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Abstract 

The goal for this thesis was to apply electrospun biomimetic coatings on 

implantable glucose biosensors and test their efficacy as mass-transport limiting and tissue 

engineering membranes, with special focus on achieving reliable and long sensing life-time 

for biosensors when implanted in the body. The 3D structure of electrospun membranes 

provides the unique combination of extensively interconnected pores, large pore volumes 

and mechanical strength, which are anticipated to improving sensor sensitivity. Their 

structure also mimics the 3D architecture of natural extracellular matrix (ECM), which is 

exploited to engineer tissue responses to implants. 

A versatile vertical electrospinning setup was built in our workshop and used to 

electrospin single polymer - Selectophore™ polyurethane (PU) and two polymer (coaxial) 

– PU and gelatin (Ge) fibre membranes. Extensive studies involving optimization of 

electrospinning parameters (namely solvents, polymer solution concentration, applied 

electric potential, polymer solution feed flow rate, distance between spinneret and 

collector) were carried out to obtain electrospun membranes having tailorable fibre 

diameters, pore sizes and thickness. The morphology (scanning electron microscopy 

(SEM) and optical microscopy), fibre diameter (SEM), porosity (bubble point and 

gravimetry methods), hydrophilicity (contact angle), solute diffusion (biodialyzer) and 

uniaxial mechanical properties (tensile tester) were used to characterize certain shortlisted 

electrospun membranes. Static and dynamic collector configurations for electrospinning 

fibres directly on sensor surface were optimized of which the dynamic collections system 

helped achieve snugly fit membranes of uniform thickness on the entire surface of the 

sensor. The biocompatibility and the in vivo functional efficacy of electrospun membranes 

off and on glucose biosensors were evaluated in rat subcutaneous implantation model. 

Linear increase in thickness of electrospun membranes with increasing 

electrospinning time was observed. Further, the smaller the fibre diameter, smaller was the 

pore size and higher was the fibre density (predicted), the hydrophilicity and the 

mechanical strength. Very thin membranes showed zero-order (Fickian diffusion exponent 

‘n’ ~ 1) permeability for glucose transport. Increasing membrane thickness lowered ‘n’ 

value through non-Fickian towards Fickian (‘n’ = 0.5) diffusion. Thin electrospun PU 

membranes (~10 µm thick) did not affect, while thicknesses between 20 and 140 µm all 

decreased sensitivity of glucose biosensor by about 20%. PU core - Ge shell coaxial fibre 

membranes caused decrease in ex vivo sensitivity by up to 40%. The membranes with sub-

micron to micron sized pore sizes functioned as mass-transport limiting membranes; but 

were not permeable to host cells when implanted in the body. However, PU-Ge coaxial 
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fibre membranes, having <2 µm pore sizes, were infiltrated with fibroblasts and deposition 

of collagen in their pores. Such tissue response prevented the formation of dense fibrous 

capsule around the implants, which helped improve the in vivo sensor sensitivity. 

To conclude, this study demonstrated that electrospun membrane having tailorable 

fibre diameters, porosity and thickness, while having mechanical strength similar to the 

natural soft tissues can be spun directly on sensor surfaces. The membranes can function as 

mass-transport limiting membranes, while causing minimal or no effect on sensor 

sensitivity. With the added bioactive Ge surfaces, evidence from this study indicates that 

reliable long-term in vivo sensor function can be achieved. 
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Chapter 1 Introduction and Literature Review 

1.1.  Introduction 

 Reliable continuous monitoring of physiologically relevant molecules using 

implantable sensors is yet to be achieved. The sensor starts losing sensitivity as soon as it 

is implanted in the body and the downward drift of sensitivity continues rapidly until the 

sensor fails. The primary cause for the decrease in sensor sensitivity is the deposition of 

biological macromolecules, cells and fibrous capsule on the immediate surface of the 

implanted sensor (Wisniewski et al., 2000). The hypothesis for this thesis was that the 

tissue composition on the immediate surface of an implanted sensor can be engineered 

using electrospun coatings to allow reliable long-term continuous monitoring. 

 The rationale for the above hypothesis was that, electrospun coatings have fibro-

porous structure and highly interconnected porosity that can be engineered to closely 

mimic the 3D architecture of the natural extracellular matrix. The fibrous nature of the 

electrospun coatings imparts mechanical properties similar to that of the target tissue for 

implantation, while their highly interconnected porosity and pore volume aids in analyte 

transport and host cell infiltration necessary to reduce or potentially prevent the deleterious 

effects of cell and tissue build-up on the immediate surface of the implanted sensor 

(Sanders, 2011). 

 For this study, implantable glucose biosensors were chosen as the model sensors to 

evaluate the efficacy of electrospun coatings, because they are the single most widely 

researched implantable sensors. The particular sensors used in this study were optimized 

by the research group of Francis Moussy (Yu et al., 2006, Yu et al., 2005a). They have a 

needle-type electrochemical sensor design having the working and reference electrodes as 

coils. The advantage of this design is that its cotton reinforced Pt-Ir working electrode 

allows loading of excess enzyme to make the sensors durable to suit the intended long-term 

implantable application. 

 This thesis presents the research involving the manufacture of electrospun 

membranes based on Selectophore™ polyurethane and gelatin having tailored fibre 

diameters, pore volumes, fibre composition, permeability and mechanical properties; their 

deposition on miniature cylindrical glucose biosensors as uniform and snugly fit coatings; 

and their ex vivo and in vivo efficacy as tissue engineering coatings for the implantable 

glucose biosensors. 
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 The benefits from this research could be profound. Medically, making the long-

term implantable sensors a reality would have tremendous socio-economic benefits, 

especially in  

 preventing disease and related complications – both acute and chronic;  

 reducing mortality, costs of care, wastage of resources (human, financial and 

infrastructure); and  

 improving quality of life for people. 

Technically, the reproducible manufacture of glucose biosensors has been a problem, and 

the clinical performance of blood glucose monitors in the market are considered acceptable 

if their readings are within ±20% of the actual blood glucose levels. The huge error 

margins are primarily caused by the use of traditional solvent cast membranes. 

Electrospinning provides the opportunity to reproducibly control the porosity and thickness 

of the deposited membranes, which can potentially lead to reproducible and preferably 

automated manufacture of sensors. 

 The aim for the rest of this chapter was to introduce the reader to concepts behind 

the electrospinning, glucose biosensor and membrane technologies utilized or developed in 

this study, review the recent developments in the implantable biosensor technologies for 

implantable biosensors, and define the specific objectives and the scope for this thesis. 

1.2. Electrospinning 

Electrospinning is a non-woven fibre spinning technology that allows spinning of 

fibres having diameter ranging from 2 nm to 10s of µm (Bhardwaj and Kundu, 2010). It is 

different from the conventional dry or wet spinning technologies, in that it generates 

submicron and nanometer size fibres, and does not require high temperatures or specialised 

solution chemistries. In addition it also allows spinning of large and complex molecules, as 

well as combinations of compatible or incompatible polymer solutions. 

The principle behind electrospinning is the use of electric charge to create a 

charged jet of polymer solution. When sufficiently large voltage (+ or –) is applied, 

electrostatic repulsion of the charged moieties in the polymer solution repel to counteract 

surface tension resulting in the stretching of the droplet forming a cone shape known as 

Taylor cone. From the tip of the Taylor cone, a stream of liquid ejects and if the viscosity 

and the electrical resistivity of the polymer solution are sufficient, the stream does not 

break up. During the flow, as the solvent dries, the mode of current flow in the jet is said to 

change from ohmic to convective flow causing it to bend, whip and accelerate towards the 

grounded collector (http://en.wikipedia.org/wiki/Electrospinning, 2012). The process, as 

illustrated in Figure 1.1, involves the formation of Taylor cone and jet, followed by the 
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travel of jet along a straight line during the ohmic flow and then starts bending during the 

convective flow. The bending during the convective flow of charges within the 

electrospinning jet is attributed to the mutual repulsive force between the electric charges 

carried by the jet (Reneker et al., 2000). The bending and acceleration stretches the fibre 

resulting in the thinner fibres observed with non-woven fibres spun using electrospinning. 

 

Figure 1.1 Schematic diagram showing the fibre formation dynamics during 

electrospinning (http://en.wikipedia.org/wiki/Electrospinning, 2012). 

 

Figure 1.2 The appearance of the electrospinning jet of aqueous poly(ethylene oxide) PEO 

solution in photos captured using a) conventional and b) high speed cameras camera with 

exposure times of 1/250 s 18 ns respectively (Shin et al., 2001).  

a b 
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In real-time, the bending instability of the jet appears to naked eye or conventional 

photography as the single stream of polymer solution splitting into multitude of jets in a 

cone shape (Figure 1.2a). However, using high speed photography, Shin et al. 

demonstrated that it is essentially a single fibre that bends and whips rapidly to give the 

illusion of splitting and multiple jets (Figure 1.2b) (Shin et al., 2001). 

1.2.1. Electrospinning instrument 

The equipment needed for electrospinning is simple in construction and consists of 

a high voltage power source, a syringe pump with tubing to transport solution from the 

syringe to the spinneret, and a conducting collector. The spinneret and collector are aligned 

opposite to each other (Figure 1.1) and together they are usually oriented either 

horizontally (Figure 1.1) or vertically (Figure 1.2). Any variations in the equipment are 

primarily concerned with the spinneret and the collector. 

1.2.1.1. Spinneret 

 Spinneret constructions allow greater versatility in the nano-fibre structures. They 

can be single or multiple and needle-type or needleless configurations (Teo and 

Ramakrishna, 2006). Typical electrospinning setups are equipped with a single blunt end 

needle for spinning single polymer fibres (Figure 1.3a). To introduce composite fibre 

structure, either coaxial (Figure 1.3b) or dual-capillary (side-by-side) (Figure 1.3e) 

spinnerets are used. The former produce core-shell and the latter side-by-side fused fibre 

structures respectively. An additional advantage for using coaxial spinnerets is that 

incompatible or non-electrospinnable polymer solutions can be combined to obtain fibres 

(Teo and Ramakrishna, 2006). For example, a non-electrospinnable polymer solution can 

be extruded in the inner capillary, while the spinnable solution extruded in the outer 

capillary. Thus the inner solution is contained by the outer solution resulting in a core 

fibre. The shell can then be dissolved to obtain the fibres of the non-electrospinnable 

solution. This method can also produce hollow fibres by dissolving the core fibre. Overall 

the coaxial fibre has a reinforcing core polymer fibre encapsulated by a shell of a different 

polymer, while the side-by-side fused composite fibres have two different polymers side-

by-side. The permutations and combinations of the two polymers can be used to engineer 

membranes for a variety of applications, especially in the emerging field of tissue 

engineering. In addition, the coaxial spinnerets can further be modified to incorporate, for 

example, three concentric polymer fibres (Figure 1.3c), or a large fibre reinforced with 

three different polymer fibres within its composite structure (Figure 1.3d). 
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Figure 1.3 Schematic representation of needle-based spinnerets and their cross-sections, a) 

single needle, b) two concentric needles, c) three concentric needles, d) three side by side 

needles within a large needle, and e) side-by-side needles. The numbers 1 to 4 indicate 

different feed polymer solutions (Teo and Ramakrishna, 2006) . 

 Needleless electrospinning through an orifice in a flat base of a tube is another 

method, often used for melt-spinning, wherein, the pure polymer is melted by heating, and 

the molten polymer injected through the orifice. 

 From the perspective of industrial production, an inherent limitation for 

electrospinning is that the volume of fibrous meshes or structures produced per unit time is 

much less when compared that obtained using conventional spinning technologies. To 

increase productivity, multiple parallel spinnerets (needleless or needle-based) are used. 

Examples of such spinnerets are shown in Figure 1.4. 

   

 

Figure 1.4 Schematic illustrations of electrospinning setups utilizing multiple spinnerets, a) 

needless, b) porous drum and c) multiple spikes, where 1 is porous drum spinneret, 2 is 

collector, 3 is polymer solution, 4 is electrode, 5 is positive high voltage, and 6 is spikes 

(spinnerets) formed by magnetic field. (Figures adapted from (Teo and Ramakrishna, 

2006)). 

1 

2 

3 

4 

5 

3 

5 

2 

6 

a b c 
4 
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A concern for electrospinning using needle-based or needleless spinnerets is the 

clogging of the spinneret usually when the solvent used is highly volatile. To avoid 

clogging, often pointed tip or spike structures (Figure 1.4c) are used. 

1.2.1.2. Collector 

 In a basic configuration, the spinneret needle is aligned perpendicular to a static 

grounded flat plate (collector). During electrospinning, the seamless fibre is collected as a 

sheet, typically on an aluminium foil placed on top of the flat plate collector. The resulting 

sheet has random fibre orientation. However, the orientation, 3D architecture and 

properties of the electrospun structures can be varied by influencing the electric field 

between the spinneret and collector or by rotating the collector in the field of 

electrospinning. A wide variety of collector configurations used in research were collated 

and represented as schematic representations by Teo and Ramakrishna as illustrated in 

Figure 1.5 (Teo and Ramakrishna, 2006). 

 An important collector configuration is the use of a rotating drum in the field of 

electrospinning as shown in Figure 1.5a. When the speed of rotation matches the speed of 

the accelerating electrospun fibre, the fibres are primarily aligned along the circumference 

of the drum. A few thousands of rpm, e.g. 4500 rpm, for the rotating drum is needed for 

the fibres to align (Matthews et al., 2002). A low rotation speed, e.g. around 500 rpm 

allows the random orientation of the fibres. When the rotation speed crosses the speed of 

accelerating electrospun jet, the fibre breaks, thus, disrupting its seamless nature. 

Increasing the speed of rotation is also reported to influence the mechanical properties of 

the fibres, e.g. by inducing better alignment of the polymer crystals in the fibres (Kim et 

al., 2004). In addition, the use of alternating-current (AC) high voltage supply instead of 

the traditional direct-current (DC) high voltage supply for charging the electrospinning 

solution is reported to induce better alignment of the fibres (Kessick et al., 2004). 

 The presence of a conducting object in the field of electrospinning significantly 

influences the nature of fibre deposition. The use of rings, as shown in Figure 1.5k&l, can 

control the area in which the fibres are deposited. Similarly, a sharp pin (Figure 1.5j) in the 

centre of a drum can focus the fibre deposition towards the pin. In addition, significant 

research has gone into the alignment of fibres. Parallel electrodes (Figure 1.5b) are used 

exert a pulling force towards the electrodes, thus aligning the fibres perpendicular to the 

electrodes. Similarly, knife edge electrodes as shown in Figure 1.5 e, f, g &m, also induce 

highly aligned fibres along the length of the knife edge. Wire drum (Figure 1.5c) and wires 

wound around a drum (Figure 1.5d) have also been used for generating aligned fibres. 

Furthermore, special patterning of the fibres was also achieved using collector 



7 
 

configurations such as that shown in Figure 1.5h and i. The former configuration was used 

to induce twisted or spring like fibre structures, while the latter allowed deposition of 

aligned fibres perpendicular to each other. For a comprehensive review of the advantages 

and disadvantages of the different collector configurations, the readers may refer the 

review by Teo and Ramakrishana (Teo and Ramakrishna, 2006). 

     

 
 

 
 

    

Figure 1.5 Schematic diagrams showing a variety of collector configurations as collated 

by Teo and Ramakrishna (2006) that have been tested for influence the nature of fibre 

deposition on the collector. 

1.2.2. Parameters effecting electrospinning 

The electrospinning of fibres and their resulting morphology and diameter is 

affected by solution (viscosity, elasticity, conductivity and surface tension), processing 

(solution flow rate, applied electric potential, and the spinneret and collector) and ambient 

(temperature and humidity) parameters, and excellent reviews on their effects on 

electrospinning are available in literature (Ramakrishna et al., 2005a, Huang et al., 2003, 

Tan et al., 2005, Li and Xia, 2004, Lukas et al., 2009, Theron et al., 2004). 

1.2.2.1. Solution Parameters 

The electrospinnability of a polymer depends on its solution viscosity and electrical 

resistivity. If the viscosity is too low, the cohesiveness between the polymer chains 

(surface tension) is low to hold the fluid jet emerging from the Taylor cone together. 

Similarly, if the solution is too conductive, the repulsive forces between the polymer 
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molecules cause the fluid jet to breakdown, forming droplets. With increasing viscosity 

and electrical resistivity, the breakup of the jet into droplets transitions into the formation 

of beads-on-string fibre structure before proper fibres form (Shenoy et al., 2005). Further 

increase in viscosity results in increasing fibre diameter until a maximum viscosity beyond 

which the Taylor cone becomes too big, causing the jet to become unstable (Megelski et 

al., 2002, Jarusuwannapoom et al., 2005, Demir et al., 2002, Deitzel et al., 2001a). Thus, 

for a given polymer, there exists a range of solution viscosity, wherein proper fibres form. 

This range varies for any specific polymer depending on the solvent it is dissolved in and 

also varies for different polymers (Huang et al., 2003).  

The solution parameters not only determine the electrospinnability of a polymer, 

but also affect the fibre morphology and diameter. Higher the conductivity of the solution, 

higher would be the amount of charges carried by the electrospinning jet. Thus, the higher 

charges’ content the higher stretching of the jet, yielding thinner fibres. This aspect has 

been exploited by introduction of ionic salts to adjust solution conductivity for decreasing 

the diameter of the electrospun fibres (Zong et al., 2002, Son et al., 2004). Similarly, for 

making highly conducting polymer solutions electrospinnable, less conductive polymers 

are added as fillers. Furthermore, the volatility of the dissolving solvent is another 

dominant factor that affects the formation of nanostructures by influencing the surface 

tension of the polymer solution (Megelski et al., 2002). Decreasing surface tension has 

been correlated with the formation of smooth and thicker fibres (Fong et al., 1999, Zeng et 

al., 2003). In addition, mixtures of solvents can also be used to tune the surface tension of 

the polymer solution, thus tailoring the morphology and diameter of electrospun fibres.  

1.2.2.2. Processing parameters 

The next essential group of parameters that affects the structure of electrospun 

fibres are the electrospinning process variables namely applied voltage, feed rate and 

distance between spinneret and collector. In most cases, a higher voltage causes greater 

stretching of solution due to larger columbic forces within the jet and stronger electric 

field, thus reducing the fibre diameter (Buchko et al., 1999, Lee et al., 2004a, Megelski et 

al., 2002). However, the higher voltage can also shorten the flight time of electrospinning 

jet, providing less time for the fibre to stretch before it reaches the collector (Demir et al., 

2002). Furthermore, higher voltages are also associated with a greater tendency for bead 

formation due to greater instability of the jet (Demir et al., 2002, Deitzel et al., 2001a, 

Deitzel et al., 2001b, Zong et al., 2002).  The contrasting effects of the applied voltage can 

primarily be due to the influence of other process variables. For instance, with increasing 
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applied voltage, an appropriate increase in polymer solution feed rate is needed to ensure 

Taylor cone formation.  

Furthermore, increasing flow rates increases the amount of polymer in the 

electrospinning jet, thus increasing the fibre diameters. The increases volume of the jet is 

also associated with inadequate solvent evaporation leading to a fusion of fibres at contact 

points between electrospun fibres (Rutledge et al., 2001 ). Therefore, a lower feed rate is 

more desirable for bead-free fibre manufacture, as the solvent has more time to evaporate 

giving more time for the fibre to stretch (Zhang et al., 2009).  

Distance between spinneret and collector has a significant influence on the strength 

and distribution of the electric field. Shorter the distance, stronger is the electric field and 

vice versa. Typically an intermediate optimum distance is needed for allowing sufficient 

stretching of the fibre as well as evaporation of solvent. 

1.2.2.3. Ambient parameters 

In most reported studies, the ambient parameters, namely temperature, humidity 

and air circulation within the electrospinning chamber, are not controlled. However, they 

can induce significant variations in fibre morphology and diameter, and sometimes can 

interfere with the electrospinning process. The temperature increases the rate of solvent 

evaporation as well as decrease the viscosity of polymer solution.  Thus, morphological 

imperfections such as formation of beads or curly fibres are enhanced by increasing 

temperature, through speeding up the electrospinning process (Demir et al., 2002). On the 

other hand, lower viscosity induced by increasing temperature renders higher Columbic 

forces that further stretch the solution, yielding fibre of small diameter (Mit-uppatham et 

al., 2004).  

The effect of humidity on the average fibre diameter is correlated to the variation in 

chemical and molecular interactions as well as the rate of solvent evaporation. For water 

insoluble polymer such as cellulous acetate (CA), the average diameter increases with 

increasing relative humidity (RH) while for water soluble polymer such as poly 

(vinylpyrrolidone) (PVP), an opposite trend was shown (De Vrieze et al., 2009). 

Furthermore, when the humidity was increased to 50%, formation of circular pores on fibre 

surface was reported for electrospun polysulfone fibres (Casper et al., 2004). 

The air circulation within the chamber can impair the electrospinning process, 

especially when the volatility of the solvent is high. The fast evaporation of the volatile 

solvent often leads to the clogging of spinneret during electrospinning. Saturation of the 

atmosphere around the spinneret with the solvent vapour helps avoiding this problem. 

1.2.3. History of electrospinning 
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Electrospinning is the descendent of electro-spraying technology. The first recorded 

observation of deformation of liquid droplet under the influence of electric field was that 

reported by William Gilbert in 1600s (Gilbert, 1628). He observed that when a sufficiently 

electrically charged amber was brought in close proximity of a water droplet on a dry 

surface, the drop was drawn towards the amber in a cone shape and water droplets lifted 

off from the tip of the cone. The chronological events since Gilbert’s observation of the 

phenomenon of electrospraying leading to modern day electrospinning are summarised in 

Figure 1.6. Nollet, in 1749 also demonstrated the disintegration of water jet under the 

influence of electric field (Nollet, 1749). 

The first theoretical work related to electrospinning was reported by Rayleigh in 

1882 (Rayleigh, 1882). He calculated the limiting charge at which an isolated drop of 

water of certain radius became unstable.  Thereafter, Larmor in 1898 explained the 

excitation of dielectric liquid under the influence of electric charge (Larmor, 1898). In 

1902, the first patents on electrospinning were granted to Morton and Cooley. Cooley’s 

setup demonstrated the use of rotating collector and auxiliary electrodes, while Morton 

showed the use of needle and needleless forms of electrospinning (Cooley, 1902, Morton, 

1902). However, the exploitation of this method was not possible due to the lack of high 

voltage power supply technology. Further, experimental work on electrospinning was done 

by Zeleny between 1914 and 1917, wherein he designed the needle/capillary apparatus to 

study electrical discharges from liquid points (Zeleny, 1914). 

The foundation for modern electrospinning technology was based on the patents of 

Formhals between 1934 and 1944, for which Formhals is recognised as the father of 

present day electrospinning (Formhals, 1934, Formhals, 1938a, Formhals, 1938b, 

Formhals, 1939b, Formhals, 1939a). He developed a variety of innovative electrospinning 

setups having different spinneret and collector configurations, some of which are still used 

widely today. In 1936, Norton demonstrated the melt-electrospinning of polymers (Norton, 

1936).  

The first industrial scale production of electrospun membranes was achieved in 

1939 by Natalie Rozenblum and Igor Petrynov-Sokov, who developed cellulose acetate 

based nano-fibrous meshes as filters for gas masks for military use in former USSR 

(Filatov, 1977). The filters were popular as ‘Petryanov filters’. It was only in 1981 that the 

commercial production of electrospun products for a variety of filtration applications was 

achieved by an American company called Donaldson. Finally the commercial manufacture 

of electrospinning equipment for industrial production and academic research was 

achieved in 2006, by a Czech company called Elmarco Liberec (Jirsak et al., 2005). 
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Figure 1.6 Chronological history for electrospinning technology (Lukas et al., 2009, Teo 

and Ramakrishna, 2006, http://en.wikipedia.org/wiki/Electrospinning, 2012). 

1638 

•Gilbert W, the first recorded observation of electrospraying; showing the typical conical shape 
induced on a water droplet under the influence of an electrically charged piece of amber 

1749 
•  Nollet A, demonstrated the disintegration of water jet when it was charged 

1882 

•  Rayleigh L, calculated the limiting charge at which an isolated drop of certain radius became 
unstable - First theoretical work relevant for electrospinning 

1898 
•  Larmor, explained the excitation of dielectric liquid under the influence of an electric charge  

1900 
1902 

•  Cooley, patented an electrospinning setup, used auxiliary electrodes to direct electrospinning 
jet on to a rotating collector 

1902 

•  Morton WJ, patented the electrospinning method, used needle as well as needleless forms of 
electrospinning 

1914 
1917 

•  Zeleny, designed the needle/capillary apparatus to study electrical discharges from liquid 
points 

1934 - 
1944 

•  Formhals, recognised as the father of present day electrospinning technology, innovative 
setups, with and without spinneret, multiple spinnerets, parallel electrodes to produce aligned 
fibres 

1936 
•  Norton, melt polymer electrospinning 

 1938 
- 1960 

•  Landau and Lifshitz, modelled charge density - surface wave untstability for conductive 
liquids, laying the foundation for generalized theoretical modelling of electrospinning 

1939 

•Rozenblum ND and Petryanov-Sokolov I, First industrial facility to produce electrospun 
fibrous materials for military gas masks, 'Petryanov filters' 

1964 
1969 

•Taylor GI, Theoretical underpinning of electrospinning, characteristic droplet shape named 
'Taylor cone' to honour his contribution. 

1967 

•  Mathews, Mass loss and distortion of freely falling water drops in an electic field, 
experimental analysis 

1981 
•Donaldson Co. Inc., Introduced first commercial products containing electrospun nanofibres 

1990s 

•Renneker and Rutledge, spun wide spectrum of polymers and popularised the term 
'electrospinning' 

2000s 

•The boom in research, theoretical modelling and applications, establishing the science of 
electrospinning 

2006 

•  Elmarco Liberec, Commercial manufacture of electrospinning equipment for industries and 
academia 
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Theoretical underpinning of electrospinning method was carried out by Sir 

Geoffrey Ingram Taylor between 1964 and 1969 (Taylor, 1964, Taylor, 1966, Taylor, 

1969). His work was directed towards explaining the electric discharge from rain droplets 

in clouds. Taylor characterised the cone formed under the influence of electric field and 

identified the critical angle of 49.3
o
 with respect to the axis of the cone at its apex, which is 

necessary to balance surface tension and electrostatic forces to form an electrospinning 

fluid jet. In recognition of his contribution the characteristic liquid cone formed at the tip 

of the spinneret under the influence of electric field is named ‘Taylor cone’. Related 

theoretical modelling, again concentrated around the effects of electric field on water, was 

also carried out by Matthews to explain the mass loss and distortion of freely falling water 

drops in an electric field (Matthews, 1967). Experimental results of Matthews were utilized 

by Taylor to prove his models for explaining the electrospinning phenomenon. It is also 

important to note that the foundations for the generalized theoretical modelling of 

electrospinning is based on the work of Landau and Lifshitz, who modelled the charge 

density needed to induce surface wave instability for conductive liquids (Landau and 

Lifshitz, 1984). 

 Experimental evaluation of electrospinnability and parameter evaluation for a wide 

variety of polymers has only been initiated in 1970s. In 1971, Baumgarten produced 

acrylic microfibers with diameters ranging from 500-1100nm (Baumgarten, 1971). He 

observed the effect of solution viscosity and applied field on the diameter of the jet. But 

the research picked momentum only in the 1990s, when the groups of Renneker and 

Rutledge tested a wide spectrum of polymers and popularised the term ‘electrospinning’ 

(Doshi and Reneker, 1995, Reneker and Chun, 1996, Shin et al., 2001, Fridrikh et al., 

2003, Hohman et al., 2001a, Hohman et al., 2001b). Thereafter, the research expanded 

worldwide firmly establishing the science and applicability of electrospinning.  

1.2.4. Applications of electrospinning in tissue engineering 

 The practical application of electrospun membranes was first initiated in 1939 by 

Rozenblum and Petryanov-Sokolov through use as filters for military gas masks. Over the 

next 30 years Petryanov filters achieved an annual production of 20 million m
2
 electrospun 

filter materials. The commercial production by Donaldson Inc. again concentrated on 

filtration applications. However, their application as textiles was limited due to their 

limited productivity 30m/min compared to conventional spinning technologies 

(~500m/min). The exponential increase in research, through the 1990s and 2000s, lead to 

the identification of a variety of applications including, filtration, healthcare, building 

construction, automotive industry, cosmetics, tissue engineering, biosensors, protective 



13 
 

clothing, energy generation, enzyme immobilization, and affinity membranes for non-

woven electrospun products. The application for electrospun fibres relevant for this thesis 

is in tissue engineering. Hence the rest of this section explores the application of 

electrospun membranes in the emerging interdisciplinary field of tissue engineering. 

Animal tissue is made of cells and the extracellular matrix (ECM) that they are 

embedded in. The natural ECM has a fibro-porous structure, which can be replicated using 

a simpler and cost effective electrospinning technology. The application of electrospun 

membranes in tissue engineering has been initiated in 1970s. The first report was published 

by Annis et al., in 1978, who tested electrospun polyurethane mats as vascular prosthesis 

(Annis et al., 1978). Later Fisher et al examined their long-term in vivo performance as 

arterial prosthesis (Fisher et al., 1985). It was only in the 1990s that the exploration and 

exploitation of electrospinning technologies for tissue engineering and drug delivery 

picked up momentum and involved the use of a wide spectrum of synthetic and natural 

polymers for electrospinning. 

1.2.4.1. Wound dressings and skin tissue engineering 

Electrospun nano-fibrous membranes are widely used in wound dressings because 

of their higher porosity and good barrier.  In 2003, Khil et al. prepared a nanofibrous PU 

membrane as a wound dressing exhibiting controllable evaporative water loss, excellent 

oxygen permeability and fluid drainage. Histological results indicated that epithelialisation 

occurred quicker and the dermis was better organized in the electrospun PU nanofibrous 

membrane compared to a commercial wound dressing, Tegaderm™ (Khil et al., 2003). 

One year later, skin masks made of electrospun nanofibers were claimed as a patent by 

Reneker and colleagues (Smith et al., 2004). In this design, nanofibres were directly 

deposited onto skin surface to reduce the fluid accumulation between fibres and wet wound 

surface. Another example is the co-axial composite fibre containing natural and synthetic 

polymers to provide a favourable substrate for fibroblasts (Chong et al., 2007b). 

Biodegradable polycaprolactone (PCL) was the core providing mechanical support while 

gelatin was the shell for bioactivity providing large surface area for cell attachment, 

transport, proliferation and function. This nanofibrous scaffold was also directly 

electrospun onto a polyurethane dressing (Tegaderm TM) to serve as a synthetic epidermis 

protecting both the wound and the fibroblast-populated nanofibre lattice from infection, 

while promoting human dermal fibroblast (HDF) proliferation. However, very thin 

thickness of nanofibrous scaffold is still a shortcoming in the application of replacing the 

lost dermis. Thus, the author proposed an improved design of the dual-sided fibroblast-

seeded scaffolds to reconstitute full dermal thickness (Chong et al., 2007a). 
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1.2.4.2. Vascular tissue engineering 

Electrospun scaffolds/tubes have been recognized as good candidates for artificial 

blood vessel due to their controllable mechanical and physical properties. The fibre 

diameter, structure and alignment can be controlled for design of blood vessels. An attempt 

has been made to use electrospun poly(lactic-co-glycolic acid) (PLGA) tubes with aligned 

fibres as a scaffold for artificial blood vessels through the hybridization of smooth muscle 

cells (SMCs) (Kim et al., 2008b). The hybridized scaffold showed formation of neointima 

with good patency, whereas an occlusion was observed on unhybridized vessel in the first 

week of implantation in dogs. The importance of fibre alignment for vascular tissue 

engineering was reported by Xu et al. (Xu et al., 2004). They found that the adhesion and 

proliferation of the coronary artery SMCs were enhanced when compared to the plane 

polymer films and cells were capable of migrating along the axis of aligned fibres. Surface 

modification of electrospun nano-fibrous membranes with plasma treatment and collagen 

coating improved the spreading, viability, attachment and maintenance of phenotype of 

human coronary artery endothelial cells (He et al., 2005).  Such nano-fibre membranes also 

showed tensile properties suitable for vascular graft. 

1.2.4.3. Bone tissue engineering 

The design of scaffolds for bone tissue engineering is focused around matching the 

physical properties of bone tissue including tensile strength, pore size, porosity, hardness, 

and overall 3D architecture. For bone regeneration applications, scaffolds with a pore size 

ranging from 100-350 µm and porosity greater than 90% are preferred (Bruder and Caplan, 

2000, Hutmacher, 2000). PCL was first considered to be a degradable nano-fibre matrix for 

bone regeneration, which provided support for rat bone marrow stromal cells (BMSCs) and 

deposition of native collagen I based connective tissue and calcium phosphate based bone) 

at 4 weeks. The effect of fibre diameter (0.14-2.1μm) on the MC3T3-E1 cell responses was 

examined on PLA electrospun nanofibrous scaffold (Badami et al., 2006). It is interesting 

to note that the biomimetic nano-fibrous topology in conjunction with osteogenic medium 

significantly enhanced cell density within the scaffold. 

The initial adhesion and rapid migration of cells into the bulk of the scaffold is 

essential for tissue engineering applications. However, due to the innate hydrophobic 

nature, the initial cell adhesion is limited for most synthetic polymers. Hence, 

combinations of synthetic and natural polymers were introduced by many researchers to 

improve cell compatibility. The fibres made of composites of PCL and gelatin at 1:1 ratio 

exhibited better penetration of BMSCs within the nanofibre matrix compared to the pure 

PCL nanofibre (Zhang et al., 2004b). Moreover, another study on the blending nanofibers 
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of PLA with gelatine at various ratios (1:2, 1:1, and 3:1) showed that the osteoblastic cells 

(MC3T3-E1) were more viable than those on pure polylactic acid (PLA) nanofibre (Kim et 

al., 2008a). In addition, biomimetic bone collagen and hydroxyapatite were combined with 

Poly-L-Lactide Acid (PLLA) to produce biomimetic electrospun composite-fibre scaffolds 

for bone tissue engineering (Zhao et al., 2006, Prabhakaran et al., 2009). 

Besides bone tissue engineering, electrospun nanofibres have also been used in 

engineering other structural tissues including cartilage (Li et al., 2003, Li et al., 2005) 

ligament (Altman et al., 2002, Yates et al., 2012),  and skeletal muscle (Riboldi et al., 

2005). 

