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Abstract 

Antimicrobial resistance (AMR) is a life-threatening issue and the situation is 

deteriorating each year resulting in an increasing number of deaths. The resistance of 

drugs developed by microbes is a natural process but this can be sped up easily due to 

unhygienic environments, lack of appropriate guidelines for the use of drugs in certain 

countries as well as the unclear direction of scientific research into AMR. Some 

pessimistic experts even believe this problem will never be tackled as it is the result of a 

long-term human intervention that has affected other biological organisms which inhabit 

the same ecosystem. Fortunately, such negative comments and predictions have actually 

accelerated momentum and encouraged and inspired more research activity in this area.  

In this project, the main idea involved producing a selection of biopolymer 

constructs with the specific aim of translating the intrinsic antimicrobial properties of 

naturally occurring materials (e.g. chitin, lignin, banana leaf) to a biodegradable polymer 

(PLA) for possible biomedical applications (e.g. would healing). All chitin, lignin and 

natural products (e.g. banana leaves) have one thing in common which is that they all 

exhibit intrinsic antimicrobial properties and have great potential for use as non-toxic 

antimicrobial materials. Versatile engineering tools such as electrospinning, melt-

extrusion and injection moulding also allow us to produce additional materials and 

visualise the possibility of producing the products on an industrial scale. The first interest 

in this project lied on using ionic liquids (ILs), electrospinning and film casting to produce 

novel biomaterials. In the later stage of the project, poly(L-lactic acid) as a base polymer 

matrix, tungsten disulphide and triacetin as a plasticizer were introduced that can be 

subjected to melt-extrusion and injection moulding along with chitin and lignin. 

In this report, the history of antibiotic discovery and key features of antimicrobial 

resistance are introduced. Previous research conducted is also described in a detailed 

literature review with supporting evidence focused on chitin, lignin, banana leaves, 

poly(L-lactic acid), tungsten disulphide as well as techniques used in this project such as 

electrospinning and melt-extrusion. The detail of the initial scoping experiments 

electrospinning of biopolymer/ionic liquid solutions is then described as is the 

introduction of co-solvents and other polymers to assist the electrospinning process. The 

characteristics of the composites produced using melt-extrusion and injection moulding 

are also fully discussed. More importantly, bioassays of the composites will be shown 

which to provide crucial ideas for the key elements required for biomedical applications. 
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1. Introduction 

1.1 Research Proposal 

 This research provides examples of unique antimicrobials and shown how they can be 

applied in various applications such as in medical devices targeting the prevention of 

infectious diseases. There are naturally occurring materials that can act as antimicrobials 

on a certain level but the imperfections of these materials can be used as a reminder about 

their limitations which need to be addressed when designing further antimicrobials. Silver 

can cause side-effects and its non-biodegradable nature can have a negative impact on the 

environment; effective antimicrobial-ILs might not be suitable to be used as medical 

devices due to their potential cytotoxicity. More importantly, AMR is always one of the 

most vital features that should be considered for any antimicrobial. 

In comparison to natural products, synthetic products tend to have a higher degree of 

uncertainty when predicting their toxicity and side effects. In contrast, there are natural 

products that do not suffer these drawbacks. The phenolic compounds that were discussed 

can be found in nature and have therapeutic properties. Further examples include honey 

that was used as medicine in ancient times1 and it has in fact proven to be effective when 

treating leg ulcers and provides protection against MRSA;2 tea tree oil exhibited high 

anti-biofilm activity towards MRSA and E. coli;3 and collagen extracted from fish can be 

used for dermal reconstruction and showed significant wound healing effects.4 Mammals 

such as  the Tasmanian Devil can produce milk that can kill several deadly superbugs 

which are known to exhibit resistance to existing antibiotics5 and last year, a new class of 

antimicrobial compounds were discovered in human breast milk.6 There are indeed 

uncountable natural products that can be explored continuously in order to produce more 

novel antimicrobial materials. 

The focus of this project is to develop a selection of biopolymer constructs with the 

specific aim of translating the intrinsic antimicrobial properties of naturally occurring 

materials, such as chitin, lignin and banana leaf to a biodegradable polymer 

(poly(lactic acid)) for possible biomedical applications such as in wound dressings. 

Techniques such as electrospinning, film-casting, melt-extrusion and injection moulding 

have been applied and studied to produce the biopolymer constructs, i.e. film and fibre. 

The physical properties are characterised in detail and more importantly, the antimicrobial 

properties of the constructs investigated extensively. In addition, it is also a key aspect to 

understand the major element or component required when designing an antimicrobial 

biopolymer construct. 



Introduction – Aim of the project 
 

- 3 - 
 

Overall, the major proposal of this project is to produce novel composite materials that 

could possibly exhibit antimicrobial properties. The concept of applying natural 

materials, non-toxic as well as biodegradable is the general objective of the whole project. 

All procedures including composite production, characterisation and application with 

different microbes will be discussed and investigated. 

1.2 Aim of the project 

It is aim of this project to use natural materials to produce different biopolymer constructs 

that can exhibit antimicrobial properties and potentially can be incorporated into medical 

devices. The materials selected include chitin, lignin, banana leaf (BL), ILs, poly(lactic 

acid) (PLA), tungsten disulphide (WS2) and triacetin. The techniques include 

electrospinning, film casting and melt extrusion combined with injection moulding.  

The objectives, elements and their relative features involved in this project are 

summarised schematically in Figure 1.1. The blue text boxes represent the topics covered 

during 1st year and the first half of 2nd year of the project. During the first half of this 

project, chitin, lignin and BL were studied and the ILs were used as powerful solvents to 

process the materials for use with electrospinning and film casting. On the other hand, the 

orange text boxes represent the topics covered during the second half of 2nd year as well 

as the 3rd year of the project. During the second half of this project, PLA, WS2 and 

triacetin as a plasticizer were introduced and the interest of the project expanded to the 

use of a common engineering tool, melt-extrusion along with injection moulding to 

produce biopolymer constructs. 
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Figure 1.1 Overall topics covered in this project 

Part 1: (Months 1 to 18) 

1. Dissolution of biopolymers using ILs 

2. Electrospinning of biopolymer/IL solutions 

3. Modification of polymer solutions (introduction of co-solvents, polymer-binder) 

to enhance the electrospinning process 

4. Investigation of the entanglement of ionic liquids and biopolymers influenced by 

their relative interactions 

5. Production of banana leaves membranes using ILs and film casting 

Part 2: Months (19 to 36) 

1. Production of non-plasticised and plasticised PLA/lignin composites using melt-

extrusion and injection moulding 

2. Production of non-plasticised and plasticised PLA/chitin composites using melt-

extrusion and injection moulding 
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3. Production of non-plasticised PLAWS2 composites using melt-extrusion and 

injection moulding 

4. Characterisations of the chemical and physical properties of all composites. 

Investigation of antimicrobial activity of the composite materials. 

1.3 The Discovery of Antibiotics 

Antimicrobial resistance, AMR is an on-going issue of international importance and if 

the predicted worst outcome is realised this could lead to approximately 300 million 

deaths by 2050.7 Therefore, AMR must be tackled and various approaches have been 

proposed for avoiding such a crisis. In order to solve this issue effectively, it is vital to 

understand the origin of AMR starting with the invention of antibiotics and their relevant 

developments and impacts on our daily life. 

Antibiotics are compounds that are able to kill and inhibit the growth of microbial species. 

They can be produced by bacteria, fungi and commonly applied as medicines to treat or 

prevent bacterial infection.8 Although Scottish scientist Sir Alexander Fleming was 

extremely well-known in discovering the antibiotic, penicillin in 1928 and later awarded 

a share in the Nobel Prize in Physiology or Medicine in 1945,9 there are neglected stories 

about the uses and discovery of antibiotics in the past which merit brief discussion. In 

ancient Egypt, surgeons during that era applied sour or mouldy bread on patients’ wounds 

to achieve a healing effect.1 When more formal scientific research began which was 

published formally, two relevant research studies were reported around the late 1800’s in 

this field.10-11 In 1877, Louis Pasteur and Robert Koch discovered that the growth of 

Bacillus anthracis can be inhibited by other airborne bacillus.10 In a small village named 

Arzano in Italy, people drank water from a well and Vincenzo Tiberio noticed that they 

suffered intestinal disorders when the well was cleaned and cleared of mould until a new 

mould appeared. He then conducted research based on this phenomenon and published a 

paper in 1895.12 Two years later, French student Ernest Duchesne submitted a thesis and 

presented that Penicillium patulum/expansum could kill pathogenic bacteria such as 

Salmonella typhi and Escherichia coli.13,11 Unfortunately, he died aged 37 and his finding 

was not confirmed and rediscovered until the 1940s.14,15 The most famous event around 

antibiotics happened in 1928, when A. Fleming discovered that a Staphylococcus culture 

was contaminated by mould which caused the inhibition of its growth. He continued to 

conduct experiments to identify and confirm the antibacterial compound was penicillin 

(Figure 1.2).9,16 In the 1930s, Gerhard Domagk and his team developed an antibacterial 
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drug, Prontosil17 and Rene Dubos discovered the first naturally derived antibiotic from 

soil, Tyrothricin.18 Unlike penicillin that displays high antibacterial activity against a 

broad range of bacteria but low toxicity towards human,9 the former is not effective 

against enterobacteria and the latter was too toxic to be used systemically. Ernst Chain 

and Howard Flory tested penicillin on mice and humans who were infected with 

Streptococcus pyogenes and Staphylococcus aureus which had proven the effectiveness 

and safeness of penicillin.19 Hence, penicillin is still the most important antibiotic in 

history especially when it can show two of the most vital features of a drug, i.e. active 

towards a wide range of bacteria but low toxicity on the host. 

 

Figure 1.2. Core structure of Penicillin (1) (R is a variable group) 

During World War II, antibiotics especially penicillin (1) was widely used to treat 

wounded soldiers to prevent infection.20 This opened the door to new research based on 

developing antibiotics as well as antibacterial/antimicrobial products.21 However, 

bacteria has the ability to evolve and adapt to diverse environments.22 When E. Chain 

conducted clinical trials of penicillin (1), he had already noticed the consequence of an 

under-dose of penicillin (1) can lead to death and raised the importance of applying a 

sufficient dose until treatment was completed.23 In the Nobel Lecture given by A. Fleming 

in 1945, he stated his concern, “It is not difficult to make microbes resistant to penicillin 

(1) in the laboratory by exposing them to concentrations not sufficient to kill them, and 

the same thing has occasionally happened in the body.”24 He highlighted the fact that it 

was not a short, easy journey to discover, develop and test an antibiotic but it could be an 

easy journey for the microbes to build up a resistance to the drug. As well as trying various 

strategies to develop new drugs or antibacterial products, antimicrobial resistance, AMR 

has become another major concern. 
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1.4 Definition of Antimicrobial Resistance and Current Research Trends 

The World Health Organisation, WHO has defined AMR as the resistance of 

microorganisms towards antimicrobial drugs which were initially effective for treatment 

of infections caused by them. AMR is in fact a broad term as it applies to microbes that 

are resistant to drugs not only to antibiotics, but also antifungals, antivirals and 

antimalarials. In Biology, evolution of resistant strains is a natural process that exists 

when microorganisms replicate themselves incorrectly or when resistant traits, genes are 

exchanged between them. Such natural phenomena can be sped up and spread out due to 

the misuse of antimicrobial drugs, poor infection control practises, inadequate hygiene 

conditions as well as inappropriate food-handling. As a result, standard treatments 

eventually become ineffective and infections persist, increasing the risk of spread to 

others.25 

The WHO urged control of AMR by doing simple things such as maintaining good 

hygiene levels by washing hands, minimising contact with sick people, only use 

prescribed antimicrobials drugs and complete the full treatment at the same time. On the 

other hand, it is encouraging new innovation, development of new treatments and 

effective tools in the fight against bacteria.25 However, the most useful scientific method 

to tackle AMR still cannot be clearly defined. Scientific research on AMR has increased 

especially when researchers are always very keen on producing more powerful drugs, 

especially antibiotics when dealing with infections.26 Since microbes have the ability to 

evolve, it is a major concern that creating more powerful drugs will also end up creating 

multidrug-resistant pathogens known as “superbugs”.27 Albeit controversial, there is 

indeed a trend to predict what kind of treatment or method should be developed. 

As stated earlier before, AMR does not only apply to antibiotics but its development is a 

great example to describe how future trends can be predicted. There are several ways to 

categorise antibiotics and one of the common ways is to divide them into natural, natural 

product derived/semi-synthetic and synthetic. For example, ferrocenyl penicillin (2) that 

was derived from penicillin (1)28 is semi-synthetic and isoniazid (3) (Figure 1.3), a 

synthetic antibiotic that can be used for treating tuberculosis.29 
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Figure 1.3. Structures of ferrocenyl penicillin (2) and isoniazid (3) 

In general, natural products tend to involve diverse and complex structures, multiple 

chiral centres, high potency selectivity and multiple modes of action which often provide 

functional diversity and selectivity for more than one target.30 However, some natural 

products do have un-favourable properties such as poor solubility, stability and 

separation, purification and scaling up of these products has proven to be difficult and a 

major disadvantage to their development.31 Hence, some natural products were modified 

to become semi-synthetic antibiotics and the successful candidates were more potent, less 

susceptible to inactivating enzymes which induce resistance or they can bind tighter to 

bacterial targets.32 To further overcome the difficulties that exist when developing natural 

or semi-synthetic products, synthetic products were developed especially with a view to 

obtaining some functional groups and ring systems (aromatic, hetero-aromatic rings, 

stereo-genic centres) that are lacking in nature. In contrast, they tend to have low 

molecular weights and are easier purified and can be produced on a large scale.33 The 

risks associated with developing these products include toxicity, uptake, dosage, access 

to target and potential side-effects on hosts.34 

Unfortunately, it can be an endless and controversial debate about what kind of drug is 

more advantageous or whether it is reasonable to focus on developing one certain type of 

drug for tackling AMR. However, nature is still the best, sophisticated and the most 

inspirational chemist in history to date. As discussed above, A. Fleming and R. Dubos 

demonstrated the origin of antibiotic efficacy from nature. With technology improving 

continuously, barriers to developing natural based products should be minimised, and 

overcome in the future. There are many scientists suggesting that inspiration from nature 

is still the key to tackling AMR.35,36 Moreover, nature has also given the ability for the 

immune/defence systems to evolve in plants, animals and even humans to battle and 
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protect themselves from their environments.37 Nature is still a very good source of 

antimicrobial substances. 

1.5 Feature Characteristics of Bacteria 

Infections have become one of the top three causes of death worldwide. Common 

infectious diseases such as septicaemia and pneumonia are often caused by bacteria.38 

Hence, the many features of bacteria are being studied in order to understand how they 

can be killed effectively. 

Amongst all kinds of bacteria, their cell wall plays the most important role. The cell wall 

can expand or contract with changes in ionic strength or pH of the external environment 

to provide very good protection. Bacteria can be classified into Gram-positive or Gram-

negative bacteria according to their outer structure. The name Gram originated from the 

Danish scientist Hans Christian Gram whom in 1884 invented a staining method to 

differentiate the class of bacteria. In this Gram-staining test, bacteria that can retain the 

crystal violet dye due to its thick layer of peptidoglycan are regarded as Gram-positive 

bacteria. Conversely, bacteria that do not retain the violet dye and coloured in red or pink 

are defined as Gram-negative bacteria.39 

In comparison, Gram-positive bacteria have a simpler structure which make them fragile 

and susceptible to most drugs. Although their cell wall can differ in various species, major 

features often include; i) a cytoplasmic membrane which has a thickness of 15-50 nm; ii) 

peptidoglycan that makes up 50% of the wall by mass and is a covalently cross-linked 

structure to give a tough, fibrous structure for strength that helps maintain its shape under 

high internal osmotic pressure and iii) teichoic acid or lipoteichoic acid, a negatively 

charged polymer to ensure a strongly polar cell surface (Figure 1.4). Examples of Gram-

positive bacteria include Bacilli, Staphylococcus (include superbugs that causes deadly 

infections, Methicillin-resistant Staphylococcus aureus commonly known as MRSA) and 

Streptomyces. They tend to be weaker and can easily be destroyed simply by shaking with 

glass beads, washing and differential centrifugation.40 
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Figure 1.4. Schematic representation of Gram-positive bacterial cell wall40 

In contrast, Gram-negative bacteria have a more complex structure but some details can 

vary in different species. The major difference and important features in Gram-negative 

bacteria is that they have an extra membrane, an outer membrane, an electron-dense layer, 

and a periplasmic space which can contribute further to wall strength. The porin present 

in the outer membrane are pores that selectively allow passage of hydrophilic molecules 

with molecular weight up to 600-700 Da and, such function can highly interfere as to 

whether antibacterial products can penetrate to the cell (Figure 1.5). As a result, Gram-

negative bacteria are stronger, less susceptible to most antibiotics and can build up 

resistance to drugs more easily. Well-known Gram negative bacteria include Chlamydia, 

Escherichia coli (E. coli) and Salmonella etc.40 
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Figure 1.5. Schematic representation of Gram-negative bacterial cell wall40 

Research on antimicrobial agents has mainly targeted destroying Gram-negative bacteria 

but this has always proven to be very difficult. In many experiments, they cannot be killed 

easily or they develop resistance quickly, even in a short period of time. Previous research 

cannot fully tackle AMR effectively but it can still provide vital information, helpful 

research focus and inspiration. 

1.6 Previous research and recent antimicrobial products 

Currently, research on antimicrobial products is becoming more diverse as drug discovery 

is not always the major topic. More unique strategies have been proposed to prepare 

antiseptic products that can be used in our daily lives to improve our hygiene, and public 

health. 

1.6.1 Silver as an antimicrobial 

One of the most well-known methodologies is to use silver and silver nanoparticles in 

healthcare, food industry and in domiciliary applications. With regards medical 

applications, silver and its compounds also has a long history. One of the well-known 

research breakthroughs in this area was discovered by Carl Moyer who showed that silver 

nitrate can be used for treating burns.41 Upon confirmation of silver having a broad 

spectrum of antimicrobial activity towards planktonic and sessile bacteria,42 it has been 

used to produce silver-coated urinary catheters, silver-based dressings43 to achieve a 

wound healing effect44 as well as in eye drops.45 
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However, these silver containing products do have some drawbacks and whether they 

should continue to be used is somewhat controversial. Albeit not permanent, ingestion of 

silver can lead to Argyria.46 Ionic silver and silver derivatives as topical treatments can 

cause side effects such as methemoglobinemia, electrolyte disturbance, long slough 

separation time and inactivation of enzyme debriding agents.47 Another concern with 

using silver is associated with environmental issues, particularly when silver-containing 

products are disposed. Since silver ions are regarded as one of the most toxic forms of 

heavy metal, it has been assigned to the highest toxicity class. Silver and its salts are not 

biodegradable and so, its wastes will remain in soil or wastewater sludge forever.48 

Finally, the major concern using silver is due to the increasing number of reports showing 

silver cannot be used to tackle AMR effectively. When silver was applied in endotracheal 

tubing, formation of biofilm can be prevented for a few days only49 and it is not suitable 

for long-term use.50 Experiments have also been conducted which have shown E. coli 

being able to build up high resistance to silver.51 

1.6.2 Ionic Liquids (ILs) as antimicrobial agents 

ILs are salts with melting points below the boiling point of water and each molecule is 

composed of a positive and negative charged ion. Therefore, the functionality and 

physical properties of ionic liquids can be tuned by combining or altering different ions.52 

The properties of ionic liquids will be discussed in details in chapter 3. ILs as 

antimicrobials is a relatively recent area of interest as such properties were not reported 

until 2003 by Pernak et al.53 

There are some outstanding, inspiring studies such as the synthesis of 

hexadecylimidazolium or pyridinium based β-lactam antibiotic, ampicillin (Amp) IL by 

Cole et al. (Figure 1.6).54 Such ILs can be obtained using anion metathesis and suggest 

these IL-compounds can become new β-lactamase-resistant antibiotics.55 In this research, 

the compounds were tested against MRSA (Gram +), Enterococcus faecium (Gram +), E. 

coli (Gram –) and Klebsiella pneumoniae (Gram –). In 83% of experiments, the Amp-ILs 

had improved antibacterial efficacy compared with bromide-ILs. In 92% of experiments, 

it was observed that Amp-ILs had 43 times better antibacterial efficacy compared to the 

commercially available sodium ampicillin salt. Overall, pyridinium based Amp-IL 5 
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slightly outperformed imidazolium based Amp-IL 4 but both types of Amp-ILs achieved 

a minimum inhibitory concentration as low as 0.4 µM54 which can be defined as the 

lowest concentration of an antimicrobial that can inhibit the visible growth of a 

microorganism after overnight incubation.56 

 

Figure 1.6. General structure of hexadecylimidazolium 4 or pyridinium 5 based IL paired up with 

ampicillin or bromide ion. 

Choi et al. designed two ionic liquids based on 1-ethylpyridinium 6 and tributyl(2-

hydroxyethyl)phosphonium 7 that also consisted of bis(2-ethylhexyl)-sulfosuccinate, a 

docusate anion (Figure 1.7). Docusate itself is a synthetic anionic detergent which is 

marketed among many applications as a laxative for treating constipation.57 By 

combining the docusate anion with two different cations to yield a pyridinium-based IL 

6 and phosphonium-based IL 7, the authors showed these ILs to be an efficient plasticizer 

for medical grade poly(vinyl chloride), PVC. Both ILs are liquid at room temperature, 

have molecular weight greater than 300 g mol-1, possess good thermal stability and 

contain polar functional groups on either cation or anion.58 Apart from acting as 

plasticizers, the authors proposed that ILs 6 and 7 could also be applied as antimicrobials 

so that the resultant plasticized PVC can be used in flexible medical devices, such as 

catheters, and simultaneously be protect against bacteria, and biofilm formation. The 

authors showed that both ILs 6 and 7 were effective against mainly Gram + bacteria such 

as MRSA and Enterococcus but ineffective towards Gram– bacteria such as 

Pseudomonas, Klebsiella and E. coli.58,59 
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Figure 1.7. General structure of 1-ethylpyridinium 6 and tributyl(2-hydroxyethyl)phosphonium 7 

based ILs paired with a docusate anion. 

Both the research conducted by M. Cole and S. Choi et al. demonstrated how the novel 

ionic liquids (ILs) synthesized had involved improved antibacterial properties and dual 

functionality, respectively.  

However, there are some uncertainties with regard these ILs. For instance, will bacteria 

eventually become resistant to the Amp-ILs as analogous to ampicillin?60 Furthermore, 

research has shown that many commonly used synthetic plasticizers such as phthalate 

esters have negative health effects such as inducing infertility61 and early menopause in 

females.62 Although ampicillin (antibiotic) and docusate (antiseptic) alone can be 

consumed by humans, the cytotoxicity of their relative ILs has not been reported yet. 

Thus, confirmation of synthetic ILs that can be used as plasticizers without introducing 

negative effects are required. Generally, ILs with  longer alkyl chain length can be better 

antimicrobial agents due to the increased hydrophobicity that leads to higher 

lipophilicity53 and the same trend was observed when the toxicity of ILs was tested with 

Daphnia magna,63 human HeLa cell64 and the enzyme, acetylcholinesterase–AChE.65 

Therefore, those ILs that can act as effective antimicrobials are very likely to be toxic to 

human, although this requires further significant study. In addition, the risk of developing 

AMR with regard ILs has not been reported to date. 

1.6.3 Natural Products as Antimicrobials 

In parallel to developing an effective drug or antibiotic to fight against AMR, application 

of natural products as antimicrobial agents is also a vital topic that cannot be ignored. In 

fact, the use of antimicrobial and drugs derived from plants (the biomass) is becoming 

more acceptable in current mainstream medicine. In addition to the ineffectiveness of 

traditional antibiotics towards new viral deseases,66 plants have on-going ability to 

synthesize aromatic components such as phenols or oxygen-substituted derivatives.67 
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These substances can provide defence mechanisms in plants against predation by 

microorganisms, insects and herbivores and more importantly, some of them were 

identified as medicinal compounds.68 Excellent examples of these bioactive compounds 

include caffeic acid, catechol and eugenol (Figure 1.8). 

 

Figure 1.8. Chemical structures of caffeic acid (8), catechol (9) and eugenol (10) 

Caffeic acid (8) is one common representative of phenylpropane-derived compounds in 

the highest oxidation state that can be found in all plants and is a vital precursor to the 

significant building blocks for the biosynthesis of lignin.69 It also exists in common herbs 

such as thyme, sage, spearmint70 and is effective against bacteria.70 Catechol (9) naturally 

occurs in fruits such as apples and upon exposure to oxygen, it oxidises to reddish-brown 

melanoid pigments,71 derivatives of benzoquinone which also exhibit antibacterial 

activities.72 Catechol (9) also exists in the cuticle of arthropods such as the grasshopper 

where the cuticle composed of chitin is bounded by catechol (9) moiety to protein to form 

intermolecular crosslinks to give extra strength.73 Eugenol (10) is another naturally 

occurring phenol that can be extracted from clove oil74 and cinnamon leaf oil.75 It was 

reported that it exhibits bactericidal efficacy towards bacteria such as Listeria 

moncytogenes and Lactobacillus sakei.76 These phenolic compounds all have things in 

common in that they naturally exist in plants and more importantly they all possess 

antimicrobial properties. The detailed mechanisms of bacteria growth inhibition by some 

phenolic compounds are still unclear.77 In most cases, it is known that the hydrophobic 

phenolic groups play a key role in disrupting the lipid-protein interaction of bacterial cell 

membrane and gradually cause extensive leakage of intracellular constituents to 

ultimately destroy the membrane integrity.78 In recent years, a very commonly used spice 

used in cooking such as curry, Turmeric has gained attention in medicine and has been 

even mentioned by Cancer Research UK.79 The main ingredient in turmeric is curcumin 

which is a tautomeric compound that exists as a enol form in organic solvents but keto 

form in water (Figure 1.9). 
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Figure 1.9. Chemical structures of curcumin (11) in enol and in keto form 

Although there was some research that had doubted the medicinal uses of curcumin (11)80 

and even false research published,81 there is still an interest in gaining a deeper 

understanding of its biological application. In 2017, the British Medical Journal published 

a one-off case report that featured a 67-year-old pensioner who cured her myeloma, a 

form of blood cancer by consuming 8g of curcumin (11) daily without additional 

antimyeloma treatment.82 Apart from the anticancer property that caused attention to this 

phenolic compound 11, it is also known that it exhibits anti-inflammatory,83 antioxidant,84 

and even antibacterial properties. Curcumin (11) can exhibit a bactericidal effect as it can 

lead to cell membrane permeabilization of both Gram-(+) such as Staphylococcus 

aureus and Enterococcus faecalis and Gram-(–) bacteria such as E. coli 

and Pseudomonas aeruginosa.85,86 This compound 11 is indeed a great example to 

demonstrate the possibility of using a naturally occurring, edible product that has the 

potential to be used in medicine. 

In summary, these naturally occurring materials have provided the inspiration to develop 

blends of a biopolymer with various medicinal benefits. With the aid of different methods 

such as electrospinning, film casting, melt-extrusion and injection moulding, novel 

materials can be produced with antimicrobial efficacy. This research can show the 

likelihood of translating the intrinsic antimicrobial properties of natural materials (e.g. 

chitin, lignin, banana leaf) to a biodegradable polymer (PLA) for potential medicinal 

purposes as well as providing crucial ideas for the key elements required for biomedical 

applications.  
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2. Literature review 

2.1 The Origin of Biopolymers 

The term “polymer” is derived from the Greek word πολύς (polus means many/much) 

and μέρος (meros means parts).87 A polymer is defined as a large molecule, a 

macromolecule that is composed of numerous repeating units or a natural 

macromolecular substance composed of a cross-linked system.88 Although the term 

“polymer” first appeared in the literature in 1833 by a Swiss chemist Jöns Jacob Berzelius, 

its actual definition and concept were proposed by the German organic chemist Hermann 

Staudinger in 192089 and who was later awarded the Nobel Prize in Chemistry in 1953.90 

Staudinger’s study in the field of polymers indeed had a very major impact on materials 

science and industrial plastics development.  

Starting from the mid-1970s, polymer production increased by a factor of 10 times and 

by 2015, polymer production had exceeded 300 million tonnes per year.91 Polymers are 

widely processed and used in various application areas and the highest demands include 

packing materials,92 in building and construction93 and automotive.94 Although these 

versatile light weight polymeric materials can bring convenience to daily life,95 they also 

have a negative impact on the environment. In 2015, only 9% of polymeric waste was 

recycled, 12% was incinerated and the rest was disposed in landfills or natural 

environments.96 Conventional polymers such as poly(ethylene), poly(propylene), 

poly(styrene) and poly(vinyl chloride)(PVC) that are obtained from fossil hydrocarbons 

or crude oil are often the major source of plastics waste that end up in landfills. More 

concerning is the rise of plastic debris entering the oceans which cause negative health 

concerns to the marine system.97 Ironically, humans will suffer the most because our 

freshwater systems are also contaminated somewhat by the same polymeric waste.96,98 In 

addition, additives such as plasticizers are often added to alter the thermal and mechanical 

properties of polymers99 but most of these additives such as bisphenol-A are identified as 

mutagenic and/or carcinogenic.100 All these environmental and health concerns have 

motivated more research  undertaken with the specific target of  replacing conventional 

polymers with biopolymers due to their biodegradable, non-toxic, renewable properties, 

of which some are even edible and, biocompatible for medical applications.101 

Biopolymers can be categorised into naturally occurring or those produced synthetically. 

The former naturally exists in biological systems which can act as structural support, 

energy or carbon storage.102 Latex or natural rubber is one of the most well-known and 
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earliest biopolymer that was developed. This can be traced back to the early Olmec culture 

(ca. 1000 BC) in which latex was used for making balls in Mesoamerican ballgame and 

the Maya also use latex to make water-proof materials such as for rain-proofing for 

capes.103 Nowadays, common biopolymers include polysaccharides such as cellulose 

which is commonly used for producing paper104 and its derivatives are also widely 

developed as plastic films,105 and the potential of starch-based plastic materials are being 

recognised and their products generated via injection moulding are available in 

industry.106  

In medicine, another naturally occurring biodegradable polymer, hyaluronic acid (HA) 

was proven that it can be used in tissue engineering/scaffolding and drug delivery.107 On 

the other hand, synthetic biopolymers are those that can be produced via chemical 

syntheses from biologically derived monomers. These monomers are firstly generated 

using fermentation which then are purified prior to polymerisation.102 In recent years, 

some synthetic biopolymers have actively being developed and are gaining technical 

acceptance over synthetic non-biopolymers. For example, poly(hydroxyalkanoate) 

(PHA) has received great attention because of its recognised potential as a bioplastic.108 

This material can be produced via bacterial fermentation of sugar or lipids109 and upon 

disposal, it can be degraded to CO2 and H2O by microorganisms.110 Another exciting 

example and increasingly developed biopolymer is poly(lactide) (PLA) that can be 

obtained by fermentation of carbohydrates from corn, potato and cassava.111 Degradation 

of  PLA is generally via a hydrolytic process112 and it was also reported that PLA can be 

degraded in the presence of enzymes.113 Currently, this material is applied in making 

disposable drinking cups, sundae/salad cups, lamination films and blister packages.114  

The future of biopolymers is still expanding due to their advantages and they could make 

a key contribution towards the development of a more eco-friendly environment. 

Biopolymer products can indeed be more commonly seen in daily life. From the examples 

mentioned above, some of them are safe and non-toxic which are suitable for use in 

biomedical applications. In the current world where antimicrobial resistance is also a 

major issue that must  be tackled, some reports have shown that with the aid of 

antimicrobial agents, biopolymers can be developed as antimicrobial food packaging to 

preserve the freshness and even extend the shelf-life of food.115 However, there is concern 

with regard the toxicity of some antimicrobial agents. Their thermal stability during 

extrusion has limited their use in such applications.116 Herein, biopolymers that can 



Literature review – Production of PLA, PLDA and PLLA 
 

- 20 - 
 

potentially be developed into products which display non-toxic, biocompatible and even 

antimicrobial efficacy will be discussed. 

2.2 Production of PLA, PLDA and PLLA 

Starting from the late 1970s, the biocompatible nature of PLA and it copolymers have 

allowed them to be developed for many biomedical applications which include drug 

delivery117 and tissue engineering.118 Although not very well-known, the PLA monomer, 

lactic acid was first isolated by the Swedish chemist Carl Wilhelm Scheele from sour milk 

in 1780 and became commercially available in 1881.119 In France, two scientists, Joseph 

Louis Gay-Lussac and his student Théophile-Jules Pelouze produced PLA via 

fermentation of “sugarbeet juice” in 1833. Upon distillation, they produced sublimate 

lactide which is believed to have been PLA by 1845.120 More well-known research was 

done by the American chemist, Wallace Carothers who could only produce low molecular 

weight PLA from lactic acid (LA). Ultimately, he turned lactic acid to lactide and 

succeeded the ring-opening polymerisation of lactide to produce high molecular weight 

PLA (Figure 2.1).121 At this point, production of PLA was mostly focused on achieving 

higher molecular PLA. The chirality of lactic acid, lactide and PLA were barely 

mentioned and the importance of it was not disclosed. 

 

 Figure 2.1. Condensation of lactic acid (12) to give lactide (13) and subjected to ring-opening 

polymerisation to give PLA 14 

Although the Carothers’ method to produce PLA 14 was patented by DuPont, this 

biopolymer was not popular and more widely used in industry until the late 1990s by 

another company, Cargill.122 Shortage of landfill space,123 pollution and the 

environmental concersn of the plastics industry124 had triggered more research activities 

with the goal of developing eco-friendly biopolymers. Cargill had overcome a cost issue 

which allowed them to synthesize both lactide (13) and PLA 14 in the melt instead of 

solution which also had environmental benefits.125 The increased availability of PLA 14 
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allowed more researchers to gain access to better understand the general pathway of 

producing PLA 14, features of the precursors and products and, the importance of the 

optically active configurations as well as applications of PLA 14. This polymer 14 was 

one of the strongest candidates to be developed amongst other biopolymers and one of 

the first reasons was due to the fact starting material 12 used to produce PLA 13 can be 

obtained from renewable natural sources. Lactic acid (12) itself can be synthesized from 

lactonitrile126 but this method is not famously used and in fact, 95% of material 12 is 

derived from carbohydrate resources such as from corn starch.127 Firstly, starch  

undergoes enzyme hydrolysis to become dextrose which is a type of glucose (sugar). 

Then, dextrose is fermented to give 2 equivalents of L-lactic acid which is polymerised 

to PLLA via polycondensation (Figure 2.2).102 This direct polycondensation was first 

used and developed but this reaction is an equilibrium process but there are difficulties in 

removing the water as by-products that limit achieving the target molecular weight.125 

Producing high MW product with good mechanical properties using this route is 

challenging but it is still suitable for making biodegradable glue or lacquer.128 

 

Figure 2.2. General pathway of corn starch (15) converted to dextrose (16), then L-lactic acid 

(17) and finally PLLA 18 via polycondensation102 

As shown in Scheme 2 above, this microbial fermentation generally produces a stereo-

specific L-(+) form of lactic acid 12 which gives majority of PLLA 18.127 Interestingly, 

lactic acid (12) can also be produced by mammals including humans129 but mammalian 

cells only produce L-lactate dehydrogenase (L-LDH), an enzyme that can only produce 

L-lactic acid (17). Therefore, only the L(+) isomer can be produced in mammals 

exclusively.130 Apart from the enzyme L-LDH, microorganism of the Lactobacilli family 

including, amylophilus, debruekii and helveticus strains can specifically yield L-lactic 

acid (17). Whereas other Lactobacilli strains such as bulgaricus can produce pure D-

isomer.131 The optical purity of lactic acid (12) is indeed very vital for PLA 14 production 

as small amounts of enantiomeric  impurities can vastly alter certain properties such as 

crystallinity and, rate of biodegradation of the product.132  Not only can the optical 

configuration change the features of PLA 14, this is also an important feature amongst 
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monomer 12 or 13. Lactic acid (12) which consists of both racemic mixtures has the 

lowest melting point of 17 °C. Whereas the L(+) and D(-) isomers have higher m.p. of 53 

°C. Similarly, meso-lactide which has both L(+) and D(-) configurations has a lower m.p. 

of 53 – 54 °C.133 In contrast, its isomers which are optically pure have m.p. in the range 

of 95 – 98 °C (Figure 2.3).134 

 

Figure 2.3. Isomers of lactic acids and lactides and their melting points 

Upon recognition of the importance of the optical configuration of PLA 14, the 

production method was further developed to produce polymers with controlled optical 

configuration as well as having higher molecular weights. As mentioned before, direct 

polycondensation to produce PLA 14 from lactic acid (12) has the drawback of not 

producing high MW polymer. Therefore, it is common that the low MW (1000 – 5000 

Da) PLA 14 produced from polycondensation is often subjected to depolymerisation to 

produce 3 isomers of lactide. Backbiting reactions of PLA 14 produces different lactide 

isomers and the ratio depends upon the lactic acid (12) isomer feedstock, temperature and 

catalyst.135 Typically, meso-lactide (20) can firstly be separated from D/L-lactide by 

repeated recrystallisation from various solvents, extraction, sublimation.136 Lactide 21 & 

22 can then can be further separated137 and subjected to ring-opening polymerisation 

(ROP). Alternatively, catalysts can be utilised in order to produce PLA 14 with specific 

optical configurations. For instance, T. M. Ovitt et. al. reported an aluminium alkoxide 

complex that can catalyse meso-lactide (20) selectively to produce highly syndiotactic 

PDLLA with a yield of 94%.138 C. Radano et. al. applied two chiral Schiff’s base 

aluminium complexes to selectively polymerise L-lactide (21) and D-lactide (22) to 

produce pure isotactic PLLA and PDLA in paralell.139 The mixture of 3 different 

polymers can be separated using a chromatographic method (Figure 2.4).140  
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Figure 2.4. Production of high molecular weight PLA with controlled optical configuration via 

polycondensation, depolymerisation and ring-opening polymerisation 

Production of PLA 14 using this pathway is more common as it can produce polymers 

with controlled stereochemistry and in addition, it can produce polymer with higher MW 

more easily. Another practical method that is often applied in the industrial process to 

overcome the limitation of producing low MW polymer from direct polycondensation of 

lactic acid (12) is via azeotropic dehydrative polycondensation. Generally, the most 

widely used method consists of reduced distillation pressure of LA 12 for 2 – 3 hours at 

130 °C to remove water by-product of the condensation reaction. Catalyst and diphenyl 

ether as high boiling solvent are then added along with molecular sieves and this mixture 

was further refluxed for 30 – 40 hours at 130 °C. Finally, the polymer can be isolated for 

purification and the catalyst recovered by extraction with water and can be reused 

again.141,142 This process can be summarised in the flow diagram below (Figure 2.5). 

 

 

 

Figure 2.5. Flow diagram of PLA 14 production via azeotropic polycondensation 

The use of high boiling solvent can further enhance the removal of water more effectively 

to obtain high MW PLA 14 and molecular sieves allows the isolation of polymer more 

easily from the solvent.143 However, the use of high boiling solvent can increase the cost 

of production and removal of such solvent can be challenging and, is should be stated that 

the use of organic solvent has somehow created a contradiction of producing PLA 14 in 

an eco-friendly way.144 Furthermore, it is also a concern that residual catalyst present in 
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the isolated polymer can negatively affect the properties of PLA 14, such as degradation, 

uncontrolled or unreproducible hydrolysis rates as well as cyto-toxicity and different 

slow-release properties for products used in medical applications. Ideally, this issue 

should be resolved by using phosphoric or pyrophosphoric acid to deactivate the catalyst 

or addition of strong acid to precipitate or filter out the catalyst. By doing so, the 

weathering resistance, heat and storage stability of the polymer can be improved for 

various applications.119 This method although popular and patented,141 it is more focused 

on producing high MW PLA 14 and unlike using ROP, the stereochemistry of the polymer 

is often ignored. 

2.2.1 Stereochemistry of PLA, PLLA, PDLA 

Stereochemistry of the polymer is crucial as polymer with different configuration consists 

of different properties which are critical for further processing and application. However, 

this important piece of information is often ignored or only mentioned in passing by most 

researchers which can lead to contradiction or misunderstanding Much research 

conducted using PLA 14 has in the main been mostly concerned >90% with PLLA 18. 

For instance, R. A. Auras et. al. studied 2 different PLA 14 but were in fact samples 

composed of 94 – 98% PLLA 7.145 The PLA 14 samples used by M. Murariu et. al. in 

their research actually contained 96% PLLA 18.146 

The properties of the polymer can be varied because of the stereochemistry and various 

research is on-going in order to tune the properties of PLA 14. For example, very pure 

PLLA 18 and PDLA 24 have equilibrium crystalline melting points of 207 °C147 but they 

often melt in the range of 170 – 180 °C very likely due to the presence of imperfect 

crystallites, slight racemization and impurities.148,149 When a stereo-complex is formed 

with 1:1 PLLA 18 and PDLA 24, the melting point was increased to 230 °C and 

crystallisation properties altered to give a high crystallisation rate and more stable crystals 

were observed.150 In addition, this specific ratio of 1:1 PLLA:PDLA in the stereocomplex 

had more dense chain packing and induced stabilisation via stronger van der Waals 

interactions151 between both polymer 18 and 24 and hence, the stereocomplex had 

increased tensile properties compared to pure PLLA 18 and PDLA 24.152 Although the 

stereocomplex is one of a popular type in the development of novel PLA 14 materials, it 

is not always the ideal type for all applications. It is more important to identify the needs 

and apply the suitable polymer. 
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2.2.2 PLLA as Biodegradable, Biocompatible Material 

PLA 14 has been developed for packaging materials in the past 10 years. In comparison 

to other commonly used polymers such as polystyrene (PS) and poly(ethylene 

terephthalate) (PET), PLA 14 has a lower melting temperature which can reduce the cost 

of processing and the products can have improved mechanical properties.153 As PLA 14 

is also a thermoplastic this allows it to be subjected to multiple, reheat or reprocessing 

cycles with preserved mechanical properties.154 Upon incineration, PLA 14 can be burnt 

without producing poisonous or corrosive gases and it can also be recycled to its 

monomers for remanufacturing again.155 These features make PLA 14 a more attractive 

material to generate biodegradable and eco-friendly products. In this field, the 

stereochemistry of the polymer is not a major factor and often not specified at all. It is 

because when PLA 14 was further developed for biomedical applications, the optical 

configuration becomes a critical matter and more research studies have been conducted 

to confirm the relationship between PLA 14 stereochemistry and biocompatibility to 

produce safe and non-toxic materials. 

