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Abstract  

    

Cellulose is the most abundant polymer found on the face of the earth with 

plants and bacteria producing over 1011 103 kg every year. Not only is this 

material widely available, it is renewable, sustainable and cheap, making it an 

attractive selection across many industries. The return to naturally derived 

materials in the medical field is driven by two motivations; the increased cases 

of resistance in bacteria to conventional drugs, and more relatedly, the need 

to reduce dependence on non-renewable resources when producing medical 

materials. Cellulose and its derivatives, are already used widely in the 

biomedical field in varying applications; drug delivery to eye drops. When 

manufacturing biomaterials from cellulose, the techniques used usually 

contain many steps and can be quite costly, this is where electrohydrodynamic 

(EHD) processing comes in. EHD is a one step process where under the 

influence of an electric field, a polymer solution or melt can be processed into 

micro- and nano-scale structures as a function of the polymer solution/melt 

properties such as concentration, molecular weight, solvent and processing 

properties such as voltage, flow rate and collection distance.  

 

In the first instance, this work investigated the electrospinning of three 

cellulose derivatives, ethyl cellulose, cellulose acetate and carboxymethyl 

cellulose; changing parameters aforementioned and observing the effect on 

the microstructures produced.  

 

Bacterial cellulose produced by the Gluconacetobacter xylinus bacteria, is 

chemically identical to plant cellulose, but is purer, not needing any separation 

or purifying post production. The most attractive feature of this bacterial 

cellulose (BC) is its liquid absorption capacity, it can hold many times it weight 

in liquid and proves to be useful in managing the exudate of diabetic ulcers. 

This BC was blended with different polymers and anti-diabetic drugs, after 

which in vitro behaviour was assessed. 
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1  Chapter 1   

 

Introduction and Background 

 

1.1 Background 

The importance of cellulose to humanity should not be underestimated [1]. 

Plants have been used in wound healing for millennia. Herbs and resins were 

used throughout the ancient world to clean and seal wounds [2]. Honey, 

minerals and animal derived products were also used by the ancients, in a bid 

to heal wounds [3]. As time progressed and we came to understand our own 

physiology, the width and breadth of wounds dressing available exploded, until 

the present day, where there are now over 5000 wound dressing products 

available. These range from basic occlusive dressings to more technical 

negative pressure therapies [4].  

 

The use of cellulose is on the rise, but not more so in the medical industry 

where a return to naturally derived medicines and materials is favourably 

viewed. The versatility of cellulose, its low price, sustainability, 

biocompatibility, strength and availability make it an attractive material at a 

time when sustainability is essential [5].  
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An important development in that time is the understanding that maintaining a 

moist wound environment is conducive to healing [6], where the consensus 

was keeping the wound area dry was necessary. This is where cellulose has 

come into its own as a wound dressing, with its capacity to absorb large 

amounts of exudate but still maintain a moist environment [7]. Wounds such 

as diabetic ulcers found on lower limbs produce large amounts of exudate 

which must be managed to prevent necrosis and allow normal healing to 

proceed. With cellulose possessing an essential property needed in the 

treatment of diabetic ulcers, it forms a natural conclusion that cellulose should 

be used as or part of the biomaterial used to dress and treat diabetic ulcers.    

 

The form this takes has been discussed abundantly in the literature. Oxidised 

regenerated cellulose and bacterial (microbial) cellulose are the most 

mentioned celluloses in the literature with regards to treating diabetic ulcers 

[8-12]. 

 

There are many different processes used to transform the cellulose from its 

raw form into a medically viable material, however, this typically involves 

lengthy multiple step procedures and the use of solvents. The solvents 

typically used for this are toxic, such that if they were to come into contact with 

a wound, more damage would occur rather than healing.  
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Cellulose in its native state is difficult to process and requires strong solvents 

but cellulose derivatives do not. The addition of a functional group along the 

cellulose polymer chain allows it to be solubilised in safer solvents which pose 

no threat to the wound or healing process. This is not explored widely, as these 

“safer” solvent do not possess the ideal properties for electrospinning. 

Although, the electrospinning of cellulose is already prevalent in the literature 

[13-17]; this project works to highlight the use of cheap, renewable, 

biocompatible and readily available solvents, which has not been as readily 

exploited in the literature. But as sustainability and environmental concerns 

taken into consideration, it is a difficulty we must overcome.  

 

Electrohydrodynamic processing is a process that allows the production of a 

wide range of micro- and nano-structures from particles to beaded fibres to 

smooth fibres to ribbons [18]. From a single cellulose solution, changes to its 

characteristics or the parameters under which it is processed can drastically 

change the morphology of the structures produced [19, 20]. 

 

The motivation behind this work is to combine the medically relevant properties 

of cellulose with EHD, a simple one step process, to form micro- and nano-

scaled structures to be used as wound healing patches to serve to two 

purposes; 1) accelerate wound healing thereby increasing quality of life for a 

patient, and 2) to follow the trend of returning to naturally derived medicines 

and materials, detracting from the use of non-renewable resources.   
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This is all with the aim of producing wound healing patches that eventually will 

be deposited directly onto patients’ wounds using a portable point of need set 

up. Solvents play a large role in electrospinning and has a substantial effect 

on the morphology of the products made, as such, particular attention was 

paid to the solvents used, ensuring they were biocompatible, renewable and 

safe to use.  

1.2 Objectives  

There are two main aims to this work:- 

1. Produce cellulose derivative microstructures using only safe solvents 

2. To produce bacteria cellulose (BC) based biomaterials doped anti 

diabetic medications to make wound heling patches to treat chronic 

diabetic ulcers with the portable electrospinning gun capable of 

applying the dressing in situ 

In order to achieve aim 1. ethyl cellulose, cellulose acetate and carboxymethyl 

cellulose were subjected to a range of solution and processing parameters 

with the structures produced observed and evaluated. 

The objective for aim 2. was to manufacture bacterial cellulose based wound 

healing patches. As BC does not electrospin on its own it was blended with a 

synthetic polymer; polycaprolectone and a natural polymer; gelatin, 

separately. The morphology and some in vitro properties were obeserved. 

These were produced using the portable electroshydrodynamic gun, designed 

to allow the wound dressings to be applied in situ. 
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1.3 Thesis structure 

The layout of this thesis is given here. This chapter 1 details the background 

information gives details of the materials used, electrospinning process, the 

applications and motivations behind it all. 

 

Chapter 2 gives an in depth literature review. Detailing various fibre forming 

techniques available alongside electrospinning, with the various parameters 

involved in the process. Background on the materials used are given, as well 

as properties of wound healing materials. 

 

Chapter 3 describes the materials, experimental set ups, production methods, 

and characterisation procedures used to produce and analyse the various 

products made.  

 

Chapter 4 shows the results of processing three different cellulose derivatives 

using only safe solvents are given. Section 4.1 observes the changes to 

morphologies of ethyl cellulose structures when changes are applied to the 

processing parameters and solution concentration. Section 4.2 investigates 

the effect on cellulose acetate when the applied voltage and flow rate are 

varied, along with polymer and solvent content. Finally, section 4.3 

investigates how changes to the degree of substitution and compositions of 

carboxymethyl cellulose change to fibres produced.  
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Chapter 5 describes the results of bacterial cellulose and polycaprolactone 

blended fibres. The anti-diabetic drug, glybenclamide, was incorporated into 

the fibres to make drug eluting wound dressings. The processing details, fibre 

analysis, drug release and swelling properties are also described.   

 

Chapter 6, examines the results of bacterial cellulose and gelatin blended 

fibres. The fibres were incorporated with glybenclamide and metformin 

(another anti-diabetic medicine), separately. Comparisons between cross 

linked and non-cross linked in vitro behaviours were compared. 

 

Chapter 7, draws up the conclusions found during this work and lists the future 

work that could follow these investigations. 
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2 Chapter 2  

 

Literature Review 

 

 

2.1. Introduction  

The objective of this work was to explore the electrospinning process to 

produce of cellulose based wound healing patches. The end target of this to 

be the treatment of chronic diabetic ulcers with cellulose based patches eluting 

anti diabetic medications to help overcome arrested healing.  

The literature was surveyed as follows: 

 Cellulose and cellulose derivatives: the structure and properties of 

cellulose which make it suitable for this application are discussed. 

Cellulose derivatives, are a form of cellulose which allows for a different 

approach in processing. The preparation of cellulose derivative is 

detailed, the addition of various functional groups, changes the 

chemistry such that common polar solvents can be used to dissolve the 

polymer. Bacterial cellulose, most commonly sourced from bacterium 

Gluconacetobacter xylinus, is also introduced. Its production, properties 

and uses, particularly, in wound healing are described. 

Polycaprolactone and gelatin were also used in this work and other 

relevant biomedical polymers are described.  
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 Other fibre producing techniques: many different methods are 

available to prepare fibres; wet spinning, dry spinning, flash spinning, 

melt spinning, dry-jet spinning, gel spinning and emulsion spinning are 

all described therein and compared to the chosen process; 

electrospinning.   

 Electrohydrodynamic processing: the overall process is described 

and the effect of the various parameters involved, processing 

parameters; applied voltage, flow rate, collection distance and solution 

properties such as; concentration, surface tension, conductivity and 

viscosity. Along with the range of materials and structures this process 

can give rise to. Electrospinning falls under the umbrella of 

electrohydrodynamic processing, particular attention is paid to this, as 

it forms a fundamental part of this research. 

 Wound healing patches:  the wound healing process is complex, but 

materials can be used to aid in the progression or speed of healing. The 

requirements of a wound healing patch are listed. There is a focus on 

electrospun patches and how there have been able to successfully fulfil 

these requirements, as described in the literature. Examples of different 

materials for treating a range of different wounds is detailed.  

 Drug delivery in wound healing: numerous agents can be added 

wound healing materials, again to aid the healing process. The 

mechanisms in which they are released, advantages of incorporating 

them into the materials and examples of specific applications are 

discussed.  
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 Diabetic medication: in order to treat diabetic ulcers specifically, 

research has shown applying some anti diabetic medications to the 

wound directly helps; this is elucidated here.  

 

2.2. Cellulose  

Cellulose (referring to plant cellulose) is the single most available biopolymer 

on earth, with an estimated production rate of 1013 kg per year via 

photosynthesis [21].  Cellulose is a polysaccharide most commonly found in 

the cell wall of plant cells. Plants are the primary source of cellulose; however, 

they do not exclusively produce it. It is also found in bacteria, algae, fungi and 

tunicate (marine invertebrate) [5]. In plants, it chiefly serves a mechanical 

purpose, maintaining the cellular and in turn the plant structure in times of 

turgidity and flaccidity.  

Figure 1: An anhydroglucose monomer that makes up the cellulose polymer 

 

Cellulose is has a very hierarchal structure, each level lending to the overall 

structure and properties of the polymer. Cellulose is made up of 

anhydroglucose monomer units (C6H12O6) with 1,4-β-glycosidic linkages 

joining carbon-1 and carbon-4 of adjacent residues; these covalent bonds and 

intramolecular bonds are the source of the polymers rigidity and strength. The 
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chain length, defined as the number of monomers present, can range from few 

hundreds to 10,000 depending on the source [5].  The difficulty in processing 

cellulose i.e. its inability to dissolve in the majority of solvents, stems from the 

presence of hydrogen bonding [22].  

Figure 2: Some hydrogen bonding found in cellulose; intermolecularly (black) 

and intramolecularly (red) [23] 

 

The oxygen atoms present in the hydroxyl groups, within the ring itself and in 

the glycosidic bond all partake in hydrogen bonding, both within and between 

the polymer chains giving rise to the 3D structure [24].  As a result of the large 

number of –OH groups present cellulose is hydrophilic; however, it is not 

solubilised in water along with many other solvents because of its massive 

molecular weight. The hydrogen bonds and van der Waals force draw polymer 

chains together to form microfibrils, with crystalline and amorphous regions 

[25], as shown in Fig. 4. These microfibrils aggregate in an aligned manner to 

form macrofibrils dispersed within hemicellulose and pectin matrix 

approximately [26], as shown in Fig. 3.   
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It was not until the 1800’s that the molecular structure and morphology was 

identified by two researchers Henri Braconnot (1833) and Anselme Payen 

(1842). The extraction of cellulose from plant material was first discovered by 

the latter, where he introduced various plant parts to an acid-ammonia solution 

and then water, unknowingly extracting a substance which was named by the 

French Academy “cellulose” [1]. Before this Henri Braconnot (1833), by the 

dissolution of “plant substances” in nitric acid came to produce xyloidine, the 

first precursor nitrocellulose, commonly used as an explosive material and in 

the plastics industry [60].  

Figure 3: The constituents of the plant cell wall. The purple cellulose rods are 

produced by complexes found in the plasma membrane and the 

hemicelluloses and pectins are produced by the Golgi apparatus and secreted 

via vesicles [27] 
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Cellulose also forms the fibre consumed in our diet. Although cellulose is made 

up of the same monomer as carbohydrates, it is not digested in the human 

body as we lack the enzyme to break the 1,4-β-glycosidic bond found in 

cellulose but we do produce the amylase enzyme which is able to break down 

the bonds 1,4-α-glycosidic bond found in starch [28].  Cellulose is rarely found 

in its pure form in vivo. In the cell wall it has strong associations with other 

polysaccharides such as hemicellulose and pectin as shown in Fig. 3. 

Extraction of cellulose is typically a two-step process; the first step is an alkali 

treatment followed by a bleaching regime [24].  

The difficulty with working with cellulose, especially within the remit of this 

work, is its inability to be solubilised by conventional solvents. This is attributed 

to the chemical bonding of the polysaccharide, despite the presence of –OH 

groups, the sheer size of the molecule and the large presence of hydrogen 

bonding means not all of the polymer chains are not exposed to the solvent, 

making it very difficult to dissolve and impossible to melt, it disintegrates upon 

heating [23, 29]. 

 

Figure 4: A cellulose microfibril with the crystalline regions highlighted in green 

and amorphous regions highlighted in red 
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Cellulose is a semi crystalline polymer, with crystalline and amorphous regions 

as shown in Fig. 4. The crystalline regions have a higher quantity of hydrogen 

bonds. The amorphous regions with less tightly packed chains allow water and 

other solvents to penetrate and form bonds, allowing the polymer to swell but 

not dissolve [30].   

 

Exhausting non-renewable energy reserves is something we approach closer 

to everyday, along with increasing the levels of pollution associated with its 

use [31]; this is where cellulose may be able to fill this gap.  Cellulose is 

biodegradable, it will not add to the growing issue of landfill waste, some of 

which will takes many years to degrade with toxic results.  

