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Abstract 
 

Elastomeric scaffolds play an important role in the field of soft tissue engineering, and recently, 

studies investigating different medical applications for these scaffolds have been increasing 

rapidly. New thermoset bioelastomers have demonstrated promising applications for 

myocardial, vascular and nerve tissue engineering. Nevertheless, these elastomers have several 

disadvantages, including the toxicity of the degradation products of the polyester family and 

the poor solubility of the poly(ester amide) (PEAs) family in the most commonly used polar 

and nonpolar solvents, which restricts fabrication. Therefore, this PhD project aims to develop 

a novel biodegradable and biocompatible elastomer to overcome the disadvantages of currently 

available PEA elastomers, such as the poor solubility of the PEA pre-polymer and the 

limitations of its mechanical properties, in order to create an elastomer which is similar to 

protein-based polymers, thus allowing for wider use in soft tissue engineering applications. 

 

The major outcomes of this project include: 

 

(1) In order to build biodegradable and biocompatible elastomers with a satisfactory 

combination of a soluble pre-polymer, mechanical flexibility and an improved 

biodegradation profile, an amino alcohol, serinol, was used to synthesise poly(serinol 

sebacate) (PSS). The synthesised PSS pre-polymer exhibited excellent solubility in a 

variety of solvents, including methanol, dimethyl sulfoxide and dimethylformamide, 

while the crosslinked PSS became insoluble in any type of solvent. More importantly, 

the mechanical properties of PSS could be fine-tuned by changing the curing 

conditions. In addition, the 3T3 fibroblast cells cultured in the PSS demonstrated good 

cell attachment and proliferation. No cytotoxicity responses were detected for the PSS 

samples. 

  

(2) In order to build fibrous elastic materials that resemble the extracellular matrix 

architecture and mechanical properties of soft tissues, an elastomeric PSS scaffold was 

fabricated by utilising an electrospinning technique using polyvinyl alcohol (PVA) as 

a carrier polymer to facilitate fibre formation. After electrospinning, the PSS was cured 

via thermal treatment and the PVA was partially removed by water. The newly 

fabricated PSS fibrous scaffold demonstrated diverse characteristics with respect to its 

mechanical properties, with average rapture elongation (450%) and tensile modulus 

(∼200 kPa) as soft as many types of soft tissues. 

 

(3) The correlation between solution rheology and electro-spinnability, fibre morphology 

and fibre alignment of polycaprolactone (PCL) with different molecular weights was 

studied. The produced PCL scaffolds were then treated with an uncured PSS polymer 

to improve their hydrophilicity and biocompatibility. The PCL/PSS composite 

scaffolds were fabricated using a safe and cost-effective method. The results showed 

that cell adhesion and proliferation improved for the PCL/PSS composite scaffolds, 

which may be attributed to the higher hydrophilicity of these scaffolds in comparison 

to the pure PCL scaffolds.   

 

In conclusion, novel biodegradable PEA elastomers were successfully designed and synthesised 

from serinol and sebacic acid by polycondensation reaction. The PSS elastomers exhibited 

tuneable degradation and mechanical profiles by varying the curing time. Thus, the developed 

PSS polymer shows excellent potential for various biomedical applications, including tissue 

engineering applications, drug delivery and coating material. 
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1.1. Tissue engineering 
 

1.1.1. Introduction 
 

In the last century, many deadly diseases have been cured by natural and chemical medicines 

that have revolutionised disease treatment and health care worldwide. Nevertheless, some 

diseases such as renal failure, muscle dystrophy, and neuron damage as a result of neurological 

problems are difficult to treat because medications are incapable of restoring the normal 

functions of affected organs. Surgical transplantation is the main method of treating these 

ailments. However, following surgery, the risk of infections or complications in patients that 

use immunosuppressive medications is high, and organs for transplant are in high demand. Also, 

patients waiting for organ transplants often experience a high degree of mortality because of 

the large shortage of donors.1 

In recent decades, regenerative medicine has become a substantial field of study and has begun 

to address the aforementioned clinical challenges. This field includes different approaches such 

as tissue engineering, cell therapy and gene therapy to repair damaged or diseased tissues or 

organs2,3. Tissue engineering is one field that relies on advances in bioengineering, molecular 

biology and materials science to develop biological substitutes for maintaining or restoring the 

functions of affected tissues or organs (figure 1.1). One example is the development of 

implantable scaffolds4. Such scaffolds can be combined with growth factor to encourage living 

cells to grow on the scaffold and to develop new tissues that are functionally and structurally 

similar to native tissues5.   

The domains of tissue engineering and regenerative medicine are enjoying fast development 

but are frequently lost in the fanfare and marketing possibilities surrounding them. Despite the 

fact that several experts emphasised that the two terms refer to distinct ideas, they are still 

regularly used6. A wide range of definitions have been proposed in various studies or have been 

sanctioned by governmental bodies to back regulatory objectives. Thus, tissue engineering was 

defined by the National Institute for Biomedical Imaging and Bioengineering as the creation of 

functional structures for damaged tissue or entire organ repair, maintenance or enhancement 

based on integration of scaffolds, cells and molecules with biological activity in functional 

tissues6. Meanwhile, regenerative medicine was described by the Institute as being concerned 

with both tissue engineering and self-repair, whereby the body regenerates cells, tissues and 

organs by employing its own systems and occasionally relying on extrinsic biological material. 

The interchangeable use of tissue engineering and regenerative medicine has been justified by 

some on grounds that the aim is not to treat chronic conditions of great complexity but to cure 

them. For instance, Badylak and Nerem7 addressed tissue engineering and regenerative 

medicine advances and considered both of them as references to the same series of research 

efforts. Likewise, in their review study, Fisher and Mauck8 suggested that the two terms could 

be combined into a single one to create the wider field of tissue engineering and regenerative 

medicine (TERM). 
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Figure 1.1: The main elements making tissue engineering possible are cells, signals, which 

derive either chemically or physically from growth factors or a bioreactor, respectively, and 

the scaffold, which enables cell migration, adherence and tissue production, thus providing a 

tissue formation template. 
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1.1.2. In vitro tissue engineering 

 
The typical tissue engineering paradigm is in vitro tissue engineering, which requires the 

combination of three elements: cells, scaffolds and growth factor. This process traditionally 

requires the use of harvested cells that are expanded and then seeded onto a natural or synthetic 

scaffold that provides a suitable environment. The scaffold will then be completely re-absorbed 

by the body following the formation of new tissue. In this context, scaffolds are triggered by 

appropriate mechanical and chemical stimuli to initiate the process of building a new 

extracellular matrix (ECM). The tissue-engineered construct would be then implanted and 

integrated with native tissues to replace diseased tissues9–11 (Figure 1.2).   

 

1.1.3. In situ tissue engineering 
 

The concept of in situ tissue engineering has recently introduced the possibility of utilising the 

body’s own endogenous cells and biologic resources. In this case, a biodegradable scaffold can 

be placed to recruit progenitor or stem cells to the site of diseased tissues and organs and to 

encourage regeneration without cell transplantation12 (Figure 1.2). Decellularised tissues or 

organs can be used as in situ replacements; however, disease transmission or immunogenic 

response are possible outcomes13.  

Materials from a foreign host that have been subjected to alterations to serve as a graft are 

known as allogenic materials. The major strength of these materials is that they retain tissue 

structure and content and do not differ much from the tissues they are intended to supplant. 

Thus, in theory, tissue remodelling and repair could be achieved with allogenic materials 

without triggering an immune response14,15. Graft decellularization is a preliminary step in the 

treatment of an allogenic material and is geared towards eliminating antigens that trigger an 

unfavourable immune response without disrupting the integrity of the ECM, which serves as 

the scaffold. Scaffold integrity is usually reflected in the content of collagen, elastin, s-

glycosaminoglycan and growth factor, and in structural and ultrastructural integrity.  

However, an innate immune response may still be triggered by tissue residue post-

decellularization in the case of allogenic and xenogenic materials. To give an example, 

decellularization may not remove damage-associated molecular pattern proteins (DAMPs), 

which are present in the native tissue as well as being produced during cell necrosis and by 

macrophages activated by acute tissue damage. DAMPs are responsible for the upregulation of 

HMGB1, which in turn promotes the expression of chemokine and TLR4 mRNA16, thus 

stimulating a pro-inflammatory response. In theory, there are three strategies for modifying 

DAMPs, namely, inhibiting their release through the use of platinum or ethyl pyruvate, 

inhibiting them directly via anti-HMGB1 and pro-apoptotic treatments, or inhibiting DAMP-

Rs or the related downstream signalling targets TLR4 antibodies17.  

Moreover, the differentiation and proliferation of recruited cells can be guided by incorporating 

bioactive groups to scaffolds12. The main advantages of this approach are that the process does 

not require a source of cells and or much time for cell expansion and instead uses the human 

body as a bioreactor for the formation of new tissues. 
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Figure 1.2: (a) In vitro tissue engineering approach. The cells seeded onto a scaffold, then 

placed in a bioreactor. After tissue growth, the scaffold is implanted in the body. (b) In situ 

tissue engineering approach. Scaffold (cells-free) is implanted in the human body, which 

serves as bioreactor.  
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1.1.4. Tissue engineering scaffolds 
 

The utilised biomaterials determine the chemical properties of the scaffold and the interaction 

between the living cells and the scaffold18. They also define the mechanical properties of the 

scaffold. Recent studies have suggested that the mechanical properties of elastomeric scaffolds 

enhance tissue regeneration18,19. 

Overall, the objective of employing scaffolds in tissue engineering is to guide tissue formation 

in vitro and in vivo for the replacement or repair of damaged tissues and organs. Scaffolds also 

support the transport of growth factors and nutrients to enhance vascularisation and tissue 

formation. The chemical and physical properties of scaffolds are important to consider during 

their design and can be dictated by the choice of materials and processing methods. The 

properties of functional tissue scaffolds will vary depending on the target tissues. Also, the 

utilised materials and their degradation products must be non-toxic, must not produce any 

undesirable immunological or thrombogenic responses and must allow for rapid 

vascularisation20,21. 

Furthermore, scaffolds should have some level of bioactivity to accommodate for cellular 

attachment, proliferation and differentiation in the case of association with multipotent or 

pluripotent cells22. Scaffolds should also be biodegradable. In some cases, such as 

transplantation, scaffolds can incorporate into targeted tissues after cells are incorporated; over 

time, cells produce their own ECMs, which would ideally concur with scaffold degradation and 

elimination from the body. In addition, the mechanical properties of scaffolds should ideally 

match those of the ECMs of targeted tissues, should allow for cell ingrowth and should produce 

an appropriate ECM. In the case of bone tissues, for example, scaffolds must have high 

strength23,24. Some tissue types require specific scaffold designs. For example, in some cases, 

scaffold porosity should be taken into account to allow for nutrient and gas exchange. 

Meanwhile, for heart tissues, cardiac inflow/outflow patterning and directionality should be 

considered25. Therefore, to design or assess how appropriate a scaffold is for the purposes of 

tissue engineering, several important aspects must be taken into account: 

(i) Biocompatibility 

Tissue engineering scaffold must demonstrate biocompatibility to enable cell adherence, normal 

function, and migration on its surface and subsequently through it before starting proliferation 

and forming new matrix. The immune response triggered by the implanted scaffold or tissue 

engineered structure must be minimal, otherwise a significant inflammatory reaction may occur 

that may interfere with healing or even lead to the body rejecting the implant. 
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(ii) Mechanical properties  

Consistency should exist between the mechanical attributes of the scaffold and the anatomical 

area targeted for implantation. Additionally, the scaffold should also demonstrate sufficient 

strength so that it can be surgically handled when it is implanted, which is crucial for every 

tissue, but is particularly problematic for cardiovascular and orthopaedic applications. A major 

difficulty in the context of bone or cartilage engineering endeavours is creation of scaffolds that 

have suitable mechanical attributes, because bone and cartilage necessitate a scaffold that 

exhibits enough mechanical integrity to remain in place from the moment it is implanted until 

the process of remodelling is finished26. 

(iii) Biodegradability 

The implanted scaffold or tissue engineered structure are only temporary and should gradually 

be substituted by the body’s own cells, which is the overall intent of tissue engineering. As a 

result, the scaffold must demonstrate biodegradability otherwise cells will be incapable of 

forming extracellular matrix27. Furthermore, it is not enough for the scaffold to be 

biodegradable, but the residues of its breakdown must not be toxic and must leave the body 

without affecting other organs. It is necessary to combine an inflammatory response with 

controlled introduction of cells (e.g. macrophages) so that breakdown happens alongside tissue 

development. This is why immunology has become more and more important for research since 

clinical practice has started to adopt tissue engineering approaches on an increasingly regular 

basis28. 

(iv) Scaffold architecture  

The structure of tissue engineering scaffolds is highly important. To help cells disseminate and 

make sure that a suitable supply of nutrients reaches the cells in the construct and the 

extracellular matrix that they form, scaffolds must be highly porous and provide an interlinked 

pore structure. Such a structure is also essential for elimination of waste products and scaffold 

breakdown products should not affect other organs and tissues when leaving the body. tissue 

engineering specialists have particularly expressed worries about core deterioration caused by 

absence of vascularisation and elimination of waste from the middle of tissue engineered 

constructs29. 

The mean size of pores in the scaffold has great importance as well. Chemical groups called 

ligands and present on the surface of the material underpin the interplay between cells and 

scaffolds and they are naturally present as Arg-Gly-Asp (RGD) binding sequences in scaffolds 

produced from natural extracellular materials such as collagen. On the other hand, ligands may 

need to be intentionally introduced in synthetic material scaffolds through processes such as 

protein adsorption. The specific surface area, representing the pore surface that is available for 

cell attachment, determines how dense the ligands are, and is in turn determined by the mean 

size of scaffold pores. More specifically, the pores must be sufficiently large to enable cell 

penetration into the structure, where the cells attach to the scaffold ligands, and at the same time 

the pores must be sufficiently small to create a specific surface area that is expansive enough, 

resulting in the lowest density of ligands to enable a sufficient number of cells to attach to the 

scaffold30. Hence, more than one option of pore size is available for all scaffolds31, according 

to the nature of the employed cells and the tissue targeted for engineering. 
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1.1.5. Elastomers for soft tissue engineering 
 

Elastomer materials are made from polymers that have the ability to stretch several times their 

length yet return to their original dimensions without permanent deformation. Also, these 

materials have a glass transition temperature (Tg) below room temperature32. The mechanical 

properties of elastomers, such as their ultimate elongation and Young's modulus, can be tuned 

by modifying the degree of crosslinking33. For these reasons, elastomers are desirable materials 

for building scaffolds for mechanically dynamic tissues such as myocardial and skeletal muscle 

tissues.  

Generally, the elastomers used in soft tissue engineering can be classified into two main 

categories: natural and synthetic elastomers. Natural elastomers can be divided into protein-

based elastomers and hydrogels, while synthetic elastomers can be divided into chemically 

crosslinked elastomers (thermosets) or physically crosslinked elastomers (thermoplastics)34. 

Figure 1.3 presents the important biomedical elastomer classes described in the literature35–38. 

Elastomeric biomaterials such as heparinised polymers, poly(vinyl chloride), silicone and 

polypeptides elastomers have been used in different biomedical applications, including 

transdermal therapeutic interventions, cardiovascular devices, orthodontics and prosthetic 

devices39. Moreover, increasing uses for elastomeric biomaterials will likely be found in the 

field of tissue engineering because of the biocompatibility, biodegradability, flexibility and 

economy of cost of these materials.    

Traditional synthetic biomaterials used in soft tissue engineering include poly(lactic acid) 

(PLA)40, poly(ethylene glycol) (PEG)41,42 and polyurethanes43,44. However, these types of 

biomaterials undergo plastic deformation, have a high modulus and demonstrate inappropriate 

mechanical properties when evaluated in the long term. As a result, other more promising 

synthetic elastomers have been developed for soft tissue engineering. Table 1.1 shows 

Advantages and disadvantages of natural and synthetic elastomers. 
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Figure 1.3 Biomedical elastomers classes35–38. 
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Table 2.1 Advantages and disadvantages of natural and synthetic elastomers34.  

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 Natural elastomer Synthetic elastomer 
 

 

 

Advantages 

Elastic  Elastic  

Analogous structure to natural 

Extracelluler matrix 

Mechanical properties, purity and degradation 

kinetics can be contrlloed 

Bioactive and Provide receptor 

– binding ligands 

Structure stability during degradation 

Natural remoulding  
 

 

 
 

Disadvantages 

Possible of immunogenic 

response 

Inflammation due to foreign body response 

Need Purification processes Poor processibilty 

Unpredictable degradation 

profile 

Release of acidic by-products 

In vivo calcification   

Complication in processing 

and preparation 

 

Disease transmission  



24 
 

1.1.5.1. Natural elastomer  
 

Natural elastomers used in soft tissue engineering offer the advantage of containing signalling 

motifs that enhance cell adhesion, proliferation and differentiation. These natural biomaterials 

include proteins such collagen45, elastin46 and fibrin47 or hydrogels made of polysaccharides 

such as chondroitin sulfate48 and alginate49. Many studies have demonstrated the feasibility of 

collagen and alginate for building natural scaffold constructs for use in myocardial tissue 

engineering50,51. Although several studies have demonstrated the advantages of using natural 

biomaterials that demonstrate cytobiocompatibility and biodegradability, constraints include 

long purification processes, batch-to-batch variability and the possibility of disease 

transmission36,52. 

 

1.1.5.2. Synthetic elastomer  
 

Synthetic elastomers are one branch of polymeric biomaterials that have three important 

characteristics in comparison to other polymer biomaterials. They have a stable, three-

dimensional structure with mechanical properties similar to the ECMs of soft tissues and organs. 

Also, they are flexible and therefore able to induce mechanical stimulation for tissue 

engineering process. Finally, they have a biodegradation profile that is modifiable through 

controlling different factors such as the crosslinking density of synthesised elastomers53.    

In addition, synthetic elastomers can be synthesised using different types of polymerisation 

techniques such as ring-opening polymerisation, polycondensation, photo- and thermally-

initiated radical polymerisation and have the ability to integrate into co-polymers. These 

characteristics allow for a large variety of physical and chemical properties53,54. The degradation 

rates of synthetic elastomers can also be controlled by different factors such as segment length 

and composition, molecular structure (monomers), molar ratios, curing type, polymerisation 

duration and temperature of the reaction53.  

From a material standpoint, synthetic elastomers can be produced in large batches and can also 

have adjustable properties that are modifiable depending on the processing conditions and 

synthetic schemes. From clinical and biological perspectives, these materials should 

demonstrate biocompatibility and mechanical capacities that resemble the proteins of natural 

ECMs.  
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1.1.6. Thermoplastic elastomer 
 

Many research studies have aimed to develop materials that can be utilised as alternatives for 

natural rubber. This interest has led to the discovery of different types of thermoplastic 

elastomers55. Thermoplastic elastomers possess many of the mechanical properties of natural 

rubbers such as elasticity and softness. Moreover, in contrast to thermoset elastomers that do 

not flow once cured, thermoplastic elastomers have the advantage of being easily processed as 

thermoplastic biomaterials by solvent or melting processes56. The general synthetic design is 

based on the formation of a physical crosslinked network using multi-block co-polymers that 

consist of soft and hard segments. The polyester segments within the polymer chains, such as 

poly(glycolic acid) (PGA) or poly(lactic acid) (PLA)57, are responsible for the biodegradation 

properties of the materials58. 

The most widely used thermoplastic elastomers are polyurethanes, which were approved by the 

Food and Drug Administration (FDA) for different applications. Polyurethanes have a wide 

range of mechanical and degradation properties and include both degradable and stable 

materials with hydrophilic to hydrophobic characteristics depending on the segmented structure 

and synthesis process59,60; these characteristics can be adjusted for different tissue engineering 

applications34,61. In addition to vascular grafts62, polyurethanes have been studied for their 

applications in medicine, including soft tissue engineering, such as cardiovascular tissue63, 

intestine64 and blood vessel65 engineering, as well as hard tissue engineering involving bones66, 

cartilage67 or ligaments68. Polyurethanes as scaffolds for tissue engineering applications must 

be bioresorbable; therefore, polyester polymers such as PGA, PLA and PCL are mainly 

included in the synthesis process69.   

PCL is one of the first thermoplastic elastomers that was reported. It is synthesised through the 

co-polymerisation of PCL and DL-lactide via ring-opening polymerisation70. In particular, PCL 

has been co-polymerised with PLA and PGA to synthesise thermoplastic elastomers for various 

types of tissue engineering71,72. The degradation rate of PCL co-polymers is generally faster 

than that of PCL polymer alone. For example, PCL-PGA co-polymer scaffolds degrade 50% of 

their original weight after 6 weeks of incubation, while traditional PLC scaffold took up to 12 

months to degrade73.   