Generally, PLLA 18 is more commonly utilised in the field of biocompatible and 

biodegradable applications. As it was mentioned in the previous section, the most famous 

pathway from corn starch can often ultimately lead to production of PLLA 18.127 L-LA 

17 is indeed a biological metabolite as well as being the main fraction of PLA 14 derived 

from bio-renewable sources as the majority of LA 12 from biological sources exists in 

this form.118 This naturally occurring L-LA 17 can also be used to make commercial 

PLLA 18 less expensive compared to that of PDLA 24.156 The fact that its monomer L-

LA 17 can be produced by the human body130 has caught the attention of researchers 

investigating the biocompatibility of PLLA 18 with humans. In fact, PLLA 18 is highly 

tolerated by the human body because degradation of PLLA 18 is a hydrolytic process 

which starts with the diffusion of water into the material then breaking of the polymer 

chains into small oligomers which can diffuse in and out of the polymer matrix.157 The 

degradation product L-LA 17, can be incorporated into tricarboxylic acid or Krebs’ cycle 

and excreted by body as carbon dioxide and water. Therefore, PLLA 18 can undergo 

degradation and is completely resorbable in the human body.158 Different research has 

shown that PLLA 18 was proven to be non-toxic for both rats159 and human mesenchymal 

stem cells.160 A further in-vivo study conducted with 20 human patients who had patellar 

tendon autograft anterior cruciate ligament reconstruction with PLLA 18 screws indicated 
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that all of the screws completely degraded after 89 to 124 months after insertion. More 

importantly, significant bone ingrowth that involves any bone formation within the screw 

site was not observed and additional surgery to remove the implant was not required.161 

PLLA 18 has been reported to have a tensile modulus as high as 16 GPa,153 it can provide 

long retention of strength that is suitable for being applied in ligament and tendon 

reconstruction and, vascular or urological stents in the field of medical health care 

materials.118 

Another reason for PLLA 18 being more popular than PDLA 24 for developing 

biocompatible and biodegradable products is that biodegradation of the former is more 

favourable. Is it because PLLA 18 has a lower crystallinity and PDLA 24 can actually act 

as a nucleating agent to increase the crystallisation rate and thereby slow down the rate 

of biodegradation of PLLA 18.162 This is a crucial factor in the design of biodegradable 

materials as the polymer chains in the amorphous phase are randomly arranged, or loosely 

packed, resulting in the polymer being more susceptible to degradation. In contrast, 

crystalline polymers are well-ordered and cause them to be more resistant to 

degradation.163 Therefore, more research studies have been focused on applying PLLA 

18 as the base material and associated with PDLA 24 in order to alter the thermal and 

mechanical properties164 as well as customising the enzymatic164 and hydrolytic165,166 

degradation of the resultant blend material. 

2.2.3 Popular Industrial Processing Methods 

After the unique properties and potential of PLA 14 as well as PLLA 18 and PDLA 24 

were identified, interest was directed to techniques that could be used to generate PLAs 

by applying industrial manufacturing methods. Either polymer 14 was produced using 

polycondensation, ROP or azeotropic polycondensation and, the resin or pellets produced 

required drying prior to further processing. It is because the moisture present in the pellets 

can cause hydrolytic degradation that leads to reduced MW of the polymer during further 

processing.167 Extrusion is a very common way of converting polymer pellets into 

different forms and is often the first step in the processing of PLA 14 and other materials 

in the polymer industry. This involves using a screw extruder which consists of an 

electrically heated metal barrel, a hopper for adding polymer pellets, a motor that can 

rotate the screw and a die for polymer melt to exit. Depending on the application, the 

polymer melt that exits the die can be subjected to further down-stream processing to 

make various materials (Figure 2.6). 
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Figure 2.6. Diagram of polymer extrusion process 

A combination of the thermal energy from the heated barrel and frictional energy between 

the pellets and screw melts the pellets prior to mixing. The ratio of flight length of the 

screw to its outer diameter commonly known as L/D ratio ( 𝐿/𝐷 =

 
𝐹𝑙𝑖𝑔ℎ𝑡𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑐𝑟𝑒𝑤

𝑂𝑢𝑡𝑠𝑖𝑑𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑠𝑐𝑟𝑒𝑤
) can influence the shear stress acting on the polymer and the 

residence time of the polymer melt in the extruder. Larger L/D ratio screws are favoured 

due to higher throughput, better mixing capability, pumping at higher die pressure, greater 

melting capacity with less shear heating and enhanced conductive heating via the 

barrel.168 Modern extruders for processing one or more polymers or additives to give 

blends or composites are commonly equipped with double screws. This type of twin-

screw extruder can be categorised as either co-rotating or counter rotating extruder. The 

former refers to screws that both rotate in one direction (both clockwise or anti-

clockwise). The latter describes the extruder with one screw rotates clockwise and the 

other rotates anti-clockwise.169 This technique is suitable and widely used to process 

PLLA 18 in which, barrel temperature and screw rotation speed are crucial factors to 

control to avoid degradation and ensure the MW of the resultant polymer does not 

decrease. V. Taubner et. al. have shown that severe damage can occur when PLLA 18 

was extruded at 240 °C even at low rotation speed of 20 rpm that caused poor mechanical 

properties of the resultant product.170 

After extrusion, injection moulding is often the next step in polymer processing and this 

is especially useful to produce products that require complex shape or high dimensional 

precision. The process involves injecting the polymer melt in to a mould at lower 

temperature and then ejecting the solidified polymer product. The extruder component 

contains a reciprocating screw to rotate as well as move forward and backward to fit the 

moulding cycle.171 The mould is equipped with a cooling system that allows controlled 

cooling for solidifying the polymer. This technique simply requires the polymer melt can 

flow and fill the mould cavity easily172 and is suitable for producing biodegradable 

scaffolds with complex shapes that consists of appropriate morphology with preserved 
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mechanical properties suitable for tissue engineering,106 and biodegradable implants.173 

PLLA 18 has also been injection moulded with evidence shown that it can be used to 

produce PLLA 18 bio-absorbable interference screws. The authors noted that the 

crystallinity of the product was altered due to the cooling process within the mould.174 As 

crystallinity is highly related to the rate of biodegradation, a different study conducted by 

Ghosh et al. also investigated the relationship between injection moulding parameters and 

crystallinity of injected PLLA 18. It was observed that degree of crystallinity is directly 

proportional to shear stress but shear rate has a rather less effect which is inversely 

proportional to crystallinity.175 However, PLLA 18 itself is a brittle material which has 

limited its application and the mechanical properties can only optimised up to a certain 

level via thermomechanical manipulation of conventional injection moulding (CIM).176 

In contrast, non-conventional methods such as shear controlled orientation in injection 

moulding can give additional degrees of freedom to manipulate the structure development 

of a solidifying polymer melt via an in-mould shearing action in order to tailor the 

morphology and controlling the mechanical properties of polymers.176,177 This approach 

consists of an externally controlled in-mould unit, a SCORIM unit that includes two 

cylinders with each of them located on a different melt flow path leading to its 

corresponding gates (Figure 2.7). 

 

      Figure 2.7. Schematic diagram of the SCORIM process 

The cavity normally filled with one gate and melt manipulation can then be operated using 

three different modes. The first one is an out-of-phase mode that can control the forward 

and backward movement of cylinders to manipulate the melt inside the mould. Secondly, 

an in-phase mode that allows pumping of more polymer melt into the cavity. Finally, the 

hydrostatic pressure then applied by the cylinders to offset volumetric shrinkage.176 PLLA 

18 processed using this technique showed higher toughness as well as maximum stress 
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compared to that of CIM. Without the aid of polymer blending or plasticizers, mechanical 

properties of PLLA 18 products were promising without sacrificing stiffness.178 

Apart from SCORIM, other techniques such as micro injection moulding has also been 

widely developed and applied in biomedical applications which can be used for producing 

polymeric products with high surface-to-volume ratios,179 encapsulation with even further 

complex geometries for drug delivery180 and in medical devices.181 Hence, injection 

moulding is a versatile technique available for producing various polymeric products.  

2.2.4 Common Methods for Modification of PLLA 

PLLA 18 has great potential to be a green polymer being biodegradable and a 

biocompatible material. However, this material is well known to be brittle176  which is 

indeed a major drawback and disadvantage for certain applications. As was discussed 

above, different approaches such as stereocomplexation can increase the melting 

temperature of PLLA 18 to 230 °C,152 incorporation of PLLA 18 with PDLA 24 can also 

alter thermal and mechanical properties164 and customise the degradation of the resultant 

material.166   Modification is commonly applied to overcome this disadvantage 

(brittleness) in order to diversify further the application of PLLA 18. 

Apart from PDLA 24, different polymers can also be used for modifiy PLLA 18. 

Commonly, copolymerisation can be used to introduce a different polymer along with 

PLLA 18 an example is poly(ethylene glycol) (PEG) which can be used to alter the 

thermal182 or hydrolytic properties183 as well as enhancing the hydrophilicity of PLLA 18 

for drug delivery application.184 Alternatively, physical blending is a more straight 

forward way to combine PLLA 18 with other polymers. With the aid of solvent, PLLA 

18 can be blended with poly(ε-caprolactone) (PCL) resulting in improved thermal and 

mechanical properties.185 The flexibility of PLLA 18 was improved after blending with 

poly(ester-urethane) (PEU).186 Apart from using solvent, it is also possible to use melt 

mixing to obtain polymer blends187 or composites.188 Melt extrusion is a common tool 

which ensures the components are mixed thoroughly. This method is solvent-free which 

is more eco-friendly and then injection moulding can often be utilised in order to obtain 

products with designated shapes.189 Therefore, melt extrusion along with injection 

moulding is a very convenient way to make polymer blends or composites and it these 

processes are more environmentally friendly than using solvents and can be used for 

large-scale production of PLLA 18 blends. Excluding improving or enhancing certain 

poor properties of PLLA 18, blending can also be used to introduce new properties to the 
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polymer. For instance, incorporation of silver nano-particles to PLLA 18 can yield a 

composite material that exhibits anti-adhesion and antimicrobial properties.190 Hence, 

with the appropriate choice of polymer or additive components, it is possible to generate 

novel PLLA 18 blends or composites that are eco-friendly, biodegradable, biocompatible 

with additional properties, such as antimicrobial efficacy. A selection of naturally 

occurring materials have many intrinsic properties, including antimicrobial offer great 

potential in biomedical applications when blended with PLLA 18 and will now be 

introduced. Most have not been blended with PLLA 18 before to produce novel 

biodegradable and biocompatible materials. 

2.3 Lignin 

In the world of plants, lignin is the major component that gives rigid structural support in 

vascular plants. It was first discussed in 1813 by Augustin Pyramus de Candolle who 

described lignin as a fibrous, tasteless material that cannot be dissolved in water or 

alcohol, is soluble in weak alkaline solutions and can be precipitated from solution with 

acid. He named this material “lignine” which was derived from the Latin word, 

“lignum”.191 Apart from being the support tissue in plants, it plays an important role in 

biosynthesis which can be initiated under biotic/abiotic stress conditions including 

wounding, pathogen infection, metabolic stress and perturbations in cell walls.192 It is 

known that polysaccharides, such as cellulose in plants, can be protected by lignin against 

microbial degradation to impart decay resistance. Its chemical structure is a cross-linked 

matrix made up of aromatic phenol polymers which can be categorised by three types of 

mono-lignol building blocks, coniferyl (G), sinapyl (S) and p-coumaryl alcohol (H) 

(Figure 2.8).193 Generally, lignin in plants is composed of all G/S/H lignin units but the 

ratios vary in different species, excluding gymnosperms which are mainly composed of 

G lignin, angiosperm dicots that are composed of G and S lignin and, the H lignin content 

is slightly higher in grasses.194 
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Figure 2.8. Chemical structures of coniferyl (25), sinapyl (26) and p-coumaryl alcohol (27)195 

Lignin polymerisation or lignification occurs via oxidative radical coupling of 

monolignol involving enzymes such as peroxidases and/or laccases.196 The former 

enzyme uses hydrogen peroxide as a substrate and the latter uses oxygen to oxidise its 

metal centre to enable catalytic phenol oxidation. When a monolignol is oxidised, the 

relative phenolic radical can be stabilised because of the delocalisation of the unpaired 

electron in the conjugated system. Two radicals may couple to form a new C-C or C-O 

bond which favour at their β positions to give β-β, β-5 and β-O-4 dimers (Figure 2.9).195 

Such radical-radical coupling occurs in a chemical combinatorial fashion and so, the 

orientation of the possible coupling products highly depend upon the chemical nature of 

each of the monolignol radical as well as the conditions in the cell wall.197 
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Figure 2.9. An example of delocalisation of the phenolic radical compound and possible resulting 

dimers195 

The resultant dimers can be oxidised again to form a new radical and couple with another 

radical. This coupling can continue to occur between a new monolignol radical, a growing 

radical chain or two different growing racial chains. Therefore, unlike biopolymers such 

as chitin and cellulose, the structure of lignin is in effect a phenolic polymer 

network/matrix (Figure 2.10)198 which can be irregular and, cannot be simply represented 

by repeating units. The average length of a lignin chain was estimated to be between 13 

to 20 units.199 
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Figure 2.10. Partial structure of a lignin network198 

In the cell wall, a linkage is formed between the lignin polymer network and the 

polysaccharide components, the resulting strong lignin-carbohydrate networks means the 

direct separation of individual polymers is very difficult.200 In industry, the Kraft process 

or Kraft pulping is often applied which involves treating wood chips with sodium 

hydroxide and sodium sulphide to break the bonds between lignin, hemicellulose and 

cellulose.201 Briefly, lignin from the process is removed from the fibre wall and 

solubilised in the mixture with a pH value that remains high due to the presence of ionised 

phenolic hydroxyl groups formed through reaction between lignin and the pulp mixture. 

Using a weak acid such as carbon dioxide, lignin can be protonated and then precipitated 

and filtered. However, the lignin separated during this process in most cases would 

normally be burned as a fuel in contrast to cellulose which can be turned to useful 

materials and used in packaging and paper.202 Until recent years, it was reported that 

lignin can be a source to produce useful materials such as polyurethane foam203 and 

carbon fibre.204 

Although not widely reported, the fact that lignin acts as the structural support and is 

responsible for biosynthesis in plants, its biological properties have attracted some 

research interest. Zemek et al. studied model structures using bacteria, yeasts, yeast-like 

micro-organisms and moulds and observed that their growth was inhibited by G-lignin 
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25 and S-lignin 26. Hence, it was concluded that lignin can exhibit antibiotic properties.205 

Recently, it was reported that Lig-8, a lignophenol derivative of lignin extracted from 

bamboo is a highly potent neuro-protectant for humans.206 It was also reported that lignin 

derived from bamboo displayed antibacterial properties towards Phyllostachys 

pubescens;207 and the lignin residue of corn stover (from ethanol production) showed 

strong antioxidant activity (based on results from hydrophilic oxygen radical absorbance 

capacity assay) as well as antimicrobial activity against Listeria monocytogenes, MRSA 

and yeast.208 In other studies, extracts such as cellulose, hemicellulose did not show 

significant antibacterial properties. Therefore, it has been claimed that lignin could be the 

major component to provide antimicrobial properties in plants.207 It is another biopolymer 

that can provide positive health benefits to humans and its antimicrobial properties  

explored further. 

2.3.1 Previous Research on Blends of Lignin and Polymers  

Although lignin is a bio-renewable biopolymer and has the potential to be developed for 

use in antimicrobial products but, its poor solubility in most common solvents is a 

drawback. In recent years, research has focused on the use of ionic liquids to dissolve 

lignin.209 Alternatively, melt extrusion is a more commonly applied method especially in 

the preparation of polymer blends or composites. Kubo et. al. applied this method to 

prepare immiscible blends of PVOH and lignin210 and Kadla et. al. also used the same 

method to produce a selection of lignin-based polymer blends.211 

As PLLA 18 is becoming more and more popular due its eco-friendly, biocompatible and 

biodegradable properties, approaches were reported to combine PLLA 18 and lignin to 

prepare blends or composites. Li et. al. introduced lignin to PLLA 18 and aimed to lower 

the overall cost of products and adding some biodegradable characteristics to PLLA 18. 

In this study, lignin and PLLA 18 were simply blended by hand using a mortar and the 

mixture compression moulded at 200 °C. However, it should be noted that the manual 

mixing is flawed and it failed to produce polymer blends at the molecular level and the 

actual applications of such blends was unclear.212 Rahman et. al. also prepared 

PLLA/lignin blends using melt extrusion along with compression moulding but the 

authors observed that the introduction of lignin to PLLA 18 increased brittleness of the 

resultant composites. However, PEG was also introduced which acted as a plasticizer to 

provide flexibility and alter stiffness. The aim of this study was to understand the 
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influence of lignin as a filler and PEG as a plasticizer on the overall physico-mechanical 

behaviour of PLLA 18 but the potential uses of the composite was not discussed.213 

There are other research groups who have prepared PLLA/lignin composites but the 

majority of research interest was mostly based upon addition of lignin to improve the 

thermal and mechanical properties of the PLLA-based composite.212 Since lignin has 

exhibited antimicrobial efficacy, lignin can be introduced to polymers to provide 

additional antimicrobial properties. It was reported that lignin when incorporated into 

PVOH resultant composites exhibited a synergistic antioxidation response. Moreover, it 

could inhibit the growth of Gram-negative bacteria including Erwinia carotovora subsp. 

carotovora and Xanthomonas arboricola pv. pruni.214 Yang et. al. used melt extrusion to 

prepare PLA 14 based composites with cellulose and lignin particles and observed that 

the composite materials exhibited a biocidal activity against a tomato bacterial plant 

pathogen.215 The same research group conducted further experiments and confirmed that 

these composites have the potential to be developed for food packaging to provide 

protection against other bacterial plant pathogens such as Xanthomonas axonopodis pv. 

vesica toria.216 Although PLLA 18 is more compatible with the human body, the 

antimicrobial property of PLLA/lignin composites has not been widely tested. Kai et. al. 

prepared nanofibers using PLA-lignin copolymer and PLLA 18 which exhibited 

antioxidant activity and with the optimal amount of lignin, the composites were 

compatible with human dermal fibroblasts and mesenchymal stem cells.217 Hence, 

PLLA/lignin composites have the potential for use in the field of biomedicine and lignin 

can provide additional antimicrobial properties to PLLA 18, which is not inherently 

antimicrobial. 

2.4 Chitin 

Amongst the reported biopolymers developed for food packaging, chitosan is inherently 

antimicrobial which can exhibit such efficacy even without the presence of antimicrobial 

additives. This is because it can promote cell adhesion via interactions with the negatively 

charged cell membrane particularly with residues of carbohydrates, lipids and proteins to 

cause leakage of intracellular constituents and thus inhibit the growth of microbes.218 

Chitosan is a linear polysaccharide, poly- β(1→4)-D-glucosamine219 and there are often 

misconceptions with regards to the origin of chitosan. Precisely, chitosan does not 

naturally exist as it is derived from poly-β-(1→4)-N-acetyl-D-glucosamine, chitin (Figure 
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2.11). The word “chitin” originated from the French word “chitine” which was derived 

from the Greek word  “χιτών: chiton” which means covering.220 Commercially available 

chitin is often extracted from shrimp shell but it also exists in species such as Weinberg 

snail, baker’s yeast (Saccharomyces cerevisiae), cockroach, lobster, mussel, squid, crab 

and its chemical structure was confirmed by Albert Hofmann in the late 1920s.221,222 In 

an industrial process, extraction of chitin generally involves acid treatment of shrimp shell 

to remove minerals/salts, deproteinisation, removal of pigments with bleach and, chitosan 

can be further obtained by deacetylation with alkali. 

 

Figure 2.11. Chemical structures of chitin (31) and highly deacetylated chitosan (32) 

Chitin (31) is placed as the second most abundant natural biopolymer after cellulose.223 

Its chemical structure consists of solely N-acetyl-D-glucosamine, whereas the structure 

of chitosan (32) is obtained from the deacetylation of chitin (31) which can compose of 

both N-acetyl-D-glucosamine and glucosamine.224 It is always vital to distinguish 

between chitin and its derivatives but unfortunately, much of the reported literature 

claiming to use chitin was in fact chitosan225 or some other derivative.226 Chitin (31) is 

very thermodynamically stable, stability derived from the hydroxyl and N-acetyl-D-

glucosamine units promoting a very complex hydrogen bonded network. The carbonyl 

(C=O) group of N-acetyl-D-glucosamine unit itself can promote two types of hydrogen 

bonding spontaneously, both intramolecular and intermolecular hydrogen bonding with 

an adjacent hydroxyl group and an amide (NH group), respectively (Figure 2.12) to 

provide extra strength and structural support.227 
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Figure 2.12. Schematic representation of the hydrogen bonding network in chitin (31)227 

As a result, chitin (31) is often difficult to dissolve and processes in to various forms 

directly. So far, the most common solvents which have been used to dissolve chitin (31) 

include 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), a very corrosive, hazardous 

fluorinated solvent which is environmentally contentious and harmful to humans. 

Moreover, special laboratory equipment is required to tolerate such a corrosive solvent.228 

Alternatively, N,N-dimethylacetamide(DMAc) containing lithium chloride (LiCl) can 

also be used to dissolve chitin. However, DMAc can cause liver damage229 where Li+ in 

LiCl acts as Lewis acid to solvate the chitin amide group and it is uncertain whether this  

can be reversed by washing the resultant chitin group thoroughly.230 It is also a concern 

that such harsh solvents can alter the nature of chitin (31) or even cause damage.231 This 

is the main reason as to why chitin (31) is usually ignored and, is much less reported than 

chitosan but it is commonly used as a precursor and converted to different derivatives. 

Although it is very challenging to process chitin (31), the fact that it is naturally occurring 

in the exoskeleton of various species to provide protection and structural support has 

become its unique feature in biology. In spite of being described as the most insoluble 

polymeric forms of the substance, it has been proven that chitin (31) exhibits wound-

healing effects232 which has even been reported as a “potent pure chemical wound healing 

accelerator”.233 This property is attributed to the N-acetyl-D-glucosamine unit which can 

stimulate the production of hyaluronan and glycosaminoglycans in the extracellular 

matrix that are responsible for binding and regulating different proteins by cells such as 

fibroblasts.234 As chitin (31) can be degraded by the enzyme, chitinase222 which can be 
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produced by humans, this further supports the hypothesis that it is safe to be used in 

medical devices for application with humans.235 

To further develop chitin (31) for use in medical devices, more research must be 

completed to fully investigate its potential. One of the common concerning aspects is 

whether chitin (31) can be used with humans who are allergic to shell fish. Fortunately, 

the source of the allergen of shell fish is a protein called tropomyosin, not chitin (31).236 

Recently, Benhabiles et al. tested the antibacterial activity of chitin (31) and confirmed 

that it showed inhibitory growth activity against two MRSA strains (Gram +); E. coli, 

Vibrio cholera, Shigella dysenteriae and Bacteroides fragilis [Gram-(–)]. The authors 

concluded that chitin (31) should be categorised as bacteriostatic (i.e. the ability to prevent 

or inhibit to growth instead of killing bacteria) rather than bactericidal (killing it 

instantly)237 as the mechanism of antibacterial activity involved makes the bacteria 

flocculate and so killing it presumably through a lack of nutrients and oxygen.238 

Researchers have demonstrated the potential of using chitin (31) for medical applications 

especially as an antimicrobial agent. Its insolubility in most organic solvents is indeed the 

major barrier to further development however, resultant chitin products would have very 

high tolerance towards most solvents as well as being a non-toxic, safe, renewable and 

biodegradable material. 

2.4.1 Previous Research on Blends of Chitin and Polymers 

As analogous to lignin, the difficulty of using chitin (31) is its very poor solubility in 

organic solvents. In addition, its strong micellular structure consists of strong intra- and 

intermolecular hydrogen bonding  which results in  no melting point for Chitin (31).239 

Thus, it is generally not the number one candidate to make polymer blends or composites. 

In contrast, chitosan (32) or other derivatives are more commonly reported and 

recognised.240  As it was mentioned previously, harsh and very harmful solvents were 

used before the development of ionic liquid as powerful solvents.241,242 For instance, Mi 

et. al. used DMAc/LiCl to prepare chitin/poly(lactic-co-glycolic) (PLGA) blend243 and 

they later used the same reagent to prepare chitin/PLGA and chitin/PLA microspheres as 

biodegradable drug delivery systems.244 Park et. al. used HFIP to prepare chitin/silk 

nanofibers.245 Peesan et. al. prepared chitin/PVOH blend films via solution casting with 

concentratedformic acid. However, chitin (31) is insoluble in formic acid and so chitin 

(31) was only suspended in the strong acid prior to film casting.246 
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Alternatively, melt extrusion can be applied to prepare polymer blends or composites. 

Niño et. al. prepared starch-chitin/low density poly(ethylene)/ethylene-co-acrylic acid 

blends using extrusion to prepare new biodegradable films.247 Yang et. al. prepared 

chitin/PCL blends using melt-blending.248 Although these two early studies demonstrated 

the likelihood of applying melt extrusion, this method is not widely used to produce 

chitin-containing polymer blends and interest in applying these products in the 

biomaterials field was not a major focus. 

In more recent years though production of polymer blends incorporating chitin (31) using 

melt extrusion have been more slightly targeted towards biomedical uses. Rizvi et. al. 

prepared PLA/chitin composites via melt-extrusion along with compression moulding. In 

this research, the authors noted that effective dispersion of chitin (31) could be a 

challenging issue and suggested an additional additive could be introduced to address this 

problem.249 When N. Herrera et. al. prepared PLA/chitin blends, glycerol triacetate also 

known as triacetin (Figure 2.13) was introduced as a plasticizer during melt 

compounding. Triacetin itself can be used as an edible food additive250 and it can also act 

as a plasticizer to reduce the brittleness of PLA 14 as well as a processing aid to facilitate 

the dispersion of chitin (31) during extrusion. This plasticized PLA/chitin blown film was 

expected to be a good packaging material and provide protection against fungi.251 

 

Figure 2.13. Chemical structure of plasticizer, triacetin (33) 

Although the toxicity or biocompatibility of the composites were not mentioned in this 

study, Mou et. al. confirmed that the composites did not cause allergic reactions as well 

as agitation or inanimate behaviour when tested with guinea pigs and rabbits.252 Arunraj 

et. al. loaded a chemotherapeutic agent in a PLA/chitin composite and proved it to be an 

effective drug delivery system for cancer treatment.253 On the other hand, few research 

studies have been published that describe the introduction of chitin (31) to PLLA 
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18 to develop new composite materials. For instance, Li et. al. prepared porous PLLA 18 

scaffold reinforced by chitin (31) to achieve higher mechanical strength254 and a further 

in vitro evaluation suggested that the material had the potential to be used in tissue 

engineering.255 Their in-vivo tests showed the material was especially suitable for bone 

tissue engineering as it exhibited inductive bone formation by repairing bone defects. Kim 

et. al. prepared chitin-graft-PLLA and aimed to explore its potential for biomedical 

applications.256 The former research group used dicyclohexylcarbodimide and organic 

solvent to link PLLA 18 and chitin (31)254 and used DMAc/LiCl to prepare the 

copolymer.256 Melt blending or extrusion is a more environmentally friendly approach 

that can avoid using organic solvents or harsh chemicals to generate new PLLA/chitin 

composites. Chitin (31) is biodegradable, biocompatible and exhibits antimicrobial 

properties. This material is a good candidate to introduce or improve various PLLA 18 

properties for generating novel biomedical materials. 

2.5 Tungsten Disulphide 

Tungsten disulphide (WS2, tungstenite) is a naturally occurring mineral257 that was firstly 

used as a lubricant258 that can withstand high temperatures and contact pressures up to 

2068 MPa (300000 psi).259 This material can also be prepared synthetically using 

controlled sulphidisation by reacting hydrogen sulphide (H2S) with tungsten trioxide 

(WO3) in a fluidised-bed reactor;260 and direct synthesis from the vapour phase via 

chemical transport reactions consisting of the thermal decomposition of ammonium 

thiotungstate [(NH4)2WS4] at 1200 – 1300 °C in hydrogen gas.261 This inorganic 

nanomaterial has a structure that is analogous to multiwall carbon fullerenes and 

nanotubes which consist of layered one and two-dimensional molecular sheets that 

stacked and held together by van der Waals forces. In comparison to other two-

dimensional nanoplatelets, WS2 platelets are not stable because of the abundant dangling 

bonds on the rim of W and S atoms that are only four- and two- fold bonded 

respectively.262,263 When the molecular sheets are being folded to cause the rim atoms to 

stitch together to stabilise nanotubular and spherical structures with all W and S atoms 

results in six- and three- fold-bonding respectively.263 WS2 nanotubes have outer 

diameters in the range of 10 – 30 nm with main size distribution centred from 15 – 20 

nm. They are uniform in shape, open-ended and their lengths range from hundreds of 

nano-meters to several micro-meters with a hollow core that occupies up to 70% of their 

total volume and are found to be perfectly crystalline.264,265 
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Although the van der Waals forces between molecular layers are weak, they can bring 

benefit allowing easy, low-strength shearing. In addition to their chemical inertness and 

hollow structure, WS2 has the ability to impart elasticity and allows particles to roll 

instead of slide when acting as a solid-state lubricant.266 Apart from being developed as 

lubricants, WS2 has also been used in the development of rechargeable batteries as it 

consists of fast-ion conductivity267 and has been shown to improve the performance as 

lithium (Li) ion battery anodes.268 WS2 can be fabricated in to a well ordered mesoporous 

material with high surface area and narrow pore size distribution to deliver excellent high 

rate capability to Li ion batteries.269 In addition, WS2 remains chemically inert after being 

treated with super acid and such harsh treatment resulted in even large-area, few-layer 

WS2 sheets in large quantities. Hence, increased Li-ion intercalation sites obtained lead 

to an improved reversible capacity.270 WS2 nanotubes exhibit superior mechanical 

properties as they have a Young’s modulus up to ca. 150 GPa and tensile strength above 

16 GPa. They can deform elastically to a large extent under both compression and tension 

but appear to be almost defect free. Furthermore, the interlayer shear modulus was found 

to be ca. 2 GPa and WS2 is able to withstand shock waves of up to 21 GPa. This attractive 

mechanical behaviour and other properties such as tribological and conductive features 

mentioned above has attracted the attention of polymer scientists to further develop WS2 

as a filler or additive to produce polymer nanocomposites. 

Using inorganic nanomaterials as reinforcing agents to improve tribological271 and 

mechanical272 properties of composites,273 polymeric fibres274 and nanocomposites 

becoming increasingly popular in polymer chemistry.274 WS2 is still a very new candidate 

in this field and related research has not been widely reported although WS2 was first 

synthesised more than 20 years ago. As WS2 was identified first as a solid lubricant, early 

studies included WS2 being developed as a composite that exhibited adaptive lubricant 

behaviour that could withstand high temperature.271 More research was then conducted 

to incorporate WS2 into polymers, for instance, Sonker et. al. applied WS2 as 

reinforcement to glutaric acid/poly(vinyl alcohol) (PVOH) to improve mechanical 

properties. As sulphur can act as a hydrogen bonding acceptor,275 the outermost S atoms 

of WS2 nanotubes can form hydrogen bonds with the hydroxyl groups of PVOH. As a 

result, WS2 increased the tensile strength and toughness of PVOH by 86% and 102% 

respectively. This suggests the strong interaction between S and -OH groups facilitates 

stress to be transferred from the polymer network to the reinforcing WS2 (Figure 2.14).276 
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Figure 2.14. Schematic diagram of WS2-PVOH composite which illustrates the hydrogen bonds 

between S and -OH groups between WS2 and PVOH.276 

Although Sonker et al.’s research confirmed that WS2 was mainly responsible for 

improving the mechanical and not thermal properties, a different research concluded that 

WS2 can influence the thermal behaviour of the polymer matrix. Naffakh et. al. observed 

that WS2 can increase the onset degradation temperature of isotactic PP by up to 60 °C 

and so the resultant PP/WS2 composites exhibited improved thermal stability compared 

to unfilled PP. Additionally, WS2 can act as nucleating agent for some polymers and 

thereby, increase the crystalline content and crystallisation enthalpy of PP.277 In very 

recent years, few researchers have studied WS2 as new functional additive to modify the 

thermal and mechanical properties of polymers.278  

Importantly and with relevance to this thesis, WS2 is getting attention as a new 

reinforcing material for polymers because of it has been shown to be non-toxic. 

Appel et. al. tested WS2 against human kidney cells HEK293f and a Salmonella 

typhimurium TA10 strain and concluded that WS2 did not cause cell death and 

mutation.279 Preliminary toxicology tests also showed that WS2 showed no toxic reactions 

via oral administration and inhalation in rats and no sensitisation in lymph nodes via 

dermal application.280 Further research  using the A5 and rat submandibular salivary 

gland cells had shown that WS2 did not affect cell growth, proliferation kinetics as well 

as cell viability. More interestingly, uptake of WS2 by the cells accumulated in the 

cytoplasmic vesicles but the cell morphology remained unchanged.262 More research has 

showed that WS2 can improve the fracture toughness, shear strength and peel strength of 

polymers 273 but knowledge in terms of its application as a biomaterial is still rather 

limited. As is can be dispersed easily in polymer matrices,273 it is an ideal candidate as a 

polymer additive for tissue engineering.281 Lalwani et. al. utilised WS2 as a reinforcing 

agent to prepare poly(propylene fumarate) (PPF) composites and confirmed that WS2 
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played a  significant role enhancing the mechanical properties PPF. The authors suggested 

that the resultant higher compressive and flexural properties were as a consequence of 

increased crosslinking density of the WS2 reinforced polymer combined with uniform 

WS2 dispersion in the polymer matrix. Such results indicated that the WS2 reinforced PPF 

is suitable in tissue engineering purposes for trabecular bone.281 However, more research 

must be conducted to more deeply understand whether WS2 can alter the toxicity, 

biocompatibility and biodegradability of the resultant composites. 

2.5.1 Previous Research on Composites of WS2 and Polymers 

As it was discussed above WS2 has been studied as a possible reinforcing agent for 

polymers such as poly(methyl methacrylate) (PMMA),274 PVOH275,276 and PP.277 

However, development of eco-friendly, biodegradable and biocompatible composites of 

PLLA 18 and WS2 has not been investigated. Naffakh et. al. was first to report on 

composites of PLLA 18 with (0.1, 0.5 and 1.0 wt%) WS2 prepared via melt extrusion 

without any modifiers or surfactants. WS2 has a nucleating effect on PLLA 18 which 

altered both the melt and cold-crystallisation behaviour of as well as enhancing the 

mechanical properties of PLLA 18.282 Later research investigated the influence of WS2 

on isothermal crystallisation and melting behaviour of PLLA 18. The authors concluded 

that WS2 could act as highly effective nucleating agent which resulted in the acceleration 

of PLLA 18 crystallisation.283 In another study conducted to understand the non-

isothermal cold crystallisation and melting behaviour of PLLA/WS2 composites at 

different heating rates and WS2 loading it was again demonstrated that the presence of 

WS2 nucleated PLLA 18. Cold-crystallisation and crystallinity of PLLA 18 could be 

influenced by heating rates and WS2 loading.284  

In other studies, WS2 was incorporated into PLLA/hydroxyapatite using melt blending 

without the use of a modifier or compatibiliser. WS2 was shown once again to act as a 

nucleating aid and it also improved the dispersion of hydroxyapatite micro-particles in 

the PLLA 18 matrix reducing the mean particle size that led to a larger interfacial area 

between the particles and polymer matrix. In comparison to unfilled 

PLLA/hydroxyapatite composites, addition of WS2 increased the thermal stability of 

PLLA as well enhancing mechanical properties. These nanocomposites exhibited good 

biocompatibility and non-cytotoxicity, they have great potential as scaffolding in tissue 

engineering.285 Very recently, WS2 was incorporated into PLLA/PP blends where it was 
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observed that that the WS2 had a more prominent nucleating effect for the PLLA-rich 

composites and the overall composites exhibited an increase in storage modulus.286 

These studies are indeed good evidence demonstrating the advantages of using WS2 as a 

functional filler for polymers. The potential of WS2 as an additive for PLLA 18 should 

be further explored to determine if these composites could be used as novel eco-friendly, 

biocompatible materials. 

2.6 Banana leaf 

The two biopolymers introduced above (chitin and lignin) can both have positive health 

benefits for humans, especially antimicrobial efficacy. They are commercially available 

but extraction with chemicals is required in order to separate and obtain the biopolymers 

from the biomass. Potentially, another material that could be introduced and used in 

dressings on human patients is banana leaf. Its potential and application as an 

antimicrobial agent in India is known, although the active ingredient(s) are not known. 

Since 1976, V. Chongchet has used sterile, steamed banana leaves as inner non-adherent 

dressings to treat burn wounds on patients. This may be the first report that mentioned 

using banana leaves as dressings, but unfortunately statistical data is not available and 

detailed recording of their efficacy with patients was not professionally collected.287 

In 1996, Gore et al. in the burns unit at the L.T.M.G. hospital, Mumbai decided to search 

for a new dressing material that was non-adhesive, pain-free, cheap and readily available. 

At that time, there was 7-8 million burn injuries which resulted in approximately 0.2 

million deaths each year in India. Burn management is always under pressure due to the 

duration of patient stay in hospital, expensive medications, multiple operative procedures 

and prolonged periods of rehabilitation. Such burn care units are always facing increased 

costs and it would be ideal to find ways to reduce the total cost of treating burns. From a 

medical point of view, skin grafting is the integral component of burn management. If the 

patients experience significant pain, they might become reluctant to accept further 

treatments. Ideally, non-adhesive dressings should be used on burn areas to minimise pain 

as well as the damage that can be caused on the new epidermis during dressing removal 

to achieve better healing. Traditionally, petroleum jelly impregnated gauze/Vaseline 

gauze (VG) was often used as dressing for skin graft donor areas. However, such 

dressings are not completely non-adherent and patients often experience significant pain, 

which can make them anxious. Therefore, it is necessary to find alternative dressings to 
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solve all these issues, reducing the burden on burns units and ensure patients can heal 

more effectively in a comfortable way.  

Banana trees are planted widely in India as banana is the second most important fruit crop 

after mango.288 Gore et al. noticed the size of banana leaves (BL) and, that BL were very 

large, cheap and readily available throughout the year and that the surface of the leaves 

was waxy, smooth and non-adherent. In addition, BL in India are commonly used as 

plates to serve food; they can also be used as lining for cooking vessels because of their 

waxy surface which is impervious to water; patients with smallpox can lie on BL because 

of their coolness and non-adherence to wounds.289 Hence, BL has been utilised 

previously, as V. Chongchet had applied BL as dressings on patients who were 

undergoing skin grafting and using VG as a control. Thirty patients took part in this study 

and all dressings were applied in the operating theatre when the patients were 

anaesthetised and they were blinded to the type of dressing used until the first dressing 

change. The BL were first cooked on thin paste made by cooking fine flour, then dried 

for 24 hours and autoclaved before being applied to the patients. The aim of the study 

was to observe the pain that was experienced by patients during the treatment and 

removal, the ease of removing the dressings from patients. The results were presented on 

a scale of 0-10 (0 being painless and 10 is extremely painful) (Table 2.1). Furthermore, 

another aim was to check likelihood of side effects/infections that might occur. 

Table 2.1, Scores collected from all trials using BL and VG dressings290 

Category BL VG 

Pain during treatment 
0-3, 1.1 ± 0.71 5-9, 6.9 ± 0.84 

Range, Mean ± SD 

Pain during removal of dressing 
0-3, 0.97 ± 0.61 8-10, 9.47 ± 0.77 

Range, Mean ± SD 

Ease of removal of dressing 
0-3, 1.1 ± 0.61 8-10, 9.53 ± 0.63 

Range, Mean ± SD 

 

Overall, patients experienced much less pain, almost pain-free with BL dressings and 

removal of BL dressings was also almost painless and easy. In contrast, VG dressings did 

not ease patient pain, were much more difficult to remove and patients became reluctant 

to continue to use VG dressings. They regarded BL dressings as soft, smooth, cool and 
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comfortable. During this study, complete epithelisation was observed on 17 areas with 

the application of BL dressings. In contrast, application of VG dressings did not enhance 

epithelisation on patients. Finally, infections were not observed with BL dressings but 

three areas showed sign of infection when VG dressings were used. 

BL has the potential to become a non-adherent, non-toxic, non-antigenic, cheap, effective 

alternative dressing on skin graft donor areas. Although it is known that BL cannot be 

stored for more than 7-10 days due to fungal growth, it has been observed that Gamma 

irradiation can extend the shelf life of BL for up 2-3 months.290,291 

In 2012, Guenova et al. conducted various experiments to confirm the possibility of using 

BL as dressings. Their objectives included studying bacteria found on fresh BL, 

sterilisation methods that can be used without causing damage or affecting the wound-

dressing properties and the application of dressings using mouse models for skin 

transplantation and, for human postsurgical patients. They reported the BL mainly 

contained 7x103 – 5x105 colony-forming units (cfu) of aerobic spore-forming bacilli, 

Gram(+) cluster-forming cocci and moulds. To sterilise BL, BL was cooked in boiling 

water to kill all fungi and reduced bacteria to less than 100 cfu per 100 cm2 of leaf area. 

