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Abstract 

This study, for the first time, investigates antioxidant and antimicrobial properties of nano-

fibrous polyaniline (nfPANI) via a rapidly mixed reaction (RMR) method, polyaniline 

(PANI) colloids and dispersions, electrospun PANI fibres-scaffolds and PANI composites 

with potential medical devices applications.  

In Chapter 3, effects of high ammonium persulfate (HAPS) level and different dopant acids 

(hydrochloric acid, HCl; and camphorsulfonic acid, CSA) on the RMR method were studied 

and the morphologies were unaffected. HCl doped nfPANI was higher in yield, molecular 

weight, conductivity, free-radical scavenging (against 1,1-diphenyl-2-picrylhydrazyl, 

DPPH●) and antibacterial efficacy (against Staphylococcus aureus ATCC 6838 and 

Escherichia coli ATCC 25322).  

PANI emulsions and colloids were synthesised with different surfactants (sodium dodecyl 

sulfate, SDS; polysorbate 20, Tween20), and steric stabilisers (polyvinylpyrrolidone, PVP360 

and PVP24, Mn = 360,000 and 24,000; polyethylene glycols, PEG400 and PEG200, Mn = 400 

and 200) were investigated in Chapter 4. PANI-SDS emulsion showed high free-radical 

scavenging capacity and antibacterial efficacy. PVP-PANI colloids showed best stability, but 

reduced free-radical scavenging capacity and antibacterial efficacy due to steric stabilisation.  

In Chapter 5, electrospinning of PVP360 and PVP-nfPANI were discussed. UV-vis spectra 

confirmed nfPANI was undoped during electrospinning. PVP-nfPANI fibre-scaffolds 

retained 70% of free-radical scavenging capacity, but PVP-nfPANI fibre-scaffolds were 

highly sensitive to aqueous and polar solvents.  

Aqueous dispersions prepared from nfPANI, nfPANI in PVP360 solutions, electrospun PVP-

nfPANI fibre re-dispersions, and in-situ polymerised PANI-PVP were examined in Chapter 
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6. Steric stabilisation of PVP resulted in enhanced storage stability of PANI dispersions, and 

contributed to decreases in free-radical scavenging capacities and antibacterial efficacies.  

In Chapter 7, electrospun PCL containing nfPANI (PCL-nfPANI) were prepared and 

characterised. Nano-scaled electrospun fibres (c.a. 150 nm) were produced with high nfPANI 

loading (20% w/w). PCL-nfPANI fibre-scaffolds were electrically conductive, free-radical 

scavenging, antibacterial and non-cytotoxic.   

In Chapter 8, silicone rubber (SR) was dip-coated and in-situ polymerised with PANI, but 

both showed poor adhesions. In contrast, SR-PANI composites were prepared by direct 

blending of nfPANI and the curing was unaffected. The resultant composites were 

antibacterial, but with reduced free-radical scavenging capacity. 

The results from this study suggest potential antioxidant and antimicrobial applications in: 

spray-on, topical, tissue-culture, wound-dressing, packaging, and implants applications.  
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Chapter 1. Introduction and literature review 

1.1. Introduction  

1.1.1. Polyaniline: a historic account 

Polyaniline (PANI) was first discovered around 1860, widely known as aniline black, among 

one of the oldest synthetic pigments discovered from derivatives of aniline, the azo dyes [1]. 

While the exact structure of aniline black was not clear, various polymeric structures were 

suggested in the early 1900’s, notably by Willstätter and Dorogi in 1909, as a sequence of 

para-substituted chains of aniline with about 8 repeating units [2-3]. The use of aniline black 

in textile and printing industries reached “enormous dimensions” by the end of 19th century, 

when introduction of sulfur blacks brought demise to the use of aniline black, while small 

quantities are still being used in specialised coatings [4]. However, it is not until in the 1970’s 

that PANI was “rediscovered” by the MacDiarmid’s group as a conducting polymer (CP), 

which has the ability to be switch from non-conducting to conducting via “acid-doping”. 

Through a series of systematic studies, the 2000 Nobel Prize in Chemistry was awarded to 

Alan Jay Heeger, Hideki Shirakawa, and Alan Graham MacDiarmid, for their tremendous 

development in the field of CP, including extensive studies of the physical and chemical 

properties of PANI, which provided the foundation of the current work.  

PANI is a multifunctional polymer with various unique properties such as flexibility and 

electrical conductivity, which enabled applications such as flexible display devices and 

flexible circuit boards, electrochemical sensors and electroactive actuators [5]. PANI also 

shows good antioxidant properties and thermal stability, which can be added to polyethylene 

and thermally processed, and suitable as functional packaging applications. Furthermore, 
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PANI is antimicrobial against Gram-positive and Gram-negative bacteria, which has shown 

to be suitable for applications such as antimicrobial textiles [6].   

