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Abstract 

 

Due to their unique structure and flexible choice of materials, electrospun degradable 

and biocompatible polymer fibres are considered to be extremely suitable for 

biomedical applications such as tissue engineering and drug delivery, either on their 

own or integrated within composites. Conventional electrospun fibre composites are 

typically based on non-woven mats and therefore limited to simple-curved geometries 

(films, membranes, etc.). For aqueous composites such as hydrogels, the 

hydrophobicity of the materials sometimes prohibits fibres to be easily integrated or 

distributed in these composites. 

In this thesis, a review on the topic is firstly presented in Chapter 2, introducing and 

discussing engineering of electrospun fibre as well as their biomedical applications. In 

Chapter 3, electrospun polylactide (PLA) fibres reinforced poly(trimethylene carbonate) 

(PTMC) composites are prepared. The composites are loaded with both continuous and 

short PLA fibres, achieving significant mechanical enhancement and offering 

opportunities to produce composites conveniently using liquid formulations. Chapter 4 

presents the development of shape memory polymer composites based on a 

combination of PLA fibres and a PTMC matrix. By loading different amounts of short 

fibres with different aspect ratios or by using plasticisers, the shape memory behaviour 

is modulated; and composites of more complex geometries are produced. In Chapter 5, 

PTMC-PLA fibre composites are made into drug release system. Dexamethasone-

loaded PLA fibres are integrated into a PTMC matrix, showing sustained drug release 

and stimulating stem cell osteogenic differentiation. This concept gives promise to 

loading various drugs into photo-crosslinked structures without denaturation. In 

Chapter 6, electrospun PLA fibres are functionalized by amphiphilic block copolymer 

polylactide-block-poly[2-(dimethylamino)ethyl methacrylate] (PLA-b-PDMAEMA) for 

the development of carboxymethylcellulose composites hydrogels. Functionalization of 

PLA fibres not only allows for easy integration and dispersion into the hydrogel, but 

also enhances the interfacial bonding between fibre and hydrogel. In the last chapter 

(Chapter 7), some conclusions are drawn and future works are discussed. 
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Chapter 1 - General introduction 

 

1.1 Background and Motivation 

Facile and cost-effective electrospinning has become a most popular technique for 

continuously fabricating one-dimensional materials on the micro or even nano-scale. 

Due to their large surface areas, high porosity and aspect ratio as well as flexible choice 

of materials, electrospun fibres have been extensively studied for biomedical 

applications, filtration, composites, etc. [1] Among all the areas of interests, 

electrospun degradable and biocompatible polymer fibres are considered to be 

extremely suitable for biomedical applications such as tissue engineering and drug 

delivery, either on their own or integrated within composites. Electrospun fibres in 

composite biomaterials not only perform as structural reinforcements but also 

introduce novel properties such as electrical, thermal, biological, environment 

responsive, etc. [2-6] However, due to the fabrication process and fibre entanglement, 

conventional electrospun fibre based composites are typically limited to simple-curved 

geometries (films, membranes or multilayer structure). Moreover, the fibre 

entanglements present in electrospun fibre mats can severely hamper composites 

fabrication. For aqueous composites such as hydrogels, the hydrophobicity of the 

materials sometimes prohibits fibres to be easily integrated or well distributed in the 

resulting composites. 

Poly(trimethylene carbonate) (PTMC) is a biocompatible and degradable polymer 

material that can be synthesized via a ring-opening reaction of 1,3-trimethylene 

carbonate [7]. Its degradation, mediated by a surface-erosion mechanism, is 

characterized by an extremely low level of non-enzymatic hydrolysis and non-acidic 

degradation by-products, which makes PTMC an attractive material for biological 

applications [8]. In vitro degradation of PTMC in the absence of enzymes showed only 

less than 2 wt% mass loss after 8 weeks tests and was independent of pH [9]. In 

contrast, lipases from Candida antarctica and Thermomyces lanuginosus have been 

reported to effectively degrade PTMC in surface-erosion mode, producing by-products 

including TMC monomer, oligomers and 1,3-propane diol [9, 10]. It was also reported 

that macrophages, which could secret hydrolytic enzymes (e.g., cholesterol esterase) 
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and oxidative species, were able to erode PTMC rapidly [11]. In addition, the 

hydrophilicity of PTMC is also affecting degradation rate with hydrobobic PTMC having 

faster degradation rate. Moreover, stereolithography (SLA) is a common additive 

manufacturing technique employed to build PTMC-based structures with 

unprecedented degree of precision in the control of three-dimensional architectures 

[12], making PTMC a very attractive material for tissue engineering and drug delivery 

applications. However, PTMC is usually considered to have poor mechanical 

performance, which limits it from certain usages that require good dimensional 

stability. The UV-curing fabrication process intrinsically restricts the potential of the 

SLA-fabricated PTMC scaffolds to be used as drug delivery carriers, due to many 

bioactive compounds’ light sensitivity, chemical UV cross-reaction and incompatibility 

between the therapeutics and PTMC.  

Therefore, it is proposed in this work to combine electrospun poly(lactic acid) (PLA) 

fibres and UV-crosslinkable PTMC macromers to produce PLA fibre reinforced PTMC 

composites. PLA is a well-established biodegradable polymer used for food packaging 

as well as for the design of implants [13]. It can be derived from renewable resources, 

is fully degradable, and much stiffer and stronger than PTMC. The incorporation of PLA 

fibres is thus considered to be able to enhance the mechanical performance of PTMC. 

To tackle some of the electrospun fibre reinforced composite fabrication issues (fibre 

entanglements, reinforcement geometry limitation, etc.), we developed short fibre 

reinforced PTMC/PLA composites by cutting as-spun PLA fibres, allowing for the 

composites to be processed using flow moulding techniques. The use of short 

nanofibres is particularly important to enable 3D processing technologies such as 

injection moulding or SLA to generate polymer-polymer composites with precise, 

tailored and complex shapes. 

To enable bioactive compounds (e.g., drugs) to be loaded into UV-crosslinkable PTMC 

without denaturation, we propose to use PLA fibres as a protection medium to isolate 

drugs from direct contact with PTMC. A model drug (dexamethasone) is electrospun 

with PLA to produce bioactive fibres and these fibres are incorporated into PTMC. By 

doing this, not only the mechanical performance of PTMC is improved, but also the 

drug is prevented from cross-reactions with PTMC macromers during UV curing.  
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Finally, to enable hydrophobic PLA fibres to be integrated into aqueous phases like 

hydrogels, an amphiphilic block copolymer (BCP) polylactide-block-poly[2-

(dimethylamino)ethyl methacrylate] (PLA-b-PDMAEMA) is employed to functionalize 

PLA fibres. By introducing PLA based amphiphilic block copolymers, the hydrophilicity 

of PLA fibres is increased, which allows for an easy incorporation into the hydrogel. The 

functionalization is believed to improve the wetting and interaction between fibres and 

hydrogels. Furthermore, the use of functionalized short PLA fibres allowed the 

mechanical properties of the composites being modulated. Moreover, such liquid 

composite formulations (chopped PLA fibres together with hydrogel precursor solution) 

also offer the opportunity for the design of injectable systems. 

 

1.2 Thesis Outline 

In this thesis, a review on the topic is firstly presented in Chapter 2, introducing and 

discussing morphological engineering and functionalization of electrospun fibre as well 

as their biomedical applications. In Chapter 3, electrospun PLA fibre reinforced PTMC 

composites were prepared. Two different techniques for cutting electrospun PLA fibres 

were developed and compared. The interaction between fibres and PTMC was 

characterized and the thermo-mechanical properties of composites (containing both 

continuous and short fibres) were investigated. In addition, the experimental data was 

evaluated using a modified rule of mixture.  

Chapter 4 presents the development of shape memory polymer composites (SMPCs) 

based on a combination of PLA fibres and a PTMC matrix (from Chapter 3). The shape 

memory properties were modulated by varying fibre aspect ratios, fibre loading, 

molecular weight of PTMC, and the use of plasticiser. The properties of different 

samples were investigated and their shape fixing and recovery efficiency for each 

condition were evaluated. Finally, some shape memory composites with more complex 

geometries were produced using short fibres. 

In Chapter 5, PTMC/PLA fibre composites are designed for drug release systems. A 

model drug (dexamethasone, Dexa) was co-electrospun with PLA to produce bioactive 

fibres. These fibres were integrated into PTMC macromer followed by UV-curing to 

generate dexamethasone-loaded PTMC/PLA composite structure. The composites’ 
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physiochemical properties and Dexa release profile were characterized. The bioactivity 

of Dexa was further confirmed by in-vitro cell experiment.  

In Chapter 6, electrospun PLA fibres were functionalized by PLA-b-PDMAEMA for 

carboxymethylcellulose (CMC) composites hydrogel. PLA-b-PDMAEMA with different 

PDMAEMA content was synthesized. The impact of PDMAEMA content on PLA 

hydrophilicity was evaluated. Both continuous and discontinuous functionalized fibres 

were employed for CMC composite hydrogels and their influences on hydrogel’s 

mechanical properties were investigated. In the final chapter (Chapter 7), some 

conclusions are drawn and potential future works are discussed. 
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Chapter 2 - Nanoengineered electrospun fibres and 

their biomedical applications 

 

2.1 Introduction 

Nanoengineering refers to the engineering at the nano-scale. Materials engineered at 

the nano scale possess fundamental difference compared to macro-scale materials due 

to their size effect. Their extraordinary properties have been investigated and applied 

to chemical, physical and biological areas [14-16]. For example, Ma et al. designed non-

metal flexible oxygen electrodes of excellent performance by growing phosphorous-

doped graphitic carbon nitride on carbon-fibre paper [17]. Berthelot et al. fabricated 

nano-tweezers (metal-coated optical fibre with bowtie nano-aperture) that were able 

to trap and manipulate 50 nm sized nanoparticles [18]. Gujrati et al. reported 

preparation of bacterial outer membrane vesicles with low immunogenicity and cancer 

cell targeting properties [19]. When searching literatures, many cutting-edge 

nanostructures are achieved by either spontaneous or directed assembly [20, 21]. 

Among different nanostructures, 1D nanomaterials like nanotubes, nanorods and 

nanowires (to name a few) have been extensively reported and applied to mechanics, 

electronics and energy realm [22-25]. Synthesis of these 1D nanostructures usually 

requires bottom-up techniques, which provide people with fascinating ways to exploit 

nanotechnology. On the other hand, most bottom-up manufacturing processes are 

nevertheless considered to induce high costs. Facile and cost-effective top-down 

methods like electrospinning are therefore becoming an attractive alternative in 

producing 1D nanomaterials. In addition, electrospinning is able to produce continuous 

fibres, which is difficult to realise via other bottom-up method. Electrospun fibres have 

been widely reported as wound dressing or tissue engineering scaffolds in literature [6, 

26-28]. Since first being developed in 1934, electrospinning has become a convenient 

and easy way to produce micro or nano scale fibres, with over two thousand papers on 

electrospinning-related topics published every year since 2014 (see Figure 2.1). During 

a typical electrospinning process, polymer solution or melt is supplied to a spinning tip 

or spinneret at constant rate. A droplet is formed at the spinning tip and a high voltage 
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is applied to the spinneret which accumulates charges on the droplet to form a Taylor 

cone when the electrostatic force is sufficient to overcome the droplet surface tension. 

A fluid jet is ejected from the Taylor cone tip towards a grounded collector, during 

which the fluid jet solidifies and forms fibres. Randomly distributed fibre mats are 

obtained on a static collector while oriented fibres are achieved on specific rotating 

collectors [29-31] or by using auxiliary setups and post-processing [32, 33]. 

Electrospinning is optimised by controlling parameters like solution/melt viscosity, 

feeding rate and electric field. High viscosity and slow feeding rate will result in 

spinneret blockage while low viscosity and high feeding rate will lead to discontinuity of 

fibres or droplets. The electric field has to be properly set as a high field strength will 

decrease the time for fluid jets to solidify while low field strength is unable to form a 

Taylor cone. Ambient conditions like temperature and humidity are also to some 

degree influencing electrospinning [34]. 

 

 

Figure 2.1 Number of publications on electrospinning topic since 2006 to 2016 (source: 

Web of Science, key word: electrospinning). 

 

The electrospinning technique has been extensively studied. Many reviews that 

comprehensively summarize electrospinning processing technique and applications 

have been published previously [35-38]. However, reviews on the nanoengineering and 

application of nanostructured electrospun fibres are relatively difficult to find. Zhang 

and Yu reviewed the fabrication of nanoparticle-electrospun fibre composites, in which 

they summarized different techniques to obtain anisotropic fibres with nano-features 

using nanoparticles as well as their applications for energy, mechanics and sensors [39]. 
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The incorporation of nanoparticles has introduced significantly interesting 

nanostructures and novel properties into conventional electrospun fibres. In addition 

to using nanoparticles, nanoengineered electrospun fibres can be obtained by 

developing new electrospinning techniques or functionalization. In this chapter, we 

first discuss different nanoengineering techniques for electrospun fibres; then we 

introduce the application of these fibres and finally conclude with some perspective on 

future work.  

 

2.2 Nanoengineering of Electrospun Fibres 

2.2.1 Modification on electrospinning set-up and experimental conditions 

Traditional electrospinning is optimised by appropriately selecting experimental 

parameters, including spinning solution/melt viscosity, electrical field, feeding rate, 

ambient condition as well as the intrinsic properties of the polymer/solvent. Changes in 

parameters can result in fibre defects or even failure to spin fibres. However, it was 

found that through tuning these parameters, fibres with nanostructures were obtained. 

Over a decade ago, people have successfully electrospun fibres with nano-size pores by 

using highly volatility solvents [40, 41]. Formation of porous structure was explained by 

rapid phase separation during electrospinning, which generated solvent rich areas that 

later transformed into pores. It was also believed to be concerned with water in the air 

that formed water droplet on rapidly-cooled spinning jets due to solvent evaporation. 

In addition to porous structures, by using specific solvent combinations, hierarchical 

nanostructured fibres were fabricated [42]. Nanoporous electrospun fibres were also 

achieved by using lower molecular weights. Lin and colleagues electrospun different 

molecular weight polystyrene (PS) and they found that decreasing molecular weight led 

to porous nanostructures [43]. They believed that lower molecular weight accelerated 

solvent evaporation and diffusion and further caused rapid phase separation on the 

fluid jet surface. Using selective solvents, they were also able to generate other 

secondary surface textures in addition to pores. Liu et al. electrospun PS fibres with 

grooved surface textures by using a series of solvent system [44]. The grooved textures 

were considered to be attributed to surface void-stretching, wrinkle stretching, or 

collapse jet stretching. Ambient conditions (temperature and humidity) are also known 

to affect electrospun fibre’s nanostructured surfaces [45]. Temperature is influencing 
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solvent evaporation rate while humidity is determining the imprints left by water 

droplets on the fluid jet surface. Some nanostructured electrospun fibres are presented 

in Figure 2.2. Although manipulating electrospinning parameters seems an easy way of 

obtaining nanostructured electrospun fibres, the nanostructures it offers are relatively 

limited and less reproducible. More precise control and quantification of the 

nanostructures are still yet to be achieved.  

 

Figure 2.2 (a) SEM image of electrospun PS fibres from 20% PS solution in THF, spinning 

at 4 ml/h, 20 kV and 15 cm distance (adapted from ref [43]); (b) SEM image of 

electrospun PS fibres from 15% PS solution in BuOH/DCM 1/3, spinning at 1.5 ml/h, 12 

kV and 15 cm distance (adapted from ref [44]); (c) SEM image of electrospun PMMA 

fibres from 12 wt% PMMA solution in N,N-dimethylacetamide/acetone 6/4, spinning at 

0.8 ml/h, 15 kV and 15 cm distance (adapted from ref [42]); (d) SEM image of 

electrospun PS fibres from 15% PS solution in THF/DMF 1/1, spinning at 1.5 ml/h, 12 kV 

and 15 cm distance (adapted from ref [44]). 

 

In addition to manipulating electrospinning parameters, using specific electrospinning 

setups also renders nanostructured fibres. Schematics showing specific electrospinning 

setups and their produced fibres are shown in Figure 2.3. Co-axial electrospinning is the 

electrospinning technique in which two immiscible liquids are supplied through a 

coaxial, two capillary spinneret respectively. Both the core and shell fluid are 



Chapter 2 – Nanoengineered electrospun fibres and their biomedical applications  

 

31 
 

undergoing the bending instability and elongated at the same magnitude and finally 

form continuous core-shell structured fibres [46]. Core-shell electrospun fibres were 

also obtained by free surface electrospinning where wired electrodes are placed in a 

liquid bath consisting of two immiscible liquid layers [47]. Multichannel tubular 

structures can be produced by feeding two immiscible fluids separately through an 

inner and outer capillary [48]. McCann and colleagues reported the fabrication of 

highly porous fibres by immersing the collector in a cryogenic liquid. Electrospun fibres 

were directly deposited in liquid nitrogen. The porous fibre is a result of phase 

separation between solvent-rich and solvent-poor areas followed by removing solvent 

after spinning [49]. Electrospun fibres with nanorods deposited on their surface were 

reported by Chen et al; they electrospun PMMA fibres on anodic aluminium oxide 

template and thermal-annealed PMMA fibres. PMMA was drawn into the nanopores by 

capillary force and nanorods formed on the fibre surface after removing the template 

[50]. The use of specific spinning setups allowed for the production of fibres with 

nanostructures which are difficult to achieve by tuning polymer solution properties or 

humidity/temperature. These nano-tubular structures inspired great interests and 

application as template, carrier, etc. Moreover, the nanostructures they built became 

more quantifiable and controllable. However as a result, the spinning requires a 

specific spinning set-up, which is not as lab-accessible as traditional electrospinning. 

Moreover, the spinning becomes more sensitive and difficult as more electrospinning 

factors emerge. Further disadvantages also include the low output that restricts their 

scaled-up production. 
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Figure 2.3 (a1) Co-axial electrospinning and (a2) TEM image of core-shell electrospun 

fibre (adapted from ref [46]); (b1) multichannel electrospinning and (b2) TEM image of 

multichannel tubular electrospun fibre (adapted from ref [48]); (c1) free surface 

electrospinning and (c2) TEM image of core-shell electrospun fibre (adapted from ref 

[47]); (d1) electrospinning in cryogenic liquid and (d2) TEM image of electrospun porous 

fibre (adapted from ref [49]); (e1) electrospun fibre with nanorods structure and (e2) 

SEM image of fibre (adapted from ref [50]). 

 

2.2.2 Post-processing on electrospun fibre 

Instead of directly electrospun nanostructured fibre, post-processing has also proven to 

be a powerful tool of creating secondary structures on normal electrospun fibres. Some 

previously reported techniques that introducing nanostructure are shown in Figure 2.4. 

It was found that by drawing electrospun fibres, ripple-like features can occur on fibre 

surfaces. The features are considered to occur due to the mismatch of Poisson’s ratio 

between the fibre’s dense glassy core and flexible rubbery shell [51, 52]. Non-spherical 

cross-section fibres were obtained by pressing at elevated temperature using flat or 
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nano-patterned substrates [53]. Hollow fibres are produced by removing core material 

from core-shell electrospun fibres. Müller et al. prepared hollow PE fibres by removing 

the PVA core from core-shell electrospun PVA/PE fibres. It is worth noting that the 

core-shell structured PVA/PE fibres they used were fabricated by electrospinning PVA 

fibres followed by PE polymerization on the PVA fibre surface [54]. This not only 

produces hollow fibres, but also provides a new route of building core-shell structures. 

Rather than polymerization on fibre surfaces, Haider et al. performed atomic layer 

deposition and successfully fabricated AIN/BN bi-shell hollow nanofibres. The bi-shell 

hollow structure was achieved by first electrospinning nylon 6,6 fibres followed by 

atomic layer deposition before calcination to remove polymeric core [55]. Saetia et al. 

deposited multi-wall carbon nanotubes (MWNTs) on electrospun fibres using a layer-

by-layer assembly of opposite-charged MWNTs, building multi-layer MWNT coatings on 

fibre surfaces [56]. A shish-kebab structure was formed by electrospinning and 

subsequent crystallization. Jing et al. reported the fabrication of shish-kebab structured 

PCL fibres decorated with chitosan-PCL copolymers. The introduction of biomolecules 

and topography showed enhanced cell attachment and viability [57]. Chemical 

modification is also considered to be a facile way of achieving nanostructured fibres. 

Che et al. reported electrospun fibres of PMMA-co-PDEAEMA whose surface roughness 

was modified by exposure to CO2 [58]. Devarayan et al. produced fibres with 

nanospicules structure by treating electrospun cellulose fibres with NaOH and 

aluminium foil. The nanospicules were believed to be caused by the elemental 

hydrogen that generated from NaOH-aluminium corrosion, destructing the glycoside 

bonds in the cellulose backbone [59]. In addition, electrospun fibre surface textures can 

also be developed by plasma treatment, chemical etching or photo-embossing [60-62]. 

Hughes-Brittain et al. introduced relief texture onto electrospun fibres by 

electrospinning of photopolymer blends followed by photoembossing using 

interference of two coherent UV laser beam and thermal development [62]. Post-

processing provides alternative ways to add nanofeatures to electrospun fibres. Using 

post-processing, it becomes possible to improve nanostructured fibres’ output by using 

conventional electrospinning combined with additional treatments. Novel surface 

topography can be engineered on electrospun fibres in a relatively easy manner. 

However, limitations still exist. For most hollow fibres, they still depend strongly on the 

co-axial electrospinning technique. Polymerization or coating can be used to achieve 

core-shell structure, but it there is a concern that the process (and also other treatment) 



Chapter 2 – Nanoengineered electrospun fibres and their biomedical applications  

 

34 
 

are likely to damage the electrospun fibre’s initial properties or integrity (such as 

continuity), while their efficiency is also considered to be relatively low. 

 

Figure 2.4  (a) SEM image of fibres with relief texture, produced by photoembossing 

(adapted from [62]); (b) surface morphology of  fast drawn PAN nanofibre (adapted 

from [51]); (c) SEM image of PCL fibre decorated with shish-kebab nanostructure 

(adapted from ref [57]); (d) SEM image of electrospun cellulose nanofibre using 0.1 M 

NaOH solution (adapted from ref [59]); (e) TEM image of hollow ultra-high molecular 

weight PE nanofibres (adapted from ref [54]); (f) SEM image of aluminium nitride 

hollow nanofibres synthesized by depositing aluminium nitride followed by calcination 

(adapted from ref [55]). 

 

2.2.3 Emulsion electrospinning 

Most of the core-shell or multichannel electrospun nanofibres described above depend 

on either specifically-designed spinnerets or coating techniques, whose fabrication 
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process is complicated compared to conventional electrospinning. Thus emulsion 

electrospinning was developed, during which the dispersion droplets are spun from 

polymer solutions into fibres. The dispersion droplets also undergo stretch and 

elongation similar to the main spinning fluid jet. Chen’s group produced porous 

electrospun TiO2 fibres by electrospinning an emulsion of metal alkoxide (continuous 

phase) and paraffin oil (dispersed phase) followed by calcination (see Figure 2.5 a) [63]. 

The pore sizes varied from nano to macro-scale, which was a result of demulsification 

and merging of small dispersion droplets. Due to stretching during electrospinning, the 

pores are also oriented along the fibre direction with lengths up to hundreds of 

nanometres. Wang et al. electrospun core-shell fibres by using emulsions consisting of 

PS/limonene (continuous phase) and bovine serum (dispersed phase). The relationship 

between fibre morphologies and polymer molecular weight were investigated [64]. 

They found by using higher molecular weight PS, that the viscosity of the organic phase 

increased and emulsion droplet movement became retarded. Therefore droplets were 

likely to be located close to or even absorbed onto the fibre surface (see Figure 2.5 b). 

Emulsion electrospinning enables fabrication of core-shell or multi-channel 

nanostructures in fibres without using any auxiliary equipment or complex spinnerets. 

Fibres with hierarchical structures can be achieved after removing one or more 

components. Emulsion electrospinning is also considered to be a safe method for 

biomedical applications, especially when encapsulating biomolecules in emulsion 

droplets. By separating biomolecules from harmful electrospinning solvent, it 

significantly decreases the potential of contamination to biomolecules or even further 

danger in bio-related applications. The main issue of emulsion electrospinning is 

concerned with the stability of the emulsion. They are kinetically stable although after 

a certain time destabilization occurs via various mechanism and finally separate into 

different phases [65]. Moreover, challenges still exist in the control over emulsion size, 

especially to obtain nano-emulsions and their size distribution. Highly stable and size-

controlled nano-emulsions are desired in order to optimise emulsion electrospinning 

for nanostructured fibres. 
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Figure 2.5 (a) SEM image of porous TiO2 fibre via emulsion electrospinning (adapted 

from ref [63]); (b) TEM image of core-shell fibre via emulsion electrospinning (image 

size 2×2 µm, adapted from ref [64]). 

 

2.2.4 Phase-separation electrospinning 

In contrast to emulsion electrospinning, in which phase separation means 

destabilization of emulsion systems, phase-separation electrospinning is a spinning 

technique that uses phase separation to fabricate internal structures within fibres. 

Wang developed core-shell electrospun fibres by spinning homogeneous solutions 

followed by thermally induced phase separation of PVP/PVDF (Figure 2.6 a) [66]. The 

core/shell material is determined by component surface energy and blending ratio. 

Components with lower surface energy are advantageous in the migration to fibre 

surface during electrospinning. Another approach to achieve porous fibres is known as 

non-solvent induced phase separation, which involves the use of a combination of a 

good solvent and non-solvent to induce thermodynamic instability during 

electrospinning. Katsogiannis et al. electrospun porous PCL fibres using PCL 

chloroform/DMSO solution [67]. The precipitation of a PCL-rich phase formed the main 

fibre while the PCL-poor phase formed cavities. Compared with humidity induced 

porosity, this method has easier control over fibre morphology. Nayani and his group 

directly electrospun fibres into a non-solvent bath. The solvent exchange between 

residual solvent in fibre and non-solvent was found to give porous fibres [68]. It was 

also found that the electrical field could enhance phase separation of electrolyte based 

solutions during electrospinning. Chen et al. designed glass spinnerets with a high 

gradient electric potential applied inside the spinneret (schematic shown in Figure 2.6 

c), which drove hyaluronic acid molecules towards the opposite direction of the electric 
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field and formed the core [69]. Using this modified spinneret, they obtained core-shell 

structured PEO/HA nanofibres. It was also reported that multi-jet structured 

electrospun fibres were prepared via phase separation [70]. Phase separation 

electrospinning is a simple way of producing nanostructured fibres which usually does 

not require specifically designed equipment or complicated processing. By 

electrospinning homogeneous polymer solutions like conventional electrospinning, 

nanostructures are achieved. However, according to what has been reported, only 

limited numbers of morphologies were produced. Moreover, phase separation 

electrospinning only applies to certain material combinations or solvent systems; while 

the size of the phase-separated morphology is highly depended on rapid solvent 

evaporation and usually cannot reach <10 nm. 

 

Figure 2.6 (a) TEM image of PVP/PVDF core-shell nanofibres via electrospinning 

(PVDF/PVP=1/3) (adapted from [66]); (b) TEM image of highly porous PAN fibres by 

electrospinning into non-solvent bath (adapted from [68]); (c) schematic showing the 

electric field induced phase separation during electrospinning and the core-shell 

PEO/HA fibres (adapted from [69]). 

 

2.2.5 Electrospinning of block copolymers 

Block copolymers (BCP) are polymers which contain two or more chemically distinct 

blocks. These blocks are connected with each other by covalent bonds and together 
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they form a BCP. Because of the various properties of each block composing the 

molecule, BCP shows many special properties and have been used in different areas for 

a long time. Acrylonitrile butadiene styrene (ABS) is one well-known BCP, where the 

butadiene block forms the continuous phase while acrylonitrile and styrene blocks form 

the dispersed phase. This structure brings ABS good impact resistance and toughness 

and makes it widely used in daily life, such as pipe systems, automotive body panels, 

kitchen appliance, toys etc. Therefore, an attractive property of bulk BCP is its ability to 

have phase separation between distinct blocks, resulting in unique internal 

morphologies. The phase separation is induced by the thermodynamic incompatibility 

between blocks. If two blocks are immiscible with each other, the incompatibility tends 

to drive the same blocks to assemble and produce domains made up of one block 

material. In fact, it is also a procedure to maximize the interaction between the same 

blocks while minimizing the interaction between immiscible blocks [71]. However at 

the same time, this process is also prevented by the covalent bonds that connect the 

blocks. For linear A-B type BCPs, several factors were found to decide its micro-phase 

behaviour. The most important one is the Flory-Huggins interaction parameter χ, which 

is related to temperature and describes the free energy cost of contact between 

distinct blocks [66]. BCP micro-phase separation is proved to be determined by 

Equation (2.1) [72],  

χ𝐴𝐵 = (
Z

𝑘𝐵𝑇
) [𝜀𝐴𝐵 − (1 2⁄ )(𝜀𝐴𝐴 + 𝜀𝐵𝐵)]                                                                                (2.1) 

 

In the above equation, Z represents the number of nearest neighbour monomers to a 

copolymer cell; ɛ represents the interaction energy between monomers. A positive χAB 

implies the tendency of separation between block A and B; while a negative χAB  

implies a mixing tendency of block A and B [72]. In addition, according to the Flory-

Huggins equation, high temperature (T) can lead to small χAB and favours the mixing of 

two blocks. The degree of polymerization (N) and single block fraction (ƒ) are another 

two parameters which decide the final microstructure of the material. Based on 

different conditions, A-B type BCP can generally form structures varying from spherical 

(S) to cylindrical (C), gyroid (G) and lamellar (L). The morphology transition from S to L is 

found to be attributed to the combination effect of interfacial energy (enthalpic) and 

chain stretch (entropic) [73]. A variety of nanostructures have been achieved via BCP 

bulk self-assembly and applied in energy storage, lithography, etc. [74-76] Self-
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assembly of BCP in solution behaves significantly different from that in bulk due to the 

additional interaction between BCP and solvent. Some commonly reported 

morphologies include micelle, rod and vesicles [77-79]. There are more complicated 

structures developed by BCP self-assembly in solution such as large compound micelles, 

large compound vesicles and hexagonally packed hollow hoops [80-82]. 

