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Hydrogels have been used widely in biomaterial applications, mainly due to their low 

interfacial tension, useful swelling properties and high lubricity.  In addition to their promising 

biocompatibility characteristics, certain hydrogels are desirable in the biomedical field due to 

their sensitivity to the physiological or biological environment where they are used.  There are 

many current applications for hydrogels, and this includes 8,000 different kinds of medical 

devices and 40,000 different pharmaceutical preparations. This research aims to develop and 

characterise the physically cross-linked PVA hydrogels with different sizes range from centi- 

to micro- to nano- meter in macroscopic, microscopic and nanoscopic viewpoint for drug 

delivery applications (Figure 1). Freeze-thawing and thermal annealing were the physical 

crosslinking methods used to prepare the PVA hydrogels. Water-soluble drugs (i.e. caffeine, 

doxorubicin hydrochloride, propolis extract) and poorly water-soluble drugs (i.e. ciprofloxacin, 

clarithromycin) were incorporated into these PVA hydrogels to study their drug release kinetics.  

In the macro point of view, although freeze-thawed hydrogels have been deeply studied 

in the literature, uniaxial stretching hydrogels in between freeze-thawing cycles could further 

improve its mechanical properties. It suggested that the orientated PVA hydrogel provided an 

immediate full caffeine release in 15-20 min. Furthermore, PVA hydrogel was made into 

spheres to increase its surface area. The PVA spheres provide an immediate full ciprofloxacin 

or caffeine release within 60 min. Both orientated PVA hydrogels and PVA spheres followed 

Hixson-Crowell release kinetics and were found to be non-toxic to NIH 3T3 fibroblast cells. 

The field of biomedical applications for hydrogels required the development of 

nanostructures with specific controlled diameter and mechanical properties. Nanofibres were 

ideal candidates for these advanced requirements, and one of the easiest techniques that can 

produce nanostructured materials in fibrous form was the electrospinning process. 

Electrospinning demonstrated extreme versatility, allowing the use of different polymers for 

tailoring properties and applications. The thermal annealed PVA/PAA bilayer nanofibres gave 

a dual drug delivery of clarithromycin and doxorubicin hydrochloride for osteosarcoma 

treatment. The U2OS osteosarcoma cells viability was effectively decreased with the 

combination of both drugs. Furthermore, the freeze-thawed PVA+propolis nanofibres showed 

a bi-phasic drug release with an initial burst drug release in first 30 min and followed by a 

much slower release for 8 h. 

Finally, all these novel hydrogels have the potential to be produced as new 

commercialise products in biomedical area mainly in drug delivery applications because of 

their tunable hydrogel preparation process, intrinsic biocompatible and non-toxic 

characteristics. 
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Figure 1: Schematic diagram of the work detailed in this project.
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The project mainly aims to develop novel PVA hydrogels from centi- to micro- to nano- meter. 

It also aims to incorporate an active pharmaceutical ingredient (API) into these novel polymer 

matrices to study their drug delivery system. It is believed that by decreasing the surface area 

of the systems, the drug can have a better encapsulation and further improve its drug delivery 

mechanism. By making these modifications, prepared hydrogels could be used for drug 

delivery and tissue engineering in the field of biomedical application.  

 

The objectives of the study are listed as follow: 

(i) To prepare (a) the PVA hydrogels with repeated F/T cycles and uniaxial orientation 

cycles, (b) the PVA sphere with repeated F/T cycles, (c) the thermal annealed 

PVA/PAA bilayer electrospun nanofibres and (d) the F/T PVA electrospun 

nanofibres. 

(ii) To characterise the mechanical and chemical properties of the (a), (b), (c) and (d) 

PVA hydrogel samples. 

(iii) To evaluate the in vitro drug delivery of (a), (b), (c) and (d) PVA hydrogel samples 

by incorporating different drugs which included caffeine, ciprofloxacin, 

doxorubicin hydrochloride, clarithromycin and propolis extract. 

(iv) To evaluate the cell viability on (a), (b) and (c) PVA hydrogel samples in 

accordance with ISO 10993-5:2009.  

 

The detail of the project is illustrated using a flowchart.

 

Figure 2: The milestone of the project. 

Study 1: The synthesis and characterisation of non-
orientated and orientated physically crosslinked Polyvinyl 
alcohol hydrogels.

Study 2: Synthesis and characterisation of freeze-thawed 
Polyvinyl alcohol spheres.

Study 3: Synthesis and characterisation of electrospun 
Polyvinyl alcohol/Polyacrylics acid bilayer nanofibres using 
thermal treatment and electrospinning technology.

Study 4: Synthesis and characterisation of electrospun 
Polyvinyl alcohol nanofibres using  freeze-thawing and 
electrospinning technology.

Finalised all three studies.
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1.1 PVA  

PVA is a synthetic polymer that commonly composed by vinyl acetate monomer. Vinyl alcohol 

is not the precursor of PVA because vinyl alcohol itself is an unstable liquid compound. Thus, 

the PVA is produced by carrying out the following two steps (Figure 1.1) : (1) free radical 

vinyl polymerisation of vinyl acetate monomer, (2) hydrolysis (methanolysis) of polyvinyl 

acetate using an alcohol, methanol with an alkaline catalyst, sodium hydroxide [1].  

 

                                             

Figure 1.1: Production of PVA.  

 

Different molecular weight (MW), degree of polymerisation and degree of hydrolysis can 

produce different properties of PVA in physical properties, chemical properties, gelation time, 

the density of crystallites and solubility [2], [3].  

 

1.1.1 PVA molecular weight  

The increase in PVA MW commonly translates to have longer polymer chains. PVA with 

higher MW improves the mechanical properties of polymer materials in term of tensile strength, 

Young’s modulus and elongation at break [4]. The MW is closely related to PVA solution 

concentration. Higher mechanical properties can be obtained by increasing the PVA solution 

concentration with MW parameter kept constant. For example, 10% w/v PVA has better 

mechanical properties than 5% w/v PVA at the same MW because the PVA with higher 

concentration increases the viscosity and creates a more compact network [5]. MW can also 

vary the specific functional uses of PVA, namely solubility in water, degree of swelling, 

crystallisation, etc. [6].  

 

vinyl acetate Polyvinyl acetate Polyvinyl alcohol 

Free Radical vinyl 
polymerisation  

Methanolysis  
NaOH 

(catalyst) 
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1.1.2 Degree of polymerisation 

The degree of polymerisation is a fundamental characteristic that determines the physical 

properties of polymer materials. It is depending on the number of repeating monomer units, in 

a polymer chain. For example, PVA is composed of repeating units [CH2CH(OH)]n where “n” 

is an integer number that indicates the degree of polymerization. The chemical structure of 

PVA occurred in head-to-tail configuration is shown in  Figure 1.2 [7].  
 

  
Figure 1.2: Schematic chemical structure of highly hydrolysed (>98%) PVA [8].  

 

PVA can form highly swollen gels due to its polymer backbone chemistry [9]. The network of 

polymer chains contains a large number of hydrophilic side chains of hydroxyl groups [-OH] 

that responsible for trapping water without dissolving in the polymer matrix [9], [10].  In 

addition, the [-OH] groups also help to form strong hydrogen bonds between hydroxyl groups 

of the neighbouring chain in highly hydrolysed (>98%) PVA [11].  

 

1.1.3 Degree of hydrolysis 

The degree of hydrolysis is explained as the mole% of the residual acetate groups (1-x) over 

the hydroxyl groups (x) along the PVA chain [12]. It was classified into two categories: 

partially hydrolysed and fully hydrolysed PVA [13]. The lower the degree of hydrolysis, the 

higher the number of acetate groups contained in the polymer chain, the lower the number of 

hydrogen bonding formation. Therefore, in Figure 1.3 shows that PVA with a low degree of 

hydrolysis (<88%) results in a larger interchain separation distance that weakens the 

intermolecular hydrogen bonding interactions between nearby hydroxyl groups due to bulky 
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acetate groups [11], [12]. Therefore, partially hydrolysed PVA is more soluble in water when 

compared to fully hydrolysed PVA. 

 

 
Figure 1.3: Schematic chemical structure of low degree hydrolysed (<88%) PVA [2].   

 

PVA with a high degree of hydrolysis in the range of 98% and 99% has a smaller PVA 

interchain separation distance and stronger hydrogen bonding because it has a lower number 

of acetate groups. The strength of intermolecular physical interactions (hydrogen bonds) can 

cause a competition between polymer–solvent and polymer–polymer interactions during the 

physical formation of PVA hydrogel [12], [14]. If under the condition where there is a PVA 

with a higher degree of hydrolysis and a good solvent, the polymer–solvent interaction will 

become stronger [15]. Whereas, the fully hydrolysed PVA has the greater extent of hydrogen 

bonding than the partially hydrolysed PVA. It causes a lower solubility or insoluble in water. 

Dissolution will only occur when PVA is heated at the temperature above 85°C to break up the 

strong H-bonding [16]. Moreover, the influence of degree in hydrolysis increases with 

increasing rigidness of the hydrogel.  

 

1.2 PVA hydrogel 

As a biomaterial, PVA hydrogel plays a major role in the biomedical application. PVA is a 

hydrophilic polymer that capable of trapping water and offers the possibility of attaching drugs, 

small molecules and cells [17]. In addition, PVA hydrogel has great biocompatibility and is 

biodegradable. Hence it has a great potential to produce as a product for wound dressing, tissue 

regeneration and drug delivery system [12].  

Acetate 
group 
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1.2.1 Chemically and physically cross-linked hydrogel 

The linear PVA polymer chains in an aqueous PVA solution can be either chemically cross-

linked (Figure 1.4a) or physically cross-linked (Figure 1.4b) in order to form a PVA hydrogel 

[18], [19]. The chemical crosslinked hydrogel is prepared by polymerization of PVA 

monomers in the presence of a crosslinker. While the physically crosslinked hydrogel is formed 

without a chemical reaction. The differences between chemically cross-linked and physically 

cross-linked hydrogels are further illustrated in Table 1.1 [20], [21]. In this project, the 

crystallisation method called freeze-thawing technique was used to produce the physically 

cross-linked hydrogels. 

 

Table 1.1: Chemically cross-linked hydrogels and physically cross-linked hydrogels. 

Chemically cross-linked hydrogels Physically cross-linked hydrogels 

Polymer chains are covalently cross-linked 

by molecular bond 

Polymer chains are non-covalently cross-

linked by molecular entanglements and 

secondary forces including ionic, H-bonding 

or hydrophobic forces.  

“Permanent” hydrogel 

Good mechanical stability 

“Reversible” hydrogel 

Low mechanical strength  

Not influenced by external factors, such as 

pH, temperature or mechanical strains. 

Influence by environmental conditions, such 

as pH, temperature and the ionic strength of 

a solution  

Will degrades, disintegrates and eventually 

dissolves  

Chemical crosslinking methods by:  

a. radical polymerization 

b. chemical reaction of complementary 

groups 

c. high energy irradiation 

d. using enzymes 

 

Physical crosslinking methods by:  

a. ionic interactions  

b. crystallisation 

c. hydrogen bonds 

d. protein interactions 

e. using amphiphilic block and graft 

copolymers 
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Figure 1.4: Schematics of polymer hydrogels.  (a) Chemically cross-linked gel by free-
radical polymerization [22] (b) Physically cross-linked gel by repeated freeze and thaw 
[14]. 

 

 

Figure 1.5: Schematic diagram of a freeze-thawing process in PVA hydrogel [23]. When 

the PVA solution was frozen, the PVA molecules induce the formation of small crystalline. 

In the meantime, the formation of ice crystals also occured. A macroporous hydrogel is 

then formed after the frozen solvent is completely thawed.  
 



 Chapter 1 Literature Review 

9 
 

 

1.2.2 The synthesis of PVA hydrogel by Freeze-Thaw technique 

The freeze-thaw technique is a cryogenic route [24], which considered as the physical 

crosslinking method by crystallisation. It is being widely used and first discovered by Peppas 

in the year 1975 for various pharmaceutical and medical applications. The freeze-thaw 

technique is a simple way to induce good elastic, stronger and high dimensional stability 

hydrogels due to the formation of hydrogen bonds which act as physical crosslinking sites in 

the PVA polymer network during crystallisation [14], [25]. The crystallisation process of PVA 

molecules can eventually induce the formation of small crystalline nuclei [24], [26]–[28] 

during the freezing step (Figure 1.5). In the meantime, the formation of ice crystals provides a 

mechanism for the development of side-by-side polymer chains associations. Subsequently, a 

macroporous hydrogel is formed after the frozen solvent is completely thawed [23].  

 

The major limitations of soft, biocompatible hydrogels are their relatively poor mechanical 

properties and low elastic modulus compared with those polymers that are solid and less 

biocompatible (e.g. metals, alloys) in term of mechanical beghaviour [9]. For instance, the 

‘gripping’ of PVA hydrogels for tensile testing can be problematic as they are soft and difficult 

to handle. Moreover, the elastic modulus of PVA hydrogels are generally in kiloPascals, the 

tensile testing equipment might not be sensitive enough to determine the elastic modulus as 

they are optimised for the range of Mega to GigaPascals [9]. Thus, high mechanical and tensile 

strength hydrogel is investigated by varying the number of freezing and thawing cycles which 

assist to intensify existing crystals within the PVA structure [29].  In addition, the benefit of 

using F/T technique is these hydrogels will not manifest chemical residual due to the absence 

of crosslinking agents, especially emulsifier involved in the formation of hydrogel [19]. The 

hydrogels also give a high water content and elastic mechanical character after several F/T 

cycles [30]. 

 

There are two methods to go through the freezing process: fast freezing methods such as 

dipping in liquid nitrogen and low freezing methods such as putting in an extremely low- 

temperature freezer. The different rate of freezing and rate of thawing can produce different 

size of ice crystals. For example, fast freezing generates small and discrete ice crystals matrix 

structure which prevent network stabilisation, whereas slow freezing gives sufficient time to 

form large, contiguous ice crystals and hydrogen bonds [14], [31]. 
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1.2.3 The crystalline effect on freeze-thawed hydrogel 

The strength of PVA hydrogels is determined by their crystalline effect, particularly on 

crystallisation [32]. Crystallisation is the primary mechanism accountable for the mechanical 

properties during a freeze-thawing process [33]. The crystalline portion is dependent on the 

numbers of [-OH] groups and hydrogen bonds from the PVA precursor [12]. Figure 1.6 shown 

that during the unidirectional freezing process, the water within the hydrogel freezes and 

forcing the PVA chains into close contact with each other, thus decreasing the distance between 

the PVA interchains, assisting the formation of crystallites and hydrogen bonding [32], [33].  

 

 
Figure 1.6: The formation of directionally arranged crystalline regions in Directional 
Freezing–Thawing (DFT) technique PVA hydrogels [32]. 

 

The crystallinity and mechanical properties have influenced by the amount of freeze-thawed 

cycles. An increase of the number of F/T cycles can assist to intensify existing crystals within 

the PVA network structure and resulting in the formation of a more ordered and homogeneous 

PVA hydrogel structure. It is a fact that the amount of F/T cycles is proportional to the degree 

of crystallinity, but up to a limiting value, which arises from the increase of C-C stretching 

during the process [14]. In FTIR analysis, an absorption peak at 1141 cm-1 can determine a 

crystalline effect that takes place in the hydrogel [27]. By observing the opaque nature of 

hydrogel during thawing also able to determine the presence or absence of crystallisation [14]. 
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Ricciardi et al. have stated if a hydrogel reaches a high level of crystallinity, it would lose its 

elasticity and become rigid and breakable, whereas if the hydrogel has a low level of 

crystallinity, it is poorly coherent [34]. Thus, the number of F/T cycles should be considered 

to achieve the desired hydrogel, whether a viscoelastic or non-elastic hydrogel needed.  

 

Further research found that mechanical strength of hydrogel also determined by the additional 

mechanisms, called phase separation and PVA densification during the freeze-thaw process, 

which ease the development of PVA crystalline regions and continue to exist after thawing 

[33]. However, this only occurred significantly after the third freeze-thaw cycles when 

crystallisation reaches the plateau level, particularly through at least six cycles [14], [33]. In 

addition, the combination of PVA hydrogel with other types of polymers and chemical such as 

Poly (acrylic acid) (PAA), NaOH, HCl, NaCl and DMSO can increase the mechanical strength 

of hydrogel than those containing only water [27], [28], [35].  

 

1.3 Morphology of hydrogel and orientated hydrogel 

Hydrogel structures had reported having three different type of networks: fibrillar network [30], 

irregular porous network [18] and honeycomb-like structure [25]. Hydrogel prepared using F/T 

method have a highly porous fibrillar structure (Figure 1.7) on the surface via scanning 

electron microscopy (SEM). The size of ice crystals produced in the polymer-depleted pockets 

increased through repeated freezing steps. Water act as a porogen in polymer solution. During 

the thawing steps, the ice crystals melt and leave the porous structure of the hydrogel keep 

intact [34]. The repeated F/T cycles can increase the stability of the network structure and 

become denser because of an increase in polymer chains entanglement [30].  
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Figure 1.7: SEM image of a pure PVA hydrogel underwent eight F/T cycles [36]. 

 

An additional mechanical stretching applies to the hydrogel can induce a uniaxial polymer 

chain alignment. The research group of Choi visualised a linear pattern in the direction of 

stretching of the hydrogel and a randomly arranged structure on the control hydrogel (Figure 

1.8) [37]. In addition, the orientated hydrogel showed the improvement of the mechanical 

property. In the studies of alginate hydrogel microfibres, the stretched alginate hydrogel can 

lift up a 10 g metal pillar but the typical hydrogel of the same composition cannot withstand 

such manipulation, this indicated the enhancement of tensile strength of the hydrogel was 

attributed to the applied stretching [38]. Moreover, the influence of polymer chains alignment 

on the orientated hydrogel increase with increasing cell adhesion and proliferation on or within 

the orientated polymer matrix. The research group of Wang has investigated that the growth of 

cells is aligned almost perpendicularly to the stretching direction [39].  
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Figure 1.8: SEM of Ba-alginate/PAM hybrid hydrogel prepared (a) without stretching 
and (b) with stretching to 300% of its initial length [37]. 

 

1.4 PVA hydrogels for drug delivery  

Some drugs are difficult to absorb by the body via oral and parental administration because 

they may be easily digested in the gastrointestinal tract, are poorly water-soluble and have short 

biological half-life after injection. Thus the development of viable hydrogel drug delivery 

system can solve the above problems by injecting the drugs into the gels or apply on the desired 

part of the body either as an implant or biomedical dressing to sustain and control the 

continuous drug delivery temporally and spatially with a high oxygen permeability and low 

protein adsorption [10], [19], [40]. 

 

Moreover, there are difficulties related to drug dissolution in water. As some of the drugs are 

thermo-, light- or pH-sensitive and may affect the efficiency of drug delivery system. Therefore, 

these types of drugs are encouraged to incorporate with a stimuli-sensitive or smart hydrogel 

for controlled delivery of drugs. For example, a pH-responsive polymer PAA is mixed with 

PVA to produce a promising hydrogel that can delivery API dependent on the environmental 

pH and ionic strength to a particular location in the body [41].   

 

In the study, the degree of drug release is controlled by the numbers of F/T cycles, which is 

closely linked with the degree of PVA hydrogel physically cross-linking [19], [26]. The 

repeated F/T cycles will increase the formation of crystallites and super-molecular structure; 

consequently, give a denser crosslinking structure of hydrogel, and resulting in a decrease of 

hydrogel matrix permeability to release the drug from a hydrogel. By varying the numbers of 

F/T cycles, different rate of drug release from hydrogel can be achieved [19]. 
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PVA hydrogels that have been undergone several F/T cycles show significant improvement in 

the long-term stability, high tensile strength, high elastic mechanical character and demonstrate 

a high degree of swelling in water [26], [30]. In addition, these physically crosslinked gels do 

not involve any chemical crosslinking agents or emulsifying process that are toxic and affect 

the integrity of the biological samples to be entrapped [21]. They are non-irritating, non-

carcinogenic and acceptable in the body [32]. Therefore, the characteristic stated above make 

PVA hydrogel served as an ideal and desirable biomaterial to use as a controlled drug delivery 

system. PVA hydrogel is able to use for implantable devices as membranes or coatings; for 

pharmaceutical applications as dissolution and binding agents in tablets and as matrices for cell 

immobilization [42]. 

 

1.5 Electrospinning 

As in numerous technologies, hydrogels technology is being informed by nanotechnology. 

“Nano” comes from the Greek Nanos, meaning extremely small. Nanotechnology is the science 

of changing properties of materials at the molecular and atomic level [43]. The drive for 

materials with specific sizes and geometry has made an enormous impact on biomedical 

applications in terms of nanotechnology. The integration of nanotechnology into biomedical 

applications is called “nanomedicine”. One area of particular interest is electrospinning. It is 

one of the foremost nanotechnology applications to fabricate materials with sizes in the 

nanometer range. It is regarded as a versatile, inexpensive and simple methodology with 

positive outcomes for constructing of very compact and high-performance nanomaterials. It 

has widespread applications in nanomedicine and the potential to solve unmet medical needs 

in the future.  

 

The incorporation of the electrospinning technology with the biocompatibility and controlled 

biodegradable rate of hydrogels have driven the research of electrospun hydrogel composites 

for successful tissue engineering. These electrospun hydrogels are beneficial because they are 

having a hydrophilic polymeric network that is capable of trapping a large amount of water or 

biological fluid without dissolving in the polymer matrix and consequently giving a moist 

environment for cell seeding, migration and proliferation of cells. In addition, the electrospun 

hydrogels as drug loaded nanostructures pose great advantages in drug delivery system. The 

high drug encapsulation efficacy of the nanofibres prevents drug degradation and controls the 
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drug release rate into the human body either in a controlled way or fast dissolving rate. 

Moreover, in the medical diagnostic and therapeutic field, the surface area of electrospun 

nanofibres acts as an ultrasensitive biosensor to provide many highly specific binding sites for 

the detection of cancer cells [44], [45]. Besides the nanosized therapeutic agents encapsulated-

polymer is able to circulate in the bloodstream and allow them to reach the target site [46]. 

 

1.5.1 General principles of electrospinning  

Attributed to the protein adsorption and cells adhesion have been significantly improved in 

nanomaterials, there is an increasing recognition that a nano-sized biomaterial is very likely to 

be more bioactive than a micro-sized one [47]. Undeniably, the most applicable and 

controllable nano-sized biomaterial production method is electrospinning. This method allows 

the fabrication of filament-forming, super lightweight polymers, electrospun nanofibres from 

solutions and melts (polymer or polymer mixed) in the presence of an electric field. It is one 

of the few techniques used to create composite materials made up of two or more different 

materials [48]. The first development of electrostatic attraction of a fluid was investigated in 

the seventeenth century by the physician, William Gilbert [49]. After a duration of time of 

dramatic growth, the first patent for electrospun nanofibres was issued in the year 1902 by 

William James Morton titled ‘Method of Dispersing Fluid’ [50].  

 

An electrospinning apparatus setup (Figure 1.9) comprises of three main parts: a high voltage 

generator, a syringe pump and a collector plate. Initially, a syringe pump containing polymer 

solution with a metal needle tip is connected to the positive electrode of the power supply 

generator, while the grounded electrode is connected to a collector plate on the opposite end. 

Subsequently, a high voltage is applied in the system to create an electric field between the tip 

of the needle and the collector plate, which helps to cross-link the polymer chains during the 

electrospinning process. The polymer solution acts as a charged carrier transferring the 

electricity over to the side of the collector with no charge and this can result in a potential 

voltage difference between the polymer solution and the collection plate [51]. When the 

relatively weak surface tension of the charged solution droplet is overwhelmed by a strong 

electrostatic force, the droplet is distorted and forms a conical shape known as a Taylor cone. 

The distortion is continued and leads to an electrically charged jet ejection which draws the 

aligned thin polymer fibres to accelerate toward the collector [52]–[55]. In the electrospinning 

process, the solvent evaporates and leaves the dry nanofibres deposited on the collector [51]. 
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Figure 1.9: Schematic diagram of setting up of electrospinning apparatus (a) vertical set 
up and (b) horizontal set up of electrospinning apparatus [56]. 

 

There are a number of conventional techniques available for the fabrication of nanofibres for 

use in tissue engineering, including electrospinning [57], rotary jet spinning [58], self-assembly 

[59], sol–gel methods [60], phase separation [61], melt-blow [62], melt spinning [63] and 

template synthesis [39]. Out of all of these methods, electrospinning tends to have the most 

remarkable effects in relation to the size and shape of fibres, which is similar to the extracellular 

matrix (ECM). Unlike the use of mechanical forces to draw nanofibres via conventional 

spinning processes (i.e. melt spinning) [52], the electrostatic force acts as a driving mechanism 

in electrospinning to produce nanofibres which have a uniform, non-beaded and ultrafine 

morphologies (Figure 1.10) [55], [64].  
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Figure 1.10: Scanning Electron Microscopy (SEM) photograph of PVA electrospun 
nanofibres at 2.00 KX magnification [65]. 

 

1.5.2 The impact of various parameters on the electrospinning process for nanofibre 

morphology 

Many experiments have been done to determine the effects of various parameters on 

morphological structures and diameters of electrospun nanofibres. The polymer solution 

parameters, processing parameters, and ambient parameters (Figure 1.11) are three main 

groups of factors that can affect the nanofibre morphology such as the diameter of the nanofibre 

and the shape (i.e., bead, non-bead, flat) of the nanofibre [66]. Through appropriate adjustment 

of different variables from those parameters, different surface morphology of nanofibres can 

be generated [52], [64], [67], [68], as illustrated in Figure 1.12. However, not all the variables 

listed in Figure 1.11 are fundamental control parameters nor are they independent of each other. 

For example, applied voltage, target distance and electric field are all interconnected [69]. The 

fact that one variable can influence one or more parameters, it is ideal to change the setting of 

one variable at a time.  
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Figure 1.11: Polymer solution, electrospinning process and ambient parameters that 
affect the characteristics of electrospun nanofibres. 
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Figure 1.12: The effect of (A) solution parameters and (B) solution and processing 
parameters on the surface morphology of electrospun nanofibres during electrospinning 
[70]. 

 

1.5.2.1 Polymer solution parameters 

Chain entanglement is considered to be one of many parameters that can significantly influence 

fibre formation during polymer electrospinning [69] and it can be varied depending on both 

fundamental variables: the polymer MW and concentration. The chain entanglement plays a 

major role in stabilising the fibrous structure. If the chain entanglements in the solution are 

insufficient to stabilise the solution jet, only beads will form during electrospinning [71]. The 
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establishment of the optimum ranges for concentration and MW is desirable to ensure stable 

nanofibre formation. It is well known for a given MW, the entanglement density varies 

exponentially with concentration [72]. Alternatively, the same result is achieved at a fixed 

polymer concentration by increasing MW [69]. It is also known that the polymer concentration 

and MW may have a significant effect on electrical conductivity and on fibres diameter [68].  

 

 

Furthermore, both the increase of polymer concentration and MW also result in a 

corresponding increase in solution viscosity, [η] [73]. The Mark-Houwink-Sakurada equation 

is relating the intrinsic viscosity to the MW of a linear polymer,  

[𝜂𝜂] = 𝐾𝐾𝑀𝑀𝑎𝑎    (1) 

where the empirical constants K and a depending on the polymer, solvent and temperature [74]. 

For example, Tacx et al. have obtained the Mark–Houwink relationship for PVA in different 

solvent and temperature. There were [η] = 1.51 × 10-4 M 0.804 for PVA in DMSO at 65°C, [η] 

=3.54 × 10-4 M 0.692 for PVA in ethylene glycol at 140°C and [η] =6.51 × 10-4 M0.628 for PVA 

in water at 30°C [75]. This equation has provided a simple approach for characterising the 

intrinsic viscosity of a polymer and can be used for determining the Berry number (Be).  Due 

to the relationship between intrinsic viscosity and the concentration is normalized with respect 

to the Berry number,  

𝐵𝐵𝐵𝐵 = [𝜂𝜂]𝐶𝐶       (2) 

where [η] is the intrinsic viscosity and C is the solution concentration [76]. The Berry number 

is generally used by the researchers as a processing index for controlling t he diameter of 

electrospun nanofibres [77].  