BL can also be sterilised using a medical steriliser and a household pressure cooker which 

resulted a complete inactivation of mesophilic bacteria giving sterile BL. They had 

identified steam sterilisation/autoclaving as the most appropriate method and more 

importantly, these techniques did not damage the BL and the waxy surface of BL 

remained intact and non-adherent. They then used autoclaved BL on a mouse model for 

skin transplantation for seven days and the wound healed well without any signs of 

infection. Finally, clinical trials were performed on post-surgical patients with sterilised 

BL for approximately 7 to 14 days (Figure 2.15).  

 

Figure 2.15. (A) Mouse with a healed wound after using BL dressings for 7 days; (B) post-

surgical patient treated with a BL dressing  

(A) (B) 
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Patients can tolerate BL wound dressings without side effects and minimal or no 

discomfort. Pain experienced when the dressing was first changed was insignificant and 

no infections occurred even for up to 2 weeks treatment. From these results for mouse 

and post-surgical patients, the authors also confirmed that BL can be sterilised simply by 

autoclaving without affecting the wound dressing properties. In contrast, Gore et al. that 

applied BL on burnt patients only, these authors demonstrated that BL dressings can be 

used to treat different wounds. Thus, the overall results and patients’ experience are 

consistent with those reported by Gore et al. 

M. A. Gore and Guenova et. al. had shown how BL can be used as dressings in a direct 

manner. However, the contents or active ingredients that can be used to prevent infections 

in BL were not disclosed in their studies. Oliveira et al. studied the chemical composition 

of BL sheath and rachis and identified the major components as 31-37% cellulose, 13-

18% extractives, 19-27% ashes, 8-12% hemi-celluloses and 10-13% lignin with G/S/H 

lignin ratio of (51-60)/(14-20)/(20-35).292 It was proposed that lignin is chemically 

bonded to suberin-like components of cell tissues by β-O-4 and alkali-labile ester 

linkages.292 Oliveira et al. had also conducted another study to identify the existence of 

bioactive compounds, steryl glucosides: Campesteryl 3-β-D-glucopyranoside, 

Stigmasteryl 3-β-D-glucopyranoside and Sitosteryl 3-β-D-glucopyranoside (Figure 2.16), 

in BL. 

 

Figure 2.16. Chemical structures of steryl glucoside (33a-c) 

Steryl glucosides (33a-c) accounted for 101-1350.5 mg/kg of BL and 838.4-1824.3 mg/kg 

of the whole banana plant (i.e. fraction(s) dry weight) which is unusual as only small 

amounts are normally present in other species. These compounds can bring various health 

benefits to humans and one of the well-known features is their ability to lower blood 

cholesterol.293 They are also pharmacologically active having hepatoprotective,294 anti-

inflammatory,295 anti-mutagenic and anti-cancer properties.296 Overall, from clinical 

trials the health benefits that are available from BL (and its components) conclusively 
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prove that they have great potential to be further developed for medical device 

applications. Perhaps, the only concerns are the shelf life of the leaves, banana trees are 

less available in some countries and a method must be developed to process BL for 

converting them into long-life materials without destroying their intrinsic wound 

dressing, anti-inflammatory properties. 

2.6.1 Previous Research on using Banana Leaf in Biomedicine 

Although a small number of research studies have shown BL has the potential to useful 

for inclusion in antimicrobial devices, currently there is on-going research in this field. In 

fact, researchers have been more keen on identifying BL as biomass for energy 

resources.297,298 On the other hand, the methods available for biomass processing are 

again a barrier to the development of BL for other applications. As mentioned above the 

major components of BL include 31-37% cellulose, 13-18% extractives, 19-27% ashes, 

8-12% hemi-celluloses and 10-13% lignin,292 but the high crystallinity of cellulose, high 

reactivity of lignin and the insolubility of cellulose and lignin in conventional organic 

solvents are technical challenging aspects in the conversion of BL biomass.299 

Fortunately, this issue is being tackled as ionic liquids (ILs) have been identified as 

powerful solvents for many biomass derived materials. Ionic liquids were firstly used for 

dissolution and processing of biopolymers, and with cellulose it was patented as early as 

1930s.300 

Up to this date, processing of BL using ILs has not been reported. There are examples 

which involved using ILs to process biopolymers and convert them into more versatile 

materials. Turner et. al. simply used microwaves to dissolve cellulose in 1-butyl-3-

methylimidazolium chloride ([BMIM]Cl) to prepare a 4.75% (w/w) cellulose-IL solution. 

An enzyme was mixed with the solution thoroughly and upon casting and rinsed with 

distilled water, an enzyme incorporated cellulose membrane was obtained.  Using this 

method, the enzyme was entrapped in the polymer matrix during casting which led to a 

low-leaching bioactive film and moreover, the enzyme activity was maintained in the 

casted cellulose membrane.301 Phillips et. al. used 1-ethyl-3-methylimidazolium chloride 

([EMIM]Cl) to dissolve silkworm cocoon silk and then regenerated the silk dope by 

extruding the silk-IL solution into a water or methanol coagulation bath.302 Gupta et. al. 

also used [BMIM]Cl to dissolve silk fibroin. Silk films were then cast from a 7% (w/w) 

silk IL solution using a methanol rinse bath. The authors results indicated that the silk 
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film cast from IL did not alter the intrinsic cell viability, differentiation or gene expression 

of silk for tissue engineering.303 

These experiments clearly demonstrated the use of IL for biopolymer processing. Using 

ILs, harsh reagents or solvents are not required and in addition, the regenerated 

biopolymer can be fabricated into desired forms/dimension such as beads,301 fibres302 

depending upon the casting technique. As ILs are reported to be able to dissolve the major 

components of plants such as cellulose301,304 and lignin,209 ILs can be used to process BL 

and convert in to BL membrane with an extended shelf-life. 

2.7 Ionic liquids 

As stated above, an ionic liquid (IL) is defined as a salt with a melting temperature below 

the boiling point of water, 100⁰C. Most ILs consist of an organic cation, inorganic or 

polyatomic anion and the cation has a low degree of symmetry which causes the lattice 

energy of the crystalline form of the salt to be reduced and hence, lowering the melting 

point.305 The chemical and physical properties of ILs can be tuned and varied for 

designated applications by carefully choosing the anion or cation with specific functional 

groups. It is indeed possible to combine different cations and anions to make new ILs 

therefore, the potential number of ILs possible is numerous, but thought to be about 1.2 

million. Although ILs have been known for a long time, they were not widely reported 

until approximately 20 years ago. This is because when ILs were first introduced, it 

seemed that they could be synthesized relatively easy but their applications were 

uncertain. Eventually, instead of producing various ILs and investigating their potential 

applications, the new trend is to produce ILs, i.e. combine cations and anions with known 

properties to produce ILs with more predicted features.52 Nowadays, categorisation and 

application of ILs has become very diverse especially as the chemical and physical 

properties of ILs can be readily altered and, tailored to suit use. In order to understand 

this unique feature, it is necessary to have a detailed understanding of IL chemistry and 

development. 

2.7.1 The Origin and Major Events in the Development of ILs 

The name “ionic liquid” was in fact not used until 1943. The exact date of the first IL 

synthesized is in dispute but it is believed it was first reported around the late 18th century. 

In 1877, Friedel and Crafts produced a liquid when aluminium chloride was added to 
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amyl chloride.306 In 1888, Gabriel and Weiner discovered a protic IL, ethanolammonium 

nitrate.307,308 A more well-known event in IL history was the synthesis of ethylammonium 

nitrate (melting point: 52-55⁰C) by Paul Walden and it is believed to be one of the earliest 

room temperature ILs.309 In 1951, Hurley and Weir prepared ILs by mixing and warming 

aluminium chloride and ethylpyridinium halides which can be applied in the 

electroplating of aluminium.310 In the 1960s, research by the United States Air Force 

Academy was on-going to develop molten salts (melting point close to 100⁰C) for use as 

battery electrolytes.52 In 1970-1980s, the development of ILs for battery use had become 

even more active311 and in 1992, air and water stable imidazolium-based ILs were 

invented.312 After that, major interest in ILs was strongly developed beyond the discovery 

of binary ILs which were made from mixtures of aluminium (III) chloride and N-

alkylpyridinium or 1,3-dialkylimidazolium chloride. The field of ILs became even more 

popular in 2000s and studies have been further extended with task-specific and chiral ILs 

for various applications.307 

Until now, ILs do not just simply consist of using aluminium(III) chloride and N-

alkylpyridinium or 1,3-dialkylimidazolium chloride as they can be composed of a wide 

range of different ions (Figure 2.17). ILs have become of interest in inorganic chemistry, 

electrochemistry, catalysis, physical chemistry and engineering as they have not only 

involved in development of battery materials but also in cellulose processing,304 

production of polymers,313 as solvents for synthesis and catalysis.314,315 

Figure 2.17. The most common cations and anions used in the production of ILs52,307 

2.7.2 Ionic Liquids as Powerful Solvents for Dissolving Biopolymers (Chitin, Lignin)   

As stated before, ILs display solvent properties and their thermal stability and negligible 

vapour pressure properties make them useful for ‘green chemistry’ as unlike many 

traditional organic solvents, they can be recycled and reused. IL use as solvents is the 
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most useful, important and well-known use of ILs to date. Most ILs are considered to be 

polar solvents but they have a non-coordinating feature highly dependent upon the type 

of anion used. Solvatochromatic studies have shown that ILs consist of similar polarities 

to that of short-chain alcohols, polar and aprotic solvents.316 The solvation properties of 

ILs can be altered by changing the relative ions. The solvent features of ILs include the 

capability for hydrogen bond donation from the cation to polar or dipolar solutes, the 

hydrogen bond acceptor functionality of the anion, π-π or C–H… π interactions. 

Apart from being able to dissolve simple molecules, metal salts do participate in chemical 

reactions. ILs can also be used in polymer synthesis and reactions can even be faster 

compared to other polar/co-ordinating solvents.317 They have been used for dissolving 

biological macromolecules involved in intermolecular hydrogen bonding-networks such 

as in silk fibroin.318 Traditionally, harsh conditions/chemicals319 are often required to 

dissolve biopolymers but ILs are an alternative.  

As mentioned before, chitin (31) consists of a complicated hydrogen bonding matrix 

resulting in structure that has high therm research related to the dissolution of chitin (31) 

but it should be noted that in some of the work reported the authors actually used chitosan 

instead of actual chitin (31).320 ILs that can actually dissolve chitin (31) will now be 

introduced below. 

Xie et al. used [BMIM]Cl (Figure 2.18) to dissolve chitin (31) and chitosan (32) with the 

aim of developing them as sorbents for carbon dioxide, CO2. 10 wt% chitin/[BMIM]Cl 

and 10wt% chitosan/[BMIM]Cl were obtained. Although, neither [BMIM]Cl, nor chitin 

(31) and chitosan (32) themselves can capture CO2, chitin/[BMIM]Cl and 10wt% 

chitosan/[BMIM]Cl mixtures showed 8.1% and 3.8% CO2 fixing efficiency, 

respectively.321 However, Wu et al. had doubted this report as 10 wt% chitin/[BMIM]Cl 

cannot be achieved. They managed to use [BMIM]Cl and [BMIM]OAc (Figure 2.18) to 

dissolve chitin (31) from crab and squid pen to prepare 1 wt% chitin/[BMIM]Cl and 4wt% 

chitin/[BMIM]OAc. The chitin/IL mixtures can be rinsed with methanol or water to 

remove the ILs and chitin sponges obtained.322 Qin et al. tested [BMIM]Cl, [EMIM]Cl 

and [EMIM]OAc to dissolve chitin (31) and shrimp shells. The chitin/IL can be spun into 

water to remove the ILs and produce chitin fibres. It was concluded that practical grade 

chitin, which had a higher molecular weight and contained higher mineral content was 

more difficult to dissolve compared to pure chitin. IL with an acetate anion can enhance 

the dissolution of chitin (31) or shrimp shell which could be due to the increased hydrogen 

bonding basicity.323 The authors also claimed that [EMIM]OAc can extract 94% available 
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chitin (31) from shrimp shell which can be recovered in higher molecular weight and a 

more pure form than that from industrial processes. The spun chitin fibres can be 

mechanically stronger if the polymer is first reconstituted and re-dissolved prior to 

spinning.324 Barber et al. adapted this method to dissolve shrimp shell directly to obtain 

6 wt% chitin/[EMIM]OAc. Dry-jet wet spinning involved soaking the spun chitin fibres 

into different solutions to obtain deacetylated, nitrile functionalised and amidoxime 

functionalised fibres. All fibres can be used to remove uranyl chloride, UO2Cl2 from very 

dilute aqueous solution.325 The same research team then used [EMIM]OAc and 

[EEIM]OAc (Figure 2.18) to prepare 1-3wt% chitin/IL solutions for electrospinning and 

claimed that [EMIM]OAc can produce smooth, continuous fibres with this method.326 

Shamshina et al. also applied dry-jet wet spinning method to make chitin-calcium alginate 

composite fibres using [EMIM]OAc to dissolve shrimp shell and alginic acid spun into a 

saturated calcium carbonate, CaCO3 bath.327 

 

Figure 2.18. ILs that have been used to dissolve chitin (31) 

It has been proven that some ILs are able to dissolve chitin (31) but it should be noted 

that some of the reports are not consistent and reliable. For instance, Wu et al. and Qin et 

al. showed that ILs consisting of an acetate ion are better candidates for dissolving chitin 

(31). It should be noted that Wu et al. was unable to obtain 10 wt% chitin/IL which was 

claimed to be feasible by Xie et al. Qin, Barber and Shamshina et al. claimed they had 

“extracted” chitin (31) from shrimp shell but in some of their experiments, they only 

dissolved the whole shrimp shell in ILs and most proteins, minerals still remained in their 

end products. 

On the other hand, interest has been shown in the use of ILs to dissolve wood and lignin. 

Kilpelainen et al. synthesized 6 ILs (Figure 2.19) that dissolve wood chips, pine powder 

and saw dust. All 6 ILs can dissolve wood, especially [BMIM]Cl and [AMIM]Cl which 

had better performance (up to 7-8 wt %) but it was suggested that [BzMIM]Cl should be 
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better at solvating the lignin, due to π-π interactions, and give transparent solutions but, 

the viscosity of this IL was a major drawback (it is a hard jelly at room temperature).328 

 

Figure 2.19. ILs that can dissolve wood chips, pine powder and saw dust 

Pu et al. examined a selection of ILs (Figure 2.20) and discovered that [HMIM][CF3SO3], 

[MMIM][MeSO4], [BMIM][MeSO4] can dissolve up to 20wt% lignin. Dissolution can 

be achieved by heating at 80-130 ⁰C for 8-hours. The authors concluded that the solubility 

of lignin was influenced by anions in the order of [MeSO4]
— > Cl— ~ Br— >>> [PF6]

— 

but generally ILs with large, non-coordinating anions [PF4]
—, [PF6]

— were not suitable. 

However, it should be noted that the lignin used was extracted by treating the wood with 

acid 196 and it was unclear if the lignin was oxidised/damaged.209 

 

Figure 2.20. ILs examined by Pu et al. for dissolution of lignin 

Sun et al. utilised [BMIM]Cl 34 and [EMIM]OAc 37 and the latter had overall better 

performance as IL 37 can dissolve both hardwood and softwood lignin, even if the 

materials were only grinded mildly. Instead of heating the mixture on an oil-bath, the 

dissolution time can be shortened by using microwave pulse heating or ultrasound as a 

pre-treatment. In addition, reconstitution of dissolved wood can be achieved using 

acetone/water (1:1) to yield regenerated material that was richer in carbohydrates than the 

original material.329 Wu et al. prepared biopolymer-based composite films using 

cellulose, starch and lignin with IL [AMIM]Cl 39. Firstly, 6wt % cellulose (bamboo 

pulp), corn starch and lignin were heated in IL 39. The mixture was then coagulated in 

water to make blend films. Since the three film components have good affinity for each 

other, excellent tensile strength was observed without sacrificing the extensibility of the 
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films. The films also had good thermal stability due to enhanced inter-molecular 

hydrogen bonding between the biopolymers. Moreover, the products can act as a gas 

barrier and different ratios of components can give CO2:O2 permeability ratios in the 

range of 1.05-1.67.330 Fu et al. applied [EMIM]OAc 37 in the pre-treatment of straw in 

pure IL 37 as well as aqueous IL 37. In comparison, higher fermentable sugar yields can 

be obtained with aqueous IL 37 under the same conditions as pure IL 37. Fu et al. had 

shown that polysaccharides can be retained, the digestibility of cellulose and xylan can 

be enhanced (a cost-effective way to produce cellulosic biofuels) and the IL can be 

recycled easily. 

Unlike chitin (31), the research conducted to date cannot provide the key properties ILs 

should have to effectively dissolve lignin but, there are more ILs available now that can 

be used to dissolve lignin. Moreover, these reports greatly demonstrated the potential 

applications of lignin when treated with ILs. 

2.8 Electrospinning 

Electrospinning is a versatile technique that can be employed to convert polymer 

solutions or polymer melts into fibres instantly. It is very well-known in the biomedical 

field but its application is starting to emerge in different areas such as in battery, clothing 

and cosmetic production. The fundamental aspects of electrospinning will be introduced 

and discussed next. 

2.8.1 History of Electrospinning 

It is believed the concept of electrospinning was first observed in the 16th century when 

W. Gilbert noticed the “electrostatic attraction of a liquid” when a piece of amber was 

electrically charged and came in close contact near a droplet of water. This resulted in a 

cone shape and small droplets were then ejected from the tip of the cone. This 

phenomenon is now known as electrospraying.331 In 1887, C. Boy conducted an 

“electrical spinning” experiment which used molten rosin, beeswax, pitch, shellac, 

sealing-wax, Canada balsam, gutta-percha, burnt India-rubber, collodion or other viscous 

materials to make threads via an insulated small dish which was connected with an 

electrical machine.332 In 1914, J. Zeleny reported on the behaviour of fluid droplets at the 

end of metal capillaries, this led to studies on the behaviour of fluids under electrostatic 

forces and resulted in several patent applications being submitted around 1930-40s.333 

The major breakthrough was credited to N. D. Rozenblum and I. V. Petryanov-Sokolov 
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as they produced electro-spun fibres. A special branch of industry was developed to 

produce efficient filtering materials based upon their work and named as Petryanov 

filters.334 The next important person to make a contribution to electrospinning was Sir 

Geoffrey Ingram Taylor who is known because of his contribution to the theoretical 

underpinning of electrospinning. In 1964-9, he had mathematically modelled the shape 

of the cone formed during electrospinning when the fluid droplet was charged with an 

electric field.335 Hence, the fluid cone that forms when an electric field is applied to the 

fluid droplet is called the ‘Taylor’ cone. In 1995, J. Doshi and D. H. Reneker investigated 

electrospinning in more detail and clearly stated the properties of the resultant fibres from 

the charged jet of polymer solution were free of solvent, had a variety of cross sectional 

shapes or sizes and a diameter in the rage of 0.05–5 microns. They had also reported the 

electrospinning process, conditions and potential applications of these fibres.336 Since 

then, electrospinning has attracted much interest amongst polymer scientists, who wish 

to further explore polymers that can be electro-spun, and who wish to continue to improve 

and modify this technique for a variety of uses. 

2.8.2 Principle of Electrospinning 

In order to perform electrospinning, typically a polymer solution, syringe, metal needle 

with a small diameter/spinneret, high voltage supplier and a grounded metal collector are 

required (Figure 2.21). Although a vertical electrospinning set-up, as shown in Figure 

2.21, can be used horizontally with the same principle applied to obtain the same products. 

The polymer solution can be prepared by dissolving the polymer with appropriate solvent 

before placing it into the syringe, (polymer melts are sometimes used in this process).337 

The high voltage supplier should be able to generate several tens of kilovolts(kV) and the 

syringe is often connected to a pump that can plunge the syringe to eject polymer solution 

at precise rate(s). During the electrospinning process, the spinneret is filled with polymer 

solution and when it reaches the tip of the spinneret, the fluid can be held by its surface 

tension. An electric field can then be supplied to the spinneret to generate electrically 

charged fluid. This causes the mutual charge repulsion and contraction of the surface 

charges to the counter electrode and results in an opposite force directly to the surface 

tension.338 When the repulsive electrical forces overcome the surface tension of the fluid, 

a Taylor cone is formed with a charged jet ejected at the tip of spinneret. This ejected jet 

is stable for a very short time but then becomes unstable to undergo an elongation process 

and whip rapidly in the air between the spinneret and collector. The whipping jet becomes 

long and thin with solvent evaporating instantly to give dry polymer fibres on the 
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collector.339 In the case when a polymer melt is used, the discharged jet solidifies in the 

air.340 The syringe can be pumped to eject fluid constantly so that polymer fibres can be 

produced continuously. If all conditions are ideal, polymer fibres can be obtained easily. 

 

Figure 2.21. Illustration of an electrospinning apparatus and the appearance of a Taylor cone 

2.8.3 Parameters that Influence the Electrospinning Process 

Precise electro-spun nanofibers can offer properties such as high surface-to-volume ratio, 

tunable porosity, various sizes and shapes, controllable nanofiber composition to suit 

functionality.341 Whether the resultant electro-spun fibres are nanofibers with consistent 

diameter (Figure 2.22A) or nanofibers with beads (Figure 2.22B), there are many 

parameters that can be controlled to achieve different fibre morphologies. Herein, the 

most common parameters that can influence the electrospinning process will be 

introduced and discussed in detail.  

 

Figure 2.22. (A) Electro-spun fibres with similar diameters, (B) electro-spun fibres with beads342 

The polymer solution itself can be affected by numerous parameters that can have an 

impact on the morphology of the nanofibers obtained. One of the most easily tunable 

parameters is the concentration of polymer solution, as a minimum solution concentration 

is required for fibre formation to occur. At low concentration, electro-spun fibres consist 

(A) (B) 
1 µm 1 µm 
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of mixture of beads and fibres whereas, at higher concentration, formation of continuous 

fibres is favoured due to the ability to maintain the flow to give fibres with less beads, 

more uniform and often larger in diameter.343 Similarly, the molecular weight(MW) of 

the polymer can have the same influence, as when molecular weight changes from low to 

higher, the electro-spun fibres change from being a mixture of beads and fibres to being 

bead-less, uniform fibres with larger diameter. However, high MWs are not always 

essential as MW reflects the level of polymer chain entanglement. When intermolecular 

interactions are sufficient, inter-chain connectivity can be obtained with chain 

entanglements to maintain a uniform jet.344  Both concentration and molecular weight can 

affect another parameter, namely viscosity. In fact, these three parameters are actually 

correlated with each other. Generally, an increase in concentration can lead to higher 

viscosity and high molecular weight polymer often related to the greater number of chain 

entanglements to ensure a certain level of viscosity. Changing viscosity is another way to 

produce beaded or bead-less fibres during electrospinning. Very high viscosity polymer 

solutions tend to exhibit longer stress relaxation times to prevent fracturing of the ejected 

jets during electrospinning but if the viscosity is too high, it is likely that the fluid may 

coagulate at the spinneret tip. However, if the viscosity is too low, surface tension will 

become the dominant factor.345  Surface tension can be regarded a function of solvent 

composition of the solution and, different solvents give rise to different surface tensions. 

High surface tension is usually avoided due to the occurrence of the instability of the jet 

and formation of sprayed droplets. Although lower surface tension is more preferred as it 

helps electrospinning to be operated at lower electric field, it does not imply low surface 

tension is suitable for all electrospinning processes. Surface tension can determine the 

upper and lower boundaries of electrospinning if all other parameters are kept constant.346 

Another potential polymer solution related parameter is electrical conductivity which 

depends upon the type of polymer, solvent and additives, such as ionisable salts. 

Generally, highly conductive fluids can generate fibres with smaller diameter but if 

conductivity is too high, fluids can be unstable that result in dramatic bending instabilities 

and broader fibre diameter distribution.347 When the fluid’s conductivity is low, it causes 

insufficient elongation of the jet and is more likely to produce beads. This can be 

overcome by adding ionic salt to produce uniform fibres without beads.348 

Apart from changing the properties of polymer solutions, varying processing parameters 

is another widely used method to control the structure of electro-spun fibres. The applied 

voltage is another crucial parameter but the relative consequences of altering the voltage 
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have been inconsistent, from different studies. Generally, higher voltage should cause 

greater stretching of the polymer solution because of the higher columbic forces and a 

stronger electric field which then reduces fibre diameter when combined with the higher 

evaporation rate of the solvent. However, Reneker et al. believed electric field did not 

change the diameter of electro-spun fibres;349 Demir et al. suggested that higher voltage 

can result in more fluid being ejected and hence, favoured formation of fibres with larger 

diameter.340 In contrast, Deitzel et al. believed higher voltage tends to produce fibres with 

more beads. Therefore, a straight forward conclusion cannot be made and one could only 

suggest that voltage can of course influence the electrospinning process and the nature of 

the electro-spun fibres obtained. Perhaps, this parameter has different effects on different 

polymers and other variables must be considered with the applied voltage.350  When the 

voltage is applied, polymer solution is ejected at a flow rate which can also affect the 

morphology of the spun fibres. Often, a minimum flow rate is required to maintain a 

continuous fluid ejection and allow the solvent sufficient time to evaporate. In contrast, 

higher flow rates generate fibres with beads because of the limited drying time before the 

polymer is deposited on the collector.351 This would suggest that the type of collector 

used for electrospinning should also be considered. The collector used in the 

electrospinning set-up is best to be a conductive material. It was reported that a material 

that is less conductive than the polymer of interest would result in beaded fibres due to 

the reduced surface area available.352 Aluminium, i.e. Al foil is the most commonly used 

collector because of its low cost, is easily purchasable, although the fibres deposited on 

it are not always removed easily as they consist of random arrangement of the fibres 

(Figure 2.23A) caused by the bending instability of the travelling charged jet.353 

Conductive paper, conductive cloth and wire mesh can replace Al as they can allow the 

collected mats to be removed more easily.354 To collect aligned fibres (Figure 2.23B), a 

rotating wheel/drum355 or rotating metal disk356 can be used. Another common option is 

to use a non-solvent coagulation bath which can be used for removing excess solvent326 

and allow the spun fibres to be dispersed more uniformly.357 
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Figure 2.23. (A) Random fibres collected on Al, (B) aligned fibres collected on a rotating disk 

After considering the type of collector that can be used, it is important to determine the 

distance between the collector and the tip of the spinneret. The fundamental aspect of 

having a distance between both is to allow the solvent enough time to evaporate before 

the fibres reach the collector. If the distance is too short the solvent cannot evaporate 

completely and this can result in beaded fibres,358 smaller fibres,359 flatter fibres360 or 

fibres that are not completely dry.361 However, some researchers reported that this 

distance was not so important and suggested that it is not a very major parameter for some 

polymers.357,362  

Until now, the word solvent has been mentioned in this section many times. It is indeed 

very important in the electrospinning process and it can affect most parameters mentioned 

above, such as viscosity, surface tension, conductivity and the distance between the 

spinneret and collector has been highlighted because of how fast/slow solvent can 

evaporate. Thus, solvent can influence the morphology of electro-spun fibres. The choice 

of solvent cannot be easily generalised as it highly depends upon the intermolecular 

interaction between the polymer and solvent.363 Perhaps the most vital factors when 

choosing the solvent is to consider whether it can dissolve the desired polymer to form 

an electrically charged jet as well as carrying the dissolved polymer molecules to the 

collector.364 Finally, the electrospinning process is highly affected by environmental 

surroundings, e.g. ambient parameters such as temperature and humidity. Since there is 

an inverse relationship between temperature and viscosity, an increase in temperature 

results in decreased fibre diameter due to the decreased viscosity.365 On the other, 

humidity often affects the rate of evaporation of the solvent. Low humidity causes solvent 

to evaporate quickly and in extreme cases, the spinnerets tip can clog when the solvent 

dries too quickly.366 High humidity can sometimes favour the discharge of the electro-

spun fibres but it is also possible to generate fibres with pores and even lead to pores 

coalescing when humidity is increased further.367 Generally, optimal ambient parameters 

are preferred. 

A B 

1 µm 5 µm 
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In summary, naturally occurring materials such as chitin, lignin and banana leaf have due 

to their combination of intrinsic antimicrobial properties and non-toxicity great potential 

when added to biopolymers, such as PLA, to be formed or shaped in to different 

constructs for use in many medical applications.  Indeed, banana leaf that are composed 

of lignin were reported to be used as wound dressings. Albeit being difficult to dissolve 

these natural materials, ionic liquids can act as powerful solvents to dissolve them and 

used as a medium for use in electrospinning. Alternatively, melt extrusion and injection 

moulding can be used to produce composites with PLA which are biocompatible and 

biodegradable. However, as PLA is not intrinsically antimicrobial therefore, the key aim 

is to incorporate chitin, and lignin (with the assistance of triacetin as a plasticizer) to 

introduce antimicrobial properties to PLA. Finally, other non-toxic additives, such WS2 

can also be added as a reinforcing agent for PLA to produce novel composites that are 

also radio-opaque.  
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3. Experimental 

3.1 General Direction - Solvents and Reagents 

Chitin (from shrimp shells), lignin (alkali), triacetin and DMSO were purchased from 

Sigma-Aldrich. WS2 nanotubes were synthesised and provided by Professor Alla Zak 

from the Holon Institute of Technology, Israel. PLA was kindly supplied by Corbion 

which was made from European sugar beet and Thai sugarcane consist of at least 96% L-

isomer and stored in a freezer. Molecular sieve (3Å) was purchased from Fluka. Banana 

leaves were purchased from the China Mini Market, Coventry, UK and stored in a 

refrigerator. [EMIM]OAc was purchased from Sigma-Aldrich, dried using a vacuum at 

70 °C and stored using molecular sieve (3Å). [BMIM]Cl and DMF were purchased from 

Fisher Scientific, [AMIM]Cl from VMR International Ltd and both ionic liquids were 

stored under nitrogen gas. Aluminium SEM stubs, double stick carbon adhesive tape and 

200 mesh TEM copper grids with lacey carbon film were purchased from Agar Scientific. 

Aluminium DSC pans and covers were purchased from PerkinElmer and alumina TGA 

crucibles were purchased from Mettler Toledo. All materials were used as received unless 

otherwise stated. 

 

3.2 Preparation of composites 

3.2.1 Preparation of PLLA based composites – melt extrusion and injection 

moulding 

All melt extrusion was conducted using a Thermo Fisher HAAKE MiniLab II and 

injection moulding performed using a Thermo Fisher HAAKE MiniJet Pro Piston 

Injection Moulding System. Poly(lactic acid) pellets were cryogenic ground to a powder 

using liquid nitrogen for 15 minutes. PLA and filler in the ratio of (100/0, 99.5/0.5, 99/1, 

98/2, 97/3, 95/5 and 90/10) were weighed and dry mixed. In the production of plasticized 

samples, 20 wt% of triacetin relative to the total polymer content (PLA/filler) was used 

for all plasticized composites. The mixes were then subjected to the twin conical screw 

extruder for compounding at 180 °C with a screw speed of 40 rpm for 4 minutes. The 

melt mixed PLA/WS2 were re-circulated in the extruder for further compounding to 

achieve better dispersion of the fillers in the PLA matrix. Molten PLA-based composites 

were injected to moulds at 90 °C (800 bar, 8 s) to produce test specimens in the form of 

dog-bones/dumbbells, circular discs and rectangular bars. 
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Table 1. Quantities of PLA and filler used 

1.1 Non-plasticized PLA/lignin composites 

PLA/lignin ratio PLA (g) Lignin (g) 

100/0 25 0 

99.5/0.5 24.875 0.125 

99/1 24.75 0.25 

98/2 24.5 0.5 

97/3 24.25 0.75 

95/5 23.75 1.25 

90/10 22.5 2.5 

1.2 Plasticized PLA/lignin composites 

PLA/lignin ratio Triacetin (g) PLA (g) Lignin (g) 

100/0 5 20 0 

99.5/0.5 5 19.9 0.1 

99/1 5 19.8 0.2 

98/2 5 19.6 0.4 

97/3 5 19.4 0.6 

95/5 5 19 1 

90/10 5 18 2 

1.3 Non-plasticized PLA/chitin composites 

PLA/chitin ratio PLA (g) Chitin (g) 

100/0 25 0 

99.5/0.5 24.875 0.125 

99/1 24.75 0.25 

98/2 24.5 0.5 

97/3 24.25 0.75 

95/5 23.75 1.25 

90/10 22.5 2.5 
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1.4 Plasticized PLA/lignin composites 

PLA/Chitin ratio Triacetin (g) PLA (g) Chitin (g) 

100/0 5 20 0 

99.5/0.5 5 19.9 0.1 

99/1 5 19.8 0.2 

98/2 5 19.6 0.4 

97/3 5 19.4 0.6 

95/5 5 19 1 

90/10 5 18 2 

1.5 Non-plasticized PLA/WS2 composites 

PLA/WS2 ratio PLA (g) WS2 (g) 

100/0 20 0 

99.5/0.5 19.9 0.1 

99/1 19.8 0.2 

98/2 19.6 0.4 

97/3 19.4 0.6 

95/5 19 1 

3.2.2 PLLA-based composite films, pure chitin and lignin discs 

All thin films and chitin/lignin discs were prepared using a Collin Hot Press (P 200 PM). 

The dog-bone shaped fragments after completion of tensile tests were subjected to the hot 

press at 180 °C, 200 bar for 4 minutes to prepare 0.8 – 1 mm thick PLLA-based composite 

films. After they were cooled to room temperature, the films were cut into circular pieces 

with a diameter of 15 mm prior to use in the bioassay studies. Pure chitin or lignin powder 

was also subjected to the hot press at room temperature, 200 bar for 20 minutes to give 

pure chitin or lignin sheet which was then stamped into circular discs with a diameter of 

8 mm prior to bioassays. FTIR confirmed that the samples did experience thermal 

degradation after being processed with the Hot press. 

3.3 Characterisation of Composites 

3.3.1 Scanning Electron Microscopy (SEM) 

Fractured specimens were taken after completion of the tensile tests for examination in 

the SEM. All samples examined were first attached to Al stubs using double-stick carbon 
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tape which were subjected to gold coating using Agar manual sputter coater. They were 

then dried in vacuum and stored in a desiccator before being examined in the vacuum 

SEM chamber (Zeiss sigma field emission fitted with Gemini column). SE2 detector was 

used to examine the composites along with accelerating voltage of 5 kV, the aperture size 

of 30 µm and a working distance of 10 – 20 mm. 

3.3.2 Transmission Electron Microscopy (TEM) 

WS2 powder was placed on 200 mesh TEM copper grids with lacey carbon film which 

were examined using a Talos F200X TEM with accelerating voltage of 200 kV 

(magnification x10000 to 100000). The 95 wt% PLLA/ 5 wt% WS2 composite was cut 

into a square piece with dimensions of ca. 5 mm x 5 mm and thickness of ca. 0.8 mm. 

Samples were then inserted into the cryo specimen holder and trimmed using a trimming 

blade (Trim 45) to a depth of 100 – 300nm or until a shiny, reflective smooth surface 

could be seen. The samples were then sectioned using Diamond Knife (cryo 35°, wet, 

3mm) to obtain film sections with a thickness of ~50 nm. The film sections were then 

transferred onto 200 mesh TEM copper grids with lacey carbon film which was examined 

using Talos F200X TEM with accelerating voltage of 200 kV (magnification x10000 to 

100000). 

3.3.3 Differential scanning calorimetry (DSC) 

5 – 8 mg samples were accurately weighed and placed in sealed Al DSC pans. All 

measurements were carried out using a Mettler Toledo DSC 1 under a nitrogen 

atmosphere. In order to remove the thermal histories, the following procedures were 

performed: ramp 10 K/min from 25 to 180 °C, isotherm at 180 °C for 4 minutes and ramp 

10 K/min from 180 to 25 °C. This procedure was repeated again so as to obtain the second 

heating and cooling curves which were then evaluated using STARe system software. 

3.3.4 Dynamic mechanical thermal analysis (DMTA) 

Rectangular samples prepared via injection moulding with dimensions of ca. 10 mm x 10 

mm x 4 mm were used and measurements performed using a PerkinElmer DMA 8000 in 

single-cantilever mode. Liquid N2 and standard dry air oven were applied to obtain the 

dynamic properties of the composites in the temperature range of 0 – 90 °C with a heating 

rate of 10 K/min and frequency of 1 Hz. 
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3.3.5 Tensile testing 

The tensile tests were performed using a Shimadzu Autograph AGS-X series instrument 

with Trapezium X software. 5-7 dog bone shaped specimens were prepared and tested for 

each material or composite. Each specimen consisted of gauge length of 26 mm, thickness 

and width of 3.10mm–3.30 mm. During the measurements, a 10 kN load cells was used 

with stroke speed of 1 mm/min from 0 – 0.25% strain and at 50 mm/min above 0.25% 

strain according to ISO 527 standard.368 In the case of errors occurring, faulty results were 

eliminated. Consistent results were then obtained to calculate the average values for 

Young’s modulus, ultimate tensile strength, elongation at break. 

3.3.6 Fourier-transform infrared spectroscopy (FTIR) 

Dog-bone fragments of all PLLA composites were used and analysed using a Bruker 

Tensor 27 FTIR machine. Measurements were recorded in the wavenumber range of 500 

– 4000 cm-1 and characteristic peaks quoted in cm-1. 

3.3.7 X-ray photoelectron spectroscopy (XPS) 

WS2 powder was placed on electrically-conductive carbon tape which in turn was placed 

on an Omicron sample plate and analysed using an Omicron Multiprobe. The sample was 

illuminated with an XM1000 monochromatic Al Kα X-ray source along with a Sphera 

electron analyser as the detector used a pass energy of 10 eV and a base pressure of 2 x 

10-11 mbar. The spectrum was then analysed using CasaXPS software package with all 

binding energies calibrated using Fermi edge of a polycrystalline Ag sample as well as 

calibration of the transmission function of the spectrometer using a variety of clean metal 

foils. 

3.3.8 X-ray diffraction (XRD) 

Circular samples prepared by injection moulding were used for XRD measurements 

which were recorded on a Panalytical Empyrean equipped with a Co target with the 

wavelength of 1.79 Å in the scattering angle range of 2θ = 5 – 50° with a scanning speed 

of 4°/min.. 

3.3.9 Small-angle and wide-angle x-ray scattering (SAXS/WAXS) 

Dog bone fragments were used to produce samples with a thickness of ca. 0.1 mm which 

were then cut into dimensions of 1 cm x 2 cm and analysed with a Xenocs Xeuss 2.0 

instrument equipped with a Cu-Kα micro-focus source. The machine can run both SAXS 

and WAXS simultaneously with the SAXS detector, Pilatus 300k and WAXS detector, 

Pilatus 100k. 
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3.3.10 Raman spectroscopy 

Renishaw inVia Raman microscope was applied and WS2 sample was illuminated with 

Ar+ laser (wavelength of 514.5 nm), a 785 nm solid state diode and a Renishaw CCD 

(visible to near infrared) InGaAs Detector (Infrared).  

3.3.11 Oscillatory rheology 

Circular discs with a diameter of 25 mm and thickness of 2 mm were used and 

measurements were performed using Thermo Scientific HAAKE MARS III equipped 

with a set of 2 parallel–plates with diameters of 25 mm and operating a gap size set to 1.8 

mm. Amplitude sweep tests were performed at 145, 150 and 155 °C, at a frequency of 1 

Hz and strain (%) range of 0.01 – 100 to determine the region in which the deformation 

was small enough for the storage moduli (G’) to be independent of deformation. 

Frequency sweep measurements were then performed at 155 °C in the range of 0.1 – 100 

Hz with a strain of 0.1%. 

3.3.12 Polarised light microscopy (PLM) 

Each PLLA/WS2 sample was cut into a square piece with dimensions of ca. 5 mm x 5 

mm and thickness of ca. 0.8 mm. Each piece was then embedded in OCT compound and 

frozen at -80 °C overnight and then sectioned into 20μm fine pieces using a cryo-

microtome (Leica EM UC7). Each sample was placed between glass slides and mounted 

on a hot-stage for examination under a PLM (Carl-Zeiss KPL 10) equipped with a filter 

(λ = 540 nm). The hot-stage heated the sample to from room temperature to 180 °C at a 

rate of 10 K/min. and then cooled to room temperature at a rate of ca. 10 K/min. This 

procedure was repeated with a cooling rate of 1 K/min. 

3.3.13 Thermo-gravimetric analysis (TGA) 

5–8 mg samples were analysed using a thermos-gravimetric analyser, Mettler Toledo 

DSC 1. Dog-bone fragments of PLLA composites samples and WS2 powder were used 

for this analysis. All composites were heated from 25 °C to 900 °C at a heating rate of 10 

K/min under both N2 and ambient atmosphere. WS2 powder was heated from 25 °C to 

1000 °C at a heating rate of 10 K/min and the temperature was maintained at 1000 °C for 

10 minutes under both N2 and ambient atmosphere. 
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3.3.14 Gel permeation chromatography (GPC) 

Multi angle laser light scattering (MALLS) was used in conjunction with GPC which was 

equipped with a multi-angle laser light scattering (λ = 690 nm) and differential 

refractometer (λ = 930 nm) detector. Samples were dissolved in THF to prepare a polymer 

solution in a concentration of 5 mg/mL. The solutions were filtered once with a 0.45 μm 

PTFE filter as well as a 0.20 μm PTFE filter and then injected in to the column. 

Measurements were obtained using Agilent PLgel column with a flow rate of 0.9 mL/min. 