Due to their various self-assembly behaviour and fine size they can reach, 

electrospinning of BCP is considered as a promising way to introduce nanostructures in 

electrospun fibres, whose size is otherwise difficult to achieve using phase separation 

electrospinning methods as described in section 2.4. Kapllani et al. fabricated 

electrospun conjugated diblock copolymer nanofibres. The BCP self-assembly during 

electrospinning formed hierarchical structures, with lamellar morphologies oriented 

along the fibre axis [83]. Some electrospun BCP fibres didn’t exhibit phase separation 

due to fast solvent evaporation, thus annealing (thermal/solvent vapour) is sometimes 

conducted to enhance molecules’ mobility and self-assembly. Kalra et al. reported the 

confined self-assembly of BCP in co-axial electrospun nanofibres [84]. In their study, 

BCP was confined in the core layer and highly ordered lamellar morphologies were 

observed after thermal annealing. By using core-shell structured fibres, the inner BCP 

was able to be annealed at high temperature without damaging the fibre morphology. 

Similar work was done by Ma et al., where they observed spherical morphology in 

electrospun fibre after phase separation [85]. Zhao et al. electrospun photo-cleavable 

block copolymer PPFP(M)A-hv-PEO and annealed fibres in H2O/THF atmosphere. By 

removing the PEO block, nanoporous fibres were obtained with elongated pores 

aligned parallel to fibre axis [86]. Very fine core-shell structured fibres were fabricated 

by Zhai and his colleagues, using PVA as the shell and anisotropic micellization of 

amphiphilic PEG-b-PPDO as crystallisable core [87]. According to their paper, direct 

electrospinning of these BCP dispersions was not possible because of micellization, 

which significantly decreased solution viscosity. Electrospinning of block copolymers 

not only produced nanostructured fibres using conventional electrospinning setups, 

but also provided varieties of nanostructures that either cannot or only complicated be 

achieved using other methods. Moreover, the fibre diameter or the confined space in 

core-shell fibres have an impact on phase separation, resulting in interesting 

morphologies and phase separation kinetics compared to thin films or bulk (see Figure 

2.7). The latter, in the meantime, makes block copolymer phase separation in 

electrospinning more complex than in thin films. Fast solvent evaporation in 
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electrospinning usually prevents block copolymers from phase separation. Thermal or 

solvent annealing after spinning can induce phase separation, which however can alter 

fibre morphology. The use of core-shell structures can preserve fibre morphology but 

on the other hand also increases the complexity of electrospinning. 

 

Figure 2.7 (a) TEM image of conjugated diblock copolymer nanofibres along the fibre 

axis (adapted from [83]); (b) TEM image of coaxial block copolymer fibre after thermal 

annealing (adapted from [84]); (c) TEM image of core-shell structure fibre by block 

copolymer electrospinning (adapted from [87]); (d) SEM image of nanoporous fibre by 

electrospinning PEG based block copolymer and removing PEG (adapted from [86]); (e) 

TEM images of block copolymer fibre along fibre axis (scale bar 100 nm, adapted from 

[85]). 
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2.2.6 Short electrospun fibres 

In addition to adding secondary features to electrospun nanofibre, it is also of great 

interests to make discontinuous or short electrospun fibres. Different from electrospun 

fibres that are continuous, short fibres broaden the potential application area of 

electrospun fibres. With fewer entanglements, short fibres can be processed and 

manipulated much easier. For instance in the case of composites, short fibres can be 

incorporated in liquid formulations, which can be used to make complex geometry via 

compression or injection moulding; while continuous fibres reinforced composites are 

limited to simple-curved geometrical shapes [88]. At the right aspect-ratio, short fibres 

are as effective reinforcements as continuous fibres. Jiang et al. for example found that 

short polyimide (PI) fibres could provide similar reinforcement as continuous fibres in 

self-reinforced PI composites [89]. Short fibres were found to be able to control their 

movement due to the absence of fibre aggregation, which allows for the design of 

novel devices [90, 91]. In addition, short fibre scaffolds could mimic natural structures 

with extremely high porosity (more than 99%), which is yet unachievable using 

continuous fibres [92].  

Currently, several methods have been reported for producing short fibres; some of 

them are shown in Figure 2.8. One of the most commonly used methods is mechanical 

grinding [93, 94], which was considered to be a highly efficient and easy way to cut 

electrospun fibres. However, this method is limited to fibres made from ‘stiff’ materials. 

For ‘soft’ polymeric fibres, grinding can break down the fibre network but at the same 

time it damages the fibre morphology (elongated/crushed) due to fibre stretching and 

heat generated during grinding. Blender cutting in liquid media is another commonly 

used option for producing short chopped fibres [95]. In this technique, electrospun 

fibres are placed in liquid media which was then vigorously mixed using 

blender/mechanical stirring equipment. Fibres were chopped by a combination of 

mechanical cutting and shearing. In this way, ‘soft’ polymeric fibres could be chopped 

without their morphologies being damaged. One possible issue with this method is 

fibre aggregation and entanglement during processing even under diluted conditions, 

which results in a relative high fibre aspect ratio compared with grinding. Other cutting 

methods include ultrasonication [96, 97], in which electrospun fibres were processed in 

liquid media using ultrasonic excitation. The ultrasonication generates bubble 

cavitation followed by bubble implosion. The energy released from this implosion is 
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considered to cause fibre scission. It was also found that whether fibres could be cut 

using ultrasonication depended highly on the fibre’s ductility; brittle electrospun fibres 

were more easily to cut than ductile fibres. In addition to mechanical cutting 

techniques, UV cutting has been proposed [98]. Electrospun fibres made from UV-

crosslinkable polymers were exposed to UV light under a mask with aligned slits. 

Afterwards, the unexposed parts of the fibres were removed, producing fibre 

fragmentation. It was also reported that short fibres were achieved by controlled 

degradation followed by fragmentation [99].  

Apart from post-processing, some single-step ways to fabricate short electrospun fibres 

were also developed. By adjusting spinning solution concentration, feeding rate and 

voltage, discontinuous electrospun fibres were produced instead of continuous fibres 

[100]. The spinning condition for discontinuous fibres was found in the transition from 

electrospraying to electrospinning. However, simple as it sounds, the optimal spinning 

condition is not easy to find since electrospraying or beads-on-string structures usually 

occur rather than spinning short fibres. Regev et al. found that electrospinning albumin 

proteins in TFE solution could generate ribbon-like short fibres. They believed that the 

stiffness of the fibre material could promote the occurrence of dry jet stretching [101]. 

The use of nanoparticles was also reported to facilitate the formation of short 

electrospun fibres. The surface charges on nanoparticles were found to enhance the 

repelling effect on the spinning jet surface, leading to jet fracture and thus 

discontinuous fibres [102]. Similar to controlling the electrospinning conditions, the 

addition of positively/negatively charged nanoparticles interrupted the competition 

between electrical field pull and solution push from an eternal pump. This depends on 

the combination of polymer solution and nanoparticles; and the addition of 

nanoparticles changes the fibres’ initial properties. Electrospinning setups equipped 

with specifically designed devices such as electric spark [103] was also developed to 

make short fibres. The device was reported to produce both continuous and short 

fibres simultaneously. 
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Figure 2.8 (a) SEM image of short electrospun carbon nanofibres by grinding (adapted 

from [93]); (b) SEM image of short PS fibres made by ultrasonication aligned 

electrospun PS fibres in water (adapted from [97]); (c) photograph showing the Taylor 

cone condition for direct electrospun short cellulose fibres (adapted from [100]); (d) 

optical microscope image of short PAA nanofibre by mechanical blending (adapted from 

[95]). 

 

2.3 Functionalization of Electrospun Fibres 

In addition to engineering of electrospun fibre’s morphologies, another major research 

area of electrospinning is the production of functional electrospun fibres. Functional 

electrospun fibres are becoming a highly influential topic due to their novel properties 

and potential applications that can hardly be delivered by conventional electrospun 

fibres. Not only considered as an improvement/addition to conventional 

electrospinning techniques, functional electrospun fibres also introduced as a huge 

new area for researchers to explore. Functional electrospun fibres possess various 

properties include special morphological, chemical and biological features. A common 

way to achieve functional electrospun fibres is through co-electrospinning polymers 

with nanoparticles [39]. By incorporating nanoparticles, the properties of the 

nanoparticles are integrated within the electrospun fibres [104-106]. Meanwhile, the 

continuity and stability of electrospun fibres makes them suitable carriers for 

nanoparticles for a wide range of applications. In the previous part of this introduction, 
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modifications of the fibre’s morphology also produced functionalized electrospun fibres 

such as emulsion electrospinning [107], core-shell electrospinning [108] etc. In this part, 

functional electrospun fibres using some other methods are introduced and discussed. 

2.3.1 Wet chemical treatment 

Wet chemical etching is a simple and straightforward technique of functionalization of 

electrospun fibres. This technique can modify the surface chemical properties of fibres 

which usually also includes the fibre’s surface topography. For instance, Ma et al. [109] 

immersed electrospun phenolic fibres in KOH solution and finally produced functional 

carbon fibres after thermal treatment. The treatment of KOH solution not only 

increased porosity of the carbon fibres but also introduced surface oxygen species, 

which was considered to be promising for high-performance supercapacitors . Liu et al. 

surface-hydroxylated ceramic nanofibres using H2O2 and incorporated them into 

poly(vinylidene fluoride) (PVDF) matrix. The surface functionalization enhanced the 

interaction between fibres and PVDF matrix, which facilitated dispersion of nanofibre 

and crystallinity of composites [2]. Wet chemical etching is considered to be an easy 

treatment of electrospun fibres and changes fibre properties. However, the method is 

also thought to be less controllable; and the hydrophobicity of fibres also sets 

limitation on the etching effect provided the etchant solution is aqueous. Finally, fibre 

integrity and continuity can be compromised if harsh etching conditions are applied.  

2.3.2 Plasma treatment 

Plasma is another commonly used technique for surface modification. It involves 

reactive gas plasma treatment and inert gas plasma treatment [110-112]. Among 

reactive gas plasma treatment, oxygen gas is usually used to generate functional group 

such as –COOH and –OH. Generation of these functional groups not only increases the 

fibre’s surface hydrophilicity but also provides conjugating sites to other functional 

molecules [112]. Inert gas has also proven to be capable of modifying the fibre surface 

chemistry. Cheng et al. treated electrospun PLA fibre scaffolds with Ar plasma. The 

treatment increased the fibre’s hydrophilicity without reducing the fibre network 

integrity. Plasma-treated fibres also showed positive effect on cell migration on fibre 

scaffolds [111]. Compared with wet chemical etching, plasma etching is considered to 

be cleaner since it does not leave chemical residuals. Its homogeneity and easy-

processing also makes this technique convenient to achieve modifications of the fibre 
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surface chemistry. However, maintaining the fibre’s integrity while delivering sufficient 

functionalization remains an issue. 

2.3.3 Co-electrospinning with functional additives 

Functional electrospun fibres can be easily achieved by incorporating additives. Unlike 

wet chemical etching or plasma treatment, the use of additives not only modifies the 

surface chemistry but also changes the interior of the fibres. The technique integrates 

additive specific properties into fibres, providing more flexibility than chemical etching 

or plasma treatment. By combining various external factors, electrospun fibres can 

modify their physiochemical properties (wettability, mechanical properties etc.) [113, 

114], or further exhibit unique properties like antibacterial activity [115], directive cell 

adhesion [116], pH-responsive behaviour [58] etc. 

The large surface area and continuity of electrospun fibres makes them more suitable 

and efficient than other functional systems in certain applications that requires high 

aspect ratios [117]. The limitation of using functional additives may exist when they are 

not compatible with fibres or not stable during the electrospinning process. Some 

additives tend to aggregate on the fibre surface instead of being homogeneously 

distributed. One commonly encountered issue is initial burst release from electrospun 

fibres when fibres are loaded with drug and used in drug delivery systems [118]. The 

binding interaction between additives and fibres plays another important role in 

functional fibre properties. Weak interaction leads to losing functional additives, which 

means defunctionalisation of electrospun fibres. Measurements to enhance the 

binding and compatibility between functional additives and fibres involve the use of 

appropriate spinning conditions and formulations [119], adding specific binding agents 

[120, 121], or through covalent bonding [122]. 

2.3.4 Surface physical coating 

Surface physical coating of electrospun fibres offers another route to obtain functional 

fibres. This method can be seen as a post treatment that combines fibres with external 

functional factors whose functionalization usually remains on the fibre surface (as 

indicated by their name). Compared with co-electrospinning, physical coatings preserve 

the fibre properties without being influenced by functional additives. Functional fibres 

are obtained by conventional electrospinning and following treatment. Issues like 

destabilization or compatibility between fibre and functional factors are therefore 
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eliminated. The coating process ranges from simple adsorption in solution or vapour 

[123] to interfacial polymerization [124], layer-by-layer coating [125], atomic layer 

deposition [126], etc. By using more complicated technique like layer-by-layer coating 

or atomic layer deposition, the coating thickness becomes controllable. Schematics 

showing layer-by-layer coating and atomic layer deposition are presented in Figure 2.9. 

Protein coating was conducted on electrospun fibres before conducting cell culture; 

coatings like calcium phosphate are used for promoting specific cell activities [127, 128]. 

Coating is also commonly used to modify the fibre’s surface wettability [129]. However, 

physical coatings often have weak binding between the coating material and the fibre; 

and sometimes the functional materials cannot be directly coated. Therefore, effective 

methods of immobilizing functional materials on the fibre surface without impairing 

their conformational properties have been studied. A pre-coating or binding agent is 

often used when the functional materials cannot be directly coated. Here, electrospun 

fibres were first coated with a layer of binding agent, which will allow the 

immobilization of the target coating [125, 130]. On the other hand, some of previously 

discussed methods like core-shell electrospinning, phase-separation electrospinning 

can also be considered as surface coating but with better robustness. 
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Figure 2.9 Schematic of layer-by-layer coating laminin protein on PLLA nanofibre (a) 

adapted from [125]), atomic layer deposition of ZnO seed onto PAN nanofibre; (b) 

adapted from [126]) and polydopamine coating on PLLA fibre via interfacial 

polymerization of dopamine; (c) adapted from [130]). 

 

2.3.5 Surface covalent bonding 

Surface graft or covalent bonding provides an alternative but more robust way to 

functionalize electrospun fibre surfaces compared with surface physical coatings. 

Instead of coating as-spun fibres with functional materials, this method uses covalent 

bonding to immobilize active molecules or directly polymerize these on fibre surfaces 

from small molecules. For instance, both electrospun fibres and functional materials 

contain reactive chemical groups; then the functional materials can be easily fixed onto 

the fibre surface through a reaction of fibre and functional materials (Figure 2.10 a) 

[131]. Alternatively, fibres with initiator groups on the surface can initiate the 

polymerization of monomers, generating grafted layers that covalently adhere to the 

fibre surface (Figure 2.10 b) [132]. Surface grafts can also be realised by pre-coating 

fibres with initiator groups and then polymerizing them to form a functional layer [133]. 

The advantage of coating via grafting is its higher stability compared to physical 

coatings. Molecules that are not able to coat fibres via physical interactions can be 

immobilized on the fibres. Various molecules can be fixed onto fibres, offering versatile 
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application potentials. By controlling the initiator density/distribution on the fibre 

surface or polymerization mechanism, the functionalization on electrospun fibres can 

be precisely and spatially controlled. On the other hand, chemical 

reaction/polymerization may involve the use of solvent and catalyst or processing 

under extreme conditions. Solvent and catalyst can easily remain in the fibre scaffold 

and may prove difficult to remove, creating potential hazard for bio-related 

applications; and the extreme processing conditions not only introduce difficulties but 

can also affect the morphological integrity and intrinsic properties of the fibres. To 

tackle these challenges, mild processing conditions and safe products have to be 

developed by improving reaction/polymerization mechanism [132, 134]. 

 

Figure 2.10 Schematic of electrospun fibre surface modifications: (a) propargyl cellulose 

acetate fibres grafted with azide-β-cyclodextrins via click reaction (adapted from [131]); 

(b) PCL electrospun fibres grafted by pOEGMA bottlebrushes via activators regenerated 

by electron transfer atom transfer radical polymerization (adapted from [132]). 



Chapter 2 – Nanoengineered electrospun fibres and their biomedical applications  

 

49 
 

2.4 Biomedical Applications of Nanoengineered Electrospun Fibres 

Due to its facile fabrication, large surface area, intricate structure and other excellent 

properties, conventional electrospun fibres have been extensively studied and applied 

to a multitude of areas. A schematic illustrating applications of electrospun fibres by 

comparing electrospinning-relevant US patents is presented in Figure 2.11 [1]. It can be 

seen that the majority of patents are related to medical or bio-related areas, with 

nearly double the total number of patents on filtration, composites, liquid crystal 

devices and electromagnetic shielding. The reason why electrospinning fibres attract 

such great interests in bio-related studies is their potential to mimic human body 

environments. Most human tissues are made up of hierarchical nanofibrous structures; 

and electrospun fibre scaffolds show great common features with those biological 

structures. Therefore, electrospinning has become an important tool for biomedical 

applications. However, conventional electrospun fibres usually only have limited 

properties. By spinning different materials one can obtain fibres with a variety of 

properties but this sometimes cannot meet the requirements of novel techniques. Thus, 

conventional fibres are nanoengineered to either produce various morphologies or 

modify fibre properties. These nanoengineering of fibres have led to novel properties 

and applications like self-healing [135], heat storage [136], sensors [137], etc. In the 

following section, biomedical applications of nanoengineered electrospun fibres are 

introduced and discussed. 

 

Figure 2.11 Application of electrospun fibres by application-relevant US patents 

(adapted from [1]). 
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2.4.1 Tissue engineering 

Tissue engineering usually involves the use of biocompatible scaffolds to provide 

sufficient mechanical performance and suitable environment for cell growth during 

tissue repair [138]. Scaffolds based on electrospun fibres can provide good mechanical 

durability, while when using biocompatible materials these scaffolds are safe for 

biomedical use. The large surface area and high porosity of electrospun fibre scaffolds 

provides large spaces and sites for cell adhesion and growth. Recently, electrospun 

fibre that exhibit shape memory behaviours were reported, which could potentially 

produce ‘smart’ scaffolds [139]. Moreover, electrospun fibre scaffolds with 3D 

geometries were produced in addition to 2D geometries, which increased the 

complexity of the scaffolds [140]. Electrospun fibres have been used as scaffolds for 

various tissue engineering applications such as bone [141], blood vessels [142], nerves 

[143], cartilage [144], etc. These fibres are usually combined with growth factors to 

regenerate lost or damaged tissues. The fibrous structure of electrospun fibre scaffolds 

allows for the nutrition and waste product exchange during cell growth; and it has been 

quantitively studied that the fibrous architecture can indeed affect cell response [145]. 

It is less efficient when using conventional electrospun fibres alone as cells only show 

limited adhesion on scaffolds; while it is also difficult for cells to infiltrate inside these 

scaffolds. Protein coating/functionalization is usually conducted before seeding cells, 

which could enhance the adhesion of cells on scaffolds. However, the processing is 

time-consuming and has less control over the coating homogeneity. Thus core-shell 

structured electrospun fibres were developed (collagen as shell and synthetic 

biomaterials core). The one-step technique enabled direct fabrication of biocompatible 

fibrous scaffolds and more biological sites to be recognized by cells and also 

enhancement of the infiltration of seeded cells [146]. Hydroxyapatite (HAp) is widely 

used in bone tissue engineering/substitute due to its good osteoconductive and 

osteoinductive properties [147]. Electrospun fibres with embedded HAp nanoparticles 

have been extensively studied for bone tissue engineering. During bone defect repairs, 

screw holes are usually made and the implanted scaffolds should fit tightly inside these 

holes. Shape memory fibrous scaffolds have been developed, which given an 

appropriate trigger, can expand after implantation, enabling a tight fit as well as 

applying stress on the surrounding tissue (mechano-transduction effects promoting 

bone repairing) (Figure 2.12 b) [148]. Sometimes physical blending of nanoparticles 

with electrospun fibres can influence fibre wettability and roughness; while 
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improvements in fibre mechanical performance are merely moderate. To overcome 

these issues, in-situ synthesis was reported which is a rapid procedure and does not 

affect fibre wettability while significantly strengthening the fibre [149]. In addition to 

modifying the fibre’s physicochemical properties, engineering of the fibre morphology 

is also tried for fabricating scaffolds. Recently, discontinuous gelatin fibre scaffolds with 

high water adsorption and elasticity were reported. The scaffolds made up of short 

fibres exhibited good durability in repeating compressive fatigue tests (Figure 2.12 a) 

[150]. Nanoengineering of electrospun fibres has shown to improve the interaction 

with cells as well as improve physiochemical properties. However, challenges still exist 

in terms of cell migration and real tissue environment mimicking. The question how to 

avoid cell aggregation but create an environment suitable for cells to proliferate and 

differentiate has to be solved. Meanwhile both sufficient physical and chemical 

durability of scaffolds should be maintained after engineering the fibres. Moreover, as 

for any clinical application, scaffolds should be easy to handle and store. 

 

Figure 2.12 (a) Discontinuous grooved gelatin fibres forming highly water absorption 

scaffolds for cartilage tissue engineering (adapted from [150]); (b) shape memory 

electrospun fibre (containing HAp) scaffold expands to fit the screw hole in bone repair 

(adapted from [148]). 
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2.4.2 Drug delivery 

Drug release refers to the technology or system that transports therapeutic chemical 

compounds within patients in a less toxic but more effective and convenient way 

compared with conventional dosage treatments [151]. Although the application of 

advanced drug release systems is only starting to become practical reality, the 

influence on medicine and market requirements are increasing markedly. Electrospun 

fibres have been widely studied as local or in-situ drug release systems. The aim of 

using electrospun fibres includes continuously maintaining drug release at therapeutic 

level over an extended or necessary duration, reducing adverse side effect on the 

healthy cells or tissues, and decreasing the drug intake by patients [152]. Compared 

with other drug carriers like liposome, electrospun fibres improved issues such as poor 

targeting and low drug accumulations [153]. On the other hand, using electrospun 

fibres for delivery therapeutic agents usually requires surgery, which causes more pain 

than oral/injection administration. Therefore, using degradable materials is important 

as they don’t need a second surgery to be removed after treatment. 

The most common way of preparing electrospun fibre-based drug delivery system is via 

co-electrospinning main fibre material with drug (one-phase electrospinning). However, 

as mentioned earlier, this method has potential risks including incompatibility between 

drug molecules and fibre material, uneven drug molecule distribution, damaging 

bioactivities by harsh processing conditions, etc. To avoid degradation of drugs during 

fibre fabrications, the drug molecules are normally loaded onto fibre surfaces after 

spinning via physical or covalent bonding. Physical coating of bioactive molecules on 

fibres offers great flexibility and could effectively protect the drug [154]. A concern 

with this method is that initial burst release can occur. However, according to many 

clinical cases, a high dosage of drug administration is necessary initially especially for 

anti-inflammation purposes. Similar drug loading methods includes the use of emulsion 

electrospinning and co-axial electrospinning [108, 155]. Moreover, drug loading can 

also be modulated via nanoengineering of fibre surface morphologies. By creating 

nano-topography on fibres (see Figure 2.13 c), the surface area is further increased, 

which alters the physical properties of fibres as well as increases drug adhesion sites 

[156]. Core-shell structured fibres can also lead to controlled drug release rate while at 

the same time suppressing initial burst release. In addition to changing fibre 
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morphology, the use of binding agents to absorb drugs or composite fibre structure is 

another alternative way to achieve more controlled and sustained release [157-159]. 

Therapeutic molecules can also be entrapped into electrospun fibre scaffolds via 

grafting. These molecules are immobilised onto the fibre surface via covalent bonding, 

which is stronger than physical adsorption and thus prevents burst release. This 

strategy, at the same time, can result in deactivation of therapeutic molecules [160]. In 

addition, the covalent connection can be cleaved under specific conditions, allowing 

drugs to be released upon certain environmental triggers [161]. Recently, it was 

reported that bacteria were grafted on electrospun fibre surfaces for gene delivery 

[162], which shows the great potential and flexibility of electrospun fibres as drug 

delivery system (Figure 2.13 b). 

 

Figure 2.13 (a) SEM image of electrospun PLGA fibre with 5% protein-loaded CaCO3 

particles (inserted are SEM image of protein-loaded CaCO3 particles, adapted from 

[158]); (b) SEM image of electrospun fibres with bacterial graft for gene delivery 

(adapted from [162]); (c) SEM image of electrospun fibre with nanoporous superficial 

layer for drug delivery (scale bar 2 µm, adapted from [156]).  
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2.4.3 Wound dressing 

Wounds, especially chronic wounds, can be easily contaminated by external 

environments or sources, thus suffering from persistent inflammatory stimuli and 

immune response that delay the wound healing process. Wound dressing is a widely-

used technique to provide protection of wounds from further mechanical trauma and 

bacterial infiltration, while at the same time allowing for gas/fluid exchange, which is 

aimed at accelerating wound healing. Electrospun fibre meshes are particularly 

interesting as wound dressing candidates due to their large surface area and high 

porosity. They can provide air/fluid permeability and sufficient physical properties 

(defined as passive dressing); some of them can even limit bacterial growth and 

promote cell proliferation (defined as interactive dressing) [163]. To achieve an 

optimised healing performance, electrospun fibres are usually incorporated or 

functionalised with anti-bacterial agents such as silver nanoparticles (AgNPs) [26], small 

molecules [164], polymers [165], antibiotic drugs [166], or growth factors [167], etc. 

Many of them involve the process of engineering the physiochemical properties of 

fibres. For instance, by co-electrospinning PLA with anti-inflammatory polymer PLA-b-

PDMAEMA, PLA fibre surfaces were functionalized with PDMAEMA blocks. These blocks 

could be securely fixed onto the fibre surface and exhibit anti-inflammatory effects 

[165]. Core-shell structured electrospun fibres were fabricated by phase separation or 

co-axial electrospinning [168, 169]. These fibres usually consist of a relative strong core 

to provide mechanical stability and an anti-bacterial material shell. In addition, anti-

biotic drugs loaded in the core-shell structured fibres could maintain their bioactivity 

and can be released when applied on a wound bed. It was found that electrical 

stimulation could promote wound healing as the electrical signal was able to direct 

epithelium movement. Photosensitive core-shell nanofibrous scaffolds (contain growth 

factor in the core) were therefore developed which could convert optical energy to 

electrical energy; the electric signal combined with growth factors enhanced the 

healing effects [170].   

In spite of the progress in wound dressing applications, electrospun fibre meshes are 

not perfect. Electrospun fibres that target at multiple stages or release various 

therapeutic agents during the wound healing process are still far from practical 

implementation. Initial high burst release and high costs can lead to potential human 

toxicity and restricts large-scale production. An ideal electrospun fibre for wound 
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dressing should also include sensors that monitor wound healing status and release 

drug at appropriate concentrations with respect to different status. Therefore, stimuli-

responding drug release behaviour is expected to be integrated into future wound 

dressing systems, while improved reproducibility and scaled-up production of 

electrospun fibres are also essential tasks that need to be tackled. 

2.4.4 Shape memory properties 

Shape memory polymers are polymeric materials that can recover from their 

temporary shape upon certain triggering. They have high level of deformation, light 

weight and low costs compared with traditional shape memory alloys or ceramics [171]. 

An implant made of shape memory polymer can be easily programmed into small 

volume and deployed, which allows for minimum-invasive surgery. When using 

degradable shape memory polymers, implants can degrade not requiring a second 

surgery for their removal and making them even more usefulfor certain biomedical 

applications. Typically reported shape memory polymers include polyurethane, 

polyimide, polyester, block copolymer, as reviwed eslewhere [171-174]. 

Electrospun fibres with shape memory properties can be obtained by directly 

electrospinning the shape memory polymer [139, 175, 176]; it can also be realised by 

combining them with other materials into a composite structure [177-180]. 

Nanoengineering or functionalization of electrospun fibres can further introduce 

additional unique shape memory properties. For instance, Gong et al. prepared PCL 

fibres incorporating Fe3O4-loaded multiwalled carbon nanotubes; the fibres’ shape 

memory behaviour could therefore be triggered by alternating magnetic field [181]. 

Zhang et al. developed hollow electrospun fibre with shape memory properties; the 

nanostructure is also considered to be a potential smart carrier [182]. Tan et al. 

integrated graphene oxide into electrospun shape memory polyurethane fibres; the 

addition of graphene oxide not only improved thermomechanical properties and 

stability, but also provided shape memory properties [183]. In addition, shape memory 

electrospun fibres loaded with HA was able to promote bone healing [148].  

 

2.5 Conclusions 

Electrospinning is a potent tool for the fabrication of continuous nano- or micro-scale 

fibres. Electrospun fibres have received significant interests for various application 
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areas such as composites and biomedical products due to their large surface area, good 

continuity, high porosity and many other unique properties. In bio-related applications, 

electrospun fibres have been used for in-situ drug delivery, tissue engineering scaffolds 

and wound dressing. They have proven to be able to either allow cell proliferation or 

sustainable release of therapeutic reagents, making them promising candidates for 

related applications. But there is an increasing demand for novel electrospun fibres 

with added functionalities since the physiochemical properties of conventional fibres 

can no longer meet the needs. However, until now issues such as initial drug burst 

release, deactivating bioactive molecules and less-reproducible spinning processes are 

still severely limiting their potential applications. 

