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Abstract  

Afzhan Ali 

Coaxial Electrospinning of Synthetic/Natural Polymer Combinations for 

Controlled Release of Active Components in Biomedical Applications 

 

Keywords: Coaxial Electrospinning, Taylor Cone, Active Pharmaceutical 

Ingredient, Fibre Morphology, Extracellular Matrix, Polymer, Protein, 

Polycaprolactone, Gelatin, Hexafluoro-propanol. 

 

The project aims to advance coaxial electrospinning techniques for 

polymer/protein systems, targeting tissue engineering and drug delivery 

applications. While electrospinning is increasingly utilised in tissue engineering, 

challenges arise when incorporating active pharmaceutical ingredients due to 

solubility and release rate limitations. Coaxial spinning addresses these 

challenges by enabling precise control over release rates and properties. This 

research focuses on developing coaxial electrospinning processes, with a 

particular emphasis on incorporating extracellular matrix proteins and biologically 

active components. 

By systematically investigating process parameters, this study elucidates the 

structural and functional properties of coaxial fibres and their implications for 

biological response. Extensive characterisation techniques, including scanning 

electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), UV-

visible spectroscopy, and transmission electron microscopy (TEM), are employed 

to analyse fibre morphology, chemical composition, and structural properties. 

Specifically, polycaprolactone (PCL) as a shell layer demonstrates sustained 

prolonged release of active components while gelatin as the shell layer facilitates 



 

ii  
 

instant release. These findings underscore the versatility and efficacy of coaxial 

electrospinning in tailoring scaffold properties for diverse biomedical applications. 

The novelty of this work lies in its extensive exploration of coaxial electrospinning 

techniques and their application in tissue engineering and drug delivery. By 

controlling release and scaffold properties, this research contributes valuable 

insights to the field, paving the way for the development of advanced biomaterials 

with enhanced therapeutic efficacy. 
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CHAPTER 1: Introduction  

1.1 BACKGROUND  
 
Electrospinning is an effective technique to replicate tissue function based on the 

similarity it provides between electrospun fibres and natural tissue (Rahmati et 

al., 2021). The technique is a novel approach used to fabricate various forms of 

tissue. It is becoming increasingly popular as it allows for the fabrication of 

structures that mimic those naturally present in the human body with 

biocompatible materials. As various tissue types demand specific matrices, the 

orientation of electrospun fibres within electrospinning can be controlled to 

optimise cellular integration and scaffold mechanics. Surgical and clinical 

procedures occur every day to repair tissues and replace tissue, as it is a crucial 

aspect of human life. Tissue-engineered constructs and implanted scaffolds are 

inserted into the body to eventually be replaced by the cells by allowing 

interactions to take place between them. These biomaterials steer the growth of 

the new tissue to improve tissue function and maintain and restore natural 

function (Atala, 2004).  

Electrospinning is a highly attractive method to fabricate nano-structured fibres 

with controlled morphology, including control over the fibres themselves and the 

void structure of the mats (Wen et al., 2021). Researchers from disciplines such 

as medicine, nanotechnology, biology, and engineering are working closely to 

integrate their findings into modern technology to develop a suitable imitation of 

natural tissue (Rahmati et al., 2021). Key features of electrospinning include its 

relatively cheap cost, its easy method, and the electrospinning kits consisting of 

a syringe pump system, a metallic needle, a grounded collector, and a high-

voltage power source. Electrospinning techniques are used to fabricate scaffolds 

in tissue engineering because of the ease with which biologically relevant 
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structures with open porosities can be fabricated from various biocompatible 

materials. Furthermore, fibre orientation is a valuable way of directing cell growth 

and controlling scaffold mechanics (Bhardwaj and Kundu, 2010). Four major 

components of a basic electrospinning system can be seen in Figure 1: 

�x Spinneret needle (metallic) 

�x Syringe pump(s) 

�x High voltage source 

�x Collector 

The high voltage charges the polymer solution at the tip of the spinneret/needle 

attracting the charged jet towards the grounded collector where an 

interconnected fibrous membrane/scaffold forms (Norouzi and Shabani, 2015). 

The charged jet is generated as the droplet's surface tension is overcome by the 

strength of the electric field (Hohman et al., 2001). Electrostatic repulsion causes 

the jet to be continuously elongated and whipped until it reaches the collector. 

The solvent evaporates during this process as it is shot towards the collector, 

hardening, and forming the nonwoven fibrous membrane (Yarin et al., 2001).  

Figure 1 �± Schematic of a b asic e lectrospinning setup  including Taylor cone and final 
fibre mat  (Wen et al ., 2021). 
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The polymer solution is pushed through the spinneret forming a droplet that is 

then stretched. The shape of the droplet then transforms into a pendant drop. 

The Taylor cone formation forms once the electrostatic repulsion of the charged 

droplet exceeds the surface tension triggering the jet to initiate at the tip of the 

cone. Taylor Cone is the process by which the droplet shape changes from a 

sphere into an elongated cone as shown in both Figures 1 and 2. This process is 

initiated when the high voltage charge is applied to the tip of the needle, causing 

repulsion to work in conflict with the surface tension (Luraghi et al., 2021). 

 

 

 

 

 

Figure 2 displays a typical coaxial electrospinning set-up where two separate 

syringes feed into a single coaxial needle meeting at the tip of the spinneret. The 

�µ�L�Q�Q�H�U���I�O�X�L�G�¶���D�F�W�V���D�V���D��core fluid, whereas �W�K�H���µ�R�X�W�H�U���I�O�X�L�G�¶���D�F�W�V���D�V���L�W�V��shell fluid. The 

coaxial jet forms a Taylor cone when the applied voltage is initiated allowing core-

shell assemblies to form on the collector. It is essential to maintain a controlled 

Taylor cone to ensure good core-shell structure and production. Altering the 

parameters has significant effects on the electrospun scaffold properties, which 

is the focus of current electrospinning research and development. Researchers 

investigate altering parameters of electrospinning systems to allow for the 

Figure 2 �± Basic c oaxial electrospinning setup (Li et al., 2010).  
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fabrication of scaffolds with specific properties making the technique relevant to 

many tissue types as will be discussed in this report (Li et al., 2010). Furthermore, 

coaxial electrospinning is a popular and widely used technique that allows for 

more control over the release rate and properties of a biologically active 

component through fabricated scaffolds. This report will discuss the 

advancements in combining two solutions using coaxial electrospinning 

techniques to produce a single fibre that allows the controlled delivery of an active 

pharmaceutical agent.  

Tissue engineering and drug delivery are important research topics. Tissue 

engineering branches into many essential aspects of regenerative medicine, 

such as bone tissue, cardiovascular tissue, neural tissue, skin tissue, and many 

more, as will be discussed in this report. This makes electrospinning techniques 

crucial in present-day research and development. The components used to 

fabricate fibres vary, which will be highlighted in this report. Coaxial 

electrospinning techniques allow for the fabrication of many different medical 

applications, thus expressing its importance in today's day and age The report 

will explore the topics of coaxial electrospinning techniques and how combining 

polymer and protein solutions can be utilised to control the release rate of an 

active pharmaceutical agent. Through the optimisation of parameters, core/shell 

scaffolds will be fabricated in coaxial systems.  

Electrospinning techniques are constantly advancing. This report will highlight the 

status, what is lacking, and issues associated with electrospinning techniques. 

Many researchers fabricate scaffolds that show promise and potential for 

biomedical applications, which is also subject to discussion in this report. 

However, there are severe limitations to adding active pharmaceutical ingredients 
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due to solubility and release rate issues. Coaxial electrospinning techniques 

overcome these obstacles when fabricating core/shell solutions into a single fibre 

giving significantly greater control over release rates and properties. This report 

will explore these findings and fabricate a stable coaxial scaffold to investigate 

adding active pharmaceutical ingredients to the polymer solution to produce 

advantageous effects in the scaffold. This project will develop coaxial 

electrospinning processes, focusing on incorporating extracellular matrix proteins 

and biologically active components. 
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1.2 AIMS AND OBJECTIVES  

The overall aim of this project is to develop biodegradable scaffold processing 

release rates by employing coaxial electrospinning combinations with 

polycaprolactone (PCL) and gelatin (Gel) biomaterials. By achieving these goals, 

the project aims to contribute to the advancement of tissue engineering and 

regenerative medicine applications. 

�x Investigate solutions for optimised electrospinning stability to fabricate 

nanofibrous scaffolds with synthetic polymers and natural proteins. 

�x Investigate the addition of active pharmaceutical ingredients to the 

polymer matrix to produce advantageous effects in the scaffold. 

�x Develop coaxial electrospinning processes for the controlled release of 

active components incorporating extracellular matrix proteins. 

�x Develop a biodegradable and safe scaffold to promote the healing of 

various tissue types, using coaxial electrospinning techniques with 

synthetic/natural biomaterials; polycaprolactone and gelatin. 

�x Investigate the effects of electrospinning parameters (separation distance, 

flow rates, and drug concentration) on release rates of the active 

pharmaceutical component in coaxial systems. 
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Chapter 2: Literature Review  

2.1 ELECTROSPINNING  

2.1.1 INTRODUCTION TO ELECTROSPINNING  

There have been many delaying factors concerning the clinical use of drugs due 

to various restrictions with drug delivery methods and/or formulation 

characteristics restricting companies from ustyg primary injection as a method of 

drug delivery. Injection allows for immune cells in the bloodstream to clear the 

drug or allow elimination via the kidneys or liver due to their unique physical and 

chemical structure resulting in a short half-life (Jain et al., 2013; Patel et al., 

2014). Another drug delivery method commonly used is oral administration, an 

alternative to injection. Limitations with oral administration include the easy 

degradation of large molecules, especially proteins, in the gastrointestinal tract 

influencing the drug's bioavailability. Large molecular weight and ionisation 

properties can potentially restrict the drug from crossing biological barriers, such 

as blood-brain barriers, significantly reducing the drug's effectiveness. Another 

factor to consider with medicines is instability (Lian et al., 2023). Some 

pharmaceuticals such as insulin, nuclei acid or adenoviral vector vaccine must 

be stored at low temperatures, typically between 2-8 ºC for long periods otherwise 

there is a risk of inactivation (Emond, 2008). Furthermore, drug delivery systems 

suitable for use in medicine are an area in demand. Although the development of 

drug delivery systems can be expensive and risky, new formulations that prove 

to be economically viable and ready for large-scale application can be of value 

by combining biological, pharma-logical, and physiochemical principles (Li et al., 

2019). 
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In the present time, there has been much development in drug delivery systems 

with more of a variety to explore, from inorganic material, lipids and polymer 

material which provide the opportunity to prepare different formulations because 

of their unique advantages (Lian et al., 2023). Drug delivery carriers can achieve 

passive/active targeted drug delivery for drugs with low solubility, fast clearance, 

toxicity, and instability resulting in novel drug formulations igniting interest in 

nanofibers (Luraghi et al., 2021). Nanofibers that are fabricated using 

biocompatible polymers have gained a lot of interest for their versatility, 

efficiency, and unique physio-chemical characteristics. These characteristics 

include large surface areas, small diameters, and a high aspect ratio. For 

example, some nanofibers can target the controlled release of different anti-

tumour drugs such as paclitaxel and cisplatin, to tumour cells, increasing the 

inhibition of tumour cell proliferation and reducing the dose of the drug (Nui, 

2021).  

Electrospinning techniques allow fibres to be formed from natural polymers, 

synthetic polymers, and a combination of both (Tucker et al., 2012). In 1887, C. 

V. Boys developed a torsion balance to measure the density of the earth and the 

universal gravitational constant. The balance needed a reliable suspension fibre, 

encouraging him to use a plate joined onto an electrical machine, a technique 

now known to be electrospinning. He found that he could draw fibres when his 

liquid reached the tip of the plate from several melts observing and then 

controlling the jet by altering the melt temperature to fabricate a formation of 

beaded thread (Tucker, 2012). J. F. Cooley, a well-known inventor, filed the first 

known patent proposal for the process. Instead of charging the liquid polymer 

directly, he created an electric field between two electrodes for the fluid to be 

dropped in. An operator with a rod collected the fibres and then carried them to 
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the reel. He ensured the conditions in the atmosphere were constant by keeping 

the equipment in a chamber collecting the evaporating solvent (Cooley, 1900). 

Furthermore, Formhals is well accredited for his contribution to electrospinning 

via his 22 patents between 1929 �± 1944. His early designs were trialled off a saw-

tooth rotating fibre emitter like a circular saw blade. The charged concentration 

at the end of the tip resulted in the fibres being thrown towards the spinning disk 

when dipped into the liquid. Electrospinning evolved from this idea, but in this 

experiment, a voltage supply and a liquid polymer were not present (Formhals, 

1934). Sir Taylor's research focused on how the droplets of liquid form when an 

electric field is applied. He found that, what we now refer to as a Taylor cone, 

was formed when the liquid droplets were exposed to the charge. Sir Taylor noted 

in his work that a 49.3-degree angle was required to achieve the optimal Taylor 

�&�R�Q�H�� ���7�D�\�O�R�U���� �������������� �,�Q�� �W�R�G�D�\�¶�V�� �G�D�\ and age with the variety of biomaterials 

available, the angle does differ. Achieving the Taylor cone provides scaffolds with 

excellent fibre properties, as explored throughout the report. Figure 3 shows the 

interactions that take place to form a Taylor cone including surface tension, 

electric stresses, and viscous force. 

 

 

 

 

 

Figure 3 �± Schematic of the i nteractions that take place at the T aylor  cone (Physics 
Stack Exchange , n.d .). 
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Characteristics of the electrospun membrane are dependent on the following 

parameters: (Braghirolli et al., 2014) 

�x Solution 

�x Conductivity 

�x Surface Tension 

�x Viscosity 

�x Selection of solvent 

�x Flow rate 

�x Voltage 

�x Environmental conditions (temperature and humidity) 

�x Processing variability 

�x Collector-needle distance 

Figure 4 shows an in-depth schematic of electrospinning processes, more 

specifically the various phases of the charged jet. Parameters are a significant 

part of the electrospinning process. These parameters include but are not limited 

to, the flow rate, the voltage charge and the distance between the collector and 

capillary (Rahmati et al., 2021). Each parameter will be discussed in depth in this 

report. 

 

Figure 4 �± In-depth overview of the electrospinning process; A) Electrospinning 
parameters, B) Schematic of the fibres forming in the Taylor cone (Wang et al ., 2019). 
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2.2 BIOMEDICAL  APPLICATIONS  OF ELECTROSPINNING 

Scaffolds are utilised very broadly throughout tissue engineering covering 

applications ranging from neural tissue engineering to cardiovascular tissue 

engineering. Typical electrospun scaffold applications can be seen in Figure 5 

ranging from use in drug delivery to wound dressing. This section will focus on 

electrospun fibres within biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.1 ELECTROSPUN SCAFFOLDS AND CELLS  

Through the support of structures and biomolecules, tissue engineering uses 

cells to regenerate biological tissues. However, one of the main challenges arises 

when attempting to produce the most appropriate types of tissue to mirror the 

architecture of the extracellular matrix (ECM) (Venugopal et al., 2008). The 

extracellular matrix is an exclusive tissue-specific architectural assembly 

Figure 5 �± Various a pplications of electrospun fibres (Weng et al., 2015) . 

. 



 

12 
 

consisting of a combination of structural and functional proteins which provide 

mechanical support for every organ and tissue. The extracellular matrix is a layer 

for cells to receive signals and contribute to their organisation and content. In 

terms of tissue development and homeostasis, the dynamic exchange and 

interaction between cells and their microenvironment is vital (Brown et al., 2014). 

When a scaffold is placed onto a host tissue, at that point there is an intricate 

interaction occurring between the scaffold and cells. This activity includes protein 

absorption, cell attachment, cell adhesion, cell differentiation, water interaction 

and ultimately extracellular matrix formation. Thus, the scaffold which intends to 

mimic the extracellular matrix plays a vital role in tissue engineering. ECM allows 

for protein absorption, adhesion, and water interaction to occur successfully 

through its structure and properties, particularly the surface properties (Mitchell, 

2015).  

Disease and injury are what cause degeneration and damage to tissue. 

Electrospinning techniques aim to replace these tissues and allow the body to 

function in the same way it would ordinarily. Scaffold rejection can cause many 

problems for a patient as rejection requires further treatment/surgery, which 

proves costly and inefficient. One of the main causes of scaffold rejection in the 

body is rejection by the immune system and disease/infection (O'Brien, 2011).  

Using fabricated electrospun fibre mats as a platform to control drug release 

properties in drug delivery systems is a growing interest within modern 

biomaterials (Bulbul et al., 2019). Electrospinning techniques are the most 

frequently used method of drug-loading nanofibers, as they allow the fabrication 

of nanofibers on an industrial scale. Coaxial electrospinning techniques produce 

solid core-shell fibres that allow the loading of multi-compatible drugs permitting 

control of overall release kinetics and the initial burst release providing 
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sustainable prolonged drug release. Coaxial techniques can be classified as 

multi-matrix systems allowing for the drug to be integrated into any of the layers 

(core/shell) ���.�D�M�G�L�þ���H�W���D�O���������������������9�D�U�L�R�X�V���V�W�U�D�W�H�J�L�H�V���F�D�Q���E�H���X�V�H�G���W�R���F�R�Q�W�U�R�O���G�U�X�J��

release such as blending the drug with a biomaterial with high degradation 

capabilities to accelerate the rate of degradation. Furthermore, a biomaterial with 

low degradation capabilities can decelerate the rate of degradation.  Altering the 

morphology of such biomaterials loaded with the drug can also allow for the 

acceleration of degradation in vivo and in vitro. The porosity and morphology of 

electrospun membranes can be associated with polymer weight, weight 

distribution and architecture. Solvent properties such as solution concentration, 

viscosity, surface tension and conductivity, and process parameters such as 

electric potential, flow rate and concentration, deposition distance, and deposition 

time can also influence the scaffold morphology and porosity. The way the active 

ingredient is incorporated into the electrospun mats also affects its kinetic release 

(Kundrat et al., 2019).  

There and many techniques for loading the drug into electrospun fibres such as 

drug and carrier blending, placing the drug onto the surface of the nanofibers, 

drug encapsulation into tubular carrier polymers and the drug being independent 

of the carrier. Furthermore, the final release of the drug can be manipulated by 

controlling the properties of the drug loading method, the drug, and the carrier 

polymer. This can be achieved by varying processes and formulation parameters. 

The actual release from the fibres is attributed to the polymer concentration, 

polymer degradation control, subsequent diffusion, desorption, and dissolution. 

Other drug loading methods include embedding, coating, and encapsulating, of 

which the methods can be physical-chemical or physical and chemical (Cheng et 

al., 2018). Figure 6 shows a schematic of gradual drug release from nanofibers. 
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2.2.2 ELECTROSPUN SCAFFOLD FOR TISSUE ENGINEERING  

Electrospun scaffolds in tissue engineering saw potential market 

commercialisation in the 1990s due to their sensational improvements since they 

were first introduced for tissue engineering in the 1970s. Scaffolds must be 

biocompatible so the membrane can fuse with the human body without rejection. 

When the body rejects the scaffold, it can cause infection and will need to be 

replaced, thus costing money, and proving counterproductive. Scaffold rejection 

can be caused by a variety of factors. For example, if the scaffold fails to mimic 

the part of the body it has been fabricated to mimic the scaffold may face 

rejection. The size of the scaffold is important to consider as well as, the 

mechanical properties. Without the appropriate mechanical properties, the 

�V�F�D�I�I�R�O�G�� �F�D�Q�Q�R�W�� �V�X�S�S�R�U�W���W�K�H�� �E�R�G�\�¶�V�� �I�R�U�F�H�V�� �U�H�V�X�O�W�L�Q�J�� �L�Q�� �O�R�Z��biocompatibility. The 

ideal scaffold must have high biocompatibility (Jones, 2005). Biomaterials such 

as biopolymers can be electrospun into mats with specific fibre arrangement and 

Figure 6 �± Schematic of the r elease of drug components from electrospun nanofiber s 
(Torres -Martinez et al ., 2018). 



 

15 
 

structural integrity for application in tissue engineering and drug delivery. The 

cost-effectiveness of polymer materials and the ease of processability are vital 

within the biomedical industry thus their wide used in many applications. Methods 

like nanoscience and nanotechnology used on scaffolds are expanding the 

market for drug delivery and tissue engineering (Venugopal et al., 2008).  

2.2.3 REGENERATIVE MEDICINE - TISSUE ENGINEERING AND 

DRUG DELIVERY  

Tissue engineering is a fast-approaching method that combines engineering 

ideas and biological concepts to maintain, restore, or replace tissue function 

(Langer and Vacanti, 1993). The production of tissues in a laboratory, with the 

help of biologically active molecules, has resulted in advancements in 

bioengineering, including cell growth, stem cells and cell differentiation (Mitchell 

and Davis, 2011). Tissue engineering has surfaced as an alternative solution to 

replace failing organs and tissue ahead of modern advances in medicine, 

bringing about prosthetics and mechanical devices. Failure of organs and tissue 

is high in numbers mainly because of either trauma or disease. This is because 

prosthetics and mechanical devices tend not to give long-term solutions. Tissue 

engineering has proved promising in trials, and the approach concentrates on 

developing organs and tissue in a laboratory environment (Harrison et al., 2014). 

Tissue engineering and regenerative medicine provide the scope to deal with 

healing challenges from diseases or conditions which previously may have been 

labelled as incurable (Mansour et al., 2023). 

Within tissue engineering and regenerative medicine, various materials are used 

to fabricate scaffolds. The choice of material is determined by the purpose of the 

scaffold. For example, some polymers prove to have more mechanical strength 
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than others. Moreover, the scaffold requirements for bone tissue engineering are 

different to those of nerve tissue engineering.  

2.2.3.1 BONE TISSUE ENGINEERING 

Bone tissue engineering focuses on combating the limitations of conventional 

bone disease treatments. It is a requirement for the tissue to provide secure 

mechanical support, withstand load bearing and rapidly respond to metabolic 

demand due to it being a vascularised tissue (Akter and Ibanez, 2016). When 

fabricating tissue for bone tissue engineering, it is essential to focus on 

resembling the same physical properties of bone, including the overall 3D 

construction of the bone, the tensile strength, porosity, and hardness. The 

preferred pore size should be between 100 - 350 micrometres with porosity larger 

than 90% (Hutmacher, 2000). Figure 7 shows a schematic of scaffold-base bone 

tissue engineering by combining ceramic scaffolds/polymer matrices with/without 

cells or bioactive molecules for bone, cartilage, or osteochondral defects. 

 
Figure 7 - Schematic representation of bone tissue engineering  by combining ceramic 

scaffolds/polymer m atrices with/without cells or bioactive molecules for bone, 
cartilage, or osteochondral defects  (Kumar et al ., 2019). 
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Figure 8a shows a schematic of bone tissue consisting of a hierarchical structure 

ranging from nano to macro level. Figure 8b shows compact bone, which is 

essential for maintaining mechanical properties, containing central tube 

structures referred to as the Haversian system, which houses blood vessels. This 

dense structure protects the spongy tissue within the spongy bone, which is found 

internally facilitating intercommunication between tissue, featuring a porous 

assembly of trabeculae, primarily located at the bone ends. Nutrients and 

metabolite transfer is aided by its high porosity where approximately 25% - 30% 

of the bone matrix consists of type I collagen with smaller proportions of type III 

and IV. The remaining mass (approximately 65% - 70%) consists of substances 

such as calcium and phosphate (Xu et al., 2024). 

Yoshimoto et al. (2003) fabricated non-woven PCL scaffolds using 

electrospinning techniques to find after seeding the scaffold with mesenchymal 

stem cells (MSCs), derived from the bone marrow of neonatal rats, the scaffold 

exhibited potential for use in bone tissue engineering. Their finding concluded 

that after leaving the cell-polymer scaffold to culture for up to four weeks the size 

Figure 8 - A) Schematic diagram of bone tissue structure from macro to nano level.  B) 
Schematic diagram of  the  macrostructure of bone (Xu et al ., 2024). 
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and shape of the original scaffolds were preserved. After one week, the cell 

penetration and extracellular matrix were observed. After four weeks, it could be 

seen through the scanning electron microscope (SEM) that the scaffold was 

covered with cell multilayers. The mineralisation and type I collagen were also 

observed (Yoshimoto et al., 2003). To conclude their work shows potential for 

seeding MSCs on PCL polymer material and successful preservation of a 

bioactive agent which helps support the use of PCL in correlation with the aims 

and objectives of this project.  

2.2.3.2 CARDIOVASCULAR TISSUE ENGINEERING 

Figure 9 shows a schematic of different cardio tissue engineering applications 

including 3D disease modelling, cardiac regeneration and cardiotoxicity 

screening and drug development (Cho et al., 2021). 

 

Figure 9 �± Schematic of a pplications of cardiac tissue engineering including 3D disease 
modelling, cardiac regeneration and cardiotoxicity screening and drug develo pment  

(Cho et al ., 2021). 



 

19 
 

Cardiovascular diseases are one of the leading causes of illness, disease, and 

death worldwide. Tissue engineering has gained a considerable amount of 

interest within cardiovascular tissue engineering due to the development of small-

diameter vascular grafts (TEVGs) for treating coronary disease. Ardila et al. 

(2019) focused on fabricating biodegradable TEVG grafts that promote the 

infiltration and growth of vascular smooth muscle cells (SMCs) by successfully 

integrating �7�*�)����  (transforming growth factor-beta 2) into tubular electrospun 

scaffolds, varying polycaprolactone and gelatin (PCL/Gel) ratios. They observed 

a differential release profile reliant on the ratio of PCL/Gel. The increase in Gel 

content led to an increase in �7�*�)����  elution, likely due to Gel degradation. The 

release of �7�*�)����  experienced biological activity, influencing SMC proliferation, 

and promoting cell density and infiltration in culture. The scaffolds had porous 

nonwoven architecture suitable for tissue ingrowth. The results demonstrated that 

�W�K�H�� �U�H�O�H�D�V�H�� �R�I�� �7�*�)������ �F�D�Q�� �E�H�� �W�X�Q�H�G�� �W�K�U�R�X�J�K�� �W�K�H�� �U�D�W�L�R�� �R�I�� �V�\�Q�W�K�H�W�L�F�� �D�Q�G�� �Q�D�W�X�U�D�O��

polymers in electrospun blends and that this method can control the SMC 

response in PCL/Gel scaffolds allowing for the tailored �7�*�)���� -loaded conduits 

gathering interest for cardiovascular tissue engineering applications (Ardila et al., 

2019). Their work exhibited the benefits and optimal results from combining and 

manipulating natural/synthetic polymers and their ratios showed promise in 

controlling release rates which correlates with the aims and objectives of this 

project. 

2.2.3.3 NEURAL  TISSUE ENGINEERING 

Peripheral nerve injuries, often caused by accidental damage, autoimmune 

diseases or iatrogenic damage pose major challenges concerning the successful 

regeneration of a damaged peripheral nervous system which can result in 

disability in motor and sensory function. Neural tissue engineering offers a 
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promising approach to support axon (portion of a nerve cell (neuron) that carries 

nerve impulses away from the cell body) regeneration which is vital to peripheral 

nerve injury repair and establishing effective connections in damaged peripheral 

nervous systems. Tissue engineering enables a supportive environment for 

neural cell growth and offers tailored therapies for neurological disorders and 

injuries, unlike conventional surgical methods, such as autografts and suturing. 

Additionally, tissue engineering provides a solution to donor site complications 

allowing for modified treatments linked with individual needs. 

In neural tissue engineering, it is an essential requirement for the biomaterials to 

have high conductivity and customised structures to promote nerve regeneration. 

This can be achieved through combining synthetic and natural polymer 

combinations. Han et al. (2024) used digital light processing (DLP) printing to 

create complex hydrogel structures using gelatin methacryloyl (GelMA) and 

chitosan (CS), integrating Poly(3,4-ethylene dioxythiophene) (PEDOT) 

nanoparticles via interfacial polymerisation to establish conductive pathways 

within the hydrogel. PEDOT has excellent chemical stability and biocompatibility. 

They observed significantly enhanced electrical conductivity and mechanical 

properties of the GelMA/CS hydrogel while maintaining printed details with the 

addition of PEDOT. In vitro, results displayed enhanced cell proliferation and 

axon outgrowth of pheochromocytoma cells (PC12) and Schwann cell cultures 

on GelMA/CS-PEDOT hydrogels, with additional promotion of axon elongation 

under direct current electrical stimulation. In vivo experiments on a rat sciatic 

nerve defect validated the efficacy of the GelMA/CS-PEDOT scaffold in 

peripheral nerve injury repair, emphasising its potential in neural tissue 

engineering (Han et al., 2024). Although their work was based on hydrogels, it is 
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still vital to observe how combining a synthetic polymer with protein-based 

scaffold hydrogels can enhance overall scaffold properties. 

Furthermore, Zhu et al. (2015) used electrospinning and electrospraying 

techniques to fabricate a highly aligned PCL network and adjustable bioactive 

factor embedded poly-lactide-co-glycolide (PLGA) core-shell nanosphere. 

Electrospraying involves the dispersion of a liquid precursor into droplets under 

the influence of an electric field. These droplets are then propelled towards a 

collector where they solidify into fine particles. The results showed that the 

nanosphere exhibits cell-friendly nanostructured features and improved 

hydrophilic demonstrating a significant increase in cell proliferation of rat PC-12 

cells on the scaffold. Their analysis on the confocal microscope verified enhanced 

neurite length and directed extension along the fibres in both PC-12 and astrocyte 

cell lines, suggesting the scaffold is promising for guiding neural tissue growth 

and regeneration (Zhu et al., 2015). It was demonstrated that the benefits of 

combining synthetic polymers to fabricate and enhance steady scaffold 

properties. 

2.2.3.4 SKIN TISSUE ENGINEERING 

Skin tissue engineering focuses on restoring the dermis and epidermis layers of 

the skin. Vivo and in vitro are two procedures that are used within tissue 

engineering. In vivo refers to the tissue engineering that occurs in a living 

organism, whereas in vitro refers to the growth of a cell layer outside of a living 

organism (Godbey and Atala, 2002). Figure 10 shows a schematic of skin tissue 

engineering including scaffold types, cell types and signalling factors. 
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Pezeshki-Modaress et al. (2018) outlined the potential use of nanofibers 

containing natural polymers such as protein and polysaccharides in tissue 

engineering. They fabricated Gel/CS electrospun nanofibers studying the role of 

chitosan under optimised conditions. A variation in Gel/CS blend ratios was used 

to better understand the performance of chitosan in the electrospun scaffolds. 

They cultured human dermal fibroblast cells (HDF) on the nanofibers. Evaluations 

in terms of attachment, morphology and proliferation were conducted to assess 

the influence of the chitosan ratio on the biocompatibility of the Gel/CS scaffolds 

for skin tissue engineering.  The HDF cells showed pole-like shapes and 

stretched on the highly porous Gel/CS scaffold whilst having attached and spread 

well on the scaffold, with the fibres maintaining morphological properties after 7 

Figure 10 - Schematic of skin tissue engineering scaffold types, cell types and signalling 
factors  (after Kaviani et al ., 2023). 
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days in the cultured medium. After qualifying cell proliferation on the Gel/CS 

scaffold by MTS assay (a method to assess cell proliferation, cell viability and 

cytotoxicity), the data indicated the positive effect of chitosan content, (around 

30%) on the biocompatible (cell proliferation and attachment) substrates 

(Pezeshki-Modaress et al., 2018). Figure 11 shows the results delivered by 

Pezeshki-Modaress et al. (2018) including SEM images before and after cell 

seeding.  To conclude, the method of understanding the ratio of the 

protein/natural polymer plays a huge part and has potential when observing cell 

proliferation. The uses of such protein show the ability to have positive effects on 

biocompatibility. 

 

 

 

 

 

 

 

 

 

 

 

Wound infections are still a major challenge in the repair of various skin-based 

injuries. Soleiman-Dehkordi et al. (2024) used synthetic/natural electrospun 

PVA/Gel-based scaffolds to provide a novel wound dressing with Tanacetum 

polycephapum essential oil (as a natural antibacterial and anti-inflammatory 

Figure 11 �± Electrospinning  of scaffold, SEM image of fibres,  cell seeding process  and 
SEM image of fibres with HDF cells present  (Pezeshki -Modaress et al., 2018).  
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agent), along with amoxicillin (AMX) (an antibiotic) individually and then in 

combination. They found that the essential oil and AMX-loaded scaffolds 

eliminated 99.9% of bacteria compared to their control PVA/Gel nanofibers. Their 

research indicated that the design of combining synthetic/natural nanofibrous 

scaffold showed potential for its use in wound treatment due to the positive effects 

on angiogenesis, collagen deposition, granulation tissue formation, 

epithelialisation, and wound closure (Soleiman-Dehkordi et al., 2024).  

