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Abstract 

 

The main goal of this study was to develop polymeric artifacts (nanofibers and films) infused 

with an antimicrobial agent, 2,3-dihydroxybenzoic acid and study the release of DHBA as a 

function of the structure and properties of selected polymers. The effect of hydrophilic and 

hydrophobic polymers on the release behavior was the main focus of this study.  

Four different polymers, poly (vinyl alcohol) (PVA), chitosan, poly (ethylene-co-vinyl alcohol) 

(EVOH) and poly (styrene-co-maleic anhydride) (SMA); all different in their hydrophilic-

hydrophobic nature were used. Controlling the release of DHBA from these polymers have 

however not been investigated to our knowledge. Various parameters can influence the release of 

an agent from a matrix, which includes the type of polymer used and interactions between the 

polymer and the agent. 

To effectively study the release of DHBA from electrospun nanofibers, it was important for the 

different polymer nanofibers to have similar average fiber diameters. This was done by 

investigating the effect different electrospinning parameters has on the fiber diameter. 

Incorporation of DHBA into the polymer artifacts (films and nanofibers) was successful with 

minimum loss of the agent. Interaction between polymer and agent was confirmed using FTIR. 

The interaction can be ascribed to the size of the molecular structure of the polymers, the smaller 

molecules showed hydrogen bonding with the agent with the larger molecules, limited 

interaction was observed. Thermal analysis of the matrices was studied using techniques such as 

DSC and TGA. These results revealed changes in the stability of the DHBA-loaded matrices 

compared to the pure polymer matrix. These changes can be attributed to the interaction between 

the polymer and the agent. 

The release of DHBA from the films and nanofibers was investigated using UV spectroscopy. A 

burst release was observed which is explained by the type of polymer used. Although the burst 
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release of this agent has been documented, the ability to control the release of DHBA has not 

been done. Controlling the release of DHBA from the films and nanofibers was done by a 

coating process. SEM and FTIR were used to confirm the successful coating of these nanofibers. 

These coated nanofibers showed retardation of the release of DHBA. The more hydrophilic 

polymer used showed the greatest effect on the release behavior. These results confirmed the 

effect the type of polymer used has on the release of DHBA.
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Opsomming 
 

Die hoofdoel van hierdie studie was die ontwikkeling van polimeriese artifakte (films and 

nanovesels) gekombineer met ‗n antimikrobiese agent, 2,3-dihidroksibenzoësuur (DHBA) en die 

vrystelling van DHBA as ‗n funksie van die struktuur en eienskappe van gekiesde polimere. Die 

effek van hidrofiliese and hidrofobiese polimere op die vrystelling gedrag was die hooffokus van 

hierdie studie. 

Vier verskillende polimere, poliviniel alkohol (PVA), chitosan, poliëtileen (ko-viniel alkohol) 

(EVOH) en poli (stireen-ko-maleïen anhidried) (SMA), almal verskillend in hidrofiliese-

hidrofobiese natuur is gebruik. Om die vrystelling van DHBA van die polimere te beheer was 

nog nie volgens ons kennis al gedoen nie. Verskeie parameters kan die vrystelling van die agent 

van ‗n matriks beïnvloed, dit sluit in die tipe polimeer en interaksies tussen die polimeer en die 

agent. 

Om die vrystelling van DHBA van die elektro-gespinde vesels effektief te bestudeer, is dit 

belangrik vir die verskillende polimeer vesels om soortgelyke gemiddelde vesel diameters te hê. 

Dit is gedoen deur die effek van verskillende elektrospin parameters op die vesel diameter te 

ondersoek. Inkorporasie van DHBA binne-in die polimeer artefakte was suksesvol met minimale 

verlies van die agent. Die interaksie tussen die polimeer en die agent is bevestig met fourier-

transform infrarooi spektroskopie (FTIR). Die interaksie kan toegeskryf word aan die grootte van 

die molekulêre struktuur van die polimeer. Die kleiner molekules was deur waterstofbindings in 

interaksie met die agent, waar die interaksie beperk was met die groter molekules. Termiese 

analise van die matrikse is uitgevoer d.m.v. tegnieke soos differensieëlskandeerkalorimetrie 

(DSC) and termiese-gravimetriese analise (TGA). Die resultate wat verkry is het bewys dat daar 

verandering in die stabiliteit van die DHBA-gelaaide matrikse was in vergelyking met die skoon 

polimeer matriks. Die verandering kan toegeskryf word aan die interaksie tusen die polimeer en 

die agent. 
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Die vrystelling van DHBA van die films en nanovesels is bestudeer d.m.v. ‗n UV spektroskoop. 

‗n Gebarste vrystelling is opgemerk wat verduidelik is deur die tipe polimeer wat gebruik was. 

Alhoewel die gebarste vrystelling van hierdie agent al gedokumenteer is, is die vermoë om die 

vrystelling van DHBA te beheer nog nie gedoen nie. Die beheer van DHBA van die films en 

nanovesels is gedoen deur ‗n bedekking proses. Skandeerelektron spektroskopie (SEM) en FTIR 

is gebruik om die suksesvolle bedekking van die nanovesels te bevestig. Die bedekte nanovesels 

het retardasie van die vrystelling van DHBA getoon. Die meer hidrofiliese polimeer het die 

grootste effek op die vrystelling gedrag getoon. Hierdie resultate bevestig die effek wat die tipe 

polimeer op die vrystelling van DHBA het. 
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Chapter 1 

 

 

 

 

 

 

 

 

Introduction and Objectives 

This chapter offers a brief introduction about the study as well the objectives to be achieved. An 

overview on the different chapters will also be summarized. 
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1.1 Introduction 

For many years, the major focus of antimicrobial related research has been on the synthesis or 

discovery of potent agents with specific biological activity. While this continues to be an 

important area of research, increasing attention is being devoted to the manner in which these 

agents are delivered1. Several studies have been carried out in order to design, characterize and 

develop controlled delivery of an agent. The introduction of the electrospinning technique to 

controlled release inspired a new era of investigation in which the incorporation of the agent into 

the electrospun fibers can serve as effective delivery system2. The release of agents from 

electrospun nanofibers can occur via various pathways namely diffusion, desorption and scaffold 

degradation. These are all determined by the type of polymer used as the carrier of the agent. 

Electrospinning is a very simple method for producing nanofibers from polymers. Electrospun 

nanofibers have emerged as a novel delivery system within the last decade. This technique 

makes it possible to incorporate a variety of agents into the fibers in a one-step process with 

almost no loss of the agents. However, nanofibers incorporated with an agent always inevitably 

show an initial burst release effect3. This could be a result of the large surface area of the 

nanofibers as well as the incompatibility between the polymer and the incorporated agent. One of 

the reasons why electrospinning is such an attractive technique is the ease with which a wide 

range of polymers can be processed into nanofibers. These polymers include both commonly 

used synthetic polymers and biopolymers. 

Electrospun nanofibers obtained through hydrophilic or hydrophobic polymers can be used to 

overcome the burst effect. In this study, four different polymers, poly (vinyl alcohol) (PVA), 

chitosan, poly (ethylene-co-vinyl alcohol) (EVOH) and poly (styrene-co-maleic anhydride) 

(SMA), all different in their hydrophilic-hydrophobic nature are used. PVA and chitosan have 

excellent properties such as being biocompatible, biodegradable and nontoxic, which make the 

polymers ideal for controlled release systems4-7. PVA and chitosan are exploited for use in 

delivery systems due to their hydrophilic nature. EVOH and SMA both consist of hydrophilic 

and hydrophobic parts. The non-biodegradable property of these polymers makes them 

applicable as a delivery system, but has not been studied as extensively as PVA and chitosan. 
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In terms of this study, 2,3-dihydroxybenzoic acid was selected as the active agent. 2,3-

Dihydroxybenzoic acid (DHBA) is a minor product of the  metabolic breakdown of aspirin, 

excreted by the kidneys. DHBA is a salicylate derived from acetyl salicylic acid which is a non-

steroidal anti-inflammatory agent widely used in the relief of pain8. Salicylates have the ability to 

scavenge free radicals and offer neuroprotection9. The incorporation of DHBA into polymer 

matrices and the release behavior of this agent have not been significantly explored. Research 

concerning the incorporation of this agent into polymer nanofibers has been done by Ahire10. 

That study did not focus on controlling the release of DHBA.  DHBA is a water-soluble agent 

which poses a challenge controlling the release in aqueous systems. The higher the agent 

solubility in the release medium, the faster is the release11. In this study we were interested in 

controlling the release of DHBA, and understanding the factors that control the burst effect as 

well as the rate of subsequent release from the different polymers. 

 

1.2 Goals and Objectives 

The main goal of this study was to develop polymeric artifacts (nanofibers and films) infused 

with an antimicrobial agent, 2,3-dihydroxybenzoic acid and study the release of DHBA as a 

function of the structure and properties of selected polymers. The effect of hydrophilic and 

hydrophobic polymers on the release behavior was the main focus of this study. The objectives 

of this study were therefore: 

 The processing of PVA, chitosan, EVOH and SMA into polymer nanofibers via 

electrospinning. 

 Investigating the influence of the different parameters namely, concentration, applied 

voltage, flow rate and spinning distance on the average fiber diameter. 

 Incorporation of DHBA into the nanofibers and characterization thereof. 

 Study the release of DHBA from films and nanofibers. 

 Control the release of DHBA. 
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1.3 Outline of Document 

This thesis comprises of six chapters. In chapter 1, a brief introduction into why controlling the 

release of an agent is important, is given and the objectives set out to achieve. 

Chapter 2: An overall review on the fundamental theory of this study is given as well as a 

background on the polymers being used. The electrospinning technique and the parameter 

affecting the fiber diameter will also be discussed. 

Chapter 3: Describes the materials and methodologies used. The techniques used for analysis are 

also described. 

Chapter 4: Results and discussion of the electrospinning of PVA, chitosan, EVOH and SMA and 

the different parameters affecting the fiber diameter and morphology. Incorporation of DHBA 

into the various matrices, interaction with polymers and the affect it has on the thermal stability 

are also reported. 

Chapter 5: Results from release behavior of DHBA from the films and nanofibers are discussed 

and how the release could be controlled. 

Chapter 6: Comprises of general conclusions from this study and recommendations for future 

research in this field. 
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Chapter 2 

 

 

 

Literature review 

This chapter starts with a discussion on the controlled release of antimicrobial agents as 

background to understanding the various systems to be used and the importance in controlling 

the release of these agents. One of the systems to be used is through electrospinning and the 

parameters affecting the resultant nanofibers will be discussed. 
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2.1 Controlled release of antimicrobial agents 

2.1.1 Background 

Controlled delivery technology represents one of the most rapidly advancing areas of science. 

Such delivery systems offer numerous advantages compared to conventional dosage forms 

including improved efficacy, reduced toxicity, and improved patient compliance and 

convenience. All controlled release systems aim to improve the effectiveness of drug therapy1. 

Numerous studies have been carried out in order to design, characterize and develop drug 

delivery systems, but with limited success2. In controlled delivery systems an active agent is 

incorporated into a polymeric network structure in such a way that the agent is released from the 

material in a predetermined manner3. 

 

2.1.2 Need for controlled release systems 

The phenomenon of an initial burst release of agents from delivery systems has been under 

investigation for years. This is most common for nano delivery systems with high surface area4. 

The need for polymer systems in which the agents are released at a slower rate to water from the 

aqueous environment are highly in demand. This can be achieved by a polymer coating or matrix 

that dissolve at a slower rate than the agent. The insoluble polymer matrix inhibits the fast 

release of the molecules where molecules must travel through complex pathways to exit the 

device1. An encapsulating system is ideally designed to provide a controlled release pattern 

where the molecules are released at a constant rate5. 

Development of micro/nano-encapsulation techniques for effective delivery of molecules has 

been on the rise. Recently, electrospinning has gained much attention as delivery systems for its 

potential to minimize burst release of agents. This is due to the continuously long and high-order 

aligned structure of molecules as well as to the large surface area of the electrospun fibers. The 

bursting depends on the surrounding medium, polymers used as well as encapsulant. A common 

way of controlling agent delivery is by incorporating the agent into the polymer matrix. Agent 

dissolution and diffusion through the polymers are important phenomena in controlling the 
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release characteristics of the formulation. The electrospun fibrous mats have gained rapid interest 

as potential controlled release candidate in food, pharmaceutical, and medical applications5. 

 

2.1.3 Scope of polymer systems for controlled release 

Polymeric delivery systems have numerous advantages compared to conventional delivery 

systems; they are able to improve therapeutic effect, reduce toxicity, and more convenient for the 

patients by delivering the agents at a constant rate over a period of time to the site of action6. The 

limited capacity of delivery and burst release of agents are still problematic in these systems; 

attempts to overcome the burst have been made, but with varying degrees of success2, 7, 8. 

The use of polymers as carriers is expanding continuously. Various delivery systems using 

biodegradable polymers have been fabricated in order to achieve controlled release. These 

include nano- or microparticles9, 10, hydrogels11, 12, micelles13-15, films16, 17 and fibrous scaffolds5, 18. 

These systems have been studied widely for their release profiles but all with similar limitations. 

 

2.1.3.1 Nano- or microparticles 

Nano- or microparticles are submicron-sized polymeric colloidal particles which vary in size 

from 10 to 1000 nm19. Agents can be dissolved, entrapped, adsorbed, attached and/or 

encapsulated into or onto a nano-matrix. The release characteristics and properties of the 

nanoparticles can be controlled by the method of preparation for the best delivery or 

encapsulation of agents20. 

Over the past few decades, there has been considerable interest in developing biodegradable 

nanoparticles as effective delivery devices. Polymeric nanoparticles possess certain advantages 

such as to increase the stability of agents against degradation and have useful controlled release 

properties20, 21. The majority of studies on nanoparticles (NPs) have dealt with microparticles 

created from poly(D,L-lactide), poly(lactic acid) (PLA), poly(D,L-glycolide) (PLG), 

poly(lactide-co-glycolide) (PLGA), and polycyanoacrylate (PCA)22. 

According to Calvo et al23, the release can be controlled by coating the NPs. The release takes 

place by the partitioning of the agent; however, the main factor controlling the release is the 
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volume of the aqueous medium. A faster and complete release of the agent took place with a 

higher dilution of the dissolution medium. Lu et al24 reported that the release of Bovine Serum 

Albumin (BSA) from PLA nanocapsules depends on the molecular mass of the polymer, which 

indicated that the release may be due to diffusion across the polymer coating and not partitioning 

of the BSA. 

The use of particle carriers where the agent can be encapsulated inside each particle is not easy 

in controlling the release because of the large surface area and the potential coagulation of the 

agents and are still under investigation as potential carriers25. 

 

2.1.3.2 Hydrogels 

Hydrogels are networks of hydrophilic polymeric materials that do not dissolve in water at 

physiological temperature and pH, but are able to swell considerably in an aqueous medium 

while maintaining its structure. They are widely used as controlled release carriers of agents 

because of their good tissue compatibility, easy manipulation under swelling condition, and 

solute permeability26-28. 