However, PANI is very difficult to process compared to most polymers. This is because 

PANI has a high glass-transition temperature (>250 °C) and has no clear melting points. This 

means that it is not suitable to be melt-processed and at high temperature the functional 

property will be drastically affected due to crosslinking and degradation [7]. In addition, 

PANI is generally insoluble in most solvents, making it very difficult to be cast into films.[8] 

As a result, recent research focus of PANI has been focused on improving the processability 

of PANI. For example, surfactants and steric stabilisers have been utilised for preparing 

stable PANI emulsions and colloids in aqueous media [9]. Also, nanofibrous PANI shows 

improved stability and processability as dispersions and can be utilised for dip-coating of 

PANI [10]. As a result of these improvements, colloidal PANI can now be incorporated into 

solutions, coatings and composites, which could be of interest in biomedical applications if 

they could retain the antioxidant and antimicrobial properties.  

The scope of current study focuses on the antioxidant and antimicrobial properties of 

nanofibrous PANI, PANI emulsions and colloids, with the aim to explore its potential 

applications in tissue-engineering and related biomedical applications. The approach of this 

study will be begin by evaluating the antioxidant and antimicrobial properties of nanofibrous 

PANI, PANI emulsions and colloids; followed by incorporating PANI into composites, such 

as tissue-scaffolds and elastomeric films; and finally evaluating the performances of the 

PANI-containing composites, including mechanical properties and biocompatibility, as well 

as antioxidant and antimicrobial properties.  

1.1.2. Chemical structures of PANI 

PANI is generally derived through a simple process by chemical oxidation of aniline 

monomer in an acidic medium. The polymerisation process involves formation of anilinium 
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ions (ANI+) and subsequent para-substitution of the amine group onto the benzene ring, 

resulting in linear growth of the polymer chains. The following schematic (Figure 1–1) is an 

idealised equation of the polymerisation process:   

 

 

Figure 1–1. Idealised reaction of oxidation of aniline (ANI) by ammonium persulfate (APS) 

and the structures of PANI: where x = y = 0.5 represents neutral oxidation state (emeraldine); 

x = 0 and y = 1 represents the fully reduced state (leucoemeraldine); and x = 1 and y = 0 

represents the fully oxidised state (pernigraniline).  

This resultant structure of PANI, suggested by MacDiarmid, consists of two main repeating 

units: benzenoid-amines (B rings) and quinoid-imines (Q rings). The ratio between the [B] 

and [Q] determines the oxidation states of PANI, which is idealised into three different 

oxidation states: leucoemeraldine (fully reduced, B only), emeraldine (neutral, [B] = [Q]) and 

pernigraniline (fully oxidised, Q only). In addition, each oxidation state can be further 

divided into two forms: salt form (doped, conducting) and base form (undoped, non-

conducting). Therefore, potentially there are six forms of PANI could exist, namely: 
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leucoemeraldine salt (LES), leucoemeraldine base (LEB), emeraldine salt (ES), emeraldine 

base (EB), pernigraniline salt (PS) and pernigraniline base (PB). Most importantly, they 

could be freely converted between different states through oxidation and reduction (Figure 1–

2); and through doping and undoping.  

 

 

Figure 1–2. Chemical structures of idealised emeraldine bases of PANI showing the different 

oxidation states of PANI: (a) leucoemeraldine base is fully reduced, containing only 

secondary amine (N–H) and benzenoid rings; (b) emeraldine base is half-oxidised, containing 

equal numbers of secondary amine (N–H) and tertiary amine (‒N=); and (c) pernigraniline 

base is fully oxidised, containing only tertiary amine (‒N=).    
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Figure 1–3. Schematics showing doping and undoping of emeraldine: (a) EB and (b) ES. 

1.2. Synthesis of PANI  

The main disadvantages of PANI are its poor solubility, low compatibility with other 

polymers and difficulty in thermal processing. Although, EB is partially soluble in certain 

solvents, such as NMP; but its conducting counterpart, ES, is almost completely insoluble in 

any solvents. In addition, PANI has a comparatively high glass transition temperature (Tg) of 

219 °C and melting point (Mp) of 384 °C (for EB) [11], making it very thermally and 

environmentally stable compared to most polymers, but less thermally processable hence 

limiting the use of PANI and its applications. Recent studies [10, 12-14] have been focusing 

on improving PANI’s processability and compatibility through modifications such as nano-

structured PANI, functionalised PANI and the use of surfactant and steric stabilisers. 
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1.2.1.  “Classical” syntheses of PANI 

The commonly employed syntheses of PANI which could be referred as: “classical” synthesis 

of PANI, previously described by Willstätter and Dorogi in 1909 (for preparation of aniline 

black) [2] and later by Chiang and MacDiarmid in 1986 [15]. The classical synthesis of PANI 

involves oxidation of ANI, using APS, in 1 M aqueous HCl solution. This method produces a 

granular morphology of PANI doped with hydrogen chloride (PANI-HCl), which has limited 

processability due to low solubility in solvents and incompatibility with other polymers [15-

16].    