Nanoengineering of electrospun fibres has introduced many novel micro-and 

nanostructures and properties. By creating surface nano-topography or multi-channel 

fibre structures, hierarchical structures can be integrated into electrospun fibres, which 

further increases their surface area and allows the incorporation of materials that are 

not spinnable or lose their functional activity during electrospinning. By functionalizing 

electrospun fibres, their physiochemical properties can be modified. A variety of agents 

could be immobilized on fibres, offering flexibility and potential for a variety of 

applications. The future of electrospun fibres will not only focus on developing easier 

and cost-effective methods for creating engineered fibres, but also produces complex 

fibrous structures/geometries with highly precise control and reproducibility. Further 

optimization of processing techniques is essential for industrial-scale production and 

commercialization of electrospun fibre products in biomedical applications. 
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Chapter 3 – Electrospun fibre reinforced composites 

for the design of strong and tough degradable 

biomaterials 

 

3.1 Introduction 

Poly(trimethylene carbonate) (PTMC) is a biodegradable elastomeric material with 

potential application in tissue engineering. The polymerization of PTMC has been 

reported since 1932 [184] and is currently most often carried out via the ring-opening 

polymerisation of 1,3-trimethylene carbonate [7]. Unlike degradable polyesters, due to 

its poor mechanical properties it has not been extensively used in practical applications. 

However, its low glass transition temperature and rubber-like properties have made it 

a good candidate as a soft component in the design of composites or copolymers. 

PTMC has been incorporated in blends or in the structure of block copolymers with 

rigid biodegradable polymers such as poly(lactide acid) (PLA) to introduce toughness 

whilst preserving degradability [185-187]. In addition, Pêgo et al. showed that at very 

high molecular weight, PTMC can exhibit much improved mechanical properties and 

dimensional stability [188]. In addition to increasing molecular weight, crosslinking was 

found to be another way to achieve stable PTMC morphologies. This was achieved, for 

example, via gamma irradiation [188]. However, high energy irradiation can result in 

polymer chain scission, which can affect the mechanical performance of the material. 

To avoid adverse chain scission effects, crosslinkers have been incorporated into the 

structure of PTMC polymers to produce PTMC networks with improved mechanical 

properties [189]. Bat et al. incorporated methacrylate groups into PTMC macromers 

(branched and linear) and crosslinked them in a mixture with PTMC homopolymer 

upon UV exposure. The resulting material showed excellent dimensional stability and a 

reduced surface erosion rate compared to linear PTMC [11]. The photo crosslinking 

technique was considered to be highly efficient and could be completed at room 

temperature. It was subsequently reported that direct crosslinking of methacrylate-
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ended PTMC macromers without linear PTMC could also produce strong and tough 

materials [190]. On the other hand, incorporating nanoparticles such as tricalcium 

phosphate into PTMC produced composite materials with improved mechanical 

properties, displaying improved bone formation [191]. Nevertheless, one potential 

issue with PTMC/nanoparticle composites is the weak interaction between filler and 

matrix as weak bonding can potentially trigger failure especially after prolonged usage 

[192]. In addition, reinforcement can only be achieved at relatively high nanoparticle 

loading (for β-tricalcium phosphate, 30 vol% loading was reported to increase the 

flexural modulus of PTMC from 6 to 17 MPa [191]) while the use of fillers with higher 

shape aspect ratios, such as fibres would be required to reduce the loading 

requirements. 

Electrospinning is a widely used technique for generating micro/nano fibres [38, 193]. 

The ease of fabrication, large surface area and aspect ratio of electrospun fibres are 

believed to make them very suitable as reinforcements for soft polymeric materials. 

However, relatively few reports have presented the use of electrospun fibres to 

reinforce composites [3, 192, 194-197]. Bergshoef and Vancso incorporated nylon-4,6 

electrospun fibres into epoxy resin and produced electrospun fibre reinforced 

transparent composite [3]. Stachewicz et al. manufactured electrospun nylon 6 fibres-

PVA composite with optimized mechanical properties [195]. Yao et al. fabricated high 

performance unidirectional co-polyimide nanofibre reinforced composites by 

impregnating fibre mats with styrene-butadiene-styrene block copolymer solutions 

[196]. Zuo et al. loaded biodegradable electrospun fibres into calcium phosphate [197], 

with the addition of electrospun polymeric fibres increasing the material’s fracture 

resistance, toughness, porosity and resorption rate. In spite of their interesting 

properties, the application of electrospun fibres as reinforcement in composites has 

often been limited because of their relatively poor mechanical properties compared to 

traditional high performance fibres such as glass or carbon, which is mainly ascribed to 

the low orientation and chain extension of polymer chains in most electrospun fibres 

[38]. The limitation of producing high performance electrospun fibre composite is also 

due to the difficulties of producing highly continuous and oriented electrospun fibres 

on a large scale [1]. Besides their relatively poor mechanical performance, which is 

typically limited to 2 to 4 times the Young’s modulus of bulk polymer [13], electrospun 

fibre entanglement is another obstacle in composite fabrication when products of 
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complex geometry or structure have to be manufactured. Electrospun fibre mats can 

suffer from poor homogeneity and compatibility with polymer matrices. Moreover, the 

continuous and entangled fibre mats limit their use in traditional polymer processing 

techniques like injection moulding, extrusion, 3D printing etc.  

Jiang et al. reported the incorporation of short electrospun polyimide (PI) fibres into PI 

matrix and achieved as good self-reinforcement as when using continuous PI fibres [89]. 

Unlike conventional short fibres such as glass or carbon fibres [198, 199], short 

electrospun fibres as reinforcements in polymer composites have received little 

attention. The use of such short fibres could greatly simplify the procedures associated 

with fibre integration in composites. In addition, electrospun polymeric fibre properties 

can be easily modified by changing the polymeric material, coating the fibres or adding 

functional groups, conferring new properties to the composite material [160]. Most 

importantly, the use of short fibres enables the creation of composites that have 

complex shapes and are moulded by traditional flow moulding processes such as 

extrusion, injection or compression moulding, vastly increasing their potential 

applications. However, self-reinforced PI/PI short fibre composites exhibited rather 

limited property improvements. More significant reinforcements can only be realised 

by using either stronger and stiffer fibres or softer matrices like elastomers or 

hydrogels. 

Poly(lactic acid) (PLA) is a widely studied biodegradable polymer used as food 

packaging material and for the design of implants [13]. It can be derived from building 

blocks synthesised using renewable resources and is fully degradable. Moreover, it is 

much stiffer and stronger than PTMC. The modulus of PLA can be as high as 4 GPa [200], 

whilst the modulus of drawn PLA fibres and electrospun fibres can reach values as high 

as 8 GPa [201, 202]. Depending on molecular weight, the Young’s modulus of non-

crosslinked/crosslinked PTMC for biomedical applications is usually below 10 MPa [190, 

191]. Thus, the incorporation of PLA electrospun fibres, with moduli 400 times that of 

PTMC, can be of interest for the improvement of mechanical properties as well as 

dimensional stability of PTMC. Meanwhile, the highly porous electrospun fibre network 

will also ensure that the volume fraction of PLA fibres is minimised when integrated 

into a composite matrix. By minimising the amount of PLA, the risk of its acidic 

degradation products accumulating is also reduced, which could otherwise potentially 

induce tissue inflammatory responses [203]. Moreover, as PTMC is used in 3D printing 
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for tissue engineering applications [204], the combination of PTMC with short 

electrospun PLA fibres can potentially enhance the range of applications targeted by 

this process. In this respect, the development of short PLA fibres is particularly 

important as it enables 3D processing technologies such as stereolithography and 3D 

printing to generate polymer-polymer composites with precise, tailored and complex 

3D shapes.  

In this chapter, we present the formation and characterisation of both long and short 

PLA electrospun nanofibre-reinforced PTMC composites. A reliable and scalable 

methodology to generate short PLA fibres from electrospun mats was developed. As a 

reference, long fibre composites based on electrospun PLA fibre mats were 

impregnated with tri-functional methacrylate-terminated PTMC macromers, which 

were then crosslinked under UV to form PTMC/PLA fibre composites. The morphology 

and mechanical properties of neat PTMC and their long- and short fibre composites 

were characterized and discussed in relation to fibre length and loading. This work 

demonstrated the development of PTMC/PLA fibre composites to be used as non-toxic, 

biocompatible, fully degradable and easily processable materials showing promising 

features for a variety of tissue engineering applications. 

 

3.2 Experimental 

3.2.1 Materials 

The three-armed PTMC macromer, methacrylate terminated, with a 𝑀𝑤
̅̅ ̅̅̅ of 10,000 

g/mol was prepared as previously described [205]. The chemical structure of the PTMC 

macromer is shown in Figure 3.1. Poly(lactic acid) (PLA) 2002D was obtained from 

Natureworks (𝑀𝑤
̅̅ ̅̅̅ 200,000 g/mol). Chloroform and dimethylformamide (DMF) were 

purchased from Fisher Scientific. Propylene carbonate and ethanol were purchased 

from Sigma Aldrich. Irgacure TPO-L and Orasol Orange 247 were obtained from BASF. 

All polymers and reagents were used as received. 
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Figure 3.1 Chemical structure of three-armed PTMC macromer with methacrylate end 

groups. 

 

3.2.2 Electrospinning of PLA fibres 

PLA 2002D was dissolved in chloroform/DMF mixture with solvent ratio of 3/1. The PLA 

concentration was prepared at 9 wt% and was stirred until homogeneous. The 

electrospinning was carried out using an in-house built electrospinning setup. A syringe 

pump (Kent Genie) was used to continuously supply the PLA solution to the spinning tip 

at a feeding rate of 1.0 mL/h. A voltage of 18 kV (Glassman EQ) was applied to the 

spinning tip to charge and generate electrostatic forces, which overcomes the 

solution’s surface tension and ejects a fluid jet. The fluid jet solidified during flight and 

was collected on aluminium foil. The obtained electrospun PLA fibre mats were left in a 

vacuum desiccator for 48 hrs to remove residual solvents prior to any further 

processing. 

3.2.3 Fabrication of short electrospun fibres 

Two different methods were tested for cutting continuous electrospun fibre mats into 

short fibres: ultrasonication and mechanical stirring. Both methods were carried out in 

a series of toluene/petroleum ether (T/P) mixtures as dispersant media. The sonicator 

(Sonics VCX500) was equipped with a 13 mm probe and had a frequency of 750 kHz. 

Electrospun fibre mats were placed in the media and sonicated at an amplitude of 40% 

with 2 sec on and 2 sec off mode. The sonication lasted for 2 min. For the mechanical 

stirring method, fibre mats were simply placed in the media and stirred at 1500 rpm 

using a magnetic stirrer (IKA RET basic) for 24 hrs. For both techniques, the resultant 

fibres were collected first by sedimentation and carefully decanting most of the 

supernatant. Then the mixture was left to evaporate the media solvent in a fume hood 

overnight. Finally, the fibres were placed in a vacuum desiccator for 48 hrs to remove 

residual solvent. During the experiment, one drop of each fibre dispersions was 

transferred onto a glass slide with a pipette immediately after cutting. The glass slide 
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was then left in a fume hood to evaporate the solvent and to be used for SEM 

characterization. 

3.2.4 Fabrication of PTMC/PLA fibre composites 

PTMC resin was prepared by dissolving PTMC macromer in propylene carbonate, which 

is a non-volatile, stable solvent, fully compatible with PLA (does not dissolve or swell 

this material significantly). Three different PTMC concentrations were prepared, 20, 30 

and 40 wt%. PTMC was added to propylene carbonate and stirred until fully dissolved. 

Irgacure TPO-L and Orasol Orange 247 (used to control light intensity) were added to 

the PTMC/propylene carbonate solution at 5 wt% and 0.15 wt% (with respect to PTMC), 

respectively. This mixture was continuously stirred to form a homogeneous solution 

and was carefully transferred into a 90 × 30 × 0.3 mm mould. A quartz plate was used 

to cover the mould to result in a flat and smooth top surface. The resin was exposed to 

UV (Omnicure 1500, 15 mW/cm2) for 90 sec to achieve crosslinking and a high modulus. 

The cured films were then peeled from the substrate and incubated in propylene 

carbonate/ethanol media to extract propylene carbonate. The extraction solution was 

refreshed daily, starting with a ratio of propylene carbonate/ethanol of 50/50 and 

decreasing the propylene carbonate concentration by 10% steps every day until it was 

fully removed from the mixture. The extracted composite film was then left in a fume 

hood to dry and weighed after drying. 

The process of making PTMC/PLA fibre composites is shown schematically in Figure 3.2. 

Pre-weighed electrospun (random) fibre mats with a thickness of 100 μm were cut into 

80×20 mm2 strips and placed on a flat and smooth substrate. 40 wt% PTMC/propylene 

carbonate solution was then used to impregnate the fibre mat while a quartz plate was 

placed on top. Gentle pressure was applied on the quartz plate to aid impregnation of 

the fibres as well as create a smooth surface. Moreover, excessive solution could be 

removed from the fibre mats to avoid resin-rich areas that could potentially form on 

the top surface. The impregnated fibre mats were left under pressure overnight to 

further improve fibre wetting and impregnation. Next, the samples were cured by UV 

and extracted in the same way as described above. PTMC/short fibre composites were 

prepared by UV curing the PTMC/short fibre mixtures (short PLA nanofibres dispersed 

into PTMC/propylene carbonate solutions). Different amounts of short PLA nanofibres 

(5 and 30 wt% with respect to PTMC) were mechanically blended with PTMC/propylene 

carbonate solution (PTMC/propylene carbonate solutions were at a concentration of 40 
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wt%). The mixture was cast into a 90×30×0.3 mm mould and crosslinked under UV. The 

composites were then extracted in the same way as the long fibre composites based on 

continuous fibre mats. 

 

Figure 3.2 Schematic representation of the fabrication process of long- and short 

PTMC/PLA fibre composite films. 

 

3.2.5 Characterization 

Scanning electron microscopy (SEM) (FEI Inspect F) was used to characterize both long 

and short electrospun PLA fibres. All SEM samples were coated with a thin gold layer 

before imaging. The imaging was performed at 10 mm distance and a voltage of 10 kV. 

Image J software was used to analyse the average fibre diameter and length. To 

observe the interaction between fibres and matrix, samples were immersed and cold 

fractured in liquid nitrogen. The fracture surface was then coated with a thin gold layer 

and characterized using SEM.  
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Rheology was carried out with a rheometer (TA instruments DHR-3) to characterize 

rheological properties of the PTMC/propylene carbonate solution during UV exposure. 

The PTMC solution was placed between parallel plates of 20 mm diameter and a gap of 

0.5 mm. The test was performed at a frequency of 1 Hz, a strain of 0.1% and a UV 

intensity of 15 mW/cm2. Tensile tests were carried out using an Instron 5967 equipped 

with a 1 kN load cell at room temperature. All samples were cut into dumbbell shapes 

with a size of 65×13 mm2 and a thin centre part of 30×3 mm2. Strain was taken from 

the displacement of the grip. Tensile tests were performed at a rate of 50 mm/min. 

Young’s moduli were calculated from the slope of the stress-strain curve at low strain 

(from 0-2%). For each sample, three specimens were tested. In addition to tensile tests, 

dynamic mechanical analysis (DMA) (TA instruments Q800) was used to investigate the 

storage modulus of PTMC/PLA fibre composites at different temperatures ranging from 

-50 ˚C to 170 ˚C. DMA was carried out at a heating rate of 3 ˚C/min with a frequency of 

1 Hz and a strain of 0.1%. Thermal properties were tested by differential scanning 

calorimeter (DSC, Perkin-Elmer DSC 4000). Electrospun PLA fibres and PTMC/PLA fibre 

composites were heated from 25 ˚C to 180 ˚C at a rate of 10 ˚C/min. Neat PTMC was 

heated from -50 ˚C to 180 ˚C at a rate of 10 ˚C/min. Tg is determined by the mid-point 

temperature of the materials’ glass transition in first heating cycle. The crystallinity of 

the PLA fibres is calculated using, 

𝑋𝑐 =
∆𝐻𝑚

∆𝐻𝑟𝑒𝑓
×

1

𝑤
× 100                                                                                                              (3.1) 

where Xc is the crystallinity, ΔHm is the experimental heat of fusion at melting point 

determined by DSC, ΔHref is the theoretical heat of fusion of fully crystalline PLA (93 

J/g) [206] and w is the weight fraction of PLA in the composites.  

 

3.3 Results and Discussion 

3.3.1 Electrospinning of PLA and short nanofibre fabrication 

In this study, two different routes were explored for the cutting of PLA electrospun 

nanofibres. SEM images of long and short electrospun PLA fibres are shown in Figure 

3.3 and Figure 3.4. The electrospun fibres ranged in diameter from 300 nm to 1300 nm 

with an average diameter of 625 ± 280 nm. Fibres are continuous and smooth with no 

obvious defects (such as beads) present (see Figure 3.3 a1 and a2). A number of 
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methods have been reported for the cutting of electrospun fibres, including 

ultrasonication [96, 97], UV cutting [98], cryogenic-cutting [89, 90], direct spinning by 

tuning concentration and voltage [207], spinning with nanoparticles [102] or the use of 

a specific electrospinning setup [103]. Cryo-cutting is an up-scalable method of fibre 

cutting however we found that the PLA fibres remained relatively ductile even at low 

temperature, making the cutting difficult. Ultrasonication is easy to operate, with 

relatively standard equipment. The mechanism of this cutting method involves bubble 

cavitation and implosion, releasing energy that can result in the rupture of fibres. The 

method proved successful for the cutting of carbon nanotubes [208], however, its 

effectiveness was significantly reduced when using ductile polymer fibres. Hence, fibre 

pre-treatment such as irradiation has been used to generate weak points before 

ultrasonication in order to promote cutting [97]. In our work, we used a media 

composed of toluene and petroleum ether to facilitate the fragmentation of 

electrospun fibres. As PLA is hydrophobic, water was considered not suitable for 

ultrasonic cutting because of the poor interaction between water and fibres. Since 

fibre-fibre bonding is energetically favoured over fibre-water interactions, less water 

can infiltrate into the electrospun network, leading to less bubble cavitation and 

implosions [96]. Surface modification of the PLA fibres could improve its hydrophilicity 

but may affect its mechanical properties. The combination of toluene and petroleum 

ether is hydrophobic and readily wets the PLA fibre mat. Moreover, PLA is neither 

dissolving nor degrading in these two solvents at room temperature, thus the nature of 

fibres will not be affected. Water was also avoided to prevent hydrolytic degradation of 

PLA and to ensure that hydrophilic drugs that may be loaded in PLA fibres would not 

diffuse out prior to their incorporation in the PTMC matrix. Figure 3.3 b to d presents 

SEM images of PLA fibres processed by sonication in toluene/petroleum ether (T/P). 

They show that cutting of the PLA fibres is promoted when the toluene concentration 

increases. This could be explained by partial swelling of PLA in toluene. At a low volume 

fraction of toluene (T/P=3/7), the surface of the PLA fibres becomes rougher and pitted 

but no fracture was observed. Increasing the toluene concentration raised the swelling 

of PLA fibres in the media. Fibres started adhering to each other and the network 

began to break down (T/P=6/4), finally leading to the collapse of the fibres. Fibre 

morphology was severely damaged at 80% toluene (T/P=8/2). Short fibres are 

generated at this T/P ratio however fibres’ mechanical properties are significantly 
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influenced due to morphological damage. Thus these fibres were considered not 

suitable for PTMC reinforcement. 

 

Figure 3.3 SEM images of PLA electrospun nanofibres and cut short PLA fibres produced 

by ultrasonication: (a1-a2) as-spun PLA fibres; (b1-b2) sonication of PLA fibres in 

T/P=3/7; (c1-c2) sonication of PLA fibres in T/P=6/4; (d1-d2) sonication of PLA fibres in 

T/P=8/2. (scale bars: a1, b1, c1, d1, 20 µm; a2, b2, c2, d2, 400 µm). 

 

To maintain the morphology of cut fibres, mechanical stirring was used which 

generates less local heating than ultrasonication. The impact of solvent composition 

(10-100% toluene in petroleum ether) used to suspend nanofibres during mechanical 

stirring was studied. It was found that at toluene concentrations approaching 80%, the 

electrospun fibre mats started to disentangle as well as fragment (see Figure 3.4 a). In 

addition, fibres maintained their structure rather than collapsed and there was little 

sign of solvent-induced damage, despite the high toluene concentration. Stirring in 100% 

toluene led to swelling and partial dissolution of the PLA fibres and distortion. Stirring 

in 80% toluene media produced fibre lengths ranging from 50 µm to 700 µm. The 

characterisation of the length distribution obtained is summarized in Figure 3.4. The 

average length of the PLA fibres made by this method is 220 ± 112 µm with the 

majority of the cut fibres between 100 and 200 µm in length. Compared with 

ultrasonication, mechanical stirring could cut these ductile electrospun PLA fibres 

without damaging their structure or requiring any pretreatments. Compared to other 

techniques such as UV or cryogenic milling, mechanical stirring is simple, accessible and 
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scalable. Moreover, this technique did not lead to the degradation of PLA as in the case 

of UV or laser processing, preserving the properties of the fibres. 

 

Figure 3.4 Characterisation of fibres cut by mechanical stirring.  SEM image of cut PLA 

fibres produced by mechanical stirring: (a1-2) stirring of PLA fibres in T/P 8/2; (b1-2) 

stirring of PLA fibres in T/P 10/0; scale bars: a1, b1, 20 µm, a2, b2, 400 µm. (c) length 

distribution of cut fibres produced by mechanical stirring in T/P=8/2 with average 

length at 220 ± 112 µm. 
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3.3.2 Fabrication of PTMC and PTMC/PLA fibre composites 

The PTMC and PTMC/PLA fibre composites were prepared by the crosslinking of the 

methacrylate end groups under UV irradiation. Photo-rheology was performed to study 

the rheological behaviour of the PTMC macromers in propylene carbonate resin during 

UV curing before the preparation of the PTMC composites. Three different 

concentrations of PTMC in propylene carbonate were tested (20, 30 and 40 wt%). To 

achieve optimal viscosity of the solutions for impregnation of the electrospun PLA fibre 

mats and the dispersion of the short electrospun fibres, the PTMC concentration was 

maintained below 40 wt%, above which the viscosity was found to be too high for 

effective impregnation and processing. Too low concentrations, on the other hand, 

resulted in delayed curing, low crosslink densities and poor mechanical properties. The 

rheological profile of PTMC resin during curing is presented in Figure 3.5. In these 

experiments, UV exposure was started at 20 sec and lasted for 90 sec. For all three 

concentrations, loss modulus G’’ was initially higher than storage modulus G’, 

indicating a viscous fluid behaviour. With increasing UV exposure time, both G’ and G’’ 

increases and crossed over at the gelation point. It was observed that the time to sol-

gel transition for the 20 wt% resin was longer than for 30 and 40 wt% resins. This is 

attributed to the lower density of crosslinking groups and potentially stronger impact 

of oxygen concentration at lower concentrations. Afterwards G’ overtook G’’ and 

continued to increase although at a slower rate. It reached a plateau at around 90 sec 

of exposure and stopped progressing further as photoinitiation was not maintained. 

Thus, the optimal UV exposure time for preparing the PTMC resin and its composites 

was set at 90 sec in all further experiments. In addition, resins formed from 40 wt% 

solutions displayed a higher G’ and a lower degree of shrinkage than those prepared 

from 30 wt% solutions. Therefore, the optimal concentration of PTMC in solutions used 

to impregnate fibres and prepare composites was set at 40 wt%. 
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Figure 3.5 Rheological profiles of PTMC/propylene carbonate solution cured under UV, 

as a function of time: (a) 20 wt% PTMC, (b) 30 wt% PTMC and (c) 40 wt% PTMC (UV 

started at 20 sec for 90 sec at an intensity of 15 mW/cm2, frequency 1 Hz, strain 0.1%). 

Black squares, shear storage modulus; red circles, shear loss modulus. 

 

Neat PTMC and PTMC/PLA fibre composite samples were produced using 40 wt% 

macromer solutions. SEM images of these composites are presented in Figure 3.6. 

During processing, it was noticed that the matrix solution readily impregnated the PLA 

fibre mats, implying excellent wetting ability, presumably favoured by the high porosity 

of the fibre network [203, 209]. However, considering the low volatility of propylene 

carbonate, this solvent had to be removed after UV curing through extraction using a 

diluted propylene carbonate/ethanol solution. By reducing the propylene 

carbonate/ethanol ratio, propylene carbonate trapped in the crosslinked PTMC slowly 

diffused out. The removal of propylene carbonate resulted in shrinkage of PTMC by 

70±5 vol%. Gradual reduction in propylene carbonate content was important to control 

stress accumulation during extraction, especially for the PTMC/PLA fibre composites 

and avoid loss of the sample’s integrity. After extraction, the PTMC-rich areas that were 

not fully incorporated into the PLA fibre mat (on the side of samples) were removed. 

This protocol resulted in composite films with a thickness of around 110 μm (measured 
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for each sample). By comparing the mass of the electrospun fibre mats with that of the 

PTMC/PLA fibre composites, the weight fraction of fibres in the composite was 

calculated varying from 17 to 23 wt% with average value of 20 wt%. In the case of 

continuous electrospun fibre mats, the interconnected pores were completely filled 

with PTMC resin and no obvious voids were present in SEM, which suggests good 

wetting and impregnation of the PTMC resin into the electrospun PLA fibre mats. Only 

a thin layer of PTMC was observed at the composite surface; this layer was formed 

during the fabrication process and did not contain any fibres. The roughness of the 

PTMC fracture surface was increased with the incorporation of PLA fibres. All fracture 

surfaces indicated good levels of adhesion and a strong interaction between the 

electrospun PLA fibres and the PTMC matrix with little evidence of fibre pull-out. This 

suggests good stress transfer between PLA fibres and PTCM matrix and a high 

reinforcing efficiency of the electrospun fibres. 

PTMC/short fibre composites were also characterized using SEM. By increasing the 

content of short fibres, the fracture surfaces of the PTMC composites became rougher. 

Again very few voids or fibre pull-outs could be observed after fracture, indicating a 

good dispersion, wetting and interaction of the fibres and matrix. Compared to 

composites based on continuous electrospun mats, short fibres provide additional 

processing flexibility. The amount of fibres in the composite can be easily tuned by 

adding more or less fibres in the resin, while for mat-based composites, the amount of 

fibres is limited by the porosity of the mat. Simply casting more resin onto the 

electrospun fibre mats may to some extent alter the fibre/matrix ratio but will 

ultimately result in PTMC-rich layers on the surface of the composite. More importantly, 

short fibre reinforced PTMC composites can be easily moulded into complex shapes via 

injection or compression moulding or 3D printing, while continuous fibre composites 

can only be made into simple double curved shapes due to the 2D mat structure. Issues 

with short fibres composites and particularly nanofibre composites are often related to 

an uneven distribution of fibres in the matrix and aggregation. Some fibres were found 

to aggregate while also some PTMC-rich areas were observed. This fibre aggregation is 

due to the interaction between nanofibres. The average length of the short electrospun 

fibres is 220 μm while some were as long as 700 μm. Similar to other high aspect ratio 

nanoparticles such as carbon nanotubes, the high aspect ratio of these fibres (which 
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can be as high as 300) will inevitably induce also some entanglements or network 

formation due to fibre-fibre interactions [210, 211]. 

 

Figure 3.6 SEM images of the cold fractured surface of neat PTMC and fibre-

incorporated PTMC composites: (a) neat PTMC; (b) PTMC/PLA continuous fibre 

composite (20 wt%); (c) PTMC/PLA short fibre composites (5 wt%); (d) PTMC/PLA short 

fibre composites (30 wt%) (scale bar: 20 µm). 

 

3.3.3 Thermomechanical properties of PTMC and PTMC/PLA fibre composites 

Thermal properties of PLA electrospun fibres, PTMC/PLA continuous fibre composites 

and PTMC/PLA short fibre composite were characterized by DSC and presented in 

Figure 3.7. Tg of PTMC is measured at -13.5 ˚C (graph not shown) and was not affected 

by the incorporation of PLA fibres. A second polyester-associated Tg was observed for 

as-spun PLA fibres and PLA fibres in PTMC composites, near 60 ˚C, which is slightly 

lower than the Tg of bulk PLA (63.9 ˚C). This decrease of Tg can be explained by polymer 

chain orientation during electrospinning, which leads to internal stresses and drives 

molecules to become mobile at lower temperature [212]. Tg of short PLA fibres is 53 ˚C, 

presumably due to small traces of residual solvents from the cutting process. All 

samples showed melting points near 154 ˚C. In addition, as-spun PLA fibres showed 

cold crystallization, which is not observed for other samples. The crystallinity of bulk 
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PLA, electrospun PLA fibres, short PLA fibres, long and short PLA fibres in PTMC are 

34.4%, 3.4%, 35.1%, 55.6% 32.8% respectively. The increase of PLA crystallinity after 

processing into short- and/or PTMC/PLA fibre composites is due to the solvent 

treatment [213]. The crystallinity of short fibres was found to be lower than that 

measured for continuous fibre mats in composites, possibly as a result of a reduced PLA 

chain orientation. 

 

Figure 3.7 (a) DSC thermal scan of bulk PLA (black), continuous electrospun PLA fibres 

(blue), short PLA fibres (green), PTMC/PLA continuous fibre composite (red) and 

PTMC/PLA short fibre composite (orange) from 20 to 180 ˚C; (b) the glass transition 

region of all samples.  

 

The stress-strain profiles recorded for pure PTMC, electrospun fibre mats and 

composites are shown in Figure 3.8. Both PTMC and PTMC loaded with 5 wt% short 

fibres exhibit elastic properties. All other samples exhibit low yield strain. Electrospun 

fibre mats and PTMC/continuous fibre composites also show strain-hardening due to 

orientation of PLA molecules during stretching. Quantification of mechanical data is 

listed in Table 3.1. Electrospun PLA fibre mats have poor mechanical properties due to 

random fibre orientation, fibre bending and fibre-fibre sliding when stretched. 