1.2.4.4. Neural tissue engineering 

Neural tissue repair is a daunting challenge because almost all neural injuries result 

in an irreversible loss of function. Therefore, to bridge and enhance nerve regeneration, a 

variety of ready-to-use nerve guidance conduits (NGCs) having customized sizes and 

lengths are desired. Numerous studies proved that fibres having diameters of 100-250 nm 

are capable of directing peripheral neurite growth both in vitro and in vivo (Lundborg et 

al., 1997, Rangappa et al., 2000, Smeal et al., 2005, Steuer et al., 1999) and the efficacy is 

further improved when fibre diameters were lowered to the range of 5-30 nm (Wen and 

Tresco, 2006). Furthermore, Yang et al. found that randomly oriented nano-fibres (150-

350 nm) based on electrospun PLLA scaffolds not only supported neural stem cell (NSC) 

adhesion but also promoted NSC differentiation (Yang et al., 2004a). In a later study, the 

role of aligned nano-fibres in neural tissue engineering has been further investigated and 

NSCs were observed to elongate and their neurites grew along the direction of the fiber 

orientation of the aligned nano-fibres (Yang et al., 2005). Recently, Griffin et al. also 

develop a neutral repairing scaffold composed of aligned PLGA and salicylic acid-derived 

poly (anhydride-ester) electrospun fibres (Griffin et al., 2011). The addition of the later 

material, which released salicylic acid during hydrolytic degradation, mitigated the fierce 

inflammatory cascade invoked by accumulation of the degradation products of glycolic 

acid and lactic acid in PLGA system.  

1.3. Glucose biosensors 

Glucose is the fundamental fuel for cells of most living organisms and 

commercially, it is used as a precursor for the production of molecules such as vitamin C, 

citric acid, gluconic acid, polylactic acid, sorbitol and bio-ethanol. Such large scale 

utilization of glucose necessitates the need for efficient feedback control systems, for 

which the use of glucose sensors is mandatory. This section reviews the different aspects 

of glucose biosensors, namely, the need for them, the existing technologies, the advantages 
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and the problems associated with continuous monitoring using implantable sensing 

technologies, and the strategies employed to make implantable biosensors function reliably 

in the long-term.  

1.3.1. The need for glucose biosensors 

The need for glucose sensing has primarily been driven by the medical condition – 

diabetes, wherein, the normal glucose metabolism is disturbed. The usual blood glucose 

level in healthy humans varies between 70 to 120 mg/dL or 4 to 8 mM/L. An impaired 

body’s feedback control system causes a wider range, 30 to 500 mg/dL or 2 to 30 mM/L, 

of blood glucose in people with diabetes. Insulin, the hormone that promotes glucose 

uptake by cells, is either not produced in enough quantity (Type I) or the glucose absorbing 

cells develop ‘insulin resistance’ (Type II), usually causing abnormally high blood glucose 

levels (hyperglycemia) in diabetics. The opposite effect, wherein hyperinsulinism or lack 

of counter-regulatory hormones (e.g. cortisol), abnormally lowers blood glucose levels 

(hypoglycemia). Persistent hyperglycaemia causes dehydration, long-term cardiovascular 

complications, damage to eyes and kidneys, and impaired would healing; while the 

hypoglycemia often results in fainting, coma, or death (Heller and Feldman, 2008, 

Tonyushkina and Nichols, 2009). The conditions hyper- or hypo-glycaemia can also occur 

due to non-diabetic and genetic causes such as, pregnancy, medication, stress/trauma, 

haemorrhage, burns, infections, stroke or alcohol consumption (Tonyushkina and Nichols, 

2009, Kondepati and Heise, 2007). In either case, it is essential to identify and control the 

blood glucose levels (glycemic control), to avoid painful and debilitating complications. 

Tight glycemic control is only possible when reliable, accurate and timely glucose sensing 

is achieved (Heller and Feldman, 2008, Tonyushkina and Nichols, 2009, Oliver et al., 

2009, Kondepati and Heise, 2007).  

In addition to medical monitoring of diabetes, glucose sensing has become essential 

in the process optimization of industrial and research scale microbial and mammalian cell 

cultures. In vitro cell culture processes are complex and difficult to optimize unless a 

feedback control based on tight monitoring of a wide range of parameters including 

glucose, lactate, pH and temperature are achieved. An industrial scale glucose sensing is 

represented in microbial fermentation processes. Traditionally, intermittent sampling of 

fermentation medium is done, sample processed and used to monitor glucose using a 

commercial glucose analyser (Yellow Spring Instruments, Yellow Spring, Ohio, USA) 

(Queinnec et al., 1992). At research scale, focus is on developing mammalian cell culture 

bioreactors integrated with various sensors including glucose biosensors for regenerative 

medicine and toxicity testing, especially to reduce animal use for research. Recent 
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advances in glucose sensing, especially real-time (continuous) glucose monitoring 

technologies developed for diabetes management, are being explored and utilized for cell 

culture bioreactors and microfluidic devices (Brooks et al., 1987, Tothill et al., 1997, Lee 

et al., 2004b, Kimura et al., 2010). 

1.3.2. Classification and history of glucose biosensing 

Glucose, being a generic sugar, the methods for its sensing often requires the use of 

special affinity molecules. The glucose binding reaction with the affinity molecule, 

typically, generates a measurable signal for detecting glucose in complex biological fluid 

systems. Electrochemical or optical signal transduction based sensors are the most 

commonly used for glucose sensing technologies, which are the focus for this section. 

1.3.2.1. Electrochemical glucose biosensors 

Electrochemical technologies have dominated the glucose sensor market since their 

first use in 1960s. Their advantage is that they are highly sensitive, relatively reproducible 

and cost effective (Newman and Turner, 2005). Sensors fabricated using this technique can 

be divided into two main classes, namely enzymatic and non-enzymatic, based on whether 

they use or not use one or more enzyme(s) as the affinity molecule.  

1.3.2.1.1.  Electrochemical enzymatic glucose biosensors 

To date, four different types of enzymes namely, glucose dehydrogenases (GDH), 

quinoprotein glucose dehydrogenases, glucose 1-oxidases, and glucose 2-oxidasses have 

been tested for glucose biosensing (Wilson and Turner, 1992). Among the enzymes, 

glucose 1-oxidase (GOD) is the most commonly due to its better stability and exclusive 

specificity to glucose, which properties are attributed to the protection of its redox centres 

(flavin adenine dinucleotide (FAD)) by a glycoprotein shell. As a result, the glucose 

molecule and its co-reactant namely O2 need to diffuse through to a depth of 13Å to reach 

the reaction centre, which is responsible for its lower reaction turnover (oxidizes about 

5000 glucose molecules per second in an electrochemical half-reaction) compared to the 

other enzymes (Heller and Feldman, 2008). The catalysis reaction for GOD is shown in 

Figure 1.7. 

All sensors utilizing the GOD based catalysis using the natural O2 as the mediator 

are called first generation glucose biosensors (Figure 1.7). Essentially, these sensors 

either measure O2 depletion or H2O2 generation, which is proportional to the concentration 

of glucose, and they can be amperometric, potentiometric or O2 sensors. 

The first glucose biosensor was proposed by Clark and Lyons in 1962 (Clark and 

Lyons, 1962). This device was based on GOD entrapped on at a Clark oxygen electrode 

using a semi-permeable dialysis membrane. The depletion of oxygen (proportional to the 
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glucose concentration) was measured by reducing O2 at a platinum cathode at a potential of 

-0.6V against saturated calomel electrode (SCE). The first commercial clinical analyzer, 

Beckman glucose analyzer introduced in 1968, was based on electroreduction of O2 at a 

gold cathode, which later was replaced by a polarographic O2-electrode (Clark, 1959, 

Heller and Feldman, 2008). Recently, Gough et al. reported the successful use of GOD and 

catalase based dual enzyme O2 sensing system for CGM in a subcutaneous animal model 

for over a year (Gough et al., 2010). The most commonly used and the only sensors 

currently available for implantable continuous glucose monitoring are amperometric 

sensors. The H2O2, generated in the first generation O2 mediated reaction, is directly 

oxidized at an anodic working electrode at potentials between +0.6 to +0.7 V vs saturated 

calomel (SCE) or silver/silver chloride (Ag/AgCl) reference electrode, which accurately 

correlates to the oxidised glucose concentration. Potentiometric sensors are typically based 

on field-effect transistor (FET) sensors, which monitor changes in pH due to either the 

electrooxidation of H2O2 or the hydrolysis of gluconolactone to determine changes in 

glucose concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 First generation glucose sensing reaction and associated sensors 
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catalyzed glucose oxidation (second generation glucose sensors). In addition, the use of 

potentiometric sensor is severely limited by the interference from local changes in pH in 

physiological fluids. 

Diminishing the interfering agents such as uric acid, acetaminophen and ascorbic 

acid in physiological fluids, from reaching the sensor is achieved by use of permselective 

membranes (Hrapovic et al., 2004). Such selective layer is often applied between the 

enzyme layer and the electrode. The electropolymerized films such as poly 

(phenylenediamine) (Sasso et al., 1990) and overoxidized polyrrole (Malitesta et al., 1990) 

are the commonly used interference eliminating layers on electrode surface. Other widely 

used coatings include size extrusion cellulose acetate membrane (Reddy and Vadgama, 

1997a), negatively charged Nafion (Hrapovic et al., 2004), microporous silicone-based 

emulsions (D'Orazio, 1996). Interference can also be reduced by lowering the oxidation 

potential or the use of reduction potential, at which the oxidation of interferants is nearly 

eliminated. This is achieved by electrode modifications. For example, metal nano-particles 

(i.e. Pt, Pd, and Ru) dispersed in carbon paste electrodes has been particularly beneficial in 

obtaining remarkable selectivity towards glucose substrate by means of lowering the 

oxidation potential of H2O2 compared to either pure carbon or pure metal electrodes (Wang 

et al., 1992, Wang et al., 1994, Newman et al., 1995). On the other hand, the problem of 

high oxygen dependency that usually results in underestimation of glucose level due to 

very low physiological oxygen concentrations (0.1 to 0.3 mM) compared to that of glucose 

(2-30 mM) can be overcome by use of membranes having high permeability to oxygen. A 

common approach is the use of mass-transport limiting membranes that restrict the amount 

of glucose reaching the enzyme in relation to O2. Polymers such as Nafion, polyurethane, 

poly (vinyl chloride), polycarbonate are the frequently used materials for this purpose 

(Reddy and Vadgama, 2002, Yu et al., 2005b, Galeska et al., 2000, Moussy et al., 1994, 

Maines et al., 1996). Gough et al designed a two-dimensional sandwich enzyme electrode, 

with two different membranes on either side of the electrode (Gough et al., 1985). One side 

is highly permeable for O2 but not for glucose, while the other side is permeable to both O2 

and glucose. The most efficient method for avoiding O2 deficiency at the electrode is the 

use of oxygen rich electrode materials which serve as an internal source of oxygen for 

glucose oxidation (Wang and Lu, 1998). The sensors consisted of a mixture of graphite 

powder and a fluorocarbon pasting liquid can provide total oxygen independence even 

under severe oxygen deprivation. The principle is based on the excellent solubility of 

oxygen within fluorocarbons which is approximately 25-fold higher than that in water. 
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Second-generation glucose biosensors, typically, have artificial (non-

physiological) mediators replacing O2 as co-substrates for oxidising GOD or GDH 

(mediator coupled-electrooxidation, Figure 1.8) (Liu and Wang, 2001, Cass et al., 1984, 

Mulchandani and Pan, 1999, Di Gleria et al., 1986, Groom et al., 1995, Tsujimura et al., 

2006, Chaubey and Malhotra, 2002b, Li et al., 1999, Kulys et al., 1994). Commonly used 

mediators in the second generation sensors are listed in Table 1.1. The mediators have 

nano-dimensions capable of directly interacting with FADH2 of GOD, and mediate the 

direct transfer of electrons to electrode. They obviate the need for O2 but suffer from 

competition from O2 (Toghill and Compton, 2010). To circumvent O2 competition, large 

excess of mediator is incorporated, and in most currently available single-use home 

glucose test strips, GOD is replaced by glucose dehydrogenase pyrroloquinoline quinone 

(GDH-PQQ). However, sensors with GDH-PQQ suffer from inaccuracy due to 

competition from non-glucose sugars, such as maltose, xylose, and galactose (found in 

certain drug and biologic formulations, or can result from the metabolism of a drug or 

therapeutic product), often leading to falsely elevated blood glucose levels prompting 

deleterious therapies (FDA, 2009). In addition to O2 independence, second-generation 

sensors, depending on the structure of the mediator, require lower electrode potentials for 

measuring compared to that for direct oxidation of H2O2, thus avoiding the common 

interferants from blood/tissue oxidising at the electrode. In addition, a restrictive 

membrane to slow down the diffusion of glucose is often not required. However, a 

membrane to contain or immobilize the mediator and enzyme at the electrode surface is 

often essential for using the second-generation sensors (Henning, 2010, Li et al., 2007). To 

solve the problem of mediator leakage, a variety of methods were investigated involving 

entrapping mediator in a conducting polymer (Foulds and Lowe, 1986), employing high-

molecular-weight mediator such as ferrocen derivatives (Schuhmann, 1993) and covalently 

tethering both the mediator and enzyme to a polymeric materials (Saito and Watanabe, 

1998, Koide and Yokoyama, 1999, Kuramoto and Shishido, 1998).  

Among the immobilizing membranes, Heller et al. demonstrated the efficacy of 

redox polymers leading to the design of commercial second-generation sensors – FreeStyle 

Navigator continuous glucose monitoring system (Heller and Feldman, 2010). This design 

avoided the free diffusion of artificial mediators through their covalent attachment to the 

enzymes’ redox centres and the redox hydrogels. Thus, the enzyme’s reaction centres are 

electrically connected directly to the electrode surface (Heller and Feldman, 2008, Heller, 

1990, Heller, 1992, Degani and Heller, 1987). Recently, Wilner’s group also developed a 

similar system where GOD is covalently bound to Au nano-particles (NPs) that are 
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crosslinked into multiple layers electrically wiring the redox centres of GOD directly on to 

Au electrode surface(Yehezkeli et al., 2009, Yehezkeli et al., 2010). An added advantage 

of such direct electrical wiring systems is that the crosslinked redox networks connect 

multiple enzyme layers, thus increasing the glucose measuring current by 10 to 100 folds 

and current densities of glucose electrooxidation on conventional solid electrodes can 

exceed 1 mA/cm
2
 at potentials between 0.0-0.1V vs Ag/AgCl (Heller and Feldman, 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Second generation glucose sensing reactions. The associated sensors are 

typically amperometric 
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Table 1.1 Artificial mediators – redox couples for electron shuttling from redox centres of 

enzymes such as GOD-FADH2 and GDH-PQQH2 to electrodes (Heller and Feldman, 2008, 

Chaubey and Malhotra, 2002a, Švancara et al., 2009) 

Type Mediators 

Organic Quinoid dyes: methylene blue, thionine, pyocyanine, Safranine T, brilliant 

cresyl blue, azure A 

Quinone and its derivatives including polymeric quinones: hydroquinone, 

benzoquinone, 1,10-phenanthroline quinine, polyaminonapthoquinone 

(PANQ) 

Viologen derivatives: N,N’-Di(4-nitrobenzyl)viologen dichloride, poly(o-

xylylviologen dibromide), poly(p-xylylviologen dibromide) 

Phenothiazines, Phenoxazines, Dithia- & tetrathia- aromatic compounds 

Phenazines: N-ethyl phenazine, N-methyl phenazine 

Wurster’s salt: N,N,N',N'-Tetramethyl-p-Phenylenediamine (TMPD) 

Heterocyclic dihydropolyazines: 5,10-dihydro-5,10-dimethylphenazine, 1,4-

dihydro-1,3,4,6-tetraphenyl-s-tetrazine 

Poly(1-(5-aminonapthyl) ethanoic acid) (PANEA) 

Tetrathiafulvalene (TTF) 

Tetracyanoquinodimethane (TCQM) 

Conducting salts: TTF-TCQM, N-methyl phenazinium-TCQM (NMP-

TCQM) 

Carbon materials: Carbon nanotubes (CNTs), powdered graphene, fullerenes  

Inorganic O2/H2O2 

Metal hexacyano-complexes: Fe(CN)6
3-/4-

, Co(CN)6
3-/4-

, Ru(CN)6
3-/4-

 

Metal-

Organic 

Pentacyanoferrate(III)-, Fe
2+/3+

-, Ru
2+/3+

-, or Os
2+/3+

- complexes with organic 

polymers such as pyridine, pyrazole, imidazole, histidine, aza- and thia-

heterocycles, benzotriazole, benzimidazole, and aminothiazole 

Ferrocene and its derivatives: Ferrocene, 1,1-dimethyl ferrocene, vinyl 

ferrocene, ferrocene carboxylic acid, ferrocene metanol, hydroxymethyl 

ferrocene, 1,1’-dimethyl 1,3-(2-amino-1-hydroxyethyl) ferrocene 

Nikelocene 

Manganese cyclopentadienyl (Cp) half-sandwich, chromium half-sandwich 

 

During the 1980s, intensive efforts were made to develop mediator-based second 

generation glucose biosensors for sports and clinical applications (Cass et al., 1984, Frew 
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and Hill, 1987), both for improving in vivo sensor performance (Murray et al., 1987) and 

integrating the technology in test strips for commercial self-monitoring of blood glucose 

(SMBG) system (Hilditch and Green, 1991, Matthews et al., 1987). In 1982, Shichiri et al 

(Shichiri et al., 1982) made a prominent contribution to the in vivo application of glucose 

biosensors through the design of the first needle-type enzyme electrode for subcutaneous 

implantation. The first palm-sized electrochemical blood glucose monitor designed for 

self-monitoring of diabetics was launched in 1987 as ExacTech by Medisense Inc. 

(Matthews et al., 1987). It used ferrocene as the mediator and the device was enabled to 

display a digital glucose reading within 30s after the application of whole blood. In the 

following decades researchers have increasingly focused on the development of less 

invasive implantation of sensor device (Henry, 1998, Schmidtke et al., 1998), and the 

establishment of electron transfer between electrode surface and enzyme redox centre 

(Degani and Heller, 1988, Ohara et al., 1993, Toghill and Compton, 2010). 

The futuristic third-generation glucose sensors (Figure 1.9) aim to avoid the 

redox mediators, yet, achieve direct transfer of electrons from glucose to electrode via the 

redox centre of the enzyme (Gregg and Heller, 1990, Kulys et al., 1980, Schuhmann, 1995, 

Khan et al., 1996, Chaubey et al., 2000). The resulting glucose sensors, said to work 

reagentless, are expected to have a low operating potential that is close to the redox 

potential of the enzyme (Wang, 2008). The FADH2 redox centre of the conventional GOD 

enzyme is reported to be buried at a depth of 13-15 Å, due to which, direct electron 

transfer from GOD to conventional solid state electrodes is reported to be much too slow 

(Hecht et al., 1993, Heller and Feldman, 2008). Hence, the design of third generation 

glucose sensors is expected to either utilize other redox enzymes or explore new electrode 

materials. Wang, and Chaubey and Malhotra provided brief reviews of the different 

electrode materials being investigated for the design of third-generation sensors (Wang, 

2008, Chaubey and Malhotra, 2002a). An example for one such electrode materials is 

tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ), which is being widely reported 

for the development of conducting organic salt electrodes for direct transfer of electrons 

from glucose to electrode through the redox centre of GOD (Wang, 2008, Khan et al., 

1996, Koopal et al., 1992, Palmisano et al., 2002). The recent advances in nano and porous 

materials provide scope for third generation glucose sensors, which could not only improve 

the sensing performance, but also decrease the cost, size of sensor, use of toxic mediators 

and avoid dependence on O2 (Zhou et al., 2008, Bao et al., 2008, Yang et al., 1998, Xu et 

al., 2003, Zhu et al., 2005, Lee et al., 2005, Yu et al., 2008b, Zhu et al., 2008). 
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Figure 1.9 Third generation glucose sensing principle, wherein the redox centres of the 

enzyme are covalently attached to conducting polymers which in turn are covalently 

attached to electrode surface. This ensures direct transfer of electrons from the enzyme’s 

redox centre to the electrode. 

1.3.2.1.2. Electrochemical non-enzymatic glucose sensor 

The stability of enzymes in the long-term or during storage has been a concern and 

methods to eliminate the use of enzyme have been researched (Park et al., 2006). Walther 

Loeb first studied the means of electrochemically oxidizing glucose in the presence of 

sulphuric acid at an anode a century ago (Toghill and Compton, 2010). Since then, a 

variety of methods were tested. Direct electrooxidation or reduction of glucose in an 

electrolytic cell usually require extreme conditions, such as pH>11, pH<1 and high 

voltages, or suffer from electrode poisoning, inhibition and interference at physiological 

pH (Table 1.2) (Heller and Feldman, 2008, Park et al., 2006). The different isomeric (α-, β-

, γ-) forms of glucose get electrooxidized at a metal electrode, whether they involve 

intermediates or not, to form gluconic acid as the final stable product of a two-electron 

oxidation of glucose (Park et al., 2006, Ernst et al., 1980, Beden et al., 1996) The resulting 

gluconic acid is reported to have a half-life of 10min and rate constant of 10
-3

/s at pH 

7.5.(Park et al., 2006) Furthermore, the electrooxidation of glucose was shown to have 

three potential ranges vs reversible hydrogen electrode (RHE) of relevance to glucose 

sensing (Table 1.2) (Ernst et al., 1979, Park et al., 2006). The first, between 0.15 and 

0.35V, called ‘hydrogen region’, provides strong oxidation peak potentials unique to 

glucose, observed primarily with Pt electrode. However, flat platinum electrodes rapidly 

lose sensitivity to glucose due to poisoning by chloride ions and various organic agents 

including amino acids, acetaminophen, creatinine, epinephrine, urea and uric acid in 

physiological solutions, which normally block the catalytic sites on platinum, inhibiting 

glucose oxidation. The second, between 0.4 and 0.8V vs RHE, called ‘double layer region’ 

lowers the adsorptive capacity of the poisoning agents, but other electroactive (interfering) 

agents also get oxidized at the electrode. Finally, the third, ‘Pt oxide region’, between 1.1 

Enzyme 

Enzyme-H2 
 

Conducting 

redox material 

Electrode 

Voltage 

(mV) 

Glucose 

Gluconolactone 
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and 1.5V produces a Pt oxide layer, with which glucose reacts, while poisoning products 

similar to lactones are decomposed by further oxidation. 

Thus glucose, a monosaccharide, can indeed be directly electrooxidized at 

conventional electrodes. However, its rate of oxidation is much slower than common 

interfering substances such as uric acid and ascorbic acid in biological fluids. Though the 

normal concentration of glucose in blood (3 to 8 mM) is much higher than the interfering 

substances (0.1mM), the faradic current generated by oxidation of interfering agents is 

much higher than that for glucose.(Park et al., 2006) Attempts have been made to avoid 

interference by lowering the over-potential for oxidation of glucose through the 

development of electrodes based on alloys of Pt, Pb, Au, Pd, Rh, Cu, Mn, Ni, Fe, Ag etc. 

(Vassilyev et al., 1985, Beden et al., 1996, Park et al., 2006, Sakamoto and Takamura, 

1982, Kokkinidis and Xonoglou, 1985, Wittstock et al., 1998, Zhang et al., 1997, Yeo and 

Johnson, 2000). Glucose oxidized at Pt2Pb alloy surface at remarkably lower potentials 

(than pure platinum) at which the electrode is insensitive to common interfering substances 

(Sun et al., 2001). Nevertheless, they failed to prevent electrode poisoning by chloride ions 

and other electroactive components abundant in physiological solutions as well as by the 

various glucose oxidation products.  

The advent of nanotechnology provided new hope for non-enzymatic glucose 

sensing, and combining nano-materials with conventional electrodes not only avoided 

interference from interfering substances, but also lowered or prevented electrode 

poisoning. Carbon-based materials such as carbon paste, diamond-like carbon, graphite, 

graphene and carbon nanotubes (CNTs) are widely being explored for glucose sensing, 

often in combination with NPs. Among the carbon materials, CNTs are widely researched 

due to their exceptional chemical and physical properties including high surface to volume 

ratios, chemical stability, electrical conductivity and electron transfer kinetics. Different 

combinations of carbon based materials and/or NPs, with or without polymer fillers are 

being tested as coatings on common electrodes such as Pt, Au and glassy carbon for non-

enzymatic glucose sensing (You et al., 2003, Ye et al., 2004, Jianxiong et al., 2007, Tan et 

al., 2008, Yang et al., 2010, Jiang and Zhang, 2010, Kang et al., 2007, Zhu et al., 2009, 

Rong et al., 2007, Wang et al., 2009a, Chen et al., 2008, Cui et al., 2006, Chen et al., 

2010b, Liu et al., 2010). However, the electrocatalytic effects of almost all of the nano-

material coatings are observed in basic conditions usually at pH>9. 
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Table 1.2: Direct electro-oxidation of glucose at electrodes (Heller and Feldman, 2008, 

Park et al., 2006, Ernst et al., 1979) 

Electrode Conditions Disadvantages 

Conventional 

electrodes (e.g. Pt 

and Au) 

pH>11, pH<1, 

High voltages 

 Electrode poisoning, Inhibition 

 Interference 

 Extreme conditions 

Reversible 

Hydrogen 

Electrode (RHE) 

0.15 to 0.35 V 

(hydrogen 

region) 

 Electrode poisoning, agents such as chloride 

ions, acetaminophen, creatinine, epinephrine, 

urea and uric acid, bind and block catalytic 

sites on electrodes 

 Selectivity not exclusive to glucose 

Reversible 

Hydrogen 

Electrode (RHE) 

0.4 to 0.8 V 

(double layer 

region) 

 Electrode poisoning is reduced but there is 

interference due to oxidation of other 

electroactive agents including ascorbic acid, 

acetaminophen and uric acid 

 Selectivity not exclusive to glucose 

Reversible 

Hydrogen 

Electrode (RHE) 

1.1 to 1.5 V (Pt 

oxide region) 

 High voltages decompose interferants but not 

glucose, but selectivity not exclusive to 

glucose 

 

One of the simplest, yet effective, enzyme-free sensor is based on nano-porous Pt 

electrode, whose surface nano-pores have diameter in the range of 2-50 nm (Park et al., 

2003, Boo et al., 2004). This electrode is reported to selectively enhance the faradic current 

of the sluggish glucose oxidation reaction through kinetic controlled electrochemical 

mechanism. Interfering agents – ascorbic acid and acetaminophen gave negligible 

response, while signal amplification was observed for glucose oxidation at the nano-porous 

Pt electrode (Park et al., 2003). Thus nano-porosity on Pt not only reversed the analyte 

selectivity, but also prevented electrode poisoning by chloride ions. Unlike other non-

enzymatic glucose biosensor, the elimination of interference from common interfering 
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agents at the nano-porous Pt electrode is not a function of potential applied but of the 

dynamics of mass transport near the novel morphology of the electrode surface (Park et al., 

2006). Compared to the enzymatic sensors, the nano-porous Pt sensor is mechanically and 

chemically stable, resistant to humidity and temperature, has longer storage shelf-time, 

allows thermal and chemical sterilization process, and favourable for mass production due 

to simpler quality control (Park et al., 2006). 

1.3.2.2. Optical glucose biosensors 

Spectroscopic measurements of direct or indirect interactions of different properties 

of light with glucose molecules alone; colour generating glucose-dye complexes; or 

fluorescence systems based on glucose–receptor molecule complexes form the firm basis 

for the optical methods.  

A direct method to measure blood glucose levels is to irradiate tissues such as skin, 

eye, or whole blood, with different forms of light, and detect the resulting absorption, 

transmission, reflection, scattering or emission signals (Oliver et al., 2009). Mid infrared 

(MIR) with wavelengths (λ) between 2.5 to 50 µm and near infrared (NIR) λ – 0.7 to 1.4 

µm are widely studied for this purpose. Although the tissue penetration depth for MIR is 

much low (superficial compared to NIR that reaches up to the subcutaneous space), MIR 

was successfully used in glucose measurements, ex vivo, in whole blood in intensive care 

units (Shen et al., 2003, Nelson et al., 2006). Other commonly investigated forms of light 

for glucose detection include, plain polarized, coherent (light in which emitted photons are 

synchronised in time and space), single wavelength (Raman) and He-Ne laser light 

(Cameron and Anumula, 2006, Esenaliev et al., 2001, Dieringer et al., 2006, Ashok et al., 

2010). Despite being non-invasive, these methods failed to reach the standards for CGM in 

vivo, because of their, usually, >20% error in glucose measurements (Kondepati and Heise, 

2007, Clarke et al., 1987). The large error is caused by factors including interferants; 

heterogeneity of tissue; temperature; heterogeneous distribution of glucose between cells, 

interstitium and blood; changes in water, free fatty acids, chylomicrons, fats or protein 

content in tissue; motion artefacts (including blood flow); and drug treatments (Kondepati 

and Heise, 2007, Oliver et al., 2009, Pickup et al., 2005). Often the glucose measuring 

signal is weak (esp. for Raman spectroscopy), and to quantify the single solute, the signal 

requires screening of multiple wavelengths and multivariate statistical analysis with 

calibration (Oliver et al., 2009). 

Glucose can also be measured by indirect methods, where glucose molecules 

modify a specific tissue property that can be detected. Photo-acoustic and impedance 

spectroscopy are two such methods used for measuring the glucose-mediated decrease in 
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specific heat capacity and the glucose-red blood cell (RBC) interactions causing 

concentration-dependent changes in dielectric properties of tissue respectively (Weiss et 

al., 2007, Pfutzner et al., 2004). These methods also suffer from similar problems faced by 

the above described direct methods. 

By far the most efficient, reliable and practical way to measure glucose is to use 

glucose specific interactions (Heller and Feldman, 2008, Oliver et al., 2009). Most 

fluorescence based optical methods utilize affinity based sensing principle, where glucose 

competitively displaces a fluorescently labelled binding agent (e.g., dextran, α-methyl 

mannoside or glycated protein) from a receptor, specific to both glucose and binding agent, 

resulting in a concentration-dependent change in fluorescence emission or quenching 

signal (Oliver et al., 2009, Pickup et al., 2005). The receptor materials can be broadly 

classified into four categories: Concanavalin A (CON A), enzyme based (glucose 

oxidase/dehydrogenase, hexokinase), synthetic boronic acid derivatives, and bacterial 

glucose specific proteins. While the former two are well established, newer and better 

molecules of the latter two categories are being developed for glucose sensing. Further, an 

advanced and extremely sensitive fluorescent method is the fluorescence resonance energy 

transfer (FRET) based on Angstrom level dipole-dipole interactions between fluorescence 

donor and acceptor molecules leading to a decrease in fluorescence or life-span of a donor 

molecule. In spite of their huge promise, fluorescence based glucose detection methods are 

yet to reach the clinics for CGM in vivo. 

1.4. Commercial glucose biosensors 

 Broadly, the commercial glucose biosensors available for home and clinical use can 

be classified into self-monitoring of blood glucose (SMBG) and continuous glucose 

monitoring (CGM) devices. The former use test strips, on which, a drop of blood usually 

drawn by finger pricking is applied, to detect blood glucose concentration. The later 

involves non-invasive, minimally invasive or invasive methods for CGM. However, the 

only devices available commercially for CGM are the invasive devices, wherein, needle 

type electrochemical glucose biosensors are inserted in the dermal or subcutaneous space 

of skin, which function for a maximum of 7 days. 

 SMBG measurements are discontinuous and often miss the deleterious episodes of 

hypo- or hyper-glycaemia, which are further be exacerbated by the patient unwilling to do 

the required number of tests (compliance). In contrast, CGM avoids the need for patient 

compliance, and provides 24/7 monitoring of glucose to alert the patient and physicians to 

prevent hypo- or hyper-glycaemia. 
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SMBG is currently the indispensable part of the disease management programme 

for diabetes patients recommended by the American Diabetes Association (ADA, 2008). 

The first blood glucose meter and glucose self-monitoring system, the Ames Reflectance 

Meter (ARM) was invented by Anton H. Clemens in 1970, using a single drop of blood 

and providing a reading in 1 minute (Tonyushkina and Nichols, 2009). Since then a large 

number of test strip based SMBG devices have been introduced in the market and reviewed 

widely in the literature (Heller and Feldman, 2008). 

The CGM systems available commercially include Guardian REAL-Time, 

Minimed Paradigm REAL-Time, Minimed CGMS system Gold, SEVEN by Dexcom (San 

Diego, CA, USA) and Freestyle Navigator by Abbott (Abbott Park, IL, USA). All of these 

systems are based on enzymatic, amperometric glucose biosensors. They measure glucose 

in the interstitial fluid (ISF). Glucoday is another system which uses the principle of 

microdialysis, wherein ISF is drawn using a minimally invasive dialysis tubing, to an 

amperometric device outside the body. This device is relatively bulky and hence its use is 

limited to hospitals. The reliable use of these devices for CGM is limited to 2 to 7 days, 

due to biocompatibility problems. 

1.5. Biocompatibility – the bottleneck for implantable glucose biosensors 

The foreign body interactions associated with implantation of sensor in the body 

are the primary barrier for the development of reliable, long-term implantable biosensors. 

As soon as the sensor is implanted in the body, a cascade of reactions, including the normal 

wound healing process and the host responses to the implanted sensors, are triggered. 

Proteins, cells and other biological components adsorb on the sensor surface and block the 

pores on the mass-transport limiting membrane on sensor surface (Wisniewski et al., 

2000). This phenomenon called biofouling severely affects the sensor function by lowering 

the amount of analyte (glucose) reaching the sensor. The biofouling layer is typically 1 to 3 

cells thick (~5 to 30 µm) and its composition continually changes from the time of 

implantation. In addition to biofouling, the normal wound healing process also deposits a 

thick layer of fibrous capsule that further impairs glucose from reaching the sensor. 

The typical foreign body reaction can be divided into four stages: haemostasis; 

inflammation; repair; and encapsulation (Wisniewski and Reichert, 2000). The length and 

characteristics of each stage depend on the nature of the implant (Reichert and Sharkawy, 

1999, Sharkawy et al., 1997a). In the first few minutes to hours, post implantation, proteins 

and platelet from blood foul the sensor surface, restricting the diffusion of glucose. Within 

an hour blood clot (haemostasis) made of crosslinked fibrin and platelets forms, integrating 

the implant with the surrounding intact host tissue. This clot, called provisional matrix 
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(framework) aids cell attachment and migration. The first cells to be recruited are 

neutrophils, which arrive at the wound site within an hour. This phase called acute 

inflammation usually lasts for two days, wherein neutrophils engulf and digest small debris 

in the wound area, following which they die and require to be cleared by long-living 

macrophages. The recruitment of monocytes from blood, which change into macrophages 

in the tissue, starts the chronic inflammation (Morais et al., 2010). The macrophages not 

only remove the debris, including dead neutrophils, but also attack the sensor surface. 