1.2.2. Self-assembled PANI with nano-morphologies 

Utilisation of nano-morphologies has been suggested as a solution to improving 

processability of PANI [11-12]. Nano-scale PANI (nano-particles and nano-composites) has 

the ability to improve macroscopic processability [10-11], dispersion stability [12], improved 

optical property [10, 12], more effective doping and lowers percolation threshold [10]. Most 

of all, nano-scale PANI has the potential to deliver higher potency due to its high surface to 

volume ratio, which leads to increased rate and capacity of free-radical scavenging [17]. The 

applications by nano-scaled PANI includes: electroluminescence, electrochemical sensing, 

magnetically susceptible [11, 13], chemical catalysts, magnetic resonance imaging, electro-

rheological fluids, articulators, anti-oxidative packaging and antimicrobial additives.   

Various micro/nano-scale morphologies of PANI, with the promise of high surface area and 

improving processability, have been developed through by utilising synthesis conditions 

which promote self-assembly of PANI, which involves controlling conditions of synthesis to 

achieve micro/nano-morphologies without the use of any templates. On the other hand, 

Gizdavic-Nikolaidis et al. [13] described a microwave-assisted (MWA) synthesis method of 

PANI, which has precise control over the polymerisation propagation and termination. More 

importantly, MWA could rapidly polymerise PANI, stopping the polymerisation at an early 
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stage, and obtain uniform PANI nanofibres (nfPANI) in only 5 min. Moreover, Huang et al. 

described an interfacial polymerisation of PANI which utilises a chloroform phase for 

dissolving ANI, and aqueous phase for dissolving perchloric acid and APS, which promotes 

the formation of uniform nfPANI across the interfacial boundary [10]. In addition, Huang and 

Kaner developed a “rapidly-mixed reaction” (RMR) method for synthesising nfPANI [8], 

which involves rapidly mixing ANI with APS, producing a homogeneous solution, and 

leaving the reaction undisturbed. The RMR method is a very straightforward process and 

produces uniform nfPANI, without any assistance of any external hard templates, surfactants, 

or nucleating agents [8].   

Template-free methods are a group of methods, which nano-scale PANI are prepared without 

the aid of any templates. The products from the template-free methods are comparatively 

cleaner, while no other chemicals are involved in the polymerisation process. There are 

several template-free methods, including: microwave-assisted synthesis [18-19], falling-pH 

[20-21], inter-facial polymerisation [10] and the RMR method [8]; with a variety of 

morphologies, including PANI nanotubes [21] and nfPANI [8].  

Self-assembled micro/nano-scale PANI and nfPANI have advantages of high specific surface 

area [8] and surface-charge effects [20], which have positive influences on the physical 

properties, namely: preventing aggregations [22] and improved dispensability [10, 22]. 

1.2.3. PANI dispersions 

PANI is only partially soluble in organic media (~4% w/v of PANI-EB in N-methyl-2-

pyrrolidone, or NMP) and in strongly acidic media (~1.8% w/v in 88% aqueous formic acid, 

and 0.1% w/v in 95% sulfuric acid, PANI-EB) [23-24]. Various forms of self-stabilised PANI 

dispersions were developed using various modification methods, including: counter-ion 

induced stability, functionalised polyaniline (fPANI), and electrostatic repulsion [25-26]. Cao 

et al. reported that PANI doped with various organic acids have increased compatibility with 
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organic “co-solvents”, such as m-cresol, and suggested that these co-solvents act as 

secondary dopants, which expand the structures of dispersed PANI and leads to enhanced 

conductivity [25, 27]. Above all, Li and Kaner observed that nfPANI showed self-stabilising 

properties in weak acidic conditions (2.2 < pH < 3.5) [22]. However, the stability of nfPANI 

dispersions is highly dependent on the pH of the medium and concentration of electrolytes, 

due to the nature of the electrostatic stabilisation [22, 28]. nfPANI dispersions show ability to 

spontaneous adsorb onto surfaces, such as glass, due to the positively charged nitrogen 

groups [22].  Furthermore, the adsorbed nfPANI coatings can be “flash-welded” when light 

energy is rapidly converted into heat by PANI but were unable to dissipate due to the 

nanofibrous structure [29].  

1.2.4. PANI colloids 

Although aniline forms soluble ANI+ in acidic conditions, PANI becomes highly insoluble 

after polymerisation and precipitates into large granules which are incompatible to aqueous 

media. To improve PANI’s compatibility with aqueous media, various methods have been 

attempted for polymerisation, which can be classified by the nature of the polymers 

produced: 1) solution polymerisation, where the produced polymer is partially or completely 

soluble in aqueous media; 2) colloidal polymerisation, where the polymer forms 

hydrodynamically stable submicron particles in aqueous media; and 3) suspension 

polymerisation, where the polymer forms micron-size particles in aqueous media.   

Since PANI is highly insoluble in most solvents, solution polymerisations of ANI (in aqueous 

or organic solvents) were difficult to achieve and resulted in precipitation of PANI. However, 

the solubility of ANI in organic solvents were utilised in inverse micro-emulsions and 

interfacial polymerisation of PANI, which resulted developments of micro and 

nanostructured PANI [10, 30]. Gan et al. produced spherical micro-emulsions of PANI (10 to 

50 nm in diameter) via polymerisation of an inverse emulsion of ANI-HCl in a petroleum 
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ether [30]. On the other hand, Huang et al. produced nano-fibrillar structured PANI (30 to 50 

nm in diameter) at interfaces between organic/aqueous solutions [10].   