Hydrogels have several characteristics that make them excellent delivery systems. Firstly, the 

polymers used in the preparation of hydrogels have mucoadhesive and bioadhesive 

characteristics that enhance agent resistance time and tissue permeability29, 30. Secondly, the 

dimension of a hydrogel can vary significantly, ranging from nanometers to centimeters in width. 

They can deform into any shape of to which they are confined31. The method in which the agents 

are loaded determines the release. Three approaches are common, namely through direct 

addition, entrapment, or covalent attachment to the hydrogel-forming polymer as shown in 

Figure 2.1. Depending on the method, the release of agents can be controlled32, 33. 
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Figure 2.1: Three different loading strategies for hydrogels
32

. 

 

The high water content of most hydrogels typically results in relatively rapid release of agents 

from the matrix. The release rate can be reduced by either interactions between the agent and the 

hydrogel matrix or by increasing the diffusive barrier for the release of the agent34. 

 

2.1.3.3 Micelles 

Polymeric micelles have been of increasing interest as potential carriers for poorly soluble agents 

in the past few years. They are characterized by a core-shell structure; where they can solubilize 

the water in-soluble agents in their inner core35. Research has been mainly focused on polymers 

having an A-B diblock structure as shown in Figure 2.2 with A, the hydrophilic polymer (shell) 

and B, the hydrophobic polymer (core), respectively36. 
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Figure 2.2: Schematic representation of block and random copolymer micelles
37

. 

 

Loading of insoluble agents into the micelles can be done in different methods; which include 

simple equilibrium, dialysis, O/W emulsion, solution casting and freeze-drying15. The different 

methods can affect the preparation of agent-loading polymeric micelles and alter the properties 

of the end product. 

 

2.1.3.4 Films 

The uses of films are well known to be applicable in food packaging applications and several 

studies have dealt with this subject38-40. The results obtained are quite limited because the studies 

have been restricted to the case of release of the antimicrobial agents from hydrophobic 

polymeric matrices. The release of a hydrophilic agent from a hydrophobic film affects the 

release rate critically; the hydrophobic surface results in slower release rates of the agents41, 42. 

Xu et al43 investigated the surface wettability and release of agent from a hydrophobic matrix, 

polyvinyl butyral (PVB), by electrospinning nano-structures on the surface. The release of two 

hydrophilic agents, acetaminophen and 5-fluorourasil could be controlled by depositing different 

amounts of PVB nanofibers on the surface of the polymer films. 

Layer-by-layer deposition of films is a versatile technique that has shown great promise in 

delivery systems. These films are formed by exploiting electrostatic, hydrogen bonding, and 
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covalent interactions between film components. The release of the agents is usually through 

diffusion and film degradation when placed in an aqueous environment. Cationic poly (B-amino 

esters) has been used for this application in several studies. A burst release is observed at first 

followed by zero-order release via degradation. These types of systems are ideally for complex 

release architectures where multiple agents can be incorporated directly or through a carrier 

which results in multi-agent release44. 

 

2.1.3.5 Fibrous scaffolds 

In the last decade, electrospun nanofibers have been explored and attracted increasing attention 

for their use in biomedical applications including tissue engineering scaffolds45, wound dressing 

materials45-47 and controlled delivery carriers8, 48-50. The interconnected, three dimensional porous 

structures with a high specific surface area help agent particles diffuse out of the matrix more 

efficiently. Unlike other common techniques, electrospinning have several advantages over the 

conventional delivery system, including the agent release profile, which can be finely tailored by 

modulation of the morphology, porosity and composition of the nanofiber membrane and the 

small diameter of nanofibers with a high surface area are helpful for mass transfer and efficient 

release33, 51. 

The introduction of the electrospinning technique where the electrospun fibers can serve as 

effective delivery systems inspired a new era of investigations. Two types of delivery systems 

could be designed by means of the electrospun fibers: matrices and reservoirs52, 53. 

 

Figure 2.3: Possible configurations for delivery systems by means of the electrospun fibers
54

. 
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As depicted in Figure 2.3A; the agent can be dispersed homogeneously in the electrospun fiber 

matrix. Kenawy et al55 published the first report concerning electrospun fibers as delivery 

systems. They used poly (lactic acid) (PLA), poly (ethylene-co-vinyl acetate) (PEVA) or 50:50 

blend electrospun fiber mats as delivery vehicles while using tetracycline hydrochloride as a 

model agent. The release profiles showed promising results when they were compared to a 

commercially available delivery system - Actisite® (Alza Corporation, Palo Alto, CA), as well 

as to the corresponding cast films. 

The matrix system is known to release the agent in a burst manner followed by a constant 

decrease on the release rate since the agent required a longer diffusion path for release. Ignatious 

and Baldoni56 described electrospun polymer nanofibers which can be designed to provide a 

rapid, intermediate, delayed, or modified dissolution, such as sustained and/or pulsatile release 

characteristics. However, the low deliver efficiency and burst release are some of the problems 

with these systems; therefore core-shell structures nanofibers have been developed to overcome 

the problem of burst release57. 

The reservoir type system utilizes a core-shell structure in which the agent can be incorporated in 

two ways. As shown in Figure 2.3B; the pure agent could be encapsulated inside a polymeric 

shell (B1) or the agent could be initially dispersed in a polymeric matrix and then encapsulated 

with another polymer (B2)
58, 59. 

 

2.1.3.5.1 Electrospun nanofibers 

Electrospun polymer nanofibers have potential applications as release systems and to protect the 

activity of the encapsulated agents or proteins for tissue engineering applications. It has been 

shown that release patterns from nanofibrous meshes can be tailored by various formulation 

conditions such as polymer type60,
 61, polymer concentration8, blending of different polymers61, 62, 

surface coating63, and the state of molecules in an electrospinning medium64, 65. 

A good number of polymers have been used for electrospinnng as the matrix for delivery 

systems. Poly(lactic acid) (PLA) and poly(ethylene-co-vinyl acetate) (PEVA) were successfully 

electrospun in the presence of tetracycline hydrochloride (an antibiotic) as a model agent by 

Kenawy et al55. Zong et al55 also used PLA as the matrix and mefoxin as the model agent. Both 
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came to same conclusion that the total percentage agent released from the cast films was lower 

than that from the as-spun fiber mats due to the much lower surface area. The table below 

contains a list of polymers that have been successfully electrospun and used as delivery systems. 

Table 2.1: Electrospun polymes for delivery systems 

No. Polymer Solvent 

Fiber  

diameter 

Nozzle  

configuration 

Application (cell 

type/drug) Ref. 

 

1 (a) Poly(e-caprolactone) (shell) (a) 2,2,2-trifluoroethanol 270 - 380 nm Coaxial D.D.S. (fitcBSA) 67 

 

(b) Poly(ethylene glycol)(PEG) 

(core) (b) Water     

2 (a) Poly(e-caprolactone) and (a) Chloroform and DMF 1.1 - 5.7 μm Coaxial D.D.S. (BSA) 68 

 poly(ethylene glycol) (shell)      

 (b) Dextran (core) (b) Water     

3 (a) Poly(e-caprolactone) (shell) (a) Chloroform and DMF 545 - 774 nm Coaxial 

D.D.S. (BSA and 

lysozyme) 50 

 (b) Poly(ethylene glycol) (core) (b) Water     

4 Poly(e-caprolactone-co-ethyl DCM and PBS 0.46 - 5.01 μm Single nozzle 

D.D.S. (b-nerve 

growth factor and 

BSA) 69 

 ethylene phosphate)      

5 Poly(D,L-lactic-co-glycolic acid), DMF 260 - 360 nm Single nozzle 

D.D.S. (Mefoxin, 

cefoxitin sodium) 70 

 PEG-b-PLA, and PLA      

6 Poly(D,L-lactic-co-glycolic acid) DCM 0.03 - 10 μm Single nozzle D.D.S. (Paclitaxel) 71 

7 Poly(L-lactide-co-glycolide) and Chloroform 690 - 1350 nm Single nozzle D.D.S. (BCNU) 72 

 PEG-PLLA      

8 Poly(e-caprolactone),  Chloroform and DMSO 0.99 - 1.43 μm Single nozzle 

D.D.S. 

(Lysozyme) 61 

 

Poly (ethylene oxide), PLLA and 

PLGA      

9 

Poly(L-lactide), Poly(ethylene 

imine) Chloroform 336 - 525 nm Single nozzle 

D.D.S. 

(Cytochrome C) 8 

 and Poly(L-lysin)      

10 (a) Cellulose Acetate (shell) (a) Acetic acid and water 296 - 900 nm Coaxial D.D.S. (Gelatin) 5 

 (b) PEG and Gelatin (b) Acetic acid and water     

11 (a) Polyvinylpyrrolidone (shell) 

(a) Ethanol and N,N-

dimethylacetamide 

(DMAc) 580 - 1020 nm Coaxial 

D.D.S. (ketoprofen 

(KET) and 

Methylene blue) 73 

 (b) Ethyl Cellulose (core) (b)  Ethanol     

12 

Poly(vinyl alcohol) and Poly(vinyl 

acetate) Acetic acid and water 145 - 448 nm Single nozzle 

D.D.S. 

(Ciprofloxacin 

HCl (CipHCl)) 51 

13 

Poly(ethylene-co-vinyl alcohol) 

(EVOH) Propan-2-ol and water 59 nm - 3 μm Single nozzle 

D.D.S. (Ag 

nanoparticle) 74 

       
Abbreviations: D.D.S.: drug delivery systems; DMF: N,N-dimethylformamide; DCM: dichloromethane; DMSO: 

dimethylsulfoxide, PBS: phosphate buffered saline; HCl: hydrochloric acid; BSA: bovine serum albumin; PLA: poly 

(lactic acid); PLLA: poly (L-lactic acid); PLGA: poly (lactide-co-glycolic acid); fitcBSA: fluorescein isothiocyanate – 

bovine serum albumin; BCNU: 1,3-bis (2-chloroethyl)-1-nitrosourea; Ag: silver  
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One of the obvious advantages of the electrospinning process over the conventional film-casting 

technique is the highly porous structure of electrospun fiber mats which exhibit much greater 

surface area that assumingly could allow molecules to diffuse out from the matrix much more 

conveniently55, 66. 

 

2.1.3.5.2 Core-shell nanofibers 

Core-shell nanofibers have been studied intensely and are ideal for when thin, delicate structures 

are needed for better release profile control where biologically active molecules are incorporated 

within the fibers75, 76. 

Core-shell structures are one of the several approaches used to obtain a controlled release profile. 

Jiang et al50 used polycaprolactone (PCL) as the shell and protein-containing poly (ethylene 

glycol) (PEG) as the core. They showed the release of the protein can be controlled by the 

thickness of the core and shell by adjusting the feed rate of the inner syringe. Jiang et al68 also 

find similar findings when Poly ( -caprolactone) was used as the shell and bovine serum albumin 

(BSA)-containing dextran as core. The release rate of BSA could be varied by the feed rate of the 

inner syringe during electrospinning. With an increase in the feed rate, there was an accelerated 

release of BSA68. 

The coaxial electrospinning technique has the advantages of being facile, has high loading 

efficiency, mild preparation, and controllable release behavior of the incorporated agents68. 

 

2.1.3.6 Release of antimicrobial agents 

The ability to incorporate a variety of antimicrobial agents into polymeric matrices is of 

increasing interest especially in the biomedical field. Various agents and proteins such as 

antibiotics77, silver nanoparticles78, analgesics79, growth factors80, vitamins81, antifungal agents82, 

etc. have been incorporated into electrospun nanofibers for controlled release. The release profile 

is influenced by the polymer-agent interactions and solubility of the agent in the polymer 

solution83. Stronger agent-polymer interactions allows for slower, more linear release while 
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negative or lack of interaction promotes burst or rapid release64. Controlled release of hydrophilic 

molecules from biodegradable polymer matrices has always presented a challenge. In general, 

there is a considerable amount of initial burst release, caused mainly by inadequate solubility of 

the molecule in the polymer matrix. If on the other hand, a hydrophilic polymer is used as the 

matrix, the polymer swells in aqueous media, accelerating the release2. 

Entrapment and sustained release of water-soluble agents by conventional electrospinning 

techniques remains challenging. Reza et al60 investigated the release of water-soluble agents 

from different matrices. They showed that the release of water-soluble agents with higher 

solubility was higher from a hydrophilic polymer matrix than a hydrophobic one. 

Karuppuswamy et al84 incorporated a hydrophilic agent, tetracycline hydrochloride into a 

hydrophobic polycaprolactone nanofiber. With an increase in agent concentration, the surface of 

the fibers became more hydrophilic, resulting in a faster release of the agent. 

 

2.2 Polymers 

In the next section, a brief introduction will be given on the various polymers that were used in 

this study as well as the importance of using them as a possible delivery system. 

 

2.2.1 Poly (vinyl alcohol) 

Poly (vinyl alcohol) (PVA) is a water-soluble synthetic polymer produced industrially by 

hydrolysis of poly (vinyl acetate)85, 86. PVA is the world‘s largest volume synthetic polymer 

produced for its excellent chemical resistance and physical properties and complete 

biodegradability, which has led to broad practical applications such as biomedical, plastic and 

textile fields87-89. 

PVA was first prepared by Herman and Haehnel in 1924 by hydrolyzing polyvinyl acetate in 

ethanol with potassium hydroxide. It is commercially produced from polyvinyl acetate by a 

continuous process. As shown in Figure 2.4, the acetate groups are hydrolyzed by ester 

interchange with methanol in the presence of aqueous sodium hydroxide. Its physical 
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characteristics and end uses depend on the degree of hydrolysis and polymerization88. The 

solubility of PVA in water increases greatly as its degree of hydrolysis increases. Properties such 

as water solubility, high tensile strength, and tack are determined by the degree of hydrolysis90. 

CH CH2

OH

n

CH CH2

O
C

O

CH3

n

NaOH

methanol

poly (vinyl acetate) poly (vinyl alcohol)
 

Figure 2.4: Preparation of PVA from Poly (vinyl acetate)
91

. 

 

Because of its flexibility and swelling capability in an aqueous medium, PVA has been much 

studied as a wound dressing; however, its poor stability in water has limited its use in aqueous 

systems, particularly for delivery applications. To overcome this problem, PVA has been made 

insoluble by copolymerizing92, grafting93 and crosslinking94. 

However, PVA is exploited for use in delivery systems due to its high hydrophilicity, ease of 

processing, good mechanical and thermal stability, high biocompatibility, and its non-toxic and 

biodegradable nature95. 

 

2.2.1.1 PVA nanofibers 

Over the past few years, many researchers have investigated various parameters affecting the 

morphology of electrospun PVA fibers for example the solution concentration, solution flow 

rate, degree of hydrolysis, applied electric potential, collection distance, ionic salt addition, 

molecular weight of PVA , and pH. PVA nanofibers have several interesting characteristics, such 

as high surface area to mass ratio, significant possibilities for surface functionalization, and high 

mechanical performance. These properties make electrospun PVA fibers possible for many 

applications, such as filtration96, wound dressings51, tissue engineering97, 98, and as releasing 

carriers51, 62, 99. 
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The electrospinning of PVA has been studied extensively due to the use of water-based solvents. 