Furthermore, wound healing is a complex method where the body reacts to low 

cellular structures triggered by different traumatic injuries. Among many synthetic 

polymers that are electrospun to provide suitable fibres for wound healing, PCL 

is appropriate for wound dressing applications due to its biodegradability, 

biocompatibility, mechanical structure, and structural stability. Using coaxial 

electrospinning and emulsion methods, Su et al. (2021) produced samples with 

PCL/polyethene oxide (PEO) loaded with hyaluronic acid (HA) and keratin (KR) 

individually. They found that they could combine hydrophobic and hydrophilic 

polymers using electrospinning techniques to their advantage. The samples 

showed that the core-shell fibre morphology was visible, there were no cytotoxic 

effects and the fibre structure increased cell proliferation and cell viability when 

incorporated with HR and KR. Their work exhibited the benefits of using HR and 

KR using emulsion and coaxial electrospinning methods in applications for wound 

healing as well as the use of a combination of synthetic polymers (Su et al., 2021). 

A prolonged healing process in the treatment of skin injuries can be caused by 

bacterial infection and damage caused by dressing removal. Thanh et al. (2018) 

aimed to enhance the antibacterial performance of PCL electrospin scaffolds 

while reducing wound-scaffold adhesion by coating them with silver nanoparticles 

embedded in Gel using a multi-immersion technique. Plasma was applied to the 



 

25 
 

PCL scaffold to improve hydrophilicity. SEM characterisation showed that the 

thickness of the Gel layer on the electrospun PCL membrane increased 

proportionally with the number of coating times. In vitro and in vivo studies 

demonstrated that increasing the number of Gel coating times corresponded to 

greater antibacterial properties of the membrane, while also preventing adhesion 

to the wound site upon removal. Their finding suggests that the multicoating 

technique can effectively optimise the antibacterial properties of the electrospun 

PCL/Gel scaffold while mitigating removal-induced damage (Thanh et al., 2018).  

To summarise, various tissue applications require a suitable scaffold composite 

in which cells can proliferate, differentiate, and drug release can be controlled 

expressing the importance of optimising scaffold properties in coaxial systems. 

The section has provided examples of how combining synthetic and/or natural 

polymer combinations has optimised scaffold properties for specific tissue types. 

It is therefore of interest to explore the optimisation of coaxial electrospinning 

combinations of natural/synthetic polymers for controlled drug release of an 

active pharmaceutical component. The project tackles the issues faced with the 

solubility of Gel and optimisation in PCL coaxial systems focusing on release rate 

properties. The literature in this section has shown how several tissue 

applications have various scaffold requirements, it is, therefore, appropriate to 

further optimise the scaffolds and process parameters to fabricate scaffolds with 

a variety of properties. 
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2.3 MATERIALS AND SCAFFOLDS  

2.3.1 POLYMERS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The three main groups of biomaterials used in tissue engineering consist of 

natural polymers, synthetic polymers, and ceramics. As each biomaterial group 

has its advantages/disadvantages they allow for the manipulation of biomaterial 

properties when fabricating scaffolds (Lett et al., 2021).  Figure 12 shows a 

breakdown of the categorisation of biomaterials for scaffolds. Biomaterials for 

scaffolds are split into two main areas, natural biomaterials which include proteins 

and polysaccharides and synthetic biomaterials including polymers and 

ceramics. 

Figure 12 �± Schematic of s caffold biomaterial categorisation  into polymer, ceramic, 
protein and polysaccharide groups  (after Alaribe et al ., 2016). 

. 
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2.3.1.1 NATURAL  POLYMERS 

Natural polymers are identified as materials that widely occur in nature or are 

derived from plants and animals (Pawelec et al., 2019). Natural polymers, 

composed of long chains of repeated covalent bonded groups, such as 

nucleotides, amino acids, or monosaccharides, are characterised by their bio-

functional properties, which ensure bioactivity, biomimetic nature, and natural 

restructuring. Natural polymers are known to have 3D geometry, antigenicity, 

non-toxic by-products of biodegradation, and intrinsic structural resemblance. 

Furthermore, these properties show advantageous uses of natural polymers, 

however, limitations restrict their application in hard tissue engineering. These 

limitations include microbial contamination (endotoxins), reduced tunability, 

immunogenic reactions, uncontrollable degradation rates, and poor mechanical 

strength. Moreover, natural polymers play a significant role in tissue engineering, 

more specifically, in the manufacturing of therapeutic agent delivery. Current 

research aims to overcome the limitations of natural polymers and develop their 

inherited bioactivity, biocompatibility, and bio-absorbability to enhance various 

therapeutic approaches. Several naturally derived polymers demonstrate 

promising potential in the biomedical field due to their diverse properties and 

functionalities that can be leveraged for a wide range of biomedical applications 

(Reddy et al., 2021). 

2.3.1.1.1 PROTEINS/PEPTIDES 

Protein/peptide-based natural polymers include collagen, fibril, fibrinogen, 

gelatin, silk, elastin, myosin, keratin, and actin. Protein/peptides are types of 

natural polymers derived from naturally occurring �.-L-amino acids with peptides 

consisting of shor�W�H�U���F�K�D�L�Q�V�����”���������D�P�L�Q�R���D�F�L�G�V�����Z�K�L�O�H���S�U�R�W�H�L�Q�V���F�R�Q�V�L�V�W���R�I���O�R�Q�J�H�U��
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�F�K�D�L�Q�V�����•���������D�P�L�Q�R���D�F�L�G�V�������7�K�H�V�H���P�D�F�U�R�P�R�O�H�F�X�O�H�V���D�U�H���Y�L�W�D�O���L�Q���D�O�O���O�L�Y�L�Q�J���V�\�V�W�H�P�V����

constituting over 50% of the dry cell weight in mammals. Amino acids in proteins 

and peptides are connected through hydrolytically stable amine bonds that are 

typically degraded by enzymatic reactions. Limited processability presents a 

significant challenge, as well as intrinsic immunogenicity on protein/peptide-

based scaffolds which could trigger an immune response in the patient, 

potentially leading to adverse reactions, and limiting their use as the primary 

material in commercial biomedical implants. Despite these challenges 

proteins/peptides have spurred considerable interest in utilising biomaterials for 

tissue engineering products and medical implants due to their exceptional 

biological properties. However, most proteins/peptides have limited use in 

applications such as bone regeneration or medical implants due to the 

mechanical properties required for these applications (Reddy et al., 2021). 

2.3.1.1.1.1 Collagen  

Collagen, a natural protein/polymer, is vitally utilised in many different human 

tissues within tissue engineering. These tissue types include tendon, bone, 

cartilage, skin, and cornea. There are 29 variations of Collagen in the present 

day, amongst which the most investigated is Type I. The arrangement and 

structure of collagen fibres play a vital role in stimulating cell adhesion, migration, 

proliferation, and secretion of the extracellular matrix. Collagen fibres are usually 

arranged with a complex structure within the body. For example, the complex 

structure of collagen fibres �L�Q���E�R�Q�H���K�D�V���D���V�L�J�Q�L�I�L�F�D�Q�W���H�I�I�H�F�W���R�Q���E�R�Q�H�¶�V���P�H�F�K�D�Q�L�F�D�O��

properties and physical functions. Although oriented collagen fibres can induce 

cells to produce an extracellular matrix with oriented structures and encourage 

the growth of new bone, the complex arrangement of the collagen fibres in bone 

causes a massive challenge in the repair and bionics of bone tissue (Ma et al., 
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���������������7�\�S�H���,���&�R�O�O�D�J�H�Q���L�V���Z�L�G�H�O�\���X�V�H�G���L�Q���W�R�G�D�\�¶�V���F�O�L�Q�L�F�D�O���S�U�D�F�W�L�F�H���D�Q�G���L�V���J�H�Q�H�U�D�O�O�\��

obtained either from cultured cells or extracted from native tissue. Collagen, the 

extracellular matrix�¶�V���P�D�L�Q��component, makes up 1/3 of the protein in the body. 

Mechanical properties of tissue in bone, skin, tendon, and cartilage for collagen 

vary due to differences in structural parameters. These parameters include 

density, packing, degree of cross-link and orientation (Cheema et al., 2011). 

Tissue types determine the amount/type of collagen present in the extracellular 

matrix. The proteins within the collagen network provide high mechanical strength 

and a 3D fibrous system. The 3D network facilitates adhesion to the 

bone/chondrocyte cell matrix within the extracellular matrix because of various 

polysaccharides like hydrogels that collagen is supplemented with (Stodolak-

Zych et al., 2020). Figure 13 shows a schematic of collagen-based therapeutic 

approaches. 

 

Figure 13 - Schematic of collagens biophysical properties, cells, factors, applications, 
and neurological diseases (Huang et al ., 2023). 
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Collagen I, prevalent in skin, bone, tendon, and other tissues, differs from 

Collagen II which is restricted to cartilage. Collagen III is prevalent in elastic 

tissues like the lung and blood vessels. Type I, II, and III collagens vary in 

structure and tissue distribution. Type I collagen forms thick fibres for high tensile 

strength. Conversely, Type II collagen creates thinner fibres to withstand 

compressive forces in joints. Type III collagen, coexisting with Type I, contributes 

to tissue elasticity, prevalent in blood vessels and hollow organs. While Type I 

and III collagens share fibrillar similarities, Type II collagen's unique arrangement 

suits cartilage function. These differences reflect their specialised roles in tissue 

integrity, strength, and flexibility. Its diverse distribution allows for collagen to be 

a fundamental component in tissue engineering offering adaptability across 

various functions and properties due to its complex hierarchical structure (Huang 

et al., 2023). 
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2.3.1.1.1.2 Gelatin  

Gelatin, present in bone and skin, is derived from collagen, specifically the most 

abundant collagen type, type I. It is made of hydrolytic degradation of protein from 

collagen. �*�H�O�D�W�L�Q�¶�V unique structure of amino acids helps the natural protein 

deliver many medical benefits allowing for its exploration as a component for 

nanofibrous scaffolds and as a 3D matrix for cell culture. A boiling state or a 

hydrolysis reaction is required to derive gelatin from collagen, an extraction 

process creating a gelling agent famously used in food production, as a 

colourless and flavourless substance is derived.  

 

 

 

 

 

 

 

 

 

 

Figure 14 - Schematic of the hydrolysis mechanism deriving gelatin from collagen  
showing (a) the primary amino acid sequence of collagen I  and (b) the triple -helix 

structure of collagen I  (El-Seedi et al ., 2023). 
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Figure 14 shows a schematic of the hydrolysis mechanism deriving gelatin from 

collagen. During processing, although increasing temperatures cause gelatin to 

dissolve its structure into colloids, temperatures lower than 35 �± 40 ºC cause the 

structure to solidify into a gelatinous state. Continued boiling of the aqueous 

solution of gelatin triggers the solution to decompose, changes that are 

irreversible upon cooling. Moreover, relative molecular mass distribution differs 

in the viscosity and gel strength of gelatin potentially affected by the state of 

electrolyte, pH, and temperature. For applications within tissue engineering or 

drug delivery, gels are required to stay stable before being dissolved for a certain 

period, a limitation in using gelatin alone. Consequently, to solve this problem 

and to stabilise the gelatin gels, chemical or enzymatic crosslinking shows 

promise. Moreover, jell force, affinity, high dispersibility, low viscosity 

characteristics, dispersion stability and water retention are all extremely good 

physical properties of gelatin (Alipal et al., 2021). Collagen comprises three 

polypeptide chains where the inner chain hydrogen bond is formed by a stable 

triple helix structure, stabilised in structure, and intertwined as seen in Figures 14 

and 15. Gelatin extraction occurs when adequate swelling and collagen 

solubilisation occurs when appropriate chemical pre-treatment disrupts non-

covalent bonds. The triple-helix structure tends to break up unravelling the chain, 

followed by the detachment of molecules into smaller parts tends to be the result 

of the destruction of hydrogen and hydrophobic bonds (Sockalingam et al., 2016). 
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Thus, collagen can be transformed into soluble gelatin by disrupting the hydrogen 

and covalent bonds that stabilise the triple-helix structure, resulting in it adopting 

a coiled form and becoming soluble gelatin (Hosseini et al., 2015). Figure 15 

exhibits a schematic of the interactions that take place on collagen during the 

hydrolysis process. 

Current research focuses on combining natural/synthetic polymers with various 

properties to develop a single scaffold (Lee, 2021). Vashisth et al. (2018) aimed 

to design a hybrid scaffold focusing on bones' natural architecture with favourable 

interconnected porous structure, nanoscale feature and mechanical strength to 

mimic the osteon structure and enhance alkaline phosphatase (ALP) activity 

along with calcium deposition. They used coaxial electrospinning techniques to 

fabricate PCL/Gel/HA core/shell scaffolds coiling them tightly into a ring to mimic 

osteon incorporation into a gelatin-based hydrogel. SEM and TEM 

characterisation revealed that the hybrid scaffold comprises coiled rings of 

nanofibers within a highly porous hydrogel matrix, exhibiting structural 

resemblance to osteons (Vashisth et al., 2018). Saikiewicz and Kolbuk (2014) 

reviewed the high-order structures of gelatin scaffolds focusing on the 

Figure 15 �± Schematic of the t ransition of collagen to Gel in solution and gel form 
(Fegan, 2020). 
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�I�X�Q�F�W�L�R�Q�D�O�L�W�\���E�L�R�D�F�W�L�Y�L�W�\���� �7�K�H�\�� �I�R�X�Q�G�� �L�Q�G�L�F�D�W�L�R�Q�V�� �R�I�� �S�R�W�H�Q�W�L�D�O�� �I�R�U�� �.-helix 

conformation during electrospinning along with ways of further stabilisation. It is 

naturally assumed that partial renaturation of gelatin, from the perspective of the 

bioactivity of scaffolds, resulted in the appearance of the native helix 

conformation. Using electrospinning techniques gelatin proves a cheaper 

alternative than electrospinning native collagen (Saikiewicz and Kolbuk, 2014). 

To summarise, gelatin can be used as a substitute for collagen, providing a 

cheaper method of using protein-based biomaterials, providing biocompatibility 

and bioactivity, and sharing similarities with the natural extracellular matrix. 

2.3.1.1.2 POLYSACCHARIDE S 

Polysaccharide-based polymers include chitin, chitosan, alginate, hyaluronic 

acid, cellulose, agarose, dextran, and glycosaminoglycans. Polysaccharides, 

another class of naturally occurring polymers, consist of various units of 

monosaccharide or disaccharide chains such as starch and cellulose resulting in 

an extensive selection of structurally diverse polysaccharides, as numerous 

distinct saccharide isomers are combined through different chemical bonds. In 

terms of diversity and heterogeneity, polysaccharide chemistry exhibits a 

richness comparable to that of protein. As a result, various 

saccharides/polysaccharides play a significant role in fine-tuning cellular 

environmental responses. Polysaccharides can be categorised into structural 

polysaccharides, including cellulose in plants and chitin in crustacean shells, and 

storage polysaccharides consisting of starch and glycogen. Some disadvantages 

of using natural polysaccharides-based scaffolds include their distribution, 

branching and sequence of molecular weight which are not consistent and may 

harm biorecognition events and rheology. Furthermore, many naturally occurring 

polysaccharides are not readily biodegradable. Subsequently, without further 
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chemical modification, polysaccharides are not the primary biomaterial choice for 

biomedical applications (Reddy et al., 2021). 

2.3.1.1.2.1 Cellulose  

Cellulose, extracted from plant sources, such as wood and cotton, is the primary 

structural component of plant cell walls. This makes it of huge interest for use in 

tissue engineering because of its accessibility, and affordability. Celluloses�¶ 

adjustable properties, which offer excellent mechanical strength and flexibility 

enable the promotion of properties including mechanical strength and 

accelerating in vitro degradation facilitating the creation of bone-like structures 

supporting its use in bone tissue engineering. Recent research has seen huge 

interest in efforts to improve cellulose scaffolds as pure cellulose is non-

biodegradable in the human body limiting its clinical application in bone tissue 

engineering. It is broadly understood that the incorporation of organic phases into 

cellulose matrices enhances the mechanical strength, biomineralization and 

stimulated osteogenic differentiation, verifying that cellulose-based composites 

are significantly better than those of pure cellulose materials (Mohammadi et al., 

2023). 

2.3.1.1.2.2 Chitosan  

Chitosan can be obtained through the deacetylation of chitin, the second most 

abundant natural polymer. The deacetylation process of chitin involves treating 

chitin with strong alkaline conditions, typically using a concentration solution of 

sodium hydroxide or potassium hydroxide. In this process of hydrolysis, the acetyl 

groups attached to the glucosamine units in chitin, result in the conversion of 

chitin to chitosan. The materials typically require at least 60% of the acetyl groups 

removed for them to be considered chitosan, leaving behind D-glucosamine 

residues (Croisier et al., 2013). Its unique properties, such as biocompatibility, 
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biodegradability and non-toxic properties find its potential applications in diverse 

fields such as biomedicine and protective clothing. Furthermore, chitin and 

chitosan offer easier modification compared to cellulose owing to their NH2 

groups, allowing for the development of various derivatives aiming at enhancing 

solubility and chemical reactivity. Chitosan exhibits interesting biology, 

pharmacology and physiology and has various applications in wound healing, 

wound dressing, homeostatic agency, and antimicrobial activity. Although 

chitin/chitosan lacks in solubility and small surface area, the polysaccharides are 

still used in application areas such as medical, agricultural, food processing, 

nutritional enhancement, cosmetic, and waste and water treatment due to their 

many attractive properties (Ibrahim et al., 2023). 

2.3.1.1.2.3 Hyaluronic Acid  

Hyaluronic acid (HA), a linear polysaccharide, is highly biocompatible due to its 

abundant presence in the extracellular matrix. As a glycosaminoglycan, it can be 

found in various regions of the body's extracellular matrix tissue and is 

significantly increasing interest in biomaterial research, with applications ranging 

from tissue culture scaffolds to cosmetic materials, due to its highly desirable 

physical and biochemical properties. In connective tissue, hyaluronic acid plays 

a crucial role in cell growth, cell differentiation, and lubrication containing 

functional groups such as carboxylic acids and alcohols, which can be utilised to 

incorporate functional domains or develop hydrogels. Hyaluronic acid provides a 

novel type of tissue engineering scaffold that is both bioactive and biodegradable 

exhibiting low non-specific protein absorption and can be customised to promote 

tissue growth and repair through interactions with cell receptors (Reddy et al., 

2021). 
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2.3.1.2 SYNTHETIC POLYMERS 

Synthetic polymers offer numerous advantages over natural polymers, including 

tuneable properties, diverse forms, and well-established structures providing 

support for restoring damaged or diseased tissue structure and function. 

Polymerisation, interlinkage, and functionalisation are processes in which 

synthetic polymers can easily be synthesised, allowing for control over molecular 

weight, structure, and physical and chemical properties. However, synthetic 

polymers lack cell adhesion sites, but their properties can be enhanced through 

chemical modifications to promote cell adhesion. Many commercially available 

synthetic polymers exhibit physiochemical and mechanical characteristics like 

biological tissue. Biodegradable synthetic polymers can be fabricated under 

controlled conditions. This allows for the predictability and reproducible 

mechanical and physic�D�O�� �S�U�R�S�H�U�W�L�H�V���� �L�Q�F�O�X�G�L�Q�J�� �V�W�U�H�Q�J�W�K���� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V���� �D�Q�G��

rate of degradation. The most extensively studied degradable synthetic materials 

consist of poly(V-hydroxy esters) such as polycaprolactone (PCL), polyglycolic 

acid (PGA), polylactic acid (PLA), and their copolymer polylactic-co-glycolic acid 

(PLGA), as well as poly(ether) like polyethene (PEO), poly (ethylene glycol) 

(PEG), polyvinyl alcohol (PVA) and polyurethane (PU). Although varied levels of 

biodegradability, biocompatibility, and mechanical properties are found in these 

polymers, no single polymer exhibits all three properties optimally. Moreover, 

developing new synthetic materials with improved properties for biomedical 

�D�S�S�O�L�F�D�W�L�R�Q�V�� �L�V�� �D�� �I�R�F�D�O�� �S�R�L�Q�W�� �L�Q�� �W�R�G�D�\�¶�V�� �U�H�V�H�D�U�F�K��(Reddy et al., 2021). 

Polycondensation refers to the process in which polymers are formed through the 

condensation of organic materials, resulting in the release of small molecules. 

This type of condensation polymerisation involves chemical combinations of 

monomer molecules and/or lower molecular weight polymers, leading to the 
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formation of longer chains with high molecular weight (Bhat et al., 2014). Ring-

opening polymerisation is a viable method of synthesising eco-friendly and 

biodegradable polymers. The process is catalysed by a transition metal catalyst 

often in the form of alkoxide, although rare-earth metals and organic catalysts are 

also a viable option (Gong et al., 2024). 

2.3.1.2.1 POLYLACTIC  ACID 

Polylactic acid is a thermoplastic aliphatic polyester that can be sourced from 

natural, renewable materials. It is one of the top biopolymers used in biomedical 

applications due to its advantageous properties such as biocompatibility, 

biodegradability, and robust thermal and mechanical properties. PLA electrospun 

fibres exhibit a large surface area and high porosity with small pore sizes and 

appropriate mechanical properties, mimicking the structure of the extracellular 

matrix making it appropriate for biomedical use in wound dressings, drug delivery 

systems and tissue engineering scaffolds. By optimising solution features, and 

processing parameters and controlling electrospinning methods the 

morphological, physical, mechanical, and biological characteristics of PLA fibres 

can be tuned (Maleki et al., 2022).  

Polylactic acid-based polymers are used in applications such as drug delivery 

systems, and filtration membranes. Furthermore, their development of 

nanocarriers for targeted drug delivery, especially hydrophobic drugs, presents a 

promising application in nanomedicine (Casalini et al., 2019).  Figure 16 exhibits 

a schematic of PLA during its oligomerisation producing a low molecular weight 

prepolymer, cyclisation to form lactide and ring-opening polymerisation to provide 

the final high molecular weight PLA. Oligomerisation is a chemical process where 

small molecules, termed monomers, undergo repetitive bonding to form larger 



 

39 
 

molecules known as oligomers. This reaction, fundamental in polymerisation, 

involves the sequential addition of monomers to create chain-like structures. 

Typical weaknesses of PLA consist of low impact strength and low heat distortion 

temperature (Hagen, 2016).  

2.3.1.2.2 POLYGLYCOLIC  ACID 

Synthetic polymers such as polylactide and polycaprolactone are two examples 

of polyesters that have been synthesised and are highly used in tissue 

engineering due to their enzymatic degradability in natural settings. On the other 

hand, polyglycolic acid undergoes rapid degradation even without enzymatic 

�D�V�V�L�V�W�D�Q�F�H�����0�R�U�H�R�Y�H�U�����3�*�$�¶�V���X�V�H���L�Q���V�K�R�U�W-term tissue engineering scaffolds and 

degradable surgical sutures has led to extensive use in biomaterials due to its 

exceptional biocompatibility (Matsuno et al., 2023). Figure 17 shows a schematic 

of direct polycondensation and ring-opening polymerisation to produce PGA. 

Figure 16 �± Schematic of the r ing -opening polymeri sation (ROP) of lactide to produce  
high  molecular weight  PLA (ResearchGate, 2024).  
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Furthermore, its diverse applications also include use in drug delivery carriers, 

wound closure materials and fixation materials. Primarily the production of PGA 

fibres is through electrostatic spinning and melt spinning. Electrostatic spinning 

offers control of fibre properties, but due to the insolubility of PGA in most organic 

solvents, the challenge is raised production costs. Moreover, melt spinning is a 

more viable solution as it offers cost-effective and continuous production to form 

PGA fibres (Guo et al., 2023). Figure 18 shows a schematic of electrostatic-

solution and melt electrospinning processes with jet interactions to produce 

fibres. Solution electrospinning techniques, based on mass transfer and 

evaporation of the solvent, allow for the solvent to evaporate as the elongated 

fibres are stretched towards the collector, thinning throughout to produce 

nanofibers. Melt spinning is a solvent-free process to provide micrometric fibres 

that utilise heat transfer and quenching of the melting jet. Micrometric fibres 

fabricated using melt-spinning techniques are wider than nanofibers produced by 

solution electrospinning. Furthermore, additives like stabilisers and viscosity 

Figure 17 - Schematic of direct polycondensation and ring -opening polymerisation 
(ROP) of PGA (Samantaray et al ., 2020). 
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modifiers improve melt processing limitations such as large fibre diameters and 

high processing temperatures (Bachs-Herrera et al., 2021). 

 

 

 

Figure 18 - Schematic of solution/melt electrospinning techniques with jet interactions to 
fabricating fibres  on a collector  (Bachs -Herrera et al ., 2021). 

 

2.3.1.2.3 POLY-L-LACTIC -CO-GLYCOLIC  ACID 

PLGA, synthesised through the polymerisation of two monomers: lactic acid and 

glycolic acid by either direct polycondensation reaction and ring-opening 

polymerisation or polyaddition, is a biodegradable aliphatic amorphous polymer. 

Although cost-effective, direct polycondensation yields PLGA with low molecular 

weight limiting its application whereas ring-opening polymerisation produces high 

molecular weight PLGA gathering more interest (Jin et al., 2021). An emerging 

metabolic engineering pathway for synthesising PLGA is subject to exploration 

aiming to mitigate the need for metal catalysts and the removal of residual 

monomers, crucial factors for ensuring biocompatibility and biosafety in 

biomedical applications (Gong et al., 2024). Physiochemical properties of PLGA 

vary considerably depending on the selection of its diverse molecular weights 
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and compositions with molecular weights ranging typically from several thousand 

to hundreds of thousands of Daltons in biomedical applications (Jin et al., 2021).  

Guzmán-Soria et al. (2023) investigated the fabrication and evaluation of 

PLGA/collagen fibres using electrospinning techniques for potential in tissue 

regeneration applications. SEM characterisation showed a decrease in fibre 

diameters by 0.6 µm upon collagen incorporation. FTIR spectroscopy and 

thermal analysis revealed the structural stability of collagen. The results show 

that incorporating collagen with PLGA enhanced material rigidity and increased 

elastic modulus (38%) and tensile strength (70%) compared with pure PLGA. The 

PLGA scaffolds with/without collagen-supported adhesion, growth of HeLa and 

NIH-3T3 cell lines and stimulated collagen release suggest the potential for their 

use in extracellular matrix regeneration, highlighting the use of natural/synthetic 

combinations to optimise overall scaffold properties for applications in tissue 

bioengineering (Guzmán-Soria et al., 2023). Figure 19 exhibits the molecular 

structure of lactic acid, glycolic acid, and poly-(lactic-co-glycolic acid). 

 

 

 

 

 

 

 

 

 

 
Figure 19 - Molecular structure of lactic acid and glycolic acid to provide polylactic -co-

glycolic acid.  
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2.3.1.2.4 POLYCAPROLACTONE 

Polycaprolactone is a biodegradable aliphatic thermoplastic polyester. The semi-

crystalline polymer provides ease in processing due to its low melting 

temperature and excellent blend compatibility with high solubility at room 

temperature. The development of electrospun PCL-based nanofibrous structures 

has gained significant attention in biomedical applications, particularly in drug 

delivery systems for cancer treatment and bone tissue engineering with 

structures offering unique properties such as biocompatibility, controllable 

mechanical characteristics and the capacity for prolonger, controlled drug 

release. Furthermore, to maximise the potential it is essential to overcome 

restrictions associated with PCL such as hydrophobicity and low cell adhesion to 

further enhance the performance of these nanofibrous structures. Moreover, 

despite these challenges, PCL remains promising for advancing biomedical 

applications. With continued development and refinement, they hold the potential 

to revolutionise drug delivery systems and tissue engineering. Ring-opening 

polymerisation is a preferred route to synthesise PCL due to its ability to yield 

polymers with higher molecular weight (up to 800,000 g/mol) and lower 

polydispersity index (close to 1:1). Properties of PCL such as physical, 

mechanical, thermal, and rate of biodegradation are influenced by facts such as 

molecular weight, polydispersity index, and degree of crystallinity. It is, therefore, 

optimal to control these parameters during PCL synthesis to tailor properties to 

specific practical applications (Sowmya et al., 2021). Figure 20 exhibits the 

various avenues of PCL synthesis whereas Figure 21 exhibits a schematic of 

ring-opening polymerisation of the cycle monomer �--caprolactone specifically. 
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Liu et al. (2023) used electrospinning techniques to fabricate a multifunctional 

nanofiber combining PCL loaded with celecoxib (a nonsteroidal anti-inflammatory 

drug) and amniotic membrane (AM) which offer a natural source of polymeric 

semi-permeable membrane rich in the matrix, growth factors and active 

Figure 21 �± Molecular structure of ring -opening polymeri sation (ROP) of the cyclic 
monomer �--caprolactone (CL) (Meelua et al ., 2024). 

Figure 20 - Various techniques of PCL synthesis  with various monomers  including 
condensation polymerisation, ring -opening polymerisation (ROP) and radical ring -

opening  polymerisation (RROP)  (after Meelua et al ., 2024). 
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ingredients. They found in vitro cellular assays demonstrated that celecoxib-

loaded PCL membranes effectively suppressed fibroblast adhesion and 

proliferation, with the inhibitory effect increasing with celecoxib concentration. 

The superior anti-adhesion effects of the PCL membrane loaded with celecoxib 

were confirmed after biomechanical tests conducted in a rabbit tendon repair 

model. Moreover, the PCL/AM membrane facilitated the continued release of 

celecoxib reducing the inflammatory response and delivering growth factors to 

the damaged area creating a conductive microenvironment for tendon repair. 

Their findings suggest that the PCL/AM membrane holds promise in enhancing 

tendon repair efficiently by simultaneously reducing inflammation and promoting 

tissue regeneration, offering a novel approach to address tendon adhesion 

complications (Liu et al., 2023).  

2.3.1.3 NATURAL  AND SYNTHETIC POLYMERS 

Natural polymers offer several advantages over synthetic materials such as lower 

toxicity, better bioactivity, enhanced cell response, excellent biocompatibility, 

extreme hydrophilicity, and effective biological function, but often suffer from 

weak engineering properties, limiting their use. Some significant disadvantages 

of natural polymers include high batch-to-batch inconsistencies, poor 

processibility and solubility, potential contamination, limited material properties, 

and high cost. On the other hand, synthetic polymers offer advantages such as 

improved control over chemical composition, good mechanical properties, and 

suitability for industrial fabrication processes, but lack bioactivity, cell attachment 

capacity, hydrophilicity, and surface cell recognition in scaffold products. Scaffold 

fabrication by combining both natural/synthetic polymers has been proposed to 

address the limitations of individual materials, where the scaffolds provide tissue 

substitutes that meet clinical requirements by leveraging the biocompatibility of 
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natural materials as discussed in section 2.3.1.1 and the physiochemical 

properties of synthetic polymers discussed in section 2.3.1.2. Combining 

natural/synthetic polymers allows for greater control over degradation rates and 

can enhance both physical and biological features, resulting in more successful 

biomaterials. Researchers have explored various combinations of natural and 

synthetic materials to capitalise on their favourable properties and overcome their 

respective disadvantages (Reddy et al., 2021).  

This study is based on the synthetic polymer PCL, and natural polymer gelatin 

because of their unique biocompatible and biodegradable properties (see section 

2.3.1.2 and 2.3.1.1.1.2 respectively).  
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2.3.2 ELECTROSPUN SCAFFOLD PROPERTIES 

Electrospun scaffolds are required to have specific characteristics dependent on 

tissue types and applications subject to a minimum criterion to enable their 

viability as an extracellular matrix (Flores-Rojas et al., 2023). Fabricated tissue is 

required to mimic the extracellular matrix found within natural tissue, providing 

the tissue with oxygen and nutrient circulation whilst also removing metabolic 

waste in the period of tissue regeneration (Rahmati et al., 2021). Figure 22 shows 

various morphologies and assemblies of natural, synthetic or combinations of 

biopolymers. 

 

 

 

Figure 22 - Various morphologies and assemblies of natural, synthetic and combination 
of natural/synthetic biopolymers (Syed et al ., 2023). 
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2.3.2.1 MECHANICAL PROPERTIES  

The mechanical properties of the individual fibres are vital for their success in 

clinical settings, particularly in tissue engineering. For example, in bone tissue 

engineering, calcium phosphate ceramics are renowned for their osteoinductivity 

and bioactivity, however, their poor mechanical properties limit their suitability for 

load-bearing applications. In electrospinning systems, it is important to consider 

the mechanical properties of individual fibres as cells, which sense their local 

environment on a microscopic scale, are directly influenced by the properties of 

single fibres rather than the overall network characteristics. For instance, the size 

and stiffness of fibres have been shown to significantly impact cellular behaviour, 

affecting processes like differentiation, migration, proliferation, and adhesion. 

Moreover, the collective properties of the electrospun scaffold are heavily 

influenced by microscopic factors such as single fibre properties, fibre-fibre 

connections, architecture, roughness, and defects making it imperative to 

consider the properties of the individual fibres that constitute the mat to design 

mats with specific mechanical properties. Measuring the mechanical properties 

of single fibres provides the most accurate insight into the microenvironment 

experienced by cells which is crucial for optimising scaffold design and ensuring 

their efficacy in tissue engineering. Various factors can influence the mechanical 

and structural properties of fibres including polymer weight, concentration of 

polymer solution, processing parameters and environmental conditions (Alharbi 

et al., 2023).  