Colloidal polymerisation utilises steric stabilisers, such as polyvinylpyrrolidone (PVP) or 

polyethylene glycol (PEG), which provide suitable surfaces for ANI to adsorb and 

polymerise into solution stable PANI (Figure 1–5). Sterically stabilised polymers are 

comprised of interpenetrating polymer networks of specific hydrodynamic diameters, and the 

stability is less sensitive by the changes of electrolytes and pH of the solutions compared to 

surfactant stabilised polymers [14, 31]. Flocculation and precipitations are prevented by 

repulsion interactions between individual colloids, through two possible means: influx of 

solvent enters between the particles as osmotic pressure rises when two particles approach; 

and elastic deformation as two particles approach, causing the polymer particles to deform 

and reform and resulting in repulsion [14].  

 

Figure 1–4. Schematic of a PVP steric stabiliser. 

Suspension polymerisation requires polymerisation to be carried out in a totally incompatible 

medium. Since, ANI is highly polar and partially soluble in water and acidic media, the 

classical synthesis of PANI could be considered very similar to a suspension polymerisation 

process (see Section 1.2.1).  

The morphologies and properties of PANI colloids are highly dependent on the types of 

stabilisers used during the polymerisation, ranging from nano-fibrillar to rice shaped [32]. For 

example, Vincent and Waterson showed that ANI-HCl polymerised in poly(ethylene oxide) 
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solutions (PEO, Mn = 2,000) produced unstable colloids with “needle-shaped” particles, 

while higher molecular weight PEO (Mn > 10,000) produced stable “rice-shaped” particles 

[32]. Also, Aldissi suggested that the molecular weight ratio of the steric stabiliser also 

affects the properties and stability of PANI colloids, which is maximised at 10 to 50% w/w of 

PANI, forming conductive and stable colloids with steric layers at thickness of 25 nm in 

maximum [14]. Stejskal and Sapurina showed that the presence of a steric stabiliser, PVP, 

resulted in uniform nucleation and increased reaction rate at the early stage of polymerisation 

of PANI [31].  

The concentration of the steric stabiliser also determines the initial nucleation sites for PANI; 

hence it is possible to control the particle size by changing the ratios between stabiliser and 

monomer used. For example, at fixed stabiliser concentration, the resulting PANI colloids 

diameter is proportional to the amount of monomer used in the reaction [31], and excess 

amount of monomer leads to a mixture of PANI colloids and precipitates.   

Dialysis is a common treatment for post-process of colloidal polymerisation which separates 

the low to medium molecular weight molecules (soluble ions and oligomers) from large 

molecular weight molecules (steric stabilisers and long-chain polymers). Sulimenko et al. 

found that PANI-PVP colloids showed in partial deprotonation as a result of dialysis, despite 

dialysed against 0.01 M HCl or water [33]. Alternatively, PANI colloids could be precipitated 

using acetone extraction, by gradually adding the stable colloids into acetone, and redispersed 

in aqueous medium to produce stable PANI colloid dispersions [34].       
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Figure 1–5. Schematic of PANI colloid polymerisation: a) aniline oligomers (represented by 

circles) adsorbed onto the steric stabiliser chains (represented by thin lines) and b) stimulate 

polymer growth (dark lines) by nucleation; and c) continual particle growth induced by 

nucleation resulting in formation of a polymer colloid. (Adopted from Stejskal and Sapurina 

(2005) [35], © 2005 IUPAC, Pure and Applied Chemistry 77, 815–826. No written 

permission required for reproduction.). 

1.2.5. PANI emulsions 

ANI is a polar molecule and forms ANI+ in acidic environments, which does not form 

conventional micelles compared to other monomers, such as vinyl acetate or methyl 

methacrylate. According to Kuramoto et al., the structure of the ANI-SDS micelle consists of 

a core of dodecyl sulfate anions (DS–), covered with a single layer of ANI+ attached onto the 

surface of the micelle (Figure 1–6) [36]. On the other hand, Kim et al. proposed an 

alternative micellar structure where the ANI+ appears at the interface of the SDS, with the 

benzene rings stabilised by the hydrophobic ends of DS- (Figure 1–7) [37]. After addition of 

an oxidant, such as APS, the dissolved oxidant ions diffuse into the micelles and initiate the 

polymerisation of ANI+ micelles, forming PANI-SDS particles that are stable in aqueous 

media.  
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Figure 1–6. ANI-SDS micellar structure proposed by Kuramoto et al. with a single layer of 

ANI+ covering a DS- core (Adopted from Kuramoto (1995) [36], © 1995 Elsevier. 

Reproduced with permission).  