Compared with neat PTMC, the Young’s modulus of the PTMC composites reinforced 

with continuous PLA fibre mats (20 wt%) is improved by more than two orders of 

magnitude. Tensile strength was increased 5-fold and toughness was doubled. The 

increase in Young’s modulus, tensile strength and toughness implies an efficient 

mechanical reinforcement of the PTMC by the electrospun PLA fibres. As expected, the 

elongation at break of PTMC decreased after incorporating the electrospun PLA fibre 

mats. The low failure strain of these composites can be attributed to the low failure 
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strain of PLA fibres. According to the tensile test results, electrospun PLA fibre mats 

exhibited a low failure strain (near 20%), which is however higher than the failure strain 

of bulk PLA (near 9%) [214], due to the deformation mechanisms in these nonwovens. 

SEM images of tensile fracture surfaces are shown in Figure 3.9. Neat PTMC samples 

exhibit a smooth fracture surface while long fibre reinforced PTMC has a rough fracture 

surface. Some fibre protrusions can be seen at the surface but most fibres were 

strongly embedded in the matrix (Figure 3.9b). This again suggests a strong bonding 

between the PLA fibre and PTMC matrix.  

PTMC composites based on short PLA fibres also showed an improvement in 

mechanical properties. With the addition of merely 5 wt% short fibres, the elastic 

modulus, tensile strength and toughness of PTMC were improved by a factor of 3. 

Interestingly, in the case of short fibre composites the elongation of break was not 

affected by the addition of PLA fibres. Moreover, unlike long fibre composites, 

composites with 5 wt% short PLA fibres didn’t show the marked non-linear behaviour 

at low strain. Instead they maintained a good level of ductility similar to neat PTMC. 

The improvement in Young’s modulus and tensile strength is again an indicator of the 

effective reinforcement of the PTMC by the PLA fibres. Compared with self-reinforced 

PI/PI short fibre composites [89], at similar fibre loading level, reinforcement in the 

PTMC/PLA short fibre composites was found to be more significant due to the greater 

property mismatch between PLA and PTMC. As the short fibre loading increases, the 

composite’s Young’s modulus increased linearly (see Figure 3.8). At 30 wt% PLA fibres, 

the modulus increased by a factor of 20. Tensile strength increased 4.5 times but at a 

much slower rate than the Young’s modulus. Interestingly, the toughness of these 

composites was similar to those of low fibre loadings. The elongation at break however 

decreased significantly in comparison with short fibre composites incorporating 5 wt% 

PLA fibres. There is little evidence of fibre pull-out in the short fibre composites; 

instead, a failure mode involving fibre breakage was observed, suggesting that the PLA 

fibre length is well beyond the critical length [215]. The fibre critical length (Lc) is 

defined by Lc= σf·D/2τ, where σf is the fibre strength, D is fibre diameter and τ is the 

interfacial shear strength [216]. When perfect adhesion between fibre and matrix is 

assumed, the maximum interfacial shear strength (τ) is equal to the shear yield stress 

of the matrix which can be estimated from the tensile strength of the matrix (1.3 MPa) 

using Von Mises yield criterion (σy /√3 MPa) [217]. A fibre strength of 53 MPa (data 
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provided by supplier for bulk PLA) and diameter (600 nm) were used together with τ 

(1.3 /√3 MPa) to estimate Lc. The critical fibre length is calculated at 21 µm, which is 

one order of magnitude below the average fibre length of the cut fibres (220 µm), 

indicating a high reinforcement efficiency of these short fibres as the actual fibre length 

is more than 10 times the critical length. 

 

Figure 3.8 (a) Representative stress-strain curve of neat PTMC (black), electrospun PLA 

fibre mat (red), PTMC/PLA continuous fibre composite (20 wt%) (blue), PTMC/PLA short 

fibre composite (5 wt%) (green) and PTMC/PLA short fibre composite (30 wt%) (orange). 

(b) Dependence of composite Young’s modulus on short fibre loading (for each sample, 

the average modulus was based on three specimen measurement’s results). 
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Table 3.1 Summary of tensile test results of neat PTMC, electrospun PLA fibre mat and 
PTMC composites 

Sample Young’s 

modulus (MPa) 
a
 

Tensile 

strength (MPa) 

Elongation 

at break (%) 

Toughness 

(MPa) 

PTMC 2.7±0.1 1.3±0.1 199±31 1.6±0.4 

PLA fibre mat 46.2±8.8 1.2±0.4 20±8 0.2±0.1 

PTMC/PLA continuous fibre 

composite (20 wt%) 
310±87 7.5±1.7 46±4 3.3±0.7 

PTMC/PLA short fibre 

composite (5 wt%) 
10.1±0.3 3.4±0.1 289±30 5.9±0.7 

PTMC/PLA short fibre 

composite (30 wt%) 
52.7±8.7 5.9±0.7 141±19 6.1±1.5 

a 
Young’s modulus were calculated by the slope of the stress-strain curve at 0-2% strain. 

 

 

Figure 3.9 SEM images of the fracture surface of neat PTMC and fibre-incorporated 

PTMC composites after tensile testing: (a) neat PTMC; (b) PTMC/PLA continuous fibre 

composite (20 wt%); (c) PTMC/PLA short fibre composite (5 wt%); (d) PTMC/PLA short 

fibre composite (30 wt%) (scale bar: 20 µm). 
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A modified rule of mixture (MROM) was used to evaluate the experimental data of the 

electrospun fibre reinforced composites [215, 218]. In such analysis, perfect interfacial 

adhesion between fibres and matrix as well as a homogeneous distribution of fibres in 

the matrix were assumed. The MROM equation predicting the Young’s modulus of a 

composite is: 

𝐸𝑐 = 𝜒1𝜒2𝑉𝑓𝐸𝑓 + 𝑉𝑚𝐸𝑚                                                                                                                                                                        (3.2) 

In this equation, χ1 and χ2 represent the fibre orientation and length efficiency factors, 

respectively. Ec, Ef and Em are the Young’s modulus of the composite, PLA fibres and 

PTMC matrix material, respectively. The volume fractions Vf  and Vm are derived from 

the weight fractions of the PLA fibres and PTMC matrix. A density of 1.247 g/cm3 was 

measured for PTMC, using a density meter. The density of PLA was taken as 1.24 g/cm3, 

based on the product data provided by the supplier for bulk PLA. Hence, for continuous 

fibre composites (20 wt%), the volume fractions of fibre and matrix are calculated as 

20.1% and 79.9%, respectively. The length efficiency factor χ2 for continuous fibre mat 

composites is 1 and can be ignored. The orientation factor χ1 is defined as 3/8 for in-

plane (2D) randomly distributed fibres [219, 220]. Thus Equation (3.2) can be 

transformed into; 

𝐸𝑐 =
3

8
𝑉𝑓𝐸𝑓 + 𝑉𝑚𝐸𝑚                                                                                                                                                                                   (3.3) 

In this equation, Em (2.7 MPa) was directly obtained from tensile tests of PTMC. Ec of 

continuous fibre mat composite (310 MPa from tensile tests) was used in Equation (3.3) 

and a PLA fibre modulus Ef  of 4.1 GPa was back-calculated, being slightly higher than 

that of bulk PLA (3.5 GPa as provided by supplier). A slightly higher modulus can be 

expected because electrospinning will, to some extent, align the polymer chains within 

fibres. Ultra-thin electrospun fibres (< 200 nm in diameter) typically show a three-fold 

increase in Young’s modulus compared to that of bulk polymer. However, thicker fibres 

(>300 nm in diameter) will often show properties similar to those of bulk polymers 

[221]. However, earlier studies have shown that the Young’s modulus of single 

electrospun PLA fibres with diameters of 350 nm can even reach values as high as 8 

GPa [201]. In our case, fibres had an average diameter of 600 nm, which is expected to 

have little effect on Ef. This is supported by the back-calculated Young’s modulus for 

the fibre of 4.1 GPa, which is comparable to that of bulk PLA (3.5 GPa). 
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For short fibre composites, the fibre length efficiency factor χ2 has also to be 

considered. Here, the orientation factor χ1 is defined as 1/5 because the fibres are 

considered to be randomly (3D) distributed throughout the matrix [219, 220]. The 

length efficiency factor χ2 can be estimated using Equation (3.4) [222]; 

𝜒2 = 1 −
tanh(a∙

𝐿

𝑑
)

𝑎∙
𝐿

𝑑

                                                                                                                      (3.4) 

with 

a = √
−3

2 ln𝑉𝑓
∙
𝐸𝑚

𝐸𝑓
                                                                                                                         (3.5) 

In this equation, L is the mean length of the discontinuous fibres; d is the average fibre 

diameter; a  is a coefficient. The value of χ2 is then calculated and the composite 

modulus Ec can be predicted using Equation (3.2), in which Em  (2.7 MPa) was obtained 

from tensile test and Ef   (3.5 GPa) was provided by the supplier for bulk PLA. The results 

are listed in Table 3.2. 

Table 3.2 Comparison of theoretical predictions using MROM with experimental data. 

Sample Fibre 

volume 

fraction 

Vf  (%) 

Matrix 

volume 

fraction 

Vm  (%) 

Ef 

(MPa) 

×10
-3

 

Em 

(MPa) 

Fibre 

orientation 

factor χ1 

Fibre 

length 

factor χ2 

Ec
a
 

(MPa) 

EcE
b
 

(MPa) 

PTMC/PLA short 

fibre composite 

(5 wt%} 

 

4.8 95.2 3.5 2.7 1/5 0.86 31.5 10.1 

PTMC/PLA short 

fibre composite 

(30 wt%) 

23.3 76.7 3.5 2.7 1/5 0.90 149 53 

a Ec is the short fibre composite modulus derived from the MROM; 
bEcE   is the composite 

modulus obtained from the experimental tensile tests. 

 

In our PTMC/short fibre composites, the mean fibre length is around 220 µm compared 

to a critical length of 21 µm for the PTCM/PLA fibre system. The calculated fibre length 

efficiency factors χ2 are therefore close to χ2 = 1 (0.86 and 0.90, respectively) as the 
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fibre length is well above the critical length (L ≈ 10.Lc) [215]. For short fibre reinforced 

composites, the theoretical predictions overestimate the experimental data. This can 

be explained by some of the fibre aggregation in these systems as observed by SEM. 

The MROM assumes a homogeneous distribution of fibres in matrix. Fibres should be 

uniformly and randomly dispersed throughout the matrix and each fibre should be fully 

surrounded by matrix [223]. In the case of fibre aggregation, the fibre orientation 

factor χ1 is also affected. The interfacial contact area between fibres and matrix is 

inhibited and therefore the stress transfer between fibres and matrix becomes less 

efficient. Moreover, aggregation also changes the fibre aspect ratio. Thus the fibre 

length efficiency factor χ2 is reduced [224]. Meanwhile, aggregation of fibres will also 

introduce stress concentrations, which will be accompanied by a decrease in composite 

strength. Another issue to consider is the effect of the fibre cutting procedure on fibre 

properties, such as a decrease in crystallinity. All of these effects may lead to an 

overestimation in composite properties.  

3.3.4 Temperature dependence of mechanical properties of PTMC/PLA fibre composites 

DMA was performed on both neat PTMC and its continuous PLA fibre composites. The 

evolution of the storage modulus (G’) and tan δ as a function of temperature is 

presented in Figure 3.10. Experiments began at -50 ˚C and ended at 170 ˚C. At low 

temperatures, well below the PTMC glass transition temperature (Tg), the storage 

modulus of both samples was initially very high (2.3-2.7 GPa). With increasing 

temperatures, the modulus decreased slowly until a rapid drop occurred at 7.5 ˚C. 

Meanwhile the tan δ of both samples also reached its peak value, corresponding to the 

glass transition temperature of the PTMC matrix. With increasing temperatures, a 

second drop in storage modulus is observed for the PTMC/PLA fibre composite. A 

second peak also appeared in the tan δ curve of the composite, indicating the glass 

transition of the electrospun PLA fibres. Upon further heating the storage modulus of 

the composite continues to decrease until reaching the PLA melting point while the 

crosslinked PTMC matrix maintains a rubber plateau modulus of around 1.0 MPa. 

Furthermore, the storage modulus for crosslinked PTMC and PTMC/PLA fibre 

composite at body temperature (37 ˚C) are 1.8 MPa and 190 MPa, respectively. Hence, 

these results demonstrate the benefit of using electrospun PLA fibres as reinforcement 

for PTMC matrices, in terms of material stiffness, improving the mechanical properties 
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and dimensional stability of PTMC in conditions typically experienced for tissue 

engineering applications.  

 

 

Figure 3.10 DMA results of neat PTMC (blue) and PTMC/PLA fibre composites (red): (a) 

storage modulus as a function of temperature; (b) tan δ as a function of temperature. 

 

3.4 Conclusions 

Electrospun PLA fibre reinforced PTMC composites were successfully prepared and 

characterized. A new method of cutting electrospun PLA fibres with lengths ranging 

from 50-700 µm using solvent-assisted mechanical stirring was reported. These short 

PLA nanofibres were then incorporated into PTMC matrix to produce short fibre 

reinforced composites. Their mechanical properties were tested and compared with 

those based on electrospun continuous PLA fibre mats, and were analysed using a 

simple micromechanical model. The mechanical properties of PTMC were improved for 

both long (continuous) and short PLA fibres. PTMC is found to be significantly enhanced 

by the incorporation of continuous fibre mats (more than 100 times increase in Young’s 

modulus). However, the ductility and toughness of these composites are significantly 

decreased compared to short fibre composites. However, composites based on short 

fibres also exhibited a good reinforcing efficiency.  Even with the addition of a small 

amount (5 wt%) of short PLA fibres, the Young’s modulus and tensile strength 

improved significantly without compromising the ductility of PTMC.   

Besides interesting mechanical characteristics, the developed short fibre composites 

are of particular interest due to their potential processing advantage over traditional 
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electrospun fibre reinforced composites based on veils or mats. Short fibre composites 

can be processed into complex shapes using liquid formulations, injection or 

compression moulding, and 3D printing or stereolithography.  

The developed electrospun PLA fibre reinforced PTMC composites, being based on 

materials already well-established for biomedical applications, are expected to be 

nontoxic and biodegradable. Their improved mechanical performance and dimensional 

stability makes them interesting candidates for many tissue engineering applications. 

For example, short PLA fibres can be incorporated in PTMC resin and used to create 

complex scaffolds by stereolithography or 3D printing. Moreover, the electrospun PLA 

fibres could be loaded with a drug which when embedded in a PTMC matrix can lead to 

novel drug release systems. 
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Chapter 4 – Shape memory polymer composites 

based on degradable polymers with controlled 

properties, easy processing and flexible design 

 

4.1 Introduction 

Shape memory polymers (SMPs) are a group of polymeric materials which are capable 

of recovering from their temporary shape to a memorized permanent shape when 

triggered by an external stimulus. Compared to conventional shape memory alloys 

(SMAs) and ceramics, SMPs exhibit significant advantages including high flexibility and 

strain, high compliance, softness, low density and low cost [225]. Moreover, SMPs are 

capable of responding to various external stimuli (e.g., light, moisture, electrical etc.) in 

addition to temperature [226-229]. Polyuretane, polyester, polyaramide and polyimide 

are among the most commonly reported SMPs [171-174]. Their shape memory 

behaviour is mostly realised via the thermal-induced rubber-glass or melting-

crystallization transitions. In spite of their excellent properties, SMPs on the other hand 

are considered to have low strength and modulus [230]. Thus reinforcement fillers 

have been added into SMPs, leading to shape memory polymer composites (SMPCs), 

which not only improved SMPs’ mechanical properties and shape-fixing efficiency, but 

also introduced non-thermal stimuli-responsive effect [179, 231, 232]. Recently, SMPCs 

based on non-SMPs have been developed, in which an elastomer is combined with a 

fixing phase, providing shape memory effects. Luo and Mather [233] reported the 

fabrication of SMPCs by integration of crystallisable poly(carprolactone) (PCL) 

electrospun fibres into elastic silicone rubber matrix. The shape fixing and recovery was 

completed by the reversible crystallization and melting of PCL fibres respectively. Zhang 

et al. [234] reported the fabrication of SMPCs by direct melt blending of styrene-

butadiene-styrene block copolymer (SBS) and PCL. Robertson et al. prepared SMPCs by 

electrospinning interwoven PCL and polyurethane (PU)  elastomer followed by 

compression into films [235]. The occurrence of these SMPCs has offered a new 

concept to obtain shape memory effects with regular polymers. 
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Advances in SMPs and SMPCs have gained them great interests for potential 

applications in intelligent medical devices. However, many SMPs and SMPCs are limited 

by either their biocompatibility or degradability. Multiblock degradable copolymers 

that offer shape memory effects have been synthesized [236-239]. Nevertheless, these 

SMPs involve specific polymer synthesis that restricts large-scale production. Recently, 

Lawton et al. reported fully degradable SMPCs based on polyanhydride elastomer and 

PU-PCL electrospun fibres, which allowed for reconfiguration of the material’s 

permanent shape [4]. However, similar to other previously reported biodegradable 

SMPs, its innovative potential is subjected to complicated and time-consuming 

procedures of obtaining FDA approval for use in medical devices. Moreover, the 

material’s geometry is limited to simple-curved shapes due to manufacturing technique 

restrictions.  

The aim of the current work is to fabricate fully degradable one-way SMPCs by 

incorporating poly(lactic acid) (PLA) electrospun fibres into a crosslinked 

poly(trimethylene carbonate) (PTMC) network. Both PLA and PTMC are commercially 

available and well-established polymers that have been used in medical applications 

[240]. The crosslinked PTMC network was previously used to build scaffolds for 

cartilage tissue engineering via stereolithography [204]. In our SMPCs, crosslinked 

PTMC matrix acts as the ‘net point’ that determines permanent shape; while PLA 

electrospun fibres act as the ‘switching phase’ that provides shape fixing and recovery 

via their glass-rubber transition. The large interfacial area between fibres and matrix 

enables an efficient transfer of stress induced during shape fixing and recovery [88]. 

When composites are deformed at temperature above Tg of PLA, PLA molecule chains 

are mobile and re-organize. As composites are cooled down to below Tg of PLA, PLA 

molecule chains become less mobile while the elastic PTMC cannot generate sufficient 

retraction force to recover the deformation. Thus, the temporary shape is obtained. 

Upon heating to temperature above Tg of PLA, the PLA molecule chains become mobile 

again and the elastic PTMC recover its orginial shape as a result of entropic energy 

release. 

In addition to continuous electrospun fibres, we also produced SMPCs based on short 

electrospun PLA fibres. The use of short fibres allows for easy control over the amount 

of fibres incorporated through which the shape memory effect can be tailored. More 

importantly, short fibre composites can be processed into complex shapes by 
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traditional moulding techniques like injection moulding, compression moulding, 

extrusion, etc.), vastly broadening SMPCs potential applications. Shape memory 

properties were adjusted by modifying the PTMC matrix properties using PTMCs of 

different molecular weight. Finally, poly(ethylene glycol) (PEG) was co-electrospun with 

PLA, which acts as an easy and non-toxic plasticiser, allowing the modification of the 

glass transition temperature (Tg) of PLA [241, 242]. By integrating these PLA-PEG fibres 

into PTMC composites, the shape memory transition temperature can be tuned, 

offering SMPCs more flexibility to practical conditions.  

 

4.2 Experimental 

4.2.1 Materials 

Three-armed methacrylate-ended PTMC macromer with 𝑀𝑤
̅̅ ̅̅̅of 5,000 g/mol, 10,000 

g/mol and 17,200 g/mol were synthesized as reported in [205]. PLA 2002D (𝑀𝑤
̅̅ ̅̅̅200,000, 

density 1.24 g/cm3, tensile modulus 3.5 GPa) was purchased from Natureworks. PEG 

(𝑀𝑤
̅̅ ̅̅̅8,000), propylene carbonate and ethanol were purchased from Sigma-Aldrich. 

Chloroform, dichloromethane (DCM) and dimethylformamide (DMF) were obtained 

from Fisher Scientific. Irgacure TPO-L and Orasol Orange 247 were supplied by BASF. All 

polymers and reagents were used as received. 

4.2.2 Electrospinning and short fibre preparation 

Electrospinning was carried out using in-house built equipment. For PLA 

electrospinning, PLA 2002D was dissolved in a mixture of chloroform and DMF (mass 

ratio 3/1) at a concentration of 9 wt%. A syringe pump (Kent Genie) was used to 

continuously supply PLA solutions at 1.0 ml/h to the blunt spinning needle through a 

PTFE tube. For PLA/PEG co-electrospinning, 10 wt% PEG was added to the PLA. The 

blends were dissolved in DCM at a total polymer concentration of 9 wt%. The PLA/PEG 

solution was supplied to the spinning needle at 2.0 ml/h using a syringe pump. The 

spinning distance was 15 cm (from needle to collector). Voltage of 20-25 kV (Glassman 

EQ) was applied to the needle during spinning. Random fibre mats were collected on a 

grounded foil sheet, which were kept in a vacuum desiccator for 48 hrs to remove 

residual solvent after spinning. 
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Short PLA fibres were prepared as previously described in Chapter 3 and [88]. Briefly, 

electrospun PLA nanofibres were mechanically stirred in toluene/petroleum ether 

media (Vtoluene/Vpetroleum ether 80/20) at 1,500 rpm for 24 hrs. Fibres with different lengths 

were achieved by mechanically stirring as-spun fibres in Vtoluene/Vpetroleum ether 70/30 at 

1,500 rpm for 24 hrs. For easy description, these two short fibres are named as fibre L1 

and fibre L2, respectively in the chapter. The resultant fibres were achieved by filtering. 

Recovered fibres were dried in fume hood overnight and then transferred into vacuum 

desiccator for 48 hrs to remove residual solvents. 

4.2.3 Fabrication of SMPCs 

PTMC/PLA continuous fibre composites were fabricated by casting PTMC/propylene 

carbonate solution onto electrospun PLA fibre mats [88]. PTMC concentration was 

prepared at 40 wt%. Photoinitiator Irgacure TPO-L and Orasol Orange 247 (for 

controlling light intensity) were added to PTMC/propylene carbonate solution at the 

concentration of 5 wt% and 0.15 wt% respectively, with regards to PTMC. The solution 

was slowly cast onto the electrospun fibre mats (50×20×0.10 mm). A quartz plate was 

placed on top with gentle pressure applied to facilitate solution impregnation as well as 

creating a flat and smooth composites surface. The whole system was then exposed to 

UV (Omnicure 1500) at 15 mW/cm2 for 90s to crosslink the matrix. The cured 

composite films were then extracted using propylene carbonate/ethanol to remove 

propylene carbonate. A daily-refreshed propylene carbonate/ethanol media with 

decreasing propylene carbonate ratio (10 vol% decrement daily) was used for 

extraction, which started from Vpropylene carbonate/Vethanol 50/50 and finished until 0/100. 

The fully extracted composites were left in a fume hood for 48 hrs to dry. PTMC/PLA 

short fibre composites were prepared by first blending short fibres with 40 wt% 

PTMC/propylene carbonate solution and then casting the mixture into 50×20×0.15 

mm3 mould, which was then exposed to UV for crosslinking and extracted in the same 

way as PTMC/PLA continuous fibre composites. Four different fibre L1 amounts (5, 10, 

30 and 50 wt% with respect to PTMC) were loaded into PTMC composites. PTMC 

composites with 10 and 30 wt% fibre L2 were prepared in the same way as fibre L1. For 

comparison, neat PTMC samples were produced by casting 40 wt% PTMC/propylene 

carbonate solution into a 50×20×0.15 mm3 mould, followed by the same UV 

crosslinking and extraction process.  
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4.2.4 Morphological characterization 

Scanning electron microscopy (SEM, FEI Inspect F) was used to characterize both fibres 

and composites. All samples were sputter coated with gold before analysis. The 

imaging was performed at 10 mm distance and voltage of 10 kV. For the 

characterization of short PLA fibres, a drop of fibre dispersion at the end of mechanical 

stirring was transferred onto a coverslip and dried in a fume hood. For observing fibre-

matrix integration, composites were immersed and cold fractured in liquid nitrogen. 

Image J software was used to calculate the average diameters of the electrospun fibres 

as well as the lengths of the cut fibres.  

4.2.5 Thermomechanical analysis 

The thermomechanical properties of PTMC and PTMC/PLA fibre composites were 

characterized using dynamic mechanical analysis (DMA, TA instruments Q800). The test 

was carried out using multi-frequency-strain mode at pre-load of 0.05 N, frequency of 1 

Hz and strain of 0.1%, with 125% force track applied. Samples were cut into 20×5 mm2 

rectangular films (thickness 0.1-0.15 mm depending on different samples) and 

mounted onto DMA clamp. Temperature was first equilibrated at -50 ˚C and then 

ramped to 100 ˚C at 3 ˚C/min. Storage modulus (E’) and tensile loss tangent (tan δ) as a 

function of temperature are analysed. Tg is determined by the temperature point when 

tan δ reaches its maximum value. Differential scanning calorimetry (DSC, Perkin-Elmer 

DSC 4000) was used to investigate the thermal properties of PLA and PLA-PEG fibres, 

PTMC matrix and fibre composites. A temperature scan was performed from 25 ˚C to 

180 ˚C at a rate of 10 ˚C/min rate. Tg is determined by the mid-point of the glass 

transition. The crystallinity of PLA fibres is calculated by: 

𝑋𝑐 =
∆𝐻𝑚

∆𝐻𝑟𝑒𝑓
×

1

𝑤
× 100%                                                                                                           (4.1) 

where Xc is the crystallinity, ΔHm is the experimental heat of fusion at melting point 

determined by DSC, ΔHref  is the theoretical heat of fusion of fully crystalline PLA (93 J/g) 

[206] and w is weight fraction of PLA. 

4.2.6 Shape memory test 

Shape memory tests were conducted using a DMA (TA instruments Q800) with samples 

cut into 20×5 mm rectangular films (thickness 0.1-0.15 mm depending on different 

samples). Controlled force mode was used in the tests. First, a stress-strain test of each 

sample at Tg+20 ˚C (Tg of PLA or PLA-PEG blend) was performed to determine the 
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suitable static force to be used for the shape memory test. Samples were preloaded by 

0.01 N and run at 0.1 N/min force ramp until sample failure or reaching maximum 

equipment displacement. The schematic of the shape memory test programme is 

presented in Figure 4.1. In each single cycle of the shape memory test, samples were 

preloaded by 0.01 N and equilibrated at Tg+20 ˚C. They were then stretched to 30-50% 

strain at a force ramp of 0.1 N/min. The final static force used here was determined by 

the earlier stress-strain test at Tg+20 ˚C. After holding the load at this temperature for 5 

min, samples were cooled down to Tg-20 ˚C at -10 ˚C/min while maintaining the static 

force. The static force was quickly released at Tg-20 ˚C and samples were allowed to 

relax for 5 min. The temperature was finally raised back and equilibrated at Tg+20 ˚C, 

triggering sample shape recovery. Another three consecutive loading cycles were 

performed on each sample. For comparison, SME tests on neat PTMCs were 

programmed in the same way as PTMC/PLA fibre composites at Tg+20 ˚C (Tg of PLA or 

PLA-PEG blend). 

 

Figure 4.1 Schematic showing the shape memory tests cycle: sample is heated and 

stretched at Tg+20 ˚C; it is cooled down to Tg-20 ˚C while holding the load, during which 

the temporary shape is fixed; the original shape is recovered when sample is heated 

back to Tg+20 ˚C. Four consecutive loading cycles were performed on each sample. 

 

4.3 Results and Discussion 

4.3.1 PTMC/PLA continuous fibre composites 

Electrospun PLA fibres are characterized using SEM (see Figure 4.2 a). Fibres are 

continuous and smooth with few defects being present. Some PLA fibres are found to 
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be adhering to each other, which is due to the incomplete solvent evaporation during 

electrospinning, leading to fusion of fibre surfaces. PLA electrospun fibres have 

diameters ranging from 0.4 μm to 3 μm with an average diameter of around 1.2 μm. 

The SEM images of cold-fractured PTMC/PLA continuous fibre composites are shown in 

Figure 4.2 b. By measuring the mass of the electrospun fibre mat before and after 

PTMC infiltration, the mass ratio of continuous PLA fibre in PTMC composites is 

estimated at 29.8±2.8%. The absence of widespread fibre pull-out is indicative for a 

strong interaction between PLA fibres and PTMC matrix. For continuous fibre 

composites, the interconnected space between the electrospun fibres is completely 

filled by PTMC matrix and no cavities are observed, suggesting excellent impregnation 

of PTMC solution into the electrospun fibre mat during the fabrication process. 