Within a week, the provisional matrix is degraded and replaced by fibrous tissue called 

granulation tissue (repair). Angiogenesis, or infiltration of the provisional matrix with 

blood capillaries and vessels to sustain the repair process. Once the repair is complete, cell 

activity reduces drastically, thus lowering the blood vascular supply to this tissue and the 

fibrous tissue matures in to a dense avascular capsule segregating the implant from 

surrounding tissue. 

Starting immediately after implantation in the body, the sensors lose sensitivity, 

which further drifts gradually until the sensor fails in the body. Brauker et al. associate this 

decrease primarily due to the cell layer on the immediate surface of the sensor (Brauker et 

al., 2012). This cell layer is primarily composed of macrophages and giant cells, which are 

closely opposed on sensor surfaces that are smooth or microporous (less than about 1 µm). 

The overlying fibrous tissue apparently produces a downward contracture resulting in the 

compaction of the cell layer. Irrespective of the vasculature close to the sensor surface, 

Brauker et al. suggest that this cell layer acts as a barrier blocking the transport of analytes 

across the tissue-device interface. 

1.6. Strategies to reliably lengthen the in vivo clinical life of implantable glucose 

biosensors 

Traditionally, surface modifications or deposition of additional polymeric coatings 

were used as the strategies to combat the effects of biofouling, fibrous encapsulation and 

blood vessel regression (Wisniewski et al., 2001). Surface chemistry plays an important 

role in the initial adsorption of proteins and cells on implant surface. Hence, initial studies 

were directed at reducing biofouling with the introduction of surface functional groups 

such as carboxyl (-COOH), hydroxyl (-OH), amino (-NH2) and methyl (-CH3) groups. The 

-NH2 (hydrophilic) showed the highest protein and cell adsorption, which was higher even 

with hydrophobic surfaces (–CH3) (Tang et al., 1998). The hydrophobic –CH3 and 

hydrophilic –NH2 functionalities induced thicker fibrous capsules compared to –OH and –

COOH groups (Barbosa et al., 2006). Hence hydrophilic surface composed of neutral 

hydroxyl (crosslinked poly (hyddroxyethl methacrylate) (PHEMA)) or acidic 
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perfluorosulfonic acid  (Nafion) based membranes were popular as biocompatible surfaces 

(McKinley et al., 1981, Margules et al., 1983, Shimada et al., 1980, Wisniewski and 

Reichert, 2000). However, the acid groups caused calcification limiting their use as 

biocompatible surfaces for implantable glucose biosensors (Mercado and Moussy, 1998). 

Other hydrophilic (e.g. the triblock poly(ethylene oxide) and poly(propylene oxide) based 

system (PEO-PPO-PEO) and Polyvinyl acetate (PVA)), phospholipid and diamond like-

carbon (DLC) surfaces have also been tested as anti-bifouling surfaces (Neff and Caldwell, 

1999, Lee et al., 1989, Espadas-Torre and Meyerhoff, 1995, Reddy and Vadgama, 1997b, 

Lindner et al., 1994, Ruckenstein and Li, 2005, Higson and Vadgama, 1995, Treloar et al., 

1995). However, they failed to address the deleterious effects of foreign body reactions. 

This is attributed to the formation of barrier cell layer that is compacted on the surface due 

to the pressure exerted by the contracting fibrous capsule layer (Brauker et al., 2012). 

Another focus for the surface modification was to ensure blood vessel supply close 

to the sensor surface. This was achieved with porous polymer coatings that disrupt fibrous 

tissue formation and thus ensures vasculature close to the sensor. Porous polymers PVA 

and PLGA, as well as other nanoporous structures composed of titania, silicon, anodic 

alumina and DLC were tested for this purpose (Koschwanez et al., 2008, Sharkawy et al., 

1997b, Sharkawy et al., 1998a, Sharkawy et al., 1998b, Brauker et al., 1995). However, 

the presence of blood supply in conjunction with mild chronic inflammation, did not show 

any improvement in sensor function, further reiterating the suggestion of the effects of 

barrier cell layer formation (Brauker et al., 2012). Therefore, the need for biocompatible 

coatings for reliably extending the in vivo lifetime of implantable glucose biosensors is still 

unmet. 

1.7. Scope of this work 

Reliable long-term CGM using implantable biosensors is not a reality yet. In vivo 

sensor function is hindered by the deleterious effects of the host’s foreign body responses. 

As discussed in section 1.6, several approaches have been tested for overcoming the effects 

of host responses. A promising approach is the use of porous polymer coatings.  

Koschwanez et al. suggested that the use of porous PLGA coatings did not improve 

the sensor performance in vivo. Brauker et al. utilize similar principle, but with different 

polymers PTFE and silicone, and claim in vivo efficacy for up to 30 weeks (Brauker et al., 

2012). However, porous polymeric coatings tested are primarily solvent cast films whose 

porosity is increased with the use of salt. The disadvantage with such membranes is that 

their mechanical properties become increasingly poor with increasing porosity. Moreover, 
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the reproducibility of their manufacture, in terms of porosity and thickness, can also be 

very poor. 

Electrospinning provides a unique opportunity to precisely control the porosity and 

thickness of electrospun membrane, which in principle can be adapted for the development 

of biocompatible coatings for implantable biosensors. In their fibro-porous 3D architecture, 

extensively interconnected pores, high pore volumes and mechanical properties, 

electrospun membranes mimic the natural extracellular matrix. Moreover, electrospun 

membrane composed of fibres of diameters 1 to 5.9 µm were shown to prevent fibrous 

capsule formation (Sanders et al., 2003). Thus, the biomimetic properties of electrospun 

membranes mimicking natural ECM prompted the overall goal for this thesis to establish 

the applicability of electrospun membranes as coatings to improve the reliability and the 

longevity of glucose biosensors when implanted in the body. 

The glucose biosensors for implantable applications must be robust, durable and have 

constant sensitivity for several months. The sensors usually function with more or less 

constant sensitivity for several months, when tested ex vivo in simulated physiological 

fluids, e.g. phosphate buffer saline (PBS), pH7.4. However, when implanted in the body, in 

addition to the effects of tissue build-up on sensor surface (described in section 1.5), the 

activity of the immobilized enzyme also deteriorates (Valdes and Moussy, 2000). 

Moussy’s group have developed a sensor design that allows loading of excess enzyme to 

cope with the demands for long-term implantation, which design has been adapted for this 

study (Yu et al., 2005a). These sensors were shown to function with stable sensitivity 

under continuous polarization of the electrodes with applied voltage of +700mV for a test 

period of 12 weeks (Yu et al., 2007, Yu et al., 2005b). The design and its working principle 

are shown in Figure 1.10. The sensors are dual electrode systems consisting of Platinum-

Iridium (Pt-Ir) coil as the working electrode and Silver/Silver Chloride (Ag/AgCl) as the 

reference electrode. GOD is immobilized on Pt-Ir coil reinforced with cotton using bovine 

serum albumin (BSA) and glutaraldehyde (GTA). An epoxy enhanced polyurethane (EPU) 

layer is used as the mass-transport limiting membrane for the sensors to detect glucose 

levels in the range of 2 to 30 mM/L glucose. An added advantage of such sensors is that 

the sensor sensitivities are in the nA/mM levels which is much better compared to most 

sensors tested in the literature (including commercial implantable glucose biosensors 

(Brauker et al., 2012, Reddy and Vadgama, 1997b), since current measurements in pA/mM 

are susceptible to large fluctuations. 

Selectophore™ PU and Type-A gelatin (Ge) were chosen as the materials for 

electrospun membranes prepared in this study. The former was chosen because it is a 
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component of the sensor design described above, is a relatively inert (does not elicit 

immune response when implanted and any inflammation is very mild), slow degrading and 

hyperelastic material. Moreover, its use also minimizes the number of components in the 

sensor design, each of which would have an influence in the foreign body responses of the 

host tissues when implanted in the body.  Ge is a derivative of collagen, the main 

component of natural ECM. The incorporation of Ge in the electrospun fibre structure is 

intended to aid cell adhesion and infiltration into the bulk of the membrane structure, thus 

preventing the formation of fibrous tissue surrounding the implanted biosensor. 

 

Figure 1.10 Schematic diagram showing the design of the coil-type implantable glucose 

biosensor used in this study and its sensing principle, where GOD – glucose oxidase, EPU 

– epoxy-enhanced polyurethane, Pt-Ir – platinum–iridium working electrode coil 

reinforced with cotton, Ag/AgCl – sliver/silver chloride reference electrode coil. 

The diameters of the fibres spun using electrospinning can be varied in the range of 

20 nm to 10s of µm. As coatings for implantable glucose biosensors, the objective was to 

test their efficacy as mass-transport limiting membranes and as biocompatible coatings. 

The former requires submicron porosity while that for latter requires pore sizes in the range 

of 3 to 10 µm. The focus for this thesis has been the preparation of electrospun membranes 

having fibres of about a micron or submicron diameters (for both pure PU and PU-Ge 

coaxial fibres). The work achieved included the manufacture of an electrospinning setup, 

and extensive studies on the optimization of electrospinning parameters, membrane 
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characterization, application on sensor, effects on sensor function ex vivo and pilot in vivo 

assessments for biocompatibility and sensor function. 

 

1.8. Socio-economic implications on UK and World economies 

The most direct application of the sensor coatings developed in this study is in the 

CGM for diabetes patients. Diabetes is growing at epidemic proportions both in UK and 

worldwide. The diabetes prevalence 2011 report for UK reports about 2.9 million people 

diagnosed with diabetes (Diabetes-Prevalence, 2011). The corresponding population of 

people diagnosed with diabetes for the years 1996 and 2004 were 1.4 and 1.8 million 

respectively. Similarly, worldwide, there were about 171 million people estimated to have 

diabetes in 2000, 285 million in 2010 and is expected to reach 439 million by 2030 (Shaw 

et al., 2010). In other words the number of people diagnosed with diabetes is doubling 

every generation. 

Such exploding incidence of diabetes is leading to a great demand for cheaper and 

better glucose detection methods and devices. The NHS recently reported that costs of 

diabetes monitoring and drugs alone in England increased from £458.6 million in 2004–

2005 to £649.2 million in 2009–2010 (Bottomley, 2010). United Kingdom, together with 

Germany and France, possessed 55.3% of the biosensors market estimated in 2008 (Jose, 

2008). Sale of glucose biosensors in United States is expected to reach US$1.28 billion (~ 

£794.4 million) by 2012. Europe and US dominate the glucose biosensor market for 

medical biosensors, collectively collaring 69.73% share estimated in 2008 (Jose, 2008). 

According to recent report by Global Industry Analyst, Inc., the global market for strips 

and glucose biosensors will reach $11.5 billion USD ( almost £7.2 billion ) by 2012 (Yoo 

and Lee, 2010). With rapidly growing of glucose biosensor market, the competition among 

manufacturers becomes much fiercer. 

Making long-term reliable CGM technologies a reality would have huge socio-

economic implications for UK and World economies. The above listed costs are only 

limited to diabetes monitoring. The lack of patient compliance with conventional testing 

using finger-prick methods is a key concern that results in long-term medical 

complications requiring hospitalization of the patients. The complications have been a 

significant cause for overall deaths around the world. CGM technologies would drastically 

reduce the cost of care for diabetes and also reduce a bulk of the strain on healthcare 

institutions, carers and the patients in general. For patients, it would mean less GP/hospital 

visits, early diagnosis, avoids medical complications, better lifestyle and longer lifespan; 
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for clinicians, better patient management, faster and accurate diagnosis and therapy; for the 

wider public, better nursing and homecare of patients. 

If successful, the electrospun membrane technologies would open up a huge market 

for implantable biosensors for a wide range of disease, trauma, diagnosis and therapeutic 

markers. They can also be developed as coatings for other implantable biomedical devices 

and as novel biomimetic tissue constructs for tissue engineering and regenerative medicine. 

1.9. Specific objectives for this work 

 The overall aims for this thesis were: 

1. To maximise the pre-implantation sensor sensitivity, through the use of electrospun 

coatings having large pore volumes and highly interconnected porosity replacing 

traditional solvent-cast mass-transport limiting membranes 

2. To prevent fibrous capsule formation around the implanted sensors, through the use of 

bioactive electrospun membranes that mimic the natural extracellular matrix 

Specific objectives were: 

 To design and manufacture an electrospinning setup 

 To optimize the parameters for electrospinning Selectophore™ PU membranes having 

tailorable fibre diameters, porosity and thickness 

 To characterise the electrospun PU membranes for morphology, fibre diameters, 

porosity, thickness, permeability to glucose, mechanical and chemical properties, and 

hydrophilicity 

 To develop a method to electrospin fibres directly on miniature coil-type implantable 

glucose biosensor 

 To evaluate the effects of electrospun PU coatings on sensor function 

 To optimize the parameters for electrospinning coaxial fibre membranes based on PU 

and Ge 

 To characterise the electrospun PU core – Ge shell coaxial fibre membranes for 

morphology, fibre diameters, porosity, thickness, permeability to glucose, mechanical 

and chemical properties, and hydrophilicity 

 To evaluate the biocompatibility of certain optimized PU and PUGe (coaxial fibre) 

membranes in a rat subcutaneous implantation model 

 To evaluate the in vivo efficacy of implantable glucose biosensors coated with the 

certain optimized PU and PUGe (coaxial fibre) membranes in a rat subcutaneous 

implantation model  
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Chapter 2 Materials and Methods 

2.1. Introduction 

This chapter presents the materials, instrumentation and techniques used to prepare, 

characterize and evaluate electrospun membranes as mass-transport limiting and 

biomimetic membranes on a model implantable glucose biosensor. A versatile electro-

spinning set-up, including a rotational collecting rig to electrospin fibres directly on the 

surface of miniature biosensors, was designed and built in-house, which has been the 

workhorse throughout the project. A coaxial-needle spinneret was also made and used for 

electrospinning coaxial fibres.    

2.2. Materials 

Electrodes: Platinum–iridium (Pt:Ir, 9:1 weight ratio) and silver wires, each having 

a diameter of 0.125 mm and covered with an insulating Teflon-coating, were obtained 

from World Precision Instruments, Inc. (Sarasota, FL). 

Sensor Coatings: Bovine serum albumin (BSA), glutaraldehyde (GTA) grade I 

(50%), glucose oxidase (GOD) (EC 1.1.3.4, Type X-S, Aspergillus niger, 157,500U/g, 

Sigma), ATACS 5104/4013 epoxy adhesive, non-ionic surfactant Brij 30, Selectophore
®
 

polyurethane (PU, a medical-grade aliphatic polyether polyurethanes), Gelatin (GE) from 

porcine skin (type A), Tetrahydrofunan (THF), N,N-Dimethylformamide (DMF), 2,2,2-

Trifluoroethanol (puriss., ≥99.0% (GC)), were purchased from Sigma–Aldrich–Fluka. 

GTA (25%, BioReagent) was bought from Fisher Scientific.  

Sensor Function Testing: D-(+)-Glucose and phosphate buffered saline (PBS) 

tablets (0.01 M containing 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 

7.4, at 25 °C) were purchased from Sigma-Aldrich-Fluka, UK. 

Animals, anaesthetics and analgesics: Ketamine hydrochloride (Ketaset
®
, Fort 

Dodge Animal Health Ltd.), xylazine (Chanazine, Channelle Vet. Ltd.),  isoflurane 

(ISOFlo
®
-, Abbott Laboratories Ltd.), Buprenorphine Hydrochloride (Vetergesic, Reckitt 

Benckiser Healthcare),  Carprofen (RIMADYL, Pfizer Ltd), Atipamezole Hydrochloride 

(ATIPAM, Dechra Veterinary Products) were procured through Lab Services Ltd, 

Watford, UK.  Sprague Dawley rats weighing between 175 and 200g were purchased from 

Harlan UK Ltd., Oxon, UK. Routine surgical consumables were obtained from NU-CARE 

products Ltd., and Barrier Healthcare Ltd., UK. Surgical sutures, Ethicon 5-0 Vicryl 

Rapide polygalactin sutures were obtained from Vet-Tech Solutions Ltd.  

Histology: Histology grade xylenes, Mayer’s Hematoxylin, Eosin Y (alcoholic), 

DPX mountant for histology, and Masson’s Trichrome kit (HT15) were procured from 
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Sigma-Aldrich, UK. RCL-2 formalin free fixative, an ALPHELYS Lab Tech product, was 

obtained from Mitogen, UK. Absolute ethanol and industrial methylated spirit were 

purchased from Fisher-Scientific. 

Deionised (DI) water purified with a Barnstead water purification system was used 

for all experiments. 

2.3. Glucose Biosensor  

A miniature coil-type implantable glucose biosensor, developed in Moussy’s group 

(Yu et al., 2005a), is used as model sensor in this study. The basic design of the sensing 

element is shown in Figure 2.1. The amperometric sensor is a two electrode system based 

on Pt/Ir working and silver/silver chloride (Ag/AgCl) reference electrodes.    

 

Figure 2.1 Schematic diagram showing the implantable glucose biosensor design 

Working electrode: It was prepared by first removing 1 cm length of Teflon-

coating at either ends of an 8 cm long Pt-Ir wire. On one end, the bare Pt-Ir wire was 

wound around an 18 gauge needle (1/2 inch, BD) to make the working electrode coil. The 

core of the coil was filled with cotton to enhance the immobilization of enzyme and 

prevent air bubble formation. The cotton reinforced coils were washed in DI water for 30 

min under continuous sonication followed by washing in ethanol for 20 min.  

Enzyme Loading: For immobilizing GOD on the working electrode coil, 1.0-1.5 

µl of the enzyme loading solution (39.3 mg/ml BSA, 8.2 mg/ml GOD and 1.6% (v/v) GTA 

(50%, v/v) dissolved in DI water) was coated on the cotton reinforced Pt-Ir coil and 

allowed to dry at room-temperature for 30 min. This enzyme loading procedure was 

repeated for 4-6 times. After the last coating, the enzyme layer was left overnight to allow 

GTA crosslinking to complete.  

Mass-transport limiting membrane: To coat epoxy-PU (EPU) mass-transport 

limiting membrane, 1.5 µl of the EPU loading solution (26.7mg of PU, 8.9mg each of Part 
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A and Part B of epoxy adhesive and 1 µl of Brij 30 dissolved in 4ml THF) was applied on 

the enzyme layer (Yu et al., 2007). After air-drying at room temperature, the solvent cast 

EPU layer was cured at 80
o
C for 20 minutes. 

Electrospun fibro-porous membranes: The methods for electrospinning 

membranes on flat-plate collector and directly on sensor surface are described in section 

4.4. The efficacy of the membranes as mass-transport limiting (without EPU) and as 

biomimetic coatings (on top of EPU membrane) was tested. 

Reference electrode: The reference electrode was prepared by stripping 1 cm of 

Teflon coating from each end of a 7 cm long Teflon coated silver wire. One end was 

carefully wound around a 30 gauge 1/2 inch hypodermic needle to obtain the coil end. The 

Ag coil was treated with ammonia solution for 30 s followed by 10 s in 6 M nitric acid. 

The coil was then washed in DI water and electroplated in 0.01 M HCl at a constant 

current of 0.1 mA using a galvanostat (263A, Princeton Applied Research, TN, US) 

overnight. The resulting Ag/AgCl reference electrode coils were rinsed with DI water. 

Sensor Assembly: The sensors were assembled by inserting the Pt-Ir wire of 

working electrode through the coil of reference electrode until the two electrode were 

separated by 5 mm and the Teflon-covered part of the two wires were intertwined along 

their entire length. 

2.4. Electrospinning Setup 

Basic setup: The electrospinning setup utilized for this study was manufactured at 

our workshop (Figure 2.2). It was a vertical setup consisting of a 22G stainless steel needle 

(spinneret) (BD, flat-tip, FISHMAN, UK) aligned perpendicularly above a grounded steel 

plate (collector, 16x16 cm
2
). The spinneret needle was secured and height (the distance 

between the needle tip and the collector) adjusted using a stand as shown in Figure 2.2. A 

high voltage power supply (EL30R1.5, Glassman High Voltage Inc., Hampshire, UK) was 

used to charge high electrical potential between the spinneret and the collector. This basic 

vertical setup was enclosed in a transparent Plexiglass box equipped with a safety lock for 

protection from high voltages. The top of the Plexiglass box was perforated to vent organic 

solvent fumes. Furthermore, a syringe pump (Fusion 100), also positioned inside the 

Perplex box, was used to pump polymer feed solution in a 10 ml plastic syringe (BD), 

allowing a uniform, constant and stable mass flow through a Polytetrafluoroethylene 

(PTFE) tube (Ø 1/16’) connecting the syringe (on the syringe pump) to the spinneret 

needle (in the plexiglass box).  
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Figure 2.2 The basic electrospinning setup 

To facilitate electrospinning of co-axial fibres, a second syringe pump (fusion 100) 

was integrated to the basic setup. This pump was positioned outside the Pelxiglass box to 

deliver second polymer solution to a co-axial spinneret through 1/18” OD PTFE tubing. 

Co-axial spinneret: To spin co-axial fibres, a coaxial electrospinneret was custom-

made (Figure 2.3).  It consisted of a stainless steel Tee-Union (1/8” Swagelok, UK), a 

PTFE union set (1/16“, a PTFE union, two PTFE cones and two PEEK adaptors), and two 

stainless steel concentric tubes that allow coaxial extrusion of two fluids simultaneously. 

The inner tube has an inner diameter of 0.508mm and an outer diameter of 0.711mm, while 

the outer tube has an inner diameter of 2.88 mm and an outer diameter of 3.0mm. This 

design is to separate two fluids before they eject from the spinneret nozzle, offering the 

advantage of fabrication of unique core-sheath structure of the co-axial fibres, especially 

when the two fluids are immiscible or the two types of feeding polymers are incompatible. 

 

Figure 2.3 Coaxial electro-spinneret 
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Electrospinning spinning fibres directly on miniature sensor surface: Two 

different collector configurations were designed and tested (Figure 2.4). The first was a 

static model using an auxiliary electrode, wherein a 1.5 inch stainless steel needle (23G 

blunt-tip) was fixed vertically at the centre of the flat-plate. Both the sensor (inserted in the 

needle) and the plate were grounded (Figure 2.4a). To verify the suitable gap between 

spinneret needle tip and sensor tip for fibre deposition on sensor surface, Maxwell SV 

software was used to simulate the electric field distribution between the spinneret and 

collector needles using a 2D model. For solving the simulation, the appropriate electrode 

materials, simulation parameters and boundary conditions were defined using the 

software’s GUI and materials database.  

The second collector configuration was dynamic, wherein the sensor was inserted 

in 0.5 inch stainless steel needle (23G blunt-tip) and the needle fixed at the end of a 

custom-made rotator (Figure 2.4b). The rotator consisted of a mini motor and wood 

protective shield. The mini motor was driven by a low voltage power supply unit (Model: 

LA100.2, Coutant), whose rotation speed was calibrated using a stroboscope (RS 

components, UK) by systematically varying the voltage and current settings. A rotation 

speed between 660 – 690 rpm, obtained by setting both voltage and current constant at 5V 

and 0.11A respectively, was chosen to obtain random orientation of the electrospun fibres. 

 

Figure 2.4 Schematic diagrams showing (a) static collector and (b) rotating collector 

system set ups used in our experiment to coat glucose biosensors. The distance between the 

tip of the spinneret and the working electrode surface was considered the distance between 

the spinneret and collector. 
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2.5. Optimization of Electrospinning parameters 

2.5.1. Polyurethane 

The electrospinning parameters, specifically, solvents, polymer solution 

concentration, flow rate, applied electric potential and distance between the spinneret and 

the collector, were first optimized for spinning uniform fibro-porous polyurethane 

(Selectophore™) membranes on a grounded flat-plate collector. Then, the optimized 

parameters were adapted for spinning fibro-porous PU and coatings directly on miniature 

glucose biosensors. 

THF and DMF mixed in weight ratios of 100:0, 70:30, 50:50, 30:70 and 0:100 were 

tested as the solvent mixtures for the polyurethane electrospinning solution. Other 

parameters varied for optimization of electrospun PU membranes on flat grounded plate 

include polyurethane solution concentrations of 8, 10 and 12%, solution feed flow rates 

from 0.1 to 1.2 ml/h, an applied voltage ranging from 11 to 25 kV and a distance of 18 to 

24 cm between the spinneret and collector. The electrospinning was essentially processed 

at ambient conditions (23±3.32
o
C room temperature and 35 to 47% relative humidity). 

Electrospinning time was varied from 1 to 120 min to obtain membranes of different 

thicknesses. For ease of harvesting and handling, the electrospun membranes were 

collected on aluminium foils placed on the flat plate collector. The electrospun membranes 

were dried for 24h at room temperature in a power assisted vacuum desiccator and then 

stored in a vacuum desiccator until further use. 

Electrospinning directly on sensor surface: The electrospinning parameters used 

for spinning PU membranes directly on sensor surface are summarised in Table 2.1. The 

PU solution concentration was varied to study the effect of fibre diameter and porosity on 

sensor function. Similarly, the electrospinning times were varied (2.5, 5 and 10 min) to 

study the effect of thickness of electrospun coating (ESC). Furthermore, the fibro-porous 

PU membranes were electrospun both on sensors coated with epoxy-PU (EPU) mass-

transport limiting membrane (Pt-GOD-EPU-ESC) and those without (Pt-GOD-ESC) to 

study the ability of electrospun membranes to function as semi-permeable membranes. The 

designations of the sensors, as presented in Table 2.1, are based on the final sensor 

configuration. For example, Pt-GOD-EPU-8PU indicates the concentric working electrode 

components from inside to out. Pt indicates Pt-Ir coil, GOD – glucose oxidase, EPU – 

epoxy polyurethane mass transport limiting membrane, and 8PU – electrospun membrane 

spun using 8% PU solution. In addition, to indicate the time of electrospinning a suffix, -

2.5”, -5” or -10” is added to the designations in Table 2.1(e.g., Pt-GOD-EPU-8PU-2.5”). 

To study the effect of different ESC configurations on sensor function, n=6 for each 
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electrospun PU coating configuration were tested and 6 Pt-GOD-EPU sensors without any 

electrospun coatings as controls. 

Table 2.1 Electrospinning conditions used for spinning PU fibres directly on biosensor 

surface. D is distance between spinneret and collector 

Designation Concentration 

(wt %) 

Solvent 

THF:DMF 

(w/w) 

Voltage 

(kV) 

Feed rate 

(ml/h) 

D 

(cm) 

Pt-GOD-EPU-8PU, 

Pt-GOD-8PU 
8 40:60 21 0.6 22 

Pt-GOD-EPU-10PU, 

Pt-GOD-10PU 
10 50:50 20 1.0 22 

Pt-GOD-EPU-12PU, 

Pt-GOD-12PU 
12 50:50 20 1.2 22 

 

2.5.2. Co-axial fibres with polyurethane core and gelatin sheath 

In this study, a fluorinated alcohol, TFE (100%), was used for dissolving both 

gelatin and PU. Gelatin was dissolved in TFE under continuous stirring at room 

temperature for at least 10 h. PU solutions of different concentrations (2, 4, 6, and 8 w/v%) 

were also prepared in TFE at room temperature, under continuous stirring for 6 h. For 

spinning co-axial fibres, gelatin and PU solutions were separately fed to the outer and the 

inner needles of co-axial spinneret respectively, using two programmed syringe pumps 

through 1/8” OD and 1/16” OD PTFE tubing with the feed rate of 1.2ml/h and 0.8ml/h 

respectively. Applied voltage between 11.25-14kV and a tip-to-collector distance of 15cm 

were used to ensure the formation of a steady coaxial jet with an external meniscus 

surrounding the inner one erupting from a stable Taylor Cone for the different PU solution 

concentrations. The fibres were spun at ambient room temperature (20±2°C) and humidity 

(40±5%). 

Crosslinking of gelatin: Gelatin, being water soluble, needed stabilization by 

crosslinking to maintain the co-axial fibre structure. Two methods were tested for GTA 

crosslinking of the gelatin sheath of the co-axial fibres. First, the coaxial fibre membranes 

on Al foils were immersed in aqueous glutaraldehyde (25% GTA solution diluted with DI 

water at 1:99 volume), under continuous shaking for 12 hours at room temperature. The 

membranes were washed in several changes of DI water, dried over night at 40°C and then 

stored in a vacuum desiccator until further use. Secondly, GTA crosslinking of gelatin was 

achieved by incubating the co-axial fibre membranes on Al foils in a vacuum desiccator 
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with the desiccant replaced by 10 ml of 25% aqueous GTA solution (in a petri dish) for 3 

days at room temperature. The samples were then transferred to a power-assisted vacuum 

desiccator for removal of excess GTA and stored in desiccator until further use.  

             Electrospinning co-axial fibres directly on sensor surface: Two types of 

Gelatin-PU coaxial fibrous membrane were electrospun on both sensors coated with 

epoxy-PU (EPU) semi-permeable membrane (Pt-GOD-EPU-ESC) and those without (Pt-

GOD-ESC) to study the ability of coelectrospun membranes as mass-transport limiting 

membranes. The designations and electrospinning conditions for co-axial fibre membranes 

directly on sensor surface are summarised in Table 2.2. GTA crosslinking of gelatin in the 

co-axial fibres was achieved by incubating the sensors in vacuum desiccator saturated with 

GTA fumes as described above in this section. Six sensors per electrospinning coating 

configuration (Pt-GOD-EPU-ESC or Pt-GOD-ESC) were tested for ex vivo functional 

efficacy and six sensors without any electrospun coatings (Pt-GOD-EPU) used as controls. 

 

Table 2.2 Electrospinning conditions used for spinning coaxial PU-GE fibres directly on 

biosensor surface (n=6) 

Designation 

Concentration 

(w/v %) 
Voltage 

(kV) 

Feed Rate 

(ml/h) 
D 

(cm) 
PU GE PU GE 

Pt-GOD-EPU-6PU10GE 

Pt-GOD-6PU10GE 
6 10 13.25 0.8 1.2 15 

Pt-GOD-EPU-2PU10 GE 

Pt-GOD-2PU10GE 
2 10 14 0.8 1.2 15 

 

2.6. Characterization of electrospun membranes 

2.6.1. Infrared spectroscopy 

An ATR-FTIR spectrophotometer (PerkinElmer Inc.) was used to investigate the 

residual solvents and polymer structure of the electrospun membranes (after drying cycles). 

The core-shell fibre structure of electrospun coaxial fibres was also verified. Each 

spectrum, acquired in transmittance mode, was an average of 128 scans at a resolution of 4 

cm
-1

. 

2.6.2. Morphology 

The quality of electrospun membranes being prepared was first screened visually 

under an optical microscope (LEICA S60) to ascertain the uniformity of the fibres being 
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formed. Thereafter, morphology of small samples of the different electrospun membranes 

were sputter coated for 30 sec with gold using an AGAR high-resolution sputter-coater and 

observed under SEM (Zeiss Supra 35VP field emission SEM (FESEM) in SE mode). 

2.6.3. Fibre diameter and membrane thickness 

The fibre diameters were measured on SEM images using a user friendly 

application developed (by a colleague in our department) using Matlab for length 

measurements. For each measurement, the software first requires a line to be drawn at one 

edge along the length of the fibre followed by a second line perpendicular to the first line 

drawn across to the other edge of the fibre to obtain the actual and the accurate 

measurement for fibre diameter. The accuracy of these measurements was cross-confirmed 

with Image J image analysis software. For the measurement of fibre diameter, a total of 

160 measurements were made on 8 different SEM images, each representing a non-

overlapping random field of view for each electrospun membrane configuration.  

To obtain the fine cross section images for the electrospun membranes (both sheets 

and on sensors) were snap-frozen using liquid nitrogen, followed by cutting using a scalpel. 

The resulting samples were processed for SEM and oriented appropriately to obtain image 

of cross-sections of the membranes. The above-mentioned software for length 

measurements was also used to measure the thicknesses of the membrane using SEM 

images captured showing their cross-sections. The effect of PU solution concentrations (8, 

10 and 12%) and electrospinning time (1 to 120 min) on the thickness of the resulting 

electrospun membranes was evaluated. 

The thickness of the electrospun membranes were also measured using a digital 

micrometer having a resolution of 0.001mm. The membranes were sandwiched between 

two slides and their thickness determined by subtracting the glass slides’ thickness. 

2.6.4. Pore size and Porosity 

The pore size for the different membranes was measured using extrusion 

porosimetry (also called bubble point measurement) as reported earlier (Gopal et al., 2006). 

The pressure needed to blow air through a liquid filled membrane was used to determine 

the bubble point. Water (surface tension – 72kJ/m²) was used as the wetting liquid. A 2 h 

electrospinning time was used to obtain membranes thick enough for bubble point 

measurements. 

A schematic representation of the bubble point measuring apparatus is shown in 

Figure 2.5. Electrospun fibrous membranes were sealed on a porous metal disk and loaded 

in the sample chamber filled with water, where in the samples were incubated for 30 min 
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to allow complete wetting of the membrane. The gas in mould was then completely 

extracted using vacuum prior to test. After placing the mould back to the system, pressure 

was gradually increased with Nitrogen gas and the appearance of bubbles across the 

membrane and their flow rate as a function of pressure was measured. The range of pore 

sizes (radius  ) were calculated using the Young-Laplace equation (2.1): 

  
        

  
   (Eq. 2.1) 

where ΔP is the differential pressure,     the surface tension of the wetting liquid and   the 

wetting angle. For a completely wetted membrane having all pores filled with the wetting 

liquid, cos   is 1 (Gopal et al., 2006), which is valid assuming the walls of the pores are 

straight having sharp edges and the wetting liquid forms a flat film on the pore walls. In 

this study, a contact angle of 20°C was used giving a value of 0.94 (cos 20).  

 

Figure 2.5 A schematic representation of the bubble point measuring apparatus.  

The porosity of the membranes was also determined using gravimetry. The 

dimensions of the membranes were measured using micrometer (No. 293-832 Mitutoyo, 

Japan) and ruler to obtain thickness and surface area. The weight of the sample was 
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measured using a high sensitivity balance (Fisher Scientific, resolution 0.01 mg). The 

resulting data was fitted in equations 2.2 and 2.3 to obtain the apparent density and 

porosity of the membranes.  