 

Figure 1–7. ANI-SDS micellar structure proposed by Kim et al. where ANI+ appear at the 

interface of the micelles and its benzene rings stabilised by the SD– core (Adopted from Kim 

(2001)[37]. © 2001 Elsevier. Reproduced with permission).   
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The morphology of the PANI emulsion is highly sensitive to the concentrations of surfactant, 

and the molar ratio between surfactant and monomer. Kuramoto et al. reported that [SDS] = 

0.1 M and [ANI] / [SDS] = 1 produced homogenous PANI-SDS emulsions. Further 

investigation by Kim et al. reported that for spherical PANI only starts to from at [SDS] = 0.2 

M and [ANI] / [SDS] ≤ 0.15 (i.e. [ANI] ≤ 0.03 M). However, at low surfactant 

concentrations, [SDS] < 1.0 mM and [ANI] / [SDS] > 20, Zhou et al. reported that PANI did 

not form spherical colloids, instead formed rectangular tubes with sophisticated hierarchical 

architecture [38].  

The type of surfactants investigated by researchers for emulsion polymerisation of PANI are 

predominantly anionic surfactants, such as SDS and dodecylbenzenesulfonic acid (DBSA) 

[36-37, 39]. Anionic surfactants appear to be compatible with the positively charged ANI+ 

and form stable emulsions under controlled conditions. In addition, anionic surfactants are 

also incorporated into the PANI structures, as dopants/counter ions, and appear to be tightly 

bound, requiring a pH of 7 to 8 to completely undope, compared to pH > 4 reported for the 

conventional PANI counterparts [36, 40-41]. PANI emulsions prepared from anionic 

surfactants, for example SDS and DBSA, shared similar properties to conventional PANI: 

electrically conductive and thermally stable, which were not affected by the presence of SDS 

molecules [37]. However, PANI-SDS appears to separate into two phases, which could be 

redispersed easily, due to strong hydrophobic interactions by the surfactant [36].  

Cationic surfactants are less commonly used for preparation of PANI emulsions, as 

accelerated of polymerisation of ANI were observed with the presence of cationic surfactants, 

such as tetradecyltrimethylammonium bromide (TTAB) and cetyltrimethylammonium 

bromide (CTAB) [40, 42]. In addition, non-ionic surfactants are also less commonly used in 

emulsion polymerisation of PANI, and appeared to be less effective compared to anionic 

surfactants, as Kuramoto et al. reported Triton-X100 resulted in precipitation of PANI after 



Chapter 1 – Introduction 

14 
 

polymerisation [36]. However, Kohut-Svelko et al. reported that non-ionic surfactants with 

hydrophilic-lipophilic balance (HLB) of 18.6, such as nonylphenol ethoxylate NP40, are 

capable of stabilising PANI during the polymerisation process [43].   

The rate of polymerisation for PANI emulsions differs with different types of surfactants. 

Stejskal et al. reported that for anionic surfactants, the rate of polymerisation was similar 

compared to conventional PANI (c.a. 7 to 8 min); for cationic surfactants, the reaction rate 

was faster (c.a. 5 min) and for non-ionic surfactants the reaction rate was much slower (c.a. 

15 min) [40]. Surfactant stabilised PANI emulsions have low compatibility with organic 

solvents, hence it is possible to precipitate the emulsions by adding drops of methanol or 

acetone into the dispersion, allowing purification of the products by washing, followed by re-

dispersion to prepare homogeneous emulsions free from unreacted monomers and oligomers 

[36, 39-40].   

The optical properties of PANI emulsions are highly dependent on the molecular weight, 

particle size and oxidation levels of PANI [44]. Nevertheless, PANI emulsions prepared in 

acidic conditions are in doped form with UV-Vis absorption bands at 340 nm (π to π*, B), 

410 nm (doping) and 770 nm (formation of polaron) [39], indicating that it is ES. Fourier 

transform infrared (FTIR) spectroscopy of PANI emulsion shows typical absorptions at 1590 

cm-1 (Q) and 1480 cm-1, suggesting a typical ES. The transition of PANI emulsion ES to EB 

occurs at pH 7 to 8 [36, 39], which differs from the transition of conventional PANI which 

occurs at pH 4 [41]. Most of all, anionic surfactants, such as SDS, are strongly bound to 

PANI and are still detectable under FTIR and X-ray photoelectron spectroscopy (XPS) after 

undoping process using strong bases [37], the electrical conductivity of PANI emulsion 

(measured from pressed pallets) are at similar order of magnitude compared to conventional 

PANI [40].   
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1.2.6. PANI electrospun fibres 

In 1929, Anton Formhals patented the electrospinning process, where a high electric field is 

applied to a cellulose acetate solution and resulting in ultra-fine beads and fibres collected on 

a grounded target [45]. In the 1960’s, Sir Geoffrey Taylor proposed the mechanism of 

electrospinning: when a sufficient electric field is applied onto a polymer solution, it distorts 

the surface of polymer solution into a cone (later referred as Taylor cone), which breaks the 

surface tension of the polymer solution, and resulting in ejection of polymer streams or jets 

travelling towards a grounded surface. During this process, now referred as electrospinning, 

the polymer streams are began to spin away from each other, due to electrostatic repulsion, 

and resulting in ultra-fine fibres (Figure 1–8).  

 

Figure 1–8. Schematic of electrospinning (not to scale), showing an applied electric field 

generated a Taylor cone, resulting ejection of a polymer jet and spinning of polymer fibres 

due to electrostatic repulsion.   