3.4 Dissolution of Banana Leaves (BLs) in Ionic Liquids (ILs) 

General procedure: 0.2 cm x 0.2 cm BL pieces were weighed and stirred with IL at 120 

°C for 24 hrs. The undissolved residue was removed via decantation with the aid of a 

centrifuge (10000 rpm, 10 min.) and the supernatant was used for electrospinning. In the 

comparison of IL for dissolving BL, 1 cm x 1 cm BL (0.5 g) pieces were stirred in 8.5 g 

IL cut into 1 cm x 1 cm pieces and 0.5 g then placed in a 30 mL glass vial followed by 

addition of 8.5 g IL at 120 °C for 24 hrs. Then, the BL/IL mixture was poured on to a 

petri dish to assess the ability of the IL for dissolving the BL.  

BL/[EMIM]OAc solutions (solution viscosity in brackets) 

5 wt% BL/[EMIM]OAc – BL (0.569 g) and [EMIM]OAc (9.5 g, 55.81 mmol) were 

used to give a very dark greenish-brown solution (540 cP) 

8 wt% BL/[EMIM]OAc – BL (0.91 g) and [EMIM]OAc (9.2 g, 54.05 mmol) were used 

to give a very dark greenish-brown solution (1437 cP) 

10 wt% BL/[EMIM]OAc – BL (1.137 g) and [EMIM]OAc (9.2 g, 54.05 mmol) were 

used to give a very dark greenish-brown solution (1437 cP) 

5 wt% BL/[BMIM]Cl solution 

BL (0.782 g) and [BMIM]Cl (9.5 g, 54.39 mmol) were used to give a very dark greenish-

brown solution (1584 cP) 

5 wt% BL/[AMIM]Cl solution 

BL (1.191 g) and [AMIM]Cl (9.5 g, 59.89 mmol) were used to give a very dark greenish-

brown solution (447 cP) 

3.4.1 Incorporation of co-solvent in BL/[EMIM]OAc solutions for electrospinning 

General procedure: In a 10 mL glass vial, BL/[EMIM]OAc solution was weighed 

followed by addition of co-solvent and a magnetic stirrer bar. The glass vial was sealed 
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with a lid and the mixture was stirred at room temperature for 1 hour. The mixture can 

then be subjected to electrospinning. 

8 wt% BL/(4:1)[EMIM]OAc-DMF – 10 wt% BL/[EMIM]OAc (2.5 g) and DMF (0.625 

g, 8.55 mmol) were used to give a very dark green solution (780 cP) 

8 wt% BL/(4:1)[EMIM]OAc-DMSO – 10 wt% BL/[EMIM]OAc (2.5 g) and DMF 

(0.625 g, 8.00 mmol) were used to give a very dark green solution (1011 cP) 

5 wt% BL/(1:1)[EMIM]OAc-DMF – 10 wt% BL/[EMIM]OAc (1.5 g) and DMF (1.5 

g, 20.52 mmol) were used to give a very dark green solution (72 cP) 

5 wt% BL/(1:1)[EMIM]OAc-DMSO – 10 wt% BL/[EMIM]OAc (1.5 g) and DMSO 

(1.5 g, 19.20 mmol) were used to give a very dark green solution (168 cP) 

5 wt% BL/(5:3)[EMIM]OAc-DMF – 8 wt% BL/[EMIM]OAc (2.0 g) and DMF (1.2 g, 

16.42 mmol) were used to give a very dark green solution (139 cP) 

5 wt% BL/(5:3)[EMIM]OAc-DMSO – 8 wt% BL/[EMIM]OAc (2.0 g) and DMSO (1.2 

g, 15.36 mmol) were used to give a very dark green solution (252 cP) 

3.5 Dissolution of Chitin in ILs for entanglement study 

General procedure: In a 30 mL glass vial, chitin powder was weighed followed by 

addition of IL and a magnetic stirrer bar. The glass vial can be sealed with a lid and the 

mixture can then be heated and stirred at 120 °C for 24 hrs. It can then be subjected to 

electrospinning. 

2 wt% Chitin/[AMIM]Cl – Chitin (0.2 g) and [AMIM]Cl (9.8 g, 61.78 mmol) were used 

to give a very dark orange solution (2958 cP) 

2 wt% Chitin/[BMIM]Cl – Chitin (0.2 g) and [BMIM]Cl (9.8 g, 56.11 mmol) were used 

to give a very dark orange-brown solution (15910 cP) 

2 wt% Chitin/[EMIM]OAc – Chitin (0.2 g) and [EMIM]OAc (9.8 g, 57.58 mmol) were 

used to give a yellow solution (1011 cP) 

3.6 Dissolution of lignin in ILs for entanglement study 

General procedure: In a 30 mL glass vial, lignin powder was weighed followed by 

addition of IL and a magnetic stirrer bar. The glass vial can be sealed with a lid and the 

mixture can then be heated and stirred at 120 °C for 24 hrs. It can then be subjected to 

electrospinning. 

5 wt% Lignin/[AMIM]Cl – Lignin (0.5 g) and [AMIM]Cl (9.5 g, 59.89 mmol) were 

used to give a very dark brown solution (2583 cP) 
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5 wt% Lignin/[BMIM]Cl – Lignin (0.5 g) and [BMIM]Cl (9.5 g, 54.39 mmol) were 

used to give a very dark brown solution (1674 cP) 

5 wt% Lignin/[EMIM]OAc – Lignin (0.5 g) and [EMIM]OAc (9.5 g, 55.81 mmol) were 

used to give a very dark brown solution (294 cP) 

3.6.1 Viscometer 

 All viscosity measurements were recorded using a Brookfield DV2T viscometer using 

spindle LV4 (code: 64). Unless the polymer solution has a viscosity exceeding 3000 cP, 

all measurements were conducted using a rotation speed of 200 rpm. For samples with 

viscosities higher than 3000 cP, lower rotation speeds were applied. Single point 

averaging was applied using a measurement time of 1 min. and all measurements were 

conducted at 20 °C. 

3.6.2 Electrospinning  

Essential equipment includes Spraybase controller as the high voltage supplier, 

polytetrafluoroethylene tubing (inner diameter of 0.8 mm), 18 Gauge spinneret as the 

emitter, disposable BD plastic syringes, Spraybase Syringe pump module controlled by 

software (SyringePumpProV1) and camera (Chameleon USB 2.0 digital 1.3 megapixel 

monochrome camera, model: CMLN-13S2C-CS) controlled by software (Point Grey 

FlyCap2). Fibre collectors used included household aluminium foil and Spraybase 

circular stainless steel collector (diameter of 90 mm). 

For each polymer solution, three (3) tables of the matrix as shown below were constructed 

for three(3) different tip-to-collector distances of 10, 15 and 20 cm. At each height, 

electrospinning experiments began using a fixed flow rate of 0.2 mL/h with voltage 

slowly varied from 8.5 kV – 22 kV to observe how the polymer solution responded to the 

applied voltage. The appearance of the polymer solution at the spinneret tip was captured 

by video and recorded. The experiment was then repeated using different flow rates also 

with voltages slowly tuned from 8.5 – 22 kV until all 6 flow rates were tested. The tip to 

collector distance as well as the camera position was then adjusted to conduct more trials 

with the same methods. This procedure was then repeated using other heights and thus, 

108 trials were conducted using each polymer solution. 

The polymer solution ejected from the needle tip can be focused and monitored clearly 

with the camera. The software, FlyCap2 was set to capture 10 images every second during 

the experiments. Blurry images were eliminated and clear images that show Taylor cones 

and polymer streams are saved and shown in the discussion chapters. 
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Table 2. General table to record the results of electrospinning experiments at different tip-

to-collector distance, values of voltage and flow-rate 

10/15/20 cm 8.5 kV 10 kV 12 kV 15 kV 18 kV 22 kV 

0.2 mL/h       

0.5 mL/h       

0.8 mL/h       

1.0 mL/h       

1.5 mL/h       

2.0 mL/h       

 

3.7 Bioassays (Bacteria Studies) 

Source of bacteria: Escherichia coli (E. coli) OR:H48:K- MG1655 (referred as K-12 

MG1655) (ATCC 700926) was derived from parent strain W1485 by acridine orange 

curing of the F plasmid.369 The enterohemorrhagic (EHEC) E. coli O157:H7 RIMD 

0509952 (referred as O157 Sakai) (ATCC BAA-460) which produces two Shiga toxins, 

isogenic stx1 and stx2-negative nontoxigenic is a derivative of the Sakai strain isolated 

from human faeces during the Sakai outbreak in 1996.370 Staphylococcus aureus (S. 

aureus) subsp. aureus, Strain JE2, Transposon Mutant NE100 (referred as MRSA JE2) is 

a plasmid-cured derivative of strain LAC which was isolated from a skin and soft tissue 

infection of an inmate in Los Angeles County Jail in California, USA during 2002.371 S. 

aureus Newman D2C ATCC 25904 NCTC 10833 (referred to as MSSA Newman D2C) 

is a clumping factor-positive variant of the S. aureus strain Newman D2 deposited by J. 

Hawiger in 1972 to give the strain designation ATCC 25904.372,373 Candida albicans 

SC5314 (referred as Candida SC5314) was isolated from a patient with generalised 

Candida infection by Margarita Silva Hunter at the Dermatology Department of 

Columbia College of Physicians and Surgeons in New York, USA.374 Pseudomonas 

aeruginosa strain PAO1 (referred as P. aeruginosa PAO1), strain PA14 (referred as P. 

aeruginosa PA14) and strain LESB58 (referred as P. aeruginosa LESB58) were isolated 

from a six-year-period outbreak at Nottingham University Hospitals National Health 

Service (NHS) Trust – City Campus during 2001 to 2007.375 

3.7.1 Reagents for Media and Cultures 

Mueller Hinton (M-H) Broth (dehydrated powder), yeast extract (for microbiology), 

dextrose, sodium chloride, crystal violet and 0.2 μm syringe filter were purchased from 
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Sigma-Aldrich. Bacto-agar, Tryptic Soy Broth (TSB, Soybean-Casein Digest Medium, 

dehydrated powder) and peptone were purchased from BD. Isopropanol and ethanol were 

purchased from Fisher Scientific. Autoclaved phosphate buffer saline (PBS) solution was 

provided by Warwick Medical School. All materials were used as received unless 

otherwise stated. 

3.7.2 Directions for use of media and cultures 

As M-H agar is considered to be the best medium to use for routine susceptibility 

testing,376 Kirby-Bauer disk diffusion tests were conducted using M-H agar plates for all 

microbes except for Candida SC5314. As Candida albicans require different nutrients to 

cultivate and prefer to form biofilms in yeast extract-peptone-dextrose (YPD), YPD agar 

was used when testing with Candida SC5314. To ensure reproducible robust biofilms can 

be generated in the anti-biofilm assay, TSB enriched with glucose and sodium was used 

as the only liquid culture.377,378 

3.7.3 Protocols for media and cultures 

M-H broth: 10.5 g M-H broth was weighed and dissolved in 500 mL of distilled water. 

The solution was then autoclaved at 121 °C and 0.5 bar for 15 mins. After it was cooled 

to room temperature, 250 μL CaCl2 and 166 μL MgCl2 were added and mixed thoroughly. 

M-H agar plates: 10.5 g M-H broth and 7.5 g bacto-agar were weighed and dissolved in 

500 mL distilled water. The solution was then autoclaved at 121 °C and 0.5 bar for 15 

mins. After it was cooled to ca. 50–60 °C, 200 μL CaCl2(aq) and 133 μL MgCl2(aq) were 

added and mixed thoroughly. In a biological safety cabinet, the liquid M-H agar was 

poured into 15–18 petri-dishes.  Each of the dishes should contain at least 25 mL of M-H 

agar or equivalent to a depth of 4 mm. They were then allowed to solidify and stored in a 

fridge. 

YPD broth: 5 g yeast extract, 10 g peptone and 10 g glucose were weighed and dissolved 

in 500 mL distilled water. The solution was then autoclaved at 121 °C and 0.5 bar for 15 

mins. 

YPD agar plates: 5 g yeast extract, 10 g peptone, 10 g glucose and 10 g bacto-agar were 

weighed and dissolved in 500 mL distilled water. The solution was then autoclaved at 

121 °C and 0.5 bar for 15 mins. After it was cooled to ca. 50–60 °C, the liquid M-H agar 

was poured into 15–18 petri-dishes in a biological safety cabinet. Each of the dishes 

should contain at least 25 mL of M-H agar or equivalent to a depth of 4 mm.  They were 

then allowed to solidify and stored in a fridge. 
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TSB broth: 15 g TSB was weighed and dissolved in 500 mL distilled water. The solution 

was then autoclaved at 121 °C and 0.5 bar for 15 mins. After it was cooled to room 

temperature, 2.78 mL glucose(aq) and 13.97 mL NaCl(aq) were added and mixed 

thoroughly. 

3.7.4 Kirby-Bauer disk diffusion test 

For all microbes except Candida SC5314, a sterile inoculating loop was used to touch a 

colony of the organism. The inoculating loop was then dipped into 5 mL M-H broth which 

was then incubated at 37 °C overnight. OD (λ = 600 nm) of the overnight culture was 

measured, it was then diluted to achieve OD = 1 and incubated for another 4 hours at 37 

°C. In the meantime, circular polymer samples with a diameter of 8 mm were sterilised 

using UV light (λ = 254 nm) for 10 minutes. ODs of the 4-hour cultures were measured, 

they were then diluted again to achieve OD = 0.01. A sterile inoculating loop was dipped 

into the diluted culture and then inoculate an M-H plate by streaking the swab in a back-

and-forth motion. This action was repeated at least twice after rotating the plate to ensure 

even distribution of inoculum. The inoculated M-H agar plate then sat at room 

temperature for 3–5 minutes for drying and the sterilized polymer discs were placed on 

the dry inoculated agar. They were then incubated overnight at 37 °C. When the test was 

conducted using Candida SC5314, the same procedure was repeated but YPD broth was 

used instead of M-H broth. 

3.7.5 Growth curves for bacteria 

Bacteria strains were incubated in 5 mL M-H broth for overnight at 37 °C. ODs (λ = 600 

nm) of these overnight cultures were measured, they were then diluted to achieve OD = 

1 and incubated for another 4 hours at 37 °C. In the meantime, PLLA-based composites 

films were cut into a size of 1 cm x 5 cm. These films were then placed against the walls 

of 24-well plate with “labyrinth” lid and sterilised using UV light (λ = 254 nm) for 10 

minutes. ODs of the 4-hour cultures were measured, they were then diluted again to 

achieve OD = 0.2. Excluding the wells that were designated to contain the blank M-H 

broth, 50 μL of the cultures were then added to the individual well in the 24-well plate 

that contained 950 μL M-H broth to ensure that each well contained culture with OD = 

0.01. Growth curves were then obtained using FLUOstar Omega automatic plate reader 

after overnight at 37 °C. This procedure was repeated twice to obtain additional results. 
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3.7.6 Anti-biofilm assay 

Bacteria strains were incubated in 5 mL TSB broth overnight at 37 °C. ODs (λ = 600 nm) 

of the overnight cultures were measured and, then diluted to achieve OD=1 and incubated 

for another 4 hours at 37 °C. In the meantime, PLLA-based composites films were cut 

into circular discs with a diameter of 15 mm. These films were then placed at the bottom 

of the wells with “labyrinth” lid and sterilised using UV light (λ = 254 nm) for 10 minutes. 

ODs of the 4-hour cultures were measured, they were then diluted again to achieve OD = 

0.2. Excluding the wells that were designated to contain the blank TSB broth, 50 μL of 

the cultures were then added to the individual well in the 24-well plate that contained 950 

μL TSB broth to ensure that each well contained culture with OD=0.01. This 24-well 

plate was then incubated undisturbed, without any shaking overnight at 37 °C. After 

incubation, the TSB broth in the wells was removed using a pipette very carefully. Each 

well was washed gently with 1 mL PBS three times and allowed to dry completely at 

room temperature. While the plates were drying, 0.5 g crystal violet was dissolved in 50 

mL distilled water. After the crystal violet was dissolved completely, the solution was 

passed through a 0.2 μL syringe filter. After the multi-well plate was dried completely, 

500 μL the filtered crystal violet solution was added to the wells. The plate was incubated 

again at 37 °C for 30 min. followed by removal of the crystal violet solution. Each well 

was then washed gently with 1 mL PBS twice. Ethanol, isopropanol and water in the ratio 

of 7:1:2 was mixed and added to the crystal violet. The crystal violet was allowed to 

dissolve in the 80% alcohol for 30 minutes at room temperature. They were then diluted 

40-fold and their values of OD (λ = 570 nm) measured using a FLUOstar Omega 

automatic plate reader. 

3.8 Bioassay (Endothelial Cell Culture) 

Early passage human umbilical vein endothelial cells (HUVECs) were cultured in T-75 

tissue culture flasks (Iwaki, Japan) at 37°C with 5% CO2 in Human large vessel 

endothelial cell basal media (Cellworks, UK) supplemented with 1μg/ml hydrocortisone, 

20% fetal bovine serum (FBS), 100 units/ml penicillin, 100μg/ml streptomycin and 2mM 

- L-glutamine (Sigma- Aldrich, UK). For all experiments, cells of passage number 2-5 

were used. 
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3.8.1 Cell Viability and Cell Seeding Density 

A qualitative assessment of HUVEC cell number and viability was made using the trypan 

blue exclusion assay method. Briefly, a HUVEC cell suspension was mixed with 0.4% 

trypan blue (1:1 by volume) and the cells counted using a TC-20 automated cell counter 

(Bio-Rad, UK). The breakdown in cell membrane integrity was determined by the uptake 

of trypan blue to which the normal cell is impermeable. Following assessment of number 

and viability, cells were seeded onto the polymer samples at a concentration of 5 x 105 

cells/cm2 and allowed to adhere and proliferate during incubation at 37C in 5% CO2. 

3.8.2 Cell Adhesion Assay 

Samples of sterile polymer (composite) were placed at the bottom of individual wells of 

a sterile 24-well polystyrene plate. Samples were then washed in three changes of PBS 

for 15 min each. The HUVEC suspension was added to the surface of the polymers at a 

concentration of 5 × 105 cells/disc in 1.0 mL of endothelial cell growth media. Triplicate 

samples were established for each composite with different PLA/WS2 ratio to obtain 

multiple data. Polymer samples with cells so loaded were incubated at 37°C in a 

humidified atmosphere of 5% CO2 in the air until the predetermined time point of 60 min 

at which time the polymer samples were removed to a clean well. At this stage, crystal 

violet staining of cells in culture was performed using a modification of the methods of 

Kueng et. al.379 Briefly, cells were washed in PBS and fixed in ice-cold 10% Formalin 

(Sigma- Aldrich, UK) for 20 min. Cells were washed with PBS, permeabilized with 20% 

methanol for 20 min, and stained with 0.5% crystal violet (Sigma) in 20% methanol for 

30 min. Cells were destained by three gentle washes in deionised water, followed by 

elution of the residual crystal violet with 10% acetic acid for 30 min during gentle 

agitation. Optical density was measured by spectrophotometry at 572 nm and 650 nm as 

a background (Tecan, UK). The optical density obtained with this assay has been shown 

to correlate directly with cell number and is thus useful for standardization of cell number 

between the experimental wells. 

The number of adherent cells on each polymer derivative was expressed as a percentage 

(mean ± SD) of the number of cells seeded originally. The statistical significance of cell 

numbers in different serum treatments was tested by ANOVA (Prism Graphpad software) 

analysis. 
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3.8.3 Cell Proliferation.  

Measurement of cell viability and proliferation forms the basis for numerous in-vitro 

assays of a cell population response to external factors. The MTT cell proliferation assay 

measures the cell proliferation rate and conversely, when metabolic events lead to 

apoptosis or necrosis, the reduction in cell viability. Cell proliferation was analysed by 

using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma-

Aldrich, UK) mitochondrial reduction.380,381 This assay is based on the ability of live cells 

to reduce a tetrazolium-based compound, MTT, to a purplish formazan product. The 

resulting intracellular purple formazan can be solubilized and quantified by 

spectrophotometric means. In brief, HUVECs (5 x 105 cells/cm2) were seeded onto 

triplicate samples of control and modified polymer discs and incubated under normal cell 

culture conditions (37 °C in a humidified atmosphere of 5% CO2 in air until the 

predetermined time point of 1 Day, 3 Days and 7 days. At each time point the polymers 

were washed with PBS, transferred into new cell culture plates containing 1 ml of culture 

medium containing no phenol red, and 5 mg/ml of MTT solution and incubated for 2–3 

h at 37 °C. After removing the culture media, 0.5 ml of extraction solution (0.01 N HCl 

in isopropyl alcohol) was added. The polymers were washed extensively by pipetting up 

and down repeatedly to allow total colour release. The absorbance of the supernatant was 

read with a spectrophotometer at 572 nm with a background subtraction at 650 nm (Tecan, 

UK). 

3.8.4 SEM of Cell Cultures 

Cells remaining on the polymer substrate surface after culture for 1, 3 and 7 days were 

washed in PBS and fixed for 1 hr with 2.5% glutaraldehyde in 0.1 M sodium cacodylate 

buffer pH 7.4 (Agar, UK). Samples were then rinsed and fixed for another hour with 1% 

by volume osmium tetroxide in 0.1M sodium cacodylate buffer pH 7.4 (Agar, UK). 

Samples were then gently dehydrated through an aqueous replacement process by soaking 

in a series of graded alcohol of 50%, 60%, 70%, 80%, 90%, and 100% three times for 10 

min each. To maintain ultra-structures on the biological specimens, the substrates were 

transferred to 100% hexamethyldisilazane, HDMS, (Sigma-Aldrich, Poole, UK) for 5 min 

and dried in a desiccator overnight. Scanning electron microscope (Jeol, UK) images were 

taken after sputtering samples with a 100 nm thick film of Au using a dual ion-beam 

sputter (Polaron, UK). 
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3.8.5 Immunocytochemistry  

HUVECs were cultured on the polymer (composite) substrate for 1, 3 and 7 days under 

normal culture conditions, the medium being changed every 48h.  The cells were then 

washed in PBS, and fixed in freshly prepared 3.7% paraformaldehyde for 15 min at 4°C 

and permeabilised with 0.1% Triton-X-100 in PBS for 10 minutes. Prior to the addition 

of the alexa-fluor phalloidin 543, cells were pre-treated with PBS containing 0.1% BSA 

and 0.01% sodium azide for 20 min. Cells were incubated with phalloidin for 30 minutes 

at room temperature. Cells were then washed and to visualise the nuclei, the cells were 

incubated with the DNA-binding 39 fluorochrome Hoechst 33258 (1mg/ml stock diluted 

1:1000 in PBS, Sigma Chemical Co.) for 10 minutes at room temperature. The cells were 

mounted in glycerol-based mounting medium containing an anti-fade reagent and then 

studied under a confocal microscope LSM Pascal equipped with an inverted microscope 

Axiovert 100M and a 63 x (NA 1.2/w) water immersion objective (Zeiss, Göttingen, 

Germany). 

3.8.6 Surface Wettability Study (Contact Angle Analysis) 

Samples were placed flat on a glass microscope slide and then onto the stage of the KSV 

Contact Angle Instrument (CAM2000, KSV Instrument Ltd.).  The camera for viewing 

the sessile drop was brought into focus and the stage base marked using CAM200 

software.  Using a modified method from Martins et. al.,382 a 5 microliter drop of water 

was placed on the surface of the sample for 20 seconds and a recording taken.  CAM200 

software calculated the contact angle using Young’s equation: 𝛾𝑙𝑣 cos 𝜃𝛾 = 𝛾𝑠𝑣 − 𝛾𝑠𝑙 

where 𝜃𝛾 is the contact angle and whereas, 𝛾𝑙𝑣, 𝛾𝑠𝑣 and 𝛾𝑠𝑙 represent the liquid-vapour, 

solid-vapour and solid-liquid interfacial tensions respectively.383 
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4. Composites of PLA and lignin 

4.1. General Characterisations of PLA/lignin Composites 

As lignin was reported to exhibit antimicrobial activity against Listeria monocytogenes, 

MRSA and yeast,208 it was used as an additive for PLA to provide additional functionality 

to PLA-based composites with 0, 0.5, 1, 2, 3, 5 and 10 wt% lignin content prepared via 

melt-extrusion. In order to avoid embrittlement of the composites, another set of samples 

with the same composition profiles of PLA and lignin with addition of 20 wt% triacetin 

plasticizer were prepared. In this chapter, PLA/lignin composites and plasticized 

PLA/lignin composites will be compared. The points of interest are to determine the 

influence of lignin on the PLA and determine the influence of triacetin on the composites 

properties, such as mechanical and antimicrobial activity. 

PLA/lignin composites in the form of dog bone shaped specimens were prepared using 

injection moulding for the tensile testing. After these tests, the fractured surface of the 

specimens were used for examination by SEM. Composites with the lowest and highest 

lignin loadings are shown and compared below. However, it should be noted that SEM 

examination was challenging as PLA is highly charging under the electron beam and it 

was difficult to obtain charge balance even when the samples were coated with conductive 

coatings such as gold or platinum. In addition, PLA itself is highly sensitive to the electron 

beam irradiation384 and it was observed that the samples decompose very easily. High 

resolution imaging was impossible and the surface structure of the composites could be 

difficult to observe due to beam penetration effects.384 As shown in Figure 4.1, a 

distinctive rectangular area can be seen which was actually damage caused by the electron 

irradiation beam. 

 

Figure 4.1. SEM images showing an area of damaged PLA composite caused by the irradiation 

beam. 
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This limitation could be slightly minimised by using a low voltage (i.e. a maximum of 5 

kV), ensuring that the composites were not exposed to the irradiation beam for too long, 

i.e. a minimal time (less than 15 seconds) as well as apply low magnification. 

For composites consisting of only 0.5 wt% lignin, the fractured surface appeared to be 

smooth and very few spherical granules can be seen which are likely to be lignin particles 

can be seen (red circles in Figure 4.2a, b). The size of these granules have diameters in 

the range of 300–500 nm. In contrast, most of the fractured surfaces of the other 

composite with 10 wt% lignin are much rougher with pores (Figure 4.2c). The pores may 

reflect a lack of wetting between the two components and the lignin phase is expelled 

during fracture. As the surface appear to be very uneven, it is actually harder to distinguish 

the presence of individual lignin particles (Figure 4.2d). 

 

Figure 4.2. SEM images of (a) and (b) PLA with 0.5 wt% lignin and, (c) and (d) PLA with 10 

wt% lignin 

The same procedure was repeated for the plasticized PLA/lignin composites and gain as 

fractured specimens from dog-bones were examined by SEM, see Figure 4.3. The 

fractured surface of the plasticised composite appears to be smoother compared to the 

non-plasticized counterpart. In comparison to Figure 4.2(a, b), spherical granules seen in 

the plasticized composite are 2–3 times bigger but appear to be embedded within the PLA 
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matrix (Figure 4.3a, b red circles). Fracture of plasticized composite with 10 wt% lignin 

appears to have a rougher, very uneven surface which is similar to the image in Figure 

4.2(c). It can be seen that there are spherical clusters on the surface (Figure 4.3c) and 

when a higher magnification was used to view the sample, it can be seen that the surface 

also consists of pores that are similar to those in Figure 4.2(c). 

 

Figure 4.3. SEM images of plasticized (a) and (b) PLA with 0.5 wt% lignin and, (c) and (d) PLA 

with 10 wt% lignin 

DSC measurements were conducted to determine the values of Tg, cold crystallisation 

temperature (Tcc), melting temperature (Tm) and crystallinity (Xc) of the composites. 

Lignin itself does not have a glass transition or display classical melting behaviour and 

so, the terms ‘miscibility’ and ‘immiscibility’ cannot be correctly applied in blend 

systems that involved lignin based upon Tg values.212 In this case, the change of Tg and 

Tm of the PLA in the composites can be used to predict intermolecular interaction between 

PLA and lignin. Unlike Tcc and Tm, evaluation of Tg is more difficult because this involves 

the transition of the amorphous part from a high elastic state into a glassy state.385 

However, the amorphous rigid interfacial region can often be trapped between the 

crystalline lamellae after processing which causes the Tg value be harder to be detected 

\ 
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by DSC.212,386 Fortunately, this parameter can be detected more easily by removing the 

thermal history. Therefore, the thermal histories of the composites were erased by heating 

from 25 °C to 180 °C, isotherm for 4 minutes and then cooling back to 25 °C at a heating 

rate of 10 K/min. This thermal cycle was repeated to obtain the second heating (Figure 

4.4) and cooling curves (Figure 4.5) and the relevant parameter were obtained and shown 

in Table 1. Same procedure was used when plasticized samples were analysed but the 

samples were cooled to -30 °C instead of 25 °C. The values of Tg, Tcc, Tm,1, Tm,2 (Tm,1 is 

1st melting peak and Tm,2 is 2nd melting peak) and Xc are listed below in Table 4.1 

Table 4.1. Thermal parameters obtained from DSC measurements for composites of PLA and 

lignin  

Composite Tg Tcc Tm,1 Tm,2 Xc 

Neat PLA 58 °C 126 °C 150 °C - 0.99% 

99.5% PLA/ 0.5% lignin 58 °C 121 °C 148 °C - 1.06% 

99% PLA/ 1% lignin 58 °C 120 °C 148 °C - 0.91% 

98% PLA/ 2% lignin 58 °C 122 °C 149 °C - 0.81% 

97% PLA/ 3% lignin 58 °C 121 °C 148 °C - 1.06% 

95% PLA/ 5% lignin 57 °C 122 °C 148 °C - 0.37% 

90% PLL/ 10% lignin 57 °C 117 °C 146 °C 152 °C 1.10% 

 

The Tg of plasticized PLA was recorded as 22 °C and it remained unchanged when up to 

between 0.5 and 3 wt% lignin was added. When the weight percentage of lignin was 

further increased to 5 and the 10 wt%, the Tg increased to 57 °C. Pure PLA had a small 

cold crystallisation peak at 126 °C but the peak became more intense but the maximum 

decreased to the range of 120 – 122 °C for composites that consisted of 0.5 – 5 wt% 

lignin. For the composite with 10 wt% lignin an even bigger cold crystallisation peak 

centred at 117 °C (Figure 4.4b) was obtained. Pure PLA has a small melting peak at 150 

°C but the melting peaks increased in size and Tm decreased (allowing for instrument 

error) to 148 – 149 °C for composites with 0.5 – 5 wt% lignin. Interestingly, when lignin 

content was increased to 10 wt%, the PLA exhibited 2 melting peaks with maxima at 146 

°C and 152 °C (Figure 4.4c). This double-melting behaviour can occur in semicrystalline 
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polymers.387 Samples with 0 – 5 wt% of lignin consist of single melting peak which is 

likely to be more perfect crystals presented that could melt more directly and gave rise to 

a single melting peak.388 In the case of a double-melting behaviour, their lower melting 

peak was attributed to melting of primary crystals,389 formation of thickened lamellae390 

or fusion of think lamellae formed.284 The second, higher temperature peak attributed to 

melting of recrystallized crystals389 or fusion of newly formed lamellae via melting-

recrystallisation of primary thin lamellae.284 In addition, PLA itself consists of different 

crystalline polymorphs and it was reported that such double-melting peak can emerge 

when Tcc is below 120 °C.391 While a single melting correspond to a more stable α 

crystalline phase, double-melting peak can often be seen when Tcc below is 120 °C 

corresponding to melting of α crystal phase (lower melting peak) and melting of a less 

stable α’ crystal phase (higher melting peak).391 Therefore, it is possible that incorporation 

of 10 wt% lignin had resulted Tcc below 120 °C as well as induce formation of the α’ 

crystal phase of PLA. 

The degrees of crystallinity of all composites were determined based upon the second 

heating cycles with extra enthalpy absorbed by crystallites formed during heating which 

had to be subtracted from the endothermic heat flow because of the melting of the whole 

crystallites and hence, the following equation was applied, 𝑋𝑐 =  
∆𝐻𝑚− ∆𝐻𝑐𝑐

𝜔𝑃𝐿𝐿𝐴 × ∆𝐻𝑚
0  × 100% 

(where ∆𝐻𝑚  stands for enthalpy of melting, ∆𝐻𝑐𝑐  is enthalpy of cold crystallisation, 

𝜔𝑃𝐿𝐿𝐴 is weight fraction of PLA and ∆𝐻𝑚
0  is the melting enthalpy of a theoretically 

100% crystalline PLA which has been reported to be 93.7 J/g).389,392 The composite with 

5 wt% lignin has the lowest crystallinity of 0.37% and the rest of the samples consist of 

𝑋𝑐 within 0.81 – 1.10%. Overall, all composites have degrees of crystallinity less than 

2% which is possibly due to the slow crystallisation rate of PLA and so, very few crystals 

generated in PLA resin which caused the polymer content remained amorphous under the 

most practical processing and moulding procedures.393 
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Figure 4.4. DSC (a) second heating curves, (b) enlarged cold crystallisation peaks & (c) enlarged 

melting peaks of PLA/lignin composites 

The second cooling curves of the PLA/lignin composites are shown in Figure 4.5. As 

PLA crystallises slowly394 and this is the reason why only glass transition steps appeared 

in all cooling curves of PLA/lignin composites. Precisely, the formation of critical 

nucleus required for nucleation demands some time, slow crystallisation leads to absence 

of crystal formation and hence, crystallisation was prevented which resulted in all PLA-

based composites being fully amorphous and showing only glass transition steps in their 

cooling curves.394 
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Figure 4.5. DSC second cooling curves of PLA/lignin composites 

The second heating (Figure 4.6) and cooling curves (Figure 4.7) of the plasticized samples 

were obtained and their relevant results are listed in Table 4.2 on the next page. 
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Table 4.2. DSC data for plasticized PLA/lignin composites 

Plasticized composite Tg Tcc Tm,1 Tm,2 Xc 

100% PLA 22 °C  96 °C 143 °C - 1.26% 

99.5% PLA/ 0.5% lignin 22 °C 96 °C 141 °C - 1.08% 

99% PLA/ 1% lignin 21 °C 100 °C 141 °C - 0.44% 

98% PLA/ 2% lignin 22 °C 99 °C 142 °C - 0.82% 

97% PLA/ 3% lignin 21 °C 98 °C 142 °C - 0.59% 

95% PLA/ 5% lignin 21 °C 96 °C 142 °C - 0.93% 

90% PLA/ 10% lignin 19 °C 96 °C 127 °C 141 °C 0.05% 

 

Plasticized composites with 0 – 5 wt% lignin had the same Tg. When the lignin 

composition was further increased to 10 wt%, the Tg decreased to 19 °C. In comparison 

to the non-plasticized composites, Tg values of these plasticized samples were decreased 

by more than 50%. This is because when plasticizer was incorporated into the polymer 

matrix, the free volume between polymer chains increased allowing them to move or 

rotate more freely. Therefore, plasticized materials tend to have a lower Tg and melt 

viscosity395 compared to their non-plasticized counterparts.395 Similarly, there is only a 

little difference between the overall Tcc values for plasticized PLA/lignin allowing 

instrumental errors. In addition, the plasticized composites with 0, 1 and 2 wt% lignin 

have broader cold crystallisation peaks (Figure 4.6b) and it is possible to be due to the 

major changes in the phase separation behaviour as well as more diverse sizes of lignin 

particles in the polymer matrix.396 In the comparison of Tm values, there was a very little 

change as the values are in the range of 141 – 143 °C but it was also noticed that it 

consisted of a very small shoulder peak at 127 °C (Figure 4.6c). This seems to be the 

double-melting behaviour that was observed also for the non-plasticized PLA composite 

with 10 wt% but presence of the plasticizer enhanced the composite to melt more directly 

and gave rise to a peak that is analogous to a single melting peak. PLA indeed consists of 

different crystalline polymorphs and it was reported that such double-melting peak can 

emerge when Tcc is below 120 °C.391 All plasticized samples consist of Tcc below 120 °C 

and they all consist of shoulder peaks within their melting peaks. It can be seen that 
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plasticized sample with 10 wt% lignin has a first melting peak at 127 °C (Figure 4.6c). 

The presence of plasticizer as well as 10 wt% lignin should induce formation of different 

crystal phase of PLA to give the double-melting peak effect. The degrees of crystallinity 

of all plasticized samples were also determined based upon the second heating cycles with 

extra enthalpy absorbed by crystallites being subtracted and hence, the following equation 

was applied, 𝑋𝑐 =  
∆𝐻𝑚− ∆𝐻𝑐𝑐

𝜔𝑃𝐿𝐴 × ∆𝐻𝑚
0  × 100%  (where ∆𝐻𝑚  stands for enthalpy of melting, 

∆𝐻𝑐𝑐 is enthalpy of cold crystallisation, 𝜔𝑃𝐿𝐴 is weight fraction of PLA and ∆𝐻𝑚
0  is the 

melting enthalpy of 100% crystalline PLA which reported to be 93.7 J/g).389,392 Sample 

with the lowest and highest composition of lignin had the highest and lowest 𝑋𝑐 of 1.26% 

and 0.05% respectively. The rest of the samples consist of 𝑋𝑐 values in the range of 0.44 

– 1.08%. Both non-plasticized and plasticized PLA samples have very low crystallinity 

according to the DSC data. This is very highly to be due to the optical purity of the PLA 

matrix. 100% pure isotactic and optically active PLLA and PDLA are both crystalline 

polymer and in contrast, atactic and optically inactive PDLLA is amorphous.118 The PLA 

matrix used in this project consists of only 96% pure isotactic and optically active PLLA 

and the rest are mixture of PDLA and PDLLA which led to the low crystallinity values 

of all composite materials.397 

 
Figure 4.6. (a) Second heating curves, (b) cold crystallisation peaks & (c) melting peaks of 

plasticized PLA/lignin composites 

The second cooling curves of plasticised PLA/lignin composites are shown in Figure 4.7. 

As PLA consists of slow crystallisation,394 only the glass transition process appeared in 

all cooling curves of the plasticized composites. This observation is identical to that 

attained for the non-plasticized PLA/lignin systems suggesting that the plasticizer does 

not affect such slow crystallisation behaviour. Hence, the plasticized samples also 
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exhibited nearly fully amorphous features and showing only glass transition steps in the 

their cooling curves.394 
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Figure 4.7. Second cooling curves of PLA/lignin composites 

DMTA measurements can provide insights to the dynamic mechanical properties of the 

composites and changes in viscosity and storage modulus as a function of lignin and 

plasticizer content. The tan δ curves and dynamic modulus as a function of temperature 

are shown in Figure 4.8. The Tg of the composites can easily be identified as the maxima 

in the tan δ curves which indicate transition of the amorphous part from a high elastic 

state into a glassy state.385 Alternatively, the slopes of the dynamic modulus curves show 

the transition from solid to rubber which can also be used to show the Tg of the 

composites.398,399 All tan δ curves have very similar shapes with a sharp peak typically 

having a maximum in the narrow range 66 – 68 °C (Figure 4.8a). Temperatures of the tan 

δ peaks vs lignin content (wt%) with a best fit line was drawn in Figure 4.8c to indicate 

that the Tg values did not change dramatically with increasing lignin content. Taking the 

instrumental error into account, there is no difference in these Tg values. On the other 

hand, the dynamic modulus curves have slopes in the range of 58 – 65 °C (Figure 4.8b). 

Overall, the DMTA data also seem to imply that presence of lignin did not alter the 

mechanical properties of PLA composites too dramatically according to the tan δ and 

dynamic modulus curves obtained. Although DMTA data of PLA/lignin composites 

materials are not reported, Rahman et. al.  recorded DMTA data PLA/lignin systems. It 

was reported that the Tg values of the PLA/lignin composites only shifted to higher 

temperatures when the materials were prepared at 200 °C.213 Similarly, the Tg values of 

PLA/lignin composites that were prepared at 180 °C do not consist of major difference. 
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Figure 4.8. (a) Tan δ curves, (b) dynamic modulus vs temperature of PLA/lignin composites; 

changes of Tg with % of lignin according to (c) tan δ curves, (d) dynamic modulus curves 

The DMTA measurements were repeated with the plasticized PLA/lignin composites. 

From the DSC data, the plasticized composites consist of lower Tg values and hence, the 

measurements started at -60 °C. As mentioned above, addition of plasticizer can increase 

the free volume between polymer chains and allow more free movement, increased chain 

dynamics and rotation.395 In these systems, this made DMTA measurements more 

challenging compared to that of the non-plasticized composites as a consequence of 

slippage of samples between the clamps during measurements. In Figure 4.8, all curves 

obtained with the non-plasticized composites are smooth. In contrast, the curves obtained 

with plasticized samples contain noise (Figure 4.9), particularly below 0 °C. From the 

peak maxima peak of the tan δ curves, plasticized PLA 7 had the highest Tg at 27 °C. The 

Tg decreased with addition of lignin but the Tg for all these composites was in the range 

22 – 23 °C (Figure 4.9a, Table 4.3). Tg values of these plasticized PLA/lignin composites 

are much lower than that of non-plasticized counterparts. Temperatures of the tan δ peaks 
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vs lignin content (wt%) with a best fit line was drawn in Figure 4.9c to indicate that the 

Tg values have an overall slight descending trend with the incorporation of lignin. On the 

other hand, the slopes of dynamic modulus curves are in the range of -20 – 20 °C (Figure 

4.9b) which are also in a much lower range compared to that of non-plasticized 

PLA/lignin composites. 