Electrospun scaffold fibres require high mechanical strength and a well-controlled 

pore structure for cartilage tissue engineering to provide appropriate 

microenvironments for functional tissue regeneration. Putri et al. (2020) 

developed a PLGA/collagen coaxial scaffold for cartilage tissue engineering by 
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combing PLGA mesh with collagen sponge layers, with the pore structures 

controlled using free ice particulates. The electrospun scaffold exhibited high 

mechanical strength and well-controlled pore structures characterised by open 

surface pores and interconnected bulk pores, where pore structures facilitated 

the homogeneous distribution of bovine articular chondrocytes and cartilaginous 

matrices through the scaffold. In vitro studies indicated their ability to support 

conducted growth and function as the scaffolds promoted cell proliferation and 

cartilaginous gene expression, whereas in vivo studies demonstrated the 

regeneration of cartilage-like tissue with high mechanical properties. Overall, their 

work expressed how their hybrid scaffolds show significant potential for cartilage 

tissue engineering applications due to their favourable pore structures, 

mechanical strength, and ability to support cell growth and tissue regeneration 

(Putri et al., 2020).  

This work exhibited the use of coaxial systems to overcome issues related to the 

mechanical strength of fibres. Ideally, a scaffold needs to be strong enough to be 

surgically handled during the implantation process. The scaffold must be robust 

and efficient enough to function from the point it is implanted to where its purpose 

is served, the remodelling process. Although the mechanical properties vary 

depending on the patient's age and health, much focus has been put on 

developing scaffolds for bone and cartilage. In terms of strength, the scaffolds 

should have the ability to handle the body's forces; however, if it is too strong, the 

body may reject the scaffold, causing sepsis of surrounding tissues.  

In a study, Abdal-hay et al. (2018) provided a method to improve the mechanical 

properties of electrospun polymer graft scaffolds due to the restrictions set by the 

poor structural, and mechanical properties on the application in load-bearing 

regions. They electrospun polyurethane (PU) onto a polycaprolactone (PCL) 
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airbrushed tube, achieving the formation of biphasic tubular scaffolds. The 

strength between the two materials was increased after preparation via thermally 

crosslinking the scaffold. An improvement was observed in the burst pressure, 

suture retention force and compliance. This was also seen in the tensile strength 

and Young's modulus as seen in Table 1. 

Table 1 - Tensile strength/ elastic  and Youn �J�¶�V���P�R�G�X�O�X�V���E�H�I�R�U�H���D�Q�G���D�I�W�H�U electrosp inning  

polyurethane (PU) onto polycaprolactone (PCL) fibres  (Abdal -hay et al., 2018 ). 

 Before  After  

Tensile Strength  4.5 ± 1.72MPa 67.5 ± 2.4MPa 

�<�R�X�Q�J�¶�V���0�R�G�X�O�X�V 45 ± 15MPa 1039 ± 82.8 MPa 

To conclude, Abdal-hay et al. (2018) demonstrated the preparation and utilisation 

of dual polymers and the characterisation of a stable and mechanically solid graft 

scaffold (Abdal-hay et al., 2018). This is relevant to the coaxial fibre approach 

adopted by our study because it utilised two polymer combinations to improve 

the mechanical properties of the scaffold. The optimisation of two polymers can 

be adopted from our coaxial approach which will use synthetic/natural polymer 

combinations to optimise scaffold properties. 

2.3.2.2 BIOCOMPATIBILITY  

The term biocompatibility refers to a material's performance post-implementation 

and its suitability for clinical use. Biocompatibility is described as the ability of a 

material to perform an appropriate host response in a specific application. 

Biocompatibility assessments involve cell compatibility, immune compatibility, 

and factors related to the transplantation site and recipient, for testing biomaterial 

biocompatibility in biomedical applications (Hussein et al., 2016). The 

biomaterials used to fabricate the scaffold must be biocompatible enough to 

function normally after the implantation of the scaffold. It must obtain a negligible 
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immune reaction because of its effect on the healing process and not cause the 

body to reject the scaffold due to a severe inflammatory response.  

Various types of polymers are biocompatible. Because of their surface cell 

recognition sites, synthetic polymers have excellent elasticity when combined 

and modified. However, natural polymers usually show weak mechanical 

properties and processes as discussed in section 2.3.1.1 (Agarwal et al., 2009). 

Better biocompatibility, better clinical functionality, and low immunogenicity are 

characteristics relative to natural polymers rather than synthetic polymers. Drug 

delivery using numerous carriers, including natural/synthetic polymers, 

biodegradable/non-degradable, as well as hybrid blends of two polymers, has 

attracted more attention (Sedghi and Shaabani, 2016). During polymer selection, 

it is vital to consider aggregation performance, solubility and ease of 

implementation, cost, stability, biodegradability, impact on downstream 

processes, commercial availability, and aquatic/human toxicity. Advantages of 

natural polymers include low toxicity and high biodegradability, whereas better 

solid removal is associated with organic synthetic polymers (Lapointe and 

Barbeau, 2020). Synthetic elastomers tend to lack the biocompatibility needed 

for applications within tissue engineering while gaining the required mechanical 

strength and production of the required number of natural materials is an issue. 

Furthermore, combining natural/synthetic polymers to overcome these obstacles 

could overcome these challenges (Coenen et al., 2018). Thus, coaxial 

electrospinning techniques combining synthetic/natural polymers are seen to 

have great potential in the biocompatibility of scaffolds validating the approach in 

this project. 
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2.3.2.3 BIODEGRADABILITY  

Biodegradation is the process by which a substance is broken down into smaller 

components by biological agents such as enzymes, microorganisms, or living 

organisms, ultimately resulting in the conversion of complex organic compounds 

into simpler molecules, typically water, carbon dioxide, and biomass. This natural 

process plays a crucial role in the recycling of organic matter and the 

maintenance of ecological balance, particularly in the decomposition of organic 

waste materials and the turnover of organic compounds in ecosystems (Wolf et 

al., 2012). The degradation of the extracellular matrix depends primarily on three 

factors; the tissue type, whether the extracellular matrix has been cross-linked 

and finally the presence of cellular remnants within the scaffold (Hussein et al., 

2016). Biodegradability is critical for the scaffold as it is what allows the cells to 

harvest their extracellular matrix. The waste material must not harm local tissues 

and other constituents within the body. The biodegradability of the scaffolds is 

required to support and guide cell behaviours through this critical feature (Xu et 

al., 2018).  

2.3.2.4 SCAFFOLD ARCHITECTURE 

A key aspect of electrospun polymer scaffolds for tissue engineering applications 

is their interconnected pores and the high porosity of electrospun matrices. 

Closed-porosity structures are not suitable for tissue engineering primarily 

because they inhibit proper cell infiltration, nutrient diffusion, and waste removal, 

which are essential for tissue regeneration and integration. Closed pores restrict 

the movement of cells and fluids, leading to poor cell adhesion, limited tissue 

ingrowth, and inadequate vascularisation, ultimately compromising the 

functionality and viability of the engineered tissue. To create open-porosity 
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materials conducive to tissue engineering, various processes can be employed, 

including particulate leaching, gas foaming, electrospinning, freeze-drying, and 

3D printing. These methods introduce void spaces or interconnected pores within 

the scaffold architecture, allowing for efficient cell migration, nutrient exchange, 

and waste removal, thereby promoting tissue regeneration and integration. The 

architectural construct of the scaffold should contain a high porosity and 

organised pore construct, ensuring cellular diffusion and tolerable flow to the cells 

of nutrients which is essential for cell regeneration (Vieira et al., 2019). Scaffolds 

should resemble the architecture of the native extracellular matrix, as their 

purpose is to mimic the micro/nanofibrous structure. However, poor cell infiltration 

is exhibited as densely compacted fibres display pore sizes lower than cell size.  
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2.3.3 FIBRE REQUIREMENTS 

The electrospun scaffold fibre characteristics, such as their high surface area-to-

volume ratio, tuneable porosity, and mimicry of the extracellular matrix structure, 

encourage their use in biomedical applications (Mitchell, 2015). Figure 23 shows 

a prime example of: 

A) Basic electrospinning set up to produce scaffolds. 

B) Deposition of electrospun fibres on non-conductive material. 

C) SEM images of the micron-size fibres were produced. 

The characteristics of fibres and their levels of orientation can be seen on an 

optical microscope. However, to assess the characteristics of the fibres, it is 

appropriate to use a scanning electron microscope (SEM), which allows these 

observations to occur on the micro/nanoscale (Sajkiewisz et al., 2012).  

The development of fibres can be achieved through dry spinning, wet spinning, 

and melt spinning (see section 2.3.1.2.2) depending on the polymer being used 

in the solution (Greiner and Wendorff, 2007). Electrospun fibres can produce 

fantastic mechanical properties, although the overall diameter of the fibres is 

typically reduced. Other critical characteristics of polymer fibres are the 

similarities with the extracellular matrix and their adaptability. Collagen, silk, and 

cellulose are examples of natural polymers, which can fabricate a network of 

Figure 23 - A) Basic electrospinning setup B) deposition of electrospun fibres on non -
conductive material  C) SEM image of the electrospun fibre mat showing micron size 

fibres  (Anon , n.d .). 
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fibres that promote cell attachment and proliferate, see section 2.3.1.1. In 

contrast, mechanical support and reinforcement are found using polymer 

synthetics as discussed in section 2.3.1.2 (Nicolae and Grumezescu, 2019).  

2.3.3.1 FIBRE DIAMETER 

Electrospinning techniques allow for the fabrication of a wide range of fibre 

diameters, spanning from nanometres to several micrometres. These tuneable 

fibre diameters are a vital parameter influencing cellular behaviours in neural 

tissue engineering (Puhl et al., 2021). Wang et al. (2010) found that neurite length 

was significantly affected by the diameters of fibres when investigating the impact 

of fibre diameters on neurite growth using PLLA fibres with three distinct mean 

diameters: 1325 nm, 759 nm and 293 nm. Specifically, the neurite length on fibres 

with smaller diameters (293 nm) was observed to be 42% and 36% shorter 

compared to fibres with intermediate (759 nm) and large (1325 nm) diameters, 

respectively suggesting that neurite outgrowth is maximised when the fibre 

diameter is comparable to the size of axons/neurite. Wang et al. (2010) results 

highlight the importance of fibre diameter in influencing neuronal behaviour and 

highlight the potential of electrospun fibres with optimised diameters for 

promoting neurite extension and neural regeneration in tissue engineering 

applications targeting the nervous system (Wang et al., 2010). Additionally, Baker 

et al. (2016) used the atomic force microscope and optical microscope 

techniques to understand critical mechanical aspects of electrospun PCL 

nanofibers, the diameter of which was 440-1040 nm. They developed a new 

technique in which, on a substrate, they secure individual PCL nanofiber to 

micrometre-sized edges and then mechanically test them (Baker et al., 2016). 

Table 2 shows key findings from the experiment. 
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Table 2 - Key findings of  Baker et al . (2016) to understand critical mechanical aspects of 

electrospun PCL nanofibers  (Baker et al., 2016).  

Findings for the mechanical properties of PCL fibres  by Baker et al.  (2016) 

Tensile stress relaxed with fast relaxation times 

(constant strain)  

1 ± 0.3 seconds 

Slow relaxation times (Constant strain)  8.8 ± 3.1 seconds  

Total tensile modulus  62 ± 26 MPa 

Elastic component of tensile modulus (non -relaxed)  53 ± 36 MPa 

Elastically stretched individual PCL fibres (no 

permanent deformation)  

19-23% 

Nanofibers stretched to the strain of (minimum)  98% 

Tensile strength  12 MPa 

 

As they aged, the nanofibers became less elastic and became stiffer. Their work 

exhibited the benefits of using PCL as a polymer of choice for maximal match of 

mechanical stability (Baker et al., 2016).  

In another study, Ghobeira et al. (2018) aimed to use an unconventional solvent 

system utilising acetic acid/formic acid of very low toxicity, to fabricate ultra-thin 

PCL fibres. Highly aligned PCL fibres were fabricated, and three parameters 

influenced fibre diameter: tip-to-collector distance, polymer concentration and 

parameter humidity. The characterisation was conducted using water contact 

angle (WCA), x-ray photoelectron spectroscopy (XPS) and tensile measuring. 

The PCL fibre diameters range from 94-1548 nm (random) and 114-1408 nm 

(aligned). WCA values decreased as the fibre diameters increased, especially for 

aligned fibres. Nevertheless, mechanical properties, such as tensile strength and 

�<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� increased as the fibres were aligned, decreasing in their 

diameter. It is concluded that electrospun PCL nanofibers have different 

orientations, diameters, and physio-chemical properties from a benign solvent 
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system (Ghobeira et al., 2018). Fibre diameters can be characterised using the 

SEM. The SEM can capture clear images of the structure of the scaffold allowing 

for software such as ImageJ to measure the width of the fibres, ideal for when 

comparing fibre thickness between samples. Figure 24 shows nanofibers 

captured using the SEM and a histogram of fibre diameter distribution. Scale bars 

are provided on the sample images. 

 

 

 

 

 

 

 

 

 

Although this method of using software such as ImageJ can help understand the 

fibre diameters, it is not entirely accurate to measure fibre diameters using such 

methods as the structure is 3D, but the software allows for the processing of the 

fibres on a 2D image.  

 

 

 

 

 

 

Figure 24 �± SEM image of alginate -�E�D�V�H�G���Q�D�Q�R�I�L�E�H�U�V���Z�L�W�K���D�Q���D�Y�H�U�D�J�H���G�L�D�P�H�W�H�U���R�I�×�������Q�P 
with an overlaying histogram  (Bhattarai et al ., 2006). 
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2.3.3.2 FIBRE ALIGNMENT  

Electrospun scaffolds that have fibres that are aligned are favoured over 

randomly patterned fibres depending on their application. One of the reasons for 

the preference for aligned fibres, in short terms, is that the quality of the fibres, 

when aligned, is significantly better mechanically and structurally than fibres that 

are randomly arranged. Figure 25 shows randomly arranged (A) to aligned fibres 

(B) whereas (C) and (D) show histograms displaying the distribution of fibre 

diameters respectively. The histograms suggest the electrospun PCL fibres had 

a similar distribution with mode diameters of 750 nm (Ottosson et al., 2017).  

Khandelwal et al. (2023) pursued electrospin PLLA nanofibers on a basic 

electrospinning static system, and a system with a rotating collector as can be 

seen in Figures 26a, and 26b respectively. Figures 26c and 26d show SEM 

images of the PLLA nanofibers collected on the static system, which display 

Figure 25 �± SEM images of nanofibers that are A) randomly arranged , B) aligned , and 
histogram s of C) random ly arranged fibre diameters and D) aligned fibre diameters  

(Ottosson et al., 2017).  
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randomly aligned fibres and average diameters of 1.54 µm, and PLLA nanofibers 

collected on the rotating collector system, displaying smooth aligned fibres with 

average fibre diameters of 1.25 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26e displayed Chitosan film whereas Figure 26f shows FT-IR spectra 

comparing the random and aligned nanofibers with 1500-1000 cm-1 peaks being 

associated with C-O-C stretching, CH and CH3 bending and 970-850 cm-1 region 

reflecting the crystallinity process (Khandelwal et al., 2023). Their work showed 

that aligned PLLA fibres show reduced average fibre diameters on a rotating 

Figure 26 �± Schematic of  a) set up for random fibres  (static collector ), b) set up for 
aligned fibres  (rotating collector) . SEM images show c) randomly aligned PLLA fibres , 

and d) Aligned PLLA fibres , e) chitosan  film , d) FT-IR spectra comparing the 
aligned/random scaffold nanofibers (Khandelwal et al ., 2023). 
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collector electrospinning set-up in comparison with a basic electrospinning set-

up producing randomly oriented fibres. Additionally, the results show that 

scaffolds with different fibre characteristics, and orientation, in this case, show 

peak shifts and influence on the FTIR spectra. 

2.3.3.3 POROSITY 

The scaffold experiences an effective exchange of gasses, nutrients, and water 

products which are dictated by a morphological property known as the scaffold 

porosity (O'Connor et al., 2021). Open-porosity and closed-porosity have already 

been discussed in section 2.3.2.4. Yadav et al. (2021) discussed the effect of 

porosity and pore size on scaffolds in tissue engineering. Scaffold porosity is vital 

to enable nutrient and oxygen diffusion, waste removal, and cell migration. 

Macropores, with diameters greater than 300 µm, are important for connecting 

tissues such as blood vessels, whereas pores around 50 µm in diameter are ideal 

for bone generation as macropores provide space for bone ingrowth and 

vascularisation, while macropores (<20 µm) enhance capillarity, facilitating the 

passage of cells. Furthermore, increased pore size can compromise mechanical 

properties such as stiffness and strength making the material more susceptible 

to breakage. Moreover, during scaffold design and fabrication, careful 

consideration of pore size, porosity, and mechanical properties is essential to 

ensure optimal functionality and performance in tissue engineering applications.  

The scanning electron microscope and tools such as ImageJ are commonly 

employed to determine the porosity of scaffolds by analysing SEM images 

facilitating the measurement of critical parameters such as cross-sectional area, 

wall thickness, and interconnectivity. ImageJ, a versatile image processing 

program widely used in various fields such as radiological image processing and 

3D live cell imaging, facilitates the rapid measurement of porosity from cross-
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sectional images acquired via scanning electron microscopy (SEM) in the context 

of scaffold porosity analysis, particularly in electrospinning applications. By 

utilising SEM imaging and appropriate software tools such as ImageJ, the 

researcher can accurately assess the scaffold porosity and gain valuable insights 

into its structural characteristics, aiding in the optimisation of scaffold design for 

various tissue engineering applications (Yadav et al., 2021).  

Figure 27 shows the different types of porosity found on a non-woven fibrous 

membrane on a microscale including surface porosity, scalloped porosity, internal 

porosity and highly porous fibrous membrane. 

2.3.3.4 WETTABILITY   

The wettability of biomaterial is vital to ensure biological reaction. Water Contact 

angle measurement is the most common technique used to quantify the 

wettability of polymetric biomaterials. Agrawal et al. (2017) highlight the 

fundamental concepts of wettability and contact angle which are vital to 

determine the surface properties of polymer materials. The conventional 

Figure 27 �± SEM images of various  types of porosity found on a non -woven fibrous 
membrane on the microscale (Huang and Thomas, 2018).  
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telescope-goniometer method, the Wilhelm balance method and the drop shape 

analysis method are standard techniques to measure contact angles. 

Recent advancements allow for the wettability properties of polymer biomaterials 

to be tuned for various biomedical applications through chemical modification 

techniques (surface grafting and plasma treatment) allowing for the alteration of 

surface chemistry to enhance or reduce wettability whereas physical modification 

techniques (surface patterning or nanoparticle deposition) modify surface 

topography to control wettability. Furthermore, biomolecule immobilisation 

methods involve coating the material surface with protein or polymers to influence 

interactions with biological fluids or cells. Through understanding and 

manipulating wettability properties, researchers can design biomaterials with 

tailored surface characteristics to meet specific biomedical needs, from 

implantation devices to tissue engineering scaffolds (Agrawal et al., 2017).  

Figure 28 shows the classification of the wettability of a surface using contact 

angle. Hydrophilic scaffolds have contact angles that are < 90º whereas 

hydrophobic biomaterials have contact angles > 90º. 

 

 

Figure 28 �± Schematic showing the c lassification of the wettability of a surface  using 
contact angle  from super -hydrophilic  to super -hydrophobic  including angles for each 

(Song et al., 2021).  

 
 



 

63 
 

2.4 SOLUTION VARIABLES  
 
When electrospinning, the optimisation of the solution has a significant influence 

on the properties of the nanofibers. Various experiments have been conducted 

with an optimised solution to see the effects the changes make. Although 

predicting the behaviour of the fibres may not be possible, accurate trends allow 

changes to be made to the fibres. Figure 29 shows the several types of variables 

involved when using electrospinning techniques, including environmental 

variables, solution variables and electrospinning variables. 

2.4.1 MOLECULAR  WEIGHT  

The molecular weight of the polymer is important when mixing a solution as it 

affects fibre morphology. Lower molecular weight creates beaded fibres, whereas 

higher molecular weight creates smooth fibres (Koski et al., 2004). However, 

higher molecular weight fibres can cause the fibres to form micro-ribbons (Zhao 

et al., 2005). Alharbi et al. (2023) investigated the effects on mechanical 

Figure 29 �± Schematic of a basic electrospinning set up outlining  environmental 
variables, solution variables and electrospinning variables (Long et al ., 2019). 
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properties when altering between three molecular weights (74 kDa, 114 kDa and 

150 kDa) finding that there was only a marginal effect on fibre mechanical 

properties as the fibres shared similar extensibilities, stress relaxation behaviour, 

diameter-dependent modulus, and strain-dependent energy loss/storage which 

are fibre properties���� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�L�U�� �U�H�V�H�D�U�F�K�� �L�Q�G�L�F�D�W�H�V�� �<�R�X�Q�J�¶�V��modulus 

steeply decreased from 3000 to 5000 MPa as fibre diameters increased from 40 

�Q�P�� �W�R�� �������� �Q�P���� �V�L�J�Q�L�I�\�L�Q�J�� �W�K�D�W�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �L�V�� �K�L�J�K�O�\�� �G�H�S�H�Q�G�H�Q�W�� �R�Q�� �I�L�E�U�H��

diameter (Alharbi et al., 2023).  

2.4.2 MOLECULAR ORIENTATION  

Sauter et al. (2021) observed the changes in molecular orientation within fibres 

and their impact on the structural and shape-memory performance by reducing 

fibre diameter in randomly oriented electrospun polyether urethane (PEU) 

meshes from the micro to the nanoscale. Shape-memory performance in the 

context of electrospinning refers to the ability of electrospun fibres or scaffolds to 

recover their original shape after undergoing deformation. Meshes with randomly 

oriented shape-memory fibres, with diameters of 2.3 µm, 1.0 µm, 0.3 µm and 0.08 

µm, were fabricated. A substantial increase in the maximum recovery stress, 

shape-memory ratio and shape recovery speed was achieved by increasing the 

molecular orientation. The mechanical properties of fibres are unexpectedly 

dependent on their diame�W�H�U���� �$�Q�� �L�Q�F�U�H�D�V�H�� �Z�D�V�� �I�R�X�Q�G�� �L�Q�� �<�R�X�Q�J�¶�V�� �0�R�G�X�O�X�V�� �R�I��

different nanofibers (3 to 5 folds) with reducing diameters below about 500 nm. 

The higher levels of molecular orientation within the fibres are related to the 

improvement in stiffness (Sauter et al., 2021). 
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2.4.3 SOLVENT SELECTION  

There are several factors concerning solvent selection when electrospinning that 

require attention to achieve smooth bead-less nanofibers. The solubility of the 

solvent should allow the polymer to dissolve completely to ensure homogeneous 

dispersion of the polymer in the solution. This also counters other issues such as 

clogging of the needle tip during electrospinning. The boiling point of the solvent 

should be moderate. While volatile solvents are preferred for their rapid 

evaporation rates, highly volatile solvents can lead to premature drying of the jet 

at the needle tip hindering the electrospinning process. Furthermore, less volatile 

solvents may result in solvent-containing nanofibers being dispersed on the 

collector, leading to the formation of beaded fibres. Solution conductivity is vital 

to the formation of the Taylor cone, as a certain level of conductivity is necessary. 

Moreover, highly porous nanofibers can be desirable for some applications and 

are a result of phase separation due to the use of a non-solvent involved in some 

solvent systems (Haider et al., 2018).  

2.4.4 POLYMER CONCENTRATION AND SOLUTION VISCOSITY 

The concentration of a solution directly affects the characteristics of the fibres 

that are to be formed when using electrospinning techniques. Increasing and 

decreasing the concentration affects how viscous the solution becomes. Some 

high concentrations can result in solutions that are too viscous to push from the 

syringe through the tubing to the needle resulting in an unstable flow rate. 

Yalcinkaya et al. (2010) highlighted low concentration solution produces beaded 

fibres (Yalcinkaya et al., 2010). Furthermore, polymer concentration in solution 

and the solution viscosity play a pivotal role when electrospinning nanofibrous 

scaffolds, having a significant impact on the morphology of the fibres. Lower 
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concentrations of the polymer solution result in low viscosity, which can lead to 

the entangled polymer chains breaking into fragments before reaching the 

collector causing the formation of beaded nanofibers due to the applied electric 

field and surface tension (Pillay et al., 2013). Increasing the concentration of the 

solution increases viscosity, enhancing chain entanglement among the polymer 

chains and overcoming surface tension, resulting in the formation of uniform 

bead-less electrospun fibres. Furthermore, increasing concentrations further can 

hinder the flow of the solution through the needle tip which can lead to the drying 

of the polymer solution, causing a blockage, resulting in beaded/defective fibres 

(Haider et al., 2013). The fibres with continuous morphology have a suitable 

viscosity, whereas the solutions with low viscosity have a dominant surface 

tension factor forming beaded fibres (Zhang et al., 2004).  

Zhang et al. (2004) investigated the effects of altering the concentration of the 

core solution in a coaxial set-up where the shell solution remains constant stating 

that the increase of the core concertation increased both the core diameter and 

overall fibre diameter. They observed that as the core diameters increase the 

thickness of the shell decreases due to the same mass of the shell material being 

distributed over a larger core diameter as seen in Figure 30 (Zhang et al., 2004). 

 

 

 

 

 

 

 

Figure 30 - Schematic of A) smaller core diameter with  larger shell thickness and B) 
larger core diameter with  smaller shell diameter , exhibiting the effects of altering flow 

rate in a coaxial system (Moghe et al., 2008).  
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Similarly, He et al. (2006) observed when a higher concentration of the shell 

solution was used whilst the core solution concentration remained constant 

overall fibre diameter was increased (He et al., 2006). 

2.4.5 CONDUCTIVITY 

Conductivity, a vital part of the electrospinning process, influences the formation 

of the Taylor cone and the diameters of the fibres. In solutions with low 

conductivity, the electrospinning process is hindered by the absence of surface 

charge preventing the formation of a Taylor cone. However, increasing the 

conductivity to an �R�S�W�L�P�D�O�� �Y�D�O�X�H�� �H�Q�K�D�Q�F�H�V�� �W�K�H�� �F�K�D�U�J�H���R�Q�� �W�K�H���G�U�R�S�O�H�W�¶�V�� �V�X�U�I�D�F�H����

facilitating the formation of the Taylor cone leading to a decrease in fibre 

diameters. The Taylor cone forms due to the electrostatic force of the surface 

charges induced by the applied electric field. Dielectric polymer solutions lack 

sufficient charges to form a Taylor cone, whereas conductive polymer solutions 

contain ample free charges to initiate the electrospinning process (Haider et al., 

2018). The conductivity can be optimised by the addition of ionic salts to the 

polymer solution, increasing the number of ions and enhancing the conductivity 

which can help obtain nanofibers with small diameters (Huang et al., 2006). 
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2.5 PARAMETER  VARIABLES  

Using electrospinning techniques, the manipulation of various parameters can 

change the fibre properties depending on the parameter. Parameters include 

voltage, flow rate, collector-needle distance, collector type, and environmental 

conditions. In electrospinning, the formation and stability of the jet play a crucial 

role in determining the quality and characteristics of the resulting nanofibers. A 

stable jet refers to a continuous and uniform stream of polymer solution ejected 

from the spinneret during the electrospinning process. This type of jet is essential 

for producing uniform and high-quality nanofibers with consistent diameters and 

morphology. In contrast, multi-jets occur when multiple streams of polymer 

solution are ejected simultaneously from the spinneret. Multi-jets can result from 

various factors such as a high flow rate of the polymer solution or irregularities in 

the electrospinning setup. While multi-jets can potentially increase the production 

rate, they often lead to non-uniform fibre deposition and poor fibre morphology. 

Sprays occur when the polymer solution is ejected in a dispersed manner, 

forming droplets rather than a continuous jet. Sprays are typically undesirable in 

electrospinning as they lead to the formation of beads or irregularly shaped fibres 

instead of uniform nanofibers. Overall, stable jets are preferred in electrospinning 

to ensure the production of high-quality nanofibers with consistent properties. 

2.5.1 VOLTAGE  

The voltage applied throughout the electrospinning process is one of the most 

critical aspects of the process. Voltage is required to charge the droplet to form 

the Taylor cone, where the charged jet of polymer solution is ejected towards the 

collector forming nanofibrous mats. Increasing the applied voltage beyond the 

critical value leads to stretching and thinning of the polymer jet, resulting in 
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formations of smaller fibre diameters which is attributed to the repulsive forces 

between the charged polymer molecules within the jet, causing it to elongate and 

decrease in diameter. This critical value varies from polymer to polymer (Sill et 

al., 2008). Bead formations can occur instead of continuous fibres if the applied 

voltage exceeds a certain threshold due to instabilities in the polymer jet, leading 

to the formation of droplets that solidify into beads upon reaching the collector. 

The decrease in the size of the Taylor cone and the increase in jet velocity at 

higher voltages contribute to bead formations. Furthermore, an increase in 

voltage can lead to an increase in fibre diameters which is associated with the 

elongation of the jet, where higher voltages allow the jet to travel a greater 

distance before solidifying into nanofibers with smaller diameters. Chun (1996) 

found that the increase in applied voltage/electrical field did not affect the 

diameters of their nanofibers (Chun, 1996). Whereas Yuan et al. (2004) found 

that the voltage does influence the morphology and alignment of their fibres, 

suggesting that higher voltages could increase elasticity repulse force on the 

charged jet (Yuan et al., 2004). Okutan et al. (2014) aimed to identify the affecting 

restrictions on electrospun gelatin characteristics during electrospinning. His 

group electrospun gelatin (7% and 20% (w/v)) with applied voltage (28 �± 35 KV) 

with 0.1-1.0ml/hr feed rate. The solution properties were determined before 

electrospinning. This included electrical conductivity and surface tension. Results 

demonstrated that only gelatin solution 20% formed nanofibers, portrayed 

through morphological analysis. They found that when the gelatin solution 

concentration was at 20%, the electrical conductivity was 4.77 mS/cm, and the 

surface tension was 34.91 mN/m. As the applied voltage increased, the range of 

nanofiber diameters also increased. Another interesting approach discussed 

within this study included determining the effect that zeta potential had on fibre 
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size. The diffusion coefficients of dispersions for electrospun gelatin were higher 

than that of just gelatin, with even amounts of concentration for each. A decrease 

in the diffusion coefficient values of solutions containing gelatin and a decrease 

in the zeta potential is found when the voltage applied increases whilst 

electrospinning. Okutan et al. (2014) demonstrated that smooth nanofiber 

morphology without bead formation could be found with a higher voltage (Okutan 

et al., 2014). To conclude, the experiment shows that increasing the voltage can 

cause fibre diameter to be significantly increased. 

2.5.2 FLOW RATE 

The role of the syringe pump is to push the solution through the tubing and the 

needle in a linear manner, controlling the flow rate, which is a critical parameter 

when using electrospinning techniques. The flow rate needs to be low enough to 

allow polarisation to take place. In contrast, a high flow rate results in the 

production of beaded fibres containing thick diameters. It is essential to monitor 

flow rates carefully for a stable fibre formation with flow rates of the core solution 

requiring to generally be lower than shell solution (Moghe et al., 2008).  

2.5.3 COLLECTOR  

As briefly mentioned, to produce randomly oriented nanofibrous membranes, 

electrospun fibres are collected using a flat grounded collector, while for the 

fabrication of membranes with aligned fibres, a rotating drum set up is required 

as seen in Figure 31 (Shaker et al., 2023). Using a rotating drum instead of a flat 

grounded collector allows control over the diameter of the fibres by adjusting the 

rotational speed of the drum. Cylindrical drums capable of high-speed rotation 

(up to 5000 RPM) are necessary to achieve circumferentially aligned fibres. As  
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the rotational speed increases, the degree of fibre alignment improves. Rotational 

speeds below a critical speed result in randomly oriented fibres on the drum. 

However, higher speeds induce tangential tension near the drum surface, 

causing fibre elongation before collection. However excessive speeds may lead 

to the breakage of the fibre jet, preventing continuous fibre collection (Peijs, 

2018). 