Taepaibon et al62 dissolved PVA in distilled water and reported the successful electrospinning of 

PVA nanofibers as carriers of agents used as transdermal delivery systems. They proved that the 

agent-loaded electrospun PVA mats exhibited better release characteristics of four model agents 

than the loaded as-cast films. 

The use of PVA nanofibers as wound dressings has its limitations due to the biodegradability of 

PVA; it swells considerably in aqueous medium and results in a burst release of agents. To 

overcome this problem, crosslinking of the fibers can be done. Yang et al6 crosslinked 

PVA/Gelatin bicomponent nanofibers with glutaraldehyde vapour and investigated the release of 

Raspberry ketone (RK). They showed that the release of RK can be controlled with different 

crosslinking times, a longer time resulted in a slower release of RK. Another approach that can 

be considered is to coat the electrospun nanofibers. In a study done by Zeng et al100, they coated 

loaded-PVA nanofibers with poly (p-xylylene) (PPX) by chemical vapour deposition. Burst 

release of BSA was noted with uncoated PVA nanofibers, where PPX-coated nanofibers 

exhibited a significantly retarded release of BSA depending on the coating thickness. 

 

2.2.2 Chitosan 

Chitosan (CS) (structure shown in Figure 2.5), a cationic natural biopolymer, is a linear 

polysaccharide consisting of β(1,4)-linked 2-amino-deoxy-β-D-glucan, is a deacetylated 

derivative of chitin, which is the second most abundant polysaccharide found in nature after 

cellulose. Chitosan has aroused great interest as a promising material for biomedical applications 

because it possesses excellent biological properties such as good biocompatibility, 

biodegradability, antimicrobial activity, nontoxicity, and wound healing properties101-103. These 

attractive properties make the polymer an ideal candidate for controlled release systems. 
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Figure 2.5: Structure of Chitosan 

 

The antimicrobial activity of chitosan is dependent on the type of chitosan; particularly the 

degree of deacetylation, molecular weight, target organism, the pH of the medium, ionic strength 

and presence of solutes which can affect or completely block the reactivity of the active amine 

group. It has been reported that low molecular weight chitosan, has a higher reactivity towards 

the active sites of the targeted microorganisms than high molecular weights because it is more 

soluble in aqueous media. Low pH values, up to 5.5 increased the antimicrobial activity of 

chitosan because of its higher solubility and protonation in the acidic pH interval104. It has been 

recognized that yeasts and moulds are the most sensitive groups to chitosan, followed by Gram-

positive and Gram-negative bacteria105. Due to its antimicrobial properties, it has been applied to 

wound treatments in various physical forms, such as beads, powders, gels, sponges, tubes, films, 

and fibers102. 

 

2.2.2.1 Chitosan nanofibers 

Chitosan is an attractive material for electrospinning. However, it is difficult to electrospin into a 

nanofibrous structure because it has a polycationic character in acidic aqueous solutions due to 

many amino groups in its backbone, its limited solubility in most organic solvents, its three-

dimensional networks of strong hydrogen bonds, its molecular weight, and its wide molecular 

weight distribution. The polycationic nature of chitosan increases the surface tension of the 

solution considerably and requires a strong electrical field to successfully electrospin chitosan106. 

Successful electrospinning of chitosan have been reported but the electrospinning conditions are 

limited in terms of concentration, molecular weight, and degree of deacetylation107. 
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Okhawa et al108 managed to electrospin chitosan dissolved in trifluoroacetic acid (TFA): 

dichloromethane (DCM) but these solvents are environmentally harmful and toxic. Concentrated 

acetic acid has also been used as solvent for the electrospinning of chitosan109. The use of toxic 

solvents makes it difficult to be used in wound healing applications. 

The electrospinning ability of chitosan can be improved by mixing/blending it with other 

synthetic or natural polymers which are easy to electrospin and have good miscibility with 

chitosan. A number of polymers have been used to blend with chitosan which includes: poly 

(lactic acid) PLA110, poly (vinyl alcohol) PVA111, poly (ethylene oxide) PEO112, Sericin113, 

Gelatin114, etc. and have been widely investigated. The electrospinning of chitosan blends 

remained difficult with high chitosan content. It was proven by Xu et al110 with a chitosan/PLA 

blend, smooth nanofibers were obtained with increasing amount of PLA; the bead formation 

decreased. Bead-free nanofibers of the electrospun chitosan/PVA blend nanofibers were obtained 

when the weight ratio of chitosan/PVA in the polymer blend was lower than 95:5111. 

 

2.2.3 Poly (ethylene-co-vinyl alcohol) 

Poly (ethylene-co-vinyl alcohol) (EVOH) is a random copolymer consisting of hydrophobic 

ethylene and hydrophilic vinyl alcohol units. EVOH is produced by a hydrolysis reaction of a 

parent ethylene-co-vinyl acetate copolymer (EVA) where the acetoxy groups are converted to a 

secondary alcohol115 as shown in Figure 2.6. 

n

CH2 CH2 CH2 CH CH3

O

CO

CH3

m
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n

CH2 CH2 CH2 CH CH3

OH

m

EVA EVOH
 

Figure 2.6: Conversion of EVA into EVOH
116

.
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EVOH are commercially available in two variations. The first variation is where the EVOH has a 

high ethylene content (82-90 mole %) and are normally used for adhesives. The second variation 

consists of an ethylene content of 25-45% and 60-75 mole% vinyl alcohol. This type of EVOH 

has excellent barrier properties to gases such as oxygen, nitrogen, carbon dioxide and helium and 

is usually used as packaging material117. 

EVOH is very sensitive to humidity and it can change the resistance of the polymers to oxygen 

diffusion118. The content of the vinyl alcohol influences the properties of EVOH. The more the 

increase in the vinyl alcohol content, the more the polymer will be influenced by moisture and 

humidity; it will also increase the hardness of the polymer119. Due to the presence of the hydroxyl 

groups, the polymer is hydrophilic whilst still being water-insoluble. Other properties such as 

biocompatibility, thermal resistance and non-biodegradability make it applicable to be used in 

tissue engineering, delivery systems and wound treatments120, 121. 

 

2.2.3.1 EVOH nanofibers 

EVOH can be electrospun and used as nanofibrous mats for cell growth, as membranes122 and in 

tissue engineering121. The surface modification of nanofibers as mentioned above, is much easier 

than a polymer in any other form. The modification of the surface of EVOH nanofibers will 

encourage the use of this material in various applications123. 

Electrospinning is a straightforward approach to fabricate highly porous EVOH materials for 

medical applications. Silver nanoparticles have been encapsulated into EVOH nanofibers by Xu 

et al74; they concluded that the silver nanoparticles encapsulated EVOH nanofibers showed 

inflammation control capacity and potential for applications in skin wound treatment. 

Electrospun EVOH mats have been shown to support the culturing of smooth muscle cells and 

fibroblasts124. Chao Xu125 also investigated the electrospinning of EVOH encapsulated with silver 

nanoparticles for medical applications. He looked at the degradation of EVOH nanofibers and 

reported that the mechanical property of the materials is stable in vitro, indicating that it is a 

good candidate for wound dressing applications.  
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The reason for choosing EVOH as dressing material is due to its good biocompatibility and 

proven use in the preparation of nanofibers by means of electrospinning120. 

 

2.2.4 Poly (styrene-co-maleic anhydride) 

Poly (Styrene-co-maleic anhydride) (SMA), shown in Figure 2.7 below, can be synthesized by 

conventional polymerization of styrene and maleic anhydride comonomers126. SMA is an 

important reactive thermoplastic copolymer as its anhydride groups on the backbone of the 

structure can react with other reagents, such as alcohols, amines, and water etc. to produce many 

derivatives. Because of the presence of aromatic and anhydride functionalities, the molecular and 

segmental structures of SMA can be easily modified. The degree of hydrophilicity can be 

modified by adjusting the styrene-maleic ratio. SMA copolymers with relatively high anhydride 

content have been used for various coating additives and binder applications127. 

O OO

+
Polymerisation

O OO

n

polystyrene maleic anhydride SMA
 

Figure 2.7: Schematic illustration of the synthesis of polystyrene maleic anhydride. 

 

Maeda et al128 investigated the use of SMA as a delivery system. An antitumor protein, 

neucarzinostatin was incorporated into SMA copolymers. They concluded that they significantly 

improved the pharmacological properties of the protein by increasing both its circulatory half-life 

and its lipid solubility as well as it‘s been clinically effective in treating liver cancer128, 129. 

The grafting of a hydrophilic monomer, acrylic acid onto SMA has been done by Kaur et al127. 

The introduction of acrylic acid induced swelling behaviour and can be a suitable option for 

delivery. The agent release from this polymer showed the effectiveness (swelling, pH 
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responsiveness, functional groups of the polymer etc.) of the polymer to be used as a vehicle for 

agent loading and delivery. 

 

2.2.4.1 SMA nanofibers 

Polystyrene (PS) is one of the first polymers to be electrospun because it is a chemically and 

structurally versatile polymer making it easy to synthesize by several polymerization 

mechanisms130, 131. Polystyrene maleic anhydride is a copolymer that is even more chemically 

versatile because of the highly charged maleic anhydride (MA) moiety. The presence of maleic 

anhydride moieties makes it possible to be modified before or after electrospinning which can 

change the properties of the polymer that affects the electrospinnability of the polymer132. 

SMAs are appropriate polymers for enzyme immobilization since they are easily available, 

possess relatively low toxicity and provide reactive anhydride groups for further 

functionalization. The electrospinning of poly (styrene-co-maleic anhydride) P(St-co-MA) in 

DMF and methylene chloride was successfully done by Ignatova et al133 and showed potential as 

suitable carriers for enzyme immobilization. 

The anhydride groups are not only purposeful for modifications of the surface properties, but can 

also be used for covalent binding of biologically active compounds. This allows the preparation 

of electrospun materials with long term antimicrobial activity that can be used in a wide range of 

applications, such as antimicrobial filters, medical devices, antimicrobial bandages and even as 

delivery systems134. The preparations of these types of systems which are covalently bonded are 

still scarce135, 136. Ignatova et al134 reported the covalent attachment between antibacterial agents; 

5-amino-8-hydroquinoline and chlorhexidine, and SMA electrospun mats. These mats with 

antimicrobial activity had the ability to prevent bacteria adhesion and showed great promise for 

use in medical devices, bandages, etc. 

 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 2: Literature review 

25 
 

2.3 Electrospinning 

2.3.1 Introduction 

Electrospinning, firstly reported in 1934, has been used for more than 60 years. Since the 1980s 

and especially in recent years, the electrospinning process has regained more attention due to 

interest in nanotechnology, developing ultrafine fibrous structures of various polymers with 

diameters in the micro/nano-meter range4. 

A background on single-needle electrospinning will be given followed by a brief description of 

some of the parameters influencing the electrospinning process and resultant fibers. 

 

2.3.1.1 Single-needle electrospinning 

Electrospinning is a highly versatile and straightforward method to produce polymer fibers from 

polymer solutions, with diameters ranging from a few micrometers to a few nanometers137. 

Figure 2.8 shows a schematic illustration of the basic setup for electrospinning. It consists of 

three major components: a high-voltage power supply, a spinneret (a needle) and a collector 

which is grounded. 

 

Figure 2.8: Schematic illustration of the electrospinnng setup
138. 

The polymer solution is driven from a syringe into a needle by a syringe pump at a constant and 

controllable rate. A high voltage is applied to the syringe needle and a pendent droplet of 

polymer solution at the tip of the needle will become highly electrified. The droplet will 

experience two types of electrostatic forces: the electrostatic repulsion between the charged 
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surface and the Coulomb forces exerted by the external electric field. Under the influence of 

these electrostatic interactions, the droplet is deformed into a conical shape known as the Taylor 

cone. On further increase in the voltage, a critical voltage is exceeded where the repulsive force 

within the charged solution is larger than its surface tension; a jet would erupt from the tip of the 

Taylor cone and the jet moves towards a ground collector acting as counter electrode. The 

discharged polymer solution jet undergoes an elongation and whipping process, leading to the 

formation of long and thin fibers. Reneker and Doshi139 suggested that the whipping process 

results from repulsive forces originating from the charged elements within the electrospinning 

jet. The solvent evaporates immediately after the jet is formed, leaving behind a charged polymer 

fiber which forms a non-woven fabric on the collector. 

These non-woven nanofiber membranes have growing interest due to their unique physical, 

mechanical and electrical properties with their very high surface area and small pore sizes in 

comparison with commercial textiles139. The polymer used must have certain properties to be 

spinnable which includes, insolubility, electrical conductivity, mechanical resilience, and 

adhesiveness and should have chemoselective reactivity140. 

 

2.3.2 Parameters 

There are a variety of parameters that influence the shapes and dimensions of the fibers formed 

during electrospinning. These include: 

a) Solution parameters such as viscosity, conductivity and surface tension, 

b) Process parameters such as applied voltage, distance between the capillary tip and the 

collector, feed rate and ambient parameters (temperature and humidity)141, 142 

For the purpose of my study, nanofibers had to be obtained from the different polymers with 

similar average fiber diameters. Although numerous studies concerning the parameters exist, 

only those affecting the fiber diameter will be discussed further. The fiber diameter can be 

manipulated by varying the parameters of the electrospinning process. The major parameters 

affecting the diameter of the fibers are the concentration of the solution, conductivity, the 

electrical field strength, the flow rate of the solution and the distance between the capillary and 

collector143. 
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2.3.2.1 Solution concentration 

The polymer concentration determines if a polymer is able to be electrospun. The viscosity of a 

polymer solution is affected by the polymer solution concentration and molar mass of the 

polymer. With increasing solution concentration and molar mass of the polymer, the higher the 

viscosity of the solution is. 

The fiber diameter is dependent on the viscosity of the solution; the lower the solution viscosity, 

the thinner the fibers are144. The higher the viscosity of the solution, the more polymer chain 

entanglements are present and the greater the resistance of the solution to be stretched, resulting 

in an increase in fiber diameter142, 145, 146. The fiber diameter will increase with an increase in 

polymer concentration until a certain concentration is reached where the solution viscosity will 

be too high, blocking the capillary and no electrospinning will occur140, 147. At too low 

concentrations, the polymer solution will not contain enough polymer chain entanglements to 

stabilize the jet and beaded fibers are formed120, 148. With an increase in the concentration this can 

be prohibited until smooth nanofibers are obtained without breaking of the jet149. 

 

2.3.2.2 Solution conductivity 

Solution conductivity, while playing a smaller role, can affect the fiber size. The conductivity of 

the solution is the ability of the solution to carry charges. The extent of whipping and stretching 

of the polymer solution is determined by the conductivity of the solution because of the repulsion 

of the mutual charges present on the surface. Solutions with high conductivity have a greater 

charge carrying capacity than solutions with low conductivity, resulting in more whipping and 

stretching taking place, thus lower fiber diameters148, 150. 