 All Tg values for both non-plasticized and plasticized PLA/lignin composites are listed 

in Table 4.3 below. It can clearly indicate the reduction of Tg values of the composites 

after plasticization which is consistent with the DSC data. Plasticization results in an 

increase the free volume between polymer chains allowing them to move or rotate more 

freely. Therefore, the plasticized composites have lower Tg compared to their non-

plasticized counterparts.395 

 

Figure 4.9. (a) Tan δ curves, (b) dynamic modulus vs temperature of plasticized PLA/lignin 

composites; changes of Tg with % of lignin according to (c) tan δ curves, (d) dynamic modulus 

curves 
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Table 4.3. Tg of both non-plasticized and plasticized PLA/lignin composites obtained from tan δ 

and dynamic modulus curves 

Compositions 
Non-plasticized 

composites 

Plasticized 

composites 

PLA/wt% Chitin/wt% Tg / °C (tan δ) Tg / °C (tan δ) 

100 0 66 27 

99.5 0.5 68 23 

99 1 67 22 

98 2 67 22 

97 3 67 23 

95 5 67 22 

90 10 66 23 

The static mechanical performance of these composites was determined from tensile tests 

and the ultimate tensile strength (MPa), Young’s modulus (MPa) and elongation at break 

(%) of the composites determined. For each composite, 5 – 6 dog bone shaped specimens 

were used during the tests and their average results are shown in Figure 4.11(a) which 

can be seen that all composites are brittle materials.400 The results are tabulated in Table 

4.4 and the trends shown in Figure 4.11(b – d). 

Table 4.4. UTS, YM, EB and their standard deviations of PLA/lignin composites 

Composite UTS (MPa) YM (MPa) EB (%) 

Neat PLA 66.78 ± 0.53 3084.19 ± 201.67 3.45 ± 0.24 

PLA/lignin (99.5/0.5) 67.13 ± 1.73 2885.90 ± 81.41 4.12 ± 0.83 

PLA/lignin (99/1) 65.32 ± 1.34 3149.76 ± 217.73 3.42 ± 0.64 

PLA/lignin (98/2) 64.75 ± 0.70 2834.91 ± 187.01 3.76 ± 0.30 

PLA/lignin (97/3) 61.02 ± 0.75 2813.84 ± 77.96 3.56 ± 0.48 

PLA/lignin (95/5) 56.82 ± 2.16 3074.38 ± 228.67 2.84 ± 0.23 

PLA/lignin (90/10) 55.57 ± 3.86 2981.97 ± 88.62 2.50 ± 0.35 
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The ultimate tensile strengths (U.T.S) are determined from the maximum in the stress-

strain curves. The unfilled PLA and 0.5wt% lignin composite had very similar tensile 

strengths of 66.78 ± 0.53 and 67.13 ± 1.73 MPa, respectively. When the lignin content 

was increased further the ultimate tensile strength gradually decreased to 55.57 ± 3.86 

MPa. It is very clear that the ultimate tensile strengths decrease with increasing lignin 

content (Figure 4.11b). This reduction of tensile strengths with increasing lignin content 

was observed by other studies.401,402 In the study completed by O. Gordobil et. al., two 

sets of PLA-based composites were prepared with both acetylated and unmodified lignin 

at different compositions. Although both systems experience reduction of tensile 

strengths with increasing lignin contents, it was noticed that the extent of decrease was 

much smaller for the samples that incorporated with acetylated lignin and this was very 

likely to be responsible for a better interaction between acetylated lignin and PLA.401 

Hence, a descending trend of tensile strengths observed in Figure 4.11b for the PLA-

based composites with higher lignin content (wt%) is due to a poorer interfacial 

interactions in the polymer matrix. Neat PLA, composites with 1wt% and 5 wt% lignin 

had similar Young’s moduli 3084.19 ± 201.67, 3149.76 ± 217.73 and 3074.38 ± 228.67 

MPa respectively. In comparison, composites with 0.5 wt% (2885.90 ± 81.41 MPa), 2 

wt% (2834.91 ± 187.01 MPa), 3 wt% WS2 (2813.84 ± 77.96 MPa) and 10 wt% (2981.97 

± 88.62 MPa) have lower Young’s moduli. Unlike the tensile strengths, a clear trend of 

was not observed for Young’s moduli with increasing lignin content (Figure 4.11c) 

Therefore, an ANOVA (Analysis of Variance) statistical test were performed to analyse 

the differences among group means. The ANOVA results is shown below (Figure 4.10) 

and reported the p-value that is smaller than 0.05 which indicated that statistically, at least 

two of the entire groups have significantly different means.403,404 Therefore, incorporation 

of lignin to PLA matrix is likely to alter the Young’s Modulus of the composites. 

 
Figure 4.10. ANOVA results for Young’s Modulus of non-plasticized PLA/lignin composites 
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In the comparison of elongation at breaks, the value increased from 3.45 ± 0.24 (0 wt% 

lignin) to 4.12 ± 0.83 % (0.5 wt% lignin) but decreased to 3.42 ± 0.64 % with 1 wt% 

lignin. The composite with 2 wt% lignin added has a slightly higher elongation at break 

at 3.76 ± 0.30 % but gradually decreased to 2.50 ± 0.35 % when lignin content increased 

to 10 wt%. Hence, the values fluctuate at low lignin content but decrease when lignin 

content was further increased (Figure 4.11d). A trend line was drawn which can clearly 

indicate that overall elongation at break decrease with increasing lignin content which 

should be due the poor interactions between PLA and lignin.401 

 

Figure 4.11. (a) Stress-strain curves of PLA/lignin composites and, variation in (b) tensile 

strength; (c) young’s modulus and (d) elongation with percentage lignin content 

Tensile testing using the same parameters were repeated for the plasticized PLA/lignin 

composites and again the ultimate tensile strength (MPa), young’s modulus (MPa) and 

elongation at break (%) determined to study the effect of triacetin addition on the 

mechanical properties of the PLA. For each composite, 5 – 6 dog bone shaped specimens 

were also used during the tests and their average results are shown in Table 4.5 and Figure 

4.11(a) which can be seen that all curves of the plasticized composites look very different 

from their brittle non-plasticized counterparts (Figure 4.13a).  
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Table 4.5. Tensile strength, young’s modulus, elongation at break and their standard deviations 

of plasticized PLA/lignin 

Composition UTS (MPa) YM (MPa) EB (%) 

Neat PLA 13.20 ± 0.48 900.78 ± 79.14 432.76 ± 23.62 

PLA/lignin (99.5/0.5) 13.57 ± 0.33 903.04 ± 98.42 466.16 ± 34.91 

PLA/lignin (99/1) 13.13 ± 0.67 908.20 ± 94.81 504.79 ± 13.71 

PLA/lignin (98/2) 13.33 ± 0.68 928.13 ± 84.25 463.56 ± 7.39 

PLA/lignin (97/3) 12.53 ± 1.02 856.02 ± 103.02 425.75 ± 13.82 

PLA/lignin (95/5) 11.91 ± 0.86 925.14 ± 85.73 413.92 ± 23.71 

PLA/lignin (90/10) 10.94 ± 0.73 918.26 ± 79.50 263.43 ± 18.37 

In terms of the ultimate tensile strengths, the values fluctuated in the range of 13.20 ± 

0.48 to 13.33 ± 0.68 MPa when composition of lignin increased from 0 – 2 wt% lignin. 

When lignin content was further increased to 10 wt%, tensile strength decreased gradually 

to as low as 10.94 ± 0.73 MPa (Figure 4.11b). In comparison to the non-plasticized 

composites, it can be observed that incorporation of plasticizer led to reduction of ultimate 

tensile strengths by approximately 5 times. Similarly, tensile strengths of plasticized 

samples are also lowered than that of non-plasticized composites. The plasticized unfilled 

PLA had a YM of 900.78 ± 79.14 MPa which increased to 928.13 ± 84.25 MPa when 

composition of lignin increased to 2 wt%. When the lignin composition further increased 

to 3, 5 and 10 wt%, the value varied between 856.02 ± 103.02 to 918.27 ± 78.24 MPa 

(Figure 4.11c). The ANOVA statistical test was performed to analyse the differences 

among group means. The ANOVA results is shown below (Figure 4.12) and reported the 

p-value that is higher than 0.05 which indicated that statistically, these groups are 

considered to have equal variance.403,404 Therefore, incorporation of lignin did not alter 

the Young modulus of plasticized PLA-based composites. 
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Figure 4.12. ANOVA results for UTS of non-plasticized PLA/lignin composites 

In the comparison of the elongation at break, the plasticized composites increased from 

432.76 ± 23.62 to 504.79 ± 13.71 % when lignin composition increased from 0 to 2 wt%. 

When lignin composition increased further, all values of elongation at break decreased to 

263.43 ± 18.37 % (Figure 4.13d). Therefore, incorporation of plasticizer reduced the 

values of both tensile strength and Young’s modulus but extended the elongation at 

breaks by more than 100 times. In addition, plasticized PLA/lignin are rubbery, flexible 

materials in contrast to the non-plasticized PLA/lignin that are brittle.  

 
Figure 4.13. (a) Stress-strain curves of PLA/lignin composites and, variation in (b) tensile 

strength; (c) young’s modulus and (d) elongation with percentage lignin content 
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FTIR was used to examine whether damage occurred due to the processing (melt-

extrusion, injection moulding) as well to determine if there are interactions between PLA, 

lignin and triacetin as plasticizer amongst the composites. The repeat unit of PLA contains 

a carbonyl group which can give a strong C=O stretching band at 1750 – 1760 cm-1. 

Although lignin also consists of absorption band in the same region, its influence on the 

PLA/lignin composites is too weak that it could be neglected.212 In addition, both 

polymers consist of hydroxyl groups that should give O–H stretching bands in the region 

of 2800 – 3400 cm-1. When J. Li. et. al. used FTIR to analyse composites of PLA and 

lignin, the absorption bands associated with lignin could not be seen when the lignin 

content was less than 20 wt%.212 Therefore, any changes in these regions would be 

attributed directly to hydrogen bonding in carbonyl and hydroxy groups of PLA itself.212 

In comparison for the PLA/lignin FTIR spectra (Figure 4.14), they all consist of 

characteristic peaks at 1044 cm-1 (C-CH3 vibration), 1082 cm-1 (C-O-C stretching), 1128 

cm-1 (CH3 rocking band), 1180 cm-1 (C-O-C vibration), 1750 cm-1 (C=O vibration) that 

are correspond to PLA.389 As all composites consist of less than 20 wt% lignin content, 

intermolecular bonds correspond to lignin cannot be observed using FTIR which is also 

consistent with the results reported by J. Li et. al.212 
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Figure 4.14. FTIR spectra of composite of PLA and lignin 

FTIR spectra were also recorded for the plasticized PLA/lignin composites. Similarly, IR 

absorption bands attributed to lignin cannot be seen in the spectra (Figure 4.15). With 

addition of plasticizer, some of the IR bands shifted slightly especially the C=O band at 

1750 cm-1 which was shifted to 1747 cm-1. This could indicate that the C=O bonds were 

weakened due to the incorporation of plasticizer. Overall, all plasticized samples consist 

of characteristic peaks at 1043 cm-1 (C-CH3 vibration) 1080 cm-1 (C-O-C stretching), 
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1129 cm-1 (CH3 rocking band), 1181 cm-1 (C-O-C vibration), 1747 cm-1 (C=O 

vibration).389  
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Figure 4.15. FTIR spectra of composites of triacetin plasticized PLA and lignin 

4.2 Antimicrobial Behaviour of Composites of PLA and Lignin (Bioassay Study) 

As it was reported that lignin exhibits antimicrobial property,208 bioassays utilising a 

small selection of microbes on the composites were performed. The microbes were firstly 

tested on neat lignin to confirm antimicrobial activity. Two Escherichia coli (E. coli) 

strains, two Staphylococcus aureus (S. aureus) strains, one Candida strain and three 

Pseudomonas strains were tested using the Kirby-Bauer disk diffusion method. This disk 

diffusion method can provide qualitative results so as to categorise antimicrobial 

susceptibility as resistant, intermediate or sensitive/susceptible.405 Ideally, mathematical 

curves or algorithms are required for such categorisation or determination of MIC.406,407 

Pure lignin discs were sterilised with UV light (λ = 254 nm) and placed on agar gels that 

were swabbed with microbes. After incubation at 37 °C for overnight, inhibition zones 

can be seen in the medium that contained S. aureus (USA 300 Lac 200 JE2, MRSA) and 

S. aureus (Newman, MSSA). This procedure was repeated 2 times on 2 different days to 

confirm the results. The lignin discs incubated on MRSA JE2 had an average diameter of 

8.38 mm and an average inhibition zone of 11.03 ± 0.56 mm (Figure 4.16a). Lignin discs 

with average diameters of 8.03 mm were used and the inhibition zone on MSSA Newman 

had an average diameter of 11.18 ± 0.22 mm (Figure 4.16b). Although the inhibition 

zones are small, they indeed indicate that lignin can inhibit the growth of both MRSA JE2 

and MSSA Newman. 
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Figure 4.16. Pure lignin discs on incubated (a) MRSA JE2 and (b) MSSA Newman 

As neat lignin successfully inhibited the growth of both S. aureus strains and hence, the 

composites of PLA and lignin were further tested. As the inhibition zones induced by 

pure lignin are small, more precise and quantitative methods were used to assess 

antimicrobial properties. Firstly, growth curves were obtained using an automatic plate 

reader. A multi-well plate was used with non-plasticized and plasticized PLA/lignin 

composite films placed against the walls of some of the wells. As shown in Figure 4.17, 

3 wells were the controlled broth that didn’t contain any composite materials. 3 wells 

contained neat PLA film, 3 wells contained plasticized neat PLA film, 3 wells contained 

90wt% PLA/ 10wt% lignin film and 3 wells contained plasticized 90wt% PLA/ 10%wt 

lignin film. The remaining wells were finally filled with pure broth without any bacteria 

and composites as the blank references. The multi-well plate was shaken continuously in 

the reader at 37 °C overnight and the optical density (OD, λ = 600 nm) of each well was 

recorded every 5 minutes so as to obtain the growth curves. This procedure was repeated 

on 2 different days in order to get triplicate data. 

 
Figure 4.17. Photograph of the multi-well plate with 3 control wells and wells that contained 

non-plasticized and plasticized composites placed against the wall of the wells. 
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Growth curves for MRSA JE2 are shown in Figure 4.18 (a) and it can be seen that MRSA 

JE2 grew at the same rate in the control wells and in those that contained non-plasticized 

PLA and non-plasticized 90wt% PLA/10wt% lignin samples. When incubation was 

increased further, the curves deviated and interestingly the curves corresponding to both 

non-plasticized samples had slightly higher optical densities at the end. In contrast, 

plasticized PLA and plasticized composites of PLA and 10wt% lignin slightly suppressed 

the growth of MRSA JE2. The curves had lower optical densities throughout the 

incubation especially for the plasticized composite containing lignin. When the 

incubation time exceeded 600 mins., both curves plateaued instead of continuing to 

increase upwards. The growth curves for MSSA Newman are shown in Figure 4.18 (b) 

and it is obvious that the plasticized composite with 10 wt% lignin could slightly suppress 

growth throughout the whole incubation period. This is because the curve deviated from 

other curves and often consisted of lower optical densities compared to other samples. 

Although it seems that other composites had slightly lower optical densities compared to 

the control curve after an incubation time of 500 mins., the effects were very small and 

insignificant compared to that of the plasticized PLA/10wt% lignin composite. 

 

Figure 4.18. Growth curves of (a) MRSA JE2 and (b) MSSA Newman in the presence of neat PLA 

and 90wt% PLA/ 10wt% lignin films 

These growth curves indicate that some composites of PLA and lignin can affect the 

growth of bacteria although the effect seems to be very small. In comparison, for the 

growth curves for MRSA JE2, both plasticized samples (PLA itself, 10 wt% lignin) can 

slightly suppress the growth especially the composite containing lignin. In comparing the 

growth curves for MSSA Newman, it is quite obvious that the plasticized composite with 
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10wt% lignin can suppress the bacteria growth although the effect is not hugely 

significant. Hence, further experiments were conducted to confirm the effect. 

The last experiment provided insight with regard to how the bacteria grow in the presence 

of the composites within the broth. The next experiment aimed to observe whether the 

bacteria can growth on the surface of the composites. Similarly, non-plasticized PLA and 

the composite with 10 wt% lignin and the plasticized equivalents were used to compare 

the effect of lignin and plasticizer addition to the PLA matrix on antimicrobial properties. 

In the multi-well plate, each sample was placed in 3 different wells along with 3 wells 

which contained no samples as the control. Unlike the previous experiment, all 

composites were placed at the bottom of the wells and the automatic plate reader was not 

used for this experiment. Instead, the plate was placed in an incubator (37 °C, overnight) 

without shaking to allow the formation of biofilm on the composites. After several 

washings with phosphate-buffered saline (PBS) solution the biofilm formed was allowed 

to dry. Finally, crystal violet was used to stain (Figure 4.19) the biofilm and the values of 

OD (λ = 570 nm) were recorded to compare the formation of biofilm on the composites. 

This whole procedure was repeated 3 times on 3 different days to get multiple data. 

 

Figure 4.19. Photograph of a multi-well plate with stained biofilm on the composite materials. 

The values of OD (λ = 570 nm) were recorded and the reduction of biofilm calculated via 

𝑂𝐷𝐶𝑜𝑛𝑡𝑟𝑜𝑙−𝑂𝐷𝑆𝑎𝑚𝑝𝑙𝑒

𝑂𝐷𝐶𝑜𝑛𝑡𝑟𝑜𝑙
× 100% which are listed in Table 4.6. Comparing biofilm formation 

of MRSA JE2, non-plasticized PLA reduced biofilm formation by 11.82% and its 

plasticized counterpart performed slightly worse as it reduced biofilm formation by 

9.45%. The non-plasticized composite with 10wt% lignin reduced biofilm formation by 

13.25% but when the plasticizer was incorporated into the composite, biofilm reduction 

was improved to 46.42%. In the comparison of MSSA Newman biofilm formation, non-
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plasticized PLA reduced biofilm formation by 11.83%, but when the plasticizer was 

incorporated into the composite, biofilm formation reduced further to 58.63%. For 

composites that contained 10wt% lignin, the non-plasticized sample reduced biofilm 

formation by 17.15% but the plasticized sample reduced biofilm formation by 64.59%. 

Hence, biofilm formation of MRSA JE2 can be reduced more effectively when the 

composite contained both plasticizer and lignin. In contrast, biofilm formation of MSSA 

Newman can be reduced when composites contained plasticizer and the performance 

could be further improved with addition of lignin. Indeed, biofilm formation can vary 

depend on the bacteria species. This set of results can indicate that biofilm formation was 

definitely reduced when PLA-based composites contain both plasticizer as well as lignin. 

Table 4.6. Values of OD (λ = 570 nm) and reduction of biofilm formation on different composites 

Composite 

MRSA JE2 MSSA Newman 

OD (λ = 570 

nm) 

Reduction of 

biofilm 

formation 

OD (λ = 570 

nm) 

Reduction of 

biofilm 

formation 

Control 0.60 ± 0.30 - 0.48 ± 0.21 - 

Neat PLA 0.53 ± 0.27 11.82% 0.42 ± 0.11 11.83% 

Neat 

plasticized 

PLA 

0.55 ± 0.11 9.45% 0.20 ± 0.13 58.63% 

PLA/Lignin 

(90/10) 
0.52 ± 0.15 13.25% 0.40 ± 0.07 17.15% 

Plasticized 

PLA/Lignin 

(90/10) 

0.32 ± 0.05 46.42% 0.17 ± 0.10 64.59% 

 

Although future studies are required to further confirm the antimicrobial effect of 

composites of PLA/lignin, this study has shown that lignin as a phenolic biopolymer can 

indeed inhibit the growth of two S. aureus strains. It was confirmed that PLA composites 

incorporated with 10 wt% lignin could reduce biofilm formation of up to 17%. More 

importantly, the antibiofilm effect was improved if the composites were plasticized with 

triacetin. This clearly shows that the incorporation of plasticizer can enhance the 

antimicrobial effect of lignin in the PLA composites.  
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5. Composites of PLA/chitin 

As mentioned in Chapter 2, research has shown that chitin can exhibit bactericidal 

efficacy  against MRSA strains, E. coli, Vibrio cholera, Shigella dysenteriae and 

Bacteroides fragilis.237 Hence, it was explored as a filler for PLA with the target of 

transferring antimicrobial properties to PLA-based composites with 0, 0.5, 1, 2, 3, 5 and 

10 wt% chitin prepared via melt-extrusion. From a rheology perspective in is known to 

be difficult to melt mix polymers and chitin and related materials (e.g. chitosan) therefore, 

another batch plasticized PLA-chitin blends with the same composition range were 

prepared using triacetin as a 20 wt% plasticiser. In this chapter, the preparation and 

characterisation of both sets of composites (PLA/chitin) and plasticized (PLA/chitin) are 

described. The first aim of this work was to determine the influence of chitin on the 

properties of PLA. Second, was to determine the change in composite properties on the 

incorporation of plasticizer with a particular emphasis on mechanical properties and 

antimicrobial activity. 

 5.1. General characterisations of PLA/chitin composites 

Melt extrusion or melt compounding was used to prepare PLA/chitin composites but it is 

always a concern that the dispersion of chitin is likely to be poor due to its high surface 

area and hydrogen bonding which leads aggregation.408 In addition, compatibility 

between the two polymers is poor as PLA is hydrophobic and chitin is relatively 

hydrophilic.408,409 Therefore,  effective dispersion and distribution of chitin in the PLA  

matrix can be challenging. SEM imaging was employed to check whether the plasticizer 

can act as a dispersing aid in these composites. 

PLA/chitin in dog bone shaped specimens were prepared from extrudate using a mini-

injection moulding machine. After the completion of the tensile tests, fractured specimens 

were taken and coated with gold prior to examination in the SEM. By way of example, 

the SEM images of composites with the lowest and highest chitin loadings are shown and 

compared. Generally, chitin particles can exist in irregular or rod shapes and have sizes 

on the micro-scale.410 In figure 5.1(a,b), SEM images of PLA-composites contained 0.5 

wt% chitin are shown. As the chitin content was only 0.5 wt%, chitin particles are not 

easily found and the fracture surface appears to be smooth and mostly even. Overall, there 

are very few rod shape granules of lengths of 1 – 1.2 μm (red circles in Figure 5.2.1a,b). 

In contrast, the fracture surface of composite contained 10 wt% chitin appears to be more 
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rough and uneven. In addition, larger rod-shaped clusters with length 1.8 – 2 μm can be 

seen (red circles, Figure 5.1c,d). 

 

Figure 5.1. SEM images of (a) and (b) PLA with 0.5 wt% chitin and, (c) and (d) PLA with 10 

wt% chitin 

The same specimen procedure for SEM was repeated for the plasticized PLA/chitin 

composites. The plasticized composites with 0.5 wt% chitin and 10 wt% chitin are shown 

in Figure 5.2 (a,b). The fracture surface of the composite with lower chitin content is very 

smooth and some granules with diameters of 300 nm – 500 nm can be observed. In the 

comparison from the SEM images for the plasticized composite with 10 wt% chitin, the 

fracture surface appears to be smoother compared to the non-plasticized sample. Granules 

and clusters with diameters in the range of 800 nm – 2 μm can be seen (Figure 5.2c,d). 

Overall, plasticized composites consist of fracture surfaces that are smoother even when 

the chitin loading is 10 wt%. In addition, most of the chitin particles were reduced in size. 

This could suggest that the plasticizer fills the void volume between the PLA and chitin 

as well as improving the level of chitin dispersion and reducing chitin aggregation. 
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Figure 5.2. SEM images of plasticized (a), (b) PLA with 0.5 wt% chitin; (c), (d) PLA with 10 

wt% chitin 

DSC measurements were performed to determine the effect of chitin addition on the 

thermal properties of PLA, including Tg, cold crystallisation temperature (Tcc), melting 

temperature (Tm) and the crystalline content (Xc). Chitin also has a glass transition 

temperature or melting behaviour411 but its DSC curve consists only of a wide but weak 

endothermic peak between 50 – 140 °C caused by the evaporation of water molecules 

bound to the hydrophilic functional groups.248 Hence, miscibility with polymers cannot 

be defined for polymer blends that consist of chitin, from DSC. The DSC data of 

PLA/chitin composites can be used to predict whether the intermolecular interactions 

between PLA and chitin could influence the values of Tg, Tcc, Tm and Xc of the PLA 

matrix. All DSC measurements were conducted by erasing the thermal histories of the 

composites via heating from 25 °C to 180 °C, isotherm for 4 minutes and then cooling 

back to 25 °C at a heating rate of 10 °C/min. This cycle was repeated to obtain the second 

heating (Figure 5.3) and cooling curves (Figure 5.4) and the relevant thermal parameters 

are tabulated and shown in Table 5.1. 
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Table 5.1. DSC data for PLA/chitin composites 

Composite Tg Tcc Tm,1 Tm,2 Xc 

Neat PLA 60 °C 117 °C 147 °C 152 °C 1.68% 

PLA/chitin (99.5/0.5) 60 °C 121 °C 149 °C - 2.15% 

PLA/chitin (99/1) 60 °C 117 °C 147 °C 153 °C 1.23% 

PLA/chitin (98/2) 60 °C 118 °C 149 °C - 2.21% 

PLA/chitin (97/3) 60 °C 117 °C 147 °C - 1.72% 

PLA/chitin (95/5) 60 °C 119 °C 149 °C - 1.27% 

PLA/chitin (90/10) 60 °C 116 °C 146 °C 152 °C 2.45% 

The Tg of pure PLA was recorded at 60 °C and it remained unchanged with the addition 

of chitin at loadings between 0.5 – 10 wt% chitin. Neat PLA had a cold crystallisation 

peak at 117 °C which increased to 121 °C when 0.5 wt% chitin was incorporated. 

Composites with 1 – 5 wt% chitin had Tcc values within 117 – 119 °C and composite with 

10 wt% chitin had the lowest Tcc of 116 °C (Figure 5.3b). In the comparison the melting 

temperatures, Tm values were in the range 146 – 149 °C. Three composites (0, 1, 10 wt% 

chitin) consist of a second melting peak at 152 – 153 °C (Figure 5.3c) which may be 

attributed to melting of recrystallized crystals389 or fusion of newly formed lamellae via 

melting-recrystallisation of primary thin lamellae.284 The values of crystallinity were 

calculated using the formula, 𝑋𝑐 =  
∆𝐻𝑚− ∆𝐻𝑐𝑐

𝜔𝑃𝐿𝐴 × ∆𝐻𝑚
0  × 100% (where ∆𝐻𝑚 stands for enthalpy 

of melting, ∆𝐻𝑐𝑐 is enthalpy of cold crystallisation, 𝜔𝑃𝐿𝐿𝐴 is weight fraction of PLA and 

∆𝐻𝑚
0  is the melting enthalpy for a theoretically 100% crystalline PLA which reported to 

be 93.7 J/g).389,392 PLA/chitin composites have values of 𝑋𝑐 in the range of 1.23 – 2.45% 

and these low degrees of crystallinity are likely due to the slow crystallisation rate of 

PLA. Therefore, very few PLA crystals were formed, the composites being predominately 

amorphous under the most practical processing and moulding procedures.393 
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Figure 5.3. DSC (a) second heating curves, (b) cold crystallisation peaks & (c) melting peaks for 

PLA/chitin composites 

The second cooling curves for the PLA/chitin composites are shown in Figure 5.4. As 

PLA undergoes very slow crystallisation394 and so, only the glass transition process can 

be observed in all cooling curves of the PLA/chitin composites. Since the formation of 

the critical nucleus required for nucleation demands some time, slow crystallisation leads 

to the absence of crystal formation. As a result, crystallisation was prevented which led 

to all the PLA-based composites having nearly fully amorphous features with only glass 

transition steps recorded in their DSC cooling curves.394 
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 PLA/Chitin (97/3)

 PLA/Chitin (95/5)

 PLA/Chitin (90/10)

E
n

d
o

Temperature (°C)  

Figure 5.4. Second cooling curves of PLA/lignin composites 

The DSC measurements were repeated with the plasticized (triacetin) PLA/chitin 

composites. The thermal histories of these plasticized composites were erased by heating 

the samples from -30 °C to 180 °C, isotherm for 4 minutes and then cooling back to -30 

°C at a heating rate of 10 K/min. This cycle was repeated to obtain the second heating 

(Figure 5.6) and cooling curves (Figure 5.7) and the relevant results are listed in Table 

5.2 on the next page.  
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Table 5.2. DSC data for plasticized PLA/chitin composites 

Composition of plasticized 

composite 
Tg Tcc Tm Xc 

Neat PLA 25 °C 94 °C 142 °C 2.03% 

PLA/chitin (99.5/0.5) 23 °C 91 °C 142 °C 2.95% 

PLA/chitin (99/1) 23 °C 79 °C 139 °C 5.01% 

PLA/chitin (98/2) 27 °C 90 °C 141 °C 3.69% 

PLA/chitin (97/3) 26 °C 89 °C 141 °C 4.08% 

PLA/chitin (95/5) 23 °C 83 °C 138 °C 3.07% 

PLA/chitin (90/10) 24 °C 83 °C 139 °C 4.67% 

The Tg of plasticized PLA was recorded as 25 °C, 23 °C for (0.5, 1 wt% chitin), 27 °C 

for (2 wt% chitin), 26 °C for (3 wt% chitin), 23 °C for (5 wt% chitin) and 24 °C (10 wt% 

chitin), suggesting addition of chitin to plasticised PLA had little effect on the Tg of the 

polymer, allowing for instrument error (±5%). In comparison to the non-plasticized 

composites, the Tg values of the triacetin plasticized samples decreased by more than 

50%. Plasticization results in an increase the free volume between polymer chains 

allowing them to move or rotate more freely. Plasticized materials often have lower Tg 

and melt viscosity compared to their non-plasticized counterparts.395 Comparing the Tcc 

values, they are also lower than that for the non-plasticized composites. Plasticized pure 

PLA had the highest Tcc at 94 °C which decreased to 91 °C on addition of 0.5 wt% chitin 

and to 79 °C for 1 wt% chitin, but Tcc increased again to 90 °C (2 wt% chitin), 89 °C (3 

wt% chitin) and 83 °C (5, 10 wt% chitin) with further increasing chitin content. The 

variation of Tcc values for plasticized samples is more significant and it was also noticed 

that some plasticized composites have broader cold crystallisation peaks (Figure 5.5b). 

This is likely to be due to the major changes in the phase separation behaviour as well as 

more diverse sizes of chitin particles in the polymer matrix.396 Moreover, this variation 

may be associated with different levels of interaction between chitin and PLA as a 

consequence of different levels of chitin dispersion and distribution achieved during 

mixing. Compared to Tg and Tcc, Tm values of plasticized PLA/chitin did not decrease 

dramatically as all of them melted at close to 140 °C. Precisely, the plasticized samples 
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melted in the range of 138 – 142 °C, most probably within the error range of DSC. In 

addition, all blends consisted of only one melting peak which was slightly sharper than 

that for neat PLA (Figure 5.5c). This could indicate that are more well defined crystalline 

structure present in these plasticized composites.412 Indeed, values of Xc increased for all 

plasticized samples, but it should be noted that this PLA has a very low crystalline 

content. Plasticized pure PLA had the lowest Xc = 2.03% and the plasticized composites 

were in the range 2.95 – 5.01%. Overall, incorporation of plasticizer into the PLA/chitin 

composites resulted in decreases of Tg, Tcc and Tm values but increase in Xc values which 

could indicate formation of more well defined crystalline structure in the composites.412 

 

Figure 5.5. DSC (a) second heating curves, (b) cold crystallisation peaks and (c) melting peaks 

of plasticized PLA/lignin composites 

The second cooling curves of plasticized PLA/chitin composites are shown in Figure 5.6a. 

As PLA crystallises slowly,394 mostly glass transition steps can be seen in all the cooling 

curves of plasticized PLA/chitin composites. Crystallisation was prevented which led to 

all PLA-based composites having nearly fully amorphous features with only glass 

transition steps observed from the cooling curves.394 Excluding the plasticized composite 

with 1 wt% chitin, its second cooling curve consists of a very small, weak endothermic 

peak within 60 – 85 °C (Figure 5.6b). As it has the highest Xc of 5.01%, it should be 

attributed to the cold crystallisation. Overall, incorporation of plasticizer to PLA/chitin 

composites reduces all values of PLA Tg, Tcc and Tm but having a bigger impact on the 

Tg as all Tg values were decreased by more than half. Moreover, the plasticizer can give 

a slightly more well defined crystalline structure to higher values of crystallinity.412 



General Characterisations of PLA/chitin Composites 
 

109 
 

 

Figure 5.6. DSC second cooling curves of PLA/lignin composites 

DMTA measurements were then conducted to gain insights into the dynamic mechanical 

properties of the composites and assess the effect the presence of chitin and plasticizer 

has on Tg. The tan δ curves and dynamic modulus as a function of temperature are shown 

in Figure 4.2.7. The maxima in the tan δ curves, by convention, is a measure of the Tg of 

the polymers. On the other hand, the change in the slope of the storage modulus curves 

indicates the transition from solid to rubber like behaviour which can also indicate the 

values of Tg.
398,399 All curves exhibited a sharp peak with maxima around 67 – 69 °C 

(Figure 5.7a, c). Composites with 0, 0.5, 1, 2 and 3 wt% chitin have sharp peaks at 67 °C 

and composites with 5 and 10 wt% chitin have sharp peaks at 68 and 69 °C respectively. 

Overall, the Tg values increase very slightly with increasing chitin content. Although, not 

expected the Tg values obtained from the tan δ curves are similar to those determined 

from DSC data.399,413 According to this DMTA data, chitin as a filler did not significantly 

influence the dynamic mechanical properties of this PLA matrix. 
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Figure 5.7. (a) Tan δ curves, (b) Storage modulus vs temperature of PLA/chitin composites; 

changes of Tg with % of chitin according to (c) tan δ curves obtained according to the tan δ peaks 

The DMTA data for the plasticized PLA/chitin composites was also recorded. As the 

DSC data indicated that the Tg of the plasticised PLA sample was likely to be below 30 

°C (see p.102 – 103), the DMTA measurements were started at -60 °C. Since plasticizer 

increases the free volume between polymer chains to allow more free movement and 

chain rotation,395 slippage of samples occurred (as a consequence of sample contraction 

during cooling) during the DMTA experiments. In addition, all tan δ and dynamic 

modulus curves of the plasticized samples were contained noise at lower temperatures 

(Figure 5.8a, b). For the plasticised blends, plasticized PLA had the highest Tg value at 

27 °C and plasticized composite with 5 wt% chitin had the lowest Tg at 18 °C. The rest 

of the plasticized samples had Tg’s in the range 19 – 23 °C (Figure 5.8a, c). A trend line 

was drawn on Figure 5.8c which can be seen that overall the Tg values decreases with 

increasing chitin content. All Tg values for both non-plasticized and plasticized 

composites are listed in Table 5.3. 
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Figure 5.8. (a) Tan δ curves, (b) storage modulus vs temperature of plasticized PLLA/chitin 

composites; changes of Tg with % of chitin according to (c) tan δ curves obtained from the tan δ 

peaks 

Table 5.3. Tg of all non-plasticized and plasticized PLA/chitin composites obtained from peaks 

of tan δ curves 

Composite 
Non-plasticized composites Plasticized composites 

Tg / °C (tan δ) Tg / °C (tan δ) 

Neat PLA 67 27 

PLA/chitin (99.5/0.5) 67 21 

PLA/chitin (99/1) 67 19 

PLA/chitin (98/2) 67 23 

PLA/chitin (97/3) 67 23 

PLA/chitin (95/5) 68 18 

PLA/chitin (90/10) 69 20 
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Tensile tests were conducted to determine the ultimate tensile strength (MPa), Young's 

modulus (MPa) and elongation at break (%) of the PLA/chitin composites. For each 

composite with specific concentration (wt%) of chitin, 5 – 6 dog bone shaped specimens 

were tested and their average stress-strain curves are shown in Figure 5.11(a) which 

indicate that they are all brittle materials.400 The changes of ultimate tensile strength, 

Young’s modulus and elongation at break with increasing chitin content (wt%) are shown 

in Figure 5.9(b – d) with the relevant parameters listed in Table 5.4. 

Table 5.4. Change in tensile strength, Young's modulus, elongation at break with standard 

deviations for composites of PLA and chitin 

Composite UTS (MPa) YM (MPa) EB (%) 

Neat PLA 69.68 ± 1.26 2881.11 ± 117.18 3.49 ± 0.36 

PLA/Chitin (99.5/0.5) 67.17 ± 2.08 2709.48 ± 119.91 3.46 ± 0.43 

PLA/Chitin (99/1) 63.85 ± 1.12 2746.39 ± 106.48 2.89 ± 0.31 

PLA/Chitin (98/2) 63.49 ± 1.87 2962.56 ± 25.83 2.72 ± 0.09 

PLA/Chitin (97/3) 65.36 ± 2.22 2926.09 ± 78.65 2.73 ± 0.08 

PLA/Chitin (95/5) 66.45 ± 1.67 2950.73 ± 69.62 2.80 ± 0.14 

PLA/Chitin (90/10) 63.35 ± 1.54 3122.51 ± 127.66 2.47 ± 0.02 

 

In the comparison of ultimate tensile strength values, the overall variation is small as their 

values varied in the range of 63.35 ± 1.54 – 69.68 ± 1.26 MPa only. Therefore, an 

ANOVA (Analysis of Variance) statistical test were performed to analyse the differences 

among group means. The ANOVA results is shown below (Figure 5.9) and reported the 

p-value that is smaller than 0.05 which indicated that statistically, at least two of the entire 

groups have significantly different means. In Figure 5.11b, a trend line was drawn on the 

ultimate tensile strengths vs chitin (wt%) graph to show a slight descending trend with 

increasing chitin content. 
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Figure 5.9. ANOVA results for UTS of non-plasticized PLA/chitin composites 

Similarly, ANOVA performed again when comparing the Young’s moduli of the 

composites. Their values are in the range of 2709.48 ± 119.91 – 3122.51 ± 127.66 MPa 

and the ANOVA also reported the p-value that is less than 0.05 which indicated that 

statistically, at least two of the entire groups have significantly different means. A trend 

line was also drawn on the Young’s modulus vs chitin (wt%) graph to show a slight 

ascending trend with increasing chitin content. 

 

Figure 5.10. ANOVA results for YM of non-plasticized PLA/chitin composites 

In contrast, their elongation at breaks exhibited a more obvious descending trend and 

hence, the ANOVA was not performed. Neat PLA has the highest elongation at break at 

3.49 ± 0.36 % but the value decreased to 2.72 ± 0.09 % when chitin content was increased 

to 2 wt%. Although the elongation at break increased slightly to 2.73 ± 0.08 and 2.80 ± 
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0.14 % when composite consisted of 3 and 5 wt% chitin respectively, it dropped to the 

lowest value at 2.47 ± 0.02 % when chitin was increased to 10 wt% (Figure 5.11d). 

Therefore, the overall trend for elongation at break also decrease with increasing chitin 

concentration. 

 

Figure 5.11. (a) Stress-strain curves for PLA/chitin composites and, the change in (b) tensile 

strength; (c) Young's modulus and (d) elongation with weight percentage chitin content 

The mechanical tests were repeated for the plasticized PLA/chitin composites to 

determine their ultimate tensile strength (MPa), Young's modulus (MPa) and elongation 

at break (%). Compared to the non-plasticized composites (Figure 5.11a), stress-strain 

curves of the plasticized composites look very different which indicate that the 

composites are less brittle after plasticization. In comparison of ultimate tensile strengths, 

plasticized pure PLA had a value of 9.76 ± 1.63 MPa and this parameter decreased with 

the addition of chitin up to 5 wt% as plasticized composites with 0.5 – 5 wt% chitin 

consist of tensile strength in the range of 8.33 ± 0.53 – 9.54 ± 1.97 MPa. However, when 

chitin content was further increased to 10 wt%, the tensile strength increased to the 

highest at 13.58 ± 0.46 MPa (Figure 5.12b). In terms of Young’s modulus, plasticized 
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samples with 0, 0.5 wt% chitin have similar value as the former is 834.59 ± 40.95 MPa 

and the latter is 829.46 ± 68.33 MPa. As chitin content further increased, the value of 

Young’s modulus gradually increased to 1066.40 ± 174.51 MPa (10 wt% chitin) (Figure 

5.12c). Finally, plasticized pure PLA has the highest elongation at break at 513.57 ± 

56.71% which decreased to 251.96 ± 64.46% when chitin content increased to 1 wt%. 

Although this parameter increased again to 274.44 ± 75.28% and 359.07 ± 42.41% when 

plasticized composites incorporated with 2 and 3 wt% chitin respectively, it gradually 

decreased again to the lowest at 90.96 ± 2.98% when chitin concentration was further 

increased up to 10 wt%. Overall, incorporation of plasticizer had lowered the tensile 

strengths and Young’s moduli but increased the values of elongation at break of the 

materials. Plasticization of the PLA/chitin composites resulted the materials to flexible 

and soft nature compared to the non-plasticized PLA/chitin composites that are rigid and 

brittle. 

 

Figure 5.12. (a) Stress-strain curves of plasticized PLA/chitin composites, trends of (b) tensile 

strength; (c) Young's modulus and (d) elongation with percentage of chitin 
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Table 5.5. Tensile strength, Young's modulus, elongation at break and their standard deviations 

of 20 % plasticized PLLA/chitin 

Plasticized composite UTS (MPa) YM (MPa) EB (%) 

Neat PLA 9.76 ± 1.63 834.59 ± 40.95 513.57 ± 56.71 

PLA/Chitin (99.5/0.5) 8.99 ± 0.66 829.46 ± 68.33 491.95 ± 14.16 

PLA/Chitin (99/1) 9.54 ± 1.97 855.63 ± 124.78 251.96 ± 64.46 

PLA/Chitin (98/2) 9.39 ± 0.88 890.03 ± 158.06 274.44 ± 75.28 

PLA/Chitin (97/3) 8.53 ± 0.77 907.02 ± 118.92 359.07 ± 42.41 

PLA/Chitin (95/5) 8.33 ± 0.53 1061.91 ± 126.15 219.01 ± 53.27 

PLA/Chitin (90/10) 13.58 ± 0.46 1066.40 ± 174.51 90.96 ± 2.98 

 

FTIR was recorded to see whether there are new interactions between PLA matrix, chitin 

and plasticizer in the composites. In the FTIR spectrum of pure PLA, characteristic peaks 

at 1043 cm-1 (C-CH3 vibration) 1081 cm-1 (C-O-C stretching), 1128 cm-1 (CH3 rocking 

band), 1181 cm-1 (C-O-C vibration), 1749 cm-1 (C=O vibration) that corresponds to PLA 

are clearly observed.389 However, no significant changes were observed when chitin was 

incorporated in PLA. Although chitin exhibits strong bands at 1010 cm-1, 1068 cm-1 (C-

O-C/C-O stretching in cyclic ring), 1203 cm-1, 1260 cm-1, 1309 cm-1 (amide bond), 1621 

cm-1, 1652 cm-1 (C=O bond in amide group and broad peaks at 3260 cm-1, 3426 cm-1 (-

NH, -OH stretching),414 their influence on the composite materials is too insignificant. 