Electrospinning is a relatively inexpensive and simple method to obtain fibrous material with 

high surface to volume ratio and has been utilised in applications such as: filtration, tissue-

scaffolds, drug delivery and sensors [46-50]. Although electrospun fibres containing 100% 

PANI has been reported once, using a 98% sulfuric acid as a solvent [51], in most cases, 
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PANI have been used as a functional additive with other polymer matrices, for its electrical 

conductivity, with applications such as: photocatalyst, gas and vapour sensors; as well as 

biomedical applications, such as tissue-scaffolds for electrically-stimulated cell growths, [52-

56]. For majorities of electrical sensing and filtration applications, the matrix polymers 

involved were: PEO, polystyrene (PS), nitrocellulose (NC), poly(methyl methacrylate)  

(PMMA) and polycarbonate (PC) [51, 56-57]. On the other hand, for tissue-scaffolding 

applications, PLA and gelatin were the main polymers used for electrospinning of PANI [47, 

54, 58-61], and more recently PCL [53, 62-63]. The advantage of PLA, gelatin and PCL, over 

the other polymers, is their biodegradability, which is critical for tissue-scaffolding 

applications. 

1.2.6.1. PVP-PANI electrospun fibres 

PVP is a biocompatible polymer and has been used as a wound-dressing and controlled 

release matrix [64], and is highly compatible with PANI and has been utilised for 

electrospinning of PVP-PANI fibres in gas-sensing applications for detection of reactive 

gases such as NO2 [65], where the electrical conductivity of leucoemeraldine-containing 

fibres changes after interactions with reactive gases. However, there were difficulties of 

electrospinning using conventional granular PANI due to poor processability. Hence, in this 

study, nfPANI was selected for electrospinning of PVP fibres to improve the quality of 

electrospun fibres and evaluate its suitability for tissue-engineering applications. The results 

of this study will be presented in Chapters 5 and 6.    

1.2.6.2. PCL-PANI electrospun fibres 

PCL is a low melting, biodegradable and biocompatible polymer which can be utilised as 

tissue-scaffolds through methods such as electrospinning and rapid-prototyping [66-68]. 

Study by Borriello et al. produced micron-scaled electrospun PCL fibres containing 1% w/w 
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PANI, which support attachment and proliferation of human Mesenchymal Stem Cells 

(hMSC) [62]. However, the cell attachment rate of hMSC on PCL-PANI was poor compared 

to tissue culture plates (TCP) [62], a known industry standard. Li et al. suggests that cell 

attachment of H9c2 rat cardiac myoblast cells on cellulose electrospun fibres could be 

optimised by reducing the diameters of fibres to 100 – 200 nm [60]. This suggests that by it 

could also be possible to improve the cell attachment of PCL-PANI fibres by reducing the 

fibre diameters, which will be further discussed in Chapter 6.    

1.2.7. PANI silicone rubber composites  

Silicone rubber (SR) is an important polymer for biomedical applications, due to its high 

biocompatibility and excellent mechanical properties, making it an ideal material for 

fabricating a wide range of medical devices, ranging from implants to tubing [69]. SR 

consists of networks of cross-linked polydimethylsiloxane (PDMS) and silica fillers, where 

both the cross-linking and fillers could be tailored to produce composites with a wide range 

of  mechanical properties, from highly elastic to highly rigid [70]. In general, medical grade 

SR composites could be fabricated via addition-polymerisation between short chain PDMS 

containing vinyl groups (–CH=CH2) and silane groups (–SH) using a Pt or Rh metal 

complexes, with no by-products generated (Figure 1–9) [71]. Typically, the two 

functionalised PDMS are mechanically mixed together and cast into moulds or films, 

followed by application of thermal energy to accelerate the cross-linking process, which 

gives the composite structure integrity.   
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Figure 1–9. Addition-polymerisation of SR composite from short chain PDMS with vinyl 

terminated (–CH=CH2) and silane terminated (–SH) groups.    

While SR contains inert inorganic backbones (‒O‒Si‒O‒), it also contains organic side-

chains to protect the polar backbones and reduce the surface energies the composites, making 

the surfaces hydrophobic and the structures thermally and chemically stable [72]. In addition, 

SR composites have high free volumes compared to hydrocarbon polymers, resulting in high 

gas and vapour permeability [73]. Most of all, SR composites have excellent elasticity and 

structure integrity, which is highly advantageous for fabrication of soft and durable prosthesis 

and implants, especially in applications such as artificial skins, hearing devices, denture liners 

and contact lenses [72].  

Recent studies on SR-PANI composites revolve around its electrical properties. PANI has 

shown good compatibility with silicone oils (linear short-chain PDMS) and it has unique 

electrorheological (ER) properties, Choi et al. reported an increase in the viscosity of a PANI 

dispersion in silicone oil when an electric field is applied [74]. On the other hand, SR-PANI 

composites have also been studied for its electromagnetic (EM) absorption properties, which 

Duan et al. reported SR-PANI composites showed EM interfering properties on high 

magnetic fields (HMF, 3 to 1500 MHz) with potential applications for EM filtering and 
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shielding [75-76]. In addition, Hiamtup et al. showed that SR-PANI composite films exhibit 

electromechanical responses when electric fields were applied, which suggests that SR-PANI 

have potential applications as flexible actuators [77].  