Together with the strong adhesion between fibres and matrix, it implies efficient stress 

transfer in these continuous fibre composites. DSC and DMA were performed to study 

their thermo-mechanical properties and to determine the temperature range for the 

shape memory tests. DSC thermograms of PLA fibre and PTMC/PLA fibre composites 

are shown in Figure 4.3. Tg at 60 ˚C and Tm at 154 ˚C are observed for both as-spun PLA 

fibres and PTMC/PLA fibre composites. In addition, the crystallinity of continuous PLA 

fibres is increased from 3.4% to 37.1% after incorporation into PTMC composites due 

to solvent induced crystallization [213]. The storage modulus (E’) and tan δ as a 

function of temperature are presented in Figure 4.2 c. At low temperature (below -20 

˚C), both PTMC and PTMC/PLA fibre composites are stiff, with an E’ at around 2 GPa. As 

temperature increases, a first drop in E’ occurred to all samples. Meanwhile, tan δ 

reached its first peak, corresponding to the Tg of PTMC (around -4 ˚C). PTMC/PLA fibre 

composites exhibited another distinct peak in tan δ at 78 ˚C due to the glass transition 

of PLA. Since the shape memory test was conducted in a DMA, Tg=78 ˚C was used as 

the shape memory transition temperature in the following experiments. To determine 

the force needed for the shape memory tests, stress-strain tests of PTMC and 

PTMC/PLA fibre composites at 98 °C (Tg+20 °C) were conducted in a DMA. The 

representative stress-strain curve is shown in Figure 4.8. The Young’s modulus and 

tensile strength of PTMC is increased from 1.7 to 16.6 MPa and 0.6 to 2.0 MPa 

respectively by the introduction of the continuous PLA fibres. Failure strain is also 

improved three-fold from 51% to 176%.Thus electrospun PLA fibres can be considered 

as efficient reinforcements for PTMC in biomedical applications. 
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Representative temperature-stress-strain plots of a shape memory test cycle of PTMC 

and PTMC/PLA fibre composite are shown in Figure 4.2 d. To quantify the shape 

memory properties of each sample, the strain fixity (Rf ) and strain recovery (Rr ) are 

introduced, calculated by; 

𝑅𝑓 =
𝜀𝑢(𝑁)

𝜀𝑚
                                                                                                                                  (4.2) 

and 

𝑅𝑟(N) =
𝜀𝑚−𝜀𝑝(𝑁)

𝜀𝑚−𝜀𝑝(𝑁−1)
                                                                                                                (4.3) 

where N is the number of cycles tested, εm is the maximum strain that the sample is 

stretched to, εu is the strain of the sample after relaxing at 58 °C (Tg-20 °C) and εp is the 

strain of the sample after recovering at 98 °C. 100% of Rf  and Rr means complete shape 

fixing and recovering, respectively. Rf and Rr of each sample against the test cycle 

number (N) are presented in Figure 4.2e. The detailed quantification of Rr and Rf  in 

each test cycle can be found in Table 4.2. Continuous PTMC/PLA fibre composites are 

seen to have excellent shape fixity with an average Rf  of 94%. In its first test cycle, a 

permanent strain of 20% was not recovered and Rr (1) was calculated at 53%. This 

unrecovered strain can be explained by PLA chain relaxation at 98 °C as well as 

processing history [172]. The PLA chains were initially oriented due to the extensional 

flow in electrospinning [38]. This molecular orientation turns into disorder when the 

composites are heated at 98 °C, resulting in the unrecovered strain. The strain recovery 

ratio Rr increased to 87% in the second cycle and reached 95% in the fourth cycle. 

Compared to SMPCs with discrete phases [234], a continuous network as in the case of 

electrospun fibre mats is more efficient in transferring stresses, offering a better shape 

fixity ratio Rf. Neat PTMC samples exhibited excellent elasticity. No shape fixing was 

observed for PTMC as samples recovered to their original dimension immediately upon 

releasing the load in all four test cycles (see black curve in Figure 4.2 d). 



Chapter 4 – Shape memory polymer composites based on degradable polymers 

 

89 
 

 

Figure 4.2 (a) SEM images of electrospun PLA fibres (scale bar 400 µm), inset shows an 

electrospun PLA fibre mat at higher magnification (scale bar 20 µm); (b) SEM images of 

cold-fractured PTMC/PLA continuous fibre composites; (c) storage modulus and tan δ of 

PTMC and PTMC/PLA continuous fibre composites as function of temperature tested by 

DMA; (d) representative temperature-strain-stress plots showing shape memory test 

cycles (1 to 4) of neat PTMC (black dashed) and PTMC/PLA continuous fibre composites 

(red solid); (e) shape fixity ratio (Rf ) and shape recovery ratio (Rr ) against testing cycle 

number (N ). 
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Figure 4.3 DSC thermograms of PLA fibres and PTMC/PLA fibre composites.  

 

4.3.2 PTMC/PLA short fibre composites 

Continuous electrospun PLA fibres were successfully cut into short fibres by stirring in 

toluene/petroleum ether 80/20 (named as fibre L1) and their SEM images are 

presented in Figure 4.4 a and b. Fibre L1 has lengths ranging from 50 to 700 μm, with 

an average length of 220±110 μm. Different short fibre loadings (5, 10, 30 and 50 wt%) 

are mixed separately with the PTMC/propylene carbonate solution and crosslinked to 

form the short fibre composites. SEM images of cold-fractured PTMC/PLA fibre L1 

composites are presented in Figure 4.4 c-f. Also in the case of short fibre composites, 

fibre pull-outs are rarely observed after fracture, indicating a strong bonding between 

the discontinuous PLA fibres and the PTMC matrix. According to Chapter 3 and our 

previous report [88], the critical length Lc of short PLA fibres in PTMC was calculated at 

21 μm, which is one order of magnitude below the average length of the discontinuous 

PLA fibres. This, on the other hand, indicates that these short fibres are still highly 

efficient in transferring stresses [215]. DSC and DMA were performed on PTMC/PLA 

short fibre composites in the same way as PTMC/PLA continuous fibre composites. DSC 

thermograms of short PLA fibre and PTMC/PLA short fibre composites are shown in 

Figure 4.3. Tg and Tm are not changed compared to continuous fibre composite samples, 

calculated at 60 ˚C and 154 ˚C, respectively. The crystallinity of PLA is increased from 

3.4% to 35.1% (fibre L1) and finally to around 33% (in PTMC composites). This increase 

in crystallinity is due to solvent induced crystallization [213]. Representative storage 

modulus (E’) and tan δ as a function of temperature are presented in Figure 4.5 

(obtained from composites containing 30 wt% fibre L1). A second peak of tan δ at 78 ˚C 
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indicates that PTMC/PLA short fibre composites have Tg at 78 ˚C. Thus shape memory 

tests are conducted at 78±20 ˚C, i.e. the same temperature as for PTMC/PLA 

continuous fibre composites. 

To determine a suitable force to be used in the shape memory tests, stress-strain tests 

of PTMC/PLA fibre L1 composites at 98 °C was performed using DMA. The 

representative stress-strain curve and quantified results can be found in Figure 4.8 and 

Table 4.1 respectively. Composites with 5, 10 and 30 wt% short PLA fibre show good 

ductility with strains varying from 105% to 128% at 98 ˚C. Young’s modulus and tensile 

strength are improved after incorporating fibre L1, however these values were lower 

than for continuous fibre composites due to less fibre continuity and reduced fibre 

efficiency [219]. As fibre L1 loading is increased from 5 to 50 wt%, composite modulus 

increased up to eight times that of neat PTMC. However, continuing increasing fibre 

loading to 50 wt% resulted in a decrease in both composite strength and ductility. This 

decrease in failure stress and strain can be explained by the low yield strain of PLA and 

stress concentrations arising from fibres and fibre aggregates [88, 201]. 

In the shape memory tests of PTMC/PLA short fibre composites, all samples (except for 

50 wt% fibre loading) showed a high shape recovery ratio Rr but a low shape fixing ratio 

Rf compared to continuous fibre composites. With 5 wt% fibre L1 incorporated, the 

material has the lowest Rf. This is because when only a few fibres are present in the 

composites, they are not able to bear the contraction force from the PTMC matrix 

necessary to maintain the deformation after removal of the external stress, resulting in 

a similar behaviour as neat PTMC. By increasing the amount of short PLA fibres, 

composites maintained good a shape recovery ratio Rr  but showed an increase in their 

shape fixing ratio Rf. The improvement in Rf  is a result of the improvement in the fibres’ 

abilities to bear the entropic contraction stress of the PTMC. When 50 wt% fibre L1 are 

incorporated, the composites exhibit good shape fixing with Rf  reaching 86% in the 4th 

test cycle. At this high fibre loading, the composites are still showing good recovery 

properties (Rr = 94%). It is found that at similar fibre loading (30 wt%), short fibre 

composites are still less shape-fixing than continuous fibre composites. 
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Figure 4.4 (a, b) SEM images of electrospun PLA fibre L1 (scale bar a, 400 µm; b, 20 µm); 

(c-f) SEM images of cold-fractured PTMC containing; (c) 5 wt%, (d) 10 wt%, (e) 30 wt%, 

and (f) 50 wt% PLA fibre L1 (scale bar 20 µm). 
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Figure 4.5 (a) Representative storage modulus and tan δ of PTMC and PTMC/PLA 30 wt% 

short fibre composites as function of temperature tested by DMA; (b) representative 

temperature-stress-strain plots showing shape memory test cycle of PTMC with 

different short PLA fibre loadings (black: 5 wt%, red: 10 wt%, blue: 30 wt%, green: 50 

wt%); c. shape fixity ratio (Rf ) and shape recovery ratio (Rr ) against test cycle number 

(N ). 

 

To investigate the importance of a continuous fibre phase on composites’ shape 

memory behaviour, short fibres with slightly longer average lengths were prepared by 

mechanical stirring as-spun fibres in toluene/petroleum ether 70/30 (named as fibre 

L2). Fibre L2 lengths ranged from 100 to 850 μm, with an average length at 270±140 

μm. The length distribution of fibre L1 compared to fibre L2 is presented in Figure 4.6. 

By decreasing the toluene fraction during mechanical stirring, the average fibre length 

was increased slightly due to less swelling of PLA [88]. Two different loadings of fibre L2 

(10 and 30 wt%) were incorporated into PTMC composites. Composites containing 50 
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wt% fibre L2 are difficult to prepare due to fibre entanglements and relatively poor 

dispersion. By observing cold-fractured samples, fibre L2 showed excellent adhesion 

with PTMC as most PLA fibres remained embedded within the matrix. SEM images of 

PTMC/PLA fibre L2 composites can be found in Figure 4.6a-b. Because fibre L2 has an 

average length which is also one order of magnitude higher than the critical length of 

PLA in PTMC (L2 ≈ 13·Lc), these discontinuous fibres are expected to show comparable 

reinforcing efficiencies as fibre L1 (L1 ≈ 10·Lc) [215]. Thermo-mechanical tests show no 

difference in Tg between fibre L2 and fibre L1 based composites, which is at 60 ˚C (by 

DSC) and 78 ˚C (by DMA), respectively. The crystallinity of fibre L2 increases from 3.4% 

to 10.8% (as short fibre), which is lower than fibre L1 (35.1%) and finally to around 33% 

(in PTMC composites). The difference in solvent-induced crystallization between fibre 

L2 and L1 is due to different swelling ratios of PLA under each processing condition. 

Stress-strain tests on PTMC/PLA fibre L2 composites at 98 °C (Tg+20 °C) was performed 

using DMA. The detailed quantified test results are listed in Table 4.1. The Young’s 

modulus and tensile strength of PTMC is enhanced by loading fibre L2. Composites also 

showed good ductility at 98 ˚C, with a failure strain near 150%. Composites containing 

10 wt% fibre L2 and L1 have comparable mechanical properties because both fibres 

have average lengths which are much longer than the critical length (≥ 10·Lc), hence 

leading to similar reinforcing efficiencies of fibre L2 and L1 [215]. Composites 

containing 30 wt% fibre L2 exhibit a lower modulus and tensile strength than fibre L1 

based composites due to fibre entanglement and heterogeneity. In shape memory 

tests of PTMC/PLA fibre L2 composites, at 10 wt% fibre loading the composites shape 

fixing ratio is increased three-fold (Rf  from 20 to 61%); at 30 wt% fibre L2 loading, the 

composites shape fixing is also improved from 45% to 64%. Composites based on fibre 

L2 showed more training effects in the first test cycle but eventually excellent shape 

recovery was obtained (both near 95%). The difference in shape fixing ratio between 

composites based on fibre L1 and L2 is due to the different aspect ratios of the PLA 

fibres, which results in differences in fibre entanglements, dispersion and network 

formation. At the same fibre loading, fibres of higher aspect ratio are found to offer 

stronger shape fixing properties due to more fibre entanglements [211].  
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Figure 4.6 SEM images of cold-fractured PTMC/PLA fibre L2 composites: (a) PTMC/10 

wt% fibre L2, (b) PTMC/30 wt% fibre L2. (c) Length distribution of fibre L1 and L2. A 

total number of 300 short fibres were randomly picked from SEM images and their 

length is analysed using Image J software. The average length of fibre L1 and L2 are 

calculated at 220±110 µm and 270±140 µm, yielding aspect ratios of 340 and 430, 

respectively. 

 

To further support the importance of fibre entanglements in the polymer materials’ 

shape memory behaviour, a suspension of fibre L1 after mechanical stirring was 

deposited into a 50x20×1 mm3 mould and rectangular fibre mats were formed after 

evaporation of the media solvents. It is expected that in this way more fibre-fibre 

contacts and entanglements are formed. Fibre L1 loading in the composites is 

calculated at around 30 wt%. PTMC/propylene carbonate solution was cast onto a 

short fibre mat using the same protocol as for continuous electrospun fibre mats. 

Stress-strain tests indicated no significant effect on composite mechanical properties. 

However, shape memory tests showed a significant improvement in shape fixing ratio 

Rf, increasing it from 45 to 75%, while composites also remained an excellent shape 
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recovery ratio (Rr at 97% in 4th test cycle). Thus by increasing the fibre loading or fibre 

aspect ratio, more fibre entanglements are realised, which finally leads to a stronger 

fibre network and better shape memory properties of the composites. 

4.3.3 Modulating elastomeric phase (PTMC) properties 

The impact of the properties of the elastomeric phase on composites’ shape memory 

behaviour is also investigated by varying PTMC macromer molecular weight. PTMC 

macromers of 𝑀𝑤
̅̅ ̅̅̅5,000 and 17,200 were used to substitute PTMC 10,000. The 

composites were prepared and tested in the same way as for PTMC 10,000 based 

samples. PTMC 5,000 matrix shows again strong adhesion with PLA fibres as no fibre 

pull-out is observed in cold fractured composite samples. Some cavities are found in 

PTMC 17,200 based composites but also here most fibres are still well embedded 

within the polymer matrix (Figure 4.7). By observing the peak of tan δ using DMA, Tg of 

PTMC 5,000 and 17,200 shifted to -1.9 ˚C and -8.8 ˚C, respectively, compared with -4 ˚C 

for PTMC 10,000. Stress-strain tests at 98 ˚C showed that neat PTMC 5,000 is stiffer 

with a lower failure strain while neat PTMC 17,200 is softer with a considerably high 

failure strain (see Table 4.1). The difference in Tg and mechanical properties are the 

result of molecular chain mobility and changes in crosslink density. With fibre 

reinforcement, all composites exhibit similar mechanical behaviours. In the shape 

memory tests, no shape memory effect was observed for neat PTMC 5,000 samples. 

Some unrecovered deformation is seen for neat PTMC 17,200 samples as a result of 

viscoelastic creep. Due to the increased stiffness for PTMC 5,000, composites, shape 

fixing property is decreased due to PLA fibres that are less competent to withstand the 

contraction force from the PTCM matrix. However, its recovery ratio is thus improved 

as expected. In contrast, composites’ shape recovery property for PTMC 17,200 is 

decreased as this matrix is softer and a lower recovery force can be generated (see 

Table 4.2). 
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Figure 4.7 SEM images of PTMC 5000 fibre composites before (a1) and after (a2) shape 

memory testing; SEM images of PTMC 17200 fibre composites before (b1) and after (b2) 

shape memory testing. The scale bar for a and b is 20 µm. (c) storage modulus and tan 

δ of PTMC/PLA continuous fibre composites as function of temperature by DMA (black: 

PTMC 10,000, red: PTMC 5,000, blue: PTMC 17,200). 

 

 

Figure 4.8 Representative stress-strain curve of PTMC and PTMC/fibre composites at 98 

˚C: (black) neat PTMC, (red) PTMC/continuous fibre composites, (black dash) PTMC/5 

wt% fibre L1 composites, (red dash) PTMC/10 wt% fibres L1 composites, (blue dash) 

PTMC/30 wt% fibres L1 composites, (green dash) PTMC/50 wt% fibres L1 composites 
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Table 4.1 Summary of strain-stress tests of PTMC and PLA fibre reinforced PTMC 

composites at 98 ˚C using DMA. 

Sample 

Young’s 

modulus 

(MPa)* 

Tensile 

strength 

(MPa) 

Yield strain 

(%) 

PTMC 1.69±0.13 0.58±0.08 51±7 

PTMC5000 2.12±0.15 0.59±0.09 37±3 

PTMC17200 1.15±0.08 0.56±0.03 276±3 

PTMC continuous fibre 16.63±4.46 1.97±0.36 176±41 

PTMC5000/continuous 11.40±0.59 2.10±0.07 199±11 

PTMC17200/continuous 11.49±1.27 1.43±0.07 209±18 

PTMC/5 wt% fibre L1 2.50±0.13 0.98±0.07 105±16 

PTMC/10 wt% fibre L1 2.38±0.20 1.17±0.02 128±12 

PTMC/30 wt% fibre L1 7.33±0.87 1.68±0.18 116±25 

PTMC/50 wt% fibre L1 12.46±6.93 1.19±0.36 85±20 

PTMC/10 wt% fibre L2 2.79±0.62 0.82±0.19 146±45 

PTMC/30 wt% fibre L2 4.39±0.20 1.24±0.06 169±13 

PTMC/fibre L1 mat 6.61±1.55 1.44±0.42 122±22 

*Young’s modulus is calculated by the slope of stress-strain curve at 0-3% strain 

Table 4.2 Quantification data of Rr and Rf of different samples. 

Sample  
Rf1 

(%) 

Rf2 

(%) 

Rf3 

(%) 

Rf4 

(%) 

Rr1 

(%) 

Rr2 

(%) 

Rr3 

(%) 

Rr4 

(%) 

PTMC 12.2 12.7 12.9 13.0 93.6 99.4 99.7 99.7 

PTMC5000 12.2 14.0 14.5 14.9 94.4 97.8 99.1 99.5 

PTMC17200 38.3 42.4 44.3 45.4 77.8 87.9 92.3 94.3 

PTMC continuous fibre 93.8 93.7 93.8 93.9 53 86.5 92.3 94.9 

PTMC5000 continuous 66.9 67.0 67.4 67.8 65.3 93.9 96.8 97.7 

PTMC17200 continuous 86.5 88.4 89.5 90.3 43.8 72.2 82.7 86.9 

PTMC/10% fibre L1 19.8 19.7 20 20.3 92.3 98.8 99.4 99.4 

PTMC/30% fibre L1 43.1 43.9 44.4 44.9 81 94.1 96.2 97.4 

PTMC/50% fibre L1 85 85.5 85.7 85.9 47.3 87.7 90.9 94.1 

PTMC/10% fibre L2 54.5 57.7 59.6 61.1 69.5 91.5 93.7 95.3 

PTMC/30% fibre L2 58.1 60.8 62.6 63.7 66.2 89.2 92.5 94.2 

PTMC/fibre L1 mat 74.7 75.7 75.2 75.3 72.2 94.1 96.2 97.4 

PTMC/PLA-PEG fibre 96.3 96.5 96.7 96.8 52.0 77.3 84.1 87.7 
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The SEM images of PTMC and PTMC/PLA fibre composites after shape memory tests 

are shown in Figure 4.9. A strong bonding between PLA fibres and PTMC still exists as 

no fibre pull-out occurred, indicating a good mechanical stability of the SMPCs. 

Photographs demonstrating the composites’ shape memory behaviour are presented in 

Figure 4.10. For this a 20×3×0.12 mm3 rectangular sample (permanent shape) was cut 

out of the continuous fibre composite film and placed on a hot plate heated at 100 ˚C. 

The sample was then deformed around a glass rod and quickly quenched in cold water. 

After removing the glass rod, the sample remained curved (temporary shape). The 

single curved sample was then transferred back onto the hot plate at 100 ˚C, which 

showed a quick recovery back to the sample’s original flat shape (full recovery within 

15 sec). For short fibre composites, a spring-shaped (permanent shape) sample was 

produced using a spiral tube mould. The temporary spiral shape was obtained by 

compressing the spring-like sample in a water bath at 90 ˚C followed by quenching in 

cold water. Shape recovery was achieved within 3 sec by placing the compressed spiral 

back in the water bath at 90 ˚C.  
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Figure 4.9 SEM images of cold-fractured cross-sections of PTMC and PLA fibre 

reinforced PTMC composites after four shape memory test cycles: (a) neat PTMC, (b) 

continuous PTMC/PLA fibre composite, (c) PTMC/5 wt% fibre L1 composite, (d) 

PTMC/10 wt% fibre L1 composite, (e) PTMC/30 wt% fibre L1 composite, (f) PTMC/50 wt% 

fibre L1 composite, (g) PTMC/10 wt% fibre L2 composite, (h) PTMC/30 wt% fibre L2 

composite (scale bar 20 μm). 
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Figure 4.10 Photographs demonstrating PLA fibre reinforced PTMC composite shape 

memory behaviour: (A) Rectangular PTMC/PLA continuous fibre composite sample was 

bended around a glass rod at 100 ˚C and then quenched. The shape recovery was 

triggered by heating at 100 ˚C; (B) a spring-shaped sample of PTMC/50 wt% fibre L1 

composite was compressed in a water bath (90 ˚C) and quenched in cold water. By 

heating the sample back to 90 ˚C, shape recovery was achieved. 

 

4.3.4 Modulating shape memory transition temperature 

In addition to tuning the composites’ shape fixing and recovery properties by adjusting 

the PLA fibre loading and aspect ratio, PEG was blended into PLA to modify the shape 

memory transition temperature. PTMC/PLA-PEG blend fibre composites were prepared 

and tested in the same way as PTMC/PLA continuous fibre composites. SEM images of 

electrospun PLA-PEG fibres and cryo-fracture surfaces of these composites are shown 

in Figure 4.11. Fibres are continuous and defect-free. The average diameter is 

calculated at 1.2±0.6 µm with some very thin fibres present (150 nm). The change in 

fibre morphology is due to the change in viscosity of the electrospinning solution with 

the addition of PEG. Fibres are still adhering firmly to the PTMC matrix, implying good 

stress transfer and reinforcing efficiency. 

Thermo-mechanical tests were performed using the same conditions as for PTMC/PLA 

continuous fibre composites. DSC tests show that the Tg of electrospun PLA fibre is 

shifted from 60.0 ˚C to 46.1 ˚C after blending with 10 wt% PEG. Meanwhile the cold 

crystallization peak becomes more narrow and decreased from 95.4 ˚C to 81.8 ˚C. The 

crystallinity is calculated at 14.8%, higher than for pristine PLA fibre (3.4%). After 
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integration into the PTMC network, the cold crystallization peak disappeared, with 

crystallinity increasing to 41.6% while Tg is increased to 50 ˚C. This is believed to be 

caused by the diffusion of PEG during the fabrication process. A melting point is 

measured at 155 ˚C for all samples. DMA tests were performed to study the transition 

temperature for the shape memory effect. The tan δ peaks of PTMC and fibre phase 

are shifted from -4 ˚C to -19 ˚C and 78 ˚C to 68 ˚C, respectively (see Figure 4.11), 

indicating that PEG exists in both the PTMC matrix phase and PLA fibre phase. Thus 

shape memory tests were performed at 68±20 ˚C. Stress-strain tests at 88 ˚C showed 

good mechanical properties of composites with Young’s moduli of 12.0±0.5 MPa, 

tensile strengths at 1.48±0.03 MPa and yield strains at 191±10%, compared with 

1.7±0.2 MPa, 0.74±0.02 MPa and 74±8% for neat PTMC. PTMC/PLA-PEG blend fibre 

composites showed excellent shape fixity properties (average 97%). A training effect of 

48% unrecovered strain is observed in the first test cycle. The recovery ratio Rr  

gradually increased and approached 90% in four cycles. The detailed quantification on 

Rr and Rf  is listed in Table 4.2. Neat PTMC under this condition still presents significant 

elasticity with no shape fixity (average Rr at 99.5% and Rf at 9.6%). For comparison, 

shape memory tests at 68 ˚C were also performed on PTMC/PLA fibre composites 

without PEG, whose Tg was initially measured at 78 ˚C. The average shape fixing ratio Rf 

is decreased to 71.3%, which is due to a decreased polymer chain mobility. Thus, this 

proves that the addition of PEG is effective in altering the shape memory behaviour 

temperature.  
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Figure 4.11 SEM images of electrospun PLA/10% PEG blend fibres (a) and their cold-

fractured PTMC composites before shape memory test (b) (scale bar 20 μm); (c) DSC 

thermograms of electrospun PLA/10% PEG blend fibres and their PTMC composites; (d) 

storage modulus and tan δ of PTMC/PLA fibre composites as a function of temperature 

(with and without PEG). 

 

Composite samples after shape memory tests are characterized by SEM and DMA. 

Fibres remained well embedded in the PTMC matrix (see Figure 4.12), showing the 

stability of the composites after repeated usage. The storage modulus increased after 

the shape memory test, which is a result of polymer chain orientation by stretching 

during the test. The tan δ peak of the composites remained unchanged, indicating that 

no aging effects occurred during the test. Therefore, it can be concluded that these 

shape memory composites are both mechanically and thermally stable. 
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Figure 4.12 SEM image of cold-fractured PTMC/PLA-PEG fibre composites after shape 

memory test (scale bar 20 μm); (b) storage modulus and tan δ of PTMC/PLA-PEG 

composites as function of temperature tested by DMA (black-before shape memory test; 

red-after shape memory test). 

 

4.4 Conclusions 

Biocompatible and degradable one-way SMPCs were successfully developed by 

incorporating both continuous and discontinuous electrospun PLA fibres into a 

crosslinked PTMC network. These fibres not only act as reinforcing fillers but also as a 

‘switching phase’, which in combination with the elastic PTMC network demonstrates 

shape memory properties. The large interfacial area and strong bonding between 

PTMC matrix and PLA fibres indicate a highly efficient stress transfer mechanism. With 

the integration of continuous electrospun PLA fibre mats or 50 wt% short PLA fibres, 

the Young’s modulus of PTMC was increased by one order of magnitude without 

compromising the material’s elasticity under experimental conditions. Continuous fibre 

composites exhibited good shape memory properties (Rf= 94%, Rr= 95%), while 

discontinuous fibre composites loaded with 50 wt% short PLA fibres also proved to 

exhibit good shape fixity and recovery (Rf=86%, Rr=94%). By controlling the short PLA 

fibre loading and aspect ratio, composite shape memory properties can be tailored. It 

was found that by increasing the short fibre’s aspect ratio and loading, the composites’ 

strain fixing behaviour is improved while good strain recovery is maintained. Moreover, 

by using short fibres, composite fabrication processes such as injection moulding and 

compression moulding become feasible, opening up the possibility to create complex 
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3D geometries. Finally, it was is found that by adding PEG as a plasticizer into the PLA 

fibres, the composites’ shape memory transition behaviour can be performed at 

different temperatures, significantly increasing the SMPCs’ potential applications. The 

biocompatible and degradable nature of the developed SMPCs in combination with the 

potential of easy processing and flexible designs can therefore make these materials 

interesting candidates for smart medical devices. 
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Chapter 5 – Advanced drug delivery systems based 

on drug-loaded electrospun PLA fibres in photo-

crosslinkable PTMC matrix 

 

5.1 Introduction 

Poly(trimethylene carbonate) (PTMC) is a biocompatible and degradable polymer 

material that can be synthesized via ring-opening reaction of 1,3-trimethylene 

carbonate [7]. Its degradation mediated by a surface-erosion mechanism, is 

characterized by an extremely low level of non-enzymatic hydrolysis and non-acidic 

degradation by-products, which makes PTMC an attractive material and polyesters 

alternative for biological applications [8]. However, PTMC is usually considered to have 

poor mechanical performances, which restricts it from certain usages that require good 

dimensional stability. Efforts have been endeavoured to enhance the mechanical 

properties of PTMC, by increasing molecular weight [188], blending with other stiffer 

polymers or inorganic particles [191, 243, 244], copolymerizing with ‘hard’ polymer 

blocks [245] or crosslinking [189]. Recently, Schüller-Ravoo et al. synthesized three-

armed PTMC macromers and functionalized the arm with methacrylate ends. The 

photo-crosslinking of the functionalized macromer produced flexible and tear-resistant 

elastomeric materials [190]. Stereolithography (SLA) is a common additive 

manufacturing technique, employed to build PTMC-based structures with 

unprecedented degree of precision for the control of three-dimensional architectures. 

Despite the great potential of SLA-fabricated scaffolds, very few examples of PTMC 

drug delivery systems fabricated using photo-fabrication can be found in the literature. 

Indeed, SLA requires successive layer-by-layer photoreactions of the resin compounds, 

containing methacrylated-ended macromers and photo-initiators. This intrinsically 

restricts the potential of the SLA-fabricated scaffolds to be used as drug delivery 

carriers, due to chemical UV cross-reaction and incompatibility between the 

therapeutics and the photoreaction, and due to the light sensitivity of a great majority 

of active compounds. So far, only Vitamin B12 (as model system) has been 
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incorporated into PTMC photo-crosslinkable matrix, in the form of non-soluble micro-

granules to prevent any degradation [197]. 

In Chapter 3, reinforcement of PTMC was achieved by incorporating electrospun 

poly(lactic acid) (PLA) fibres in methacrylate-ended PTMC macromer followed by UV 

crosslinking [88]. The improvements in mechanical properties of PTMC combined with 

potential biological features has brought interests in designing composite drug delivery 

systems, which is the focus of the current chapter using Dexamethasone (Dexa) as a 

model drug. Dexa is a synthetic glucocorticoid with several therapeutical applications, 

such as anti-inflammatory, immunosuppressant and decongestant [246]. It also shows 

potent stimulation effects on the proliferation and osteogenic differentiation of 

mesenchymal stem cells (MSCs) in the presence of β-glycerol phosphate and ascorbic 

acid/ascorbate [247, 248], with optimal concentrations ranging from 10 to 100 nM 

[249]. 

Since then, various platforms have been developed as Dexa carriers, allowing for a 

sustained release, such as implant dispensers [250], nanoparticles/hydrogel complexes 

[251], self-assemblies of nanofibre gels [252], electrospun fibres [118], macroporous 

scaffolds [253], additive manufacturing fabricated structures [249] etc. Among those, 

Dexa-charged nanoparticles are easy to administrate as injectable system but have low 

drug loading efficiency and it is difficult to prevent their dispersion in the body 

following their administration for local treatment. Hydrogel/fibre reinforced 

composites are more suitable for local delivery and showed controlled release profiles 

according to previous reports; nevertheless their poor mechanical performance 

restricts their potential applications. Electrospun polymer fibres have gained great 

interest as drug carriers due to their ease of fabrication, high drug encapsulation 

efficiency, large surface area and highly porous fibrous structure [254]; but a burst 

release usually occurred as a result of drug accumulation at the fibre surface [212, 255]. 