Thermoplastic elastomers have certain advantages such being biodegradable, biocompatible 

and tailorable with respect to their mechanical and physical properties. Nevertheless, 

thermoplastic elastomers generally contain crystalline regions that could resist degradation. 

Therefore, these polymers have a heterogeneous degradation profile58,74 that can cause a non-

linear loss of mechanical properties and lead to the mechanical failure of the scaffold before the 

process of tissue regeneration is completed. In addition, the three-dimensional structure of 

scaffolds is critical during degradation processes. The presence of crystalline regions that 

control the architecture of the network of thermoplastic biomaterials can result in unpredictable 

outcomes37. 
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1.1.7. Thermoset elastomer 
 

Unlike thermoplastic elastomers, thermoset elastomers are more predictable in the loss of their 

mechanical properties and have a consistent degradation profile because of their amorphous 

structure, which results in the maintenance of their three-dimensional structure throughout the 

degradation process37. For these reasons, the focus of the literature review is on biodegradable 

thermoset elastomers. The first biodegradable thermoset elastomer was developed for drug 

delivery, wherein the maintenance of the elastomer network during drug release was important 

for controlling the drug release process by diffusion75.  

Thermoset elastomers are elastic as a result of polymer chains connected by chemical bonds. 

This bonding process may occur following the reaction of monomers containing reactive 

functional groups, which are able to connect to other monomers. The process of crosslinking 

could be initiated by radiation or thermally. In addition, to form a chemically crosslinked 

network, at least one of the reacting monomers must build at least three linkages with 

neighbouring monomers. Once the molecules are fully crosslinked, the molecules will exhibit 

their final physical properties and will not flow or melt under heat unless the molecules undergo 

chemical degradation processes. Recently, biodegradable thermoset elastomers have gained 

increasing attention in the field of tissue engineering76–78.  

When loading drugs into thermoset elastomers, the drug should not be dissolved in mutual 

solvent or it will be affected by the crosslinking procedure; however, this can be avoided if the 

drug is in the solid particle form, with the polymer photocrosslinked79. The drawback of the 

latter approach is that a smaller amount of drugs is produced from these elastomers. When 

compared to thermoplastic elastomers, thermosets are preferable from the point of view that 

they degenerate more homogeneously because they do not contain either crystalline or high 

glass transition temperature domains, which would degrade at a slower pace than amorphous 

areas. Homogeneous degradation leads to more predictable changes in mechanical properties. 

In addition, an inflammatory response late in the degradation period is connected to crystals 

being released when thermoplastics degrade80. 
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1.1.8. Polyester thermoset elastomer 
 

1.1.8.1. Poly(glycerol sebacate)  
 

PGS was first developed for biomedical applications by the Langer Group in 2002. This 

biodegradable thermoset elastomer was intended to mimic the mechanical properties of soft 

tissues81. In particular, PGS is synthesised from sebacic acid (dicarboxylic acid) and glycerol 

(an alcohol containing three hydroxyl groups), which involves polycondensation between the 

carboxylic acids in sebacic acid and the alcohol groups in glycerol to yield transparent material 

(Scheme 1.1). The synthesis process is typically carried out in two steps: First, the pre-

polymerisation step is conducted by heating a mixture of sebacic acid and glycerol under a 

purge of nitrogen gas to prevent reactant oxidation. The esterification reaction in the first step 

is preferentially between carboxylic acid and primary hydroxyl groups of glycerol to form the 

polymer chains. Second, the pre-polymerised material is crosslinked for several days under 

vacuum and high temperature conditions. During the second step, the secondary alcohol groups 

of glycerol react with the carboxylic acid of sebacic acid, thus leading to crosslinking between 

polymer chains34.  

The mechanical properties of PGS are related to the crosslink density of the polymer chains. 

The Young’s modulus of PGS elastomers is in the range of 0.056–1.5 MPa, which is indicative 

of soft materials, and the strain to failure is from 40–400% depending on the crosslinking 

density52. These mechanical properties make PGS suitable for different soft tissue applications 

in dynamic environments involving ligaments (~1.5 MPa)82,83 and muscles (~0.5 MPa)84.  

The degradation and mechanical properties of PGS can also be tailored via the co-

polymerisation of acrylate groups and polyethylene glycol (PEG) diacrylate in the polymer 

chains85. Photocured PGS-acrylate elastomers exhibit elongation at break and a Young’s 

modulus ranging from 40–190% and 0.05–1.4 MPa, respectively85. In addition, the spectrum of 

PGS-acrylate could be further tailored by incorporating other acrylated groups such as PEG-

acrylate85; these modified materials demonstrated human primary cell attachment and 

proliferation and therefore have potential for tissue engineering processes that require the 

encapsulation of growth factors or that have cells that are sensitive to high temperatures85. 

The degradation rates of PGS have been studied in vivo and have demonstrated complete 

resorption of PGS elastomers after 60 days; in vitro degradation studies showed a slower rate 

of degradation than in vivo studies. Although PGS degradation is mainly caused by caused by 

surface erosion, the difference between in vivo and in vitro degradation was attributed to 

macrophage activity and the action of enzymes such as lipase86 and esterase87 that may catalyse 

the hydrolysis of the ester bonds of PGS polymer chains88. 

Various studies have revealed the biocompatibility of PGS with different types of cells such as 

fibroblasts85, Schwann cells89 and endothelial progenitor cells90. In vivo studies have 

demonstrated that PGS does not cause chronic inflammation and results in less fibrous capsule 

formation; however, PGS showed similar inflammatory responses in comparison to poly(lactic-

co-glycolic acid) PLGA81. Moreover, PGS scaffolds can guide the direction of cardiac muscle 

cells with a honeycomb structure and can also contract under electric field stimulation91. 
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Scheme 1.1 Reaction scheme for poly(glycerol sebacate). 
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1.1.8.2. Poly(diol citrate) 
 

A new biodegradable polyester elastomer based on citric acid and diol groups was developed 

by Ammer’s Group, which has expanded the current availability of thermoset elastomers92. 

(Scheme 1.4). Citric acid is an intermediate metabolite of the Krebs cycle and is a non-toxic, 

inexpensive monomer that has widely been used in the food industry.     

Poly(diol citrate) is synthesised via a polycondensation reaction, similar to PGS. The first step 

involves producing pre-polymerised material via the thermal polycondensation of citric acid 

and linear aliphatic diol. This step is followed by a crosslinking process at the desired 

temperature and duration. Unlike PGS, poly(diol citrate) can be produced without vacuum 

conditions under low temperatures (37˚C)93. 

One of the main advantages of poly(diol citrate) elastomers are their customisable degradation 

and mechanical properties according to the diol choice (1,12-dodecanediol, 1,10-decanediol, 

1,8- octanediol, 1,6-hexanediol)92 and the synthesis conditions, such as the mole ratio, 

crosslinking duration and temperature and vacuum conditions. For instance, increasing the 

crosslinking time from 24 to 144 h at 120 °C will decrease the strain to failure from 253–117% 

and increase the Young’s modulus from 2.84–6.44 MPa. The mechanical properties of poly(diol 

citrates) can be further tailored by including fumarate and acrylate groups as crosslinkers; the 

resulting elastomers have a Young’s modulus that ranges from 16.4–38.3 MPa for fumarated 

elastomers and from 7.4–75.9MPa for acrylated elastomers94. 

Poly(diol citrates) have been reported to have a faster degradation rate when crosslinked under 

mild conditions (no vacuum, low temperature) versus relatively harsh conditions (vacuum, high 

temperature). The degradation rate of poly(diol citrates) in phosphate buffered saline (PBS) at 

37 °C was six months, while the subcutaneous implantation of poly(diol citrates) was shown to 

remain for only two months because of enzymatic and cellular effects92.  

Poly(1,8-octanediol) citrate is the most extensively studied elastomer of this group, as 1,8-

octanediol is the longest aliphatic diol that is water soluble and has no reported toxicity. Initial 

biocompatibility studies with human aortic endothelial cells and human aortic smooth muscle 

cells demonstrated that the cell attachment and proliferation of poly(1,8-octanediol) citrate 

scaffolds was as good as poly-L-lactic acid scaffolds92,93. The hemocompatibility of this 

elastomer in another in vitro study resulted in sufficient reductions in clot formation, platelet 

adhesion and inflammation response95. In addition, tubular scaffolds made from poly(1,8-

octanediol) citrate displayed good cell attachment and mechanical matching with blood vessels. 

Tubular scaffolds are fabricated in two layers: a porous exterior layer made of poly(1,8-

octanediol) citrate and a nonporous interior layer made of poly(1,12-dodecanediol) citrate96. 
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Scheme 1.2 Synthesis scheme of poly(diol citrate) from citric acid and aliphatic diols. 
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1.1.9. Polyester amide   
 

The development of poly(1,3-diamino-2-hydropropane-co-polyol sebacate) (APS) elastomers 

was motivated by the desire to overcome the lack of rapid degradation polyester elastomers 

such as PGS and PGS-acrylate97. The synthesis of APS occurs via the thermal polycondensation 

of four non-toxic monomers: 1,3-diamino-2-hydroxypropane, sebacic acid, D,L-threitol and 

glycerol97 (Scheme 1.5). 

The mechanical properties of APS elastomers corresponded with a low Young’s modulus 

ranging from 1.45–4.34 MPa and a strain to failure ranging from 21–92%; these properties can 

be increased by reducing crosslinking time. Finally, the ultimate tensile strength (UTS) ranges 

from 0.24–1.69 MPa97.  

Degradation studies of APS demonstrated an extended degradation profile that can have 

potential utility in applications where elastomer scaffolds with long half-lives are necessary, 

such as scaffolds for peripheral nerve regeneration conduits or cardiovascular grafts. In 

particular, APS showed hydrolytic degradation of 42.8–97.0% when incubated in a sodium 

acetate buffer with a pH of 5.297. The presence of amide groups in APS can cause a reduction 

in the hydrolysis effect and in the action of esterase enzymes during degradation processes36. 

In addition, APS elastomers are capable of post-crosslinking modification via the 

functionalisation reactions of free amines.  

Biocompatibility studies with primary human foreskin fibroblasts maintained metabolic activity 

and demonstrated healthy cell morphology when cultured on APS. Moreover, in vivo 

assessments have revealed that APS produces fewer macrophages and foreign body responses 

around implants in comparison to PLGA36. 

PGS and APS elastomeric biomaterials are biodegradable and biocompatible. However, many 

issues associated with these biomaterials and its derivatives remain to be mentioned. For 

example, PGS can cause cytotoxicity due to acidic degradation by-products. The degradation 

rate of PGS biomaterials is generally fast, hindering their utilisation as scaffolds for tissue 

engineering. Moreover, APS has poor solubility in most commonly used polar and nonpolar 

solvents, restricting its fabrication. 

 
To overcome the disadvantages of currently available biomaterials, and extend the properties 

of biodegradable elastomers, I hypothesis that the new polyester amide should follow some 

important design principles, including the following: (1) incorporation of amide groups to 

promote cell adhesion, (2) insertion of ester bonds to the polymer backbone to enable enzymatic 

degradation and hydrolysis, (3) tuneable crosslinking to control mechanical properties and (4) 

use of non-toxic monomers whose degradation products can be eliminated by natural metabolic 

pathways. 
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Scheme 1.3 Synthesis scheme of APS from 1,3-diamino-2-hydroxypropane and sebacic acid. 
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1.1.10. Fabrication of scaffolds 
 

Tissues inside the human body are organised as three-dimensional structures. Therefore, 

scaffolds should mimic ECMs and the biological and mechanical properties of the targeted 

tissues to be replaced in order to act as temporary templates. The fabrication and design process 

of scaffolds for soft tissue engineering present challenges stemming from the complexity of the 

desired architecture and from the need to create ideal environments for cell viability. In this 

respect, scaffold design should allow the transport of nutrients, facilitate consecutive 

multicellular processes and provide suitable mechanical properties98. 

Different techniques can be utilised to fabricate biomaterials into various scaffolds. These 

techniques can be classified into four categories99,100: solvent casting with particulate leaching, 

solid freeform fabrication (SFF), fibre network formation and phase separation.   

Nanofibre technology has been accelerated in recent years to create nanofibre scaffolds from a 

range of different polymeric materials. Various techniques exist for generating fibres at a 

nanometre scale such as self-assembly, phase separation template synthesis, drawing and 

electrospinning. However, of the several techniques for creating fibre scaffolds, the 

electrospinning technique is most popular because of its simplicity and cost effectiveness. This 

technique can also be used to create fibres at micro to nanometre scales. Therefore, the next 

part of the literature review will focus on the electrospinning technique101. 
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1.2. Electrospinning 
 

1.2.1. Electrospinning concept 
 

The essence of the electrospinning process is to produce a solution jet which can be divided 

into smaller jets by a sufficient balance between the electrical force and surface tension force, 

which hold the solution jet together. Initially, the surface tension held the polymer solution in 

the form of a droplet at the end of the needle. When the charge was induced on the solution 

surface by increasing the voltage, pendent droplets of the solution were produced, known as 

Taylor cones, at equilibrium of the surface tension and electric forces.  

When the electrical repulsion between the charges overcome the surface tension on the surface 

of the drop, a solution jet is ejected from the apex of the Taylor cone102. The critical voltage can 

be identified by Taylor cone, at which the following process would occur103: 

V2 = 4 H2/L2 (ln 2L/R – 3/2)(0.117πɣR) 

V is the critical voltage; H is the distance between the needle and the collector; L is the length 

of the needle; R is the radius of the needle; and ɣ is the surface tension of the solution.  

The Taylor cone is the critical point of the equilibrium between the electrical force and the 

surface tension force. When the voltage increased above the critical voltage, electrical forces 

on the droplet distorted the equilibrium, and a solution jet was ejected from the Taylor cone 

toward the electrical ground or electrode of opposite polarity (collector); at the end of this 

segment, a conical shape was observed. Electrospinning is a rapid process, and only the conical 

envelopes of the splaying filaments could be observed because of the fast whipping of the jet104. 

A schematic illustration the basic electrospinning setup and various physical phenomena 

occurring during electrospinning is shown in Figure 1.4. 

The solution jet in the electrospinning process can be divided into four regions105: (1) The base, 

which is the region where the solution jet emerges from the Taylor cone; (2) The jet, which is 

where the jet is stretched and accelerated by the electrical force; (3) Splaying, which refers to 

when a single jet is divided into an equal jets diameter and charges; and (4) Splitting, which 

occurs when the jet is divided into two equal jets.   
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Figure 1.4: The basic electropinning setup: pump, polymer solution, collector, electrical field 

and mechanism, also the figure shows the main stable jet that undergoes whipping stage before 

binding to the collector. 
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1.2.2. Impact of factors on electrospinning 
 

Electrospinning is influenced by three groups of factors, namely, electrospinning factors (e.g. 

applied electric field, needle-collector distance, flow rate, needle diameter and collector type), 

solution factors (e.g. solvent, polymer concentration, viscosity and solution conductivity) and 

environmental factors (e.g. relative humidity, temperature). The production of smooth 

electrospun fibres without beads depends on all groups of factors. As such, comprehension of 

the effects of these factors is necessary to improve knowledge about the process of 

electrospinning and production of polymeric nanofibres. 

 
 

1.2.2.1. Collectors 
 

The assembly and morphology of the fibres can be influenced by the type of the collector. For 

instance, random fibres can be produced by using the collector plate, whereas aligned fibres can 

be produced by using different designs of collectors such as drums, spinning disks and mandrel 

collectors. In addition, the movement of the collector should be considered to avoid breaking 

nanofibres into fragments106,107. The mat of the fibres can be partially aligned by slowing the 

rotation of the collector. Figure 1.6 shows an example of the plate and disc collectors. Porous 

hollow tubes were also produced, which can be used in different applications, such as vascular 

tissue engineering108. In addition, the packing density of the fibres can be determined by the 

porosity and the conductivity of the collector109. For example, cellulose acetate nanofibres were 

electrospun with copper mesh, and a high yield of the porous structure was produced by using 

a non-conductive collector. The authors attributed this to the ability of the conductive collector 

to scatter the residual charge that can be found in the fibres, whereas a non-conductive collector 

can cause the fibres to repel from each other and thus reduce the density of packing110. 
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Figure 1.5: Schematic illustration of the electrospinning setup. (A) SEM image of electrospun 

PCL(80 kDa) fibres were collected onto a plate collector for creating the random nanofibres 

and (B) electrospinning setup using rotating mandrel to create PCL (80 kDa) aligned fibres. 
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1.2.2.2. Applied voltage impact 

 

Deformation of a round droplet into a Taylor cone and formation of ultrafine nanofibers at a 

critical voltage occur when current from a power supply of high voltage flows into a solution 

through a needle made of metal111. That critical voltage is not the same for all polymers. 

Polymer solution expansion coupled with charge repulsion in the polymer jet is considered to 

be the reason why nanofibers of smaller diameter develop as the applied voltage increases110. 

Beads or beaded nanofibers develop when the applied voltage exceeds the critical value. The 

reduction in Taylor cone size and jet velocity increase at identical rate of flow are the 

determinants of diameter enlargement and development of beds or beaded nanofibers as the 

applied voltage increases. Poly(ethylene oxide) (PEO)/water was used by Deitzel and 

colleagues to demonstrate that beads developed as the applied voltage increased, while 

Meechaisue and collegueas and Zong and colleagues corroborated that observation112.  

 

 

 

 

1.2.2.3.  The impact of the distance between needle and collector 

 
The morphology of an electrospun nanofiber is largely the product of the distance separating 

the tip of the metallic needle from the collector. This distance differs depending on the polymer 

system, in much the same way as the applied electric field, viscosity and flow rate. The reason 

why the distance influences the morphology of the nanofiber is that it is determined by the time 

of deposition, rate of evaporation, and whipping or instability interval113. Therefore, preparation 

of smooth and homogeneous electrospun nanofibers necessitates the maintenance of a critical 

distance, as nanofiber morphology will be directly impacted by modifications on both sides of 

the critical distance114. The effect of the needle tip-collector distance has been the focus of 

ample study, with findings revealing that too small a distance led to the development of faulty 

nanofibers with a large diameter, while increase in the distance shrunk the nanofiber 

diameter113. Furthermore, some instances have also been reported where alterations in distance 

did not affect the nanofiber morphology115.  
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1.2.2.4. Flow rate 

 

The polymer solution properties, including concentration, viscosity and spinneret diameter 

greatly determine the flow rate of the electrospinning process; a lower flow rate is recommended 

to ensure there is enough time for the solvent to evaporate. However, the flow rate also effects 

the fibre diameter116. The bead formation and the thickness of the nanofibres can be increased 

by using a high flow rate and large volume of the solution owing to the short drying time117. In 

addition, the vertical configuration is the ideal position to prevent the gravity effect on the 

electrospinning process117. In addition, Megelski et al. studied the correlation between the flow 

rate and the structure of the polystyrene/tetrahydrofuran solution118. In this study, increasing 

the flow rate led to an increase in the pore size and diameter, and beads were formed at a high 

flow rate due to incomplete solvent drying before reaching the collector, which can also increase 

the possibility of the formation of ribbon-like fibres. 

 

 

 

 

 

1.2.2.5. Spinneret  

 
In 2007, Macossay conducted a comprehensive investigation of the spinneret tip diameter, 

reporting that the inner spinneret diameter and the average fibre diameter were not correlated 

in any way119. Nevertheless, the flow rate of the polymer solution and the shape and size of the 

interface between the solution and air are affected by the inner diameter, thus implicitly 

affecting the critical voltage necessary for initiation of electrospinning120. Different studies have 

proposed different spinneret designs. The majority of applications employ a simple hypodermic 

needle with blunted tip to create a flat aperture. Custom-built spinnerets are provided with 

electrospinning units available on the market and some of them possess an in-built heating 

component to permit the spinning of high temperature solutions or melts. For instance, various 

different spinneret tips are manufactured for the electrospinners offered on the market, 

including a heating spinneret and the alternative of remote (tube-fed) and local (syringe in place) 

spinneret. Meanwhile, the development of core-shell copolymer fibres and hollow fibres is 

widely undertaken with the spinneret designs of co-axial spinneret systems121. The creation of 

these two types of fibres involves insertion of a polymer solution within the centre of a stream 

of a different solution based on a dual funnel design. Dissolution of the middle polymer reveals 

the shell, thus achieving hollow fibres. 
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1.2.2.6. The impact of polymer concentration and solution viscosity  

 
The charged jet uniaxial stretching underpins the process of electrospinning and is massively 

impacted by modifications in the polymeric solution concentration. To give an example, the 

intertwined polymer chains fragment prior to arriving at the collector owing to the applied 

electric field and surface tension under conditions of low concentration of polymeric solution122. 