   (Eq. 2.2) 

    
    

  
          (Eq. 2.3) 

where m = the mass of the membrane (g), d = the thickness of the membrane (cm), A= the 

area of nanofibrous mat (cm²), ρb = the bulk density of materials (g/cm
3
). The bulk density 

for Selectophore™ PU as reported by the manufacturer was 1.04 g/cm
3
, and crosslinked 

Gelatin type A (GE)  1.36 g/ cm
3
.(Mwangi and Ofner Iii, 2004) 

2.6.5. Diffusion test 

Permeability of the electrospun membranes to glucose is essential for the 

performance of the membrane coated glucose biosensors. To study the effect of membrane 

structure and composition on its permeability to glucose, diffusion tests were done using a 

biodialyser (singled-sided biodialyser with magnet, 1ml, Sigma-Aldrich). The biodialyser 

has an integrated magnet, 1 ml sample well and a threaded cap ring to mount a membrane 

on top of the sample well exposing a 113.14 mm
2
 membrane area for diffusion as shown in 

Figure 2.6. 

  

              A                                            B 

Figure 2.6 (A) the aluminium template used to prepare diffusion membrane and (B) 

the microdialysis chamber.  

Membranes for diffusion test were prepared using a ring-shaped aluminium 

template (in principle similar to the rectangular paper template used for strips for 

mechanical testing) having an inner circle of 12 mm diameter cut out and an outer diameter 

of 22 cm was flattened and placed on aluminium foil covered flat-plate collector. 

Following electrospinning, to fix the membrane on the template ring, super dry glue was 

applied on top of the electrospun membrane on the ring.  After overnight drying in air, the 

template with membrane was cut along the outer circle edge using a scalpel. Then, then the 

22mm 

12mm 
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underlying supporting Al foil was carefully peeled off. Finally, the membranes were 

soaked in PBS (pH 7.4) at 37°C for seven days to ensure equilibrium swelling of the 

hydrophilic membranes before the diffusion test. 

For diffusion test, the donor solution chamber of the biodialyser was filled with 1ml 

of glucose solution in PBS and the wet membrane (on the ring template) was mounted and 

secured with the treaded cap ring. The assembly was then placed in a 100 ml glass beaker 

containing 49 ml of receiving PBS. The beaker was placed on a magnetic stirrer plate to 

assist the continuously rotation of the biodialyser at 250 to 300 rpm. Pre-calibrated 

amperometric glucose sensor made in-house was immersed in the receiving PBS to 

monitor the changes in glucose concentration (as described in section 2.7). The 

concentration of glucose solution in donor biodialyser chamber was chosen such that the 

eventual equilibrium glucose concentration of receiver solution reaches 30 mM. The 

experiment was run overnight to ensure equilibrium was reached. The resulting sensor 

response currents were converted to concentration vs time (flux) curve and the first 60% of 

the data was fitted in equation 2.4 (Korsmeyer et al., 1983, Ritger and Peppas, 1987a, 

Ritger and Peppas, 1987b) to determine the glucose diffusion kinetics across the membrane. 

Mt /M∞ = kt
n
  (Eq. 2.4) 

where Mt and M∞ are mass/concentration of analyte at time t and ∞ (typically 

concentration at equilibrium), k is a constant, and n is the diffusion exponent. The n value 

is used to define the mechanism of diffusion across the membrane. 

2.6.6. Uniaxial tensile testing 

A two hour electrospinning time was used to obtain membranes thick enough for 

easy handling for mechanical testing. For the tensile tests, the membranes were first cut 

into 50 mm long and 10 mm wide strips following a method reported earlier (Huang et al., 

2004) as illustrated in Figure 2.7. Briefly, a rectangular paper template constituting an 

outer 10 mm wide rim on four sides with the central region of the paper cut out. Two 10 

mm wide double sided tapes were glued on the top and bottom rim of the paper template, 

which was then glued on top of the electrospun membrane. Using this template, 10 x 50 

mm rectangular strips were cut out without damaging the membrane. Thereafter, the 

aluminium foil on the other side of the membrane was carefully peeled off, and both the 

gripping ends of the membrane strips were reinforced with single sided transparent tape. 

The thickness of the membrane was measured using a digital micrometer having a 

resolution of 0.001mm. 

For the tensile testing, the ten mm wide strips were soaked overnight in distilled 

water. The wet strips were mounted onto an Instron tester (Model 5542) fitted with 
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automatic clamps (30 or 10 mm apart). Preload of 0.01 N upper force limit was applied to 

each strip to precondition the samples followed by the test to failure using a 10N static load 

cell and test speed of 10 mm/min at room temperature. PU films were tested with a 

crosshead clamping distance of 30 and 10 mm. The Young’s modulus was similar, but the 

sample only failed when the crosshead distance was reduced to 10 mm. Load/extension 

data were logged throughout testing to failure, using a computer equipped with mechanical 

testing data acquisition and analysis software (Instron's Bluehill ® Lite software). These 

data were used to construct a load-deformation curve, from which the maximum load at 

failure (Fmax) was obtained. At least four samples were tested for each type of electrospun 

membrane. 

 

Figure 2.7 A paper template used to prepare tensile testing specimens of the electrospun 

non-woven fiber mat. (Huang et al., 2004) 

The ultimate tensile strength (UTS) (Fmax/original cross-sectional area, N/mm
2
) 

and modulus of elasticity (from the relationship σ ) Eє, where σ is the stress, є is the strain, 

and E is the modulus of elasticity, N/mm
2
) and strain at UTS were then determined. 

2.6.7. Contact angle measurement 

To evaluate the hydrophilic and hydrophobic properties of electrospun 

polyurethane fibrous membranes, the contact angles were measured using a contact angle 

instrument (OCA15+, Data-physics, Germany) equipped with a CCD camera at room 

temperature. The sample were prepared by cutting the electrospun membrane with 

aluminium foil into a square with length of sides larger than 10mm in order to provide 

enough space for four testing points without interference between.  Moreover, completely 

flat surface of samples were required and confirmed by the fact that opposite sides of 

surface were projected in the same line.  A single drop of 1μL DI water was dropped on the 

surface of flat fibrous membrane using a syringe perpendicular fitted upon and the picture 

was taken immediately (<1s) after the water droplet became stable on the surface. This 

process was repeated four times on four different points on each membrane tested.  The 

contact angles were then determined using the instrument’s SCA20 software. Contact 

angles (θ) less than 90
o
 are indicative of hydrophilic surface and greater than 90

o
 indicative 
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of a relatively hydrophobic surface. A zero contact angle represents rapid and complete 

wetting. 

2.7. Sensor function testing 

Basic Test: Sensor function was tested by amperometric measurements of glucose 

in PBS using Apollo 4000 Amperometric Analyser (World Precision Instruments Inc., 

Sarasota, FL) at 0.7 V versus Ag/AgCl reference electrode. The buffer solution was 

continuously stirred to ensure mixing of glucose in solution. Calibration plots for the 

sensors were obtained by measuring the current while increasing the glucose concentration 

from 0–30 mM (stepwise). The response time was calculated as 90% of the maximum 

response time after increasing the glucose concentration from 5 to 15 mM. The sensitivity 

(S) of each sensor was calculated using equation 2.5: 

S = (I15mM - I5mM) / 10  (Eq. 2.5) 

where I15mM and I5mM are the steady state currents for 15 and 5 mM glucose concentration 

respectively. All experiments were carried out at room temperature. 

Efficacy of electrospun membrane coatings on sensor function and longevity: 

To test the efficacy of electrospun membranes on sensor function, each sensor was tested 

before and after applying the electrospun coating. In addition, the sensor function test on 

each sensor was repeated several times up to 84 days to test their longevity. The sensors 

(Pt-GOD-EPU-ESC, Pt-GOD-ESC and Pt-GOD-EPU,) were calibrated at 7, 3 and 1 day 

before and on 1, 3, 7, 14, 21, 28, 35, 42, 56, 70, and 84 days after applying the electrospun 

coatings.  The control sensors, Pt-GOD-EPU sensors without ESC were also processed and 

tested similar to those with ESC. Between the tests, sensors were washed and stored in 

PBS at 37
o
C. The storage PBS was replaced with fresh PBS every 2 to 5 days. The change 

in sensitivity and linearity as a function of electrospun coating configuration and time was 

investigated. 

2.8. Biocompatibility assessment for electrospun meshes 

Sprague Dawley rats (Harlan UK Ltd., Oxon, UK) weighing between 175 and 200 

g were housed in the experimental animal facility at Brunel University. All animal 

procedures had ethical approval from the Animal Ethics Committee of Brunel University 

and covered under the appropriate project and personal licences from Home Office. The 

rats were acclimatized to local environment for 1 week prior to surgery.  

2.8.1. Subcutaneous implantation 

The rats were anaesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) and 

the dorsal skin shaved and disinfected. Along the dorsal midline, three 15 mm longitudinal 
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incisions were made, about 30 mm apart. At each incision, two lateral subcutaneous 

pockets were made. In each pocket one 10 x 15 mm membrane scaffold was inserted at the 

subcutaneous level about 10 mm away from the incision. Prior to implantation, the 

different scaffolds were sterilised by their incubation in 70% ethanol for 1 h followed by 

washing in several changes of sterile saline. The incisions were closed using a degradable 

Ethicon™ 4-0 Vicryl Rapide
®
 (Johnson & Johnson Ltd., UK). The rats were given 

standard pellet diet and fresh water. The implant sites were physically observed at regular 

intervals.  

 A total of six rats were divided into two groups of three each. Each animal received 

six implants. The two groups of animals were killed after 4 and 9 weeks respectively, and 

subsequently the implant sites were harvested and fixed in RCL-2 formalin free fixative 

(ALPHELYS Lab Tech product, Mitogen, UK). Four implant variables were assessed for 

this study, namely polyurethane film, electrospun polyurethane membranes – 8PU and 

12PU, and gelatin-polyurethane co-electrospun membrane 6PU10Ge. Per time point, 3 

samples of each type of scaffold were implanted. 

2.8.2. Histology 

RCL-2 fixed tissues were dehydrated through graded ethyl alcohol solutions (70%, 

95%, and 100%), cleared with xylene and embedded in paraffin. Seven-micrometer thick 

paraffin sections were stained with hematoxylin and eosin (H&E), and Masson’s trichrome 

(MT). The stained stains were used to evaluate the general histomorphology of the implant 

sites. The differentially stained sections were observed under light microscope and digital 

images were captured for stereological analysis (SP-500 POL microscope, equipped with 

Minicam DCM 1.3M USB 2.0 digital camera, Brunel Microscopes Ltd, Bristol, UK). 

2.9. In vivo sensor function testing 

2.9.1. In vivo sensor modification 

Glucose biosensors described in section 2.3 were modified prior to implantation. 

The modification was performed by first electropolymerization of the m-phenylenediamine 

on the surface of a platinum electrode (working electrode) as an internal interference-

limiting layer. The coil-type working and reference electrodes were placed in a modifying 

solution containing PBS (8ml), 1,3-phenylenediamine (4mg), glucose oxidase (1ml) and 

glutaraldehyde (8ul) and the electropolymerizaiton on the Pt electrode were carried out by 

applying a potential of 0.7V to the cell using the galavanostat mentioned in section 2.3 for 

5mins. The coils were then washed in DI water and dried at 60ºC for 20mins.  
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To prevent the exposed wires from breaking during in vivo testing, the glucose 

sensors were secondly reinforced through shielding wires with silicon tubing (Φ1/16’) and 

sealing the ends with silver epoxy. A knot was then made in the middle of this section to 

secure lodging in tissue.  

   

Figure 2.8 The modified implantable glucose biosensors used for in vivo test a) Pt-GOD-

EPU b) Pt-GOD-ESC 

2.9.2. Glucose biosensor implantation  

The rats were anaesthetized in the similar way as described in section 2.8.1. During 

surgery, a continuous flow gas anaesthesia system reported earlier (Yu et al, 2006) was 

introduced to prolong the anaesthetic time, wherein isoflurane (1.5%) with oxygen 

(2.0L/min) were delivered. In either side of the dorsal midline, two 5mm transversal 

incisions were made. In each pocket, the sensor with the knot threaded by non-degradable 

polypropylene suture was inserted at subcutaneous level and the incision was then closed 

by a degradable polyglactin suture.  Prior to implantation, the different sensors were 

sterilised in absolute ethanol for 30mins followed by washing in several changes of sterile 

saline. After the initial implantation, the devices were not repaired or reconnected in the 

period of testing and the implant sites were physically monitored at regular intervals.  
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2.9.3. In vivo function test of glucose biosensor  

Sensor configurations Pt-GOD-8PU-12PU, Pt-GOD-EPU-12PU, Pt-GOD-EPU-

6PU10Ge, and Pt-GOD-EPU (4 sensors made for each configuration) were chosen to 

implant in the rat subcutaneous tissue for studying the effects of electrospun membranes on 

function of implanted glucose biosensor. Two different sensors were randomly selected to 

implant in one rat on the position detailed above. Sensor testing were performed at 1, 3 and 

9weeks after implantation. Similar with ex-vivo tests, sensor function was verified by 

ampermetric measurements of glucose in interstitial fluid (IF) using Apollo 4000 

Amperometric Analyzer. To calibrate IF glucose concentration with that of blood, blood 

glucose concentration was measured using a commercial glucose monitor- Freestyle Lite 

by withdrawing blood drops from an incision made at the tip of rat’s tail. When current 

became stable, two readings were recorded using the glucose monitor. An injection of 

0.7ml glucose/saline solution (a 50:50 w/w dilution with saline) was made in the 

peritoneum of rat. Blood glucose was monitored at regular intervals as a calibration 

reference. Sensor sensitivity was calculated using equation below:  

   
  

  
  (Eq. 2.6) 

where    is the difference of current between the peak and the baseline,    the variation in 

concentration of corresponding blood glucose. 

2.10. Statistical analysis 

Statistical analyses were carried out using statistical software (SPSS v.15). 

Statistical variances between groups were determined by one-way analysis of variance 

(ANOVA). Tukey’s test was used for post hoc evaluation of differences between groups. A 

P value of <0.05 was considered to be statistically significant. Unless otherwise mentioned, 

all data presented is expressed as mean ± standard deviation. 
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Chapter 3 Electrospun Selectophore™ Polyurethane membranes 

3.1. Introduction 

Electrospinning is a well-established science, and significant research has gone into 

the process optimization for a variety of polymers. Each of the electrospinning parameters 

namely, solvent(s), polymer and its solution concentration, flow rate, applied potential, 

distance from spinneret to collector, static or dynamic state and shape of the collector, 

ambient temperature and humidity significantly influence the electrospun fibre structure. 

The general influence of each parameter on the final fibre structure is well characterised. 

However, to realise our objective of reproducibly controlling the fibre diameter and 

porosity, it was essential to identify the right combinations of electrospinning parameters 

for the commercial Selectophore™ PU polymer. 

This chapter addresses the process optimization for electrospinning PU. The 

parameters – solvents, flow rate, applied electric potential, distance from spinneret to 

collector and solution concentration, were varied. Light microscopy and SEM were used to 

monitor the morphology and diameter of the electrospun fibres. Three sets of 

electrospinning parameters were shortlisted for spinning PU membranes having desired 

fibre diameters. The membranes were characterised for morphology, pore sizes, porosity, 

hydrophilicity, solute diffusion, chemical and mechanical properties. 

3.2. Electrospinning setup 

A typical vertical setup having a blunt end 22G stainless steel needle as spinneret 

and a stainless steel plate as collector was used for the optimization of electrospinning 

parameters (Figure 2.2). Electrospun PU membranes were collected as sheets on 

aluminium foil placed on top of the flat collecting counter electrode. 

3.3. Process optimization for electrospinning PU 

Each of the electrospinning parameters: solvents, flow rate, applied potential, 

distance from spinneret to collector and solution concentration was individually varied 

while keeping all the other parameters constant to study each of their influence on fibre 

structure and diameter. Temperature and humidity were not controlled, but were closely 

monitored during each electrospinning experiment. 

3.3.1. Solvents 

Solvent selection is critical and it determines the electrospinnability of a polymer. 

In order to yield continuous fibres, the solvent must have optimal volatility, dielectric 

property, boiling point and ability to maintain the integrity of the polymer solution. The 
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intrinsic viscosity (η) of a polymer solution is defined by the Mark–Houwinck equation 

(Eq. 3.1).  

η = KM
a
    (Eq. 3.1) 

where constant K and a are  determined by polymer, solvent and temperature, while M is 

the molecular weight of the polymer. Therefore, with a given M, solvent can impact 

viscosity by changing constants a and K. Moreover, other solution properties such as 

surface tension and conductivity can be adjusted by selecting solvent system.  

In this study, two solvents, namely THF and DMF were tested either alone or in 

combinations. For assessing the solvent effects on electrospun PU fibre structure, 20 kV 

applied voltage, 1ml/h flow rate, 22 cm distance to collector and 10 % (w/w) solution 

concentration were used, while varying the solvent composition, having THF and DMF at 

ratios of 100:0, 70:30, 50:50, 30:70 and 0:100 (w/w). The morphology and fiber diameter 

distribution histograms for the electrospun membranes as a function of solvent 

composition are presented in Figure 3.1. 

When the PU was electrospun with its solution in 100 % THF, bead formation was 

observed and the spinneret needle tip often got blocked during the electrospinning process. 

Apparently, it was due to the rapid evaporation of THF, which has a low boiling point 

(Table 3.1). The beads as observed under SEM (Figure 3.1A) had a hollow elongated 

spheroid shape and were 2 to 10 µm in diameter. Similar bead structure was also reported 

for electrospun polystyrene (Lee et al., 2003). A combination of rapid jet acceleration and 

solvent evaporation is thought to cause phase separation resulting in the unusual hollow 

bead structures (Lee et al., 2003, Bognitzki et al., 2001). This problem was overcome by 

mixing THF with DMF, which has higher boiling point, surface tension, dielectric 

constant, dipole moment and viscosity. The higher polarity of DMF (dielectric constant of 

38.3) is expected to increase the surface tension and decrease the volatility of the THF-

DMF solvent mixture, thus preventing bead formation and clogging of spinneret (Lee, 

2002, Lee et al., 2003). 

Table 3.1 Solvents used in this study and their properties.  

Solvent  Structure Boiling 

Point (°C) 

Surface 

Tension 

(mN/m) 

Dielectric 

Constant 

 

Dipole 

Moment 

Viscosity 

( Pa.s) 

 

THF 

 

66 26.4 7.5 1.63          

DMF 

 

153 37.1 38.3 3.82          
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Figure 3.1 Morphology and fibre diameter distribution histograms for the electrospun 

membranes as a function of solvent composition - ratios of THF: DMF at 100:0 (A, F) , 

70: 30 (B, G), 50:50 (C, H), 30:70 (D, I), 0:100 (E, J).  PU solution concentration of 

10 % (w/w), 20kV applied voltage, flow rate of 1 ml/h and 22 cm distance to collector, 

were kept constant. 
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Figure 3.1 (continued) 

Although much less prominent, the hollow spheroid shaped beads still formed 

when a 70:30 ratio THF:DMF solvent mixture was used (Figure 3.1B), indicating an 

insufficient solvent polarity. At 50:50 (1:1) and 30:70 THF to DMF solvent ratios, the bead 

formation was eliminated (Figure 3.1C & D). But when PU was electrospun in 100% DMF 

spindle shaped beads formed (Figure 3.1E). Overall, the fibre diameter measurements 

(Figure 3.1F to 3.1J) in conjunction with morphology (Figure 3.1A to 3.1E) reveal an 

increase in fibre diameter with a corresponding narrower fibre diameter distribution until 

50:50 THF: DMF and vice versa, clearly indicate the effect of solvent polarity on the 

electrospinning of PU. Higher solvent polarity (dielectric constant) induces higher 

conductivity for polymer solutions, which, in turn, causes the beads to stretch sufficiently 

to form continuous and thicker fibres until an optimal conductivity is reached at 50:50 

THF: DMF weight ratio. Beyond the optimal conductivity the higher charge density in the 

electrospinning jet causes bending instability, increased jet path and stretching, resulting in 

a reduction in fibre diameter (Hsu and Shivkumar, 2004). However, when PU was 

electrospun in pure DMF, although not phase-separated and hollow, beads formed (Figure 

3.1E). The resulting spindle shaped bead morphology, also reported in other studies 

(Srivastava et al., 2007, Yang et al., 2004b, Lee et al., 2003), is attributed to the higher 
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surface tension but relatively lower viscosity of PU solution in 100% DMF. Under the 

influence of high surface tension, low viscosity allows solvent molecules to aggregate 

causing beads to form along fibres. Moreover, the low PU concentration is another factor 

to induce the formation of beaded fibre (Lee et al., 2003). Zou et al. reported that 14%-

20% was the optimal range of PU/DMF concentration for electrospinning fibres without 

beads (Zou et al., 2007). To sum up, the desired continuous fibres with narrow fibre 

diameter distribution were obtained with an optimum solvent mixture of 1:1 weight ratio of 

THF:DMF for electrospinning PU with 10% solution concentration, 20 kV applied voltage, 

1ml/h flow rate, and 22 cm distance to collector. 

3.3.2. Solution Flow Rate 

The solution flow rate plays a key role in the formation of Taylor cone, at the tip of 

the spinneret needle, the size of which influences the diameter of the fibres deposited on 

the collector (Ramakrishna et al., 2005b). In this study we changed the flow rate from 0.1 

to 2 ml/h while maintaining PU solution concentration at 10%, operating voltage at 20 kV 

and distance to flat-plate collector at 22 cm. For flow rates from 0.1 to 1.2 ml/h, no bead 

formation was observed (SEM images not shown). The size of the Taylor cone increased 

with increasing the flow rate. But when the flow rate reached 2 ml/h, the size of droplet 

was too big to suspend at the tip of the needle resulting in the free fall of droplets on the 

collector. As illustrated in Figure 3.2, the average fibre diameter increased up to a flow rate 

of 1 ml/h and thereafter it appeared to decrease. For the flow rates less than 1 ml/h, at the 

set applied voltage of 20 kV, the electrospinning jet emerging from the Taylor cone was 

not stable enough and continuous to provide uniform fibre structure across the 

electrospinning duration. The increase in fibre diameters with increasing the flow rate up to 

1 ml/h can be attributed to the increasing volume of polymer solution in the Taylor cone. 

However, the increase peaked and started to decrease by further increasing flow rate. Such 

insignificant decrease is apparent from the fact that for the increasing volume of polymer 

solution in the Taylor cone with increasing the flow rate, a corresponding increase in 

surface charge (induced by the high applied voltage) is essential to stretch the Taylor cone, 

stabilize the jet and reduce the fibre diameter (Rutledge et al., 2001). 

 

3.3.3. Applied Voltage between Spinneret and Flat-Plate Collector 

In contrast to the flow rate, an increase in applied voltage resulted in a significant 

decrease in average fibre diameters. As shown in Fig 3.3, at 25 kV, the fibre diameter was 

about half that at 15 kV. The membranes were electrospun with 10% solution 

concentration, 1 ml/h flow rate and 22 cm distance from the collector. 
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Figure 3.2 Average fibre diameters for electrospun PU membranes as a function of 

solution flow rate. The membranes were spun using 10% (w/w) PU solution in 1:1 

THF:DMF, applied voltage of 20kV and distance to collector maintained at 22 cm. p<0.05 

for each flow rate with the exception of *****, which was not statistically different from * 

and **.  

 

Figure 3.3 Average fibre diameters for electrospun PU membranes as a function of applied 

voltage. The membranes were spun using 10 % (w/w) PU solution with 1:1 of THF:DMF, 

1 ml/h flow rate and 22 cm distance from the collector. (p<0.05 between * and **, ** and 

***) 
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Figure 3.4 Morphology of electrospun PU membranes as a function of applied voltage, a) 

15kV, b) 20kV, and c) 25kV. PU solution concentration of 10 % (w/w), 1:1 THF:DMF, 22 

cm distance to collector and flow rate of 1 ml/h were kept constant. 

A 

C 

B 
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At voltages below 11 kV, no jet emerged from Taylor Cone and the PU solution 

dripped on to the grounded collector. Further, with an increase in applied voltage the 

Taylor Cone was observed to recede closer to the tip of the needle. Also at 25kV, 

occasionally, secondary jets formed during electrospinning. The different jets repelled each 

other due to the flowing charge on their surface causing fibre deposition on a larger area on 

the collector. The secondary jets are also considered to cause smaller fibre diameters 

(Demir et al., 2002). It is worthwhile to note that higher voltages resulted in a more 

uniform and narrow fibre diameter distributions (Figure 3.4). 

The effect of applied voltage on the diameter and structure of fibres has been a 

debatable issue. This study as well as other reports in the literature suggested a decrease in 

fibre diameter with an increase in applied voltage (Buchko et al., 1999, Megelski et al., 

2002). This could be due to the higher surface charge and the lower volume of polymer 

solution available in the receding Taylor cone with increasing applied voltage. In contrast, 

some studies report increasing applied voltage to cause no change or even an increase in 

fibre diameter. Lower voltages are thought to lower the jet acceleration, thereby allowing 

more time for the jet to stretch and elongate before the smaller diameter fibres distribute on 

the collector and vice versa (Zhao et al., 2004, Zhang et al., 2005, Demir et al., 2002, Lee 

et al., 2004a, Lee, 2002). Reneker and Chun reported that there is not much influence of 

electric field on the fibre size for the electrospinning of polyethylene oxide (Reneker and 

Chun, 1996). In addition, some studies also reported a greater possibility of bead formation 

in stronger external electric fields as a result of the increased stretching of the jet (Deitzel 

et al., 2001a, Zong et al., 2002, Demir et al., 2002). However, this study with 10% PU 

solution, 1 ml/h flow rate and 22 cm distance from the collector demonstrated bead-less 

fibres for the voltage range of 15 to 25kV. The divergent observations on the effects of 

applied voltage on fibre characteristics are proposed to be influenced by the polymer 

properties and choice of solvents, further supporting the need for polymer specific process 

optimization for electrospinning. 

3.3.4. Distance between the spinneret tip and collector 

Distance between the spinneret needle tip and collector influences the flight time 

for the electrospinning jet and the electric field strength. As shown in Figure 3.5, 

increasing the distance up to 22 cm lead to a decrease in the average fibre diameter and 

thereafter the reverse trend was observed. 
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Figure 3.5 Average fibre diameter for electrospun PU membranes as a function of distance 

from spinneret tip to collector.  The membranes were spun using 10 % (w/w) PU solution 

in 1:1 THF:DMF solvent system, 1 ml/h flow rate and an applied voltage of 20kV. (p<0.05 

between * and **, ** and ***, **** and ******; p>0.05 between *** and ****, ** and 

***** ) 

To obtain independent fibres, the electrospinning jet must be allowed enough time 

for most of the solvent to evaporate. Short distances between the spinneret and collector 

cause stronger electric fields, which in turn accelerate the jet. As a result, there may not be 

sufficient time for solvent to evaporate before the fibre hits the collector (Ramakrishna et 

al., 2005a). The excess solvent usually induces inter- and intra-layer fusion of fibres as 

illustrated in Figure 3.6A.  Provided there is sufficient electrostatic field strength, 

increasing the distance between the spinneret and needle causes stretching of fibres, 

reducing the fibre diameter (Figure 3.6B). However, beyond an optimum distance, the 

strength of the electrostatic field decreases, thus lowering the stretching effect and increase 

in fibre diameter (Figure 3.6C) (Lee et al., 2004a). Moreover, too large a distance would 

cause a lower density of fibres deposited on the collector as indicated in Figure 3.6C. The 

lowest average fibre diameter with fibres forming an evenly distributed nano-web was 

obtained at 22cm (Figure 3.6B). 

3.3.5. Solution Concentration 

For a given molecular weight of a polymer, concentration is the primary factor 

affecting the solution viscosity (Eq. 3.1) and therefore its electrospinnability. For the 
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electrospinning of PU, 3 concentrations, namely 8%, 10% and 12% were tested, while 

having 1:1 for THF:DMF solvent ratio, 22 kV applied voltage, 1 ml/h flow rate and 22 cm 

distance to the collector constant. The morphology and fibre diameter distribution 

histograms are presented in Figure 3.7A-C. Bead formation was observed for an 8% PU 

solution in 1:1 THF: DMF (Figure 3.7A), indicating a lesser viscosity solution. At 10 and 

12 % PU solution concentrations, the viscosity was sufficient to prevent bead formation 

(Figure 3.7B & C). Higher viscosity allows ionic charge distribution among the polymer 

chains and solvent molecules such that the polymer solution is stretched to form uniform 

fibres (Demir, 2010). As illustrated in Figure 3.7D-F, an increase in the average fibre 

diameter having wider distribution was observed with increasing polymer solution 

concentration. This was in accordance with reported literatures (Megelski et al., 2002, 

Jarusuwannapoom et al., 2005, Demir et al., 2002, Deitzel et al., 2001a). The increasing 

viscosity with increasing concentration is said to prevent the charged jet from splaying and 

splitting, thus reducing the jet’s path and bending instability (Mit-uppatham et al., 2004) 

resulting in increasing fibre diameter. The lower splaying, in turn, also causes the fibres to 

be deposited in a smaller area on the collector. Srivastava et al. explain the increasing fibre 

diameter with increasing polymer solution concentration to be induced by the faster 

evaporation of low solvent content and the greater viscoelastic forces acting against the 

columbic forces of the charges results in the less stretching of fibres and thus the formation 

of thicker fibres (Srivastava et al., 2007). The results achieved in this work further reiterate 

that the polymer solution concentration and the choice of solvents play a critical role on the 

resultant structure and diameter of the resultant electrospun fibres. 

3.3.6. Further reduction in fibre diameter 

To generate finer fibres, 8wt% PU solutions in three different solvent mixture of 

THF to DMF ratios of 3:1, 1:1 and 2:3 (w/w) were tested. For the 8% PU solution in 3:1 

THF: DMF solvent mixture, the external electrostatic strength was varied by applied 

voltages between 9 and 27 kV. The flow rate was also varied to suit the applied voltage 

such that the electrospinning jet forms, while maintaining the distance to collector constant 

at 22 cm. Irrespective of the changes in the applied voltage and flow rates, 8% PU solution 

in 3:1 THF: DMF solvent mixture always resulted in bead formation (an example in Figure 

3.8A), with the exception when the applied voltage was less than 10kV, where no jet 

formed. Similarly, 8% PU in 1:1 THF: DMF solvent mixture also caused bead formation 

irrespective of the applied voltage and flow rate (Figure 3.8B), with the exception of 27kV, 

where beads began to join to form thick fibres. Moreover, the bead density increased with 
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increasing applied voltage. Finally, an 8% PU solution in 2:3 THF to DMF produced 

beadless and uniform fibres (Figure 3.8C). 

 

 

 

Figure 3.6 Morphology of electrospun PU membranes as a function of distance to 

collector, a) 12 cm, b) 22 cm, and c) 32 cm. PU solution concentration of 10 % (w/w), 1:1 

THF:DMF, 20kV applied voltage, and flow rate of 1 ml/h were kept constant. 

A 

C 

B 



64 
 

  

  

  

Figure 3.7 SEM images of the PU electrospun fibrous webs and their fibre diameter 

distribution with different concentration at 8wt% (A,D), 10wt% (B,E),  12wt% (C,F) ,  

constant THF:DMF solvent ratio of 50:50, voltage of 20kV, DTC of 22cm, and flow rate 

of 1.0ml/h 
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Figure 3.8 Light microscopy images showing the morphology of fibres electro-spun from 

8% polyurethane solution in A) 3:1, B) 1:1 and C) 2:3 w/w THF:DMF solvent mixtures 

while maintaining applied voltage at 21kV, flow rate at 0.6 ml/h and distance to collector 

at 22cm. 

A 

C 

B 
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 The results for electrospinning of PU using 8% solutions in 3:1, 1:1 and 2:3 THF: 

DMF solvent mixture is illustrative of the importance of solution parameters (solvents and 

solution parameters) in comparison to process parameters (applied voltage, flow rate and 

distance to collector). A threshold viscosity is essential to obtain proper polymer fibres 

using electrospinning irrespective of the process parameters. 

3.3.7. Optimized parameters 

 Based on the extensive electrospinning process optimization experiments presented 

above, it is evident that electrospinning can be used to generate membranes with desired 

fibre diameters. Towards the goals of achieving membrane with different fibre diameters 

and interconnected porous structures and understanding their structure effect on the coated 

glucose biosensor function, three membrane configurations having average fibre diameters 

of 347.4nm, 738.4nm and 1102.3nm, designated as 8PU, 10PU and 12PU membranes 

respectively, were shortlisted for further studies. The electrospinning conditions for the 

shortlisted membranes are presented in Table 3.2. Their morphology and fibre diameters 

are represented in Figure 3.9A-D. 

  

  

Figure 3.9 Morphology of the membranes A) 8PU, B) 10PU, and C) 12PU and D) their 

respective fibre diameters. The average fibre diameter for each membrane configuration is 

statistically different from the other two membranes. 
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Table 3.2 Electrospinning parameters for the three shortlisted membrane configurations 

Designation PU Solution 

Concentration 

(wt %) 

Solvent 

THF: DMF 

(wt%:wt%) 

Voltage 

(kV) 

Feed 

Rate 

(ml/h) 

Distance to 

Collector (cm) 

8PU 8 40:60 21 0.6 22 

10PU 10 50:50 20 1.0 22 

12PU 12 50:50 20 1.2 22 

 

3.4. Characterization of Electrospun PU Membranes 

3.4.1. Residual solvent detection using FTIR Spectroscopy 

The chemical structure and residual solvents in the electrospun membranes were 

assessed using ATR-FTIR spectroscopy and were compared with that of solvents, solvent 

cast PU and as-supplied PU. IR absorption spectra were recorded for the range of 650 to 

4000 cm
-
¹ (Figure 3.10). The FTIR spectra of electrospun PU membranes had the 

characteristic absorption peaks at 3324, 2855, 1715, 1530, 1232, 1111 and 779 cm
-
¹ which 

are assigned to ν (N-H), ν (C-H), ν (C=O), ν (C=C), ν (C-C), ν (C-O) and ν (C-H) on 

substituted benzene respectively (James et al., 2006, Jiang et al., 2006). The spectra of 

solvent cast PU, as-supplied PU Pellet and electropun PU membranes all had similar 

absorption peaks with the exception of the absorption peak at about 1111 cm
-
¹ concerning 

the C-O-C stretching vibration, which shifted slightly to a higher wave number after 

electrospinning. Therefore, it can be confirmed the original chemical structure was not 

affected by the electrospinning process involving huge applied voltages. Furthermore, as 

illustrated in Figure 3.10, the strong absorption peaks characteristic for DMF, C═N at 1657 

cm
-
¹, and THF, C-F at 1065 cm

-
¹, were not observed in the spectra for solvent cast films or 

electrospun PU membranes, indicating that drying cycles employed removed any residual 

solvents in the films and membrane.  