Hence, significant changes of intermolecular bonds cannot be clearly observed in the 

FTIR spectra (Figure 5.13). 
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Figure 5.13. FTIR of PLA/chitin composites 

The FTIR spectra for the plasticized PLA/chitin composites were also recorded. 

Similarly, IR absorption bands attributed to chitin cannot be seen in the spectra (Figure 

5.14). With the addition of plasticizer, some of the IR bands shifted slightly especially 

the C=O band at 1750 – 1751 cm-1 was shifted to 1748 cm-1. This could indicate that the 

C=O bonds were slightly weakened due to the incorporation of plasticizer. Overall, all 

plasticized samples consist of characteristic peaks at 1043 cm-1 (C-CH3 vibration) 1081 

cm-1 (C-O-C stretching), 1130 cm-1 (CH3 rocking band), 1181 cm-1 (C-O-C vibration), 

1748 cm-1 (C=O vibration).389 In comparison to the non-plasticized composites, the 

changes are also very insignificant. 
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Figure 5.14. FTIR of plasticized PLA/chitin composites 

5.2 Antimicrobial Behaviour of Composites of PLA/chitin (Bioassay study) 

As report had shown that chitin can exhibit antimicrobial activity,236 but bioassays with a 

small selection of microbes were conducted. These included two Escherichia coli (E. coli) 
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strains, two Staphylococcus aureus (S. aureus) strains, one Candida strain and three 

Pseudomonas strains. A screening test using the Kirby-Bauer disk diffusion method was 

performed with pure chitin discs to see whether any microbes are sensitive to chitin. 

Firstly, pure chitin discs were sterilised with UV light (λ = 254 nm) and placed on agar 

gels that were swabbed with microbes. Pure lignin discs were sterilised with UV light (λ 

= 254 nm) and placed on agar gels that were swabbed with microbes then incubated at 37 

°C for overnight. However, inhibition zones were not clearly seen for any microbes. 

According to the study conducted by Benhabiles et al., chitin showed inhibitory growth 

activity against two MRSA strains (Gram +); E. coli, Vibrio cholera, Shigella dysenteriae 

and Bacteroides fragilis [Gram-(–)] and it was suggested that chitin could be 

bacteriostatic.238 Therefore, some PLA/chitin composites were tested against two E. coli 

strains, MRSA JE2 and MSSA Newman to check whether incorporation of chitin can 

influence the antimicrobial activity of PLA. Then, growth curves of these microbes were 

obtained in the presence of non-plasticized and plasticized PLA composites with the 

lowest (0 wt%) and highest (10 wt%) chitin loading. 

All growth curves were obtained using automatic plate reader with stripes of non-

plasticized and plasticized PLA/chitin films. In an 18-well plate, three wells had the 

control broth that did not contain any composite materials. Three wells contained 100% 

neat PLA films, three wells contained plasticized 100% PLA films, three wells contained 

90% PLA/10wt% chitin films and three wells contained plasticized 90% PLA/ 10% chitin 

films. The remaining wells were filled with pure MH-broth without any bacteria and 

composites as the blank reference. The multi-well plate was shaken continuously in an 

automatic reader at 37 °C overnight and the optical density (OD, λ = 600 nm) of each 

well was recorded every 5 minutes so as to obtain the growth curves. This procedure was 

repeated on two (2) different days in order to get triplicate data. 

Growth curves for E. coli. K12 was firstly obtained on three different days. However, the 

patterns of the curves were very not consistent with each other. On the first attempt, the 

bacterial activity deviated after incubation of 200 minutes as the growth of the K12 strain 

was clearly suppressed by the plasticized composite with 10 wt% chitin. Values of OD 

recorded in the presence of 100% PLA were higher than that of the plasticized composite 

with 10 wt% chitin but slightly lower than the control. The growth curve for plasticized 

100% PLA displayed the same trend compared to the control. Although the growth curve 

of non-plasticized composite with 10 wt% chitin showed the same trend as the control 

until incubation of 500 minutes, values of OD became the highest (Figure 5.15a). On the 
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second attempt, the trend for all curves started to deviate after incubation of 250 minutes. 

It can also be seen that values of OD tend to be lower in the presence of plasticized 

composite with 10 wt% chitin addition. Growth curves for non-plasticized and plasticized 

PLA display very similar trends but their OD values are slightly lower than that of control 

after 600 minutes incubation. Growth curve for non-plasticized composite with 10 wt% 

chitin has higher values of OD after incubation of 250 minutes and even higher than that 

of control curve after incubation of 600 minutes (Figure 5.15b). On the third attempt, 

patterns of the curves are different from the first and second attempt. Both plasticized 

composite (0, 10 wt% chitin) have very similar trend throughout the incubation period as 

their curves slightly deviated after incubation of 250 minutes and clearly consist of lower 

OD values when the bacteria was incubated further. On the other hand, growth curves of 

the control and both non-plasticized composites (0, 10 wt% chitin) consist of the same 

trend as they all have higher OD values after incubation of 500 minutes (Figure 5.15c). 

Overall, trends are not consistent when comparing all attempts together and the only 

consistent phenomenon that can be seen is the bacterial growth was always slightly 

suppressed when the plasticized composite with 10 wt% chitin presented indicated by the 

lower OD values of the relevant curves at later incubation time in all attempts. 

  
Figure 5.15. Growth curves for E. coli. K12 in the presence of 100% PLA and 90 wt% PLA/ 

10-wt% chitin films on the (a) first, (b) second and (c) third attempts 
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The growth curves for E. coli Sakai were also constructed with the same procedures and 

materials. The overall trends for all curves also seemed slightly inconsistent when 

comparing them in all attempts. On the first attempt, the curves started to deviate after 

incubation of 250 minutes which can be seen that both plasticized composites (0, 10 wt% 

chitin) have lower OD values. In the ascending order, the curves represent the control, 

non-plasticized composite with 10 wt% chitin and non-plasticized PLA have higher 

values of OD with increasing incubation time (Figure 5.16a). On the second attempt, 

curves deviated also after incubation of 250 minutes. In comparison to the first attempt, 

it is slightly more obvious that plasticized composite with 10% chitin can slightly 

suppressed the bacterial growth indicated by the slightly lower OD values at higher 

incubation time. Both curves for the control and plasticized PLA have very similar OD 

values during later incubation and whereas the both non-plasticized samples (0, 10 wt% 

chitin) have even higher OD values during higher incubation time (Figure 4.2.16b). On 

the third attempt, the difference between the curves became less distinguish. The curves 

deviated after incubation of 250 minutes which can be seen that both plasticized 

composites (0, 10% chitin) display very similar trends during longer incubation time. 

Whereas, the curves for the control as well as non-plasticized composites (0, 10 wt% 

chitin) show very similar trends, OD values with increasing incubation time (Figure 

5.16c). Although growth curves for the plasticized composite with 10 wt% chitin tend to 

have slightly lower OD values at longer incubation time, the overlapping error bars in the 

first and third attempt (Figure 5.16a,c) make the deviation of the correspond growth 

curves become less distinctive. Hence, the effect of the plasticized composite with 10 

wt% chitin towards bacterial growth is very minimal and negligible and it is inconclusive 

about whether it can inhibit the growth of E. coli Sakai until further additional 

experiments are completed. 
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Figure 5.16. Growth curves of E. coli. Sakai in the presence of 100% PLA and 90% PLA/ 10% 

chitin films on the (a) first, (b) second and (c) third attempt 

Finally, growth curves for MRSA JE2 and MSSA Newman were also constructed using 

the same procedures on three different days with same set of materials. Unlike the growth 

curves obtained for E. coli. K12 and Sakai, the curves obtained display the same trends 

for all attempts. All the growth curves are shown in Figure 5.17(a) and it can be seen that 

all three curves have identical trends throughout the incubation period. This can clearly 

indicate that bacterial growth was not affected by the presence of any of the composite 

materials. When constructing the growth curves for MSSA Newman, trends were also 

consistent for the different attempts. All curves consist of the same trend until an 

incubation time of 350 minutes as the curve represents plasticized composite with 10 wt% 

chitin deviated and has a slightly lower OD values at higher incubation time. The other 

growth curves correspond to the control and rest of the samples consist of the same trend 

but slightly higher OD values with increasing incubation time (Figure 5.17b). Although 

it seems that plasticized composite with 10wt% chitin can slightly suppress the growth of 

MSSA Newman, the effect is indeed very insignificant. 
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Figure 5.17. (a) Growth curves of MRSA JE2 and (b) MSSA Newman in the presence of 100% 

PLA and 90% PLA/ 10% chitin films 

In summary, the plasticized composite with 10wt% chitin seems to show very small 

antimicrobial efficacy towards E. coli K12, Sakai and MSSA Newman compared to other 

samples. However, the effect is indeed insignificant and there is insufficient information 

to make a certain conclusion. Therefore, additional experiments are required to confirm 

the antimicrobial activities of the PLA/chitin composites with chitin loadings in excess 

of 10 wt%. 
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6. Composites of PLA/WS2 

6.1 General Characterisations for composites of PLA/WS2 

The WS2 powder was firstly examined using SEM and TEM. From SEM images it can 

be seen that the WS2 consist of tubes of length from 1 – 2 µm (Figure 6.1a). From TEM 

the hollow structure of  a WS2 nanotube can be seen.415 (Figure 6.1b). In addition, it can 

be seen that each WS2 nanotube has a diameter of between 40 – 60nm and composed of 

approximately 20–23 layers (Figure 6.1b). 

 

Figure 6.1. (a) SEM image of pure WS2; (b) & (c) TEM images of single WS2 nanotube 

The atomic and mass fraciton of WS2 was analysed using TEM-EDS. The spectrum is 

shown in Figure 6.2 and elemental composition listed in Table 6.1. The ratio of W to S is 

1:2.2 which indicates that there is more free sulphur present, possibly as a consequence 

of residual sulphur on the surface of the WS2 nanotubes from the growth process.416 The 

copper signal is likely to be the result of electrons scattering due to the interaction between 

the sample and the Cu grid used to support the sample.417 It was somewhat surprising that 

carbon and oxygen was also present at 16.41% and 2.81% atomic fraction, respectively. 

However, their relative mass fraction (%) are only 3.55% for C and 0.82% for O. 

Table 6.1. Atomic and mass fraction of EDS 

Figure 6.2. EDS spectrum of WS2 

 

Element Atomic % Mass % 

C 16.41 3.55 

O 2.81 0.82 

S 36.89 20.21 

Cu 27.26 27.55 

W 16.64 47.87 

(a) (b) (c) 
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TEM mapping was conducted and images are shown in Figure 6.3 below. It can be seen 

in Figure 6.3(b) that the green dots that represent W are dense especially in the WS2 tubes. 

Similarly, the purple dots that represent S are dense and can be clearly seen in the 

nanotubes (Figure 6.3c). In contrast, the yellow dots representing the C are mostly shown 

on the surface of the Cu grid but there is only a thin layer surrounding the WS2 tube 

(Figure 6.3d). Hence, it is suggested that the C signal is mostly also caused by scattering 

because of the grid and it is unlikely that there are C contaminants on and just inside the 

nanotube surfaces. 

 

Figure 6.3. TEM mapping (a) blank, (b) tungsten, (c) sulphur and (d) carbon 

By way of example, the morphology of the composite of PLA and 5wt% WS2 was also 

examined using a combination of SEM (Figure 6.4a,b) and TEM (Figure 6.4c, d, e). From 

Figure 6.4 (a) & (b), the WS2 nanotubes are distributed uniformly within the PLA matrix. 

Voids can alo be observed suggesting that the wetting of the nanotubes by the polymer 

was limited. There was also a concern that the size of WS2 nanotubes was changed by the 

electron beam during examination in the SEM. Therefore, a specimen was sectioned by 

ultra-microtome into thickness of ~50nm and studied in theTEM to further examine the 

structure of the tubes.  

 
(a) (b) 

(a) (b) (c) (d) 

Figure 6.4. (a) & (b) SEM images of PLA/WS2 

(95/5) 
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From the images in Figure 6.5 (b – c), it can be seen that some of the WS2 nanotubes 

appeared to be shorter which could be a consequence of  melt processing, microtoming 

or both. The overall diameter of nanotubes was still between 40–60 nm but the length of 

some of the nanotubes had been significantly fragmented and reduced to ca. 50 nm from 

ca. 1.5 μm. 

 

Figure 6.5. (a), (b) & (c) TEM image of PLA/WS2 (95/5) 

Finally, the TEM diffraction patterns of pure WS2 and the PLA/WS2 (95/5) were also 

collected. As WS2 is a crystalline material265 its diffraction appears as sharp symmetric 

rings (Figure 6.6a) which demonstrate the high crystallinity order.418 In contrast, the 

diffraction pattern of the composite appear to be very weak and distorted rings that 

implies that the composite is highly amorphous (Figure 6.6b). This observation is 

confirmed from DSC and XRD data below.  

 

Figure 6.6. TEM diffraction pattern of (a) pure WS2 and (b) PLA/WS2 (95/5) 

Pure WS2 was analysed using XPS to measure the atomic percentage of each element in 

the sample and determine if there are impurities present in the as received powder. A XPS 

survey spectrum is shown in Figure 6.7. The composition was determined to be 37.16% 

sulphur, 9.95% oxygen, 16.7% tungsten and 36.19% carbon, see Table 6.2. Although the 

WS2 powder was heated overnight to 120°C prior to XPS analysis, the impurities (C, O) 

(a) (b) (c) 

(a) (b) 
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were detected. It is likely that sample had aged which involved the adsorption of airborne 

contaminants on the surface.416 In addition, the ratio of S:W was 69:31, which is greater 

than 2 and is possibly due to residual sulphur on the surface of the WS2 nanotubes from 

the growth process,416 as observed in the TEM map. 

Table 6.2. Atomic percentage of XPS  

Element Position 
Atomic 

% 

S 162 37.16 

O 532 9.95 

W 32 16.70 

C 284 36.19 

 

 

 

 

Figure 6.7. XPS spectrum of WS2 

The interpretation of the four individual peaks obtained in Figure 6.7 and their assignment 

is shown in Figure 6.8. With regard W, the peak at 32.4 eV correspond to WS2, the peak 

at 35 eV correspond to W itself and at 38.2 eV corresponds to WO3.
419 For S, there is a  

clear splitting at 163 eV of a spin-orbit doublet that correspond to WS2.
420 

Apart from the likelihood of adsorption of airborne contaminants on the surface of 

WS2,
416 it is also very likely that this could be caused by adventitious carbon 

contamination (a thin layer of carbon on the material’s surface).421 Indeed the C1s 

spectrum for contamination typically consisting of C-C, C-O and O=C-O components421 

and so, there is a relative O1s spectrum consisting of C-O and O=C-O components. The 

same phenomenon was reported on various XPS analysis and in vacuo, such that 

contamination rates can even be 10 times greater when the x-ray source is in operation 

which indicates that the radiation damage of hydrocarbon species occurs via secondary 

electron flux which can cause an over-layer deposition.422 Therefore, a signal for C and 

O is detected in the XPS analysis. 
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Figure 6.8. Interpretation of individual element (a) carbon, (b) oxygen, (c) tungsten and (d) 

sulphur – deconvolution spectra. 

The Raman spectrum for WS2 was obtained using 514.5 nm laser excitation. Most of the 

peaks obtained correspond to WS2 itself. The peak at 173 cm-1 corresponds to the 

longitudinal acoustic LA(M) mode and the other peaks are associated with longitudinal 

acoustic, in-plane LA(M) at 267 cm-1; longitudinal acoustic LA(M), in-plane E1
2g(Γ) 

modes at 295 cm-1; basal plane at 321 cm-1; in-plane E1
2g(Γ) at 354 cm-1 and out-of-plane 

A1g(Γ) at 418 cm-1.423 The peak at 518 cm-1
 corresponds to sulphur423 whereas the peaks 

at 710 and 807 cm-1
 corresponds to tungsten oxide (Figure 6.9).424 
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Figure 6.9. Raman spectrum of WS2 

DSC measurements were carried out in order to determine the values of Tg, cold 

crystallisation temperature, melting temperature (Tm) and crystallinity (Xc) of the 

composites. The thermal histories of the composites were removed by heating from 25 

°C to 180 °C, isotherm for 4 minutes and then cooling back to 25 °C at a heating rate of 

10 K/min. This cycle was repeated again in order to obtain the heating (Figure 6.10) and 

cooling curves (Figure 6.11) and the relevant results are tabulated and shown in Table 

6.3. 

Table 6.3. DSC data for PLA/WS2 composites 

Composite Tg Tcc Tm,1 Tm,2 Xc 

Neat PLA 58 °C 118 °C 147 °C 152 °C 0.39% 

PLA/WS2 (99.5/0.5) 58 °C 116 °C 147 °C 152 °C 0.28% 

PLA/WS2 (99/1) 58 °C 116 °C 147 °C 152 °C 0.01% 

PLA/WS2 (98/2) 58 °C 116 °C 147 °C 152 °C 1.57% 

PLA/WS2 (97/3) 58 °C 116 °C 147 °C 152 °C 0.18% 

PLA/WS2 (95/5) 58 °C 117 °C 147 °C 152 °C 0.55% 
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Figure 6.10. (a) Second heating curves; (b) melting peaks of PLA/WS2 composites 

The Tg of PLA remained constant at 58 °C on addition of WS2 and it can also be seen that 

the slopes of the curves at 55 – 60 °C remained the same (Figure 6.10a). Pure PLA had a 

cold crystallisation peak at 118 °C, which decreased slightly to 116 °C on addition of 0.5, 

1, 2 and 3 wt% WS2, but increased again to 117 °C when the percentage of WS2 was 

increased to 5 wt%. These variations are within experimental error of the DSC instrument. 

The shape of the cold crystallisation peaks are identical but became slightly broader when 

WS2 was increased to and above 3 wt% which could be due to major changes in phase 

separation behaviour as well as more diverse WS2 sizes in the PLA.396 All the composites 

had a melting temperature at 147 °C and albeit not obvious, it was noticed that they all 

display a second melting process centred at  about 152 °C especially with the presence of 

WS2 (Figure 6.10b). This double-melting behaviour is a common phenomenon that 

occurs in semi-crystalline polymers.387 Pure PLA has a slightly higher Tcc peak and 

smaller Tm,2 peak associated with more perfect crystals present and give rise to a peak 

that is analogous to a single melting peak. In the case of the PLA/WS2 composites, the 

lower melting peak is attributed to melting of primary crystals,389 formation of thickened 

lamellae425 or fusion of think lamellae formed284 and the higher temperature peak can be 

attributed to melting of recrystallized crystals389 or fusion of newly formed lamellae via 

melting-re-crystallisation of primary thin lamellae.284 The degrees of crystallinity for all 

the composites was determined based upon the second heating cycles with extra enthalpy 

absorbed by crystallites being subtracted. Hence, the following equation was applied, 

𝑋𝑐 =  
∆𝐻𝑚− ∆𝐻𝑐𝑐

𝜔𝑃𝐿𝐴 × ∆𝐻𝑚
0  × 100% (where ∆𝐻𝑚 stands for enthalpy of melting, ∆𝐻𝑐𝑐 is enthalpy 

of cold crystallisation, 𝜔𝑃𝐿𝐴 is weight fraction of PLA and ∆𝐻𝑚
0  is the melting enthalpy 

of 100% crystalline PLA which reported to be 93.7 J/g).389,392 All composites were shown 

(a)
s 

(b) 
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to have degrees of crystallinity less than 2%, possibly due to the slow crystallisation rate 

of PLA and so, very few crystals are generated in the PLA resin. Therefore,  the 

composites remained amorphous under the most practical processing and moulding 

procedures.393 

This slow crystallisation of PLA is also the reason only glass transition steps appeared in 

all cooling curves of the PLA/WS2 composites (Figure 6.11). Since formation of the 

critical nucleus required for nucleation demands some time, slow crystallisation leads to 

the absence of crystal formation and hence, crystallisation is prevented which resulted in 

all the PLA/WS2 composites having being almost fully amorphous and showing only 

glass transition steps in the cooling curves.394 
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Figure 6.11. Second cooling curves of PLA/WS2 composites 

The limited crystallisation behaviour of these composites was also studied using 

controlled cooling experiments under POLM equipped with a hot stage and filter (λ = 540 

nm) and, to also examine the birefringent crystals at different temperatures. When the 

samples were heated from room temperature to 180 °C at a rate of 10 K/min, the changes 

in birefringence were consistent with the DSC data. Images of unfilled PLA during certain 

temperatures in the heating ramp are shown in Figure 12 below as examples. At 30 °C, 

the Michel-Levy colour of the birefringent crystals426 can clearly be seen (Figure 6.12a). 

When the sample was heat to 60 °C which is at the Tg of PLA, the sample softened and 

the colours started to disappear. When 70 °C was reached, the sample become transparent 

(Figure 6.12b). When the temperature was increased to 115 °C which is the cold 

crystallisation temperature of PLA, Michel-Levy colours can be seen again (Figure 

6.12c). When the sample was heated further and reached 150 °C (melting of PLA), the 

colours once again disappeared and sample became transparent again (Figure 6.12d). 
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When sample was cooled at rate of 10 K/min to room temperature, the sample remained 

transparent and birefringent crystals could not be seen. This observation during cooling 

is also consistent with the DSC results as re-crystallisation were not seen from the DSC 

curves at the same cooling rate. 

 
Figure 6.12. Birefringent crystals of PLA at (a) 30 °C, (b) 80 °C, (c) 130 °C & (c) 180°C 

As it was discussed in the previous chapter, this PLA crystallises very slowly. Therefore, 

POLM experiments were repeated for all the PLA/WS2 composites to investigate if 

crystal formation could be induced. All samples were heated to 180 °C at the 10K/min 

and the temperature held at 115 °C for 10 mins during cooling. The appearance of all 

samples changed when the temperature was maintained at 115 °C. By way of example, 

POLM images of neat PLA are shown in Figure 6.13 and indicate that the surface of 

sample appeared to be blue and red which is very likely to be derived from positive and 

negative-type birefringence spherulites427 after the holding the temperature at 115 °C for 

3–4 minutes (Figure 6.13a). When this temperature was held for 5 mins, the appearance 

of the sample remained as shown in Figure 6.13b. Similar observations were made when 

the other PLA/WS2 composites were examined, confirming the presence of WS2 did not 

affect the formation of birefringent spherulites under these conditions. 

(a)
s 

(b)
s 

(c)
s 

(d)
s 

30 °C 70 °C 

130 °C 180 °C 



General Characterisations for Composites of PLA/WS2 
 

133 
 

 

Figure 6.13. PLA being held at 115 °C for (a) 3 – 4, (b) 5 minutes 

These experiments were repeated but now the cooling rate was reduced to 1 K/min. and 

spherulites started to appear in all the composites at 125 °C. Interestingly, it was noticed 

that presence of WS2 can promote the formation of PLA spherulites under these 

conditions. Some images are shown in Figure 6.14 to demonstrate this behaviour with 

and without WS2 added. Both images were taken at 120 °C and spherulites were still 

growing in pure PLA which can still be seen clearly even when filter was removed (Figure 

6.14a). In contrast, the spherulites were already fully formed and distributed evenly in 

composite with 0.5wt% WS2. Positive and negative-type birefringence spherulites can be 

seen using the filter but these became less distinguishable without the filter due to the 

high volume (Figure 6.14b). This phenomenon occurred for all other composites with 

WS2 incorporated. Hence, it is possible for WS2 to act as nucleation sites for this PLA 

under certain cooling conditions. 

 

(a)
s 

(b)
s 

Figure 14. POLM images of unfilled PLA examined under (a) filter, (b)without filter; and 

composites of PLA and WS2 (99.5/0.5) examined under (c) filter, (d)without filter at 125 °C 
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XRD measurements were then conducted and the diffraction curves for pure PLA appear 

to be very broad which indicates that the pure PLA sample is an amorphous material.428 

At 2θ = 18.4°, a weak crystalline diffraction peak appeared which is assigned to the (200) 

and/or (110) planes of PLA crystals in the α-phase.429 This peak then became smaller in 

the XRD curve of the composites (PLA/WS2 (99.5/0.5)) and even became 

indistinguishable when the WS2 content was further increased to between 1wt% and 

5wt%. In the XRD curves of composites, there is a high intensity peak at 2θ = 16.3°, weak 

broad peaks at 2θ = 33.3° and very small broad perks at 2θ = 38.0° which are assigned to 

the WS2 (002) plane of successive S-W-S sandwiches,430 WS2 (100/101) planes cause 

network rotation along the nanotube axis,431 and WS2 (103) plane which often appears to 

be very small and broad.430 In comparison, all these peaks increased in intensity with 

increasing WS2 content which is specifically more significant and obvious for the peak 

of WS2 (002) plane (Figure 6.13). For that peak of WS2 (002) was originated at 2θ = 14.2° 

and peak of WS2 (103) plane was originated at 2θ = 39.0°. For WS2 the (002) plane shifted 

to higher angles in the composites, this indicated that this plane experienced tensile stress 

in the composites.432 Oppositely, the WS2 (103) plane shifted to slightly lower angles in 

the composites suggesting the 103 plane experiences some compressive stress when 

added to the polymer.432 
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Figure 6.13. XRD curves for PLA/WS2 composites 

SAXS as well as WAXS curves were collected simultaneously. From the SAXS curves 

no scattering maxima were observed (Figure 6.14a). This again confirms the composites 

are highly amorphous as any lamellar stacks are highly disordered and could not give any 

scattering peaks. Whereas, the trend observed in the WAXS curves are similar to XRD 
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data. It is because the curve of pure PLA was broad and two peaks at 2θ = 33.7°, 39.6° 

appeared when WS2 was present in the composites. 
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Figure 6.14. (a) SAXS curves and (b) WAXS curves for PLA/WS2 composites 

Oscillatory rheology measurements were performed to determine the storage/elastic (G’) 

and loss/viscous (G”) moduli of the PLA/WS2 composites and to asses if a rheological 

percolation had been achieved. An amplitude sweep test was conducted at close to the 

melt state (155 °C) of PLA to confirm the linear viscoelastic region in the range of 0.1 – 

100 Hz. Their storage modulus curves were combined and shown in Figure 6.15(a) below 

which can be seen that composites with 0%, 0.5%, 1% and 2% WS2 consist of very similar 

G’ values in the range of frequency applied. Whereas, composite with 3% WS2 has the 

highest magnitude of G’ and 5% sample with WS2 has the lowest magnitude of G’ which 

indicates the former has the strongest mechanical strength and the latter has the strongest 

mechanical strength compared to other composites. It is possible that this highest 

mechanical strength of composite 95/5 PLA/WS2 was attributed by stronger interactions 

between PLA and WS2. However, further increase in concentration of WS2 has negative 

effect on the interactions between the two components and so, the mechanical strength 

decreased.433 A similar trend is seen in their loss moduli curves as composites with 0%, 

0.5%, 1% and 2%; composite with 3% WS2 has the highest magnitude of G” and sample 

with 5% WS2 has the significantly lowest magnitude of G”. Further, loss modulus of 95/5 

PLA/WS2 decreased with increasing frequency (Figure 6.15b). With incorporation of 

WS2 up to 5 wt%, transition to more elastic (solid-like) behaviour of the composite can 

be seen when higher frequency was applied.434 

(a) (b) 
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Figure 6.15. (a) Storage moduli and (b) loss moduli of PLA/WS2 composites 

DMTA measurements can provide insights to the mechanical properties of the composites 

as well as whether physical properties of PLA were altered with the presence of WS2. The 

tan δ curves and dynamic modulus as a function of temperature are showed in Figure 

6.16. Tg of the composites can easily be identified as the peaks of the tan δ curves which 

indicate domination of liquid behaviour over solid. Alternatively, the slopes of the 

dynamic modulus curves show the materials’ transition from solid to rubber which can 

also be used to show the Tg of the composites.398,399 All tan δ curves have very similar 

shapes with very sharp peak at 68 – 70 °C (Figure 6.16a). In which composite with 3% 

WS2 has Tg of 68 °C, those with 0, 0.5 and 2 % WS2 have Tg values of 69 °C and 

composite with 1% WS2 has Tg of 70 °C (Table 6.4). Similarly, all PLA/WS2 composites 

have very similar dynamic modulus with increasing temperature and consist of Tg values 

at 59 °C (Figure 6.16b, Table 6.4). 

Table 6.4. Tg of composites obtained from tan δ and dynamic modulus curves 

Composite Tg / °C (tan δ) 

Neat PLA 69 

PLA/WS2 (99.5/0.5) 69 

PLA/WS2 (99/1) 70 

PLA/WS2 (98/2) 69 

PLA/WS2 (97/3) 68 

PLA/WS2 (95/5) 69 

(a) (b) 
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Although Tg values obtained from Figure 6.16(b) are very close to values obtained from 

DSC, they are indeed lower than that of tan δ curves by ca. 10 °C. and this difference was 

apparently also observed for various polymer.399,413 Overall, the DMTA data also seem 

to indicate that presence of WS2 did not significantly alter the mechanical properties of 

PLA composites according to the tan δ and dynamic modulus curves obtained. 
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Figure 6.16. (a) Tan δ curves, (b) dynamic modulus vs temperature of PLA/WS2 composites; (c) 

change in Tg of PLA on addition of WS2 

Further mechanical tests were conducted in order to determine the ultimate tensile 

strength (MPa), young’s modulus (MPa) and elongation at break (%) of the composites. 

For each composite, 5 – 6 dog bone shaped specimens were used during the tests and their 

average results are shown in Figure 6.20 which can be seen that all composites are brittle 

materials.400 Overall results were tabulated in Table 6.5 and the trends are also shown in 

Figure 6.20(b-d). 

 

 

(a) (b) 

(c) 
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Table 6.5. Tensile strength, Young’s modulus, elongation at break and their standard deviations 

of PLA/WS2 

Composite UTS (MPa) YM (MPa) EB (%) 

Neat PLA 69.37 ± 0.78 3378.99 ± 137.68 3.40 ± 0.12 

PLA/WS2 (99.5/0.5) 71.22 ± 1.60 3461.01 ± 85.57 3.37 ± 0.15 

PLA/WS2 (99/1) 71.99 ± 0.59 3316.63 ± 140.08 3.69 ± 0.12 

PLA/WS2 (98/2) 70.81 ± 2.04 4022.83 ± 587.56 3.73 ± 0.38 

PLA/WS2 (97/3) 70.91 ± 1.10 3719.76 ± 586.18 3.93 ± 0.42 

PLA/WS2 (95/5) 67.68 ± 2.38 4119.91 ± 379.73 3.73 ± 0.06 

 

The ultimate tensile strengths are the highest points of the stress-strain curves which 

increased from 69.37 ± 0.78 to 71.99 ± 0.59 MPa when WS2 increased from 0 – 1% which 

then decreased from 70.81 ± 2.04 to 67.68 ± 2.38 MPa when WS2 further increased from 

2 – 5%. An ANOVA (Analysis of Variance) statistical test were performed to analyse the 

differences among group means. The ANOVA results is shown below (Figure 6.17) and 

reported the p-value that is smaller than 0.05 which indicated that statistically, at least 

two of the entire groups have significantly different means.403,404 Therefore, incorporation 

of WS2 to PLA matrix had altered the UTS of the composites. 

 

Figure 6.17. ANOVA results for UTS of non-plasticized PLA/WS2 composites 
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Composites with 0, 0.5 and 1% WS2 have similar Young’s modulus which are 3378.99 ± 

137.68, 3461.01 ± 85.57 and 3316.63 ± 140.08 MPa respectively. In comparison, 

composites with 2% (4022.83 ± 587.56 MPa), 3% (3719.76 ± 586.18 MPa) and 5% WS2 

(4119.91 ± 379.73 MPa) have higher Young’s moduli and so, it seems that the overall 

Young’s modulus increases with increasing WS2. An ANOVA statistical test was also 

performed which shown below (Figure 6.18) and reported the p-value that is smaller than 

0.05 which indicated that statistically, at least two of the entire groups have significantly 

different means.403,404 Therefore, incorporation of WS2 to PLA matrix had altered the YM 

of the composites. 

 

Figure 6.18. ANOVA results for Young’s Modulus of non-plasticized PLA/WS2 composites 

Finally, the overall elongation also increases slightly with increasing percentage of WS2. 

Composites with 0 and 0.5 % WS2 have elongation at break at 3.40 ± 0.12 and 3.37 ± 

0.15 %. When WS2 increased, composites can elongate to 3.69 ± 0.12% (1% WS2), 3.73 

± 0.38% (2% WS2), 3.93 ± 0.42% (3% WS2) and 3.73 ± 0.06% (5% WS2). Similarly, an 

ANOVA statistical test was also performed which shown below (Figure 6.19) and 

reported the p-value that is higher than 0.05 which indicated that statistically, these groups 

are considered to have equal variance.403,404 Therefore, incorporation of WS2 to PLA 

matrix did not alter the elongations of the composites. 
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Figure 6.19. ANOVA results for Elongation at break of non-plasticized PLA/WS2 composites 
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Figure 20. (a) Stress-strain curves of PLA/WS2 composites, trends of (b) ultimate tensile strength; 

(c) Young's modulus and (d) elongation with content of WS2 (wt%) 
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During the TGA measurements, all PLA/WS2 composites and pure WS2 were heated up 

to 1000 °C with N2 as a carrier gas. TGA curves and their 1st derivative curves as function 

of temperature are shown in Figure 6.21 below. For neat PLA as well as all PLA/WS2 

composites, all curves were identical as samples started to degrade at 440 °C and 

degradation was completed after heating to 580 °C. This indicated that the presence of 

WS2 did not influence the thermal stability of PLA under N2 atmosphere. On the other 

hand, WS2 itself did not degrade in N2 even when heated to 1000 °C and held at this 

temperature for 10 mins. 
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Figure 6.21. (a) TGA curves (b) 1st derivative curves for PLA/WS2 under N2 

Same TGA experiments were repeated under air. TGA curves and their 1st derivative 

curves as a function of temperature are shown in Figure 6.22. Pure PLA degraded at 500 

°C and all the sample had completely degraded after heating to 640 °C. Although WS2 

appeared to be thermally unstable under ambient atmosphere, only 1.35% of the sample 

degraded in the temperature range of 460 °C to 610 °C. For the composites with WS2, 

they all have identical TGA curves as they all degraded completely in the temperature 

range of 310 – 410 °C. These results show that WS2 can decrease the thermal stability of 

PLA when tested under ambient atmosphere as the composites degraded at a much lower 

temperatures compared to both pure PLA and WS2 alone. Polymer degradation can 

indeed be accelerated in the presence of oxygen which produces radicals that lead to 

scission and fragmentation of polymer chains. However, the actual reasons of lower 

thermal stability with the incorporation of WS2 in the presence of oxygen are unknown 

and further studies are required in order to gain deeper understandings. 

(a) (b) 
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Figure 6.22. (a) TGA curves (b) 1st derivative curves for PLA/WS2 under ambient atmosphere 

The FTIR spectra of the materials were collected in an attempt to see if there are any 

interactions between the nanotubes and the polymer. Although WS2 is Raman active, it is 

not IR active and its FTIR spectrum cannot be recorded. This is because WS2 exhibits no 

dipole moment due to its symmetry435 which causes a change of polarizability.436 The 

FTIR spectra of the PLA and the composites were recorded, see Figure 6.23. They all 

display  characteristic peaks at 1043 cm-1 (C-CH3 vibration) 1081 cm-1 (C-O-C 

stretching), 1128 cm-1 (CH3 rocking band), 1181 cm-1 (C-O-C vibration), 1749 cm-1 (C=O 

vibration) associated with PLA.389  
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Figure 6.23. FTIR of PLA/WS2 composites 

The molecular weight of PLA was measured as there was some concern the impurities in 

the WS2 could initiate the degradation of PLA when melt mixed at elevated temperatures. 

Therefore, the molecular weight of the unfilled PLA (before and after melt mixing) and 

(b) (a) 



General Characterisations for Composites of PLA/WS2 
 

143 
 

its composites with WS2 were analysed by GPC analysis. All composites were filtered 

twice in order to remove insoluble WS2. The GPC curves were obtained using both a light 

scattering detector and a refractive index detector are shown in Figure 6.24. The values 

for Mw, Mn and DP were tabulated in Table 6.6. 

Table 6.6. Values of Mw, Mn and DP of different samples 

Composite Mw (kg/mol) Mn (kg/mol) DP 

Neat PLA 129.85 77.24 1.68 

PLA/WS2 (99.5/0.5) 132.55 10.19 1.30 

PLA/WS2 (99/1) 132.25 94.35 1.40 

PLA/WS2 (98/2) 120.25 76.55 1.57 

PLA/WS2 (97/3) 135.75 95.63 1.42 

PLA/WS2 (95/5) 126.45 88.54 1.43 

Unprocessed PLA 130.25 101.76 1.28 

 

From Figure 6.24, it can be seen that all samples were detected at the same retention time. 

There are very small differences between the width of the peaks From Figure 6.24(a) the 

unfilled PLA has a slightly wider peak and a higher DP of 1.68. The composite samples 

have very similar peak width and DP values within the range 1.30 – 1.57. The 

unprocessed PLA has the narrowest peak width and a DP of 1.28. Extrusion had a modest 

effect on the molecular weight of PLA. The difference was not seen in Figure 6.24(b) and 

when both detectors are complementary to each other, the data showed that all PLA 

samples have a Mw within the range of 120 – 136 kg/mol. Hence, PLA had higher DPs 

after processing but the values of Mw were not significantly altered due to the 

incorporation of WS2. 
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Figure 6.24. GPC curves of PLA obtained by (a) light scattering and (b) refractive index detector 

6.2. Bioassays of Composites of PLA and WS2 (bacterial and HUVEC cells studies) 

The PLA/WS2 composites were tested against some living organisms to predict the 

biocompatibility of the composite materials. Experiments were done using E. coli K-12 

MG1655 and O157 Sakai strains. After overnight incubation of liquid cultures at 37 °C 

with and without the composite materials, growth curves were obtained (Figure 6.25). It 

can be seen that the growth curves of K-12 MG1655 are identical in the control cultures 

as well as in the presence of the composite materials. The same phenomenon was 

observed when experiments were conducted with O157 Sakai and so, this demonstrate 

that neither PLA nor WS2 influence the growth of these two E. coli strains. 
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Figure 6.25. (a) Growth curves of E. coli K-12 and (b) E. coli Sakai in the presence of 100% PLA 

and 95% PLA/ 5% WS2 films 

Further experiments were also conducted using HUVEC to predict the biocompatibility 

and cell attachment on the surface of the composites. The studies were conducted over a 

period of 7 days and a bar chart of the cell viability assay on days 1, 3 and 7 plotted, see 

(a) (b) 

(a) (b) 
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Figure 6.26. Overall, the cells can survive in the presence of all composite materials. On 

day 1, cell viability was higher on the composites containing 0, 0.5, 3 and 5% WS2. On 

day 3, the viability decreased by approximately 50% on all samples in which, the 

composites with 0.5wt%, 1wt% and 2wt% WS2 had slight cell growth compared to other 

samples. On day 7, cells activity increased 2 times compared to that of day 3 and it can 

be seen that the composites with 0, 0.5wt% and 1% WS2 had lower cell viability compared 

to composites with 2, 3 and 5% WS2. 

 

Figure 6.26. Bar chart of endothelial cell viability assay on PLA/WS2 composites 

With the aid of fluorescence, images were taken to compare whether the cells can attach 

on the surface of the composites (Figure 6.27). Overall cell attachment was strong on pure 

PLA as some cells were larger and more willing to spread out on the surface of the PLA 

sample (Figure 6.27a). However, very few cell counts were observed on the composites 

that contained 0.5wt%, 1wt% and 2wt% WS2 (Figure 6.27 b – d). In contrast, more cells 

attached to the composites with 3wt% and 5% WS2 but they were small and not spread 

out on both of the surfaces (Figure 6.27e,f). Compare to that of neat PLA (Figure 6.27a), 

cell attachment on composites with 3wt% and 5wt% are weaker. 

This result shows that PLA/WS2 composites did not inhibit the growth of HUVEC. 

Interestingly, the presence of WS2 in the composites influenced cell attachment at the 

surface. Overall the survival of endothelial cells was preferred on neat PLA. Incorporation 
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of 0.5, 1 and 2 wt% WS2 decreased the cell attachment on the composites. However, when 

WS2 loadings were further increased to 3 and 5wt%, cell attachment became favourable 

on the composites but their interaction on the surface was very weak compared to that of 

neat PLA surface. 

 

 

Figure 27. Fluorescent microscope images of HUVEC on PLA composites with (a) 0% WS2, (b) 

0.5% WS2, (c) 1% WS2, (d) 2% WS2, (e) 3% WS2, (f) 5% WS2 after incubation for 7 days 

Finally, surface wettability (contact angle analysis) was conducted to compare the 

surfaces’ contact angles of the composites. The term “wettability” refers to the ease with 

which a fluid spreads across a solid surface or more specifically how the fluid adheres to 

the solid surface437 and it plays a critical role in the biocompatibility of a biomaterial.438,439 

Hydrophobic surfaces with high contact angles do not serve as good substrates for cellular 

culture, a water contact angle less than 90 degrees in classed as hydrophilic and most 

polymers have a contact angle greater than 120 degrees natively.440,441 The contact angle 

is the angle created by the air fluid interface on the surface of a test material and is 

digitally calculated using software that measures the drop on the surface at a particular 

time point following application to a surface. This wettability study should provide an 

explanation of the changes in cell attachment on the surface of the PLA/WS2 composites. 