In turn, the fragments induce beads or beaded nanofibers to develop. Viscosity is increased 

when the polymeric solution concentration is augmented, and in turn, makes the polymer chains 

even more intertwined, thus being able to surpass the surface tension and eventually giving rise 

to homogeneous electrospun nanofibers without beads. Moreover, when the concentration 

exceeds the concentration of development of homogeneous nanofibers without beads, known 

as the critical value, the solution flow through the tip of the needle is obstructed due to the 

drying of the polymer solution at the metallic needle tip, thus causing blockage. Consequently, 

faulty nanofibers with beads develop123. Additionally, changes in the solution viscosity cause 

the bead morphologies to alter in shape from a spherical shape resembling a droplet, in the case 

of solutions with low viscosity, to an elongated droplet or ellipse and smooth fibres, in the case 

of solutions with adequate viscosity124.   
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1.2.2.7.  The impact of solution conductivity 
 

Besides impacting the development of the Taylor cone, solution conductivity contributes to 

modulation of nanofiber diameter as well. When a solution is poorly conductive, no 

electrospinning will occur because the droplet surface lacks the charge needed for the 

development of a Taylor cone. By contrast, when solution conductivity is elevated to a critical 

value, the droplet surface charge will increase, leading to Taylor cone formation, whilst the 

diameter of nanofiber will diminish125. However, the Taylor cone will not develop and 

electrospinning will not occur when conductivity exceeds a critical value. The whole process 

of electrospinning must be considered to elucidate this phenomenon. The Coulomb force 

between the fluid surface charge and the force generated by the external electric field determines 

the electrospinning process. On the other hand, the electrostatic force associated with the 

surface charges generated by the applied external electric field (this electrostatic force is 

triggered by the field element tangential to the fluid surface) is the main determinant of Taylor 

cone development. An ideal dielectric polymer solution cannot migrate on the fluid surface 

because it lacks sufficient charges in the solution, and as a result, Taylor cone will not develop 

and electrospinning will not occur as the applied electric field will not be able to produce an 

appropriate electrostatic force. Nevertheless, migration on the fluid surface is possible in the 

case of a polymer solution with conductivity, which has enough free charges, thus leading to 

development of a Taylor cone and electrospinning activation126. 

 

 

 

 

 

 

1.2.2.8. Surface tension 
 

Surface tension can be altered by adding a surfactant127. Bead formation can also be increased 

due to high surface tension128. The beads have a high volume. Thus, bead formation becomes 

an undesirable phenomenon leading to a decrease in the surface area and surface energy of the 

nanofibres, which opposes the aim of the electrospinning process129. Yang et al. studied the 

effect of the surface tension on the morphology of the nanofibres with poly(vinylpyrrolidone) 

(PVP) and using DMF, ethanol and DCM as solvents. They found that using different solvents 

can affect the formation of beads. The results were attributed to the reduction of the surface 

tension when using different solvents130.  
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1.2.2.9. The implications of solvent choice 

 
Polymer solubilisation and conversion into nanofibres via electrospinning are directly 

dependent on solvent selection, which needs to take into account how soluble the polymer is in 

a particular solvent and how volatile the solvent is, as reflected in its boiling point. Solvents 

demonstrating volatility are usually deemed most suitable because they have a reduced boiling 

point and evaporate rapidly, thus being able to help nanofibres dehydrate quicker over the 

distance between capillary tip and collector surface. On the other hand, solvents with extreme 

volatility and minimal boiling points are not a good option because of the possibility of 

evaporation at the capillary tip and consequently the polymer solution flow rate may become 

blocked. Meanwhile, flat nanofibre morphologies resembling ribbons or nanofibre 

conglutination at boundaries may occur in the case of solvents with high boiling points as their 

dehydration may not finish before the collector is reached131. The movement of the jet through 

the atmosphere in the direction of the collector, which depends on solvent volatility and impacts 

the porosity of developed nanofibres, leads to phase separation at the interface between liquid 

and air110. Using a combination of two solvents with distinct boiling points can help to attain 

the intended porosity and topography of the nanofibres. 

 

 

 

 

1.2.2.10. Choice of polymers  
 

The choice of polymer depends on the application and properties of the polymer. For example, 

increasing the molecular weight of the polymer can cause an elevation in the viscosity of the 

solution132. Koski and his group studied the influence of changing the molecular weight on the 

nanofibres’ formation132. They found that reducing the molecular weight and keeping the 

concentration constant can lead to an increase in the possibility of bead formation, whereas 

elevating the molecular weight can create smooth nanofibres. However, further increasing of 

the molecular weight can lead to the formation of a micro-ribbon shape and sometimes patterned 

fibres with a very high molecular weight133. 
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1.2.2.11. The impact of environmental factors 

 
Recent evidence suggests that nanofiber diameter and morphology depend not only on 

electrospinning and solution factors, but also on environmental factors, especially relative 

humidity and temperature134. The charged jet solidifies according to humidity, which therefore 

can alter the diameter of nanofibers. The chemical character of the polymer has an influence 

over this entire phenomenon. In a study by Pelipenko and colleagues, PVA, PEO and their blend 

solution PVA/hyaluronic acid (HA), PEO/(chitosan (CS)) were employed to investigate how 

humidity fluctuations impact nanofiber diameter. It was observed that, as humidity rose from 

4% to 60%, the nanofiber diameter experienced a reduction from 667 nm to 161 nm and from 

252 nm to 75 nm, in the case of PVA and PEO, respectively. The reduction in nanofiber 

diameter was even more pronounced in the case of the blend, decreasing from 231 nm to 46 nm 

for both PVA/HA and PEO/CS, as the humidity was increased from 4% to 50%. When the 

humidity was increased even more, separate polymers acquired bead fibre and the blends lacked 

electrospinning almost entirely135. 

 

 

1.2.3. Medical applications of Electrospinning 
 

1.2.3.1. Wound dressing  
 

Generally the properties of an ideal wound dressing are the ability to enhance the healing of the 

wound by working as a barrier against bacteria, the ability to absorb the exudates from the 

wounds and the ability to allow gas exchange136. Loading drugs in the system can also enhance 

the effectiveness of the wound healing and can be used as electrospin scaffolds for wound 

dressing, which have some important advantages, such as the porosity of the surface, a 

nanofibrous scale and a large surface area, that can improve the efficiency of the system137. 

Moreover, different antibiotics and antifungals, such as cefazolin and itraconazole, were 

evaluated and produced for the electrospinning wound dressing to treat or prevent the local 

infections 138. Thakur et al. used the electrospinning to create a dual drug release for the wound 

dressing. The author used the single and dual spinneret to electrospin two different PLLA 

solutions with lodocain and another solution with mupirocin. They were collected together to 

form a dual drug release system for wound dressing. In the dual spinneret, the lidocain was 

released immediately from the system to reduce the pain with a sustained release profile of the 

mupirocin, which was used to inhibit the growth of staphylococcus aureus for several days139.  
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1.2.3.2. Abdominal laparotomy  
 

Electrospinning of the sheet structure can be used as a physical barrier for post-surgical 

adhesion, which can help to prevent abdominal complications that occur after surgery. The main 

criteria of the electrospinning sheet that can be used in such cases should be biodegradable, 

stable at the site of surgery, anti-adhesive and be able to be loaded with suitable drugs140. In 

2007, ornidazole was successfully electrospun with PCL, and the results showed a decrease in 

the post-surgical adhesion, while the matrices without the drug did not show an effect140. In 

addition, the electrospinning matrices were also introduced to increase and prevent the 

infections after abdominal laparotomy, which was applied to minimise the complications of 

trauma141. Hong et al. loaded antibiotic tetracycline with PLGA and then blended poly(ester 

urethane) urea (PEUU) with tet-PLGA to form an elastic composite sheet. The composite was 

implanted on the rat abdominal wall; the composite demonstrates a significant decreasing in the 

abscess of the rat abdomen. The shrinkage limitation of the PLGA matrices was overcome by 

using PEUU and electrospinning with PLGA 141. 

 

 

 

1.2.3.3. Delivery of chemotherapeutics 
 

Electrospinning matrices have another application in the field of post-surgical chemotherapy. 

For instance, the sustained release of the chemotherapies from electrospun matrices can enhance 

the median survival duration after the resection of the tumour cells, such as malignant glioma, 

compared to traditional methods142. An animal study showed a significant reduction in the 

growth of the brain tumour when using paclitaxel electrospun matrices. For example, Sudhir et 

al. electrospun paclitaxel with PLGA to produce a sustain release system for post-surgical 

glioma. An apoptosis study showed the advantage of using paclitaxel electrospun matrices 

compared to taxol.  
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1.2.3.4.   Controlled release 

 
In the context of medical therapy, medication delivery can be successfully achieved via 

controlled release, which ensures balanced delivery kinetics, diminishes toxic effects and side-

effects, and makes the process more convenient to the patients143. The procedure of controlled 

release involves loading of the active substance into a carrier or device and releasing it at an 

expected rate in vivo during oral or subcutaneous administration. Electrospun nanofibers 

present numerous benefits as possible drug delivery carriers. For instance, electrospinning 

facilitates drug loading without affecting drug activity due to the high applied voltage. 

Furthermore, compared to bulk material, such as film, the release rate of nanofiber drug systems 

is higher, owing to the high specific surface area and short length of diffusion passage. 

Moreover, regulation of nanofibers in terms of morphology, porosity and content permits 

effective control of the release profile. Polymers demonstrating biodegradability, including 

PLA144, PCL145, poly(D-lactide)116, PLLA146, PLGA147, and hydrophilic polymers, including 

PVA148, PEG149 and PEO150, are the major sources of nanofibers used in drug release systems. 

In addition, research has focused on model drugs such as drugs with good water solubility151, 

poor water solubility152, and without water solubility153, while examinations of the release of 

macro-molecules, including DNA147and proteins with bioactivity154, from nanofibers have been 

conducted as well. 

 
 

 

 

1.2.3.5. Clinical applications 

 

 
The original application of collagen nanofibers was for the purposes of determining whether 

the culturing of smooth muscle cells was feasible155. The procedure involved stimulation of cell 

development on the collagen nanofibers, followed by integration of the cells in the nanofiber 

network after a week of seeding. Good attachment and proliferation were exhibited by smooth 

muscle cells on nanofiber membranes derived from other polymers via electrospinning, 

including poly (ethylene-co-vinyl alcohol)156, poly(ester urethane) urea (PEUU)/collagen 

blend157, poly(L-lactide-co-ε-caprolactone) (PLLA-CL)158, PCL/ collagen159. In addition to 

making fibres more elastic and enhancing their tensile strength, the collagen integrated in 

nanofibers also helped cells to adhere better159. Furthermore, cell adhesion was noted to be 

affected by the hydrophobicity of the surface of fibres and considerable increase in fibre 

wettability occurred as a result of surface treatment of PS nanofibers with argon plasma, 

doubling the rate of cell adhesion160. 
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Ample research has been focused on PCL nanofibers for the purposes of bone tissue 

engineering161. Studies reported that, after seven days of seeding, the PCL matrix was 

permeated by mesenchymal stem cells (MSCs) alongside plentiful extracellular matrix, while 

after one month, mineralisation and production of type I collagen happened. In the context of 

an in vivo experiment, a four-week PCL construct cultured from MSCs was introduced in rat 

omenta162, preserving the shape and size of the initial scaffold and resembling bone after one 

month. In addition, bone scaffolding has also been attempted based on other polymer 

nanofibers, such as polyester urethanes (PEU)163, polyphosphazenes164, poly(lactic acid) (PLA), 

PLLA containing montmorillonite (MMT) nanoplatelets165, silicate fibres166 and 

poly(propylene carbonate)167. 

The location and function of blood vessels determine their size, mechanical and biochemical 

attributes, cellular composition and ultra-structure. Therefore, engineered vascular grafts must 

demonstrate the intended features. In this regard, particular difficulties are posed by substitution 

of blood vessels, especially vessels with a diameter of less than 6 mm168. 

Research has been conducted to determine whether vascular endothelial cells (ECs) could be 

cultured on electrospun nanofiber mats. One study compared cell development on electrospun 

PLLA nanofibers and cast smooth PLLA film and reported that vascular ECs exhibited 

improved function on the smooth PLLA film but not on the electrospun nanofiber mat169. 

Therefore, an effective three-dimensional scaffold for blood vessel tissue engineering could be 

attained through integration of smooth film and electrospun nanofiber mat, as the latter can 

promote the development of vascular smooth muscle cells158. 

According to the findings of an in vitro study of neural stem cells cultured on a scaffold made 

of PLLA nanofibers, the scaffold helped NSCs to differentiate and encouraged neurite 

outgrowth and NSC attachment170. Furthermore, another study that employed aligned PLLA 

nanofiber or microfiber scaffolds reported that, although orientation was not markedly altered 

in terms of fibre diameter, NSC lengthening and neurite outgrowth directions were parallel to 

the fibre alignment direction171. Moreover, in vitro research was also conducted to investigate 

how Schwann cells responded to a range of categories of polymer nanofibers, including poly(3-

hydroxybutyrate) (PHB), PHBV, PCL, PLLA and chitosan, alongside their solution-cast 

films172. 
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1.3. Project aims 

Elastomeric scaffolds play an important role in the field of soft tissue engineering, and recently 

studies of these scaffolds for different medical applications have been increasing rapidly. This 

literature review focuses on synthetic biodegradable elastomers and electrospinning techniques. 

The degradation rate of PGS biomaterials is generally fast and can cause cytotoxicity due to 

acidic degradation by-products. Therefore, hindering their utilisation as scaffolds for tissue 

engineering. Moreover, APS pre-polymer has poor solubility in most organic solvents, 

restricting its fabrication. 

 

In this project, we hypothesise that nontoxic monomers, sebacic acid and serinol, can be used 

to produce a new biodegradable polyester amide elastomers with controllable mechanical and 

biodegradation properties, to be used in different soft tissue engineering applications, which 

can be synthesised under mild conditions without using cross-linking reagents or toxic catalysts. 

In the first step towards testing the hypothesis, it is necessary to characterise the chemical 

structure, mechanical properties, and biodegradation profile of these materials to support 

fibroblast attachment and proliferation. 

 

 

The objectives of this research project are: 

 to develop a new polyester amide biodegradable material to overcome the disadvantages of 

currently available materials, and extend the properties of biodegradable elastomers to 

allow for broader use in soft tissue engineering applications; 

 to fabricate an elastic, porous scaffold from the newly developed polyester amide 

biomaterial using electrospinning techniques for utilisation as an elastomeric scaffold to 

support the growth of cells; and 

 to study the correlation between PCL rheology and fibre structure alignment, and 

investigate the applicability of the newly developed polyester amide biomaterial as a 

coating to enhance the hydrophilicity of PCL-aligned scaffolds. 
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2. Chapter two 
 

 

 

 
 

 

Synthesis and Characterization of 

Biodegradable Elastomeric Polyester Amide 

for Soft Tissue Engineering Applications 
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2.1. Introduction 

  
The primary objective of tissue engineering is the development of biological substitutes for the 

restoration or replacement of damaged tissues and organs173. To meet the demands of different 

types of tissues and organs174, there is a need for developing more materials that are functionally 

suitable and for devising different fabrication techniques. These medical demands have inspired 

many researchers to attempt to modify existing natural and synthetic materials or to produce 

novel synthetic biomaterials, with diverse properties, for multiple tissue engineering 

applications35,97,175–178. 

Natural biodegradable materials, such as collagens, have been widely investigated, in various 

forms of scaffolds and hydrogels, for cellular attachment, proliferation and differentiation for 

soft tissue engineering179,180. Similarly, materials such as elastin, fibrin, gelatine and alginate 

have also been extensively employed for an array of tissue engineering applications including 

heart muscles181, ligaments182, cartilage183 and blood vessels184. Although natural elastomers 

confer advantageous properties, such as biocompatibility and biodegradability, they also might 

cause disease transmissions upon implantation and are subject to difficulties in relation to 

extraction processes and regulatory issues36,185. Conversely, synthetic biodegradable 

thermoplastic polymers, such as PCL, PLA, PGA, polyurethanes and their copolymers, are the 

most widely investigated family of biodegradable materials, presenting tuneable chemical and 

mechanical properties suitable for soft tissue regeneration37,171,186–189. Nevertheless, this 

polymer class has demonstrated undesirable heterogeneous degradation behaviour and non-

linear loss of mechanical properties due to the presence of structure-encompassed crystalline 

segments that could cause mechanical failure of the scaffold prior to completion of the tissue 

regeneration process190. Moreover, most of these thermoplastic polymers have a high modulus 

and undergo plastic deformation. Therefore, these polymers poorly withstand different dynamic 

environments subsequent to implantation inside the body191,192. 

Such shortcomings shape the motivation of researchers in regard to developing synthetic 

biodegradable elastomers for employment in a range of tissue engineering applications. For 

instance, biodegradable elastomers, based on polyester linkage, such as PGS81, have been 

developed and used as elastomeric scaffolds for various biomedical applications193–195. 

However, these still present specific drawbacks such as cytotoxicity due to the acidic by-

products of these elastomeric polyesters and rapid degradation by hydrolysis upon 

implantation88,196. The APS elastomer belongs to the class of poly(ester amide), and was 
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developed to enhance the PGS degradation profile97,197. The APS elastomer has previously been 

investigated for tissue engineering applications198 due to its biocompatibility97,197; however, 

APS is only soluble in hexafluoroisopropyl alcohol (HFIP) and has poor solubility in most 

commonly used polar and nonpolar solvents, restricting its fabrication processes36,199 and 

limiting the chemical characterisation and structural modification of the APS pre-polymer. 

Consequently, it would prove worthwhile to develop an alternative biodegradable poly(ester 

amide) elastomer with expanded chemical and physical properties. 

Amino-1,3-propanediol (serinol) is a non-toxic amino alcohol that is a structural analogue of 

the amino acid serine. Serinol is biocompatible200,201, inexpensive and has been widely applied 

in medicine202,203, tissue engineering applications and surface functionalization204–206. Sebacic 

acid is a natural metabolite of fatty acids207,208  and has been studied in diverse applications of 

tissue engineering34,209. 

For the purposes of this chapter, a synthetic, biodegradable and elastic poly(ester amide) 

polymer based on serinol and sebacic acid was synthesised and termed poly(serinol sebacate) 

(PSS). I hypothesise that the trifunctional monomer with amine and hydroxyl groups is 

important for the formation of amide and ester bonds, as well as enabling the polymerisation of 

crosslinked chains with tuneable chemical, mechanical and biodegradation properties; hence, 

broadening the properties of available biodegradable polymers for tissue engineering 

applications. Herein, I report the synthesis and characterisations of equal molar ratios of serinol 

and sebacic acid with varying curing durations. 
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2.2. Materials and methods  

 

2.2.1. Materials  
 

Sebacic acid (99.5%), serinol (98%), deuterated dimethylsulfoxide-d6 (DMSO-d6), 

hexafluoroisopropanol (HFIP, 99.5%) and trypsin EDTA solution were purchased from Sigma 

Aldrich, UK. Reagent grade dimethylformamide (DMF, 99.8%), tetrahydrofuran (THF, 

99.6%), dimethyl sulfoxide (DMSO, 99%), acetone (99.7%), methanol (99.8%), chloroform 

(99.6%), dichloromethane (DCM, 99.6%), ethyl acetate (99.8%) and resazurin sodium salt 

(Prestoblue®) were purchased from Fisher scientific and used without further purification. 

Dulbecco’s Modified Eagle’s Medium (DMEM) media (Gibco Life Technologies, UK), (1% 

v/v) L-glutamine, 1% antibiotic (penicillin/streptomycin) and (10% v/v) fetal calf serum (FCS) 

were purchased from Thermo Fisher Scientific, UK. 

 

2.2.2. Synthesis of poly(serinol sebacate) and film fabrication   
 

PSS was synthesised in two steps. (1) A polycondensation reaction between serinol and sebacic 

acid for which equal molar ratios of sebacic acid and serinol were placed in a 100 ml three-neck 

round bottom flask. The mixture was heated to 130oC under a flow of nitrogen gas (∼120 

cm3\min) with continuous stirring until the sebacic acid was melted. The temperature was then 

maintained at 110˚C and the contents were allowed to react for 22 hours. (2) PSS films were 

prepared by dissolving the viscous PSS pre-polymer in methanol (50% w/v) and pipetting in a 

fume hood and then thermally cured in a vacuum oven at 110 °C for 24 hours 48 hours and 72 

hours. The produced samples were coded as PSS-24, PSS-48 and PSS-72 respectively. 