 

2.1.1 Cellulose in Medicine 

Cellulose is biodegradable, biocompatible, renewable, sustainable and 

inexpensive; with these properties it is steadily replacing non-renewable 

materials [32]. The use of native  cellulose in pharmacy is also well 

documented, it is used as a laxative and artificial tears [33]. Cellulose is a 

cationic polysaccharide which has been shown to promote healing and 

prevent infection while also reducing blood loss [34, 35]. Native cellulose is not 

readily degradable in living tissue and not digestible; which is attributed to its 

highly ordered structure [36].  
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2.1.2 Cellulose Derivatives 

2.1.2.1 Introduction 

Cellulose derivatives (CD) are derived from native cellulose but purified with 

functional groups added [13]. The use of cellulose derivatives allows for much 

safer solvents to be used, and makes for much easier processing especially 

in the case of electrohydrodynamic (EHD) processing. As cellulose cannot be 

melted, it must be processed as a solution, which involves solvents. The 

addition of functional groups distorts the cellulose polymer chain and allows 

solvents such as ethanol, acetone and water to completely solvate the polymer 

and form solutions [30, 37]. This reduced the need to use solvents such as N-

methylmorpholine-N-oxide (NMMO) hydrate, which is used prolifically with 

cellulose [29, 38]. NMMO is able to dissolve to cellulose without altering the 

chemical formula [38]. However, electrospinning with NMMO must be done at 

elevated temperatures and measures taken to wash any residue [39]. After 

this are the binary solvent systems N, N-dimethylacetamide & lithium chloride 

(DMAc & LiCl) [40] and dimethylsulfoxide & tetrabutylammonium fluoride 

(DMSO & TBAF) [29] are most popular.    

 

There are examples where electrospun CD fibres have performed better than 

those made by other processing techniques. Hydroxypropoxy methylcellulose 

(HPMC) was electrospun with a poorly water soluble drug (itraconazole), the 

high surface to area ratio showed a more controlled release of the drug 

overtime compared to a solvent cast film and melt extruded samples of the 

same polymer-drug combination [41].  
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2.1.2.2 Ethyl Cellulose 

Ethyl cellulose (EC) is a non toxic, stable, inert and hydrophobic polymer [42]. 

EC is non-ionic and although hydrophobic, it is soluble in other polar solvents 

[43]. EC is thermo-stable and has shown some electrical properties [44, 45]. 

Every year an estimated 40000 kg of EC is produced and used primarily in the 

biomedical field [23]. EC is tasteless and is used in masking undesirable 

flavours, as well as filtration and protective clothing [17, 46]. Most commonly 

used in pharmaceuticals, it is used as an insoluble component, to coat active 

ingredients, allow compression of tablets, or used in conjunction with other 

polymers to mediate drug release profiles and as a dissolution rate controlling 

polymer sustained release forms [47, 48]. It is a favoured polymer in drug 

delivery systems, be it in tablets, microspheres and film encapsulating both 

soluble and non-soluble drugs [49, 50]. Liakos et al., has used EC with 

essential oils to produce wound healing patches. EC fibres has the capability 

to be loaded with therapeutic agents to increase its healing ability further [51]. 

Miyamoto et al. showed: ethyl cellulose (EC) was not absorbed by living tissue 

in dogs, and only initiated a mild foreign body reaction after 4 weeks of 

implantation. It was also shown the degree of tissue absorbance is relative to 

hydrophilicity and, due to the hydrophobic nature of EC, it is not absorbed by 

the body [36].                          
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Figure 5: Cellulose is reacted with ethyl chloride in the presence of sodium 

hydroxide to produce EC 

 

2.1.2.3 Cellulose Acetate 

Cellulose acetate (CA) is produced via acetylation of cellulose; cellulose is 

reacted with acetic anhydride in the presence of sulphuric acid [52]. It is 

amorphous, non toxic and soluble in acetone [53]. CA is most commonly used 

as a semi permeable membrane for molecular filtration in chemistry [54]. It is 

used to produce regenerated cellulose, where cellulose acetate is processed 

via deacetylation in a strongly ionising agent such as sodium hydroxide or 

potassium hydroxide [54], this is commonly used in textiles.   

Electrospun CA is used widely including medical applications such as cell 

culture and regenerative medicine [55], anti microbial mat (with anti-bacterial 

agents added) [56]  and drug delivery [57].  

 

CA has excellent water retention properties which are a desirable trait in a 

wound dressing where absorbing wound exudate is an important function [58]. 

Son et al. electrospun CA with AgNO3 where Ag+ ions, well known antibacterial 

agent, were released via UV light exposure [14]. Suwantong et al. electrospun 
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CA with curcumin (an component of turmeric), a historical remedy used in the 

eastern world, and has been shown to increase cutaneous wound healing in 

test animals [59].    

Figure 6: Cellulose is reacted with acetic anhydride in the presence of 

sulphuric acid to produce CA 

 

2.1.2.4 Carboxymethyl Cellulose  

Carboxymethyl cellulose (CMC) is a water soluble derivative of cellulose, 

made so by the addition of carboxymethyl functional groups to the cellulose 

backbone [60]. CMC is a non-toxic and water soluble polymer [61]. It has 

mucoadhesive properties [62]. CMC is used as a flocculant, drag reduction, 

detergent, in textiles and paper making, as well as food and drugs [63]. PEO 

is used a spinning agent [62]. CMC produced through an esterification 

process, bleached cellulose is activated with sodium hydroxide. Then 

monochloroacetic acid is added in the presence of the alkali [64]. 

Figure 7: Cellulose is reacted with monochloroacetic acid in the presence of 

sodium hydroxide to produce CMC 
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2.1.3 Bacterial Cellulose  

2.1.3.1 Introduction  

Many bacteria produce cellulose but only Gluconacetobacter xylinus is used 

to produce bacterial cellulose (BC) on a commercial scale [65]. It is superior 

to plant cellulose produced with its high purity, containing no lignin, 

hemicelluloses, pectin and waxes unlike plant cellulose. Gluconacetobacter 

xylinus is a Gram-negative, acetic acid bacteria which was first found to 

produce BC on the surface of a vinegar fermentation by Brown in 1886 [66]. 

Following this in 1954, Hestrin and Schramm reported the bacteria producing 

BC in medium high in glucose [67]. Following the commercialisation of BC 

production, reactors and culture conditions were fashioned to maximise 

production [67]. In 1886, it was Brown who definitively showed the pellicle was 

made up of cellulose, using a number of reactions and chemical analysis [66, 

68]. 

 

2.1.3.2 Production 

BC is produced in the form of a wet membrane comprised of approximately 

99% water at the air-liquid interface [69]. The pellicle is produced as a 

succession of layers, entrapping the bacteria within them [66], as shown in 

Fig. 8, it is formed at the liquid-air interface in static cultures [70]. The G. 

xylinus is capable of producing BC from a wide range of carbon sources, such 

as; glucose, sucrose proteose and peptone [70].  
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Figure 8: L –R Transmission electron micrograph of single BC ribbon (white 

ribbon) being produced by a Gluconacetobacter xylinus cell (black arrow) [71] 

and scanning electron micrograph of Gluconacetobacter xylinus entrapped in 

BC pellicle [68].  

 

 

2.1.3.3 Properties 

BC is chemically equivalent to plant cellulose and has a distinct ultrafine fibrils 

that are in a nanosized 3D network [72]. This 3D network is made up of nano 

fibrils of 2-4 nm which come together to form fibrils of 130 nm [73, 74]. BC is 

highly crystalline, and has an ultrafine network structure and capable of 

absorbing 200 times its dry mass of water [67, 71]. Another desirable property 

of BC is the ability to chemically alter the polymer during synthesis by adjusting 

the feedstock of the bacteria [70]. The degree of polymerisation between plant 

cellulose and BC does differ, the former is typically made up of 13,000 to 

14,000 residues but BC only contains 2000 to 6000 [67].  
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2.1.3.4 Uses  

BC is typically cultivated in static cultures, which result in pellicles. The fibres 

are 100 times thinner than plant cellulose. Its biocompatibility has led to its 

introduction to the medical sector where it has been successfully used as 

artificial skin in treating burns, and artificial blood vessels in microsurgery [75-

77]. BC is easily sterilised and has been found to be non-allergenic, these 

characteristics as well as the many others has made it a great candidate for 

use as wound dressing [78]. There are currently two major manufacturers of 

BC based biomaterials; BioFill Produtos Biotecnologicos from Brazil, they 

manufacture wound healing systems for treating burns and ulcers. They also 

have a product focussed on treating periodontal disease. The second is Xylos, 

based in USA. Their range includes an anti-microbial dressing and a product 

designed to specifically treat ulcers also [5, 67, 79, 80]. Attempts have been 

made to make paper from BC as done with plant cellulose, where it was 

showed “BC paper” had a greater Young’s modulus and tensile strength 

compared to paper made from cotton lint [68]. This has also made it a potential 

candidate for electroacoustic transducer in speaker systems [81]. The porous 

nature of the material can allow the transfer of medicines whilst maintaining a 

barrier [79]. In food, BC is used as a stabiliser, thickener, used in pastry 

condiments and ice cream [82]. 
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2.1.4 Other biomedical polymers  

2.1.4.1 Polycaprolactone 

PCl, specifically poly(ε-caprolactone) used in this work, is produced through 

the polymerisation of ε-caprolactone, the hexagonal ring molecule, through a 

ring opening polymerisation (ROP) process. There are four different ring 

opening mechanisms; anionic, cationic, monomer-activated and coordination-

insertion, which all give rise to the aliphatic polycaprolactone [83]. PCl is a 

synthetic, biodegradable polymer, typically used in long term implants, it is 

semi crystalline and soluble in a number of solvents [84]. It is already used in 

implantable devices due to its biodegradable, biocompatible, presents good 

mechanical properties and has tissue compatibility [85].   

Its slow degradation can  unfavourable in terms of drug release, however, 

compared to the fast degrading poly(lactic acid) and poly(glycolic acid), which 

are commonly used for their ability to degrade in situ  

In terms of its use in electrospun biomaterials, PCl is widespread. Due to its 

ease in processing it is commonly used alone and it combination with other 

polymers and active pharmaceutical ingredients. It is a versatile material with 

references using it to produce cellular scaffolds [86, 87], drug delivery [88-90], 

scaffolds [91-93] and wound healing [94]. The variety of applications are also 

broad. Bölgen et al. used electrospun PCl soaked in an antibiotic to prevent 

abdominal adhesion following surgery [95], the use of the drug embedded 

patch hastened and improved the healing process, all while reducing 

adhesion. Huang et al. demonstrated the flexibility of PCl by successfully 

electrospinning it with a hydrophilic and hydrophobic drug, separately. Core-
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shell fibres were made with the hydrophilic antibiotic, gentamycin sulphate and 

resveratrol, a hydrophobic antioxidant, both to be used in wound healing [88]. 

PCl has also been prepared to treat periodontal disease. PCl was blended with 

metronidazole benzoate, an antibiotic used to reduce the anaerobic bacteria 

associated with periodontal disease [96].           

2.1.4.2 Gelatin 

Gelatin is another important biopolymer like PCl, but unlike PCl is has natural 

origins. As such, it is almost entirely sourced from animal sources, with porcine 

and bovine being the most common [97]. Skin, bone and other fibrous tissues 

contain the greatest portions of collagen and therefore gelatin. Gelatin is made 

from the partial hydrolysis of collagen making it biodegradable and non-

immunogenic. It is formed by exposing collagen to a degradative substance, 

either acidic or alkali, in the presence of heat. This brings about the irreversible 

breakdown of the fibrous structure [98].   Ironically, gelatin comes from 

gelatine. Gelatine is the entire material produced from the hydrolysis of 

collagen, this is made up gelatin and other inorganic and organic impurities 

[98]. As it is partially hydrolysed, it is soluble in water and must be cross linked 

if it will be used in vivo to counteract the high water content of the physiological 

environment and improve thermo-mechanical properties [99]. Also like PCl, 

gelatin has been electrospun extensively, combined with other polymers and 

encapsulating various additives. Gelatin is a popular choice in biomaterials, 

especially as cellular scaffolds, because the extracellular matrix is mostly 

made up of proteins [100]. Gelatin was electrospun with cellulose acetate to 

exploit the non-adherent property of cellulose acetate and for the similarity 

between extracellular matrix and electrospun gelatin to treat wounds [101]. 
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Gelatin was also blended with silk from the cocoons of Bombyx mori 

silkworms, to produce all-natural beaded fibres for controlled release 

applications [102]. Enayati et al. used gelatin to coat estradiol loaded PLGA 

particles in order to regulate the drug release and reduce the initial burst [103].  

     

2.2   Solvent Selection 

2.2.1 Introduction 

The solvent used is another factor that needs to be taken into consideration. 

Table 1. lists solvents used in the literature with CA and EC. Many of those 

listed are considered unsafe (details in chap. 4; pages 38 and 48).  

Solvents serve a very important purpose in electrospinning, especially in the 

case of polymers, which cannot be melted, like cellulose. Dissolving the 

polymer in a solvent produces solutions that allow the polymers to be 

electrospun. Solvents can alter characteristics of the solution making it easier 

or potentially more difficult to electrospin. Lu et al. [104] described how 

changing the solvent changed the interactions present in the solution. 

Ethylene/vinyl alcohol (EVOH) (polymer) mixed with isopropyl alcohol and 

water formed hydrogen bonds increasing the polymers relaxation time and in 

turn increasing the diameter of the fibres produced. Whereas EVOH mixed 

with DMAc did not result in hydrogen bond formation, thereby reducing the 

relaxation time leading to smaller fibre diameters [104]. When selecting 

solvents for this work only two points were considered; solubility of the polymer 

and toxicity.         
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2.2.2 Biocompatible and Green Solvents 

A safe and green solvent does not induce an inflammatory response from a 

person and also has a minimal effect on the environment (i.e. aquatic life) 

when disposed of. Preferably its source is renewable with a near zero carbon 

footprint. Companies such as GSK [105], Sanofi [106] and others have 

published papers listing the safety of many solvents. They not only list toxicity 

to humans but also any environmental implications when disposing of the 

materials, safety in handling along with any regulatory considerations. As 

much as possible to only the two points previously mentioned were 

considered.  

 

Despite some sources stating that up to 99% of solvent evaporates during the 

EHD process and does not remain in the fibre, this cannot be guaranteed and 

it is not currently included in the scope of this work to measure it. Therefore, it 

is imperative to use safe solvents, so in the case that there is solvent residue 

it will not cause harm to the patient. This aspect has not been paid much 

attention in the literature, especially in older papers, where safety practices 

have been informed and heightened over time. Haas et al. used benzene when 

casting ethyl cellulose in the 1950’s [107]. But since the 1980’s, benzene has 

been ruled a carcinogen [108], ruling out its use in the production of 

biomaterials. 
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Table 1: Solvents used with ethyl cellulose, cellulose acetate and CMC. 

