investigation of these relationships is warranted to fully 

understand material behavior. The mechanical properties of these materials showed 

fully recoverability after enough time at room temperature, which further proved the 

energy loss observed before was caused by the break of reversible weaker physical 

bonds between the fibre bundles rather than the break of chemical covalent bonds. 

Relating these mechanical parameters to those of other scaffold materials, or typical 

aligned fibrous tissues, shows promising strength, stability and flexibility of the 

membranes 262. Taking as an example, in its stable state, the glycopolymer membranes 

achieve a maximum modulus of around 700 MPa and failure strain of 40 %. This offers 

vastly improved stiffness and stability relative to typical natural materials such as 

collagen gels187  but not at the expense of poor flexibility as seen with cellulose188-189 

or chitosan190 based materials. Indeed, the mechanical parameters are reasonably well 

matched to those of tendon or ligament, which are generally in the range of 500-1000 

MPa modulus and 10-25% failure strain 263-265. 

In summary, 3D membranes of the modified PCL materials, with controlled 

mechanical properties of appropriate magnitude to suit a range of biomedical 

applications, were successfully electrospun to make membranes with a tissue mimetic 

structure, which could potentially be used in tissue engineering. Fibre orientation has 

been controlled, offering capacity to recapitulate the anisotropy of many fibrous 

tissues. The morphology and properties of the membranes were characterized by SEM 

and an assessment of water contact angle, showing that hydrophilicity of a membrane 



129 

 

could be dramatically improved with the addition of sugar groups, without altering the 

fibre diameters. 

Such materials offer real promise as a tissue regeneration platform 266-268, bringing 

excellent mechanical properties for functional loading in a highly controllable and 

tunable material, in which cell-material interactions can also be manipulated to meet 

the needs of different fibrous tissues, through manipulating material chemistry. 

 

5.1.3 In vitro preliminary cell biocompatible, cell attachment and cell activity tests  

Various synthetic platforms, such as PCL-c-PLA256 and PEG-based platforms269, have 

been researched to lower cell attachment and prevent tendon adhesion.  However, here 

we propose a novel hydrophobic platform for anti-adhesive purpose and a 

glycopolymer incorporated platform for promoting cell interaction. As the main cell 

type controls tendon performance by adjusting collagen synthesis and protein 

secretion270, tendon cells were chosen here as a model cell line to first characterize the 

toxicity, affinity and influence over cell activity of the designed membranes during the 

first 48 hours. Tendon cells were seeded directly onto the electrospun membrane and 

incubate up to 48 hours to characterize initial tendon cells response. Calcein AM and 

ethidium homodimer were utilized here to investigate both initial cell viability and cell 

coverage on the materials. Results were obtained by calculating the number of green 

live cells and red dead cells or area of green live cells, respectively. Preliminary tendon 

cells affinity to each membrane type was assessed by characterizing cell morphology 

on the materials, using phalloidin and DAPI to stain the cytoskeleton green and 

nucleus blue, respectively. The preliminary influence of different membranes on cell 

activity was characterized using an Alamar blue assay with cell activity normalized to 



130 

 

that seen in control cells seeded on tissue culture plastic at equivalent time points. 

In vitro membrane biocompatibility tests with tendon cells showed that all membranes 

could maintain cell viability above 60 % after 48 h incubation. Additionally, tendon 

cells attachment capabilities of membranes were lowered by increase the 

hydrophobicity of the membrane and significantly improved by incorporating sugar 

molecules into PCL, witnessed by cell coverage on each membrane type during the 48 

hours. Cell affinity tests demonstrated that tendon cells on the glycopolymer 

membranes were better adhered, as greater cytoskeleton tension was observed relative 

to the rounder cells on the hydrophobic membranes. Both of the results potentially 

indicate the increase of hydrophobicity decrease protein adherence and lower cell 

attachment while incorporation of sugar moieties provide functional groups to PCL 

and promote the interaction with cells. Meanwhile, a trend towards reduced relative 

cell activity was observed on all the polymer membranes relative to the positive 

controls for the first 48 hours, after which activity on most membranes tended to 

increase to either match or surpass that on tissue culture plastic at 96 hours. The 

activity on PCL was notably lower than in all other materials, and consistently lower 

than seen in the cell culture plastic controls. It has been shown that the incorporation 

of proteins or growth factors can increase cell activity on the surface271. P4 membranes 

contain sugar moieties, which interact promptly with lectins and then interact actively 

with cells, thus leads to an increase in cell activity. In the meantime, cells tend to 

behave more active when cannot attach to a surface and try to proliferate off, thus there 

are also improved cell activity trend in the hydrophobic groups. 

One additional key function of applying aligned fibre systems in tissue engineering is 

to guide cell attachment272 and effect cell signaling 273. In tissues with aligned fibres, 

such as tendon, ligament and intervertebral disc, cells are generally highly elongated 
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and arranged in rows between fibres, connected via gap junctions along and between 

rows274-275.  

The ability of our glycopolymer-based material to control initial tendon cell 

organization was subsequently investigated, to determine if in vivo cell organization 

could be recapitulated. Excitingly, both cytoskeletal stress fibres and cell nuclei of 

tendon cells were elongated and aligned in parallel on the aligned glycopolymer 

membranes during the first 48 hours, recapitulating a number of the key features of 

cell organization within tissues such as tendon.  

Whilst this capacity to control cell organization has previously been demonstrated with 

peptide functionalized aligned fibre polymers276, this is the first time that a synthetic 

glycopolymer has been shown to exhibit the same effect on cell attachment. Previous 

studies have demonstrated that synthetic glycopolymers can interact specifically with 

human lectins277 and the sequence of sugar moieties diversifies the specific 

interaction278, potentially explain this promising cell-material interaction. 