 

 

 

 

 

 

 

 

2.5.4 COLLECTOR -NEEDLE DISTANCE 

The fibre morphology is directly affected by the collector-needle distance as the 

solution may not have enough time to solidify when approaching the collector 

when the distance is too short. Furthermore, if the collector-needle distance is 

too high, beaded fibres can form (Ki et al., 2005). The separation distance is a 

critical parameter when using electrospinning techniques due to its influence on 

Figure 31 - Schematic of a) static electrospinning techniques with the static  collector  for 
randomly aligned fibres , b) rotating drum collector  for aligned fibres (Shaker et al ., 2023). 
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the strength of the electric field intensity, as well as the evaporation time and 

trajectory of the jets. Maintaining an appropriate separation distance is crucial to 

allow the ejected liquids sufficient time to stretch and dry before deposition onto 

the substrate. Thus, finding the optimal distance is essential to achieve uniform 

and well-formed fibres during electrospinning (Zhang et al., 2019). Furthermore, 

typically an increase in the distance between the grounded collector and the tip 

of the need results in a decrease in the diameter of electrospun nanofibers. It is 

then crucial to optimise the distance for achieving desired nanofiber formations 

(Mehta et al., 2018). Specific fibre diameters are required for various tissue 

types/applications. It is therefore of interest to understand the relationship 

between collector-needle distance on fibre diameters and release rates in both 

basic electrospinning and coaxial electrospinning systems. 

2.5.5 ENVIRONMENTAL  CONDITIONS 

Environmental conditions have been shown to have a significant influence on the 

diameter and morphology of electrospun fibres. High temperatures increase the 

rate of solvent evaporation and decrease the viscosity of the solution with both 

effects typically increasing fibre diameters as lower viscosity promotes faster jet 

stretching, leading to thinner fibres, while increasing solvent evaporation 

accelerates solidification. Furthermore, humidity influences the solidification 

process of the charged jet with higher humidity levels generally leading to smaller 

fibre diameters due to reduced solvent evaporation rates. However, excessive 

humidity can cause bead formation (Haider et al., 2018). 
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2.6 COAXIAL ELECTROSPINNING  TECHNIQUES 

There is increasing interest in adding active pharmaceutical ingredients to the 

polymer solutions to produce advantageous effects in the scaffold as has already 

been discussed in the biomedical applications aspect of this report. There are 

severe limitations to this approach due to solubility and release rate issues. The 

coaxial spinning of two solutions into a single fibre overcomes many of these 

issues and gives much greater control over release rates and properties. This 

thesis has explored some coaxial systems and their parameters. This aspect of 

the report will focus on the areas of interest concerning this project. We have 

shown through sections 2.5.3, 2.5.4 and 2.4.4 that there is a growing interest in 

altering parameters such as flow rates, collector-needle distance, and 

concentrations in electrospinning systems, respectively. These processing 

parameters have been shown to influence fibre morphology, cell integration and 

release rates igniting interest to investigate these trends in coaxial systems 

specifically. Therefore, literature focusing on these aspects of current research 

will be explored. Furthermore, combining synthetic/natural polymers to optimise 

scaffold properties has been a focal point in recent years with its contribution to 

tackling issues associated with single biomaterial properties.  

Bazrafshan and Stylios (2018) used protein/polymers to investigate the effect of 

collagen-g-poly(MMA-co-EA)/Nylon6 when optimising coaxial electrospinning 

experimental conditions. The less conductive polymer was used as the shell, 

collagen-g-Poly(MMA-co-EA), and the higher conductivity polymer was used as 

the core, nylon6, of the coaxial electrospun nanofiber achieving approximately 

40mm deposition diameter of nanofibers in 20 minutes. The collagen-based 

fibrous structure consisted of two core/shell outlines with an outer layer of 6.9±2.2 

µm and an inner layer of 216±49 nm in diameter. The mechanism of the 
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nanofibrous structure was also analysed along with the effect of experimental 

conditions, the associated water uptake, degeneration rate and hydration degree. 

This collagen-based macrostructure contained high polarity, which shows 

excellent potential end uses benefiting from large surface area and high-water 

uptake (Bazrafshan and Stylios, 2018). The work of Bazrafshan and Stylios 

(2018) demonstrates the advantages of using a natural polymer when using 

coaxial electrospinning techniques as well as the process of using the less 

conductive biomaterial as the shell layer and the higher conductive biomaterial 

as the core layer.  

As outlined in section 2.3.1.3, coaxial systems can be utilised to combine 

synthetic/natural polymers to provide advantageous scaffolds that are not 

produced using typical electrospinning techniques. For example, electrospinning 

techniques are an ideal way to fabricate and replicate the ultrastructure of the 

human meniscus however, it is difficult to maintain the biocompatibility of collagen 

fibres whilst also achieving the mechanical properties of meniscal tissue. Baek et 

al. (2019) used coaxial electrospinning techniques to enhance the 

biocompatibility of PLA nanofibers by functionalising them with collagen. PLA was 

used as a core polymer for its mechanical strength with a collagen shell to 

improve cell attachment and matrix synthesis. Human meniscal cells were 

seeded on these coaxial scaffolds and the results demonstrated that the coaxial 

electrospun scaffolds successfully combined the mechanical properties of PLA 

with the cell attachment-enhancing properties of collagen. Human meniscal cells 

seeded on the scaffold exhibited tissue-specific matrix production and enhanced 

meniscal tissue regeneration. Ex vivo experiments further demonstrated that the 

cell-seeded scaffolds facilitated better integration with native tissue compared to 

acellular scaffolds (Baek et al., 2019). To summarise, their work showed the 
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potential for combining synthetic polymer with protein to provide coaxial scaffolds 

that prove advantageous properties in comparison to the individual biomaterials, 

with PLA providing mechanical strength, and collagen-improved cell attachment 

and matrix synthesis to provide a scaffold with enhanced cell interaction. 

As discussed in sections 2.3.1.2.4 and 2.1.1.1.1.2 there are many advantages 

and disadvantages of using synthetic polymer PCL and natural protein gelatin in 

electrospinning systems. These natural/synthetic polymers are popular in use 

when incorporated in coaxial systems for their properties and relatively low cost. 

It is therefore a point of focus to delve deeper into the use of these polymers in 

core/shell combinations. It is of interest to further understand trends and the 

effects made when optimising PCL/Gel scaffolds.  

Sang et al. (2018) used coaxial electrospinning techniques aiming to prevent 

infection and cancer recurrence at tumour resection sites by developing a dual 

drug loading system that was pH responsive. The PLCL/gelatin nanofibers were 

designed to aid recovery and stop any further illness after tumour removal by 

being sutured into the resection site. Table 3 shows the biomaterials used during 

the Sang et al. (2018) experiment: 

Table 3 - Biomaterials and active components used during coaxial electrospinning of 

PLCL and Gel by Sang et al.  (2018) (Sang et al. , 2018). 

 Polymer  Solution  Loaded Drug  

Core PLCL - Chemotherapeutic 
doxorubicin hydrochloride 

Shell  Gel Sodium Bicarbonate (for 
pH sensitivity) 

Ciprofloxacin (Anti-
inflammatory drug) 

 

SEM analysis showed the fibres were homogeneous and smooth, whereas TEM 

analysis indicated the structure presented an obvious core/shell formation. Both 

the drugs were found present in the amorphous form within the fibres by using 

FTIR spectroscopy and X-ray diffraction. Gelatin shells were cross-linked with 
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glutaraldehyde (disinfectant) to enhance stability, and water contact angle 

measurements confirmed their hydrophilicity after this process, which is crucial 

for cell proliferation. In vitro studies showed rapid and acid-response release of, 

ciprofloxacin (to prevent infection and inflammation post-surgery), and long-term 

release of doxorubicin (to eliminate residual cancerous tissue and prevent 

reoccurrence). The release profiles and mechanical strength of the fibres could 

be tuned by adjusting the sodium bicarbonate content, with higher content 

resulting in increased break stress. Furthermore, cytotoxicity tests demonstrate 

that the drug-loaded fibre scaffolds promoted the growth of non-cancerous cells 

due to their hydrophilic surfaces, while effectively inhibiting the proliferation of 

cancerous cells (Sang et al., 2018). To conclude, the study exhibited potential for 

use after tumour resection surgery and demonstrated the benefits of using 

PLCL/Gel synthetic/natural polymer materials when using coaxial techniques to 

control drug release. Moreover, the study shows promise when looking to 

investigate interest in adding active pharmaceutical ingredients to the scaffold 

polymer solutions to produce advantageous effects in the scaffold. Figure 32 

shows a schematic of the results presented. 

Figure 32 - Schematic illustration of the release of  the drugs from PLCL/Gel core/shell 
nanofibers (Sang et al ., 2018). 



 

77 
 

2.6.2 ALTERING CONCENTRATIONS IN COAXIAL SYSTEMS 

Baykara and Taylan (2021) used coaxial electrospinning techniques to fabricate 

PVA/Nigella seed oil core/shell nanofiber mats with antibacterial effects for 

wound dressing and other potential applications. They investigated experimental 

parameters such as PVA solution concentration, flow rate, applied voltage, 

spinning distance, fibre diameters, morphology, alignment, and structure of PVA 

nanofibers filled using Nigella seed oil. Figure 33 shows the coaxial setup for their 

experiments. 

 

 

 

 

 

 

 

 

 

 

They observed significant effects on the morphology of the core/shell nanofibers 

when processing parameters such as flow rate, voltage difference, and solution 

concentration. They found that increasing the voltage (between 26 kV �± 28 kV) 

leads to the elongation of the solution, and beyond a certain threshold, a fine and 

straight jet extended to form fibres with voltages affecting the formation of the 

Taylor cone and the deposition of the core/shell nanofibers with higher voltages 

Figure 33 �± Schematic of Baykara and Taylan  (2021) PVA/Nigella seed oil coaxial 
electrospinning set up with  the Taylor cone  they stabilised  (Baykara and Taylan, 2021).  
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resulted in a wider deposition of fibres on the plate. Their findings suggest that 

voltage increase results in decreased fibre diameters and tends to be more 

homogeneous, which may be attributed to stronger electrical forces and denser 

charge on the tip of the Taylor cone, leading to a reduction in the diameter of the 

jet. Baykara and Taylan (2021) stated that in previous experiments they found 

that increasing the concentration of PVA, in a basic electrospinning system, 

resulted in the fabrication of a continuous nanofiber morphology with fewer bead 

formations. They found, in their current study, shell solution concentrations of 

18% and 20% (wt.) PVA prevented bead formation and resulted in continuous, 

longer, and thicker nanofiber morphology which can be attributed to higher 

intermolecular bonds and surface tensions due to the increased viscosity 

resulting from higher solution concentrations. Furthermore, they found the flow 

rates were not significantly different, rather emphasising the importance of a 

stable Taylor cone for achieving homogeneous nanofiber formations. Their work 

showed the potential for coaxially electrospun nonwoven nanofibrous mats 

carrying bioactive agents in areas such as wound dressing, drug delivery, 

vascular grafts, and tissue engineering scaffolds (Baykara and Taylan, 2021). 

The study demonstrated how processing parameters can optimise scaffold 

properties in a coaxial system with the increase in voltage reducing fibre 

diameters, higher solution concentrations producing fibres that have less or no 

beads, and that the flow rates do not have a huge effect on the fibres, with more 

emphasis on the Taylor cone. Moreover, it seems they could not establish a 

stable Taylor cone whilst altering flow rates with the biomaterials they were using, 

thus igniting interest in investigating the effects of increasing and decreasing flow 

rates of core/shell solutions in a coaxial electrospinning system with different 

biomaterials focusing on stabilising the Taylor cone. 
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Adeli-Sardou et al. (2019) incorporated different concentrations of lawsone 

(0.5%, 1% and 1.5%), a compound with known wound healing properties, into 

PCL/Gel coaxial scaffolds to investigate the potential in promoting wound healing 

by assessed fibre morphology, biodegradability, release profiles of lawsone and 

mechanical characteristics of the coaxial electrospun nanofibers. SEM 

characterisation showed that the incorporation of lawsone into the core polymer 

increased the average diameter of the fibres and narrowed the size distribution 

of nanofibers. The scaffolds were submerged in PBS solution over a span of 14 

days where degradability of PCL/Gel/Law 0.5% and PCL/Gel were not significant, 

however, PCL/Gel/Law 1% and 1.5% exhibited the highest weight loss compared 

to PCL/Gel mats. This could be attributed to the fact that the efficiency of the 

core/shell structure was not 100%, leading to regions with gelatin or Lawsone on 

the surface of electrospun mats. Upon exposure to the aqueous medium, gelatin 

nanofibers dissolved, resulting in a reduction in scaffold weight. Another factor 

contributing to biodegradation could be the hydroxyl and carboxyl groups on the 

surface of the electrospun mats, which interact with water molecules and 

accelerate PCL degradation. Over time, water molecules penetrate the scaffold 

further, leading to additional PCL degradation. High lawsone concentrations 

increased degradation suggesting a reduction in intermolecular forces between 

PCL-gelatin nanofibers following the addition of lawsone. Furthermore, the 

mechanical properties of PCL/Gel exhibited the highest tensile strength, Young�¶s 

modulus, and strain as can be seen in Table 4.  
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Table 4 �± Results fr om Adeli -Sardou  et al . (2019) showing mechanical properties 

�L�Q�F�O�X�G�L�Q�J���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K�����<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����D�Q�G���V�W�U�D�L�Q���R�I��PCL/Gel/Law scaffolds with 

altering  drug concentrations (Adeli -Sardou  et al ., 2019). 

Scaffold  Average Fibre 
diameter (nm)  

Tensile 
Strength (MPa)  

�<�R�X�Q�J�¶�V��
Modulus (MPa) 

Strain (%)  

PCL/Gel  �������×�“�×�� 2.14 ± 0.3 2.12 ± 0.9 37 ± 6.6 
PCL/Gel/Law 0.5%  �������×�“�×���� 1.7 ± 0.9 1.9 ± 1.1 �����������×�“�×������ 
PCL/Gel/Law 1%  �������×�“�×���� 1.217 ± 1.4 �����������×�“�×�������� �����×�“�×������ 
PCL/Gel/Law 1.5%  �������×�“�×�� 0.84 ± 0.8 1.38 ± 0.6 ���������×�“�×������ 

 

Additionally, the addition of L�D�Z�V�R�Q�H�� �G�H�F�U�H�D�V�H�V�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �D�O�O��

specimens indicating that the addition of plant extracts to engineering nanofibers 

reduces mechanical properties, possibly due to the plasticising effect of these 

products. The coaxial electrospun nanofibers allowed for a sustained release of 

lawsone over a period of 20 days, providing a prolonged therapeutic effect, with 

a direct relationship between the release rate and lawsone content of the scaffold. 

Specifically, the PCL/Gel/Law 1.5% mats exhibited a higher release rate than the 

other combinations. Gradually, lawsone from the core/shell structures began to 

release. Due to the hydrophobic nature of the PCL polymer, nanofibers exhibited 

slower lawsone release. Conversely, the presence of functional groups on the 

surface of the nanofibers made them more susceptible to PCL degradation, 

resulting in lawsone release over the 20 days. Furthermore, in vivo studies using 

rat wound healing were conducted and demonstrated that the PCL/Gel/Law 1% 

scaffold exhibited the highest impact on wound healing, promoting re-

epithelisation of the wound after 14 days.  

Overall, the findings suggest incorporating lawsone into the core of PCL/Gel 

electrospun nanofibers, particularly at a concentration of 1%, yields a scaffold 

with excellent wound healing characteristics, expressing the potential in wound 

dressing patches in medical applications, (Adeli-Sardou et al., 2019). The  
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findings of Adeli-Sardou et al. (2019) show the influence of incorporating an 

active pharmaceutical ingredient on coaxial nanofibrous scaffolds influences fibre 

diameters, deposition diameters, degradation rates (accelerating) mechanical 

properties (reduced) and release properties (an increase of drug content leading 

to more release). It is of interest to understand if these changes are subject to the 

model drug incorporated into the scaffold, and how drug release can be controlled 

through processing parameters. 

2.6.3 FLOW RATES IN COAXIAL SYSTEMS 

There is growing interest in the exploration of flow rates in coaxial systems. 

Understanding trends made when optimising core and/or shell flow rates in a 

coaxial electrospinning system using natural synthetic biomaterial combinations 

is vital in the optimisation of fibre morphology and drug release. Molas and Chen 

(2019) used coaxial electrospinning techniques to fabricate Poly(lactide-co-�}-

caprolactone) (PLCL) / Gel-Methacrylate (Gel-MA) respectively as core-shell 

nanofibers to facilitate the delivery of human mesenchymal stem cells (hMSCs) 

addressing the challenge of low cell retention rates observed with conventional 

injection-based administration in clinical trials. The fabrication of core/shell 

nanofibers involved using various concentrations ranging from 10 - 20% (wt.) of 

PLCL solutions as the core solution and a 10% (wt.) Gel-MA and 1% (wt.) alginate 

solution as the shell solution. Various core/shell flow rate ratios were 

systematically investigated, ranging from 0.1 to 0.5 ml/hr for the core and from 

0.5 to 0.9 ml/hr for the shell, while maintaining a constant total flow rate of 1 ml/hr. 

Observations revealed that when 16% PLCL solution was used as the core 

solution, beaded fibres were observed at high shell solution flow rates, however, 

as the shell flow rate was decreased, fewer beads were obtained until bead-free 

fibres were achieved. This trend was consistent across various concentrations of 
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core PLCL solution. An increase in PLCL concentration (18 - 20% (w/v)) resulted 

in a decrease in bead numbers as the flow rate of the Gel-MA/alginate shell 

solution reduced, with non-beaded fibres observed when the shell flow rate 

reached 0.6 ml/hr. On the other hand, a decrease in PLCL concentration led to 

an increase in bead numbers, with all fibres exhibiting beads at concentrations of 

14-12-10% (w/v), even at the lowest shell solution flow rates (0.5 ml/hr). 

Quantitative analysis of fibre diameter and bead numbers validated these 

observations. An increase in the core PLCL solution concentration led to larger 

fibre diameters and fewer beads while decreasing the core solution flow rate and 

increasing the shell solution flow rate resulted in smaller fibre diameters and more 

beads. For instance, the 1:9 core-to-shell flow ratio consistently produced the 

lowest fibre diameters with the highest number of beads, while the 5:5 core-to-

shell ratio yielded the highest diameters with the lowest number of beads. To 

summarise, the investigation of various concentrations along with altering flow 

rates shows promising results as the two are linked in reducing beaded fibres, as 

well as alternation of core/shell combinations. 

Furthermore, Molas and Chen (2019) used coaxial electrospinning techniques to 

investigate altering core/shell flow rates revealing that the increase of the core 

PLCL solution flow rate led to an increase in fibre diameter (from 0.26 µm - 1.38 

µm) and decrease in the number of beads (from 33 per 100 fibres to bead-free). 

The systematic investigation of various core/shell ratios offers the flexibility to 

finely tune both biochemical and biomechanical properties to meet the 

requirements of various tissues with the production of these coaxial scaffolds 

facilitating the easy loading of growth factors or other biochemical cues, enabling 

active modulation of stem cell fate following minimally invasive transplantation via 

injection-based approaches (Molas and Chen, 2019). To conclude, their work 
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showed that the fibre diameter can increase when the core polymer increases in 

flow rate showing the potential trend in using natural/synthetic combinations to 

optimise fibre properties. 

Li et al. (2022) used coaxial electrospinning techniques to fabricate Xylan/PCL 

core/ shell nanofibers, offering unique functionalities, with PCL providing 

biocompatibility and biodegradability. Xylan is easily obtained through agricultural 

and forestry waste, making it an attractive biomass resource with its potential 

application in biological and pharmaceutical industries, particularly in immune 

regulation and anti-tumour activity. By coupling Xylan with PCL, the resulting 

nanofibers exhibit enhanced biological properties. In the study they conducted, 

levofloxacin (LEV) was chosen as the model drug, when exploring the coaxial 

nanofibers as a drug delivery system. LEV was loaded directly onto the Xylan 

core, which being water-soluble, incorporated the drug. The hydrophobic PCL 

shell helped to slow down the solubility of the Xylan core, thereby controlling the 

drug release. Different flow ratios of Xylan and PCL were tested (1:1, 1:1.2 and 

1:1.4 respectively), with SEM confirming uneven-sized fibres with a beaded 

structure. The core/shell morphology of the fibres was observed using the TEM, 

where an increase in the �V�K�H�O�O���V�R�O�X�W�L�R�Q�¶�V���U�D�W�H���U�H�V�X�O�W�H�G���L�Q��the gradual thickening of 

�W�K�H�� �I�L�E�U�H�¶�V�� �V�K�H�O�O���� �F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �H�[�S�H�F�W�D�W�L�R�Q�V���� �)�7�,�5�� �V�S�H�F�W�U�D�� �R�I�� �3�&�/���� �;�\�O�D�Q�� �D�Q�G��

Xylan/PCL core-shell/ nanofibers (flow ratio of 1:1.2) were conducted to 

investigate the interaction between Xylan and PCL in the resulting fibres, as seen 

in Figure 34.  
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In the spectrum of PCL, the absorption peaks at 2940 cm-1 and 2860 cm-1 

correspond to the stretching vibration peaks of methylene, while the strong peak 

at 1730 cm-1 represents the C = O stretching vibration. The bands observed from 

1250 cm-1 to 1140 cm-1 are attributed to the stretching vibration absorption peak 

at C �± C. Regarding the spectrum of Xylan, the absorption peaks at 1043 cm-1 

correspond to the stretching vibration of C �± C and C �± O, while the band between 

1170 cm-1 and 1165 cm-1 is the typical absorption peak of Xylan. Importantly, all 

characteristic peaks from Xylan and PCL are observed in the resulting fibre, 

indicating that there is no obvious chemical reaction between both polymers 

during the fibre preparation process. During degradation studies, as seen in 

Figure 35, the degradation rate of the LEV-loaded nanofibers in an acidic 

environment (pH4) was slightly faster than that in a neutral environment (pH7.4 

(PBS)). Under the same conditions, the degradation rate of the fibres decreased 

�Z�L�W�K���W�K�H���L�Q�F�U�H�D�V�H���R�I���3�&�/�¶�V���I�O�R�Z���U�D�W�H���Z�K�L�F�K���F�D�Q���E�H���D�W�W�U�L�E�X�W�H�G��to the hydrophobic 

nature of PCL, as the increase in PCL content in the fibres is likely to hinder the 

degradation process. The LEV-nanofibers demonstrated excellent antibacterial 

performance against both gram-negative (E. coli) and gram-positive (S. aureus) 

Figure 34 - FTIR spectra of PCL, Xylan, and Xylan/PCL scaffolds  (Li et al ., 2022). 
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strains with the combination of Xylan and PCL representing a novel approach to 

utilise waste biomass resources, offering a new avenue for medical drug carrier 

research. The finding holds promise for a wide range of biomedical applications, 

paving the way for a sustainable and environmentally friendly solution in the field 

(Li et al., 2022).  

 

To summarise, Li et al. (2022) show the potential for using PCL in a coaxial set-

up to provide better biocompatibility and biodegradability to the overall scaffold, 

with altering flow rates influencing the duration of scaffold degradation. 

Furthermore, they confirmed there are no obvious chemical reactions between 

the polymers during the fabrication of the nanofibers using FTIR spectroscopy. 

The study shows interest in combining core/shell formulas with PCL as a shell 

polymer in a coaxial set-up to provide stability to the scaffold prolonging 

controlled drug release. 

The literature promotes the use of coaxial systems and demonstrates the benefit 

of using polymer/protein combinations to make stable scaffolds with optimised 

properties. The literature demonstrates the uses of combining synthetic and 

natural/protein polymers when using coaxial electrospinning techniques exhibit 

promise regarding the development of a biodegradable and safe scaffold to 

Figure 35 - Degradation curves of the Xylan/PCL core -shell scaffold  with varying PCL 
flow rates  in pH = 4 (A) and pH = 7.4 (B) PBS (Li et al ., 2022). 
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promote healing of various tissue types. The review has displayed how using 

coaxial techniques can help develop and fabricate a scaffold with a focus on 

incorporating extracellular matrix proteins and biologically active components. It 

showed the importance of developing solutions for optimised electrospinning 

stability for the fabrication of nanofibrous scaffolds and showed attention to the 

investigating interest in adding active pharmaceutical ingredients to the scaffold 

solution to produce advantageous effects in the scaffold. In these discoveries, it 

can be seen how coaxial electrospinning techniques allow for two single 

biomaterials to support and help counter their independent disadvantages. The 

need for optimising synthetic/natural polymers in combinations with a focus on 

controlling drug release is demonstrated. By optimising for such properties, a 

stable scaffold with such characteristics will enable its potential use in many 

tissue types as discussed in the report. Furthermore, the project seeks to build a 

greater understanding of the trends mentioned in this report. An investigation will 

take place to explore the effects of synthetic/natural polymer/protein 

combinations on drug release properties. Additionally, an investigation into the 

effects of altering flow rates, collector-needle distance, and drug concentrations 

on release rates in coaxial electrospinning systems will take place. Furthermore, 

there has been much discussion on the effects of voltage on the scaffolds. 

Therefore, although the optimisation of the voltage will not be a key focus of the 

project, it is vital to understand the trends associated with voltage and its 

tendencies whilst optimising various synthetic/natural combinations and 

parameters. 
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CHAPTER 3: Material and Equipment  

3.1 MATERIAL  

3.1.1 SYNTHETIC POLYMER  

After extensive research, PCL is the polymer to be used as the synthetic polymer 

in the coaxial electrospinning system. As discussed in the literature PCL is a 

biodegradable and biocompatible polymer with great mechanical properties. PCL 

is one of the most used synthetic polymers for producing scaffolds because of its 

mechanical properties, biocompatibility, bioresorbable and low cost (Hutmacher 

et al., 2001).  PCL pellets were purchased from Sigma Aldrich. Figure 36 shows 

the repeating unit of PCL whereas Table 5 shows the manufacturer properties of 

the biomaterial. 

 

 

 

 

Figure 36 �± Molecular structure of p olycaprolactone.  
 
 
 

Table 5 - Properties of polycapro lactone  purchased from Sigma Aldrich . 
Properties  

Form  Pellets (3mm) 

Molecular weight  Average Mn 80,000 

Impurities  <0.5% water 

Melting Point  60 °C (lit.) 

Density  1.145g/mL at 25 °C 

Mw/Mn <2 
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3.1.2 NATURAL PROTEIN  

Gelatin was purchased from Sigma Aldrich. As discussed in section 2.3.1.1.1.2, 

gelatin is primarily used in the food, pharmaceutical and cosmetic industries. 

Thermal denaturalisation of collagen prepares the biopolymer gelatin, which is 

present in animal bone and skin in the presence of dilute acids. gelatin is a 

colourless, tasteless, and translucent powder that consists of many glycine, 

proline, and 4-hydroxy proline residues. The method to obtain gelatin from 

collagen is dependent on which type of gelatin is desired. There are two gelatin 

types; type A which is acidic, and type B, which is essential. Below 35 ºC, gelatin 

forms gel which is elastic, transparent, and thermo-reversible. Above 35 ºC, 

gelatin holds a single molecule that is unable to form hydrogen bonds. Both 

gelatin types (Type A and Type B) are commonly used in electrospinning and 

other biomaterial forms because of their relatively low commercial cost in addition 

to their physicochemical and biological properties (Mohiti-Asli and Loboa, 2016). 

Below Figure 37 shows the chemical structure of gelatin whereas Table 6 shows 

the manufacturer properties. 

Table 6 - Properties of gelatin  purchased from Sigma Aldrich . 
Properties  

Protein  90-92% 
Molecular weight  Less than 5000 
Viscosity  5.5 �± 7.5 
pH 5.0 �± 6.5 
Moisture  <10% 
Sodium  100mg / 100gm 

Figure 37 - Chemical structure of Gel (Deshmukh et al., 2017).  
 



 

89 
 

3.1.3 SOLVENT 

As discussed in the literature the solvent plays just as important a part as the 

polymer does. Its purpose is to dissolve the polymer into a solution enabling its 

use in electrospinning systems. Solvent selection can influence whether 

electrospraying occurs instead of electrospinning at the correct rate. Hence the 

solution affects the morphology of the fibres (Luo et al., 2010). It should be noted 

that �W�K�H���V�R�O�Y�H�Q�W�V���D�U�H���X�V�X�D�O�O�\���W�R�[�L�Q�V�����7�K�X�V�����W�K�H���X�V�H�U�¶�V���K�H�D�O�W�K���D�Q�G���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W��

can receive an unpleasant effect whilst electrospinning. 1,1,1,3,3,3-Hexafluoro-

2-propanol, C3H2F6O, is a colourless, odourless at room temperature. It is 

generally used in refrigerants, high-temperature heat pumps, air-conditioning 

systems, as a fire suppressant, and for pharmaceutical aerosols and metered-

dose inhalers (PubChem, 2020). This solvent was selected as it dissolved the 

synthetic polymer (PCL), the natural polymer (Gel) and the model drug (IBU) 

completely without denaturing the components. The Hexafluoropropanol was 

purchased from Sigma Aldrich. Figure 38 shows the molecular structure of HFP 

whereas Table 7 shows the properties. 

  

 

 

 

 

Table 7 �± Properties of H exafluoropropanol  purchased from Sigma Aldrich . 
Properties  

Assay  �•������  
Refractive index  N20/D 1.275 (lit.) 
Boiling Point  59 ºC (lit.) 
Melting Point  -4 ºC 
Density  1.596g/mL at 25ºC (lit.) 
Molecular Weight  170.03 g/mol 
Exact Mass  169.997 g/mol 

Figure 38 �± Molecular structure of Hexafluoropropanol.  
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3.1.4 MODEL DRUG 

Ibuprofen sodium salt has been selected as the model drug as it is cheap and 

accessible. It belongs to the class of non-steroidal anti-inflammatory drugs, 

widely used for the treatment of mild to moderate pain and several forms of 

arthritis. Ibuprofen sodium salt, C13H17NaO2, has shown promise as a model drug 

as can be seen in the literature. IBU contains ionic salt which, as discussed in 

section 2.4.5, can increase the conductivity of a solution when electrospinning. 

This may increase the conductivity of gelatin which is another reason it has been 

selected as the model drug. Furthermore, Azum et al. (2019) demonstrated that 

IBU increased the solubility of Gel solutions acting as a surfactant reducing 

surface tension. Limitations on exceeding the critical micelle concentration (CMC)  

which is the concentration of surfactants above which micelles form were 

mentioned. The increase in IBU concentration can therefore decrease the polarity 

and cause low solubility (Azum et al., 2019). Figure 39 shows the molecular 

structure of IBU whereas Table 8 shows its properties. 

 
 
 
 
 
 
 
 
 
 
 

 
Table 8 - Properties of Ibuprofen sodium salt  purchased from Sigma Aldrich . 

Properties  
Assay  �•�����������*�&�� 
Quality level  100 
Grade Analytics Standard 
Solubility  H2O: 100 mg/ml, clear to slightly hazy 

Molecular Weight  228.26g/mol 

Figure 39 �± Molecular structure of i buprofen sodium  salt . 
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3.2 EQUIPMENT 

3.2.1 SPRAYBASE COAXIAL ELECTROSPINNING KIT  

The Spraybase electrospinning kit consists of; a syringe pump and controller, an 

anti-vibration rotating platform and emitters (X, Y, and Z emitter positions). Other 

products such as tubes, needles, coaxial spinneret, etc., were purchased from 

the supplier but are not part of the standard kit. Figure 40 shows the system in 

operation. For the coaxial system a coaxial needle, as seen in Figure 41, is 

required as well as an additional syringe pump as seen in Figure 42. Furthermore, 

the voltage supply can supply up to 20 kV. The kit is relatively easy to use.  A 

safety and user manual is provided with the kit to ensure the equipment is used 

safely and adequately. However, it is recommended that users must be qualified 

and trained to use the kit before using it.  

  

 

 

 

 

 

Figure 42 - Electrospinning system including dual pumping system, voltage.  

Figure 40 - Electrospinning system 
operating fabricating fibrous mat.  

Figure 41 - Coaxial Needle used 
throughout experiments with outer bore 

0.889mm and inner bore 0.554mm.  



 

92 
 

3.2.2 STUART SCIENTIFIC MAGNETIC STIRRIR HOTPLATE SM26  

AND VWR WEIGHING SCALE  

Stuart Scientific Magnetic Stirrer Hotplate, as shown in Figure 43 was used to 

spin the magnetic tablet within the flask causing the contents within to mix. The 

hotplate, when operated, is used to apply heat, but the system can run with only 

the magnetic stirring function active allowing for solutions to be devised at room 

temperature. The VWR weighing scale was used to weigh biomaterials and 

solvents in grams, as shown in Figure 44. The scale can pick up as low as 0.1mg 

making it ideal for weighing biomaterials concerning this project.  

 

 

 

 

 

3.2.3 EMITECH K550 GOLD-SPUTTERING SYSTEM 

The Emitech K550 gold-sputtering system (Figure 45) was utilised before using 

the SEM enhancing the images by applying a thin, conductive coating of gold 

onto the sample surface through a process known as sputter coating. This 

coating improves sample conductivity, reduces charging effects that can distort 

images, enhances image contrast by providing a uniform background against 

which sample features stand out more clearly, and protects delicate samples from 

damage caused by the electron beam, thereby improving 

resolution and clarity. Overall, the K550 system prepares 

samples for SEM imaging, resulting in clearer, higher-

resolution images with improved contrast and accuracy. 