 

At a constant concentration, the morphological transition is defined from beads to beaded fibres, 

to complete fibres and to flat fibres with the increase of MW. When the Berry number is greater 

than 4 ([η]C>4), where the solution is under a semi-dilute entangled regime, the polymer chains 

in the solution begin to entangle with each other and the solution viscosity increases 

significantly. A fibrous structure could not be stabilised when the Berry number was lower than 

9 ([η]C<9), the fibres exhibit a circular cross-section with a diameter between 500 nm and 1.25 

Am and a bead-on-string structure will obtain, indicating the resistance of the jet to an 

extensional flow. A fully stabilised fibrous structure is obtained normally at [η]C>9, indicating 

that a minimum degree of chain entanglement is needed for producing fibrous structures. While, 
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the gradual shift from circular fibres to flat fibres starts at a Berry number of 12 ([η]C≥12) [68], 

[78]. 

 

The solution viscosity also gives the polymer a low surface tension, which is desirable in 

electrospinning. It has been established that the lower the surface tension, the lower the critical 

voltage needed for jet ejection from Taylor’s cone [68].   

 

1.5.2.2 Processing parameters 

By changing the distance between the capillary tip and collection screen, the applied electric 

field between the tips and collector is altered and affect the formation of the fibrous membranes. 

Owing to the distance increase, the fibres are continually stretched and thinned within the 

whipping region, resulting in smaller fibre diameters [79]. Bead generation will appear if the 

distance is too large or too small [80]. Moreover, there is a direct impact on the fibre diameter 

by influencing the injection needle tip diameter and flow rate. Wang et al. reported that the 

fibre diameter becomes smaller with a smaller injection needle tip diameter and increased 

working distance [81]. In addition, Rodoplu et al. observed that a decrease in the flow rate 

increased the fibre diameter with smaller bead size within the nanofibre structure. A non-

beaded nanofibre structure can be obtained by gradually decreasing the solution flow rate with 

other parameters are held constant. Yet it is necessary to increase the voltage if there is a 

significant decrease in flow rate in order for the electrospinning to take place [55]. 

 

Another process parameter is the type of collector (i.e. plane plate collector, rotating drum 

collector, edge type collector and grid type collector) that can vary the structural arrangement 

of electrospun fibres as randomly orientated fibrous mats, or as uniaxially aligned arrays [82].  

A plane plate collector is usually used to collect randomly orientated mat. A rotating drum 

collector can collect either randomly orientated nanofibres or aligned nanofibres over a large 

surface area and uniform layer-by-layer 3D structure. Aligned and smaller diameter fibres are 

produced with an increase in the rotation speed of the collector [83]. Whereas, randomly 

orientated fibres with increasing fibre diameter are observed when the rotation speed decreased.  

 

1.5.2.3 Ambient parameters 

In addition to the effects of controlled processing and solution parameters on fibre morphology 

and properties, the influence of ambient parameters such as humidity, temperatures and air 

velocity in the electrospinning chamber were investigated. Nezarati et al. reported that fibre 
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breakage occurs at low humidity due to decreased electrostatic discharge from the jet. However, 

a high humidity level did not guarantee the fibres formation, it was dependent on the polymer 

hydrophobicity, solvent volatility and miscibility with water. Furthermore, the humidity also 

directly influences the number of pores on the fibre. In part, the number of surface pores is 

formed via vapour-induced phase separation and increased with a high evaporation rate of the 

highly volatile solvent at a high humidity level [80], [84].  

 

1.5.3 Electrospun nanofibres configuration  

The electrospinning is said to be highly versatile because instead of having the conventional 

nanofibers configuration, the electrospun nanofibers are likely to encapsulate the bioactive 

agents such as growth factors and drugs with a variety of configurations (Figure 1.13), namely 

co-axial (core/sheath), blend and emulsion configuration using different fabrication strategies 

[85], [86]. For example, the research group of Yu (2013) has produced a core/sheath nanofibers 

structure using the co-axial electrospinning system. The core and sheath polymer solutions 

were prior put into two separate syringes. Once the process of electrospinning was initiated, 

two polymer matrixes were then combined together and formed the core/sheath nanofibers. In 

the study, the model drug, ketoprofen was distributed evenly to the sheath polymer, 

polyvinylpyrrolidone (PVP) and the core matrix, ethyl cellulose (EC) in order to provide a 

biphasic drug release profiles which consisted both immediate and sustained drug release rate 

[87]. In addition, as outlined by Said et al., it is possible to have a combination of blend and 

emulsion electrospinning technique to form the dual-loaded poly (ester amide) (PEA) 

nanofibers loaded with the fibroblast growth factor-2 (FGF2) and fibroblast growth factor-9 

(FGF9). The FGF2 was blended into the PEA solution, while FGF9 was emulsified in the 

polymer solution. Both of the formulations were then mixed together for electrospinning. This 

new nanofibers configuration has shown an efficient differential release of the two growth 

factors in a controlled delivery strategy [88]. 
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Figure 1.13: Electrospinning fabrication strategies employed to form several 
configurations (A) co-axial [87], (B) blend [89] and (C) emulsion [90]. 

 

1.5.4 Mass production of electrospun nanofibres 

Electrospun nanofibres tend to contribute excellent control over nanofibre dimensions and 

alignment with lengths measuring up to kilometers as well as having an average diameter of 

submicrometers to tens of nanometers [52], [91], [92]. However, electrospun materials are not 

very cost-effective and economical. Major setback to commercialise the electrospinning 

products is its low production rate [93], the traditional nanofibre production is not up to speed. 

Furthermore, clogging of the needles a very important drawback in the conventional 

electrospinning mechanism which resulted in the development of free surface needleless 

electrospinning technique [94].   
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To be relevant for mass production, various types of electrospinning technologies have been 

developed to enable industrial level production by many dedicated companies. The advanced 

technology is categorised into two types: multi nozzles electrospinning and needless 

electrospinning. Figure 1.14 showed several techniques used by the electrospinning equipment 

companies that enable to achieve high throughput nanofiber production. The electrospinning 

system with needleless, free liquid technology is used in some companies such as SKE 

Research Equipment, Elmarco, Respilon and Stellenbosch Nanofiber Company (SNC). These 

needleless electrospinning techniques included the Needleless Version (EF500) from SKE 

Research Equipment and the Needle-free Nanospider™ electrospinning technology from 

Elmarco by distributing spinning solution onto electrode wire to speed up the electrospinning 

process (Figure 1.14a) as well as the SNC BEST™ Ball ElectroSpinning Technology from 

SNC with the nanofibres produced from the thin layer of spinning solution on the surface of a 

ball (Figure 1.14b). In addition, there are some companies such as Pardam Nano4fibers and 

Areka Advanced Technologies using the multiple nozzle electrospinning technology. These 

techniques included the Nanocentrino™ from Areka by using centrifugal forces to spin 

nanofibers (Figure 1.14c) and the Hybrid Electrospinning Technology from Inovenso (Figure 

1.14d).  

 

           

   

Figure 1.14: Techniques used to scale up nanofiber production line. (a) Needle-free 
Nanospider™ electrospinning technology, (b) SNC BEST™ Ball ElectroSpinning 
Technology, (c) Nanocentrino™, (d) Hybrid Electrospinning Technology. 

a b 

c d 
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The number of electrospun nanofibres products will be highly achievable for even diversified 

applications including liquid/air filtration, face masking/respiratory protective device, 

biomedical, laboratory tissue culture, cosmetics, fabrics, furniture and pest control, when the 

scaling-up of the electrospinning apparatus to commercial level units is feasible.  

 

1.5.5 Perspective applications of electrospun hydrogels 

The work in the past regarding electrospinning has mainly focused on determining suitable 

settings for electrospinning of various polymers and on understanding the important features 

of the preparation process with the purpose of gaining control of electrospun nanofibre 

morphology, configuration, porosity and etc. [52]. In contrast, the recent works are focused on 

introducing different types of organic materials (i.e. plant-based materials, biologics, 

nanoformulated vitamins) into hydrogels via electrospinning. Animal-based, plant-based and 

natural nanofibres are used for therapeutic approaches, yet plant-based materials are rarely used 

for electrospinning. Zhang et al. have analysed that there are only around a hundred 

publications on plant extract among all the journal articles (i.e. Cissus quadrangularis and 

Asian Panax Ginseng root) from the year 2008-2016 when compared with the total amount of 

papers published annually on electrospinning. The plant extracts are found to give a positive 

effect on the hydrophilicity and mechanical properties of nanofibres.  

 

1.5.6 Commercial activity of electrospun nanofibers 

Up to July-2020, 56,240 document results were found to be published in a basic search (article 

title, abstract, keywords) conducted using the Scopus database with the term “nanofibers” and 

29,295 electrospinning-related published documents were found within the previous results 

with the term of “electrospinning”. It can be seen that nanofibers were majority produced using 

electrospinning technique. In addition, when come to patenting, a patent search (source: 

European Patent Office; term searched: “electrospinning” in title or abstract only) returned 

4,789 patents had been filed around the world and with further include the term of 

[“electrospinning” and “nanofibers”] 886 patents were found. The Top 3 countries that 

contribute the highest number of patents includes China, Korean and United State. Despite the 

high number of patent applications related to electrospun nanofibers, the electrospun 

nanofibers products in the market are still considered less. The commercialised electrospun 

nanofibres products were mainly for liquid/air filtration, face masking/Respiratory protective 

device, biomedical and laboratory tissue culture applications. As seen in Table 1.1, there are 
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still require a huge effort to push the electrospun nanofibres for drug delivery applications to 

the market. 
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Table 1.2: Electrospun products available in the market produced by electrospinning for various applications. 

 
Product 
  

Company name and website Country  Description Polymer used 

Liquid and air filtration 
SpurTex® MF  SPUR Nanotechnologies  

https://www.spur.cz/   
Czech 
Republic 

Multilayer cleanable nanostructured filtration 
material for microfiltration of liquids. 

PU1, PVDF2, 
CA3 

SpurTex® MF RF  
 

SPUR Nanotechnologies  
https://www.spur.cz/   

Czech 
Republic 

Reinforced multilayer cleanable nanostructured 
filtration material for microfiltration on liquids. 

PU, PVDF 

RIFTELEN® N15 Filtrex and Pardam Nano4fibers 
joint developed 
https://riftelen.com/  

Ireland and 
Czech 
Republic 

Liquid food products filtration (desk filtration, 
bag and sleeve filtration, cartridge filters). 

PA4-6 

NnF MBRANE®  Pardam Nano4fibers  
https://www.nano4fibers.com/  

Czech 
Republic 

Polymeric nanofibrous membrane as filtration 
materials for water and air purification. 

PVDF, PVB5, 
PU, PCL6, 
PAN7, PA-6  

NanotrapTM filter Coway 
http://www.coway.com/  

South 
Korea 

Household water filter. - 

Technoweb™ 
nanofiber 

Finetex EnE  
http://www.ftene.com/  

South 
Korea 

Act as gas turbine filter, air pollution control, 
HVAC filter, automotive filter, liquid filter). 
Also, as face mask and window screen. 

- 

NanoFiber filter AstraPool  
https://www.astralpool.com/   

Spain Filtration system for residential pools. - 

                                                 
1 Polyurethane 
2 Polyvinylidene fluoride 
3 Cellulose acetate 
4 Polyamide 
5 Polyvinyl butyral 
6 Polycaprolactone 
7 Polyacrylonitrile 

http://www.spur-nanotechnologies.cz/produkty/spurtex-fm-liquid-filtration
http://www.spur-nanotechnologies.cz/
https://www.spur.cz/
http://www.spur-nanotechnologies.cz/
https://www.spur.cz/
https://riftelen.com/
https://www.nano4fibers.com/
http://retail.coway-usa.com/sites/default/files/Catalog%203_0.pdf
http://liquico.com/
http://www.coway.com/
http://www.ftene.com/
http://www.astralpool.com/en/products-and-accessories-pools/novelties/
http://www.astralpool.com/en/
https://www.astralpool.com/
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FERENA Koken  
https://www.koken-ltd.co.jp/  

Japan Air filter unit used in KOACH (an open clean 
room system). 

Fluorine 
contained PVA8 
resin 

Seta® nanofiber  RevolutionFibres  
https://www.revolutionfibres.com/  

New 
Zealand 

Air filtration (Face mask, diffuser filter). - 

Home ventilation 
system using 
SETA™ diffuser 
filter 

HRV  
https://www.hrv.co.nz/  

New 
Zealand 

Home ventilation filtration. - 

Petryanov's filtering 
cloth 

Sorbent  
https://en.sorbent.su/  

Russia Filtering cloth, used for fine and super fine 
cleaning of air and other gases of fine aerosols. 

- 

HIFYBER® 

nanofiber 
Abalioglu Teknoloji  
http://www.hifyber.com/  

Turkey Filtration applications (gas turbine air intake 
filter, industrial dust collection, wire EDM 
filter, engine air intake filter, HVAC filter, 
cabin air filter, syringe filter, HEPA, facemask). 

- 

Mircograde NF filter MANN+HUMMEL  
https://www.mann-
filter.com/en/mann-filter/home/  

Germany Air Cleaner for commercial vehicles.  - 

Filtriq™ non-woven 
membrane  

Zeus  
https://www.zeusinc.com/  

USA Pharmaceutical filtration, aggressive liquid 
chemical filtration, air/gas filtration. Also used 
as fuel cell membranes, battery separator. 

PTFE9 

Exceed® filter ESpin Technologies 
http://www.espintechnologies.com/  

USA Residential and commercial buildings filters.  - 

Naked Filter Liquidity 
https://nakedfilter.com/  

USA Water bottle filter. - 

Ultra-Web® 

Cartridge filter 
Donaldson  
https://www.donaldson.com/en-be/  

USA Industrial dust collector. - 

                                                 
8 Polyvinyl alcohol 
9 Polytetrafluoroethylene 

http://www.koken-ltd.co.jp/english/koach/index.html
http://www.koken-ltd.co.jp/english/top.htm
https://www.koken-ltd.co.jp/
http://revolutionfibres.com/
https://www.revolutionfibres.com/
http://www.hrv.co.nz/ventilation/
http://www.hrv.co.nz/
https://www.hrv.co.nz/
http://www.sorbent.su/eng/production/fpp/
http://www.sorbent.su/eng/production/fpp/
http://www.sorbent.su/eng/production/fpp/
https://en.sorbent.su/
http://www.abaliogluteknoloji.com.tr/index.html#airfiltration
http://www.abaliogluteknoloji.com.tr/index.html#airfiltration
http://www.hifyber.com/
https://www.mann-hummel.com/
https://www.mann-filter.com/en/mann-filter/home/
https://www.mann-filter.com/en/mann-filter/home/
https://www.zeusinc.com/
http://www.espintechnologies.com/
https://nakedfilter.com/
http://www2.donaldson.com/tetratex/en-uk/pages/products/filters-for-vacuum-cleaners-sweepers.aspx
http://www2.donaldson.com/tetratex/en-uk/pages/products/filters-for-vacuum-cleaners-sweepers.aspx
http://www2.donaldson.com/
https://www.donaldson.com/en-be/
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Filter featuring 
ProTura® 

nanofiber technology 

Clark Filter 
https://www.parker.com/  

USA Cartridge style dust collector. - 

Filter featuring 
BHA® ProTura® SB 
Nano technology 

Parker Hannifin Corporation 
https://www.parker.com/  

USA  Cartridge style dust collector. - 

RESPILON® 
Window Membrane, 
RESPILON® 
Adjustable Screen 

RESPILON 
https://www.respilon.com/     

Czech 
Republic 

Nanofiber membrane installed on window - 

Face masking/Respiratory protective device 
INOFILTER® 95/99 
face mask 

Inovenso  
https://www.inovenso.com/  

Turkey N95 and N99 three-layer respiratory masks, 
produced using a patented novel technology 
“Hybrid Electrospinning”. 

PVDF 

BreaSAFE® ANTI-
COVID-19, 
BreaSAFE® 

ACTIVE carbon 

Pardam Nano4fibers  
https://www.nano4fibers.com/ 

Czech 
Republic 

Contained active silver with antimicrobial 
feature in the middle nanofibers layer, reusable, 
non-valve respirator. 

- 

Smart Mask  NASK  
http://nask.hk/  

Hong 
Kong, 
China 

N95, N99 and conventional surgical bacterial 
killing masks.  

- 

Virus Killer 
ReSpimask® VK, 
Virus Killer 
RespiPro VK 

RESPILON 
https://www.respilon.com/     

Czech 
Republic 

Respiratory protective equipment enriches with 
a layer of accelerated copper oxide. 

- 

Three-layer surgical 
face mask  

LEONARDINO  
http://leonardino.eu/  

Italy  Bacterial filtration efficiency 99.8%, start 
manufacturing to help Italy during the 
COVID19 emergency in 2020. 

- 

SpurTex® 
Nanorespirator V100 
FFP2, SpurTex® VS 
and SpurTex® PP 

SPUR Nanotechnologies  
https://www.spur.cz/en/  

Czech 
Republic 

3-layer or 5-layer face mask with high filtration 
performance nanomaterials. 

PVDF 

http://www.clarcorindustrialair.com/Products/Industrial-Filtration/UAS-Dust-Collectors/UAS-Equipment-Replacement-Filters/ProTura-Nanofiber-Technology
http://www.clarcorindustrialair.com/Products/Industrial-Filtration/UAS-Dust-Collectors/UAS-Equipment-Replacement-Filters/ProTura-Nanofiber-Technology
https://www.parker.com/
https://www.parker.com/
https://www.respilon.com/
https://www.inovenso.com/
https://www.nano4fibers.com/
http://nask.hk/
https://www.respilon.com/
http://leonardino.eu/
http://www.spur-nanotechnologies.cz/produkty/spurtex-fm-liquid-filtration
http://www.spur-nanotechnologies.cz/produkty/spurtex-fm-liquid-filtration
http://www.spur-nanotechnologies.cz/produkty/spurtex-fm-liquid-filtration
http://www.spur-nanotechnologies.cz/
https://www.spur.cz/en/
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Biomedical 
BiowebTM Zeus  

https://www.zeusinc.com/  
USA Scaffolding, stent encapsulation, implantable 

structures in the body. 
 

PTFE 

HealSmart™ 
Personalized 
Antimicrobial 
Dressings 

PolyRemedy  
https://polyremedy.com/  

USA Personalized, direct-to-patient wound dressings. HA10 

NanoCare™ Nanofiber solutions  
https://nanofibersolutions.com/  

USA Advanced wound healing mesh for veterinary 
use. 

- 

NanoWhiskers™ Nanofiber solutions  
https://nanofibersolutions.com/  

USA Injectable, micronized nanofibers for 
osteoarthritis and soft-tissue repair in the 
veterinary field. 

- 

ReBOSSIS® 
synthetic bone  

ORTHOReBIRTH  
https://orthorebirth.com/  

Japan and 
USA 

Biosynthetic bone scaffold, bone-void-filling 
material. 

Silicon and 
PLGA11 

AVflo™ vascular 
access graft 

Nicast  
http://nicast.com/  

Israel Vascular access for hemodialysis. PCU12 

PK Papyrus  BIOTRONIK 
https://www.biotronik.com/en-gb  

Germany Non-woven electrospun nanofibers covered 
coronary stent. 

PU 

NeoDura™  MEDPRIN 
https://medprin.com/  

Germany Absorbable dural repair patch. Synthetic 
material and 
porcine gelatin 

ReDuraTM dural 
patch 

MEDPRIN  
https://medprin.com/ 

Germany PLLA as dural substitute for dural defect repair.  PLLA13 

SpinCareTM Nanomedic  
https://nanomedic.com/  

Israel Wound dressing for any wound shape. Hydrogel 

Laboratory tissue culture 
                                                 
10 Hyaluronic Acid 
11 Poly(lactic-co-glycolic) acid 
12 Polycarbonate-urethane 
13 Poly-L-lactic acid 

http://www.zeusinc.com/advanced-products/bioweb
http://www.zeusinc.com/
https://www.zeusinc.com/
http://www.polyremedy.com/polyremedy-launches-healsmart-hyaluronic-acid-dressing-enhancement
http://www.polyremedy.com/polyremedy-launches-healsmart-hyaluronic-acid-dressing-enhancement
http://www.polyremedy.com/polyremedy-launches-healsmart-hyaluronic-acid-dressing-enhancement
http://www.polyremedy.com/polyremedy-launches-healsmart-hyaluronic-acid-dressing-enhancement
http://www.polyremedy.com/
https://polyremedy.com/
http://www.nanofibersolutions.com/
https://nanofibersolutions.com/
http://www.nanofibersolutions.com/
https://nanofibersolutions.com/
https://orthorebirth.com/
webaddresshttp://www.nicast.com/index.aspx?id=2930
webaddresshttp://www.nicast.com/index.aspx?id=2930
http://www.nicast.com/
http://nicast.com/
https://www.biotronik.com/en-gb
https://nanomedic.com/
http://www.medprin.com/en/proview.asp?id=4
http://www.medprin.com/en/index.asp
https://medprin.com/
https://nanomedic.com/
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BioPaperTM 3D 
fibrous scaffold 

DiPole Materials  
https://www.dipolematerials.com/  

USA 3D cell culture, drug screening and bioprinting. Porcine-derived 
Gelatin 

Cellspan™ 
Esophageal Implant 

Biostage  
https://www.biostage.com/  

USA Eesophagus regeneration. PC-PU14 

NanoECMTM, 
NanoAlignedTM, 
NanoHepTM cell 
culture plates  

Nanofiber Solutions  
https://nanofibersolutions.com/  

USA Cell culture, cancer research, stem cell, and 
regenerative medicine. 

PCL 

Cytoweb® Sheets ESpin Technologies 
http://www.espintechnologies.com/  

USA 3D cell culture. PLGA, PLLA, 
PDLA15, PCL, 
PU 

Tubular scaffold, 
disc scaffold  

SKE Research Equipment 
https://www.ske.it/  

Italy 3D cell culture and tissue engineering. Silk fibroin, 
PCL 

NBARE series  Nanofaber  
https://www.nanofaber.com/  

Italy 3D cell culture, for R&D activities only. PCL 

Mimetix® scaffolds  Electrospinning Company 
https://www.electrospinning.co.uk/  

United 
Kingdom 

3D cell culture. PLLA 

Cosmetics 
actiVLayr® eye 
mask 

RevolutionFibres  
https://www.revolutionfibres.com/ 

New 
Zealand 

Skin care. Marine 
Collagen- Type 
I, Hydrolysed 
Marine 
Collagen, HA 

Fabrics 
Nanodream RevolutionFibres  

https://www.revolutionfibres.com/ 
New 
Zealand 

Pillow liner. - 

SIMWyPES® ESpin Technologies 
http://www.espintechnologies.com/  

USA High performance dry wipes for removing dry 
dust in wood shop, paint shop, and finishing 
operations. 

- 

                                                 
14 Polycarbonate-based polyurethane 
15 Poly (D, L-lactide) 

https://www.dipolematerials.com/biopapers/
https://www.dipolematerials.com/
https://www.dipolematerials.com/
https://www.biostage.com/
http://www.nanofibersolutions.com/
http://www.nanofibersolutions.com/
http://www.nanofibersolutions.com/
http://www.nanofibersolutions.com/
http://www.nanofibersolutions.com/
https://nanofibersolutions.com/
http://www.espintechnologies.com/
http://www.ske.it/products/electrospun-scaffolds
http://www.ske.it/products/electrospun-scaffolds
https://www.ske.it/
https://www.nanofaber.com/
http://www.electrospinning.co.uk/
https://www.electrospinning.co.uk/
https://activlayr.com/
http://revolutionfibres.com/
https://www.revolutionfibres.com/
http://www.nanodream.co.nz/
http://revolutionfibres.com/
https://www.revolutionfibres.com/
http://www.espintechnologies.com/
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Nexture® fabrics  Finetex EnE  
http://www.ftene.com/  

South 
Korea 

Offer water and wind protection with a truly 
breathable difference. To be used for clothing 
and shoes. 

- 

Furniture 
Return focus pod 
featuring PhonixTM 

Collaboration between IQ 
Commercial and RevolutionFibres 
http://www.iqcommercial.co.nz/   

New 
Zealand 

Office partition with sound absorption function. - 

Pest control 
Bed Bug (With 
Pheromone Lure) 

FiberTrap 
https://fibertrap.com/  

USA Microfiber bed bug trap.  

Nanofibers manufacturing 
Xantu.Layr® RevolutionFibres 

https://www.revolutionfibres.com/  
New 
Zealand 

To be used in fibre reinforced thermoset 
polymer composite materials. Enhance 
mechanical performance of materials. 

- 

Wetlaid nonwoven 
fabrics 

Hirose  
https://www.hirose-paper-
mfg.co.jp/  

Japan To be used for medical, filter, fabric, food, 
daily necessities, print materials, battery 
separators, electronics-related materials, civil 
engineering construction. 

Polyester, 
Polyolefin, 
PPS16, Vinylon 

NnF CERAM®  Pardam Nano4fibers  
https://www.nano4fibers.com/  

Czech 
Republic 

Inorganic nanofibrous powders. To be used for 
Li-ion batteries anode or cathode, li-ion 
battery/fuel cell separator, catalyst, catalyst 
support, photo catalyst, gas sensors, thermal 
insulators, metal or ceramic nano-composites, 
dehumidifiers, abrasives, thermal barrier 
coatings, filtration. 

- 

                                                 
16 Polyphenylene sulfide 

http://www.ftene.com/
http://www.revolutionfibres.com/category/phonix/
http://revolutionfibres.com/
http://www.iqcommercial.co.nz/
https://fibertrap.com/
http://www.revolutionfibres.com/category/xantu-layr-2/
http://revolutionfibres.com/
https://www.revolutionfibres.com/
https://www.hirose-paper-mfg.co.jp/
https://www.hirose-paper-mfg.co.jp/
https://www.nano4fibers.com/
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2.1 Materials 

PVA (Mowiol® 56-98) with molecular weight of 196,000 g/mol (98.0-98.8 mol% hydrolysed), 

PVA (Mowiol® 18-88) with molecular weight of 130,000 g/mol (99+% hydrolysed), PAA 

with molecular weight of 450,000 g/mol, ciprofloxacin (minimum purity of 98.0%), 

hydroxyapatite nanopowder (HAp) with a minimum purity of 90.0% and particle size lower 

than 200 nm and caffeine powder ReagentPlus® were purchased from Sigma-Aldrich. 

Anhydrous caffeine powder (MW 194.19 g/mol) was purchased from Amresco. Doxorubicin 

hydrochloride was purchased from Cyaman Chemical Company and Clarithromycin was 

purchased from Tokyo Chemical Industry Co., Ltd. Distilled water and ethanol were used as 

the solvents in the sample preparation. Raw propolis was collected from Apis mellifera hives 

located in Quitandinha in the state of Parana (PR), Brazil in Spring 2013 from Baccharis 

uncinella flora.  

 

The U2OS human osteosarcoma cell line was kindly provided by the Genome Stability Lab of 

the National University of Ireland Galway. The NIH 3T3 Swiss mouse embryo fibroblasts cell 

line was bought from the American Type Culture Collection (ATCC).  

 

2.2 Preparation of polymer solutions 

Different concentration (% w/v) of PVA solutions with different MW were prepared in distilled 

water by heating. Dissolution was achieved by heating all type of mixtures to 75 ± 2 °C using 

electromagnetic stirrer till a homogenous and clear solution achieved. It usually took 1-3 h to 

completely dissolved the polymers. The solution was then cooled for 10 min at room 

temperature to remove any bubbles in the solution.  