The addition of WS2 nanoparticles has a varying effect on contact angle as the dose is 

increased.  With the addition of 0.5wt% WS2 the contact angle increased significantly, 

(a) (b) (c) 

(d) (e) (f) 

0% WS2  0.5% WS2  1% WS2  

2% WS2  3% WS2  5% WS2  
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however when the concentration increased beyond 1wt% the opposite response was 

observed with a significant decrease in contact angle to just above the hydrophilic range 

(Figure 6.28).  As the nanoparticle concentration was increased further an increasing 

trend of contact angle back to control levels is observed.  These changes could be 

attributed to increased surface roughness from the nanoparticles on the surface or the 

disruption of the crystalline structure of the surface by nanoparticle infiltration.  Changes 

in the nano-topography of biomaterial surfaces and certainly a decreased contact angle 

into the hydrophilic range is associated with better cellular attachment and proliferation 

for tissue culture and engineering.  This variance in contact angle could explain the MTT 

assay results obtained at day 1, 3 and 7. 

 

Figure 6.28. Contact angle values for composites of PLA and WS2 

In summary, a selection of PLA/WS2 composites were produced and their physical 

properties were analysed in detail to understand the features of these composites. 

Composites of PLA and WS2 did not inhibit any growth of E. coli. tests and hen further 

bioassays were conducted using HUVEC cells, the results indicated that the composites 

did not inhibit the growth of the HUVEC cells. Contact angle measurements of the 

composites surface confirmed that the incorporation of WS2 to PLA can alter the surface 

properties and influence cellular attachment and proliferation of tissue culture. However, 

further tests, such as cytotoxicity, should be conducted so as to explore the full potential 

of these composite materials. 
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7. Electrospinning of Biopolymer/IL and their Entanglement Prediction 

This chapter involves mostly electrospinning and can be divided be three parts which can 

be expressed in the flow diagram (Figure 7.1) below: 

1. Comparison and identification of and ionic liquid that can dissolve BL for 

electrospinning. Further electrospinning of BL/IL with co-solvents. 

2. Study of biopolymer entanglement in ILs with oscillatory rheological and FTIR 

data. 

3. Production of BL membranes by film casting for bioassays with bacteria. 

 

 

 

Figure 7.1. Key procedures involved in this chapter 

7.1 Dissolution of BL in ILs for Electrospinning  

As described in the literature review, studies have shown that banana leaves (BLs) have 

the potential to be developed for wound-dressings.290 As BL contains 10 – 13% lignin 

which has been shown in this work to inhibit the growth of MRSA JE2 and MSSA 

Newman, the aim of this work was to investigate whether BL can also inhibit bacterial 

growth. However, the shelf-life of BLs can be a drawback in any development as ait is a 

plant material. Generally, it is known that BL cannot be stored for more than 7-10 days 

due to fungal growth and it was observed that Gamma irradiation can extend the shelf life 

of BL for up to 2-3 months.290,291 Hence, the goal was to use a combination of 

electrospinning and ionic liquids to process BL to further extend this shelf life as well as 

remove small molecules (e.g. minerals such as calcium, magnesium; glucose) that can act 

as nutrients for microbes. 
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To date, no ILs were reported to be used for dissolving banana leaves. However, the ILs 

used in this project include [EMIM]OAc, [BMIM]Cl and [AMIM]Cl and have been 

proven to dissolve lignin. ILs have also been reported for the dissolution of cellulose a 

major component in plants and therefore, a simple experiment was conducted to check 

whether these ILs are able to dissolve BL. 

The BL were cut into pieces with dimensions of 1 cm x 1 cm and these were then heated 

in ILs overnight at 120 °C with the target of preparing 5wt% BL/IL solutions. When 

[EMIM]OAc was used, it was significant that BL pieces started to dissolve within 2–3 

hours. Whereas for [BMIM]Cl and [AMIM]Cl, dissolution of BL were not significant 

and obvious. All BL/IL mixtures were heated overnight and then poured into petri dishes 

for examination and comparison. Most BL pieces dissolved in [EMIM]OAc and a 

greenish-brown liquid was obtained (Figure 7.2a) although very small amount of 

precipitated presented and this was likely to be starch as its interaction with [EMIM]OAc 

is often limited.442 When [BMIM]Cl was used, a paler greenish-brown liquid was also 

obtained but it could be seen that some BL pieces remained in the mixture (Figure 7.2b). 

When [AMIM]Cl was used, the BL pieces were not dissolved effectively and in fact, most 

remained intact (Figure 7.2c). Actual % of yield of BL dissolved in ILs was calculated as 

𝑊𝑒𝑖𝑔ℎ𝑡 (𝐵𝐿 𝑎𝑑𝑑𝑒𝑑−𝑢𝑛𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝐵𝐿)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐵𝐿 𝑎𝑑𝑑𝑒𝑑
× 100% (Table 7.1). 

 

Figure 2. BL dissolved in (a) [EMIM]OAc, (b) [BMIM]Cl, (c) [AMIM]Cl 

In order to dissolve BL using [BMIM]Cl and [AMIM]Cl, BL pieces should be ground to 

finer solids. Therefore, [EMIM]OAc seemed to be the most effective solvent to dissolve 

BL as it dissolved larger BL pieces easily. It was then attempted to prepare 8 wt% BL/IL 

and 10 wt%/BL for electrospinning using heights of 10, 15, 20 cm, flow rates of 0.2, 0.5, 

0.8, 1.0, 1.5, 2.0 mL/h and voltages of 8.5, 10, 12, 15, 18, 22 kV. A total of 108 trials 

were conducted for each solution and the details with regard to the dissolution, viscosities 

and observations during electrospinning will be discussed. 
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With [EMIM]OAc, 5, 8 and 10 wt% BL/IL solutions were prepared the undissolved solid 

removed via decantation with the aid of a centrifuge. However, the 8 and 10 wt% BL/IL 

cannot be prepared using [BMIM]Cl and [AMIM]Cl. The viscosities of the 5 wt% BL/IL 

were measured prior to electrospinning. It was observed that the 5 wt% BL/[EMIM]OAc 

could be electro-spun although the Taylor cone appeared to be very unstable and the 

polymer stream was not continuous. Whereas in the experiments using [EMIM]OAc and 

[AMIM]Cl, the Taylor cone and polymer stream were not observed at all, as spattering 

of polymer solution was observed in all trials. Therefore, the focus was on [EMIM]OAc 

for the electrospinning of BL/IL which was further continued using 8 and 10 wt% BL/IL. 

In both cases, electrospinning occurred as the Taylor cone appeared to be slightly more 

stable but further improvement was not observed when 10 wt% BL/[EMIM]OAc was 

used. Observations are briefly listed in Table 7.1 and details are discussed below. 

Table 7.1. Dissolution of BL in ILs and their values of viscosity 

IL [EMIM]OAc 54 [BMIM]Cl 51 [AMIM]Cl 56 

Dissolution 

of BL 

88% soluble 

Big pieces 

(1 cm x 1 cm) 

can be dissolved easily 

5, 8, 10 wt%/IL were 

prepared 

64% soluble 

Grinded BL pieces 

required for 

dissolution 

Only 5 wt% BL/IL 

can be prepared 

42% soluble 

Grinded BL pieces 

required for 

dissolution 

Only 5 wt% BL/IL 

can be prepared 

Viscosity 

5 wt% - 540 cP 

8 wt% - 1437 cP 

10 wt% - 2574 cP 

5 wt% - 1584 cP 5 wt% - 447 cP 

 

Brief information about electrospinning using BL/IL solutions were listed in Table 7.2 

below. When 5 wt% BL/IL solutions were subjected to electrospinning, only 5 wt% 

BL/[EMIM]OAc can be used to produce polymer stream. Therefore, BL/[EMIM]OAc 

solutions were continued to be used for further electrospinning. Indeed, 8 wt% 

BL/[EMIM]OAc was able to form a more stable Taylor cone but the ejected polymer 

stream still appeared to be discontinuous. Finally, 10 wt% BL/[EMIM]OAc was 

subjected for electrospinning and unfortunately, both Taylor cone and polymer stream 

appeared to be very unstable. 
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Table 7.2. Information of BL/[EMIM]OAc solutions with the addition of co-solvents 

BL/IL solution Viscosity Observations Relative figure 

5 wt% 

BL/[EMIM]OAc 
540 cP 

Unstable Taylor cone, 

discontinuous stream 

produced 

2 

5 wt% 

BL/[BMIM]Cl 
1584 cP 

No continuous stream 

produced 
3 

5 wt% 

BL/[AMIM]Cl 
447 cP 

No continuous stream 

produced 
4 

8 wt% 

BL/[EMIM]OAc 
1437 cP 

Stable Taylor cone, 

discontinuous stream 
5 

10 wt% 

BL/[EMIM]OAc 
2574 cP 

Unstable Taylor cone, 

discontinuous stream 

produced 

6 

When 5wt% BL/[EMIM]OAc was used in electrospinning for a tip to collector distance 

of 10 cm, the Taylor cone with an ejected polymer stream was observed in some trials 

but were very unstable since the Taylor cones induced were wagging severely and so, the 

Taylor cone ejected polymer stream was moving from side to side very quickly. As shown 

in Figure 7.3a, the trial was conducted at 10 cm, 1.5 mL/h and 15 kV, the polymer stream 

ejected was moving from left to right very quickly. When the flow rate was increased to 

2.0 mL/h, the motion was suppressed but not too significantly as the unstable Taylor cone 

and moving polymer stream could still be seen (Figure 7.3b). In order to further suppress 

the motion, the height was increased and a much greater flow rate used. In Figure 7.3c, a 

still Taylor cone with a polymer stream is shown when the trial was conducted using 15 

cm, 4.0 mL/h and 12 kV. However, this phenomenon only occurred for 2–3 s and a large 

flow of droplets were produced continuously at this flow rate. 

 
Figure 7.3. Electrospinning of 5wt% BL/[EMIM]OAc at conditions, (a) 10 cm, 1.5 mL/h, 15 

kV; a(b) 10 cm, 2.0 mL/h, 15 kV and (c) 15 cm, 4.0 mL/h, 12 kV 
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It was not possible to electrospin 5 wt% BL/[BMIM]Cl at all. As demonstrated by the 

trials using a height of 10 cm and flow rate of 0.2 mL/h, the polymer solution was 

stretched in to a long conical shape at 8.5 – 12 kV to produce fine droplets (Figure 7.4a); 

the size reduced at 15 kV but a Taylor cone was not induced (Figure 7.4b); and when 

voltage was further increased to 18 – 22 kV, multi-jet spattering and splashing of polymer 

solution occurred and a Taylor cone was not observed (Figure 7.4c). 

 
Figure 7.4. Transition of polymer solution to Taylor cone of 5 wt% BL/[BMIM]Cl at condition 

at 10 cm, 0.2 mL/h, (a) 8.5 – 12 kV; (b) 15 kV and (c) 18 – 22 kV 

It was not possible to electrospin  5 wt% BL/[AMIM]Cl. A trend can be demonstrated 

using the trials at a height of 10 cm and flow rate of 0.2 mL/h: an oscillating cone was 

observed for a voltage of 8.5 – 10 kV to produce fine droplets (Figure 7.5a); the cone 

stopped oscillating at a voltage of 12 – 15 kV to spatter polymer solution (Figure 7.5b); 

and for a voltage of 18 – 22 kV, a Taylor cone was not observed and the polymer solution 

was only spattered more quickly and vigorously (Figure 7.5c). 

 

Figure 7.5. Transition of polymer solution to Taylor cone for 5wt% BL/[AMIM]Cl at condition 

at 10 cm, 0.2 mL/h, (a) 8.5 – 10 kV; (b) 12 – 15 kV and (c) 18 – 22 kV 

Therefore, dissolution as well as electrospinning of BL were not further conducted using 

[BMIM]Cl and[AMIM]Cl.  
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An attempt was made to electrospin 8wt% BL/[EMIM]OAc with the specific goal to see 

if a more stable Taylor cone, with continuous flow stream could be spun, due to the 

increased concentration of BL. The spinnability was improved and Taylor cones were 

observed at all heights although the parameters applied were not the same when different 

tip to collector distances were used. For example, it is very clear that a big Taylor cone 

was induced at 10 cm, 0.5 mL/h and 10 kV with a constant moving polymer stream 

ejected (Figure 7.6a); at 15 cm, a Taylor cone was observed which was stable at 0.5 mL/h 

and 12 kV to eject a polymer stream (Figure 7.6b); and at 20 cm, the Taylor cone induced 

at 2.0 mL/h and 15 kV also appeared to be very stable and a polymer stream was ejected 

(Figure 7.6c). Although stable Taylor cones were observed with this polymer solution, 

the stream ejected was not continuous. In addition, the BL fibres could not stay intact 

when they reached the water coagulation bath. 

 

Figure 7.6. Taylor cones of 8 wt% BL/[EMIM]OAc at condition at (a) 10 cm, 0.5 mL/h, 10 kV; 

(b) 15 cm, 0.5 mL/h, 12 kV and (c) 20 cm, 2.0 mL/h, 15 kV 

Finally, 10wt% BL/[EMIM]OAc was subjected to electrospinning to check whether the 

performance of electrospinning with higher BL content. However, almost all the Taylor 

cones appeared using this polymer solution were very unstable. Typically, when a Taylor 

cone was induced the ejected polymer stream wagged from side to side and spattered in 

random directions. For example, a clear picture was taken at 10 cm, 0.8 mL/h, 15 kV for 

which it can be seen that a cone and a ejected stream was moving from side to side (Figure 

7.7a). The only stable Taylor cone with a constant polymer stream was observed in a 

particular trial conducted using 15 cm, 0.8 mL/h and 12 kV (Figure 7.7b). When a height 

of 20 cm was used, all Taylor cones and the ejected polymer streams wagged from side 

to side, as demonstrated by the trials with parameters of 0.8 mL/h and 8.5 kV (Figure 

7.7c). Unfortunately, the fibres produced were weak and broke easily in the coagulation 

bath. 
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Figure 7.7. Taylor cones of 10 wt% BL/[EMIM]OAc at condition at (a) 10 cm, 0.8 mL/h, 15 kV; 

(b) 15 cm, 0.8 mL/h, 12 kV and (c) 20 cm, 0.8 mL/h, 8.5 kV 

7.2 Electrospinning of BL/[EMIM]OAc with co-solvents 

In comparison to using [BMIM]Cl and [AMIM]Cl to electrospin BL, [EMIM]OAc was 

a better choice as a solvent because of the formation of polymer stream. However, the 

polymer fibres ejected were discontinuous and cannot be coagulated in the water bath. 

Hence, co-solvents were introduced in the later stage of electrospinning with 

BL/[EMIM]OAc. Y. Ahn et. al. electrospun lignocellulosic biomass from hemp using 

[EMIM]OAc as the solvent with the aid of DMF as co-solvent. The purpose of 

introducing a co-solvent was to decrease the surface tension of the spinning solution. In 

addition, this could increase the conductivity but decrease the viscosity of the IL 

solution.443 Consequently, DMF and DMSO chosen as co-solvents and added to the 10 

wt% BL/[EMIM]OAc solutions and this solution electrospun and relevant observation 

are listed in Table 3 below. DMF and DMSO were chosen as the co-solvents as they do 

not induce the precipitation of the dissolved BL in IL especially lignin. As lignin is a key 

polymer to enhance antimicrobial properties, the choice of co-solvents were chosen 

carefully. All samples listed in Table 7.3 below were prepared by adding co-solvent to 

10wt% BL/[EMIM]OAc and detailed observations are discussed below. After testing 

electrospinning at different conditions such as tip-to-collector distances, voltages and 

flow-rates, images of the stable Taylor cones were capture and shown below. 
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Table 7.3. Information of BL/[EMIM]OAc solutions with the addition of co-solvents 

Concentration 

of BL 
Ratio of IL/co-solvent Viscosity 

Observations in 

electrospinning 

       8 wt% 4:1 – IL 54/DMF 780 cP 
Electrospray, unstable 

stream 

8 wt% 4:1 – IL 54/DMSO 1011 cP 
Electrospray, unstable 

stream  

5 wt% 1:1 – IL 54/DMF 72 cP 
Electrospray, very unstable 

stream 

5 wt% 1:1 – IL 54/DMSO 168 cP 
Electrospray, unstable 

stream  

5 wt% 5:3 – IL 51/DMF 139 cP 
Electrospray, unstable 

stream  

5 wt% 5:3 – IL 51/DMSO 252 cP 
Electrospinning, fibres can 

be collected for SEM  

 

7.2.1 Electrospinning of 8 wt% BL in 4:1 IL/co-solvent 

DMF was added to 10wt% BL/[EMIM]OAc to prepare a 8wt% BL/(4:1)[EMIM]OAc-

DMF solution for electrospinning. The Taylor cone and polymer stream observed were 

unstable because the ejected streams were often wagging from side to side and 

discontinuous. Some Taylor cones appeared to be slightly more stable, e.g. at 10 cm, 2.0 

mL/h and 11 kV which was small and the ejected stream was discontinuous (Figure 7.8a). 

At 15 cm, 0.2 mL/h and 8.5 kV, a bigger Taylor cone was induced with a long polymer 

stream that was wagging quickly below the cone (Figure 7.8b); and at 20 cm, 1.0 mL/h 

and 8.5 kV, a Taylor cone was seen but the polymer stream was wagging so severely to 

give discontinuous fibres (Figure 7.8c). Unfortunately, such phenomenon was not 

persistent and fibres could not stay intact and dispersed in the water coagulation bath. 

 
Figure 8. Taylor cones of 8 wt% BL/(4:1)[EMIM]OAc-DMF at condition at (a) 10 cm, 2.0 

mL/h, 12 kV; (b) 15 cm, 0.2 mL/h, 8.5 kV and (c) 20 cm, 1.0 mL/h, 8.5 kV 
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Similarly, DMSO was added to 10 wt% BL/[EMIM]OAc to prepare a 8 wt% BL/(4:1) 

[EMIM]OAc-DMSO but again the electrospinning process was often unstable. As 

demonstrated by the trial for a distance of 10 cm, 1.5 mL/h and 10 kV, a Taylor cone was 

formed and the polymer stream was wagging (Figure 7.9a); at 15 cm, 0.5 mL/h and 8.5 

kV, a smaller Taylor cone formed but an ejected stream of polymer moved from side to 

side (Figure 7.9b); the Taylor cone seemed slightly more stable at 20 cm, 1.0 mL and 22 

kV but the it was not persistent and the ejected stream of polymer was discontinuous 

(Figure 7.9c). Overall improvements were not significant and it proved difficult to 

produce continuous fibres. 

 

Figure 7.9. Taylor cones for 8 wt% BL/(4:1)[EMIM]OAc-DMF at condition at (a) 10 cm, 1.5 

mL/h, 10 kV; (b) 15 cm, 0.5 mL/h, 8.5 kV and (c) 20 cm, 1.0 mL/h, 22 kV 

7.2.2 Electrospinning of 5 wt% BL in 1:1 IL/co-solvent 

After examining 8 wt% BL in 4:1 IL/co-solvent for electrospinning, more co-solvents 

were introduced to prepare 5 wt% BL in 1:1 IL/co-solvent. These samples prepared 

consisted of the highest ratio of co-solvent compared to the rest. The aim was to see the 

consequences of further introduction of co-solvent which led to low values of viscosity 

of polymer solution in the electrospinning. 

First, DMF was added to 10 wt% BL/[EMIM]OAc to prepare a 5 wt% BL/(1:1) 

[EMIM]OAc-DMF however, electrospinning was even more difficult and the Taylor 

cone with a polymer stream appeared only in a few trials. At the height of 10 cm, the 

Taylor cone with a polymer stream was only seen for a flow rate of 1.5 mL/h and an 

applied voltage of  10 kV were applied but again the polymer stream wagged (Figure 

7.10a); at 15 cm, the Taylor cone was seen at 0.8 mL/h and 15 kV but the stream was also 

unstable and discontinuous (Figure 7.10b); although the Taylor cone appeared in more 

than one trial when a height of 20 cm was used but, the ejected stream moved erratically 

and more vigorously (Figure 7.10c).  



Entanglement of Ionic Liquids and Biopolymer 
 

- 158 - 
 

 

Figure 7.10. Taylor cones of 5 wt% BL/(1:1)[EMIM]OAc-DMF at condition at (a) 10 cm, 0.8 

mL/h, 15 kV; (b) 15 cm, 0.8 mL/h, 15 kV and (c) 20 cm, 0.5 mL/h, 10 kV 

When DMSO was used instead of DMF to dilute 10 wt% BL/[EMIM]OAc to make 5 

wt% BL/(1:1) [EMIM]OAc-DMSO, spinnability improved although Taylor cones 

appeared to be unstable with a discontinuous polymer stream. Taylor cone induced with 

polymer stream was wagging more severely at height of 10 cm such as the trials at 1.0 

mL/h, 10 kV (Figure 7.11a). When the tip to collector distance was increased, the motion 

of the Taylor cone and polymer stream was suppressed but, the effect was not persistent 

as droplets were often produced constantly. For example, a stationary Taylor cone was 

formed when the parameters were set to 15 cm, 0.8 mL/h and 10 kV and a polymer stream 

was ejected (Figure 7.11b) and a very similar effect was observed for parameters of 20 

cm, 0.2 mL/h, 12 kV (Figure 7.11c). However, the difficulty of producing a smooth 

continuous fibre was remained a challenge.  

 

Figure 7.11. Taylor cones of 5 wt% BL/(1:1)[EMIM]OAc-DMF at condition at (a) 10 cm, 1.0 

mL/h, 10 kV; (b) 15 cm, 0.8 mL/h, 10 kV and (c) 20 cm, 0.2 mL/h, 12 kV 

7.2.3 Electrospinning of 5 wt% BL in 5:3 IL/co-solvent 

After testing two different IL/co-solvent ratios for electrospinning, the difficulty of 

having discontinuous stream continued to occur. In fact, BL solution with IL/co-solvent 

in the ratio of 1:1 appeared to be more unstable compared to the ratio of 4:1 IL/co-solvent 
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because it was noticed that electrospraying occurred that led to formation of droplets 

instead of polymer stream. Hence, ratio of IL/co-solvent was changed to 5:3 to increase 

the viscosity of the BL solutions. 

5 wt% BL/(5:3)[EMIM]OAc-DMF was prepared by diluting  8 wt% BL/[EMIM]OAc 

with DMF and an attempt to electro-spin this solution. Taylor cones were observed but 

most were unstable at heights of 10 and 15 cm. A clear image of Taylor cone was captured 

for the trial conducted at 10 cm, 0.5 mL/h, 8.5 kV for which it can be observed that the 

Taylor cone and ejected was wagging severely (Figure 7.12a); similarly, wagging cone 

observed at 15 cm, as demonstrated when trial conducted at 0.2 mL/h and 18 kV (Figure 

7.12b). When the height increased to 20 cm, the motion of the Taylor cone and polymer 

stream was suppressed in some trials such as with 0.5 mL/h, 15 kV (Figure 7.12c). 

 

Figure 7.12. Taylor cones of 5 wt% BL/(5:3)[EMIM]OAc-DMF at condition at (a) 10 cm, 0.5 

mL/h, 8.5 kV; (b) 15 cm, 0.2 mL/h, 18 kV and (c) 20 cm, 0.5 mL/h, 15 kV 

When DMSO was used instead of DMF to prepare 5 wt% BL/(5:3)[EMIM]OAc-DMSO 

for electrospinning, most Taylor cones appear to be stable and wagging polymer stream 

were observed less often. In some trials, the electrospinning processes were more 

persistent which could lasted for 6 – 8 s. At height of 10 cm, parameters of 1.0 mL/h and 

8.5 kV were applied to result a small Taylor cone with a polymer stream ejected (Figure 

7.13a); at 15 cm, parameters of 1.0 mL/h and 8.5 kV were used to give a slightly bigger 

Taylor cone with polymer stream (Figure 7.13b); and at 20 cm with the parameters of 1.0 

mL/h 12 kV, the Taylor cone induced was also very stable and a polymer stream was 

ejected (Figure 7.13c).  



Entanglement of Ionic Liquids and Biopolymer 
 

- 160 - 
 

 

Figure 7.13. Taylor cones of 5 wt% BL/(5:3)[EMIM]OAc-DMSO at condition at (a) 10 cm, 1.0 

mL/h, 8.5 kV; (b) 15 cm, 1.0 mL/h, 8.5 kV and (c) 20 cm, 1.0 mL/h, 12 kV 

Electrospinning process using 5 wt% BL/(5:3)[EMIM]OAc-DMSO appeared to be the 

most stable compared to other BL/IL solutions. Although the polymer stream ejected was 

discontinuous and further improvements are required in order to produce fibre-mat or 

membrane, two BL fibres were collected and examined using SEM. Only two BL fibres 

could be collected due to the discontinuous streams with high amount of droplets 

produced during the electrospinning process. In addition, most electrospun fibres could 

not stay intact after being soaked in the water coagulation bath for removing the IL 54. 

The first fibre was collected using parameters of 10 cm, 1.5 mL/h and 22 kV (Figure 

7.14a) which had a length of ca. 7 cm and the second fibre was collected using parameters 

of 15 cm, 1.0 mL/h and 18 kV which had a length of ca. 1 cm. They were soaked in 

distilled water for 24 h to remove IL 54 and followed by drying in a vacuum dessicator 

for overnight. They were then examined using SEM.  

 

Figure 7.14. Taylor cones of 5 wt% BL/(5:3)[EMIM]OAc-DMSO at condition at (a) 10 cm, 1.5 

mL/h, 22 kV; (b) 15 cm, 1.0 mL/h, 18 kV 

The first fibre collected at the tip to collector distance of 10 cm is composed of beaded 

fibres (Figure 7.15a). When higher magnification was applied, it can be seen that the 
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fibres consist of uneven surface with diameter typically range in 600 – 1000 nm and they 

tend to connect to each other tightly (Figure 7.15b). When higher magnification was 

applied further, fibres with diameter of ca. 300 cm was found and it can be seen that they 

are bent and knotted fibre (Figure 7.15c). 

 

Figure 7.15. SEM images of BL fibres collected at 10 cm: (a) low magnification, (b) higher 

magnification (c) high magnification to show the details of BL fibres 

The BL fibre collected at the tip to collector distance of 15 cm which is also composed to 

beaded fibres with very uneven surface (Figure 7.16a). When higher magnification was 

used to examine the fibre, it can be seen that the fibres have diameters in the range of 600 

– 1900 nm (Figure 7.16b, c). Unlike the fibre collected at height of 10 cm, individual fibre 

can be seen more clearly and it can also be observed that the fibres are aligned in the same 

direction. 

 

Figure 7.16. SEM images of BL fibres collected at 15 cm: (a) low magnification, (b), (c) higher 

magnification 

It is indeed the first set of experiments conducted that used BL and IL in electrospinning 

to produce fibres. Although further improvements are required to achieve better 

spinnability in order to prepare fibres with uniform morphology, the likelihood of 

electrospinning using BL is clearly shown. 

In summary, various electrospinning conducted using bio-materials/IL solutions. Before 

bio-materials/IL solutions were used in electrospinning, experiments were conducted 

using 10 wt% PVA/H2O with addition of ILs which demonstrated the influence of ILs in 
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electrospinning process as well as morphology of the polymer structures. Electrospinning 

of chitin/IL solutions were proven to be very challenging as chitin/IL solutions that were 

available for electrospinning were limited due to the low solubility of chitin (8) as well 

as high viscosities of certain solutions. Moreover, formation of gel with the applied 

voltage was the major drawback during the electrospinning of chitin/IL. Electrospinning 

of lignin/IL solutions were shown to be difficult and addition of co-solvents could not 

improve the electrospinning process at all. Finally, [EMIM]OAc was a more effective 

solvent to dissolve BL and albeit unstable, electrospinning of BL/[EMIM]OAc was 

observed to give BL fibres. Addition of co-solvents to BL/[EMIM]OAc could improve 

the electrospinning but further work ought to be done in order to produce continuous BL 

fibres. 

7.3 Entanglement of Ionic Liquids and Biopolymers 

In order to gain further understanding with regards to biopolymer/IL electrospinning. 

Additional measurements such as oscillatory rheology and FTIR were completed. In 

addition, different biopolymers such as chitin, lignin are also included in this section to 

provide different comparisons. Herein, values of viscosity of various biopolymer/IL 

solutions as well as the brief electrospinning observations are shown below. As seen on 

the graphs, viscosity of solutions increases linearly with increasing biopolymer 

concentration. Unfortunately, most of these biopolymer/IL solutions are not suitable for 

electrospinning. Generally, formation of gel was a very major drawback when 

electrospinning chitin/IL solutions. On the other hand, electrospray and vigorous spatting 

of lignin/IL solutions occurred that prevented the formation of lignin polymer stream. In 

contrast, electrospinning using BL/[EMIM]OAc was shown to be possible although co-

solvents are required to assist to formation of continuous polymer stream. Although 

viscosity of the polymer solution is a key factor to be considered during electrospinning, 

knowing the values of viscosity of the polymer solutions are not good enough when trying 

to explain the failure of electrospinning of most biopolymer/IL solutions. Therefore, 

oscillatory rheological data and FTIR data were collected for predicting the polymer 

entanglement and ultimately, the aim is to apply these data to understand the importance 

of polymer entanglement required for electrospinning. 

Firstly, viscosities of the biopolymer/IL solutions were measured to determine whether 

they are suitable to be tested on the oscillatory rheometer.  
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In Figure 7.17, it can be seen that viscosity of [EMIM]OAc increased with increasing 

chitin content. Overall, formation of gel occurred when voltage applied during 

electrospinning (Table 7.4) that prevented the formation of chitin fibres. 

 
Figure 7.17. Variation in viscosity with concentration for chitin/[EMIM]OAc 

Table 7.4. Results of electrospinning of 1-3 wt% chitin/[EMIM]OAc 

Concentration of chitin Observations during electrospinning 

1 wt% 

Formation of short, discontinuous gel when voltage was 

applied but Taylor cone and stable stream were not induced 

successfully 

2 wt% 

Formation of longer but also discontinuous gel when 

voltage was applied but Taylor cone and stable stream was 

not induced successfully 

3 wt% 

Formation of gel when voltage was applied but it 

coagulated at the spinneret’s tip to cause clogging. The gel 

had to be wiped out in order to continue the process 

 

In Figure 7.18, it can be seen that viscosity of [AMIM]Cl increased with increasing chitin 

content. Using chitin/[AMIM]Cl, electrospraying and formation of gel occurred when 

voltage applied during electrospinning (Table 7.5) that prevented the formation of chitin 

fibres. Electropsinning using 3 wt% chitin/[AMIM]Cl was particular challenging due to 

its very high viscosity as the polymer solution got stuck in the syringe. 
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Figure 7.18. Graph of viscosity vs concentration of chitin/[AMIM]Cl 

Table 7.5. Results of electrospinning of 1-3 wt% chitin/[AMIM]Cl 

Concentration of chitin Observations during electrospinning 

1 wt% 

Electrospraying occurred at lower heights using certain 

conditions but a continuous stream were not ejected and 

fibres were not produced 

2 wt% 

Taylor cones were observed but gelation occurred very 

quickly. Soft gels were ejected but continuous streams not 

ejected to produce fibres at all 

3 wt% 

Polymer solution is too viscous as it was stuck in the tubing 

and the syringe snapped when pressure was applied to push 

the polymer solution further 

 

Unfortunately, chitin/[BMIM]Cl solutions were not available for electrospinning due to 

their very high values of viscosity as 1 wt% chitin/[BMIM]Cl has viscosity of 12250 cP 

and 2 wt% chitin[BMIM]Cl has viscosity of 15910 cP and 3 wt% chitin/[BMIM]Cl is a 

gel at room temperature. 

Lignin was dissolved in [EMIM]OAc and the viscosities were measured (Figure 7.19) 

and solutions were subjected to electrospinning (Table 7.6). Although a stable Taylor 

cone with a continuous polymer stream produced during the electrospinning of 4 wt% 

lignin/[EMIM]OAc, such result could not be repeated and lignin fibres produced could 

not be collected successfully. Overall, spattering of lignin/[EMIM]OAc solution occurred 
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to prevent formation of lignin fibres were the major drawback when lignin/[EMIM]OAc 

was subjected to electrospinning.  

 
Figure 19. Graph of viscosity vs concentration of lignin/[EMIM]OAc solutions 

Table 6. Results of electrospinning of 1-5 wt% lignin/[EMIM]OAc 

Concentration of lignin Observations during electrospinning 

1 wt% 
Continuous stream was not observed and only lignin/IL 

solution was spattered 

2 wt% 
Continuous stream was not observed and only lignin/IL 

solution was spattered 

3 wt% 
Continuous stream was not observed and only lignin/IL 

solution was spattered 

4 wt% 

A stable Taylor cone formed and continuous ejected at one 

condition but it only lasted for 20 s and such result was not 

repeatable to produce more fibres 

5 wt% 
Continuous stream was not observed and only lignin/IL 

solution was spattered 

 

Similarly, lignin was also dissolved in [BMIM]Cl and the viscosities were measured 

(Figure 7.20) and solutions were subjected to electrospinning (Table 7.7). When 

lignin/[BMIM]Cl solutions were subjected to electrospinning, stable Taylor cone with a 

continuous polymer stream could not be induced.  Electrospraying occurred when 1 and 
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3 wt% lignin/[BMIM]Cl solutions were used but lignin fibres could not be  and collected 

in a water bath. 

 
Figure 7.20. Graph of viscosity vs concentration of lignin/[BMIM]Cl solutions 

Table 7.7. Results of electrospinning of 1-5 wt% lignin/[BMIM]Cl 

Concentration of lignin Observations during electrospinning 

1 wt% 
Electrospraying occurred but stable Taylor cone, 

continuous stream was not observed to produce fibres 

2 wt% 
Continuous stream was not observed and only lignin/IL 

droplets were spattered 

3 wt% 
Electrospraying occurred but stable Taylor cone, 

continuous stream was not observed to produce fibres 

4 wt% 
Continuous stream was not observed and only lignin/IL 

droplets were spattered 

5 wt% 
Continuous stream was not observed and only lignin/IL 

droplets were spattered 

 

Solutions of lignin/[AMIM]Cl were also prepared and the viscosities were measured 

(Figure 7.21) and solutions were subjected to electrospinning (Table 7.8).The 

observations for electrospinning of lignin/[AMIM]Cl solutions were very similar to that 

of lignin/[BMIM]Cl. Overall, lignin/[AMIM]Cl solutions consist of much higher values 

of viscosity compared to all lignin/[EMIM]OAc and lignin/[BMIM]Cl with the same 
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lignin content. When 2 and 3 wt% lignin/[EMIM]OAc were used, electrospraying 

occurred but lignin fibres cannot be produced and collected in the coagulated bath. 

 

Figure 7.21. Graph of viscosity vs concentration of lignin/[AMIM]Cl solutions 

Table 7.8. Results of electrospinning of 1-5 wt% lignin/[AMIM]Cl 

Concentration of lignin Observations during electrospinning 

1 wt% 
Continuous stream was not observed and only lignin/IL 

droplets were spattered 

2 wt% 
Electrospraying occurred but stable Taylor cone, 

continuous stream was not observed to produce fibres 

3 wt% 
Electrospraying occurred but stable Taylor cone, 

continuous stream was not observed to produce fibres 

4 wt% 
Continuous stream was not observed and only lignin/IL 

droplets were spattered 

5 wt% 
Continuous stream was not observed and only lignin/IL 

droplets were spattered 

 
 

Finally, a graph of viscosity vs concentration of BL/[EMIM]OAc solutions was also 

drawn and shown in Figure 7.22 below. As discussed, [EMIM]OAc is a much powerful 

solvent to dissolve BL compared to using other two ILs. When [AMIM]Cl and [BMIM]Cl 

were used to dissolve BL, most BL pieces remained intact. Moreover, electrospinning of 

BL/[EMIM]OAc was shown to be possible to produce BL fibres although incorporation 
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of co-solvent is required to produce continuous stream. Their oscillatory rheological data 

of these BL/IL solutions are then compared in order to further understand the different 

outcomes of electrospinning. 

 

Figure 7.22. Graph of viscosity vs concentration of BL/[EMIM]OAc solutions 

7.3.1 Oscillatory rheology 

As Entanglement is one of the key features for electrospinning and so oscillatory 

rheological and FTIR data were collected to estimate the interactions between ILs and 

biopolymers. In this section, ionic liquids solutions of chitin and lignin are also included 

along with BL. The oscillatory rheometer is a useful tool to characterise the 

entanglements between the polymers and ILs.444 By applying the oscillatory rheometer, 

the viscoelastic properties of the polymer solutions can be obtained which can then be 

used to estimate their molecular weight between entanglements (𝑀𝑒). This quantity can 

represent the spacing between two neighbouring entanglements in a polymer solution or 

the entanglements present in a system.445 On the other hand, fourier transform infrared 

spectroscopy (FTIR) was also used to analyse the polymer/IL mixtures which is one of 

the fastest and most convenient method to determine the inter- and intramolecular 

interactions.446 The aim of this study is to indicate whether the rheological properties can 

be explained or whether different biomaterial – ionic liquid system exhibit different inter- 

and intra-molecular interactions by analysing the relative FTIR data. 

The 𝐺′ (storage modulus/elastic component) and 𝐺" (loss modulus/viscous component) 

curves obtained using the oscillatory rheometer which can then be used to plot the curve 

for loss tangent (tan 𝛿 =
𝐺′

𝐺"). Using all these curves, the plateau modulus (𝐺𝑁
0) can be 
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obtained which defined as the 𝐺′ value where tan 𝛿 is at minimum.447 The molecular 

weight between entanglements (𝑀𝑒) can be calculate using equation, 𝑀𝑒 =
103𝑐𝑅𝑇

𝐺𝑁
0  where 

𝑐  = mass concentration/density of polymer solution, 𝑅  = gas constant (8.314 

𝐽𝐾−1𝑚𝑜𝑙−1)448 and 𝑇 = temperature in kelvin ( 298.15 𝐾).449 

All values of 𝑀𝑒 of different biopolymer/IL solutions are listed in Table 7.9 below. Full 

details with regards to the relevant measurements are discussed later in this chapter. 

Overall, it is noticed that 2 wt% chitin/[EMIM]OAc and 5 wt% BL/[EMIM]OAc consist 

of the two highest values of 𝑀𝑒 of 4.63 x 1010 and 7.30 x 107 respectively as highlighted 

in Table 9. The former biopolymer/IL solution led to formation of gel during 

electrospinning but the latter exhibited the possibility of producing biopolymer fibres 

using electrospinning. These results have implied that a certain value of 𝑀𝑒 is required 

for electrospinning but when the value is too high, this could bring negative outcome such 

as formation of gel as displayed by the 2 wt% chitin/[EMIM]/OAc. 

Table 7.9. Values of 𝑀𝑒 for a selection of biopolymer/IL solutions 

Polymer solution Value of 𝑴𝒆 

2 wt% chitin/[AMIM]/Cl 2.54 x 106 

2 wt% chitin/[BMIM]/Cl 2.58 x 106 

2 wt% chitin/[EMIM]/OAc 4.63 x 1010 

5 wt% lignin/[AMIM]/Cl 2.33 x 106 

5 wt% lignin/[BMIM]/Cl 7.70 x 105 

5 wt% lignin/[EMIM]/OAc 1.36x 106 

5 wt% BL/[AMIM]/Cl 2.47 x 106 

5 wt% BL/[BMIM]/Cl 5.79 x 105 

5 wt% BL/[EMIM]/OAc 7.30 x 107 

 

7.3.1.1 Oscillatory rheological data for chitin/IL solutions 

The results for chitin/IL solution are tabulated in Table 7.10 and the relevant graphs are 

shown below. Although both electrospinning of 2 wt% chitin/[AMIM]Cl and 

chitin/[EMIM]OAc induced formation of gel when voltage was applied, the latter has a 

much higher value of 𝑀𝑒. Although 2 wt% chitin/[BMIM]Cl has a very high viscosity of 12250 

cP, its value of 𝑀𝑒 is very similar to that of 2 wt% chitin/[AMIM]Cl. Hence, these results can 
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imply that the molecular weight between entanglements (𝑀𝑒) are independent from their 

values of viscosity. 

Table 7.10. Values of 𝑀𝑒 for chitin/ionic liquid solutions 

Polymer 

solution 

2 wt% 

chitin/[AMIM]Cl 

2 wt% 

chitin/[BMIM]Cl 

2 wt% 

chitin/[EMIM]OAc 

𝑴𝒆 2.54 x 106 2.58 x 106 4.63 x 1010 

 

According curves in Figure 7.23, most 𝐺" values are higher than that of 𝐺′ which indicate 

the polymer solution has a stronger viscous character. With the aid of tan 𝛿 curve, 𝐺𝑁
0  

was determined to be 1291.55 Pa and so, 𝑀𝑒of 2 wt% chitin/[AMIM]Cl is 2.54 x 106
 

 

Figure 7.23. log(𝐺′) log(𝐺") and tan 𝛿 curves for 2 wt% chitin/[AMIM]Cl 

The curves obtained for 2 wt% chitin/[BMIM]Cl (Figure 7.24) have similar pattern 

compared to that of 2 wt% chitin/[AMIM]Cl since the solution also displayed a stronger 

viscous character. With 𝐺𝑁
0  determined to be 1199.35 Pa, 𝑀𝑒 of 2 wt% chitin/[BMIM]Cl 

is 2.58 x 106. 
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Figure 7.24. log(𝐺′), log(𝐺") and tan 𝛿 curves for 2 wt% chitin/[BMIM]Cl 

In contrast, 2 wt% chitin/[EMIM]OAc exhibited totally different pattern (Figure 7.25). 