Afterwards, the samples were incubated in methanol for 12 h and washed with dH2O to remove 

sol part from the cured polymers.  
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2.2.3. Gelation point and solubility test 
 

The gelation point was defined by the stage at which mechanical stirring became difficult and 

the polymer no longer dissolved in methanol. Pre-polymer samples were collected for chemical 

characterisation. The solubility of the pre-polymer PSS (25 mg) in H2O and different organic 

solvents (1 ml) at room temperature was visually evaluated. 
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2.2.4. Chemical characterization 
 

The chemical structures of PSS polymers were characterised by different chemical methods. 

Molecular weight analysis was performed using a PL50 Polymer Laboratories system in 

combination with a refractive index detector, using two mixed bed columns at 50o C, DMF and 

0.1% LiCl as the mobile phase, with a flow rate of 1 mL min-1. Poly(methyl methacrylate) 

standards were used for the calibration. 

 The chemical composition of the crosslinked PSS was also analysed using Fourier Transform 

Infrared (FTIR) spectroscopy. The FTIR spectra were recorded using a Thermo Scientific 

Nicolet IR 200 FT-IR spectrometer over the range of 700–4000 cm-1 and the results were 

analysed using Omnic 8.0 software (Thermo). An analysis of spectral images was conducted 

via correlation with a comparison spectral image that was selected as a reference due to its 

recurring appearances on the chemical map. 

 The 1H (100 MHz) and 13C NMR (400 MHz) spectra of the PSS pre-polymer were recorded 

on a Bruker Avance 400 spectrometer at 25o C using a relaxation delay of 1 s. The pre-

polymer samples were dissolved in deuterated DMSO and then placed in the NMR tubes of 5 

mm diameter. The chemical shifts were analysed relative to the peak of the solvent as a 

secondary standard. NMR spectral data were analysed using MestReNova version 7.0.3-8830 

from Mestrelab Research S.L. (MestReNova Manual). 1H NMR (400 MHz, DMSO-d6 q): 7.45, 

7.68, 7.90 (NHCO), 3.70-4.22 (group, C(CH2O)n –(CH2OH)3-n), 3.40 (C(CH2O)n(CH2OH)3-

n), 227 (OCOCH2(CH2)7-CONH),2.19,2.07 (OCO(CH2)7CH2CONH), 1.51, 

1.48(OCOCH2CH2(CH2)4CH2CH2CONH and CCH2CH3), 1.24 

(OCO(CH2)2(CH2)4(CH2)2CONH). 13C NMR (400 MHz, DMSO-d6): 175.05 (COOH), 

173.24, 173.09 (NHCO), 172.77, 172.64, 172.60 (CH2OCO), 53.22, 50.02, 47.07 

(C(CH2OCO)n(CH2OH)3-n), 63.37, 62.94, 60.81, 60.72 (C(CH2OCO)n(CH2OH)3-n), 35.91, 

35.88, 34.31, 33.95, 33.85, 25.79, 25.03, 24.87 (OCOCH2(CH2)6CH2CONH), 29.23, 29.16, 

29.09, 28.92 (OCOCH2(CH2)6CH2CONH). The samples were dissolved in DMSO-d6.  
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2.2.5. Thermal characterization 
 

Glass transition temperature (Tg) was determined by differential scanning calorimetry (DSC) 

(TA Instruments, USA). All samples were scanned twice at temperatures between 40° C and 

150o C. The first scan started at 40o C, followed by heating to 150o C at a rate of 10o C/min. 

The samples were then cooled from 150o C to 40o C at rate of 100o C/min. The samples were 

then subjected to a second heating cycle that was identical to the first cycle. The Tg was 

determined from the heating second cycle (step change). All measurements were performed 

using aluminium pans with lids (TA Instruments, Belgium) under a nitrogen atmosphere and 

the data of the second heated scans were analysed using TA universal analysis software. 

 

 

2.2.6. Mechanical properties  
 

Tensile properties of the PSS were measured using Instron 5969, following the ASTM standard 

D412-06a, equipped with a 50 N load cell and the cross-head speed of 10 mm/min was used. 

The crosslinked PSS (n = 3) were cut into a dog-bone shape with dimensions of 1.5 mm(T) × 7 

mm(W) × 30 mm(L). The samples were stretched at a constant speed of 10 mm/min till failure. 

The strain was calculated from the displacement ((L-L0)/L0 ⁄ 100)), where Lo and L were the 

initial and final length of the specimen. The stress was calculated by dividing the applied force 

by the cross-section area. The obtained stress–strain curves were used to determine the ultimate 

tensile strength, Young’s modulus and elongation at break. Tensile strength was considered as 

the highest stress at sample failure and Young’s modulus was determined as the gradient of the 

initial linear section in stress-strain curve (between 0.05% and 0.25% of strain). Elongation to 

break was determined as the percentage of strain at failure of the specimen. 
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2.2.7. Crosslinking density 
 

The crosslinking densities of the cured samples were calculated by using the theory of rubber 

elasticity equation (1)210,where R is the universal gas constant, T is the absolute temperature 

and E is the Young’s modulus (Pa): 

𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑚𝑜𝑙

𝑚3
) =  

𝐸

3 𝑅 𝑇
                                                  (𝐸𝑞. 1) 

 

  

2.2.8. Hydration properties  
 

Hydration properties of PSS samples were determined by swelling study and contact angle 

analysis. The sessile drop technique was adopted to undertake the measurement of the WCA of 

homogeneous samples via a Cam200 instrument (KSV Instruments). The software of the 

instrument is based on the fitting of the Young-Lapace equation. For the purposes of this 

measurement, deionised water was employed. The procedure involved placing the droplet on 

the surface and taking 20 images of it (0.5 second interval) and the first two measurements were 

eliminated for all samples. The baseline was established by hand and determination of the 

contact angle was undertaken for every image. The plotting of the values was performed in 

relation to time (t) and the actual WCA was computed via linear regression. The swelling 

percentage was analysed by measuring the differential weight before (Wdry) and after hydration 

(Whyd). The crosslinked PSS samples, with size of around (10 mm × 10 mm) (n = 3), were 

incubated with phosphate buffered saline (PBS) at 37o C in a bath shaker (25 RPM) and 

methanol. Samples were removed from the solution at regular time intervals and vacuum dried 

for 5 min to remove the water from the surface. The thickness of the samples was measured 

using digital callipers, and the weight of the samples was measured using the digital lab scale 

and recorded at different time points until equilibrium was reached. The swelling degree was 

calculated using the following equation:   

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =  
(𝑤ℎ𝑦𝑑 −  𝑤𝑑𝑟𝑦)

𝑤ℎ𝑦𝑑
 𝑥 100                                            (𝐸𝑞. 2) 
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2.2.9. Uncured monomers 
 

For measuring the amount of uncured monomers, the samples measuring (8 × 7× 1 mm3) (n = 3) 

weighed as W1, were placed in methanol for 24 h to remove the sols in the cured polymers, then 

dried in a vacuum oven and weighed as W2. The uncured monomers was calculated using 

equation 3: 

𝑢𝑛𝑐𝑢𝑟𝑒𝑑 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 (%) =  
(𝑤1 −  𝑤2)

𝑤1
 𝑥 100                                                (𝐸𝑞. 3) 

 

2.2.10. In vitro degradation studies 
 

The degradation rate of PSS was conducted by incubating samples (15 × 15 × 1 mm3) (n = 3) in 

phosphate-buffered saline (PBS) at 37°C and under accelerated condition (in an oven at 60oC) 

for 14 days. Initial weight (Wi) was recorded and the samples were then soaked in 10 ml of PBS 

and placed in a shaking incubator at 70 rpm. At every time point, the samples were removed 

from PBS, washed with dH2O to remove salts deposited by the PBS, dried and weighed again 

(Wd). The pH of retrieved PBS solution was measured at each degradation time point and then 

fresh PBS was added to the samples. The percentage of weight loss Wloss was determined using 

equation (4).   

  

𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (𝑊𝑙𝑜𝑠𝑠 %) =  
(𝑤𝑖 − 𝑤𝑑)

𝑤𝑖
 𝑥 100                                (𝐸𝑞. 4)   

The morphology of the PSS-24 sample surface before and after degradation was evaluated by 

using a scanning electron microscope (SEM) (JSM-6060LV). A gold coater (Leica EM 

SCD005) was used to apply a thin gold layer to the samples. The coater was operated at 10 mA 

for 300 seconds and the SEM micrographs of the PSS specimens were captured at accelerated 

voltage of 10 kV. 
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2.2.11. In vitro cytocompatibility 

    
The cytocompatibility of PSS was evaluated by studying the proliferation of mouse fibroblast 

cells on the sample surface. First, circular samples of PSS were washed with a large amount of 

dH2O and sterilised by UV radiation for 30 min before the study. Next, the 3T3 mouse fibroblast 

cells were cultured in DMEM, supplemented with 1% (penicillin/streptomycin) and 10% FCS 

and incubated with 5% CO2 at 37° C. Cells were detached using trypsin, counted and 

centrifuged 180×g for 5 min. The PSS samples were placed into a 24-well plate (non-tissue 

culture plate, Falcon, USA) and washed with DMEM for 24 h. The PSS samples were sterilised 

through exposure to UV light (280 nm) for 30 minutes and seeded with a cell density of 10 × 

104 cells/sample, and incubated with 5% CO2 at 37° C in a humidified tissue-culture incubator.  

Cell viability was assessed using a live/dead assay (Life technologies, USA). The live/dead 

solution was prepared by adding calcein (0.5 μl/ml) and ethidium homodimer (2 μl/ml) to sterile 

PBS. After 5 days, the culture medium was removed and the PSS samples were washed with 

PBS. Afterwards, 1 ml of live/dead staining solution was added to the PSS samples and 

incubated at room temperature for 30 min. The samples were then washed with PBS three times 

then imaged using a fluorescence microscope (Nikon SMZ1500, Japan). The cell growth and 

attachment were observed and photographed using a digital camera attached to the inverted 

Nikon Eclipsa microscope (TS100, Japan).  

Proliferation rates of the cells at day 1, 3 and 5 were assessed using PrestoBlue® cell 

proliferation assay. The culture medium was removed from the PSS samples (n = 3) and washed 

with sterile PBS. The samples were then treated with 10% PrestoBlue® reagent in culture 

medium and incubated for 120 min at 5% CO2, 37°C in the dark. 100-µL Aliquots of the 

PrestoBlue®/media reagent were collected into a 96 well plate (Flat Bottom Black, Coaster, 

US). Thearafter, fluorescence intensities were measured using a Tecan microplate reader 

(Tecan, Reading, UK) at excitation/emission wavelengths of 560/590 nm. Acellular PSS 

samples were incubated with PrestoBlue® solution (10%) for blank correction. A standard 

curve was used to correlate cell number with the fluorescence intensity.   
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2.2.12. Statistics 
 

All obtained results were reported as mean ± standard deviation (SD), and statistical analysis 

was carried out by one-way analysis of variance (ANOVA) with Tukey’s post-hoc analysis 

using GraphPad Prism software (v. 6). The data were considered to be significantly different if 

p-value becomes less than 0.05. 
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2.3. Results and Discussion  
 

2.3.1. Synthesis optimization and solubility of PSS 
 

PSS pre-polymers were synthesised using a thermal polycondensation reaction (Scheme 2.1). 

Results revealed the optimal reaction duration for obtaining the soluble pre-polymer to be 22 

hours, yielding a yellowish and adhesive product at room temperature. The adhesive was a 

product of the remaining amine and hydroxyl groups in the PSS pre-polymer. The reaction 

temperature was adjusted to a temperature between 100oC and 140oC to evaporate the water 

formed from the polycondensation reaction and prevent a potential etherifying reaction between 

hydroxyl groups. The solubility of the PSS pre-polymer was evaluated at room temperature and 

results showed that the pre-polymer was completely dissolved in a wide range of organic 

solvents, such as DMF, DMSO, methanol, propanol and HFIP, indicating an absence of 

significant crosslinking between polymer chains during the thermal polycondensation reaction 

(Table 2.1). The synthesised PSS pre-polymer was subsequently thermally cured in a vacuum 

oven for 24, 48 and 72 hours at 100oC and fabricated into elastomer sheets (~ 1.5 mm thickness). 

The cured PSS24 sheet can be subjected to deformation without fracturing the structure (figure 

2.1), confirming the success of the thermal curing process (Table 2.1).  
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 Scheme 2.1: Synthesis of PSS elastomers. (1) PSS pre-polymer was synthesised by polycondensation of serinol and sebacic acid under a stream 

of nitrogen gas with continued stirring. (2) Pre-polymers were cured at 110 °C (40 mTorr) for 24 h 48 h and 72 h. (R = H2, amide bond) 
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Table 2.1 Solubility data of PSS pre-polymer and thermally cured samples of PSS in dH2O and different organic solvents (1 ml) at room 

temperature 

Sample dH2O Methanol THF DMF DMSO HFIP Ethyl acetate propanol CHCL3 

PSS (pre-polymer) - + ± + + + - + ± 

PSS-24  - - - - - - - - - 

PSS-48  - - - - - - - - - 

PSS-72  - - - - - - - - - 

   +, Soluble; ±, partially soluble; -, insoluble 
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Figure 2.1: The cured PSS24 sheet can be subjected to deformation without fracturing the 

structure and return to its original shape after 7 seconds.  
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2.3.2. Chemical characterization 
 

Pre-polymer of PSS (sebacic acid: serinol, molar ratio of 1:1) was synthesised under optimal 

conditions and subjected to chemical characterisation by 1H, 14C NMR and FTIR spectroscopy. 

Serinol possesses two hydroxyls and one amide group which each have different reactivity 

toward amidation and esterification reactions. The main three structures expected from 

amidation and esterification with sebacic acid are illustrated in Figure 2.2(a). They include 

monoamide with the terminal unit labelled T, monoamide ester with the linear unit labelled L, 

and monoamide diester with the dendritic unit labelled D. 

Figure 2.2(b) showed the 1H NMR spectrum of PSS pre-polymer using DMSO-d6 as the 

deuterated solvent. DMSO-d6 was chosen because the PSS pre-polymer has good solubility in 

DMSO compared to CHCL3 and NMR signals are solvent dependent211. The three signal peaks 

a, b, c, at 1.25, 1.5 and 2.04-2.3 ppm, respectively, were ascribed to the proton of sebacic acid 

methylene groups in the polymer backbone, while the three groups of peaks (7.45, 7.66, 7.89 

ppm) were attributed to several structure units of the branch groups (linear, terminal, dendritic) 

in the pre-polymer chain, indicating a successful reaction of amide formation between the 

amine group and sebacic acid. The peaks at 3.8-4.2 ppm, corresponding to protons adjacent to 

ester bonds, confirmed the reaction between hydroxyls groups and sebacic acid and the 

formation of ester bonds. The assignment presented in Figure 2.2(b) is based on integral ratios 

and chemical shifts and are in agreement with data presented by Xiuru et al.212 regarding a 

reaction of multihydroxyl primary amines with dicarboxylic acids.   

The molar ratios of pre-polymers of serinol and sebacic acid were calculated from 1H NMR 

data by comparing the amount of methylene hydrogen within serinol and sebacic acid. The 

actual mole percent and the comparisons matched with the theoretical ratio, indicating good 

control over the synthesis process (Table 2.2). The amine group was more prone to reacting 

with carboxyl groups in sebacic acid. The amine groups were mostly consumed during the pre-

polymerisation step and the reaction between hydroxyl groups and carboxyl groups took place 

to crosslink the PSS chain. 

To obtain further confirmation of the result from the 1H NMR spectra, a 13C analysis was 

performed. The 13C NMR spectrum of PSS pre-polymer, after 22 hours of reaction time, is 

given in Figure 2.3(b). The chemical shift values for the amide, ester and acid carbonyl are 

172.6, 173.25 and 175 ppm, respectively. The split of the amide and ester carbonyl, into 
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different patterns, likely originated from the substitution of serinol and different sebacic acid 

structures possible during the reaction. The methylene resonances of sebacic acid are located 

between 24.8 and 36 ppm and shifted with the substitution. Figure 2.3(b) shows the resonances 

of serinol methylene and methine carbons. The abundance of the T species is large, which is 

expected due to amine groups high reactivity to amidation. The chemical shift assignments of 

the serinol carbons, for the three different species in Figure 2.3(b), are consistent with studies 

by Rickerby200 about the dicarboxylic ester amide of serinol. 

The FT-IR spectrum of the PSS pre-polymer and cured PSS are illustrated in Figure 2.4. The 

data revealed further indications of successful completion of the PSS synthesis. The spectrum 

provided evidence for the functional groups and chemical structure, displaying characteristic 

carbonyl stretching vibration at 1722-1745 cm-1 and the formation of ester bonds between 

serinol and sebacic acid, while amide carbonyl absorption at 1640-1655 cm-1 indicated a 

reaction of the serinol amine group with sebacic acid in the pre-polymer chain. The vibration 

of N-H at 1551-1562 cm-1 and the band in the range of 3200–3500 cm−1 represents the 

stretching of hydroxyl groups. The band at 3295 cm-1 is specific to amide linkage N–H 

stretching vibrations. During the curing process of PSS, the disappearance of amine absorption 

at 1610 cm-1 indicated that the reaction of amine groups with sebacic acid was complete. In 

addition, there was an increase in the ester carbonyl peak intensity, while amide carbonyl 

intensity showed little change during the curing process (Figure 2.4), due to the lower reactivity 

of hydroxyl groups. Therefore, these results showed the formation of new ester bonds during 

the curing process, as previously reported97,213. Altogether, NMR and FTIR results revealed 

successful synthesis of the PSS polymer. The PSS pre-polymer had a molecular weight (Mw) 

of 6670 Da, a number-average molecular weight (Mn) of 5525 Da and polydispersity index 

(PDI) of 1.21. DMF was chosen in measuring the molecular weight study due to a solubility 

issue when using THF as the eluent.  

Table 2.2: Theoretical and experimental molar ratios of PSS pre-polymer. In 1H NMR 

spectrum, the peak from hydroxyl groups overlap with that of H2O at 3.2-3.5 ppm, which 

had been eliminated.  

sample Theoretical molar ratio Obtained ratio from NMR 

PSS pre-polymer 1:1 1:0.928 
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Figure 2.2: 1H NMR spectra, in DMSO-d6, of sebacic acid, serinol and PSS pre-

polymer synthesised at 110oC for 22h; (a) the resonance assignments for PSS 

pre-polymer of the main three structures T (terminal), L (linear) and D 

(dendrites), (b) full 1H-NMR spectrum, the peak at 2.5 ppm is due to 1H DMSO 

solvent. 
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Figure 2.3: 13C NMR Spectra of the PSS pre-polymer; (a) the 13C NMR 

spectrum of the PSS pre-polymer after 22 hours of reaction time, (b) an 

expansion of the 13C NMR Spectra of the PSS pre-polymer from serinol and 

sebacic acid with molar ration of 1:1 as a function of reaction time.
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Figure 2.4: FTIR spectra of PSS pre-polymer synthesised at 110oC for 22 hours and PSS film cured at 110oC for 24h showed strong signals of 

amide and ester bonds at 1650 cm−1 and 1760 cm−1, respectively.
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2.3.3. Thermal analysis 
 

The thermal properties of PSS polymers were evaluated using a Q10 DSC (TA 

Instruments, USA; Figure 2.5). The ideal elastomeric scaffold for tissue 

engineering applications should have a Tg lower than the body temperature to 

ensure that the properties of the scaffold can be maintained in an in vivo 

environment34. PSS samples were first heated to 150oC to remove thermal 

history. The second heating cycle was used to determine the Tg of the samples. 

The Tg values for PSS-24, PSS-48 and PSS-72 were approximately -5.3oC, -

0.5oC and 6.3oC, respectively. The results indicate that PSS samples would have 

rubber-like elastomeric behaviour at a physiological temperature. There was no 

observable melting or crystallisation peaks across the measured range between -

40oC and 150oC because of the expected heterogeneous population of molecules, 

which potentially lead to an amorphous state. The Tg of polymer PSS-72 is 

higher than other polymers, which can be attributed to an increase in the 

crosslinking density at longer curing periods and can also be inferred by the 

increase of amide contents, which exhibit less bond rotation and result in 

relatively rigid polymer segments, ultimately increasing the Tg214–216.  
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Figure 2.5: DSC traces for cured PSS elastomers at 110oC for different 

periods; 24, 48 and 72 h. 
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2.3.4. Hydration properties and uncured monomers 
 

 The swelling of PSS experiments were conducted in methanol and PBS at 37oC. 

The results showed that the maximum amounts of methanol and PBS absorbed 

by PSS-24, PSS-48 and PSS-72 ranged from 62.77 to 55.95% and from 16.32 to 

13.93%, respectively (Figure2.6). PSS reached equilibrium water content 

(EWC) within 24 hours. Percentages swelling in methanol for all PSS samples 

were significantly higher (P<0.0001) than those in water. Swelling percentage 

for PSS-72 in methanol was significantly lower (P< 0.01) than that for PSS-24 

and PSS-48, whilst no significant difference (P>0.05) was seen between all 

samples in water. 