For electrospinning to occur the solution must have conductivity. Conductivity can be increased 

by the addition of salt, increase in temperature or using a different solvent. Zhang et al85 

examined the effect of adding NaCl to a PVA/water solution on the diameter of electrospun 

fibers. The fiber diameters decreased with increasing NaCl concentration in the solution, due to 

the increased net charge density imparted by the NaCl causing an increased in the conductivity 

of the solution. 
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2.3.2.3 Applied voltage and electrical field strength 

The strength of the applied electrical field controls formation of fibers from several microns in 

diameter to tens of nanometers. The applied voltage will initiate the electrospinning process; it is 

responsible for the surface charge on the jet. The polymer solution induces electrostatic forces by 

the applied voltage and when the electrostatic forces overcome the surface tension of the 

solution, the polymers will be electrospun. 

An increase in applied voltage alters the shape of the surface at which the Taylor cone and fiber 

jet are formed142 as shown in Figure 2.9. 

 

Figure 2.9: The effect of increasing applied voltage on the formation of the Taylor cone
18

. 

 

At low voltages a pendant droplet (light gray) is formed at the tip of the capillary; the Taylor 

cone (dark gray) forms at the tip of the pendant droplet. With an increase in voltage, the size of 

the pendant droplet decreases while the Taylor cone is formed. With a further increase in the 

voltage, the jet is ejected from the capillary. This charged jet undergoes whipping and stretching 

due to electrostatic repulsive charges within the jet. The higher the voltage, the more stretching 

occurs, decreasing the fiber diameter continuously until all the solvent has evaporated and 

collected on the collector as dry fibers142. 
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2.3.2.4 Flow rate of the solution 

Polymer flow rate has an influence on fiber size, and additionally can influence fiber porosity 

and fiber shape. Polymer flow rate is defined as the rate at which the solution is pumped through 

the capillary. The amount of solution that is available to be electrospun is determined by the flow 

rate. 

The fiber diameter increases with an increase in the polymer flow rate66, 151 because more solution 

is drawn from the tip of the capillary. Lower flow rates are more desirable as there is sufficient 

time for solvent evaporation and stretching of the polymer jet that leads to reduced fiber 

diameters152. If the flow rate is too low, the Taylor cone disappears, resulting in a discontinuous 

jet from the polymer solution. When the flow rate is too high, droplets are formed at the tip of 

the capillary and there is insufficient time for solvent evaporation which may result in wet fibers 

forming, having a ribbon-like structure151. 

 

2.3.2.5 Spinning distance 

The spinning distance is the distance between the capillary tip and the collector surface. The 

distance influences the time allowed for whipping and solvent evaporation before fiber 

collection. With an increase in the distance, a decrease in the fiber diameter occurs. At a longer 

distance, the jet is able to stretch and elongate more, leading to a smaller fiber diameter153. 

A minimum distance is required to give the fibers sufficient time to dry before reaching the 

collector. At a shorter distance, the solvent may not have enough time to evaporate, resulting in 

fibers merging and forming a connected mesh; beads have also been observed at close 

distances109, 154, 155. 
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Chapter 3 

 

 

 

 

Experimental 

This chapter describes the materials and procedures used for the electrospinning and the 

incorporation of the antimicrobial agent, DHBA into the electrospun mats and films. The 

characterization techniques used to study these electrospun fibers will also be discussed. 
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3.1 Materials 

The materials are summarized in the following table. The materials were used as received from 

the supplier. 

Table 3.1: Materials used during study. 

Materials Supplier 

Poly (vinyl alcohol) , (99+ hydrolyzed, 

Mw=89 000-98 000 g/mole) 

Sigma-Aldrich 

Chitosan (Medium Mw = 129 000 g/mole) Sigma-Aldrich 

Poly (ethylene-co-vinyl alcohol) , (EVOH with 

an ethylene content of 44%) 

Sigma-Aldrich 

Poly (styrene-co-maleic anhydride) (Mw = 6 

400g/mole, 28% anhydride content) 

Polyscope Polymers 

2,3-Dihydroxybenzoic acid Merck 

Trifluoroacetic acid Sigma-Aldrich 

Dichloromethane Merck 

Isopropanol Merck 

N,N-dimethylformamide Sigma-Aldrich 

Acetic acid Merck 

Glutaraldehyde (50% in water) Fluka 

 

3.2 Methodology 

The conventional single-needle electrospinning technique was used to electrospin polymer 

solutions and solvent casting was used for the preparation of the films. The preparation of 

electrospinning solutions and conditions used during the electrospinning process are reported in 

subsequent sections as well as the solvent casting technique used to make the films. 

 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 3: Experimental 

48 
 

3.2.1 Electrospinning 

3.2.1.1 Preparation of electrospinning solutions 

The polymer solutions were prepared as shown in table 3.2 below. The solvent system used for 

each polymer1-4 was chosen because it gave the smoothest fibers and also made for stable 

electrospinning solutions that displayed minimal blocking of the capillaries during 

electrospinning. For the incorporation of DHBA, 30 mg of DHBA was added to the solution 

prior to electrospinning. 

 

Table 3.2: Preparation of polymer solutions. 

Polymer Concentration 

(wt%) 

Solvent 

system 

Temperature 

(°C) 

Time (hours) 

PVA 10-14 Distilled water
 

90 3 

EVOH 5-7 Isopropanol:H2O 

(70:30)
  

80 3 

Chitosan 2-6 TFA:DCM 

(70:30)
  

R.T 2 

SMA 30-50 Acetone:DMF 

(2:1)
  

R.T 2 

 

 

3.2.1.2 Electrospinning set-up and conditions 

The electrospinning of the polymer solutions was carried out on a horizontal electrospinning 

setup as illustrated in Figure 3.1. This set-up consists of a high voltage power supply unit (0-50 

kV), a syringe pump, a spinneret connected to the positive terminal as well as a grounded 

collector plate covered with aluminum foil connected to the negative terminal of the power 

supply unit. All spinning was conducted inside a fume-hood (without the extraction fan 

operating) and both temperature and relative humidity were monitored and controlled at 23-25 

°C and ~40% rH, respectively. The parameters which influence the average fiber diameter, such 
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as the concentration, voltage, flow rate of the solution and the spinning distance between the 

needle tip and the collector were varied to investigate the effect it has on the average fiber 

diameter. 

 

 

Figure 3.1: Electrospinning set-up used to electrospin the various polymer solutions. 

 

3.2.2 Solvent casting  

Cast films were made from the polymer solutions described in Section 3.2.1.1. For comparison 

purposes between different polymers, the concentrations were kept constant at 5wt% for all 

polymers. The amount of DHBA that was added was also kept constant at 30 mg. The solutions 

were cast into petri dishes of 5 cm in diameter and left at room temperature for most of the 

solvents to evaporate. They were dried under vacuum to completely remove any residual 

solvents. The weights of all samples were recorded before any further analysis.  
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3.3 Methods of characterization of DHBA-loaded electrospun nanofibers 

3.3.1 Analysis of resultant fiber diameter: Scanning Electron Microscopy 

(SEM) 

All samples were fixed to SEM stubs and gold coated before analysis for 3 min. SEM analysis 

was performed with a Leo® 1430VP scanning electron microscope at the Central Analytical 

Facility of Stellenbosch University to study the morphology of the electrospun fiber mats. The 

average fiber diameters were determined with custom image analysis software (SEM Image 

Studio). About 25 measurement were taken for the calculation as shown in Figure 3.2. 

 

 

Figure 3.2: SEM image of PVA showing measurement of fiber diameter. 

 

3.3.2 Interaction of DHBA with polymers and stability of DHBA 

3.3.2.1 Attenuated total reflectance - Fourier transform infrared spectroscopy 

(ATR-FTIR) 

ATR-FTIR is an effective and simple instrument to identify and study the presence of specific 

functional groups in a molecule. It was used to monitor the presence of DHBA within the 

polymer matrices and also to identify the interaction of DHBA with the matrices. Analysis of 

samples with and without DHBA was done at room temperature using a Thermo Fisher Nicolet 
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iS10 Attenuated Total Reflectance – Fourier Transform Infrared spectrometer. The spectra were 

recorded at a number of scans set at 64 and with a resolution of 4 cm
-1

. 

 

 

3.3.2.2 Thermogravimetric analysis (TGA) 

TGA is a technique that studies the thermal stability of a compound; it measures the weight loss 

of a material as a function of temperature under a controlled atmosphere. These changes in 

weight loss of a material are due to decomposition, oxidation or dehydration. Stability of the 

incorporated DHBA matrices was studied by thermogravimetric analysis (TGA), using a Perkin 

Elmer TGA7 instrument. Samples of 20 mg were analysed. All tests were performed from 25-

900 °C, at a heating rate of 10 °C/min in a nitrogen atmosphere. 

 

3.3.2.3 Differential scanning calorimetry (DSC) 

The effect of DHBA on the melting temperature of the polymers was studied using differential 

scanning calorimetry. The melting behavior of all the samples with and without DHBA was 

studied using a Q100 (TA Instrument). The instrument was calibrated using Indium metal 

according to a standard procedure. About 5 mg of each sample was weighed off and sealed in a 

standard DSC pan for analysis. All the measurements were conducted in a nitrogen atmosphere. 

The procedure consisted of three cycles and a heating/cooling ramp of 10 °C/min was used.  

The following conditions were used for the different polymers: 

 

Table 3.3: DSC temperature ranges used for each polymer matrix. 

Samples with and without DHBA Temperature range (°C) 

PVA -40-270 

Chitosan 0-300 

EVOH 25-200 

SMA 25-300 
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3.4 Release study 

3.4.1 Determination of DHBA release with time 

DHBA-containing nanofibers and films (5 cm
 
in diameter) were placed in 100 ml distilled water. 

At pre-determined time intervals up to 1 week5, samples were taken and the DHBA 

concentration in the nanofibers and films was determined using a  UV Spectrophotometer 

(SmartSpec™ plus, Biorad) at a wavelength of 310 nm. The percentage DHBA released from the 

mats and films was back-calculated from a calibration curve. 

 

3.4.2 Swelling behavior 

To evaluate the swelling behavior, the DHBA-loaded cast films with known weights were put in 

100 ml distilled water for up to 24 hours. The samples were removed at specified times (1, 4 and 

24 hours) where the water on the sample surfaces was removed with tissue paper and the samples 

were weighed. The degree of swelling was calculated according to the following equation for 

each sample6: 

Degree of swelling (%):  

M is the weight of the samples after immersion in water and  is the weight of the samples in 

dry state. 

 

3.4.3 Controlling the release of DHBA from the films 

The release of DHBA from the coated DHBA-loaded films was studied. This was done as 

illustrated in Figure 3.3. The bottom film was incorporated with DHBA and coated with another 

polymer film7. The release of DHBA from these films was studied using UV spectroscopy at 

specified time-intervals as discussed above. 
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Figure 3.3: Schematic illustration of the film-film formation. 

 

3.4.4 Actual DHBA content in electrospun mats 

The actual amount of DHBA in the DHBA-loaded electrospun mats was quantified by dissolving 

the mats in 5 ml of an appropriate solvent as shown in table 3.2. After this, 0.5 ml of the solution 

was added into 5 ml of distilled water. Each DHBA-containing dilute solution the amount of 

DHBA was determined using a UV-spectrophotometer at a wavelength of 310 nm. The amount 

of DHBA present in the electrospun mats was back-calculated from the obtained data against a 

pre-determined calibration curve for each electrospun mat. The results were reported as averages 

from at least five measurements. 

 

3.4.5 Degradation effects 

In order to determine the stability of the electrospun fibers in aqueous media, the nanofiber mats 

were immersed in distilled water at room temperature for 24 hours. They were dried under hood 

and then viewed under SEM to observe morphological changes.  
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3.4.6 Effect of crosslinking on the release behavior 

The effect of crosslinking on the morphological stability and the release rate of DHBA from the 

DHBA-loaded electrospun mats was investigated. The fiber mats were crosslinked in a 

vaporizing chamber with a 50% glutaraldehyde solution. The effect of two crosslinking times, 24 

and 48 hours, was investigated. The fiber mats were dried to remove any residual glutaraldehyde 

on the surface and the morphology was studied using SEM. The release of DHBA from these 

crosslinked samples was analysed using UV spectroscopy as discussed above. 

 

3.4.7 Controlling the release of DHBA from the electrospun mats 

Nanofiber mats incorporated with DHBA were coated with 1% polymer solutions for 60 min8. 

The mats were weighed before immersion into various polymer solutions. Each polymer was 

coated with three other polymer solutions where-after it was dried and weighed again. The 

morphology of the coated DHBA-electrospun mats was studied using SEM, and FTIR was used 

to confirm the coating of the electrospun mats. The release of DHBA from these coated DHBA-

electrospun mats was investigated by UV spectroscopy. 
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Chapter 4 

 

 

 

 

 

 

 

Characterization of electrospun fibers with and without DHBA 

In this chapter the utilization of the electrospinning process is described with a closer look at the 

parameters affecting the average fiber diameter. An antimicrobial agent, 2, 3-dihydroxybenzoic 

acid is added to the various polymer solutions to obtain nanofibers with antimicrobial properties. 

These electrospun mats and films were characterized and analysed with various techniques in 

order to get a better understanding of how the DHBA influences the properties of the polymer 

itself. 
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4.1 Electrospinning 

As mentioned in Chapter 2, there are many factors that can affect the final morphology and fiber 

diameter of the electrospun fibers including polymer solution concentration, conductivity, and 

applied voltage, spinning distance, flow rate of polymer solution, needle diameter, temperature 

and humidity1, 2. By manipulating these processing variables and parameters during 

electrospinning, the final morphology and fiber diameter of the fibers can be controlled. The 

main objective for the electrospinning was not to do a comprehensive investigation of factors 

affecting nanofiber morphology. Instead it focused on investigating the effect the parameters has 

on the average fiber diameter and finding optimum conditions for the various polymers to have 

similar fiber diameters.  This would be important in the case of release rate comparisons. 

The electrospinning of PVA, chitosan, EVOH and SMA are well documented in literature3-10 

although an in-depth study on the various parameters affecting the fiber diameter has not been 

done. The effect of the different parameters on each polymer will be discussed separately. The 

fibers produced were observed using scanning electron microscopy (SEM) to determine the 

average fiber diameter. 

 

4.1.1 Electrospinning of poly (vinyl alcohol) 

The electrospinning of PVA solution has been extensively studied for the preparation of 

biodegradable mats. The dissolution of PVA depends on the temperature and the extent of 

hydrolysis in the polymer. The solubility of PVA in water increases greatly as its degree of 

hydrolysis increases11. Various morphologies have been produced, mostly including beads, 

beaded fibers and fibers3, 12. 

PVA was dissolved in water at 80 °C for 3 hours until it was completely dissolved. The 

concentration of the PVA solution was varied from 10wt% to 14wt% while keeping the voltage, 

spinning distance and flow rate constant. With an increase in the concentration, an increase in the 

average fiber diameter (238±48 nm to 361±41 nm) was observed as shown in Figure 4.1. On 

increasing the solution concentration the viscosity increases13. The morphology changes from 

beads-like structure to smooth fibers with an increase in concentration. Although smooth fibers 
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were obtained at 14wt%, the viscosity was such that blockage of the needle occurred and a 

continuous electrospinning process was not possible. 

 

 

Figure 4.1: SEM images of PVA at different concentrations: A – 10wt%, B – 12wt%, and C – 14wt%, all spun under 

the same conditions, 10 kV, FR: 0.01 ml/min and SD: 10 cm. 