1.3. Properties of PANI 

PANI is a unique CP with tuneable oxidative, optical and electrical properties, which leads to 

a wide variety of applications in the fields of polymer sensors, actuators, corrosion protection, 

electromagnetic shielding, electrostatic discharging, and more recently, in applications such 

as antioxidant packaging and antimicrobial material.  

1.3.1. Electrical conductivity 

Electrical conductivity is one of the important properties of CP, which is a result of two key 

attributes: the extended π-conjugation in their polymer backbone structure and the 

overlapping of neighbouring π-orbitals from the benzene-amine and quinoid-imine structures, 

forming extended valence and conduction bands, which cover entire polymer molecule [78], 

resulting in macromolecules with low ionisation potentials and high electron affinity. For 

PANI, acid dopants act as energy transfer agents which provide an excess of electrons by 

coupling with the imine groups, resulting in partially filled electronic bands with metallic-like 

electrical conductivity [79]. 

There are two types of doping for CP’s: oxidative doping and non-oxidative doping. 

Oxidative doping involving dopants chemically reacting with the conducting polymer and 

changing the oxidation state of the polymer to induce conductivity. Polypyrrole (PPy), for 

example, is an insulator, but becomes conductive after oxidation. PANI, on the other hand, is 

a unique conductive polymer because it is not doped through oxidation, rather through 

protonation of acid and its counter-ions. This means PANI can be repeatedly doped and 
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undoped more freely and more rapidly compared to other CP, making the electrical 

conductivity of PANI more sensitive to the surrounding chemical environments.  

The factors affecting the electrical conductivity of PANI include: oxidation state, protonic 

acid doping, polymer chain alignment (or crystallinity) and molecular weight [80-82]. The 

early work by MacDiarmid Group found that the conductivity of PANI increases as doping 

percentage increases, and emeraldine (neutral state) is the most conductive [15]. In addition, 

Cao et al. also suggested that organic counter-ions, such as CSA, are able in improve the 

solubility of PANI and resulted in significantly improved electrical conductivity when 

complex in polyblends with PMMA [15]. In addition, Oh et al. suggested that higher 

molecular weight PANI is more conductive and the degree of stretching (orientation of 

polymer chains) also increases the electrical conductivity [81].  

1.3.1.1. Electrical conductivity by four-probe and two probe method 

Electrical conductivity is one of the most important properties of PANI and strongly 

influenced by its oxidation state and doping. Therefore, electrical conductivity measurements 

provide confirmation the formation of π-conjugation, oxidation state of PANI and the 

presence of dopant, as well as the quality of the polymer formed. The electrical conductivity, 

or volume conductivity, of PANI can be determined using a four-probe head (Figure 1–10) 

coupled with an ammeter with capability of 0.1 µA. First, the volume resistivity (ρ) of 

pressed PANI discs is measured by passing a current through the outer probes and measuring 

the voltage drop between the inner probe, following the equation below [83]:  

ρ (volume resistivity, Ω·cm)              (Equation 1–1) 

Where V is the potential across the inner probes (V), d is the thickness of the sample (cm) and 

I is the source current (A).   
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The volume conductivity (σ), a reciprocal of volume resistivity (ρ), could be converted using 

the following equation:  

σ (volume conductivity, S·cm-1)  =                   (Equation 1–2) 

 

Figure 1–10.  Schematic of a four-probe electrode for electrical conductivity, with sample 

thickness (d) and the probe distance (l).   

For low conductivity samples, such as PANI-containing composites, a two-probe method, 

based on ASTM D257, coupled with a high resistance meter (sensitive to 0.1 pA) is required 

for electrical conductivity (volume conductivity) measurements [84]. Samples with known 

thickness are placed between two circular-electrodes containing two electrodes and a “guard” 

electrode (see Figure 1–11).  
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Figure 1–11.  Schematic of a two-probe electrode for electrical conductivity, adopted from 

ASTM D257-07 [84], where Electrode #2 is the guard electrode and the volume resistance 

(Rv, in Ω) is measured between Electrode #1 and Electrode #3. D1 is the diameter of 

Electrode #1, g is the distance between Electrode #1 and Electrode #2 (cm), and t is the 

material thickness (cm). Reprinted, with permission, from D257−07 Standard Test Methods 

for DC Resistance or Conductance of Insulating, copyright ASTM International, 100 Barr 

Harbor Drive, West Conshohocken, PA 19428. 

First, the volume resistivity (ρ) is determined from the volume resistance (Rv) and converted 

using the following equation:  

ρ (volume resistivity, Ω·cm)  =  Rv                 (Equation 1–3) 
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Where A is the effective area of the measuring electrode (in cm2, see below, Equation 1–4), t 

is the average thickness of the specimen (in cm), and Rv is the volume resistance (in Ω).  

A (effective area, cm2) =                          (Equation 1–4)    

Where D1 is the diameter of Electrode No. 1 (in cm, Figure 1–11); g is the gap distance 

between Electrode No. 1 and Electrode No. 2 (in cm, Figure 1–11).   