This material has a stronger elastic character in general. With a lower number of 𝐺𝑁
0  

determined to be 645.80 Pa, 2 wt% chitin/[EMIM]OAc has a much higher 𝑀𝑒 value of 

4.63 x 1010. 

 

Figure 7.25. log(𝐺′), log(𝐺") and tan 𝛿 curves for 2 wt% chitin/[EMIM]OAc 

7.3.1.2 Oscillatory rheological data for lignin/IL solutions 

The results for lignin/IL solution are tabulated in Table 7.11 and the relevant graphs are 

shown below. 5 wt% lignin/IL solutions were measured as slippage often occurred 

between the parallel plates when measuring the lignin/IL solutions consisted of lower 

lignin content, especially for lignin/[EMIM]OAc which consist of viscosity below 300cP. 

Table 7.11. Values of 𝑀𝑒 for lignin/ionic liquid solutions 

Polymer 

solution 

5 wt% 

lignin/[AMIM]Cl 

5 wt% 

lignin/[BMIM]Cl 

5 wt% 

lignin/[EMIM]OAc 

𝑴𝒆 2.33 x 106 7.70 x 105 1.36 x 106 

5 wt% lignin/[AMIM]Cl (Figure 7.26) showed overall stronger viscous character. 𝐺𝑁
0  was 

determined to be 1291.55 Pa and its value of 𝑀𝑒 is 2.33 x 106
. 
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Figure 7.26. log(𝐺′), log(𝐺") and tan 𝛿 curves for 5 wt% lignin/[AMIM]Cl 

5 wt% lignin/[BMIM]Cl (Figure 7.27) also showed overall stronger viscous character. 

𝐺𝑁
0  was determined to be 4197.98 Pa and has a slightly lower value of 𝑀𝑒, 7.70 x 105

. 

 

Figure 7.27. log(𝐺′), log(𝐺") and tan 𝛿 curves for 5 wt% lignin/[BMIM]Cl 

In figure 7.28, it can be seen that 5 wt% lignin/[EMIM]OAc had a stronger viscous 

character at lower frequency. When frequency increased, the viscous and elastic 

characters became also identical. 𝐺𝑁
0  was determined to be 2183.38 Pa that led to 𝑀𝑒 of 

1.36 x 106
. 
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Figure 7.28. log(𝐺′), log(𝐺") and tan 𝛿 curves for 5 wt% lignin/[EMIM]OAc 

7.3.1.3 Oscillatory rheological data for BL/IL solutions 

Finally, the results for BL/IL solution are tabulated in Table 7.12 and the relevant graphs 

are shown below. 5 wt% BL/[EMIM]OAc consists of higher 𝑀𝑒  value of 7.30 x 107 

compared to the other BL/IL solutions. This could imply that the higher molecular weight 

between entanglements can favour the electrospinning process. Hence, electrospinning of 

5 wt% BL/[EMIM]OAc had proven to be possible. 

Table 7.12. Values of 𝑀𝑒 for lignin/ionic liquid solutions 

Polymer solution 5 wt% BL/[AMIM]Cl 5 wt% BL/[BMIM]Cl 5 wt% BL/[EMIM]OAc 

𝑴𝒆 2.47 x 106 5.79 x 105 7.30 x 107 

 

5 wt% BL/[AMIM]Cl exhibited a viscous character at lower frequency until the 

intersection of two curves (Figure 7.29). With 𝐺𝑁
0  determined to be 1232.85 Pa, value of 

𝑀𝑒 is 2.47 x 106 

 

Figure 7.29. log(𝐺′), log(𝐺") and tan 𝛿 curves for 5 wt% BL/[AMIM]Cl 
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5 wt% BL/[BMIM]Cl (Figure 7.30) showed a distinctive viscous character at lower 

frequency. Its 𝐺𝑁
0  was determined as 4936.29 Pa and thus, it has 𝑀𝑒 value of 5.79 x 105 

 

Figure 7.30. log(𝐺′), log(𝐺") and tan 𝛿 curves for 5 wt% BL/[BMIM]Cl 

Similarly, 5 wt% BL/[EMIM]OAc (Figure 7.31) displayed a higher viscous character at 

lower frequency. A low 𝐺𝑁
0  value was determined as 39.81 Pa and therefore, it has 𝑀𝑒 

value of 7.30 x 107 

 

Figure 7.31. log(𝐺′), log(𝐺") and tan 𝛿 curves for 5 wt% BL/[EMIM]OAc 

7.3.2 FTIR of biopolymer/IL solutions 

After oscillatory rheology data collected, FTIR spectra were then collected in order to 

understand the hydrogen bonding between the biopolymer and ILs. The polymer 

entanglement in the ILs can be influenced by intermolecular hydrogen bonding between 

the polymer network and ILs.450 The aim is to see whether it is possible to observe a trend 

or see whether the molecular weight between entanglements (𝑀𝑒) are influence by the 

hydrogen bonding present in the biopolymer/IL solutions. 
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7.3.2.1. FTIR of chitin/IL solutions 

In the FTIR spectrum of chitin, there are ranges that are attributed to the hydrogen 

bonding which should be considered. For instances, peaks appeared in the range of ca. 

1000 – 1200 cm-1 corresponded to C-O-C/C-O stretching and in particular, the peak at 

1154 cm-1 was related to the C-O stretching of C-OH group in the polysaccharide unit is 

often influenced by hydrogen bonding.451,452 The amide band in the range of ca. 1620 – 

1660 cm-1 that split into two components at 1621 and 1652 cm-1 due to hydrogen 

bonding.414 In the range of 3000-3600 cm-1, board absorption peak ascribed by the 

stretching vibration mode of hydrogen bonded groups. In the case of chitin that was 

studied in this research, peaks appear at 3103, 3260 and 3426 cm-1 corresponded to two 

–NH stretching modes and –OH stretching mode respectively.414 

By comparing the FTIR spectra of 2 wt% chitin/[AMIM]Cl, pure [AMIM]Cl and pure 

chitin, it can be seen that the FTIR spectra of 2 wt% chitin/[AMIM]Cl, pure [AMIM]Cl 

are very similar. However, it was noted that some new peaks appeared in the FTIR of 2 

wt% chitin/[AMIM]Cl that should be influenced by the hydrogen bonding between the 

IL and chitin. The two amide bands at 1621 and 1652 cm-1 in the FTIR of chitin had 

shifted to 1626 and 1645 cm-1 which were located closer together (Figure 7.32a). Peak at 

3260 cm-1 of chitin shifted to 3263 cm-1 (Figure 7.32b) in the spectrum of 2 wt% 

chitin/[AMIM]Cl could imply a weaker intermolecular hydrogen bonding between chitin 

with the presence of [AMIM]Cl. 

 

Figure 7.32. Partial FTIR for 2 wt% chitin/[AMIM]Cl, chitin and [AMIM]Cl at (a) 1590 – 1700 

cm-1; (b) 3180 – 3650 cm-1  
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In the case when [BMIM]Cl was used to prepare 2 wt% chitin/IL. The spectrum of 2 wt% 

chitin/[BMIM]Cl also appeared to be very similar to that of pure [BMIM]Cl. Some 

similar changes were seen in the comparisons of spectra for 2 wt% chitin/[BMIM]Cl, 

pure [BMIM]Cl and pure chitin. Peaks at 1621 and 1652 cm-1 in the FTIR of chitin had 

shifted and appeared to be a lower wavenumber at 1648 cm-1 (Figure 7.33). However, the 

peaks corresponded to the intermolecular hydrogen bonding of chitin in the range of 3000 

– 3600 cm-1 region were not seen. 

 

Figure 7.33. Partial FTIR for 2 wt% chitin/[BMIM]Cl, chitin and [BMIM]Cl at 1590–1700 cm-1 

In contrast, slightly more changes appeared between the spectra of 2 wt% 

chitin/[EMIM]OAc, pure [EMIM]OAc. Some peaks in the region of 1000 – 1200 cm-1 in 

the chitin’s FTIR appeared in the 2 wt% chitin/[EMIM]OAc’s spectrum. For instances, 

peaks at 1010, 1068, 1112 and 1154 cm-1 had shifted to 1004, 1042, 1090 and 1119 cm-1 

respectively (Figure 7.34a). Since the peaks had shifted to lower wavenumbers, this could 

imply stronger interactions induced with the presence of [EMIM]OAc. Peaks at 1621 and 

1652 cm-1 had shifted to 1635 and 1668 cm-1 (Figure 7.34b). Since the splitting of this 

amide band was slightly increased to 3 cm-1, this could imply a further influence of 

hydrogen bonding with the presence of [EMIM]OAc. More changes can be seen in the 

region of 3000 – 3600 cm-1 as the peaks in this range do not resemble any peaks in neither 

the spectrum of pure [EMIM]OAc nor chitin (Figure 7.34c). It is suggested that the 

intermolecular hydrogen bonds of chitin were disrupted by [EMIM]OAc or new 

interactions induced between chitin and [EMIM]OAc. Compared to chitin/[AMIM]Cl 

and chitin/[BMIM]Cl solutions, the changes appear in the FTIR spectrum are more 
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significant. This can perhaps, explain the highest 𝑀𝑒  value that was recorded for 

chitin/[EMIM]OAc solution. 

 

Figure 7.34. Partial FTIR for 2 wt% chitin/[EMIM]OAc, chitin and [EMIM]OAc at (a) 960 – 

1170 cm-1; (b) 1600 – 1700 cm-1; (c) 2750 – 3650 cm-1 

7.3.2.2. FTIR of lignin/IL solutions 

The characteristic peaks appear in the lignin’s FTIR include 1080 cm-1 and 1213 cm-1 for 

the aliphatic ether and secondary aliphatic hydroxyl groups respectively; guaiacyl ring’s 

C-O-C/C-O stretching at 1265 cm-1; phenolic hydroxyl groups at 1371 cm-1; C-H 

vibrations at 1424 (methoxyl groups and aromatic rings) 1451 (methoxyl) and  1512 cm-

1 (aromatic rings); aromatic C-H vibration along with C=O stretching at 1593 cm-1; 

methoxyl groups C-H stretching at 2844 and 2937 cm-1;453 a broad peak for methoxyl 

groups O-H stretching at 3224 cm-1 which could assigned for intermolecular hydrogen 

bonding.454,455 

In the comparison of FTIR for 5 wt% lignin/[AMIM]Cl, pure [AMIM]Cl and pure lignin, 

it could be seen that spectra for 5 wt% lignin/[AMIM]Cl and pure [AMIM]Cl very 

similar. In the spectrum of 5 wt% lignin/[AMIM]Cl, a new peak appeared at 1513 cm-1 

(Figure 35a) which should be originated from the aromatic C-H vibration in lignin.453 In 

addition, peaks in the range of 2800 – 3500 cm-1 had slightly shifted to lower 

wavenumbers compared to the original [AMIM]Cl spectrum. For instances, peaks at 

2856, 3065, 3140 (C-H vibrations) and 3378 cm-1 (O-H vibration) from the pure 

[AMIM]Cl FTIR had shifted to 2855, 3056, 3139 and 3377 cm-1 in the 5 wt% 

lignin/[AMIM]Cl’s spectrum respectively (Figure 7.35b) which could indicate a slightly 

stronger hydrogen bonding induced in the mixture.455 
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Figure 7.35. Partial FTIR for 5 wt% lignin/[AMIM]Cl, lignin and [AMIM]Cl at (a) 1490 – 1540 

cm-1; (b) 2800 – 3600 cm-1 

Similar observations were noted when comparing the spectra for 5 wt% 

lignin/[BMIM]Cl, pure [BMIM]Cl and pure lignin. A new peak at 1514 cm-1 that 

originated from the aromatic C-H vibration in lignin (Figure 7.36a).453 Peaks in the region 

of 2800 – 3500 cm-1 had also shifted compared to the original pure [BMIM]Cl spectrum. 

Unlike the case of using [AMIM]Cl as the solvent, the peaks shifted to higher 

wavenumbers. Peaks at 2873, 2935, 2959, 3065, 3142 (C-H vibrations) and 3390 cm-1 

(O-H vibrations) had shifted to 2874, 2936, 2961, 3079, 3145 and 3391 cm-1 (Figure 

7.36b). As shifting occurred at higher wavenumbers, it is likely that weaker hydrogen 

bonding induced.455 

 
Figure 7.36. Partial FTIR for 5 wt% lignin/[BMIM]Cl, lignin and [BMIM]Cl at (a) 1490 – 

1540 cm-1; (b) 2790 – 3750 cm-1 
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Slightly observations were noted when comparing the spectra for 5 wt% 

lignin/[EMIM]OAc, pure [EMIM]OAc and pure lignin. Intensity of the peak at 1040 cm-

1 ([EMIM]OAc) increased and shifted to 1041 cm-1 (5 wt% lignin/[EMIM]OAc) which 

should be influenced by the peak at 1029 cm-1 (pure lignin) ascribed to the aromatic C-H 

in-plane deformation (Figure 7.37a).453 In the region of 2800 – 3500 cm-1, peaks were 

shifted more distinctively compared to the spectrum for [EMIM]OAc. For instances, 

peaks at 2982, 3089, 3148 (C-H vibrations) and 3346 cm-1 (O-H vibration) from the 

[EMIM]OAc FTIR had shifted to 2977, 3070, 3143 and 3340 cm-1 in the spectrum of 5 

wt% lignin/[EMIM]OAc (Figure 7.37b). Since the peaks shifted more compared to 

BL/[AMIM]Cl and BL/[BMIM]Cl , this should indicate that stronger hydrogen bonds455 

present in the polymer solution. Perhaps, this could also explain a higher 𝑀𝑒 value recorded 

for BL/[EMIM]OAc. 

 

Figure 7.37. Partial FTIR for 5 wt% lignin/[EMIM]OAc, lignin and [EMIM]OAc at (a) 1025 – 

1060 cm-1; (b) 2750 – 3650 cm-1 

7.3.2.3. FTIR of BL/IL solutions 

The banana leaves used in this study composed of leaf blades including midribs. Although 

their chemical compositions can be varied due to numerous types of banana plants as well 

as their growing conditions, the most common banana plant is known as Cavendish and 

the chemical compositions in the plant can be used as reference.456 In the leaf blades and 

midribs, major components are holocellulose, cellulose, lignin as well as minor 

components include ash, various extractives, pentosanes, proteins and starch.457 Hence, 

FTIR of plant leaves are often complex. Apart from the biopolymers and organic 
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constituents mentioned, some of peaks arise due to the waxy layer, water content and lead 

to multiple overlaps in the spectrum.458 In the case of banana leaf, their distinctive peaks 

include 1265 and 1371 cm-1 assigned for aromatic-OCH3 stretching for guaiacyl rings and 

syringyl rings respectively; 1735 cm-1 for C=O bond (ester groups, non-conjugated fatty 

acids); 2850 and 2914 cm-1 for C-H stretching (aliphatic compounds) and broad peak at 

3353 cm-1 to indicate the intermolecular hydrogen bonding.457,292 

In the comparison of FTIR for 5 wt% BL/[AMIM]Cl, pure [AMIM]Cl and pure banana 

leaf, it could be seen that spectra for 5 wt% BL/[AMIM]Cl and pure [AMIM]Cl very 

similar. New peaks were not seen and the only difference was the shifting in the region 

of 2800 – 3200 cm-1. Peaks at 2856, 3065, 3140 cm-1 (C-H stretching for pure [AMIM]Cl) 

had slightly shifted to 2854, 3064, 3139 cm-1 in the spectrum for 5 wt% BL/[AMIM]Cl 

(Figure 7.38). 

 

Figure 7.38. Partial FTIR for 5 wt% BL/[AMIM]Cl, BL and [AMIM]Cl at 2750 – 3750 cm-1 

Similarly, FTIR for 5 wt% BL/[BMIM]Cl, pure [BMIM]Cl and pure banana leaf were 

compared. Peak at 1250 cm-1 of pure [BMIM]Cl had shift to 1260 cm-1 in the spectrum 

of 5 wt% BL/[BMIM]Cl and it was very likely to be influenced by the BL peak at 1265 

cm-1 which ascribed for guaiacyl aromatic-OCH3 stretching. In the region of 2800 – 3500 

cm-1, peaks at 2873, 2935, 2959, 3065, 3142 cm-1 (C-H stretching) and 3390 cm-1 (O-H 

vibration/intermolecular hydrogen bonding) for pure [BMIM]Cl had shifted to 2872, 

2934, 2958, 3059, 3140 and 3385 cm-1 which indicate a stronger intermolecular hydrogen 

bonding induced in solution of 5 wt% BL/[BMIM]Cl (Figure 7.39). 



Entanglement of Ionic Liquids and Biopolymer 
 

- 181 - 
 

 

Figure 7.39. Partial FTIR for 5 wt% BL/[BMIM]Cl, BL and [BMIM]Cl at (a) 1220 – 1300 cm-1; 

(b) 2750 – 3750 cm-1 

Finally, FTIR spectra of 5 wt% BL/[EMIM]OAc, pure [EMIM]OAc and pure banana leaf 

were compared. In the FTIR of BL/[EMIM]OAc, a new shoulder peak at 1633 cm-1 

appeared which should be influenced by the stretching of conjugated C=C bonds to 

aromatic ring in the banana leaf.457 In the region of 2800 – 3500 cm-1, peaks also shifted 

to lower wavenumbers. The C-H stretching modes at 2982, 3089, 3148 cm-1 and O-H 

vibrations/hydrogen bonds at 3346 cm-1 had shifted to 2979, 3064, 3145 and 3273 cm-1 

(Figure 7.40). Compared to the shifting occurred when using [AMIM]Cl and [BMIM]Cl, 

the differences were more distinctively when [EMIM]OAc were used which showed the 

strongest intermolecular hydrogen bonding induced.455 

 
Figure 7.40. Partial FTIR for 5 wt% BL/[EMIM]OAc, BL and [EMIM]OAc at (a) 1580 – 1700 

cm-1; (b) 2750 – 3750 cm-1 
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7.4 Bioassay (Bacterial Studies of Casted BL Membrane) 

In order to produce BL-membrane that can be used on bioassay, film-casting was applied 

using [EMIM]OAc as it is the most effective solvent to dissolve BL easily. After stirring 

the BL pieces in [EMIM]OAc at 120 °C for overnight, precipitate that remained in the 

BL/[EMIM]OAc can be suspended using centrifuge and removed. The BL/[EMIM]OAc 

solution can then be subjected into a water bath (Figure 7.41a) to remove the excess IL. 

This method can be used to produce BL film, beads and fibres (Figure 7.41b). The water 

in the coagulation bath was exchanged with fresh water every hour to give BL film 

consisted of brownish green colour (Figure 7.41c).  

 

Figure 7.41. (a) Wet-spinning of BL/[EMIM]OAc into water, (b) BL film, beads and fibres 

coagulated in the water bath, dissolved in (a) [EMIM]OAc, (b) BL film after processed with IL 

Upon drying, shelf-life of the BL product was extended to at least 1 year. Its FTIR 

spectrum was recorded and compared to that of fresh BL (Figure 7.42). Key FTIR 

absorption band of fresh BL include a very strong and broad peak at 1035 cm-1 (C-O-C 

symmetric stretching and C-O stretching vibration of carbohydrates and lignin), broad 

medium peak at 1167 cm-1 (CO, C-O-C bonds of carbohydrates), a broad peak at 1640 

cm-1 (overlapping of C-C, C=C, OH, CO, C-O-C, CH aromatic, CHn bands), sharp peak 

at 1735 (C=O bond of carbohydrates and lignin), sharp peaks at 2850, 2918 cm-1 (CHn, 

aliphatic and aromatic of carbohydrates and lignin) and a broad peak at 3353 cm-1 

(hydroxyl group and bonded O-H stretching of carbohydrates and lignin).459 After film 

casting, some of the peaks were shifted as the C-O-C symmetric stretching and C-O 

stretching vibration of carbohydrates and lignin shifted to higher wavenumber 1045 cm-

1, CO, C-O-C bonds of carbohydrates peak shifted to lower wavenumber at 1158 cm-1, 

the overlapping of C-C, C=C, OH, CO, C-O-C, CH aromatic, CHn bands shifted to higher 

wavenumber at 1647 cm-1. The C=O bond of carbohydrates and lignin at 1735 cm-1 was 
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not shifted but became very weak. The three remaining peaks at higher wavenumbers 

were also unshifted but the intensities reduce. They are the sharp peaks at 2850, 2919 cm-

1 (CHn, aliphatic and aromatic of carbohydrates and lignin) and a broad peak at 3284 cm-

1 (hydroxyl group and bonded O-H stretching of carbohydrates and lignin). 
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Figure 7.42. FTIR spectra of fresh BL and BL film obtained using film casting 

The BL film was then tested with microbes include two Escherichia coli (E. coli) strains, 

two Staphylococcus aureus (S. aureus) strains, one Candida strain and three 

Pseudomonas strains using Kirby-Bauer disk diffusion method. Unfortunately, clear 

inhibition zones cannot be seen surrounding the BL pieces. Although it was observed that 

the agar plates containing MSSA Newman and Pseudomonas PA14, colonies around the 

BL pieces seemed to be reduced (Figure 7.43) but the effects were not significant and 

conclusions cannot be determined regarding to the antimicrobial property of this BL 

product. 

 

Figure 7.43. Pure BL discs on incubated (a) MRSA JE2 and (b) MSSA Newman 

  



Chapter 8. Conclusions 
 

- 184 - 
 

 

  

Chapter 8. 

Conclusion 



Chapter 8. Conclusions 
 

- 185 - 
 

8. Conclusions 

In this project, a selection of biopolymer constructs were investigated with the specific 

aim of translating the intrinsic antimicrobial properties of naturally occurring materials 

(e.g. chitin, lignin, banana leaf) to a biodegradable polymer (PLA) for possible 

biomedical applications (e.g. would healing). The majority of the materials prepared were 

based on a composite of PLA with different naturally occurring additives and a 

plasticizer, the latter added to alter the physical properties of the PLA.  

The first half of the project focused on using chitin, lignin and banana leaves as the 

biomaterial of interest and on using ionic liquids as the powerful solvents to prepare 

constructs via either electrospinning or film casting these solutions.  

In the second half of the project, the biopolymer PLA was filled with naturally occurring 

materials that have intrinsic antimicrobial properties (i.e. chitin and lignin) and a synthetic 

nanoparticle, WS2 which is known to be non-toxic. The effectiveness of triacetin as a 

plasticizer for the composites of PLA with chitin and lignin was also investigated. Melt-

extrusion and injection moulding were the main techniques used to produce a selection 

of non-plasticized and plasticized PLLA-based composites for chitin and lignin content 

of 10 wt% and, for WS2 loading up to 5 wt%.  

The physical properties of all composites were measured as a function of 

chitin/lignin/WS2 loading. The antimicrobial efficacy of these materials was tested using 

a range of bioassays. Composites of plasticized PLLA and lignin can reduce biofilm 

formation of two S. aureus strains 

8.1 Plasticized and Non-plasticized Composites of PLA and lignin 

PLA-based composites with 0, 0.5, 1, 2, 3, 5 and 10 wt% lignin via melt-extrusion. 

Another set of composites with the same compositions of PLA and lignin that contained 

20 wt% triacetin as a plasticizer was also produced. 

One of the most profound feature shown from this chapter is the fact that the intrinsic 

antimicrobial properties of lignin could be translated to PLA. When the Kirby-Bauer disk 

diffusion tests were applied, it was proven that lignin can inhibit the growth of MRSA JE2 

as well as MSSA Newman. This is indeed consistent with other studies which reported the 

antimicrobial properties shown by phenolic compounds70,76,78 Although PLA-based 

composites incorporated with lignin does not exhibit antimicrobial properties, the 

triacetin-plasticized PLA-based composites incorporated with lignin were able to reduce 
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the formation of biofilm. This is indeed, a great example to inspire the design of an 

antimicrobial material as this indicates the importance of choosing a material with 

intrinsic antimicrobial properties as well as having an additional material which is a 

plasticizer in this case to deliver or enhance their functions in the polymer matrix. 

With the aid of plasticizer, lignin can translate its intrinsic antimicrobial properties to 

PLA. In the comparison of the physical properties of the both un-plasticized and 

plasticized PLA/lignin composites, incorporation of lignin did not dramatically alter the 

Tg of the composites. In terms of mechanical strengths, values of UTS and elongation at 

breaks are inversely proportional to the content (wt%) of lignin. In contrast, values of YM 

slightly increased with increasing lignin content (wt%). Same trends for UTS and 

elongation were observed for the plasticized PLA/lignin-composites but ANOVA 

statistical test reveals that the plasticized samples have the same variance in terms of the 

values of YM. 

Apart from delivering the antimicrobial properties of lignin, triacetin as a plasticizer can 

also reduce the values of Tg of the composites according to both DSC and DMTA results.  

On the other hand, incorporation of plasticizer resulted in the reduction of YM and UTS 

but the elongation at breaks were extended by more than 100 times. 

Overall, further studies are required to explore the antimicrobial properties of plasticized 

PLA/lignin composites. These plasticized samples can be further tested on more bacteria 

to deeply understand the antimicrobial activities. In addition, the optimum content of 

lignin (wt%) and plasticizer (wt%) can be investigated for further enhancing the 

antimicrobial efficacy of the PLA-based composites. 

8.2 Plasticized and Non-plasticized Composites of PLA and Chitin 

PLA-based composites with 0, 0.5, 1, 2, 3, 5 and 10 wt% chitin via melt-extrusion. 

Another set of composites with the same compositions of PLA and chitin that contained 

20 wt% triacetin as a plasticizer was also produced. 

Chitin is a bacteriostatic237 material and did not antimicrobial properties during the Kirby-

Bauer diffusion tests. Growth curves of E. coli. (strains K12 and Sakai), MRSA JE2 and 

MSSA Newman were obtained in the presence of non-plasticized and plasticized 

composites with the lowest and highest chitin concentration, growths of both E. coli. K12 

and Sakai were suppressed by plasticized PLA composite with 10 wt% chitin. However, 

the overall results were inconsistent when compared with two other repeats. 

Unfortunately, the antimicrobial properties of PLA/chitin are yet to be confirmed. 
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In the comparison of the physical properties, Tg values of the composites are not depend 

upon the chitin content (wt%). According to the mechanical test, both values of UTS and 

elongation at breaks decreased slightly with increasing chitin content (wt%) whereas, YM 

increased slightly with increasing chitin content (wt%). After plasticization with triacetin, 

values of UTS and YM increased with increasing chitin content (wt%) whereas the 

elongation at breaks decreased with increasing chitin content (wt%). 

Generally, plasticizer reduced the values of Tg of the composites according to both DSC 

and DMTA results. On the other hand, incorporation of plasticizer resulted in the 

reduction of YM and UTS but the elongation at breaks were extended by more than 100 

times. These effects were also consistent with the PLA/lignin composites after 

plasticization. Moreover, plasticizer in this set of composites can indeed act as a 

dispersing aid for chitin as well as fill the void volume between PLA and chitin to improve 

chitin dispersion and aggregation. This was supported by the SEM images which can be 

seen that plasticized composites consist of smoother fracture surfaces and smaller chitin 

particles. 

Overall, there was small evidence that plasticized PLA composite with 10 wt% chitin can 

suppress the growth of E. coli. K12 and hence, further experiments should be conducted 

to confirm such antimicrobial activity. 

8.3 Composites of PLA and WS2 

PLA-based composites with 0, 0.5, 1, 2, 3 and 5 wt% WS2 via melt-extrusion. This is by 

far the first study that produce PLA/based composites with up to 5 wt% of WS2. The 

major interest lies upon on the potential in biomedical application and hence, bioassays 

were conducted using some bacteria as well as HUVEC cells. During the bioassays, the 

composites were firstly tested with E. coli K12 and Sakai. However, the growths of both 

strains were not affected by the composites at all. When bioassays were further conducted 

using HUVEC cells, the results indicated that the composites did not inhibit the growth 

of the HUVEC cells, they had influenced the cell attachment on the composites’ surfaces. 

Finally, contact angles of the composites were measured which confirmed that 

incorporation of WS2 can alter biomaterial surfaces enhanced influenced the cellular 

attachment and proliferation of tissue culture and engineering. 

In the comparison of the physical properties of the composites, some features of the 

composites are independent on the WS2 content (wt%). For instance, all PLA/WS2 

composites have the same Tg values according to the DMTA and DSC data. GPC data 
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revealed that all samples detected at the same retention time and consisted of Mw within 

the range of 120 – 136 kg/mol. During the mechanical tests, the elongation at breaks (%) 

were not influenced by the WS2 content (wt%). However, there are some features of the 

composites that can be influenced by the incorporation of WS2. For instance, a small 

descending trend was seen with increasing WS2 content (wt%) but a small ascending 

trend was seen with increasing WS2 content (wt%). TGA analysis revealed that all 

PLA/WS2 composites degraded at a lower temperature compared to the neat PLA in the 

ambient atmosphere. When the composites were examined using PLM, it was observed 

that WS2 can promote formation of spherulites when the composites annealed which 

showed that WS2 can act as nucleation sites in the composites. 

In this chapter, a selection of PLA/WS2 composites were produced and their physical 

properties were analysed in details to understand the features of these composites. The 

bioassays can show the potential of these composites to be developed for biomedicine 

and further tests such as cytotoxicity should be conducted to explore these potentials. 

8.4 Electrospinning of Chitin, Lignin and BL and the Entanglement Studies 

[EMIM]OAc is the best candidate over and above [AMIM]Cl and [BMIM]Cl to dissolve 

BL and it was possible to electrospin BL/[EMIM]OAc to give BL fibres. Previously, 

electrospinning of lignin/IL and chitin/IL solution was attempted. However, the 

continuous stream cannot be observed using lignin/IL solutions and although a Taylor 

cone with a continuous stream was observed using a 2 wt% chitin/[EMIM]OAc solution, 

a gel formed during the process. Based upon the nature of the biopolymer/IL solutions 

such as viscosities, ease of handling for the oscillatory rheometer, solutions of 2 wt% 

chitin/IL, 5 wt% lignin/IL and 5 wt% BL/IL were analysed using oscillatory rheology as 

well as FTIR. From the oscillatory rheological data, 2 wt% chitin/[EMIM]OAc and 5 

wt% BL/[EMIM]OAc have the highest molecular weight between entanglements, (𝑀𝑒) 

of 4.63 x 1010 and 7.30 x 107 respectively. In contrast, the rest of biopolymer/IL solutions 

consist of values of 𝑀𝑒 in the range of 5.79 x 105 – 2.58 x 106. This can imply the polymer 

solution with higher 𝑀𝑒  tends to favour the electrospinning process. 5 wt% 

BL/[EMIM]OAc with 𝑀𝑒 of 7.30 x 107 can indeed produce Taylor cones with continuous 

stream during electrospinning. On the other hand, 2 wt% chitin/[EMIM]OAc with 𝑀𝑒 of 

4.63 x 1010 can also give Taylor cone but a gel if formed making the electrospinning 

process fail. Hence, having a certain degree of entanglement is vital but when the value 
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of 𝑀𝑒  is too high, this can also cause negative effective such as gel formation to the 

electrospinning process. According to the FTIR spectra, biopolymer/IL solution with 

higher values of 𝑀𝑒 exhibited stronger intermolecular hydrogen bonding. For instance, 

the shifting in the FTIR spectra revealed that the 5 wt% chitin/[EMIM]OAc exhibited the 

strongest intermolecular hydrogen bonding compared to that of chitin/[AMIM]Cl and 

chitin/[BMIM]Cl solutions. Hence, hydrogen bonding seems crucial for the polymer 

solutions to have the required molecular weight between entanglements for 

electrospinning. 

Finally, film casting was used to produce BL membranes that were used for bioassays. 5 

wt% BL/[EMIM]OAc was prepared and water was used in a coagulation bath to prepare 

BL membranes. This method has indeed extended the shelflife of BL and as BL contains 

lignin components it was proven that BL is able to inhibit the growth of two S. aureus 

strains. Unfortunately, clear inhibition zones could not be seen surrounding the BL pieces 

in the Kirby-Bauer disk diffusion method. Although, it was observed on the agar plates 

containing MSSA Newman and Pseudomonas PA14, colonies around the BL pieces 

seemed to be reduced but the effects were not distinctive and conclusions cannot be 

determined until conducting further experiments.  
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9. Recommendations for Future Work 

Major proposal: 

1. Extension of bioassays on both PLLA/lignin, PLLA/chitin composites and BL 

membranes with bacteria 

As pure lignin was proved to be able to inhibit the growth of an MRSA strain and an 

MSSA strain, most of the bioassays such as anti-biofilm experiments were then focused 

on the PLLA/lignin composites. Anti-biofilm experiments should also be conducted with 

PLLA/chitin composites as well as BL membranes. In addition, it is also proposed to use 

SEM imaging to check whether the bacteria membrane can be disrupted which leads to 

growth inhibition or even death in the presence the samples.460 In the Kirby-Bauer disk 

diffusion tests conducted, inhibition zones were clearly seen around MRSA JE2 and 

MSSA Newman in the presence of pure lignin discs. However, in the case with samples 

that can exhibit a bacteriostatic effect such as chitin or samples with very slow diffusion 

rates in the agar, the inhibition zones can be very small and difficult to be seen which can 

lead to inconclusive results. Therefore, SEM imaging could be used to provide a clear 

understanding in terms of how the bacteria react when introduced to the composite 

materials. 

2. Bioassays with additional types of microbes especially Gram-(+) bacteria 

In this project, microbes that were tested include E. coli., S. aureus, P. aeruginosa and C. 

albicans. It would be ideal to test more and different microbes to confirm whether any of 

the composite samples can have an antimicrobial effect to other microbes. Additionally, 

among the microbes that were tested, it is apparent that pure lignin can inhibit two S. 

aureus strains which are categorised as Gram-(+) strains. The current suggestion is to test 

the antimicrobial property of lignin with more Gram-(+) bacteria such as Bacillus,461 

Enterococcus faecalis462s and Streptococcus pneumoniae463 to investigate whether lignin 

could be more effective towards Gram-(+) strains. 

3. Production of more composites with various ratios of plasticizer and study how 

the plasticizer can enhance any antimicrobial effect 

According to the bioassay results, the plasticizer played a key role in enhancing the 

antimicrobial property of the composites. Our hypothesis is that leaching of the plasticizer 

occurred within the PLA matrix which brought additive such as lignin to the surface of 
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the polymer matrix and hence the formation of biofilm could be prevented. Alternatively, 

the plasticizer can alter the hydrophobicity of the composites which can also influence 

biofilm formation on the surface of the composites.464 Hence, it is pertinent to produce 

more plasticized composites with different ratios of plasticizer such as 5, 10 and 15 wt% 

to find the optimum w/w of plasticizer that can optimise the antimicrobial effectiveness 

of the composite materials. On the other hand, it is also important to investigate whether 

plasticization can influence the hydrophobicity of the composites. For instance, the 

contact angles (wettability) of the composites can be measured using a tensiometer to 

determine whether the antimicrobial property of the plasticized composites is related to 

the hydrophobicity of the composite surface. 

4. Further study on the antimicrobial effect of lignin 

Lignin is an aromatic phenol polymer which can be composed of three types of 

monolignol building blocks, coniferyl (G), sinapyl (S) and p-coumaryl alcohol (H).193 

The ratio of G/S/H lignin units can vary in different parts of the plant or across plant 

species.194 It would be interesting to investigate whether the antimicrobial effect of lignin 

is dependant upon the ratio of G:S:H units. Further bioassays should be conducted with 

lignin that was extracted from different parts of plants and alternatively, experiments 

could be conducted with lignin that was extracted with plants that are known to be 

composed of specific G/S/H unit. For instance, gymnosperms are mainly composed of G 

lignin and angiosperm dicots are composed of G and S lignin.194 Perhaps, this set of 

experiments can provide a further understanding with regards to the reason why lignin 

exhibits am antimicrobial effect. 

5. Discover and application of additional natural phenolic compounds to develop 

further antimicrobial agents 

As discussed in the introduction, there are natural phenolic compounds that can be found 

in plants67 that exhibit antimicrobial properties and promising therapeutic properties.68 In 

this project, it was also confirmed that lignin can inhibit the growth of two S. aureus 

strains and its application in plasticized PLA composites can reduce the formation of 

biofilm. Therefore, further experiments should be conducted to identify the antimicrobial 

properties of these phenolic compounds. Compounds such as curcumin can be consumed 

daily which is non-toxic to the human body79 and makes this kind of material even more 
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attractive as an antimicrobial agent. Hence, phenolic compounds have the potential to 

play a very key role to tackle the issue of antimicrobial resistance. 

6. Further investigation of the composite materials 

Firstly, PLA-based materials were produced and wt% of the additives were up to 10 only. 

Additional composite materials can be produced with higher wt% of additives to see 

whether the antimicrobial properties of the materials can be improved. Second, further 

work could be done to explore different plasticizers that can be used in PLA. For instance, 

S. Choi et. al. synthesized 2 ILs that can exhibit antimicrobial properties59 which are also 

available to be used as plasticizers. They are indeed great candidates that should be tested 

to see whether they can be used to plasticize PLA. Besides, more sophisticated processing 

methods could be explored. For examples, surface medication465 can be considered to 

improve the antimicrobial effect of the composites’ surfaces. Finally, the antimicrobial 

properties of BLs should be more deeply understood by conducting further experiments 

to identify the active ingredients that correspond to the wound healing effect. These active 

ingredients should provide further inspiration and ideas to design more antimicrobial 

materials



Appendix 
 

- 194 - 
 

Appendix 

1. Images of Kirby-Bauer disk diffusion test results with lignin and PLA/lignin 

composites discs 

 

Figure 1. Pure lignin discs on incubated (a) E. coli. K12 and (b) E.  coli. Sakai 

 

Figure 2. Pure lignin discs on incubated Candida SC5314 

(a) (b) 
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Figure 3. Pure lignin discs on incubated (a) P. aeruginosa PAO1, (b) P. aeruginosa PA14 and (c) 

P. aeruginosa LESB58 

 

Figure 4. 90 wt% PLA/10 wt% lignin discs on incubated (a) MRSA JE2 and (b) MSSA Newman  

(a) (b) 

(c) 

(a) (b) 
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2. SEM images of fractured PLA and PLA/chitin composites surfaces 

 

Figure 5. SEM images of fractured neat PLA surface 

 

Figure 6. SEM images of fractured 99 wt% PLA/ 1 wt% chitin surface 

 

Figure 7. SEM images of fractured 98 wt% PLA/ 2 wt% chitin surface 
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Figure 8. SEM images of fractured 97 wt% PLA/ 3 wt% chitin surface 

 

Figure 9. SEM images of fractured 95 wt% PLA/ 5 wt% chitin surface 

3. SEM images of fractured plasticized PLA and PLA/chitin composites surfaces 

 

Figure 10. SEM images of fractured plasticized neat PLA surface 
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Figure 11. SEM images of fractured plasticized 99 wt% PLA/ 1 wt% chitin surface 

 

Figure 12. SEM images of fractured plasticized 98 wt% PLA/ 2 wt% chitin surface 

 

Figure 13. SEM images of fractured plasticized 97 wt% PLA/ 3 wt% chitin surface 
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Figure 14. SEM images of fractured plasticized 95 wt% PLA/ 5 wt% chitin surface 

4. SEM images of PLA and PLA/WS2 composites surfaces 

 

Figure 15. SEM images of neat PLA surface 

 

Figure 16. SEM images of 99% PLA/ 1% WS2 surface 
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Figure 17. SEM images of 98% PLA/ 2% WS2 surface 

 

Figure 18. SEM images of 97% PLA/ 3% WS2 surface 

5. Images of Kirby-Bauer disk diffusion test results with chitin and PLA/chitin 

composites discs 

 

Figure 19. Pure chitin discs on incubated (a) E. coli. K12 and (b) E.  coli. Sakai 

(a) (b) 
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Figure 20. Neat PLA discs and 90 wt% PLA/ 10 wt% chitin discs on incubated (a) E. coli. K12 

and (b) E.  coli. Sakai 

 

Figure 21. Pure chitin discs on incubated (a) MRSA JE2 and (b) MSSA Newman 

 

Figure 22. Neat PLA and PLA/lignin composites discs on incubated (a) MRSA JE2 

(a) (b) 

(a) (b) 
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Figure 23. Pure chitin discs on incubated Candida SC5314 

 

Figure 24. Pure chitin discs on incubated (a) P. aeruginosa PA14 and (b) P. aeruginosa LESB58 

6. Images of Kirby-Bauer disk diffusion test results with PLA/WS2 composites discs 

 

(a) (b) 

Figure 25. Neat PLA and 90 wt% PLA/ 10 wt% WS2 discs on incubated (a) E. coli. K12 and 

(b) E.  coli. Sakai 
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7. PLM images for PLLA/WS2 composites 

 

 

Figure 26. Birefringent crystals of PLA/WS2 (99.5/0.5) at (a) 30 °C, (b) 80 °C, (c) 130 °C and (d) 

180°C 

 

 

Figure 27. Birefringent crystals of PLA/WS2 (99/1) at (a) 30 °C, (b) 80 °C, (c) 130 °C and (d) 

180°C 
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Figure 28. Birefringent crystals of PLA/WS2 (98/2) at (a) 30 °C, (b) 80 °C, (c) 130 °C and (d) 

180°C 

 

 
Figure 29. Birefringent crystals of PLA/WS2 (97/3) at (a) 30 °C, (b) 80 °C, (c) 130 °C and (d) 

180°C 
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Figure 30. Birefringent crystals of PLA/WS2 (95/5) at (a) 30 °C, (b) 80 °C, (c) 130 °C and (d) 

180°C 
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