 

A narrow fiber distribution was obtained at 12wt% PVA solution which indicates homogenous 

and complementary parameter (solution, process and ambient) combinations14. For this reason, 

the concentration was kept constant at 12wt% while investigating the other parameters. 
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The effect of varying the voltage is shown in Figure 4.2. A slight increase in the average fiber 

diameter was observed with an increase in voltage from 10 to 15 kV. In most cases higher 

voltage will lead to reduction in fiber diameter, due to better stretching of the solution15. Beaded 

fibers with lumps in-between were also obtained at a higher voltage. Some researchers have 

shown that when the voltage increases, the tendency of bead formation also increases2, 16, 17. The 

reason for an increase in fiber diameter is that at a higher voltage more solution gets drawn out of 

the needle and results in thicker fibers and not enough stretching of the solution. The lumps or 

fused droplets indicate insufficient stretching and solvent evaporation because of the slow 

evaporation of water during the electrospinning process. 

 

 

Figure 4.2: SEM images of 12wt% PVA while varying the voltage, A – 10 kV and B – 15 kV. 

 

In Figure 4.3 the results of varying the flow rate are presented. The concentration, voltage and 

distance were kept constant at 12wt%, 10 kV and 10 cm respectively. The flow rate of the 

solution was varied from 0.01 ml/min to 0.03 ml/min. The fiber diameter tends to increase when 

increasing the flow rate and produced bead-free fibers. It is expected that with an increase in the 
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flow rate that an increase in the average fiber diameter will occur. With an increase in flow rate, 

more polymer solution will be present at the tip of the needle and more material will lead to 

thicker fibers being produced. The thinnest fibers of 244±63 nm were however produced using 

the highest flow rate of 0.03 ml/min. At a certain point where the amount of the solution supplied 

at the needle tip equals the rate at which it is taken away, an increase in the flow rate will 

increase the charges on the jet, which in turn will allow the jet to be stretched more and thinner 

fibers will be obtained15. 
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Figure 4.3: SEM images of 12wt% PVA with increasing flow rate: A - 0.01 ml/min, B - 0.02 ml/min and C - 0.03 

ml/min. 

 

The last parameter to be studied was the spinning distance. The concentration was kept constant 

at 12wt%, voltage at 10 kV and the flow rate at 0.01 ml/min. The distance was varied between 

10, 15 and 20 cm. As shown in Figure 4.4, smooth, bead-free fibers were produced at all the 

distances. The average fiber diameter decreased with an increase in distance as would be 

expected. At a longer distance, the polymer has more time to be stretched before reaching the 

collector. 
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Figure 4.4: SEM images of 12wt% PVA while varying the spinning distance, A – 10 cm, B – 15 cm, C – 20 cm. 

 

From the different parameters it can clearly be seen that the voltage played the biggest role in the 

formation of beads. Bead-free fibers were produced while varying the flow rate and the distance. 

The average fiber diameter could be manipulated by varying the flow rate and the spinning 

distance. 
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4.1.2 Electrospinning of chitosan 

Chitosan is known to be difficult to electrospin due to its polycationic nature in acidic 

solutions18. Successful electrospinning of chitosan have been done by Okhawa et al5. They tried 

different solvents and solvent ratios comprising of diluted hydrochloric acid, acetic acid, neat 

formic acid, and trifluoroacetic acid (TFA). TFA was the only solvent that was able to produce 

fibers and with the introduction of dichloromethane (DCM) in a 70:30 (TFA:DCM) ratio, the 

homogeneity of the electrospun chitosan fibers was improved. 

TFA is a toxic, harmful solvent which is not suitable for use in the biomedical field. For this 

reason, a 1% acetic acid solution was initally investigated as an appropriate solution for 

electrospinning of chitosan. Although the use of an acetic acid solution for the electrospinning of 

chitosan had been reported19, it seemed to be impossible to obtain fibers on our set-up and only 

beads were formed as shown in Figure 4.5. Geng et al19 confirmed that the acetic acid 

concentration in water strongly influenced the surface tension of a chitosan solution, which was 

remarkably important in the electrospinning of chitosan. Reasons for our failure may be that the 

molecular weight of the chitosan was too high, the voltage supply unit could not supply a high 

enough electric field or that temperature and humidity played a role20, 21, 19. 

 

 

Figure 4.5: SEM images of A - 4wt%CS, 15 kV, 15 cm, 0.02 ml/min and B - 2wt%CS, 10 kV, 10 cm, 0.02 ml/min. 

 

There are two reasons why the use of TFA for the electrospinning of chitosan has been 

successful in the past: (1) TFA forms salts with the amino groups if chitosan22 and this salt 

formation destroys the rigid interactions between the chitosan molecules, making them ready to 
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be electrospun and (2) the high volatility of TFA is advantageous for the rapid solidification of 

the electrified jet of the chitosan-TFA solution. It was found when using only TFA as the 

solvent, small beads and interconnected fibers were still found, suggesting that optimization of 

the electrospinning conditions is necessary and with the introduction of DCM which is a volatile 

organic solvent this can be done5. For this reason, the use of a TFA:DCM (70:30) solvent 

combination was chosen. 

The first parameter that was investigated was the concentration of the solution. The 

concentration was varied from 2wt% to 6wt% while keeping the voltage, distance and flow rate 

constant (Figure 4.6). At 2wt%, beads were observed with fine fibers but not enough fibers to 

determine the average fiber diameter. The occurrence of beads is the result of insufficient 

stretching of the polymer solution, clearly not enough to encourage fiber formation. With 

increasing the concentration, smooth fibers were obtained in the fiber diameter range of 248±55 

nm. A further increase in concentration led to a higher fiber diameter however a broad fiber 

distribution was observed, which is because of the smaller and larger fibers produced. At 6wt%, 

the viscosity of the solution was very high which may cause the formation of an unstable jet 

resulting in a combination of electrospinning and electrospraying2. 
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Figure 4.6: SEM images of chitosan at different concentrations: A – 2wt%, B – 4wt%, and C – 6wt%, all spun at the 

same conditions, 15 kV, FR: 0.02 ml/min and SD: 15 cm. 

 

At low polymer concentration there are not enough chain entanglements to withstand the 

electrostatic and coulombic repulsion forces and this leads to the formation of beads. As the 

polymer concentration is increased, the solution viscosity increases resulting in enough chain 

entanglements for the electrospinning to occur and smooth nanofibers are formed. As a critical 

limit of concentration is reached, the viscosity is too high, disrupting the flow of the polymer 

solution through the needle23, 24. Okhawa et al6 investigated the relationship between 
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concentration and viscosity and came to the conclusion, with an increase in concentration, the 

viscosity increases resulting in the failure of the spinning jet. 

As the voltage was increased from 10 kV to 15 kV, smooth nanofibers were obtained. Varying 

the voltage did not have a big effect on the fiber morphology, and only a slight decrease in the 

average fiber diameter was observed from 254±54 nm at 10 kV to 248±55 nm at 15 kV. A higher 

voltage leads to greater stretch of the solution, which directly affects the morphology of the 

fibers and increases the possibility of bead formation. As shown in Figure 4.7, an increase in 

voltage not only decreases and refines nanofiber diameter, but also improves the quality of the 

electrospun nanofibers25. 

 

Figure 4.7: SEM images of 4wt% chitosan while varying the voltage, A – 10 kV and B – 15 kV. 

 

The flow rate was the next parameter which was studied. The concentration was fixed at 4wt%, 

with the voltage and distance at 15 kV and 15 cm, respectively. As one would expect, with an 

increase in the flow rate, the average fiber diameter increased from 213±77 nm to 303±65 nm 

(Figure 4.8). Bead-free fibers indicated that the spinning distance did not have an effect on the 

morphology of the electrospun fibers. 
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Figure 4.8: SEM images of 4wt% chitosan showing the effect of varying the flow rate: A - 0.01 ml/min, B - 0.02 

ml/min, C - 0.03 ml/min. 

 

The effect of spinning distance showed no linear relationship with the fiber diameter obtained. 

The fiber diameter increased from 216±46 nm to 248±55 nm when increasing the distance from 

10 to 15 cm, as shown in Figure 4.9. Although it is expected that the fiber diameter decreases 

with increasing spinning distance, the opposite occurs at 10 to 15 cm. This might be explained if 

it is assumed that the distance becomes too large, the electrostatic field strength weakens to the 
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point where elongation of the jet no longer occurs26. A decrease in fiber diameter was observed 

with a further increase in the spinning distance to 20 cm. With an increase in spinning distance 

the polymer has more time to be stretched before reaching the collector. Beads as well as a 

variety of fiber sizes were observed at 20 cm. With chitosan, the solution is viscous and in high 

electrical fields, splitting of the jet could occur. The evaporation of the solvent and the 

elongation of the jet may cause changes in the shape of the jet and will become unstable. For 

stabilization of the jet, a smaller jet will form from the surface of the primary jet resulting in 

smaller and larger fibers27. 
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Figure 4.9: SEM images of 4wt% chitosan with increasing spinning distance, A – 10 cm, B – 15 cm and C – 20 cm. 

 

Concentration and spinning distance had the greatest effect on the fiber morphology while the 

flow rate influenced the average fiber diameter mostly. With a too low or too high concentration, 

fibers with beads were observed indicating the viscosity of the solution played a major role in the 

electrospinning of chitosan. Spinning distance had an effect on the overall electrostatic field 

resulting in an unstable jet and producing fibers with beads. By optimizing the concentration and 

spinning distance, smooth, bead-free fibers were produced. 
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4.1.3 Electrospinning of EVOH 

The use of EVOH in electrospinning remains intriguing due to its hydrophilic-hydrophobic 

nature. The vinyl alcohol repeat units contributed to the hydrophilic character while being water-

insoluble due to the ethylene repeat units7, 28. EVOH is a polymer that has been electrospun in 

various solutions. The reason for this is that EVOH can dissolve quite easily in a number of 

conductive solvents, which is ideal for electrospinning29, 30. 

The polymer we used was a commercial EVOH copolymer containing 44% ethylene. The most 

common solvent system used is a 2-isopropanol/water combination in a 70:30 ratio. Kenawy et 

al7 reported the successful electrospinning of EVOH copolymers with 56-71wt% vinyl alcohol in 

a 2-isopropanol/water solvent combination. The polymer stayed in solution for a few hours 

before precipitating. EVOH is often used in the biomedical field, making the 2-isopropanol/water 

solvent system quite suitable31, 32. 

Different concentrations (5, 6 and 7wt%) of EVOH were dissolved in isopropanol/water (70:30) 

at 80 °C for 3 hours whereafter it was electrospun. SEM images shown in Figure 4.10 clearly 

show that an increase in concentration, the average fiber diameter increases. The fiber 

morphology changes from beads-on-string (5wt%) , to smooth nanofibers at 6wt% and at 7wt%, 

fibers as well as fused polymer droplets were seen. At low concentration, stretching of the 

polymer did take place but not enough to prohibit the formation of beads. With an increase in 

concentration, the beads disappear resulting in the formation of smooth nanofibers. Seeram et 

al15 explained it by saying that the surface tension decreases the surface area per unit mass. So at 

a low concentration, there is a high concentration of free solvent molecules and they tend to 

agglomerate and the surface tension will then cause the molecules to assume a spherical shape. 

With a higher concentration there is more interaction between the polymer molecules and the 

solvent molecules. When the solution is stretched, the solvent molecules will not agglomerate 

but rather expand over the entangled polymer molecules. This should lead to more chain 

entanglement and therefore we could have expected bead-free fibers13. When the concentration is 

further increased to 7wt%, fibers were obtained but with fused droplets. In this case, the viscosity 

of the solution might have been too high resulting in an unstable jet. The jet might not have had 

enough time to be fully stretched and solvent evaporation was not satisfactory, resulting in larger 

fibers and large fused droplets in between them. 
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Figure 4.10: SEM images of EVOH at different concentrations: A – 5wt%, B – 6wt%, and C – 7wt%, all spun at the 

same conditions, 10 kV, FR: 0.03 ml/min and SD: 15 cm. 

 

Varying the voltage and keeping the distance at 15cm and flow rate at 0.03ml/min constant are 

shown in Figure 4.11. Increasing the voltage from 10 kV to 15 kV had quite a significant effect 

on the fiber diameter, decreasing the fiber diameter from 259±63 nm to 198±46 nm. In most 

cases, a higher voltage causes greater stretching of the solution due to larger columbic forces 

within the jet and a stronger electric field, thus reducing the fiber diameter33-35. However, the 

higher voltage can also shorten the flight time of the electrospinning jet, providing less time for 

the fibers to stretched before it reaches the collector which is associated with a greater tendency 
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to form beads, due to greater instability of the jet as shown when increasing the voltage to 15 

kV16, 17. 

 

 

Figure 4.11: SEM images of 6wt% EVOH with increasing voltage, A – 10 kv and B – 15 kV. 

 

From varying concentration and the voltage, it can be seen that the smoothest fibers were 

produced at 6wt% and a voltage of 10 kV. These parameters were kept constant when the flow 

rate was varied. The spinning distance was kept constant at 15 cm. Increasing the flow rate 

increases the amount of polymer in the electrospinning jet, thus increasing the fiber diameter as 

shown in Figure 4.12. When the flow rate is increased from 0.01 ml/min to 0.03 ml/min, the 

average fiber diameter also increased from 211±47 nm to 274±53 nm. At too high flow rate there 

is insufficient time for the solvent to evaporate and the fibers appeared to be flat. This 

morphology was also observed by Hsu and Shivkumar36 who postulated that this is caused by 

incomplete solvent evaporation by the time the fibers reach the collector. These wet fibers can 

coalesce or re-dissolve, leading to flat, big fibers. Another reason could be that some solvent is 
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trapped inside the collected fibers and as the solvent evaporates the fibers will collapse, leading 

to flat fibers which have a broader fiber diameter distribution37. 

 

 

Figure 4.12: SEM images of 6wt% EVOH while varying the flow rate, A - 0.01ml/min, B - 0.015ml/min, C - 0.03 

ml/min. 

 

A possible way to overcome this problem is to change or vary the spinning distance. By 

increasing the distance, the jet has further to travel before reaching the collector, meaning the 
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solvent has a longer time to evaporate. The effect of varying the spinning distance is shown in 

Figure 4.13. 

 

 

Figure 4.13: SEM images of 6wt% EVOH with increasing spinning distance: A – 10 cm, B – 15 cm, C – 20 cm. 

 

Similar results were obtained when compared with chitosan. The average fiber diameter 

increased with increasing distance from 10 to 15 cm whereafter it decreased with a further 

increase in distance from 15 to 20 cm. As shown by Xu8, the fiber diameter decreased with 

increasing distance, providing enough distance for the fibers to stretch and dry out before 
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reaching the collector. The decrease in fiber diameter at 10 cm compared to 15 cm spinning 

distance can be attributed to the fact that the electrical field strength is very high at a short 

distance and could lead to an increase in the elongation of the jet2, 26, 38. The thinnest fibers were 

produced at the longer spinning distance of 20 cm. The jet is able to travel further, allowing it to 

be stretched more and also giving the solvent enough time to be evaporated. 