Figure 45 �± Emitech K550 g old -sputtering  system.   

Figure 44 - VWR weighting 
scale.  

Figure 43 - Stuart scientific magnetic 
stirrer hotplate SM26.  
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3.2.4 HITACHI TM3030 SCANNING ELECTRON MICROSCOPE  

The Hitachi TM3030 scanning electron microscope (SEM) is a valuable tool for 

analysing electrospun scaffolds. With its high-resolution imaging capabilities, it 

allows researchers to visualise the surface morphology and structural features of 

the scaffolds at the nanoscale level. This SEM can provide detailed information 

about the fibre diameter, porosity, and overall architecture of the scaffold, aiding 

in the optimisation of fabrication processes and the evaluation of scaffold 

performance for biomedical applications such as tissue engineering or drug 

delivery. Figure 46 shows the Hitachi TM3030 desktop SEM and Figure 47 shows 

the adjustability of the mounting pallet that is universal to many different sample 

types. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47 - SEM Machine mounting pallet (Microscopy, 2019).  

Figure 46 �± Hitachi TM3030 desktop s canning electron microscope . 
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3.2.5 NICOLET NEXUS IS50 ATR-FTIR SPECTROMETER 

The Nicolet Nexus iS50 benchtop ATR-FTIR spectrometer is utilised in the 

analysis of electrospun scaffolds. This instrument employs Attenuated Total 

Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy to characterise 

the chemical composition and molecular structure of materials. In the context of 

electrospun scaffolds, the spectrometer can assess the polymer composition, 

detect any functional groups present, and evaluate the degree of molecular 

orientation or alignment within the scaffold. Figure 48 shows the FTIR used 

whereas Figure 49 shows the ATR on the FTIR. 

 

 

 

 

 

3.2.6 SHIMADZU UV-VIS SPECTROPHOTOMETER 

Shimadzu UV-2600I UV-Vis Spectrophotometer was utilised to track drug release 

in the scaffold composites. The Shimadzu UV-2600I UV-Vis Spectrophotometer 

is essential for evaluating the optical properties of electrospun scaffolds. It 

measures light absorbance and transmission across wavelengths, providing 

insights into material 

composition, uniformity, and 

changes due to fabrication 

variations. Figure 50 shows the 

UV-Vis spectrophotometer. 

Figure 48 - Nicolet Nexus iS50 benchtop ATR-
FTIR. 

Figure 49 - ATR segment on the 
FTIR. 

Figure 50 - Shimadzu UV -2600i UV-Vis  Spectrophotometer . 
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3.2.7 JEOL 1200 TRANSMISSION ELECTRON MICROSCOPE  

The JEOL 1200 Transmission Electron Microscope was used to observe coaxial 

formations and allowed the study of the internal structure of scaffolds at very high 

resolutions. In a TEM, a beam of electrons is transmitted through an ultrathin 

specimen, interacting with the specimen as it passes through. The interactions 

between the electrons and the atoms in the specimen produce signals that can 

be used to form detailed images of the �V�S�H�F�L�P�H�Q�¶�V internal structure. In a TEM, 

the transmitted electrons are focused onto a fluorescent screen or a digital 

detector, where they form an image that can be observed and analysed. The 

specimen must be prepared as an ultrathin section (typically less than 100 nm 

thick) to allow the electrons to pass through. Figures 51 and 52 show the JEOL 

1200 TEM. 

  

 

 

Figure 51 - JEOL 1200 TEM. Figure 52 - JEOL 1200 TEM. 
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CHAPTER 4: Design of Experiments and Method ology  

In this chapter, the design of three sets of experiments using simple needles and 

single solutions is reported. It is vital to understand which polymer concentrations 

are appropriate for coaxial systems. PCL is widely used as seen in the in-depth 

literature, and understanding the relationship between polymer concentration and 

fibre diameters is of interest. A series of mixtures will be formulated to assess the 

dissolution of the natural/synthetic polymers. A set of experiments will take place 

to investigate the effects of PCL concentration and incorporation of the model 

drug (IBU) on electrospinning performance and fibre morphology. When the 

synthetic polymer concentration/mixture is established, a series of experiments 

will take place to understand the effect made on the scaffold when processing 

the collector-needle distance in the electrospinning system as there is interest in 

understanding how to get fatter fibres. The concentration of the natural polymer 

will match that of the synthetic polymer as experiments processing drug 

concentrations will take place, henceforth this variable, synthetic/natural polymer 

concentration, will stay consistent throughout the coaxial experiments. 

Furthermore, a series of experiments will take place processessing collector-

needle distance in a basic electrospinning set-up. Furthermore, a third set of 

experiments to understand the solubility/electrospinning performance of gelatin 

with and without the model drug (IBU) will take place, with the concentration of 

the drug varying. The objective is, to understand the relationship between 

polymer concentrations, collector-needle separation distance and drug 

concentrations in a basic electrospin system, to establish process parameters for 

the more complex coaxial electrospinning. The methodology for the techniques 

of characterisation will be discussed throughout this section. 
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4.1 INVESTIGATING EFFECTS OF PCL CONCENTRATION AND 

INCORPORATION OF MODEL DRUG (IBU) ON ELECTROSPINNING 

PERFORMANCE AND FIBRE MORPHOLOGY  

4.1.1 MATERIALS AND METHODS  

Solution optimisation is a vital part of fabricating fibres. The biomaterials selected 

(PCL and Gel) must be dissolved completely into solutions using solvent(s) for 

electrospinning systems. The biomaterials and solvents are typically set to mix 

on a magnetic stirrer. After some time, depending on the components, the mixture 

is completely dissolved into a solution form. Solutions that exhibit anything other 

than complete dissolution are regarded as unsuccessful mixtures. The solution is 

then used to fabricate electrospun nanofibers.  

4.1.1.1 SOLUTION PREPARATION  

Table 9 shows a combination of polymers/proteins formulated with solvents of 

different concentrations, some of which were successful in dissolving, forming a 

smooth solution and some unsuccessful. 

Table 9 - Combination of polymers/proteins formulated with solvents . 
Biomaterial  Solvent(s)  Weight of 

biomaterial ( %) 
Amount 
dissolve  

Time (h our ) 

PCL Chloroform 15 100% 4.5 

PCL HFP 15 100% 4.5 

Gel Chloroform 10 0 8.0 

Gel Water 10 0 8.0 

Gel Water/Heat 10 0 4.0 

PLGA DMF/THF 10 100% 8.5 

PLA DMF 10 0 8.0 

PVA Chloroform 10 0 4.0 

PEV Chloroform 10 0 4.0 

Chitosan  Chloroform 10 0 4.0 

Chitosan  Water 10 0 4.0 
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Attempts were made to mix proteins such as chitosan and gelatin with chloroform, 

but this proved unsuccessful as did the natural polymers with water. The hotplate 

on the magnetic stirrer was applied at 24�öC to a mixture of Gel with water resulting 

in the biomaterial dissolving completely forming a solution. This was short-lived 

as the solution solidified into a jelly-like substance once cooled at room 

temperature, which was expected. As explained in section 2.1.1.1.1.2, 

temperatures below 35 �± 40ºC cause the structure to solidify into a gelatinous 

state. Continued boiling of the aqueous solution of gelatin triggers the solution to 

decompose, changes that are irreversible upon cooling. Both PCL and Gel 

dissolved completely in HFP providing a smooth solution, so HFP was the 

selected solvent for synthetic/natural polymer mixtures. This will be the solvent 

used in the formula with both synthetic/natural polymer mixes. It is vital to 

consider the biomaterials as discussed in sections 3.1.4 and 4.2.3. 

A series of experiments were conducted to further optimise solution mixtures 

before using coaxial electrospinning techniques. Firstly, the focus was put on 

optimising PCL concentrations to understand which percentage would be ideal 

for coaxial methods, as well as investigating the effects on fibre diameters. It is 

key to observe any effects made by the model drug (IBU). 

After an extensive literature review, see sections 2.3.1.2, it is understood that 

although the synthetic polymer has many advantages, such as biodegradability 

and biocompatibility, it is still a possibility that fibres may contain beaded fibres 

or micro-ribbons, as discussed in 2.3.1.2.4. Therefore, a series of experiments 

were conducted to understand the effect of various concentrations of PCL on fibre 

properties, with a focus on spinnability (ease and consistency of producing 

fibres). This is key as a concentration that proves difficult to push through the 

tubing because viscosity issues will prove to be ineffective in coaxial systems. It 
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is therefore essential to ensure that the polymer mixture is consistent in providing 

a smooth solution and dependable fibre properties. The active pharmaceutical 

ingredient, IBU is widely used in modern research as it is cheap and accessible. 

Furthermore, it is of interest to investigate the effects on fibre morphology when 

adding an active pharmaceutical component. Therefore, solutions were prepared 

with and without the model drug (IBU). Table 10 shows the formulas used for 

these experiments. 

 
Table 10 - PCL solution optimisation formulas  showing quantities of PCL and HFP used 

for each concentration with and without IBU . 

Experiment   PCL 
Concentration  

PCL HFP IBU (8%) 

1 15% 1.50g 8.50g - 
2 15% 1.50g 7.70g 0.80g 
3 12.5% 1.25g 8.25g - 
4 12.5% 1.25g 7.95g 0.80g 
5 10% 1.00g 9.00g - 
6 10% 1.00g 8.20g 0.80g 
7 7.5% 0.75g 9.25g - 
8 7.5% 0.75g 8.45g 0.80g 
9 5% 0.50g 9.50g - 

10 5% 0.50g 8.70g 0.80g 
 

Solution mixtures were prepared by dissolving the biomaterial (PCL) with the 

solvent (HFP). The biomaterial and chemicals were weighed and placed into a 

flask on a magnetic stirrer. A magnetic tablet was then added. A stopper was 

used to prevent the solvent from evaporating. The system was turned on and an 

appropriate RPM was set on the magnetic stirrer (150-250 RPM). The mixtures 

were left for 4 hours and observed throughout the process. As the pellets 

dissolved into the solvent, the viscosity changed. It was noted that mixtures with 

higher concentrations proved to have higher viscosities, as lower concentrations 

were less viscous. For this reason, it is crucial to adjust the system's RPM 
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accordingly to ensure the magnetic stirrer tablet does not stop or get stuck 

throughout these solution changes ensuring the mixture is smooth and clear. 

Although a variable in the solution mix is the changing solvent quantity, the small 

change in the variable is not considered to have a significant effect on the scaffold 

as the solvent evaporates during the electrospinning process before the charged 

jet reaches the grounded collector. 

4.1.1.2 ELECTROSPINNING AND FUNCTIONALI SATION 

Each solution was loaded into a 10ml syringe after the mixing procedure. The 

syringe was mounted into the syringe pump mechanism in the electrospinning 

system, where the polymer solution was pushed through the tubing to the tip of 

the needle until a droplet formed. When the solution reached this point the pump 

system was initiated pushing the polymer at a controlled rate. The high voltage 

was applied causing the solution to elongate and whip towards the grounded 

collector, whilst the solvent dries as discussed in section 2.5.1. Parameters such 

as voltage and flow rate were expected to vary in different solutions due to the 

different interactions that happen at the tip of the needle because of differences 

in viscosity, as explained in 2.4.4. Table 11 shows the voltage required to 

maintain a stable Taylor cone. Voltage is a variable that, as discussed in section 

2.5.1, has conflicting views regarded the effect it has or does not have on fibre 

morphology. To stabilise the Taylor cone voltage is a common variable adjusted 

accordingly when electrospinning. Any trends that take place will be noted and 

discussed. A constant separation distance of 135mm, needle size of 1.2mm and 

temperature of 24ºC was maintained throughout the experiments. Throughout all 

non-coaxial electrospinning flow rates were kept at a rate of 0.4ml/hr with 

electrospinning taking place for a duration of 30 minutes for each scaffold. 

Degradation studies took place with the selected PCL concentration with/without 
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IBU to establish a control for future degradation studies in coaxial systems as 

seen in Table 11. 

 
Table 11 - Experiment al parameters  for each PCL concentration combination with and 

without  IBU showing voltage required to stabilise the Taylor cone.  

Experiment  PCL IBU Voltage  
1 15.0% - 10.50kV 
2 15.0% 8% 10.25kV 
3 12.5% - 7.00kV 
4 12.5% 8% 7.50kV 
5 10.0% - 7.50kV 
6 10.0% 8% 7.50kV 
7 7.5% - 7.00kV 
8 7.5% 8% 7.00kV 
9 5.0% - 6.50kV 
10 5.0% 8% 6.50kV 

4.1.1.3 SCANNING ELECTRON MICROSCOPY (SEM)  

The scanning electron microscope (SEM) was used to characterise each sample 

for analysis with a focus on the morphology of the scaffolds. ImageJ software was 

used to measure fibre diameters, with a minimum of 31 fibres measured in 

different images. A grid method was used to select areas to measure on the SEM 

images to avoid measuring the same fibres. The samples were not coated with 

gold as the system was not available at the time of these experiments. The 

majority of the SEM images that are included in the report were taken with a scale 

bar of 20 µm which can be found at the bottom of each image. 

4.1.1.4 ATTENUATED TOTAL REFLECTANCE - FOURIER 

TRANSFORM INFRARED (ATR -FTIR)  

ATR-FTIR was used to understand the chemical interactions between the 

polymer concentration selected and the model drug (IBU). The attenuated total 

reflectance (ATR) was used as it enables solid samples to be analysed neatly 
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simplifying the measurement process. A background was scanned of the foil and 

then subtracted from the spectra obtained after scanning the scaffolds (on the 

foil). This was to allow for scaffolds with thinner depositions to be scanned on the 

foil which can be restrictive when trying to peel off the non-conductive material. 

This is a well-used technique for scaffold composite spectroscopy. 

4.1.1.5 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-visible spectroscopy was used to track the drug release rate of IBU from the 

scaffolds. The method of identifying the concentrations of the drug from a UV-Vis 

spectrum involves two main steps: the characterisation of the known solution and 

the analysis of the unknown solutions. UV-Vis spectra solutions with known 

quantities of the drug were analysed to determine mass absorptivity which 

represents the absorbance per unit mass at a given wavelength for each drug, 

the upper concentration detection limit, and the lower concentration detection 

limit. This step involves experimental measurements to establish the relationship 

between absorbance and concentration for the drug at different wavelengths. The 

UV-Vis spectrum for a known solution containing the drug is obtained. This 

involves the preparation of serial dilutions of the drug IBU in an aqueous solution 

followed by UV-Vis spectroscopy analysis. PBS was used as it is a non-toxic 

isotonic solution with a pH of 7.4 and is widely available. Firstly, preparations of 

the solutions took place in PBS where the dilution ranged from a maximum of 200 

µg/ml to a minimum of 10 µg/ml. 300 µl of the solutions were placed in a UV-

transparent plate. UV-Vis spectra were generated for the drug with the 

wavelength range 200-800 nm, with a step size of 1nm. Control spectra were 

generated with PBS alone, and three replicates of the control spectra were 

averaged together. The average control spectra were subtracted from the UV-Vis 

spectra drug. This background correction step helps remove any spectral 
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contribution from PBS and ensures that only the absorbance spectra of the drug 

are analysed. The background-corrected spectra for IBU were analysed to 

determine its absorbance profile across the specified wavelength range. The 

spectra from the serial dilutions for the drug were compared to assess any 

concentration-dependant changes in absorbance. The resulting spectra provide 

information about the absorbance characteristics of IBU at different 

concentrations. Changes in absorbance can indicate concentration-dependent 

effects, such as solubility, aggregation, or chemical reactions. Overall, the 

technique allows for the quantitative analysis of drug concentrations based on 

their UV-Vis absorbance spectra and provides insights into the solubility and 

behaviour of IBU in PBS solution. The method leverages the Beer-Lambert Law 

to relate the absorbance of the solution to the concentration of the absorbing 

species (Wypych, 2015). By applying this principle and analysing UV-Vis spectra, 

the concentrations of multiple drugs can be identified efficiently and accurately 

without the need for more complex analytic techniques such as high-performance 

liquid chromatography or liquid chromatography-mass spectroscopy. The 

calibration curve for the drug was constructed using linear regression analysis, 

which involved correlating the nominal concentration of the standard drug 

solutions with the observed peak area in the UV-Vis spectrometer. The 

wavelengths used to analyse were 258 nm, 264 nm and 272 nm as seen in Figure 

53 and the spectral range examined ranged from 200 �± 800 nm.  
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The spectrometer used for analysis was a Shimadzu UV-1600i. To ensure 

accuracy and reliability, the calibration curves were generated in triplicate, 

meaning that each concentration was analysed three times independently (n=3) 

which helps to account for any variability in the measurements and enhances the 

precision of the calibration curve. Ultimately the linear regression analysis allows 

for the determination of a mathematical relationship between the concentration 

of the drug and the corresponding absorbance values at the specified 

wavelength, facilitating the quantification of drug concentration in subsequent 

unknown samples based on their absorbance readings. Figure 54 shows the 

regression line/ calibration curve generated by the UV-Vis spectrometer system. 

The regression line shows an accuracy of 95%. 

 

 

 

 

Figure 53 - UV-Vis spectrum  for ibuprofen sodium salt  showing peaks at 259  nm, 264 nm, 
and 272 nm.  
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The experimental procedure involved assessing the release of IBU from 

electrospun fibre samples under different conditions. The samples were 

electrospun, carefully cut to 10mm/10mm and placed in a 24-well plate. The 

samples were then submerged in 500 µl of PBS in the wells of the plate. The 

plate was then placed in a cell culture incubator at 37ºC for a set amount of time 

(varying with the type of analysis for each sample). After each set interval, 300 µl 

of PBS from each sample was removed for analysis by UV-Vis spectroscopy. Any 

remaining volume above 300µl was measured and recorded to determine the 

volume of PBS remaining after evaporation. Fresh PBS (preheated to 37�öC) was 

then added to each scaffold sample. The process of analysing PBS by UV-Vis, 

recording residual volume, and placing fresh PBS on each sample was repeated 

until the samples showed no detectable release of IBU at the next three time 

points. Overall, the approach allows for the evaluation of drug release kinetics 

Figure 54 - UV-Vis regression line/ calibration curve for IBU is PBS  with dilution s rang ing  
from a maximum of 200  µg/ml to a minimum of 10  µg/ml  with 95% confidence limits.  
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from electrospun fibre samples under incubation conditions providing insights into 

the release behaviour of IBU from the fibres. 

4.1.1.6 STATISTICAL ANALYSIS  

Each experiment was repeated and characterised 3 times to further validate the 

findings. SEM images were analysed using ImageJ software to calculate fibre 

diameters over several different images. GraphPad10.0 was used to plot the fibre 

diameter graphs as seen in Figure 57. Drug release graphs show the average of 

the experiments with range error bars. 
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4.1.2 RESULTS 

Table 12 �± SEM images , average fibre diameters and standard deviation for varying 

polymer (PCL) concentrations with/without the drug (IBU).  

Solution  SEM Average Fibre Diameter/Standard 

Deviation  

PCL15% 

 

Diameter Mean = 0.464±0.197 µm 
  

PCL12.5% 

 

Diameter Mean = 0.427±0.209 µm 
 

PCL12.5%IBU 
8% 

 

Diameter Mean = 1.430±0.399 µm 
 

PCL10% 

 

Diameter Mean = 0.931±0.365 µm 
 

PCL10%IBU 8% 

 

Diameter Mean = 2.192±0.609 µm 
 

PCL7.5% 

 

Diameter Mean = 0.364±0.188 µm 
 

PCL7.5%IBU 8% 

 

Diameter Mean = 1.493±0.478 µm 
 

PCL5% 

 

Diameter Mean = 0.127±0.032 µm 
 

PCL5%IBU 8% 

 

Diameter mean = 0.153±0.034 µm 
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Table 13 �± SEM images at each d egradation time  point  over 32 days  with average fibre  

diameters  and standard deviation  and fibre deposition  for PCL10% and PCL10%IBU8%.  

Duration  PCL10% PCL10%IBU8% 
Day 0 

 
Deposition diameter = 80 mm 

 
Deposition diameter = 75 mm 

Day 0 

 
Fibre diameters = 0.942±0.365  µm 

 
Fibre diameters = 2.203±0.609  µm 

Day 1 

 
Fibre diameters = 0.924±0.301  µm 

  
Fibre diameters =2.083±0.583  µm 

Day 2 

 
Fibre diameters = 0.943±0.281  µm 

 
Fibre diameters = 1.671±0.613 µm 

Day 4 

 
Fibre diameters = 1.004±0.216  µm 

 
Fibre diameters = 1.639±0.554  µm 

Day 8 

 
Fibre diameters = 0.998±0.316  µm 

 
Fibre diameters = 2.035±0.605  µm 

Day 16 

 
Fibre diameters =1.084±0.270  µm 

 
Fibre diameters = 1.701±0.624  µm 

Day 32 

 
Fibre diameters = N/A 

 
Fibre diameters = 2.230±0.812  µm   
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Figure 57 �± Data plot of f ib re diameter  means  and standard deviation s at each 
degradation time  point for PCL and PCLIBU8% . 

Figure 55 �± Fibre deposition of PCL15%IBU8% nanofibers forming a pyramid -like 
structure as the solvent dries before reaching the collector.  

Figure 56 - Typical deposition of electrospun scaffold (PCL10%).  
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Figure 58 - ATR-FTIR spectrum of ibuprofen sodium salt with characteristic peak labels.  

Figure 60 - ATR-FTIR spectra of PCL10% and PCL10%IBU8% with characteristic peak 
labels.  

Figure 59 - Drug release graphs for UV -Vis burst release (%) studies for PCL10%IBU8% 
at time points 0.75 and 12 hours  
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4.1.3 DISCUSSION AND CONCLUSION 

4.1.3.1 ELECTROSPUN SCAFFOLD  

Higher concentration mixes take longer for the polymer to fully dissolve. Each 

solution was prepared a day apart and mixes were set in the morning and 

electrospun later in the day to avoid solution loss caused when transferring and 

storing solutions. As the concentration of polymer increases in the mixes, the 

viscosity increases increasing the potential for solution loss when transferring the 

solution from the flask to the syringe.  

As the solutions were electrospun a pattern emerged. At polymer concentrations 

of 15% (wt.), solution preparations and electrospin-ability proved difficult. The 

viscosity of the polymer at 15% (wt.) with/without the drug proved difficult to work 

with ruling it out as a possible candidate. Although PCL15%IBU8% were 

successfully mixed, fibres could not be produced from this formula, as the solvent 

would dry before the elongated jet could reach the collector resulting in clumps 

of fibres piling on top of one another rather than a non-woven mat. These clumps 

of fibres formed a pyramid-shaped structure as seen in Figure 56. The mixture 

required more solvent to maintain a fluid solution until the charged jet reached 

the grounded collector proving its inability to provide a non-woven mat of fibres.  

Figure 57 exhibited a typical fibrous scaffold fabricated from PCL10%. 

Furthermore, concentrations of 5% (wt.) produced PCL scaffolds with beaded 

fibres with and without the drug. The fibre diameters obtained confirm the addition 

of the model drug (IBU) has a direct effect on fibre diameters. PCL concentrations 

of 12.5%, 10% and 7.5% (wt.) with IBU exhibited fibres with larger diameters 

when compared to formulations without the model drug, with increases of 1.003 

µm, 1.261 µm and 1.129 µm respectively. Although fibres were formed when 
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incorporating the model drug into PCL concentrations of 5% (wt.), it seems the 

instability of smooth fibre production restricted the integration of the drug into the 

fibres as indicated in the SEM images. The high viscosities of PCL15% proved 

difficult without voltages above 10.00kV. Many of the solutions were electrospun 

at 7.00-7.50kV which seemed to be the optimal voltage to capture a stable Taylor 

cone without the need for wiping due to clogging or spraying. Additionally, the 

Taylor cone was achieved at a lower voltage of 6.50kV for concentrations of 5% 

(wt.). Anything above this charge would cause multi-jets to form without any fibres 

being produced, and any voltage below 6.50kV would cause electrospraying as 

discussed in section 2.5. The fibres that were easiest to produce were from 

formulas involving PCL10%. The viscosity of the solution was easy and efficient 

to form a Taylor cone and produce fibres with minimal waste or clogging of 

tubing/needles. Therefore, it was decided that formulas of PCL10% and 

PCL10%IBU8% were to be used throughout the experiments. 

4.1.3.2 ATTENUATED TOTAL REFLECTANCE �± FOURIER 

TRANSFORM INFRARED (ATR -FTIR)  

ATR-FTIR characterisation provides an understanding of the chemical 

identification of the raw materials scanned. Figure 59 exhibits the peaks for IBU 

with Table 14 describing peak assignations. Moreover, Figure 60 shows the ATR-

FTIR spectra of PCL and PCLIBU8%.  
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Table 14 �± ATR-FTIR peak assignation for each raw material IBU and PCL , data is 

coherent with data findings (Al -Sahaf et al ., 2020; Gökalp et al ., 2016). 

Raw material  Peaks Assignment  
Ibuprofen sodium salt  3341 cm-1 Stretching of O-H group 

2959 cm-1 Asymmetric stretching CH3 group 
1694 cm-1 Stretching C=O group 
1540 cm-1 Stretching vibrations C=C 
1401 cm-1 Bending of CH 
1291 cm-1 C-O stretching 

Polycaprolactone  2941 cm-1 Asymmetric stretching CH2 group 
1718 cm-1 C=O 
1466 cm-1 Stretching of CH2  
1358 cm-1 Stretching of OH group 
1285 cm-1 C-O-C 
1231 cm-1 C-O-C 
1156 cm-1 C-O-C 

 

Analysis of Figure 61 confirms the presence of IBU in the PCLIBU8% spectrum 

as seen at wavenumbers 3340 cm-1, 1554 cm-1 and 1404 cm-1 which are peaks 

that exhibit the presence of IBU. Furthermore, a shift in wavenumbers 2941 cm-

1(+6) and 1157 cm-1(+10) were observed. Wavenumber 1719 cm-1 was 

unaffected by the addition of IBU as it remained an individual peak of PCL. This 

technique proved ineffective when trying to track drug release as after even a 

couple of minutes the ATR-FTIR could not pick up anything other than the PCL 

structure. ATR-FTIR was therefore ruled out as a possible spectroscopy 

technique to track any changes in the chemical structure of the scaffolds 

throughout the degradation studies. 

4.1.3.3 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis spectroscopy on PCLIBU8%, as seen in Figure 61, indicates that the drug 

exhibits burst release with 90% of the release taking place in the first hour of the 

study. Furthermore, the PCLIBU8% scaffold experienced complete release over 

a period of 12 hours.  
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4.2 INVESTIGATING EFFECTS OF  NEEDLE-COLLECTOR DISTANCE 

ON FIBRE DIAMETRES IN ELECTROSPINNING SYSTEMS  

4.2.1 MATERIALS AND METHODS  

After doing extensive research it is of interest to understand the effects on fibre 

diameter size when altering separation distance. Increasing the distance between 

the collector needle increases the time of flight and diameter of the whipping 

cone, giving more stretch and reducing fibre diameter. Conversely, increasing the 

separation with the same voltage reduces the potential gradient, which may 

cause electrostatic stretching. 

4.2.1.1 SOLUTION PREPARATION 

PCL pellets were mixed with HFP to form a 10% (wt.) mixture. The polymer and 

solvent were left to mix in the morning and all experiments were conducted using 

the same solution on the same day to support the accuracy of the findings. 

4.2.1.2 ELECTROSPINNING AND FUNCTIONALI SATION 

PCL10% solution was used in experiments to investigate the effect of optimising 

collector-needle separation distance on fibre diameters.  Parameters for each 

experiment remained consistent with separation distance being the exception. 

Needle size (1.2mm), polymer solution (PCL10%) and temperature (24ºC) were 

kept consistent throughout the experiment. The separation distances between 

the tip of the needle and the grounded collector were investigated; 55 mm, 95 

mm, 135 mm and 175 mm. Voltage is a variable that, as discussed in section 

2.5.1, has conflicting views regarded the effect it has or does not have on fibre 

morphology. To stabilise the Taylor cone voltage is a common variable adjusted 
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accordingly when electrospinning. A trend in the variation in voltages was 

observed in each experiment as seen in Figure 15. 

Table 15 �±Experiment al parameters  for PCL at separation distances 175mm, 135mm, 

95mm and 55mm  showing voltage required to stabilise the Taylor cone.  

4.2.1.3 SCANNING ELECTRON MICROSCOPE  

The Scanning Electron Microscope was used to characterise each sample. 

ImageJ Software to measure fibre diameters, with a minimum of 21 fibres 

measured in different images. A grid method was used to select areas of the SEM 

image to avoid measuring the same fibres more than once. The gold-sputtering 

system was not utilised in these experiments as the system was not yet available.  

4.2.2 RESULTS 

Table 16 �± SEM images for PCL 10% with  separation distances of 55mm, 95mm, 135mm 

and 175mm with deposition diameters, average  fibre diameters  and standard deviation . 

Separation  
distance  

Scaffold  Deposition 
diameter  

SEM Average fibre 
diamet er 

55 mm 

 

40 mm 

 

0.697±0.268 µm 

95 mm 

 

95 mm 

 

0.880±0.324 µm 

135 mm 

 

110 mm 

 

1.031±0.338 µm 

175 mm 

 

150 mm 

 

1.280±0.320 µm 

Experiment  1 2 3 4 

Distance between collector -needle (mm)  175 135 95 55 

Applied voltage (kV)  8.35 7.50 7.50 6.00 
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4.2.3 DISCUSSION AND CONCLUSION  

The initial observation for this set of experiments was the effect the separation 

distance had on the deposition of fibres on the mat as it increased as the distance 

between the collector needle increased. A separation distance of 55mm provided 

a thick scaffold with a deposition diameter of 40mm whereas separation 

distances of 95mm, 135mm and 175mm increased the deposition diameter to 

95mm, 110mm and 150mm respectively. Another trend noticed was the increase 

in fibre diameters as the separation distance increased. As the separation 

distance increased from 55mm to 95mm, 135mm and 175mm the fibre diameters 

increased from 0.697±0.268 µm to 0.880±0.324 µm, 1.031±0.338 µm and 

1.280±0.320 µm respectfully. Moreover, fibres produced at a separation distance 

of 135mm indicate that this distance is optimal in fibre production as this 

separation distance provided scaffolds with smooth nanofibers and enough 

deposition diameters (110mm) to carry out multiple characterisation techniques. 

A shorter distance allows less time for the solvent to dry when the charged jet is 

elongated and whipped towards the grounded collector, whereas a larger 

separation distance allows for more time during this process. Additionally, 

another trend noticed was as the separation distance reduced, so did the voltage 

by up to 2.35kV. This is due to the extra tension required on the needle to 

generate the electric field from the tip of the needle to the grounded collector. 

Overall, both scaffold and fibre diameters produced from a separation distance 

of 135mm produced scaffolds with a larger deposition diameter with larger fibre 

diameters in comparison to the other separation distances with enough 

deposition to use characterisation techniques with ease as the scaffold was able 

to peel off the foil. To conclude, as the separation distances decreased so did the 

fibre deposition diameters, whereas the fibre diameters decreased. 
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4.3 INVESTIGATING EFFECTS OF CONCENTRATION OF MODEL 

DRUG ON GEL SCAFFOLDS  IN ELECTROSPINNING SYSTEMS  

4.3.1 MATERIALS AND METHODS  

The synthetic polymer (PCL) mixture has been selected at a concentration of 

10% (wt.). Core/shell polymer/protein concentrations were kept consistent 

throughout the report as this was a parameter that was not to change during the 

experiments. Henceforth, since the PCL contents were 10% (wt.) that will also be 

the concentration of Gel. A series of experiments took place to investigate the 

effect of IBU concentration on the solubility and release rates in Gel10% 

nanofibers. 

4.3.1.1 SOLUTION PREPARATION  

As shown in Table 17, four experiments were conducted Gel was initially 

electrospun without the model drug and with IBU levels varying in concentrations 

of, 2%, 4% and 8% (wt.). The concentration of Gel was kept consistent at 10% 

throughout each experiment to understand the effect of the altering drug 

concentration. As mentioned in section 4.1.1.1 although a variable in the solution 

mix is the changing solvent quantity, the small change in the variable is not 

considered to have a significant effect on the scaffold as the solvent evaporates 

during the electrospinning process before the charged jet reaches the grounded 

collector. 

Table 17 - Gel scaffolds with altering IBU concentrations (0%, 2%, 4% and 8%) formulas  

showing quantities of Gel, IBU and HFP used for each solution.  

Experiment  Gel (10%) HFP IBU (%) IBU (g)  
1 1.0g 9.0g 0 0 
2 1.0g 8.8g 2 0.2g 
3 1.0g 8.6g 4 0.4g 
4 1.0g 8.2g 8 0.8g 
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4.3.1.2 ELECTROSPINNING AND FUNCTIONALI SATION 

After preparations the solutions were mixed, and the experiments were set up in 

the electrospinning system. Parameters such as needle size (1.2mm), collector-

needle distance (135mm), and protein concentration (10%) were kept consistent 

for each experiment. Voltage did not vary as presented in Table 18. The 

temperature during the experiments was 24ºC.  