3.4.2. Thickness versus electrospinning time 

Substrate thickness is an essential parameter that influences the permeability and 

transport properties of a membrane. For the chosen three membrane configurations, 

namely 8PU, 10PU and 12PU, the electrospinning time was varied from 1 to 120 min to 

study its influence on membrane thicknesses. Thickness increased as a function of 

electrospinning time and polymer solution concentration (Figure 3.11). The former is 

obvious, since the longer the electrospinning time, the more the polymer that is deposited 

on the collector. On the other hand, the increase as a function of polymer solution 

concentration can be attributed to not only the increased volume of polymer being pumped 

per unit time, but also due to the stacking of fibres with larger diameters (Figure 3.9) on 

the collector.  
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Figure 3.10 ATR-FTIR spectra for DMF, THF, as-supplied PU pellets, solvent cast PU 

film and electrospun PU membrane. 

Considering the stacking of crisp fibres on top of each other, one can expect a 

linear increase in the membrane thickness with an increasing electrospinning time. 

However, the linearity decreased with decreasing polymer solution concentration, with R
2
 

of 0.9931, 0.9893 and 0.9166 for 12PU, 10PU and 8PU respectively (Figure 3.11), 

indicating a partial fusion of fibres in neighbouring stacks. The R
2
 values of about 0.99 for 

12 PU and 10PU suggest minimal fusion of fibres, while a lower R
2
 of 0.9166 for 8PU 

suggests fusion of fibres which can be clearly visualised in Figure 3.9A. The latter can be 

attributed to a lower viscosity of its feed PU solution concentration. 

3.4.3. Pore Size and Porosity 

The membranes 8PU, 10PU and 12PU were prepared using a 2h electrospinning 

time to obtain membranes thick enough to meet the safety requirement for the bubble point 

measuring apparatus (Figure 2.5). Bubble point measurements of the pore radii revealed an 

increase of the average pore size with increasing fibre diameter (Figure 3.12). The pore 

size distribution was very narrow for 8PU compared to wide distributions for 10PU and 

12PU membranes. The results for fibre packing density and pore volume determined by 

gravimetry shown in Table 3.3 also reiterate the increasing porosity as a function of fibre 

diameter.  
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Figure 3.11 Thickness of the electrospun membranes: A) 8PU, B) 10PU, and C) 12PU as a 

function of electrospinning time. 

 

Figure 3.12 Pore size distributions for the electrospun membranes 8PU, 10PU and 12PU, 

as determined by bubble extrusion porosimetry. The pore size were obtained by averaging 

the result calculated using two adjacent pressure, while the percentages of particular pore 

sizes were estimated by the ratio of subinterval and all area of flow rate. 
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The advantage for electrospun membranes is that they have a fibrous mesh 

structure that ensures surface to surface interconnected and continuous pores. In addition, 

if the pores size distribution is narrow and porosity in sub-micron dimension, they could 

function as size or molecular weight cut-off membranes. Having significantly smaller fibre 

diameters (~0.347 µm), pore size (~0.8µm), narrow fibre diameter and pore size 

distribution (68% between 0.7 and 0.9 µm), and about 44% pore volume (Figure 3.12 and 

Table 3.3), 8PU is anticipated to allow high flux/flow of solvents or solutes across, while 

acting as a mass-transport limiting membrane.  

In general, our results demonstrate that the porosity and the pore size distribution in 

the electrospun membrane are dependent on the diameter and packing density of fibres. 

Furthermore, the fibre diameter and its distribution can be tailored by appropriate 

electrospinning conditions. 

 

Table 3.3 Porosity estimations for electrospun PU membranes based on gravimetry, 

calculated using equations 2.2 and 2.3. The electrospinning time for the membranes was 2h, 

and n=3 per test membrane. The fibre packing density (*) and pore volume (
#
) was 

significantly lower for 8PU when compared to 10PU and 12PU membranes. 

Sample 

Designation 

Thickness 

(µm) 

Fibre Diameter 

(µm) 

Fibre Packing 

Density (g/cm³) 

Pore Volume 

(%) 

8PU 28.4 ± 5.4 0.347 ± 0.087 0.580 ± 0.028* 44.19± 2.54
#
 

10PU 86.0 ± 12.9 0.738 ± 0.131 0.408 ± 0.013 62.87± 1.18 

12PU 180.6 ± 42.2 1.102 ± 0.210 0.381 ± 0.020 65.40± 1.85 

 

3.4.4. Diffusion Test 

The permeability of the electrospun membranes to glucose was tested as a function 

of membrane porosity and thickness using rotating biodialysers. Three different 

electrospinning times namely 2.5, 5 and 10 min were used to obtain 8PU, 10PU and 12PU 

membranes having fine differences in thickness to test their efficacy as mass-transport 

limiting membranes for sensor with minimal effects on sensor function. The membranes 

were equilibrated in PBS (pH 7.4) at 37
o
C prior to diffusion tests. Electrochemical glucose 

sensors were used to measure the changes in glucose in the receiving buffer (PBS). The 

thickness for the various membranes is listed in Table 3.4 and glucose diffusion profile 

results for the different membranes are shown in Fig 3.13.  

The original glucose diffusion profiles had 10 data points recorded per second. To 

minimize the enormity of the data for statistical analysis, we extracted readings for the 
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time points 2, 5, 10, 20, and 40 min for each of the membranes and comparisons were 

made, using one-way ANOVA, to differentiate the effects of membrane thickness on 

glucose diffusion across the membranes (Figure 3.13A-C). 

Table 3.4 The thickness of electrospun membranes used for diffusion tests. (n=5) 

Electrospinning 

Time (min) 

Thickness of electrospun membranes (µm) 

8PU 10PU 12PU 

2.5’ 0.0139 ± 0.0042 0.0155 ± 0.0024 0.0163 ± 0.0030 

5’ 0.0149 ± 0.0027 0.0187 ± 0.0040 0.0199 ± 0.0041° 

10’ 0.0160 ± 0.0037 0.0241 ± 0.0031 0.0297 ± 0.0025° 

° Statistically significant difference in thickness compared to that of 8PU-2.5’ 

As a function of membrane thickness (electrospinning time), there appeared to be a 

decrease in the rate of diffusion of glucose across each of the three membrane 

configurations 8PU, 10PU and 12PU (Figure 3.13A-C). However, the decrease was 

statistically significant only for 10PU-10’, when compared to 10PU-2.5’ and 10PU-5’. It is 

also interesting to note that between the membrane configurations, for each electrospinning 

time, there were no statistically significant differences. For example, no significant 

differences were observed between 8PU-2.5’, 10PU-2.5’ and 12PU-2.5’ for the trans-

membrane diffusion of glucose, in spite of significantly differences for their corresponding 

fibre diameters and membrane thicknesses. 

Diffusion kinetics analysis further reiterated the free diffusion of glucose across the 

8PU, 10PU and 12PU membranes irrespective of their thicknesses. The first 60% of the 

glucose transport data was fitted in the Power Law (Korsmeyer-Peppas) model, equation 

2.4. The ‘n’ value is an exponent used to describe diffusion mechanisms. When the values 

of ‘n’ lies between 0.5 and 1, the diffusion mechanism through a polymer is anomalous, 

where the solute diffusion rate (i.e. glucose) is about the same order of magnitude with the 

polymer relaxation. In this case, the glucose transport is fast but also restricted by the 

structure and viscoelastic properties of the polymer materials. On the other hand, when ‘n’ 

is greater than 1 the rate of diffusion becomes faster which means that the glucose can 

diffuse through polymer materials more freely. The ‘n’ values for the membranes 8PU, 

10PU and 12PU as a function of electrospinning time are plotted in Figure 3.14. Although 

statistically insignificant, the ‘n’ values showed a decreasing trend with increasing 

membrane thicknesses for all membrane configurations. The average ‘n’ values were 

closer to 1 for membrane configurations spun with 2.5’ electrospinning time, indicating a 

near-zero order (Case-II) glucose diffusion. With increasing thickness, the diffusion was 

tending towards anomalous diffusion (non-Fickian). Besides, the results also revealled that 

no significant variation in the diffusion exponent (‘n’) can be found by changing the pore 
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volume, with the exception of membrane made by 2.5’electrospinning. The significant 

increase in values ‘n’ from 8PU-2.5’ to 12PU-2.5’ may be due to the ultrathin membrane 

thickness and less fibre production within a short time electrospinning process. 

 

 

  

Figure 3.13 Glucose diffusion across A) 8PU, B) 10PU and C) 12PU membranes as 

a function of time, and thickness (electrospinning times of 2.5, 5 and 10 min). Data 

is represented as Mean ± SE (standard error) of mean, n=5. 
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Over all the permeability (flux) for glucose transport across electrospun PU 

membranes was high, and fine changes to membrane thicknesses and porosities did not 

induce any statistically significant changes in diffusion kinetics. Such behaviour can be 

attributed to the highly interconnected porous network structure having about 44 to 69 % 

pore volume of the fibro-porous electrospun membranes, which is significantly different to 

conventional porous membranes that have pore volume up to 34% (Yoon et al., 2006).  

 

Figure 3.14 Diffusion exponent ‘n’ values for the different membrane configurations as a 

function of electrospinning time (thickness). n=5, p<0.05 between * and **. 

3.4.5. Uniaxial mechanical properties of electrospun PU membranes 

The typical stress-strain behaviours observed for electrospun PU membranes are 

shown in Figure 3.15. Solvent cast PU films were used as controls. Some of the samples 

were tested both in wet and dry forms. The results for tensile properties namely, ultimate 

tensile strength (UST, i.e. engineering tensile strength, calculated assuming the original 

cross-sectional area before necking), Young’s modulus (between recoverable strain 0%-

20%), and strain at break are presented in Table 3.5. The necking is not taken into account 

in calculation of UTS as the neck dimension during the deformation could not be measured 

directly using the existing capacity of the Instron tester available in the lab.  

The solvent cast PU films showed a typical response for a thermoplastic 

elastomeric material-sigmoid in shape and displayed hyperelastic characteristics with 

higher elastic (Young’s) modulus (2.8 MPa), UTS (7.04 MPa) and a huge strain (754%) 
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compared to the electrospun materials. In contrast, the electrospun PU membranes showed 

fairly linear stress-strain curves until they failed, although they were also elastomeric in 

nature, undergoing a relatively large strain (up to 260%). No significant difference in 

tensile properties was observed between dry and wet 8PU samples, which can be attributed 

to the relatively higher hydrophobicity of PU (see following Section 3.4.6 Surface Contact 

Angle Measurement). For the dry membranes, as the fibre diameter decreased, the ultimate 

tensile strength and Young’s Modulus increased, and elongation at break decreased (Fig 

3.15 & Table 3.5).  

The mechanical properties of non-woven electrospun polymeric membranes are 

mainly determined by macromolecular chain structure, packing and orientation of the 

chains as well as dimensions and packing morphology of the fibres (Lee, 2002). The 

typical elastomeric stress-strain sigmoidal profile of thermoplastic PU bulk film is a result 

of corresponding movements of unique poly-ether-urethane block-copolymer chains and 

their soft-hard-phase-separated morphology under tensile stress at different length scales 

with different relaxation times (Fig 7A). Polyurethane hard segment domains in either 

crystalline or psesudo-crystalline state acted as physical cross-links incorporated with 

polyether soft segment domains in rubbery state, contributing to the high elasticity. The 

initial linear elasticity before yield point (around 100-150% strain) was attributed to 

reversible transient movements of covalent bond stretching (<20%) and entropic elasticity 

due to the orientation (reduction of conformations) of the soft polyether chain segments. 

After the yield point (necking started), the large strain (up to 450-500%) involved 

viscoelastic deformation, a combination of both reversible elastic and irreversible plastic 

deformation as hard chain segments started to move, resulting in collapse of hard-domains 

and orientation of polyurethane hard segments in response to the increasing stress. Finally 

the whole chains were completely extended, aligned and then started to move. 

Consequently, the modulus increased on account of strain hardening until it reached 

ultimate strength at 754% strain. Distinctly different stress-strain behaviour for the 
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electrospun membranes lies in the fibrous porous structure and higher degree of chain 

orientation within the electrospun fibres than in the bulk film. The strain applied to the 

electrospun membranes involved both fibre orientation and elongation. The initial lower 

stress observed with electrospun membranes may be attributed to porous structure with 

lower bulk density (i.e. fibre packing density, 0.38-0.58 g/cm³, Table 4) in comparison 

with PU bulk film and the rotation of random fibres at the beginning of the stretch 

(Pedicini and Farris, 2003). Nevertheless, the stress in the electrospun PU increased more 

rapidly than that in the bulk film depending on the fibre diameter, which was attributed to 

the stress-induced alignment of the fibres and possible chain orientation of individual 

fibres with less plastic deformation involved. Without a sign of yield point, the membrane 

prematurely failed before profoundly viscoelastic deformation and stain stiffening 

occurred. The fibre ends or weak fibre interconnections may play a critical role as defects 

causing the lower ultimate strength (3.2 to 6.7 MPa) of the fibrous membranes at a lower 

strain (190-260%) compared with the bulk film (8.2 MPa at 754%).   

A range of tensile strength and modulus with the relatively higher linearity of 

hyperelasticity and lower strain at break of the membranes were obtained depending on the 

fibre diameter (Fig 3.15). For the dry membranes, as the fibre diameter decreased, the 

ultimate tensile strength and Young’s Modulus increased, and elongation at break 

decreased, which could be due to a corresponding increase in Young’s Modulus of thinner 

individual fibres, fibre packing, thus reduction in pore volume (Figure 3.15 & Table 3.5).  

The higher chain orientation in the fibre formed during electrospinning is believed to 

account for  high Young’s modulus of individual electrospun fibres with smaller diamter 

(Wong et al., 2008, Baji et al., 2010).  In this work, the stronger interconnection between 

fibres due to fibre fusion may also contribute to the highest mechanical properties of 8PU 

membrane among the samples tested. Overall, the elastic modulus and tensile strengths for 

the different PU membranes tested here are higher than that of soft tissues (~2.75kPa) and 
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therefore the tough and strong membranes could be suitable for implantable applications 

(Iatridis et al., 2003).  

  

 

Figure 3.15 Typical stress-strain curves for different PU membranes 

Table 3.5 Tensile Properties of Electrospun and solvent cast PU Membranes, n= 4. 

 8PU - Dry 8PU - Wet 10PU - Dry 12PU - Dry PU film – 

wet 

Fibre Diameter 

(nm) 

347.6 ± 87.3 738.4 ± 

130.71 

1102.3 ± 

210.33 

- 

Thickness (µm) 23.5 ± 

4.81 

45.0 ± 

8.54 

84.5 ± 

17.45 

133.3 ± 

28.34 

71.6 ± 

16.8 

Young’s Modulus 

0-20% (MPa) 

1.9 ± 0.24 2.3 ± 0.85 1.3 ± 0.05 0.97 ± 

0.049 

2.8 ± 0.43 

Ultimate Tensile 

Strength (MPa) 

6.7 ± 0.93 5.8± 2.13 5.3 ± 0.54 3.1 ± 0.06 8.1 ± 2.00 

Strain at Break (%) 192.9 ± 

23.00 

191.2 ± 

61.10 

248.1 ± 

10.73 

261.0 ± 

12.09 

849.7 ± 

258.8 

  

3.4.6. Surface Contact Angle Measurement  

The hydrophobic and hydrophilic natures of membranes have an important role in 

biosensor applications through their effects on the diffusion of analytes, protein adsorption 

and foreign body reactions (Allen et al., 1994, Yu et al., 2005a, Tang et al., 1998, Krishnan 

et al., 2008). The most direct means for measuring hydrophilicity is via surface contact 
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angle measurements. Figure 3.16A&B illustrate the typical morphology of a 1µl droplet of 

DI water on the different PU membranes and their corresponding contact angles. The 

solvent cast non-porous PU film showed the smallest contact angle of about 86
o
, while the 

electrospun PU membranes, 8PU, 10PU and 12PU had 104.3°, 116.1° and 122.5° 

respectively. Clearly, porous structures had higher hydrophobicity and among the fibro-

porous membranes, statistically significant increase in hydrophobicity was observed with 

increasing fibre diameters and porosity. The static contact angle measured is determined by 

the surface chemistry and the surface roughness of the membrane. Cassie-Baxter model 

(Cassie’s law) (Marmur, 2003) describes the contact angle as a function of the surface 

roughness and contact surface area of a textured surface: 

                   

Where: 

  is the apparent contact angle on a textured surface which corresponds to the stable 

equilibrium state. 

  is the contact angle on a ideal solid surface to the stable equilibrium state 

f is the roughness ratio of the wet surface,  

f  is the fraction of solid face area wet by the liquid (for flat homogeneous surface, f=1 and 

f=,  is the surface roughness of a homogeneous surface) 

 

    

 

Figure 3.16 Contact angle measurement: (A) the morphology of water droplet (1µL) on 

solvent cast PU film and the three electrospun PU membrane variables; and (B) contact 

angles as a function of fibre diameter.  
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It is obvious that the surface roughness of the electrospun PU membranes with 

different diameters and porous surface contributes to the change of their contact angles. In 

consistence with the equation, the larger diameter of 12PU membrane provides a larger 

porosity and higher roughness (i.e. high f), therefore based on the above equation, the 

trend of f can be estimated.   

The similar observations were also reported earlier (Acatay et al., 2004, Han and 

Steckl, 2009). The bigger pores on the electrospun membrane surface are said to entrap 

more air causing the surface to be more hydrophobic (Ma et al., 2005, Kim et al., 2009, 

Cui et al., 2008). Liu et al. also suggest that the smaller the pore in the material, the higher 

their capillary effect contributing to faster water absorption, thus decreasing the contact 

angle with decreasing pore sizes (Liu et al., 2008).  

3.5. Chapter summary 

In this work, ultra-fine elastic fibres having micro- and nano- scaled diameters were 

successfully prepared using electrospinning technology. Fibre diameters in the electrospun 

membranes are significantly influenced by the electrospinning conditions, namely, solution 

(solvents and solution concentration), processing (flow rate, applied voltage, spinneret tip 

to collector distance) and ambient (temperature and humidity) parameters. The typical 

influence of the different solution and processing parameters on fibre structure and 

porosity of the electrospun membranes was further reiterated by our study results with a 

commercial PU. More importantly, the solvent compositions, solution concentrations, flow 

rates, applied voltages, and distances to collector were identified for preparing electrospun 

PU membranes having desired fibre diameters. Here three membranes having statistically 

different average fibre diameters of 347, 738 and 1102 nm were chosen to study their 

effects on chemistry, morphology, porosity, solute diffusion, mechanical and 

hydrophilicity properties. 

Analysis using FTIR spectroscopy revealed that the electrospinning process 

involving huge applied voltages did not affect the chemical structure of PU. A slight shift 

in the C–O–C stretching on the polymer backbone was suggestive of the change from non-

porous to fibrous membrane structure. In addition, FTIR spectra of electrospun membranes 

also confirmed the removal of any residual solvents following the drying cycles in vacuum 

desiccator. 

The duration of electrospinning had a near-linear increase in thickness of the 

electrospun membranes. Fusion of fibres in neighbouring stacking layers due to incomplete 

evaporation of solvents when the fibres are deposited on the collector could be the cause 
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for reduced linearity in the thickness of electrospun membranes as a function of 

electrospinning time, but enhance the mechanical properties of the membranes.. 

The three electrospun membrane configurations, 8PU, 10PU and 12PU having fibre 

diameters of about 347, 738 and 1102 nm respectively had radii for majority of their pores 

at about 800 (68%), 870 (36%) and 1060 (29%) nm respectively as determined using 

bubble point measurements. The reducing percentage of the majority of pores having 

uniform size is indicative of wider pore size distributions with increasing fibre diameters. 

As expected, gravimetry method revealed a decreasing fibre packing density and 

increasing pore volume as a function of fibre diameters. The pore volumes were about 

44%, 63% and 68% respectively for 8PU, 10PU and 12PU, which with the added 

advantage of extensively interconnected pores is anticipated to contribute to high 

solute/solvent transport flux across their cross-section when used as membranes compared 

to conventional porous membranes that usually have up to 34% pore having lesser pore 

interconnectivity.  

Diffusion tests using rotating biodialysers confirmed the high flux rates associated 

with electrospun membranes with extensive pore interconnectivity. Moreover, slight 

variations in membrane thicknesses and porosities did not significantly affect the rate of 

transport of glucose across the electrospun PU membranes. Our studies showed that ultra-

thin membranes of tailored thicknesses can be by varying the electrospinning time, while 

causing minimal loss in solute transport flux across the membranes. 

Uniaxial tensile tests showed that the electrospun PU membranes had a linear 

hyperelasticity and tensile strengths higher than soft tissues, making them suitable 

candidates for implantable biomedical device applications.  

The surface wetting analysis using contact angle measurements demonstrated an 

increase in hydrophobicity as a function of increasing fibre diameters and porosity for 

electrospun PU membranes indicating that the hydrophilicity-hydrophobicity balance for a 

particular polymer can be adjusts for biocompatible surfaces using electrospinning 

technology. 

In conclusion, electrospinning parameters were optimized and certain combinations 

of parameters for obtaining tailored fibre diameters, porosity and thickness were identified 

for electrospinning the commercial Selectophore
™ 

PU. The resulting ultra-thin fibro-

porous membranes support high solute transport flux and have mechanical properties better 

than soft tissues. Hence, these membranes are anticipated to find applications as 

membranes for sensors requiring analyte exchange, while having minimal (insignificant) 

effects on sensor function, especially for implantable applications. 
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Chapter 4 Electrospun Polyurethane Membranes on Miniature 

Biosensors 

4.1. Introduction 

Polymeric coatings are commonly used as mechanical and chemical buffer zones at 

the sensor-tissue interface and are intended to prevent biofouling, fibrous encapsulation 

and blood vessel regression on the immediate surface of the implant. However, it must be 

emphasised that any additional biocompatibility coatings on sensor surface would 

adversely affect their sensitivity, even before they can be implanted in the body. Hence, the 

design of such coatings should not only address the deleterious host tissue effects on 

sensor’s in vivo function, but also have minimal effect on its sensitivity. The hypothesis for 

this study was that electrospun polymer membranes, due to their unique fibro-porous 

structure with interconnected pores and high porosity (40 to 70%) would have minimal 

effect on sensor’s ex vivo sensitivity. 

This chapter addresses the electrospinning of membranes directly on the miniature 

sensor surfaces and their effects on sensor function, ex vivo. Finite element analysis 

simulations were used to identify the right distance from the spinneret to the sensing 

element tip. Thereafter, static and dynamic collection systems were integrated to the basic 

electrospinning setup (Figure 2.2) described in Chapter 2, to electrospin PU fibres directly 

on coil-type amperometric glucose biosensors. Light microscopy and SEM were used to 

visualize the morphology of the electrospun membranes on sensors. The three membrane 

configurations, namely 8PU, 10PU, and 12 PU shortlisted in Chapter 3, were applied on 

coil-type amperometric glucose biosensors to study their efficacy as additional 

biocompatibility or mass-transport limiting membranes on sensor function. 

4.2. Glucose biosensor 

The sensor is amperometric, enzymatic, and has a coil-type design standardized by 

Moussy’s group (Yu et al., 2005a). It is a two electrode system based on Pt-Ir coil working 

and Ag/AgCl coil reference electrodes (Fig 2.1). The coil design was intended for loading 

excess enzyme to meet the demand for implantable application. Further, it uses an epoxy-

polyurethane (EPU) membrane as the mass-transport limiting membrane, the crosslinking 

density and thickness of which can be varied to tune the sensitivity of the enzymatic 

sensor. For this study, the glucose sensors with (Pt-GOD-EPU) and without (Pt-GOD) 

EPU membrane were coated with electrospun PU membranes to test their ability to 

function as mass-transport limiting membranes and their effect on sensitivity.  
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4.2. Electrospinning setup 

Electrospinning has been extensively used to generate polymer fibres having large 

surface to volume ratios, excellent physical and chemical properties and fibro-porous 

structure mimicking the natural extracelluar matrix (ECM) to suit a variety of applications 

including biosensing and tissue engineering (Wang et al., 2009b, Ren et al., 2006, Manesh 

et al., 2008, Shults et al., 2010). However, in most of these studies, electrospun fibres were 

collected as two dimensional membranes on flat electrodes. In the present study, the main 

challenge was assembling fibres on miniature 3D ellipsoid shaped sensing element. 

Moreover, the resulting electrospun coatings should have uniform thickness, completely 

cover and fit snugly on the sensor surface, while having random fibre orientation (for 

mechanical integrity) and uniform pore size distribution (for uniform permeability to 

analyte). 

The assembly of electrospun fibres in the form of macroscopic 3D tubular 

structures is commonly done by using a rotating collector (Stitzel et al., 2006, Matsuda et 

al., 2005). Furthermore, the alignment of fibres can be controlled by varying the rotation 

speed of the collecting mandrel and thus tailor the material properties of engineered 

membrane/matrix (Matthews et al., 2002, Kim et al., 2004). Nevertheless, this method has 

limitations, especially in the fabrication of tiny tubes of less than 0.3 mm diameter having 

one end closed, and tubes with multiple interconnected tubes (Teo and Ramakrishna, 

2006). Zhang et al utilized novel static methods in the electrospinning setup to overcome 

these limitations. They used multiple collecting elements (assistant collectors together with 

working collectors) to alter the electric field to generate the desired tubular electrospun 

structures (Zhang and Chang, 2007). To identify the optimum collecting system for 

spinning polymer fibres directly on miniature sensors, in this study, two collecting systems 

were designed as illustrated in Figure 2.4. In either case, the sensor was grounded and 

when used the grounded flat plate was the auxiliary collecting electrode. 

4.3. Static collector system optimization for electrospinning fibres directly 

on miniature sensing element 

The spatial pattern and magnitude of the electric field generated between the 

spinneret and collector has significant influence on the 3D architecture of the electrospun 

structures, especially when static collecting systems are used. Hence, in this study, FEA 

simulations were first done using Maxwell ® SV 2D software (Ansoft Corporation) to 

identify the electrostatic field distribution (magnitude of electric field, vectors of electric 

field, and contours of constant voltage) around a vertically aligned collecting sensor. 
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4.4.1. Finite Element Analysis (FEA) Simulation of electric field distribution 

around static collector systems 

The FEA simulations were tested using two different collecting system 

configurations. In addition, two distances between the spinneret tip and the tip of the 

collecting sensor were also used for the simulations. The limitation for the simulations was 

that they were 2D. However, the 2D simulation can be considered as a planar slice through 

the three dimensional apparatus, so as to identify the optimum collector position and 

distance from the spinneret. The y-z plane that passes through the axis of the spinneret 

needle and the collector was chosen to model the electric field distribution. Three 

simulations were done using two types of collector systems. First collector system 

consisted of the sensor and its holding needle (23G) and only the sensor is grounded, while 

having the distance between the tip of the spinneret and the collecting sensor tip at 22 cm 

(static collector configuration (SCC) - 1). In the second collector system, the sensor and its 

holding needle were integrated vertically in the centre of a stainless steel plate. The plate 

and the sensor were grounded, wherein the plate was functioning as an auxiliary electrode. 

The distance between the spinneret tip and the tip of the sensing element was varied to 

identify its effects on the strength of generated electric field. The sensor tip to the spinneret 

was either 16 cm (SCC-2) or 22 cm (SCC-3). After model definition, materials have been 

filled in each element. The background was fixed by air. An applied voltage of 21 KV set 

on spinneret was used for all three simulations (SCC-1, SCC-2 and SCC-3) while 0 KV 

was assigned on all grounded collectors. A balloon boundary was assigned to the 

background since our electrospinning system can be estimated as a electrically insulated 

system with all objects being far away from all other sources in all directions. After solving 

the problem, calculation of the capacitance can be achieved through defining a capacitance 

matrix using Setup Executive Parameters command. The grounded collector components 

were assigned as ground whereas the other objects were assigned as signal lines. The finite 

element mesh was automatically generated by changing percent refinement per pass to 45. 

After modify solution criteria, the problem was solved and the respective results are 

presented in Figures 4.1, 4.2 and 4.3. The decrease of energy error after each adaptive pass 

was found in each above problem indicating the simulator converges on an accurate 

solution and all problems were well defined. 

Surface plots were used to show the spatial distribution and magnitude, while 

electric field vector plots for direction and magnitude of the magnetic field around and 

between the electrodes. The field strength is illustrated with a gradient of 25 colours from 
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blue (minimum) to red (maximum). In addition to colour coding, the increasing vector 

arrow thickness and length also indicates increasing electric field strength. 

 

  

  

 

Figure 4.1 FEA simulation result showing electric field distribution between the spinneret 

and SCC-1. The legend in a and c shows the electric field strength represented by an 

increasing gradient of 25 colours from blue to red, illustrating the field strength (surface 

plots in a, b) and direction (electric field vector plots in c, b) between spinneret and 

collector system (a, c) and around the sensor’s sensing element (b). The length and 

thickness of the electric field vector arrows indicate the field strength.  

a  b  

c d 
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Figure 4.2 FEA simulation result showing electric field distribution between the spinneret 

and SCC-2. The legend in a and c shows the electric field strength represented by an 

increasing gradient of 25 colours from blue to red, illustrating the field strength (surface 

plots in a, b) and direction (electric field vector plots in c, b) between spinneret and 

collector system (a, c) and around the sensor’s sensing element (b, d). The length and 

thickness of the electric field vector arrows indicate the field strength. 

c 

a b 

d  
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Figure 4.3 FEA simulation result showing electric field distribution between the spinneret 

and SCC-3. The legend in a and c shows the electric field strength represented by an 

increasing gradient of 25 colours from blue to red, illustrating the field strength (surface 

plots in a, b) and direction (electric field vector plots in c, b) between spinneret and 

collector system (a, c) and around the sensor’s sensing element (b, d). The length and 

thickness of the electric field vector arrows indicate the field strength. 

a  b 

c d 
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Figure 4.4 FEA simulation results showing the spatial distribution of electric potential 

between the spinneret and collectors systems, a) SCC-1, b) SCC-2 and c) SCC-3. The 

legend indicates an increasing gradient of colours corresponding to an increasing electric 

potential (from 0 to 21kv). 

a 

b 

c 
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In the SCC-1, where the sensor alone was used as the grounded collector (Figure 

4.1 a-d), the electric field strength around the sensor tip was higher than that observed for 

SCC-2 or SCC-3. Thus, if the ejected jet with electrons on its surface flies to the grounded 

collector along the electric line of strength, an electrospun coating with a large diameter 

may be produced (Kong et al., 2007).  For the same reason, SCC-2 and SCC-3 design may 

decrease the diameter of deposited fibres. The distribution of local electric field lines for 

SCC-1 was symmetric. The electric field lines start diverging at the tip of the spinneret 

needle and then all the vectors turn perpendicular to the collector (Figure 4.1c).  

As the electric field reaches the collector, the vectors converge to the sensor tip. 

Where the electric field vectors are perpendicular to the collector, the polymer jet is 

expected to move in a vortex-like loop. But as it approaches the sensor tip, the converging 

field would stretch the polymer jet. At the tip of sensor, the electric field vector plot 

(Figure 4.1d) illustrates an extremely high electric field, which could be due to the sharp 

edge effect. Since the charge density is highest at convex regions of greatest curvature, 

fibres would preferably deposit on the sensor tip and not cover the entire sensing element. 

Moreover, the electric field distribution on the lateral sides of sensing element was not 

uniform which is thought to be the result of the strong influence from the electric field 

originating at tip of the holding needle, causing huge instability of approaching jet to 

prevent an even deposition of fibres. Thus, to avoid the focus of electric field on one point 

on the collector (causing reflection), a grounded flat plate auxiliary electrode was added to 

the collector system for further FEA simulations (SCC-2 and SCC-3). 

A shorter distance (16 cm) between the spinneret needle and the sensing element 

tip coupled with a flat plate auxiliary electrode (22 cm from the spinneret tip), in the SCC-

2 (Figure 4.2 a-d), induced an intense and spread-out electric field compared to SCC-1 and 

SCC-3. Again, the spatial distribution of the electric field at the collector was not uniform 

with the maximum intensity of electric field observed on the tip of sensor, indicating a 

strong influence of electric field around the spinneret (Figure 4.2 a & b). The electric field 

typically diverges from spinneret needle and eventually converges on to the collector 

system.  The use of the flat plate coupled with the shorter distance between electrodes 

apparently caused wider spreading of the electric field, allowing deposition of fibres over a 

larger surface area on the collector system. In the SCC-2, the relatively high intensity of 

electric field was also observed at the tip of its holding needle (Figure 4.2b) indicating a 

shift in focus of the electric field away from the sensing element. However, at the tip of the 

holding needle opposing electric field vectors of different but relatively high intensity 

emerge perpendicular to the needle axis, potentially preventing the fibres from depositing 
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on the lateral surface of the sensing element (Figure 4.2d). As a result, the fibre deposition 

was expected to spread out from the tip of the sensing element to the flat plate below to 

form a 3D umbrella shaped membrane. 

When the spacing between the spinneret tip and collecting sensor tip was increased 

to 22 cm, in the SCC-3 (Figure 4.3 a-d), the intensity of the electric field reduced. A 

symmetric and uniform electric field resulted around the sensing element, having the 

electric field vectors pointing perpendicularly to the surface of the assistant electrode, 

stainless steel plate, below the sensing element (Figure 4.3d). Also, the intensity of the 

electric field vector originating along the spinneret axis decreased, suggesting a lesser 

opposing influence from the electric field around the collector. Apparently, the direction of 

electric field at the sensing element was preferentially along the axis away from the 

spinneret. This was anticipated to ensure the complete covering of the ellipsoid sensing 

element with rounded and closed tip.  

The spatial distribution of potential between the electrodes (spinneret and collector 

system), illustrated by the surface plots for SCC-1, SCC-2 and SCC-3 respectively in 

Figure 4.4a-c, wherein each line represents a fixed potential (referred to as equipotential 

lines), further reiterates the observations for electric field strength and direction shown in 

Figures 4.1 to 4.3. The focus of electrical potential gradually shifted from a single point on 

the sensing element in SCC-1 to the flat-plate auxiliary electrode in SCC-3 (Figure 4.4a-c), 

allowing a symmetric, uniform and well spread out electric potential and strength for SCC-

3. As additional advantage for such uniform spatial distribution of electric potential, as 

suggested by Yang et al., was that it aids in the formation of fibres with small diameters 

(Yang et al., 2008). Thus, the simulations helped the identification of an optimum 

spinneret to sensing element tip distance of 22cm, while using a flat plate as the auxiliary 

collector on which sensor – the main collector, was mounted perpendicularly. This was 

anticipated to aid in the complete coating of the sensing element with electrospun 

membranes. 