The average fiber diameter was mostly influenced by the applied voltage while the flow rate and 

the spinning distance influenced the evaporation of the solvent. By manipulating these 

parameters, the average fiber diameter could be controlled.  

 

4.1.4 Electrospinning of SMA 

SMA mats were prepared as described in Chapter 3. SMA is known to give the smoothest fibers 

in a 2:1 acetone:DMF solutions. Tang et al9 studied the use of pure acetone or DMF as solvents 

and their ratios. Large sized fibers were obtained from the SMA/acetone solutions, while 

ultrafine fibers were produced from SMA/DMF solutions. The acetone evaporates very quickly 

as compared to DMF where the fibers can be stretched more before reaching the collector. With 

the DMF content being increased in the acetone:DMF solution, the average fiber diameter 

decreased. DMF is one of the solvents known to improve the fibers morphology and is usually 

added to the solution to increase the dielectric property of the solution39, 40. 

SEM images of different concentrations of SMA are shown in Figure 4.14. A‗beads-on-string‘ 

morphology was found for 30wt% and 40wt% SMA solutions. With increasing the SMA 

concentration to 50wt%, bead-free nanofibers were obtained. Beaded fibers are often observed in 

the electrospinning of many polymer solutions at low concentration41-43. This happens when the 

jet cannot withstand the surface tension and the electrostatic force exerted on it, and forms a 

stable beads-on-string structure. The flat ribbon-like structure also observed at lower 

concentration is a consequence of rapid evaporation of acetone from the surface of the fibers, 

trapping solvent inside the fibers. At a later stage, the solvent in the inside of the fibers will 

evaporate resulting in a collapsed structure44. 
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Figure 4.14: SEM images of SMA fibers spun at different concentrations: A – 30wt%, B – 40wt%, and C – 50wt%, 

all spun at the same conditions, 10 kV, FR: 0.01 ml/min and SD: 15 cm. 

 

The increase in voltage from 10 kV to 15 kV did not have a significant effect on the average 

fibers diameter. The fiber diameter stayed more or less the same (Figure 4.15). However, the 

morphology changed from round to flat-like fibers with increasing voltage. At higher voltage the 

electrical field could be unstable, the Taylor cone may draw back into the needle, leading to an 

unstable jet2, 15. 
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Figure 4.15: SEM images of 50wt% SMA while varying the voltage, A – 10 kV, B – 15 kV. 

 

The formation of flat-collapsed fibers can be attributed to insufficient solvent evaporation. This 

reason can be two-fold: (1) the flow rate can result in insufficient time for solvent evaporation 

and (2) the distance between the needle tip and the collector might not be far enough. 

To investigate these allegations, the flow rate and spinning distance were varied as shown in 

Figure 4.16 and Figure 4.17 respectively. Megelski et al35 showed that with an increase in 

diameter of electrospun polystyrene nanofibers, to be associated with an increased flow rate of 

the polymer solution.  
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Figure 4.16: SEM images of 50wt% SMA with increasing the flow rate: A - 0.01 ml/min, B - 0.02 ml/min and C - 

0.03 ml/min. 

 

As the flow rate increases, the available polymer volume became higher which increased the 

nanofiber diameter. When the flow rate was too high, the nanofibers were unable to dry 

completely before reaching the collector, resulting in flat-structured fibers. Similar results were 

obtained as shown in Figure 4.16 when the flow rate was increased from 0.01 ml/min to 0.03 

ml/min. The larger diameter was attributed to the larger droplet at the tip of the needle, due to the 

higher flow rate, resulting in the solution having a faster trajectory and resulting in incomplete 

drying. 
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In the case of varying the spinning distances, an overall decrease was observed with increasing 

distance. The same trend was seen for PVA, which can be explained that with an increase in 

distance, the jet has a longer distance to travel, being able to stretch more and finally having a 

smaller fiber diameter2. At a shorter distance the jet will accelerate faster, since the electrical 

field is stronger. The jet will arrive at the collector plate in a short time and the fibers might not 

have enough time to be elongated as much as at a longer distance. The effect of varying the 

distance on the morphology and the average fiber diameter are shown in Figure 4.17. The 

average fiber diameter decreased from 286±59 nm to 231±49 nm. 

 

Figure 4.17: SEM images of 50wt% SMA with increasing the spinning distance, A – 10 cm, B – 15 cm, C – 20 cm. 
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Bead-free fibers were only produced at a high concentration, while the voltage, spinning distance 

and flow rate influenced the average fiber diameter the greatest. By manipulating the flow rate 

and the spinning distance, the problem of solvent evaporation was overcome and the average 

fiber diameter was controlled. 

 

4.2 Average fiber diameter 

The results of the fiber characterization show that the nanofiber size can be controlled by 

regulating the concentration, the applied voltage, flow rate and the spinning distance of the 

electrospinning process. To continue further with this study, the average fiber diameters of PVA, 

chitosan, EVOH and SMA had to be similar for comparison purposes in the release study 

section. The effect of different sized fibers on the release behavior is not an objective in this 

study, but rather the comparison of the different polymers, this is why it is necessary for the 

polymer fibers to have similar fiber diameter45, 46. 

By taking the different parameters into consideration the final optimum conditions for each 

polymer were chosen. In Figure 4.18 the average fiber diameter for each polymer is shown. The 

concentration of the polymer solution and the conditions (shown in table 4.1) used for 

electrospinning were chosen to be used in further analysis because they all have similar average 

fiber diameters. 
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Figure 4.18: Comparison between average fiber diameters of polymers. 

 

Table 4.1: Optimum conditions used for the electrospinning of the polymer solutions. 

Polymer Concentration 

(wt%) 

Applied voltage 

(kV) 

Flow rate 

(ml/min) 

Spinning 

distance (cm) 

PVA 12 +10/-10 0.01 10 

Chitosan 4 +15/-15 0.02 15 

EVOH 6 +10/-10 0.015 15 

SMA 50 +10/-10 0.01 15 

 

 

4.3 Incorporation of antimicrobial agent, 2,3-dihydroxybenzoic acid 

The above electrospinning conditions were used for the fabrication of DHBA-loaded electrospun 

fibers. A fixed amount of DHBA (30 mg) was added to the solution before electrospinning. 3 ml 

of each polymer solution was electrospun and the resultant fibers were further used for analysis. 

SEM images and fiber distributions of PVA, chitosan, EVOH and SMA incorporated DHBA are 

shown in Figure 4.19.  
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Figure 4.19: SEM images of A - DHBA-loaded PVA, B - DHBA-loaded chitosan, C - DHBA-loaded EVOH and D - 

DHBA-loaded SMA nanofibers. 
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The incorporation of DHBA did not have any effect on the average fiber diameter and smooth 

nanofibers were obtained. Based on these results, these nanofibers were used for further analysis. 

 

4.4 Interaction and stability of DHBA-loaded electrospun mats 

4.4.1 Attenuated total reflectance – Fourier transform infrared spectroscopy 

(ATR-FTIR) 

The interaction of DHBA with the polymer matrix was studied using FTIR. The presence of 

DHBA was also confirmed using FTIR. FTIR is an easy way to identify the presence of certain 

functional groups in a molecule. 

The FTIR spectrum of DHBA illustrated in Figure 4.20 shows the characteristic absorption 

bands used to identify the DHBA in the matrices as follows: the region 2800-3300 cm
-1

 (region 

A) is attributed to hydroxyl bond stretching, the peaks at 1650 and 1590 cm
-1

 (region B) reflects 

the relative position of the COOH group to the hydroxyl groups on the aromatic ring. The peak 

in the region of 1170 cm
-1

 (region C) is due to the stretching vibration of CO in COOH and has 

previously been used as the characteristic peak of DHBA in PEO and PDLLA47. In this study, the 

peaks at 1650, 1590 and 1170 cm
-1

 were used for identifying the presence of DHBA in the 

different polymer matrices. 
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Figure 4.20: FTIR spectrum of DHBA showing characteristic absorption bands. 

 

FTIR spectra of the control and DHBA-loaded electrospun mats are shown in Figure 4.21, where 

A represents PVA, B - Chitosan, C - EVOH and D - SMA. 

A B C 
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Figure 4.21: FTIR spectra of A - PVA, B - Chitosan, C - EVOH and D - SMA, each with and without DHBA. 

 

In DHBA-loaded electrospun mats, the two peaks at 1650 and 1590 cm
-1

 represent the carbonyl 

group in DHBA. Just below 1250 cm
-1

, a highly intensified peak is displayed in the DHBA-

loaded electrospun mats. This is characteristic of the stretching vibrations of CO in COOH and 

also confirms the presence of DHBA. 

A significant decrease in intensity in the region of 3000-3500 cm
-1

 is observed in DHBA-loaded 

PVA and EVOH, this may indicate that some of the hydroxyl groups participate in hydrogen 

bonding48 with the carbonyl group of DHBA. PVA and EVOH are semi-crystalline polymers that 

exhibit a strong intermolecular interaction through hydrogen bonding49. However, in chitosan 

and SMA, some interaction might have taken place as noticed by a small decrease also in this 

region but interaction might be limited due to the steric hindrance effect50. 
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4.4.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis of the DHBA-loaded electrospun mats and control nanofibers was 

done to determine their stability as well as to establish the effect of DHBA on the stability of the 

fibers. Figure 4.22 presents the TGA curve of DHBA. Pure DHBA decomposed in two steps: the 

side functional groups (-OH and –COOH) in DHBA decomposed between 180 and 270 °C, and 

the aromatic rings decomposed between 270 and 350 °C47. 

 

Figure 4.22: Derivative TGA curve of DHBA. 

 

The derivative TGA curves of PVA, chitosan, EVOH, and SMA loaded with DHBA and control 

nanofibers are shown in Figure 4.23. PVA and chitosan experienced an immediate drop in the 

initial slope and can be seen as loss of moisture in the samples. Chitosan loses more water 

(5.57%) compared to PVA (3.30%) which can be attributed to the higher hydrophilicity of 

chitosan leading to more bound water as compared to PVA51.  EVOH and SMA do not 

experience this initial peak which reflects the hydrophobic nature of these polymers. 
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Figure 4.23: Derivative TGA curves of DHBA-loaded fibers and control fibers of A - PVA, B - Chitosan, C - EVOH 

and D - SMA. 

 

The PVA control decomposed in three steps; the first step covered the temperature range of 

about 15 to 80 °C corresponding to the loss of moisture, while the second and third covered the 

temperature range of about 230 to 380 °C and 420 to 510 °C, corresponding to the thermal 

degradation of PVA which indicates the existence of a chemical degradation process resulting 

from bond scission (C-C bonds) in the polymer backbone52. For the DHBA-loaded PVA, four 

weight loss steps were observed. The weight loss between 180 to 280 °C represents the 

decomposition of the side functional groups of DHBA. 
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The decomposition of chitosan and the EVOH control occurs in 2 steps. The first weight loss 

peak in chitosan is attributed to the absorption of water and the weight loss between 180 and 420 

°C is due to the decomposition of the glucosamine group. The peaks in the regions between 310 

to 380 °C and 380 to 510 °C in EVOH correspond to the decomposition of the alcohol groups in 

the backbone of the structure and the chemical degradation process respectively53. With the 

incorporation of DHBA, weight loss peaks between 140 and 280 °C are observed in both 

polymers resembling the decomposition of the functional groups of DHBA. 

SMA control and DHBA-loaded SMA exhibited a two-step degradation process. A weight loss 

peak between 110 to 200 °C and 80 to 280 °C in the SMA control and DHBA-loaded SMA are 

observed respectively.  However, a larger weight loss peak was observed for DHBA-loaded 

SMA in this region which might be attributed to the incorporation of DHBA. The side functional 

groups of SMA and DHBA decomposed in this region while between 220 to 430 °C for the SMA 

control and 280 to 430°C for the DHBA-loaded SMA correspond to the degradation of the 

styrene functional groups. 

Overall, the incorporation of DHBA seemed to delay the thermal degradation of PVA and 

EVOH while for chitosan and SMA, the temperature ranges stayed the same. The change in 

thermal degradation might be attributed to the interaction between PVA/EVOH with DHBA and 

resulted in an increase in the thermal stability of the matrices. 

 

4.4.3 Differential Scanning Calorimetry (DSC) 

Figure 4.24 displays the DSC curve for DHBA. A sharp endothermic peak was observed at 210 

°C coupled with a wide endotherm peak (210 °C to 280 °C), which is well correlated with the 

thermal degradation observed in the TGA curve of DHBA. 
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Figure 4.24: DSC thermogram for DHBA.  

                                 

The DSC thermograms for the control and DHBA-loaded nanofibers are shown in Figure 4.25. A 

large endothermic peak is observed for PVA and chitosan with and without DHBA over a 

temperature range of about 50 to 80 °C due to the loss of moisture, coupled with a glass 

transition temperature. The incorporation of DHBA resulted in a decrease in the melting ranges 

of PVA and EVOH fibers compared to those of the control nanofibers. Specifically, the melting 

peak temperature decreased from that of the control fibers (230 °C for PVA and 187 °C for 

EVOH) to about 195 °C and 166 °C for PVA and EVOH respectively. The change in shape and 

area of the melting endotherm is also noticed and is attributed to a change in the crystalline 

structure which may result from polymer-DHBA interactions in the amorphous phase, therefore, 

disorder in the crystals is created, reducing the enthalpy of the phase change54, 55. Similar 

behavior was also observed for PEO incorporated with DHBA47.  

 

            DHBA 
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Figure 4.25: DSC thermograms of DHBA-loaded and control matrices: A - PVA, B - Chitosan, C - EVOH and D - 

SMA. 

 

In the case of DHBA-loaded chitosan, the observed melting temperature is not significantly 

affected by the incorporation of DHBA, although a change in shape and area of the endotherm is 

observed. In DHBA-loaded SMA and control SMA, only a Tg is noticed at 180 °C. These 

observations imply that some interaction might have taken place between DHBA and the matrix. 

 

The DSC results correlated well with the TGA results. With regards to the thermal degradation 

of DHBA-loaded matrices, the DSC results confirmed that these DHBA-loaded matrices also 

exhibited similar thermal degradation temperature ranges. 
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4.5 Conclusion 

 

PVA, chitosan, EVOH and SMA nanofibers were successfully produced using the 

electrospinning technique. In all the polymer solutions, the morphology of the fibers was the 

most influenced by the concentration of the solutions. There was no linear relationship between 

the spinning distance and fiber diameter for chitosan, EVOH and SMA. The flow rate of the 

solutions showed a linear relationship with the fiber diameter. The morphologies of the different 

nanofibers can be controlled by manipulating the various parameters. The final fiber diameter for 

PVA, chitosan, EVOH and SMA nanofibers was around 250 nm. 

Incorporation of the antimicrobial agent, DHBA, had no significant effect on the fiber diameter 

as well as the morphology of the fibers. The successful incorporation of DHBA was determined 

using FTIR. DHBA seemed to interact with PVA and EVOH but limited interaction with 

chitosan and SMA. The reason may be due to steric hindrance of the large molecules of chitosan 

and SMA compared to PVA and EVOH. 