 

 Cellulose acetate Ethyl cellulose CMC 

Single 

solvent 

Acetone  [54, 109] 

Chloroform [109] 

N,N-dimethylacetamide 

(DMAc) [109] 

N,N-dimethylformamide 

(DMF) [109] 

Dichloromethane (DCM) 

[109] 

Methanol (MeOH) [109] 

Formic acid [109] 

Pyridine [109] 

Acetic acid [110] 

2,2,2-

Trifluoroethanol 

(THF) [111, 112] 

Dichloromethane 

[113] 

Benzene [107] 

Chlorobenzene 

[107] 

2-nitropropane 

[107] 

Water  [62] 

Binary 

solvent  

system 

Acetone/DMAc at 2:1 [114] 

Acetone [51] 

Acetone/DMAc at 1:1, 2:1, 

3:1 [109, 115] 

Chloroform/MeOH(v/v) at 

1:1, 3:2, 7:3, 4:1 and 9:1 

[109] 

DCM/MeOH (v/v) at 1:1, 

3:2, 7:3, 4:1, and 9:1  [109] 

Acetone/DMAc (v/v) at 2:1 

[109] 

Acetic acid/DMAc at 1:2 and 

1:3 [110] 

Acetone/water at 100:0-

80:20 [14, 54]  

THF/DMAc at 

0:100-100:0 [44, 

45] 

DMF/acetone at 

5/0-0/5 [116] 

Ethanol/water at 

80:20 [16] 

Benzene/carbon 

tetrachloride [107] 

Water/metha

nol  [117]  

Ternary 

solvent 

system 

Acetone/dimethylformamid

e/trifluoroethylene v/v/v at 

3:1:1 [118]     
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2.3 Other Spinning methods   

2.3.1 Wet spinning 

This is commonly used with polymers that must be processed in solution but 

the solvent must be removed via chemical means. The spinneret is immersed 

in a coagulation bath containing a coagulant, a non solvent of the polymer but 

is miscible with the polymer solvent [119]. Through mass transfer the non 

solvent replaces the polymer solvent in the precipitated fibre which will then 

evaporate as the fibres are drawn [120]. This step makes wet spinning slower 

than both melt and dry spinning. This process was developed in the 1900’s 

and first used to produce the textile Rayon (from generated cellulose). There 

are also environmental considerations if the solvents used are hazardous 

along with the uncertainty involved over complete removal of the solvents 

[121].  

 

Figure 9: Image demonstrating wet spinning  
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2.3.2 Dry-jet wet spinning 

The polymer solution is processed as in wet spinning except the spinneret is 

not submerged in liquid. Instead it is placed at a small distance (~1 cm) above 

the coagulation bath [122]. The polymer dries in air slightly before entering the 

bath  [121].  The temperature of the coagulation bath can have an effect; where 

higher temperatures favour the diffusion of the solvent and rapid solidification 

weakening the filament. Lower temperatures prevent polymer relaxation and 

increases the strength of the filament  [123]. 

 

Figure 10: Image showing dry-jet wet spinning 
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2.3.3 Dry spinning 

The polymer solution in this process is dried solely by the blowing of air or 

some inert gas to encourage the evaporation of the solvent from the fibre, 

making it one of the simplest methods. Following the drying stage the fibres 

are drawn to increase the axial orientation and consequently the strength [124] 

[121]. Dry spinning was used by Chaochai et al. to produce gelatin fibres from 

a solution with water. These fibres were intended for biomedical use, the use 

of a safe solvent was important, they were consequently cross linked to 

prevent them redissolving in water [125].   

 

Figure 11: Schematic of dry spinning process 
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2.3.4 Melt spinning  

Thermoplastic polymers which do not need to be solvated in order to be spun 

can be processed with this method. Here the polymer is heated, usually with 

a heated extruder. The melt is passed through the spinneret where it is then 

quenched. This relies on heat transfer, making it the fastest spinning process 

as it is much speedier than mass transfer used in wet spinning. [121] [126].   

 

Figure 12: Diagram of melt spinning method 
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2.3.5 Flash spinning 

A polymer solution is formed by dissolving a polymer in a solvent at high 

pressure. This solvent would ordinarily be a non solvent at atmospheric 

conditions [121]. The solution is then extruded into an area of lower pressure 

and temperature, causing the solvent to evaporate.  This is usually used for 

crystalline polyhydrocarbons like polyethylene [127].    

2.3.6 Gel spinning 

Polymer gels are highly saturated solutions like ultra-high molecular weight 

poly(ethylene) (UHMWPE), where the high concentrations are needed as the 

chain lengths do not possess sufficient properties needed for engineering 

materials [128]. Using such a high molecular weight magnifies the effect of the 

van der Waals forces throughout the polymer. The high molecular weight also 

allows the molecules to be drawn thereby increasing tensile strength [121]. In 

this method the polymer solution is passed through an extruder. It is air dried 

as it passes through an air gap then quenched, UHMWPE is quenched in 

ethanol [129].                                                                                

Figure 13: Diagram showing gel spinning of UHMWPE 
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2.3.7 Centrifugal spinning 

A polymer solution is added to a metal container with orifices in the sides. This 

“pot” can be rotated as large speeds (200-13,000 rpm). Centrifugal forces 

exerted onto the solution cause it to eject out of the orifices. Once ejected it 

undergoes stretching and solidification as the solvent evaporates [130]. This 

method has been used to produce nerve guides by Amalorpavamary et al. 

PCL/PVP blends were made and spun using a device built in-house [131]. A 

variation of this, known as pressurised gyration, uses pressurised gas as well 

as gyration to overcome the surface tension to produce a range of structures 

including fibres [132].   

 

Figure 14: Image of centrifugal spinning (left) and presssurised gyration (right) 
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2.3.8 Emulsion spinning 

This method is used for polymers that cannot be solvated or melted. Or, it can 

also be used to produce bi-component fibres. In the case of an insoluble 

material; it is mixed with another polymer which is soluble and will act as a 

spinning agent [121].  The spinning agent will then be removed post spinning 

either with a solvent or through heating. The spinning agent must not affect 

the properties of the “desired” material. In the case of bicomponent fibres the 

two polymers used will remain in the final fibre and the properties of both will 

be exploited [133]. The most popular use of this method is the production of 

polytetrafluoroethylene (PTFE), commonly known as Teflon™ produced by 

Chemours, a non sick coating used most famously on cooking utensils. A 

solution of 40% PTFE and 2.3% cellulose is spun into a bath of sulphuric acid, 

sodium sulphate and zinc sulphate. After drying the cellulose is removed via 

heating at 389 °C. The PTFE is then sintered to produce high strength fibres 

[134]. 
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2.4 EHD Processing 

Electrospinning is a top-down approach that is low cost [19, 135] compared to 

most bottom up techniques [121, 136]. The table below compares 

electrospinning to other spinning techniques.  

Table 2:  Various spinning methods [121]. 

Process Micro/nano fibre Feedstock Solidification 

Electrospinning µm/nm

  

Melt, 

solution and 

emulsion 

Cooling or 

evaporation or 

coagulation

  Gel (dry-

wet) 

spinning 

µm Solution 

(high solid 

content) 

Dry 

spinning 

µm/nm Solution Heating or 

evaporation 

Wet 

spinning 

µm/nm Solution Coagulation 

Emulsion 

spinning 

No Emulsion Phase separation 

Melt 

spinning 

 

No

  

Melt

 

  

Cooling 

Melt 

blowing 

µm/nm Melt 

Conjugate 

spinning 

µm/nm Melt 

Film 

splitting 

µm Melt 

Centrifugal 

spinning 

µm/nm Melt and 

solution 



34 
 

Electrospinning is a top-down approach that is low cost [19, 135] compared to 

most bottom up techniques [121, 136]. The Table 2. compares electrospinning 

to other spinning techniques.  

Electrospinning accepts the widest range of feedstock whilst being able to 

produce structures in the nanometre range. Cooling, evaporation or 

coagulation solidification regimes do not include heating which reduces energy 

consumption.    

 

2.4.1 Brief history and Introduction 

Historically, the interaction between a fluid and electrostatic charge was first 

observed in the 1600’s when William Gilbert, who demonstrated the 

deformation of a water droplet in the presence of a charged piece of amber 

[137]. The first electrospinning patent applied for was by John Francis Cooley 

[138] in 1900. John Zeleny [139], began the process of mathematically 

modelling the behaviour of fluids under the influence of electrostatic forces, by 

observing the effect of an electromotive force on a droplet on the end of a 

capillary, and imaging the “jet” produced [140].  

 

Anton Formhals also put forward 22 patents throughout the 1900’s. 

Rozenblum and Petryanov-Sokolov of the USSR developed an electropsun 

cellulose acetate mat used as smoke filters in gas masks in 1938 [141]. The 

most notable contributor to the understanding of the process was Sir Geoffrey 

I. Taylor, who lent his name to the “Taylor” cone. He worked through 1964-69 
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laying the groundwork to mathematically describe the shape formed by fluids 

in the presence of an electric field [142]. In the past two decades, many 

university laboratories have retaken the interest in the EHD process.  

 

The EHD process covers two production methods; electrospinning and 

electrospraying. The former is used to produce fibres and the latter, particles 

The process involves pumping a solution (or melt) through a capillary, typically 

metal. A high voltage dc power supply connected to the capillary provides the 

electrostatic charge [143]. When a liquid droplet at the end of a metal capillary 

is subjected to an electric potential, the droplet lengthens and from the tip 

either droplets or fibres are ejected [144]. The difference between 

electrospraying and electrospinning are the solution parameters; primarily the 

polymer concentration. When this passes the polymer specific threshold, the 

polymer chains entangle preventing the jet to break up which occurs during 

electrospraying. The viscoelasticity of a high concentration solution is able to 

overcome instabilities that dominate electrospraying thereby producing fibres 

[145, 146]. These fibres are attracted to a grounded collector, where they are 

collected and observed. EHD processing uses an electric field to distort a 

polymeric droplet by charging the polymer chains inducing repulsion between 

them. This repulsive force overcomes the surface tension allowing a jet to be 

ejected. Depending on the solution properties either electrospinning or 

electrospraying will occur; producing fibres or particles respectively [147, 148]. 
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2.4.2 Electrospinning  

As the polymeric fluid, solution or melt, passes through a charged capillary, 

charges accumulate on the droplet surface as it emerges from the capillary 

end [149]. In the presence of the electric field formed between the capillary 

and the grounded collector, the charged polymer chains begin to repel one 

another, these repulsive forces between the polymer chains overcomes the 

surface tension of the droplet and a jet is emitted from the deformed droplets 

tip, known as a Taylor cone [150]. As the jet traverses towards the collector 

both internal charges and the external electric field induce a whipping motion 

which works to stretch the polymer chains, reducing the fibre diameter [149], 

it is also at this point solvent evaporation occurs, again reducing the fibre size.    

Figure 15: Schematic image of electrospinning set up with a magnified 

Taylor cone [151]. 
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2.4.3 Solution parameters affecting electrospinning 

The application of the electric field on the polymeric solution has the following 

effects:- 

The electric field interacts with the ions present in the solution. There is an 

equal number of positive and negative ions in the solution, when the field is 

applied the ions move in the direction of the oppositely charge electrode. The 

difference in the amount of positive and negative ions in a given volume while 

the electric field is applied is known as the electric field.  

Adding ionic salts will increase the amount of ions in the system but no the 

excess charge. This increase in conductivity can reduce the time it takes to 

establish the excess charge once the field is applied.  

 

When the field is applied to the droplet at the capillary end the ions migrate to 

the droplet surface inducing a charge on the droplet surface. The instability 

takes effect when the potential difference is high enough for the electrical 

forces to overcome the surface tension; after which the jet emerges which acts 

to carry away the excess charge. Increasing the potential difference increases 

the charge on the jet. 

 

Solutions with low conductivity solutions may need more time for sufficient 

charge accumulation at the droplet surface to initiate the jet. The external 

electric field, charge in space and air drag all cause the jet to traverse towards 

the collector [152]. The larger, thinner segments of the jet (closest to the 
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collector) are slower moving due to the air drag and disturbances to the electric 

field due to the presence of the charged jet and charged nanofibres collected 

nearby. Coiled and looped fibres can be collected; their curvature reflective of 

the pattern the jet takes, it is also dependent on the distance from the envelope 

apex at which the sample is collected. Also, Reneker hypothesises the jet 

(fibres) dries before hitting the collector and is therefore a direct indicator of 

the jets formation in space [153].   

 

2.4.3.1 Concentration 

Polymer concentration is the solution parameter that influences the EHD 

process greatest. In electrospinning the concentration must be high enough 

such that the molecular chains are able to entangle and prevent the jet to break 

up [150]. There is a critical value of entanglement Ce that must be met in order 

for electrospinning to occur. Solutions with entanglements below this value 

lead to jet break up and give rise to electrospraying, and the production of 

particles [154].  The gradual increase in the concentration of a polymer solution 

leads to the following transition; particles to bead-on-strings to smooth fibres 

to thick ribbon like fibres. An increase concentration with an increase in surface 

tension, reduces the likelihood of the jet breaking up to form droplets as [149]. 

A high concentration can block the needle tip and cause beaded fibres, as the 

flow is disrupted [150].  
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2.4.3.2 Molecular weight  

The effect of molecular weight is analogous with solution concentration. 

Longer or more branched polymer chains will lead to greater chain 

entanglements, which will encourage electrospinning and fibre production. 

The greater molecular weight will help overcome the surface tension producing 

progressively smoother, more uniform fibres [149].     

 

2.4.3.3 Viscosity 

As the solution viscosity increases the bead size increases as does the 

distance between the beads on the fibres. An increase of viscosity also 

changes the shape of the beads from spherical to elliptical to spindle like until 

it smoothen out completely. This was shown by Lee et al, when electrospinning 

polystyrene [155]. Increasing the viscosity while lowering the surface tension 

which leads to smooth uniform fibres [156].  

 

2.4.3.4 Electrical Conductivity 

Solution conductivity is primarily controlled by the solvent used in the solution. 

The relationship between diameters of the fibres and conductivity is straight 

forward. Increasing the conductivity allows the solution to carry more charge, 

in the presence of an electric field this will lead to greater stresses being 

applied to the jet reducing the fibre size [143, 144].  
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2.4.3.5 Surface Tension 

The effect of surface tension changes slightly with the viscosity of the solution 

used. Lower viscosity solutions are more susceptible to the effect of surface 

tensions which will promote electrospraying over electrospinning, as the jet will 

break up into droplets. At higher viscosities, surface tension is plays a lesser 

role which allows for fibre formation [157]. Surface tension arises from the 

cohesive forces between the solution components and acts to maintain the 

droplet shape at the end of the capillary until the applied voltage provides 

enough columbic force to overcome the surface tension.   

 

2.4.4 Processing parameters affecting electrospinning 

2.4.4.1 Voltage 

Once the threshold voltage has been reached, the electric field charges the 

molecular chains in the solution. The repulsive force overcomes the surface 

tension of the droplet distorting the shape to form the Taylor cone [150]. The 

effect of this parameter is polymer specific; research has shown both negative 

[158] and positive [159] correlations between the increase in fibre diameter 

and voltage.  

 

2.4.4.2 Flow rate 

The relationship between flow rate and fibre diameter is a straightforward one. 

Increasing the flow rate means a higher volume of solution flowing through the 
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EHD needle per unit time; this leads to an increase in fibre diameter. Flow rate 

must be a balance between the solution being replaced at the needle tip and 

minimum flow to ensure solvent evaporation to avoid beading [160].   

 

2.4.4.3 Collector Distance 

The distance between the collector and needle is what controls the flight time 

of the fibres produced by electrospinning. As the jet undergoes the whipping 

instability, solvent evaporates from the solution. The longer this phenomena is 

allowed to occur meaning the greater the distance between the tip and the 

collector, the smaller the diameters of the fibres collected will be [150].   

 

2.5 Wound Healing Patches 

A wound healing patch must have the following characteristics [34, 161]:-  

- Provide a moist environment 

- Removes excess wound exudate 

- Allow gaseous exchange 

- Large surface area  

- Protect against pathogen infiltration 

- Prevent necrosis 

- Be biocompatible 

The wound healing patch must also be able to mimic the role of skin as closely 

as possible in its capacity of keeping out microbes and preventing infection 
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[34], and also potentially to accelerate the wound healing process by 

maintaining the ideal conditions needed to allow the body to repair itself 

without interruption.  