 

In Chapter 3, the 10 %w/v pure PVA and PVA/CAF solutions were prepared using PVA with 

molecular weight of 195,000. To prepare the PVA/CAF solutions, 3% of anhydrous caffeine 

powder (based on the weight of PVA) was added to the pure PVA solutions.  

 

In Chapter 4, polymer solutions were prepared by dissolving PVA (MW 130,000 g/mol) in 

distilled water on a heater with a magnetic stirrer to prepare solutions having a concentration 

of 5±0.05% per weight in volume. As the polymer was completely dissolved, it was cooled 

down to room temperature. Drug and PAA, when appropriated, were added. Mass of drug 

added was 5±0.07% (%w/v), and 20±0.2% (%w/w) of PAA. As the PAA dissolved, the 
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temperature was increased to 50±5 °C. Thus, the hydroxyapatite was added into the necessary 

solutions in the amount of 5±0.5% (%w/w) of PVA. The solution was then stirred for 24 h at 

600±10 rpm. 

 

It is important to note that hydroxyapatite is a low solubility compound. Therefore, it is not 

completely dispersed in water. Table 2.1 lists the reagents and their respective proportions to 

prepare the hydrogels studied in this work. 

 

Table 2.1: Hydrogel solutions prepared. PVA and CIP were produced based on the 
volume of water used. HAp and PAA based on the amount of PVA used. 

Sample PVA 

(%w/v) 

PAA 

(%w/w) 

Ciprofloxacin 

(%v/v) 

HAp 

(%w/w) 

PVA  5.00 - - - 
PVA-PAA 5.00 20.00 - - 
PVA-HAp 5.00 - - - 

PVA-PAA-HAp 5.00 20.00 - 5.00 
PVA-CIP 5.00 - 5.00 - 

PVA-HAp-CIP 5.00 - 5.00 5.00 
PVA-PAA-CIP 5.00 20.00 5.00 - 

PVA-PAA-HAp-

CIP 
5.00 20.00 5.00 5.00 

 

In addition, 5 %w/v pure PVA solutions with molecular weight of 195,000 g/mol were prepared. 

The PVA/CAF sphere was prepared by adding 3% of caffeine powder (based on the weight of 

PVA) into the PVA solution. 

 

In Chapter 5, PVA (MW 195,000 g/mol) and PAA (MW 450,000 g/mol) polymeric solutions 

were prepared using distilled water and ethanol as illustrated in Figure 2.1. For PVA polymeric 

solution, 10 %w/v was prepared using distilled water and heated for 1.5 h. When the PVA 

solution was completely dissolved, ethanol was further added into the PVA solution with a 

ratio of 50:50 to achieve a final concentration of 5 %w/v. The solution was further stirred for 

1 hour at 45 °C to prevent ethanol evaporation and to produce a homogeneous solution. Then, 

3 %w/v PAA solution was prepared using ethanol and stirred for 2 h without heating.  
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1.5 mg/ml Doxorubicin hydrochloride (DOX) was incorporated into the PVA solution prior to 

electrospinning and this was labelled as PVA/DOX. While, two concentrations (2000 µM and 

500 µM) of Clarithromycin (CLA) were incorporated into separate PAA solutions prior to 

electrospinning. The PAA solution that contained 2000 µM CLA was labelled as PAA/CLA 

high, while the PAA solution that contained 500 µM CLA was labelled as PAA/CLA low. 

 

 

Figure 2.1: Schematic diagram of the preparation of PVA/PAA bilayer nanofibres. 

 

In Chapter 6, 7 %(w/v) PVA solution (MW 195,000 g/mol) was prepared by heating 0.7 g PVA 

with 10 ml of distilled water for 3 h using electromagnetic stirrer. Four different concentration 

of propolis extract were used. 5 %(v/v), 10 %(v/v), 15 %(v/v) and 20 %(v/v) propolis extract 

based on the total volume of the polymer solution was added into the pre-cooled PVA solutions 

and the mixtures were then stirred overnight at 37 °C prior for electrospinning. 

 

2.3 Solvent casting  

In Chapter 3, solvent casting (SC) was performed by pipetting 1 ml of polymer solutions into 

24-well plate and homogeneously spread on the surface of the wells. The samples were left at 

room temperature for at least 2 days and were allowed to evaporate completely before being 

stored or tested.  

 

2.4 Preparation of propolis extract 

Five batches propolis extract was prepared using ultrasound-assisted extraction method 

according to de lima et. al. [95]. 1 g raw propolis was grinded and mixed with 10 ml of 70 % 

ethanol. The mixture was then placed in an ultrasound bath for 1 hour at 70 ℃. The propolis 
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extract was then stored in the fridge overnight to induce crystallisation of dissolved waxes. The 

waxes were then removed by filtration using a vacuum pump in the next day [96].  

 

2.5 Determination of phenolic compounds in propolis extract 

The propolis extract was scanned at 230-500 nm by Ultraviolet-visible (UV-VIS) 

spectrophotometer (Shimadzu Spectrophotometer UV-1280) triplicate. The UV- VIS spectra 

were recorded by diluting 1 ml of propolis extract with 100 ml of 70 % ethanol. The adsorption 

peak of phenolic compounds is normally located at the ultraviolet light range of 250 and 350 

nm for spectrophotometric analysis [97].  

 

2.6 Preparation of non-orientated and orientated hydrogels 

In Chapter 3, a small portion of the pure PVA and PVA/CAF solution were cast into the pre-

made dumbbell-shaped High Impact Polystyrene (HIPS) moulds. They were then subjected to 

20 min fast freezing using liquid nitrogen (-196 ± 5 °C) and the solidified solutions were thawed 

for 4 h at 4 ± 2°C. Upon thawing, hydrogels were formed. This process is referred to as F/T 

technique. An additional uniaxial orientation was applied after each F/T cycle to produce the 

orientated PVA hydrogels (Figure 2.2). The samples were produced with the thinnest possible 

configuration to refrain of obtaining two-strong orientations (x-axis and y-axis) that would 

interfere in the results and develop into a complex behaviour.  

 

Table 2.2 showed the types of samples prepared for the study. All samples with different F/T 

cycles and uniaxial orientation cycles (100% stretching strain per cycle) were dried at 40 ± 

1 °C in Heraeus VT-5042 Vacuum Oven for 3 days. To maintain the geometry of PVA 

hydrogels, samples were dried using clamps in the extremities. This allowed the water to 

evaporate and minimizes the effect of forcing the polymer chains to deform.  
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Figure 2.2: The schematic diagram of the orientated PVA/CAF hydrogel. 

 

 Table 2.2: Summary of the PVA hydrogel samples prepared.  

Sample Code Freeze-thaw cycle Uniaxial orientation cycle  

(100% stretching strain) 

PVA 1FT 1 0 

PVA/CAF 1FT 1 0 

PVA 2FT 2 0 

PVA/CAF 2FT 2 0 

PVA 1FT1S 1 1 

PVA/CAF 1FT1S 1 1 

PVA 2FT2S 2 2 

PVA/CAF 2FT2S 2 2 

 

2.7 Preparation of cryogenic spheres 

The polymer solutions were dripped separately using a 100 μl micropipette into a container 

filled with pre-cooled ethyl acetate (AcOEt) (-80 ± 2 °C) in an ultra-low refrigerated-heating 

circulator (Julabo F81-ME) (Figure 2.3). The spheres were frozen instantaneously and kept in 
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AcOEt for 1 h to increase the physical crosslinking. They were removed from the circulator, 

placed on a petri dish and thawed in an ordinary freezer at -12 ± 2 °C for 20 min. This step was 

repeated three times and was labelled as a freeze cycle. After the first three freeze cycles, the 

spheres were then submitted to an ultra-low freezer (-80 °C ± 2) for 1 h freezing and 20 min 

thawing at room temperature for another three F/T cycles. This step was labelled as freeze cycle 

with thawing. The six F/T cycles (illustrated in Table 2.3) was completed to maintain the 

spherical shape of the spheres. They were then submitted for drying at -57 ± 1 °C in a benchtop 

freeze dryer (Heto PowerDry LL3000 by Thermo Fisher Scientific) for 24 h. It was crucial that 

the spheres were thoroughly frozen before the drying stage started because the vacuum applied 

at the beginning of drying would cause any unfrozen product to “boil”, altering the shape of 

spheres. 

 

Finally, samples were left at 80 °C for 5 days in a vacuum oven to remove any remaining 

AcOEt residue.  

                                       

 
Figure 2.3: Representation of cryogenic spheres production (unscaled). After dissolving 

the correct materials in distilled water, they were dripped with a micropipette into a pre-

cooled AcOEt, forming a sphere upon contact with the solvent, which was then followed 

by freeze-thawing technique. 

 

 

Julabo F81-ME 
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Table 2.3: The temperature settings for each F/T cycles. 

 No. of F/T 

cycles 

Freezing temperature 

(°C) 

Thawing temperature 

(°C) 

Freeze cycles 1 -80  -12  

2 -80 -12  

3 -80 -12  

Freeze cycles 

with thawing 

4 -80 RT 

5 -80 RT 

6 -80 RT 

* Freezing time = 1 h, thawing time = 20 min 

 

2.8 Fabrication of electrospun nanofibres using electrospinning  

In Chapter 5, a vertical electrospinning machine (Spraybase®, Ireland) was used to produce 

the electrospun nanofibres. Each polymeric solution was poured into a 15 ml centrifuge plastic 

test tube and placed inside a pressure vessel that was connected to a blunt 20 G needle via a 

PTFE tube. The tip of the needle was mounted at 13.5 cm vertically above a stainless-steel 

plate. The PVA was prepared using a voltage of 8.0 ± 0.5 kV. Conversely, the PAA nanofibres 

were prepared using a voltage of 10 ± 0.5 kV. Each polymeric solution was electrospun for 2 

h. In order to prepare the PVA/PAA bilayer nanofibres, PAA nanofibres were directly spun 

onto the top of the PVA nanofibres layer (Figure 2.4).  

 

The electrospun nanofibres samples (i.e. PVA, PAA and PVA/PAA bilayer) were annealed at 

two different temperatures, one batch at 150 °C for 40 min and another batch at 100 °C for 3 h 

in an oven. During the annealing process, no force was applied on the samples. 
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Figure 2.4: Schematic diagram of an electrospinning apparatus set up for bilayer 

nanofibres fabrication and showing the Taylor cone geometry during electrospinning. 

 

In Chapter 6, a horizontal electrospinning machine (Tong Li Tech Nanofibre Electrospinning 

Unit, TL-Pro-BM) consists of a syringe pump attached with a syringe for controlled feeding 

rates, a rotating drum collector and a high voltage power supply (Figure 2.5). A 30 ml syringe 

was filled up with the PVA or PVA+propolis solution with the propolis concentration range 

from 5%-20%. The syringe was then connected to a blunt 22 G needle via a PTFE tube. The 

tip of the needle was mounted 15 cm away to the collector with the applied voltage of 22 kV. 

The polymer solution was delivered at a constant feeding rate of 2 ml/h. The electrospun 

nanofibres were collected after 9 h of electrospinning. The samples were designated as PVA 

as-spun and PVA+propolis as-spun nanofibres.  

PVA 
nanofibres 

PAA 
nanofibres 

PVA/PAA bilayer nanofibres 

Electrospun 
PVA/CAF 
nanofibres 

Taylor cone 
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The freeze-thawed electrospun nanofibres were prepared by directly freezing the PVA as-spun 

nanofibres in liquid nitrogen (without immersing in an aqueous solution) for an hour and 

thawed at room temperature. The samples were designated as PVA FT and PVA+popolis FT 

nanofibres. All the as-spun and freeze-thawed nanofibres were stored in a desiccator and ready 

for testing.  

 

 

Figure 2.5: Schematic diagram of electrospinning apparatus. 

 

2.9 Hydrogel characterisation  

2.9.1 Scanning Electron Microscopy 

The hydrogel samples were observed using a scanning electron microscope (SEM) (TESCAN 

Performance in Nanospace) with the back-scattered electron (BSE) mode (Figure 2.6). Prior 

to imaging, the samples were sputter-coated with a gold using Baltec SCD 005 for 110 s at 0.1 

mBar vacuum. Images were recorded at a magnification range of 1,000 X-30,000 X.  

In Chapter 3, the orientation at the cross-section of samples were observed. Prior to imaging, 

the samples were immersed in liquid nitrogen and broke into half to obtain cross-sectional 

regions.  

 

In Chapter 4, the structure of the loaded PVA spheres cross-section and surface morphology 

was observed using SEM. To achieve this, the dried cryogenic spheres were immersed in liquid 

nitrogen and, after some time, were shattered using conventional tools in order to maintain the 

structural integrity of the materials. Energy dispersive X-ray (EDX) analysis was performed to 

confirm the elements presented in the hydrogels. 
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In Chapter 5, the surface and cross-section morphology of electrospun samples was observed. 

The diameter of the nanofibres were measured by taking 40 random readings from each sample 

using ImageJ software to get the mean value. While the average thickness of the PVA/PAA 

bilayer nanofibres were measured by taking 10 random readings at different locations of the 

cross section on the same image. In addition, the physical integrity behavior was examined 

from the changes of fibrous morphologies after swelling in pH 7.4 buffer. 

 

In Chapter 6, the fibrous morphology of electrospun nanofibres samples were observed. The 

diameters of the nanofibres were measured using the image processing program, ImageJ by 

averaging 100 randomly selected nanofibres from the FESEM images. The structural integrity 

of nanofibres after swelling was also evaluated using FESEM. 

 

2.9.2 Fourier transform infrared spectroscopy 

PerkinElmer Spectrum One Fourier transform infrared spectroscopy (FTIR) (Figure 2.7) was 

used to investigate the functional groups of the hydrogel samples. The IR spectra were recorded 

in the spectral range of 500–4000 cm-1 and subsequent analysis were carried out using 

Spekwin32 spectroscopy software and SpectraGryph 1.2 software.  

 

In Chapter 3, FTIR analysis was performed to investigate the existence of chemical interactions 

between caffeine and PVA in PVA/CAF hydrogels. In Chapter 5, FTIR analysis was performed 

to examine the chemical interaction of PVA and PAA electrospun nanofibres. In Chapter 6, the 

functional groups of propolis extract and PVA electrospun nanofibres were identified using 

FTIR.  
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Figure 2.6 Schematic diagram of the key features of an SEM microscope [98]. 

 

 
Figure 2.7: Fourier transform infrared spectroscopy. 
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2.9.3 Differential scanning calorimetry 

For thermal analysis, differential scanning calorimetry was carried out using DSC2920 

Modulated DSC from TA instruments (Figure 2.8). All the samples were sealed in hermetic 

aluminum pans (Hermetic Pans, TA Instruments, USA) with the sample weight around 3-10 

mg. The glass transition temperature and melting temperature presented in Chapter 3, a five-

digit number that was automatically obtained by the equipment provider and should not be 

taken literally. The degree of crystallinity, Xc of the hydrogel samples was determined from 

the endothermic area using the following equation: 

Xc= ∆Hf /∆Hf o,                                                       (3) 

where ∆Hf is the measured enthalpy of fusion of the  PVA hydrogel sample and ∆Hfo is the 

thermodynamic enthalpy of fusion for 100% crystalline PVA (∆Hfo=150 J/g) [99]–[102]. 

 

In Chapter 3, one heating cycle was carried out. DSC was ramped from 20 °C to 280 °C with 

a heating rate of 10 °C/min under the flow of nitrogen gas. In Chapter 4, one heating cycle was 

carried out. DSC were ramped from 20 °C to 280 °C at 5 °C/min under the flow of nitrogen 

gas. In Chapter 5, a heating rate of 5 °C/min under the flow of nitrogen gas was applied to each 

sample. The samples were tested in 3 cycles (heating-cooling-heating cycle). In the first cycle, 

the sample was heated from 25 °C to 280 °C. In the second cycle, the sample was cooled in the 

furnace to 25 °C. In the third cycle, the sample was re-heated from 25 °C to 280 °C.  In Chapter 

6, two heating cycles and one cooling cycle were carried out on each sample. In each cycle, the 

sample was ramped from 20 °C to 250 °C with 5 °C/min heating rate and cooled down to 20 °C 

at the rate of 5 °C/min under the flow of nitrogen gas. 
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Figure 2.8: Differential scanning calorimetry.  

 

2.9.4 Swelling behaviour 

The swelling degree of the hydrogel samples (Chapter 3) and spheres (Chapter 4) was measured 

by immersing the dried samples in petri dishes that were filled with distilled water. In Chapter 

4, in order to investigate pH responsiveness during swelling, swelling studies were also carried 

out at a pH of 2, 4, 6, 8 and 10, respectively. While, the electrospun PVA/PAA nanofibres 

(Chapter 5) and electrospun PVA/propolis nanofibres (Chapter 6) were swelled in the pH 7.4 

buffer. The samples were allowed to soak at room temperature. The swollen hydrogels were 

removed from the water and blotted with filter paper to remove surface water. The samples 

were weighted and subsequently placed in water over the 24 h of soaking. 

The degree of swelling was calculated using the following equation:  

Degree of swelling =𝑊𝑊𝑡𝑡−𝑊𝑊𝑑𝑑
𝑊𝑊𝑑𝑑

 𝑥𝑥 100           (4) 

where Wt is the weight of swollen hydrogels at regular intervals and Wd is the weight of dried 

hydrogels. 

 

The percentage of water content of hydrogel samples was calculated by measuring the weight 

of swollen hydrogels at regular intervals (Wt) until the hydrogels reached the equilibrium state 

of swelling (weight= Ws) using the following equation: 

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%)  = 𝑊𝑊𝑡𝑡−𝑊𝑊𝑑𝑑
𝑊𝑊𝑠𝑠−𝑊𝑊𝑑𝑑

 𝑥𝑥 100          (5) 
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2.9.5 Dynamic mechanical analysis 

In Chapter 3, the viscoelastic behavior of the dried hydrogel samples was measured using a TA 

Instrument Q800 DMA with a tension mode (Figure 2.9). The samples were cut into 

rectangular shapes (25×10 mm). They were tested at 3 °C/min heating rate with 1 Hz frequency 

over the temperature sweeps in a range of −80 °C to 220 °C and oscillation amplitude of 10 

µm under a nitrogen atmosphere. The glass transition temperature presented in Chapter 3, a 

five-digit number that was automatically obtained by the equipment provider and should not 

be taken literally. The loss tangent, also defined as Tan Delta was obtained for each sample. It 

is equal to the ratio of loss modulus (G”) to the storage modulus (G′).  

 

In Chapter 5, the electrospun PVA, PAA, PVA/PAA nanofibre samples (15 x 8 mm) were 

analysed using a tension mode. They were tested at 5 °C/min heating rate under a nitrogen 

atmosphere with 1 Hz frequency and 0.1 N pre-load force. The temperature sweeps in a range 

of 25 °C to 160 °C. 

 

In Chapter 6, the electrospun PVA and PVA+propolis nanofibre samples (15 x 8 mm) were 

analysised using a tensile mode, at a frequency of 1 Hz with 0.1 N pre-load force, and by 

heating from 25 °C to 200 °C of 5 °C/min. 

 

                                      
Figure 2.9: Dynamic mechanical analysis. 
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2.9.6 Tensile strength 

In Chapter 3, a tensile test was used to evaluate the effect of the F/T cycles with uniaxial 

orientation on mechanical properties of the dried hydrogel samples. The test was carried out 

on a tabletop mechanical testing machine (Lloyd Instruments LRX material tester, 

AMETEK.Inc.) equipped with a gauge length of 60 mm and a drawing rate of 50 mm/min 

(Figure 2.10). The dried hydrogel strips of 160 mm length, a width ranging between 14 and 

1.5 mm and a thickness ranging between 1.5 and 0.25 mm were prepared. The dried samples 

were folded a little bit at the end of both sides to facilitate gripping in the mechanical testing 

apparatus. During the tests, the samples were stretched to break. All samples must break in the 

middle and not at the clamps. The mechanical test was repeated three times for each sample 

and the average values were used to plot the stress vs strain curves. The Young’s modulus (E) 

of each sample was calculated by finding the maximum slope of the stress vs strain curves as 

followed: 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌′𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

=
𝐹𝐹
𝐴𝐴
𝛥𝛥𝛥𝛥
𝐿𝐿𝑜𝑜

                          (6) 

where F is the force in Newtons (N), A is the cross-section area in m2, ΔL is extension measured 

in meters and Lo is the original length measured in meters. 

 

 
Figure 2.10: Tabletop mechanical testing machine. 
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2.9.7 X-ray Powder Diffraction 

In Chapter 3, the X-ray diffractograms were obtained in a X’Pert MPD PRO diffractometer 

(PANalytical, Netherlands) with Cu Kα radiation (λ = 1.54060 Å) in the 2θ range of 10–60◦. 

The intensity and voltage applied were 40 mA and 40 kV. 

 

 

Figure 2.11: Schematic diagram of the basic principle of XRD [103]. 

 

2.9.8 Drug release studies   

Drug dissolution testing was evaluated using a DISTEK Model 2100B dissolution system 

(Figure 2.12). In Chapter 3, 50 mg of the dried non-orientated and orientated PVA/CAF 

samples were weighed and tested in a phosphate buffer of pH 7.4 at 37±1 °C. The stir rate was 

set to 50 rpm with 900 ml of dissolution buffer used per vessel. The test was carried out for 60 

min. 3 ml of each sample was taken every 5 min for the first 30 min and every 10 min for the 

next 30 min. 3 ml of dissolution buffer was replaced after each time of samples removal to 

maintain a sink condition. The samples were analysed using a UV/Vis spectrometer (Shimadzu 

Spectrophotometer UV-1280) at 273 nm with a 1 cm quartz cuvette. The concentration of 

caffeine release from the PVA hydrogels into the buffer was determined.  
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In Chapter 4, kinetics of drug release of the ciprofloxacin was evaluated through basket drug 

release model. Amounts of 10 mg of dried spheres were added into metallic baskets with 450 

ml at 37±1 °C with a pH of 7 and a stirring rate of 50 rpm. Aliquots of 4 ml were withdrawn at 

different time intervals and had its absorbance measured by UV- VIS spectrometry at 322.8 

nm. Furthermore, twenty dried PVA/CAF spheres with the weight around 33.42 mg were added 

into the metallic baskets with 450 ml pH of 7.4 buffer at 37±1 °C and a stirring rate of 100 rpm. 

Aliquots of 2 ml were withdrawn at different time intervals and had its absorbance measured 

at 273 nm.  

 

In Chapter 5, the drug dissolution study was conducted using the rotating basket method at a 

speed of 100 rpm. The nanofibre samples were placed in 450 ml of phosphate buffer pH 6.5 at 

37 ºC. 2 ml of sample were collected at specific time points and 2 ml of fresh buffer was 

replaced after each time of sample removal in order to maintain the sink condition. The amount 

of drug released was determined at the wavelength of 485 nm and 205 nm for Doxorubicin 

hydrochloride and clarithromycin, respectively using a UV/Vis Spectrophotometer. 

In Chapter 6, a strip of the electrospun samples (29.8 cm x 3.0 cm) were placed in a 450 ml 

phosphate buffer of pH 7.4 at 37 °C with a stirring rate of 100 rpm. In order to maintain a sink 

condition, 3 ml of each sample was taken at specific interval and the same amount of fresh pH 

buffer was replaced after each time of samples removal. The taken samples were then read at 

254 nm with a quartz cuvette using a UV/vis spectrometer. 

 

                      
Figure 2.12: DISTEK Model 2100B dissolution system. 
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The dissolution profiles were evaluated using model dependent approaches such as zero-order, 

first-order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell model. The five models were all 

based on different mathematical functions. The first mathematical model is called the zero-

order model, which describes the drug release rate as independent of its concentration of the 

dissolved substance. The equation for zero-order release is as followed: 

𝑄𝑄𝑡𝑡 = 𝑄𝑄𝑜𝑜 + 𝐾𝐾𝑜𝑜𝑡𝑡      (7) 

,where Qo is the initial amount of drug, Qt is the cumulative amount of drug release at time “t”, 

K is zero-order release constant and t is the time in hours. The second model is called the first-

order model, which describes the drug release rate as dependence on the concentration of the 

dissolved substance. The equation for the first-order release is as followed: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡 = 𝐿𝐿𝐿𝐿𝐿𝐿𝑄𝑄𝑜𝑜 + 𝐾𝐾𝐾𝐾/2.303      (8) 

,where Qt is the cumulative amount of drug release at time “t”, Qo is the initial amount of drug,  

K is first-order release constant and t is the time in hours. The third model is called the Higuchi 

model, which describes the drug release by Fick’s law of diffusion [53]. The Higuchi release 

equation is as followed: 

𝑄𝑄 = 𝐾𝐾𝐻𝐻𝑡𝑡
1
2      (9) 

,where Q is the cumulative amount of drug release at time “t”, KH is Higuchi release constant 

and t is the time in hours. The fourth model is called the Korsmeyer–Peppas model and the 

equation is as followed: 

�𝑀𝑀𝑡𝑡
𝑀𝑀
� = 𝐾𝐾𝑚𝑚𝑡𝑡𝑛𝑛    (10) 

,where Mt is the amount of drug released at time “t”, M is the total amount of drug in dosage 

form, Km is the kinetic constant, n is the release exponent and t is the time in hours. Korsmeyer–

Peppas model suggested the drug transport mechanism of the polymeric materials was 

controlled by more than one process according to the value of n.  For the case of diffusional 

release mechanisms from polymeric films, n≤0.45  corresponds to a Fickian diffusion 

mechanism, 0.45 < n < 0.89 to non-Fickian transport, n = 0.89 to Case II (relaxational) transport, 

and n > 0.89 to Super case II transport [104]. The fifth model is called Hixson–Crowell model, 

which describes the release from systems where there is a change in surface area and diameter 

of particles or tablets (Hixson & Crowell, 1931). The Hixson-Crowell equation is listed in the 

following way: 
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�𝑊𝑊𝑜𝑜
3 − √𝑊𝑊3

𝑡𝑡 = 𝜅𝜅 𝑡𝑡         (11) 

where W0 is the initial amount of caffeine, Wt is the remaining amount of drug at time t and κ 

(kappa) is a constant incorporating the surface volume relation [104]. The determination 

coefficient (R2) of all five models were calculated and it was used as an indicator of the fitting 

level of the data to each model [106].  

 

2.9.9 Disintegration and %weight loss studies  

In Chapter 4, spheres containing ciprofloxacin and spheres containing caffeine were added in 

glass vials bottles filled with phosphate buffer pH 7 and placed in a laboratory drying oven 

with glass door (Salvis VC-20 vacuum oven) at 37 °C. Photographs were taken at different 

time points, i.e. at the beginning of the test, when the sphere is partially dissolved as well as 

when is fully dissolved. Spheres were photographed to visually indicate the progress of 

dissolution.  

 

In Chapter 5, the unannealed and annealed PVA, PAA and PVA/PAA nanofibre samples (1 cm 

x 1 cm) were immersed in 5 ml of pH 7.4 buffer at room temperature. The appearance of 

samples was then observed at 0, 24 and 48 h. The weight loss was studied to examine the water 

stability of the nanofibre samples. The weight of dried samples was measured before immersed 

in 10 ml of pH 7.4 buffer at room temperature for 24 h. After that, the swollen samples were 

placed on soft paper to remove surface water and rinsed with distilled water to remove residual 

buffer salts. The wet samples were then dried in an oven at 37 °C until a constant weight 

achieved. The experiment was carried out in duplicate. 