Table 18 �± Experiment al parameters  for altering IBU concentrations (0%, 2%, 4% and 8%) 

in Gel scaffolds showing voltage required to stabilise the Taylor cone.  

Experiment  Gel IBU Voltage  
1 10% 0% 7.00kV 
2 10% 2% 7.00kV 
3 10% 4% 7.00kV 
4 10% 8% 7.00kV 

 

Although a variable in the solution mix is the changing solvent quantity, this is a 

variable that is not considered to have a significant effect on the fibres as the 

solvent evaporates during the electrospinning process before the charged jet 

reaches the grounded collector. 

4.3.1.3 SCANNING ELECTRON MICROSCOPY (SEM)  

The Scanning Electron Microscope was used to characterise each sample to 

understand fibre morphology and size. ImageJ Software was used to measure 

fibre diameters, with a minimum of 21 fibres measured in different images. A grid 

method was used to select areas of the SEM image to avoid measuring the same 

fibres multiple times. 
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4.3.1.4 ATTENUATED TOTAL REFLECTANCE - FOURIER 

TRANSFORM INFRARED (ATR -FTIR)  

ATR-FTIR was used to understand the chemical interactions between Gel and 

altering IBU concentrations. 

4.3.1.5 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis was used to assess the drug release properties of IBU when altering 

drug concentrations in the Gel-based scaffolds. Processes are described in 

section 4.1.1.5. 

4.3.1.6 STATISTICAL ANALYSIS  

Each experiment was repeated and characterised 3 times and each of these 

samples to further validate the findings. SEM images were analysed using 

ImageJ software to calculate fibre diameters over several different images. Drug 

release graphs show the average of the experiments with range error bars. 
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4.3.2 RESULTS 

Table 19 - SEM images for Gel scaffolds with  altering IBU concentrations  of 0%, 2%, 4% 

and 8% with average  fibre diameters , standard deviation s and deposition diameters.  

Separation  Scaffold  Deposition 
diameter  

SEM Average fibre 
means  

Gel10% 

 

130 mm 
 
 
 
 
 
 

 

1.749±0.323 µm 
 
 
 
 

Gel10%IBU2% 

 

160 mm 
 
 
 
 
 
 

 

2.686±0.412 µm 
 
 
 
 

Gel10%IBU4% 

 

125 mm 
 
 
 
 
 
 

N/A N/A 
 
 
 
 
 

Gel10%IBU8% 

 

90 mm 
 
 
 
 
 
 

 

0.545±0.221 µm 
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Figure 62 - ATR-FTIR spectrum of GelIBU2%, GelIBU4% and GelIBU8% with characteristic 
peak labels.  
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Figure 63 - Drug release graphs of UV -Vis burst (%) release for Gel scaffolds with altering 
IBU concentrations of 2%, 4% and 8%, respectively at degradation time points 0.75 and 

12 hours with range error bars.  

Figure 61 - ATR-FTIR spectrum for Gel and GelIBU with characteristic peak labels.  
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4.3.3 DISCUSSION 

4.3.3.1 ELECTROSPUN SCAFFOLD  

Although Gel fibres produced a scaffold with a deposition diameter of 130mm the 

addition of IBU2% caused the deposition diameter to increase to 160mm as well 

as the fibre diameter from 1.749±0.323 µm to 2.686±0.412 µm. A further increase 

in IBU content caused the GelIBU4% and GelIBU8% combinations to reduce 

deposition diameters to 125mm and 90mm respectively. Although fibre diameters 

for GelIBU4% were not obtained, a reduced fibre diameter of 0.545±0.221 µm for 

GelIBU8% indicates increasing the drug concentration from GelIBU2% causes 

deposition diameters and fibre diameters to reduce. This can be attributed to the 

addition of IBU improving the solubility of the Gel solution potentially acting as a 

surfactant reducing the surface tension of the solution which can cause the fibre 

diameters to increase and the deposition diameter to increase which is what is 

observed in GelIBU2% fibres. However, there are limitations to this as there is a 

threshold were adding more IBU content can cause a contradictory effect. Adding 

more IBU increases the sodium salt in the solution and higher sodium salt can 

make the ibuprofen more hydrophobic (Azum et al, 2019). This may explain the 

interaction that takes place when adding IBU2% which increases deposition and 

fibre diameters, but the adverse effect seems to happen when increasing the IBU 

content to IBU4% and IBU8%. Although the concentration of the drug did seem 

to help stabilise the solution by allowing slight ease in fibre production, it was a 

challenge to keep the fibres stable after production as the scaffolds were prone 

to blow off the foil easily which suggests that there is little or no adhesion to the 

foil, presumably because there is no solvent in the fibre when it reaches the 

collector requiring extra precautionary steps to ensure the transfer from the 
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grounded collector to the characterisation platforms were possible. Multiple 

scaffolds were spun and carefully characterised but unfortunately, GelIBU4% 

proved too difficult to survive the SEM characterisation process as the fibres were 

separated from the foil as soon as the foil was removed from the grounded 

collector. As the foil is required to be cut and then carefully placed onto the SEM 

mount, some fibres from the GelIBU scaffolds would simply fly off the 

unconducive material (foil). Voltage remained the same for all Gel solutions 

regardless of IBU content at 7kV, with a clear Taylor cone observed. In 

electrospinning, both fibre-foil and fibre-fibre adhesion are critical factors 

influencing the morphology, mechanical properties, and overall performance of 

electrospun materials. Fiber-foil adhesion refers to the interaction between the 

electrospun fibres and the substrate onto which they are deposited, impacting 

fibre alignment and orientation. Surface treatments and control of electrospinning 

parameters play key roles in enhancing fibre-foil adhesion. On the other hand, 

fibre-fibre adhesion relates to interactions between adjacent fibres within the 

material, influencing structural integrity, porosity, and mechanical strength. 

Promoting entanglement and interlocking of polymer chains during 

electrospinning, along with post-processing treatments, are strategies to improve 

fibre-fibre adhesion. Understanding and optimising both types of adhesion is 

crucial for fabricating electrospun materials with tailored properties for diverse 

applications, including tissue engineering scaffolds and filtration membranes. 

IBU increased fibre diameters, as observed during the optimisation of PCL 

concentrations (see section 4.1.2). A similar trend can be seen between Gel and 

GelIBU2% with diameters of 1.749 µm and 2.686 µm respectively with IBU 

contents increasing fibre diameters by 0.937 µm. Interestingly an increase of IBU 

content in scaffolds produced from GelIBU8% saw fibre diameters reduce to 
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0.545 µm. Finally, regarding fibre morphology, fibres produced from GelIBU8% 

were not smooth but rather in the form of a mesh as can be observed in Table 

19. This structure may indicate changes to the fibre morphology after they have 

collected on the surface. This probably requires a plasticiser, which could either 

be in the form of a solvent still present in the fibre or water absorbed from the 

atmosphere over time. The latter is probably the case as this only happens with 

high IBU content and the initial fibre/foil adhesion is low, so it is unlikely that there 

is any solvent left when it reaches the collector. 

4.3.3.2 ATTENUATED TOTAL REFLECTANCE �± FOURIER 

TRANSFORM INFRARED (ATR -FTIR)  

Following on from previous ATR-FTIR studies Figure 61 shows the chemical 

identification of Gel and GelIBU. The peak assignation of each material can be 

found in Table 20.  

 
Table 20 �± ATR-FTIR peak assignation for raw material IBU and Gel, data is coherent with 

data findings (Al -Sahaf  et al ., 2020; Qadir et al ., 2014). 

Raw material  Peaks Assignment  
Ibuprofen sodium salt  3341 cm-1 Stretching of O-H group 

2959 cm-1 Asymmetric stretching CH3 group 
1694 cm-1 Stretching C=O group 
1540 cm-1 Stretching vibrations C=C 
1401 cm-1 Bending of CH 
1291 cm-1 Stretching C-O 

Gelatin  3277 cm-1 Stretching N-H  
2951 cm-1 Stretching C-H 
1627 cm-1 Stretching of C=O of Amide I 
1530 cm-1 Deformation N-H of Amide II  

As Gel and IBU exhibit some similar peaks there is a shift observed at 3340 cm-

1, 2952 cm-1, and 1621 cm-1 and the most notable peaks are 1536 cm-1 and 1399 

cm-1. The large shift at these two points (1536 cm-1 and 1399 cm-1) is the main 
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indication that the drug is present in the GelIBU nanofibres as they were in 

PCLIBU8% nanofibres. Furthermore, when assessing ATR-FTIR spectra of 

GelIBU2%, GelIBU4% and GelIBU8%, as seen in Figure 62, a trend can be 

noticed with these shifting peaks. As the concentration of the drug is increased 

the peaks in the 3263-3340 cm-1 region exhibit a slight decrease in wavenumbers. 

Moreover, peaks in the regions 2933-2952 cm-1, 1625-1642 cm-1 and 1532-1537 

cm-1 display a slight increase in wavenumbers. Peaks in the range 1383-1402 

cm-1 show the largest wavenumber shift and a spike in absorbance showing a 

clear increase as the concentration of IBU is increased in the Gel fibres. 

The peak shifts can be relative to an interaction between gelatin and ibuprofen, 

indicating that hydrogen bonding is taking place between the N-H bond in Gel 

and the carbonyl group of IBU (Masoumi et al., 2019). Table 21 shows the 

characteristic peak shifts of the Gel scaffolds. 

Table 21 - ATR-FTIR characteristic peak shift  wavenumbers  for Gel scaffolds with 

altering IBU concentrations of 0%, 2%, 4% and 8%. 

 

Scaffold  Characteristic Peak  
Gel 
IBU 

Gel 
IBU 

Gel Gel 
IBU 

IBU 

Gel (cm -1) 3277 2951 1628 1530 1383 
GelIBU2% (cm -1) 3341 2952 1643 1538 1402 
GelIBU4% (cm -1) 3342 2943 1632 1536 1391 
GelIBU8% (cm -1) 3264 2933 1625 1533 1384 

 

The correlation between the wavenumber shifts is relative to the analysis of the 

deposition and fibre diameters, where GelIBU2% shows an increase compared 

with Gel which can be attributed to IBU increasing the solubility in the Gel solution 

acting as a surfactant reducing surface tension. The reduction of deposition and 

fibre diameters in GelIBU4% and a further reduction in GelIBU8% may exceed 

the critical micelle concentration (CMC) which is the concentration of surfactants 
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above which micelles form. The increase in IBU concentration can therefore 

decrease the polarity and cause low solubility (Azum et al., 2019). This is shown 

to affect wavenumber shifts as all Gel, IBU and Gel/IBU peaks show a positive 

shift in GelIBU2% when in comparison to Gel, whereas a shift down is observed 

from GelIBU2% to GelIBU4% and a further shift down in wavenumbers from 

GelIBU4% to GelIBU8%. 

4.3.3.3 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis spectroscopy was performed on GelIBU2%, GelIBU4% and GelIBU8%, 

respectively. Figure 63 shows the release of the nanofibers with all fibres 

regardless of concentration releasing the drug over 12 hours with burst release 

taking place within the first 15 minutes. Initially, GelIBU8% released 61% of the 

drug within the first 11.25 minutes with GelIBU4% releasing 43% and GelIBU2% 

releasing 16% at the same timepoint. Moreover, GelIBU2% released 88% of the 

drug after 3 hours, whereas GelIBU4% and GelIBU8% both released 89% in 90 

minutes. This can be attributed to the smaller amount of drug present maintaining 

a slower release of the drug in the GelIBU2% scaffold in comparison to scaffolds 

with 4% and 8% of the drug. An increase in the drug availability can increase the 

burst release of the drug as there is a more active component to interact with the 

aqueous solution, hence more drug on the surface of the scaffold. The results 

show an increase in IBU concentration can increase the amount of burst release. 

Although Figure 63 indicates similar release percentages after 3 hours, the 

concentration of drug release by each scaffold was different. For example, 

GelIBU8% released 0.813mg over the period of 12 hours whereas GelIBU4% 

and GelIBU2% released 0.360 mg and 0.158 mg respectively. This is 

considerably less than the release observed in PCLIBU8% scaffolds (1.089 mg) 
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indicating that the drug integrated and released from the PCL nanofibers more 

efficiently. 

4.3.4 CONCLUSION  

To conclude, when incorporating various concentrations of the IBU model drug 

in Gel scaffolds it is found that GelIBU2% releases the drug in a more controlled 

and delayed manner in comparison with GelIBU4% and GelIBU8%. This may be 

possible because of the effect IBU2% has on the Gel's electrospinnability. As the 

concentration of the drug increased a decrease in deposition diameters and fibre 

diameters was observed. The best candidate for optimised drug release for this 

series of experiments is GelIBU2% as its release is prolonged compared with 

GelIBU4% and GelIBU8%. Furthermore, the deposition diameters and fibre 

diameters of GelIBU2% also are higher than those of the other samples. In 

addition, all the collated data and ATR-FTIR analysis indicate that the critical 

micelle concentration (CMC) seems to be met with GelIBU2% providing a smooth 

rate of release. 
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CHAPTER 5: Coaxial Electrospun Combinations  

After an in-depth design of experiments and the selection of the biomaterials, it 

is possible to investigate coaxial systems to understand the relationship between 

the shell/core nanofibers using various combinations and their effect on release 

rates. This chapter has divided the experiments into two sections. The first set of 

experiments fabricate coaxial electrospun scaffolds with PCL (10%) as the shell 

layer whereas the second set of experiments focus on coaxial systems with 

gelatin as the skin layer. The shell polymers were coaxially electrospun with PCL, 

PCL/IBU8%, Gel, and Gel/IBU8% as core polymers, with SEM, AFT-FTIR, UV-

Vis and TEM characterisation techniques utilised to characterise the samples.  

5.1 MATERIALS AND METHODS  

PCL was coaxially electrospun as the shell layer with PCL, PCL/IBU, Gel, Gel/IBU 

and the core layers, respectively. Similarly, the same combinations were 

replicated with Gel as the shell layer. SEM characterise took place to assess 

scaffold morphology, and ATR-FTIR was used to understand the chemical 

interactions between the biomaterials and the active pharmaceutical ingredient. 

UV-Vis spectroscopy was operated to track the drug release rate of IBU. The 

TEM was utilised to assess core/shell structures. 

5.1.1 SOLUTION PREPARATION  

Four solution mixes were fabricated for a series of experiments with PCL as the 

shell polymer for coaxial techniques and four with Gel as the shell layer. For the 

shell layer, PCL was mixed with HFP. Shell mixes included combinations of 

PCL/HFP, PCL/HFP/IBU, Gel/HFP and Gel/HFP/IBU as shown in Table 22. 

Similarly, Table 23 shows the combinations with Gel as the shell layer. The 
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concentration of PCL and Gel was kept consistent at 10% (wt.), and IBU at 8% 

(wt.) throughout mixtures/experiments.  

Table 22 - Formulas for solutions  with PCL as the shell  layer showing quantities of PCL, 
Gel, IBU and HFP used for each combination . 

 Shell Solution 
10% (wt.)  

Core Solutions  10% (wt .) 

Formula  PCL PCL PCL/IBU Gel Gel/IBU 
PCL 1.0g 1.0g 1.0g - - 
Gel - - - 1.0g 1.0g 
HFP 9.0g 9.0g 8.2g 9.0g 8.2g 
IBU - - 0.8g - 0.8g 

 
Table 23 - Formulas for solutions  with Gel as the shell  layer showing quantities of Gel,  

PCL, IBU and HFP used for each combination . 

 Shell Solution 
10% (wt.)  

Core Solutions 10%  (wt.)  

Formula  Gel PCL PCL/IBU Gel Gel/IBU 
PCL - 1.0g 1.0g - - 
Gel 1.0g - - 1.0g 1.0g 
HFP 9.0g 9.0g 8.2g 9.0g 8.2g 
IBU - - 0.8g - 0.8g 

 

A larger quantity of the shell mixtures was mixed as they were used with each of 

the core mixtures. The shell solutions were produced twice as the solutions were 

required to be stationed in separate syringes for coaxial techniques. As 

mentioned in section 4.1.1.1 although a variable in the solution mix is the 

changing solvent quantity, the small change in the variable is not considered to 

have a significant effect on the scaffold as the solvent evaporates during the 

electrospinning process before the charged jet reaches the grounded collector. 

5.1.2 ELECTROSPINNING AND FUNCTIONALI SATION 

The solutions were coaxially electrospun using the electrospinning kit utilising 

dual pumps with a coaxial spinneret. Voltage is a variable that, as discussed in 

section 2.5.1, has conflicting views regarded the effect it has or does not have on 
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fibre morphology. To stabilise the Taylor cone voltage is a common variable 

adjusted accordingly when electrospinning. Tables 24 and 25 show the 

combinations with their voltages that varied to achieve the Taylor cone formation 

at the tip of the needle. The parameters for each experiment were kept consistent 

to ensure accurate comparison. Separation distance (135mm), coaxial needle 

with outer bore 0.889mm and inner bore 0.554mm and temperature (24ºC) were 

kept consistent throughout this experiment to ensure accurate comparison. 

Throughout coaxial electrospinning in this set of experiments flow rates were kept 

at a rate of 0.2ml/hr for each core/shell solution bringing the total flow rate to 

0.4ml/hr. The coaxial electrospinning took place for a duration of 30 minutes for 

each scaffold. Degradation studies had taken place as discussed in section 

4.1.1.5. 

Table 24 - Experimental  parameters  for combinations with PCL as the shell layer  showing 

voltage required to stabilise the Taylor cone.  

Experiment  Skin (10%)  Core (10%) Voltage  (kV) 
1 PCL PCL 8.0 
2 PCL PCL/IBU (8%) 8.0 
3 PCL Gel 10.5 
4 PCL Gel/IBU (8%) 10.5 

 

Table 25 - Experimental parameters for combinations with Gel as the shell layer showing 

voltage required to stabilise the Taylor cone.  

Experiment  Skin  Core Voltage (kV)  
1 Gel PCL 6.5 
2 Gel PCL/IBU (8%) 9.0 
3 Gel Gel 7.5 
4 Gel Gel/IBU (8%) 7.5 

5.1.3 SCANNING ELECTRON MICROSCOPY (SEM)  

The SEM was used to characterise each sample to understand fibre morphology 

and size. ImageJ Software was used to measure fibre diameters, with a minimum 

of 21 fibres measured in different images. A grid method was used to select areas 
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of the SEM image to avoid measuring the same fibres multiple times.  The 

process was repeated throughout each degradation time point. The samples 

were sputtered with gold before SEM characterisation as discussed in section 

4.1.1.3. 

5.1.4 ATTENUATED TOTAL REFLECTANCE - FOURIER 

TRANSFORM INFRARED ( ATR-FTIR)  

ATR-FTIR was used to understand the chemical interactions between the 

polymer, protein, and active components in the coaxial scaffolds as described in 

section 4.1.1.4. 

5.1.5 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis was used to assess the drug release rates of IBU when altering drug 

concentrations in the scaffolds, as discussed in 4.1.1.5. 

5.1.6 TRANSMISSION ELECTRON MICROSCOPE  (TEM) 

The Transmission Electron Microscope (TEM) was used to observe coaxial 

formations/internal structure of scaffolds.  This was not performed on all coaxial 

scaffolds as the use of the instrument was limited. Moreover, using the TEM to 

capture core/shell structure formations allows for the measurements of individual 

core and shell diameters within the fibres.  

5.1.7 STATISTICAL ANAL YSIS 

Each experiment was repeated times and each of these samples was then 

characterised to further validate the findings. SEM images were analysed using 

ImageJ to calculate fibre diameters over several different images. GraphPad10.0 

was used to plot the fibre diameter graphs as seen in Figures 64-66. Drug release 

graphs show the average of the experiments with range error bars 
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5.2 RESULTS 

Table 26 �± SEM images  at each degradation time  point over 32 days with deposition 

diameters, average fibre diameters and standard deviation for PCL/PCL, 

PCL/PCL10%IBU8%, PCL/Gel and PCL/GelIBU8%.  

Duration  PCL/PCL PCL/PCLIBU8%  PCL/Gel  PCL/GelIBU8%  

Day 0 

Deposition 
diameter = 80 mm 

Deposition 
diameter = 50 mm 

Deposition 
diameter = 120 

mm 

Deposition 
diameter = 120 mm 

Day 0 

0.449±0.169 µm 1.605±0.761 µm 0.616±0.281 µm 0.487±0.151 µm 
Day 1 

0.740±0.211 µm 
 

1.160±0.392 µm 0.425±0.148 µm 
 

0.639±0.177 µm 
Day 2 

0.703±0.172 µm 
 

1.124±0.653 µm 

N/A 

 
0.694±0.186 µm 

Day 4 

0.776±0.191 µm 
 

1.473±0.791 µm 0.341±0.106 µm 0.351±0.096 µm 
Day 8 

0.558±0.145 µm 
 

2.734±1.089 µm 0.496±0.272 µm 
 

0.702±0.148 µm 
Day 16 

0.690±0.193 µm 
 

1.536±0.527 µm 0.461±0.137 µm 
 

0.381±0.118 µm 
Day 32 

 
N/A 

 
1.540±0.731 µm 0.425±0.108 µm 

 
0.383±0.147 µm 



 

133 
 

 
Table 27 �± SEM images  at each degradation time  point over 32 days with deposition 

diameters, average fibre diameters and standard deviation for Gel/PCL, 

Gel/PCL10%IBU8%, Gel/Gel and Gel/GelIBU8%.  

Duration  Gel/PCL Gel/PCLIBU8%  Gel/Gel  Gel/GelIBU8%  

 

Deposition 
diameter = 100 mm 

Deposition 
diameter = 90 

mm 

Deposition 
diameter = 120 

mm 

Deposition 
diameter = 95 

mm 
Day 0 

 
0.907±0.228 µm 

 
0.620±0.124 µm 

 
0.510±0.126 µm 

 
0.586±0.140 µm 

Day 1 

 
0.755±0.133 µm 

 
0.568±0.130 µm 

 
N/A 

 
N/A 

Day 2 

 
0.695±0.125 µm 

 
0.574±0.089 µm 

N/A N/A 

Day 4 

 
0.646±0.139 µm 

 
0.584±0.121 µm 

N/A N/A 

Day 8 

 
0.594±0.124 µm 

 
0.613±0.126 µm 

N/A N/A 

Day 16 

 
0.684±0.1001 µm 

 
0.593±0.117 µm 

N/A N/A 

Day 32 Fibres were not present 
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Figure 65 - Data plot of f ib re diameter  means and standard deviations  at each 
degradation time  point for PCL/Gel and PCL/GelIBU8%.  

Figure 64 - Data plot of fibre diameter means and standard deviations at each 
degradation time point for PCL/PCL and PCL/PCLIBU8%.  

Figure 66 - Data plot of f ib re diameter  means and standard deviations  at each 
degradation time  point for Gel/PCL and Gel/PCLIBU8%.  
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Figure 68 - ATR-FTIR spectra of PCL shell layer with Gel and GelIBU8% respectively  with 
characteristic peak labels . 
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Figure 69 - ATR-FTIR spectra of Gel shell layer with PCL and PCLIBU8% respectively  
with characteristic peak labels . 

Figure 67 - ATR-FTIR spectra of PCL shell layer with PCL and PCLIBU8% respectively with 
characteristic peak labels.  
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Figure 71 - Drug release graphs of UV-Vis burst (%) release for PCL/PCLIBU8% at 
degradation time points 0.5 and 12 hours  with range error bars.  
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Figure 72 - Drug release graphs of UV-Vis accumulative  (%) release for PCL/PCLIBU8% 
at degradation time points  2 and 32 days  with range error bars.  
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Figure 70 - ATR-FTIR spectra of Gel shell layer with Gel and GelIBU8% respectively 
with characteristic peak labels.  
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Figure 74 - Drug release graphs of UV-Vis accumulative  (%) release for PCL/GelIBU8% 
at degradation time points 4 and 32 days with range error bars.  

0

15

30

45

60

75

90

0 8 16 24 32

A
cc

um
ul

at
iv

e 
R

el
ea

se
 (

%
)

Time (day)

PCL / GelIBU8%

0

10

20

30

0 0.5 1 1.5 2

A
cc

um
ul

at
iv

e 
R

el
ea

se
 

(%
)

Time (day)

Figure 75 - Drug release graphs of UV-Vis accumulative  (%) release for Gel/PCLIBU8% 
at degradation time points 2 and 24 hours with range error bars.  
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Figure 73 - Drug release graphs of UV -Vis burst (%) release for PCL/GelIBU8% at 
degradation time points 0.5 and 12 hours with range error bars.  
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Figure 76 - Drug release graphs of UV-Vis burst (%) release for Gel/GelIBU8% at 
degradation time points 0.5 and 12 hours with range error bars.  
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Figure 77 - Drug release graphs of UV-Vis accumulative  (%) release for GelIBU8% and 
PCLIBU8% at degradation time points 0.75 and 12 hours with range error bars.  
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Figure 78 - Drug release graphs of UV-Vis (%) release for Gel/PCLIBU8% and 
Gel/GelIBU8% at degradation time points 2  hours and 32 days  with range error bars.  
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Table 28 - TEM images of core/shell structures for PCL/GelIBU8% and Gel/PCLIBU8%  

with fib re diameters for core and shell structures . 

Scaffold  TEM Images with core and shell fibre diameters  

PCL/GelIBU8%  
 

 

Gel / PCLIBU8%  

 

 

Figure 79 - Drug release graphs of UV-Vis (%) release for PCL/PCLIBU8% and 
PCL/GelIBU8% at degradation time points 9 hours and 32 days  with range error bars . 
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5.3 DISCUSSION 

5.3.1 ELECTROSPUN SCAFFOLD S 

5.3.1.1 PCL SHELL LAYER 

PCL/PCL nanofibers share similar characteristics to non-coaxially electrospun 

PCL. The deposition diameter of PCL/PCL was 80mm with fibres losing all 

definition by day 32 of degradation, differing slightly in comparison to the non-

coaxial PCL with a deposition diameter of 85mm which also perished by 32 days. 

However, as seen in Table 26 the fibres of PCL/PCL breakup of the fibres into 

shorter lengths as degradation takes its toll by day 16.  

Furthermore, a trend was noticed concerning fibre diameters. PCL fibre dimeters 

saw an increase when spun with IBU8% from 0.942 µm to 2.203 µm, a similar 

trend is observed when the drug is incorporated into core/shell systems. Coaxial 

PCL/PCL and PCL/PCLIBU8% nanofiber diameters were observed on day 0 as 

0.449 µm and 1.605 µm respectively. Throughout the degradation studies the 

fibre diameters fluctuated, however, the fibre diameters did not change outside 

their standard deviation as seen in Figure 64. Just as the addition of the drug to 

the scaffold was observed to maintain fibre diameters in the non-coaxial 

PCLIBU8% scaffold, the same can be pointed out concerning the coaxial 

PCL/PCLIBU8% fibres. The addition of IBU to PCL in non-coaxial and coaxial 

systems has been shown to increase fibre diameters and prolong degradation 

rates as the trend is observed in both systems which is likely because of the 

change in the conductivity which can be attributed to the addition of salt from the 

IBU. Low conductive solutions cannot form a Taylor cone due to insufficient 

electric charge transfer from the electrode to the spinning droplet. Increasing 
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solution conductivity subjects fibre jets to greater tensile forces, producing non-

beaded fibres (Miranda et al., 2022). 

Deposition diameters, which is affected by separation distance and show the 

difference in centrifugal force. Centrifugal force in electrospinning refers to the 

outward force experienced by the charged polymer jet as it travels from the 

needle tip to the collector. The centrifugal force of the fibre jet is much smaller 

than the electric field force, and this ratio decreases sharply with increasing 

voltage (Chen et al., 2022). This force stretches and thins the jet, influencing the 

deposition diameter of electrospun fibres. of PCL shell and Gel core and 

GelIBU8% core was 120mm and 90mm respectively. Although a similar trend 

was found between the non-coaxial and coaxial PCL combinations the same 

cannot be said for the PCL shell layer with Gel and GelIBU8% core layers with 

diameters of 120mm. furthermore, the fibre diameters of PCL/Gel and 

PCL/GelIBU8% were not significantly different at 0.510±0.126 µm and 

0.586±0.140 µm respectively. These diameters also fluctuated through the 

degradation test as seen in Figure 65. This may be the result of the effect of using 

PCL as the shell layer encapsulates the Gel combinations. Furthermore, Gel and 

GelIBU8% non-coaxial fibres have previously, in section 4.2, proved difficult to 

form fibres as the solution was very unstable with difficulties achieving a stable 

Taylor cone. With PCL as the shell layer in a coaxial system, Table 26 shows 

how the combinations provided smooth nanofibers, sustaining their shape and 

fibre diameters throughout degradation tests. However, PCL/GelIBU8% fibres did 

start to show signs of degradation with nanofibers fracturing, like the degradation 

exhibited by PCL/PCL nanofibers after 16 days. The addition of PCL as a shell 

layer provides Gel and GelIBU8% with the appropriate fibre properties, such as 

smooth fibres prolonging degradation capabilities, countering the well-known 
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disadvantages of gelatin as expressed in section 2.3.1.1.1.2. These 

disadvantages lie in its limited stability in tissue engineering and drug delivery 

applications. Its gels decompose upon boiling and require stabilisation methods 

like chemical or enzymatic crosslinking due to instability before dissolution (Alipal 

�H�W�� �D�O������ �������������� �$�G�G�L�W�L�R�Q�D�O�O�\���� �Y�D�U�L�D�W�L�R�Q�V�� �L�Q�� �J�H�O�D�W�L�Q�¶�V�� �P�R�O�H�F�X�O�D�U�� �P�D�V�V�� �G�L�V�W�U�L�E�X�W�L�R�Q����

viscosity, and gel strength, influenced by electrolyte concentration, pH, and 

temperature, complicate its application (Sockalingam et al., 2016). Despite being 

a cost-�H�I�I�H�F�W�L�Y�H���� �E�L�R�F�R�P�S�D�W�L�E�O�H���� �D�Q�G�� �E�L�R�D�F�W�L�Y�H�� �D�O�W�H�U�Q�D�W�L�Y�H�� �W�R�� �F�R�O�O�D�J�H�Q���� �J�H�O�D�W�L�Q�¶�V��

stability limitations necessitate interventions to ensure suitability for biomedical 

purposes (Hosseini et al., 2015; Saikiewicz and Kolbuk, 2014). 

The voltage applied on non-coaxial scaffolds PCL, PCLIBU8%, Gel, and 

GelIBU8% remained consistent between 7.0-7.5kV, however in coaxial systems 

with PCL as the shell layer and cores of PCL and PCLIBU8% both electrospun 

at 8.0kV exhibiting a slight increase. PCL shell layer with Gel and GelIBU8% core 

layers spun at 10.5kV which is considerably more. A higher voltage was needed 

for these combinations to trigger the Taylor cone at the tip of the needle indicating 

a larger electrostatic charge was required. This may be because of the solubility 

of the Gel mixture in the core requiring more electrostatic charge to produce 

fibres. This also may be attributed to surface tension and conductivity, as 

discussed in section 2.4.5, and the interactions exhibited as the two independent 

solutions meet at the tip of the needle as the voltage for the PCL and PCLIBU8% 

combinations only slightly increased whereas the voltage for Gel and GelIBU8% 

combinations spiked considerably. The key difference between the solutions 

when they meet at the tip is the viscosity as Gel solutions exhibit considerably 

less viscosity than PCL. Conductivity plays a crucial role in the electrospinning 

process by influencing the formation of the Taylor cone and fibre diameters. Low 
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conductivity hinders Taylor cone formation, whereas optimal conductivity 

enhances surface charge, facilitating the process and reducing fibre diameters 

(Haider et al., 2018; Huang et al., 2006). Therefore, the increased voltage for Gel 

and GelIBU8% cores may be due to their lower conductivity, necessitating higher 

electrostatic charge for stable fibre production. 

5.3.1.2 GEL SHELL LAYER 

All coaxial combinations that were electrospun with Gel as the shell layer 

provided scaffolds with smooth nanofibers as seen in Table 27. In comparison to 

the deposition diameter of Gel of 130mm, the Gel/Gel combination saw a 

considerable reduction in deposition diameter signifying less rapid movement of 

the charged jet which can be a result of solubility providing a scaffold of 90mm. 