4.4.2. Morphology of coatings electrospun on sensor surface using static 

collector 

Figure 4.5 shows the morphology of electrospun coatings on the sensing element of 

biosensor as a function of electrospinning time. The fibres were spun using 8% PU 

solution, electrospinning times of 5, 10 and 30 min, static collecting system (SCC-3, where 

the sensor was mounted perpendicularly on a flat plate using holding needle, the sensor 

and plate were grounded), the distance between the spinneret tip and sensing element tip 

was 22 cm and the applied voltage was 21kV. The coating covered the entire surface of the 
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sensing element and half of its holding stainless steel needle from where a uniform fibrous 

membrane spread out forming an umbrella-like structure having an air gap between the flat 

plate and the holding needle.  

Although completely covering the sensing element, as required, the coating 

thickness was not uniform (Figure 4.5). The coating had ridges and groves with 

interspersed rounded spikes, which structure could be indicative of the 3D electric field 

distribution around the collecting sensing element. Zhang et al reported that during the 

electrospinning process, fibres are driven by electrostatic forces to move towards the 

earthed substrate. But, as the fibres reach the collector surface, their deposition pattern 

would be determined by Coulomb interactions (Zhang and Chang, 2007). In addition, 

following deposition, any residual charge on the deposited fibres would also influence 

further deposition patterns for the fibres (Deitzel et al., 2001a). The formation of ridges 

and grooves could be attributed to the distortion in electric field around the sensing 

element due to the square shape of the flat plate auxiliary electrode. On the other hand, the 

formation of rounded spikes could be due to the 3D shape and static nature of the sensing 

element. As the fibre touches the static 3D collector, the accelerating fibre, under the 

influence of gravity could form a loop such that the entire length of the fibre is not in 

contact with the sensor surface. This looping could be responsible for the formation of the 

rounded spikes with enclosed air pockets as shown in Figure 4.6. 

 

Figure 4.5 Optical microscopic images showing the morphology of coatings on the 

sensing element of the biosensor. The coatings were 8PU spun for 5, 10 and 30 min using 

the static collector configuration 3 (SCC-3). 

The thickness and volume of the coating increased significantly with increasing 

electrospinning time (Figure 4.5). Further, the examination of the cross-section of the 
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coating revealed a solid coating snugly fitting on the sensors (Figure 4.6a), but with some 

air pockets primarily under the rounded spike structures (Figure 4.6b). 

4.5. Dynamic collector and spinning uniform fibrous coating on miniature 

sensing element 

To overcome the effects of electric field on the fibre deposition patterns on the 

immediate surface of the collecting sensing element, the static collector system was 

replaced by a rotating mandrel holding the sensing element parallel to the flat plate 

auxiliary electrode as illustrated in Figure 4.7a&b. The motor of the rotating mandrel was 

en-capsulated within a wooden casing (Figure 4.7b) to reduce its influence on the applied 

electric field. Irrespective of the electric field distribution, the rotation of the grounded 

sensor resulted in uniform electrospun coatings on the sensor (Figure 4.8& 4.9), for the 

tested spinneret tip to sensor tip distance of 22 cm. 

  

Figure 4.6 Optical microscopic images showing the cross-section of coating on a sensing 

element of coil-type biosensor electrospun with 8PU for 10 min using the static collector 

configuration 3 (SCC-3). S – Sensing element, AP – Air Pockets. 

  

Figure 4.7 The rotating mandrel (a) for the dynamic collector system enclosed in a 

wooden casing (b) to reduce electromagnetic effect of the motor on electrospinning. 

S 

AP 

a b 
S 

a b 
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4.5.1. Morphology of coatings on sensor surface electrospun with dynamic 

collector 

The morphology of the fibrous coating electrospun using a dynamic collector is 

shown in Figure 4.8 & 4.9. The contour of the sensing element is clear even after coating 

with electrospun membrane (Figure 4.8) indicating a coating of uniform thickness. The 

coating was also uniform at the convex tip of the sensing element (Figure 4.9a), which 

could be due to the choice of rotating speed of the mandrel. The examination of cross-

section of the membranes, as shown in Figure 4.9b, revealed uniform and interconnected 

porosity in the membrane. A rotation speed of 660-690 rpm was chosen to ensure random 

orientation of the fibres on the collector (Figure 4.9c). 

 

 

Figure 4.8 Optical microscope (a & b) and SEM (c) images showing the morphology of a 

coil-type biosensor without (a) and with (b & c) electrospun 8PU membrane coating spun 

using a dynamic collector. 

a b 

c 
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Figure 4.9 SEM images showing the morphology of 8PU membrane spun using dynamic 

collector on coil-type implantable glucose biosensor: a) uniform covering of the convex tip 

of sensor, b) cross-section of 8PU membrane on sensor and c) surface morphology 

showing random orientation of electrospun fibres. 

a 

b 
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Figure 4.9 (Continued) 

 

Figure 4.10 Thickness of 8PU membranes electrospun on flat plate (static collector) or 

directly on sensor surface (dynamic collector) as a function of electrospinning time. 
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The seamless fibre being generated by the electrospinning, due to the medium 

rotation speed, resulting in random fibre orientation was also reported earlier (Teo and 

Ramakrishna, 2006). The diameter of fibres of 8PU membrane electrospun directly on 

sensors (Figure 4.9c) varied between 260 - 690nm (mean ± SD: 484 ± 108.9nm), which 

was not statistically different from those collected directly on a static flat plate (200 – 

560nm; mean ± SD: 342.6 ± 91.0 nm). Thus, the objective of snugly fit and uniform 

coating on the entire surface of the ellipsoid sensing element, having uniform and 

interconnected porosity, was achieved. 

4.6. Efficacy of electrospun membranes as coatings for implantable coil-type 

glucose biosensors 

To study the effects of electrospun coatings on sensor function, the sensor 

configurations: Pt-GOD or Pt-GOD-EPU were first tested for ex vivo function, and then 

coated with the test electrospun membrane(s), followed by repeated ex vivo function 

testing. Results of ex vivo function before and after coating with electrospun membranes 

for each sensor were compared and reported. 

4.6.1. Calculation of sensitivity and linearity for a typical glucose sensor   

The effect of electrospun membrane on sensor ex vivo function was studied in 

terms of sensor sensitivity and linearity. Sensor calibrations were performed by measuring 

the current while stepwise changing the glucose concentration from 0–30 mM. The trend 

of current was automatically plotted as a function of time by software APPLO 4000 as 

shown in Figure 4.11a. The sensitivity (S) of each sensor was defined by equation 2.5. The 

linearity of signal concentration dependence (R
2
) was determined based on the plot of data 

points taken from the curve of current (Figure 4.11a) every 300 sec after each 

concentration jump as illustrated in Figure 4.11b. 

4.6.2. Effects of electrospun coatings using static collector on ex vivo sensor 

function 

Pt-GOD-EPU sensors coated with 8PU membranes using static collector (SCC-3) 

were tested for ex vivo sensitivity and linear detection range. The electrospinning times of 

5, 10 and 30 min was varied and a significant increase in coating volume was observed. 

Relative change in sensitivity and linearity over the range of 2 to 30 mM for sensors with 

electrospun coatings from that before coating is expressed as % change and plotted in 

Figure 4.12. 

Huge variation in sensitivity, as illustrated by the standard error of mean (Figure 

4.12), was observed between the sensors for each electrospinning time. Between the 
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electrospinning times, statistically different decrease in sensitivity was only observed 

between 5 and 30 min electrospinning times. Irrespective of the electrospinning time or the 

3D structure of the coating, the linearity for the working range of 2 to 30 mM glucose 

solution concentration was not affected (Figure 4.12). The uneven structure and very thick 

fibrous coating obtained using static collecting system is probably the primary factor that 

affects sensor sensitivity. 

 

 

Figure 4.11 The plot of current as a function of time (a) and concentration (b) respectively 

for a typical glucose biosensor. 

4.6.3. Effects of electrospun coatings using dynamic collector on ex vivo sensor 

function 

From literature it is clear that increasing thickness of coatings, typically, decrease 

the sensitivity of sensors (Yu et al., 2008a). However, due to the uneven nature of the 

coating obtained using the static collection system it would be difficult to ascertain a 
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quantitative relationship between thickness and sensitivity. Hence in the choice of 

electrospinning times for thickness effects using dynamic collector, time points around 5 

min (~20% decrease in sensitivity while using static collector, Figure 4.12), i.e., 2.5, 5 and 

10 min were anticipated to cause minimal decrease in sensitivity. The resulting electrospun 

coatings had a linear increase in thickness with increasing electrospinning time (Figure 

4.10). 

 

 

Figure 4.12 Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-EPU-

ESC) as a function of electrospinning time expressed as % change of sensitivity and R
2
 (2 

to 30mM) for each sensor from that before coating (Pt-GOD-EPU). Membranes were spun 

with 8% PU solution (8PU), 22 cm distance between spinneret tip and sensing element tip, 

21kV applied voltage and a static collector (SCC-3). p<0.5 between * and ** 

4.6.3.1. Effect of increasing thickness of electrospun membranes on sensor 

function 
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and dried overnight in a fan assisted incubator at 37
o
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electrospun membranes. For testing the effect of thickness while maintaining porosity, 
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8PU-10’. For each sensor configuration 6 sensors were prepared and tested. Pt-GOD-EPU 

sensors were used as controls (n=6) and were processed similar to the electrospun coated 

sensors. Following electrospinning the sensors were re-immersed in PBS pH 7.4 and 

incubated at 37
o
C and tested for sensor function on 1, 3 and 7 days and thereafter weekly 

until six weeks (42 days) and biweekly until 12 weeks (84 days). The results for the effects 

of electrospun membranes on sensitivity and linearity (for the detection range of 2 to 

30mM) of sensors are presented in Figure 4.14 and Figure 4.14 respectively. 

 

Figure 4.13: Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-EPU-

8PU) as a function of electrospinning time expressed as % change in sensitivity for each 

sensor from that before coating (Pt-GOD-EPU) normalised to that on day 7 (100%) before 

applying electrospun coatings (data point left of the orange line). 

When the sensors were immersed in PBS for the first time, there was an increase in 

sensitivity with time. The increase was often significant until 7 days and thereafter the 

sensor sensitivity plateaus off when the sensors were incubated at 37
o
C. Moreover, sensor 

to sensor variation in sensitivity is also significant for within the (manufacture) batch for 

Pt-GOD-EPU sensors (Trzebinski et al., 2011). Hence, to avoid the effects of sensor to 

sensor function variability, the sensitivity and linearity results for all time points were 

normalised to that on day 7 before coating with electrospun membranes and expressed as 

% change (Figure 4.14, Figure 4.15 and Figure 4.15). 
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Figure 4.14: Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-EPU-

8PU) as a function of electrospinning time expressed as % change in linearity (R
2
) for each 

sensor from that before coating (Pt-GOD-EPU) normalised to that on day 7 (100%) before 

applying electrospun coatings (data point left of the orange line). 

Following coating, the sensitivity of Pt-GOD-EPU-8PU-5’ and Pt-GOD-EPU-8PU-

10’ sensors showed a slight but statistically insignificant decrease at 1 and 3 days after 

coating compared to the corresponding time points before coating; while that for Pt-GOD-

EPU-8PU-2.5’ did not show any change (Figure 4.13). By 7 days after coating, the 

sensitivity for all sensors appeared to reach a maximum and plateaued off thereafter until 

12 weeks (84 days) of testing (Figure 4.13). The linearity for the detection range of 2 to 30 

mM glucose was stable (R
2
 close to 0.99) across all the time points before and after the 

coating for all sensors including Pt-GOD-EPU controls (Figure 4.14). When all the sensor 

sensitivity readings for each sensor (normalised to the 7
th

 day testing before applying 

electrospun coating) in the plateaued region of 7 to 84 days after applying electrospun 

coating were averaged, the trend for effect of coating thickness on sensor sensitivity was 

evident as shown in Figure 4.15.  
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Figure 4.15: Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-EPU-

ESC) as a function of electrospinning time expressed as % change of sensitivity and R
2
 (2 

to 30mM) for each sensor from that before coating (Pt-GOD-EPU). Membranes were spun 

with 8% PU solution (8PU), 22 cm distance between spinneret tip and sensing element tip, 

21kV applied voltage and a dynamic collector. 

 The Pt-GOD-EPU-8PU-2.5’ sensors showed significantly higher sensitivity 

compared to all the other sensor configurations including controls (Pt-GOD-EPU) (Figure 

4.15). This was un-expected and could be due to the permeability kinetics of the thin fibro-

porous 8PU membrane on the immediate surface of EPU mass-transport limiting 

membrane. Between, the Pt-GOD-EPU-8PU-5’ and Pt-GOD-EPU-8PU-10’ sensors there 

were no significant differences in sensitivity. However, their average sensitivity was lower, 

but not statistically different when compared to Pt-GOD-EPU (controls). Moreover, the 

change in linearity for the 2 to 30 mM glucose detection range was negligible at all times 

tested for all sensors. Thus, excluding the anomaly of 2.5’ electrospun 8PU membrane, an 

increase in the tested coating thickness up to about 72µm for fibro-porous electrospun 8PU 

membrane did not cause a statistically significant decrease in sensor sensitivity. 
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Figure 4.16: Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-EPU-

ESC) as a function of membrane thickness and porosity expressed as % change in 

sensitivity for each sensor from that before coating (Pt-GOD-EPU) normalised to that on 

day 7 (100%) before applying electrospun coatings (data point left of the orange line 

indicating drying of Pt-GOD-EPU sensor and coating with electrospun membrane). 

4.6.3.2. Effect of increasing porosity of electrospun membranes on sensor 

function 

 The efficacy of electrospun membranes as a function of increasing thickness and 

porosity on Pt-GOD-EPU sensors was tested similar to that described in section 4.6.2.1 

above. The sensors were coated with 8PU, 10PU and 12PU membranes with an 

electrospinning time of 5 min. The respective sensors are designated as Pt-GOD-EPU-

8PU-5’, Pt-GOD-EPU-10PU-5’, Pt-GOD-EPU-12PU-5’. For each sensor configuration 6 

sensors were prepared and tested, and Pt-GOD-EPU sensors were used as controls 

processed similar to the electrospun coated sensors. The results for the effects of increasing 

thickness and porosity of electrospun membranes on sensor function are presented in 

Figure 4.17, Figure 4.18 and Figure 4.18. 
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Figure 4.17 : Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-

EPU-ESC) as a function of membrane thickness and porosity expressed as % change in 

sensitivity for each sensor from that before coating (Pt-GOD-EPU) normalised to that on 

day 7 (100%) before applying electrospun coatings (data point left of the orange line 

indicating drying of Pt-GOD-EPU sensor and coating with electrospun membrane). 

The trend in the chronological changes in sensor sensitivity was similar to that 

described in section 4.6.2.1 above for 8PU membranes. Among the three sensor 

configurations, Pt-GOD-EPU-8PU-5’, Pt-GOD-EPU-10PU-5’, and Pt-GOD-EPU-12PU-

5’, no statistically significant differences in sensitivity or linearity were observed (Figure 

4.16 to Figure 4.18), suggesting that the combined increase in thickness and porosity of 

electrospun fibro-porous coatings did not have any effect on sensor function. Compared to 

the Pt-GOD-EPU control sensors, although lower, the average sensitivities for the 

electrospun membranes coated sensors were not statistically significant (Figure 4.18).  

Overall, it is interesting to note that fibro-porous electrospun membranes were 

causing <20% decrease in sensitivity of implantable coil-type glucose biosensors, and the 

decrease was similar irrespective of thickness and porosity of the tested electrospun 

membranes. 
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Figure 4.18: Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-EPU-

ESC) as a function of membrane thickness and porosity expressed as % change of 

sensitivity and R
2
 (2 to 30mM) for each sensor from that before coating (Pt-GOD-EPU). 

8PU, 10PU and 12PU membranes were spun with, 22 cm distance between spinneret tip 

and sensing element tip, 21kV applied voltage and a dynamic collector. 

 

Figure 4.19: The ability of electrospun 8PU-5’ and 8PU-10’ membranes to function as 

mass-transport limiting membranes as illustrated by the increase in R
2
 for the linear 

detection of glucose in the range of 2 to 30 mM using coil-type implantable glucose 

biosensors (Pt-GOD-EPU and Pt-GOD used as control groups). 
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Figure 4.20: Effect of electrospun membrane on ex vivo function of sensor (Pt-GOD-ESC) 

expressed as % change in sensitivity for each sensor from that before coating (Pt-GOD) 

normalised to that on day 7 (100%) before applying electrospun coatings (data point left of 

the orange line; Pt-GOD-EPU and Pt-GOD used as control groups). 

4.7.  Efficacy of electrospun coatings as mass-transport limiting membranes for 

glucose biosensors 

 The Pt-GOD sensors were directly coated with electrospun membranes in order to 

test the ability of electrospun membranes to function as mass-transport limiting membrane. 

As illustrated by the increase in R
2
 for Pt-GOD sensors from before to after applying 

electrospun coatings in Figure 4.19, the tested 8PU-5’ and 8PU-10’ membranes extended 

the linear detection range from about 2 to 10 mM to 2 to 30 mM for glucose detection. In 

addition, the extension of linear detection range also resulted in an increase in sensor 

sensitivity calculated for change in sensitivity between 5 and 15 mM. 

4.8. Long-term stability of sensor function for glucose biosensors before and 

after coating with electrospun membranes 

 The long-term stability in sensor function for all sensor configurations illustrated in 

Figure 4.13, Figure 4.16& Figure 4.20 was tested for up to 12 weeks. All sensor 

configurations tested maintained stable sensitivity for the test period of 12 weeks. It must 

be emphasised that when electrospun membranes were used as mass-transport limiting 

membranes, they not only extended the linear glucose detection range to cover the desired 

2 to 30 mM, but also maintained the stable sensor sensitivity till 12 weeks of testing. 
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Figure 4.21 SEM images showing surface morphology on 8PU-5’ electrospun membrane 

on sensors a) before and b) after long-term ex vivo sensor functional efficacy testing. 

4.9. Effect of long-term incubation of electrospun membrane coated sensors in 

physiological solution on the diameter of PU fibres 

 The fibres remained stable for up to 12 weeks, and only a slight but statistically 

insignificant decrease in fibre diameter was observed (Figure 4.21). 8PU-5’ membranes 

showed average fibre diameters of 485±114 and 461±141 nm before and after the long-

term incubation in PBS pH 7.4 at 37
o
C, which also included intermittent sensor function 

tests exposing the sensors to 0 to 30 mM glucose solution and polarization with 0.7V 

BEFORE Φ485.0±114.0nm 

AFTER Φ461.2±140.9nm 
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electrical potential. The slight decrease in fibre diameter can be attributed to the slow 

degradation of PU fibre through surface erosion. 

4.10. Chapter Summary 

The research focus for this chapter was to develop a method for electrospinning 

fibres directly on miniature coil-type glucose biosensor and to test the effects of the 

resulting coatings on sensor function. Considering the disparity in size, shape and surface 

area available for deposition of fibres on the surface of a miniature biosensor compared to 

that of a flat plate, it was first essential to identify the optimum collector configuration and 

distance from the spinneret for electrospinning fibres directly on biosensor surface. Finite 

element modelling was used to identify an optimum static collector configuration. 

Thereafter, methods were optimized for electrospinning fibres directly on the sensing 

element of the biosensors using both static and dynamic collector systems. Following on 

from Chapter 3, the effects of membrane thickness (using 8PU membranes spun for 

different electrospinning time) and porosity (using 8PU, 10PU and 12PU having increasing 

fibre diameters and corresponding increase in thickness and porosity) on sensor function 

was tested. 

For a flat plate collector, as reported in chapter 3, an optimum distance between 

spinneret tip and collector was identified to be about 22 cm. To identify the optimum 

collector configuration for electrospinning fibres directly on sensor surface, initially, the 

same 22 cm air gap between the spinneret tip and the collector tip was adapted. However, 

the grounded flat plate collector was replaced with the miniature coil-type glucose 

biosensor. The thin sensor wire was not rigid enough to be held perpendicular to the 

ground along the axis of the spinneret needle. Hence, the length of the thin working 

electrode wire was inserted into a 23G needle, such that the working electrode (sensing) 

element along with about 5 mm wire was exposed outside the tip of the holding needle for 

deposition of electrospun fibre. Only the sensor wire was grounded for electrospinning 

purpose and its stainless steel holding needle was not. The specifications for this 

configuration referred as SCC-1 (Figure 4.1), were then fed in the Maxwell ® SV FEA 

simulation software to simulate the electric field distribution between the spinneret needle 

and the grounded sensor. 

It was observed that the edges/ends of the spinneret, sensor and even the non-

grounded conducting stainless steel holding needle caused focal points for higher electric 

field strength (Figure 4.1). Due to the small volume and area of the collecting sensor 

(<5mm diameter and about 8 cm length) compared to the large flat plate (16 x 16 x 0.5 

mm), the electric field focused at one point at the sensing element for SCC-1. Essentially, 
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the electric field vectors converged on the sensing element and then were strongly reflected 

in all directions (Figure 4.1d), indicating that the uniform distribution for fibres on the 

sensor surface would be difficult to achieve. 

In order to shift the focus of strong electric field from the collecting sensing 

element, the sensor along with its holding needle was integrated perpendicularly at the 

centre of a flat stainless steel plate. Both the sensor and the flat plate were grounded, where 

the sensor was the main electrode while the flat plate the auxiliary electrode. For this static 

collector system, first the distance between the spinneret tip and the flat plate was kept at 

22cm, such that the air gap between the spinneret tip and the sensing element tip was 16 

cm. In this configuration, referred to as SCC-2 (Figure 4.2), again the edge effects were 

prominent, but an additional two focal points at the either ends of the flat plate formed 

(Figure 4.2 a & b), thus lowering the electric field strength at the sensing element 

compared to that observed with SCC-1. However the short distance between the spinneret 

and the sensor, combined with the wider auxiliary electrode caused an intense electric field 

coupled with a wider lateral spread (Figure 4.2c). The intensity of electric field was still 

high and its distortion at the sensing element was also high due to its proximity to the 

electric field around the spinneret needle tip (Figure 4.2b). The focus of electric field 

shifted from the sensing element (observed with SCC-1) to the tip of the holding needle in 

SCC-2. However, the stronger electric field due to shorter air gap between spinneret and 

sensing element meant that the electric field vectors still deflected, but the preferential 

direction now is perpendicular to the holding needle axis. The reflection of electric field 

again was thought to prevent the uniform distribution of fibres on the sensing element 

surface. 

Finally, the distance between the spinneret tip and the sensing element tip was kept 

at 22cm, while using the flat plate (as in SCC-2) as the auxiliary electrode. This 

configuration, referred to as SCC-3 (Figure 4.3), significantly shifted the focus of the 

electric field strength from the sensing element to the auxiliary electrode (flat plate) 

(Figure 4.4c). Essentially, this resulted in the preferential orientation of electric field 

vectors predominantly downwards to the flat plate along the axis of the sensor and its 

holding needle (Figure 4.3d), thus potentially ensuring a uniform distribution of 

electrospun fibres on the entire surface of the sensing element. Hence, for the actual 

electrospinning experiments the SCC-3 was chosen as the static collection system. 

True to the FEA simulation results observed for SCC-3, the sensing element was 

completely covered by the electrospun fibres. In fact, the coating was extended to about 

half the length on the holding needle (the boundary of the electric field around the tip of 
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the sensor holding needle closer to the flat plate), from where, the fibrous membrane 

spread out in an umbrella shape.  

Although completely covering the sensing element, the coating was not uniform 

(Figure 4.5). The coating increased significantly in volume and thickness with increasing 

electrospinning time, and had grove-ridge structure on the lateral surface, which could be 

due to the square shape of the auxiliary electrode. In addition, at the cylindrical edges on 

both the tip and the base of the sensing element, spike-like structures with rounded ends 

and hollow cores formed. The formation of the spike-like structures could be attributed to 

the 3D structure and static nature of the sensor. The accelerating polymer jet, when hits the 

tip of the stationary sensing element tip, would bend forming a loop such that, the entire 

length of polymer fibre doesn’t contact the electrode surface. The looping of fibres could 

be responsible for the hollow spike-like structures (Figure 4.6). 

To overcome the limitation due to static nature of the collector, the sensor was 

placed parallel to the auxiliary electrode and rotated at about 660 to 690 rpm in the 

electrospinning field (Figure 4.7). The distance between the spinneret tip and the sensor 

surface was kept constant at 22 cm. This resulted in the uniform coating of the sensing 

element with the electrospun membranes. The coating thickness appeared to be uniform on 

the entire ellipsoid sensing element surface including its closed tip (Figure 4.8). The 

morphology as observed under SEM (Figure 4.9) revealed a uniform fibre size distribution 

and interconnected porosity across the cross-section of the 8PU membrane electrospun on 

the sensor. Thus, the objective of applying uniform electrospun membranes having 

controllable fibre diameters, porosity and thickness was achieved. 

Thereafter the effect of electrospun coatings on biosensor function was assessed. 

Initially, the efficacy of the membranes collected for 5, 10 and 30 minutes using static 

collector system (SCC-3) was tested. The large volume of the fibrous membrane on sensor 

surface meant a significant decrease in sensor sensitivity (Figure 4.12). Further studies 

using the static collector system were abandoned because of the very uneven shape and 

thickness of the coatings (Figure 4.5). 

Anticipating a <20% decrease in sensor sensitivity (as observed with 5 min coating 

using the static collector, Figure 4.12), the electrospinning times of 2.5, 5 and 10 min were 

chosen to obtain membranes of varying thickness on sensors using the dynamic collector 

system. Initially, the effects of thickness on sensors’ ex vivo function were assessed, while 

maintaining fibre diameter by electrospinning 8PU membranes for 2.5, 5 and 10 min on Pt-

GOD-EPU sensors. Thereafter, the effect of increasing fibre diameter, porosity and 

associated increase in thickness for 8PU, 10PU and 12PU membranes electrospun for 5 
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min on the function of Pt-GOD-EPU sensors was assessed. The sensors were tested for 

sensitivity and linearity in the glucose detection range of 2 to 30 mM, before and after 

coating with electrospun membranes.  

Following their manufacture, when Pt-GOD and Pt-GOD-EPU sensors are 

immersed in a physiological fluid for the first time, their sensitivity increases initially with 

time and then plateaus off. In this study, when the sensors were incubated at 37
o
C, the time 

taken for the sensors to attain stable sensitivity was less than 7 days. Hence the sensors 

were tested on 1, 3 and 7 days, before coating for ex vivo function, to allow for enzyme and 

any additional layers on the sensors’ working electrode to attain equilibrium swelling and 

sensor polarization. The sensors were dried overnight and then coated with electrospun 

coatings. Following the coating, the sensor function was tested at 1, 3, 7 days, then weekly 

until 6 weeks (42 days) and thereafter biweekly till 12 weeks (84 days). For all sensor 

configurations tested in this study, the sensitivity increased for up to 7 days and stabilised 

thereafter. Furthermore, there was no statistically different change in linearity (R
2
) for all 

sensors for the entire duration of testing – both before and after applying electrospun 

coatings. 

As a function of thickness, there was a significant increase in sensor sensitivity 

when Pt-GOD-EPU sensors were coated with 8PU membrane for 2.5 min, which was 

unexpected, and could be associated with the membrane’s permeability kinetics. However, 

for both Pt-GOD-EPU-8PU-5’ and Pt-GOD-EPU-8PU-10’, although the average 

sensitivity was slightly lower after applying the electrospun coatings, there was not 

statistical difference from that observed for the Pt-GOD-EPU control sensors processed 

similarly but without applying any additional coatings. Similar results for changes in 

sensitivity were also observed when Pt-GOD-EPU sensors were coated with 8PU-5’, 

10PU-5’ or 12PU-5’ membranes. Essentially, the electrospun coatings, irrespective of their 

thickness (about 22 to 100 µm) and porosity (between 44 to 70%), did not cause any 

statistically significant decrease in sensitivity of the Pt-GOD-EPU sensors.  

Furthermore, considering their submicron and uniform porosity, 8PU membranes 

were also anticipated to function as mass-transport limiting membranes for glucose 

biosensors. In fact, when the 8PU-5’ and 8PU-10’ membranes were tested on Pt-GOD 

sensors, they significantly increased the linearity (Figure 4.19) for the detection range of 2 

to 30 mM for glucose, proving their efficacy as mass-transport limiting membranes. 

A linear increase in thickness was observed for 8PU membranes on sensor as a 

function of electrospinning time (Figure 4.10). The increasing trend of membrane 

thickness on sensors was similar (R
2
 about 0.99) to that observed for the corresponding 
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membranes electrospun on flat plate spun for 2.5, 5 and 10 min. However, the thicknesses 

were significantly higher on sensors compared to that on flat plate, due to the smaller area 

available for the deposition of fibres on miniature sensors. For the thicknesses of 

membranes electrospun on flat plate, diffusion kinetic analysis described in chapter 3, 

indicated a Case II Fickian diffusion mechanism for transport of glucose across the 

membrane. However, a tendency for the diffusion mechanism to shift towards anomalous 

diffusion (non-Fickian) was noted with increasing thickness of the membranes. As a result, 

the diffusion across the much thicker membranes on sensors could be diffusion controlled 

(Fickian diffusion). 

Long-term stability of sensor function was also tested for up to 12 weeks. All 

sensor configurations tested in this study maintained a stable sensitivity and linearity for 

the entire duration of the testing. The stability can be attributed to the stability of the PU 

fibres in the membrane. Morphology observations on the membranes following incubation 

at 37
o
C in PBS of pH 7.4 and repeated sensor function testing for 12 weeks revealed the 

surface etching resulting in rough fibre surface. However, the decrease in fibre diameter 

was insignificant to have any significant effect on sensor function until 12 weeks of 

testing. 

To conclude, a method for spinning uniform and snugly fitting electrospun 

membranes having tailorable fibre diameters, thickness and porosity directly on miniature 

biosensor surface was optimized. Initially, FEA simulations were used to identify the right 

static collector configuration and distance from the spinneret for obtaining coatings that 

cover the entire surface of the sensing element of the biosensor. Although completely 

covering the sensor surface, the coating was not uniform when electrospun using a static 

collecting system. Rotating the sensor in the electrospinning field (dynamic collecting 

system) helped achieve the objective of spinning desired electrospun coating 

configurations. The resulting coatings were demonstrated to cause negligible decrease in 

sensitivity for glucose biosensors. The electrospun coatings with sub-micron porosity were 

also shown to function as mass transport limiting membranes. Long-term stability of the 

fibres and the ex vivo function of the electrospun membrane coated sensors were 

demonstrated for the study period of 12 weeks. Overall, electrospun membranes having 

highly interconnected porous network (with approximately 44 to 70% porosity) of wide 

range of thicknesses were shown to cause negligible effect on sensor’s sensitivity, which 

finding is unique and widely desired for coating applications requiring free solute flux 

across membranes. 
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Chapter 5 Electrospun PU-Core and Ge-Shell Coaxial Fibre 

Membranes for Miniature Biosensors 

5.1. Introduction 

The synthetic polymer, PU has desirable mechanical properties for implantable 

biomedical device applications, but is relatively inert. In contrast, extracellular matrix 

derivatives, collagen and gelatine (Ge) are bioactive, but lack the desired mechanical 

properties. Electrospinning provides an opportunity to combine the synthetic and natural 

materials as co-axial fibre composites that combine bioactivity and mechanical strength.  

The objective for this chapter was to electrospin co-axial composite fibres 

constituting of gelatin sheaths reinforced with PU core as biomimetic membranes for 

implantable biosensors. A specialised spinneret, made of concentric tubes connected to two 

separate fluid sources, such that coaxial fibres can be electrospun, was designed. The 

solution and process parameters for electrospinning coaxial fibres were varied. The gelatin 

sheaths were stabilized by crosslinking. The membranes were characterised for 

morphology, pore sizes, porosity, hydrophilicity, solute diffusion, chemical and 

mechanical properties. Glucose biosensors were then coated with optimized co-axial fibre 

membranes and their effects on sensor function evaluated. 

5.2. Glucose biosensor 

The coil-type implantable glucose biosensor described in section 4.2 of Chapter 4 

was used for characterizing the effects of PU-core and GE-sheath co-axial fibre 

membranes on sensor function. 

5.3. Electrospinning setup 

The basic vertical electrospinning setup (Figure 2.2) described in chapter 2 was 

used for optimizing solution and processing parameters for spinning co-axial fibre 

membrane sheets on flat-plate collector. However, to obtain coaxial fibres a coaxial 

spinneret was used (Figure 2.3). For spinning co-axial fibres directly on glucose 

biosensors, the rotating collector system shown in Figure 2.4B was used. 

5.4. Process optimization for electrospinning PU-GE co-axial fibres 

The solubility of Ge in a variety of organic solvents in very poor and a highly polar 

solvent TFE was essential for making an electrospinnable solution of Ge. At the same time, 

its incompatibility with other solvents meant, it was also essential to prepare the co-

electrospinning PU solution in TFE. However, the solubility of PU in TFE was poor and 

only a maximum of 8% (wt/v) was possible. For the optimization of parameters for 
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electrospinning co-axial fibres, a 10% (wt/v) Ge solution was chosen. Due to the lower 

solubility of PU in TFE, PU solution concentrations were varied from 2 to 8% (wt/v) for 

electrospinning co-axial fibres.  

The solution viscosity for the different PU and Ge solutions are summarised in 

Table 5.1. TFE had a viscosity of 7.68 x 10
-4

 pa/s, which was similar to that observed with 

THF (7.55 x 10
-4

 pa/s) and its volatility was high. Hence, in this study, to obtain a Taylor 

cone that remains stable and maintains its shape throughout the electrospinning process, it 

was essential to use the following combinations of parameters: electrical voltage in a range 

of 11-15kV, a working distance (between spinneret and collector) of 15cm to prepare 

solvent-free fibres, and flow rates of inner (PU) and outer (Gelatin) solution were constant 

at 0.8ml/h and 1.2ml/h respectively for electrospinning PU-core and Ge-shell co-axial 

fibres. The ambient temperature and humidity were not controlled. 

Table 5.1 Dynamic viscosity of the different PU and Ge solutions used for electrospinning 

co-axial fibre membranes, * viscosity was higher than measuring limit for the instrument. 

Solvent/Solution Concentration - wt/v 

(wt/wt) (%) 

Dynamic Viscosity x 10
-4

 (pa/s) 

TFE 100 7.684±0.0084 

PU 2 (1.5) 332.763±1.0382 

PU 4 (2.9) 1373.714±0.9675 

PU 6 (4.3) 3764.733±6.0548 

PU 8 (5.8) * 

Ge 10 (6.8) 797.122±1.0056 

 

The designations for the different co-axial fibre membranes electrospun in this 

study are 2PU10Ge, 4PU10Ge, 6PU10Ge and 8PU10Ge. The formation of the core-shell 

fibre structure was first ascertained using TEM. As illustrated in Figure 5.1a core-shell 

structure was demonstrated for 8PU10Ge membranes. 