The high capability of PSS samples with methanol absorption could facilitated 

removal of unreacted monomers. The water uptake capacity of PSS decreased 

slightly, with an increase in curing duration, which can be attributed to the 

decrease in accessible spaces for PBS diffusion217 between the PSS molecular 

chains. However, the eight-carbon chain of the sebacic acid could increase the 

hydrophobicity of the PSS samples and diminish the degree of the crosslinking 

effect.  

To evaluate the hydrophilicity of cured PSS films, the water-in-air contact angle 

of the PSS films, from different curing times, was measured (Table 2.3). As for 

PSS-24, water droplets formed an angle of 92.5˚ on the surface, which decreased 

to 86.3˚ and 81˚ for PSS-48 and PSS-72 as the curing periods increased for PSS-

48 and PSS-72, respectively.  

The amount of uncured monomers within the cured PSS samples were evaluated 

as the weight loss after immersion in methanol for 24 hours. The uncured 

monomers in the polymer decreased from 27.2 ± 1.1% to 8.3 ± 0.8% by 

increasing the curing time (Table 2.3). This is suggested to be due to the increase 

of new crosslinks between cured polymer chains (i.e., crosslinking density) that 

occur during longer curing periods. The crosslinking density for PSS increased 

from 24 to 280 mol/m3 by increasing the curing time from 24 to 72 hour (Table 

2.3).  
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Figure 2.6: Swelling properties of PSS films in methanol and PBS, the swelling 

experiment of PSS films was performed to determine the water uptake at 37oC 

in PBS. The error bars represent one standard error. (n=3) (**p < 0.01,****p < 

0.0001, ANOVA with Tukey’s multiple comparison test) 
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Table 2.3: Summary of the uncured monomers, water contact angles and 

crosslinking densities of PSS samples cured at 110oC for 24, 48 and 72 h. 

(n=3) 

Formulation Uncured 

monomers (%) 

Water contact angle 

(o) 

Crosslink density 

(mol/m3) 

PSS-24 27 ± 1.1 92 ± 3.5 24 ± 4 

PSS-48 14 ± 1.3 86 ± 1.7 56 ± 10 

PSS-72 8 ± 0.8 81 ± 1.1 280 ± 20 
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2.3.5. In vitro degradation 
 

The degradation behaviour of PSS was studied by determining the weight loss 

of the samples in PBS at 37oC and 60oC. After 14 days of in vitro degradation at 

37oC, PSS-24 exhibited ~ 10% mass loss. As the curing time increased, the mass 

loss of PSS-48 and PSS-72 decreased to ~ 6% and ~ 3%, respectively (Figure 

2.7 (a)). The rates of mass loss for the PSS films accelerated at 60oC and 

followed linear trends (Figure 2.7 (b)) to reach approximately 25, 18 and 11% 

after 14 days for PSS-24, PSS-48 and PSS-72, respectively. At a higher 

temperature, the rate of degradation accelerated due to the higher amount of 

energy available for elevated chain mobility and chain scission reactions218. 

With the increase of degree of amidation and esterification, the degradation rate 

decreased because a higher number of amide and ester bonds were required to 

be broken during degradation86,197,219.   

The gradual degradation curves suggest that PSS degrades via surface eroding, 

similar to APS and PGS86,197. The degradation mechanism could be evaluated by 

measuring the change in molecular weight of the polymer during degradation. 

Nevertheless, it was difficult to examine the molecular weight of PSS samples 

once they were cured and had become insoluble in solvents. Alternatively, 

changes in the morphology of the surfaces and cross sections of the degraded 

PSS films were evaluated using SEM (Figure 2.8). PSS-24, PSS-48 and PSS-72 

samples showed a smooth texture for both the surfaces and cross sections before 

degradation, while irregular surfaces were obtained after degradation (Figure 

2.8). More importantly, the cross sections of all PSS samples showed a smooth 

surface with an absence of cracks or pores, indicating that the core portion of the 

film had minimal or no degradation. This confirmed that the degradation of PSS 

films was primarily governed by a surface erosion mechanism.  
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An inflammatory response was sometimes observed in the surrounding tissue as 

a result of acidic degradation by-products of the polymers220. Most of the 

degradation studies were performed by incubating the polymer in simulated 

body fluid (SBF) and PBS to simulate the in vivo degradation profile and 

replicate the buffer of the body fluid221.  It was expected that the by-product of 

the PSS degradation could decrease the pH of the solution. Therefore, the pH 

changes in PBS were monitored for different PSS samples, throughout 

degradation experiments, at 37oC (Figure 2.9). The rapid initial decrease in pH 

observed at day 1 was likely due to the initial cleavage of loosely bounds acids 

that left behind within the polymer after synthesis. Therefore, washing with PBS 

for 24 hours is recommended for PSS materials prior to use. Afterwards, the pH 

of all PSS samples were found to be neutral (at around 7 pH) until the end of the 

degradation study. These results suggest that PSS material could potentially lead 

to lower inflammatory effects after implementation. The buffer capacity of PBS 

solution and presence of amine groups after degradation might buffer the acidic 

degradation by-products.   
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Figure 2.7: Percentage of mass loss versus degradation time for PSS-24, PSS-

48 and PSS-72 in PBS at (a) 37oC and (b) 60oC. (n=3)
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Figure 2.8 SEM micrographs of PSS-24 films before and after 14 days degradation. PSS-24 film was sectioned and imaged using 

SEM. After 14 days, PSS film exhibited degradation by surface erosion without formation of cracks or pores.  
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Figure 2.9: Variation in the pH of PBS against degradation time for PSS-24, 

PSS-48 and PSS-72 in PBS at 37oC. (n=3) 
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2.3.6. Mechanical properties and crosslinking density 
 

 PSS pre-polymer did not be cured at temperature lower than 110oC, therefore 

we fixed the curing temperature at 110oC and used range of curing times to tune 

the mechanical properties of PSS polymer. 

The tensile properties of PSS samples were measured at room temperature. 

Figure 2.10 (a) represents the typical stress-strain curves for as prepared PSS 

films after curing for different durations. It was observed increasing the 

crosslinking density by increasing the curing periods which in turn led to 

increase the tensile strength and the elastic modulus (Figure 2.10 and Figure 

2.11). Conversely, elongation to break values decreased with the increase of 

curing time, see Figure 2.11.  

PSS-72 revealed a statistically significant (P<0.0001) increase in tensile 

modulus and strength compared to PSS-24 and PSS-48, while percentages of 

elongation to failure for PSS-24 were significantly (P<0.0001) greater than PSS-

48 and PSS-72. For example, PSS-72 showed a three-fold increase in tensile 

strength (294 ± 24 kPa) and eleven-folds increase in Young’s modulus (2086 ± 

153 kPa) compared to PSS-42. The total elongations to failure for PSS-42, PSS-

24 and PSS-24 were 422 %,  84  % and 22 % which are similar to other thermally 

cured elastomers81,92,97,222. The range of the elastic modulis of PSS samples are 

those of skeletal muscles which is made of large amount of collagen fibrils223–

225.  

The mechanical retention of the degraded PSS-24, PSS-48 and PSS-72 were 

evaluated to declare the effect of degradation process, see Figure 2.10 and Figure 

2.11. No statistical significant changes (P>0.05) in elastic modulus, tensile 

strength and elongation percentage were observed for all PSS samples 

throughout the degradation experiment for 14 days in PBS at 37oC.   

 

 
The crosslinking density of the PSS elastomers increased with increasing the 

degree of crosslinking (Table 2.3). This results are similar to the thermally cured 
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elastomers that previously reported in which the crosslinking density is directly 

proportional to the curing time93. By increasing the curing time in PSS24 from 

24 hours to 48 hours, the crosslinking density increased from 24.2 to 48 mol/m3. 
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 (a) 

 

      (b) 

 

Figure 2.10: Tensile properties of PSS-24, PSS-48 and PSS-72 films throughout 

degradation in PBS at 37oC for 14 days; (a) stress-strain curves for as prepared 

materials, (b) tensile strength for PPS samples before and after degradation in 

PBS at 37oC for 7 and 14 days. The error bars represent one standard error. (n=3) 

(*p < 0.05, ****p < 0.0001, ANOVA with Tukey’s multiple comparison test) 
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(c) 

 

(d) 

 

Figure 2.11: Tensile properties of PSS-24, PSS-48 and PSS-72 films throughout 

degradation in PBS at 37oC for 14 days; (a) tensile modulus for PSS films and 

(b) elongation to break for PSS specimens. (n=3) (***p < 0.001, ****p < 0.0001, 

ANOVA with Tukey’s multiple comparison test) 
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2.3.7. Cytotoxicity and Cell Adhesion 
 

The two monomers, sebacic acid and serinol, used in this study to synthesize 

PSS are reported to be nontoxic and biocompatible205,222. Thus, it was expected 

that PSS would possess good biocompatibility and could potentially be utilised 

for different tissue engineering applications. The response of the PSS films, over 

a 5-day culture period, was examined using LIVE/DEAD staining. Figure 2.13 

shows that the cells were found to be viable (green) and distributed on the surface 

of all the films and there was an increase in cell number over the 5-day culture 

period, with few dead cells present. The dead 3T3 cells were not clearly visible 

due to the autofluorescence of PSS films that occurs while imaging. However, 

from microscopic examination, there appeared to be few dead cells on the PSS 

films (˂ 1% of the sample). 

On day one, a light microscope examination showed rounded 3T3 cells on all 

the PSS films with little cell to cell contact. On day three and five, cells became 

elongated with high cell density and cell to cell contact increased on all PSS 

films. The films exhibited normal shape and similar morphology to 3T3 cells 

grown on tissue culture polystyrene (TCP) as a standard control (Figure 2.12). 

The proliferation of 3T3 mouse fibroblast cells on the polymer surface was 

analysed using PrestoBlue® assays after 1, 3, and 5 days of seeding. The results 

revealed that the proliferation rate of cells on the surface of PSS-24, PSS-48, 

PSS-72 and TCP increased significantly (P<0.0001) with culture time (Figure 

2.14). At day one, cell proliferation on all PSS samples were similar (P>0.05) to 

the positive control, TCP, and after cell culturing for further time periods, some 

of PSS specimens were slightly (P<0.01) lower than TCP. These results 

indicated that PSS polymer has good biocompatibility by supporting cell 

attachment, along with spreading and proliferation, suggesting that PSS may be 

a promising candidate for different biomedical applications. 

 

 

 



83 
 

  

Day 1 Day 3 Day 5

PSS-24

PSS-72

PSS-48

 

Figure 2.12: Light microscopy Images of 3T3 mouse fibroblast cells cultured on PSS polymers on day 1, 3 and 5 post seeding. 3T3 cells 

cultured on PSS appeared to have a similar morphology as in tissue culture polystyrene. Scale bars are 50 mm. 
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PSS-24 PSS-48

PSS-72 TCP

 

Figure 2.13: Confocal fluorescence images of 3T3 cells spreading on cured PSS polymers after 5 days of cell culture. 
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Figure 2.14:  Proliferation of 3T3 cells cultured on PSS-24, PSS-48 and PSS-72 for 5 days. Four replicates of each sample were tested using 

PrestoBlue® assay and the averages are presented ±SD. **** represent significant difference P<0.0001 in comparison with TCP and ns refers to 

non-significant difference (P>0.05).    
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2.4. Conclusion  
 

Novel biodegradable PEAs elastomer were successfully designed and synthesised from serinol 

and sebacic acid by polycondensation reaction. PSS elastomers exhibited tuneable degradation 

and mechanical profiles by varying the curing time. Furthermore, The PSS films exhibited low 

Tg below body temperature and the PSS samples degraded slowly with high UTS and low elastic 

modulus similar to protein-based polymers. PSS showed good cytocompatibility by supporting 

attachment, spreading and proliferation of 3T3 fibroblast cells. Thus, the developed PSS 

polymer shows excellent potential to be applied for various biomedical application such as 

tissue engineering applications, drug delivery and diagnostic system.  
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3. Chapter Three 
 

 

 

 

Elastic Fibrous Biodegradable Polyester 

Amide Scaffold for Soft Tissue Engineering 

Applications 
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3.1. Introduction  
 

Scaffolds represent the initial component in the tissue regeneration process and are exposed to 

dynamic environments in vivo. Typical scaffold designs that drive research and development 

for the regeneration of soft tissues, such as heart valves and skeletal muscles, principally focus 

on imitation of the extracellular matrix 226, providing initial structural support for different types 

of seeded cells and allow for diffusion of nutrients through the porous structure; this scaffold 

also provides tuneable biodegradation and mechanical properties to match the regeneration 

process of the target tissue. Synthetic biodegradable elastomers are promising polymers 

because of their chemical and physical optimised properties34,227. Moreover, synthetic 

biodegradable elastomers offer advantages over natural materials as they exhibit less 

immunogenicity and less batch-to-batch synthesis variation34,227. 

Previous studies have demonstrated the importance of the microenvironment structure on 

cellular attachment and proliferation. The cellular response to three-dimensional scaffolds, such 

as fibrous structures, is different to that of two dimensional scaffolds228,229. The electrospinning 

technique has been used widely for different tissue engineering applications to produce fibrous 

scaffolds with fibre diameters ranging from nanometre to micrometres. The electrospun 

scaffolds could be customised to mimic a wide range of shapes and mechanical properties of 

the native extracellular matrices230,231. Electrospinning of biodegradable thermoplastic 

polymers, such as PCL, PLA, PGA and their co-polymers, are the most widely investigated 

polymers with will-established processes73,171,186. However, because of their poor mechanical 

recovery after deformation, thermoplastic polymers have been generally inappropriate for 

repair of soft tissues that need to function under dynamic conditions, such as skeletal muscles 

and heart valve 232,233 . Therefore, there is a demand to use the electrospinning technique to 

produce elastomeric fibrous scaffolds derived from thermoset elastomeric polymers. Usually 

these polymers demonstrate a homogenous degradation behaviour with a predictable loss of 

mechanical properties37. As an example, PSS a new biodegradable and biocompatible thermoset 

elastomer has recently developed. PSS is a degradable polyester amide elastomer, which has 

flexible mechanical properties and supports cell adhesion; PSS could potentially fill the existing 

gap in biomaterials needed for the soft tissue engineering. Moreover, the solubility of PSS pre-

polymer in different organic solvents was improved compared to APS polymer. 

In the electrospinning process, there are number of important parameters, such as molecular 

weight and solution concentration, which should be considered when attempting to electrospin 

a new material105. Electrospinning chemically cured thermoset polymers, such as PSS, are 

challenging due to the insolubility of PSS in any organic solvent once cured, yet the fibres from 

uncured pre-polymer melt during the curing process at high temperature. To overcome these 

challenges, a carrier polymer can be used. PVA is non-toxic, water soluble, biocompatible and 

blends successfully with various natural or synthetic polymers to overcome the limitation of the 

electrospinning process or to add value to the electrospun fibres234–237. PVA is approved by the 

FDA for pharmaceutical and food chemistry applications238; and has been investigated in 

wound dressing, the regeneration of tendons and other tissue-engineered scaffolds239,240. 



89 
 

Therefore, PVA is an attractive carrier polymer that can be used to facilitate the electrospinning 

of PSS. 

The objective of this chapter was to firstly synthesise PSS pre-polymer that can be cured into 

networks with a various mechanical and degradation profiles, and then convert it into an elastic 

biocompatible electrospun scaffold using PVA as a carrier polymer to facilitate the 

electrospinning process. The degradation, mechanical, biocompatibility properties and 

optimisation of the electrospinning parameters of the fibrous scaffolds will be explored. 
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3.2. Experimental Procedure 
 

3.2.1. Materials 
 

Sebacic acid (99.5%), serinol (98%), hexafluoroisopropanol (HFIP, 99.5%) and trypsin EDTA 

solution were purchased from Sigma Aldrich and used as received. methanol (99.8%), and 

resazurin sodium salt (Prestoblue®) were purchased from Fisher scientific and used without 

further purification. Poly (vinyl alcohol) (PVA) with molecular weight of 110,000 (98% 

hydrolysis) generously provided by Nippon Gohsei (Dusseldorf, Germany). Cell culture 

supplies including Dulbecco’s Modified Eagle’s Medium (DMEM) media (Gibco Life 

Technologies, UK), (1% v/v) L-glutamine, 1% antibiotic (penicillin/streptomycin) and (10% 

v/v) fetal calf serum (FCS) were purchased from Thermo Fisher Scientific, UK. 

 

 

3.2.2. Synthesis of poly(serinol sebacate) (PSS) pre-polymer 
 

PSS elastomer with serinol:sebacic acid ratio of 1:1 was synthesized according to the procedure 

explained earlier in the second chapter. Serinol and sebacic acid were charged in a 100 ml three-

neck round bottom flask in 1:1 molar ratio. The flask was maintained at 110oC for 16 hours 

under inert atmosphere (nitrogen gas) and constant stirring. The resultant PSS prepolymer was 

cooled to room temperature. The gel point was determined as that when the polymer no longer 

dissolve in methanol. At the end of the reaction, a viscous, yellow coloured PSS pre-polymer 

was obtained and stored at 2oC prior to use.  
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3.2.3. Solution preparation for electrospinning 
 

The PSS solution with concentration of 9 wt% was prepared by dissolving 9 g of PSS viscous 

liquid in 100 ml of HFIP for 24 hours at room temperature. PVA solution of 9 wt% was obtained 

by dissolving 10 g of PVA powder in 100 ml of HFIP with stirring for 24 hours until a clear 

solution was obtained with a high increase in viscosity. PSS was then blended with PVA 

solution with different weight ratio (1:1, 2:1, 3:1). All blended solutions were stirred for further 

24 hours to get homogenous binary solution.  

 

3.2.4. Preparation of PSS fibrous scaffolds 
 

The process of electrospinning was performed by using an electrospinning kit (IME 

Technology, Netherland), which has a special syringe pump (Harvard, USA), a special sensor 

and a condenser to control the humidity and temperature. The solutions were placed in a 5 ml 

syringe (Becton Dickinson®) and then mounted in the syringe pump. The power supply was 

connected to the 21-gauge blunt needle (Sterican®) (Figure 3.1). PVA is soluble in water and 

HFIP but is not soluble in most organic solvents241; in contrast, PSS is soluble in several 

solvents including HFIP, thus HFIP was selected as the common solvent for both to dissolve 

PSS and PVA. To determine the optimum collector distance and voltage, the effect of varying 

the collector distance measured from the tip of the needle to the collector (20, 25, 30 cm) and 

voltage (10, 15, 20 kV) on fibres morphology were studied. The PSS:PVA ratio (1:1), solution 

concentration (9% w/v) and applied voltage or collector distance were kept constant. Based on 

optimisation trials, the distance parameter of 25 cm and applied voltage of 20 kV were selected 

and kept constant for further studies. The effect of varying the PSS:PVA ratio (1:1, 2:1, 3:1) on 

fibre morphology was also evaluated by keeping solution concentration (9% w/v), collector 

distance (25 cm) and applied voltage (20 kV) constant. The effect of varying the concentration 

on morphology of the fibrous scaffold was studied. A constant ratio of PSS to PVA (1:1) 

solution was electrospun at a constant voltage (20 kV), distance (25 cm), flow rate of 1.5 

ml/hours and temperature of 20 ±1 o C. The produced fibres were collected on aluminium foil, 

which was placed around the mandrel collector and dried in a fume hood for 48 hours to 

evaporate any residual solvent. Fibrous scaffolds were then placed in a vacuum oven and cured 

at 120o C for 24 hours (PSS24), 48 hours (PSS48), 72 hours (PSS72). The crosslinked PSS 

fibrous scaffolds were purified by soaking in hot water at 90oC for 4 hours to eliminate the PVA 

carrier and the sol fraction was removed by methanol washes with agitation for 24 hours. Table 

3.1 summarises the optimisation process of PSS-PVA fibrous scaffolds. 
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Figure 3.1 The electrospinning setup kit, which requires a (A) pump, (B) Voltage contactor, 

(c) Mandrel collector, (D) touch screen controller, (E) Temperature and Humidity sensors, (F) 

Needle holder. 
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Table 3.1: The variables used to optimise the electrospinning processes of PSS fibrous 

scaffolds. 