 

In Chapter 6, the electrospun nanofibre samples (1 cm x 1 cm) were placed in pH 7.4 buffer at 

room temperature for 24 h. Images of the samples were recorded after 24 h to observe the 

disintegration behavior. In order to evaluate the water stability of electrospun nanofibres, the 

weight loss study was carried by first weighing the dry samples before hydrating with distilled 

water for 24 h. After that, the swollen samples were placed in a freeze-dryer and dried to 

constant weight. The weight of re-dried samples was recorded and % weight loss was 

calculated. The experiment was carried out in triplicate. 
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2.9.10 Determination of conductivity, surface tension and viscosity of PVA and 

PVA+propolis solutions 

In Chapter 6, the conductivity of the polymer solutions was measured using an EC 214 

conductivity meter (Hanna instruments Inc., USA) at room temperature. The surface tension 

of the polymer solutions was determined by drop shape image analysis using goniometer at 

room temperature. The viscosity of the polymer solutions was measured using a rheometer 

(Discovery HR-1, TA instruments) with Peltier concentric cylinder at 60 °C.  

 

2.10 In Vitro cytotoxicity testing 

Cytotoxicity testing is useful in ensuring the biocompatibility of a medical device in accordance 

with ISO 10993-5: "Tests for Cytotoxicity-In Vitro Methods". This standard presented a 

number of test methods (i.e. direct contact, indirect contact and elution) designed to evaluate 

the cytotoxic effects of potential leachable from medical device materials. A negative 

cytotoxicity result indicates that a material is free of harmful chemical substances or has an 

insufficient quantity of them to cause acute effects under exaggerated conditions with isolated 

cells. Conversely, a positive cytotoxicity test result indicated that a material contains one or 

more toxic substances that could be of clinical importance.  

 

2.10.1 Cell culturing  

NIH 3T3 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% L-Glutamine at 37 °C 

with 5% CO2 in a humidified incubator. The media composition was prepared as outlined in 

Table 2.4.  The medium was changed every 2 days. Once the cell monolayer was grown to 80-

90% confluence in a 75 cm2 flask, the cells were harvested by washing twice using PBS and 

followed by adding 5 ml trypsin-ethylenediaminetetraacetic acid (EDTA) to carry out 

trypsinisation and further 8 ml of fresh DMEM medium was added to inactivate trypsin-EDTA 

solution. Finally, the cells were centrifuged to obtain a pellet at 1500 rpm for 5 min and re-

suspended in the fresh DMEM medium.  

 

2.10.2 Subculture 

When the cells have reached 80-90% confluency, the medium was removed from the plate and 

the monolayer was washed with PBS for twice. The monolayer was then treated with 2 ml 0.25% 

trypsin-EDTA solution and followed by adding 8 ml of fresh medium to deactivate the trypsin. 
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The cell suspension was centrifuged at 1500 rpm for 5 min to obtain a pellet of cells. The pellet 

was resuspended in 10 ml of fresh medium and split equally between five 75 cm2 flasks.  

 

Table 2.4: The composition of NIH 3T3 cell culture medium. 

Component Final concentration  Volume in ml 

DMEM - 440 

FBS 10% 50 

Penicillin/streptomycin 1% 5 

L-Glutamine 1% 5 

 

2.10.3 Cryopreservation of cells 

In the presence of adhesion cultures, the cells needed to be 80-90% confluence before freezing 

down. The cell culture was treated with 2 ml 0.25% trypsin-EDTA solution and followed by 

adding 8 ml of fresh medium. The cell suspension was centrifuged at 1500 rpm for 5 min prior 

to re-suspend the pellet in 10 ml of freezing medium containing 9 ml FBS and 1ml Dimethyl 

sulfoxide (DMSO). 1 ml of the cell suspension was placed in each cryovial and directly put in 

to “Mr. Frosty” vial freezing container. The container was then placed in -80 °C freezer for at 

least 2 h before moving the vials to long-term storage in liquid nitrogen.  

 

2.10.4 Reconstitution of frozen cell culture  

A frozen vial that contained 1 ml cell suspension was removed from the liquid nitrogen and 

rapidly thawed at 37 °C. The cells were transferred to a sterile universal contained 10 ml pre-

warmed DMEM medium, centrifuged at 1500 rpm for 5 min to obtain a pellet of cells. The cell 

pellet was re-suspended with 10 ml fresh DMEM medium. 2 ml cell suspension (1:5 split) was 

transferred to a 75 cm2 flask and further 8 ml of DMEM medium was added into the flask. The 

cells were then incubated in a CO2 incubator until the cell confluency reached 80%.  

 

2.10.5 Cell counting for cell culturing 

50 µl of cell suspension obtained from the subculture process was transferred into an Eppendorf 

tube and 100 µl of 0.2 M trypan blue was further added into the Eppendorf.  The cell-contained 

solution was mixed by inverting several times to evenly distribute the cells. 10 µl of the solution 

was placed onto a haemocytometer which was covered with a glass slip. All viable cells in four 
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larger 1x1 mm squares were counted and the cell concentration was determined using the 

following equation: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑚𝑚𝑚𝑚3 = 𝑁𝑁×𝑑𝑑𝑑𝑑×104

𝑆𝑆
                      (12) 

,where N is the total number of cells counted in four squares, df is the dilution factor and S is 

the number of haemocytometer squares counted.  

 

2.10.6 MTT assay 

The MTT assay was carried out by adding 100 µl 0.1 mg/ml MTT solution into each well and 

incubated for 3 h in the 37 °C incubator. The MTT solution was removed and 150 µl DMSO 

solution was added into each well to dissolve the formazan crystals. The plate was read at 540 

nm using SynergyTM HT BioTek Plate Reader. The cell viability was calculated using the 

following equation: 
𝐴𝐴𝐴𝐴𝐴𝐴 @ 540𝑛𝑛𝑛𝑛 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐴𝐴𝐴𝐴𝐴𝐴 @ 540𝑛𝑛𝑛𝑛 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100%                          (13) 

 

2.10.7 Direct contact assay  

In Chapter 3, the test and control PVA and PVA/CAF hydrogel samples with 2 cm long were 

placed in a 6-wells plate and 2 ml of cells (2.5x105 cells/ml) were applied to the samples, 

incubated for 24 h at 37 °C in a CO2 incubator. After incubation, the samples were removed 

and MTT assay was carried out in accordance to Section 2.10.6. 

 

2.10.8 Elution test  

In Chapter 3, the test and control PVA/CAF hydrogel samples were sterilised prior for 

cytotoxicity testing with Isopropanol alcohol (IPA) for 30 s, PBS for 30 s and followed by 

DMEM media for 30 s. The samples were then incubated in serum-supplemented DMEM 

medium for 24 h at 37 °C in a CO2 incubator. 1, 5, 10 mg/ml of the hydrogel sample extracts 

were prepared and 200 µl of each dilution were applied to a cultured monolayer of NIH 3T3 

cells (2.5x105 cells/ml) in a 96-well plate. The cells cultures were then returned to the 37 °C 

incubator for another 24 h. They were removed for microscopic examination on the next day 

and MTT assay was carried out in accordance to Section 2.10.6. 

 

In Chapter 4, spheres were sterilised prior for cytotoxicity testing with IPA for30 s, PBS for 30 

s and followed by DMEM media for 30 s. After that, the samples were incubated overnight 
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with DMEM. Serial dilution of sample extracts in 10000, 8000, 4000, 2000, 1000, 500, and 

100 µg/ml using DMEM medium were prepared on the next day. The cytotoxicity potential of 

the microspheres was evaluated using an MTT colourimetric assay. 3T3 cells (1 × 104 cells/ml 

per well) were seeded in a 96-well plate and incubated at 37 °C and in 5% CO2. Cells were 

then exposed to different concentrations, for 24 h and 48 h. After that, the medium was removed 

and MTT assay was carried out in accordance to Section 2.10.6. 

 

In Chapter 5, the U2OS human osteosarcoma cell line was cultured in McCoy's 5A medium, 

supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin at 37 ºC in an 

incubator containing 5% CO2. U2OS cells (1x104 cells/well) were seeded in 96-well plates and 

incubated for 48 h. The cells were then treated with elution samples (~8 mg nanofibres per 1 

ml medium) and pure drugs samples (Table 2.5) for 24 h. After the treatment, the culture 

medium was removed and MTT assay was then carried out in accordance to Section 2.10.6. 

 

Table 2.5: Pure drug values tested for cell viability using U2OS human osteosarcoma 

cell line. 

 

 

 

 

Drug name Concentration of CLA (mg/ml) Concentration of DOX (µg/ml) 

CLA H 0.374 - 

CLA L 0.105 - 

DOX L - 2 

DOX M - 4 

DOX H - 8 

CLA H-DOX L 0.374 2 

CLA L-DOX L 0.105 2 

CLA H-DOX M 0.374 4 

CLA L-DOX M 0.105 4 

CLA H-DOX H 0.374 8 

CLA L-DOX H 0.105 8 
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2.10.9 Evaluation of combination drugs effect  

In Chapter 5, based on the MTT results, the coefficient of drug interaction (CDI) was calculated 

to analyse the effects of drug combinations. The CDI value was determined as follows: CDI 

=AB/(A×B) [32], [33], where AB being the ratio of the drug association group (i.e. DOX+CLA) 

to the control group, and A or B are the ratios of the single drug group (i.e. DOX or CLA) to 

the control group. The CDI values of 1, < 1 or >1 express additive, synergistic or antagonistic 

effects, respectively. CDI value < 0.7 demonstrates strong synergism of the drug association. 

 

2.11 Statistical analysis  

The statistical difference was evaluated using Prism 5 GraphPad software (La Jolla, CA, USA) 

using Two-way ANOVA followed by a Dunnett's multiple comparisons test and One-way 

ANOVA followed by Tukey test. A P-value less than 0.05 were considered to be statistically 

significant.  In all cases * was used for p < 0.05, ** for p < 0.01, and *** for p < 0.001, and 

**** for p < 0.0001. All experiments were performed at least in triplicates. Data were presented 

as mean ± SD for each result. 
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The synthesis and characterisation of non-orientated and 
orientated physically crosslinked Polyvinyl alcohol 

hydrogels 
3.1 Introduction 

PVA is a widely used polymer material for producing hydrogel matrix. It has opened many 

opportunities for applications in the pharmaceutical area including drug delivery systems, 

regenerative medicine and tissue engineering. The numerous hydroxyl groups present on the 

backbone of PVA hydrogel offers the possibility of attaching drugs and cell signaling 

molecules, making it useful for purposes such as biologic carriers and drug carriers [17]. A 

biologic/drug carrier must have shown a major property of a controlled release of API within 

biological fluids in order to allow for optimisation of drug therapeutic abilities. However, the 

major concern of hydrogel is its low mechanical strength. This can be further improved by 

introducing crosslinks into the polymer matrix with repeated F/T cycles on the hydrogel. 

Freeze-thawed PVA hydrogels are thermoreversible and establish many valuable properties 

such as biocompatibility, high mechanical strength, viscoelasticity and swelling degree.  

 

 

Figure 3.1: Stress–strain curves of stretched (a) 200% stretched and (b) 800% stretched 

PVA after annealing at 130 °C by Fukumori et. al. [107]. 
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The effect of orientation after the formation of freeze/thawed PVA films have been investigated 

as a function of the stretching ratio by Fukumori and Nakaoki [107], the stretched PVA after 

annealing at 130 °C showed that the molecular morphology of extended-chain crystals can 

further improve its tensile strength (Figure 3.1) and Young’s modulus. However, it is believed 

that the effect of stretching of PVA hydrogels in between freeze-thawing cycles can exhibit 

important parameters and physical aspects for modulation of drug delivery as well as 

mechanical properties. The hypothesis of this study is, as the stretching occurs the polymer 

chains have a tendency to align in the direction of the stretching and, in between the freeze-

thawing cycles, physical crosslinking occurs throughout this orientation. In addition, the 

mechanical and chemical properties of PVA hydrogels are tuneable. The number of F/T cycles, 

temperature domain of freezing and thawing, stretching ratio and rate, concentration of PVA 

and drug, as well as MW of PVA can all alter the polymer structure if the aim is to analyse this 

behaviour [108]–[110]. 

 

For these reasons, in this study, the development of PVA hydrogels have acted as a drug carrier, 

while caffeine is utilised as a model drug. Caffeine is used to prepare fast-dissolving drug 

delivery systems due to its high water solubility [111], [112]. It is widely used as an analgesic 

adjuvant/mild stimulant in combination with an analgesic (e.g. paracetamol, ibuprofen, and 

aspirin). This type of medicines can augment their bioavailability and deliver rapid onset of 

action [113], [114]. The resultant PVA/CAF hydrogel samples have undergone detailed 

characterisation of chemical, polymer orientation, mechanical and thermal properties. A drug 

release study and swelling study have also undertaken and compared with the pure PVA 

hydrogel samples. 

 

3.2 Result and Discussion  

3.2.1 Visual inspection 

          
Figure 3.2: (a) Freeze-thawed PVA hydrogel before stretching, (b) Freeze-thawed PVA 

hydrogel after stretching.  

(a) (b) 
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Samples stretched (Figure 3.2b) presented a larger surface area due to the stretching 

mechanism but with a similar appearance to non-stretched samples (Figure 3.2a). The 

technique used to stretch the hydrogels was useful since no cracking or fractures in between 

the production (F/T cycles) of the stretched samples were detected.  

 

It was found that maximum two complete F/T and uniaxial orientation cycles can be 

accomplished as the samples would be torn apart by applied forces during the third orientation 

cycles. This was because the water inside the hydrogel eliminated due to the formation of small 

crystallites that act as nucleation sites for crystallisation through a water-excluding process 

[107] during the repeated F/T cycles. The decrease of water content in the hydrogel would then 

led to the elasticity of the hydrogel decreased and sample to be broken. 
 

3.2.2 Scanning Electron Microscopy (SEM) 

The microstructure morphologies of the interior part of PVA and PVA/CAF hydrogel samples 

are shown in  Figure 3.3. In these images, differences can be seen between PVA hydrogels 

that underwent only F/T cycles and PVA hydrogels that underwent F/T cycles with uniaxial 

orientations. The non-stretched samples (Figure 3.3A-B and E-F) presented a known 

morphology typical of PVA hydrogels. Small amounts of orientations were observed due to 

the drying mechanism to maintain its geometry. For stretched samples, it was possible to 

identify an increase in orientation in the morphology structure, with more cycles of stretching 

and F/T the orientation appeared to increase. However, when comparing the stretched samples 

to the non-stretched samples, non-stretched samples seem to indicate a smoother surface. 

Whereas stretched samples seem rougher, polymer chains are forced physically to change their 

direction. This occurred with the stress applied to the extremities of the stretched hydrogel as 

the point of forces and this results in the alignment of the chains in the direction of these points. 

This concept is further looked at the FTIR scans. The PVA/CAF 1FT1S and PVA/CAF 2FT2S 

samples have fewer orientations, being assigned to recrystallized caffeine during the drying 

process, as compared with the PVA 1FT1S and PVA 2FT2S samples. The formation of an 

amorphous dispersion of the drug in PVA hydrogels was desired for better orientation and drug 

dissolution. Furthermore, the alignment of these hydrogels appeared to be in a very specific 

direction (generally upwards in the SEM images in  Figure 3.3 and this was due to the 
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stretching mechanism produced, since one side was glued and the other side promoted the 

stretching, the chains were then aligned towards that specific point of force. 

 

Moreover, the images also exhibited differences between pure PVA and caffeine-content PVA 

hydrogels. During F/T cycles, caffeine tends to form crystals in long needle-shaped [115], 

[116]. When compared with pure PVA hydrogel samples via SEM, the surface of caffeine-

content PVA hydrogel sample ( Figure 3.3H) was rougher. This was due to the drug 

crystallisation and it might have increased the crosslinks of the hydrogel system, acting as 

points of force against the applied force by the clamp in the drying mechanism. With more F/T 

cycles in PVA/CAF hydrogels exhibited a more aligned direction and it was improved with 

more stretching cycles. 

 

  
Figure 3.3: SEM micrographs of the interior part of PVA hydrogel.  (A)PVA 1FT, (B) 

PVA 2FT, (C) PVA 1FT1S, (D) PVA 2FT2S, (E) PVA/CAF 1FT, (F) PVA/CAF 2FT, (G) 

PVA/CAF 1FT1S, (H) PVA/CAF 2FT2S.  (*FT=Freeze-thawing cycle, S=uniaxial 

stretching cycle)
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3.2.3 Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra (Figure 3.4) have shown the characteristic peaks of the pure PVA and 

caffeine-content PVA hydrogel samples. All major peaks related to hydroxyl and acetate 

groups of PVA were observed. The large bands observed between 3570 and 3200 cm−1 [117] 

were linked to the stretching O–H from the intermolecular and intramolecular hydrogen bonds. 

The broadest band around 3300 cm−1 was attributed to the presence of water that was absorbed 

by PVA molecular chains as the orientation of chains led to a significant storage of water. In 

addition, the pure PVA hydrogels have broader and higher O-H peaks in comparison with 

PVA/CAF hydrogels. It is a fact that the peaks of the functional groups belonging to caffeine 

decreased and disappeared because they have been hidden by the strong and broad bond 

stretches of PVA hydrogel [53]. The vibrational band observed between 2850 and 3000 cm−1 

[117] referred to the stretching C–H from alkyl groups. The peaks between 1750 and 1735 cm−1 

[12] (region I in Figure 3.4A) were due to the stretching C=O from acetate group remaining 

from PVA. While the spectra showed two peaks in the region I in Figure 3.4B for the C=O 

stretching, which came from both acetate and carbonyl groups [118]. Furthermore, Fig. 3.3B 

also shown the major peaks of caffeine at 3100-3500 cm−1 (N-H stretching), 3000-3100 cm−1 

(CH3 stretching), 1400-1600 cm−1 (C=C stretching from aromatic ring), 1080-1360 cm−1 (C-N 

stretching) and 690-900 cm−1 (C-H bending & ring puckering) [118], [119]. The above data 

suggested that there were no physical or chemical interactions between PVA and caffeine in 

the hydrogel samples. 

 

The degree of crystallinity of the hydrogels was obtained at 1141 cm-1 (region II in Figure 3.4A 

and B), which was further discussed in the DSC section. The presence of caffeine resulted in 

a broader peak at 1141 cm-1 due to the increase in crosslinking density caused by drug 

crystallisation. This was also supported by the work published by Seif and his research team, 

where it was shown that caffeine was a hydrophilic model drug with a high crystallisation 

tendency. When caffeine combined with PVA (hydrophilic polymer), it was used to form 

immediate release matrices [120].  
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Figure 3.4: FTIR spectra of the original samples (a), PVA (b), PVA/CAF. 

(*CAF=caffeine) 

  

3.2.4 Differential scanning calorimetry (DSC) 

A typical DSC thermogram for a pure PVA sample exposed to repeated F/T and orientation 

cycles was shown in Figure 3.5. As seen in Figure 3.5 and Table 3.1, the peak at the range of 

40-64 °C, designated as the α relaxation, represents the glass transition temperature (Tg) of 

PVA. The Tg of the solvent cast pure PVA sample was at 64 °C and the Tg decreased to around 

40 °C with the presence of F/T and orientation cycles. This low value was caused by a 

plasticising effect in the presence of water in the hydrogel samples and, consequently decreases 

the Tg [28]. While, the broad peak observed at approximately 140 °C represented the 

evaporation of residual water present in the samples [121], which also designated as the β 

I 
II 

A) 

B) 
I 

II 
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relaxation, was due to the relaxation in the PVA crystalline domains. The relatively large and 

sharp peak with a peak around 223 °C, represented the melting temperature (Tm) of the PVA 

crystalline domains [122]. Upon the increase of F/T and orientation cycles, the endothermic 

curve of PVA became sharper and its peak shifted to a higher temperature.  

 

  
Figure 3.5: Thermal transitions in PVA samples. (*FT=freeze-thawing cycle, S=uniaxial 

stretching cycle, SC=solvent cast) 

 

In another case, the effect of caffeine on the thermal transitions of PVA was showed in Figure 

3.6. As seen in Table 3.1, the Tg appeared to increase with the addition of caffeine and the 

transitions picked up in the region of 45 to 66 °C for the PVA/CAF samples. An increase in Tg 

implied less chain mobility and therefore more inter- and intra-molecular hydrogen bonding 

contained in the PVA polymer [28]. However, the Tm was decreased from approximately 

224 °C to between 215 °C and 218 °C in the presence of caffeine. The decrease seems counter-

intuitive but it is explained by a study with caffeine and PET where caffeine reduces the free 

volume of the polymer by filling a portion of the idealized Langmuir “microvoids”[123]. This 

excess free volume where the caffeine is stored, decreases and further disappears when the Tg 

β relaxation Melting temperature Glass transition temperature 
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is reached [124], then any caffeine in the PVA volume will be liberated to enrich the dissolved 

mode as the temperature increases and this effect produces a reduction in Tg values for the 

mixture compared to the neat polymer. In the case of the melting peak for caffeine, it was 

observed at around 236 °C [125], indicating the caffeine was not in the amorphous state.  

 

 
Figure 3.6: Thermal transitions in PVA/CAF samples. (*FT=freeze-thawing cycle, 

S=uniaxial stretching cycle, SC=solvent cast) 

 

The degrees of crystallinity as shown in Figure 3.7 were calculated by determining the area 

under the melting peak in Figure 3.5 and Figure 3.6. As expected, increasing the F/T cycles 

leads to an increase in crystallinity. In addition, samples with stretching exhibit higher values 

of crystallinity compared to non-stretched samples and it further increases with more stretching. 

The ordered structure presented by the stretching allows more crosslinking density due to the 

easy arrangement of the chains; this further improves the Tg of the polymer. Furthermore, the 

PVA/CAF hydrogel samples have a higher degree of crystallinity in comparison to pure PVA 

hydrogel samples. The increase in crystallinity in PVA/CAF hydrogels is due to the caffeine is 

a crystalline material [53]. As the caffeine exhibited an endothermic peak around 235.5 °C 

(Figure 3.6), corresponding to crystalline caffeine melting point (Klímová & Leitner, 2012), 

β relaxation Melting temperature Glass transition temperature 
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crystallisation of caffeine did not only occurred in PVA during F/T cycles but also in the drug 

itself. Studies have showed that caffeine remained in solid form at the melting point of PVA in 

hydrogel samples [126]. Furthermore, the increase of axial orientation has also exhibited the 

growth of the hydrogel crystallinity which caffeine seems to have further improved it. On the 

other hand, the DSC curve of the solvent casted PVA/CAF hydrogel did not show the 

characteristic melting peak of crystalline caffeine. This finding suggests that crystalline 

caffeine was converted into the amorphous state during the dissolving into water [127].  

 

Table 3.1: The glass transition, β relaxation and melting temperatures of PVA and 

PVA/CAF samples. (*FT=freeze-thawing cycle, S=uniaxial stretching cycle, SC=solvent 

cast) 

Sample Tg (°C) β relaxation (°C) Tm (°C) 
PVA 1FT 40 143 224 
PVA 2FT 41 139 224 

PVA 1FT1S 43 140 224 
PVA 2FT2S 42 136 222 

PVA SC 64 141 226 
PVA/CAF 1FT 62 137 211 
PVA/CAF 2FT 46 128 217 

PVA/CAF 1FT1S 50 138 217 
PVA/CAF 2FT2S 60 152 219 

PVA/CAF SC 66 144 215 
 

 

    
Figure 3.7: Degree of crystallinity, (A) PVA samples, (B) PVA/CAF samples. 

(*FT=freeze-thawing cycle, S=uniaxial stretching cycle, SC=solvent cast) 

 

A) B) 
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3.2.5 Swelling behaviour 

Swelling characteristics, particularly the swelling degree in rehydrated pure PVA and 

PVA/CAF hydrogels were investigated, hydrogel samples were considered as swelling 

controlled-release devices. Before swelling occurs, the drug molecules were entrapped within 

the PVA polymer matrix and when the hydrogels absorbed water, the MW between cross-links 

increases and lead to polymer expansion. This essentially means that the water molecules 

penetrated between the polymer chains and enable the drug molecules to diffuse out of the 

swollen polymer networks [12], [128]. Figure 3.8 depicted the degree of swelling and the water 

content (%) of the hydrogel as a function of time for pure PVA and PVA/CAF hydrogel 

samples. The swelling kinetics of hydrogels were estimated to variate in the number of F/T 

cycles and orientation cycles.   

 

In Figure 3.8A, the maximum degree of swelling in 24 h for PVA 1FT, PVA 2FT, PVA 1FT1S 

and PVA 2FT2S are 301%, 295%, 380% and 371%, respectively. The pure PVA samples 

which have undergone F/T and orientation cycles have a higher swelling degree than the pure 

freeze-thawed samples without orientation cycles. In addition, PVA 1FT1S and PVA 2FT2S 

samples reached the equilibrium swelling after 24 h of soaking. Whereas PVA 1FT and PVA 

2FT samples did not reach equilibrium within 24 h, both of the samples have only reached the 

water content of 91 % and 95 % respectively. This result can further indicate that the hydrogels 

with uniaxial orientation require lesser time to reach the EWC value. 

 

In Figure 3.8B, PVA/CAF 1FT, PVA/CAF 2FT, PVA/CAF 1FT1S and PVA/CAF 2FT2S have 

the maximum degree of swelling of 287 %, 262 %, 307 % and 470 %, respectively. The 

PVA/CAF samples have a lower swelling degree when compared to pure PVA samples, except 

for the PVA/CAF 2FT2S. The low swelling values are attributed to the caffeine being a 

hydrophilic model drug with high crystallisation tendencies [115]; this caffeine crystallites 

within the PVA polymer chains leading to small size pores [129] and a decrease in swelling 

degree. In addition, PVA/CAF 2FT2S has the highest swelling degree of 470 % in contrast to 

all the PVA and PVA/CAF samples which might be caused by the crystallinity presence of 

caffeine and the increased number of orientation cycles applied to the hydrogel. 
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Figure 3.8: (A) Swelling degree of PVA samples, (B) Swelling degree of PVA/CAF 

samples. 

 

The samples with one F/T cycle (i.e. PVA 1FT, PVA/CAF 1FT) have higher swelling degree 

than the samples that underwent two F/T cycles (i.e. PVA 2FT, PVA/CAF 2FT), because the 

degree of swelling consistently decreased with increasing numbers of F/T cycles [30]. Under 

the effect of orientation, the polymer chains have formed uniaxial polymer chain alignments 

while maintaining its structure and water content. Therefore, stretched samples gave a higher 

swelling degree in comparison with hydrogel samples without orientation. It is also verified 

that the release rate of caffeine increased with the degree of hydrogel swelling. Furthermore, 
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all PVA/CAF hydrogel samples have achieved an equilibrium state of swelling within 24 h. An 

equilibrium was achieved within 7 h for PVA/CAF 1FT, 19 h for PVA/CAF 2FT, 4.5 h for the 

PVA/CAF 1FT1S and 4 h for PVA/CAF 2FT2S. A reduction of time was determined to reach 

the EWC value within PVA/CAF samples. This confirmed that the presence of caffeine 

influences the swelling rate since the water can penetrate easily into the polymer network after 

the caffeine has dissolved into the water. 

 

3.2.6 Dynamic mechanical analysis 

From DMA measurements, the storage and loss modulus as a function of temperature was 

determined. The presence of a single Tg was observed in the tan δ versus temperature curves 

as can be seen in Figure 3.9. The thermogram has shown the Tg of the PVA 1FT, PVA 2FT, 

PVA 1FT1S and PVA 2FT2S, being 52 °C, 45°C, 48°C, and 47°C, respectively. Whereas the 

thermogram has shown the Tg of the PVA/CAF 1FT, PVA/CAF 2FT, PVA/CAF 1FT1S and 

PVA/CAF 2FT2S, being 40°C, 49°C, 49°C, and 52°C, respectively. As expected, with 

increasing crosslink density, this transition was slightly shifting toward higher temperatures 

[130]. This behaviour was due to the hydrogen bonding causing more chain stiffness and 

rigidity, leading to less flexibility in the PVA [131]. This property was confirmed by the tensile 

test. Moreover, the amount of water attained in the hydrogel was decreased with increasing 

crosslinking density. In general, as the water content of hydrogel decreases, the storage 

modulus increases and the Tg also increases [132]. The Tg data obtained from DMA are always 

different from that of DSC, and DMA-based Tg is more accurate [133]. While, with increasing 

uniaxial orientation, the transition was also shifting toward higher temperatures with a 

corresponding reduction in the value of tan δ. A decrease in Tan δ indicated a decrease in the 

phase angle δ, which meant the loss (viscous) modulus of the PVA/CAF 1FT1S and PVA/CAF 

2FT2S hydrogels were lower than that of the PVA/CAF 1FT and PVA/CAF 2FT [134]. 