If a bandage is unable to control exudate it can cause tissue maceration. 

Managing the fluid level in a wound site can contribute to healing by reducing 

maceration [162].  

 

2.5.1 Electrospun Wound Healing Patches 

Electrospinning produces non-woven patches which are used widely in the 

healthcare and medical textiles. Non-woven fabrics are superior to typical 

knitted or woven textiles as they resemble strongly resemble the extracellular, 

and costs are reduced due to shorted production times [162].  

Due to the porous, non-woven nature of the electrospun fibres; they have the 

capacity to be excellent functional wound dressing materials. The porosity 

allows for the exudate to be absorbed and oxygen to permeate through whilst 

keeping out pathogens [163]. Electrospinning can produce nanosized fibres 

which maximises the surface to area ratio, enhances mechanical flexibility 

which leads to maximum conformability to the wound surface [51]. The large 

surface to volume ratio can be exploited to help in delivering drugs/active 

agents [164]. It is at this stage that these biomaterials become bioactive, and 

is able to interact with the physiological environment. The EHD process is an 

easy process that has the ability to be specialised for a number of industries 

[165].  
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Current dressings include cotton wool, natural cellulose gauze and bandages, 

these are involved in wound healing. Gauze or bandage do not absorb exudate 

very well, which means infection control is limited [31]. Most of those materials 

act as inert covers, not engaging in the in the healing process and only act as 

a physical cover/protection [166]. 

 

Electrospun collagen has been used to produce skin substitute scaffolds with 

superior properties compared to the more commonly used freeze dried 

scaffold; in homogeneity and similarity to natural extra cellular matrix, it was 

also found to elicit less wound contraction in wound healing than the freeze 

dried product [167].  

Cellulose is classed as a bioactive material which is actively involved in the 

healing process. Most commonly carboxymethyl cellulose is use as a 

hydrocolloid which can readily absorb exudates [166].  

 

The multi-symptomatic nature of diabetic wounds should to be addressed by 

its wound healing material. The excessive exudates produced should be 

absorbed, but the wound should not be left dry, as this is equally damaging to 

the healing process. Delivering active pharmaceutical agents to the wound site 

has been shown to help overcome arrested healing. A material capable of 

tackling multiple problems is necessary in such cases.  
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2.6 Drug release from electrospun fibres 

Controlled drug delivery systems surpass conventional methods such as oral 

and parenteral by:-  

- Control over the duration and type (i.e. quick-short term or sustained 

long-term) of delivery [168] 

- Targeted delivery to specific structures or areas [169] 

- Reduction of systemic drug delivered to the body, thereby reducing the 

likelihood of side effects [170] 

 

In addition to these, conventional methods require a number of repeated doses 

in order to maintain a therapeutically relevant level of drug [171]. However, a 

biocompatible material doped with an active pharmaceutical ingredient (API) 

can have its properties tailored to deliver the API at the suitable site, level and 

duration, potentially with one application only [168]. These biomaterial based 

controlled drug delivery systems can be degradable or inert. Ideally, if a 

controlled drug delivery system is to be implanted into the body it should be 

biodegradable, and the products released as part of the degradation should 

be as non toxic as the parent material. This will remove the need for invasive 

procedures to remove the structures [168].  

In terms of drug delivery systems produced using EHD, there is a vast array. 

Particles to non woven patches have been designed into drug delivery 

systems for many applications. Parhizkar et al. produced cisplatin 

encapsulated PLGA particles for the treatment of head and neck cancers The 

core shell particles containing the cisplatin were taken up by a greater degree 
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(EC50 =6.2 μm) compared to free drug (EC50 =9 μm) [172]. Enayati et al. also 

investigated PLGA particles specifically, investigating parameters affecting the 

release profile of estradiol (a female hormone) by making changes to the 

particle size, coating material and thickness [103]. With even more sensitive 

materials like genetically engineered peptides, thermally responsive particles 

were electrosprayed to release doxorubicin (an anti cancer drug) [173].  

 

Wound healing and cellular scaffolds are one of the most common uses for 

electrospun fibres.  As previously mentioned, the similarity between 

electrospun fibres and the extra cellular matrix makes it an ideal match. The 

porosity allows for gaseous exchange to be maintained but the inter fibre 

porosity can stop the infiltration of bacteria into the wound site [174]. Fibres 

have been used to deliver growth factors, anti biotics and even supplements 

[88, 94, 95, 175, 176].  For wound healing dressings patches, certain 

substances can be added to enhance or aid the healing process. Sofokleous 

et al. loaded PLGA fibres with amoxicillin (an antibiotic) and charted the 

release behaviour through different media. When tested in vitro the fibres 

released the greatest amount of drug in simulated body fluid (81%) compared 

to phosphate buffered saline (22%) and distilled water (68%) [177].  Silver, a 

well known antimicrobial agent, was electrospun in its nitrate form (AgNO3) 

with polyvinyl alcohol. Applying heat or UV radiation released the silver ions 

and work to kill bacteria [178].  
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2.7 Diabetic medication expand 

Diabetes is the metabolic disease most associated with wound healing 

impairment [179]. As of November 2017, it is estimated 4. 6 million people (3.7 

million diagnosed and ~1 million undiagnosed) in the UK suffer from diabetes. 

Despite this, there has not been a large amount of research into the effect of 

anti-diabetic medications on wound healing. Non healing diabetic wounds 

maintain an elevated level of pro inflammatory cytokines, which disrupts the 

healing process [180]. Inflammation is a normal part of the healing process, 

but a hyperglycemic environment prevents progression of healing. 
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3 Chapter 3 

 

Experimental Details 

 

3.1 Introduction 

This chapter describes the materials, procedures, methods and equipment 

used whilst producing the work described in this Thesis. This body of work was 

committed to incorporating cellulose materials of plant and bacterial origin into 

all the products produced. The cellulose derivatives were selected at the 

beginning of the PhD and what will be discussed are the polymers that have 

been used. All of these materials are already used in the biomedical field in 

one capacity or another, their suitability for medical applications has already 

been shown in literature. All materials were purchased from purchased from 

Sigma Aldrich (Poole, UK) unless otherwise stated.  

 

3.2 Materials  

The material selection is essentially in two sections. The first chapter of results 

involves plant derived cellulose polymers; ethyl cellulose (EC), cellulose 

acetate (CA) and carboxymethyl cellulose (CMC) blended with poly ethylene 

oxide (PEO). These were used with ethanol, acetone and water solvents, 

respectively.  
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The latter chapters used bacterial cellulose (BC) blended with 

polycaprolactone (PCL) dissolved in dimethylformamide (DMF) with 

tetrahydrofuran (THF) and bacterial cellulose blended with gelatin (Gel) with 

acetic acid (AA) with water, respectively. Some of the fibres were loaded with 

diabetic drugs glybenclamide (Gb) and metformin (Met) and their performance 

tested in vitro, using phosphate buffered saline (PBS).  

 

3.2.1 Ethyl Cellulose  

Ethyl cellulose (EC) is an off-white powder. The molecular weight used was 

2.28x104 g mol-1 with 48% of the molecule labelled with ethoxy groups was 

used.    

 

3.2.2 Cellulose Acetate 

Cellulose acetate (CA) had a molecular number of 3x104 g mol-1 with 39.8wt% 

labelling of acetyl groups across the polymer chain.  

 

3.2.3 Carboxymethyl Cellulose 

Two types of sodium carboxymethyl cellulose (CMC) were used. CMC of 

molecular weight 2.5x105 and 7x105 g mol-1 were used, both with 0.9 

carboxymethyl groups per cellulose monomer.  
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3.2.4 Polyethylene oxide 

Polyethylene oxide (PEO) with a molecular weight of 2x105 g mol-1 was used 

in combination with CMC to act as a spinning agent. 

 

3.2.5 Bacterial Cellulose 

BC was provided by the Department of Medical Microbiology, Medipol 

University (Istanbul, Turkey). It was kept refrigerated in ultra-pure water until 

used.  

 

3.2.6 Polycaprolactone 

Polycaprolactone (PCL) with a molecular weight of 8x104 g mol-1 this was 

blended with bacterial cellulose as a “slow” degrading spinning agent. That is 

adding PCl facilitates degradation of the fibre. 

 

3.2.7 Gelatin 

Gelatin (Gel) derived from bovine skin with a molecular weight in the range of 

4x104 – 5x104 g mol-1 was used. This was used instead of the porcine type as 

it can be easily cross linked. This was blended with bacterial cellulose as a 

“fast” degrading spinning agent. The addition of Gel to the fibres speeds up 

the degradation of Gel-BC fibres compared to PCl-BC fibres.  
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3.2.8 Glybenclamide 

Glybenclamide (Gb) (formula: C23H28CIN3O5S, molecular weight 494 g mol-1). 

A common oral treatment for type II diabetes, from a class of drugs known as 

sulfonylureas. Mirza et al. demonstrated the application of Gb in pluronic gel 

to wounds excised on db/db mice accelerated  re-epithelialisation and 

granulation tissue, along with reducing the level of inflammatory cytokines 

whilst increasing the pro healing cytokines [181]. Previous to this a number of 

studies showed the effect of the drug on inflammation. Whilst comparing 

glybenclamide to glimepiride (another sulfonylurea) within a group of diabetic 

patients (delivered orally), glybenclamide brought about a reduction in the 

levels of various inflammatory cytokines [182]. Equally, when Gb was tested 

against metformin, Gb was able to reduce the levels of c-reactive protein, a 

blood plasma protein whose level rises due to inflammation [183].  

Gb has been shown to specifically inhibit the action of the nod like receptor 

inflammasome (NRLP-3), due to the presence of the sulfonyl and benzamido 

groups on the Gb molecule, they disrupt the biomolecular cascade that brings 

about NRLP secretion [184]. 

Figure 16: Image highlighting the benzamido and sulfonyl groups on the Gb 

molecule 
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3.2.9 Metformin  

Metformin (Met) (formula: C4H11N5, molecular weight: 129 g mol-1). It is 

typically the first port of call in the treatment of type II diabetes, it belongs to a 

class of drugs known as biguanides.  Metformins effect on inflammation has 

not been tested on humans but its effect on murine macrophages has been 

described in the literature. Nath et al. showed the application of Met to 

RAW267.4 cells attenuated a number of pro inflammatory cytokines [185]. A 

more relevant example of Met used in wound healing was shown by Lee et al. 

Poly-lactide-glycolide (PLGA) and Met were electrospun and applied to 

diabetic induced rat wounds, these showed greater healing than wounds 

treated with virgin PLGA and the control treated with a conventional gauze 

[186]. Met was used to successfully reduce tumour necrosis factor and tissue 

factor, pro inflammatory cytokines present in atherosclerosis [187].  

 

 

Figure 17: Image of metformin molecule 
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3.2.10 Solvents  

Ethanol 

Absolute ethanol (C2H6O, viscosity 1.08 cP, surface tension 22.3 mN m-1, and 

electrical conductivity 1.4E-9 μS m-1 [188]) was obtained from Fisher Scientific 

(Loughborough, UK).  

 

Acetone 

Acetone is a colourless solvent (C3H6O, viscosity 0.33 cP, surface tension 23.3 

mN m-1, and electrical conductivity 5E-9 μS m-1  [188]). 

 

Dimethylformamide 

Dimethylformamide is a colourless solvent (C3H7NO, viscosity 0.82 cP, 

surface tension 35 mN m-1, and electrical conductivity 6E-8 μS m-1  [188]). 

 

Tetrahydrofuran 

Tetrahydrofuran is a colourless solvent (C4H8O, viscosity 0.55 cP, surface 

tension 28 mN m-1, and electrical conductivity 4.5E-5 μS m-1  [188]). 
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Acetic acid 

Acetic acid is a colourless solvent (C2H4O2, viscosity 1.13 cP, surface tension 

27.4 mN m-1, and electrical conductivity 6E-5 μS m-1  [188]). 

 

3.2.11 Glutaraldehyde  

Glutaraldehyde (C5H8O2, Mw 100.12 g mol-1, 50% in water) was used as a 

cross linking agent to cross link the gelatin samples in order to render the fibres 

insoluble in water reduce the degradation time and drug release. The aldehyde 

group, highlighted in Fig. 18 of the glutaraldehyde interacts with the lysine 

amino acids, found in the gelatin molecule resulted in links between the gelatin 

chains [189]. 

 

 

 

 

Figure 18: Image highlighting the aldehyde groups on the glutaraldehyde 

molecule 

 

3.2.12 Phosphate buffered saline  

Each tablet in 200 mL of deionized water yields 0.01 M phosphate buffer, 

0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C. 
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3.3 Solution Characterisation  

Each solution had viscosity, surface tension, electrical conductivity, and 

density characterised. Each characteristic was tested a minimum of 5 times.  

 

3.3.1 Viscosity 

Viscosity was measured using programmable rheometer (Brookfield DV-III 

ULTRA, Massachusetts, USA). The viscosity is measured by the resistance 

exerted on a rotating spindle (number 18) at a specific shear rate. To measure 

the viscosity 3 mL of solution was poured into the vessel and the spindle 

lowered into it until it is submerged. The shear rate was set where consistent 

viscosity readings are taken.  

 

3.3.2 Surface Tension 

Surface tension was measured using a tensiometer (Kruss K100SF, Kruss 

GmbH, Hamburg, Germany) using the Wilhelmy’s plate method. The thin plate 

was lowered and submerged the test solution, by lowering the platform the 

beaker sits on a reading is taken as the plate leaves the interface of the 

solution and air.   

3.3.3 Electrical Conductivity 

The electrical conductivity was measured using a conductivity meter (Jenway 

3450, Bibby Scientific Limited, Staffordshire, UK). The probe was submerged 

into the test solution until a stable reading is obtained.  
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3.4 Preparation of solutions 

3.4.1 Cellulose derivatives solutions 

Ethyl cellulose 5-30wt% and 17-25wt% in ethanol and water (80:20). Cellulose 

acetate 10, 12.5,15 and 17.5wt% in acetone only. Cellulose acetate 10wt% in 

100:0, 95:5, 90:10, 85:15, 80:20 acetone: water respectively. Carboxymethyl 

cellulose/PEO solutions were made at 25:75, 14:86 and 10:90 with MW 

250,000 and 14:86 with Mw 700,000 g mol-1.  

 

3.4.2 BC-PCL-Glybenclamide solutions 

PCL solutions of 5 and 10wt% were produced with DMF:THF (50:50 weight 

ratio). The solutions were prepared under magnetic stirring for three hours at 

50⁰C. Bacterial cellulose (BC) was made at 10 wt % in DMF only. A mixture 

was made using homogenisation (Branson Ultrasonic Sonifier SFX550, Fisher 

Scientific, UK) at 80% power output for 10 minutes. The solution and mixture 

were mixed (50:50 by weight). The drug, glybenclamide was later added at 

10wt% of the PCl-BC mixture.  