The initial burst release can be alleviated by improving drug-polymer compatibility and 

drug solubility in polymer solution during electrospinning (i.e. employing surfactants, 

although this gives rise to problems of cytotoxicity). A sustained release is also realized 

by fabricating complex structures that encapsulate drug in core-shell structures, 

modifying the fibre’s chemical properties or using drug-binding agents [8, 157, 256-

258]. Most of these methods are inevitable to either modify the fibre or drug 

chemical/physical properties or involve complicated fabrication processes.  
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The objective of current work is to fabricate a PTMC/PLA fibre composite system that 

enables the controlled release of Dexa. PLA was chosen for the fabrication of 

electrospun fibres since it is commercially available, biocompatible, degradable and 

much stiffer than PTMC. Additionally, the combination with PTMC is also improving the 

ductility of the rather brittle PLA material, as shown in Chapter 3 [88]. PLA fibres loaded 

with Dexa were electrospun and incorporated into PTMC matrix. Such hybrid materials 

will bring various advantages in terms of tailoring mechanical properties, preservation 

of drug stability and control of diffusion rates, compared to direct drug-loaded PTMC 

strategies. In order to validate this approach, the biological activity of Dexa-loaded 

PTMC/PLA fibre composite films was assessed by investigating its osteogenic effect on 

human stem cells.  

PTMC-based scaffolds have already shown great versatility and promising potential in 

terms of biomedical applications [7], while its ability to incorporate therapeutics into 

the PTMC-photocrosslinked structure without affecting its activity is of major 

importance. 

 

5.2 Experimental 

5.2.1 Materials 

Poly(lactic acid) (PLA 2002D, 𝑀𝑤
̅̅ ̅̅̅200,000 g/mol, density 1.24 g/cm3) was obtained from 

Natureworks. PTMC (three-armed methacrylate-ended, 𝑀𝑤
̅̅ ̅̅̅10,000 g/mol) macromer 

was synthesized as reported [205]. Chloroform, dimethylformamide (DMF), methanol, 

dichloromethane and acetonitrile (HPLC grade) were obtained from Fisher Scientific. 

Poly(ethylene glycol) methacrylate (PEG-methacrylate, average Mn 360 g/mol), 

dexamethasone (powder, BioReagent, ≥97%, chemical structure shown in Figure 5.1), 

2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, I2959) were 

purchased from Sigma-Aldrich. Phosphate buffered saline (PBS) was prepared by 

dissolving one tablet of PBS (Sigma-Aldrich) in 200 ml deionized water. All materials 

and reagents were used as received. 
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Figure 5.1 Chemical structure of dexamethasone (Dexa) 

 

5.2.2 Electrospinning and composite preparation 

Electrospinning was performed using the in-house built electrospinning equipment 

described in Chapter 3. To spin PLA and Dexa-loaded PLA fibres, a PLA solution with a 

concentration of 9 wt% in chloroform/DMF (chloroform:DMF=3:1) was first prepared. 

For low Dexa-loaded fibres (0.7 wt% with respect to PLA), Dexa was added to the PLA 

solution and stirred until fully dissolved. For higher Dexa loadings (2.4 wt% with respect 

to PLA), methanol was used to replace DMF while preparing the PLA solution in order 

to increase the drug solubility. The PLA or PLA-Dexa solution was supplied through a 

PTFE tube at 1.0 ml/h to the electrospinning spinneret. The spinning was carried out at 

a voltage of 18-20 kV and a distance of 15 cm. Random fibre mats were collected on a 

grounded sheet of aluminium foil. Finally three different PLA fibre mats (neat PLA (PLA 

0), PLA-low Dexa (PLA 1) and PLA-high Dexa (PLA 2)) were obtained and they were 

evaporated in a vacuum desiccator for 48 hrs to remove residual solvent. 

Hot-pressing was used to incorporate the electrospun fibres into PTMC matrix. To 

perform hot-pressing, PTMC macromer was first dissolved in dichloromethane at 50 wt% 

concentration together with 0.67 wt% of I2959 (with respect to PTMC). After 

dissolution, the PTMC/dichloromethane solution was transferred into a vacuum 

desiccator for 48 hrs to remove the dichloromethane. The dried PTMC/I2959 mixture 

was then ready to use for hot-pressing (Dr. Collin P300E). 40 mg of PLA fibre mats (size 

50×50×0.08 mm3, referred to as PLA 0, PLA 1 and PLA 2, loaded with 0, 0.68 and 2.42 

wt% of Dexa respectively) was placed in a 60×60×0.15 mm3 mould, which was then 

transferred into the hot-press. 160 mg of PTMC macromer (containing I2959) was 

placed on top of the fibre mats. Fibres and PTMC were pre-heated to 60 ˚C for 5 min 

and then pressed under 25 bar pressure. The compression moulded films had a 

thickness of 0.06 mm and were removed from the mould after cooling to room 
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temperature. This was followed by exposing these composite films to UV (Omnicure 

1500) for 100 sec at 15 mW/cm2 to cure the PTMC (UV intensity is higher than in SLA 

due to the composite structure). The composite films were then stored in a nitrogen 

box for further experiments. For comparison, PTMC samples without fibres were 

prepared by casting PTMC/I2959 dichloromethane solution into a 50×5×1 mm3 mould 

followed by evaporation of the solvent. PTMC was UV-cured using the same 

parameters as described above. Four different sets of samples were prepared, named 

PTMC (for neat PTMC without PLA fibre), PTMC/PLA 0, PTMC/PLA 1 and PTMC/PLA 2 

for composites reinforced with PLA fibres loaded with 0, 0.7 and 2.4 wt% of Dexa, 

respectively. 

5.2.3 Electrospun fibre and PTMC/PLA fibre composite characterization 

The morphology of the electrospun fibres and PTMC/PLA fibre composites were 

characterized using scanning electron microscopy (SEM, FEI Inspect F). All samples 

were mounted onto a SEM specimen stub and sputter-coated with a thin gold layer. To 

examine PTMC infiltration and fibre-matrix interaction, composite samples were cold-

fractured in liquid nitrogen and the fracture surfaces were characterized using SEM. 

Thermal properties of electrospun fibres were measured using differential scanning 

calorimetry (DSC, Perkin-Elmer DSC 4000). Samples were first equilibrated at 25 ˚C and 

then ramped to 180 ˚C at 10 ˚C/min. Glass transition temperature (Tg) was determined 

by the mid-point of the glass transition. The crystallinity of PLA was calculated by, 

𝑋𝑐 =
∆𝐻𝑚

∆𝐻𝑟𝑒𝑓
× 100%                                                                                                                  (5.1) 

where Xc is the crystallinity, ΔHm is the experimental heat of fusion at melting point 

determined by DSC, ΔHref is the theoretical heat of fusion of fully crystalline PLA (93 J/g) 

[206]. Tensile tests of electrospun fibre mats and PTMC/PLA fibre composites were 

performed using dynamic mechanical analysis (DMA, TA Q800) in a controlled force 

mode. Samples were cut into 20×5×0.06 mm3 rectangular strips before being mounted 

into clamps. A preload of 0.05 N was applied and the specimens were stretched at a 

rate of 0.1 N/min until failure at room temperature. The Young’s modulus was derived 

from the slope of the stress-strain curve at a low strain (0-2%) and three tests were 

performed for each type of sample.  
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5.2.4 In vitro measurement of Dexamethasone release 

Dexa concentration in phosphate-buffered saline (PBS) was determined using high 

performance liquid chromatography (HPCL, Waters e2695) equipped with UV detector 

and a Kinetex column (Phenomenex, C18, 100 Å, 5 µm, 150×4.6 mm2). The mobile 

phase was 50/50 v/v acetonitrile/PBS, eluted at 1.0 ml/min. The detection was 

performed at 256 nm UV adsorption wavelength with 50 µl injection for each solution. 

Before injection, a series of Dexa/PBS solutions at concentrations ranging from 8×10-6 

to 5.6×10-4 mg/ml were prepared for contructing a calibration standard curve (HPLC 

peak area against Dexa concentrations). To evaluate the Dexa elution from electrospun 

PLA fibres and PTMC/PLA fibre composites, 15×15 mm2 specimen were cut from each 

sample and immersed in 3 ml PBS into an incubator at 37 ˚C for a period of five weeks. 

At different time intervals, each specimen was removed from the media and 

transferred into 3 ml fresh PBS. The recovered media was then analysed using HPLC 

and again three tests were conducted per sample group. The Dexa concentration 

released in the media is calculated by first integrating the HPLC peak and then derived 

from the standard calibration curve. 

5.2.5 Gel permeation chromatography analyses 

Gel permeation chromatography (GPC) technique was employed to investigate the 

possible coupling between Dexa and the methacrylate-ended PTMC macromers, in the 

presence of a photoinitiator, during UV curing. We examined the refractive index (RI) 

signal of methacrylate and Dexa before and after UV curing. Instead of PTMC-

methacrylate, a model of macromer PEG-methacrylate was used and dissolved in 

tetrahydrofuran (THF) at a concentration of 2.0 mg/ml. Dexa and I2959 were added at 

0.20 mg/ml and 0.17 mg/ml respectively. The solution was degassed in nitrogen for 30 

min and divided into two portions, one of which was UV treated at 15 mW/cm2 for 100 

sec. For reference, THF solutions of Dexa and I2959 were also tested separately to 

identify their signals. The GPC tests were performed using Agilent Technologies 1260 

infinity equipped with a UV detector at 308 nm wavelength. Tetrahydrofuran (with 2.0 

vol% triethylamine) was used as the eluent at a flow rate of 1.0 ml/min.  

5.2.6 Cell experiments 

PTMC/PLA fibre composite films (PTMC/PLA 0, 1 and 2) were punched into discs with a 

diameter of around 6.0 mm (each disc weighs around 1.5 mg). These discs were then 

placed in a 96-well plate and sterilized in ethanol 70% for 10 min. 
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Human bone marrow mesenchymal stem cells (hBMSCs) were isolated from vertebral 

body bone marrow aspirates (obtained from donors undergoing spinal fusion with 

informed consent and full ethical approval (KEK Bern 126/03)). hBMSCs of two donors 

were expanded individually and seeded separately (at passage 3) onto the films at a 

density of 20,000 cells/cm2. In order to investigate the biological activity of 

Dexamethasone released from the composite structures (PTMC/PLA 0, 1 and 2), the 

cells were cultivated in osteogenic media depleted of any Dexamethasone (called "OM-

") based on basic low glucose DMEM (GIBCO) supplemented with 10% serum (SeraPlus), 

1% penicillin/streptomycin (GIBCO), 50 µg/mL ascorbic acid and 5 mM glycerol-2-

phosphate (all from Sigma-Aldrich). The osteogenic differentiation of hBMSCs in the 

described groups were compared to cells seeded on PTMC/PLA 0, cultivated under 

non-osteogenic condition (negative control in basal medium, called "BM", based on 

basic low glucose DMEM supplemented with 10% serum and 1% 

penicillin/streptomycin) and complete osteogenic medium (positive control, called 

"OM+" similar to "OM– " composition but supplemented with 10 nM Dexamethasone 

(from Sigma-Aldrich). After seeding, the 96-well plates were filled with 200 µL of the 

different media and were changed three times a week for the 28 days of the osteogenic 

experiment. For all the in vitro investigations, control surfaces based on tissue culture 

polystyrene (TCPS) was used (96-well plate TPP, Trasadingen, Switzerland).  

The cytocompatibility of the different PTMC/PLA composite films and the cell 

proliferation kinetic was evaluated using CellTiter Blue assay (Promega, Dübendorf, 

Switzerland) at 2, 6, 14, 21 and 28 days post-seeding (n=5 per group), following the 

supplier's recommendation. The resulting fluorescence intensity was read with a multi-

plate reader (Viktor3, 1420 Multilabel Count, Perkin-Elmer) and values were corrected 

using cell-free condition. 

For DNA quantification, samples were first incubated in lysis buffer made of Triton X-

100 at 0.1% in 10 mM of Tris-HCl, pH=7.4 (all from Sigma-Aldrich) and followed by one 

freezing-thawing cycle. Then, the DNA content was estimated using fluorescent 

CyQuant® GR Dye assay, according to the supplier's recommendation (Invitrogen), (n=3 

per group). Alkaline phosphatase activity (ALP) from the cell-lysis solution was 

determined using colorimetric quantification. Briefly, samples along with a set of 

standard solutions (p-nitrophenol of concentrations from 0 to 1000 µM) were 

incubated with alkaline buffer solution (2-amino-2-methylpropanol 1.5 M pH=10.3, 
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from Sigma-Aldrich) and then ALP substrate buffer was added (phosphatase substrate 

dissolved in diethanolamine buffer at 1 M in 0.5 mM MgCl2 adjusted pH=9.8). After 

mixing, and heating (at 37 ˚C for exactly 15 min), a solution of NaOH at 0.1 M was 

added to each tube in order to stop the reaction. Then, the intensity of p-nitrophenol 

formation was monitored at 405 nm. The total ALP contents were expressed as enzyme 

activity units in nmol/min (n=3 per group), as a function of total DNA (ng) per well 

measured using CyQuant® assay. ALP staining was performed after washing the cell 

monolayers with PBS (3 times), fixation (with ice cold ethanol 90% for 4 min), washing 

with deionised (DI) water and later, staining with Fast Blue dye solution for 1 hr 

wrapped in tin foil (Naphthol AS-MX, according to Sigma-Aldirch recommendation). 

After incubation, samples were washed 3 times with DI water and imaged by light 

microscopy (MacrofluoTM from Leica). 

Presence of mineralization was detected using Alizarin Red Staining (ARS, Sigma-

Aldrich), with TCPS as control films. The cell monolayer was washed with PBS, fixed 

with formaldehyde 4% and further washed with DI water. Then, 40 mM ARS solution at 

pH=4.2 was added to each well for 1 hr and thoroughly washed with DI water for 5 days. 

Finally, samples were imaged by light microscopy (MacrofluoTM from Leica) and a 

quantification of the ARS was performed by acid extraction thereafter. Briefly, acetic 

acid (at 10%) was added to each well for 30 min, and the loosely attached monolayer of 

cells was transferred to Eppendorf tubes, heated to 85 ºC for 10 min, and then placed 

on ice for 5 min. After centrifugation at 20,000 g for 15 min, ammonium hydroxide was 

added to the supernatant (final pH of 4.1-4.5) and absorbance was recorded at 405 nm 

and compared to ARS standard solutions ranging from 0 up to 2000 µM (n=3 per group). 

For all the mentioned assays, background values obtained from cell-free conditions are 

subtracted from the final values.  

SEM analyses required the fixation of the samples overnight in buffered 

paraformaldehyde at 4%, dehydration with gradual concentration of ethanol up to 100% 

followed by immersion in hexamethyldisilazane (Sigma-Aldrich). After complete drying, 

the samples were sputter-coated with C and investigated using a Hitachi S4700 FESEM 

instrument. 
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5.2.7 Statistical analyses 

Statistical analysis of data was performed using Prism software (GraphPad Software, La 

Jolla, CA, USA). We assumed normal distribution of data. One way ANOVA with Tukey’s 

multiple comparison test was applied to detect significant differences between 

experimental groups (with p < 0.05). Data presented are means ± standard deviation 

(SD) unless stated otherwise. 

 

5.3 Results and Discussion 

5.3.1 Physical properties of PTMC/PLA fibre composites 

The morphologies of electrospun fibres (with and without Dexa) were characterized 

using SEM (see Figure 5.2 top). Interestingly, the incorporation of Dexa into PLA 

produced more uniform and thinner fibres, with an average diameter for PLA fibres 

decreasing from 1.23±0.47 µm (PLA 0) to 0.39±0.14 µm and 0.74±0.15 µm for PLA 1 

and PLA 2, respectively (Figure 5.2 bottom). Some heterogeneity (e.g. beading) was 

observed on fibres with 0.7 wt% Dexa, which is ascribed to the reduced viscosity of the 

spinning solution. However, no beading was observed for fibres with 2.4 wt% Dexa, 

whose surfaces were smooth. The difference is attributed to the increased solubility of 

Dexa when using methanol instead of DMF for electrospinning. Moreover, the fact that 

electrospinning using methanol (for fibres with high drug loading) produced larger 

diameter fibres than by using DMF (for fibres with low drug loading) is explained by the 

faster evaporation rate of methanol compared to DMF, which resulted in quicker 

solidification of the fluid jet and thus less stretching. 
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Figure 5.2 SEM images of electrospun fibres (scale bar 5 µm): (a) PLA-0% Dexa, (b) PLA-

0.7% Dexa and (c) PLA-2.4% Dexa (A); (d) fibre diameter distribution of PLA-0% Dexa, 

PLA-0.7% Dexa and PLA-2.4% Dexa. 

 

Thermal properties of electrospun fibres are then characterized using DSC (Figure 5.3). 

A melting point (Tm) of 154 ˚C is measured for all samples except for PLA 2 (153 ˚C). 

Glass transition temperature (Tg) of bulk PLA (63.9 ˚C) is decreased after 

electrospinning (PLA 0, 60.0 ˚C) and further decreased to 59.2 ˚C (PLA 1) and 59.0 ˚C 

(PLA 2), respectively, with the addition of Dexa. This decrease in Tg after 

electrospinning is caused by the inner stress stored in electrospinning, which makes 

molecules become more mobile at lower temperature [212]. Small molecules, such as 

Dexa, are considered to act as plasticizer and lower the Tg of PLA. Cold crystallization is 

observed for all electrospun PLA fibres. The cold crystallization peak becomes sharper 

and cold crystallization temperature (Tcc) is shifted to lower temperatures (from 95.4 ˚C 

to 87.9 ˚C) after incorporating 2.4 wt% Dexa. The crystallinity of bulk PLA is decreased 

from 34.4% to 3.4% after electrospinning and further decreased to 2.1% after adding 

0.7 wt% Dexa. However, the crystallinity is increased slightly to 5.7% when using 

methanol instead of DMF. The changes in PLA crystallinity are considered to affect the 

fibre’s mechanical properties, which is evaluated later by tensile tests. 
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Figure 5.3 (a) DSC thermograms of the different PLA materials without Dexa (bulk PLA 

and PLA 0) and with Dexa loading (PLA 1 and 2). (b) Quantification of the PLA fibres’ 

thermal properties depending on the processing and presence of Dexa. 

 

The SEM images of PTMC/PLA fibre composites are presented in Figure 5.4, where both 

the morphology of surfaces (a1, b1, c1) and cross-sections (a2, b2, c2) are presented. 

The composite surfaces are PTMC rich, with only some PLA fibres exposed. We 

observed a good compatibility between PLA and PTMC, as fibres are well wetted by 

PTMC matrix with very few voids and debonds being present (Figure 5.4 b2 and c2). 

PTCM matrix seem to adhere well to PLA fibres as most fibres are well embedded 

within the matrix with little fibre pull-out visible at the cryo-fracture surface, indicating 

a good level of interaction and interfacial bonding between fibres and PTMC matrix.  
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Figure 5.4 SEM images of PTMC ((a1) surface, (a2) cross-section); PTMC/PLA 1 ((b1) 

surface, (b2) cross-section) and PTMC/PLA 2 ((c1) surface, (c2) cross-section), 

respectively (scale bar 20 µm). 

 

The mechanical properties of both electrospun fibres and PTMC/PLA fibre composites 

are quantified and the results are presented in Figure 5.5 and Table 5.1. PTMC 

exhibited elastic properties with decreased failure strain compared with solution 

processed PTMC described in the Chapter 1. It is found that the Young’s modulus and 

strength of the electrospun fibre mat is much weaker than bulk PLA (3.5 GPa, provided 

by supplier). Previous studies showed that electrospun nanofibres with diameters ≤ 200 

nm can typically exhibit a three-fold increase in Young’s modulus compared to bulk 

polymer properties [221]. Despite a potential increase in fibre properties due to 

molecular orientation, the reason of the low Young’s moduli of electrospun fibre mats 

is due to their lack of fibre orientation, high mat porosity, and weak fibre-fibre 

interactions enabling sliding during stretching. PLA 2 mats have a higher Young’s 

modulus than PLA 0 because of their higher crystallinity (5.7% compared to 3.4%). 

Meanwhile, PLA 1 exhibits a lower failure strain, which is explained by its more 

heterogeneous structure, with the presence of beads (see Figure 5.2), which can act as 

potential defects, resulting in a low failure strain. The mechanical properties of PTMC 

are significantly improved by the addition of the electrospun fibres. Young’s modulus of 

PTMC is increased by more than one order of magnitude and tensile strength is 
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increased 3-4 folds, indicating a highly effective mechanical reinforcement effect due to 

the integration of electrospun PLA fibres within the PTMC matrix. In addition, it is also 

observed from the stress-strain curve that the yield strain/stress, ultimate tensile 

strain/stress of electrospun fibre mats are increased after integrating into PTMC, 

indicating good improvement on electrospun PLA fibre by composite structure. 

 

Figure 5.5 Representative stress-strain curves of electrospun PLA fibre mats and 

PTMC/PLA fibre composites. 

 

Table 5.1 Results of the tensile tests of electrospun PLA fibre mats and PTMC/PLA fibre 

composites. 

Sample Young’s modulus (MPa) Strength (MPa) Failure strain (%) 

PLA 0 45.3±5.4 2.31±0.94 50±27 

PLA 1 49.7±5.3 2.14±0.36 21±4 

PLA 2 65.9±21.9 2.18±0.82 72±6 

PTMC 2.7±0.5 1.31±0.43 62±11 

PTMC/PLA 1 30.9±6.8 4.61±1.19 107±9 

PTMC/PLA 2 33.9±19.3 3.86±1.41 82±13 
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5.3.2 Investigation of the crosslink-reaction between Dexa and methacrylated-PEG 

during UV curing 

To study possible cross-reactions between methacrylate end-groups and Dexa, GPC 

tests were first run on Dexa and photoinitiator to identify their RI signal. A signal at 

18.9 min is identified to be Dexa while a signal at 20.3 min belongs to I2959 (see Figure 

5.6 a).The RI signal against elution time of Dexa and PEG-methacrylate before and after 

UV curing is presented in Figure 5.6 b. After UV curing, the intensity of the Dexa peak 

(eluted at 18.9 min) is significantly reduced. In the meantime, the peak corresponding 

to PEG-methacrylate (17.9 min) is shifted to lower elution times (17.7 min) with 

increased signal intensity. The shift of the PEG-methacrylate signal peak, the decreased 

signal intensity of Dexa and the increased signal intensity of PEG-methacrylate are all 

indicators of the coupling between Dexa and PEG-methacrylate. The reaction between 

Dexa and methacrylate-ended macromers shows the instability of Dexa when exposed 

to UV-curing processes and its potential deactivation when directly integrated into 

PTMC. It is therefore crucial to integrate them within electrospun fibres to protect their 

properties and functions.  
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Figure 5.6 (a) Refrective index detector (RI) signal against elution time of 

Dexamethasone and photoinitiator; (b) RI signal against elution time of Dexa and PEG-

methacrylate before (black) and after (red) UV curing. 

5.3.3 In vitro release of Dexa from electrospun PLA fibres and PTMC/PLA fibre 

composites 

To determine Dexa concentration released during the in vitro tests, a series of standard 

Dexa/PBS solutions were injected into HPLC (the representative chromatogram of 

standard Dexa/PBS solution at 3.2×10-4 mg/ml is shown in Figure 5.8a) and a calibration 

curve of Dexa concentration against HPLC peak integration was drawn (Figure 5.7). A 

distinctive peak at 2.4 min elution time was observed for all standard Dexa/PBS 

solution, which corresponds to Dexa; a linear relationship between Dexa concentration 

and HPLC peak integration was observed.  
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Figure 5.7 Calibration curve of standard Dexa/PBS solution ranging from 8.0×10-6 to 

5.6×10-4 mg/ml: a linear relationship between Dexa concentration and HPLC peak 

integration was observedwithin this range 

 

 

Figure 5.8 Representative HPLC chromatogram of a standard Dexa/PBS solution at 

concentration of 3.2×10-4 mg/ml, b-PBS media recovered from in vitro release of 

PTMC/PLA 2 at Day 2. 
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The PBS media recovered from in vitro tests at different time intervals was injected into 

the HPLC. The Dexa peak was still detected at 2.4 min elution time, indicating Dexa’s 

properties are preserved (see Figure 5.8b). The Dexa concentration was then 

extrapolated using the calibration curve. Dexa release profile from electrospun fibres 

and PTMC/PLA fibre composites during five weeks are recorded in terms of cumulative 

release and actual Dexa concentration (Figure 5.9). All samples showed a quick release 

in the first four days in vitro and then the release rate decreases. A stable and 

sustained release profile is observed afterwards. The cumulative release profile 

suggested only small portions of Dexa are released during the test period, which can be 

explained by the slow degradation of both PLA and PTMC under the experimental 

conditions. PLA 2 exhibits the fastest release rate during the whole test period (initially 

1.1×10-6 M then decreasing to 2.0×10-9 M after five weeks). By incorporating Dexa into 

PTMC, the elution kinetics is effectively reduced 6-10 fold in the first four days. 

Therefore a more stable Dexa release rate is achieved by incorporating PLA 2 into 

PTMC, whose release rate ranges from 1.4×10-7 M to 6.0×10-10 M. PLA 1 has the slowest 

initial release rate but shows a stable release profile, ranging from 4.1×10-9 M to 

2.0×10-10 M. After integrating the PLA fibres into PTMC, the composites exhibit a much 

faster release rate than the fibres over the first three days (2-20 times); after which it 

keeps decreasing and finally maintains a stable release after ten days. The rapid initial 

Dexa release from the composites is ascribed to the incomplete coverage of PTMC on 

the fibre surface (see Figure 5.4). For in vitro cell assays (four weeks period), PTMC/PLA 

fiber composites (with both low and high Dexa loading PLA fibres and drug-free PLA 0 

fibres) were used. From the release kinetics data, we can estimate by extrapolation the 

concentration of Dexa present in the culture media (for the in vitro experiment) at 

9.4×10-7 M to 6.5×10-9 M for PTMC/PLA 2 and 6.4×10-7 M to 6.7×10-10 M for PTMC/PLA 

1, based on 1.5 mg composites disc incubated in 200 µl culture media. 

After 5 weeks of incubation in PBS, the PTMC/PLA fibre composites were characterized 

using SEM (see Figure 5.10). It is shown that composite structures were well preserved, 

similar to the ones illustrated in Figure 5.4, without major alterations (for both surface 

and cross-section). We can observe that the PLA fibres are still fully embedded within 

the PTMC matrix, indicating that the hybrid PTMC/PLA fibre structures remain stable 

during the 5 weeks of experiment. 
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Figure 5.9 a-Cumulative Dexa released from electrospun PLA fibres and PTMC/PLA fibre 

composites during in in vitro tests for 5 weeks; b-Dexa concentration released from 

electrospun PLA fibres and PTMC/PLA fibre composites (per 1.0 mg sample in 1.0 ml PBS 

at 37 ˚C, values presented as non-cumulated). 

 

 

Figure 5.10 SEM images of PTMC/PLA fibre composites after 35-days in vitro release 

tests: PTMC/PLA 1 (a1) surface, (a2) cross-section and PTMC/PLA 2 (b1) surface, (b2) 

cross-section (scale bar 20 µm). 

 

5.3.4 In vitro cell experiments 

The aim of this work is to validate the new hybrid PTMC/PLA fibre composite structures 

as delivery systems able to maintain drug potency and biological activity. For this 
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purpose Dexa was selected as drug model as it exhibits a strong "concentration-

dependent" biological activity on stem cells. For instance, depending on the charge of 

Dexa in the medium, it can favour in vitro hBMSCs proliferation and/or osteogenic 

differentiation. Both et al., showed that a media supplemented with 10-8 M of Dexa, 

promoted both the proliferation and differentiation of hBMSCs [259]. However, reverse 

effects on hBMSCs potential to differentiate toward osteoblast lineage (with a shift 

toward adipogenic differentiation) and reduced ability to proliferate have been 

reported at higher dosage (i.e. 10-7 M [260, 261]). This biological versatility makes Dexa 

an excellent candidate to validate how we can control the release of Dexa in the 

current PTMC/PLA hybrid system. 

 

Figure 5.11 CellTiter Blue quantification (values corresponding to fluorescent intensities) 

of hBMSCs proliferating on the different substrates in various medium (BM, OM- and 

OM+) at (a) Day 2, (b) Day 6, (c) Day 14, (d) Day 21 and (e) Day 28. £, ! and $ report 

significance on the variable nature of the media (£: on PTMC/PLA 0 and ! on control 

TCPS) and on Dexamethasone charges ($: PTMC/PLA 0, 1 and 2 in OM-). 

After two days post-seeding (Figure 5.11 a) no difference could be detected on hBMSCs 

density between the different groups (with or without Dexa, either in the media or 
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loaded in films). Indeed, when cells are seeded at a low density (here 6,000 cells/well), 

there is usually a 3 to 5 days lag phase before resuming a rapid growth phase [262]. 

This corroborates our results as the effect of Dexa could be first seen at Day 6 (Figure 

5.11 b), with significant improvement of cell proliferation for all groups containing Dexa. 

Effective release of Dexa from PTMC/PLA 1 and PLA 2 was proven by the accelerated 

cell growth observed for those two groups (compared to Dexa-free PTMC/PLA 0, in 

media depleted of any Dexa (OM-)). Similar conclusions can be drawn for later time 

intervals (Day 14, 21 and 28, Figure 5.11 c,d, and e respectively), with superior hBMSCs 

proliferation on OM+ condition (observed for both PTMC/PLA 0 and control TCPS) and 

on PTMC/PLA loaded with Dexa (1 and 2) compared to PTMC/PLA 0 (even if not 

systematically significant). At Day 21, fluorescent values for the groups cultivated in 

OM+ ((PTMC/PLA 0) and TCPS) were similar to the PTMC/PLA 1 and 2, demonstrating 

the beneficial effect of Dexa released from the composite films (no significance 

between PTMC/PLA 0 and TCPS in OM+ compared to PTMC/PLA 1 and PTMC/PLA 2). As 

the cells reached a high degree of confluency following 21 days of cultivation, the 

fluorescent values measured at Day 28 were not increased compared to previous time 

intervals, but followed a similar feature (Figure 5.11 e). For all time intervals,  cell 

proliferation was always the lowest in BM condition < OM- and < OM+, revealing that 

not only Dexa (present only in OM+), but also ascorbic acid is another stimulator of 

hBMSCs proliferation [263]. 