Furthermore, this trend also saw a huge reduction in fibre diameters with Gel 

consisting of an average of 1.749 µm and the coaxial combination of Gel/Gel 

seeing an average of 0.620 µm. Moreover, although deposition and fibre 

diameters considerably lessened in the coaxial system it was noted that the 

coaxial scaffold produced smooth fibres, something that was of difficulty in non-

coaxial scaffolds as seen in section 4.2. Regarding deposition diameters coaxial 

Gel/GelIBU8% of 120mm saw an increase in comparison to the non-coaxial 

GelIBU8% of 90mm with diameters of 0.510 µm and 0.545 µm respectively. Like 

the coaxial combination of Gel/Gel the Gel/GelIBU8% combination exhibited 

smooth fibres indicating that coaxial systems can provide stability in fibres that 

are fabricated with biomaterials that are known to be soluble. Furthermore, the 

Gel shell with Gel and GelIBU8% combinations required a voltage range of 7.0-

7.5kV to stabilise the Taylor cone. Although the coaxial combinations provided 

smooth fibres the degradation of the coaxial combinations did not differ from the 

non-coaxial Gel and GelIBU8%. 
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Gel/PCL provided fibre diameters of 0.907 µm, like that of PCL of 0.942 µm, yet 

the coaxial combination required 6.5kV to stabilise the Taylor cone rather than 

the PCL non-coaxial 7.5kV. Furthermore, an increase in deposition diameter was 

observed in the coaxial system of 100mm compared to the non-coaxial 80mm. 

these trends were not consistent with Gel/PCLIBU8% combinations as the fibre 

diameters dropped from PCLIBU8% 2.203 µm to 0.566 µm. This could be 

attributed to the interaction caused by IBU when the solutions meet at the tip of 

the needle as an increase in voltage saw the coaxial combinations require 9kV 

rather than PCLIBU8% 7.5kV, indicating a larger charge was required to exceed 

the surface tension. Deposition diameters also saw an increase in the coaxial 

combinations from 95mm to 75mm. Gel/PCL and Gel/PCLIBU8% fibres did 

fluctuate throughout the degradation point as can be seen in Figure 66. 

A combination that stood out on the SEM images, see Table 26, was 

Gel/PCLIBU8% as the fibres seemed to have a solution running through them. 

This can be attributed to the charged jet not fully evaporating the solvent in the 

solution when producing fibres on the collector causing some polymer solution to 

embed/dry itself onto the nanofibers, as discussed in section 2.2.3.3. Highly 

volatile solvents can cause premature drying, while less volatile solvents can 

result in beaded fibres or solution drying on the fibres (Haider et al., 2018). 

5.3.2 ATTENUATED TOTAL REFLECTANCE FOURIER  TRANSFORM 

INFRARED (ATR -FTIR)  

ATR-FTIR was used to understand the chemical interactions between the 

biomaterials and active components in the nanofibers. ATR-FTIR spectrum of 

PCL/PCL coaxial nanofibres exhibited identical peaks to that of PCL. Similarly, 

PCL/PCLIBU8% peaks mimicked that of PCLIBU8% non-coaxial nanofibres, see 

Figure 67. The Gel can be detected in ATR-FTIR at wavenumbers 3361 cm-1, 
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1538 cm-1 and 1411 cm-1 as seen in Figure 68. These peaks are not 

characteristics of PCL helping identify Gels�¶ presence in the combinations. PCL 

peaks are observed at 2942 cm-1 and a shift can observe a shift in the peak 1153 

cm-1 shifting up to 1160 cm-1 with the addition of IBU. Figure 68 shows coaxial 

ATR-FTIR spectra for PCL/Gel and PCL/GelIBU8%. When observing PCL/Gel 

peaks PCL is represented by 1722 cm-1, 2946 cm-1 and 1160 cm-1 whereas Gel 

peaks are found at 326 5 cm-1, 1636 cm-1, and 1537 cm-1. Interestingly some of 

the Gels peaks are at the same wavenumbers as IBU peaks, yet the drug can 

still be detected in PCL/GelIBU coaxial combinations as a spike in the peaks can 

be observed at wavenumebrs 1537-1545 cm-1 and 1391-1404 cm-1. Figure 69 

shows PCL peaks 2946 cm-1, 1722 cm-1 and 1160 cm-1 shift slightly to 2927 cm-

1, 1714 cm-1 and 1156 cm-1 respectively. A shift at Gel peaks is also noticed with 

wavenumber 3265 cm-1 shifting up to 3329 cm-1, 1636 cm-1 to 1639 cm-1 and one 

of the two peaks used to identify IBU remaining the same in both spectrums at 

1537 cm-1. However, a peak shift at 1389 cm-1 to 1391 cm-1 was observed 

confirming the presence of IBU. Overall all the shifts are a result of the complex 

introduction of IBU into the combinations. The shift in FTIR wavenumbers 

towards higher values typically indicates an increase in the strength of chemical 

bonds or interactions within a molecule or between molecules. This trend 

suggests that the functional groups involved in these interactions experience 

changes in their chemical environment, leading to alterations in vibrational 

frequencies (Ellerbrock and Gerke, 2021). Just as the PCL spectrum resembles 

PCL/PCL and PCL/PCLIBU8% resembles PCLIB8%, the same can be said about 

PCL/GelIBU8% and Gel/PCLIBU8% with characteristics of each peak sharing 

similar shifts and characteristics. 
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5.3.3 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis spectroscopy was used to understand the release rates of IBU in the 

coaxial combinations with a focus on how polymer/protein combinations influence 

drug release rates. As discussed in 4.1.1.5, UV-Vis spectroscopy is favoured over 

FTIR for tracking release rates in electrospun scaffolds due to its sensitivity to 

specific compounds, such as drugs or dyes, commonly used in these scaffolds. 

It allows for precise quantification of released substances and offers real-time 

monitoring of release behaviour, providing insights into drug diffusion and release 

mechanisms. Additionally, UV-Vis spectroscopy is simple, fast, and cost-

effective, making it suitable for high-throughput analysis. As discussed in section 

2.6.3 Li et al. (2022) used this same technique to track the drug release when 

suing PCL as a shell layer with Xylan as the core layer prolonging release for up 

to 20 days which is of relevance to this section of the project (Li et al., 2022).  

PCLIBU8% has shown to release 88% of its drug in the first 45 minutes of 

exposure to an aqueous solution with GelIBU8%, GelIBU4% and GelIBU2% 

exhibited a release of 88%, 89% and 69% over the same period indicating how 

quickly the rate of release is in non-coaxial fibres. All non-coaxial scaffolds exhibit 

this burst release for a period of 12 hours. When PCLIBU8% is covered with a 

shell layer of PCL the release can be seen in Figure 71 with 78% of the burst 

release taking place in the first 45 minutes. Not only does PCL/PCLIBU8% exhibit 

a slower burst release, but after this initial release an accumulative release is 

observed as seen in Figure 72. This release was over 32 days exhibiting a 

continuous release throughout this period. The amount of drug release at the last 

data point indicated that the drug was completely released between day 16 and 

day 32. This was confirmed as the UV-Vis picked up no more drugs over the next 

3 degradation time points. 40% of the drug was released in the first 24 hours 
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followed by a release of 55% after 4 days, 65% after 8 days and 89% after 16 

days. A similar release was found, in Figure 73, when covering GelIBU8% with a 

PCL shell layer in a coaxial system with a burst release of 55% after 45 minutes, 

and 83% after 3 hours. The non-coaxial GelIBU8% exhibited more burst release 

in 45 minutes. Not only has the PCL shell limited the burst release but also 

accommodated accumulative release over 32 days. UV-Vis spectroscopy 

showed the accumulative drug releasing 28% over 2 days, 53% over 8 days and 

89% over 16 days as seen in Figure 74. The remaining 11% was released by day 

32. This is considerably different from the non-coaxial release of 89% in 90 

minutes of GelIBU8%, see section 5.2. The coaxial combination with PCL as the 

shell layer shields the protein and active component from exposure ensuring a 

sustained release as seen in Figures 77 and 79. 

Similarly, PCLIBU8% has also shown a prolonged release when encapsulated 

within a PCL shell layer with 40% of the accumulative release by day 1, 55% by 

day 4, 65% by day 8 and 90% by day 16 as seen in Figures 71 and 72. This is 

compared with the non-coaxial PCLIBU8% releasing 88% of IBU in 90 minutes. 

The release rate of PCLIBU8% can be optimised further when encapsulating the 

PCLIBU8% with a Gel shell layer as seen in Figures 77 and 78. The Gel layer 

degrades quicker than the PCL shell layer giving a controlled burst release with 

60% of the drug release in 45 minutes, 81% in 3 hours and 91% in 6 hours. 

Although the release is not as prolonged compared with the combination 

PCL/PCLIBU8%, the data shows a gradual release over the short period, with 

gelatin acting as a limiting barrier. PCL shell can prolong the drug's ability to 

release gradually over 32 days, with the Gel shell layer allowing for a controlled 

release over 12 hours. A similar trend can be seen in PCL/GelIBU8% 

combinations as shown in Figure 73 with a drug loss of 89% of its burst release 
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in 6 hours with an accumulative release of 22% by day 1, 40% by day 4, 53% by 

day 8 and 89% by day 16 showing the benefits of coaxial systems to prolong drug 

release. Figures 77 and 78 show the coaxial combination Gel/GelIBU8% 

exhibiting a delayed release of 54% in 45 minutes, 74% in 3 hours and 89% in 6 

hours compared with GelIBU8% releasing 89% of the drug in 90 minutes.  

Overall coaxial combinations have indicated that the use of protein/polymers 

allows for the fabrication of smooth fibres whilst optimising drug release 

properties with the PCL shell providing a sustained delayed release over 32 days 

for PCLIBU8% and GelIBU8%. Furthermore, Gel shell layers prolong the release 

of PCLIBU8% and GelIBU8% over a period of up to 24 hours. 

5.3.4 TRANSMISSION ELECTRON MICROSCOPE  

Table 29 shows the TEM images that confirm the structure of the coaxial fibres. 

A thin outer layer can be observed. As the TEM operates at a high beam level it 

was harder to capture the image than it was to see the formation as the TEM was 

operating. In Table 29 PCL/GelIBU8% fibre has a diameter of 92.07nm with a  

57.71nm giving a shell thickness of 34.36nm. Gel/PCLIBU8% total fibre diameter 

for the 2 TEM images taken show a total fibre diameter of 56nm with a core of 

33nm making the shell layer 23nm, and 65.45nm with a core thickness of 

48.40nm making the shell layer 17.05nm. 
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5.4 CONCLUSION 

In summary, PCL/PCL nanofibers closely resemble non-coaxially electrospun 

PCL, with similar degradation behaviours and deposition diameters. 

Incorporating IBU into PCL fibres, whether in non-coaxial or coaxial systems, led 

to increased fibre diameters and prolonged degradation. Coaxial systems with 

PCL as the shell layer provided mechanical reinforcement and sustained fibre 

diameters, addressing �J�H�O�D�W�L�Q�¶s inherent weaknesses. However, higher voltages 

were required for coaxial systems containing gelatin, likely due to differences in 

viscosity and solubility. Furthermore, coaxial electrospinning with Gel as the shell 

layer resulted in smoother nanofibers compared to non-coaxial electrospinning, 

addressing solubility challenges associated with gelatin. The deposition diameter 

significantly decreased in coaxial Gel/Gel combinations compared to non-coaxial 

Gel, with a reduction in fibre diameters as well. Similarly, Gel/PCL coaxial 

combinations exhibited smoother fibres and different deposition diameters 

compared to non-coaxial counterparts, with Gel/PCLIBU8% showing unique 

features possibly due to incomplete evaporation of the polymer solution during 

electrospinning. Overall, coaxial electrospinning offers advantages in controlling 

fibre morphology and stability, particularly when using biomaterials prone to 

solubility issues.  

UV-Vis spectroscopy revealed distinct release patterns of IBU from coaxial 

combinations, shedding light on how polymer/protein combinations influence 

drug release rates. Non-coaxial scaffolds exhibited a rapid burst release within 

45 minutes, with PCLIBU8% releasing 88% and GelIBU8% releasing 89%. 

However, when PCLIBU8% was encapsulated within a PCL shell layer in a 

coaxial system, the burst release was significantly reduced to 78%, with a gradual 

accumulative release observed over 32 days, totalling 89%. Similarly, GelIBU8% 
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within a PCL shell exhibited a slower burst release of 55% within 45 minutes, 

followed by accumulative release reaching 89% over 32 days. Coaxial 

combinations with PCL as the shell layer prolonged drug release, with Gel shell 

layers offering controlled release over 12 hours. Furthermore, coaxial systems 

showed delayed release compared to non-coaxial counterparts, highlighting the 

benefits of protein/polymer combinations in optimising drug release properties. 

Overall, PCL shell layers facilitated sustained delayed release over 32 days, 

while Gel shell layers extended release up to 24 hours, demonstrating the 

versatility and efficacy of coaxial electrospinning for tailored drug delivery 

systems. These findings highlight the potential of coaxial electrospinning for 

enhancing scaffold properties and release rates in tissue engineering. 

The novelty of these findings lies in the innovative use of coaxial electrospinning 

to overcome the inherent limitations of gelatin and to achieve precise control over 

drug release rates in tissue engineering scaffolds. The research demonstrated 

that incorporating a PCL shell layer in coaxial systems significantly enhances the 

mechanical stability and prolonged degradation of nanofibers, which addresses 

the solubility and structural weaknesses of gelatin. This study also highlights the 

unique ability of coaxial electrospinning to produce smoother fibres and reduce 

deposition diameters, thereby improving the overall quality and performance of 

the scaffolds. The tailored drug release profiles achieved, with PCL shell layers 

providing sustained release over 32 days and Gel shell layers enabling controlled 

release for up to 24 hours, underscore the versatility of this technique. These 

advancements not only enhance the functionality and efficacy of tissue 

engineering scaffolds but also pave the way for more sophisticated drug delivery 

systems, offering significant improvements in therapeutic outcomes. The findings 

offer a substantial contribution to the field by demonstrating how the strategic 
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combination of polymers and proteins in coaxial electrospinning can lead to 

superior scaffold properties and optimised drug release, marking a significant 

step forward in regenerative medicine and biomedical applications. 
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CHAPTER 6: Investigating Effects of Distance Between  

Needle-Collector in Coaxial Electrospinning Systems.  

6.1 MATERIALS AND METHODS  

The results from previous experiments, see section 4.2, show potential for 

tailoring fibre diameters by altering collector distance. It is of interest in this report 

to investigate if the same effect is repeated on fibre diameters when altering 

collector distance in a coaxial system. For this purpose, formulas will be mixed, 

and materials will be electrospun using coaxial techniques with an alteration in 

collector distance. Degradation studies will take place to investigate if collector 

distance influences the release rates of the model drug. SEM and FTIR will be 

used to characterise the scaffolds with a focus on fibre morphology and the 

chemical structure of the scaffolds. UV-Vis spectroscopy will be used to track 

release rates in each sample. 

6.1.1 SOLUTION PREPARATION  

Two solution mixes were produced for a series of experiments with PCL as the 

shell layer for coaxial techniques. PCL was mixed with HFP. And Gel was mixed 

with IBU and HFP for the core solution mixture as seen in the table below. The 

concentration of PCL and Gel was kept consistent at 10%, and IBU at 8% 

throughout mixtures/experiments.  

6.1.2 ELECTROSPINNING AND FUNCTIONALI SATION 

Table 29 shows the coaxial combinations with voltages applied to achieve the 

Taylor cone formation at the tip of the needle.  Each coaxial scaffold was 

fabricated a day apart. Solution PCL/GelIBU8%, the coaxial needle with outer 

bore 0.889mm and inner bore 0.554mm and temperature of 24ºC were kept 
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consistent throughout this experiment. Throughout coaxial electrospinning in this 

section flow rates were kept at a rate of 0.2ml/hr for both core/shell solutions 

bringing the total flow rate to 0.4ml/hr. The coaxial electrospinning took place for 

a duration of 30 minutes for each scaffold. Voltage is a variable that, as discussed 

in section 2.5.1, has conflicting views regarded the effect it has or does not have 

on fibre morphology. To stabilise the Taylor cone voltage is a common variable 

adjusted accordingly when electrospinning. A variation in the voltage was 

observed in a stable Taylor cone which could be attributed to the separation 

distance modifying the surface tension required to form fibres. Degradation 

studies had taken place as discussed in section 4.1.1.5. 

Table 29 - Experimental parameters for PCL/GelIBU8% at separation distances: 135mm, 

115mm and 95mm showing voltage required to stabilise the Taylor  cone.  

 

6.1.3 SCANNING ELECTRON MICROSCOPY (SEM)  

The SEM was used to characterise each sample to understand fibre morphology 

and size. ImageJ Software was used to measure fibre diameters, with a minimum 

of 21 fibres measured in different images. A grid method was used to select areas 

of the SEM image to avoid measuring the same fibres multiple times. Each 

sample was sputtered with gold before SEM characterisation took place. This 

process was repeated throughout the degradation studies for each experiment. 

 

Experiment  1 2 3 

Shell Polymer (10%)  PCL PCL PCL 

Core Polymer (10%)  Gel/IBU Gel/IBU Gel/IBU 

Distance between collector -tip 
of the needle (mm)  

135 115 95 

Applied voltage (kV)  10.0 9.5 9.0 
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6.1.4 ATTENUATED TOTAL REFLECTANCE - FOURIER 

TRANSFORM INFRARED ( ATR-FTIR)  

ATR-FTIR was used to understand the chemical interactions between the 

polymer, protein, and active components in the coaxial scaffolds. 

6.1.5 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis was used to assess the drug release rates of IBU when altering 

separation distances in the scaffolds as described in section 4.1.1.5. 

6.1.6 STATISTICAL ANALYSIS  

Each experiment was repeated three times and each of these samples was then 

characterised to further validate the findings. SEM images were analysed using 

ImageJ software to calculate fibre diameters over several different images. 

GraphPad10.0 was used to plot the fibre diameter graphs as seen in Figure 80. 

Drug release graphs show the average of the experiments with range error bars. 
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6.2 RESULTS 

 
Table 30 - SEM images at each degradation time  point over 32 days with deposition 

diameters, average fibre diameters and standard deviation for PCL/GelIBU8% at 

separation distances: 135mm, 115mm and 95mm.  

Duration  135mm 115mm 95mm 

Day 0 

 
Deposition 
diameter = 120 mm 

 
Deposition 
diameter = 90 mm 

 
Deposition 
diameter = 85mm 

Day 0 

0.487±0.151 µm 
 

0.503±0.137 µm 
 

0.604±0.190 µm 
Day 1 

 
0.639±0.177 µm 

 
0.459±0.170 µm 

 
0.570±0.164 µm 

Day 2 

 
0.694±0.186 µm 

 
0.421±0.126 µm 

 
0.528±0.206 µm 

Day 4 

0.351±0.096 µm 
 

0.434±0.147 µm 
 

0.403±0.121 µm 
Day 8 

 
0.702±0.148 µm  

 
0.450±0.144 µm 

 
0.530±0.123 µm 

Day 16 

 
0.381±0.118 µm 

 
0.405±0.097 µm 

 
0.485±0.155 µm 

Day 32 

 
0.383±0.147 µm 

 
0.465±0.149 µm 

  
0.507±0.174 µm 
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Figure 80 - Data plot of f ib re diameter  means and standard deviations  at each 
degradation time  point for  PCL/GelIBU8% at separation distances 135mm, 115mm and 

95mm.  
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Figure 81 - ATR-FTIR spectra of PCL / GelIBU8% at collector -needle separation 
distances 135mm, 115mm and 95mm  with characteristic peak labels . 
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Figure  82 - Drug release graphs of UV-Vis burst (%) release for  PCL/GelIBU8% at 
separation distances of 135mm, 115mm and 95mm  at degradation time points 0.75 and 

12 hours  with range error bars . 
 
 

 

Figure 83 - Drug release graphs of UV-Vis accumulative  (%) release for  PCL/GelIBU8% at 
separation distances of 135mm, 115mm and 95mm  at degradation time points 4 and 32 

days  with range error bars . 
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6.3 DISCUSSION 

6.3.1 ELECTROSPUN SCAFFOLD S 

A trend noticed after using coaxial electrospinning techniques using PCL shell 

layer with GelIBU8% core layer at collector-needle separation distances 135mm, 

115mm and 95mm was that the deposition diameters for these scaffolds were 

120mm, 90mm and 85mm respectively, as seen in Table 30. This can be 

attributed to the centrifugal force that increases as the separation distances are 

higher when can make a larger deposition diameter. Day 0 SEM images show 

separation distances of 115mm and 95mm experienced some electrospraying 

�L�Q�G�L�F�D�W�L�Q�J���W�K�H���O�H�Q�J�W�K���R�I���V�H�S�D�U�D�W�L�R�Q���G�L�G�Q�¶�W���S�U�R�Y�L�G�H���W�K�H���V�X�I�I�L�F�L�H�Q�W���G�L�V�W�D�Q�F�H���U�H�T�X�L�U�H�G��

for the solution to completely dry. Additionally, a decrease in fibre diameters was 

noticed as the collector-needle distance increased with separation distances of 

135mm, 115mm and 95mm providing fibre diameters of 0.487 µm, 0.503 µm and 

0.604 µm respectively. Interestingly, in the coaxial system, the fibre diameters 

seemed to decrease as the separation distance increased, converse to the 

findings in the non-coaxial system. Table 30 also shows the fracturing of the fibres 

by day 32 for the scaffold fabricated at 135mm, with distances of 115mm and 

95mm maintaining their fibrous structure for the duration of the degradation tests 

(32 days). As the separation distance between the collector and the needle 

decreased in electrospinning, the voltage needed to maintain a stable Taylor 

cone also decreased. This phenomenon can be attributed to the potential 

gradient and field effects. A shorter separation distance results in a more 

concentrated electric field between the needle and collector due to the reduced 

distance. Consequently, the electric field strength increases, leading to a higher 

potential gradient. This intensified electric field requires less voltage to achieve 
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the necessary charge at the tip of the needle for fibre formation. In essence, as 

the separation distance decreases, the electric field becomes more concentrated, 

allowing for effective fibre production at lower voltages (Pant et al., 2019). 

6.3.2 ATTENUATED TOTAL REFLECTANCE FOURIER  TRANSFORM 

INFRARED (ATR -FTIR)  

ATR-FTIR spectroscopy was used to understand the peak differences when 

altering separation distances in coaxial systems as seen in Figure 81. Table 31 

shows the characteristic peak shifts between the scaffolds. 

Table 31 - ATR-FTIR characteristic peak  shift  wavenumbers  for PCL/GelIBU8% at 

separation distances 95mm, 115mm and 135mm . 

 
 

Separation 
Distance  

Characteristic Peak  
Gel 
IBU 

PCL 
Gel 
IBU 

PCL Gel Gel 
IBU 

IBU PCL 

135mm (cm -1) 3346 2953 1726 1646 1543 1416 1161 

115mm (cm -1) 3333 2951 1722 1642 1536 1406 1166 

95mm (cm -1) 3329 2938 1724 1643 1538 1405 1168 

The presence of PCL was observed at wavenumbers 2953-2938 cm-1, 1726-

1722 cm-1 and 1161-1168 cm-1. The presence of PCL can be confirmed between 

wavenumbers 1726-1722 cm-1, Gel at 1646-1642 cm-1 and IBU at 1405-1516 cm-

1. Regarding trends found in the characteristic peaks Gel and IBU wavenumbers 

shift up as the separation distance increases from 3329 cm-1 for 95mm, 3333 cm-

1 for 115 mm and 3346 cm-1 for 135 mm. In addition, the peaks 2938 cm-1 for 95 

mm, 2951 cm-1 for 115 mm and 2953 cm-1 for 135 mm, which are characteristic 

peaks of PCL, Gel and IBU, shift up in wavenumbers as the separation distance 

increases. Furthermore, IBU peaks at 1405 cm-1, 1406 cm-1 and 1416 cm-1 

increase and PCL peaks 1168 cm-1, 1166 cm-1 and 1161 cm-1 decrease in 

wavenumbers as the separation distance increases for distances 95 mm, 115 
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mm and 135 mm respectively. The IBU peak 1405-1416 cm-1 saw a spike in 

absorbance as the separation distance decreased indicating a larger presence of 

the drug. 

The shift in FTIR wavenumbers towards higher values typically indicates an 

increase in the strength of chemical bonds or interactions within a molecule or 

between molecules (Ellerbrock and Gerke, 2021). This trend suggests that the 

functional groups involved in these interactions experience changes in their 

chemical environment, leading to alterations in vibrational frequencies (Ellerbrock 

and Gerke, 2021). As discussed in section 4.3.3.2 the peak shifts can be relative 

to an interaction between gelatin and ibuprofen, indicating that hydrogen bonding 

is taking place between the N-H bond in Gel and the carbonyl group of IBU 

(Masoumi et al., 2019). The PCL-independent wavenumbers 1722-1726 cm-1 and 

1661-1668 cm-1 do not have significant shifts, whereas wavenumbers 3346-3329 

cm-1 and 1543-1536 cm-1, which are characteristic peaks of Gel and IBU, 

experience the biggest shifts up. The shift up can be seen from distances 95 mm 

to 115 mm, with the largest shift taking place between 115 mm and 135 mm. This 

indicates that the shifts are relative to the interaction between the drug and the 

protein, with stronger bonds present in the larger separation distances. As the 

separation distance decreases, resulting in weaker bonds between the protein 

and drug, there is a decrease in wavenumbers shifts. This decrease indicates 

lower energy, suggesting a reduction in the strength of interactions between 

molecular components. The mechanism underlying this phenomenon relates to 

the amount of disorder "frozen" into the structure as the solvent evaporates during 

whipping. Essentially, as the separation distance decreases, there is less time for 

solvent evaporation, leading to a higher degree of disorder in the molecular 
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structure. This increased disorder results in weaker molecular interactions and, 

consequently, lower wavenumber shifts in the FTIR spectra. 

6.3.3 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis spectroscopy saw trends in both burst release and accumulative release 

studies as shown in Figures 82 and 83. A separation distance of 95mm showed 

a burst release of 50% after 22.50 minutes, 76% after 90 minutes and 92% after 

6 hours whereas a delayed burst release was observed at 115mm of 44%, 59% 

and 89% and at 135mm of 43%, 75% and 89% at the same time points indicating 

a faster burst release rate with shorter separation distances. Furthermore, the 

accumulative release at 95mm delivered faster release rates in comparison to 

the other two scaffolds with 31% of the drug being released after day 1, 44% after 

day 4, 56% after day 8 and 95% after day 16. �$�O�W�K�R�X�J�K�� �U�H�O�H�D�V�H�� �U�D�W�H�V�� �G�L�G�Q�¶�W��

change drastically a trend could be found as the separation distances of 115mm 

and 135mm showed an accumulative release of 24% and 22% after day 1, 41% 

and 40% after day 4, 55% and 53% after day 8, and 92% and 89% after day 16 

respectively. The data suggests that separation distances do have an effect on 

release rates of the drug with shorter separation distances increasing the rate of 

release in comparison to longer separation distances in both burst and 

accumulative. The mechanism behind the observed effect of separation 

distances on drug release rates in electrospun scaffolds involves the dynamics 

of fibre formation and drug distribution. When the separation distance between 

the collector and needle is shorter, there is a more intense electrostatic field, 

leading to faster solvent evaporation and fibre solidification. This results in 

smaller fibre diameters and higher surface area-to-volume ratios, facilitating 

faster dissolution and release of the drug from the scaffold matrix. Conversely, 

longer separation distances lead to slower solvent evaporation, larger fibre 
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diameters, and potentially more compact structures, slowing down the release 

kinetics of the drug. Therefore, the variation in separation distances modulates 

the morphology and porosity of the electrospun scaffolds, directly influencing the 

drug release behaviour (Broadwin et al., 2024). 

 

6.4 CONCLUSION 

Coaxial electrospinning using a PCL shell and GelIBU8% core revealed that 

decreasing collector-needle separation distances led to reduced deposition 

diameters and fibre diameters, indicating lower centrifugal forces. SEM images 

showed incomplete drying of the fibres before reaching the collector at closer 

distances. Fracturing of fibres during degradation occurred at longer separation 

distances by day 32, while shorter distances maintained fibrous structure. 

Voltage requirements decreased with closer distances, suggesting reduced 

charge needed for fibre formation. ATR-FTIR indicated higher interactions 

between the drug and protein when separation distances increased. UV-Vis 

spectroscopy revealed distinct trends in burst release and accumulative release 

profiles for different collector-needle separation distances. At a separation 

distance of 95mm, a rapid burst release was observed, with 92% of the drug 

released within 6 hours. Conversely, distances of 115mm and 135mm showed 

delayed burst release rates, with 89% released over the same time. The 

accumulative release also exhibited faster rates at 95mm, releasing 95% of the 

drug by day 16, compared to 89% at 115mm and 135mm. These findings suggest 

that shorter separation distances accelerate drug release rates compared to 

longer distances, influencing both burst and accumulative release profiles. 
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CHAPTER 7: Investigating Effects of Flow Rates in  

Coaxial Electrospinning Systems.  

7.1 MATERIALS AND METHODS  

It is of interest in coaxial systems to investigate how flow rates of shell or core 

affect the scaffold fibre morphology and release rates of the model drug. Gel was 

selected as the shell solution with PCL/IBU as its core. SEM and FTIR will be 

used to characterise the scaffolds with a focus on fibre morphology and the 

chemical structure of the scaffolds. UV-Vis was used at each degradation time 

point. 

7.1.1 SOLUTION PREPARATION  

Two solution mixes were produced for a series of experiments with Gel as the 

shell polymer for coaxial techniques. The Gel was mixed with HFP. PCL was 

mixed with IBU and HFP for the core solution mixture as seen in Table 32. The 

concentration of PCL and Gel was kept consistent at 10%, and IBU at 8% 

throughout mixtures/experiments. As mentioned in section 4.1.1.1 although a 

variable in the solution mix is the changing solvent quantity, the small change in 

the variable is not considered to have a significant effect on the scaffold as the 

solvent evaporates during the electrospinning process before the charged jet 

reaches the grounded collector. 

Table 32 �± Formulas for solutions with Gel as the shell layer showing quantities of PCL, 

Gel, IBU and HFP used for each combination.  

Biomaterial  Shell Solution 10%  Core Sol utions 10%  
 Gel PCL/IBU8% 
PCL - 1g 
Gel 1g - 
HFP 9g 8.2g 
IBU - 0.8g 
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7.1.2 ELECTROSPINNING AND FUNCTIONALI SATION 

Each of the four experiments conducted was set at different flow rates and all 

other parameters remained consistent to ensure accurate comparison. Voltage 

is a variable that, as discussed in section 2.5.1, has conflicting views regarded 

the effect it has or does not have on fibre morphology. To stabilise the Taylor 

cone voltage is a common variable adjusted accordingly when electrospinning. 

Table 33 shows voltages which varied as a different voltage was required to 

achieve a stable Taylor cone which could be attributed to the flow rates modifying 

the interaction at the tip of the needle. UV-Vis spectroscopy will be used to track 

release rates in each sample. Flow rates for the core/shell solution mixes were 

the only changing parameter. The separation distance was 135mm, the coaxial 

needle with outer bore 0.889mm and inner bore 0.554mm and the temperature 

was 24ºC. The coaxial electrospinning took place for a duration of 30 minutes for 

each scaffold. Degradation studies had taken place as discussed in section 

4.1.1.5. 

Table 33 - Experimental parameters for Gel/PCLIB8%  combinations investigating flow 

rates  (0.2/0.2, 0.1/0.2, 0.4/0.2 and 0.4/0.1 )(ml/hr)  in coaxial systems  showing voltage 

required to stabilise the Taylor cone.  

7.1.3 SCANNING ELECTRON MICROSCOPY (SEM)  

The Scanning Electron Microscope was used to characterise each sample to 

understand fibre morphology and size. ImageJ Software was used to measure 

fibre diameters, with a minimum of 21 fibres measured in different images. A grid 

Experiment  1 2 3 4 

Shell Polymer (10%)  Gel Gel Gel Gel 

Core Polymer (10%)  PCL/IBU PCL/IBU PCL/IBU PCL/IBU 

Flow Rate (Shell) ml/hr  0.2 0.1 0.4 0.4 

Flow Rate (Core) ml/hr  0.2 0.2 0.2 0.1 

Applied voltage (kV)  9.00 6.50 7.25 7.00 
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method was used to select areas of the SEM image to avoid measuring the same 

fibres multiple times. The samples were sputtered with gold before SEM 

characterisation took place. This process was repeated at each degradation time 

point. 

7.1.4 ATTENUATED TOTAL REFLECTANCE - FOURIER 

TRANSFORM INFRARED ( ATR-FTIR)  

ATR-FTIR was used to understand the chemical interactions between the 

polymer, protein, and active components in the coaxial scaffolds. 

7.1.5 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis was used to assess the drug release rates of IBU when altering flow rates 

in the scaffolds. 

7.1.6 STATISTICAL ANALYSIS  

Each experiment was repeated three times and each of these samples was then 

characterised to further validate the findings. SEM images were analysed using 

ImageJ software to calculate fibre diameters over several different images. 

GraphPad10.0 was used to plot the fibre diameter graphs as seen in Figure 84. 

Drug release graphs show the average of the experiments with range error bars. 
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7.2 RESULTS 

 
Table 34 - SEM images at each degradation time  point over 32 days with deposition 

diameters, average fibre diameters and standard deviation for Gel/PCLIBU8% at flow 

rates: 0.2/0.2ml/hr, 0.1/0.2ml/hr, 0.4/0.2ml/hr and 0.4/0.1ml/hr.  