Furthermore, to make Ge insoluble and maintain the co-axial fibre structure, it was 

essential to stabilize the Ge-shell through crosslinking; using glutaraldehyde (GTA). The 

morphology of the as-spun 8PU10Ge membranes is shown in Figure 5.2a. Two methods 

were tested for GTA crosslinking of Ge-shell. Firstly the membrane was immersed in GTA 

solution. However, this resulted in the disruption of the coaxial fibre structure, forming a 

Ge sheet reinforced with PU fibres (Figure 5.2b). Secondly, the membranes were incubated 

in a GTA saturated air for 3 days to allow crosslinking of Ge-shell of the co-axial fibres, 

which preserved the co-axial fibre structure (Figure 5.2c). 
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Figure 5.1 TEM images showing A) PU and B) 8PU10Ge fibres electrospun using TFE as 

the solvent. 

 

Figure 5.2 SEM images showing co-axial fibres of 8PU10Ge membranes: a) as-

spun, b) crosslinked by immersing in GTA solution, and c) co-axial fibres 

crosslinked using GTA vapour. 

0.76μm 

0.53μm 

a 
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Figure 5.2 (Continued) 

b 

c 
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Figure 5.3 FTIR spectra electrospun co-axial fibre membranes having Ge shell non-

crosslinked and the spectra of PU and Ge were used as controls. The dotted blue and red 

vertical lines represent the typical peaks of PU and Ge respectively, while the dotted dark 

blue line represents common peaks. 
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Figure 5.4 FTIR spectra (a) and respective morphologies for electrospun coaxial fibre 

membranes: 2PU10Ge (b), 4PU10Ge (c), 6PU10Ge (d) and 8PU10Ge (e) after 

washing off the gelatin shell layer in DI water at 40ºC for 1 week, with immersion DI 

water changed every 24h. 
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5.5. Characterization of the electrospun co-axial fibre membranes 

5.5.1. Surface chemical composition of co-axial fibres using FTIR 

spectroscopy 

ATR-FTIR spectra (Figure 5.3) were recorded for the different coaxial fibres 

without crosslinking the Ge shell, and their feed components – Ge powder and PU pellets 

(as supplied) were used as controls to examine any interaction between core (PU) and shell 

(GE) due to the electrospinning process. The gelatin showed its typical bands at 1634 cm
-1

 

(amide I), 1531 cm
-1

 (amide II) and 1233 cm
-1

 (amide III) corresponding to C=O 

stretching, N–H  bending and  C–N stretching vibrations respectively pertaining to the 

triple helical structure of gelatin (Chang et al., 2003). The typical PU peaks included the C-

H stretching vibrations between 2825 and 2946 cm
-1

, ~1731 cm
-1

 the free urethane 

carbonyl peak, ~1106 cm
-1

 the soft segment ether peak and ~1033 cm
-1

 the hard segment 

ether peak. The spectra for co-axial fibres showed the unique peaks of both PU and Ge 

indicating the presence of both PU and Ge in the co-axial fibre membranes. The broad 

absorption band centred at about 3288 cm
-1

 was found in the FTIR spectra of all PU/GE 

coaxial fibres, which can be attributed to overlapping peaks of the N-H and OH-O 

stretching vibration. Moreover, no shift in characteristic peaks of either PU or Ge was 

observed for any of the electrospun coaxial fibre membranes, suggesting that there may be 

no obvious interaction between PU and GE. This is consistent with the observation on 

electrospun Ge/PU blended nanofibres reported earlier (Kim et al., 2009). 

Furthermore, the ATR-FTIR spectra were also recorded for co-axial fibre 

membranes from which the Ge shell was washed off using DI water at 40
o
C for 1 week 

with water changes every 24h. The FTIR spectra and morphology for the different coaxial 

fibre membranes is shown in Figure 5.4. The spectra for all membranes were similar to that 

of pure PU, with the exception of 2PU10Ge samples, which showed a prominent peak, at 

about 1633 cm
-1

 unique to pure Ge. Moreover, the morphology of 2PU10Ge showed 

spreading of the polymer between the fibres. Although, not spreading out as observed with 

2PU10GE, the fibres of the other membranes appeared to fuse with neighbouring fibres, 

which could be indicative of some degree of blending of PU and Ge at the interface 

between the PU core and Ge shell during electrospinning. When the Ge is washed off, the 

residual PU in the transition layer could accumulate on the surface of PU core causing 

neighbouring fibres to fuse.  

5.5.2. Co-axial fibre morphology and diameter distribution 

The morphology and fibre diameter distributions for co-axial fibre membranes as a 

function of increasing feed concentration of PU solution from 2 to 8% (wt/v) while 
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maintaining a constant 10% Ge solution in TFE are presented in Figure 5.5. For the 

2PU10Ge membranes having the lowest feed concentration for PU-core, occasional 

spindle shaped beads formed (Figure 5.5a). The bead formation could be due to the 

disparity in solvent content in the core PU solution compared to the shell Ge solution. The 

core PU solution containing higher solvent content, due to its low viscosity (about 33.28 x 

10
-4

 pa/s, Table 5.1) breaks into droplets as the polymer solution accelerates toward the 

collector, while the gelatin shell solidifies containing the PU droplets, resulting in beads. 

Similar result is reported earlier (Diaz et al., 2008). However, for the rest of the 

membranes, namely 4PU10Ge, 6PU10Ge and 8PU10Ge, an increasing viscosity (Table 

5.1) resulted in coaxial fibres were seamless and without any beads (Figure 5.5b to d). 

It is interesting to note that the fibre diameter distributions were quite narrow, 

indicating a stable electrospinning process for spinning co-axial fibres (Figure 5.5e to h). 

Furthermore, the average fibre diameters increased significantly with increasing feed 

solution concentration of the core PU solution. Fibre diameters were submicron only for 

2PU10Ge membranes. The increase in fibre diameters is well recognised to be caused by 

the increasing concentration of the feed polymer solution(s) ((Huang et al., 2003, Yu et al., 

2004, Huang et al., 2005). 

5.5.3. Core-shell fibre structure 

To visualise the core-shell structure of the co-axial fibres under SEM and quantify 

the thickness of the Ge-shell and diameter of the PU-core, one of the components, either 

Ge or PU, was dissolved while preserving the other component. In the first instance, 

following crosslinking of Ge-shell with GTA vapour, the PU core was dissolved using 

THF. The resulting hollow fibres for the different membranes are shown in Figure 5.6. The 

tubular structure was prominent for all membranes. However, for 4PU10Ge membranes 

some of the fibres did not form complete tubes (Ge-shell) (Figure 5.6b), which could be 

due to an observed experimental anomaly, wherein the fast evaporation of solvent could 

accelerate solidification of gelatin on the tip of the nozzle either blocking or significantly 

slowing the shell fluid flow. The amount of the shell liquid in Taylor cone thus decreases 

to a point where the viscous drag applied by the sheath solution could be insufficient to 

confine the core solution within the Taylor cone. To slow down the evaporation of the Ge 

solution at the Taylor cone and thus ensuring formation of proper co-axial fibre, a solvent 

soaked tissue paper was wrapped around the spinneret needle holder close to the spinneret 

tip. 

For quantifying the thickness of Ge-shell and diameter of PU-core, Ge-shell (non-

crosslinked) was washed off using DI water at 40
o
C. The diameters for the resulting PU 



118 
 

core were measured on SEM images. The total thickness of the Ge-shell on coaxial fibres 

was obtained by subtracting the diameter of PU core with that of the whole coaxial fibre 

having its Ge-Shell layer crosslinked using GTA vapour. The results are presented in 

graphs in Figure 5.7. The data for core diameter and shell thickness was excluded for 

2PU10Ge membranes, because its PU core fibres were obscured by the polymer spreading 

out due to the DI water washings into sheets as shown in Figure 5.4b.  

  

  

  

Figure 5.5 SEM images (a to d) and fibre diameter distribution histograms (e to h) for 

the different co-axial fibre membranes: 2PU10Ge (a & e), 4PU10Ge (b & f), 6PU10Ge (c 

& g) and 8PU10Ge (d & h) respectively. Red arrows indicate spindle-shaped beads. 

Average fibre diameters for each membrane were significantly different from all other 

membranes (p<0.05). 

a e 

Fibre diameter 
(Mean ± SD; μm) 

0.54 ± 0.09 

b f 

1.04 ± 0.10 

c g 

1.15 ± 0.13 
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Figure 5.5 (Continued) 

However, the rest of the membranes that had intact fibres, the increase in 

concentration of feed PU solution significantly increased the diameter of the PU-core in 

the coaxial fibre, while the thickness of its Ge-shell showed a gradual decrease (Figure 

5.7). The ratio of the diameter of PU core to the total thickness of Ge shell on the co-axial 

fibres further reiterates the increasing volume of PU core with increasing feed PU solution 

concentration (Figure 5.7). The increase in the diameter of PU core and a parallel decrease 

in Ge shell thickness were also reported by Zhang et al., who explain the decrease in the 

shell thickness to be due the same mass of the shell layer distributed over a larger core 

(Zhang et al., 2004a). 

5.5.4. Pore size and porosity 

The co-axial fibre membranes attained sufficient thickness for measuring pore sizes 

using bubble point method when electrospun for 10 min. To study the effect of thickness 

on pore sizes, two electrospinning times, 10 and 40 min were chosen for spinning coaxial 

fibre membranes. The pore size distributions are presented in Figure 5.8. For membranes 

electrospun for 10 minutes, an increasing pore size was observed with increasing fibre 

diameter (Table 5.2), ranging from 920.70 nm for 2PU10Ge-10’, 1964.34 nm for 

4PU10Ge-10’, 2624.23 nm for 6PU10Ge-10’ through to 3051.74 nm for 8PU10Ge-10’. 

Furthermore the pore size distribution was narrow and sharp for 2PU10Ge-10’, which 

became broader for other coaxial fibre membranes with increasing fibre diameters (Figure 

5.8a). The membranes having smaller fibre diameters have been widely reported to have 

smaller pore sizes and narrower pore size distribution (Hartman et al., 2009, Dotti et al., 

2007, Soliman et al., 2011) 

 

d h 

1.22 ± 0.11 
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Figure 5.6 SEM images showing the hollow fibres (with PU core removed by 

dissolving in THF) for a) 2PU10Ge, b) 4PU10Ge, c) 6PU10Ge and d) 8PU10Ge 

electrospun co-axial fibre membranes. 

a 

b 



121 
 

 

 

Figure 5.6 (continued) 

c 

d 
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Figure 5.7 Cross-sectional dimensions for coaxial fibres electrospun on a flat plate 

collector as a function of increasing PU (core) feed solution concentrations (% wt/v), while 

maintaining the Ge (shell) feed solution concentration. For each of total fibre diameter, PU 

core diameter, total Ge shell thickness and PU core diameter to total Ge shell thickness 

ratios, statistical differences were observed between each of the membrane configurations 

(±SD, n=160) (p<0.05). 

When the thickness of the coaxial fibre membranes was increased by increasing the 

electrospinning time to 40 min, the pore sizes again increased with increasing fibre 

diameter (Table 5.2), with the exception of 8PU10Ge membranes which had pore sizes 

smaller than 4PU10Ge (Figure 5.8b). However, compared to membranes electrospun for 

10 min, the thicker membranes showed smaller pore sizes: 333.85, 1444.32, 1535.61 and 

1028.91 nm respectively for 2PU10Ge-40’, 4PU10Ge-40’, 6PU10Ge-40’ and 8PU10Ge-

40’ (Figure 5.8b). Such influence of electrospinning duration on pore size was also 

observed by Chiu et al., who fabricated electrospun polyacrylonitrile ion-exchange 

membranes (Chiu et al., 2011). They reported a sharp decrease in average pore diameter in 

the first 1 to 3h electrospinning time following which the pore sizes stabilized. The 

decrease in pore sizes with increasing membrane thickness could be due to the tighter 

packing of fibres induced by the increasing weight of the fibres being continuously 

deposited. The notably lower porosity of 8PU10GE-40’ membranes (Figure 5.8b) can also 

be attributed to the densely accumulated fibres leading to smaller pore sizes similar to that 

observed by Soliman et al. (Soliman et al., 2011). 
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The denser fibre packing causing lower porosity was also supported by the 

membrane thickness measurements and the gravimetry based porosity estimations (Table 

5.2). Thickness of the membranes was measured using a digital micrometer.  

 

 

Figure 5.8 Pore size distributions for the co-axial fibre membranes 2PU10Ge, 4PU10Ge, 

6PU10Ge and 8PU10Ge electrospun for a) 10 and b) 40 min. 
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Table 5.2 Porosity estimations for electrospun coaxial fibre membranes based on 

gravimetry, calculated using equations 2.2 and 2.3. n=3. 

 2PU10GE 4PU10GE 6PU10GE 8PU10GE 

Fibre Diameter (μm) 0.54±0.06 1.04±0.10 1.15±0.13 1.22±0.11 

Fibre Bulk density 

(g/cm³) 
- 1.26 1.29 1.18 

Membranes electrospun for 10 min 

Thickness (μm) 21.6±4.0  23.4±2.6 25.1±5.2 22.2±14.0 

Fibre packing density 

º(g/cm
3
) 

0.285±0.068 0.276±0.009 0.257±0.066 0.214±0.079 

Porosity (%) - 78.02±0.68 80.14±5.09 82.02±6.67 

Membranes electrospun for 40 min 

Thickness (μm) 56.8±4.9 40.3±5.7 36.0±5.4 67.7±6.7 

Fibre packing density 

º(g/cm
3
) 

0.595±0.045 0.539±0.057 0.474±0.017 0.469±0.056 

Porosity (%) - 57.05±4.58 63.33±1.34 60.60±4.74 

 

º the fibre packing density can be also called the apparent density as defined in 

Section 2.6.4  

The apparent density (fibre packing density) and porosity of membranes was 

estimated using equations 2.2 and 2.3. The pore volume was calculated based on the 

apparent density (mass/volume) and bulk density of their corresponding PU/gelatin blends. 

The latter (  ) was predicted by the thickness of core/shell layers of the fibre (Figure 5.7 

and Table 5.2) and the bulk density of both materials (PU at 1.04g/cm
3
 and Ge at 

1.369g/cm
3 

 (Mwangi and Ofner Iii, 2004) as shown in the equation below:  

   
           

     

  
          (Eq.5.1) 

Where r is PU core radius, R the total fibre radius, and     and      referring to the bulk 

density of PU and Ge respectively.   

Membrane thickness, material bulk density, fibre packing density and pore volume 

estimations are summarised in Table 5.2 for the different electrospun coaxial fibre 
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membranes electrospun for 10 and 40 min. As the core diameter in 2PU10Ge cannot be 

detected, its corresponding porosity cannot be calculated.  

No significant change in the overall thickness was observed when the coaxial fibre 

membranes (4PU10Ge to 8PU10Ge) were electrospun for 10 min. In addition, they had 

apparent densities (or fibre packing density) in the range of 0.21-0.28 g/cm³, which change 

was again not statistically significant, in spite of increasing feed PU solution concentration. 

Therefore, the comparable resultant percent in pore volumes can primarily be ascribed to 

their corresponding similar bulk density of the composite PU-Ge fibres (Table 5.2). All the 

coaxial fibre membranes electrospun for 10 min had pore-volumes greater than 60%, 

which could be useful for tissue engineering application requiring cellular infiltration to the 

bulk of porous scaffolds (Chong et al., 2007b). 

However, when the electrospinning time was increased, inconsistent membrane 

thickness, fibre packing densities and pore volumes were observed (Table 5.2). The 

thickness of the membranes decrease from 2PU10Ge to 6PU10Ge, and that of 8PU10Ge 

was higher than all the other membranes. The fibre packing densities also followed the 

trend observed with thickness measurements, but the fibre packing density for 8PU10Ge 

was comparable to that observed for 6PU10Ge. The pore volume estimations revealed a 

steady trend similar to that observed with membranes electrospun for 10 min. However, 

the pore volumes of coaxial fibre membranes electrospun for 40 min was significantly 

lower than those electrospun for 10 min. Overall, the insignificant variations in pore 

volumes with decreasing PU core volumes from 8PU10Ge to 4PU10Ge can be due to PU 

in the inner layer. Although the porosity (pore volume) would decrease with the shrinking 

of Ge shell due to GTA crosslinking as demonstrated for hydrogels in general (Wang et al., 

2005, Yao et al., 2003, Jin and Hsieh, 2005, Zhao et al., 2007a, Zhao et al., 2007b), core 

PU with good mechanical properties can moderate the deformation during crosslinking 

process.  Similar observation was also reported by Zhao et al., wherein crosslinking of Ge 

shell layer resulted in negligible effects on porosity of coaxial fibre membranes having 

semi-crystalline hydrophobic PCL core (Zhao et al., 2007b).    

To sum up, the pore sizes for PU-GE core-shell fibrous membranes are mainly 

dependent on fibre diameter, while the pore volume was dependent on the dielectric 

properties of the electrospinning solution. Electrospinning duration was shown to have a 

decreasing effect on pore sizes and volume for the electrospinning times tested in this 

study. 
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5.5.5. Diffusion Test 

The permeability of the coaxial fibre membranes 2PU10Ge and 6PU10Ge to 

glucose was tested using biodialysers. The effect of membrane thickness on permeability 

was tested using membranes electrospun for 2.5, 5 and 10 min. The thicknesses of the 

resulting membranes are summarised in Table 5.3. 

The diffusion tests and data presentation is similar to that described in section 3.4.4 

in chapter 3. The glucose diffusion followed an initial linear increase that plateaued off to a 

constant when the diffusion rate attained equilibrium (Figure 5.9). The slope of the linear 

increase typically decreased with increasing membrane thickness, which was statistically 

significant for 2PU10Ge-10’ membrane. 

 

 

Figure 5.9 Glucose diffusion across a) 2PU10Ge and b) 6PU10Ge membranes as a 

function of time, and thickness (electrospinning times of 2.5, 5 and 10 min). Data is 

represented as Mean ± SE of mean, n=5. 
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Table 5.3 Thickness of coaxial fibre membranes used for diffusion tests, n=5.  

Electrospinning Duration 

(min) 

Membrane Thickness (μm) 

2PU10GE 6PU10GE 

2.5 29.6±1.8 35.5±1.5 

5 32.7±2.0 44.5±2.2 

10 34.9±4.3 37.5±9.7 

 

 

Figure 5.10 Diffusion exponent ‘n’ values for the different membrane configurations as a 

function of electrospinning time (thickness). n=5, P<0.05 between * and **. 

The diffusion kinetics for the diffusion of glucose across the coaxial fibre 

membranes was evaluated by fitting the first 60% of the diffusion data until equilibrium 

was attained in equation 2.4. The resulting diffusion exponent ‘n’ values for the different 

coaxial fibre membranes are plotted in Figure 5.10. the ‘n’ values varied between 0.5 and 

1.0 suggesting an anomalous (non-Fickian or polymer relaxation controlled diffusion). No 

statistical difference was observed for the diffusion exponent ‘n’ value for the 2PU10GE 

membranes electrospun for 2.5, 5 and 10 min which can be attributed to their relatively 

small thickness and high porosity. On the other hand, significant decrease in ‘n’ value for 

6PU10Ge membranes was observed with increasing electrospinning time, the difference 

statistically significant between 6PU10Ge-2.5’ and 6PU10Ge-10’, which could be 

attributed to the decreasing pore volumes as a function of increasing electrospinning time 

observed as presented in Table 5.2. 
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5.5.6. Tensile mechanical properties of electrospun coaxial fibre 

membranes 

The typical stress-strain curves for the electrospun coaxial fibre membranes are 

presented in Figure 5.11. 8PU membrane by itself and dip-coated with Ge were used as 

controls. All co-axial fibre membranes had their Ge shells crosslinked using GTA vapour 

for 3 days. On the other hand, the group of 8PU membranes dip-coated with Ge were made 

by dipping in 10% w/v aqueous solution of Ge, storing them overnight at 4
o
C for gelation 

and then crosslinked by dipping in 1% w/v aqueous solution of GTA. All tests were done 

using samples wetted for overnight prior to testing.  

 

Figure 5.11 Typical stress-strain curves based on uniaxial tensile tests for the different 

electrospun co-axial fibre membranes compared to that of 8PU and composite membrane 

composed of 8PU dip-coated with Ge. 

The tensile properties and structural composition for the different membranes are 

presented in Figure 5.12 and Table 5.4 respectively. GE-PU-composite fibrous membranes 

offered overwhelming advantages in mechanical properties compared to gelatin dip-coated 

PU membranes shown in Figure 5.11 and Figure 5.12.  The substantially high mechanical 

properties of the co-axial fibrous membranes are a result of the exceptional uniform 

gelatin-PU mixing at micro- to nano-scale in form of hierarchical structure of core-shell 

fibrous 3D network, which is hardly achieved through conventional a wet impregnation 

method (e.g. dip-coating). The cross-section morphology of dip-coated 8PU membrane 

was observed using both SEM and optical microscope as shown in Figure 5.13. A obvious 

delamination fracture between Ge and PU in  Figure 5.13  clearly exhibited that the gelatin 

solution did not penetrate into the porous structure due to its high viscosity, and the small 
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open pore size (~0.84μm) as well as poor compatibility between Ge and PU (e.g. opposite 

wetting ability proved by the contact angle measurement).  Such weak interface adhesion 

between Ge thin film and PU fibrous membrane plus brittle nature of crosslinked GE 

accelerated the catastrophic failure of the sandwich structure at a low loading condition. .      

 Among, electrospun fibrous membranes, the tensile properties for 8PU membranes 

were significantly higher than that observed for all coaxial fibre membranes, with the 

exception of the Young’s modulus for 2PU10Ge membrane, which was comparable with 

that of 8PU (Figure 5.11, Figure 5.12 and Table 5.4). Thus the incorporation of Ge as the 

coaxial-shell for PU in the coaxial fibres significantly reduced their mechanical properties 

when compared to pure PU fibre membranes. Among the coaxial fibre membranes, the 

tensile properties improved with increasing core PU content Table 5.4, with the exception 

of 2PU10Ge, which had significantly higher Young’s modulus and lower strain at break. 

The higher stiffness of 2PU10Ge membranes can be attributed to the increase of fiber-fiber 

interconnection and the enhanced Young’s modulus of individual nanofibre with a smaller 

diameter owing to more highly ordered chain orientation, which has been reported in a 

number of papers about other electrospun polymer nanofibrers. (Baji et al., 2010, Wong et 

al., 2008)    

 

Figure 5.12 Tensile properties of the electrospun coaxial-fibre membranes, n=4. 8PU and 

composite membrane composed of 8PU dip-coated with Ge were used as controls. 
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The lower strain of 2PU10Ge membranes at break can be due to its larger content 

of crosslinked Ge shall (~52%), which absorbed high amount of water in wet status and 

became brittle (Cheng et al., 2003) and the beads on string fibre structure, where in the 

fibres tend to break at their thinnest diameter. 

 

 

  

Figure 5.13Cross-section of the 8PU membrane dip-coated with Ge a) SEM and b) optical 

microscope images (H&E stained) 

PU fibrous matrix 

Ge scaffold 

Ge scaffold 

PU fibrous matrix 
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Table 5.4 Composition of the membranes (wet) used for uniaxial tensile testing. 

(Mean±SD) 

 8PU 2PU10Ge 4PU10Ge 6PU10

Ge 

8PU10

Ge 

8PU dip-

coated 

with Ge 

Total fibre 

diameter (nm) 

347.6 ± 

87.3 

540.6 ± 

90.8 

1044.7 ± 

96.5 

1152.9

±128.8 

1216.4

±112.3 

- 

Core (PU) 

diameter (nm) 

- - 610.2 ± 

74.3 

738.2 ± 

96.9 

899.6 ± 

106.7 

347.6 ± 

87.3 

Approx. PU 

content 

100% 48.2%  58.5% 65.5% 73.4% 57.5% 

Approx. Porosity  44.2 % - 57.05±4.58 63.33±

1.34 

60.60±

4.74 

- 

Thickness (μm) 45.0 ± 

8.5 

37.8 ± 3.4 44.2 ± 13.9 44.1 ± 

4.0 

79.1 ± 

7.4 

404.3 ± 

117.7 

Young’s Modulus 

0-20% (MPa) 

2.3 ± 

0.85 

2.25±0.59 0.90±0.05 0.93± 

0.14 

1.22± 

0.17 

0.45± 

0.12 

Ultimate Tensile 

Strength (MPa) 

5.8± 2.13 1.92±0.59 1.49±0.24 1.83± 

0.21 

2.16± 

0.46 

0.27± 

0.16 

Strain at Break 

(%) 

191.2 ± 

61.10 

80.53± 

35.05 

125.26± 

9.63 

133.29

±7.17 

136.02

±16.75 

46.7± 

11.71 

 

The failure of coaxial fibres, containing Ge shell, under tensile load is said to first 

start with cracks in the hydrated Ge, which is then translated to the core (Kim et al., 2009, 

Lu et al., 2009, Han et al., 2008). This presumption was verified by Zhao et al (Zhao et al., 

2007b) using SEM showing the cross section of crosslinked gelatin coated PCL fibres after 

fracture. Therefore, it was concluded that the mechanical properties of the core-shell 

fibrous membrane mainly dependent on the core synthetic polymer fibres. The increase in 

tensile stress and strain with increasing synthetic core polymer content was also reported 

by other researchers (Lu et al., 2009, Heydarkhan-Hagvall et al., 2008, Chen et al., 2010a). 

5.5.7. Contact angle  

Addition of hydrophilic gelatin to the co-axial fibre structure was expected to 

increase the hydrophilicity of the electrospun membranes. 2PU10Ge was the only coaxial 

fibre configuration on which contact angle could be measured (Figure 5.14). The wetting 

of the coaxial fibres was too quick for contact angle measurements for 4PU10Ge, 
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6PU10Ge and 8PU10Ge in fact revealing their highly hydrophilic surface. As discussed in 

Section 3.4.5, the static contact angle measured is determined by the surface chemistry and 

the surface roughness of the membrane. The smooth surface of the control (GTA 

crosslinked) Ge solid film had a contact angle of 64
o
 showing the hydrophilicity of 

essentially nonporous dry Ge surface. Different from the effect of pure PU fibrous 

membranes on the contact angle, the hydrophilic nature of GE is the predominate 

parameter to determine the contact angle of the co-axial fibrous membranes with GE as 

shell, resulting higher hydrophilicity of  most of the membranes in spite of the increased 

roughness of their porous surface with an exception of 2PU10Ge. In contrast, the contact 

angle of 2PU10Ge (101) was significantly higher than that observed for other coaxial 

fibre membranes. Yet its surface was much less hydrophilic, in opposite, highly 

hydrophobic. This may be reminiscent of “lotus effect” in that the intrinsic hydrophobility 

of a surface can be enhanced by being textured with different length scale of roughness. 

The difference can be due to its submicron fibre diameter (540 nm) that was less than half 

that of other coaxial fibre membranes and pore size (333 nm in radial) at least 4 times 

smaller than those micropores of the other coaxial membranes (Section 5.5.4). Such small 

pores (similar to pure 8PU fibre membrane) would not allow the water droplet to wet the 

nanostructure space between the nanofibres. This is another evidence that it is possible to 

achieve a transition between both hydrophobic and hydrophilic regions of a surface by 

fine-tuning its surface roughness. The massive nano-size pores coupled with the 

hydrophobic air pockets in the pores at the 2PU10Ge membrane surface can be responsible 

to the low hydrophilicity in spite of higher Ge content. 

  

Figure 5.14 The contact angle for a) GTA crosslinked Ge film and b) 2PU10Ge coaxial 

fibre membrane. The surface wetting for 4PU10Ge, 6PU10Ge and 8PU10Ge membranes 

was too quick to take any contact angle measurements. 

a 

Crosslinked GE film ~64º 2PU10GE  ~101º 

b 
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5.6. Efficacy of electrospun coaxial fibre membranes as coatings for implantable 

coil-type glucose biosensors 

 The membranes 2PU10Ge and 6PU10Ge were electrospun directly on glucose 

biosensors using the dynamic collector, wherein the biosensor was rotated at about 660 to 

690 rpm in the electrospinning field (Figure 2.4). The parameters are listed in  

Table 2.2. Briefly, the feed rates for PU and Ge were 0.8 and 1.2 ml/h respectively and the 

distance between the spinneret tip to sensing element tip was kept constant at 15 cm for 

both the membranes. The applied voltages used for electrospinning 2PU10Ge and 

6PU10Ge were 13.25 and 14 kV respectively.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

 

Figure 5.15 Effect of electrospun 2PU10Ge coaxial fibre membranes on the ex vivo 

function coil-type implantable glucose biosensor: a & b % change in sensitivity and 

linearity normalised to that at day 7 before applying coating(s) as a function of time; and c) 

the % change in sensitivity and linearity plotted as a function of sensor coating 

configurations. 
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Figure 5.15 (continued) 

Among 4PU10Ge, 6PU10Ge and 8PU10Ge, the variation in fibre diameters was 

narrow ranging from 1.04 to 1.22 µm. Coaxial fibre structure was not consistent for 

4PU10Ge, while the pore size distribution for 8PU10Ge were broader than both 4PU10Ge 

and 6PU10Ge. Hence, the 6PU10Ge membrane, having consistent coaxial fibre structure 

and pore size, was chosen as coating for glucose biosensors. However, for studying the 

effects of fibre diameter of coaxial fibre membranes on sensor function, 2PU10Ge   

membrane that has about half the average fibre diameter observed for 6PU10Ge, was also 

chosen. Effectively, the effects of coaxial fibre membranes on glucose biosensor function 

were evaluated as a function of fibre diameter and Ge content. 2PU10Ge membrane had an 

average fibre diameter of 540.61±90.83 and ~51.8% Ge while that for 6PU10Ge was 

1152.93±128.77 and ~34.5% respectively. 

Each of the coaxial fibre membranes, were tested on sensors with (Pt-GOD-EPU) 

and without (Pt-GOD) EPU mass-transport limiting membrane. The results were compared 

with that of Pt-GOD and Pt-GOD-EPU sensors. The sensor function was tested at regular 

intervals starting one week before applying coatings, to 84 days (12 weeks) after coating. 

The sensitivity and linearity results at each tested time point were normalized to that at day 

7, before applying coatings. 

The effect of 2PU10Ge coatings on glucose biosensor function is illustrated in 

Figure 5.15. The sensitivity profiles for all sensors before and after coating with 

membranes were similar to that shown by Pt-GOD sensors indicating no obvious effects of 

either EPU or 2PU10Ge membranes on sensor sensitivity (Figure 5.15a). However, the 
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linearity (R
2
) for the detection range of 2 to 30 mM glucose was only improved EPU 

membrane, indicating that the 2PU10Ge membranes did not function as a mass transport 

limiting membrane (Figure 5.15b). Thus, as summarised in Figure 5.15c, 2PU10Ge did not 

affect sensor sensitivity, but also did not function as mass-transport limiting membrane. 

 

Figure 5.16 Effect of electrospun 6PU10Ge coaxial fibre membranes on the ex vivo 

function coil-type implantable glucose biosensor: a & b % change in sensitivity and 

linearity normalised to that at day 7 before applying coating(s) as a function of time; and c) 

the % change in sensitivity and linearity plotted as a function of sensor coating 

configurations. Each of * and ** indicate statistical difference from all other groups. 
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Figure 5.16 (continued) 

  

  

 

Figure 5.17 The morphology of coaxial 

fibre membranes after 12 weeks of 

immersion in PBS 7.4 and intermittent 

sensor function tests of 2PU10Ge (a&b) 

and 6PU10Ge (c&d) and  6PU10Ge 

before testing (e). 
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Contrary to 2PU10Ge coatings, 6PU10Ge caused a reduction in sensor sensitivity, 

but extended the linear detection range for glucose biosensors (Figure 5.16). The 

sensitivity profiles for sensors coated with 6PU10Ge were significantly lower than that of 

Pt-GOD and Pt-GOD-EPU sensors (Figure 5.16a). However, both EPU and 6PU10Ge 

membranes extended the linear detection range for Pt-GOD to cove the physiologically 

relevant detection range of 2 to 30 mM glucose, demonstrating that 6PU10Ge membranes 

function as a mass transport limiting membrane (Figure 5.16b). The trends in % change in 

sensitivity and linearity as a function of sensor coating composition further reiterate the 

above observations (Figure 5.16c). 

 

5.6.1. Long-term stability of sensor function for glucose biosensors coated with 

coaxial fibre membranes 

 The sensitivity of sensors coated with both 2PU10Ge and 6PU10Ge was stable 

until the end of study at 12 weeks. However, a decrease in linearity for 2PU10Ge coated 

Pt-GOD and Pt-GODEPU sensors was observed. To identify the cause for this unexpected 

decrease in linearity, the morphology of the sensors after completion of the study was 

assessed under SEM. As shown in Figure 5.17a&b, the integrity of the membrane was 

disrupted, and 2PU10Ge membrane has changed its structure from fine fibro-porous 

architecture to a more or less like fibre-reinforced composite membrane. The swelling 

(especially from Ge), fusion and finally agglomeration of nano fibres in the 3D-network 

and resulting disruption of non-uniform micro-porous structure (pore size >300 nm) to that 

of a diffusion controlled nano porosity, could be responsible for the decrease in linearity. 

On the other hand, the fibro-porous structure of 6PU10Ge membranes showed relatively 

less fusion and intact fibre structure even after 12 weeks of immersion in PBS at 37
o
C and 

intermittent sensor-function tests (Figure 5.17c&d). 

5.7. Conclusion 

 The solvent, solution concentration and process parameters for electrospinning PU-

core and Ge-Shell coaxial fibre membranes were optimized. To make electrospinning 

possible, both PU and Ge were required to be dissolved in highly polar TFE solvent. Due 

to the low solubility of PU in TFE, solution concentrations appropriate for comparison 

with that used for electrospinning PU solutions in THF-DMF was not possible. Hence, for 

electrospinning of co-axial fibre membranes, the Ge solution concentration was kept 

constant while varying PU solution concentrations. It was observed that 6% PU and 10% 

GE solution concentrations provided the optimum coaxial fibre membranes, while having 

the spinneret to collector distance at 15 cm, applied voltage of 14kV and respective flow 
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rates for PU and Ge feed solutions of 0.8 and 1.2 respectively. With increasing feed 

solution concentration, an increase in the diameter of PU core, with concomitant reduction 

in Ge shell thickness was demonstrated. To maintain the coaxial fibre structure 

crosslinking of Ge shell layer was essential, which was achieved by incubating as-spun 

membranes in GTA vapour saturated atmosphere. The coaxial fibre structure was 

achieved, but the overall fibre diameter did not increase linearly with increasing core PU 

content.  