 

It is known that the mechanical properties of a polymer are related not only to its crystallinity 

(degree of crosslinking) but also to the molecular structure of its amorphous regions [135]. The 

height of the damping peak in the DMA curve in Figure 3.10 showed the mobility of the 

polymer molecular chains that leads to damping of energy. The higher the peak, the less 

restriction there was toward the polymer chain motions [131]. As a result, the damping peak 

height decreases in the presence of uniaxial orientation, as the polymer chains highly packed 

together and the restriction for the polymer chain motions increased.  
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Figure 3.9: Tan δ of PVA hydrogels determined by DMA. (*FT=freeze-thawing cycle, 

S=uniaxial stretching cycle, SC=solvent cast) 

 

 
Figure 3.10: Tan δ of PVA/CAF hydrogels determined by DMA. (*FT=freeze-thawing 

cycle, S=uniaxial stretching cycle, SC=solvent cast)                
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3.2.7 Tensile strength 

In the study, the tensile strain at break (ɛB) and the tensile stress at break (σB) were analysed. 

The results in both Figure 3.11A and Figure 3.11B showed that PVA and PVA/CAF hydrogel 

samples with two F/T cycles have the lowest tensile stress. Hydrogels behave in an elastic 

manner when they have lower tensile stress, so, the PVA 2FT and PVA/CAF 2FT samples 

were highly elastic. In contrast, when there was an addition of orientation cycles applied to the 

F/T samples, exhibited higher values of tensile stress. As a result, the PVA 2FT2S and 

PVA/CAF 2FT2S have the highest tensile stress and were very rigid which led to a decrease in 

the elasticity. Due to the polymer chains generated a higher degree of alignment during the 

orientation process, the water inside the hydrogel evaporated easily and caused the samples to 

become brittle, this was confirmed by the DMA results. 

 

In Figure 3.11A, there was no remarkable change of tensile strains in the case of the pure PVA 

samples. It is likely that they have the same ratio of elongation to original length as the PVA 

samples have a similar percentage strain around 219%. While there was a significant difference 

in Figure 3.11B on the tensile strains. PVA/CAF 2FT2S has the lowest tensile strain and 

PVA/CAF 2FT has the highest tensile strain. This means PVA/CAF 2FT has higher elongation 

than PVA/CAF 2FT2S. El-Hadi et al. have determined that the maximum stress was always 

higher and the maximum elongation smaller [136]. The presence of caffeine and the effect of 

orientation varied the percentage strain in PVA hydrogels. The reason for the changes of tensile 

strength was the drug crystallisation [120]. During caffeine crystallisation, caffeine crystallites 

were being formed within the amorphous region of PVA. These phenomena have caused the 

density, crystallinity, tensile stress and Young’s modulus (Figure 3.12) increased, and 

elongation at break decreased. Drug crystallisation can be restricted by fast water evaporation 

(e.g. electrospinning) which hindered the mobility of caffeine molecules in the hydrogels, thus 

exhibited the vitrification process [137]. This process gave the incorporated drug limited time 

to recrystallize favouring the formation of amorphous dispersions or solid solutions state [127], 

[137]. 

 

The Young’s modulus (Figure 3.12) describes the stiffness of a solid material. The caffeine-

content PVA hydrogel samples tend to have higher Young’s modulus in comparison with pure 

PVA samples. In particular, the PVA/CAF hydrogels with orientation have higher Young’s 
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modulus than pure PVA samples with orientation. The PVA/CAF 2FT2S reached the highest 

Young’s modulus of 1462 MPA. It can be deduced that PVA hydrogels tend to increase its 

solidness and rigidness to undergo stretching when the number of cycles of F/T and orientation 

was increased, as well as drug crystallinity increases [30].   

 

Figure 3.11: Stress vs strain curve for (A) PVA sample, (B) PVA/CAF sample. 

(*FT=freeze-thawing cycle, S=uniaxial stretching cycle, SC=solvent cast) 

  

B) 

A) 
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Figure 3.12: Young's modulus for PVA and PVA/CAF hydrogel samples. (*FT=freeze-

thawing cycle, S=uniaxial stretching cycle, SC=solvent cast) 

 

3.2.8 Caffeine release studies  

The release profiles of caffeine-loaded PVA hydrogels was shown in Figure 3.13. It can be 

seen that there was a quick drug release at the first 10 min which followed by a slow rate of 

drug release. The full release of caffeine from PVA/CAF 1FT, PVA/CAF 2FT, PVA/CAF 

1FT1S and PVA/CAF 2FT2S were obtained at 50 min, 60 min, 20 min and 15 min, respectively. 

This indicates that caffeine-loaded hydrogel samples without stretching have taken much 

longer to complete the drug release process. Whereas, the hydrogel samples with stretching can 

completely release the drug between 15 and 20 min. 80% of caffeine is released in the rate of 

10.0% release/min and 20.0% release/min for PVA/CAF 1FT1S and PVA/CAF 2FT2S, 

respectively. This showed that the drug release rate increased with additional uniaxial 

orientation. In addition, the study showed an inverse correlation between the drug release rate 

and the degree of crosslinking resulted by F/T cycles. The hydrogel sample that undergoes a 

higher number of F/T cycles (i.e. PVA/CAF 2FT) has a lower caffeine release rate of 8.6% 

release/min when compared to PVA/CAF 1FT which has the drug release rate of 13.3% 

release/min at first 10 min. It can be explained by the fact that the increase of F/T cycles can 

cause the polymer network structure to become progressively dense and entangled [30]. The 

increase of crystallinity in the polymer consequently resulted in a decrease of diffusivity of 

PVA hydrogel and slowed down the drug release rate [138]. Hence, the introduction of uniaxial 
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orientation to the hydrogels can result in the polymer chains becoming increasingly aligned. 

These alignments encourage a rapid penetration of water into the polymer matrices that 

promote a remarkably fast drug release within an hour. 

 

 
Figure 3.13: Release behaviour of caffeine from different F/T and uniaxial orientation 

cycles of PVA hydrogels. (*FT=freeze-thawing cycle, S=uniaxial stretching cycle, 

SC=solvent cast) 

 

In the literature, a number of mathematical models have been used to interpret the drug release 

data and the associated release mechanism [139]. In this study, the zero-order, first-order, 

Higuchi Korsmeyer-Peppas and Hixson-Crowell models are used to evaluate the experimental 

released profile of caffeine obtained at room temperature. The determined fitting parameters 

(i.e. n and R2) of all the models are listed in Table 3.1. In the drug release assays, it was 

observed that there was an initial burst effect, followed by zero-order kinetics (R2 = 0.9960) for 

PVA/CAF 1FT and first-order kinetics (R2 = 0.9993) for PVA/CAF 2FT. The differences in 

the release behaviour of PVA/CAF 1FT and PVA/CAF 2FT can be explained by the increase 

of crystallinity and denser network structure of the latter. 
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The drug release profile of caffeine from PVA hydrogels with orientation (i.e. PVA/CAF 

1FT1S and PVA/CAF 2FT2S) have shown best fit with Hixson-Crowell model. The R2 value 

for PVA/CAF 1FT1S and PVA/CAF 2FT2S was 0.9984 and 0.9904, respectively. Thus, they 

were related to the changes in the surface area of the hydrogels. The surface area of the 

orientated samples was directly proportional to the drug release rate. Due to an increase in 

orientation cycles, the samples surface area/volume ratio increases and it became more active, 

causing the drug release rate of the samples to increase. It can be deduced that the hydrogel 

samples with orientation were limited by the caffeine dissolution rate and not by the diffusion 

that might occur through the PVA polymeric matrix [140]. 

 

Although the result obtained in this work demonstrated that the release mechanism of caffeine 

seems to be proportional to the surface area of the oriented hydrogel, studies performed of PVA 

and caffeine [53], [141] suggests that the release mechanism is based on the diffusion of the 

entrapped caffeine to the exterior of the PVA membrane, Fickian diffusion. Although the fitting 

parameters for a Fickian diffusion (Higuchi model) are high for most of the polymers, i.e., they 

also tend to perform as a diffusion mechanism. These values decreased when the hydrogel was 

stretched, this was because of the preferable method of release changes because of the stress 

created and the aligned hydrogel produced, which is based on the surface area (Hixson-

Crowell). 

 

Table 3.2: Release behaviour of the drug-loaded PVA/caffeine hydrogels. 

PVA/CAF Zero order First 

order  

Higuchi  Korsmeyer-Peppas  Hixson–

Crowell 

R2 R2 R2 R2 n R2 

1FT 0.9960 0.9809 0.9808 0.9642 0.1427 0.9871 

2FT 0.9800 0.9993 0.9956 0.9992 0.2564 0.9957 

1FT1S 0.9696 0.9770 0.9902 0.9941 0.4020 0.9984 

2FT2S 0.8033 0.9513 0.8591 0.9062 0.0579 0.9904 

 

 

3.2.9 X-ray Powder Diffraction 

In order to discriminate any variation in crystalline content as a result of uniaxial orientation 

addition to the PVA hydrogels, the XRD measurements on the PVA were carried out. As seen 
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in Figure 3.14, the first broad and high diffraction peak appeared at diffraction angles 2θ = 20 

was corresponded to a typical crystalline atactic PVA, indicated PVA was crystalised after 

repeated F/T cycles and PVA polymer chains were still preserved in their semi-crystalline 

nature associated with the trans-planar chain conformation [142]. This might be due to the 

presence of strong intra-molecular hydrogen bonding in individual monomer unit of PVA and 

inter-molecular hydrogen bonding between its different monomer units [143]. The position of 

the first peak of PVA 2FT was slightly shifted to a lower value, which implied an increase in 

the size of the PVA crystallites. In contrast, the intensity of peaks decreased after introducing 

uniaxial orientation to the freeze-thawed PVA hydrogels (i.e. PVA 1FT1S and PVA 2FT2S). 

This showed that the PVA chains still retain their trans-planar chain conformation due to the 

intense intra- and intermolecular hydrogen bonding [99]. However, there was a decrease in the 

intensity of the doublet peaks and their peak area broadening, indicated that the crystallinity of 

PVA was suppressed. The second peak at diffraction angles 2θ = 41 was attributed to the 

presence of a low amount of water molecules within the PVA polymer chains [34]. 

 

XRD is also an important tool for characterizing the dispersion of caffeine in PVA hydrogel. 

In the case of the powder form of caffeine, it has an ordered crystalline matrix which describes 

the characteristic high-intensity peaks at 11.6, 11.9, 26.4 and 27.8 in the XRD [127]. As seen 

in Figure 3.15, there were high-density caffeine peaks observed around 12.0 and 24.0-28.0 as 

well as a low-density peak around 37.0 which depicted that the caffeine was not dispersed 

homogeneously in the PVA matrix and not in the amorphous form. This implied the drug was 

not successfully encapsulated in the hydrogel samples. Same was further supported by the DSC 

(Figure 3.6), the melting peak for caffeine at 236 °C was observed in the PVA/CAF hydrogels. 

When comparing the PVA and PVA/CAF samples, after integrating caffeine into PVA, the 

position of the peak at 20 was slightly shifted to a higher value, indicated a decrease in the size 

of the PVA crystallites. Furthermore, it was observed that the peak area for PVA/CAF 1FT1S 

and PVA/CAF 2FT2S at the diffraction peak of 41 were broader than PVA/CAF 1FT, 

PVA/CAF 2FT and PVA/CAF SC. It might be attributed to the PVA structural change from 

the lamellar structure to the microfibrillar structure associated with the lamellar break-up by 

strong elongational stress during uniaxial orientation [99]. 

 



  Chapter 3 

78 
 

  

Figure 3.14: XRD for non-orientated and orientated PVA samples. (*FT=freeze-

thawing cycle, S=uniaxial stretching cycle, SC=solvent cast) 

 

 

Figure 3.15: XRD for non-orientated and orientated PVA/CAF samples. (*FT=freeze-

thawing cycle, S=uniaxial stretching cycle, SC=solvent cast) 
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3.2.10 Direct contact assay for orientated and non-orientated hydrogels 

The percentage of cell viability of both pure PVA and PVA/CAF hydrogels were determined 

by quantifying the violet coloured formazan crystals formed during the MTT assay. It is a fact 

that the amount of formazan produced is directly proportional to the number of viable cells. As 

shown in Figure 3.16, the hydrogel samples were directly placed on top of cell layers and the 

cell viability of PVA SC, PVA 1FT, PVA 2FT, PVA 1FT1S and PVA 2FT2S were 84%, 79% 

and 72%, 20% and 20% respectively. It implied that when PVA SC, PVA 1FT and PVA 2FT 

treated with 3T3 cells, they had a non-toxic effect, according to ISO 10993-5 (2009) with cell 

viability being not lower than 72%. Whereas, a very low degree of cell viability was observed 

for the both orientated PVA samples: PVA 1FT1S and PVA 2FT2S. It was investigated that 

the orientated samples were not toxic as they had the same composition as PVA SC, PVA 1FT 

and PVA 2FT. There was a decrease in viable cells at the bottom of the wells because when 

the orientated hydrogels contacted with the medium, they became curve and were not able to 

properly sit on the wells. Therefore, it was predicted that majority of the cells might be attached 

on the hydrogels or still flown in the medium. When the orientated hydrogels and medium were 

removed, the cells were also being removed, resulting in a low percentage of viable cells on 

the wells. Further analysis should be carried out by analysing the orientated hydrogels on a 

fluorescent microscope to prove that the polymer chain alignment on the orientated hydrogels 

improved the cell attachment, indicated its good biocompatibility and potentially used for tissue 

regeneration.   

 

All the caffeine-contented PVA samples had a very low percentage of cell viability. PVA/CAF 

SC, PVA/CAF 1FT, PVA/CAF 2FT, PVA/CAF 1FT1S and PVA/CAF 2FT2S had the cell 

viability at 15%, 16%, 14%, 20% and 10% respectively. Due to the high concentration of 

caffeine in the cell medium, it caused a huge cell dead in the wells. Therefore, the maximum 

caffeine concentration that suitable for cell growth were found out using the elution study with 

a varies of PVA/CAF concentrations (Figure 3.18). The concentrations that revealed 

percentage cytotoxicity of less than 28% was considered as non-cytotoxic. 

 

3.2.11 Elution test for orientated and non-orientated hydrogels 

According to Figure 3.17, all the PVA samples were non-toxic at 1 mg/ml. The PVA SC 

remained non-toxic at 5 and 10 mg/ml as it had the cell viability of 95% and 82%, respectively. 

The PVA 1FT also remained non-toxic at 5 and 10 mg/ml with the cell viability at 88% and 
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81%, respectively. However, the PVA 2FT, PVA 1FT1S and PVA 2FT2S hydrogels became 

toxic from the concentration of 5 and 10 mg/ml. In addition, as seen in Figure 3.18, the 

caffeine-contented PVA samples did not induce any substantial toxicity at 1 mg/ml. It was 

observed that PVA/CAF hydrogels should not exceed the concentration of 5 mg/ml as there 

was a significant decrease in cell viability at 5 mg/ml. Therefore, it can be concluded that the 

PVA and PVA/CAF hydrogel samples were suitable for cell proliferation at the concentration 

range of 1 – 4 mg/ml. 

 

 

 

Figure 3.16: Influence of PVA and PVA/CAF hydrogels on the viability of NIH/3T3 cell 

line following a 24 h exposure at 37°C assessed as direct contact with MTT endpoint. It 

is noted that the hydrogel samples were place directly on top of cell layer during 

incubation. (* denotes a significant difference from the negative control). 
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Figure 3.17: Influence of PVA hydrogels on the viability of NIH/3T3 cell line following a 

24 h exposure at 37°C assessed in the elution test with MTT endpoint. The concentration 

refers to the hydrogel sample extracts. (* denotes a significant difference from the 

negative control). 

 

 

Figure 3.18: Influence of PVA/CAF hydrogels on the viability of NIH/3T3 cell line 

following a 24 h exposure at 37°C assessed in the elution test with MTT endpoint. The 

concentration refers to the hydrogel sample extracts. (* denotes a significant difference 

from the negative control). 
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3.3 Summary 

A series of PVA hydrogels with or without caffeine were synthesized by combined freeze-

thawing and uniaxial orientation and their properties were investigated in comparison with 

those without uniaxial orientation. A fixed orientation pattern was obviously observed on the 

SEM images of PVA 1FT1S and PVA 2FT2S hydrogels. The orientation became less obvious 

with the addition of CAF into the PVA hydrogel. The presence of crystallinity is determined 

using FTIR, DSC and XRD. The PVA and PVA/CAF with 1FT2S and 2FT2S shown an 

increase of crystallinity, which consequently resulted in a higher degree of swelling, tensile 

strength and Young’s modulus. The drug release rate was also improved with a more aligned 

arrangement in the polymer chains of PVA hydrogels with uniaxial orientation cycles. Finally, 

the study indicated the orientated PVA/CAF hydrogels were non-toxic and can be served as an 

ideal biomaterial for drug release applications at the PVA/CAF concentration not exceeding 5 

mg/ml. 
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Synthesis and characterisation of cryogenic Polyvinyl 
alcohol spheres 

4.1 Introduction 

The efficient encapsulation of drugs including small molecules, protein and nucleic acids into 

an excipient such as biodegradable sphere is very important to solve some common problems 

such as initial burst drug release, low solubility, high potency and poor stability for better-

controlled drug release. For example, the drugs especially proteins, keep internally and being 

protected by the degradable polymer surrounding them, the drugs can maintain their biological 

activity and are not easily destroyed in the body when the polymer is slowly degraded. The 

sphere preparation technique that we will be discussed in the following chapter has been 

published as a full journal paper. For the case of this study, ciprofloxacin is a pH-dependent 

solubility antibiotic. The drug is practically insoluble in water and crystallise at neutral pH but 

is soluble at an acidic pH [144]. It is believed that the poorly water soluble of ciprofloxacin can 

be overcome by encapsulating the drug into the PVA/PAA sphere to maximise its drug delivery 

efficacy [145].   

 

The spheres can be used as the long-term applications for steady and controlled release system 

because it can increase patient comfort and improve patient compliance by reducing the 

frequency of dosage through the replacement of frequent (e.g. daily) dosages with infrequent 

(e.g. once per month and maybe longer) drug administration [146]. For instance, the 

ciprofloxacin incorporated in poly (D, L-lactide) (PLA) as a bone implant can be sustainable 

release for two months as illustrated by Castrol et. al [147]. Nevertheless, the sphere can also 

be used as an immediate release application as described in this study for the drug delivery. 

 

Various techniques are available to encapsulate drugs into the biodegradable and biocompatible 

polymeric spheres, such as emulsification technique with water-in-oil (W/O) emulsion [148], 

oil-in-water (O/W) emulsion [149] or water-in-oil-in-water (W/O/W) double emulsion [150] 

with solvent evaporation system, phase separation [151], supercritical fluid [152], 

electrospraying [153] and spray drying techniques [154]. However, a new and simple technique 

was created to produce the sphere by directly forming the frozen sphere into a dispersing 

solution such as ethyl acetate (AcOEt) and chloroform at ultra-low temperature using a 

micropipette. In the literature, the PVA spheres are generally prepared by dipping sodium 

alginate over a calcium chloride solution, technically named as coacervation [155]. Therefore, 
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the study is aimed to use a novel technique to save the spheres preparation time and to provide 

a more stable drug release manner due to a better drug encapsulation efficiency.  

 

The work demonstrated in this chapter is published by evaluating the ciprofloxacin drug 

releasing profile. Therefore, in order to link the work in this chapter with the previous chapter, 

PVA spheres containing caffeine was produced and characterised to compare with the PVA 

spheres containing ciprofloxacin. 

 

4.2 Result and Discussion  

4.2.1 Visual inspection 

Firstly, samples produced through freezing in AcOEt the spherical shape intended (Figure 

4.1a). As the AcOEt temperature raised (because the recipient containing the liquid was 

removed from the freezer at -80 °C to allow the PVA solution to be dripped into AcOEt), 

spheres took longer to freeze.  

 

Despite this, at first, spheres remained separate from each other. However, as the medium 

temperature increased during the thawing stages, the spheres formed large agglomerates due to 

secondary interactions, in some cases losing the spherical shape. After the third thawing stage, 

some spheres could not keep the shape, indicating freeze-thaw cycles into AcOEt had to be 

improved for producing PVA hydrogel spheres (Figure 4.1b). Conversely, if the spheres were 

produced with freeze cycles only, i.e., freezing the solution at different temperatures followed 

by freeze-drying, they present a more rounded shape without aggregation on drying. However, 

they still present some deformities observed at the macroscopic scale (Figure 4.1c). The first 

three thawing steps were very delicate and were carried out at a lower temperature of -12 ℃ to 

keep the spheres at the frozen state as illustrated in Table 2.3. 

 

Therefore, samples were produced by a combination of freeze cycles and thawing; samples 

with these modifications presented a more well-defined geometry. Freeze cycles help to 

maintain the shape of the sphere in the first cycles without losing its geometry which we 

propose is due to the minimal hydrogen bonding occurring. However, after the third freeze 

cycle with thawing, spheres could completely keep the shape. This demonstrated that it was a 

more suitable freeze-thaw method (Figure 4.1d) and was selected for the formulations 
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containing ciprofloxacin, PAA and HAp. These samples exhibited essentially the same 

characteristics as the spheres made of PVA only. 

 

 
Figure 4.1: (a) Spheres frozen by the dipping method; (b) Samples after freeze-thawing 

and following freeze-drying; (c) Samples after freezing cycles and (d) Samples after 

freezing cycles and thawing following freeze-drying. 

 

The addition of caffeine to PVA hydrogel spheres did not affect the size of sphere. Both PVA 

and PVA/CAF spheres were in the diameter between 2–3 mm. The research group of 

Soppimath reported that the use of higher molecular weight polymers could increase the size 

of the microspheres as well as delayed release of the drug [156]. Therefore, sphere smaller than 

2 mm might be achieve by moderately lowering the molecular weight of PVA, but not too low, 

as it might be difficult to retain the spherical spheres. 

 

4.2.2 Scanning Electron Microscopy (SEM)  

The morphology of the hydrogels was investigated using SEM to understand the effect of 

freezing using the dipping method. Figure 4.3 showed the overall cross-section of the PVA 

sphere. When the sphere was frozen in the pre-cooled AcOEt solution, a forced alignment of 

polymeric chains occurred. The sphere started to freeze from the outer part to the inner part, 

resulted from a fibrous structure alignment moving toward the center of the sphere. 

 

For samples of PVA and PVA-PAA (Figure 4.3) it is possible to see that the samples 

maintained the overall spherical shape (Figure 4.3a, d) and upon further inspection of its 

surface, a porous structure was observed throughout the sample (Figure 4.3c, f). This porous 

structure can be used to create pre-defined geometries for drug delivery vehicles and allow cell 
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infiltration and incorporation of payloads after crosslink [157]. In the cross-section of these 

spheres, it was possible to observe two different morphologies within the interior of this 

material - a porous structure, also seen on the surface, and a fibrous pattern-like (Figure 4.3b, 

e). The fibrous structure is beneficial for cellular interaction. The overall structure comparing 

the addition of PAA was the presence of whiter regions on the cross-section images, which 

could indicate an increase in diameter of the fibrous pattern and smaller pores on the surface 

due to the effect of PAA.  

 

The addition of HAp to these hydrogels (Figure 4.4) evidences the formation of smaller sphere 

sizes and decreased pore sizes. It is also possible to observe the formation of a fibrous like-

structure that is slightly different from the hydrogels without HAp; these patterns had different 

sizes and thickness. This might be due to the interaction of HAp with the polymers. However, 

even on the surface of this material, it is possible to observe this spiderweb-pattern. We 

deduced that the technique of freeze-thawing performed here by dipping mechanism led the 

HAp particles to interact with the polymer chains forming this structure, which was maintained 

after drying by the freeze-dryer. It is interesting to note that the morphology results shown here 

are rather different from the ones shown in literature for freeze casting. This is due to this 

approach by the freeze-thawing technique before drying the samples where we obtained a 

porous structure rather than the conventional laminar generally found in these techniques [158], 

[159].  

 

Energy dispersive X-ray analysis was applied to samples containing HAp on the regions of the 

fibrous pattern confirmed the presence of hydroxyapatite. Table 4.1 presents the approximated 

chemical composition by weight of each sample. The calcium characteristic radiation could be 

identified in all of the four samples but decreasing with increasing the complexity of the 

formulation by adding PAA.  
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Figure 4.2: SEM images for the orientation of the cross-section of sphere after F/T.  

 

 
Figure 4.3: SEM images of hydrogel spheres frozen into AcOEt, the first row are PVA 

and second row are PVA-PAA samples; (a,d) overall image; (b,e) cross-section and (c,f) 

zoomed surface. 

 

 

(b) (a) 



  Chapter 4 

89 
 

 
Figure 4.4: SEM images of hydrogel spheres frozen into AcOEt, first row are PVA-HAp 

and second row are PVA-PAA-HAp samples; (a,d) overall image; (b,e) cross-section and 

(c,f) zoomed surface. (*PAA=Polyacrylic acid, Hap=Hydroxyapetite) 

 

Table 4.1:Approximated chemical composition obtained by EDX for the hydrogels 

investigated in this work containing HAp. 

Element 
[%wt.] 

Sample 
PVA-Hap PVA-PAA-HAp 

C 27.02 51.45 
O 38.43 44.72 
P 11.79 0.33 

Ca 22.76 3.50 
 

4.2.3 Fourier transform infrared spectroscopy (FTIR) 

The infrared spectra (Figure 4.5) show the characteristic peaks of PVA and caffeine. The PVA 

spectrum shows the bands at 2918 cm−1 (CH2 stretching) and 2954 cm−1 (CH3 stretching). The 

very broad band around 3300 cm−1 is attributed to the presence of water that is absorbed by 

PVA molecular chains. Although the peaks of the functional groups belonging to caffeine 

decreased or disappeared because they have been overlapped by the strong and broad bond 

stretches of PVA, the main peaks of caffeine can still be identified in the PVA/CAF sphere 
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which included 1736 cm−1 and 1706 cm−1 (Region I) for C=O stretching of the amide group as 

well as 1376 cm−1 (Region II) for C-N amide stretches [53], [114], [160]. The above data 

suggested that there are no physical or chemical interactions between PVA and caffeine. 

 

 
Figure 4.5: FTIR for PVA and PVA/CAF spheres. 

 

In addition, the peak at 1141 cm−1 corresponding to the C-O stretching from the crystalline 

sequences of PVA polymeric chains were observed in both PVA and PVA/CAF spheres, is 

shown to be sensitive to the degree of crystallinity of PVA. This indicated that a crystalline 

effect occurred during freeze-thawing cycles. It is hard to determine the effect of caffeine to 

the degree of crystallinity in FTIR; therefore, DSC is used to further identify its crystallinity.  

  

4.2.4 Differential scanning calorimetry (DSC) 

The effect on the polymer, HAp and the drug added to the PVA hydrogel was investigated 

using a DSC technique. Firstly, the glass transition temperature of PVA and the α relaxation of 

PVA are, respectively, 84.68 °C and 63 °C. PAA is an amorphous material and has no 

crystalline melting peak. The PVA and CIP have melting temperatures respectively at 

227.88 °C and 276.77 °C. The β-transition of the crystalline PVA domains was identified due 

to the relaxation of the domains in the crystalline regions. The HAp had no significant thermal 

transition but both PVA and PAA presented thermal degradation events. 

Hydrogels studied in this work (Figure 4.6a) exhibits first that the incorporation of PAA 

decreases the melting point and increases the glass transition temperatures compared to PVA. 