Duration  0.2/0.2 0.1/0.2 0.4/0.2 0.4/0.1 

Day 0 

Deposition 
diameter = 90 
mm 

Deposition 
diameter = 85 
mm 

Deposition  
diameter = 145 
mm 

Deposition  
diameter = 110 
mm 

Day 0 

 
0.620±0.124 µm 

 
0.643±0.128 µm 

 
0.728±0.143 µm 

 
0.743±0.202 µm 

Day 1 

 
0.568±0.130 µm 

 
0.680±0.116 µm 

 
0.583±0.107 µm 

 
0.587±0.132 µm 

Day 2 

 
0.574±0.089 µm 

 
0.546±0.111 µm 

 
0.643±0.139 µm 

 
0.607±0.160 µm 

Day 4 

 
0.584±0.121 µm 

 
0.633±0.118 µm 

 
0.541±0.092 µm 

 
0.552±0.149 µm 

Day 8 

 
0.613±0.126 µm 

 
0.739±0.157 µm 

 
0.509±0.098 µm 

 
0.498±0.128 µm  

Day 16 

 
0.593±0.117 µm 

 
0.597±0.146 µm 

 
0.594±0.120 µm 

 
0.565±0.178 µm 

Day 32 No fibres captured 
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Figure 84 - Data plot of f ib re diameter  means and standard deviations  at each 
degradation time  point for Gel/PCLIBU8% with flow rates 0.2/0.2ml/hr and 0.1/0.2ml/hr.  

Figure 85 - Data pl ot of f ib re diameter  means and standard deviations  at each 
degradation time  point for Gel/PCLIBU8% with flow rates 0. 4/0.2ml/hr and 0. 4/0.1ml/hr.  
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Figure 86 - ATR-FTIR spectra of Gel / PCLIBU8% at flow rates 0.2:0.2ml/hr  and 
0.1:0.2ml/hr with characteristic peak labels . 
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Figure 87 - ATR-FTIR spectra of Gel / PCLIBU8% at flow rates  0.4:0.2ml/hr  and 
0.4:0.1ml/hr with characteristic peak labels . 
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Figure 89 - Drug release graphs of UV-Vis (%) release for  Gel / PCLIBU8% at flow rates  
0.4:0.2ml/hr  and 0.4:0.1ml/hr at degradation time points 0.75 and 24 hours with range 

error bars.  
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Figure 90 - Drug release graphs of UV -Vis (%) release for Gel / PCLIBU8% at flow rates  
0.2:0.2ml/hr, 0.1:0.2ml/hr,  0.4:0.2ml/hr and 0.4:0.1ml/hr at degradation time points 3 and 

24 hours with range error bars . 

Figure 88 - Drug release graphs of UV -Vis burst (%) release for Gel / PCLIBU8% at flow 
rates 0.2:0.2ml/hr and 0.2:0.1ml/hr at degradation time points 0.75 and 12 hours with 

range error bars.  
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7.3 DISCUSSION 

7.3.1 ELECTROSPUN SCAFFOLD  

Deposition diameters between flow rates 0.2/0.2ml/hr and 0.1/0.2ml/hr did not 

see a significant difference with diameters of 90mm and 85mm respectively. 

Furthermore, fibre diameters were relatively similar with 0.2/0.2ml/hr providing 

fibre diameters of 0.620 µm and 0.1/0.2ml/hr fibre diameters of 0.643 µm. The 

main noticeable difference when electrospinning was the applied voltage with 

0.2/0.2ml/hr flow rates requiring 9.0kV to stabilise the Taylor cone and 6.5kV with 

flow rates 0.1/0.2ml/hr. This indicates that the reduced flow rate of the Gel shell 

with the maintained 0.2ml/hr flow rate of PCLIBU8% requires less charge at the 

tip of the needle to stabilise the Taylor cone. This may be attributed to the 

0.1/0.2ml/hr flow rate having less gelatin being pushed at the tip of the needle, 

with a greater amount of PCL, which is more conductive and soluble than gelatin, 

thus requiring less charge to form a Taylor cone. Figures 84 and 85 show the 

fibre diameters over the 32 degradation timepoint and their standard deviation 

average. 

Deposition diameters for Gel/PCLIBU8% coaxial scaffolds fabricated with flow 

rates 0.4/0.2ml/hr and 0.4/0.1ml/hr showed a considerable difference with 

deposition diameters of 145mm and 110mm, however the voltages ranging from 

7.25kV-7.00kV to stabilise the Taylor cone and fibre diameters of 0.728 µm and 

0.743 µm for flow rates 0.4/0.2ml/hr and 0.4/0.1ml/hr respectively. Interestingly 

the reduction of the shell layer flow rate from 0.2/0.2ml/hr to 0.1/0.2ml/hr did not 

have a significant effect on deposition diameters or fibre diameters but varied 

considerably in voltage. Conversely, the reduction of the core layer from 

0.4/0.2ml/hr and 0.4/0.1mlhr did not vary with any significance in voltage but had 
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a considerable effect on deposition diameters. It is fair to say that the flow rates 

of Gel/PCLIBU8% combinations do not have a significant effect on fibre 

diameters with all fibres falling between 0.620-0.743 µm. 

All scaffolds showed some signs of solution spraying/drying (see section 2.5) 

between the fibres, which can be attributed to an unstable charged jet (Haider et 

al., 2018), with degradation taking place from day 8 with polymer exposure 

present as shown in Table 36. However, the fibres for each flow rate combination 

remained intact without any breaks or cracks until day 32 when no fibres were 

present. This indicates that the varying flow rates of GelPCLIBU8% did not have 

a significant effect on the degradation of the scaffold, however it is worth noting 

that the Gel layer was expected to perish at a rapid rate exposing the PCLIBU8% 

layer giving a controlled instant release. 

7.3.2 ATTENUATED TOTAL REFLECTANCE FOURIER  TRANSFORM 

INFRARED (ATR -FTIR)  

ATR-FTIR spectroscopy showed that the Gel shell layer is reduced from 

0.2/0.2ml/hr to 0.1/0.2ml/hr the independent wavenumber for Gel shifts up from 

1643-1645 cm-1 as does the Gel and IBU peak 3263-3270 cm-1. Conversely, the 

independent wavenumber for IBU shifts down from 1234-1232 cm-1 as does the 

Gel and IBU wavenumbers 2941-2939 cm-1 and 1543-1532 cm-1. As the 

PCLIBU8% core layer flow rate is reduced from 0.4/0.2ml/hr to 0.4/0.1ml/hr all 

wavenumbers shift up dissimilar to wavenumber shifts between flow rates 

0.2/0.2ml/hr and 0.4/0.2ml/hr where all wavenumbers experience a shift down in 

wavenumbers. Table 34 shows the characteristic peak shifts between the 

samples. 
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Table 35 �± ATR-FTIR characteristic peak  shift wavenumbers  for flow rate combinations 

of Gel/PCLIBU 8%. 

 

Gel/PCLIBU8% 
flow rates  

Characteristic Peak  

Gel 
IBU 

Gel 
IBU 

Gel Gel 
IBU 

IBU 

0.2/0.2 (cm -1) 3263 2941 1643 1543 1234 

0.1/0.2 (cm -1) 3270 2939 1645 1532 1232 

0.4/0.2 (cm -1) 3237 2934 1625 1518 1214 
0.4/0.1 (cm -1) 3263 2936 1643 1532 1232 

 

The shifts may be attributed to the interaction of hydrogen bonding of NH present 

in Gel and carbonyl functional groups present in IBU. Peak wavenumber shifts to 

higher values are a result of decreases in bond length with lower values a result 

of increased bond lengths which may occur due to the change in electro-

negativity of the adjacent atom. There is no trend observed in any of these 

combinations regarding any shifts up/down in wavenumbers. The shifting of the 

functional groups in Gel/PCLIBU8% could support the strong bonding which 

might occur between both Gel and IBU (Jannah et al., 2016). Thus, using the 

ATR-FTIR can only accurately verify the presence of the biomaterials in the 

scaffolds with the shifts in peaks not indicating any trends when altering flow 

rates. 

7.3.3 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis spectroscopy indicated that the reduction of the Gel shell layer from 

0.2/0.2ml.hr to 0.1/0.2ml/hr saw an increase in the rate of overall burst release of 

the drug with 60% and 76% release after 45 minutes, 71% and 90% after 90 

minutes and 91% and 98% after 6 hours respectively as seen in Figure 88. This 

can be attributed to the thinner shell layer of Gel that degrades quicker exposing 

the PCLIBU8% core layer indicating that the burst release can be optimised. 
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Furthermore, by doubling the flow rate of the shell layer Gel to 0.4/0.2ml/hr a 

delayed and prolonger burst release was exhibited with 53% of the drug being 

released after 45 minutes, 59% after 90 minutes, 85% after 6 hours and 95% 

after 12 hours extending the burst release to a total time of 24 hours, double the 

release rate that of flow rate 0.2/0.2ml/hr as seen in Figure 89. Furthermore, the 

further optimisation of this flow rate with a reduced PCLIBU8% core layer to a 

flow rate of 0.4/0.1ml/hr was observed. The instant release showed a slight delay 

in the release when compared with the flow rate of 0.4/0.2ml/hr because of a 

greater volume of shell-to-core layers in the nanofibers. 43% of the drug was 

released after 45 minutes, 54% after 90 minutes, 83% after 6 hours and 96% 

after 12 hours. Although the flow rate 0.4/0.1ml/hr showed a delayed burst 

release in comparison to the flow rate 0.4/0.2ml/hr indicating an increased Gel 

shell layer flow rate and reduced PCLIBU8% core layer flow rate can further delay 

the instant release it is worth noting that the amount of drug released in the 

0.4/0.1ml/hr flow rate scaffold was half of that in the scaffold fabricated with a 

flow rate of 0.4/0.2ml/hr as half the PCLIBU8% solution was electrospun into the 

core of the coaxial scaffold. 
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7.4 CONCLUSION 

Overall, the studies show how optimising flow rates of Gel/PCLIBU8% with larger 

shell flow rates prolonged the burst release of the drug where the mechanism by 

reducing the core layer flow rate can limit the release rate. Furthermore, by 

reducing the shell layer flow rate a quicker control rate can be achieved. The 

study demonstrated how instant burst release can be achieved with different flow 

rate combinations, and greater control can be given on release rates when using 

Gel as the shell layer. 

The novelty of these findings lies in their elucidation of the intricate relationship 

between the flow rates of Gel/PCLIBU8% and the release dynamics of the drug. 

Notably, the study unveils how adjusting the flow rates of the shell and core layers 

can exert distinct influences on the burst release duration and overall release 

kinetics. By emphasising the potential of larger shell flow rates to extend burst 

release duration and highlighting the role of core layer flow rate reduction in 

limiting release rates, the research offers fresh insights into fine-tuning drug 

delivery systems. Moreover, the revelation that reducing the shell layer flow rate 

enables quicker control over release rates adds a new dimension to the field, 

suggesting avenues for enhancing precision in drug delivery mechanisms. This 

study's contribution is further underscored by its demonstration of how different 

flow rate combinations, particularly when Gel serves as the shell layer, can 

facilitate instant burst release while affording greater control over release kinetics, 

thus presenting promising prospects for advancing drug delivery strategies. 
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CHAPTER 8: Investigating Effects of Concentration of 

Model Drug in Coaxial Electrospinning Systems  

8.1 MATERIALS AND METHODS  

Investigations on the effect drug concentration in Gel mixtures has on the fibre 

properties and release rates of the model drug in non-coaxial systems have been 

conducted as seen in section 4.3. It is of interest in this report to investigate if 

these findings are found in a coaxial system. The same variation of the drug in 

previous experiments will be utilised in the coaxial shell/core solutions. PCL was 

selected as the shell polymer and Gel/IBU was selected as the core solution with 

a variation in drug concentrations in coaxial systems as detailed below. 

8.1.1 SOLUTION PREPARATION  

Four solution mixes were set for a series of experiments with PCL as the shell 

polymer for coaxial techniques. For the shell mix, PCL was dissolved and mixed 

with HFP. Core mixes included combinations of Gel, Gel/HFP/IBU2% (wt.), 

Gel/HFP/IBU4% (wt.), and Gel/HFP/IBU8% (wt.) as shown in Table 36. The 

concentration of PCL and Gel was kept consistent at 10% (wt.) throughout 

mixtures/experiments with the drug being the only altering concentration. A larger 

quantity of the shell mixture solution was produced as it would be used with each 

of the core mixtures, in each of the four experiments. As mentioned in section 

4.1.1.1 although a variable in the solution mix is the changing solvent quantity, 

the small change in the variable is not considered to have a significant effect on 

the scaffold as the solvent evaporates during the electrospinning process before 

the charged jet reaches the grounded collector. 
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Table 36 �± PCL/Gel IBU coaxial combination  with altering IBU concentrations (0%, 2%, 4% 

and 8%) formulas showing quantities of PCL, Gel, IBU and HFP used for each solution.  

 

8.1.2 ELECTROSPINNING AND FUNCTIONALI SATION 

The solutions were coaxially electrospun using the electrospinning kit with dual 

pumps and the coaxial spinneret. Table 37 shows the voltage required to achieve 

a stable Taylor cone at the tip of the needle. Voltage is a variable that, as 

discussed in section 2.5.1, has conflicting views regarded the effect it has or does 

not have on fibre morphology. To stabilise the Taylor cone voltage is a common 

variable adjusted accordingly when electrospinning. The voltage was not 

consistence and as the only difference in the formulas electrospun was the 

concentration of the drug, it seemed they varied without any trend. Each 

parameter was kept consistent excluding drug concentration levels in the different 

solution mixtures. The separation distance was 135mm, the coaxial needle size 

was 0.8mm and the temperature was 24�öC. Throughout coaxial electrospinning 

in this section flow rates were kept at a rate of 0.2ml/hr for both core/shell 

solutions bringing the total flow rate to 0.4ml/hr. The coaxial electrospinning took 

place for a duration of 30 minutes for each scaffold. Degradation studies had 

taken place as discussed in section 4.1.1.5. 

 

 

Biomaterial  Shell 
Solution 10%  

Core Solutions 10%  

 PCL Gel Gel/IBU2% Gel/IBU4% Gel/IBU8% 
PCL 1.0g - - - - 
Gel - 1.0g 1.0g 1.0g 1.0g 
HFP 9.0g 9.0g 8.8g 8.6g 8.2g 
IBU - - 0.2g 0.4g 0.8g 
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Table 37 - Experimental parameters for PCL/GelIBU combination with altering IBU 

concentrations (0%, 2%, 4% and 8%)  showing voltage required for the  Taylor cone.  

8.1.3 SCANNING ELECTRON MICROSCOPY (SEM)  

The SEM was used to characterise each sample to understand fibre morphology 

and size. ImageJ Software was used to measure fibre diameters, with a minimum 

of 21 fibres measured in different images. The process was repeated throughout 

the degradation studies for each experiment. A grid method was used to select 

areas of the SEM image to avoid measuring the same fibres multiple times. The 

samples were sputtered with gold before SEM characterisation took place. This 

process was repeated at each degradation time point. 

8.1.4 ATTENUATED  TOTAL REFLEC TANCE - FOURIER 

TRANSFORM INFRARED ( ATR-FTIR)  

ATR-FTIR was used to understand the chemical interactions between the 

polymer, protein, and active components in the coaxial scaffolds. 

8.1.5 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis was used to assess the drug release rates of IBU when altering drug 

concentrations in the scaffolds as discussed in section 4.1.1.5. 

8.1.6 STATISTICAL ANALYSIS  

Each experiment was repeated three times and each of these samples was then 

characterised to further validate the findings. SEM images were analysed using 

ImageJ software to calculate fibre diameters over several different images. 

Experiment  1 2 3 4 

Shell Polymer (10%)  PCL PCL PCL PCL 

Core Polymer (10%)  Gel Gel/IBU2% Gel/IBU4% Gel/IBU8% 

Applied voltage (kV)  10.5 7.0 6.5 10.0 
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GraphPad10.0 was used to plot the fibre diameter graphs as seen in Figure 90. 

Drug release graphs show the average of the experiments with range error bars. 
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8.2 RESULT  

Table 38 �± SEM images  at each degradation time  point over 32 days with deposition 

diameters, average fibre diameters and standard deviation for PCL/GelIBU at IBU 

concentrations 0%, 2%, 4% and 8%.  

Duration  PCL/Gel  PCL/GelIBU2%  PCL/GelIBU4%  PCL/GelIBU8%  

Day 0 

Deposition 
diameter = 
120mm 

Deposition 
diameter = 130mm 

Deposition 
diameter = 140mm 

Deposition 
diameter = 120mm 

Day 0 

0.616±0.281  µm 
 

0.445±0.160  µm 
 

0.372±0.097  µm 0.487±0.151  µm 
Day 1 

0.425±0.148  µm 
 

0.356±0.134  µm 
 

0.322±0.103  µm 
 

0.639±0.177  µm 
Day 2 N/A 

 
0.376±0.159  µm 

 
0.358±0.118  µm 

 
0.694±0.186  µm 

Day 4 

0.341±0.106  µm 
 

0.403±0.135  µm 
 

0.361±0.106  µm 0.351±0.096  µm 
Day 8 

0.496±0.272  µm 
 

0.370±0.142  µm 
 

0.371±0.088  µm 
 

0.702±0.148 µm  
Day 16 

0.461±0.137  µm 
 

0.358±0.138  µm 
 

0.355±0.138  µm 
 

0.381±0.118  µm 
Day 32 

0.425±0.108  µm 
 

N/A 
 

N/A 
 

0.383±0.147  µm 
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Figure 92 - ATR-FTIR spectra of PCL / GelIBU with altering  drug concentrations  of  0%, 
2%, 4% and 8%, respectively  with characteristic peak labels.  

Figure 91 - Data plot of f ib re diameter  means and standard deviations  at each 
degradation time  point for PCL/Gel , PCL/GelIBU2%, PCL/GelIBU4% and PCL/GelIBU8%.  
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Figure 94 - Drug release graphs of UV-Vis accumulative  (%) release for  PCL/GelIBU 
with altering drug of 2%, 4% and 8%  at each degradation time point 8 and 32 days 

with range error bars.  
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Figure 95 - Drug release graphs of UV-Vis (%) release for  non -coaxial Gel  combinations 
with altering drug of 2%, 4% and 8% at each degradation time point 0.75  and 12 hours 

with range error bars.  
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Figure 93 - Drug release graphs of UV -Vis burst (%) release for PCL/GelIBU with altering 
drug concentration of 2%, 4% and 8% at degradation time points 0.75 and 12 hours with 

range error bars . 
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8.3 DISCUSSION 

8.3.1 ELECTROSPUN SCAFFOLD  

A trend became apparent regarding deposition diameter a trend that was noticed 

in Chapter 4 section 4.3 was that the non-coaxial Gel had a deposition diameter, 

of 130mm, which increased with the addition of IBU2% to 160mm, however an 

increase in IBU concentration saw the deposition diameter reduce to 125mm for 

IBU4% and 90mm doe IBU8%. This trend did not repeat in coaxial electrospun 

combination with altering drug concentrations with PCL/Gel having a deposition 

diameter of 120mm, PCL/GelIBU2% of 110mmm, PCL/elIBU4% of 135mm and 

PCL/GelIBU8% of 120mm. The coaxial layers of PCL/Gel showed a decrease in 

deposition diameters of 10mm compared with Gel, a reduction of deposition 

diameters for PCL/GelIBU2% of 50mm compared with GelIBU2%, an increase of 

10mm in PCL/GelIBU4% compared with GelIBU4% and an increase in deposition 

diameters of 30mm in PCL/GelIBU8% compared with GelIBU8%. 

This indicates that although the deposition diameters varied within 25mm 

between the largest and smallest deposition dimeters there is no significant trend 

to suggest that the drug concentration has a significant impact on the deposition 

diameters of the scaffolds.  

Furthermore, the fibres produced were all smooth with no beading or spraying 

taking place as seen in Table 38. The non-coaxial Gel scaffolds with varying IBU 

concentrations were all electrospun at 7.0 kV whereas the voltage fluctuated 

between the coaxial combinations with varying IBU concentrations. There was 

no significant trend to suggest that the concentration of the drug affected voltage, 

however, the voltage did vary considerably between the coaxial combinations 

with PCL/Gel requiring 10.5kV to stabilise the Taylor cone, 7kV for 
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PCL/GelIBU2%, 6.5kV for PCL/GelIBU4% and 10.0kV for PCL/GelIBU8%. This 

could indicate that there is some interaction related to the drug concentration on 

the coaxial scaffolds. Coaxial combination without the presence of the drug saw 

the largest fibre diameters of 0.616 µm, whereas the altering IBU concentration 

did not indicate a significant difference when changing drug concentrations in the 

combinations with PCL/Gel2%, PCL/Gel8% and PCL/GelIBU8% providing fibres 

of diameters 0.445 µm, 0.372 µm and 0.487 µm respectively. The fibre diameters 

were plotted by degradation timepoint as can be seen in Figure 90. 

Regarding degradation, it seems the coaxial combination of PCL/Gel 

experienced Gel exposure and degradation by day 4 as seen in the SEM images. 

This is suggested as the time points after this point show fibres with clear fibres 

indicating that the exposed Gel fibres degraded between days 4 and 8, the result 

of mass Gel exposure experiencing rapid degradation. PCL/GelIBU2% and 

PCL/GelIBU4% showed polymer degradation on days 4 and 8, with the scaffold 

no longer consisting of any fibres by day 32, it may be suggested that the 

PCL/GelIBU2% scaffold experienced more polymer loss than that of 

PCL/GelIBU4% as the SEM images indicate more degradation alike to that 

between PCL/GelIBU4% and PCL/GelIBU8% which exhibited signs of 

degradation by day 32 where cracks can be seen in the fibres. It can therefore 

be suggested that the incorporation of IBU in coaxial combinations can cause 

degradation to increase, with the higher concentration of the drug sustaining less 

degradation. This cannot be verified by the results in the non-coaxial fibres as the 

non-coaxial Gel and GelIBU scaffolds perished without any SEM images to 

capture the state of the fibres at the degradation time points. 
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8.3.2 ATTENUATED TOTAL REFLECTANCE �± FOURIER 

TRANSFORM INFRARED (ATR -FTIR)  

ATR-FTIR spectroscopy indicated shifts in all peaks when IBU was incorporated 

in the coaxial combination, and as the drug concentration increased as seen in 

Table 39. A noticeable trend saw PCL/Gel wavenumber 3265 cm-1 shift up to 

3278 cm-1 with GelIBU2% as the core layer, to 3321 cm-1 with GelIBU4% as the 

core layer and to 3350 cm-1 with GelIBU8% as the core layer. All other peak shifts 

seemed to not suggest a trend. These shift peaks, as mentioned in Chapter 7, 

are the result of potential hydrogen bonding between the NH in Gel and the 

carbonyl functional groups in IBU. The increase in IBU concentrations may be 

the cause of the wavenumber 3265 cm-1 shifting up indicating stronger bonding. 

Furthermore, the independent peaks 1389-1399 cm-1 saw a spike in absorbance 

when the concentration of IBU increased, a trend seen throughout the chapters. 

This can be interpreted as the spike in peak representing a larger presence of 

the drug in the scaffolds. 

 
Table 39 �± ATR-FTIR characteristic peak  shift wavenumbers  of PCL/Gel with  altering  

IBU concentrations of 0%, 2%, 4% and 8%.  

 

Scaffold  Characteristic Peak  
Gel 
IBU 

PCL 
Gel 
IBU 

PCL Gel Gel 
IBU 

IBU PCL 

Gel (cm -1) 3265 2930 1727 1646 1531 1393 1159 

GelIBU2% (cm -1) 3278 2935 1719 1626 1533 1395 1160 

GelIBU4% (cm -1) 3321 2947 1717 1628 1536 1399 1160 

GelIBU8% (cm -1) 3350 2921 1719 1627 1533 1389 1151 
 

As mentioned in section 4.3, the correlation between the wavenumber shifts is 

relative to the analysis of the deposition and fibre diameters, where non-coaxial 

GelIBU2% showed an increase compared with Gel which can be attributed to IBU 
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increasing the solubility in the Gel solution acting as a surfactant reducing surface 

tension. The reduction of deposition and fibre diameters in non-coaxial GelIBU4% 

and further reduction of non-coaxial GelIBU8% may exceed the critical micelle 

concentration (CMC) which is the concentration of surfactants above which 

micelles form. The increase in IBU concentration can therefore decrease the 

polarity and cause low solubility (Azum et al., 2019). This was not a repeating 

trend in the coaxial scaffolds with PCL as a shell layer for these solutions. The 

ATR-FTIR data indicated that there are no significant peak shifts which could be 

an indication that the PCL shell layer acts as a component that allows for the 

CMC value which limits the solubility of Gel fibres with the incorporation of IBU in 

non-coaxial scaffolds to not affect the interaction between the protein and drug, 

thus potentially eliminating or extending the CMC value. 

8.3.3 ULTRA -VIOLET VISIBLE (UV -VIS) SPECTROPHOTOMETER 

UV-Vis spectroscopy suggests that there were no significant effects of altering 

drug concentration levels in the release rate properties of the coaxial 

combinations, which is interesting as release rates between the samples did vary, 

however, this occurred by day 32 where over 89-91% of the drug was released. 

After day 1 22%, 24% and 22% of the drug were released from PCL/GelIBU2%, 

PCL/GelIBU4% and PCL/GelIBU8% respectively. Furthermore, the release rates 

also saw percentages of 41%, 39% and 40% by day 4, 54%, 51% and 53% by 

day 8 and 90%, 91% and 89% by day 16, respectively as seen in Figures 92, 93 

and 94. This indicates that the coaxial combination of PCL/GelIBU can provide a 

reliable drug delivery system by altering drug concentrations and not affecting 

release rates. However, it is worth mentioning that although the drug was 

released similarly regardless of the concentration, the quantity of IBU released 

would have varied drastically. 
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8.4 CONCLUSION 

In conclusion, the study investigated the impact of drug concentration on the 

deposition diameter, fibre morphology, degradation behaviour, and drug release 

properties of electrospun scaffolds. While non-coaxial Gel scaffolds exhibited 

different deposition diameters when altering drug concentrations in the non-

coaxial combinations, coaxial combinations displayed more consistent deposition 

diameters, indicating that drug concentration had a limited effect on scaffold 

morphology. Moreover, all fibres exhibited smooth morphology without beading 

or spraying. Regarding degradation, the coaxial combination of PCL/Gel 

experienced Gel exposure and degradation by day 4, suggesting rapid gelatin 

degradation. Incorporation of ibuprofen (IBU) in coaxial combinations led to 

increased degradation properties, with higher drug concentrations showing less 

degradation. ATR-FTIR spectroscopy revealed shifts in peaks with increasing 

IBU concentration, indicating potential hydrogen bonding between gelatin and 

IBU. UV-Vis spectroscopy showed consistent drug release rates across different 

drug concentrations, suggesting that coaxial combinations provide reliable drug 

delivery systems irrespective of drug concentration. Overall, the study 

underscores the versatility and potential of coaxial electrospinning for controlled 

drug delivery applications and how coaxial techniques can optimise interactions 

between Gel and IBU potentially eliminating the CMC required in non-coaxial 

samples. The study shows how different drug concentrations can be utilised 

using coaxial systems without restricting the amount of drug in the protein system. 

These findings highlight the potential of coaxial electrospinning for enhancing 

release rates in tissue engineering. 
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Chapter 9: Conclu ding Remarks   

To conclude, the research on coaxial electrospinning of synthetic/natural polymer 

combinations for controlled release of active components for biomedical 

applications has demonstrated significant advancements and insights in the field 

of tissue engineering and drug delivery systems. The significant advantages of 

coaxial electrospinning in tailoring scaffold properties essential for clinical 

applications were revealed. By addressing solubility challenges inherent in 

biomaterials, coaxial systems offer enhanced stability and controlled release, 

crucial for the clinical success of tissue engineering constructs and drug delivery 

platforms.  

Investigation into collector-needle separation distances underscored their critical 

role in modulating drug release kinetics, a pivotal aspect of clinical translation. 

Understanding how separation distances influence fibre diameters and drug 

release profiles provides valuable insights for designing scaffolds with tailored 

release rates, essential for clinical efficacy and patient outcomes. Shorter 

separation distances were found to accelerate drug release rates, affecting 

release profiles as discussed in section 6.3.3.  

Exploration of flow rate optimisation in coaxial systems highlighted the potential 

to fine-tune release and achieve precise control over drug release rates. The 

processing of flow rates in Gel/PCLIBU8% coaxial systems demonstrates how 

varying flow rate combinations can modulate release and provide greater control 

over the release, particularly when using Gel as the shell layer. An increase in 

the Gel shell layer saw a slower release rate over a longer period, as did a 

decrease in the PCLIBU core layer as discussed in section 7.3.3. Such control is 
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instrumental in clinical settings, where tailored release profiles are paramount for 

therapeutic effectiveness and patient safety.  

Finally, an investigation into the impact of drug concentration on scaffold 

properties and drug release profiles saw the coaxial combinations exhibit 

consistent drug release rates across different drug concentrations compared with 

non-coaxial scaffolds as discussed in section 8.3.3. Non-coaxial scaffolds 

exhibited total release in 12 hours with most of the drug being released by the 

first time point (0.2 hours). Coaxial scaffolds showed a slower controlled release 

over 32 days non-dependant on the drug concentration offering promising 

avenues for clinical applications, where reproducibility and predictability are 

critical for successful translation.  

In conclusion, the culmination of this research underscores the pivotal role of 

coaxial electrospinning in advancing clinical tissue engineering and drug delivery 

strategies. Through the development of biodegradable scaffolds utilising coaxial 

electrospinning combinations with polycaprolactone (PCL) and gelatin (Gel) 

biomaterials, this study aimed to process release rates and enhance scaffold 

properties, contributing significantly to the field of tissue engineering and 

regenerative medicine. The investigation into coaxial electrospinning processes, 

including the incorporation of extracellular matrix proteins 

and the optimisation of electrospinning stability, directly addressed the project 

objectives. Furthermore, the exploration of adding active pharmaceutical 

ingredients to the polymer matrix offers promising avenues for enhancing scaffold 

functionality and therapeutic efficiency. Moving forward, these findings hold 

immense promise for addressing clinical challenges and improving patient 

outcomes in various biomedical applications. 
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Chapter 10: Further Work  

For further work, it is of interest to understand if altering the concentration of the 

polymer/protein affects the release rate properties of the coaxial combinations as 

the flow rates of the polymer/protein had a significant influence on the release 

rate profile of the scaffolds. It is also an area of interest to understand the 

relationship between altering coaxial needle diameters and flow rates on the 

scaffold properties and release rate issues as needle diameter has been 

shown to affect fibres in non-coaxial systems as discussed in section 7.3.3. A 

proposal for further work includes exploring degradation in an acidic environment 

(around pH4) that mimics the reactions of the human body to infections. This is 

to understand if the release profiles are similar in an acidic environment to that 

of this project which used PBS solution (pH 7.4).  

Furthermore, optimising processes in a tri-axial system could prove 

advantageous as ATR-FTIR spectroscopy suggests an interaction between the 

protein and active component as discussed in section 4.3.3.2. By independently 

feeding in the polymer, protein and drug, release rates could be 

further optimised.  

The protein, when used as the shell layer with a synthetic drug-loaded core, can 

effectively slow and control the release over 24 hours. Additionally, employing a 

synthetic polymer shell layer can further prolong the release rate, extending it to 

up to 32 days, especially when combined with protein or synthetic drug-loaded 

cores. This underscores the significance of sustained drug release, as discussed 

in section 5.3.3. 
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Optimising tri-axial systems with an inner core layer of a synthetic drug-loaded 

solution layer, an outer core layer of protein solution and an outer shell layer of 

synthetic solution could prove advantageous as the two inner cores have been 

shown to prolong the release providing a slower release over 24 hours in a 

coaxial system. A multi-drug combination can also be utilised where, for 

example, antibiotics can be incorporated into the shell layer of the tri-axial 

combination to kill both positive and negative bacteria providing a sustained 

release through its optimised inner and outer core combination. A synthetic shell 

layer in the coaxial set-up has prolonged the release of drug that 

in basic electrospinning set-up releases most of the drug within the first 

3 hours as discussed in section 5.3.3. However, a synthetic shell layer in a triaxial 

system could prolong the release of the two core layers, with the protein outer 

core layer slowing the release for further control of the release of the drug, 

potentially increasing its sustained accumulative release.  

Furthermore, it is of interest to optimise flow rates in PCL/GelIBU combinations 

as the Gel/PCLIBU flow rate combinations showed how release rates can 

be optimised to give a quicker or slower release as discussed in section 

7.3.3. This suggests that altering flow rates for PCL/GelIBU combinations can 

see the drug released at a more rapid or more sustained 

rate providing further optimisation of the combinations.  
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