The thermal degradation of DHBA-loaded PVA and EVOH seemed to be delayed with the 

incorporation of DHBA while for chitosan and SMA, it stayed the same. This shows the 

influence DHBA has on the thermal stability of these matrices. These matrices show potential for 

use as wound dressings but need further investigation of how the interaction of DHBA with the 

polymer matrices as well as type of polymer, will be influencing the release behavior of DHBA. 
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Chapter 5 

 

 

 

 

 

 

 

 

Release behavior of DHBA-loaded films and electrospun nanofibers 

 

This chapter discusses the results obtained from the release behavior of DHBA from the various 

polymers and also how the release could be controlled. 
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5.1 Introduction 

The antimicrobial agent, DHBA was incorporated into the polymer solutions as discussed in 

Chapter 3. The study of the release of DHBA from a polymeric material has only been discussed 

by Ahire et al1. They reported that DHBA was incorporated into PDLLA and PEO nanofibers 

and the release was efficient in inhibiting the growth of several bacteria. However, the release of 

DHBA was in the form of a burst release, releasing 100% in the first 2 hours. Controlling the 

release remains challenging and a matrix that can release an agent in a controlled manner for a 

period of time is highly in demand especially in the pharmaceutical and wound dressing fields2-4.  

A common way of controlling the release of an agent is by incorporating the drug into a polymer 

matrix. Drug dissolution and drug diffusion through the matrix are important phenomena in 

controlling the release characteristics of the matrix4. In this study, the release of DHBA from 

four different polymers is studied as well the ability to be able to control the release from these 

polymers. The following sections will discuss the release of DHBA from the films and the fibers 

separately. 

 

5.2 Release behavior of DHBA 

A standard curve of absorbance versus concentration of the free agent (DHBA) dissolved in 

distilled water was measured using a UV spectrophotometer (Figure 5.1). This calibration curve 

was used to determine the percentage DHBA released from the DHBA-loaded polymer matrices. 
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Figure 5.1: Calibration curve of DHBA. 

 

 

Figure 5.2: UV spectra of DHBA samples. 

 

As shown in Figure 5.2, with increasing DHBA concentration, the absorbance at 310 nm also 

increases. At too high concentration, the absorbance spectra did not display a smooth curve and 

for this reason it was chosen to only add 30 mg DHBA into the films and electrospun mats. 
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5.3 Release behavior from films 

Figure 5.3 shows the release behavior from PVA, chitosan, EVOH and SMA films. To be able to 

compare the release of DHBA from the different polymers, the same concentrations were used 

and 30 mg DHBA was added to the solutions before casting into a petri dish. Samples were taken 

in time intervals for up to a week, whereafter the percentage DHBA released with time was 

analysed using a UV spectrophotometer. 

 

 

Figure 5.3: Release profiles of PVA, chitosan, EVOH and SMA films in A - 1 week and B - 24hours. 

 

A burst release was observed from PVA and chitosan, releasing 95% and 98% respectively after 

24 hours respectively (Figure 5.3 B). After 1 day all the DHBA was released from chitosan and 

after about 4 days the release from PVA was complete. The slower release from PVA compared 
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to chitosan may be attributed to the interaction between DHBA and PVA as discussed in Chapter 

4. DHBA was released at a slower rate from EVOH and SMA films, releasing 85% and 63% 

respectively after 24 hours. The slower release from EVOH and SMA may be due to the 

hydrophobic nature of the polymers compared to PVA and chitosan which are hydrophilic 

polymers. For the carriers of a hydrophilic DHBA, the hydrophobic surface affects the release of 

DHBA in a very critical way, and generally higher hydrophobicity of the carrier surface will 

result in slower release rates of DHBA5-7. Xu et al8 showed that with a hydrophobic film, there 

will be some residual air trapped within the complex structure, which will affect the wetting 

between the film and water. This residual air will reduce the direct contact area between the film 

and water, which will finally block the drug release7. Therefore, the hydrophilic drug loaded in 

the film became more difficult to release with the more hydrophobic polymers. 

 

5.3.1 Swelling behavior 

It is known that for the delivery of an agent from a matrix, one of the factors controlling the 

release of the agent is the swelling behavior of the matrix9, 10. To support the release behavior of 

DHBA from these films, the swelling behavior was done and is shown in Figure 5.4.  

 

 

Figure 5.4: Swelling behavior of PVA, Chitosan, EVOH and SMA films after 24hours. 
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Chitosan and PVA experienced swelling quite significantly in 24 hours, absorbing water and 

increasing its initial weight with 145% and 137% respectively. This information reflects the 

release behavior of the films. The more hydrophilic polymers, PVA and chitosan are able to 

absorb water more, creating pores in the structure and releasing the DHBA at a faster rate10. This 

indicated that the mechanism for the burst release of DHBA included the swelling and the partial 

dissolution11-13 of the PVA and chitosan films as well as the high solubility of DHBA within the 

test medium, i.e. water. EVOH and SMA consist of both hydrophilic and hydrophobic parts 

where the hydrophobic part of the polymer restricts the uptake of water but not the hydrophilic 

parts14. This allows DHBA still to be released but in a much slower manner. 

 

5.3.2 Controlling the release from the films 

The release behavior from the films shows a burst release which is expected but 

disadvantageous. The possibility of controlling the DHBA release rate from the films by coating 

the surface with another polymer was the next step. It is expected that the DHBA will have a 

longer diffusion path to travel to be released into the aqueous medium and resulting in more 

controlled release behavior15. Each polymer film was coated with the other polymer films, for 

example a PVA film were coated with a PVA, chitosan, EVOH, or a SMA film. DHBA was 

incorporated in the bottom film (see Section 3.4.3) and the release was monitored from this film. 

Figure 5.5 displays the release behavior from the coated-PVA, chitosan, EVOH and SMA films 

respectively. 
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Figure 5.5: Release profiles of coated films of A – PVA, B - Chitosan, C - EVOH and D - SMA films. 

 

PVA and chitosan-coated films experienced an initial burst release of DHBA but when coated 

with another film of PVA, chitosan, EVOH or SMA, the release was retarded. The release of 

DHBA from PVA films after 1 day shows an 82 and 90% release when coated with PVA and 

chitosan films, respectively. In the chitosan films, the release was retarded to 90 and 94% when 

coated with PVA and chitosan films. Coating the PVA and chitosan film with a hydrophobic film 

shows the most retardation of DHBA release, releasing only 63 and 72% when coated with 

EVOH and 54 and 58% when coated with SMA. PVA and chitosan swells significantly in water 

and when coated with a hydrophobic film, which does not swell readily, restricts the DHBA to 

be released in the release medium and resulted in slower release of DHBA. 

For EVOH and SMA, the release of DHBA is slower compared to PVA and chitosan due to their 

hydrophobic nature. When these films are coated with another film, the release can even be 

further retarded. For EVOH films, the release was decreased from 85% in 1 day, to 64% coated 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 5: Release behavior of DHBA-loaded films and electrospun nanofibers 

105 
 

with PVA, 71% coated with chitosan, 56% with EVOH and 43% when coated with SMA.  The 

release from the SMA films shows retardation from 63% released in 1 day to 44% when coated 

with SMA. From these results can be concluded that the release of DHBA from the coated films 

was depended on the hydrophilic-hydrophobic nature of the polymer16, 17. By coating the film 

with SMA, a hydrophobic polymer, the release of DHBA was the most effected. The PVA and 

chitosan-coated films release DHBA the fastest which is attributed to the high degree of swelling 

of these polymers. The release of DHBA was retarded by coating the films with another film 

which can be attributed to the fact that DHBA has a longer diffusion pathway to be released into 

the release medium. 

 

5.4 Release behavior from electrospun nanofibers 

Nanofibers produced by electrospinning have been proved to be efficient in controlling the 

release rate of an agent as compared to films18. The fibrous mesh possesses a three-dimensional 

structure with a high specific surface area, providing an ideal condition for controlled delivery14, 

19. The polymer type is one of the conditions determining the release of the agent10, 20. 

Prior to investigating the release behavior of DHBA from the electrospun nanofibers, the actual 

amount of DHBA within the nonwoven mats needs to be measured as described in Section 3.4.4. 

Table 5.1 summarizes the actual amount of DHBA present in the electrospun mats, reported as 

percentage of the initial amount of 30 mg loaded in the spinning solutions. DHBA present in the 

DHBA-loaded electrospun mats ranged between 88 and 97%. Some DHBA may have been lost 

during the electrospinning process due to instability of the jet21. 
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Table 5.1: Actual amount of DHBA in DHBA-loaded electrospun mats. 

Type of polymer DHBA-loaded electrospun mats (%) 

PVA 97±0.89 

Chitosan 88±1.15 

EVOH 95±3.02 

SMA 96±2.21 

 

PVA, chitosan, EVOH and SMA were electrospun and incorporated with DHBA as discussed in 

Chapter 4. The release profiles are shown in Figure 5.6. SMA nanofibers show the smallest 

extent of burst release with a more sustained release pattern during a one week period, whereas 

PVA and chitosan nanofibers show a much higher extent of initial burst, releasing 87% and 93% 

in 24 hours respectively, and with less controlled release profiles during the same period. The 

release profiles of the electospun fibers are similar to the release profiles of the films, where the 

release rate of DHBA is determined by the dissolution of the matrix. The hydrophilic-

hydrophobic nature is the determining factor in the release of DHBA from these matrices22. 
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Figure 5.6: Release profiles of PVA, chitosan, EVOH and SMA electrospun mats in A - 1 week and B – 24 hours. 

 

5.4.1 Fiber stability of electrospun mats 

To fully understand the release of DHBA from these nanofibers, degradation of the electrospun 

mats were done. SEM images are shown in Figure 5.7 showing the morphology changes of PVA, 

chitosan, EVOH and SMA nanofibers in water for up to 24 hours. After 24 hours, the 

morphology of PVA and chitosan changed completely, the water molecules break the chemical 

bonds along the polymer chain, and the physical integrity of the polymer degrades and allows 

DHBA to be released23. 
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Figure 5.7: SEM images of control electrospun nanofibers before (Images A-D) and after immersion in water 

(Images E-H). 
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In the case of EVOH and SMA, the nanofiber morphology remained intact after immersion in 

water. This indicated the mechanism for the burst release of DHBA included the dissolution of 

PVA and chitosan matrices and the high solubility of DHBA within water. Zeng et al24 studied 

the release of BSA from PVA nanofibers and found that the dissolution of PVA fibers was a 

contributing factor to the release characteristic of the fibers. 

 

5.4.2 Effect of crosslinking 

PVA and chitosan show poor stability in aqueous medium which drastically affects the release of 

DHBA, as reported previously25. A glutaraldehyde solution (GA) is commonly used to crosslink 

PVA26, 27 and chitosan28, 29, thereby retarding dissolution in aqueous medium. However, GA is 

highly toxic and therefore post-treatment of detoxification is required to prevent harmful effects 

of residual GA. Ramires and Milella30 confirmed that crosslinking PVA using GA vapors 

produced membranes with no residual GA. This allows for a safer alternative in producing 

crosslinked PVA for biomedical applications without further detoxification30. For crosslinking to 

be successful the polymers have to possess an OH group. In this case PVA, chitosan and EVOH 

were crosslinked to study the effect it has on the release of DHBA. 

 

5.4.2.1 Morphology of crosslinked nanofibers 

The effect of crosslinking on the fiber morphology is shown in Figure 5.8. With an increase in 

the crosslinking time, a denser structure with closely packed nanofibers was produced. The 

change in the nanofiber structure may also contribute to delaying DHBA release due to the 

decrease in the surface area available for dissolution26. At the points of contact between 

neighboring nanofibers, crosslinking caused fibers to ―fuse‖, substantiating that crosslinking 

does not only occur within single nanofibers, but amongst the nanofibrous structure as well, as 

observed after 48 hours. 
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Figure 5.8: SEM images of control nanofibers (A-C), after 24 hours crosslinking (D-F) and after 48 hours 

crosslinking (G-I). 

The electrospun nanofibers crosslinked for 24 hours were further used in this study. This is due 

to the morphology of the nanofibers that were relatively unchanged after crosslinking and 

directly influences the average fiber diameter which influences the release behavior of DHBA. 

For this reason it will still be possible for the various matrices to be compared. 

 

5.4.2.2 Attenuated total reflectance – Fourier transform infrared spectroscopy 

(ATR-FTIR) 

To confirm the successful crosslinking of the fibers, FTIR was done on the 24 hour crosslinked 

nanofibers. FTIR spectra of the PVA, chitosan and EVOH control before and after crosslinking 

are shown in Figure 5.9. Due to the similar chemical structures of PVA and EVOH, similar 

peaks in the FTIR spectra can be used to determine the successful crosslinking using GA.  
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Crosslinking had an impact on the establishment of inter- and intra-molecular crosslinks and is 

demonstrated by the variations in band intensities as observed in Figure 5.9. The crosslinking of 

PVA and EVOH generally occurs through the formation of a –C-O-C- bond between the –OH of 

a typical PVA and EVOH structure and the –C-C- of a GA molecule30. The transmittance bands 

at 1380 and 1030 cm
-1

, indicative of C-OH bonding, and the transmittance band at 3300 cm
-1

, 

indicative of an OH bond, decrease in intensity after crosslinking indicating that the OH was 

consumed in the reaction31. The disappearance of the shoulder peak at 1150 cm
-1

 is indicative of 

–C-O-C- bonds which are formed during the crosslinking reaction and the band at 1720 cm
-1

 

which is characteristic of GA. These results indicate the decrement of C-OH bonds in the PVA 

and EVOH molecular structure allowing for the increment of C-H alkyl groups, thereby 

confirming that crosslinking between PVA/EVOH and GA did occur26. However, crosslinking of 

EVOH was not as significant as in PVA, this might be due to fewer hydroxyl groups being 

present in EVOH as compared to PVA. 
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Figure 5.9: FTIR spectra of control nanofibers and crosslinked nanofibers of PVA, chitosan and EVOH. 

 

For the crosslinking of chitosan, significant changes were observed in the FTIR spectra of the 

control versus the crosslinked chitosan nanofibers. The crosslinked fibers displayed a distinct 

change in the carbonyl-amide region. An increase in the absorption at 1655 cm
-1

 is seen due to 

imine bonds32 and the shoulder next to the peak, corresponds to the ethylenic and free-aldehydic 

bonds, respectively28. The disappearance of the peak at 1560 cm
-1

 is due to the loss of the free 

amines. The same color change was also observed by Taul33, namely, the mats became yellow 

upon crosslinking. 
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5.4.2.3 Release behavior of crosslinked fibers 

The effect of crosslinking is known to delay the release of the agent34, 35. The release rate of 

DHBA from crosslinked PVA, chitosan and EVOH nanofibers slows down significantly as 

shown in Figure 5.10.  
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Figure 5.10: Release profiles of crosslinked A - PVA, B - Chitosan and C - EVOH nanofibers after 24 and 48hours. 