Property Polymer concentration (% 

w/v) 

PSS/PVA 

ratio 

Voltage 

(kV) 

Distance 

(cm) 

Collector distance 9 (1:1) 20 20 

 9 (1:1) 20 25 

 9 (1:1) 20 30 

Voltage 9 (1:1) 10 25 

 9 (1:1) 15 25 

 9 (1:1) 20 25 

Polymer ratio 9 (1:1) 20 25 

 13.5 (2:1) 20 25 

 18 (3:1) 20 25 
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3.2.5. Scaffold morphology 

 
The morphology of the produced PSS electrospun fibrous scaffolds were examined using a 

scanning electron microscope (JSM-6060LV). The electrospun scaffolds were coated with a 

gold layer before examination. All samples were placed on the carbon tape on the metallic 

holder and coated with a thin layer of gold using a gold coater (Leica EM SCD005) at 10 mA 

for 300 seconds.  SEM micrographs were captured at 10 mm working distance and accelerated 

voltage of 15 kV. To calculate the fibre diameters, 200 fibres were selected randomly from the 

SEM and analysed with ImageJ software (National Institutes of Health, USA) according to the 

method published previously242. 

 

3.2.6. Fourier Transform Infrared (FTIR) 
 

The chemical bonds of the PSS24 and PSS48 scaffolds was investigated by Fourier Transform 

Infrared (FTIR) spectroscopy, The FTIR spectra was in range of 700–4000 cm-1 and recorded 

on Thermo Scientific Nicolet IR 200 FT-IR. The data were analysed using Omnic 8.0 software 

(Thermo Scientific).   

 

    

3.2.7. Mechanical properties  
 

Tensile test of the fibrous PSS scaffolds were performed using Instron 5969, with a 100 N load 

cell and the cross-head speed was 10 mm min-1 until failure. The crosslinked fibrous scaffolds 

(n=3) were cut into rectangular shape with dimensions of 30 mm(L) × 10 mm(W) × 1mm(T). 

The thickness of the samples were measured using digital callipers. Electrospun scaffolds were 

hydrated in phosphate buffered saline (PBS) prior to analysis and the stress–strain curves were 

used to calculate ultimate tensile strength as the highest stress at sample failure, Young’s 

modulus as the linear curve between 0.5% and 2.5% strain and elongation at break. 
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3.2.8. Hydration properties  
 

Effect of various curing time on water absorption of the scaffolds was investigated via hydration 

studies. The fibrous scaffolds (5 mm× 5 mm) (n = 4) were incubated in PBS at 37 oC in a water 

bath shaker (25 RPM). The weights and the thickness of scaffolds at different time points were 

recorded until reached equilibrium. The percentage swelling ratio was calculated using equation 

(1): 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =  
(𝑤ℎ𝑦𝑑 −  𝑤𝑑𝑟𝑦)

𝑤ℎ𝑦𝑑
 𝑥 100                                                   (𝐸𝑞. 1) 

where Wdry is initial sample weight and Whyd is the weight of the hydrated samples. 

 

3.2.9. In vitro degradation study    
 

The degradation rate of PSS scaffolds was determined by incubating samples (5×5×1 mm3) 

(n=4) in phosphate buffer saline (PBS) solution at 37 OC for 14 days, and the PBS was replaced 

every 24 h. The scaffolds were placed in a shaking incubator at 70 rpm. Initial weights (Wi) 

were recorded. After each time point, the scaffolds were removed, washed in dH2O to eliminate 

salts deposited by the PBS and their weights were recorded after drying. The weight loss Wloss 

was calculated using equation (2). Morphology of degraded fibrous scaffold before and after 

degradation was evaluated by SEM.  

𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (𝑊𝑙𝑜𝑠𝑠 %) =  
(𝑤𝑖 −  𝑤𝑑)

𝑤𝑖
 𝑥 100                                                (𝐸𝑞. 2)   
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3.2.10. Cytocompatibility assessment 
 

3.2.10.1. Sterilisation of PSS fibrous scaffolds  
 

All fibrous scaffold mats were cut into discs (15 mm diameter) and placed in a 24 well-plate 

and supported with plastic crown (Cell Crown, Sigma-Aldrich) to prevent the fibrous scaffold 

from floating in the culture medium. Thereafter, all fibrous samples were pre-treated with 70% 

v/v ethanol/H2O for 24 h, followed by washing three times with sterilised PBS prior to cell 

seeding. In addition to sterilisation, the ethanol was also used to remove any unreacted 

monomers during the polymer fabrication.  

 

3.2.10.2. Cell culture  

 
The fibroblast cells (3T3) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), 

supplemented with 1% Penicillin/Streptomycin and 10% Fetal Bovine Serum (FBS). The 

PLGA (ratio) fibrous scaffold were used as a positive control. The fibrous scaffolds (PSS24, 

PSS48) and control PLGA fibrous scaffolds were sterilised under UV light for 30 minutes. All 

scaffolds were placed in 48-well plates (Falcon, BD Bioscience, UK), which contained 1 ml of 

DMEM, and then seeded with fibroblast cells at the density of 10 × 104 cells/sample. The 

fibrous scaffolds were then cultured under standard incubation conditions of 5% CO2 humid air 

and at 37 oC. The media was replaced every 48 hours with a fresh media. 

 

3.2.10.3. Cell attachment 
 

Fibroblast cells were seeded on the scaffolds and harvested at day 1, day 3 and day 5 time 

points. The fibrous scaffolds were washed with PBS to remove unattached cells and fixed with 

3% glutaraldehyde for 2 hours, and washed with PBS. Subsequently, Scaffolds were dehydrated 

with a series concentration of alcohols (50%, 70%, 90%, 100% v/v). Cell spreading and cell 

attachment were observed using SEM. 
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3.2.10.4. Cell proliferation 
 

The cell proliferation was examined over a period of 5 days using PrestoBlue (PB) Assay 

(thermos fisher scientific, UK) according to the manufacturer’s protocol. The Prestoblue assay 

was used to analyse the time-dependant cell proliferation based on the ability of viable cells to 

reduce resazurin dye (blue) to resorufin (pink). Briefly, seeded scaffolds (n=4) were transferred 

to a new 48-well plate containing fresh culture medium. PB (10% v/v) was added into each well 

and incubated at 37°C for 2 h. Reduced PB (100 μL) was then placed in 96-well plate to measure 

the fluorescence intensity using a Tecan microplate reader (Tecan, Reading, UK) at 

excitation/emission wavelengths of 530/590 nm. TCPs and PLGA were used as control.  

 

 

3.2.11. Preparation of PSS fibrous scaffolds with tailored pattern 

 
To produce patterned features on the PSS/PVA fibre scaffolds, a patterned metal stencil was 

used as the negative collector. The process of electrospinning was performed by using an 

electrospinning kit (IME Technology).  Figure 1.3 describe a schematic view of the 

electrospinning process and of the patterned stencil structure. The PSS/PVA electrospun fibres 

were removed from the stencil used as collector during electrospinning and dried in a fume 

hood for 48 h to evaporate any residual solvent.  Fibrous scaffolds were placed in a vacuum 

oven and crosslinked at 120o C for 24 h. PSS fibrous scaffolds were purified with dH2O for 48 

h to remove PVA and the sol fraction was removed by methanol washes with agitation for 24 

h. 

 

3.2.12. Statistics 
 

Statistical analysis was expressed as mean ± standard deviation (SE), and carried out by one-

way analysis of variance (ANOVA) with Tukey’s post-hoc analysis or student’s t-test. The data 

were considered to be significantly different if p-value becomes less than 0.05. 

 

 

 

 

 

 

 



98 
 

 

3.3. Results and Discussion 
 

3.3.1. Optimisation of PSS fibre fabrication conditions 
 

The electrospinning process can be achieved when the polymer retains sufficient chain 

entanglement that can provide stable jet243. Polymer chain entanglement is controlled by 

molecular weight of the polymer, chain length distribution and polymer concentration244. A 

common method for electrospinning process is to dissolve the polymer in an appropriate 

solvent, when the solvent is evaporated the jet becomes unstable and enters the bending 

instability region, which accounts for fibre drawing on the collector245,246. This approach was 

not feasible with PSS because of its low molecular weight that resulted in a low viscosity 

polymer solution and could not be spun, suggesting that insufficient chain entanglements were 

available. Despite high polymer concentration, it was not possible to directly electrospin the 

PSS solution due to a quick coalesce of fibres on the collector. The carrier polymer was believed 

to facilitate electrospinning process of the PSS.   

In this study, the electrospun fibre mats could not be produced at a concentration of PVA less 

than 4.5% w/v (PSS:PVA 1:1) as a result of low concentration solution,  only droplets could be 

obtained irrespective of the electrospinning conditions and PSS concentration. Thus PVA 

concentration of 4.5 % w/v were used in the present study.  

The PSS fibrous scaffolds were electrospun at the optimised processing conditions such as 

collector distance, applied voltage and polymers ratio. The collector distance varied between 

20 and 30 cm distances and, the optimum distance was found to be 25cm resulting in bead-free 

fibres with narrow diameter distribution. Whereas distance below 25cm exhibited fibres fusion 

and Lack of uniformity. Similarly, different voltage (between 1 and 24 kV) was used and stable 

and continuous jet was produced at 20 kV.  
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3.3.2. Effect of PSS:PVA ratio on the fibre properties 
 

The effect of PSS:PVA ratio on the scaffold morphology was analysed at different ratios of 

PSS to PVA (1:1, 2:1 and 3:1) and fixed voltage of 20 kV, distance between needle and collector 

of 25cm, 18% w/v overall solution concentration and flow rate of 1.5 mL/h. The SEM images 

for fibrous scaffolds of various PSS:PVA ratios are shown in Figure 3.2. Fibrous scaffolds 

prepared with 2:1 and 3:1 PSS:PVA ratios resulted in increase the fusion of the fibre, while 

PSS:PVA with 1:1 ratio yielded regular fibres of 1.3±0.25 µm diameter. These results are in 

accordance with previous reports where the fibre fusion and diameters of blend electrospun 

APS and PGS fibre scaffolds increased with increasing proportion of both APS and PGS199,247. 

These findings might be attributed to adhesive nature of PSS pre-polymer due to the presence 

of hydroxyl groups. Results also indicated that among the three ratios of PSS:PVA, 1:1 ratio 

was the best composition for fibre yielded uniform and bead-free fibres. Therefore, subsequent 

investigations of curing, degradation, mechanical properties and cytocompatibility were 

focused on fibrous scaffolds synthesised from PSS:PVA with 1:1 ratio.   
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Figure 3.2: SEM images show the effect of varying PSS:PVA ratio on fibre morphology, 

yellow arrows indicate fused fibres with increased PSS concentration: (a) and (b) 1:1 PSS:PVA 

scaffold, (c) and (d) 2:1 PSS:PVA scaffold and (e) and (f) 3:1 PSS:PVA scaffold. 
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3.3.3. Curing of PSS:PVA fibrous scaffold 
 

We have examined the change in the morphology of the PSS:PVA fibrous scaffold after curing 

the at 110oC for 24, 48 and 72 hours. It was observed that fibre morphology of PSS:PVA fibre 

did maintained fibre morphology after curing for 48 and 72 hours with fusion restricted to the 

contact fibre between fibres (Figure 3.3).Thereafter, the scaffolds were soaked in hot water at 

90oC for 4 hours to eliminate the PVA carrier.  

The remaining mass for PSS48 and PSS72 after water treatment were 65 and 69 %, respectively, 

both samples had more than 50% mass remaining. This treatment partially dissolved the PVA 

carrier from the fibrous scaffold. The remaining of PVA residual could be due to physical 

entrapment within PSS fibres. Chemical curing of PVA with PSS polymer via polycondensation 

reaction with free carboxylic acid groups in PSS and possible change in the solubility of PVA 

after thermal curing240 were suggested as other reasons for the residual PVA within PSS 

scaffolds after washing with hot water.   
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Figure 3.3: Fibre morphology of PSS:PVA (1:1) electrospun scaffolds analysed by SEM: (a) 

PSS:PVA after curing at 110˚C for 48 hours and washing in water for 4 hours at 90˚C, (b) 

PSS:PVA scaffold was cured for 72 hours and washed in water for 4 hours at 90˚C, (c) and (d) 

SEM micrographs of PSS:PVA scaffolds after purification with methanol for 48 and 72 hours 

respectively.  
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3.3.4. Chemical characterisation  
 

FTIR spectroscopy was used to study the chemical compositions of the prepared PSS scaffolds. 

FTIR spectra for PSS48 scaffolds prior to and after soaking scaffold in hot water for 4 hours at 

90˚C to remove PVA carrier are illustrated in Figure 3.4, PVA powder and PSS48 sheet were 

used for comparison. Peaks at 1731 and 1640 cm-1 were attributed to carbonyl groups248 which 

confirmed the presence of ester and amide functional groups in PSS48 sheet. The intensities of 

the ester and amide peaks of the washed PSS48/PVA were about 60% of that for the PSS48 

sheet, suggesting that some of the PVA had been eliminated after hot water treatment. In 

addition, these amide and ester peaks were absent in the spectra of PVA polymer. The stretching 

at 1160 cm-1 was assigned to C-O-C bond in the ester group of PSS248. The intensity of this 

peak was weak for the unwashed PSS48/PVA and absent in PVA spectra, while the peak was 

stronger for the PSS48 sheet and washed PSS48/PVA, confirming that some of the PVA 

polymer had been removed with water. The peaks at 2840 and 2920 cm-1 are corresponding to 

alkane group present in PSS and PVA, while the broad peak between 3300 and 3500 cm-1 was 

attributed to hydroxyl group in the structure of both PSS and PVA. The intense peak at 1225 

cm-1 was assigned to the remaining acetate groups in PVA which was not detected for the PSS48 

sheet and PSS48 scaffolds. The intensity of the ester peak in the spectra of the washed 

PSS48/PVA was about 25% of that of the PVA, confirming that some of the PVA had been 

washed out by hot water. These results confirmed successful electrospun of PSS fibrous 

scaffold and partial elimination of the carrier polymer from the scaffold.   
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Figure 3.4: FTIR absorbance spectra for PVA, PSS48 sheet, unwashed PSS48/PVA fibre mat 

and washed PSS48/PVA fibre mat (PSS48/PVA fibre mat by soaking in hot water for 4 

hours).  
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3.3.5. Mechanical properties 
 

The mechanical properties, ultimate tensile strength (UTS), elastic modulus and elongation at 

break of  PSS48 and PSS72 fibrous scaffolds under wet or dry conditions can be seen in figure 

3.5, figure 3.6 and figure 3.7. The wet PSS48 and PSS72 fibrous scaffolds demonstrated slightly 

linear profile, while dry PSS48 and PSS72 fibrous scaffolds exhibited noticeably non-linear 

curve. The non-linearity of stress-strain curves for PSS scaffolds was attributed to the existence 

of PVA residual. The dry PSS48 solid film showed almost linear curve consistent with 

elastomeric polymers. Surprisingly, dry PSS48 and PSS72 scaffolds showed higher UTS and 

modulus compared to PSS film which was ascribed due to the remaining PVA quantity in the 

scaffold. PVA is a thermoplastic polymer that has different mechanical properties compared to 

the PSS materials249. Moreover, the elongation percentage of the dry PSS48 and PSS72 fibrous 

scaffolds were higher than the PSS48 film because the capability of the fibres to realign 

themselves in the direction of the tensile stress250. On the other hand, the UTS and elastic 

modulus of the wet fibrous scaffolds were significantly lower than dry scaffolds, whilst the 

elongation percentage were higher. These results can be attributed to the plasticisation effect of 

water in particular within PVA residuals in the scaffolds251. 
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Figure 3.5: Typical stress-strain curves of PSS48 and PSS72 fibrous scaffolds under (A) wet 

condition and (B) dry condition. The samples were saturated in PBS prior to tensile testing as 

wet. Triplicates of each specimen were tested to failure. 
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Figure 3.6: The effect of testing conditions (dry and wet) on the tensile modules of PSS48 and 

PSS72 fibrous scaffolds. The error bars represent one standard error. (n=3)(*p < 0.05,**p < 

0.01). 
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Figure 3.7: The effect of testing conditions (dry and wet) on the mechanical properties of 

PSS48 and PSS72 fibrous scaffolds. The wet scaffolds were tested after immersed in PBS until 

saturation; (C) tensile strength and (D) elongation percentage to failure. (n=3)(*p < 0.05,**p < 

0.01).  

 

 

 

 

 

 

 

 

 ** 

 

 * 

 ** 



109 
 

 

 

 

3.3.6. In vitro degradation  
 

In vitro degradation study of PSS48 and PSS72 scaffolds was performed by measuring the 

percentage of weight change of the scaffolds throughout incubation in PBS for up to 14 days, 

see figure 3.8. The PSS72  exhibited slower degradation rate compared to PSS48, PSS72 and 

PSS48 lost 5.5 and 7.5% respectively, after 14 days, which caused by increasing the 

crosslinking degree that led to a reduction in penetration of water molecules into polymer chain 

segments. In addition, with the increase of degree of amidation and esterification, the 

degradation rate would decrease because a higher number of amide and ester bonds would be 

required to be broken during degradation process36,62,63. Moreover, even after 14 days, the SEM 

images showed that the scaffolds maintained their fibrous structure (Figure 3.9). The gradual 

degradation of fibrous scaffolds suggested that the scaffold followed surface degradation 

mechanism252.  
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Figure 3.8: Degradation profile of electrospun scaffolds of PSS48 and PSS72. Degradation 

was determined by weighing the PSS fibrous scaffolds throughout incubation in PBS for 2 

weeks at 37oC. (n=4) 
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a

10 μm

b

10 μm

 

c

10 μm

 

Figure 3.9: SEM micrographs of PSS72 fibrous scaffolds (a) before and (b,c) after 14 days 

degradation.  
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3.3.7. Swelling study and pH value 
 

Figure 3.10 illustrates the swelling ratio of PSS48 and PSS72 fibrous scaffold immersed in PBS 

up to two weeks. The water uptake of the for PSS48 and PSS72 fibrous scaffolds increased 

initially to 75% and 70% after one week and reached 92% and 112% at week two. The initial 

increase in swelling ratio could be due to the absorption of water in the first stage of 

degradation253.   

Acidic degradation products of polymers are commonly followed by in vivo inflammatory 

responses in the surrounding host tissue220. Therefore, pH changes of the media (PBS) of the 

PSS fibrous scaffolds were monitored during degradation (Figure 3.11). It was depicted that 

both fibrous scaffolds PSS48 and PSS72 showed slightly lower pH throughout the study 

compared with the initial pH of ~7.4. It was reported that pH of 5% PVA/water solution ranged 

between 5.0 and 6.5254, thus the decrease in the pH for PSS scaffolds might be attributed to the 

gradual release of PVA residuals over the degradation time. Therefore, this mild acidity of 

degradation media of PSS fibrous scaffolds can be avoided through careful removal of PVA 

carrier after curing of PSS scaffolds.  
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Figure 3.10: Swelling ratio of PSS48 and PSS72 fibrous scaffolds during degradation in PBS 

at 37oC for up to 2 weeks (n=4) (p < 0.05).    
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Figure 3.11: Variation in pH values of degradation media for PSS48 and PSS72 fibrous 

scaffolds throughout degradation for 14 days in PBS.  
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3.3.8. Cytotoxicity of PSS scaffolds 
 

Cytocompatibility is a very important factor in order to evaluate any biomaterial for medical 

applications. Since the PSS fibrous scaffolds were crosslinked thermally without using 

chemical crosslinker, it was expected that the scaffolds would cytocompatibility similar to PSS 

elastomer. Moreover, the unreacted monomers were eliminated from all fibrous scaffolds which 

were believed to be harmful for the cells255. In vitro cytocompatibility assessment was 

performed through culturing 3T3 cells on different PSS scaffolds. SEM examination revealed 

good cell attachment with healthy cell morphology that varies from round to elongate in all 

samples. Figure 3.12 shows the cell morphology of different test samples. After 5 days culture, 

the number of cells increased and almost covered the whole surfaces of both kinds of the 

scaffolds. Proliferation of the cells seeded on the scaffolds was examined by Alamar blue assay 

(figure 3.13), the results showed an increase in the florescence reading from day one to day five 

which indicates that all the fibrous scaffolds supported cell proliferation. In addition, there was 

no significant difference in cell proliferation between cells seeded on PSS scaffolds compared 

with PLGA, suggesting minimal effect of residual PVA. These results indicate that PSS fibrous 

scaffolds are cytocompatible and can be explored further for different soft Tissue Engineering 

applications. 
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Figure 3.12: SEM images of 3T3 fibroblast cells cultivated on PSS48 and PSS72 fibrous 

scaffolds.  
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Figure 3.13:  Proliferation of 3T3 cells cultured on PSS48, PSS72 and PLGA for 5 days. Four 

replicates of each sample were tested using PrestoBlue® assay and the averages are presented 

±SD (p < 0.05). 
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3.4. Conclusions 
 

In this study, elastomeric fibrous scaffolds of PSS have been electrospun with the assistance of 

PVA as a sacrificial carrier. Uniform fibrous scaffolds have been produced by optimising 

electrospinning conditions. PVA polymer could be partially removed by washing with hot 

dH2O at 90oC for 4h after crosslinking. Under hydrated conditions, PSS fibrous scaffolds show 

non-linear and elastic mechanical properties. Moreover, PSS scaffolds supported adhesion, 

spreading and proliferation of 3T3 cells in vitro. Therefore, PSS fibrous scaffolds could be a 

candidate for different types of soft tissue engineering applications.   
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4. Chapter four 
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4.1. Introduction  
 

Electrospinning of nanofibres is a technique of growing interest for different applications, such 

as tissue engineering256, drug delivery257,258, wound dressing259, water filtration260, biosensors261 

and enzyme immobilisation262. The technique was developed by Formhals and has been widely 

studied and developed over the recent decades263,264. Among the techniques of producing 

nanoscale fibres, electrospinning is unique in terms of its simplicity, controllability and cost-

effectiveness. The electrospinning process occurs when a polymer solution possesses sufficient 

entanglement concentration246. A flow jet of a low molecular weight polymer solution breaks 

up into droplets instead of being a continuous jet, a technique termed electrospraying. In 

contrast, a polymer solution with sufficient entanglement concentration provides a stable jet, 

and when the solvent is evaporated the jet becomes unstable and enters the bending instability 

region, which accounts for fibre drawing on the collector245.  