The sustained release of biologically active Dexa from PTMC/PLA hybrids is able to 

stimulate hBMSCs proliferation, but without following a concentration-dependent 

scenario, as values for PTMC/PLA 1 were similar to PTMC/PLA 2 for all the time 

intervals. Indeed, as shown by the release kinetics presented in Figure 5.9, the 

composites with Dexa loadings of 0.7 and 2.4 wt% released the drug at a concentration 

below the cytotoxic threshold of 10-7 M [260, 261]. 
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Figure 5.12 Dexa released from PTMC/PLA composites recreates in vitro conditions 

similar to osteogenic media on hBMSCs ALP activity. ALP activity measured at (a) Day 

14 and (b) Day 21 (with £,! and $ reporting significance on the variables: nature of the 

media (£ on PTMC/PLA 0 and ! on control TCPS) and on Dexamethasone loadings 

($ PTMC/PLA 0, 1 and 2 in OM-). (c) ALP staining on hBMSCs monolayer cultivated on 

the different substrates (only shown for 1 donor, but similar staining was obtained for 

both donor). 

 

It is well known that supplementing media with the synthetic glucocorticoid Dexa 

induces hBMSCs to differentiate towards osteogenic lineage. One early marker 

commonly investigated to validate such evolution relies on the determination of alkalin 

phosphatase (ALP) [264, 265]. For both time intervals (Day 14 and Day 21, Figure 5.12 a 
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and b, respectively), the ALP activity was negligible on BM condition (on both 

PTMC/PLA 0 and TCPS) and on OM- (without Dexa). The ALP activity correlates with the 

ALP staining as shown in Figure 5.12 c (only shown for donor 1), with robust ALP 

staining on OM+ condition, but also for cells growing on PTMC/PLA 1 and 2 substrates. 

The continuous release of Dexa from the hybrid films allows to trigger stem cells 

differentiation, in a similar order of magnitude than under OM+, where media was 

constantly refreshed with 10 nM of Dexa, as no significant differences were observed 

between PTMC/PLA and TCPS in OM + and PTMC/PLA 1 and 2. 

ALP is chronologically an early osteogenic marker, hence it is not surprising to see a 

decline in activity between Day 14 and Day 21 for some groups (e.g. PTMC/PLA 2), 

revealing that the peak of ALP activity is already passed between those two time 

intervals. In fact, as PTMC/PLA 2 releases more Dexa than PTMC/PLA 1 (Figure 5.9), we 

expect that the ALP peak actually appeared earlier in PTMC/PLA 2 then Day 21, with 

the corresponding ALP already being at a similar value than Dexa-free PTMC/PLA 0. 

This is a natural phenomenon as during cell maturation ALP naturally decreases and 

then cells start to deposit minerals (calcium and phosphorus), which is a later marker of 

osteogenic differentiation [266]. 

In vitro mineralization was monitored in our study using Alizarin Red Staining (ARS) and 

quantification. 
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Figure 5.13 Dexa loaded PTMC/PLA composite film successfully triggers hBMSCs 

differentiation towards mineralizing osteoblast-cell lineage. Calcium deposition from 

hBMSCs was measured at (a) Day 21 and (b) Day 28 (with £, ! and $ report significance 

on the variables: nature of the media (£ on PTMC/PLA 0 and ! on control TCPS) and on 

Dexamethasone charges ($ PTMC/PLA 0, 1 and 2 in OM-). (c) Alizarin Red Staining of 

Ca2+ secreted by hBMSCs cultivated on the divers substrates (only shown for 1 donor, 

but similar staining was obtained for both donor. 

 

Further signs of osteogenic differentiation of hBMSCs induced by the release of Dexa 

are shown by the staining and quantification of calcium deposition (Figure 5.13). At 

both Day 21 and Day 28, the Dexa-depleted medium, present in the BM and drug-free 

Dexa PTMC/PLA 0 in OM- conditions, did not permit cells to mineralize (Figure 5.13 b 

and c). In contrast, the presence of Dexa either exogenously supplemented (in OM+) or 
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diffusing from PTMC/PLA 1 and 2, allows the stem cells to fully undergo osteogenic 

differentiation with robust time-dependent biomineralization (as shown by the Alizarin 

Red Staining images, Figure 5.13 c). No significance was observed between Ca2+ formed 

in fully supplemented OM media (positive control OM+) and in the PTMC/PLA 1 and 2 

for both time intervals. In this study, Dexa was selected as model system for osteogenic 

differentiation. For the positive controls (i.e. osteogenic condition), this exogenous 

factor was directly introduced into the culture medium of hBMSCs (OM+). It was 

concluded from the osteogenic study that the composite films loaded with Dexa 

successfully triggered hBMSCs to differentiate towards mature osteoblast lineage, as 

both early (ALP activity, Figure 5.12) and late (Ca2+ deposition, Figure 5.13) markers 

were up-regulated in similar intensity than for the positive OM+ condition. 

 

Figure 5.14 Biomineralization is visible on cell monolayers cultivated on Dexa-loaded 

films like in OM+ condition. Illustration of PTMC/PLA composite film surface (dash lines 

denoted the cross-section and white triangles the PLA fibres). The red and white arrows 

denoted cell membranes and clusters of minerals, respectively. SEM images were taken 

at Day 28 of the in vitro culture experiment. 

 

SEM observations (Figure 5.14), corroborated the ARS results. Numerous particle 

clusters are observed from samples containing Dexa in OM- condition or samples with 

no Dexa but cultivated in OM+ condition. The particle clusters are speculated to be CaP 

minerals, which can be further validated with energy-dispersive X-ray spectroscopy 

(EDS). In contrast, no particle clusters deposited by the hBMSCs on the control groups 
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could be detected (structures cultivated in absence of Dexa, i.e. PTMC/PLA 0 in BM and 

in OM-). SEM images confirmed the potential of Dexa-loaded PTMC/PLA fibre 

composite films to stimulate stem cells differentiation and to promote the deposition 

of minerals, fundamental for any bone tissue engineering application. 

In this study, biocompatible and degradable polymeric composites based on 

electrospun PLA fibres and photo-crosslinked PTMC were successfully fabricated. The 

PLA fibres were incorporated into PTMC macromer using compression moulding 

followed by UV-curing. The composites exhibited significant improvements in 

mechanical performance compared to pure PTMC. Young’s modulus was increased by 

one-order of magnitude while tensile strength increased 3-fold. Fibres showed good 

interaction and bonding with the PTMC matrix as no fibre pull-out was observed for 

cold-fractured composites, while composites were stable even after 5 weeks of 

incubation in media. Dexamethasone was introduced into the composites through the 

use of Dexa-loaded electrospun PLA fibres, which were subsequently integrated into 

PTMC matrix. By doing so, a UV-triggered cross-reaction between Dexa and 

methacrylate-ended PTMC could be avoided; hence preserving the biological activity of 

Dexa. Moreover, by combining electrospun PLA fibres with PTMC matrix a stable and 

sustained Dexa release profile was obtained, which allowed for improved hBMSC 

proliferation and osteogenic differentiation. 

To summarize, the concept of polymer/polymer composite structures offers a high 

degree of versatility as various therapeutics, especially those known to react with 

photo-crosslinkers, can be loaded. The current study shows great promise for drug-

loaded scaffolds made by UV-based additive manufacturing techniques like 

stereolithography. 

 

5.4 Conclusions 

In this chapter, a PTMC matrix reinforced with PLA nanofibres loaded with 

dexamethasone was fabricated. The loading of dexamethasone within electrospun PLA 

fibres followed by the incorporating of these fibres in a PTMC photo-crosslinkable 

matrix allows for multiple improvements, including (i) enhancement of mechanical 

performances, (ii) preservation of biological activity of therapeutics and (iii) controlled 

release kinetics of the drug. This was validated by in vitro cell experiments, revealing 
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that the use of dexamethasone-loaded PTMC/PLA fibre composites had a direct impact 

on hBMSCs proliferation and osteogenic differentiation. As a proof of concept, the 

bioactive PLA fibres were loaded in PTMC to produce 2D composite films. The strategy 

offers great promise in the field of bioactive tissue engineering scaffolds, as it opens 

venues to drug-loaded constructs manufactured using additive manufacturing 

processes relying on photo-fabrication, such as stereolithography. 

 

 

 



Chapter 6 – Electrospun functionalized fibres for hydrogel composites  

 

132 
 

 

Chapter 6 - Functionalization of electrospun PLA 

fibres using amphiphilic block copolymers for use in 

carboxy-methyl-cellulose hydrogel composites 

 

6.1 Introduction 

Cellulose is the most abundant renewable resource on the planet and cellulose-based 

hydrogels are considered to have great potential in the fields of tissue engineering, 

drug delivery, food, agriculture, etc. [267] Cellulose hydrogels can be prepared by 

physical crosslinking through ionic, hydrogen bonding or other molecular interactions 

[268-270]. They are also produced via chemical crosslinking or radiation [271, 272]. The 

3D network of carboxy-methyl-cellulose (CMC) hydrogels contains large amounts of 

water, which provide an attractive environment for cell growth. However, most 

hydrogel materials (especially single-phase gels) have poor mechanical properties 

whereas many biological gel tissues, such as cartilages, are usually strong and shock-

absorbing [273]. Hence their scope for use in biomedical applications is limited. As a 

result, considerable efforts have been made to improve the mechanical performance of 

hydrogels. For instance, it was found by repeated freeze-thawing of hydrogels, that 

polymer molecules tend to aggregate under the expelling of water crystals, forming a 

crystallite; a two-phase gel structure contributing to an increased hydrogel strength 

[274, 275]. Alternatively, a double network gel can be produced which combines two 

independent gel networks to improve the gel strength and toughness [276, 277]. 

Instead of physical or covalent crosslinks as present in other gels, hydrogels made from 

supramolecules with topological interlocking exhibited good ductility as well as water 

adsorption [278].  

The use of reinforcing fillers is a common way to improve the mechanical properties of 

hydrogels without chemical modification or specific synthesis. Nanoscale fillers such as 

cellulose nanowhiskers [279], carbon nanotubes [280] and silica nanoparticles [281] 

have received extreme interests due to their large surface area and functional 
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properties (drug carriers, sensors, actuators, etc.). Nevertheless, their reinforcing 

effects were often rather limited, while the use of high filler loadings could even lead to 

a reduction in mechanical performance due to filler aggregation and a disturbance of 

the hydrogel network. 

Electrospinning is an easy and rapid technique for the production of high aspect-ratio 

polymer nanofibres. These fibres have great potential as reinforcements for hydrogels, 

opening up possibilities to tailor or design the mechanical properties of hydrogels. 

Their fibrous structure, high porosity and large surface area of electrospun fibres make 

them suitable as reinforcing fibres; while their high aspect ratio allows for effective 

stress transfer. Moreover, fibre reinforced hydrogels highly resemble biological tissues 

which often consist of micro- or nano-fibrous structures. Randomly oriented 

electrospun fibres as well as highly organized 3D printed electrospun fibre scaffolds 

have been used as reinforcements for hydrogels for use in tissue engineering [28, 282]. 

In addition to the use of continuous electrospun fibre mats, short electrospun fibres 

can also be used for hydrogel reinforcement while maintaining good flowability, 

processability and injectability [101, 283]. Poly(lactic acid) (PLA) is well-established 

nontoxic and biocompatible polymer material used for electrospinning. However, the 

hydrophobicity of PLA fibres does not allow easy integration into hydrogels or fibre 

wetting. Plasma treatment of PLA fibres has been used to facilitate improved fibre-

hydrogel integration [284], however at the same time this technique also caused 

defects in fibres. 

In this study, electrospun PLA fibre reinforced CMC hydrogel composites were 

prepared. CMC hydrogels were prepared in the presence of a crosslinker and 

photoinitiator. To improve fibre-matrix compatibility, electrospun fibres based on 

hybrids of PLA and amphiphilic block copolymer (BCP) poly(D,L-lactide)-block-poly[2-

(dimethylamino)ethyl methacrylate] (PLA-b-PDMAEMA) were produced. The presence 

of PDMAEMA on the fibre surface provided hydrophilic surface properties. By varying 

the PDMAEMA chain length, the hydrophilicity of PLA could be controlled. Moreover, 

PDMAEMA was quaternized and co-electrospun with PLA fibres. The quaternized 

PDMAEMA further enhanced the interaction between fibre and hydrogel via ionic 

interaction. The physicochemical properties of electrospun fibres and CMC composite 

hydrogels were assessed. Finally, continuous electrospun fibre mats were chopped into 

short electrospun fibres and incorporated into CMC hydrogels. The rheological 
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properties of these composite hydrogels were evaluated. It is proposed that these 

short fibres are potentially suitable for the reinforcement of injectable composite 

hydrogel systems. 

 

6.2 Experimental 

6.2.1 Materials 

All chemicals were obtained from Sigma-Aldrich unless specified. D,L-lactide was 

recrystallized in toluene; 4-(dimethylamino) pyridine (DMAP) (≥99%) was recrystallized 

in petroleum:ether-toluene 4:1 mixture; triethylamine (≥99.9%) was distilled over 

calcium hydride; 2-(dimethylamino) ethyl methacrylate (DMAEMA) (98%) was passed 

through aluminium oxide to remove inhibitor. Phosphate buffer saline (PBS) was 

prepared by dissolving one PBS tablet in 200 ml deionised water. Benzyl alcohol 

(anhydrous, 99.8%), dichloromethane (DCM) (anhydrous, ≥99.8%), α-bromoisobutyryl 

bromide (BB, 98%), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) (99%), 5-

bromo-1-pentene (95%), copper (I) bromide (98%), aluminium oxide (≥98%), 

poly(ethylene glycol) dithiol (PEG-dithiol, average Mn = 1,000 g/mol), 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 98%), allyl bromide (99%), 

toluene (anhydrous, ≥99.8%), petroleum ether (bp 40-60 ˚C, ≥90%), hexane (≥95%), 

tetrahydrofuran (THF) (anhydrous, ≥ 99.9%), methanol (≥99.9%), sulphuric acid 

(99.999%), hydrogen peroxide solution (30 wt% in water) were used as received. Silicon 

wafer was purchased from PI-KEM Ltd. CMC power (Aqualon® Sodium CMC, DS≈0.7) 

and PLA 2002D (Mw = 200,000 g/mol) were obtained from Hercules and Natureworks, 

respectively. 

6.2.2 Synthesis of PLA-b-PDMAEMA and quaternization 

PLA-b-PDMAEMA was synthesized by a combination of ring-opening polymerization 

(ROP) and atom transfer radical polymerization (ATRP). First, bromide-ended PLA (PLA-

Br) was synthesized via ROP of lactide followed by end group functionalization. 3.0 g of 

D,L-lactide (2.1×10-2 mol) and 37.1 mg DMAP (3.0×10-4 mol) were placed in a round 

bottom flask equipped with a magnetic stirrer. The flask was flame dried under vacuum 

and purged by argon (Ar) prior to adding any reactants. The reactor was then sealed 

with a rubber septum and three cycles of vacuum-argon purge were conducted. 43.0 μl 

benzyl alcohol (4.2×10-4 mol) was injected into the reactor under Ar protection. The 
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reaction was carried out in an oil bath at 135 ˚C for 4 hrs. At the end of the reaction, 

10.0 ml anhydrous DCM and 290.0 μl triethylamine (2.1×10-3 mol) were directly 

injected to dissolve the products. The reactor was transferred to a cold water bath 

followed by slowly adding 276.0 μl α-bromoisobutyryl bromide (2.1×10-3 mol) under Ar 

atmosphere. The functionalization was continued overnight. PLA-Br was achieved by 

precipitating in cold methanol twice and dried in a vacuum desiccator.  

PLA-b-PDMAEMA was synthesized via ATRP. In flask A, 0.5g of PLA-Br (≈1.2×10-4 mol) 

and DMAEMA monomer were dissolved in 2.0 ml anhydrous THF, which was purged 

with Ar for 30 min. Meanwhile in flask B, 51 μl PMDETA (2.4×10-4 mol) and 17 mg 

copper (I) bromide (1.2×10-4 mol) were dissolved in 10.0 ml anhydrous THF and purged 

with Ar for 30 min. Afterwards, contents in flask B were transferred to flask A. The 

polymerization was continued in oil bath at 50 ˚C for 24 hrs. The reaction was stopped 

by exposing to air and the contents were diluted with 100 ml DCM and passed through 

alumina column to remove copper. The product solution was concentrated to 10 ml 

using a rota-vaporator (Buchi, Rotavapor RII) and precipitated in cold hexane twice. The 

product was dried in a vacuum desiccator for 48 hrs and stored in a nitrogen box. BCP 

with low, medium and high PDMAEMA content was synthesized, named as PDMAEMA 

(L), PDMAEMA (M) and PDMAEMA (H), respectively. 

For quaternizing PDMAEMA, PDMAEMA (H) was dissolved in anhydrous DMF at 1.0 

g/ml concentration. Then 2.5 eq. (mol) of 5-bromo-1-pentene was added and the 

reaction was carried out at 70 ˚C for 24 hrs. The product (named as PDMAEMA-Q) was 

recovered by precipitating in excessive cold diethyl ether and dried in a vacuum 

desiccator.  

6.2.3 Spin-coating and electrospinning of PLA-b-PDMAEMA 

The impact of PDMAEMA on PLA’s hydrophilicity was first studied on spin-coated films. 

Homo PLA (PLA 2002D), PLA-b-PDMAEMA and homo PLA/PLA-b-PDMAEMA hybrids 

were prepared, respectively. To start, PLA-b-PDMAEMA was dissolved in 

chloroform/DMF mixed solvent at a concentration of 0.1 mg/ml. The mass ratio of 

chloroform to DMF was set at 3:1, which was also used for all other spin-coating 

experiments as well as for electrospinning. The solution was stirred until homogeneous. 

Meanwhile, silicon wafer was cut into 1.0×1.0 cm2 substrates and functionalized to 

hydrophilic by treating them in sulphuric acid/hydrogen peroxide solution 3:1 (volume 
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ratio) at 100 ˚C for 1 hr. Substrates were then washed thoroughly with deionised water 

and purged with nitrogen. During spin coating, a few droplets of solution were 

transferred onto the substrate. The spin coating was performed by first spinning at 400 

rpm for 10 sec and then 2000 rpm for 40 sec (G3P-8, Specialty Coating System). The 

spin coated substrates were left in a fume hood overnight to allow solvent evaporation 

and stored in a nitrogen box for further characterization. PLA (with and without PLA-b-

PDMAEMA) spin-coated films were prepared on the same substrates following the 

same spin-coating routine. Due to a higher viscosity, they were dissolved until a diluted 

concentration (0.05 mg/ml). 15 wt% of PLA-b-PDMAEMA was added with respect to 

homo PLA. 

Electrospinning was carried out using an in-house built experimental setup. Homo PLA 

and PLA-b-PDMAEMA (15 wt% with respect to homo PLA) were dissolved in 

chloroform:DMF 3:1 (mass ratio) at a total polymer concentration of 9 wt%. PLA-b-

PDMAEMA on its own is not suitable for electrospinning due to its low molecular 

weight. The polymer solution was supplied to the spinning tip by a syringe pump (Kent 

Genie) at a feeding rate of 1.0 ml/h. This spinning tip was connected to a power unit 

(Glassman EQ) which generated 20-24 kV. Electrospun fibres were collected on 

aluminium foil and left in a fume hood to evaporate residual solvents. For comparison, 

PLA without BCP was electrospun using the same conditions as described above. In the 

end, five different fibres were prepared: homo PLA fibre, PLA/PDMAEMA (L) fibre, 

PLA/PDMAEMA (M) fibre, PLA/PDMAEMA (H) fibre and PLA/PDMAEMA-Q fibre. 

6.2.4 Preparation of fibre reinforced CMC hydrogel composites 

The CMC hydrogel was prepared by UV crosslinking of CMC and PEG-dithiol (crosslinker) 

aqueous solution with photoinitiator Irgacure 2959. First, the commercial CMC powder 

was modified by allyl bromide using an established method, which resulted in 13% 

molar ratio of alkene groups in CMC. In detail, 1.0 g CMC powder was dissolved in 50 

ml water and stirred until fully dissolved. Another 50 ml DMF was added and this 

solution was mixed until homogeneous. Approximately 0.1 ml allyl bromide was added 

into CMC solution and the reaction was continued at 70 ˚C overnight. The 

functionalized CMC was obtained by precipitating in acetone twice and dried in vacuum 

desiccator. To make the precursor solution of hydrogel, functionalized CMC was 

dissolved in water at a concentration of 20 mg/ml; PEG-dithiol and Irgacure 2959 were 

dissolved in PBS and methanol respectively, at a concentration of 225 mg/ml (PEG-
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dithiol) and 45 mg/ml (Irgacure 2959). A mixed solution of 1.0 ml CMC, 10.6 µl PEG-

dithiol and 12 µl Irgacure were prepared (precursor solution).  

To incorporate electrospun fibres, the as-spun fibre mat was cut into 20×30 mm2 

rectangular specimen (thickness 0.08-0.10 µm) and placed on a flat substrate. CMC 

precursor solution was cast to impregnate the fibre mats. To facilitate impregnation of 

the hydrophobic fibres, the mats were degassed in a vacuum desiccator for 15 min until 

the precursor solution infiltrated the fibre mats. A glass slide was placed and pressed 

on top to remove excessive solution. The whole system was UV crosslinked at 80 

mW/cm2 for 120 sec (Omnicure 1500). After UV crosslinking, composite hydrogels were 

incubated in PBS. 

6.2.5 Molecular characterization of synthesized polymer 

All synthesized polymers were characterized by 1H-NMR and GPC. For 1H-NMR spectra, 

samples were dissolved in deuterated chloroform (CDCl3) at a concentration of 10 

mg/ml and tested by a Bruker AVIII 400 spectrometer. Due to poor solubility of 

PDMAEMA-Q in CDCl3, it was dissolved in deuterated dimethyl sulfoxide (DMSO) 

instead. For GPC, samples were dissolved in THF at 1.0 mg/ml and tests were 

performed using an Agilent Technologies 1260 Infinity equipped with a UV detector at 

308 nm wavelength. THF (with 2.0 vol% triethylamine) was used as the eluent at a flow 

rate of 1.0 ml/min. Polystyrene (1,000-100,000 g/mol) was used as standard for 

calibration.  

6.2.6 Physiochemical properties of BCP-functionalized PLA 

Atomic force microscopy (AFM, NT-MDT, NTEGRA) was used to acquire topography and 

phase images of BCP-functionalized PLA spin-coated films in tapping mode. AFM was 

performed using a Bruker RTESP-300 probe (resonant frequency 300 kHz, spring 

constant 40 N/m) at set-point of 50-70% of free oscillation amplitude and an image 

scan rate of 1.0 Hz. The hydrophilicity of the spin-coated films and electrospun fibre 

mats was evaluated by contact angle measurements using drop shape analysis (DSA, 

Kruss DSA100). 5.0 µl liquid was carefully placed onto film samples and the contact 

angle was measured. To observe the morphology of electrospun fibres and hydrogels, 

samples were sputter coated with a thin gold layer and characterized using scanning 

electron microscopy (SEM, FEI Inspect F) at a distance of 10 mm and voltage of 10 kV. 

To investigate hydrogel-fibre interaction, composites were cold-fractured in liquid 
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nitrogen and lyophilized and then characterized by SEM. Thermal properties of 

electrospun fibres were measured by differential scanning calorimetry (DSC, Perkin-

Elmer DSC 4000) and dynamic mechanical analysis (DMA, TA Instrument Q800). For 

DSC tests, samples were first equilibrated at 25 ˚C and then ramped to 180 ˚C at 10 

˚C/min. Glass transition temperature (Tg) was determined by the mid-point of the glass 

transition. The crystallinity of PLA was calculated by, 

𝑋𝑐 =
∆𝐻𝑚

∆𝐻𝑟𝑒𝑓
× 100%                                                                                                                 (6.1) 

where Xc is the crystallinity, ΔHm is the experimental heat of fusion at melting point 

determined by DSC, ΔHref  is the theoretical heat of fusion of fully crystalline PLA (93 J/g) 

[206]. Tensile tests were performed on electrospun fibre mats and hydrogel 

composites using dynamic mechanical analysis (DMA, TA Instrument Q800) in 

controlled force mode. Fibre mats and composite hydrogel films were cut into 20×5 

mm rectangular strips before being mounted into the clamps. A preload of 0.05 N was 

applied and specimens were stretched at a rate of 0.1 N/min until failure at room 

temperature (RT). Three tests were performed for each sample. The Young’s modulus 

was derived from the slope of the stress-strain curve at low strain (2%). 

6.2.7 Fabrication of short fibres and rheological behaviour of short fibre CMC hydrogel 

composites 

To create short fibres, electrospun fibre mats were cut into small pieces (10×10 mm) 

and added to 50 ml deionised water while a homogenizer (Heidolph Silent Crusher M) 

was employed to homogenize the fibre-water mixture at 14,000 rpm for 20 min. A fibre 

suspension was obtained after homogenization and chopped fibres were recovered by 

filteration. The recovered cut fibres were dried using a freeze dryer (Labconco 

FreeZone 2.5) and their morphology was characterized using SEM (operated in the 

same protocol as described previously). Three different types of short fibres were 

prepared from homo PLA fibre, PLA/PDMAEMA (H) fibre and PLA/PDMAEMA-Q fibre, 

respectively. 

To prepare short fibre reinforced hydrogels, 0.5 wt% short fibres were added into the 

CMC precursor solution and stirred overnight (named as CMC-PLA fibre, CMC-

PDMAEMA (H) fibre and CMC-PDMAEMA-Q fibre, respectively). Rheological tests on 

the fibre reinforced hydrogels were carried out using a rheometer (TA Instrument DHR-

3), with stainless steel parallel plate geometry (20 mm). During the tests (at RT), around 
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0.2 ml fibre-loaded precursor solution was transferred between the plates and a 0.5 

mm plate gap was applied. First, a time sweep was performed for 180 sec, with a 

displacement of 10-4 rad, frequency of 1.0 Hz and UV exposure at 80 mW/cm2 (starting 

at 30 sec for 120 sec). Then a frequency sweep was performed from 0.1 Hz to 100 Hz at 

a displacement of 10-4 rad to assess hydrogel stability at different frequencies. Finally, a 

strain sweep was performed from 1 to 1000% at 1.0 Hz frequency to evaluate hydrogel 

stability at different deformations.  

 

6.3 Results and Discussion 

6.3.1 PLA-b-PDMAEMA synthesis 

PLA was synthesized via ROP catalysed by an organic catalyst DMAP [285]. By using an 

organic catalyst, conventional metallic catalysts could be avoided [286, 287], which are 

potentially harmful in biomedical applications. PDMAEMA blocks were added to the 

PLA block via ATRP. A schematic of the synthesis process is shown in Figure 6.1. 

Representative 1H-NMR spectra of products are presented in Figure 6.2. Peaks 

corresponding to different protons or solvents are identified and the molecular weight 

(Mn) is calculated by end group analysis. For PLA blocks, the Mn was calculated by 

comparing the peak integration of proton a (7.34 ppm) and c (5.16 ppm); for 

PDMAEMA blocks, the Mn was calculated by comparing the peak integration of proton 

a (7.34 ppm) and proton h (4.05 ppm). The 1H-NMR spectra of BCP before and after 

quaternization are shown in Figure 6.2 b. The occurrence of peak n (5.88 ppm) and n’ 

(5.07 ppm), with the complete shifting of peak h (from 3.99 to 4.43 ppm), i (from 2.50 

to 3.59 ppm), j (from 2.20 to 3.29 ppm) indicate the successful quaternization of the 

PDMAEMA blocks. The reaction yield is calculated by comparing reactant mass and 

product mass. The yield for ROP, ATRP and quaternization are near 50.5%, 51.7% and 

90.0% respectively. In addition, GPC was used to measure Mn and Mw/Mn. A detailed 

molecular characterization is listed in Table 6.1.  
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Figure 6.1 Schematic showing synthesis and quaternization of PLA-b-PDMAEMA. 
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Figure 6.2 (a) Representative 1H-NMR of PLA-Br and PLA-b-PDMAEMA in deuterated 

chloroform (CDCl3); (b) 1H-NMR of PDMAEMA (H) and PDMAEMA-Q in deuterated 

DMSO. 
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Table 6.1 Molecular characterization of PLA and BCP. 

Sample Mn,PLA 
a Mn,PDMAEMA 

a Mn
b Mw/Mn

b 

PLA 3.2 N/A 7.5 1.7 

PDMAEMA (L) 3.9 1.1 3.3 1.9 

PDMAEMA (M) 3.1 6.5 5.5 1.5 

PDMAEMA (H) 3.8 20 18 1.4 

a
 Molecular weight calculated from 

1
H-NMR end group analysis (kg/mol). 

b
 Obtained from GPC 

test (PS standard, kg/mol). 