It is known that due to the addition of PAA, the tendency of PVA to crystalize fades due to 

some strong H-bonding interaction between PVA and PAA in the amorphous phase, which can 

be seen by the broad melting peak obtained by PVA-PAA samples [161].  

 

1141 
I II 
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The addition of HAp increases the melting point of PVA and PVA-PAA samples, the effect of 

HAp as an addition to improve the mechanical properties of the hydrogels are known and 

several researchers have reported this phenomenon [162]–[164]. Conversely, when 

ciprofloxacin was added to the structure of these materials there is a strong decrease in the 

crystalline melting temperature of PVA, exhibiting the same characteristics as with samples 

without the drug. This decrease could be due to the interaction of the PVA and CIP; similar 

reports for PVA polymer have been shown [165] and for other polymers [166]. In addition, the 

sample containing HAp still has the highest value of PVA melting point temperature in which 

sample PVA-HAp-CIP exhibited the highest for samples containing the drug. 

 

The DSC curve of caffeine powder (Figure 4.7) showed a melting endothermic peak at 237 ◦C. 

A small additional endothermic peak at around 160 ◦C was observed, attributed to the presence 

of a small amount of caffeine form II in the material provided [167]. Furthermore, the caffeine 

melting point cannot be observed in the PVA/CAF sphere, probably because the caffeine was 

not present as crystalline material but had been converted into an amorphous state in the sphere 

[114]. Although the melting temperature of PVA and PVA/CAF spheres was around 222-223 
◦C, an increase in the degree of crystallinity from 15% to 29% was identified. As stated in our 

previous research, caffeine has exhibited the formation of crystallite in the PVA polymer 

matrix [168]. However, the glass transition temperature has decreased slightly from 61 ◦C to 

58 ◦C with the presence of caffeine. This may be referred to increasing in the free volume 

throughout amorphous regions which resulted from the physical crosslinking or crystallization 

process of PVA with caffeine or decreasing in hydrogel bonding in the same amorphous 

network [169]. 
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Figure 4.6: DSC to investigate the effect on Tm and Tg of PVA and PAA when adding 

HAp (a) and CIP (b) to the hydrogel structure – the scale of heat flow from (b) is 2x 

higher than (a).  

 

 
Figure 4.7: DSC for caffeine powder, PVA and PVA/CAF spheres. 

237 ◦C 
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4.2.5 Swelling studies 

To investigate the ability of the hydrogels for targeted drug delivery, studies on swelling were 

performed (Figure 4.8). The results elucidate the effect of the addition of PAA on increasing 

the swelling value due to the carboxylic acid chains. When HAp was incorporated into the 

structure, these values were lower for both PVA and with the addition of PAA. These results 

correlate with the DSC results and its morphology, leading to a more compact and resistant 

material. Nonetheless, the effect on PAA with the addition of HAp is still noticeable due to the 

increased values. 

 

It is known that the addition of PAA to PVA can induce a pH-sensitivity in the structure of the 

materials. Therefore, studies at different pH were conducted. The effect of swelling of PVA is 

unchanged while varying the pH until the highest number investigated and is comparable to 

those reported in the literature [170].  

 

Nonetheless, when adding PAA the materials, follow a somewhat linear function while 

increasing the pH. The effect of controlling the pH sensitivity of these materials is one 

requirement for biomaterials [171] and the linear function of PVA-PAA have been reported by 

other authors as well, though not to a wide extent shown in this work [172], [173].  

The addition of HAp to the PVA also seems to exhibit a pH sensitivity though not following a 

linear function and swelling less than the PVA alone. When HAp was incorporated in the 

hydrogel with PAA the linear function is also observed while with lower swelling values. PVA 

hydrogel is reported to have low pH-sensitivity [12] and could have been benefited from the 

HAp in the structure by slightly improve its response.  

 

When the spheres reached swelling equilibrium, they were immediately removed from the 

buffer solution and photographed (Figure 4.9). It is possible to observe an increase in volume 

due to the swelling and pH sensitivity, as expected from hydrogels. It seems to follow the trend 

shown in swelling graphs (Figure 4.8). However, it is harder to perceive differences with the 

addition of HAp and although all components present hydroxyl groups in their chemical 

structures, only PVA and PAA contribute significantly to the absorption of water by hydrogen 

bonds [174]. The ability for pH sensitivity in the point of biomaterials is relevant is due to the 
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different pH values that certain body tissues have, such as the neutral pH in the intestine; also, 

chronic wounds have pH between 7.1 to 5.4 [175], [176].  

 

The PVA and PVA/CAF spheres were fully swollen in 4 h with the degree of swelling of 532% 

and 356%, respectively. The results elucidate the addition of caffeine resulted in a decrease in 

the swelling value which correlated with the DSC result, which caffeine exhibited high 

crystallisation tendencies in the sphere, leading to a more compact and resistant material. When 

the spheres reached swelling equilibrium, they were immediately removed from the buffer 

solution and photographed (Figure 4.10). Although the swelling degree of PVA sphere was 

significantly higher than PVA/CAF sphere, it was hard to perceive their size differences. 

 

 

Figure 4.8: Swelling in distilled water and pH-sensitivity tests of the studied hydrogels; 

although PVA seems to show sensitivity towards higher pH values, they were not varied 

towards other pH values. 
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Figure 4.9: Hydrogel spheres of (a) PVA-PAA and (b) PVA-PAA-HAp after reaching 

equilibrium swelling at different pH values. 

 

  

  

 

Figure 4.10: Photograph of PVA spheres (a) before swelling and (b) after swelling; 

PVA/CAF spheres (c) before swelling and (d) after swelling. (e) Swelling studies in pH 7.4 

buffer at room temperature. 

(a) (b) 

(c) (d) 

(e) 
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4.2.6 Drug release studies 

The drug release of ciprofloxacin incorporated into the structure of the hydrogel spheres 

(Figure 4.11a) exhibits that for PVA and PVA-PAA the drug is released nearly at 30 min while 

when HAp was added to the structure, the drug is fully released only at 120 min for PVA-CIP 

and 350 min when PAA was added. In contrast, PVA-HAp hydrogels only fully release 

ciprofloxacin after 6 h – which is in agreement with DSC data. These results suggest that 

samples without HAp could be used for applications demanding drugs for immediate release.  

Another important result was that the PVA and PVA-PAA hydrogels dissolved at the same 

time that the drug was fully released, i.e., 35 min for PVA and 40 min for PVA-PAA. Hydrogels 

which incorporated HAp did not dissolve in the timeframe of the test. These materials 

maintained the integrity in swelling tests at room temperature, however, these spheres slowly 

dissolved at temperatures higher than 35 °C. There is a desired criteria for immediate release 

drug delivery system whereas it is important that the carrier should be dissolved within a short 

period [177], [178]. The porous structure observed by the SEM could have probably led to this 

fast time response delivery. Nonetheless, it is possible to modulate the profile of samples with 

HAp to dissolve and deliver the drug under the allowed time frame for immediate release. This 

can be achieved by controlling the steps on freeze-thawed mechanism, i.e., by controlling the 

amount of crosslinking and it could be done by either reducing the amount of cycles or the 

thawing time. 

 

The entrapment efficiency of these hydrogel spheres by impregnation of ciprofloxacin reported 

values of 0.26 % for PVA-CIP, 0.12 % for PVA-PAA, 0.26 % for PVA-HAp and 0.24 % for 

PVA-PAA-HAp. These were very low values, and due to the crosslink occurring between the 

polymeric chain, there was not enough space for the drug to be entrapped after the hydrogel 

was formed; nonetheless, spheres produced by sodium alginate have reported values of 

impregnation of 10 % [155]. The increase in this loading was due to the different fabrication 

method, by coacervation. When the sphere was formed via the dipping mechanism the solution 

where the sphere will be formed (CaCl2 for sodium alginate) will also contain the drug in a 

specific concentration and this mechanism may report values on the order of 90 % of 

entrapment efficiency [179]. 
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Figure 4.11: (a) Percentage of released drug in function of time for the studied samples. 

It is possible to observe the effect of Hap – leading to a slow release of ciprofloxacin. (b) 

caffeine drug release. 

 

According to Figure 4.11b, the PVA/CAF sphere offered a fast drug release system. The 

amount of time required for complete caffeine release from the PVA/CAF sphere was within 

60 min. When comparing the PVA/CIP sphere produced in our research study using the same 

preparation methodology [145], it is similar to the drug releasing time of PVA/CAF sphere 

with the ciprofloxacin fully release within 60 min (i.e. 35 min).  
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According to Table 4.2, five different drug release mechanisms was used to identify which 

drug release model best fit to the spheres. The PVA/CIP, PVA/PAA/CIP, PVA/PAA/HAp/CIP 

and PVA/CAF spheres were best fit in Hixson-Crowell release kinetic, indicated that the drug 

release rate is depends on the change in surface area and diameter of sphere. While, the 

PVA/Hap/CIP sphere is best fit in Higuchi model with the R2 value=0.979, suggesting the CIP 

release by Fick’s law of diffusion from the sphere. 

 

Table 4.2: Mathematical modeling for drug dissolution profile.  

 Zero-

order 

First-

order 

Higuchi Korsmeyer-Peppas Hixson-

Crowell 

R2 R2 R2 R2 n R2 

PVA/CIP 0.8599 0.9806 0.9663 0.9698 1.1911 0.9940 

PVA/PAA/CIP 0.9450 0.9255 0.8619 0.8941 1.1908 0.9533 

PVA/PAA/HAp/CIP 0.8761 0.9755 0.8807 0.9102 1.0344 0.9864 

PVA/HAp/CIP 0.8650 0.8343 0.9798 0.9365 0.7585 0.8663 

PVA/CAF 0.7214 0.9866 0.9565 0.8247 1.0901 0.9913 

 

4.2.7 Disintegration studies 

The cryogenic spheres containing ciprofloxacin and without HAp dissolved in the drug release 

tests. Therefore, these spheres were evaluated at which time it was fully dissolved (Figure 

4.12a). For samples without HAp, it is possible to observe that the dissolution follows the drug 

release curve of ciprofloxacin from Figure 4.11. The time for the sphere to be fully dissolved 

matches the time for the complete release of ciprofloxacin release test. In contrast, samples 

containing HAp improves the structure of these hydrogels from reinforcement of 

intermolecular and intramolecular bonds and maintain its integrity within the time of the study. 

We believe the structure of the samples containing HAp was improved leading to a high 

crosslink polymeric network which does not led the pH 7 buffer to dissolve this material, as 

supported by our previous research [15].  

 

According to Figure 4.12b, both PVA and PVA/CAF spheres were also not disintegrated after 

two weeks in pH 7.4 buffer at 37 ◦C. The spheres were sinking to the bottom of the flask when 
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they were fully swollen. The six F/T cycles has improved the structure of these spheres with a 

high crosslink polymeric network in order to maintain its integrity within the time of the study.  

 

        

Figure 4.12: (a) Dissolution of the cryogenic spheres incorporated with ciprofloxacin. For 

samples without HAp, the last time measurement was performed at the point where there 

was no visual observation of the sphere. (b) Dissolution of the PVA and PVA/CAF spheres 

at 37 °C. 

 

4.2.8 Cytotoxicity test 

The results for MTT assay of NIH 3T3 cell line following a 24 h and 48 h exposure are shown 

in Figure 4.13. After the 24 h exposition, it was possible to observe that all spheres presented 

to be non-toxic (cell viability > 72%) in all concentrations of sphere sample elution extracts. 

Furthermore, after the 3T3 cell line being exposed for 2 days, it can be observed that there was 

an increase in cell viability for most of the samples and still exhibiting a non-toxic profile. It is 

also observed that the PVA and PVA/CAF spheres presented to be non-toxic with the cell 

viability of 78% and 84%, respectively (Figure 4.14).  

(b) 

(a) 
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Although, sphere samples were produced with AcOEt – that is known to be toxic for specific 

concentrations (i.e. oral median lethal dose (LD50) in rats =10100 mg/kg body weight [180]), 

the procedure performed in this work shows that any remaining solvent in the hydrogel sphere 

was not effective to decrease the cellular viability. It is worth mentioning that although these 

spheres produced via a droplet method using AcOEt as solvent to form the cryogenic spheres 

upon impact, it was only chosen due to the easy access to this compound from our lab, 

nonetheless it is possible to use any other solvent that can freeze below the temperatures studied 

in this work and that could have lower toxicity values. 

 

 

Figure 4.13: Cell viability tests of the studied hydrogels on NIH 3T3 cells after (a) 24 h 

and after (b) 48 h. 
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Figure 4.14: Percentage viability of 3T3 cells after (a) 24 h exposure. (* denotes a 

significant difference from the negative control). 

 

4.3 Summary 

In the present study, hydrogels for the immediate release of ciprofloxacin for osteomyelitis 

treatment was reported. Hydrogels were produced with different formulations of poly (vinyl 

alcohol), poly (acrylic acid), ciprofloxacin and hydroxyapatite in aqueous solutions and shaped 

into spheres by dispensing liquid droplets into ethyl acetate at low temperature (-80 °C) 

following by formation of hydrogels by freeze and thawing cycles. Samples were able to 

maintain a spherical shape after the freeze-thawing cycles technique described. The cross-

section of these samples revealed different internal structures, depending on the components 

incorporated into the PVA. 

 

In addition, EDX exhibited quantities of Ca and P into these hydrogels due to the HAp 

incorporated. These materials modified the melting point and the glass transition temperature 

of PVA and also led to a pH sensitivity, which improved by the addition of poly acrylic(acid). 

Hydrogels were able to immediately release ciprofloxacin under 60 min and dissolves under 1 

h for samples without Hap. In addition, the immediate release of caffeine from the PVA/CAF 

spheres within 60 min, which best fit in Hixson-Crowell release kinetic was reported. Finally, 

these samples presented to be non-toxic from cellular viability tests against NIH 3T3 cell line 

while also increasing the cellular activity after 2 days. It is believed that this material can be 

used as a support for biomaterials intended as load bearing which can be incorporated by the 

technique proposed herein. 
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Synthesis and characterisation of electrospun Polyvinyl 
alcohol/Polyacrylic acid bilayer nanofibres 

5.1 Introduction 

Nanofibres are used in a wide range of biomedical and industrial applications including wound 

healing [181], biosensor [182], water filtration [183], and food packaging [184]. Within the 

various techniques to produce continuous nanofibres, electrospinning stands out as a versatile 

technique. Our lab has used this technique in a number of applications such as brain implant 

[185], wound dressing [186], bone implant and drug delivery.  A wide variety of aqueous 

polymer solutions such as polyvinyl alcohol (PVA), polyacrylic acid (PAA), poly (2,-

hydroxyethyl methacrylate) (PHEMA) and poly(N-isopropyl acrylamide)  (PNIPAAm) can be 

used for electrospinning [187], which directly relates to the fibres properties and can be 

modified using crosslinking agents in order to confer specific characteristic and, in many cases, 

SMART configurations [188]. In this study, PVA and PAA were chosen to fabricate a bilayer 

electrospun nanofibre as they present as a well-formed cross-linked hydrophilic polymer 

structure, which can retain large amounts of water and biological fluids [145]. Moreover, the 

PVA/PAA bilayer nanofibres exhibit the heterogenous properties from both PVA (i.e. 

biocompatible, biodegradable, water soluble, and non-carcinogenic) and PAA (i.e. pH-sensitive) 

[189].  

 

The strong interaction of inter-polymer hydrogen bonding between PVA and PAA results in a 

completely miscible blend [190]. PVA/PAA is therefore, commonly used for producing wound 

dressings [191], adsorbents for wastewater treatment [192], solid polymer electrolytes for the 

alkaline batteries and other electrochemical systems [193]. Although the combination of PVA 

and PAA nanofibres via electrospinning have been extensively studied [191], [194]–[197], the 

concept of producing bilayer electrospun nanofibres with PVA and PAA is of potential interest 

in the synthesis of novel hydrogel-based nanofibres. Moreover, the PVA/PAA bilayer hydrogels 

were investigated before [35], [198], [199] but not in the form of polymeric nanofibres.  

 

Our group has previously produced a bilayer hydrogel consisting of PVA and PAA on a 

macroscale, in which we demonstrated that both physical crosslinks between two different 

hydrogels compositions occurs after freeze-thawing, resulting double the theophylline drug 

releasing time from the bilayer PVA/PAA hydrogel with high molecular weight of PAA within 

4 h when comparing with the PVA single layer hydrogel [200]. Further research in this study 
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has allowed us to optimise the assembly of PVA/PAA bilayer hydrogel in nanoscale utilising 

electrospinning with the potential to be used for dual drug delivery applications. Researchers 

have already produced bilayer electrospun nanofibres with different polymers for either single 

or dual drug delivery. For example, bilayer poly (lactic-co-glycolic acid) (PLGA) scaffolds 3 

containing vascular endothelial growth factor (VEGF) and platelet-derived growth factor 

(PDGF) in separated layer revealed that the release of VEGF was faster than PDGF as the 

VEGF contained PLGA layer was degraded faster than PDGF contained PLGA layer [201].  

 

Previous works have highlighted the potential usage of a bilayer electrospun membrane for 

drug delivery and for mechanical improvement of polymeric nanofibres [202]–[204]. Within 

these various studies, stands out the incorporation of microparticles loaded with drug, or 

nanofibres, within a bilayer which is further heat-annealed in order to assemble this membrane 

[205]. Moreover, studies have also shown that it is possible to use different polymers in this 

bilayer, in order to present a hydrophobic and hydrophilic side, so as to present a preferential 

drug release, particularly in the hydrophilic facet [206]. However, the study of a dual drug 

delivery using this technique was not yet thoroughly evaluated, particularly if these different 

hydrophobic-hydrophilic sides were incorporated with synergetic drugs so as to understand 

their potential improvement in the drug release.  

 

Thermal treatment is proposed to be a viable method to enhance the tensile strength, thermal 

stability and water stability [207], [208] of biomaterials due to the crystallisation and 

crosslinking in the polymer matrix. As reported by Park et. al., the water stability of electrospun 

PVA/PAA nanofibres prepared by blending the PVA solution with the PAA solution at PAA 

weight fraction=0.5 were dramatically enhanced through heat treatment with conserved fibrous 

morphology [196]. However, the study of two distinct layers combining together (i.e. PVA/PAA 

bilayer) for drug delivery and tissue engineering has not been investigated yet.  

 

Therefore, the unannealed and annealed PVA, PAA and PVA/PAA bilayer electrospun 

nanofibres prepared in this study were subjected to several tests included FESEM, FTIR, DSC, 

DMA, water contact angle, disintegration, swelling and weight loss studies. In this work, 

doxorubicin hydrochloride was incorporated in this synthesized membrane in order to be used 

for the osteosarcoma treatment. Previous works presented the effectiveness of using PVA 

microspheres for doxorubicin release [209], presenting high cytotoxicity against osteosarcoma 
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cells [210]. In order to prove the effectiveness of a dual drug delivery system using this 

membrane, clarithromycin was added in order to, hypothetically, obtain a synergetic 

enhancement of doxorubicin efficacy. This was suggested since a recent work related that this 

occurs for MCF7 cells, breast cancer cells [211]. 

 

5.2 Result and Discussion  

5.2.1 The thermal annealing temperature and time 

The prepared PVA/PAA bilayer electrospun nanofibres were physically crosslinked through 

thermal annealing. The crosslinking effectiveness of the PVA/PAA nanofibres can be 

influenced by annealing depending on the temperature [212], length of annealing time and the 

molecular weight of PAA or PVA [213]. Figure 5.1 exhibits a visual macroscopic observation 

of the nanofibres prepared at different annealing temperatures and annealing time. As seen in 

Figure 5.1(Error! Reference source not found.I), the electrospun nanofibres were decomposed 

from white to slightly yellowish at 150 °C. Furthermore, the sample became harder and crispy. 

In fact, the degraded nanofibre showed a brownish or yellowish colour [213]. Therefore, 

nanofibre samples annealed at 150 °C with mild degradation were not tested in the study.  

 

Nanofibre samples annealed at 100 °C for 3 h as showed in Figure 5.1(II), also demonstrated 

by Zeng et. al. [213], retained the same colour before annealing Figure 5.1(III) which was 

white in colour with no degradation were subjected for further analysis. Although the 

nanofibres annealed at 100 °C were slightly transparent when compared to the unannealed 

nanofibres, their structure was both remained to be flexible. 

 

5.2.2 FESEM results 

As shown in Figure 5.1a-d, the PVA nanofibres and PAA nanofibres in PVA/PAA bilayer 

nanofibres were randomly aligned. PVA solutions are normally prepared using distilled water. 

However, production of ultrafine nanofibres using water as solvent is hardly achievable due to 

its low conductivity and high surface tension of water which requires high voltage in order to 

obtain a stable jet and it might exceed the electric breakdown threshold of the surrounding 

gaseous medium, air in such cases, producing a corona discharge [214]. Therefore, it is 

important to be aware that the content of ethanol presented in polymer solutions could lower 

the surface tension and form a stable Taylor cone that gradually modify the morphology of 

nanofibres from beaded-nanofibres to ultrafine-nanofibres [215]. As reported by Zhang et. al., 
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the ethanol/water ratio of less than 5:95 in PVA solution can speed up the solvent evaporation 

rate as the jet travel through the air and what is reached through the collector is only smooth 

nanofibres [216]. In our work, the ethanol/water ratio was increased up to a 50:50 ratio, the 

formation of non-beaded nanofibres was achieved and yet the diameter of nanofibres were not 

uniform. The addition of high amount ethanol has heavily decreased the surface tension of the 

electrospinning solutions which led to instable liquid jet formation and non-uniform fibre size. 

 

Interestingly, the FESEM images revealed changes in the diameter of PVA and PAA 

nanofibres as well as the thickness of the PVA/PAA bilayer after thermal annealing process. 

Before annealing, the average diameter of PVA nanofibres (Figure 5.1a) and PAA nanofibres 

(Figure 5.1c) was 341±220 nm and 437±188 nm, respectively. After annealing, the average 

diameter of PVA nanofibres (Figure 5.1b) and PAA nanofibres (Figure 5.1d) was increased 

to 464±152 nm and 611±166 nm, respectively. There is no significant difference between 

unannealed PVA nanofibres and annealed PVA nanofibres; while there is a significant 

difference (p < 0.001) between unannealed PAA nanofibres and annealed PAA nanofibres. It 

is suggested that the diameter of nanofibres increased due to the nanofibres released stress 

during heating and caused the polymer chains orientated in axial, followed by expanding in the 

horizontal direction. It is possible that the thinnest fibres may present a different behaviour 

when under annealing, since it surpasses the glass transition of the polymer. Therefore, it is 

possible that agglomeration of finer fibre occurred. Nonetheless, these values were not 

statistically significant different between annealed and non-annealed. Previous works also 

reported an increase in diameter of the annealed poly (vinyl pyrrolidone) (PVP) nanofibres 

when a slow heating rate (i.e. 1, 3, 4 °C/min) is performed, which was attributed to the 

nucleation process [217], [218].  

 

In contrast, as seen on the cross-section morphology of the PVA/PAA bilayer nanofibres, the 

thickness of the PVA/PAA bilayer nanofibres decreased after annealing, with the thickness of 

279±27 µm and 169±18 µm for the unannealed (Figure 5.1e) and annealed PVA/PAA bilayer 

(Figure 5.1f), respectively. The annealed bilayer nanofibres were remained to be two discrete 

layers and yet the two layers were “glued” together, leaving less spaces between the nanofibre 

layers. Moreover, the thermal annealing induced the in situ fibre-fibre fusion (interfibre 

bonding) [219]. This fusion can be observed by looking at the sharp vertex formed by 

overlapped nanofibres which became rounded, as indicated by the arrows in Figure 5.1d. 
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Furthermore, the mechanical properties of nanofibres can be enhanced with an increase of 

interfibre bonding.  

 

Figure 5.2 showed the surface morphology of electrospun nanofibres after swollen in pH 7.4 

buffer for 48 h. Although all the swollen nanofibres were destroyed, the annealed bilayer 

PVA/PAA nanofibres retained a porous structure which is due to the heat-annealing treatment. 

The unannealed and annealed PAA nanofibres were completely dissolved after 48 h. Thus, 

there was no SEM images for swollen PAA nanofibres.  

 

 

Figure 5.1: PVA nanofibre sample annealed (I) at 150 °C with slightly degradation, (II) 

at 100 °C and (III) without annealing. The surface morphology of (a) Unannealed 

PVA/PAA bilayer (PVA surface), (b) Annealed PVA/PAA bilayer (PVA surface), (c) 

Unannealed PVA/PAA bilayer (PAA surface), and (d) Annealed PVA/PAA bilayer (PAA 

surface). The cross-section morphology of (e) Unannealed PVA/PAA bilayer, and (f) 

Annealed PVA/PAA bilayer.  
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Figure 5.2: Electrospun nanofibres after swollen in pH 7.4 buffer for 48 h, (a) Unannealed 

PVA, (b) Annealed PVA, (c) Unannealed PVA/PAA bilayer (PVA surface), (d) 

Unannealed PVA/PAA bilayer (PAA surface), (e) Annealed PVA/PAA bilayer (PVA 

surface) and (f) Annealed PVA/PAA bilayer (PAA surface). 
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5.2.3 FTIR results 

The major absorption bands of PVA and PAA were identified in the FTIR spectrum (Figure 

5.3). The characteristic peaks of unannealed and annealed PVA (Figure 5.3a and Figure 5.3b) 

which included the peak around 3290 cm−1 for O-H stretching, 2943 and 2911 cm−1 for C-H 

stretching of alkyl group, 1431 cm−1 for C-H bending in CH2 groups, 1266 cm−1 for C-O 

stretching, 1141 cm−1 for C-O-C stretching, 1092 cm−1 for C-O stretching, 920 cm−1 for C-H 

stretching and 838 cm−1 for C-C stretching [95]. When comparing unannealed PVA with 

annealed PVA, there was an extra peak at 1141 cm−1 on the annealed PVA spectra, which 

represented the crystalline sensitive band [220]. The PVA crystallisation is caused by the 

thermal annealing treatment. 

 

Furthermore, the major absorption bands of unannealed and annealed PAA (Figure 5.3e and 

Figure 5.3f) included the peaks around 3506 cm−1 for free O-H group, 3138 cm−1 for bonded 

O-H group, 2943 cm−1  for C-H stretching, 1704 cm−1 for C=O stretching of carbonyl group, 

1453 cm−1 for C-H bending in CH2 groups, 1414 cm−1 for C–O–H bending, 1236 cm−1 for C-

O stretching, 1171 cm−1 for C-O stretching, 907 cm−1  for C-O symmetric stretching and 803 

cm−1 for CH2 rocking [221], [222].   

 

It is very difficult to identify the overlapping of PVA and PAA dominant peaks on the obtained 

spectra of the unannealed and annealed PVA/PAA bilayer nanofibres. This might be due to the 

bilayer nanofibres being too thick to determine the dominant peaks of the PAA surface when 

testing the PVA surface or vice versa. It can be concluded that the PVA and PAA did not 

completely blend together after annealing, two discrete layers were still remained. Therefore, 

both PVA surface and PAA surface of the unannealed and annealed PVA/PAA bilayer 

nanofibres were analysed separately.  

 

On the PVA surface of the PVA/PAA bilayer, the degree of PVA crystallinity in the annealed 

PVA/PAA bilayer nanofibres (Figure 5.3d) has increased when compared to the unannealed 

PVA/PAA bilayer (Figure 5.3c). It is supported by the sharper peak at 1141 cm−1 assigned to 

C-O-C stretching and C-C stretching. This result is similar to the result obtained from pure 

PVA nanofibres spectra.  