3.4.3 PB-Gel-Metformin suspension  

A gelatin (Gel) solution 18wt% were produced with acetic acid:water (80:20 

weight ratio). The solution were prepared under magnetic stirring overnight at 

room temperature (25 ⁰C). BC was made as previously described. Again, the 

solution and mixture were mixed (50:50 by weight). The drug, metformin was 

later added at 10wt% of the Gel-BC mixture. As metformin does not dissolve 

a stable suspension was formed. 
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3.5 Experimental setup  

3.5.1 Table top set up  

Needle set up: For every test the solution was loaded into 10 mL syringes 

(Becton and Dickinson Company, Oxford, UK) attached with 0.76mm inner 

diameter capillary tubing (Sterilin, UK) to the steel needle (15 gauge, ID: 

2.06mm, OD: 2.67mm, Stainless Tube & Needle Co Ltd, Staffordshire, UK).  

Syringe pump: The solution flow rate was controlled by a syringe pump (PHD 

4400, Harvard Apparatus, Edenbridge, UK).  

High voltage power supply: The needle was attached to a high precision 

voltage generator (FC 120W, Glassman Europe Limited, Bramley, UK) with 

capability of 0 – 30kV. The ground electrode was attached to the metal 

collector. 

The solutions were subjected to a range of voltages (0-20kV), the flow rates 

used were 50µL min-1 and 100µL min-1 and distance from collector to tip used 

were 100mm and 150mm for ethyl cellulose. Cellulose acetate was subjected 

to the same applied voltage range, 4mL/h and 6mL/h flow rate, all samples 

were collected at 100mm tip to collector distance. Carboxymethyl 

cellulose/PEO fibres were collected at 100mm from needle tip. Samples were 

collected on glass microscope slides. All experiments were carried out at 

ambient conditions (temperature 21°C and humidity 40-50% respectively).  
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Figure 19: Schematic illustration showing electrospinning set-up 

 

3.5.2 Portable EHD gun 

The portable EHD gun, shown in Fig. 20, is functionally identical to the table 

top set up. The needle is encased in a repurposed gun  was assembled with 

a single needle (ID: 0.69 mm, OD: 1.07 mm, Stainless tube & Needle Co. Ltd, 

Staffordshire, UK) and connected to 10 mL syringes (Becton and Dickinson 

Company, Oxford, UK) attached with 0.76mm inner diameter capillary tubing 

(Sterilin, UK). A strong potential difference was applied between the needle 

and a grounded collector using a high voltage supply (FC30 P4 12 W, 

Glassman Europe Limited, Bramley, UK). The working distance between the 

EHD gun needle exit and the grounded collector was set to 130 mm. The flow 

rates of the liquid were controlled using an ultra-high precision syringe pump 

(Infuse/Withdraw PHD 4400 Hpsi programmable syringe pump, Harvard 

Apparatus Ltd, Edenbridge, UK). When used to collect samples, a collected 

on stationary collector was used.  
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Figure 20: Image of A) portable EHD gun, B) gun in use, C) resulting patch 

produced in situ and, D) a detailed image of the applicator [190] 

 

3.6 Characterisation of electrospun microstructures  

3.6.1 Optical Microscopy 

In order to observe the product shape, size and morphology samples were 

collected on glass microscope slides and were observed using an optical 

microscope (Zeiss Axiotech) fitted with a Q-imaging Micropublisher 3-3RTV 

camera.  

3.6.1 Scanning electron microscopy  

Scanning Electron Microscopy (Hitachi S-3400n) was used to observe the 

samples and determine the size distributions. The samples were mounted onto 
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metal stubs and were coated with gold for 90 seconds with Quorum Q150R 

pumped sputter coater (Quorum Technologies, UK) before observation. 

  

3.6.2 Measurement of microstructures 

All image analysis was carried out using ImageJ (public domain open source 

image processing software available online) to measure diameters of the 

microstructures produced. The error bars shown indicate the standard 

deviation of the measurements. 

 

3.7 In vitro Testing    

3.7.1 Release 

A Branson Ultrasonics CPX Series Ultrasonic Cleaning Bath water bath was 

used to conduct the release tests. Each sample was suspended in PBS at the 

ratio of 1 mg of fibrous material to 3 ml of PBS. The sample and PBS were 

incubated at 35-36 ⁰C in the water bath for the duration of the test, with a 

minimum of three test pieces per sample. Each test lasted 15 days with 1 ml 

of eluent collected every 24 hours and replaced with 1ml of fresh PBS.  

 

3.7.2 UV Spectroscopy   

An UV spectrophotometer, Jenway 7305 UV/Visible spectrophotometer, was 

used to determine the release profiles of metformin and glybenclamide. A 

calibration curve was constructed for both using standard solutions of known 
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concentrations of each drug. The amount of drug present in the fibrous 

patches made was determined as follows. Standards were made with known 

concentrations of drug dissolved in PBS and the absorbance measured 

 

Figure 21: UV calibration curve of glybenclamide 

 

Figure 22: UV calibration curve of metformin 
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3.7.3 Swelling  

To identify the absorption capacity of BC, plain polymer and polymer-BC 

blends their swelling ratios were measured. The electrospun fibres were 

immersed in PBS and incubated at 35-36 ⁰C. They were removed at 1, 2, 3, 4 

and 24 hours and weighed after the surface water was removed using filter 

paper. Their swelling capacity was calculated by:  

Swelling% = ((W – W0)/W0)100  

where W0 and W are the weights of the samples before and after immersion 

in water for various times, respectively [191]. 
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4 Chapter 4 

 

Results and Discussion 

 Ethyl cellulose, cellulose acetate and carboxymethyl 

cellulose microstructures prepared using 

electrohydrodynamics and green solvents 

Overview 

 In allowing cellulose to be soluble in safe solvents, cellulose derivatives have 

made the polymer even more medically relevant, as it can now be processed 

without worry of the solvents used and the potentially harmful effects they 

could have in vivo. In this chapter, three different derivatives were used. 

Between the three; two ethers and an ester were used, of which one was 

hydrophilic and the others hydrophobic. This was done to cover the diversity 

of cellulose derivatives within this study. All three CDs were subject to changes 

in various parameters in order to identify their effects on the morphologies of 

the microstructures produced.                                                                                          

Table 3: Properties of the CDs used 

Name Type Hydrophilicity/phobicity 

Ethyl cellulose (Section 4.1) Ether Hydrophobic 

Cellulose acetate (Section 4.2) Ester Hydrophobic 

Carboxymethyl cellulose (Section 4.3) Ether Hydrophilic 
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Manipulating the morphology of an electrospun structure can be done through 

a number of ways; making changes to the processing parameters or changes 

to the solution itself, both were explored in this work. 

 

4.1 Ethyl Cellulose  

Electrospinning ethyl cellulose (EC) is well described in the literature, however, 

as listed in Chap. 2, this polymer is typically used with less than favourable 

solvents. This work used only water and ethanol whilst working EC. Water is 

the gold standard solvent, the safest to use, however, this is not possible to 

use alone with hydrophobic polymers like EC. But here water was used as part 

of a binary solvent system in order to reduce the proportion of ethanol used.   

Processing and solution parameters: applied voltage, flow rate and collection 

distance and the polymer concentration were changed and with the effects on 

the morphology observed. These were all done whilst employing a safe and 

possibly, green solvent, in order to show the versatility of this solvent system 

despite it not being favoured amongst researchers.  

 

4.1.1 Solution characterisation  

Solution properties such as viscosity, surface tension and electrical 

conductivity all affect the electrospinning process, it is important to define 

these parameters and the resulting effect in the microstructures they will 

produce.   
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 Table 4: Physical properties of ethyl cellulose solutions 

 

4.1.2 Solvent selection  

Despite its hydrophobic nature, the work conducted with EC used the binary 

solvent system of water and ethanol, at the ratio 20:80, developed by Luo et 

al. [192]. Decreasing the ethanol content, will reduce the amount of ethanol 

residue in the polymeric fibres/particles, which is a mild irritant [193]. In a 

wound dressing, keeping the ethanol content to a minimum would be 

preferable but this has to be balanced against solubilizing the polymer. It was 

found increasing the proportion of water above 20% (v/v) will form solid 

suspensions, and increasing the water content even further will show no 

solubility. Nevertheless, this solvent system is the least toxic and most 

biocompatible. Tetrahydrofuran (THF)/Dimethylacetamide (DMAc) binary 

solvent [45, 194], 2,2,2-Trifluoroethanol [111, 112], and Dimethylformamide 

(DMF)/acetone binary solvent [116] have all been used previously with ethyl 

cellulose. Ethanol and water has been demonstrated in the literature as well 

by Ahmad et al. [16].   Table 5. shows the ranking/desirability of the solvents 

Solution 

(wt%) 

Density  

(kg m-3) 

S. T. 

(mN m-1) 

Elec. Cond.       

(µS m-1) 

17 

18 

4450 53.70 ± 1.09 64.42 ± 0.33 

4460 68.30 ± 1.23 63.32±0.29 

19 

20 

4510 76.12 ± 2.87 62.00 ± 1.24 

4570 83.90 ± 5.65 62.31±0.62 

21 4550 107.42 ± 1.99 62.52 ± 0.71 

22 4620 112.64 ± 2.81 61.38 ± 1.06 

23 

24 

4640 132.03 ± 2.77 61.02±0.87 

4640 144.71 ± 7.43 59.58 ± 1.06 

25 4740 163.60 ± 3.97 57.84 ± 0.4 
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used with EC in the literature by major pharmaceutical companies; Pfizer, New 

York, USA [195], Sanofi, Gentilly, France [106] and GSK, London, UK [105], 

as well as data from a solvent guide published by American Chemical Society 

[196] in comparison to ethanol.  

 

 Table 5: Literature values of desirability/safety of solvents used with ethyl 

cellulose of all the solvents checked, only water and ethanol were given the 

“green light” across the board by ref. 105, 106, 193 and 194. The values listed 

correspond to the health score from American Chemistry Society (ACS), 

health (acute and chronic effects on human health and exposure potential) 

from GlaxoSmithKline (GSK), overall ranking from Sanofi and guide for 

medicinal chemistry from Pfizer. 

 

 

Solvent  ACS 

Roundtable 

[196] 

1-good, 10-

poor 

Sanofi [106] Pfizer [195] GSK 

[105] 

1-

bad, 

10-

poor 

Tetrahydrofuran -  Substitution 

advisable 

-  6/10 

Dimethylacetamide 7/10 Substitution 

requested 

Undesirable 2/10 

2,2,2-

Trifluoroethanol 

6/10 -  Usable  -  

Dimethylformamide 7/10 Substitution 

requested 

Undesirable  2/10 

Acetone  4/10 Recommended  Preferred 8/10 

Ethanol  3/10 Recommended  Preferred 8/10 

Water 1/10 Recommended  Preferred 10/10 
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4.1.3 Concentration 

Initial solutions of 5, 10, 15, 20, 25 and 30wt% were made and processed via 

EHD. 5 to 15wt% shows particle diameter increased, indicating 

electrospraying was occurring. At 20wt% there was an emergence of tails on 

the particles, but electrospraying was still occurring. With 25wt% fibres were 

being produced with spindle like beads, electrospinning had begun to occur. 

30wt% gave rise to thick ribbon like fibres were being produced, this is again 

due to electrospinning. The solutions that resulted in producing particles, are 

a result of inadequate chain entanglement [156]. Coulomb fission is a 

phenomenon where a charged droplet reaches its Rayleigh limit, a value 

where the droplet is carrying the maximum charge for its mass. At this limit the 

droplet will eject some of its content in the form of “secondary” or “daughter” 

droplets, thereby reducing the charge of the droplet [197, 198], and giving a 

bimodal distribution in particle diameter. This can be seen clearly in Fig. 23.a. 

where the particles are clearly of non uniform size. When the chain 

entanglements between the polymer chains in solution reach a certain level 

the jet is not able to break up, this is prevented by the presence of the 

entanglements; these physical entanglements will bring about fibre formation 

during the EHD process [199]. The concentration of chain entanglements is 

controlled by polymer molecular chain length and solution polymer 

concentration, increasing both simultaneously or individually will lead to an 

increase in chain entanglements pushing electrospraying to electrospinning, 

continuing the increase will affect the diameter of the fibres produced, they will 

increase proportionally [198, 200]. From this selection of solutions only 20wt% 
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shows the chain entanglement approaching the critical chain entanglement 

value, at which electrospinning will occur, as shown by the presence of tails. 

 

Figure 23: Optical micrographs of (a) 5wt% particles, (b) 10wt% particles, (c) 

15wt% particles, (d) 20wt% beaded fibres, (e) 25wt% fibres and ribbons, (f) 

30wt% ribbons, the flow rate, applied voltage and working distance were 

100µL/min, 15kV and 100mm, respectively. 
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Figure 24: Optical micrographs showing the effect of concentration on 

microstructure morphology the flow rate, applied voltage and working distance 

were 50µL/min, 15kV and 100mm, respectively, a) 17wt%, b) 25wt%, 

respective microstructure distributions below. 

 

Fig. 24 displays the two extremes of the 17-25wt% range and the very different 

morphologies produced as a result of change in concentration only. At 17wt% 

the chain entanglements are not sufficient enough to prevent the jet breaking 

up leading to particles with short tails.  

 

The transition from particles with tails to almost smooth fibres shown in Fig. 

24. is due to the increase in polymer chain entanglements, as the only 

parameter changed was the polymer concentration. At 25wt%, the Rayleigh 

instability has the least effect, this is evident as “electrospinning” rather than 

“electrospraying” has occurred. The Rayleigh instability is another 

phenomenon that occurs during EHD. In this case, when the electric field is 

applied, the force due to repulsion between polymer chains causing the droplet 

to expand is opposed by the surface tension of the droplet trying to maintain 
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the spherical shape in order to reduce the systems energy. As the charge 

builds the repulsion overcomes the surface tension, causing the well-known 

Taylor cone to form and a jet emitted [151]. However, the formation of beaded 

fibres shows the Rayleigh instability is present and has not been entirely 

overcome [201].  For high viscosity liquids the jet does not break up, but travels 

as a whipping jet to the grounded target [142]. Increasing the concentration 

shows a lengthening of the tails into fibres and also an elongated of the beads 

to spindle like to almost completely smooth fibres. As the concentration 

increases, the resistance to Rayleigh instabilities increases and the jet is less 

susceptible to break up (causing longer fibres) and disturbances (causing less 

beading).  From these early experiments, it was clear there was an interesting 

region of transition between 15 to 25wt%, which required further investigating. 

In order to be able to chart the transition over smaller increments of 

concentration changes, solutions of 17, 18, 19, 20, 21, 22, 23 and 24wt% were 

also subjected to EHD and the gradual transition from particles to fibres was 

observed.      
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Figure 25: Effect of concentration on microstructure diameter at constant flow 

rate, applied voltage and working distance of 100μL/min, 19kV and 150mm, 

respectively a) 17wt%, b) 18wt%, c) 19wt%, d) 20wt%, e) 21wt%, f) 22wt%, g) 

23wt%, h) 24wt% and i) 25wt%, each with their corresponding microstructure 

size distribution. A minimum of 100 structures per sample were measured to 

generate the distribution graphs. 
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4.1.4 Voltage 

The effect of voltage on fibre diameter is disputed in the literature [116] and 

has been defined as material specific, however, theories have been suggested 

to support voltage increasing and decreasing fibre diameter. In the case of EC 

increasing the voltage has shown the general trend of reducing fibre diameter 

as shown by the graph in Fig. 26.  