Number of reports have studied the correlation between polymer entanglement concentration 

and the ability to electrospin the polymer solution. The first investigation was reported by 

McKee et al.265, they observed that the suitable polymer concentration to produce bead-free 

fibres was 2-2.5 times Ce. Kong et al.266 investigated the entanglement concentration of 

amylose starch for effective electrospinning. De Gennes 20 developed a scaling theory by 

plotting the specific viscosity of linear polymer solutions in a good solvent versus different 

concentrations in order to estimate the entanglement concentration (Ce)267. The plot was 

divided into four different regimes: a dilute regime with specific viscosity (ηsp) correlated to 

the power law of C1.0; a semi-dilute unentangled regime with ηsp ~ C1.25; a semi-dilute 

entangled regime with ηsp ~ C3.7-4.8 and a concentrated regime with ηsp ~ C3.6. . The specific 

viscosity of the PCL80 semi-dilute unentangled regime was found to be proportional to C 1.34. 

This result is close to the predicted value theoretically (C 1.25) for the semi-dilute unentangled 

regime of linear polymers in a good solvent267. On the other hand, the semi-dilute entangled 

regime shows that ηsp α C3.99 is in a good agreement with the theoretical values for sodium 

hyaluronate (ηsp α C4.1)268. The entanglement concentration (Ce) of PCL80 was then determined 

to perform the electrospinning process by plotting the specific viscosity data against solution 

concentrations. 

PCL is an interesting linear polyester due to its many advantages, such as its biocompatibility, 

biodegradability and low cost synthesis. Moreover, PCL has been approved by the Food and 

Drug Administration as a biodegradable suture (Monocryl® suture) and drug delivery device 

(Capronor®) since the 1980s. 

These advantages make PCL an attractive polymer for electrospun scaffolds. To enhance the 

hydrophilicity of PCL scaffolds, bioactive molecules such as fibronectin or collagen have been 

used in forms of surface coating or blending with PCL269–271. However, PCL electrospun 

scaffold have been developed and amply investigated in literature. To the best of the author 

knowledge, Correlation between the PCL rheology and fibre structure and alignment have not 

been previously studied. For example, the relationships of entanglement concentration (Ce) and 
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molecular weight of a PCL solution on the processes of electrospinning and fibre orientation 

are deficient.  

PSS, a biocompatible and biodegradable elastomer based on the polymerization of serinol and 

sebacic acid, has been designed and synthesised in our laboratory recently. In general, PSS is 

synthesised in two steps: polycondensation of equimolar molar of serinol and sebacic acid 

followed by heat treatment at 110oC to produce cured PSS elastomer. However, high treatment 

temperature may limit its potential applications with sensitive biomaterials such as proteins or 

low melting temperature polymers such as PCL.  

In this chapter, PCL/PSS composite scaffolds were fabricated by a safe, cost-effective and 

simple method to enhance the biological responses of PCL in different biomedical applications. 

PCL scaffolds were prepared using different concentrations of PCL solution and two different 

molecular weights, to determine the effect of entangled concentration on the ability of 

electrospinning and to eliminate the instability jet region and control the fibre alignment. The 

produced PCL scaffolds were then treated with uncured PSS polymer to improve its 

hydrophilicity and biocompatibility.  
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4.2. Experimental Procedure 
 

4.2.1. Materials 
 

PCL with two different Mn of 45 and 80 kDa, sebacic acid (99.5%), serinol (98%), 

hexafluoroisopropanol (HFIP, 99.5%), Sudan Black and trypsin EDTA solution were purchased 

from Sigma Aldrich. Methanol (99.8%) and dichloromethane (DCM) were purchased from 

Fisher Chemical. Cell culture supplies including Dulbecco’s Modified Eagle’s Medium 

(DMEM) media (Gibco Life Technologies, UK), (1% v/v) L-glutamine, 1% antibiotic 

(penicillin/streptomycin), (10% v/v) fetal bovine serum (FBS) and 4′,6-diamidino-2-

phenylindole (DAPI) were purchased from Thermo Fisher Scientific, UK. All reagents and 

solvents were used without further purification. 

 

 

 

4.2.2. Synthesis of PSS pre-polymer and PSS/PCL composite scaffold 

preparation  
 

PSS elastomer with serinol to sebacic acid ratio of 1:1 was synthesized according to the 

procedure mentioned in chapter two. Serinol and sebacic acid were charged into a 100 ml three-

neck round bottom flask at 1:1 molar ratio. The flask was heated at 110oC for 16 hours under 

inert atmosphere (nitrogen gas) under constant stirring. The resultant PSS prepolymer was 

cooled to the room temperature. The gel point was determined as that when the polymer no 

longer dissolve in methanol. At the end of the reaction, a viscous yellow coloured PSS pre-

polymer was obtained. The products were then subjected to water sedimentation and methanol 

dissolution repeatedly to remove unreacted monomers.  Thereafter, the PSS was dissolved in 

methanol at a concentration of 0.3 and 0.6 g/ml with continuous stirring at room temperature 

for 24 hours. The PSS solutions were dropped onto the surface of aligned PCL scaffolds at 20 

µl/cm2 using an adjustable volume micropipette, then the scaffolds were dried using freeze 

dryer to obtain PSS/PCL scaffolds. The produced composite scaffolds were coded as P3 and P6 

based on the concentration of the PSS solution. 
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4.2.3. Solution preparation and electrospinning setup 
 

PCL solutions of different concentrations were prepared by dissolving the polymer in DCM 

under continuous stirring at room temperature for 24 hours. The process of electrospinning was 

performed by using an Electrospinning kit (IME Technology), which has a special syringe 

pump (Harvard) equipped with humidity and temperature sensors. The PCL solution was placed 

in a 10 ml glass syringe (Becton Dickinson®) and then mounted in the syringe pump. The power 

supply was connected to the 22 gauge blunt needle (Sterican®) and 20 cm working distance was 

used. The solutions were injected at a constant flow rate of 1 ml/h and under voltage of 20 kV, 

while the temperature was kept constant at 20±1oC. Fibres were collected on aluminium foil 

which was placed around the mandrel collector. 

 

 

 

 

 

 

 

 

4.2.4. Rheology 
 

PCL/DCM solution of concentrations ranged from 1 to 10% (w/v) were prepared using the two 

different molecular weights for rheological characterisation and to determine concentration 

regimes. Zero shear rate viscosity was measured using concentric cylinders geometry in a strain 

controlled rheometer (Anton Paar) at 25 ± 0.1 Co. The shear rate swept from 1 to 1000 s-1.   
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4.2.5. SEM of the electrospun scaffold  
 

The morphology of the PCL electrospun scaffolds and PSS/PCL composite scaffolds were 

examined using a scanning electron microscope (JSM-6060LV). The scaffolds were placed on 

the carbon tape on a metallic holder and then coated with a thin layer of gold using a gold coater 

(Leica EM SCD005) at 10 mA for 280 seconds. Diameter of the produced nanofiber were 

measured from the SEM micrographs of randomly selected 200 fibres using ImageJ 

software(National Institutes of Health, USA) according to the method published erilerly242Fast 

Fourier Transform (FFT) was used to evaluate fibre alignment; FFT converts the real space in 

the data image into a corresponding mathematically frequency space272. The SEM image was 

converted to a TIF file and 8-bit greyscale captured at 1024×1024 pixels using ImageJ software. 

A circular projection was drawn on the FFT image and a radial sum was then conducted to 

generate a graphical depiction of the frequency distribution. The degree of fibre alignment in 

the SEM images was reflected by the shape and height of the peak in the FFT plot273. 

 

4.2.6. Fourier Transform Infrared (FTIR) 
 

The chemical bonds of the P3, P6 and PCL composite scaffolds were investigated by Fourier 

Transform Infrared (FTIR) spectroscopy, The FTIR spectra was in range of 700–4000 cm-1 and 

recorded on Thermo Scientific Nicolet IR 200 FT-IR. The data were analysed using Omnic 8.0 

software (Thermo Scientific). 

 

4.2.7. Water contact angle 
 

The water contact angles of PCL and PSS/PCL composite scaffolds were measured using a 

Cam 200 machine (KSV, instrument Ltd) (n = 3). To place a droplet of distilled water (dH2O) 

on the surface of the samples, a 21-gauge needle was used. The image of the water droplet was 

captured using a digital camera and the contact angle was measured using Cam 200 software 

(KSV, instrument Ltd). 
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4.2.8. Cytocompatibility 
 

4.2.8.1. Sterilization of Nanofiber Mats.  
 

All the produced fibrous scaffolds were cut into discs of 15 mm diameter: 15 mm and placed 

in 24 well-plate and supported with sterile rings (Cell Crown, Sigma-Aldrich) to prevent the 

fibrous scaffold from floating in the culture medium. Afterwards, the composite scaffolds (P3, 

P6) and control PCL aligned fibrous scaffolds were sterilised under UV light for 30 minutes, 

followed by washing three times with PBS prior to cell seeding.  

 

4.2.8.2. Cell culture  

 
The fibroblast cells (3T3) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), 

supplemented with 1% Penicillin/Streptomycin and 10% Fatal Bovine Serum (FBS). The cell 

culture medium was used as a negative control, and the PCL aligned fibrous scaffold were used 

as a positive control. The scaffold discs were placed in 48-well plates (Falcon, BD Bioscience, 

UK) containing 1 ml of DMEM, and then seeded with fibroblast cells at the density of 10 × 104 

cells/sample. The fibrous scaffolds were then cultured under standard incubation conditions of 

5% CO2 humid air and at 37 oC. The media was change every 2 days.   

 

4.2.8.3. Cell viability and attachment 
 

Fibroblast cells were seeded on the composites scaffolds and harvested after 12 h. The fibrous 

scaffolds were washed with PBS to remove unattached cells and fixed with 3% glutaraldehyde 

for 2 hours, and then washed with PBS. Subsequently, the scaffolds were dehydrated with a 

series concentration of alcohols (50%, 70%, 90%, 100% v/v). Spreading and attachment of the 

cells were assessed using SEM. 
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4.2.8.4. Cell proliferation 
 

The cell proliferation was examined over a period of 5 days using PrestoBlue (PB) Assay 

(thermos fisher scientific, UK) according to the manufacturer’s protocol. The Prestoblue assay 

can be used to analyse the time-dependant cell proliferations, based on the ability of viable cells 

to reduce resazurin dye (blue) to resorufin (pink). Briefly, seeded scaffolds (n=4) were 

transferred to a new 48-well plate containing fresh culture medium. PB solution (10% v/v) was 

added into each well and incubated at 37°C for 2 h. Reduced PB (100 μL) was then placed in 

96-well plate to measure the fluorescence intensity using microplate reader at 

excitation/emission wavelengths of 530/590 nm. Cells seeded on TCPs was used as control.   

 

4.2.8.5. Fluorescent nuclear staining 
 

The composite scaffolds and PCL fibrous scaffolds were seeded with 3T3 fibroblast cells were 

fixed in 4% paraformaldehyde solution after 5 days in medium culture to examine cell 

attachment and spreading, and then washed twice with PBS. Cells membrane permeabilisation 

with 300 µl of blocking buffer (PBS, 10% FBS, 1% triton) for 30 minutes. Cell nuclei were 

stained with DAPI for 5 mins. DAPI solution was prepared according to manufacture protocol 

and diluted 1:1,000 in PBS. Thereafter, the scaffolds were washed trice in PBS and fluorescence 

images were examine using a Zeiss LSM 510 Meta laser scanning confocal microscope, 

equipped with a 543 nm HeNe laser. 

 

 

4.3. Statistics 
 

Statistical analysis was expressed as mean ± standard deviation (SD), and carried out by one-

way analysis of variance (ANOVA) with Tukey’s post-hoc analysis. The data were considered 

to be significantly different if p-value becomes less than 0.05. 
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4.4. Results and discussion 
 

4.4.1. Rheological properties of PCL solutions   
 

The solution concentration regimes of PCL were determined using rheology measurements. 

Flow curves of viscosity as a function of shear rate for PCL80 (Mn = 80 kDa) in DCM with 

varying solution concentrations are given in Figure 4.1. All PCL solutions followed a 

Newtonian behaviour over this range of shear rates up to 7% (w/v) of PCL80 and 13% (w/v) of 

PCL45. However, as PCL concentrations were increased, shear thinning would become 

apparent. 

The specific viscosity of the PCL80 semi-dilute unentangled regime was found to be 

proportional to C 1.34. This result is close to the predicted value theoretically (C 1.25) for the 

semi-dilute unentangled regime of linear polymers in a good solvent267, and also for the reported 

value of Gelose starch in 100% Dimethyl sulfoxide solution (ηsp α C1.4)266. On the other hand, 

the semi-dilute entangled regime shows that ηsp α C3.99 is in a good agreement with the 

theoretical values and some reported experimental values for nylon-6,6 (ηsp α C3.28) 268 and 

sodium hyaluronate (ηsp α C4.1)268. 

 
The zero shear viscosities (η0) of different PCL molecular weights were approximated 

determined from the viscosity flow curves. The solution contribution to η0 was evaluated by 

measuring specific viscosity (ηsp) of the PCL solutions, where ηsp = (η0 – ηs)/ηs and ηs is the 

viscosity of the solvent (DCM). The entanglement concentration (Ce) of PCL80 was determined 

by plotting the specific viscosity data against PCL solution concentration. Figure 4.1 shows the 

ηsp dependence of the concentration for PCL 80. The Ce was determined to be 5.5% (w/v) from 

the intercept of the slopes of semi-dilute unentangled and semi-dilute entangled regimes (Figure 

4.2).  

The flow curve of PCL45 was also performed (Figure 4.3) and the Ce value was determined 

from the change in the power of the semi-dilute unentangled from 1.347 to 4.999 at 7 wt%. 

Decrease of the PCL molecular weight from 80 to 45 kDa led to increase in the entanglement 

concentration from 6 to 8 wt%. The reason for this is that the PCL solution with high molecular 

weight has higher hydrodynamic volume and requires a lower solution concentration before the 

chains start entangling and constraining one another.  

Moreover, we hypothesised that the fibre orientation can be adjusted by reducing the bending 

instability region of the jet, providing patterned deposition of the fibre on the surface of the 

mandrel collector. 
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Figure 4.1: Viscosity curves of PCL 80 as a function of PCL concentration (w/v %). 
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Figure 4.2. Plot of specific viscosity dependence on PCL80 concentration to determine the 

entanglement concentration. 

 

 

 

Figure 4.3: Plot of specific viscosity dependence on PCL45 concentration 
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4.4.2. Electrospinning 
 

Different concentrations of PCL/DCM solution from each molecular weight were electrospun. 

The experiments were performed using a stationary collector and SEM was utilised to evaluate 

the fibre morphology. In addition, good spinning condition is to produce uniform, continuous 

and beads free nanofibres (Figure 4.4c) while poor condition would lead is too short and weak 

fibres to be removed from the collector, and lack of uniformity and presence of beads are also 

expected (Figure 4.4a, 4.4b). It should be noted that all the parameters during the 

electrospinning process were held identical; ~20oC temperature, 50% humidity, 4 ml/h flow 

rate from the nozzle of the syringe, and a 20 cm the distance between the tip of the syringe and 

the collector. 

Figure 4.5 shows SEM images of PCL 80 electrospun fibres obtained from three different 

concentrations (6, 7 and 10%). For the solution with concentration below Ce (5.5%), the 

entanglements between polymer chains were not sufficient to yield a stable jet and overcome 

the solution surface tension, only irregular droplets were produced. When the concentration of 

PCL 80 solution increased to 5.5% (Ce concentration), irregular fibres and few droplets were 

observed. At this concentration, the polymer chains started to get close and constrain each other. 

Between 6 and 9 wt %, above the Ce value, the average fibre diameter increased (Figure 4.5) 

and the entanglement between polymer chains became high enough to stabilise the 

electrospinning jet. However, some beads were still present. For the 10 wt% concentration, a 

solution of almost double the Ce, the entanglement level of the polymer chains became adequate 

to prevent any bead formation (Figure 4.5c), to obtain a highly stable jet and consequently 

generate uniform continuous fibres. These findings revealed a good agreement with the 

previously reported results 265,266,268. 

 

The same electrospinning optimisation experiment was conducted on a lower molecular weight 

PCL (PCL 45).  Figure 4.4a shows SEM micrographs of electrospinning of 8 wt% of PCL45 

solution which resulted in irregular fibres and beads. Stable jet and uniform fibres were obtained 

when the concentration was increased above Ce of PCL 45/DCM solution (12%). 

Electrospinning of 15 wt% solution produced bead-free fibres with an average diameter of 1.5 

µm. Therefore, to produce bead-free fibres, the solution concentration should be higher than Ce 

Finally, as PCL 45 possesses a higher Ce than PCL 80, the equivalent fibre diameter with from 

different molecular weights can be obtained by increasing the concentration of PCL45. 
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a: 8 wt% 

 

b: 10 wt% 

 

c: 15 wt% 

Figure 4.4: SEM micrographs of electrospun PCL 45 fibres (Ce = 12 wt%) at different 

concentrations. 
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a: 6 wt% 

 

b: 7 wt% 

 

c: 10 wt% 

Figure 4.5: SEM images of electrospun PCL 80 fibres (Ce = 5.5 wt%) at different 

concentrations 
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4.4.3. Fibre alignment 
 

Controlling the electrospun fibre alignment has been achieved by different techniques. For 

example, the alignment degree can be adjusted by varying the speed of the rotating 

mandrel273,274. Li et al. used two parallel electrodes to control the fibre orientation275. External 

electric field method has been used to decrease the bending instability by using auxiliary 

electrodes to manipulate the deposition area and jet path157. However, it is difficult to have a 

universal design for special equipment. Even at high rotational speeds with the mandrel 

collector, the degree of fibre alignment remains challengeable. Some studies reported poor 

alignment despite using very high rotational speeds276,277; however, a combination of using a 

mandrel collector and supplementary electrodes has found to offer better control on the fibre 

alignment278,279. The effects of the solute on solution viscosity, concentration of solvent, 

conductivity and process parameters such as flow rate of the polymer solution, the distance 

between the needle tip and the collector, the applied voltage and humidity have been extensively 

investigated for a range of natural and synthetic polymers118,280,281. In addition, researchers have 

also explored the effects of varying solution concentration on the fibre morphology116. 

The experimental observations of the electrospun jet and bending instability regions using 5 

wt%, 10 wt%, 12 wt%, 14 wt%, 16 wt%, 18 wt% and 20 wt% of PCL 80 are shown in Figure 

4.6. The stable jet and bending instability regions with Ce of 5.5 wt% were unclear due to the 

interruption of the droplets during the electrospinning process. When the polymer solution 

increased to 10 wt%, a stable jet was clear due to the increase in polymer chain entanglement 

and overcame the surface tension (Figure 4.6). However, the bending instability started midway 

of the distance between the nozzle and the surface of the stationary collector. By using a low 

rotational speed of 100 rpm, the fibre was deposited randomly due to buckling on the surface 

of the collector (Figure 4.7(a)). Furthermore, even at high speed (2000 rpm), no fibre alignment 

was observed. 
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Figure 4.6: Schematic of the electrospinning stable jet using different PCL80 solution 

concentrations. 
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For the polymer solutions between 10 wt% and 20 wt%, the polymer chain entanglements 

increased, the length of the stable jet region increased gradually (Figure 4.6). Nevertheless, at 

high rotational speeds (2000 rpm), the fibre alignment increased due to the inhibition of the 

bending instability region.   