 

It is possible that an esterification occurred from ester crosslinking, with presence of hydroxyl 

groups (-OH) of PVA molecules and carboxyl groups (C=O) from PAA molecules as 
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previously reported [198]. On the PAA surface of the PVA/PAA bilayer, the peaks at 1522 

cm−1 and 1541 cm−1 (as indicated by the red region) were observed on both unannealed (Figure 

5.3g) and annealed (Figure 5.3h) PVA/PAA bilayer, suggesting a shift peak from the band of 

1610-1560 cm−1 assigned to -COO- [223]. Moreover, the annealed PVA/PAA bilayer (Figure 

5.3h) showed a peak at 1636 cm−1 (as indicated by the red region) assigned to C=O from ester 

crosslinking [224]. 

 

 

Figure 5.3: FTIR result of the electrospun nanofibres: (a) Unannealed PVA, (b) Annealed 

PVA, (c) Unannealed PVA/PAA (PVA surface), (d) Annealed PVA/PAA (PVA surface), 

(e) Unannealed PAA, (f) Annealed PAA, (g) Unannealed PVA/PAA (PAA surface), (h) 

Annealed PVA/PAA (PAA surface). 
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5.2.4 DSC results 

The glass transition temperature (Tg) and melting temperature (Tm) of the pure PVA, pure 

PAA and PVA/PAA bilayer nanofibres before and after annealing were identified from the 

DSC thermographs and illustrated in Figure 5.4a. As reported by Samprasit et al., the absence 

of endothermic and exothermic peaks below 100 °C, indicates the low moisture contents of the 

substances [225]. Therefore, the endothermic peaks observed in the temperature range of 41-

53 °C attributed to the evaporation of adsorbed water in the samples [226]. Moreover, all the 

heat flow curves upon the cooling cycle and second heating cycle of each sample were a flat 

shape. The flat shape was caused by the rupture of ionic clusters of the sample around 250 °C 

at the first heating cycle and hence the polymer morphology is no longer possible to be 

recovered [227]. Therefore, the Tg and Tm of each sample were determined on the first heating 

cycle. 

 

The Tg values decreased significantly from 132 °C to 86 °C in pure PVA nanofibres after 

annealing. It might be because annealing caused the relaxation of polymer chains and 

rearranged the crystallites into a crystal lattice, an effect seen for annealed starch [228]. In 

contrast, the Tg of pure PAA nanofibres increased from 102 °C to 120 °C after annealing 

because of the formation of strong covalent bonds in the anhydrides attributed by crosslinking 

that limited the segmental motions of the polymer chains [229]. In contrast to the pure PVA 

nanofibres, the Tg was not affected in the PVA/PAA bilayer nanofibres, the Tg was between 

119 °C to 121 °C.  

 

The endothermic melting peak of unannealed and annealed pure PVA were around 222 °C-

223 °C and the crystallinity increased from 45% to 75% after annealing. While the pure PAA 

nanofibres showed no melting peak because it is amorphous [27]. For the unannealed and 

annealed PVA/PAA bilayer nanofibres, the Tm was the same at 221 °C. The PVA/PAA bilayer 

nanofibres had 27% and 30% crystallinity before and after annealing, respectively. This is 

similar to the result of Chen et. al. [207], annealing promoted the formation of crystallites of 

the PVA/PAA nanofibres. 
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5.2.5 DMA 

The dynamic of the glass transition temperature in nanofibres samples was remeasured using 

DMA as the sensitivity of DMA is higher than that by DSC. As illustrated in Figure 5.4b, the 

Tg of unannealed pure PVA nanofibres was 110 °C. While the annealed pure PVA nanofibres 

exhibited two peaks at 84 °C and 131 °C. The first peak at 84 °C is called the αa relaxation 

peak, it represents the glass transition temperature; the second peak at 131 °C is called the βc 

relaxation peak, it is due to the relaxation in the PVA crystalline domains [122]. The results for 

pure PVA nanofibre samples were similar to DSC.  

 

Furthermore, as illustrated in Figure 5.4c, the Tg of unannealed and annealed pure PAA 

nanofibres was found around 135 °C and 134 °C, respectively. The results were similar to the 

result reported by Garza et. al., the centrifugally spun PAA nanofibres were found to have a 

Tg at 135.73 °C in DSC analysis [230]. By looking at the tan delta curve, there was a large 

drop after Tg in the pure PAA nanofibres, this might be due to the large shift of polymer chains 

and dehydration of adjacent carboxylic group for anhydrides formation [230].  

 

As seen in Figure 5.4d, the unannealed PVA/PAA bilayer nanofibre sample has the Tg around 

136 °C. A sudden drop of Tan delta to 0 was observed after Tg, suggested the transition of 

glassy region to the fluid region was increased for the unannealed PVA/PAA bilayer nanofibre 

sample. While the annealed PVA/PAA bilayer nanofibres sample has a Tg at 140 °C, and a βc 

relaxation peak at 154 °C.  Therefore, the crosslinking reaction increased the Tg values of 

samples annealed characteristic of ester linkage and provided an improved mechanical property 

to these samples. 

 

The variation of storage modulus in term of elasticity of PVA, PAA and PVA/PAA bilayer 

nanofibres are also determined using DMA. The unannealed PVA nanofibres has a storage 

modulus of ~219 MPa. After annealing, the PVA nanofibres showed the highest storage 

modulus at ~1380 MPa. It is directly related to the degree of crosslinking. Thus, the annealed 

PVA nanofibres has the highest degree of crosslinking, which supported by the DSC result. 

The storage modulus of unannealed and annealed PAA nanofibres are ~200 MP and ~132 MPa, 

respectively. Moreover, the unannealed and annealed PVA/PAA bilayer nanofibres have the 

lowest values of storage modulus of ~95 MPa and ~87 MPa, respectively. Due to the presence 

of PAA in the bilayer nanofibres, the storage modulus decreased, the stiffness of the materials 

decreased.               
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Figure 5.4: (a) DSC thermographs of the nanofibre samples. DMA spectra for (b) PVA, 

(c) PAA and (d) PVA/PAA bilayer nanofibre samples (Solid line represented unannealed 

samples; dashed line represented annealed samples). 

 

5.2.6 Water contact angle 

Water contact angle is the most straightforward method to measure the wettability property of 

a solid surface. The hydrophilicity increases with lower water contact angle. The PVA/PAA 

bilayer nanofibres are produced by a layer of pure PVA nanofibres and a layer of pure PAA 

nanofibres. It is proposed that the PVA and PAA were not melted and formed a blend after 

thermal annealing. As illustrated in Figure 5.1e-f, the annealed bilayer nanofibres sample still 

remained as two discrete layers. Therefore, the hydrophilicity was tested on both surfaces (i.e. 

PVA surface and PAA surface) of the PVA/PAA bilayer nanofibres.  

 

Figure 5.5 shows that the surface wettability of PAA nanofibres was better than PVA 

nanofibres. On the PVA/PAA bilayer nanofibres, it can be seen that the contact angles of PAA 

surface (unannealed: 0°; annealed: 23°) were lower than the PVA surface (unannealed: 51°; 
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annealed: 67°). This indicated the PVA/PAA bilayer nanofibres were more hydrophilic when 

the water contacted on the PAA surface of the bilayer nanofibres. Moreover, the unannealed 

samples displayed a higher degree of hydrophilicity when compared to the annealed samples. 

The PAA surface of unannealed PVA/PAA nanofibres demonstrated a vanishing contact angle 

θ=0° within 27 seconds, indicated a super-hydrophilic wetting behaviour which can be attested 

to the hydrophilic group (C=O group). It can be concluded that the degree of hydrophilicity is 

related to the thermal annealing treatment and also depends on the type of polymers, in this 

case both PVA and PAA. 

 

In addition, it is observed that the PVA surface of the bilayer nanofibre has the highest contact 

angle (67°) after annealing, suggesting a significant decrease in hydrophilicity of the 

corresponding surface of PVA from the PVA/PAA bilayer nanofibres. An increase water 

stability of annealed PVA/PAA bilayer nanofibres could be caused by the increase in average 

diameter of nanofibres after annealing. Furthermore, it could be caused by the formation of 

hydrophobic ester groups within the PVA and PAA molecules and the physical crosslinking 

network among small crystals of PVA during annealing process [208], [213], [231].  

 

Overall, there are significant difference of these samples [i.e. unannealed PAA (p < 0.0001), 

annealed PAA (p < 0.0001), annealed PVA/PAA bilayer (PVA surface) (p < 0.01), unannealed 

PVA/PAA bilayer (PAA surface) (p < 0.0001), annealed PVA/PAA bilayer (PAA surface) (p 

< 0.0001)] when comparing with the unannealed PVA nanofibres. 

 

5.2.7 Swelling and weight loss studies 

As shown in Figure 5.6b, the nanofibres have a very fast swelling rate, all the samples have 

achieved full swelling within 1 mi and reached the plateau in 60 min. The unannealed PVA, 

PAA and PVA/PAA bilayer nanofibres have a maximum swelling degree of 930%, 257% and 

637%, respectively. Furthermore, the results showed a lower swelling ratio in the annealed 

samples. The annealed PVA, PAA and PVA/PAA bilayer nanofibre samples have a maximum 

swelling degree of 613%, 199% and 437%, respectively. For pure PVA nanofibres, such 

decrease of the swelling degree after thermal annealing treatment is influenced by the increase 

of PVA crosslinking density, i.e., the decrease of the polymer network free volume and 

subsequently decreased the polymer to swell in the buffer.  For PVA/PAA bilayer nanofibres, 

PAA is used as a crosslinking agent and esterification crosslinking occurred during thermal 
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annealing treatment. The decrease in swelling ratio of  annealed PVA/PAA sample expected 

to influence by the presence of PAA, indicating the crosslinking density was further increased 

by the esterification reaction [198], [231]. 

 

It should be also taken into account that the thermal annealing influences the hydrophilicity of 

the nanofibres (Figure 5.5), and, consequently, contributes to the swelling ability of the 

nanofibres [232]. After the nanofibres were fully hydrated, the swelling index started to 

decrease due to the disintegration of nanofibres into the pH 7.4 buffer. The unannealed and 

annealed PVA and PVA/PAA nanofibres were partially disintegrated and reached equilibrium 

within 60 min. However, the unannealed and annealed PAA started to degrade at 7 min and 13 

min, respectively (Figure 5.5b). Although the annealing process did not improve the water 

stability of pure PAA nanofibres, the complete degradation of pure PAA nanofibres are 

extended from 15 min to 30 min. 

 

Regarding the water stability of PVA/PAA bilayer nanofibres, due to the high-water solubility 

of PVA and PAA, the % weight loss of unannealed PVA and PVA/PAA bilayer nanofibres 

was 78% and 74%, respectively. However, after annealing, the % weight loss of annealed PVA 

and PVA/PAA bilayer nanofibres has decreased to 40% and 67%, respectively. The water 

stability of annealed PVA/PAA bilayer nanofibres was slightly improved. These swelling and 

degradation characteristics of nanofibres are of potential in order to modulate a complex dual 

delivery with two different poor solubility drugs on the bilayer nanofibres so as to improve the 

drug release profile. 

 

5.2.8 Disintegration test 

Same sizes of unannealed and annealed PVA, PAA and PVA/PAA bilayer nanofibres were 

immersed in the pH 7.4 buffer. As seen in Figure 5.6a, the nanofibres curled and shrunk once 

they contacted with the buffer. The PVA and PVA/PAA nanofibres with and without annealing 

were not completely disintegrated after 48 h of buffer immersion at room temperature. In 

contrast, the unannealed and annealed PAA nanofibres were dissolved within 30 min as 

mentioned in the swelling test. Hence, the PAA nanofibre layer on the unannealed and annealed 

PVA/PAA bilayer nanofibres might be completely disintegrated and only the PVA nanofibre 

layer was left after 48 h.  
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Figure 5.5: Images of water droplet on (a) annealed nanofibre samples, and (b) 

unannealed nanofibre samples at 27 seconds. (c) contact angle measurement of 

electrospun nanofibre samples. 
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Figure 5.6: (a) Disintegration studies, (b) Swelling and degradation characteristic of 

unannealed and annealed PVA, PAA and PVA/PAA bilayer nanofibres. 
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5.2.9 In vitro drug dissolution study 

The drug release of the antibiotic (CLA in Figure 5.7b, as clarithromycin) is steadily released, 

achieving 100% after 24 h. When the bilayer is used for this drug, there seems to be a slow 

release rate attributed to the crosslink between layers that better entrap this drug.  

 

However, no significant variation is seen with heat-annealing in the release rate for pure PAA, 

since this drug was incorporated into the PAA, and this polymer readily dissolves under water; 

therefore, it expected that the annealing would weakly affect this rate. It is also interesting to 

notice that, even though the PAA is readily dissolved, there is a slower drug release rate for 

annealed bilayer both for a high and lower dosages of this drug. Since the interaction between 

the polymer and the drug changed after heating and it forms an assemble structure, it is possible 

that the crosslink, evidenced by the FTIR section, retained part of the drug at the interface of 

both films and this behavior occurred.  

 

According to Table 5.1, unannealed and annealed PVA/DOX+PAA/CLA high bilayer 

nanofibres best fit in Korsmeyer-Peppas drug releasing model with the R2 value of 0.9398 and 

0.9254, respectively. The n exponent was 0.7907 (0.45 < n < 0.89) for unannealed 

PVA/DOX+PAA/CLA high bilayer nanofibres, indicating the CLA released by non-Fickian 

transport. While, annealed PVA/DOX+PAA/CLA high bilayer nanofibres with the n exponent 

= 1.0427 (n > 0.89) obeyed the Super case II transport method. This occurs when the sorption 

process is completely controlled by stress-induced relaxations [233], [234].It is further 

explained that the speed of buffer diffusion is much higher, resulted in an acceleration of buffer 

penetration and followed by tension and breaking of the nanofibres [234]. Furthermore, only 

unannealed PVA/DOX+PAA/CLA low bilayer nanofibres best fit in zero-order drug release 

model, suggesting the drug release rate as independent of its concentration of the dissolved 

substance. The remaining nanofibres best fit in first-order drug release model, indicating the 

drug release rate as dependence on the concentration of the dissolved substance.  

 

When doxorubicin hydrochloride (DOX) is used, the pure PVA presents a very slow-release 

rate, and it further decreases with annealing. In addition, it seems that it reaches constant values 

after 24 h. Nonetheless, when a bilayer is used for releasing this drug, there seems to be a steady 

release rate, but it also reaches low maximum dosages at 24 h (2% drug release). This is a very 

good indication that the drug will be slow released with non-harmful dosages. Doxorubicin 

hydrochloride is very toxic and controlling the rate of this drug is very important for any 
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targeted application. Although, no further values after 24 h were made, it is possible that the 

drug will continue being delivered based on the profile of the release curve. 

 

Table 5.1: Mathematical modelling of drug releasing profile for clarithromycin. 

 

 
Zero 
order 

First 
order Higuchi Korsmeyer-Peppas 

Hixson-
Crowell 

 R2 R2 R2 R2 n R2 
Unannealed PAA/CLA 
high 0.5616 0.9286 0.7884 0.7323 0.6508 0.8707 
Annealed PAA/CLA 
high 0.6078 0.8884 0.8270 0.8164 0.6193 0.8404 
Unannealed PAA/CLA 
low 0.5839 0.9691 0.8572 0.9106 0.8312 0.9317 
Annealed PAA/CLA 
low 0.5230 0.945 0.8281 0.9103 0.625 0.9031 
Unannealed 
PVA/DOX+PAA/CLA 
high 0.5253 0.8887 0.7998 0.9398 0.7907 0.8581 
Annealed 
PVA/DOX+PAA/CLA 
high 0.4805 0.9248 0.7741 0.9254 1.0427 0.865 
Unannealed 
PVA/DOX+PAA/CLA 
low 0.9898 0.7731 0.9643 0.9762 0.8481 0.8441 
Annealed 
PVA/DOX+PAA/CLA 
low 0.7108 0.9988 0.929 0.9401 0.7676 0.987 
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Figure 5.7: Drug dissolution studies of (a) CLA and (b) DOX from the electrospun 
nanofibre samples. Bold character in the legend of each figure indicates the drug that is 
being studied.  



  Chapter 5 

121 
 

 

5.2.10 Cell proliferation inhibition studies  

The human osteosarcoma U2OS cell line was used to investigate the effect of DOX with or 

without CLA as it is reported that this antibiotic presents a synergism effect when used together 

with DOX in MCF7 breast cancer cells. Therefore, it is hypothesised that DOX and CLA also 

may present synergism against osteosarcoma cell line. Primarily the pure drugs of CLA and 

DOX were tested against the U2OS cells but also in conjunction using various dosages of both 

drugs. It can be seen in Figure 5.8a that most concentrations slightly decreased the cell viability 

with a mean of 30%, even the DOX dosages studied herein were not able to fully inhibit these 

cells. However, when both drugs (DOX+CLA) are used in conjunction two specific dosage 

inhibited more than 40% cell growth, which was the CLA H+DOX M and CLA H+DOX H. 

Regarding their synergism, CLA H+DOX M presenting a value of 0.9 (CDI <1) indicating this 

specific dosage gave a synergism effect. In this case, 0.374 mg/ml of CLA and 4 µg/ml of DOX. 

However, the CDI value of CLA H+DOX H was 1.2 (CDI >1) showed that this drug 

combination has an antagonistic effect. While the other drug combinations of CLA H+DOX L, 

CLA L+DOX L, CLA L+DOX M and CLA L+DOX H showed a synergism effect with the 

CDI values of 0.9, 0.8, 0.8 and 0.9, respectively. Therefore, this result showed that the 

combination of both drugs can also be used for the treatment of osteosarcoma. 

 

When these drugs were incorporated into the electrospun membrane, their values further 

increased the cell inhibition from up to 90% (Figure 5.8b); however, it is possible that these 

values may be masked by the PAA, which in this work indicates that it is extremely harmful 

for these cells. It is possible that the dissolution of the PAA creates an acidic environment, and 

the cells cannot proliferate, so the neutralisation used for the pure PAA was inadequate. 

Nonetheless, membranes with pure DOX exhibited a decrease in the cell inhibition when 

thermal treatment was performed, presenting a statistically significant difference and this may 

be related to their drug release behavior where higher dosages was obtained with unannealed 

samples. The CDI values for the bilayer nanofibres containing DOX and CLA were all greater 

than 1, indicating an antagonistic effect. Thus, the concentration of DOX and CLA in the 

bilayer nanofibres has to be further modulated.    
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Figure 5.8: Osteosarcoma U2OS cell cytotoxicity values against (a) pure and combined 

clarithromycin and doxorubicin effects at various dosages and (b) membrane loaded 

drugs.  

 

5.3 Summary 

In summary, the PVA/PAA bilayer nanofibres were successfully prepared using 

electrospinning technology and thermal annealing treatment. Only the annealed nanofibres at 
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100 °C for 3 h without variation on colour tone from white, proving to be non-degraded 

nanofibres were analysed. The morphology, diameter and thickness of the nanofibres samples 

were characterised by FESEM. The results showed an increase of average diameter of annealed 

PVA and PAA nanofibres, but a decrease in thickness in annealed PVA/PAA bilayer 

nanofibres. Moreover, the crystallinity of the annealed PVA/PAA bilayer nanofibres have 

increased, indicating the increase of physical crosslinking within the PVA/PAA polymer 

matrix during the annealing process. The impact of PAA on the hydrophilic property of the 

PVA was described. There was a difference in degree of hydrophilicity of the nanofibre 

surfaces of PVA and PAA. The PAA nanofibre layer had a higher hydrophilicity than PVA 

nanofibre layer. The annealed bilayer nanofibres can be considered as a potential to be used in 

modelling drug release especially for dual drug delivery, whereby biologically relevant drug 

molecules can be incorporated into the polymer solution prior to electrospinning. Further work 

would be useful to increase the crosslinking density by changing the temperatures and time of 

annealing. The combined effect of clarithromycin and doxorubicin proves that a synergetic 

enhance cytotoxicity against osteosarcoma cell line occurs and it may be improved with the 

bilayer electrospun bilayer. However, the PAA needs to be further evaluated towards their 

safety of usage. Nonetheless a fast and slow release-rate can be achieved using this membrane 

for any targeted application and this works provides the advantage of a different surface 

hydrophilicity that could be modulated for drug release rate of two different drugs on 

PVA/PAA bilayer nanofibres. 
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Synthesis and characterisation of freeze-thawed 
electrospun Polyvinyl alcohol nanofibres 

6.1 Introduction 

Electrospinning is one of the foremost nanotechnology applications with high flexibility and 

versatility to fabricate polymer fibres encapsulated with drug with the diameters in nanometres 

range. By adjusting the parameters of electrospinning such as polymer parameter, solution 

parameter, ambient parameter and the processing conditions, the morphology and diameter of 

the electrospun nanofibres can be further tailored [66]. Furthermore, the use of nanotechnology 

in drug delivery system can enhance bioavailability, stability and solubility of drugs [235]. In 

this case, the incorporation of propolis extract by directly dissolving it into the PVA solution 

resulted in the bioactive molecules are better encapsulated in the PVA nanofibres.   

 

Because of PVA does not have any fundamental antimicrobial property, it has acted as a drug 

nanocarrier with higher surface wettability, biocompatible and controlled drug release in 

medical device materials for pharmaceutical applications. While, propolis extract was being 

selected as the active pharmaceutical ingredient (API). As propolis extract contains abundant 

phenolic compounds and flavonoids that have the antimicrobial, anti-inflammatory [95], [236], 

anticancer [237] and antioxidant [238] activities, it can decrease hospital infections which 

caused by the Gram positive bacteria (e.g. Staphylococcus aureus) and the Gram negative 

bacteria (e.g. Enterobacter species  and  Escherichia coli) [239]. Due to these great properties, 

propolis extract is widely used for wound healing. Nevertheless, propolis extract promote cell 

growth by lowering the concentration to a certain threshold [240]. In addition, every individual 

propolis has a difference in the chemical compositions (e.g. caffeic acid, cumaric acid, ferulic 

acid etc.), which depend on several factors such as the flora in the part of country where it is 

collected, the season that propolis is produced, the selection of extraction solvent and extraction 

methods [241], [242].  

 

Propolis extract has been incorporated within the PVA polymer as hydrogels [95], [236] and 

nanofibres [239], [243]–[246] prepared using different molecular weight and concentration of 

PVA as well as different concentration of propolis extract by many researchers to study their 

drug releasing profile. For example, the freeze-thawed PVA/propolis extract hydrogels have 

the drug release more than 6 h to 24 h [95], [236]. Furthermore, the heat treated electrospun 

PVA/propolis extract nanofibres performed a sustained release for at least 90 h [243]. The 
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electrospun PVA/propolis extract nanofibres without applying any further treatment has a 

complete release in 15 min [244] . Nevertheless, study on freeze-thawing (FT) PVA 

electrospun nanofibres containing propolis extract has not been investigated yet.  

 

Previous work has been producing a dual layer PVA patch by pouring PVA solution on top of 

PVA electrospun nanofibres and underwent FT [247]. The freeze-thawed PVA hydrogel 

containing PVA nanofibres showed an increase of swelling ratio. Moreover, PVA contained 

glutaraldehyde (GA) as a chemical crosslinker was electrospun and followed by immersing in 

an aqueous solution for FT [248]. The freeze-thawed PVA/GA showed an increase of tensile 

strength compared to pristine nanofibres. In addition, glycerol (Gly) was added to PVA solution 

prior to electrospinning to form physical crosslinking and followed by three FT cycles, which 

led to stability in water [249]. Both of the freeze-thawed PVA nanofibres previously mentioned 

have contained a chemical reagent (e.g. GA, GLY) to increase the crystallinity of nanofibres 

and drug release studies were not yet evaluated. Therefore, this study aims to fabricate PVA 

nanofibres without using any reagents and also carry out the FT process without immersing the 

nanofibres into aqueous solution to avoid the release of propolis extract during the FT cycle.  

 

The chemical, thermal, mechanical and swelling properties as well as the drug releasing 

behaviour of PVA as-spun and freeze-thawed PVA electrospun nanofibres encapsulated with 

ethanolic propolis extract are comprehensively studied. The freeze-thawed PVA nanofibres are 

not limited to be used as wound dressings, they have the potential to be used in a variety of 

biomedical applications including therapeutics and regenerative medicine which need a bi-

phasic drug delivery system. 

 

6.2 Result and Discussion  

6.2.1 Phenolic compounds in propolis extract  

Ultrasonic extraction method was employed because this method can shorten the extraction 

times significantly and offer the best extraction yields of phenolic compounds contained in the 

Brazilian propolis extract. According to a previous study, the propolis/ethanol ratio of 1:10 

with a minimum of 30 min ultrasonication gave the highest amount of phenolics than other 

extraction methods such as maceration extraction and microwave assisted extraction [250]. In 

addition, 70% ethanol is the most effective solvent for extraction as this specific concentration 
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of ethanol can strongly inhibited microbial growth and had the greatest antioxidant activity 

[251].   

 

Figure 6.1 presented the λ max of the phenolic compounds in five batches of propolis extract 

at 1x104 g/ml. The curve of Batch 2 and Batch 3 were hardly observed as they were overlapped 

with Batch 4. It showed that the propolis extracts had a λ max around 254 nm. Hence, the 

wavelength of 254 nm was used to determine the propolis concentration during the drug release 

studies.  

 
Figure 6.1: UV spectra for propolis extract using ultrasound extraction method. 

 

6.2.2 FESEM 

The FESEM revealed that all the electrospun nanofibres samples were not uniform and beads 

were found within the nanofibres.  As illustrated by the diameter distribution graphs in Figure 

6.2, the average diameter of pure PVA as-spun, PVA+5% propolis as-spun, PVA+10% 

propolis as-spun, PVA+15% propolis as-spun and PVA+20% propolis as-spun nanofibres was 

142±57 nm, 176±50 nm, 161 ±52 nm, 161 ±54 nm and 160±74 nm, respectively. Furthermore, 

the average diameter of pure PVA FT, PVA+5% propolis FT, PVA+10% propolis FT, PVA+15% 

propolis FT and PVA+20% propolis FT nanofibres was 148±62 nm, 142±44 nm, 137 ±40 nm, 

190 ±51 nm and 171±61 nm, respectively. When comparing the nanofibres in the same propolis 

concentration before and after freeze-thawing, there are significant difference between PVA+5% 

λ max 
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propolis as-spun and PVA+5% propolis FT nanofibres as well as between PVA+15% propolis 

as-spun and PVA+15% propolis FT nanofibres. The diameter distribution of nanofibres are 

showed in Figure 6.3. 

 

   

   

   

   

Figure 6.2: Surface morphology of (a) PVA as-spun, (b) PVA+5% propolis as-spun, (c) 

PVA+10% propolis as-spun, (d) PVA+15% propolis as-spun, (e) PVA+20% propolis as-

spun, (f) PVA FT, (g) PVA+5% propolis FT, (h) PVA+10% propolis FT, (i) PVA+15% 

propolis FT, (j) PVA+20% propolis FT electrospun nanofibres samples, (k) average 

diameter of all samples.  
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Figure 6.3: Diameter distribution of (a) PVA, (b) PVA+5% propolis, (c) PVA+10% 

propolis, (d) PVA+15% propolis, (e) PVA+20% propolis, (f) PVA FT, (g) PVA+5% 

propolis FT, (h) PVA+10% propolis FT, (i) PVA+15% propolis FT, (j) PVA+20% 

propolis FT electrospun nanofibres samples. 