 

6.3.2 The influence of PDMAEMA content on PLA hydrophilicity 

Due to the thermodynamic incompatibility between different blocks in block 

copolymers, the same blocks tend to maximize their interactions while minimizing the 

interactions between the different blocks, resulting in self-assembled domains. We 

expect phase separation to affect the distribution of the hydrophilic PDMAEMA phase, 

eventually determining the PLA surface hydrophilicity. It is therefore important to 

investigate the phase separation behaviour between PLA and PDMAEMA. Phase 

separation of PLA-b-PDMAMEA was investigated in spin-coated films (thickness ~1.0 

µm) using AFM. In Figure 6.3 a1-b1, randomly distributed phases are observed in 

PDMAEMA (L) and PDMAEMA (M). With increasing PDMAEMA content, a 

homogeneous surface was obtained (Figure 6.3 c1, d1). To enhance the mobility of 

molecules and to drive phase separation, films were annealed in THF atmosphere (50 

˚C, 12 hrs). Phase images after THF-annealing are shown in Figure 6.3 a2-d2. No clear 

phase separation was seen for PDMAEMA (L), PDMAEMA (M) and PDMAEMA (H) (a2-

c2). This is due to partial miscibility and insufficient incompatibility between PLA and 

PDMAEMA blocks, especially at low molecular weight [288]. However, clear phase 

separation was observed in PDMAEMA-Q, which can be explained by the poor 

compatibility between PLA and quaternized PDMAEMA.  
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Figure 6.3 AFM phase images of PLA-b-PDMAEMA spin-coated films with different 

PDMAEMA chain lengths before (a1-d1) and after (a2-d2) solvent annealing: (a) 

PDMAEMA (L), (b) PDMAEMA (M), (c) PDMAEMA (H), (d) PDMAEMA-Q (scale bar 500 

nm). 

 

After spin-coating with homo PLA, the hybrid surface properties were investigated 

using AFM and DSA. Spin-coating produced rough and porous surfaces due to rapid 

solvent evaporation and homo PLA crystallization, while no self-assembly was observed 

(images not shown). The hybrid films were again solvent annealed to allow molecular 

migration and reduce roughness. After annealing, films became smoother with 

crystalline PLA domains observed in both topographic and phase images (Figure 6.4). 

However, PLA/PDMAEMA phase separation did still not occur due to the formation of 

PLA stereocomplexes which disrupt BCP self-assembly [288]. Therefore, the surface of 

PDMAEMA-functionalized PLA films is considered to have no phase separation.  

The influence of PDMAEMA on PLA surface hydrophilicity was investigated by water 

contact angle measurements under both neutral and acidic conditions (Table 6.2). With 

increased PDMAEMA content, the water contact angle under neutral conditions 

decreased from 82.9° to 65.6°, implying an increase in PLA’s hydrophilicity. Under acidic 

conditions, the water contact angle was further decreased, from 80.6° for 

homopolymer to 43.3° for PLA with PDMAEMA (H). The quaternized PDMAEMA only 

modified the hydrophilicity of PLA slightly compared with PDMAEMA. As PDMAEMA is 
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pH-responsive, the pH-dependent water contact angle results suggested the presence 

of PDMAEMA blocks on the hybrids’ surface. 

 

Figure 6.4 AFM topography (a1-e1) and phase images (a2-e2) of PLA-b-

PDMAEMA/homo PLA hybrid spin-coated films after solvent annealing: (a) homo PLA, 

(b) homo PLA/PDMAEMA (L), (c) homo PLA/PDMAEMA (M), (d) homo PLA/PDMAEMA 

(H), (e) homo PLA/PDMAEMA-Q (scale bar 500 nm). 

 

Table 6.2 Contact angle data of spin-coated PLA/BCP hybrid films under neutral and 

acidic conditions. 

Composition 
Contact angle  

(pH neutral) 

Contact angle  

(pH 4.0) 

PLA 82.9±5.7 80.6±5.7 

PLA/PDMAEMA (L) 74.2±3.0 67.4±2.4 

PLA/PDMAEMA (M) 66.3±2.1 59.3±1.6 

PLA/PDMAEMA (H) 65.6±2.3 43.4±3.1 

PLA/PDMAEMA-Q 78.0±0.5 74.4±3.1 

 

6.3.3 Physiochemical properties of PLA-b-PDMAEMA functionalized PLA fibres and fibre 

reinforced CMC hydrogel composites 

Homo PLA and hybrids with PLA-b-PDMAEMA were electrospun into fibres and their 

morphologies are characterized using SEM. Average fibre diameters were determined 

using Image J software and listed in Table 6.3. SEM images of fibres together with their 



Chapter 6 – Electrospun functionalized fibres for hydrogel composites  

 

145 
 

diameter distribution are presented in Figure 6.5. Both homo and functionalized PLA 

were electrospun into continuous fibres without beading. The addition of PLA-b-

PDMAEMA results in a decrease in fibre diameter from 1.2 µm to 0.4-0.6 µm. The low 

molecular weight BCP lowered the viscosity of the spinning solution, which allowed for 

easier deformation and stretching of the solution jet during electrospinning. The 

incorporation of PLA-b-PDMAEMA also narrows the fibre diameter distribution. Fibre 

diameters become more uniform compared to homo PLA fibres. Thermal properties of 

the electrospun fibres are characterized by DSC. Their thermograms and data are 

presented in Figure 6.5 and Table 6.3. All samples have a melting peak (Tm) around 

154 °C and a glass transition temperature (Tg) at 60-62 °C. Cold crystallization is seen in 

all fibre samples; its peak becomes narrower and the cold-crystallization temperature 

(Tcc) is shifted towards lower temperature. The crystallinity of PLA is increased by the 

addition of PDMAEMA. The highest crystallinity is found when using PDMAEMA-Q, 

indicating that PDMAEMA-Q facilitated PLA crystallization during electrospinning. 
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Figure 6.5 (A) SEM images of electrospun PLA/PLA-b-PDMAEMA hybrid fibres: (a) homo 

PLA, (b) PLA/PLA-b-PDMAEMA (L), (c) PLA/PLA-b-PDMAEMA (M), (d) PLA/PLA-b-

PDMAEMA (H), (e) PLA/PLA-b-PDMAEMA-Q (scale bar 20 µm). The inset shows SEM 

images taken at higher magnification (scale bar 3 µm); (B) Electrospun fibre diameter 

distribution; (C) DSC thermogram of electrospun fibres. 

Table 6.3 Average diameter of electrospun fibres and their thermal properties. 

Composition 
Fibre diameter 

(µm) 

Tg 

(˚C) 

Tm 

(˚C) 
Tcc (˚C) 

Crystallinity 

(%) 

PLA 1.23±0.47 60.0 154.0 95.4 3.4 

PLA/PDMAEMA (L) 0.58±0.17 60.6 153.0 85.9 8.8 

PLA/PDMAEMA (M) 0.58±0.21 61.9 154.3 85.9 8.7 

PLA/PDMAEMA (H) 0.42±0.10 60.0 154.0 87.9 10.4 

PLA/PDMAEMA-Q 0.55±0.10 61.1 153.7 86.2 14.4 
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Water contact angles were measured on electrospun fibre mats. Homo PLA fibres 

exhibited a higher hydrophobicity than PLA films due to the air entrapped within the 

porous fibrous structure, with a water contact angle measured at 131±6˚. Addition of 

PDMAEMA (L) increased the contact angle to 152°±6˚ due to increased porosity 

(increased air entrapment) as a result of decreasing fibre diameter from 1.20 µm to 

0.58 µm [289]. Water contact angle was not measured for fibres containing PDMAEMA 

(M), PDMAEMA (H) and PDMAEMA-Q as water droplets infiltrated quickly into the fibre 

mat. This quick wetting of electrospun fibre mats suggested greatly improved PLA fibre 

hydrophilicity after functionalization, which also allows for an easy integration and 

wetting of the fibres by the hydrogel. 

After incorporating the fibres into the CMC hydrogel, the fibre-hydrogel interaction was 

characterized by SEM. By comparing the mass of fibres and mass of composite 

hydrogels, the weight fraction of the fibres in the hydrogel composites are calculated at 

3.7±0.1 wt%. A hydrogel-rich layer was seen at the composites’ surface. The cryo-

fracture surfaces of lyophilized hydrogel composites are shown in Figure 6.6. 

Lyophilized CMC exhibits a porous structure (Figure 6.6 a) while all hydrogel 

composites exhibit a fibrous structures (Figure 6.6 b-f). However, it can be seen that as 

the PDMAEMA content increases, fibre pull-out and fibre protrusions become shorter, 

indicating improved fibre-matrix adhesion. CMC is adhering well to the fibres (Figure 

6.6 d-f) due to increased fibre hydrophilicity and fibre-hydrogel interaction. Conversely, 

hydrophobic fibres (homo PLA and PLA fibres with low PDMAEMA contents) show 

detachment from the CMC matrix; while for hydrophilic or quaternized fibres, a 

stronger interaction between fibres and CMC is observed, leading to improved stress 

transfer and reinforcing efficiency of the PLA fibres in the hydrogel composite. 
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Figure 6.6 SEM images of CMC hydrogels and electrospun fibre composite: (a) CMC, (b) 

CMC/PLA fibre, (c) CMC/PDMAEMA (L) fibre, (d) CMC/PDMAEMA (M) fibre, (e) 

CMC/PDMAEMA (H) fibre, (f) CMC/PDMAEMA-Q fibre. (scale bar 20 µm). 

 

The mechanical properties of CMC hydrogel composites were measured by tensile tests. 

In comparison, tensile tests were also performed on electrospun fibres mats. The 

stress-strain curves are presented in Figure 6.7 and detailed test results are listed in 

Table 6.4. All fibre mats have much a lower modulus and strength than bulk PLA (3.5 

GPa and 53 MPa, respectively, as provided by supplier). The weak mechanical 

performance of the fibre mats is caused by the high porosity, poor fibre alignment and 

poor fibre-fibre interactions resulting in sliding of fibres during tensile stretching. The 

observed decrease in Young’s modulus and tensile strength of the fibre mats with 

increasing PDMAEMA content is caused by increased fibre sliding. For homo PLA fibres, 

some level of fibre-fibre fusion is observed, leading to a fibrous network (see Figure 

6.5). Functionalization using PDMAEMA produces ‘drier’ fibres that show less fibre 

fusion, leading to a loosely packed fibrous structure. Strain-hardening is observed on 

fibres functionalised by PDMAEMA (M) and PDMAEMA (H). The mechanical properties 

of the CMC composite hydrogels are highly dependent on the mechanical properties of 

the electrospun fibres when fully integrated in the composites. Stronger fibre mats 

should produce stronger composite hydrogels. In contrast, CMC with PDMAEMA-Q 

fibres exhibit a higher Young’s modulus and tensile strength than other composite 
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hydrogels despite the fact that these fibre mats have the lowest mechanical properties. 

The high Young’s modulus and strength of these composites is the result of the 

excellent fibre-matrix adhesion and effective stress-transfer between PDMAEMA-Q 

fibres and CMC hydrogel. Here, CMC acts as a bridge between fibres, effectively 

limiting fibre sliding when the composites are stretched. As a result of the improved 

reinforcement efficiency of PDMAEAM-Q fibres the mechanical properties of the whole 

composite system are improved. 

 

Figure 6.7 Representative stress-strain curves of: a-electrospun fibre mat and b-

CMC/electrospun fibre composite hydrogel 

 

Table 6.4 Tensile properties of electrospun fibre mats and CMC-fibre composite 

hydrogels. 

Composition Young’s modulus 

(MPa) a 

Failure strain 

(%) 

Tensile strength 

(MPa) 

PLA fibre 119±32 79±26 4.53±1.06 

PDMAEMA (L) fibre 136±14 91±4 5.31±0.65 

PDMAEMA (M) fibre 133±8 70±6 4.65±0.32 

PDMAEMA (H) fibre 85±14 52±3 3.77±0.27 

PDMAEMA-Q fibre 21±11 61±3 2.17±0.30 

CMC/PLA 9.4±1.2 78±4 0.68±0.08 

CMC/PDMAEMA (L) 8.0±0.2 94±8 0.57±0.04 

CMC/PDMAEMA (M) 6.4±0.8 54±25 0.47±0.07 

CMC/PDMAEMA (H) 3.9±0.7 28±5 0.24±0.04 

CMC/PDMAEMA-Q 9.4±3.4 57±11 0.77±0.08 
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a
 Young’s modulus is calculated from the slope of stress-strain curve at low strain (0-2.0% ) 

 

6.3.4 Rheological behaviour of short fibre CMC hydrogel composites 

The morphology of fibres after homogenization and their hydrogel composites was 

characterized by SEM (Figure 6.8). The discontinuous fibre ends are indicated by yellow 

arrows in a1-c1. Fibre diameter hardly changed compared to as-spun fibres. Massive 

entanglement of PLA fibres was observed due to their poor hydrophilicity, while fibre 

aggregation occurred during homogenization. After functionalization, dispersion of 

fibres in water was greatly improved during homogenization. The chopped fibres were 

then integrated into the CMC hydrogels. PLA fibre bundles were found in lyophilized 

hydrogels, indicating poor fibre distribution. In contrast, PDMAEMA (H) and 

PDMAEMA-Q fibres were more homogeneously distributed, leading to a more 

controllable and stable composite hydrogel system.  

 

Figure 6.8 SEM of chopped fibres and fibre reinforced CMC hydrogel composites: (a1,a2) 

PLA fibre and hydrogel composites; (b1,b2) PDMAEMA (H) fibre and hydrogel 

composites; (c1,c2) PDMAEMA-Q fibre and hydrogel composites (scale bar 20 µm, 

yellow arrows indicate the short fibres). 
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Rheological tests of CMC precursor solution (without fibres) showed viscous fluid 

behaviour before UV exposure (loss modulus G’’ > storage modulus G’). Upon UV 

exposure, quick gelation occurs (cross-over of G’ and G’’ after only 2.5 sec UV exposure) 

and G’ reaches around 275 Pa after complete UV exposure. With the addition of 0.5 wt% 

fibres, the CMC solution becomes more viscous and behaves like a gel even prior to UV 

curing (G’ > G’’). PLA fibres showed no reinforcing effect in CMC hydrogel, which can be 

explained by the weak interaction between the PLA fibres and the CMC hydrogel as 

well as poor fibre distribution. The addition of PLA/PDMAEMA (H) fibres improved G’ 

from 275 Pa to 390 Pa, indicating that functionalized PLA fibres provide better 

reinforcement of the CMC hydrogel. PLA/PDMAEMA-Q fibres showed the greatest 

increase in G’ (960 Pa), implying further enhanced fibre-hydrogel interaction. 

Compared with previously reported short fibre reinforced hydrogels [101, 284], the 

composite hydrogels in our current work demonstrated significant fibre reinforcement 

of the hydrogel at low fibre loading. The frequency sweep presented a plateau in the 

range of 0.1 to 10 Hz, indicating that the hydrogels are stable under these oscillatory 

conditions. At higher frequencies (10 to 100 Hz), G’ starts to decrease, which is due to a 

loss of inertia. The failure strain of the hydrogels was decreased with the addition of 

short electrospun fibres, possibly due to the low failure strain of the PLA fibres and the 

presence of fibre aggregates. Rheology tests indicated that the PLA/PDMAEMA-Q fibres 

exhibited the best reinforcement effect, which can be explained by ionic interactions 

between fibres and CMC hydrogel. 
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Figure 6.9 Rheological tests of CMC and short fibre CMC hydrogel composite: (a) time 

sweep for 180 sec with UV exposure from 30 to 150 sec, at 10-4 rad displacement and 1 

Hz frequency; (b) frequency sweep from 0.1 to 100 Hz at 10-4 rad displacement; (c) 

strain sweep from 1 to 1000% at 1 Hz frequency. 

 

Photographs demonstrating the injectability of the composite hydrogel systems are 

presented in Figure 6.10. For comparison, CMC precursor solutions with and without 

fibres were both dispensed using a syringe (needle diameter 0.5 mm) into PDMS mould. 

After UV curing, the free-standing fibre reinforced composite hydrogels were removed 

from the moulds while hydrogels without fibres were difficult to remove from the 

mould or to handle. 
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Figure 6.10 Photographs demonstrating the injectable composite hydrogel system: (a) 

dispensing CMC precursor solution, (b) dispensing CMC/0.5 wt% short PDMAEMA-Q 

fibre precursor solution, (c) two solutions injected in PDMS mould; (d) free-standing 

fibre reinforced CMC hydrogel composite after UV curing. 

 

6.4 Conclusions 
In this chapter, functionalized electrospun PLA fibres were fabricated by 

electrospinning of hybrids of homo PLA and amphiphilic block copolymer PLA-b-

PDMAEMA. Block copolymers with different PDMAEMA block chain lengths were 

synthesized by a combination of ROP and ATRP. The introduction of PLA-b-PDMAEMA 

successfully increased the hydrophilicity of homo PLA due to the presence of 

PDMAEMA blocks on the fibre surface. By varying the PDMAEMA chain length, the 

hydrophilicity of the electrospun PLA fibres was modulated. Functionalized PLA fibres 

were easier to incorporate into CMC hydrogels and showed improved fibre-matrix 

bonding with increased PDMAEMA content or PDMAEMA quaternization. Compared 

with previous reports, the hydrophilicity of the PLA fibres was better controlled and 

more easily modulated without damaging the fibre structure and integrity. 

Functionalized PLA fibres were easily incorporated in the CMC hydrogel without any 

further treatment. Finally, chopped electrospun PLA fibres were produced and 

integrated into CMC hydrogel. The addition of a very small amount of functionalized 
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PLA fibres (0.5 wt%) resulted already in a three-fold increase in storage modulus of the 

CM hydrogel. Their easy integration, strong interfacial interaction and high reinforcing 

efficiency make PLA-b-PDMAEMA-functionalized PLA fibres a promising candidate for 

the reinforcement and design of novel injectable CMC based hydrogel composite 

systems.  
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Chapter 7 - Summary and future work 

 

7.1 Summary 

In this thesis, engineered electrospun PLA fibres were employed for the development 

of polymer-polymer composite biomaterials with novel functionalities and properties. 

Electrospun PLA nanofibres have already been extensively studied in various 

biomedical applications such as tissue engineering and drug release systems because of 

their commercial availability, ease of fabrication and unique microstructures (e.g., high 

surface area, high porosity, etc.). However, the use of electrospun fibres in composites 

is usually hindered by technical issues such as relatively poor fibre mechanical 

properties (compared with traditional reinforcing fibres), poor fibre alignment and the 

absence of large scale production methods [1, 38]. While the need for high strength 

and high stiffness electrospun fibres may be questioned for many biomedical 

applications, some other technical limitations still include the presence of extensive 

fibre entanglements in electrospun fibre mats which limits their use in composites 

processed using injection moulding, extrusion or 3D printing. Up to now, nearly all 

composites based on 2D electrospun fibre mats can only be shaped into relatively 

simple geometries, severely limiting flexibility in product design, fabrication and 

applications.  

PTMC is an elastomeric material commonly used in additive manufacturing [12, 205, 

244]. Its surface-erosion degradation mode and non-acidic degradation product make 

PTMC very attractive for various biomedical applications. However, PTMC usually has a 

weak mechanical performance, restricting it from certain applications that require 

good dimensional stability. Therefore, we proposed the incorporation of short PLA 

fibres into PTMC because short fibres not only provide mechanical reinforcement but 

also allow for liquid formulations and processes such as injection moulding or additive 

manufacturing. In Chapter 3, we first developed techniques of cutting electrospun 

fibres. Short fibres were obtained by either ultrasonication or mechanical stirring in 

mixed organic solvents. Ultrasonication produced short fibres but was found to damage 

the fibres’ morphology. Mechanical stirring was able to disentangle and fragment PLA 
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fibres when performed in a PLA-swelling solvent. Fibres of 220 µm average length were 

obtained by mechanical stirring. Both continuous and short PLA fibre reinforced PTMC 

composites were prepared and studied. As expected, continuous electrospun fibre 

mats provided the best mechanical reinforcement with the Young’s modulus increasing 

by more than two orders of magnitudes. Short fibres also showed good reinforcing 

potential, with 5 wt% chopped fibres increasing the Young’s modulus and tensile 

strength by 300% without compromising composite ductility. PLA fibre and PTMC 

matrix showed good levels of interfacial interaction, implying good reinforcing 

efficiency. Moreover, the use of short fibres allowed for a wide range of potential 

composite manufacturing processes, not attainable with conventional electrospun fibre 

mats as reinforcement. 

In Chapter 4, we developed shape memory polymer composites (SMPCs) using fully 

degradable and biocompatible materials. Electrospun PLA fibres (both continuous and 

discontinuous) were incorporated into a crosslinked PTMC network. The short fibres 

were prepared using the method developed in Chapter 3. In the SMPCs the PLA fibres 

acted as the transition phase during the shape memory programming. By first 

deforming the composites above Tg (of PLA) and then maintaining this deformation 

until below Tg (of PLA), the deformation was fixed. When re-heating the composites 

above Tg, the retraction force generated by the PTMC entropic energy was able to 

recover the composites’ initial shape. Good shape memory properties were achieved 

by incorporating either continuous fibres or 50 wt% chopped fibres, with shape fixing 

ratios of more than 85% and shape recovery ratios around 95%. Compared to previous 

reports [4, 233, 236-239], these shape memory polymer composites were prepared 

from two well-studied materials; neither complicated nor specific polymer synthesis 

was involved. Moreover, the composites’ shape memory properties were conveniently 

modulated by fibre aspect ratio, fibre loading and PTMC molecular weight. The shape 

memory transition temperature was also modulated by modifying the Tg of the PLA 

fibre through electrospinning of PLA with plasticizer. The conveniently controlled shape 

memory properties and flexible design of component geometries offers greatly 

enhanced flexibility for these smart composites in biomedical applications. 

In Chapter 5, we proposed the use of electrospun PLA fibres as drug delivery systems 

for bioactive compounds (dexamethasone) when incorporating these compound-

loaded fibres into UV-crosslinkable PTMC. UV-crosslinkable PTMC is commonly used in 
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stereolithography for producing three-dimensional (3D) architectures of high precision. 

However, PTMC scaffolds made by stereolithography have hardly been used as drug 

delivery systems because drugs (especially unstable drugs) are easily denatured by the 

UV crosslink reaction during the stereolithography process. By loading the drugs in 

electrospun PLA fibres first and then incorporating these bioactive fibres into PTMC, 

the drug’s bioactivity was successfully preserved. Stable and sustained dexamethasone 

release was observed. At the same time, the mechanical performance of PTMC was 

improved. The bioactivity and sustained release of dexamethasone were further 

validated by culturing hBMSCs on PTMC/PLA fibre composites. The dexamethasone-

loaded composites were found to enhance cell proliferation and osteogenic 

differentiation during the cell culture period. The concept of PTMC/PLA fibre 

composites offered a high degree of versatility for loading various therapeutics into UV-

crosslinkable PTMC based systems without denaturation, providing a potential 

opportunity of building drug-loaded scaffolds using stereolithography. 

In Chapter 6, we proposed the use of electrospun PLA fibres for the reinforcement of 

CMC hydrogels. PLA fibres were not only engineered into short fibres, but also 

functionalized to allow for an easier integration and distribution. Amphiphilic block 

copolymer PLA-b-PDMAEMA was employed to modify the hydrophilicity of the PLA 

fibres. By increasing the molecular chain length of PDMAEMA, the hydrophilicity of the 

PLA was successfully improved. Functionalized PLA fibres were more easily integrated 

into CMC hydrogels and showed improved interfacial adhesion between PLA fibres and 

CMC matrix with increasing PDMAEMA content. Further improved PLA fibre-CMC 

matrix adhesion was achieved by quaternizing PDMAEMA, which induced ionic 

interactions between fibre and matrix. Chopped PLA fibres were prepared by 

homogenizing electrospun PLA fibres in water. Hydrogels incorporating 0.5 wt% short 

PDMAEMA-Q fibres showed a more than three-fold increase in storage modulus. The 

use of short functionalized fibres in hydrogels not only enhanced the mechanical 

performance of these hydrogels but also showed great promise for the design of 

injectable composite hydrogel systems.  
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7.2 Future Work 

In this thesis, engineered electrospun PLA fibres were successfully fabricated and 

integrated into PTMC and CMC hydrogel matrix, respectively for the design of novel 

composite biomaterials. PTMC/PLA fibre composites exhibited good mechanical 

performances and shape memory behaviour; they were also employed as drug delivery 

system, showing sustained and stable drug release profiles. Functionalized PLA fibres 

improved fibre-hydrogel interaction while the use of chopped fibres allows for the 

design of injectable hydrogel systems. In addition to current results, some further work 

is worth considering. 

When investigating the mechanical properties of short fibre reinforced PTMC 

composites, the relationship between the short fibre loading and composite 

mechanical properties was studied. In Chapter 2, two different short PLA fibre loadings 

were employed (5 and 30 wt%). It is suggested to study additional fibre loadings like 10 

wt% and 20 wt% in PTMC. In addition to different fibre loadings, it is interesting to 

investigate effect of fibre length on the composites’ mechanical performance. Short 

fibres of different length should be fabricated and the relationship between composite 

modulus, strength and toughness and fibre length could be evaluated. By doing this, it 

is also possible to validate the critical fibre length Lc. In Chapter 2, the Lc of PLA fibre in 

PTMC matrix was calculated using Lc = σf·D/2τ, where τ (interfacial shear strength) was 

estimated from the tensile strength and σf (fibre strength) was taken as the strength of 

bulk PLA. The Lc equation was based on the assumption of perfect adhesion between 

PLA fibre and PTMC matrix. According to a previous report [217], critical fibre length (Lc) 

can be calculated by investigating the composites’ modulus as a function of fibre length. 

By plotting a graph similar to Figure 7.1, the minimum fibre length required for either 

modulus, tensile strength or impact strength can be obtained. Through this it would be 

possible to create composites tailored to specific properties with a minimum fibre 

length. This would lead to beneficial effects such as improved processability and 

reduced entanglements and agglomerates. Moreover, the rheological behaviour of 

PTMC/PLA fibre systems needs to be studied to find appropriate conditions such as 

fibre loading, fibre length, resin viscosity, etc. for composite processing using liquid 

moulding techniques or stereolithography. 
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Figure 7.1 Normalized mechanical properties of short fibre composites 

(polypropylene/glass) as a function of fibre length (figure source: Plasticomp). 

 

The shape memory polymer composites developed in Chapter 4 showed promising 

potential for the design of smart biomedical devices. Therefore, the biocompatibility 

and degradation properties of composites are to be tested. The flexible design and 

processing allows for the fabrication of composites of complex geometries. Future 

work should be directed towards the development of shape memory scaffolds of high 

precision using additive manufacturing. As an example, Figure 7.2 shows photographs 

of PTMC scaffolds incorporating hydroxyapatite (HA) made by stereolithography [244]. 

One essential factor for PTMC additive manufacturing is the viscosity of the PTMC resin 

system. In our experiments, the integration of PLA short fibres increased the viscosity 

of PTMC resin, especially at high fibre loading in order to achieve good shape memory 

behaviour. On the other hand, high PLA fibre loadings also cause fibre aggregation, 

which can lead to blockage of processing equipment or the creation of structural 

defects in products. Therefore it is crucial to further investigate the impact of fibre 

length on PTMC/PLA fibre composite properties. Short fibres (L > Lc) that maintain the 

composites’ mechanical properties are considered to be a potential solution to 

alleviate fibre aggregation. A visualization of fibre distribution and orientation in 

PTMC/PLA fibre composites is also an important aspect to understand the shape 

memory mechanisms and how to improve it. Another important aspect is to modulate 

the shape memory transition temperature. In Chapter 4, PEG was used as a plasticizer 
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to modulate the Tg of PLA fibres in order to control the composites’ shape memory 

transition temperature. However, due to solvent extraction, some of the PEG 

integrated in the PLA fibres was partially lost. Therefore, the use of a plasticizer that is 

not solvent-extracted or another method to lower the Tg (such replacing PLA with PLGA) 

could be an interesting alternative solution.  

 

Figure 7.2 Macroporous PTMC-HA scaffolds produced by stereolithography (adapted 

from [244]). 

 

The dexamethasone loaded PTMC/PLA fibre composite system offered stable and 

sustained drug release as well as a novel route of loading unstable drugs into UV-

crosslinkable materials. However, here the composite preparation methodology needs 

to be optimized as fibre protrusions were seen on composite surfaces. These fibre 

protrusions will affect the drug release kinetics. Since PTMC degrades barely or 

extremely slow in non-enzymatic conditions, the degradation of PTMC after the 

incorporation of fibres should be investigated. A detailed degradation study of 

PTMC/PLA fibre composites should help to better understand the dexamethasone 

release mechanism. In Chapter 3 and 4, short PLA fibres have already demonstrated 

their advantages in flexible composite processing and design. It is therefore worth to 

develop drug-loaded short PLA fibres. These bioactive short PLA fibres can be 
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processed with different matrix materials into customized implantable drug delivery 

devices, as a way of incorporating drugs without denaturation. 

Composites made up of hydrogel and electrospun fibres present many common 

features of natural tissue, which is composed of extra cellular matrix (ECM) and fibrous 

networks. The incorporation of fibres significantly improved the stiffness of the 

hydrogels, opening up possibilities for hydrogels in load-bearing applications. In 

addition to rheological tests, compression tests are also important to determine the 

mechanical properties of composite hydrogels. Most importantly, before any 

biomedical usage the cytotoxicity of the composite hydrogel has to be evaluated by 

analysing cell viability. Secondly, since cells can only feel the in-situ forces within 

hydrogel composites, it is considered important to have a homogeneous fibre 

dispersion in the hydrogel system. In the current work, different fibre densities are 

observed in the composites, which will influence cell behaviour at different levels. In 

addition, the composite hydrogels developed in Chapter 6 not only showed an 

improved shear modulus, but also stress relaxation (Figure 7.3). According to previous 

studies, stem cell spreading, proliferation and differentiation can be regulated by stress 

relaxation [290]. Therefore, it is interesting to carry out in vitro tests on composite 

hydrogels. Potential applications may include injectable scaffolds or cell carriers for 

tissue engineering. 
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Figure 7.3 Stress relaxation of (a) CMC hydrogel and (b) CMC/3.0 wt% PLA fibre 

composite hydrogel: measurements were performed between two parallel geometries 

(20 mm) at a distance of 0.5 mm. A strain of 2.0% was applied and stress relaxation was 

observed for 180 sec.  
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