At 25wt%, it appears the intermediate voltages, 16-18kV, are the most stable, 

with minimum instabilities as shown by the lack of beading at these voltages. 

However, the overriding factor, at this concentration, pushing down the fibre 

diameter is increased repulsion. This high concentration has an increased 

number of polymer chains per unit solution, this means the effect of repulsion 

is greatest in these solutions. At 19kV, for the flow rate, (50µL/min) 

investigated, a stable cone jet is not formed, Rayleigh instabilities become a 

dominant factor and cause beaded structure.  However, at 20kV, this small 

incremental increase in voltage, has increased the stretching, caused by the 

drawing stress of the jet to elongate the shape of the spherical beads 

(indicated with arrows) [18]. At 20kV the fusion of beads occurs, which brings 

down the fibre diameter [202]. At 19kV, there is a marked presence of circular 

beads at this voltage only. Changing the voltage independent of the flow rate 

increases the likelihood of beaded fibres forming; for each flow rate will have 

a “critical voltage” where a stable Taylor cone forms producing smooth fibres 

[203]. Higher electrical field strength, increases the repulsive forces acting on 

the polymer chain, thereby increasing the stretching leading to a reduction in 

fibre diameter [158].  
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Figure 26: Effect of voltage on fibre diameter collected at flow rate, 

concentration and working distance used were 50μL/min, 25wt% and 100mm.  

a) 13kV, b)14kV, c)15kV, d)16kV, e)17kV, f)18kV, g)19kV and h)20kV, and 

graph showing the fibre diameter trend across the voltages. A minimum of 100 

structures per sample were measured to generate the distribution graphs. 
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4.1.5 Flow rate 

Changing the flow rate has a marked effect on the fibre morphology, especially 

at such high values. Doubling the flow rate increases fibre diameter and 

droplet/bead diameter. Having a larger volume of solution flowing from the 

needle tip per unit time i.e. 100µL/min reduces the solvent evaporation leading 

to larger fibres and beads as compared to microstructures produced at 

50µL/min. The increased flow rate causes fewer stretching forces [116], as 

more solution flows per unit time, under the same voltage i.e. electrical field 

strength, the same amount of energy is competing to repel a greater number 

of polymer chains flowing through the needle tip. This same amount of energy 

cannot reproduce the same amount of repelling forces for a greater flow rate 

(i.e. greater volume), hence larger fibres are produced.  

Table 6: Fibre diameter as a function of flow rate. Ethyl cellulose in 

EtOH:H2O(80:20) 
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The four different concentrations shown in table 7. are 17, 20, 23 and 25wt% 

all follow the same process. At a lower flow rate the difference in fibre diameter 

is palpable, however, at 100µL/min the diameters converge, indicating the flow 

rate is limiting the extent the fibre diameter can be increased. Despite the slight 

variation in voltages, the flow rate appears to have greater impact in the fibre 

diameter than the voltages.  

Table 7:  Effect of flow rate on morphology; tip to collector distance: 100mm. 

A minimum of 100 structures per sample were measured to generate the 

distribution graphs. 

 

Sample parameter Flow rate (µL min-1) Microstructure  

Diameter (µm) 

Concentration: 17wt% 

Applied Voltage: 20kV 

Tip to Collector distance: 

100mm 

50 1.39 

100 2.03 

Concentration: 20wt% 

Applied Voltage: 17kV 

Tip to Collector distance: 

100mm 

50 1.6 

100 2.08 

Concentration: 23wt% 

Applied Voltage: 19kV 

Tip to Collector distance: 

100mm 

50 2.52 

100 3.2 

Concentration: 25wt% 

Applied Voltage: 17kV 

Tip to Collector distance: 

100mm 

50 2.73 

100 

 

3.21 
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4.1.6 Collector to tip distance 

The dominant effect caused by changing the distance between the tip and the 

collector, is the time allowed for solvent evaporation. Increasing this distance, 

increases the time allowed for solvent evaporation to occur which decreases 

the fibre/bead diameter. Changing the tip to needle distance has a lesser effect 

on the higher concentrations. This could be because increasing the 

concentration reduces the percentage content of solvent. The reduced 

presence of solvent will be less affected by the time allowed or evaporation to 

occur so the diameter shrinkage at the higher weight percent solutions is less 

substantial, as shown by the images of fibres collected with 22wt%.  

A reduction in the amount of solvent present in the system will prevent polymer 

diffusion occurring. As the solvent evaporates out of the system, the polymer 

diffuses in to occupy the space, these leads to a denser fibre with smaller fibre 

diameter [198]. 
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Table 8: Effect of collector distance on morphology, voltage: 20kV, flow rate: 

100 µL/min. A minimum of 100 structures per sample were measured to 

generate the distribution graphs. 

 

4.2 Cellulose Acetate 

Cellulose acetate is mostly used for its film forming abilities, historically in 

water and chemical filtration, and more recently in as anti bacterial food 

packaging where [53], anti fouling filters [204]. Acetone is a popular solvent of 

CA, however, this is not the case when electrospinning CA. The high volatility 

of acetone commonly leads to blockages, stopping the fibre formation process. 

In this work, water was added to the acetone in order to bring down the 
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volatility and allow consistent spinning. The effect of water content of the 

solution on the morphology of the CA fibres, along with using a guard plate 

and concentration.   

 

4.2.1 Solution characterisation  

Table 10. displays the physical properties of CA solutions. Increasing the 

concentration leads to an increase across all the parameters including 

electrical conductivity, as the carboxylic groups of acetates are very 

conductive. This means the CA polymer is adding to the electrical property 

rather than hindering it, in this case the conductivity is not only attributed to the 

solvent but also the polymer.  

Table 9: Physical properties of cellulose acetate solutions 

Solution 

(wt%) 

Solvent 

Acetone

: water 

Density 

( kg m-3) 

Viscosity 

(mPa s) 

S. T. 

( mN m-1) 

Elec. Cond.  

( µS m-1) 

10 100:0 823 25.8±0.1 33.2±2.9 3.75±0.05 

12.5 100:0 832 33.9±0.3 34.6±2.2 3.79±0.03 

15 100:0 839 65.2±0.4 42.0±4.1 3.96±0.03 

17.5 100:0 848 154±7.4 47.1±3.3 3.94±0.03 

10 80:20 896 65.8±2.6 44.5±2.2 8.60±0.41 

10 85:15 874 42.7±1.1 40.3±2.0 8.40±0.01 

10 90:10 856 36.0±0.8 39.0±1.9 8.73±0.03 

10 95:5 838 27.4±1.0 34.0±0.8 6.72±0.07 
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4.2.2 Solvent Selection  

There have been investigations into the effect solvent selection has on the 

morphology of electrospun CA fibres [54, 109, 110]. However, these were 

carried out without a specific application in mind therefore; toxicology was not 

taken into consideration.   

Table 10: Literature values of desirability/safety of solvents used with cellulose 

acetate. 

 

 ACS 

Roundtable 

[196] 

1-good, 10-bad 

Sanofi [106] Pfizer [195] GSK 

[105] 

1-bad, 

10-

good 

Chloroform 9/10 BANNED  Undesirable 3/10 

DMAc 7/10 Substitution 

requested 

Undesirable 2/10 

Dichloromethane 7/10 Substitution 

advisable 

Undesirable 4/10 

DMF 7/10 Substitution 

requested 

Undesirable  2/10 

Acetone  4/10 Recommended  Preferred 8/10 

Methanol  5/10  Recommended Preferred 5/10 

Formic acid 6/10 Substitution 

requested 

-  -  

Pyridine 6/10 Substitution 

advisable 

Undesirable 4/10 

Acetic acid 6/10   Substitution 

advisable 

Usable 6/10 

Trifluoroethylene  6/10 -  -  -  

Water  1/10 Recommended Preferred 10/10 
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Table 10. demonstrates the solvents used with CA in the literature and their 

desirability with regards to health. Some of these solvents are desirable in 

terms of functionality in electrospinning, they show; good solubility, good 

evaporation rates, produce smooth and uniform fibres. However, in this 

investigation toxicity must be deliberated, which in this case makes the 

production of smooth, uniform fibres more difficult.  

 

Again water is the gold standard of solvents in biomedical terms, and in this 

work every attempt has been made to incorporate it into the solutions used.  

Solutions were made with a binary solvent; water and acetone in the ratios of 

100:0, 95:5, 90:10, 85:15 and 80:20 (acetone/water v/v). Beyond this ratio, the 

polymer was no longer solubilised and would therefore be difficult to produce 

fibres. According to table 6. 3/4 sources approve acetone is a safe solvent with 

minimal risk to health. Coupled with water this binary solvent can be 

considered safe for biomedical use.  

 

4.2.3 Solvent 

The difference between the diameters of fibres made from an acetone only 

solution compared to those made up of the binary solvent with the greatest 

proportion of water, is due to the solvent conductivity. As acetone is more 

conductive than water, hence the acetone only solution have a greater charge 

carrying ability; the cause of its superior conductivity [143]. In an electric field, 
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a highly or more conductive solution is exposed to greater tensile force which 

will drive down the fibre diameter as demonstrated by Fig. 27 [144].  

 

Figure 27: Graph showing fibre diameter with increase in applied voltage for 

17.5wt% CA dissolved in 80:20 acetone/water and 100:0 acetone/water. A 

minimum of 100 fibres per sample were measured 

 

This phenomenon also rings true with the solution made with different water 

to acetone ratios. As the proportion of water increases as does the fibre 

diameter as shown in Fig. 28, this is a directly attributable to the reduction of 

solution conductivity as the water proportion increases. 

 

Alongside this, with the increase in the proportion of water the beading 

decreases, contributing to the increase in fibre diameter. The evaporation rate 

of acetone is high which lead to the needle becoming blocked after small 

durations of electrospinning [54]. The increase in water content reduces the 

surface tension of the solution which also favours thinner fibres [153]. 
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Figure 28: CA fibres electrospun from 10wt% solution at flow rate, voltage and 

working distance used were 4ml/h, 13kV and 100mm, respectively, with the 

following solvents; a) 95:5, b) 90:10, c) 85:15 and d) 80:20 (acetone: water). 

A minimum of 100 fibres per sample were measured. 
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4.2.4 Concentration  

The effect of concentration on cellulose acetate is almost identical to the effect 

on ethyl cellulose (EC). Fig. 29 shows a positive correlation between the 

polymer concentration and fibre diameter. As with EC, the increase in polymer 

concentration increases the entanglement between the molecular chains. 

During EHD the jet is less likely to break up, fibre formation will occur as 

opposed to particles. 

 

Figure 29: Correlation between fibre diameter and polymer concentration, 

the flow rate, applied voltage and working distance were 4ml/h, 12kV and 

100mm, respectively. 

 

Fig. 30 displays the change in morphology as the concentration increases. At 

10wt%, the fibres are heavily beaded and have the smallest fibre diameter. 

Despite, the concentration being high enough to commence electrospinning 

the viscosity is not high enough to resist the instabilities allowing beads to form 

[102].  
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Figure 30: Optical micrographs of cellulose acetate fibres electrospun at 12kV, 

6ml/h with the following solution concentrations L-R 10, 12.5, 15 and 17.5wt% 

(in acetone only) 

 

Increasing the concentration to 12.5wt%, produces fibres with much less 

beading. The increased concentration strengthens the solution against the 

instabilities but the beads are now spindle like rather than spherical [205]. The 

reduction of spherical beading is also a source for the increased fibre diameter. 

As the beads smoothen out into the spindle morphology the polymer that 

would have made up the beads are now incorporated into the fibre driving up 

the diameter.  

 

At 15wt%, the morphology has changed again to thick, flat fibres. The 

concentration is so great that the drawing process as the jet makes its way to 

the collector does not have a great effect, leading to this thickened 

morphology. As at 12.5wt% fibres with spindle-like beads were produced and 

at 15wt% flat ribbons were produced, it can be assumed the ideal 

concentration to produce smooth fibres lies between these two values; 12.5 < 
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Cideal< 15wt%, which would have the highest surface to area ratio, if that was 

a required parameter. 

 

17.5wt% produced the greatest fibre diameter, showing this concentration was 

least susceptible to the drawing process. It is also an indication that the solvent 

has not completely evaporated, that is the polymer is not completely dry [143]. 

 

4.2.5 Voltage 

The effect of voltage on electrospun fibres has split authors, with some stating 

there is a relationship between fibre diameter and applied voltage be it a 

positive or negative correlation. Yuan et al. showed a reduction in fibre 

diameter with an increase in voltage with their 

polysulfone/dimethylacetamide/acetone system [159]. Whereas, Zhang et al. 

while working with polyethylene oxide/water system showed a negative 

correlation between high voltage and fibre diameter [158].    

One mechanism to possibly cause a reduction in fibre diameter is the 

increased applied voltage causes an increase in the net charge of the jet, 

improving the whipping instability leading to thinner fibres. On the other hand, 

the increase in voltage causes a higher jet voltage, reducing the flight time of 

the jet and the time allowed for the solvent to evaporate, leading to thicker 

fibres [206, 207]. 
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Figure 31: Graph representing the change in fibre diameter by increasing the 

applied voltage, fibres were collected at a constant flow rate; 6ml/h with a 

guard plate attached. 

 

4.2.6 Guard Plate 

The addition of the guard plate is another potential method to alter the 

structure size by strengthening the electric field. As shown in Fig. 32 the 

general trend shows that in the presence of the guard plate the fibre diameters 

were reduced. The guard plate strengthens the electric field, which affects the 

whipping instability, in that a larger force is exerted on the jet increasing the 

speed in turn increasing the stretching reducing fibre diameter [208].                                                                                                   
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Figure 32: Graph showing the diameter of fibres at variable applied voltage 

with and without guard plate 80:20 (acetone/water) solvent at concentration, 

flow rate and working distance used were 10wt%, 6ml/h, and 100mm, 

respectively. 

Figure 33: Optical microscope images and corresponding size distribution 

graphs for fibres produced from 80:20 (acetone: water) solvent, at 

concentration, flow rate, voltage and working distance used were 10wt%, 

6ml/h, 15kV and 100mm, respectively.  Top image: Without guard plate, 

bottom image: With guard plate.  
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4.3 Carboxymethyl Cellulose  

PEO is added to the CMC solution to act as a spinning agent, on its own CMC 

cannot be electrospun [15]. This blend was made up of 4wt% carboxymethyl 

cellulose and 15wt% poly(ethylene oxide)at the following ratios 90:10, 86:14 

and 75:25 as used by Brako et al [62] with two different molecular weights of 

carboxymethyl cellulose; 250,000 and 700,000 g mol-1.     

 

4.1.1 Solution characterisation  

Table 11: Characteristics of carboxymethyl cellulose solutions 

 

 

 

 

 

Mw Solution 

(wt%) 

Density  

(kg/m3) 

S. T. 

 (mN/m) 

Elec. Cond. 