 

6.2.3 Conductivity, surface tension and viscosity of PVA and PVA+propolis solutions 

The physiochemical properties included conductivity, surface tension and viscosity of PVA 

and PVA+propolis polymer solutions are the important solution parameters that could affect 

the morphology and diameter of the produced nanofibres. According to Figure 6.4a, the 

surface tension of the polymer solutions decreased from 72 mN/m to 52 mN/m with increasing 

propolis extract concentration, resulting an increase formation of beaded nanofibres. As 

reported by Liu et. al., the number of beads on the nanofibres increased with a lower surface 

tension [252]. Therefore, an increase of PVA concentration higher than 7 %(w/v) should help 

to increase the surface tension and leading to fewer beads.   
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In contrast, the conductivity (Figure 6.4a) of the polymer solutions increased with an increase 

of propolis extract concentration. The increasing conductivity was probably resulted from the 

nature of chemical compounds with many hydroxyl groups (i.e. flavonoids, amino acids, 

phenolic acids) in the propolis extract [243]. Electrical conductivity directly influences the 

build-up of an electrostatic repulsion force that is critical to initiate jetting [253], higher charges 

level giving higher elongation forces and thus smaller diameter can be created. The 

conductivity of PVA+propolis polymer solutions at 167-234 µS/cm fabricated the nanofibres 

with the diameter ranging from 137-190 nm. 

 

The viscosity (Figure 6.4b) of the polymer solutions also increased with an increase 

concentration of propolis extract, though a lower viscosity reading was observed for PVA+10% 

propolis solution. As reported by de Lima et.al. (2018), the balance of viscosity is very crucial, 

a low viscosity excludes the formation of continuous fibres and cannot resist the bead formation 

during electrospinning [254]. Even though the viscosity has increased in PVA+propolis 

polymer solutions up to 0.49 Pa.s, it was not high enough to form smooth nanofibres. Previous 

works showed that viscosity greater than 1.00 Pa.s have successfully fabricated smooth and 

non-beaded PVA/propolis nanofibres. For example, Zeighampour et. al. using 8 %w/v PVA 

solution (MW 72,000 g/mol, distilled water as solvent) containing 40% propolis extract had a 

viscosity of 1.024 Pa.s have produced uniform and non-beaded nanofibres [243]. Chawalinee 

et. al. also produced non-beaded nanofibres using 10 %w/v PVA (MW 85,000-146,000g/mol, 

distilled water as solvent) containing 2%(w/v) propolis extract with a viscosity of 1.613 Pa.s 

[255].  

 

As the solution parameters in electrospinning is highly related to each other, the surface tension, 

conductivity and viscosity have to be considered together in order to fabricate the desired 

nanofibres.  
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Sample Conductivity (µS/cm) Surface tension (mN/m) 

PVA 92±11 71.99±1.06 
PVA+5% propolis 167±23 56.14±1.03 
PVA+10% propolis 184±5 54.32±1.06 
PVA+15% propolis 212±23 54.18±0.66 
PVA+20% propolis 234±1 51.89±0.73 

                 

Figure 6.4: (a) Conductivity and surface tension of electrospinning solution. (b) 
Viscosity of PVA, PVA+5% propolis, PVA+10% propolis, PVA+15% propolis and 
PVA+20% propolis solutions.  

 

6.2.4 FTIR analysis 

Since the propolis extract is an alcoholic extract, the characteristic bands of ethanol can be 

found in propolis extract. The FTIR of ethanolic propolis extract (Figure 6.5) showed the broad 

band at 3600 cm-1 - 3100 cm-1 related to O-H stretching and O-H wagging (hydroxyl group of 

phenolic compounds) [236], [256]. The three peaks between 2976 cm-1 and 2899 cm-1 were 

assigned to the aliphatic and aromatic C-H stretching [256]. The peaks around 2359 cm-1, 2133 

cm-1 and 1922 cm-1 attributed to O=C=O, C=C=O and C=C=C groups, respectively. The peaks 

on the band at 1454 cm-1 - 1274 cm-1 would be related to O-H bending [256]. The band at 1088 

cm-1 and 1048 cm-1 would be due to C-O stretching of ester groups [236], [256]. In addition, 

propolis extract had confirmed the presence of abundant phenolic compounds, mainly 

flavonoids and aromatic acids [239]. Therefore, aromatic bands were also identified in the 

spectra. The band at 1651 cm-1 corresponding to the double bond (C=C group) adsorptions and 

was shown by most six-membered aromatic rings systems [256]. The band at 1274 cm-1 would 

be related to the C-O groups of polyols and ester groups of flavonoids [236]. The band at 880 

cm-1 would be due to aromatic ring (R2C=CH2 group) vibration and Meta-disubstituted benzene 

(a) 

(b) 
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ring [256]. All the bands stated above was found to be similar to the Brazilian propolis 

described in the other study [257].  

 

As can be seen from Figure 6.6a, all major peaks of PVA related to hydroxyl and acetate 

groups were all identified, which included band at 3304 cm-1 for O-H stretching; band at 2944 

cm-1 and 2910 cm-1 for C-H stretching of alkyl groups; band at 1713 cm-1 for C=O stretching 

of unhydrolysed acetate groups and C=C stretching; band at 1432 cm-1 for bending, wagging, 

in plane (C-H in CH2 groups) stretching (C-O-C) of unhydrolysed acetate groups, in plane (O-

H);  band at 1377 cm-1 for coupling of in plane (O-H), wagging (C-H); band at 1335 cm-1 for 

bending (CH+OH), fan and twist (-CH2-); band at 1264 cm-1  and 1237 cm-1 for C-C stretching, 

fan and twist (-CH2-); band at 1141 cm-1 for C-O-C stretching, C-C stretching; band at 1092 

cm-1 for C-O stretching, O-H bending; band at 920 cm-1 for stretching (bending out of plane) 

(O-H); band at 850 cm-1 for stretching, pendular C-C [95], [236].  

 

Furthermore, the propolis bands were overlapped with the PVA bands because it is observed 

that the peak at 3745 cm-1 (Region I) was only found on PVA+propolis as-spun and FT 

nanofibres, attributed to O-H stretching of alcohol group. The propolis peaks at Region II were 

found to be getting sharper in as-spun nanofibres when the concentration of propolis extract 

increased in Figure 6.6a. Surprisingly, there was no changes observed at Region II from the 

PVA+propolis FT nanofibres in Figure 6.6Error! Reference source not found.b. The freeze-

thawing process might be breaking down the accumulated double bonds in PVA+propolis FT 

nanofibres.   

 

The FTIR analysis has also been widely used to study the crystallisation behaviour of PVA. It 

is worth to mention that the crystalline sensitive band, 1141 cm-1 which is related to either the 

C-O stretching vibrations in C-OH groups of the crystalline polymer or the C-C stretching  

vibrations  on the same side of the carbon chain in  the  crystalline  phase [243], [258], was 

found in all as-spun and FT samples. It can be explained that there is an intermolecular 

interaction of C-OH groups between the PVA and propolis in the crystalline phase.  
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Figure 6.5: FTIR for ethanolic propolis extract. 

 

 

 

 

Figure 6.6: FTIR spectra for PVA and PVA+propolis (a) as-spun nanofibres and (b) FT 
nanofibres.  
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6.2.5 DSC analysis 

In Figure 6.7, the spectra of the PVA+propolis as-spun and FT nanofibres were shifted to the 

left when compared to the neat PVA as-spun and FT nanofibres, indicating the melting 

temperature (Tm) were decreased with the increase of propolis extract amount in PVA 

nanofibres. It is also noticed that the degree of crystallinity decreased as the concentration of 

propolis increased. PVA as-spun, PVA FT, PVA+5% propolis as-spun, PVA+5% propolis FT, 

PVA+10% propolis as-spun, PVA+10% propolis FT and PVA+20% propolis as-spun showed 

the degree of crystallinity of 27%, 25%, 32%, 30%, 21%, 15% and 18% respectively. This is 

supported by the study performed by Oliveira et. al., the propolis extract weaken the movement 

of PVA polymer chains and hinder the chains packing followed by inhibiting crystals growth 

with increased amounts of propolis in the samples [236]. Even with the introduction of FT, the 

degree of crystallinity and Tm did not increase. The FT process may be inducing the relaxation 

of the chains instead of modifying them in a way that it increases the Tm. Previous works 

reported that the increase of propolis extract might homogenously mixed in the PVA nanofibres 

in an amorphous state, consequently lowering the degree of crystallinity [243]. As seen in 

Figure 6.7, the PVA+15% propolis as-spun and FT nanofibres as well as PVA+20% propolis 

FT showed no melting peaks indicating the nanofibres were in a completely amorphous state. 

Since there are many alcohols or phenolics chains, they might weaken the PVA-PVA binding 

ability and prefer to align with propolis.  

 

6.2.6 DMA analysis 

As seen in Figure 6.8, all the curve of FT nanofibres was shifted to the right, indicating the Tg 

of FT nanofibres was higher than as-spun nanofibres. This might be due to the rearrangement 

of the non-bounded or loosely bounded PVA polymer chains to form a better orientation and 

increase the resistance to degradation. The FT process has enhanced the thermal properties of 

nanofibres. 

 

The stiffness of the nanofibres can also be determined in DMA by looking at the storage 

modulus. The storage modulus of PVA+propolis as-spun nanofibres increased from 60 MPa 

(PVA+5% propolis as-spun), 90 MPa (PVA+10% propolis as-spun), 100 MPa (PVA+15% 

propolis as-spun), to 115 MPa (PVA+20% propolis as-spun), indicating the stiffness of 

PVA+propolis nanofibres increased when the amount of propolis increased. Same condition 



Chapter 6 

135 
 

happened on PVA+propolis FT nanofibres, the storage modulus of PVA+5% propolis FT, 

PVA+10% propolis FT, PVA+15% propolis FT and PVA+20% propolis FT was 60 MPa, 60 

MPa, 195 MPa and 85 MPa, respectively. It is noticed that all FT nanofibres was lower than 

as-spun nanofibres, suggesting a decrease of the stiffness of FT nanofibres, except for the 

PVA+15% propolis FT nanofibres. The FT process might be inducing the relaxation of the 

PVA chains instead of making them stronger. While the PVA+15% propolis FT has the highest 

storage modulus of 195 MPa, the propolis extract at the concentration of 15% has some way 

induced a stronger interaction with PVA polymer chains. 

 

 

Figure 6.7: DSC of electrospun nanofibres at second heating cycle. 

  

 

PVA FT 

PVA  

PVA+5% propolis 

PVA+5% propolis FT 

PVA+10% propolis 

PVA+10% propolis FT 

PVA+15% propolis 

PVA+15% propolis FT 

PVA+20% propolis FT 

PVA+20% propolis 

219 °C 

219 °C 

212 °C 

211 °C 

205 °C 

209 °C 

189 °C 



Chapter 6 

136 
 

       

      

 

Figure 6.8: DMA spectra for as-spun and FT nanofibres. (a) PVA, (b) PVA+5% 

propolis, (c) PVA+10% propolis, (d) PVA+15% propolis, and (e) PVA+20% propolis. 

(Dash line designated as as-spun nanofibres, solid line designated as FT nanofibres) 

 

6.2.7 Water contact angle 

As shown in Figure 6.9, all the electrospun nanofibres samples were considered as hydrophilic 

because the water contact angles were all below 90°. There is a significant difference between 

pure PVA and PVA+propolis nanofibres. It is apparent from Figure 6.9 that the hydrophilicity 

is significantly increased with the presence of propolis extract. Furthermore, the hydrophilicity 

is increased with an increase concentration of propolis extract in the PVA nanofibres, as result 
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of its good wettability. Interestingly, the water contact angle of PVA+propolis FT nanofibres 

containing 5%-15% propolis extract remained around 40° and PVA+20% propolis FT dropped 

slightly to 30°. The PVA+propolis FT nanofibres were slightly resist to water.  

 

This hydrophilic characteristic of both PVA+propolis as-spun and FT nanofibres is extremely 

useful for medical haemostatic and drug delivery applications. Therefore, the PVA+propolis 

electrospun nanofibres prepared in this work have the potential to be produced as wound 

dressing materials. 

 

     

     

   

Figure 6.9: Water contact angle of the PVA and PVA+propolis electropsun nanofibres 

with and without freeze-thawed at 25 seconds. 

 

**
* 

**

**
** **

**
** **

**

PVA PVA+5%propolis PVA+10%propolis PVA+15%propolis PVA+20%propolis 

PVA FT PVA+5%propolis 
FT 

PVA+10%propolis 
FT 

PVA+15%propolis 
FT 

PVA+20%propolis 
FT 



Chapter 6 

138 
 

6.2.8 Swelling study 

As shown in Figure 6.10, it is observed that the swelling of as-spun and FT nanofibres 

happened in the first 1-2 min of immersion. The maximum swelling degree of as-spun 

electrospun nanofibres was 511% for PVA as-spun, 616% for PVA+5% propolis as-spun, 515% 

for PVA+10% propolis as-spun, 419% for PVA+15% propolis as-spun and 352% for PVA+20% 

propolis as-spun nanofibres. It is noticed that the swelling degree of as-spun electrospun 

nanofibres decreased as the propolis extract concentration increased. While the maximum 

swelling degree of freeze-thawed electrospun nanofibres was 405% for PVA FT, 433% for 

PVA+5% propolis FT, 499% for PVA+10% propolis FT, 445% for PVA+15% propolis FT 

and 527% for PVA+20% propolis FT nanofibres.  

 

The swelling degree of PVA FT, PVA+5% propolis FT and PVA+10% propolis decreased 

when compared to PVA as-spun, PVA+5% propolis as-spun and PVA+10% propolis as-spun, 

respectively. Normally, the swelling degree is influenced by the number of FT cycles as FT 

caused an increase of physical crosslinking and resulted in a decrease of swelling degree [247]. 

However, in this case, the formation of crystalline decreased when FT applied as mentioned in 

DSC. Thus, it might be possible that the non-bounded or loosely bounded PVA chains were 

rearranged during FT and a better orientation was formed to hinder the mobility of polymer 

chain, which led to lower swelling degree. In contrast, the swelling degree of PVA+15% 

propolis FT and PVA+20% propolis FT increased when compared to the PVA+15% propolis 

as-spun and PVA+20% propolis as-spun nanofibres. This might be due to the amorphous state 

of PVA+15% propolis FT and PVA+20% propolis FT, as mentioned in DSC, exhibited greater 

swelling ability. 

 

After the first 1-2 min, the swelling curves started to descend, indicating the degradation of 

nanofibres was happening [259]. All the swelling curves have the same trend which presented 

a well structural stability of the nanofibres. The electrospun nanofibres underwent fast weight 

loss during the first 30 min. Over longer immersion times, the weight loss of electrospun 

nanofibres was slowed down remarkably, reaching a plateau after approximately 180 min.  

 

Moreover, the final swelling degree of freeze-thawed nanofibres after 300 min was higher than 

the as-spun nanofibres, except for the PVA+15% propolis FT sample. This is suggested that 

the PVA+propolis nanofibres underwent FT process resulted in a decrease in weight loss.  
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Figure 6.10: Swelling degree of electrospun nanofibres in 5 h. Maximum swelling degree 

reached in 1-2 min. 

 

6.2.9 Disintegration and weight loss studies 

The disintegration behaviours of electrospun nanofibres was tested by immersing in pH 7.4 

buffer. As can be seen in Figure 6.11A, the as-spun and FT electrospun nanofibres (1 cm x 1 

cm) experienced a different degree of shrinkage when they hydrated. It is observed that the 

nanofibres did not fully disintegrate after 24 h of immersion. The pure PVA as-spun and FT 

nanofibres have superior integrity. The better quality of crystalline structure and the strong 

hydrogen bonding interactions between the PVA matrix may be responsible for this 

observation. However, with the presence of propolis, the size and the colour of PVA+propolis 

as-spun and FT nanofibres became smaller and more yellowish with increase concentration of 

propolis. As explained by other study, propolis could be a physical barrier to PVA chains 

packing [236] which resulted in partial disintegration. The appearance of PVA+propolis FT 

nanofibres have the same tendency in PVA+propolis as-spun nanofibres after 24 h of 

immersion. 

 

The weight loss study (Figure 6.11B) showed the water stability ability of as-spun and FT 

nanofibres. It is noticed that the % weight loss increased as the amount of propolis increased. 

Unfortunately, there are no significant difference in weight loss before and after FT. The FT 

method applied on the electrospun nanofibres has no effect on inhibiting the disintegration.  
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Figure 6.11: (A) Photographs of as-spun and FT electrospun nanofibres after immersing 

in pH 7.4 buffer for 24 h. (a, a’) PVA, (b, b’) PVA+5% propolis, (c, c’) PVA+ 10% propolis, 

(d, d’) PVA+ 15% propolis, (e, e’) PVA+ 20% propolis. (B) % weight loss studies. 

 

6.2.10 Drug dissolution study 

The in vitro release behavior of the PVA+propolis as-spun and PVA+propolis FT nanofibres 

were showed in Figure 6.12. An initial burst drug release was observed in first 30 min and 

followed by a much slower release, indicating the PVA+propolis as-spun and FT nanofibres 

have a biphasic release profile. The rapid drug release might be attributed to the high 

hydrophilicity of the nanofibres or the weakly bound propolis to the PVA nanofibres. The drug 

releasing rate tend to became faster as the concentration of propolis increased. However, the 

most surprising aspect of the data is the drug releasing rate of PVA+20% propolis as-spun 

nanofibres were significant slower among all the PVA+ propolis as-spun nanofibres; also, same 

condition happened on PVA+20% propolis FT nanofibres. This might be due to the high 

concentration of propolis extract has interacted more with the PVA chains which led to slower 

release. 

 

Accumulated release at 24 h was 79% for PVA+5% propolis as-spun, 93% for PVA+5% 

propolis FT, 75% for PVA+10% propolis as-spun, 81% for PVA+10% propolis FT, 86% for 

PVA+15% propolis as-spun, 98% for PVA+15% propolis FT, 69% for PVA+20% propolis as-

spun and 61% for PVA+20% propolis FT nanofibres. Overall, it is observed that the freeze-

thawed PVA+ propolis nanofibres have a higher accumulated release in 24 h.  
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The drug release behaviour of PVA+propolis as-spun and FT electrospun nanofibres was 

predicted based on a few mathematical models including zero order, first order, Hixson-crowell, 

Higuchi and Korsmeyer-Peppas. The correlation coefficients (R2) were calculated based on the 

kinetic release showed in Table 6.1. It is noted that the closest value of the correlation 

coefficient to one will be selected as the best fit model of the release mechanism. All the 

PVA+propolis as-spun and FT nanofibres, except for the PVA+5% propolis FT nanofibres, 

were best fit with the Korsmeyer-Peppas model with the n exponent ≤ 0.5 [234], indicating 

Fickian diffusion makes the predominant contribution to release of propolis extract from the 

PVA nanofibres. In addition, the diffusion of propolis extract from the PVA nanofibres was 

much greater than the process of polymeric chain relaxation [234]. The PVA+5% propolis FT 

nanofibres sample was found to be best fit in first order release kinetics (R2=0.9415), indicating 

the propolis release was directly proportional to the concentration of propolis.  

 

  

Figure 6.12: % drug release of PVA+propolis nanofibres samples with and without 

freeze-thawed.  
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Table 6.1: Drug release kinetics of PVA+propolis electrospun nanofibres samples with 
and without freeze-thawed.  

 Sample Zero 
order 

First 
order 

Hixson-
Crowell 

Higuchi Korsmeyer-Peppas 

R2 R2 R2 R2 R2 n 
As-
spun 

PVA+5% 
propolis 

0.5991 0.7843 0.7286 0.7857 0.8625 0.2330 

PVA+10% 
propolis 

0.5167 0.6728 0.6229 0.7155 0.8375 0.2036 

PVA+15% 
propolis 

0.3844 0.6017 0.5284 0.6369 0.7362 0.1521 

PVA+20% 
propolis 

0.7314 0.8250 0.8328 0.9192 0.9636 0.3065 

FT PVA+5% 
propolis 

0.8655 0.9415 0.9207 0.8655 0.9329 0.4775 

 PVA+10% 
propolis 

0.7078 0.8250 0.7884 0.7078 0.9111 0.2940 

 PVA+15% 
propolis 

0.6695 0.9107 0.8489 0.6695 0.9347 0.2755 

 PVA+20% 
propolis 

0.5951 0.7038  0.6687 0.5951 0.8669 0.2321 

 

6.3 Summary 

The electrospun PVA+propolis nanofibres had distinctive advantage for burst drug release in 

the first 30 min and followed by a slower drug release up to 2-8 h. The results showed that the 

PVA+propolis FT nanofibres have a slower drug releasing rate when compared to 

PVA+propolis as-spun nanofibres. These electrospun nanofibres showed that the 

nanotechnology has enormous potential to be applied to the production of hydrogels in a novel 

and innovative manner with the properties tailored for specific conditions such as rapid drug 

release to the targeted site at a high drug content once administration and keep release for 

another few hours. Although the degree of crystallinity and Tm decreased when the propolis 

concentration increased, and the FT process further induce the PVA chains relaxation resulted 

in forming a PVA+propolis nanofibres in homogenously state, the water contact angle study 

showed improve water resistance ability in PVA+propolis FT nanofibres. Furthermore, the Tg 

of FT nanofibres was higher than as-spun nanofibres, suggesting the FT process enhanced the 

thermal properties of PVA+propolis nanofibres. The PVA+15% propolis FT nanofibres sample 

was the most rigid sample as this sample has the highest storage modulus of 195 MPa among 

all the as-spun and FT nanofibres. 
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Novel PVA hydrogels with difference sizes range and with different APIs were successfully 

developed for drug delivery applications in this thesis. Freeze-thawing and thermal annealing 

methods proved to be effective in increasing the physical crosslinking of PVA hydrogels. 

Furthermore, in order to improve the drug encapsulation, the surface area of PVA hydrogels 

was increased by decreasing the size of hydrogel from centi-, micro-, to nano- meter. As the 

PVA hydrogels became smaller, the drugs releasing time became longer. Moreover, the PVA 

hydrogels were considered to be biocompatible as they were non-toxic to NIH 3T3 fibroblast 

cells. 

 

Chapter 3: Preparation of orientated and freeze-thawed PVA hydrogels 

A series of PVA hydrogels with or without caffeine which were synthesized by combined 

freeze-thawing and uniaxial orientation and their properties were investigated in comparison 

with those without uniaxial orientation. The degree of crystallinity, degree of swelling, tensile 

strength and Young’s modulus of the orientated PVA/CAF hydrogel samples were higher than 

pure orientated PVA hydrogels. These positive results were attributed to the aligned oriented 

chains that occurred in between the freeze-thawing, a more aligned PVA hydrogel has been 

produced with increase number of F/T cycles. The incorporation of caffeine in the aligned 

hydrogel structure presented a Hixson-Crowell drug release mechanism and this rapid caffeine 

release in 15-20 min resulted from the aligned PVA polymer chains that were formed by the 

physical orientation method. The PVA/CAF hydrogels were found to be non-toxic to NIH 3T3 

cells. 

  

Chapter 4: Preparation of freeze-thawed PVA spheres 

The formation of PVA spheres in the pre-cooled AcOEt (-80 °C) solution using a micropipette 

following by six freeze and thawing cycles was successfully accomplished. Although the 

samples were able to maintain a spherical shape, the desired diameter (<1 micrometer) of the 

spheres was not achieved as the prepared spheres were range between 2-3 mm in diameter. 

Future work may incorporate a powder spray device to replace the micropipette for optimising 

the size of the spheres.  

 

The PVA/CIP and PVA/PAA/CIP spheres were able to immediately release ciprofloxacin and 

fully dissolved under 60 min for osteomyelitis treatment. In addition, the immediate release of 

caffeine from the PVA/CAF spheres was achieved within 60 min. The PVA/CIP, 
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PVA/PAA/CIP and PVA/CAF spheres were best fit in Hixson-Crowell release kinetic. The 

spheres were also non-toxic to NIH 3T3 cells.  

 

Chapter 5: Preparation of thermal annealed PVA/PAA bilayer nanofibres 

Nanomedicine and nanotechnology are transforming society's approach to medicine and 

biomedical science. However, as in every material science technology, there are three distinct 

interrelated aspects: the applications, the process and the material. The applications are diverse 

for electrospinning and include wound healing, bone regeneration and tissue engineering. PVA 

electrospun materials have remarkable properties in terms of biocompatibility and this 

combined with the developments in the electrospinning process will lead to a rapidly growing 

area. Hence, it has driven the research on developing novel PVA electrospun nanofibres in this 

thesis. 

 

The PVA/PAA bilayer electrospun nanofibres containing clarithromycin and doxorubicin 

hydrochloride were successfully prepared using thermal annealing and electrospinning 

technology for osteosarcoma treatment. The annealed bilayer nanofibres can be considered as 

a potential to be used in modelling drug release especially for dual drug delivery. The combined 

effect of clarithromycin and doxorubicin hydrochloride proves that a synergetic enhance 

cytotoxicity against U2SO osteosarcoma cell line occurs and it may be improved with the 

bilayer electrospun nanofibres. A fast (100% CLA released in 24 h) and slow (2% DOX 

released in 24 h) release-rate can be achieved using this bilayer membrane.   

 

Chapter 6: Preparation of freeze-thawed PVA nanofibres 

The physiochemical properties included conductivity, surface tension and viscosity of PVA 

and PVA+propolis polymer solutions are the important solution parameters that could affect 

the morphology and diameter of the produced nanofibres. Beaded nanofibres were fabricated 

with the given polymer solutions. Therefore, an increase of PVA concentration higher than 

7 %(w/v) should help to increase the surface tension and leading to fewer beads or smooth 

nanofibres. Moreover, the glass transition temperature and water contact angle of FT 

nanofibres was higher than as-spun nanofibres, suggesting the FT process enhanced the thermal 

properties and water resistance ability of PVA+propolis nanofibres.  

 

The PVA+propolis electrospun nanofibres had a distinctive advantage for burst drug release in 

the first 30 min and followed by a slower drug release up to 2-8 h. The results showed that the 
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PVA+propolis FT nanofibres have a slower drug releasing rate when compared to 

PVA+propolis as-spun nanofibres. Majority of the PVA+propolis as-spun and FT nanofibres 

were best fit with the Korsmeyer-Peppas model.  

 

Summary 

Overall, these PVA hydrogels have the potential for use in a variety of biomedical applications, 

especially in the biomedical area. Utilising PVA as the base polymer, has a number of 

advantages in that a biocompatible hydrogel can be formed without the use of chemical 

crosslinkers.  This functionality can be further exploited if the core process is modified and this 

was the approach undertaken in this thesis.  

 

The study of the PVA hydrogels undertaken have been extensive, different geometries, 

processes and APIs have been incorporated in a number of novel ways including orientation, 

dipping and electrospinning. The release of the APIs has been modelled and the results fit with 

literature. The research detailed has scientific merit as the approach outlined in the thesis has 

demonstrated how the properties can be modified and tailored. Comprehensive characterisation 

underpins the scientific approach and future work can build on further modification and 

optimisation for biomedical and nanotechnology applications.    

 

Finally, the advancement of this tunable PVA hydrogels is potential to be manufacture as new 

commercialable products. Furthermore, PVA hydrogel as hydrophilic polymer structure is 

capable of retaining large amounts of water similar to soft tissue, while remaining structurally 

stable with a high capacity for the permeation and diffusion of molecules in terms of mimicking 

the in vivo environment compared with current commercial technological approaches. 
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Further attempts to analyse the produced hydrogels using thermogravimetric analysis (TGA) 

and Raman spectroscopy could prove beneficial to the work detailed in the research. The 

thermal stability of hydrogels can be evaluated by TGA, while the Raman investigations could 

further characterise the molecular chain conformations and crystallisation of PVA and the APIs.  

 

Future research should be devoted to the development of core-shell nanofibres or nanoparticles 

using co-axial electrospinning or electrospraying technology. Compared to conventional 

electrospinning and electrospraying, co-axial electrospinning and electrospraying is highly 

tunable and can precisely control the location of the APIs within the core as well as an increase 

of drug loading capacity can be achieved. Although different type of water-soluble and poorly 

water-soluble drugs have been studied in this thesis, the delivery of proteins or peptides (e.g. 

neuroglobin) from PVA hydrogels have not yet been investigated. Due to their high molecular 

size, they are not able to cross plasma membranes, hence not penetrating through the blood-

brain barrier. It is believed that this novel approach by incorporating proteins/peptides in core-

shell PVA nanoparticles could prove an important area for future research. 
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