 

5.1.4 Limitations 

Although this research provided a novel platform for tendon healing, there are still 

some limitations that worthy noted when interpreting the results. 

Firstly, only one specific polymer chain length was designed and synthesized for each 

chemical composition. It was known that the block polymer chain length has a notable 

impact on the performance of copolymers in biological systems279-280. In order to fully 

understand the influence of chemical composition, polymers with various chain 

lengths should be synthesized and characterized. 

Additionally, when translating polymers into the 3D scaffold, synthesized block 
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copolymers were blend with a high molecular weight homo PCL and then electrospun 

into fibres. Researches showed the ratio of constituent have an influence on the final 

materials properties269, 281, however, only 1:4 block copolymers to PCL membrane was 

evaluated in this case. Ideally, membranes with the different block copolymer, PCL 

ratio should be fabricated for the purpose of optimizing the ratio of block copolymers 

ratio to achieve optimal results. 

Meanwhile, during the mechanical characterization of the membranes, it is evident 

that 100 N load cell was a magnitude higher than the failure force of random fibre 

membranes and aligned systems when loading against fibres. Ideally, matched load 

cells should be applied in each set of experiments. Nevertheless, considering the effect 

of load cell type over the significant difference between groups is minimal, 100 N load 

cell was applied for all our mechanical tests.  

Lastly, although cell attachment was effectively controlled by implementing changing 

the chemical composition of the membrane, however, the underlying mechanisms 

through which cells interact with the materials, and the influence of polymer type on 

cell metabolism and expression need to be addressed using further analysis. 

 

5.2 Conclusion 

Treatment aiming at tendon healing mostly focused on prevention of tendon adhesion 

and resulted in the sacrifice of healed tendon mechanics282. Starting from here, we 

proposed a system employing a hydrophobic surface to achieve the anti-adhesive 

properties and a sugar-containing layer for the purpose of promoting cell attachment 

and encouraging tendon healing. 

In chapter 2, in order to ensure the biocompatibility of the membrane, PCL was 
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selected as the main part of the miktoarm block copolymers. Functional PCL was 

synthesized by a combination of ring opening polymerization, atom transfer radical 

polymerization and post-modification with styrene, PFS and sugar moieties, 

respectively. Well defined miktoarm copolymers were obtained after optimization of 

the reaction condition with targeted chain length for further production of materials 

with distinct properties. 

In chapter 3, polymers synthesized before was translated into 3D membrane utilizing 

electrospinning. Firstly, electrospun conditions were optimized to produce uniform 

fibres bundles with smooth morphology using homo PCL as the model polymer. Then 

the conditions were applied to the electrospun of other miktoarm copolymers. Results 

showed all the systems possessed well-controlled porous surface while having distinct 

hydrophilicity. Later on, alignment of fibres was achieved by adjusting the collector 

type and uni-directional fibres were obtained. This not only provides membranes with 

a stronger mechanical strength, which could help the real application of these materials, 

but also recapitulates, the anisotropy of tendon tissues. Mechanical characterization of 

these materials showed the strong, stable and recoverable of the obtained platforms. 

In chapter 4, to confirm the suitability of these systems for tendon healing purpose, 

tendon cells were chosen here as a model cell source for the evaluation of materials’ 

toxicity, cell affinity and effect on cell activity. The in vitro cell culture showed the 

biocompatibility of these membranes for tendon healing. It was observed by changing 

the chemical composition of the materials, tendon cell affinity towards materials can 

be easily and efficiently adjusted. Additionally, fibre alignment also provides extra 

biological cues for cell guidance, which benefits the applications of these materials in 

tendon healing. 

In summary, these membranes provide a potential candidate for adhesion-free tendon 
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healing with optimal healing mechanics. Furthermore, the obtained platforms should 

also possess the possibility for related biomedical applications. 

 

5.3 Future work  

Whilst this study has offered a novel platform for tendon healing, it does need further 

experiments to elucidate the mechanism behind in order to achieve better results. 

 Combination of electrospun layers and characterize the mechanics and cell 

responses. 

Preliminary trials on fabrication of bilayer membranes were carried out by 

sequentially depositing homo PCL fibres on to the same matrix in layers, 

following a procedure reported before88. The collector orientation between 

layers was adjusted to obtained fibres with a distinct stack orientation. The 

cross-section image of the resulting membrane showed clear delineation of the 

layers (Figure 5.1), with distinct differences in fibre stack orientation, achieved 

by adjusting the collector orientation before electrospun the second layer. The 

merge of the membrane boundary witnessed between layers and difference in 

fibre orientation observed within layers proved the success in the fabrication 

of the bi-layer system. These data validate the possibility to construct bi-layer 

membranes via electrospinning. 
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Figure 5.1 SEM image of a cross-section of a bi-layer electrospun membrane. 

Redline indicates the boundary between the two layers. Two different fibre 

orientations are shown in the image. Scale bar represents 200 µm. 

 

 Need further molecular biological assay to illuminate the relationship between 

material apparent properties and the mechanism behind. For instance, the 

mechanism of higher cell attachment and coverage on glycopolymers-based 

membranes towards tendon need to be addressed. 

 In vitro degradation assay need to be addressed to characterize both structural 

and mechanical stability of the membranes under cell environment. Afterwards, 

collagen production need to be performed to evaluate the influence of both 

chemical composition and micro mechanics generated by fibres on the 

collagen amount and maturation. 
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Appendix 

 

Figure S.1 SEM images of fibres after sterilization. Pictures shows the stable fibrous 

structure over sterilized treatment. Scale bar represents 10 µm in all images. 

 

 