 (µS/m) 

250,000 

 

25:75 1088 108.69±0.9 827.2±14.5 

14:86 1066 121.23±3.5 498.5±5.2 

10:90 1056 111.32±3.9 390.4±7.9 

700,000 14:86 1034 92.1±1.9 371.2±5.2 
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4.1.2 Molecular weight 

The effect of changing molecular weight in this experiment provided the 

expected result. The higher molecular weight increases the entanglements 

between polymer chains, not only leading to an increase in fibre diameter, as 

shown in table 12, but also strengthening the polymeric jet against the 

instabilities leading to smoother fibre deposition [116, 149].  

 

Figure 34: L-R Optical micrographs of carboxymethyl cellulose/poly(ethylene 

oxide) fibres electrospun at 16kVwith 5µL/min flow rate with 100mm needle tip 

to collector distance, showing L-R 2.5x105 g mol-1 and 7x105 g mol-1. 

The spots indicted by the arrows are small amounts of dried solution, which 

were not subjected to the whipping instabilities. This could potentially be 

overcome by reducing the flow rate or increasing the distance from the needle 

tip. However, previous experiments were conducted at 1µL/min where a 

receding jet formed. This occurs when the solution being ejected by the 

polymer jet is not being replenished quickly enough bat the particular the flow 

rate. 
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Figure 35: L-R Optical micrographs of carboxymethyl cellulose/poly(ethylene 

oxide) fibres electrospun at 15kV with 5µL/min flow rate with 100mm needle 

tip to collector distance, showing L-R 2.5x105 g mol-1 and 7x105 g mol-1.  

Table 12: Fibre diameter as a function of molecular weight 

 

Not only is the fibre diameter different but so is the morphology, as shown in 

Fig. 35. The fibres produced from Mw 250,000 have more kinks than the 

sample of Mw 700,000. As mentioned previously the higher molecular weight 

is less susceptible to the instabilities brought on by the electrical field, resulting 

in a smoother appearance. The kinks or “buckling” are caused molecular 

repulsion in the jet, the buckling forms as the whipping jet hits the collector 

[209].  

Molecular weight (g mol-1) Fibre diameter (μm) 

250,000 0.89±0.35 

700,000 1.12±0.23 
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4.8.2 CMC/PEO Content  

An increase in carboxymethyl cellulose (CMC) content drives down the fibre 

diameter. Increasing the CMC is increasing the content of the longer polymer 

chain i.e. PEO Mw 200,000 against CMC Mw 250,000 or 700,000. This alone 

means the number of entanglements will increase being more susceptible to 

the stretching phase of the electrospinning process driving down the fibre 

diameter [200].  

Figure 36: Optical micrographs of CMC (Mw 250,000)/PEO fibres electrospun 

at 16kV, 5µL/min at the following blends PEO:CMC a) 90:10, b) 86:14 and c) 

75:25.   

Figure 37: Graph showing effect of CMC proportion in solution on fibre 

diameter. Samples were collected at 15kV, with 5µL/min flow rate with 100mm 

needle tip to collector distance. 
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4.4 Summary  

 

Despite cellulose derivatives being classed as a “family”, each type is different 

from the next and cannot be subjected to the same generalisations as ketones 

could be, for example. The inherently different chemistries of each functional 

group added to the polysaccharide, means each cellulose derivative must be 

investigated for its electrospinnability, material properties and eventually its 

role as a wound healing patch individually. Small variations such as solvent 

composition in the case of cellulose acetate, drastically change the fibre 

morphology, potentially broadening possible uses, along with allowing greater 

control over the morphologies produced.  

Changing the various parameters for both ethyl cellulose and cellulose 

acetate, resulted in changes that agreed with principles described in the 

literature. Being able to control both solution and processing parameters to 

give rise to a range of morphologies from the same polymer and technique, 

EHD, is an important resource. Especially in the case of cellulose derivatives 

where more and more people are turning to renewable materials to replace 

non renewables; cellulose derivatives may be able to help fill that gap. Easy 

and simple manipulation of the products could make this even more attractive. 

As the chemistry of each derivative is different, as will its niche as a biomedical 

material. In the context of wound healing, it may be that each derivative is 

suited to a particular wound, for example (hypothetically) ethyl cellulose for 

burns or cellulose acetate for grazes, but this will require further investigation.  
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5 Chapter 5 

 

Results and Discussion  

Electrohydrodynamic production of polycaprolactone and 

bacterial cellulose wound healing patches doped with 

Glybenclamide  

Overview 

The non-woven nature of electrospun patches makes them ideal for wound 

healing. The disorientated fibres are analogous to the extra cellular matrix. 

Therefore using this as a cover for an open wound whilst delivering a 

therapeutic agent, and absorbing the excess exudate produced by diabetic 

foot ulcers (DFU), is a desirable combination. In this chapter polycaprolactone 

and bacterial cellulose fibres were produced, with glybenclamide incorporated. 

Each constituent of this material plays a role in aiding the healing of DFU’s; 

bacterial cellulose (BC) is essentially a sorbent material, glybenclamide (Gb) 

is an anti diabetic medication and polycaprolactone (PCl) is the spinning agent 

which also provides the matrix. The initial set of testing characterised the 

solutions used to electrospin and produce fibrous patches (section 5.1). The 

various non woven patches produced were interrogated to identify their 

surface morphologies and the presence of material constituents (section 5.2). 

Finally, the patches were subjected to in vitro testing; with their drug release 

and swelling behaviour assessed (section 5.3). 
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5.1 Solution characterisation and fibre production 

The solutions used in this section of work were made up of a number of 

substances; including two solvents, two polymers (one synthetic and one 

natural) and an API. Each of these constituents have an effect on the 

characteristics of the solution, which would impact the nature i.e. size and 

morphology of the fibres made [210]. In turn, this could potentially impact the 

in vitro characteristics of the fibres. 

 

Polycaprolactone has been electrospun extensively for biomedical purposes 

including drug delivery. In this work it is a backbone acting as a carrier or matrix 

for the BC and Gb, as bacterial cellulose is yet to be electrospun as is. PCl is 

non toxic, biocompatible and commonly used in this particular application 

[211]. Two concentrations of PCl solution were used; 10 and 15wt% in order 

to identify if the change in concentration had an effect on the in vitro behaviour.  

 

Fibre diameter does not play a major role in wound healing, however, it is 

important to define the size of the fibres made in order to help determine the 

amount of drug being delivered to the body part. Although as spun electrospun 

meshes typically do not have pores wide enough to allow cells to infiltrate 

[212], it is possible, once it is immersed in a liquid, the mesh will swell enlarging 

the pores allowing infiltration [86].   
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5.1.1 Characterisation of PCl-BC-Glybenclamide solutions 

The features of the fibres made are a result of both the characteristics of the 

solutions and the processing parameters applied to the solutions. The 

viscosity, electrical conductivity and surface tension of the solutions were 

determined. In order to identify the individual effect of each component (the 

designations are given in Table 13), the solutions were made in a step by step 

manner and tested as each component was added as shown in Table 14. 

 Table 13: Designations of polycaprolactone, bacterial cellulose and 

glybenclamide solutions. 

 

 

 

 

 

 

                   

 

 

 

 

 

 

 

 

Solution 

designation 

PCl 

(wt%) 

BC 

(wt%) 

Gb 

(wt%) 

PCl 10 10   

PCl 15 15   

PClBC-10 10 10  

PClBC-15 15 10  

PClBCGb-10 10 10 10 

PClBCGb-15 15 10 10 

PClGb-10 10  10 

PClGb-15 15  10 
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Table 14: Characteristics of polycaprolactone, bacterial cellulose and 

glybenclamide solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Increasing the PCl concentration increases the viscosity as expected along 

with the surface tension, but the electrical conductivity falls as a result of the 

higher polymer content. This difference will manifest as larger fibres produced 

by the PCl 15 solution compared to PCl 10. The PCl stock solutions used DMF 

and THF (50:50 weight.) as the solvent.  

 

 

 

Solution 

 

 

Surface  

tension      

(mN m-1) 

Electrical  

conductivity       

(µS m-1) 

Viscosity 

 

(mPa s) 

PCl 10    

PCl 15    

PClBC-10 44 25 545 

PClBC-15 55 20 16002 

PClBCGb-10    

PClBCGb-15    

PClGb-10    

PClGb-15    
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The BC solutions showed an interesting difference in viscosity. The BC stock 

solution was made up with DMF only, which has a lower electrical conductivity 

relative to THF [188]. Adding the BC solution to the PCl stock reduced the 

viscosity. The BC solution was made at 10wt%, weight for weight it has a 

similar polymer content to PCl 10 and less than the PCl 15, meaning the BC 

solution diluted the PCL stock solutions reducing viscosity. The increase in 

PCl concentration alone has a greater impact on the viscosity compared to the 

addition of BC, the difference in size between PClBCGb-10 will not be as great 

as PCl 15 and PCl 10. The addition of Gb slightly increased the electrical 

conductivity. This could possibly be due to the release of ions from the drug 

molecule. Cl-, N-, S- or H+ ions could be present in the solution triggering the 

increase in conductivity. A lower voltage would need to be applied to solutions 

with a higher conductivity. Gb powder was added directly to the PCl-BC 

blends, no added solvent was used to largely effect the viscosity. 
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5.1.2 Production of PCl-BC-Glybenclamide fibres 

Using the portable EHD set up described in Section 3.5.2, the previously 

described solutions were processed and non woven wound healing patches 

were formed. Table 15 describes the processing parameters used to produce 

the various samples.  

Table 15: Processing parameters used to electrospin polycaprolactone, 

bacterial cellulose and glybenclamide solutions. 

Solution 

 

 

Voltage  

(kV) 

Flow 

rate (μL 

min-1) 

Collector 

distance 

(cm) 

PCl 10 9 50 13 

PCl 15 8.5 50 13 

PClBC-10 23 10 13 

PClBC-15 21.3 10 13 

PClBCGb-10 22 50 13 

PClBCGb-15 20.9 50 13 

PClGb-10 19.7 50 13 

PClGb-15 20.6 50 13 

Plain PCl, PCl-BC, PCl-Gb and PCl-BC-Gb solutions were all electrospun to 

compare the different in vitro behaviours. As BC was primarily added for its 

absorption capacity, it was therefore necessary to compare the 

swelling/absorption capacity of plain PCl against PCl-BC blend.  

 

This portable unit has featured in the literature [190] producing various fibrous 

patches for wound healing purposes [86, 213]. The first publication to 
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demonstrate this capability was Lau et al. where PLGA waterproof wound 

dressings were produced with the potential to be used in situ [190]. 

 

5.2 Characterisation of PCl-BC-Glybenclamide electrospun patches 

Adding BC to PCl changes both the morphological and intrinsic characteristics 

such as swelling and more importantly, drug release behaviour. As PCl is a 

hydrophobic polymer, it releases encapsulated agents through the diffusion 

controlled method. This has been shown by Luong-Va et. al. where heparin 

was released from electrospun PCL fibres, but no degradation of the polymer 

fibre was observed post in vitro testing [214], supporting the previous 

statement. The large water holding capacity of BC [215] will have an impact 

on the drug release rate, as more water is drawn into the fibre this could impact 

the amount of drug that diffuses out. In addition this PCl-BC blend has been 

tested beforehand with Saos-2 cell line (Homo sapiens bone osteosarcoma, 

ATCC HTB-85), where the cell viability test gave a result of 89% [86].  

Blending the two polymers as opposed to using a co-axial set up is essential 

as BC cannot be electrospun alone. Even with a core-sheath arrangement, 

with the PCl on the outer sheath coating the BC, its hydrophobic property will 

shield the BC from water inactivating the its swelling property this blend is 

trying to exploit. Inversely, using PCl as the core polymer to drive the spinning, 

the BC may not adhere to the core material and disperse into the system, 

rendering the bandage useless.     

Elemental analysis, energy dispersive spectroscopy (EDS), was used to 

determine the presence of glybenclamide (Gb). Both the polymers used were 
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hydrocarbons, containing only carbon, hydrogen and oxygen. Gb, however, is 

a sulfonylurea, whilst atomically it is mostly made up of carbon and hydrogen, 

C23H28ClN3O5S, the presence of chlorine and sulphur make it distinguishable 

from the polymer matrix. Therefore EDS is the ideal technique to establish the 

presence of Gb in the fibres made.  

 

5.2.1 Effect of concentration of PCl on morphology and diameter of fibres 

Increasing the concentration of PCl within the blend gave rise to an increase 

in fibre diameter as expected. PClBCGb-10 fibres had an average diameter of 

0.57 μm whereas, PClBCGb-15 was larger at with an average of 1.30 μm. The 

presence of BC also had an effect on the size of the fibres shown in Table 16.  

                                                                                              

Comparing PCl 10 with PCl 15, there is an increase in the diameters produced. 

As shown in Fig. 37 increasing the concentration shows a complete omission 

of beads to almost completely smooth fibres, with PCl 15 having much thicker 

but bead free fibres. As previously described in Chapter 4 the increase in 

polymer concentration buffers against instabilities which bring about beading. 

The loss of beading, contributes to the increase in fibre diameter, along with 

the greater level of entanglement brought about by the increase in 

concentration [201].   
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Table 16: Showing fibre diameters of BC and PCL-BC-Gb fibres      

 

 

 

                                                                                                        

Figure 38: A(1) SEM image of 10wt% PCl fibres with A(2) accompanying 

histogram of fibre size. B(1) SEM image of 15wt% PCl fibres with B(2) 

accompanying histogram 

 

Comparing plain 10wt% PCl fibres with PClBCGb-10 (Fig. 38), the addition of 

BC and Gb appears to have pushed to fibre distribution from a near bimodal 

distribution to a standard distribution shape. The increase in conductivity and 

viscosity has reduced the beading almost completely, more than doubling the 

size 

Type Fibre diameter (μm) 

PCl 10 0.24 ± 0.14 

PClBCGb-10 0.57 ± 0.2 

PCl 15 2.16 ± 0.74 

PClBCGb-15 1.30 ± 0.5 
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Figure 39: A(1) SEM image of 10wt% PCl fibres with A(2) accompanying 

histogram of fibre size. B(1) SEM image of PClBCGb-10  fibres with B(2) 

accompanying histogram                                                                                                                             

Figure 40: A(1) SEM image of 15wt% PCl fibres with A(2) accompanying 

histogram of fibre size. B(1) SEM image of PClBCGb-15  fibres with B(2) 

accompanying histogram 
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The difference in morphology between PCl 15 and PClBCGb-15, is not very 

obvious. However, the addition of BC and Gb in this instance has driven down 

the average fibre diameter from to 2.16 μm to 1.30 μm but as with PClBCGb-

15 has produced a more standard distribution of sizes. 

Figure 41: A(1) SEM image of PClBCGb-15 fibres with A(2) accompanying 

histogram of fibre size. B(1) SEM image of PClBCGb-10  fibres with B(2) 

accompanying histogram 

PClBCGb-10 PClBCGb-15 

 

5.2.2 Energy-dispersive X-ray spectroscopy 

Elemental analysis was used to ensure the Gb incorporated into the solutions 

was present in the products made. Although, it was clear the drug dissolved in 

the solution, it could potentially have dropped out of suspension whilst being 

processed or the electric field could have brought about some separation 
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between the polymers and the drug. To begin with, the virgin drug was 

analysed to acquire a baseline, this is shown in Fig. 41, which showed sulphur 

present at 26.93% and chlorine at 28.3%.  