At 20 wt% polymer concentration, the bending instability region was completely suppressed 

between the needle and the mandrel collector; the jet travelled in a straight line and the 

deposition area grew from a small spot to a circle of a few millimetres in width. On the other 

hand, no bending instability region was observed either with the mandrel collector, with slight 

deviation near the surface of the collector and fibre angle, which may be due to air flow induced 

by the rotation of the collector or by tugging of the jet by the mandrel collector. At higher 

rotational speed (2000 rpm), the fibre was highly aligned (Figure 4.7(c)). 

FFT analysis was used to characterise the electrospun fibre alignment. The degree of alignment 

was evaluated by the shape and height of the peak generated by the plot of the pixel intensity 

versus the angle of acquisition. PCL 80 electrospun from a concentration of 10 wt% showed no 

evidence of fibre alignment at a rotational speed of 2000 rpm; the highest value of the intensity 

was 6.25 arbitrary units (Figure 4.7(a)). FFT values for PCL 80 electrospun from a 

concentration of 15 wt% increased as a function of concentration (Figure 4.7(b)). At a 

concentration of 20 wt%, alignment values exhibited evidence of fibre alignment with intensity 

values exceeding 7 (Figure 4.7(c)). 
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a: PCL80 (10 wt%)                           b: PCL80 (10 wt%) 

 

 
 

 

 

 

c: PCL80 (10 wt%) 

 

 

 

 
Figure 4.7(a): SEM images of random electrospun PCL80 fibres (a), FFT output images (b) 

and plots of Pixel intensity versus the angle acquisition(c).  
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 d: PCL80 (15 wt%)                          e: PCL80 (15 wt%)      

 

                                                                                       

 

 

                                                             f: PCL80 (15 wt%) 

 

 
 

Figure 4.7(b): SEM images of a partially aligned electrospun PCL80 fibres (a), FFT output 

images (b) and plots of pixel intensity versus the angle acquisition (c).  
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h: PCL 80 (20 wt%)                i: PCL 80 (20 wt%) 

 

 

 

                         

 

j: PCL 80 (20 wt%) 

 
Figure 4.7(c): SEM images of an aligned electrospun PCL80 fibres (a), FFT output images (b), 

and plots of pixel intensity versus the angle acquisition (c). 
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4.4.4. Chemical characterization 
 

The FT-IR spectra of the P3 and P6 composite scaffolds were compared with PCL aligned 

scaffold and PSS pre-polymer to study their composition (see Figure 4.8). The FT-IR spectrum 

of PCL aligned scaffold displaying characteristic carbonyl stretching vibration at 1721 cm-1 and 

also showed peak at 1161 cm-1 corresponding to C-O-C282,283. PSS pre-polymer displayed 

carbonyl stretching vibration at 1722 cm-1, amide carbonyl absorption at 1655 cm-1 and 

vibration of N-H at 1562 cm-1 as reported earlier in chapter two. 

In case of P3 and P6, the carbonyl stretching peaks were observed at PCL and PSS pre-polymer 

spectra were also observed in P3 and P6 scaffolds, while amide carbonyl absorption, stretching 

of hydroxyl groups and vibration of N-H were presented in PSS pre-polymer, P3 and P6 

scaffolds spectra and absent in the spectra of aligned electrospun PCL scaffold as expected. 

Altogether, these results confirm presence of both PCL and PSS in the composite PSS/PCL 

scaffolds.    
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Figure 4.8: FTIR spectra of aligned PCL80 scaffold, P3, P6 and PSS pre-polymer synthesised 

at 110oC for 22 hours showed strong signals of amide and ester bonds at 1650 cm−1 and 1760 

cm−1, respectively. 
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4.4.5. Characterization of PCL Nanofibers and PSS/PCL composites  

 
The diameter of PCL aligned fibre was found to be in range of 2.14-7.4 µm, with a mean 

diameter of 4.34±0.34 µm. The SEM images of the PCL aligned nanofibers produced by 

spinning 20% of PCL80, P3 and P4 scaffolds are shown in Figure 4.9. The images of all 

electrospun scaffolds showed smooth and uniform fibre.  However, P3 and P4 scaffolds show 

some blocked pores as a result of post-treatment with PSS pre-polymer. 

 

 

4.4.6. Water contact angles 
 

Contact angle measurements were performed to explore the hydrophilicity of the PCL80, P3 

and P6 scaffolds. The water contact angle for PCL aligned scaffolds was found to be 

104.3±8.2°. After treatment with PSS pre-polymer, the water contact angles decreased to 

76.4±6.3° and 74.2±3.9° for P3 and P6 respectively. This reflects the enhancement in the 

hydrophobicity of PCL scaffolds by modification with PSS. This reduction in the water contact 

angles could be attributed to the presence of free amine functional groups284. Consequently, P3 

and P6 are expected to own better cytocompatibility which would beneficial for tissue 

engineering applications. However, the topography of the aligned PCL scaffold differed 

significantly from that of the P3 and P6 scaffolds. Specifically, the aligned PCL scaffold was 

composed of micro-scale fibres, resulting in the generation of a rough and porous structure, but 

the P3 and P6 scaffolds showed a different topography, with changes in the porous structure. 

These topographical differences could result in changes in the water drop contact angle values. 

Therefore, further investigations are required to investigate the effect of the topographical 

differences. The Wilhelmy balance method has been proven to be a reliable technique for 

studying WCA on individual fibres of known diameter. 
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Figure 4.9: SEM images of (a) PCL aligned fibre scaffolds and composite with different 

amount of PSS coating ((b) P3 scaffolds, (c) P6 scaffolds). Scale bar = 100 µm. 
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4.4.7. Cell attachment and proliferation 
 

3T3 fibroblast cells were seeded on PCL aligned scaffolds as well as P3 and P6. Figure 4.10 

shows the SEM images of PCL, P3 and P6 scaffolds 1 day post-seeding. It was found that cells 

were rounded on PCL aligned scaffolds, whereas no cells were found on the surface of P3 and 

P6 which can be attributed to removal of the PSS pre-polymer coating during dehydration 

process by using methanol.   

DAPI nuclear staining was used to observe the response of 3T3 fibroblast cells on the three 

scaffolds to substrate topology. The fibrous scaffolds provided appropriate surface for guided 

cell attachment, oriented along the longitudinal axis of the fibre direction and allowed cells to 

proliferate until largely coat the surface at day 5 (Figure 4.11). In addition, 3T3 fibroblasts cells 

maintain their typical morphology after proliferation.  

Quantitative analysis of cell proliferation by Prestoblue assay demonstrated significant 

reduction in the number of cells on PCL aligned scaffolds as compared to P3, P6 and TCP on 

day 5 (Figure. 4.12). Amount of PSS on the surface of the scaffolds did not show any significant 

difference in cell proliferation on the composite scaffolds. Moreover, addition of PGS to PCL 

resulted in enhanced cell proliferation comparable to TCP, which was considered as a positive 

control. However, on day 3 cells proliferated faster on TCP than P3 and P6 scaffolds. 

Cell studies on P3 and P6 scaffolds clearly showed that PSS promoted cell attachment and 

proliferation on these scaffolds. Although PCL aligned scaffolds mimics many aspects of 

natural ECM structure of skeletal muscle, the hydrophobicity of PCL leads to lower cell 

attachment and proliferation. 
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Figure 4.10: SEM images showing 3T3 fibroblast cells growing at day one on (a, b) aligned 

electrospun PCL scaffolds (c) P3 scaffolds. Scale bar = 50 µm. 
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Figure 4.11: Fluorescence microscopy images of the (a) PCL aligned scaffolds, (b)P3 and (c)P6 

surface cultured with fibroblasts for 5 days. Scale bar = 100 µm. 
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Figure 4.12: Proliferation of 3T3 cells cultured on PCL aligned scaffolds, P3 and P6 for 5 days. 

Four replicates of each sample were tested using PrestoBlue® assay and the averages are 

presented ±SD (p < 0.05). 
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4.5. Conclusions 
 

Correlation between solution rheology and electro-spinnability, fibre morphology and fibre 

alignment of PCL with different molecular weights was studied. Depending on the solution 

viscosity, fibre morphology can be divided into three different levels: droplets region, and 

irregular fibre with beads region and bead-free fibres. For PCL 80 and 45, with concentrations 

of less than 5.5 wt% and 8 wt% respectively, a stable jet could not be generated. To obtain 

bead-free fibres, the concentration of PCL solution should be 1.5-1.8 times the entanglement 

concentration. For PCL 80, the solution concentration should be increased 3.6 times to eliminate 

the bending instability region and enhance fibre deposition and alignment on the rotating 

collector.  

Contact angle measurements revealed improved wettability of P3 and P6 scaffolds compared 

to aligned PCL only scaffolds. Thus, improved cell adhesion and proliferation on P3 and P6 

scaffolds may be attributed to the higher hydrophilicity of these scaffolds compared to pure 

PCL scaffolds alone. Moreover, insignificant differences in cell attachment and proliferation 

between P3 and P6 scaffolds may be due to their similar hydrophilicity. 
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5. Chapter five  
 

 
 

 
 

 

 

 General discussion, future work and conclusion 
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5.1. General discussion 
 

The aim of this PhD project was to introduce a synthetic, biodegradable and elastic material for 

soft tissue engineering. The newly synthesised polymer, PSS, offers the advantages of both 

natural and synthetic polyester biomaterials as a suitable material for soft tissue engineering 

applications. The pre-polymer of PSS retained a much wider range of solubility in common 

organic solvents compared to APS. This finding proves valuable for better monitoring aspects, 

such as chemical synthesis using different techniques like NMR spectroscopy and GPC, and 

processability in many different fabrication processes. Moreover, the thermal analysis indicate 

that PSS samples would have rubber-like elastomeric behavior at a physiological temperature.  

 
The swelling properties of biomaterials play an important role in tissue engineering applications 

due to the influences of the degree of swelling on degradation behavior, mechanical properties 

and diffusion properties of the scaffold285,286. The water uptake capacity of PSS decreased 

slightly with an increase in curing duration which can be attributed to the decrease in accessible 

spaces for PBS diffusion217 between the PSS molecular chains. The low percentage of swelling 

in PBS could potentially help to maintain the mechanical properties of PSS post implantation.  

 
Degradation profiles of polymers are commonly affected by their chemical structure. PSS, as a 

polyester amide, can be degraded under physiological conditions because of the hydrolysable 

nature of the amide and ester chemical bonds287,288. The gradual degradation curves suggest that 

PSS degrades via surface eroding, similar to APS and PGS86,197. The degradation behaviour of 

a thermoplastic polymer such as poly(lactic-co-glycolic acid) PLGA, one of the most widely 

biodegradable polymers in tissue engineering research, exhibited heterogeneous degradation 

characterized by holes developed in the surface and the formation of large cracks88. 

Heterogeneous degradation is usually not preferred as it can cause sudden mechanical failure 

of the scaffold due to unpredictable change in mechanical behaviour during degradation37. It 

was proposed that this behaviour could be one of the main reasons for mechanical failure of 

these conventional thermoplastic polymers in vivo289. On the other hand, thermoset elastomers 

usually show homogeneous surface degradation characterized by surface erosion and 

consequently exhibit a gradual change in their mechanical performance86,197, as observed in the 

current study for PSS. In addition, the presence of amide groups decreases the degradation rate, 

due to the suppression of the hydrolysis and esterase enzymes’ activity, which is part of the 

immune system defence that is excreted by macrophages290. 

 
Previous studies have demonstrated that curing temperatures and curing durations had a 

significant influence on mechanical properties of elastomeric polymers291,292. PSS elastomers 

showed slight gradual change (not statistically significant) in mechanical behaviors after 

degradation in accordance with previous studies293,294, which is demonstrate an advantage over 

traditional thermoplastic polymer such as PLGA, PCL and PLA and their co-polymers as these 

thermoplastic polymer show inconsistency in the mechanical behaviors during degradation 

process. 
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Similar to natural elastomers, PSS polymers exhibit a low elastic modulus, high tensile strength, 

large elongation percentage and slow degradation rate. PSS polymers are simple to synthesise 

and inexpensive to produce. The PSS biomaterials described in this thesis were synthesised 

from an amino alcohol with a diacid; other types of amino alcohols could also be used, including 

tris (hydroxymethyl) aminomethane, 1,4-diamino-2, 3-butanediol and 1,3-diamino-2-propano, 

in order to achieve a broad range of material properties. Other types of diacids could also be 

used, including azelaic acid, suberic acid and adipic acid.  

 
It is essential to examine the cytotoxicity of cells towards a new polymer in order for it to 

qualify as a biocompatible material295. The in vitro response of 3T3 fibroblast cells on PSS 

films demonstrates the fibroblast cells’ ability to interact with this new biomaterial, as 

confirmed by the maintenance of the cells’ attachment, spreading, morphology and metabolic 

activity, in comparison to TCP. 

The synthesised PSS elastomers offered adjustable and predictable degradation and mechanical 

properties via changing the curing durations. They also followed almost a linear degradation 

profile against degradation time in PBS and no significant change was seen in their mechanical 

performance after immersion in degradation media. Moreover, a good cyctocompatibility 

response was obtained for PSS materials, approximately similar to TCP. The aforementioned 

advantages would potentially make this material a good candidate for tissue engineering 

applications, drug delivery and diagnostic system 

 

Electrospun fibre scaffolds with porous structure similar to those of native ECM have been 

demonstrated enhancement in cell adhesion, proliferation, differentiation and maturation 

thereby by improving the nutrient exchange and waste products excretion296,297. A PSS 

elastomeric fibrous scaffold for soft tissue engineering was fabricated through the use of an 

electrospinning technique. A water-soluble PVA polymer was utilised as a carrier material in 

order to facilitate the electrospinning process, and the optimal electrospinning parameters were 

established. Following heat treatment that was performed to crosslink the PSS polymer, the 

PVA carrier was washed off with hot water, resulting in a porous elastomeric scaffold of PSS 

fibres. Water was used in order to avoid damage to the morphology of the fibres, which can be 

caused by the use of organic solvent. The FTIR results confirmed successful electrospun of PSS 

fibrous scaffold and partial elimination of the carrier polymer from the scaffold.  

 
The elastic modulus of wet PSS48 and PSS72 fibrous scaffolds were slightly lower than the 

PSS48 film, while the elongation percentage was significantly higher. This could be ascribed 

to the remaining PVA polymer within the scaffolds. In addition, the water could also decrease 

the friction between the fibres by acting as a lubricant250, thus the wet fibrous scaffold could 

stretch easily compared with dry conditions. Therefore, the PSS fibrous scaffolds demonstrated 

tuneable mechanical properties via altering the curing time which could offer promising 

constructs for different tissue engineering applications.  

 

The gradual degradation of PSS scaffolds suggested that the scaffold followed surface 

degradation mechanism252. Unlike heterogeneous degradation, homogenous degradation is 

typically preferred as it maintains the geometry of the fibrous scaffold with gradual and 

predictable decrease in the mechanical properties to obviate catastrophic sudden mechanical 

failure modes. 
 

https://www.sigmaaldrich.com/catalog/product/sial/252859?lang=en&region=SA
https://www.sigmaaldrich.com/catalog/product/aldrich/72284?lang=en&region=SA
https://www.sigmaaldrich.com/catalog/product/sial/33262?lang=en&region=SA
https://en.wikipedia.org/wiki/Azelaic_acid
https://en.wikipedia.org/wiki/Suberic_acid
https://en.wikipedia.org/wiki/Adipic_acid


151 
 

Swelling property plays an important role in the selection of scaffold materials for biomedical 

applications as the pore sizes would increase when fibrous scaffolds swell. The wider pores  

would facilitate the cell attachment and cells penetration into the inter-network of the scaffolds 

and grow in vitro with a three dimensional geometry298, and also could lead to more effective 

diffusion and distribution of the cell culture nutrients. The water uptake of the PSS fibrous 

scaffolds increased initially after one week and reached ~100% at week two. The initial increase 

in swelling ratio could be due to the absorption of water in the first stage of degradation253.  

PVA was chosen as a carrier polymer due to the fact that it is water-soluble, and can thus be 

safely removed by dissolution in water, PVA has a high melting temperature meaning that it 

does not melt during the crosslinking process. On the other hand, PCL scaffolds were used in 

the last chapter to improve its hydrophilicity and biocompatibility, without the need for the 

crosslinking process. 

 
The PSS elastomeric fibrous scaffolds demonstrated good biocompatibility and mechanical 

properties. Under tissue culture conditions, the PSS scaffolds demonstrated effective 

cytocompatibility in direct contact with 3T3 fibroblast monolayers. The PSS scaffolds revealed 

a low elastic modulus and a high elongation percentage under aqueous conditions, which may 

indicate future effectiveness in soft tissue engineering applications. Therefore, the combination 

of the PSS elastomeric scaffolds’ cytocompatibility and mechanical properties make this 

material a promising candidate for a variety of applications in soft tissue engineering, such as 

in the cardiac muscles and lungs. 

 

The use of PCL for drug delivery and scaffold fabrication has increased within the tissue 

engineering field during the past decade299. However, PCL scaffolds have limited biological 

applications due to poor cell attachment as a result of the relatively low hydrophilicity of 

PCL300. To enhance the hydrophilicity of PCL scaffolds, PCL scaffolds were produced using 

two different molecular weights and different concentrations of PCL, to determine the effect of 

entangled concentration on the ability of electrospinning. The produced PCL scaffolds were 

then treated with uncured PSS polymer to improve its hydrophilicity and biocompatibility.  

 

Electrospun fibres are desirable for biomedical applications with anisotropic properties such as 

tissue engineering scaffolds. Generally, the random fibre is appropriate in the tissue engineering 

field, as it mimics the topography of the extracellular matrix.  In addition, aligned fibres can 

also offer some advantages such as guiding the contact between cells in the case of the 

engineering of skeletal muscle tissue, which is normally aligned in the human body274. For PCL 

80, the studies showed the solution concentration should be increased 3.6 times to eliminate the 

bending instability region and enhance fibre deposition and alignment on the rotating collector. 

 

The adsorption of biological molecules to the surface of the scaffolds is linked to its 

hydrophilicity300. Typically, the threshold for defining hydrophilic materials is a contact angle 

smaller than 90°301. Contact angle measurements showed improved wettability of P3 and P6 

scaffolds compared to aligned PCL only scaffolds. Thus, improved cell adhesion and 

proliferation on P3 and P6 scaffolds may be due to the higher hydrophilicity of these scaffolds 

compared to pure PCL scaffolds alone.   
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5.2. Future work  

 

5.2.1. In vivo studies 

 
One of the important objectives of the scaffolds is to support cell attachment, spreading, 

proliferation and differentiation on the scaffold, which leads to the regeneration of the injured 

tissues and organs. As a result, it is necessary to perform in vitro and in vivo studies with a 

variety of cell types, such as neural stem cells for neutral tissue engineering and endothelial 

progenitor cells for cardiac tissue engineering, and to study these cells’ adhesion and migration 

abilities; this is an important step in the study of biomedical applications. In addition, scaffolds 

are expected to expose the tissue fluids, enzymes and mechanical stresses of the native tissue; 

thus, it is necessary to study the kinetic properties of scaffolds’ degradation in vivo, as well as 

the effects of mechanical stresses and degradation on the mechanical properties and structure 

of the fibrous scaffolds.  

 

5.2.2. Surface modification of PSS  
 

Cells’ ability to attach and spread on the scaffolds can be significantly affected by the chemistry 

of the biomaterial’s surface. There are some that can be conducted on the surface of the PSS 

biomaterial in order to meet the special requirements of the cells’ interaction with the 

biomaterial. These techniques include grafting bioactive groups through chemical modification, 

structural modification (such as porosity) and the immobilisation of bioactive groups (such as 

growth factors and peptides) on the surface of the PSS biomaterial, in order to promote cell 

attachment, proliferation and signalling.  

 

 

5.3. Conclusions  
 

PSS polymers are a new biomaterial that offer a variety of potential applications, such as tissue 

engineering and drug delivery. This PhD thesis demonstrates the synthesis and optimisation of 

the properties of a PSS biomaterial, newly electrospun elastomeric PSS scaffolds and the use 

of this polymer as a coating material for aligned polycaprolactone fibres. The results 

demonstrate that this newly developed biomaterial has tuneable mechanical properties, good 

cytocompatibility and a slow degradation rate, as well as the possibility that this biomaterial 

could be fabricated as an elastic scaffold, specifically through the use of an electrospinning 

technique. This technique may be a promising candidate in the application of soft tissue 

engineering, particularly with respect to drug delivery systems. In addition, this thesis proves 

that PSS biomaterials can be utilised as coating agents in order to enhance the hydrophilicity of 

polycaprolactone aligned fibres. Future work will focus on the completion of in vivo studies, 

using different types of cells for soft tissue engineering, simultaneously studying cells’ 

behaviour on the modified PSS surface; this can be achieved through the use of different surface 

modification techniques. 
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