2PU10Ge had an overall diameter of about 0.545 µm, while that of 4PU10Ge, 

6PU10Ge and 8PU10Ge membranes varied from 1.04 to 1.22 µm. Mechanical properties 

of the coaxial fibre membranes decreased with decreasing PU core content, which is due to 

the increasing brittle crosslinked Ge shell content in the coaxial fibres. However, the Ge-

shell of micro-scale fibres content in the membranes made their surfaces very hydrophilic, 

such that the surface wetting was too fast to obtain any measurements of the contact angle 

for a water droplet on membrane surface. On the other hand, nano-scale porous structure of 

2PU10Ge membrane could transfer the membrane surface into more hydrophobic. The 

diffusion kinetics for glucose across 2PU10Ge membranes was near zero order, while that 

across 6PU10Ge was anomalous or non-Fickian, which tended to shift towards Fickian 

diffusion with increasing membrane thickness. The porosity was relatively low, while fibre 

packing densities were high for the coaxial fibre membrane for their higher fibre diameters. 

As coatings for coil-type implantable glucose biosensors, ex vivo sensor tests showed 

2PU10Ge membranes having submicron fibre diameter and about 50% Ge do not cause 

any decrease in sensitivity. However, they did not function as mass-transport limiting 

membranes. In contrast, 6PU10Ge membranes reduced sensor sensitivities, but functioned 

as mass-transport limiting membrane. In conclusion, a method was optimised for 

electrospinning coaxial fibre membranes, the membranes were shown to have mechanical 

properties better than soft tissues, and their effects on ex vivo sensor function can be 

controlled. Overall, the PU-core and Ge-shell coaxial fibre membranes coatings can play 

an important role in engineering tissue responses to the implanted biosensors. 
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Chapter 6 Pilot Biocompatibility and In Vivo Sensor Function 

Assessments in Rat Subcutaneous Implantation Model 

6.1. Introduction 

 Electrospun membranes mimic the natural extracellular matrix (ECM) in its fibro-

porous structure and highly interconnected porosity. Irrespective of how closely they 

match the 3D architecture and mechanical properties of ECM, the electrospun membranes 

are foreign bodies when implanted. As a result, the body works towards degrading and 

eliminating the implant from the body. For the current application, electrospun materials 

were intended for use as membranes and tissue engineering scaffolds. The former use 

requires sub-micron porosity while that of latter requires about 3 to 10 µm interconnected 

pore sizes for cells to infiltrate the scaffolds. Depending on porosity and composition, the 

tissue responses to implants vary for different scaffolds. In this direction, the fibre 

diameter, porosity and composition of the electrospun membranes were varied to assess 

not only their effects on host tissue responses but also for sensor function when implanted 

as sheets or as coatings on biosensors in the body. 

The objective for this chapter was the pilot evaluation of biocompatibility and in 

vivo sensor function in a rat subcutaneous implantation model for selected electrospun 

membrane configurations optimized in this work. The membranes 8PU, 12PU and 

6PU10Ge were chosen for the biocompatibility assessment, while using solvent cast non-

porous PU film was the control. They were implanted in the subcutaneous space under the 

dorsal skin of rats. Two time points, namely 4 and 9 weeks were chosen and the number of 

scaffolds implanted for each membrane configuration was 3 per time point. At the end of 

each time point, the rats were killed and the implant and its surrounding tissue was 

harvested and processed for histology. Qualitative examination of tissue responses to each 

of the membrane variables was carried out on the histology sections. Further, for the 

assessment of effects of electrospun coatings on sensor function, four different coating 

configurations, namely 8PU-12PU, EPU-12PU, EPU-6PU10Ge and EPU (alone as the 

control) were chosen. The changes in sensitivity as a function of time and in response time 

of the implanted sensors were evaluated. 

6.2. Biocompatibility of electrospun membranes 

Subcutaneous space was chosen for biocompatibility assessment because it was the 

target tissue site for implantation of glucose biosensors, and rats were chosen because they 

are one of the most commonly used mammalian model for such studies. The membranes 
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were implanted under the dorsal skin on either side of the dorsal midline, to prevent the 

rats from accessing the implant sites and disturbing the sutures. 

The different electrospun membranes prepared in this work, had fibre diameters 

ranging between 0.2 and 1.2 µm, and pore sizes between 0.5 and 3.0 µm. They were 

intended for use as mass-transport limiting membranes on glucose biosensors. Since they 

have pore sizes <3.0 µm, host cells were not expected to infiltrate into their porous bulk. 

However, because they are intended for use as coatings for implantable biosensors, it was 

essential to assess the nature of tissue responses they induce when implanted in the body.  

8PU and 12PU membranes had average fibre diameters of 0.347 and 1.102 µm 

respectively, while the coaxial fibre membrane, 6PU10Ge, had fibre diameter of 1.15 µm. 

In addition, the crosslinked Ge shell of 6PU10Ge, due to the inherent bioactivity of Ge, 

was expected to modify the nature of the host tissue responses. The spread of diameters 

and composition (single/coaxial) also ensured a wider variation in pore sizes, contact 

angles (hydrophilicity), surface porosity and mechanical properties (Table 6.1) as 

discussed in Chapters 3 and 5. The flexibility of the membranes increased with increasing 

PU content, such that 6PU10Ge was the stiffest (due to its crosslinked Ge shell) and non-

porous PU film the most flexible membrane (Table 6.1). The physical appearance of the 

different scaffolds implanted in rats is shown in Figure 6.1. In addition, the degree of 

wetting of the scaffolds can also be visualised in Figure 6.1b, which decreased with 

decreasing fibre diameter among electrospun membranes (Figure 6.1b, Table 6.1) in 

agreement with the results of contact angle measurements discussed in Sections 3.4.6 and 

5.5.7. 

Table 6.1 Properties of the electrospun membranes implanted in the subcutaneous space in 

rats. Non-porous solvent cast PU film was used as the control. 

 8PU 12PU 6PU10Ge PU film 

Fibre diameter (µm) 0.347 ± 0.087 1.102 ± 0.210 1.15±0.13 - 

Thickness (µm) 23.5± 4.8 133.0± 28.3 44.5±2.2 71.6 ± 16.8 

Pore Volume (%) 44.19± 2.54 65.40± 1.85 63.33±1.34 - 

Pore Size (µm) 0.80 1.06 1.54 - 

Contact angle 104.3° 122.5° 0
o
 86

o
 

Young’s Modulus 

(MPa) 

2.3 ± 0.85 0.97 ± 0.049 0.93 ± 0.14 2.8 ± 0.43 

UTS (MPa) 5.8± 2.13 3.1 ± 0.06 1.83 ± 0.22 8.1 ± 2.00 

Strain at Break (%) 191.2 ± 61.10 261.0 ± 12.09 133.29 ± 7.17  849.7 ± 258.8 
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Figure 6.1 Photographs showing the physical appearance, shape (a) and wetting (b) of the 

different scaffolds used for implant in the subcutaneous implantation in the body. 

6.2.1. Gross morphology 

 Following surgery, all rats recovered normally and survived the duration of the 

experiments. The incision and implant sites did not show any ulceration, pus, discharge or 

infection. No obvious swelling of the implants sites was visible. At the end of 4 and 9 

week time periods, when the implant sites were accessed, all scaffolds were present and 

maintained their integrity. 

6.2.2. Histopathology 

Histologically, all the scaffolds were intact until the end of study at 9 weeks. Host 

cell infiltration into the bulk of the scaffold was only observed with 6PU10Ge scaffolds, 

while were restricted to the surface of the implants for PU film, 8PU and 12PU 

membranes.  

The subcutaneous tissue is made of loose collagenous connective tissue, primarily 

containing fibroblasts and blood vessels, labelled in the Figure 6.2 to Figure 6.5 as native 

fibrous tissue (NF). With aging the composition of NF changes through deposition of fat 

cells, making it adipose connective tissue (labelled in the figures as A). When a foreign 

body is introduced into the subcutaneous connective tissue, it sets off a series of foreign 

body reactions starting with haemostasis (min) and acute inflammation (2 days), followed 

a 

b 
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by deposition of granulation tissue (1 to 2 week), which usually turn into a fibrous capsule 

(>2 weeks) (labelled in the figures as F). 

 

 

 

Figure 6.2 Light microscopy images showing haematoxylin and eosin (H&E) stained 

subcutaneous tissue above the PU film implant following 4 weeks of implantation (a) and 

its magnified section (b) and 9 (c), where M is subcutaneous smooth muscle, NF is native 

fibrous tissue, F is fibrous tissue (capsule) surrounding the implant I. 
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Figure 6.2 (continued) 

 Figure 6.2 shows the histology of subcutaneous tissue structure on the non-porous 

PU implant surface, following 4 weeks of implantation. The layered subcutaneous tissue is 

composed of the subcutaneous smooth muscle (M), the native fibrous tissue (NF) and the 

fibrous tissue surrounding the implant (F). The fibrous tissue surrounding the PU film (F) 

as shown in Fig 6.2 was composed of a thin inner cell layer (on immediate surface of the 

implant) and a thicker outer dense fibrous tissue having collagen fibres oriented parallel to 

the surface of the implant (I). At 4 weeks, the former for PU film implant was about 3 cells 

thick, while the later was between 10 and 40 µm thick. The cells in the cell layer were also 

compressed into spindle shaped structure similar to fibroblasts. This layer decreased to 

about 1 cell thick by 9 weeks after implantation. The overlying dense fibrous tissue, on the 

other hand, increased in thickness for up to about 100 µm. Furthermore, the cells in the 

fibrous tissue were primarily fibroblasts (spindle shaped cells each with a oval shaped 

active nucleus) at 4 weeks while that at 9 weeks was changing into fibrocytes (inactive 

fibroblasts, containing thin and long nucleus having inactive condensed genetic material) 

making this layer a mature avascular fibrous capsule. No immune cells were observed in 

the fibrous tissue surrounding the PU films, indicating the inert nature of the PU material. 

 The electrospinning introduced fibro-porous structures in the 8PU and the 12PU 

membranes. However, when they were implanted in the body, their pore sizes were too 

low (<2 µm) to allow infiltration of cells into the bulk of the membranes. As a result, the 

c 

F 

I 
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nature of tissue response for both 8PU and 10PU was similar to that observed for non-

porous PU film at both 4 and 9 weeks after implantation (Figure 6.3and Figure 6.4).  

 

 

 

Figure 6.3 Light microscopy images showing the tissue-implant interface for 8PU 

membranes at a) 4 weeks (Mason’s Trichrome (MT) stained) and b) 9 weeks (H&E stained) 

of implantation, where A is subcutaneous fat (adipose), C the cell layer, F is fibrous tissue 

(capsule) surrounding the implant I. 
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Figure 6.4 Light microscopy images showing the tissue-implant interface for 12PU 

membranes at a) 4 weeks (H&E stained) and b) 9 weeks (MT stained) after implantation, 

where A is subcutaneous fat (adipose), F is fibrous tissue (capsule) surrounding the implant 

I. 

However, it is interesting to note that 6PU10Ge membranes, in spite of having very 

low pre-implantation pore sizes (<2 µm), were completely infiltrated with host cells Figure 

a 

A 
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6.5. This also ensured the prevention of dense avascular fibrous capsule on the surface of 

the implanted 6PU10Ge membrane. This phenomenon is clearly due the introduction of 

bioactive Ge in the electrospun coaxial fibre structure.  

The Ge-shell of the coaxial fibres of 6PU10Ge membranes has inherent cell 

adhesion receptors that aid in the infiltration of the cells into the core of the membrane. 

Furthermore, Ge being the natural extracellular matrix derivative is susceptible to 

enzymatic degradation, and its resorption would make the thin PU cores discreet and 

flexible allowing movement of cells within the scaffold. The tiny darkly stained circular 

structures within the scaffold indicate cells attached to the individual electrospun fibres 

along the fibre axis. Such cell adhesion to fibres also indicates that the cells are fibroblasts. 

Occasional presence of larger cells within the scaffold was also observed indicating the 

infiltration of larger cells (≥10 µm) through displacement of flexible fibres. 

 

 

Figure 6.5 Light microscopy images showing the implant sites for 6PU10Ge a) H&E and 

b) MT stained sections at 4 weeks after implantation and c) MT stained section at 9 weeks 

after implantation, where NF is the native fibrous tissue structure, and I the implant.  

The immediate surface of the host cell infiltrated 6PU10Ge membrane, unlike that 

of 8PU and 12PU, was not covered by dense fibrous encapsulation. It was composed of 

loose connective tissue similar to that of native fibrous tissue. However, the cell content in 

this layer is significantly higher. The cells in this layer were primarily macrophages 

NF 

I 
a 
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indicative of active resorption of Ge (Fig 6.5a). Some lymphocytes were also observed 

indicating mild immune response to Ge, which could further accelerate resorption of Ge. 

 

 

 

Figure 6.5 (continued) 

  The blue staining in the MT stained histology sections is collagen. At 4 weeks, 

hardly any blue staining was seen within the 6PU10Ge scaffold indicating minimal 

collagen deposition in the bulk of the scaffold. However, by 9 weeks a well organised 
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collagen network was seen indicating remodelled tissue integrating the electrospun 

membrane with the host tissue. Essentially, a composite sheet made of electrospun fibres 

interpenetrating with collagen was engineered, using 6PU10Ge membrane in the 

subcutaneous tissue of rat, which demonstrates that tissue responses to synthetic scaffolds 

can be engineered.  

6.3. Effect of electrospun membranes on the function of implanted glucose 

biosensors 

In a pilot study, sensor configurations Pt-GOD-8PU-12PU, Pt-GOD-EPU-12PU, 

Pt-GOD-EPU-6PU10Ge and Pt-GOD-EPU implanted in the rat subcutaneous tissue 

evaluated the effects of electrospun membranes on function of implanted glucose 

biosensors. In vivo sensor function tests were done using a glucose tolerance test and 

compared with their pre-implantation sensitivity. The tests were done at 1, 3 and 9 weeks 

after implantation. An example of a typical response current curve for an implanted sensor 

as a function of time is shown in Figure 6.6. The data plot also shows the corresponding 

change in blood glucose levels measured using a commercial glucose monitor - Freestyle 

Lite. The sensor response delay for the coil-type glucose biosensor implanted in the 

subcutaneous tissue of rat was calculated in comparison to changes of glucose level in 

blood as indicated in Figure 6.6. 

6.3.1. Sensor Response Delay 

The time taken for the glucose biosensors implanted in the subcutaneous tissue to 

respond to the high dose of glucose injected in the peritoneum was compared with that in 

blood. The effect of different coating configurations on sensor response delay plotted in 

Figure 6.7. At week 1 after implantation, Pt-GOD-8PU-12PU sensors showed the fastest 

response to glucose, which was <10 min, followed by Pt-GOD-EPU-6PU10Ge and then 

Pt-GOD-EPU-12PU. The control sensor Pt-GOD-EPU showed the slowest response time 

of about 15 min. By 3 weeks of implantation, Pt-GOD-EPU sensors showed the fastest 

response time, while the trend for other sensors with electrospun coatings remained the 

same. Moreover, the response times for all sensors coated with electrospun membranes 

significantly increased compared to that at week 1. The trend at week 9 was comparable 

with that at week 3, except that the sensor Pt-GOD-EPU-6PU10Ge showed a significant 

decrease in sensor response time. This decrease resulted in its sensor response time is in 

par with that of the control sensor Pt-GOD-EPU. The changes in response times could be 

indicative of the nature of changes in composition of tissue at the sensor tissue interface. 
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Figure 6.6 The typical sensor response current vs time plot of an implanted sensor and the 

corresponding change in blood glucose levels measured using a commercial blood glucose 

monitor. The blue line indicates time of injection of a high dose of glucose in the 

peritoneum. The sensor response delay for the coil-type glucose biosensor implanted in 

subcutaneous tissue compared to the corresponding change in blood glucose level is 

indicated by the double end arrow. 

 

Figure 6.7 Delay in response to sensing glucose in interstitial fluid for coil-type glucose 

biosensors implanted in the subcutaneous tissue in relation change in blood glucose levels 

as a function of sensor coating configurations. 
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The macro-porosity of the electrospun membranes at week 1 could be responsible 

for their better permeability to glucose and hence faster response time. However, at week 

3, the tissue build-up at their surface could be responsible for the significant increase in 

sensor response delay time. In contrast, the control Pt-GOD-EPU sensor showed initial 

slower response to glucose which could be due to poor wetting of its relatively hydrophilic 

surface, compare to the fluid filled pores of electrospun membranes. The wetting could 

have improved with deposition of snugly fit host tissue on the EPU membrane surface, 

thus lowering the sensor response time thereafter. The sensor response time for Pt-GOD-

EPU-6PU10Ge decreasing to the level observed with Pt-GOD-EPU control sensor could 

be due to the resorption of Ge-shell and the establishment of stable collagenous connective 

tissue integrating 6PU10Ge membrane with the native subcutaneous connective tissue. 

This final tissue composition could be similar to that observed with that of the control 

sensor. 

6.3.2. Sensitivity of implanted biosensor to glucose 

The change in sensor response currents was directly correlated with measure blood 

glucose levels to determine the sensitivity (nA/mM) of the glucose biosensors implanted in 

the subcutaneous tissue of rats. The change in sensitivity for the different sensor 

configurations as function of implantation time is shown in Figure 6.8.  

The sensitivity for all sensor configurations decreased with increasing implantation 

time (Figure 6.8). The drift in sensitivity from as soon as the sensor is implant is well 

known. It is interesting to note that the higher the pre-implantation sensitivity the higher 

was the sensitivity, as observed in the case of Pt-GOD-8PU-12PU sensors. 8PU replacing 

the traditional EPU mass-transport limiting membrane apparently resulted in better pre-

implantation sensitivity, which translated into larger measured sensor response currents 

when implanted the body. Larger the measured sensor response currents, the lesser will be 

the signal-to-noise ratio. However, when the in vivo sensitivity data was normalised to the 

pre-implantation sensitivity, the percentage decrease in sensitivity was comparable to the 

other sensor configurations (Figure 6.9). The uniform percent decrease in sensitivity 

between Pt-GOD-8PU-12PU, Pt-GOD-EPU-12PU and Pt-GOD-EPU can be attributed to 

the low (<2µm) porosity, which apparently did not prevent fibrous tissue deposition on the 

immediate surface of the sensor. On the other hand, Pt-GOD-EPU-6PU10Ge sensors 

showed much slower percent decrease in sensitivity at 1 and 3 weeks compared to all other 

sensors. The relatively slower decrease in sensitivity for Pt-GOD-EPU-6PU10Ge sensors, 

as evident from Figure 6.8 and Figure 6.9, can be attributed to the prevention of dense 

fibrous capsule on the immediate surface of the sensor (Figure 6.5). The decrease in 
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sensitivity for 6PU10Ge coated sensors at 9 weeks could be due to the completion of 

remodelling of 6PU10Ge coating, resulting in a stable subcutaneous tissue configuration 

similar to that observed for EPU coated sensors. 

 
Figure 6.8 Change in sensitivity of glucose biosensors implanted in the subcutaneous 

tissue of rats. 

 

Figure 6.9 Change in sensitivity of glucose biosensors implanted in the subcutaneous 

tissue of rats normalised to their pre-implantation sensitivities. 

In vivo studies are prone to high standard deviations. As a result, large sample sizes 

are needed to show statistical differences. However, the trends in this pilot study were 

indicative of the role of foreign body responses on sensor function. The prevention of 
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dense fibrous capsule on immediate surface of 6PU10Ge membranes coupled with 

complete infiltration of their bulk appeared to lower the decrease in sensitivity. 

6.4. Chapter summary 

The pilot in vivo biocompatibility and sensor function assessments, reported in this 

chapter, demonstrated that custom designed bioactive scaffolds can be used to engineer 

desired tissues responses. Fibro-porous structure of electrospun membranes with pore sizes 

<2 µm did not influence the nature of tissue responses compared to the control PU film. 

However, 6PU10Ge coaxial fibre membranes also have similar pore size (<2 µm) allowed 

host cell infiltration into its fibro-porous bulk, with the assistance of bioactive Ge shell on 

the core PU fibre. The Ge shell appeared to be resorbed and the pores of the resulting 

fibrous membrane was filled with newly deposited host collagen, thus fully integrating the 

electrospun coaxial fibre membrane with the surrounding subcutaneous host tissue. The 

resulting composite layer has a uniform host collagen interpenetrating with the electrospun 

PU fibres.  

The nature of responses of host tissue to the subcutaneously implanted electrospun 

membranes appeared to correlate with the nature of their effects as coatings on glucose 

biosensors. The fibro-porous membranes with their high porosity formed a buffer zone 

between the sensor surface and the host tissue allowing free diffusion of glucose at week 1. 

However, the build-up of dense fibrous tissue at the membrane-tissue interface 

significantly decreased the sensitivity of the sensors as observed at 3 and 9 weeks after 

implantation. On the other hand, non-porous, smooth and relatively hydrophobic EPU 

membrane was not as permeable compared to when electrospun membranes were used as 

buffer zones, at week 1. However, deposition of granulation tissue on EPU surface by 

week 3 probably improved the wetting of the surface of EPU membrane, facilitating faster 

glucose transport and thus faster response for sensing glucose. 

The slowest of decrease in sensitivity was observed for sensors coated with 

6PU10Ge coaxial fibre membranes at 1 and 3 weeks. Their better sensitivity, compared to 

the 12PU or EPU surfaces, can be attributed to the prevention of formation of dense 

fibrous capsule on the immediate surface of the biosensor. However, at 9 weeks the 

advantage of 6PU10Ge coatings seemed to be lost when the Ge-shell was completely 

resorbed and replaced by the host collagen, resulting in sensor sensitivities similar to the 

control Pt-GOD-EPU sensors. Overall, the coaxial fibre membranes showed potential for 

reliably prolonging the in vivo sensing life-time of coil-type implantable glucose 

biosensors, due to their bioactive fibre surfaces compared to the relatively inert PU fibre 

surface.  
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Chapter 7 Summary and Conclusions 

 

7.1. Introduction 

 Electrospinning provides the unique opportunity to prepare synthetic fibro-porous 

structures that mimic the natural ECM. In addition, a wide variety of synthetic and natural 

polymers, including the ECM components – collagen, elastin and hyaluronic acid, can be 

electrospun either alone or in combinations to tailor properties suiting specific applications. 

In this study, electrospun membranes based on pure PU and PU-Ge coaxial fibres have 

been prepared and tested as coatings for a model implantable glucose biosensor.  

7.2. Summary 

A versatile electrospinning setup was manufactured in our department workshop. 

The spinnerets and collecting systems were custom designed to spin fibres of tailorable 

diameters and composition. Ultra-fine elastic PU fibres having nano- and micro- scale 

diameters were successfully prepared using the electrospinning setup. More importantly, 

the solvent compositions, solution concentrations, flow rates, applied voltages, and 

distances to collector were identified for preparing electrospun PU membranes having 

desired fibre diameters. Here three membranes having statistically different average fibre 

diameters of 347, 738 and 1102 nm, designated as 8PU, 10PU and 12PU, were chosen to 

study their chemistry, morphology, porosity, solute diffusion, mechanical and 

hydrophilicity properties. 

Analysis using FTIR spectroscopy revealed that the electrospinning process 

involving huge applied voltages did not affect the chemical structure of PU. In addition, 

FTIR spectra of electrospun membranes also confirmed the removal of any residual 

solvents following the drying cycles in vacuum desiccator. The duration of electrospinning 

had a near-linear increase in thickness for the different electrospun membranes in this 

study. Three electrospun membrane configurations, 8PU, 10PU and 12PU had radii for 

majority of their pores at about 800 (68%), 870 (36%) and 1060 (29%) µm respectively as 

determined using bubble point measurements. The reducing percentage of the majority of 

pores having uniform size is indicative of wider pore size distributions with increasing 

fibre diameters. As expected, gravimetry method revealed a decreasing predicted fibre 

packing density and increasing pore volume as a function of fibre diameters. 

Slight variations in membrane thicknesses and porosities did not significantly affect 

the rate of transport of glucose across the electrospun PU membranes. Uniaxial tensile tests 

showed that the electrospun PU membranes had elasticity and tensile strengths higher than 

soft tissues, making them suitable candidates for implantable biomedical device 
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applications. The surface wetting analysis using contact angle measurements demonstrated 

an increase in hydrophobicity as a function of increasing fibre diameters and porosity for 

electrospun PU membranes. A tendency for the diffusion mechanism to shift towards 

anomalous (non-Fickian) diffusion was noted with increasing thickness of the membranes. 

For spinning fibres directly on sensor surface, two types of collection systems 

namely static and dynamic collector configurations were tested. Finite element modelling 

was used to identify an optimum static collector configuration. Thereafter, methods were 

optimized for electrospinning fibres directly on the sensing element of the biosensors using 

both static and dynamic collector systems. Then, the effect of electrospun coatings 

produced with different collector configuration on biosensor function was assessed. The 

large volume of the fibrous membrane on sensor surface meant a significant decrease in 

sensor sensitivity (Figure 4.12). Further studies using the static collector system were 

abandoned because of the very uneven shape and thickness of the coatings. Dynamic 

collector was chosen for spinning uniform and snugly fitting electrospun membranes 

having tailorable fibre diameters, desired thickness and porosity directly on miniature 

biosensor surface. 

The effects of thickness on sensors’ ex vivo function were assessed, while 

maintaining fibre diameter by electrospinning 8PU membranes for 2.5, 5 and 10 min on Pt-

GOD-EPU sensors. Thereafter, the effect of increasing fibre diameter, porosity and 

associated increase in thickness for 8PU, 10PU and 12PU membranes electrospun for 5 

min on the function of Pt-GOD-EPU sensors was assessed. The sensors were tested for 

sensitivity and linearity in the glucose detection range of 2 to 30 mM, before and after 

coating with electrospun membranes. The electrospun coatings, irrespective of their 

thickness (about 22 to 100 µm) and porosity, did not cause any statistically significant 

decrease in sensitivity of the Pt-GOD-EPU sensors. When the 8PU-5’ and 8PU-10’ 

membranes were tested on Pt-GOD sensors, they significantly increased the linearity 

(Figure 4.19) for the detection range of 2 to 30 mM for glucose, proving their efficacy as 

mass-transport limiting membranes. A linear increase in thickness was observed for 8PU 

membranes on sensor as a function of electrospinning time. All sensor configurations 

tested after electrospun coating in this study maintained a stable sensitivity and linearity 

for the entire duration of the testing. 

The solvent, solution concentration and process parameters for electrospinning PU-

core and Ge-Shell coaxial fibre membranes were optimized. The overall fibre diameter did 

not increase linearly with increasing core PU content. 2PU10Ge had an overall diameter of 

about 0.545 µm, while that of 4PU10Ge, 6PU10Ge and 8PU10Ge membranes varied from 
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1.04 to 1.22 µm. Mechanical properties of the coaxial fibre membranes decreased with 

decreasing PU core content, which is due to the increasing brittle crosslinked Ge shell 

content in the coaxial fibres (wet status). However, the Ge content in the membranes made 

their surfaces very hydrophilic, such that the surface wetting of the membranes with micro-

porous structure was too fast to obtain any measurements of the contact angle for a water 

droplet on membrane surface. However, nano-porous structure of 2PU10Ge membrane 

could transfer the membrane surface into more hydrophobic.  The diffusion kinetics for 

glucose across 2PU10Ge membranes was near zero order, while that across 6PU10Ge was 

anomalous or non-Fickian, tending to shift towards Fickian diffusion with increasing 

membrane thickness. The porosity was comparable, while fibre packing densities were 

high for the coaxial fibre membrane for their higher fibre diameters. 2PU10Ge membranes 

having about 50% Ge do not cause any decrease in sensitivity. However, they did not 

function as mass-transport limiting membranes. In contrast, 6PU10Ge membranes reduced 

sensor sensitivities, but functioned as mass-transport limiting membrane. 

Fibro-porous structure of electrospun membranes with pore sizes <2 µm did not 

influence the nature of tissue responses compared to the control PU film. However, 

6PU10Ge coaxial fibre membranes, also having similar pore size (<2 µm), allowed host 

cell infiltration into its fibro-porous bulk, with the assistance of bioactive Ge shell on the 

core PU fibre.  

When implanted in the subcutaneous tissue of rats, sensors with electrospun outer 

coatings showed faster response times for sensing glucose at 1 week and the trend reversed 

thereafter. Non-porous, smooth and relatively hydrophobic EPU membrane was not as 

permeable compared to when electrospun membranes were used as buffer zones at sensor 

tissue interface, at week 1. However, deposition of granulation tissue on EPU surface by 

week 3 probably improved the wetting of the EPU membrane, facilitating faster glucose 

transport and thus faster response to sense glucose. Electrospun pure PU fibre membranes 

having pore sizes less than 2 µm showed similar percentage decrease in sensitivity when 

compared to the control EPU membranes. The slowest of decrease for in vivo sensitivity 

was observed for sensors coated with 6PU10Ge coaxial fibre membranes at 1 and 3 weeks. 

However, by 9 weeks the advantage of 6PU10Ge coatings seemed to be lost when the Ge-

shell was completely resorbed and replaced by the host collagen, resulting in sensor 

sensitivities similar to the control Pt-GOD-EPU sensors. 
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7.3. Conclusions 

 A versatile vertical electrospinning setup was built in-house for spinning fibres using 

single and coaxial spinnerets, as well as static and dynamic collection systems, 

especially for coating miniature cylindrical devices 

 Solvent systems, polymer solution concentration, feed rate, applied voltage, and 

distance between spinneret tip and collector were varied to tailor average fibre 

diameters between 200 and 1500 nm for both pure PU and PU core – Ge shell coaxial 

fibres. 

 In conjunction with fibre diameters, the thickness and the porosity can also be precisely 

controlled. Owing to their fibrous mesh-like structure, irrespective of their thickness, 

the electrospun membranes had tensile strength and elasticity higher than that of 

natural soft tissues. The electrospinning process parameters, including significantly 

high voltages, did not have any deleterious effects on the chemical structure of the 

electrospun polymer(s).  

 The wetting ability of PU fibre membranes decreased with increasing fibre diameters, 

while that for PU-Ge coaxial fibres with micro diameter was too quick to even measure 

contact angle for a droplet of water on the membrane surface. Furthermore, the pore 

sizes and volumes were significantly high than that can be achieved for conventional 

solvent cast membranes, which ensured zero order or closer to zero order (free) 

diffusion of glucose across the electrospun membranes. 

 Static and dynamic collector systems were optimized for coating miniature ellipsoid 

sensing element of a model coil-type implantable glucose biosensor with electrospum 

membranes. It was the dynamic system (wherein sensor is rotated along its axis and 

perpendicular to the spinneret in the electrospinning field) that achieved snugly fit 

membranes of uniform and controllable thickness, fibre diameter and interconnected 

porous structure. 

 It was observed that very thin electrospun membranes having thickness around 10 µm 

and high pore volume did not affect the sensitivity of the sensors. In addition, for 

membrane thicknesses of about 20 to 140 µm and pore volumes ranging between 40 

and 70% tested in this study for pure PU fibres, the average % decrease in sensitivity 

was constant and only about 20%. They also functioned as mass-transport limiting 

membranes for glucose biosensors (Pt-GOD) increasing their linear detection range 

from about 2 to 15 mM to the desired physiological range of 2 to 30 mM for glucose 

detection. 
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 Coaxial fibre membranes having PU as core and Ge as shell in their fibre structure, 

depending on the total content of Ge, either did not affect sensor sensitivity (Ge content 

~50% Ge) or reduced it by about 40% (Ge content ~30%). 

 Biocompatibility assessments revealed that an inner 1 to 3 cell barrier layer and an 

outer 30 to 100 µm thick dense fibrous tissue were observed with solvent cast non-

porous PU films. Introduction of surface porosity with pore radius <2 µm, did not 

improve the tissue responses, and similar tissue buildup as observed with PU films 

formed around the electrospun membranes. In contrast, coaxial fibre membranes, also 

having <2 µm pore sizes, were infiltrated with fibroblasts and the dense fibrous tissue 

did not form. In other words, the barrier tissue layer formation was prevented which is 

good news for implantable biosensor application. 

 In vivo sensor function assessments revealed that higher the pre-implantation sensor 

sensitivity (as achieved when electrospun coating replaced tradition EPU mass-

transport limiting membrane), higher was its sensitivity when implanted in the body. 

However, the % decrease in sensitivity for electrospun pure PU fibre membranes as a 

function of time was similar to that observed with control sensors having EPU 

membrane at the sensor-tissue interface. The sensor function test results were in 

agreement with biocompatibility findings. The prevention of dense fibrous tissue 

around the coaxial fibre membrane, translated to much lesser decrease in sensitivity for 

the glucose biosensors implanted in the body. 

 Overall, this study proved that electrospun membranes can replace traditional mass-

transport limiting membrane as well as biocompatible membranes that can significantly 

improve the in vivo sensitivity of the implantable glucose biosensors, which is a 

significant step forward towards achieving the goal of developing reliable long-term 

implantable glucose biosensors for continuous glucose monitoring without the need for 

patient compliance. 

7.4. Future directions 

 The experimental results achieved in this study showed the efficacy of electrospun 

membranes having fibre diameters and pore sizes of <2 µm as coatings for implantable 

glucose biosensors. Even with such low porosities, the coaxial fibres with PU core and 

bioactive Ge shells allowed host cell infiltration and addressed the in vivo sensitivity 

decrease affects to some extent. Additional, extensive studies with increased number of 

sensor function tests in rats are needed to prove statistical significance of the improvement 

of in vivo sensitivity using coaxial fibre membranes (<2 µm) as tissue engineering coatings 

for implantable glucose biosensors. Future studies should also include the efficacy of 
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electrospun membranes with fibre diameters of 3 to 10 µm, for the engineering of tissue 

responses at the sensor-tissue interface. 

The findings of achieving host tissue infiltration and collagen deposition in the <2 

µm pore sizes of coaxial fibre membranes have potential applications in the design of 

artificial tissue constructs for tissue engineering and regenerative medicine. 

Importantly, the key recommendation based on the results achieved in this study is 

the use of ‘combinations of pure PU fibre membranes having submicron fibre diameter, 

PU-Ge coaxial fibre membranes with <2 µm pore sizes, as well as pure PU and PU-Ge 

coaxial fibre membranes having fibre diameter between 3 and 10 µm to support host cell 

infiltration, as multiple levels of defence against the deleterious host foreign body 

responses, while maintaining high ex vivo sensor sensitivities, to solve the long-awaited 

problem of long-term in vivo performance of implantable glucose biosensors’. 
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