As per the elemental composition of Gb, C23H28ClN3O5S, the most 

distinguishable atoms from the polymer matrix and natural atmosphere were 

chlorine and sulphur. These elements were used as confirmation that Gb was 

present in the fibres made. Fig. 42 shows the elemental spectrum for 

PClBCGb-10, sulphur was present at 8.93% and chlorine was present at 

7.55%.  

Figure 42: SEM image and elemental dispersive spectrum of glybenclamide 

drug 
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Figure 43: SEM image and elemental dispersive spectrum of PClBCGb-10 

 

 

Figure 44: SEM image and elemental dispersive spectrum of PClBCGb-15 

 

 The PClBCGb-15 showed chlorine at 0.64% and sulphur at 0.81%. These 

lower values are representative of the higher polymer concentration used for 

PCl encapsulating the drug.  
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5.3 In vitro testing 

 

PCl has good drug permeability and is used for long term drug delivery as it 

degrades slowly [216]. However, blending PCl with another polymer that 

interacts differently with water could possibly change this. The effect bacterial 

cellulose has on the drug release profile of PCl has yet to be investigated. As 

BC is hydrophilic, it will also have a great impact on the swelling properties of 

the composite.  

5.3.1 Effect of BC on swelling characteristics 

The excess exudate produced by diabetic foot ulcers is a problem this 

composite is trying to address. The nature of BC allows it large volumes of 

liquid to be absorbed and retained, this means the wound will be less 

susceptible to maceration and necrosis, allowing healing to progress normally.   

Figure 45: Graph showing swelling behaviours of PCl and PCL-BS patches 
over time 
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The effect of BC in the blend has a clear influence on the swelling behaviour. 

The PCl samples displayed a lesser degree of swelling compared to PCl-BC 

samples. Comparing the peak values for each sample; PCl 10 peaking at 

369.47% at 3 h and PCl 15 peaking at 448.42% at 2 h. Whereas, PClBC-10 

peaked at 3575% at 24h and PClBC-15 peaked at 1137.43% at 3 h. 

Table 17: Showing swelling value over time with peak swelling values 
highlighted 

Time 
point (h) 

PCl 10 
(%) 

PCl 15 
(%) 

PClBC-10 
(%) 

PClBC-15 
(%) 

0 0 0 0 0 

1 75.56 158.32 2908.33 1006.52 

2 187.48 448.42 2937.50 1130.18 

3 369.47 138.35 2462.50 1337.43 

4 110.92 127.69 3525.00 1336.94 

24 91.20 100.38 3575.00 1138.08 
 

All samples showed an initial swell followed by a deswell, except PClBC-10, 

which did not follow this trend. PClBC-10 displays an incremental increase 

followed by a deswell and sharp increase. However, all showed little 

difference between 4 and 24h time points, the samples may have possibly 

reached an equilibrium point during this time.  As the swelling test was 

carried out in a water bath set at 37 ⁰C, the patches suspended in PBS 

heated up causing an initial infiltration into the polymer matrix. However, as 

the material equilibrates, some water is expelled and eventually an 

equilibrium state is found. 

The difference between PCl 10 and PCl 15 is not substantial. However, 

PCL10 peaks an hour later than PCl 15. The difference in polymer 

concentration can result in differences in fibre density and porosity in the 
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patches made, leading to this variation. PCl 15 would have a higher fibre 

density as the fibres from this solution are larger, giving it greater porosity. 

Comparing the PCl 10 with the PClBC-10, from Table 18, the differences 

between the time points range from 6 times higher to 39 times greater. 

These are much greater than PCl 15 to PClBC-15 comparison. The lower 

PCl concentration does not disrupt the BCs ability to take absorb the fluid, 

but it does appear to disrupt the swelling and deswelling progress the other 

samples follow. Perhaps PCl 15 stabilises this.                                           

Table 18: Showing swelling value of PCL10 and PCl10BC10 and their ratio  

 

 

 

 

 

 

 

 

Looking at PCl 15 against PClBC-15, shown in Table 18, the difference are 

less than the previous two, ranging from 2 times to 11 times higher. The 

higher concentration of PCl appears to restrict the absorption ability of BC, 

the higher concentration may give rise to a higher strength matrix that 

entraps the BC fragments physically stopping the BC taking on more liquid.   

 

Time 

point 

PClBC-10 PCl 10 PClBC-10/PCl 10 

0 0 0 0 

1 2908.33 75.56 38.49 

2 2937.50 187.48 15.67 

3 2462.50 369.47 6.67 

4 3525.00 110.92 31.78 

24 3575.00 91.20 39.20 
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 Table 19: Showing swelling value of PCL 15 and PClBC-15 and their ratio 

 

 

 

 

5.3.2 Effect release of glybenclamide from PCl-BC   

PCl degrades via a hydrolytic mechanism in in vivo conditions [217]. The 

ester groups within the chain are cleaved hydrolytically leading to random 

chain scission [218]. Other mechanisms include erosion (bulk or surface), 

diffusion, disintegration and desorption. As two different concentrations of 

PCl were used they could have affected the release profiles of the different 

patches. As the 15wt% PCl reduced the effect of BC on the swelling 

behaviour it would be reasonable to speculate it would also have an impact 

on the drug release profile.  

Figure 46: Drug release profile from PClBCGb-10 

Time 
point 

PClBC-15 PCl 15 PClBC-15/PCl 15 

0 0 0 0 

1 1006.52 158.32 6.36 

2 1130.18 448.42 2.52 
3 1337.43 138.35 9.67 

4 1336.94 127.69 10.47 

24 1138.08 100.38 11.34 
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This release follows a near linear pattern for the 15 days. PCl releases the 

glybenclamide (Gb) through a diffusion controlled mechanism, visually there 

was no changes to the fibres post release test indicating on polymer erosion 

or degradation occurred.  

 

The release profile of PClBCGb-15, Fig 46, is almost identical to the trace of 

PClBCGb-10. A similar burst within the first 24 hours and near linear line for 

the entire 15 days. This is supported by Fig 47, which shows both release 

profiles overlaid and they are almost identical, with negligible differences.  

 

 Figure 47: Drug release profile from PClBCGb-15 

Choosing between the two as the release profiles have no difference, 

PClBCGb-10 would be the better choice simply because this option uses 

less polymeric material making it less consumptive.  
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Figure 48: Comparison between PClBCGb-10 and PCLBCGb-15 

Figure 49: Release profiles of all four PCl based fibres 

The presence of BC has a noticeable effect on the delivery of glybenclamide. 

Drug release was higher for all time points of the PCl-BC blends compared to 

the PCl only fibres. The increased swelling in PCl-BC fibres, demonstrated in 

Section 5.3.1, could have accelerated the hydrolytic degradation of the PCl, 

as more water infiltrated the fibre network due to the hydrophilic nature of BC. 

However, it is also possible some drug had been encapsulated in the BC 

fragments within the fibre, which again was released through the swelling of 

the fibre as water infiltrates.   
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6 Chapter 6 

 

Results and Discussion 

Production of gelatin and bacterial cellulose wound healing 

patches doped with Glybenclamide and Metformin using 

electrohydrodynamics 

Overview 

Wound dressings made from natural polymers are an important aspect of 

biomaterials. Protein based materials are less likely to instigate an 

immunogenic response and have to capacity to degrade in vivo, also without 

triggering an inflammatory response [219]. This combination, with bacterial 

cellulose, was produced in order to determine the validity of an all natural 

polymer construct. Gelatin and bacterial cellulose were electrospun with 

metformin (section 6.1) and glybenclamide (section 6.2). The surface 

morphologies and elemental constitutions were tested. Comparisons were 

made between the drug release profiles of cross linked and non cross linked 

fibres. Although there has not been many examples of metformin used in 

wound healing there has been some studies that have shown diabetic patients 

that have taken metformin have reduced the levels of pro inflammatory 

cytokines [185, 187, 220-224]. There is one example in the literature of drug 

eluting PLGA fibres doped with metformin for wound healing applications 

[186]. 
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6.1 Gelatin with Bacterial Cellulose and Metformin 

Metformin is another commonly prescribed treatment for type 2 diabetes, one 

of its actions is to increase the sensitivity to insulin. This has been shown to 

indirectly help in wound healing as insulin resistance has been shown to hinder 

healing by affecting the contraction and re epithelialisation [225, 226]. The 

fibres were designed to release metformin with comparisons between the 

release mechanisms between gelatin only and gelatin blended with bacterial 

cellulose.  

 

 

 

 

 

Solution 
 
 

Voltage  
(kV) 

Flow 
rate (μL 

min-1) 

Collector 
distance 
(cm) 

Gel   13 
Gel-BC    
Gel-Met 19.9 10 13 
Gel-Gb 22.1 7 13 
PCl(95)-BC(5)-Met 18 10 13 
PCl(95)-BC(5)-Gb 19.7 10 13 
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6.1.1 Fibres 

Fibres produced from gelatin only  

Figure 50: Gelatin and Met fibres with fibre diameter distribution 

 

 

Figure 51: Gelatin, BC and Met fibres with fibre diameter distribution 
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6.1.1 Elemental analysis  
 

Figure 52: SEM image and elemental dispersive spectrum of metformin drug 

 

Figure 53: SEM image and elemental dispersive spectrum of Gel-Met 

 

 

Figure 54: SEM image and elemental dispersive spectrum of Gel-BC-Met 
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6.1.2  Drug release 
 

Figure 55: Release of Met from cross linked Gel only 

Figure 56: Release of Met from cross linked Gel comapred to non crosss 
linked Gel 
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Figure 57: Release of Met from cross linked Gel-BC only 

 

 

Figure 58: Release of Met from cross linked Gel-BC comapred to non crosss 
linked Gel-BC 
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6.2 Gelatin with Bacterial Cellulose and Metformin 

6.2.1 Fibres 
 

 

 

Figure 59: Gelatin and Gb fibres with fibre diameter distribution 

 

 

Figure 60: Gelatin-BC and Gb fibres with fibre diameter distribution 
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6.2.2 Elemental analysis  
 

Figure 61: SEM image and elemental dispersive spectrum of glybenclamide  
drug 

Figure 62: SEM image and elemental dispersive spectrum of Gel-Gb 

 

Figure 63: SEM image and elemental dispersive spectrum of Gel-BC-Gb 
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6.2.3 Drug release  
 

Figure 64: Release of Gb from  cross linked Gel only 

 

Figure 65: Release of Gb from cross linked Gel comapred to non crosss linked 
Gel 
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Figure 66:  Release of Gb from cross linked Gel-BC only 

 

 

Figure 67: Release of Gb from cross linked Gel-BC comapred to non crosss 
linked Gel-BC 
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7 Chapter 7 

Conclusions and future work 

7.1 Conclusion 

The overall theme of this work was to exploit the favourable properties of 

various cellulose derivatives in a way that was conscientious of safety. This 

was achieved through observing the effect various processing and solution 

parameters had on the morphology of the microstructures produced. 

Secondly was, using the electrospinning method to make a biomedically 

relevant material more accessible. Bacterial cellulose’s contribution to the 

healing process has been established. But the as-produced membrane is very 

inconvenient, and a more appropriate application method is required in order 

to bring the appeal to the masses. This was achieved by the addition of a 

spinning agent, and relevant API, a multi-faceted wound healing patch aimed 

to aid the healing of chronic diabetic foot ulcers.  

7.1.1 Electrospinning ethyl cellulose derivatives with ethanol and water  

A range of ethyl cellulose microstructures were produced as a result of 

manipulating solution (polymer concentration) and processing properties. 

Lower polymer concentrations 5-15wt% gave rise to particles, at 20wt% 

beaded fibres were formed, from 25 to 30wt% fibres of increasing diameters 

were made.  

When higher voltages were applied, for the same concentration, instabilities 

came into play causes beading and irregular fibres to form. Across the different 
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concentrations this demonstrated a window for the ideal voltage to give rise to 

“smooth” fibres. The flow rate had a linear relationship. The higher flow rate 

(100 μL) gave rise to thicker fibres, the opposite was true for fibres made at 

the lower flow rate (50 μL). Inversely, the tip to collector distance had a 

contrary relationship with the fibre diameter, at the larger distance (150 mm) 

smaller structures formed and vice versa. Any combination of these 

parameters could be used to control the size of the structures.  

7.1.2 Electrospinning of cellulose acetate 

This work showed the morphology of the cellulose acetate fibres could be 

drastically changed by with changing the solvent proportions of water and 

acetone or polymer concentration. Increasing the water content of the binary 

solvent used smoothened the appearance of the fibres, as did increasing the 

polymer concentration.  

Using an auxiliary plate, only affected the fibre diameter making no changes 

to the morphology itself.  

Being able to use water in dissolving cellulose acetate makes its use even 

more favourable in biomedicine as residual solvent will be less of a problem.  

 

7.1.3 Electrospinning of carboxymethyl cellulose  

The effect of changing the CMC molecular weight had the expected effect in 

increasing the fibre diameter. As did changing the ratio between CMC and 

PEO spinning agent, a higher CMC content brought down the fibre size due 

its lower molecular weight.  
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7.1.4 Production of PCl-BC-Gb wound healing patches 

The comparison between PCl10BC10Gb10 and PCl15BC10Gb10 ultimately 

only showed a difference in the swelling behaviour and not in their release 

profiles. The lower concentration of PCl gave the bacterial cellulose more 

flexibility to uptake a greater amount of fluid, which is an important aspect in 

treating diabetic foot ulcers.  Also, using lees material to produce it (10wt% as 

opposed to 15wt%) is also better.      

 

7.2 Future work 

7.2.1 Wound healing assays  

The BC blend fibres were designed to address a number of issues caused by 

diabetic foot ulcers. There a number of tests to ensure the fibres ware able to 

address them. In this work, in vitro testing such as drug release and swelling 

characteristics were profiled. To follow this and validate the efficacy of the fibre 

cellular testing is also necessary.  

7.2.2 Cytotoxicity testing  

The first interactions the fibres should have with cells should be to initially 

determine if the fibres are cytotoxic. This is done using cell models, in this 

case, as the fibres are designed to be used topically in direct contact with the 

skin, keratinocytes would be the most appropriate [227]. This involves culturing 

the cells in medium with fibres had been exposed to. The fibres are suspended 

in Dulbecco’s modified Eagle’s medium (DMEM) and stirred in order to collect 

eluents, to expose to cells through MTT. 
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7.2.3 MTT Assay    

MTT [-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assays are 

colorimetric assays which measure cell viability. Cells are seeded into the 

wells of a 96 well plate. These are incubated for 24 hours and a specified 

volume of eluent from the fibres are added to the wells containing cells, there 

are allowances made for a negative control where only media is added and a 

positive control where some diluted media with alcohol is added. These are 

incubated for another 24 hours after which the MTT reagent is added. The 

MTT reagent is blue and upon interactions with live cells exhibiting the 

nicotinamide adenine dinucleotide phosphate oxidase enzyme on the cell 

membrane surface, the reagent is reduced to formazan which purple. The level 

of MTT cleavage i.e. formation of formazan, is directly proportional to the 

number of living cells. UV spectroscopy is used to measure the absorption by 

formazan which can be used to measure the level of living cells [228].  
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