 

PVA and chitosan experienced significant retardation of DHBA release when crosslinked with 

GA. Crosslinking stabilized the electrospun fibers and, thus, reduced the dissolution ability of the 

nanofibers that inevitably trapped the DHBA within the structure
29

. The crosslinking time also 

has an influence on the release behavior. Although EVOH was only crosslinked slightly as 

shown in the FTIR spectrum (Figure 5.9), the slower release of DHBA from crosslinked EVOH 

can be two-fold: firstly, EVOH is a hydrophobic polymer which can restrict the DHBA to be 

released and secondly, with crosslinking of the EVOH fibers, the hydrophobicity of these fibers 

are further enhanced and this resulted in a significant slower release of DHBA. 

 

5.4.2.4 Stability of crosslinked fibers 

The release rate of DHBA can be directly correlated with the degradation of the crosslinked 

nanofibers (Figure 5.11). After 24 hours immersion in water, the morphology change only 

slightly as compared to the control fibers. As shown in Figure 5.7, where the fibers disintegrated 

when immersed in water. However some swelling did occur in the crosslinked chitosan fibers 

after immersion in water and this may be attributed to uneven crosslinking of the nanofibers. GA 

may have agglomerated on some areas leaving other areas un-crosslinked and more susceptible 

to water uptake. 
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Figure 5.11: SEM images of crosslinked A - PVA, B - Chitosan and C - EVOH after immersion in water. 

 

As the crosslinking time increases, the extent of crosslinking increases which resulted in the 

slowing down of the dissolution rate and the speed of DHBA released36. 
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5.4.3 Controlling the release from electrospun mats 

A fast release of DHBA from electrospun nanofibers were observed, especially for the PVA and 

chitosan nanofibers. It will be crucial for advanced applications to gain a better control over the 

release behavior of such DHBA-loaded nanofibers. This may be accomplished by modification 

of the shape of the polymer fibers, by changing of the molecular parameters (molecular weight, 

crystallinity) or by an additional coating on the DHBA-loaded electrospun nanofibers24.  

This section will focus on controlling the release of DHBA from the PVA and chitosan 

nanofibers because they exhibited the highest extent of burst release. The coating of EVOH and 

SMA and release of DHBA from these coated electrospun nanofibers have also been done 

(shown in Appendix A). 

 

5.4.3.1 Morphology of coated electrospun nanofibers 

The electrospun mats of each polymer were coated as discussed in Chapter 3. SEM images of the 

coated-electrospun mats of PVA and chitosan are shown in Figure 5.12 and the amount of 

polymer coated onto the electrospun fibers in table 5.2. 
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Figure 5.12: SEM images of coated PVA (Images A-C) and coated chitosan (D-F) nanofibers. 
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Table 5.2: Amount of polymer coated onto PVA and chitosan nanofibers. 

 
Amount coated on PVA 

(mg) 

Amount coated on 

chitosan (mg) 

1%PVA - 6.7 

1%CS 19 - 

1%EVOH 6.8 7.1 

1%SMA 11.1 11.5 

 

PVA and chitosan nanofibers completely dissolved when immersed into the polymer solutions 

and for this reason, the crosslinked samples were used. The same was observed by Kang et al37, 

when PVA nanofibers were coated with chitosan. As shown in Figure 5.12, coating of the 

nanofibers resulted in films forming in-between the fibers. PVA and EVOH had the tendency to 

form films in-between the fibers whereas chitosan and SMA were coated on the surface of the 

nanofibers. It was noticed that new joint welding of the fibers at their neighboring points and at 

their cross points was observed in the coated samples. Coating of the nanofibers with EVOH 

resulted in some particles forming on the fiber surface. EVOH is known to precipitate out of 

solution when cooled down which may explain the formation of the particles38.  

 

5.4.3.2 Attenuated total reflectance – Fourier transform infrared spectroscopy 

(ATR-FTIR) 

To confirm the successful coating of these electrospun nanofibers, FTIR was done, shown in 

Figure 5.13 and Figure 5.14, representing the coated PVA and coated chitosan nanofibers, 

respectively. 
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Figure 5.13: FTIR spectra of PVA coated nanofibers. 
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Figure 5.14: FTIR spectra of chitosan coated nanofibers. 

 

Coating of PVA with EVOH was difficult to confirm due to similar functional groups in the 

molecular structure, however, it was confirmed with the coating of chitosan nanofibers. An 

increase in intensity at 2850 cm
-1

 was observed after coating with PVA or EVOH, resembling the 

C-H stretching; two new peaks formed at 1450 and 1380 cm
-1

, which is indicative for the –C-H 

bending of PVA or EVOH. An increase in the OH peak intensity at 3300 cm
-1

 can be seen which 

is due to more OH groups present after coating with either PVA or EVOH39. The successful 

coating with chitosan is confirmed with the amine peaks at 1560 cm
-1

 and two small peaks at 

1350 cm
-1

 resembling the N-H bending40. 
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For PVA_1%SMA and Chitosan_1%SMA, a strong peak at 1770 cm
-1

 is indicative of the 

anhydride group in SMA41. In the region of 1500 cm
-1

, two small peaks are characteristic of the 

styrene functional group present in the SMA molecular structure. From these results, it can be 

confirmed that the PVA and chitosan was successfully coated with the various polymer 

solutions. 

 

5.4.2.3 Release behavior of coated electrospun nanofibers 

The release of DHBA from these coated PVA and chitosan is shown in Figure 5.15. It is obvious 

that the release of DHBA from the coated electrospun nanofibers is retarded due to the coating. 

A significant release of DHBA was observed even after 7 days, especially when coated with the 

hydrophobic SMA. Quite obviously the release of DHBA from electrospun PVA and chitosan 

nanofibers was retarded significantly by coating the electrospun nanofibers by an additional layer 

of polymer, which does not readily dissolve in water. A release of DHBA was observed at 

prolonged time intervals as controlled by the water permeability of the coated polymer. Similar 

results were observed by Zeng et al24, when PVA nanofibers were coated with a hydrophobic 

poly (p-xylylene) (PPX). 
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Figure 5.15: Release behavior of coated A - PVA and coated B - Chitosan nanofibers comparing with the uncoated 

nanofibers. 

 

The release behavior was independent on the amount of polymer on the electrospun nanofibers 

but rather dependent on the type of polymer. PVA and chitosan nanofibers coated with EVOH 

experienced the fastest release of DHBA which might be due to the formation of particles of 

EVOH on the surfaces of the nanofibers. PVA electrospun nanofibers were coated with the most 

chitosan as shown in table 5.2 and the least with EVOH. Even though the same concentration of 

polymer solutions were used for the coating process, the chitosan solution seemed quite viscous 

compared to the other solutions, probably due to the higher molecular weight of the polymer. 

The release of DHBA can be explained on how the nanofibers are coated. The PVA nanofibers 

coated with EVOH experienced the fastest release due to the EVOH solution forming films in-

between the fibers, exposing the surface fibers to the aqueous medium. Chitosan and SMA 

formed a film layer on top of the nanofibers which can retard the release of DHBA. Chitosan 

nanofibers experienced similar results. In this case, PVA and EVOH formed films in-between 

the fibers whereas SMA formed a layer on the surface of the nanofibers. A possible reason for 

the slower release lies in the fact that the coating makes the diffusion passage more difficult for 

the DHBA to be released out of the nanofibers, which reduces the amount of DHBA release. 
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The release of DHBA from PVA and chitosan nanofibers can be controlled by an additional 

coating. The type of polymer and how the coating was done plays an important role in how 

DHBA is released. These coated-nanofibers show potential for use in biomedical applications, 

where a more controlled release is required. 
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5.5 Conclusion 

Films that were produced via solvent casting and electrospun mats by using the electrospinning 

process were used to study the release of DHBA. Four polymers which differ in hydrophilic-

hydrophobic nature were used to study the release behavior from these matrices. The type of 

polymer used imparts a conspicuous effect on the release behavior of DHBA. PVA and chitosan 

films showed an initial burst release of DHBA and this can be retarded by coating the films with 

another film. The release of DHBA from the hydrophilic films, which swell considerable in 

water medium, can be retarded by coating with a hydrophobic film. The results observed in this 

study, show that the release of DHBA from a hydrophobic matrix is less than from a hydrophilic 

matrix.  The release of DHBA from the films shows a dissolution-controlled release where the 

coated films, have a more diffusion-controlled release. 

 

Electrospun mats showed similar release behavior of DHBA as compared to the films. The 

release of DHBA from the electrospun mats was retarded with crosslinking of the fibers. The 

non-crosslinked nanofibers of PVA and chitosan completely changed morphology when 

immersed in water and resulted in a burst release of DHBA. With crosslinking, insolubility in 

water was achieved and this water-insoluble property would give these nanofibers a more 

sustained release of DHBA. The release of DHBA was further retarded by coating of the 

nanofibers. The amount of polymer coated onto the nanofibers and type of polymer used as the 

coating material, played a crucial role in the release of DHBA. 

 

Dissolution and diffusion of DHBA from these matrices are the controlling parameters 

determining the release of DHBA. The controlled release of DHBA will significantly extend the 

possibilities for release-related applications for which a more sustained release is required, 

especially in the field of wound dressings. 
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Chapter 6 

 

 

 

 

 

 

 

Conclusions and Recommendations 

This chapter gives summarized conclusions on the various sections discussed in this study as 

well as recommendations for future work 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 6: Conclusions and recommendations 

131 
 

6.1 Conclusions 

6.1.1 Electrospinning of PVA, chitosan, EVOH and SMA 

The main goal of this study was to incorporate an antimicrobial agent, 2,3-Dihydroxybenzoic 

acid into nanofibers through the electrospinning technique. To study the release of DHBA from 

these nanofibers it was necessary to obtain nanofibers with similar average fiber diameters. This 

was done by optimization of the electrospinning setup and different parameters namely, 

concentration of the polymer solution, applied voltage, flow rate of the spinning solution and the 

spinning distance were investigated. The optimum spinning conditions were established for the 

different polymer solutions to achieve smooth bead-free fibers. The influence of the different 

parameters on the fiber diameter was also investigated. This was done by keeping three 

parameters constant and varying the fourth parameter. The influence of the different parameters 

varied for the different polymers. However, similar trends were observed. The final average fiber 

diameters for the nanofibers were quite similar being at around 250 nm. The incorporation of 

DHBA into the different polymer solutions did not have a significant effect on the average fiber 

diameter or the morphology of the nanofibers. This confirms that the incorporation of DHBA did 

not influence the electrospinning of the polymer solutions and altering the different parameters 

was not necessary. The successful production of nanofibers with similar fiber diameters has been 

achieved. 

 

6.1.2 Characterization of DHBA-loaded matrices 

Successful incorporation of DHBA into the matrices was confirmed by FTIR showing the 

functional characteristic groups of DHBA. Any interactions such as hydrogen bonding with the 

polymers were also confirmed with FTIR. Interaction of DHBA with the polymer will have an 

effect on the release behavior of DHBA from the matrices. The chemical structure of the 

polymers influenced any interactions taking place, with the smaller molecules such as PVA and 

EVOH, interaction did take place but with the larger molecules, chitosan and SMA, interaction 

with DHBA was limited due to the steric hindrance effect. 

The presence of DHBA was also confirmed with TGA. DHBA had an influence on the thermal 

stability as shown by TGA and DSC. The DHBA-loaded PVA and EVOH showed a delay in the 
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thermal stability while DHBA-loaded chitosan and SMA, no change in the thermal stability was 

observed. These findings can be attributed to the interactions between DHBA and the matrix. 

 

6.1.3 Release study 

The present study involved the comparative evaluation among four polymers which differ in 

hydrophilic-hydrophobic nature and to assess the effect it has on the release behavior of DHBA. 

The release of DHBA was studied from the films and nanofibers produced with the solvent 

casting and electrospinning techniques, respectively. The release of DHBA from the films and 

nanofibers was analysed using UV spectroscopy. Similar trends were observed for both the films 

and nanofibers. The type of polymer used imparts a conspicuous effect on the release behavior. 

The data generated in this study also showed that DHBA released from the hydrophobic matrix 

was less than from the hydrophilic matrix. The degradation of the nanofibers dictates the rate and 

duration of DHBA released; the slower degradation of EVOH and SMA, the slower was the 

release of DHBA. The burst release of DHBA from PVA and chitosan was dissolution-controlled 

release behavior. The hydrophobic polymers did not experience such a significant burst release 

and more sustained release behavior was observed, releasing DHBA in a diffusion-controlled 

manner. 

Stability of PVA, chitosan and EVOH in water was improved by crosslinking with a 

glutaraldehyde solution. Successful crosslinking was confirmed using FTIR and degradation 

studies. The increase in degradation of these nanofibers showed a significant retardation of 

DHBA. The water-insoluble property of these nanofibers gives a more prolonged release of 

DHBA. Thus the rate of DHBA release can be modulated by the choice of polymer used. 

 

6.1.4 Controlling the release of DHBA 

The burst release from hydrophilic polymers aroused the interest to study the effect of coated 

films and nanofibers on the release behavior. These were done by coating the films and 

nanofibers with different polymer solutions and study the release of DHBA. The release of 

DHBA was controlled by coating of the films and nanofibers. The nature of the coating material 

played a vital role in the release behavior of DHBA. The release depended on the hydrophilic-
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hydrophobic nature of the coated material. The successful coating of the nanofibers was 

confirmed using SEM and FTIR. The results showed that the release of DHBA from hydrophilic 

matrices can be controlled by coating with a hydrophobic material. The nature of the polymer 

and the amount that is coated onto the nanofibers determine the release profile. The release of 

DHBA from the coated films and nanofibers are diffusion-controlled where the DHBA has a 

longer path to travel to be released into the release medium. It can be concluded that the release 

of DHBA can be significantly retarded with the type of polymer used to coat the films and 

nanofibers and shows great potential for use as controlled release systems in the wound dressing 

field. 

 

6.2 Recommendations 

Recommendations for further studies include: 

 The effect of different fiber diameter on the release of DHBA. 

 Attachment of a fluorescent dye on DHBA to study the dispersion of DHBA inside the 

nanofibers. 

 Blending of the hydrophilic and hydrophobic polymers and study of the release of DHBA 

from the different ratio blends. 

 Coaxial electrospinning  is another option that can be explored where the nanofibers 

consists of a shell and core, the effect of different polymers used as either the shell or 

core on the release behavior can be studied. 
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Appendix A 

Controlling the release from electrospun mats  

EVOH and SMA nanofibers were coated with different polymer solutions as discussed in 

Chapter 3. SEM was used to investigate how the morphology changed. The successful coating of 

the nanofibers with the polymers was confirmed using FTIR. The release of DHBA from these 

coated nanofibers was analysed using UV spectroscopy. The results obtained are shown below. 
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Figure A1: SEM images of coated EVOH (images A-C) and coated SMA (images D-F) nanofibers. 
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Table A1: Amount of polymer coated onto EVOH and SMA nanofibers. 

 
Amount coated on EVOH 

(mg) 

Amount coated on SMA 

(mg) 

1%PVA 5.2 6.4 

1%CS 18.1 19.3 

1%EVOH - 7.3 

1%SMA 10.6 - 

 

 

Figure A2: FTIR spectra of EVOH coated nanofibers. 
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Figure A3: FTIR spectra of SMA coated nanofibers. 
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Figure A4: Release behavior of coated A - EVOH and coated B - SMA nanofibers comparing with the uncoated 

nanofibers. 
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