The volume conductivity (σ), a reciprocal of volume resistivity (ρ), is converted using the 

equation described earlier (Equation 1–2).  

1.3.2. Antioxidant property of PANI 

Antioxidant property of PANI has only recently gained interests by researchers, compared to 

its electrical properties [85-86]. PANI shows good potentials as an antioxidant due to its 

unique electroactivity, as an electron sink, and the ability to exist in multiple stable oxidation 

states through chemical reactions. Gizdavic-Nikolaidis et al. suggested that PANI could 

neutralise free-radicals through donating a hydrogen atom, or oxidising the available amines 

(B) to imines (Q), resulting in conversion of EB to PB [85]. In addition, PANI could further 

neutralise additional free-radicals through donating further hydrogen atoms from the benzene 

ring, which results in ring substitutions [85]. On the other hand, studies have showed that 

PANI’s free-radical scavenging capacity could be related to the morphology of PANI [86-

87]. In particular, Banerjee et al. suggested that PANI nanofibres have much higher surface 

area which indicates more reaction sites are available and resulted in higher antioxidant 

activity [87]. However, a recent study by Nand et al. suggested that the oxidation states of 

PANI have more pronounce influences on the free-radical scavenging capacity and reduced 

forms of PANI, as a result of synthesis condition or dedoping, showed higher radical 

scavenging activity [17]. Coupled with its thermal and environmental stability, PANI has 

recently been studied as an antioxidant packaging material for food and beverage applications 
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[88]. Furthermore, Gizdavic-Nikolaidis et al. suggested that PANI has a low electrochemical 

formal potential, a measure of its reducing strength, which is at a similar level compared to 

those of polyphenol containing antioxidants, such as triphenols and o-diphenols [89]. This 

means that PANI has comparable free-radical scavenging ability similar to polyphenols, and 

could possibly be utilised in antioxidative applications as a replacement for polyphenols [89]. 

Antioxidant properties of PANI also have potential biomedical applications, such as 

prevention of haemolysis of red blood cells from cytotoxic agents, such as hydrogen peroxide 

[87]. Hence, PANI-containing composites as fibre-scaffolds would possibly show antioxidant 

activity and potentially have biomedical applications. This study will include on further 

evaluations of nfPANI’s antioxidant properties, in particular as electrospun fibres and film 

composites, which will be discussed mainly in Chapters 6, 7 and 8.  

1.3.2.1. DPPH● scavenging capacity 

1,1-diphenyl-2-picrylhydrazyl free radical (DPPH●) is one of the most stable free-radical 

“trap” which is commonly utilised in free-radical scavenging tests. It is red-violet coloured 

when dissolved in methanol solutions and has strong UV-Vis absorption bands at 330 nm and 

520 nm. The deep-purple coloured DPPH● changes to bright-yellow (Figure 1–12) after its 

free-radicals are neutralised (into DPPHH, see Figure 1–13), which results in a dramatic 

reduction in the UV-Vis absorption at 520 nm [90]. This reduction allows the neutralisation 

of DPPH● to be quantified easily, making the DPPH● scavenging assay simple and efficient 

for quantifications of the free-radical scavenging capacity of antioxidants such as PANI [85-

86].  
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Figure 1–12. Appearances of methanolic solutions of DPPH● (125 µmol·L-1, left) and 

DPPHH (125 µmol·L-1, right, naturally decayed by prolong exposure to direct sunlight).  

 

Figure 1–13.  Schematic of DPPH● reacting with a hydrogen radical, producing DPPHH.  

1.3.3. Antimicrobial property 

The antimicrobial property of PANI was first reported by Seshadri and Bhat in 2005 as an 

antimicrobial additive for textile applications [6]. However, it is not until very recently that 

PANI and its derivatives have been extensively studied for its antimicrobial properties [58, 

91-93]. Structurally, ES and antimicrobial quaternary ammonium groups (QAG, Figure 1–14) 

both contained positively charged nitrogen ions, which play major roles in attracting and 

interacting with the negatively charged bacteria membranes [92, 94]. For QAG, the 

negatively charged bacteria is attracted towards the highly hydrophilic nitrogen ions, while 

the hydrophobic alkyl chains interacts with the cell membranes causes puncture and cell 

deaths. The antimicrobial properties of QAG are heavily dependent on the molecular weight 
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of the QAG containing polymer; effects of counter ions; and the hydrophobic-hydrophilic 

balance between nitrogen ion and the lengths of the alkyl side-chains [94].  

 

Figure 1–14. Schematic of a quaternary ammonium group, containing a positively charged 

nitrogen ion.   

Similarly, for PANI, the role of the positively charged nitrogen ions is similar to the QAG, 

but the unique electrical and chemical properties of PANI have led to suggestions of different 

mechanisms of interactions between PANI and the bacteria membranes. There are several 

proposed mechanisms for antimicrobial of PANI. For example, Shi et al. suggests that 

electrostatic adherence which causes cell wall to collapse and lead to leakage of intracellular 

fluids [92, 95]. Shi et al. showed that p-toluenesulfonic acid (pTSA) doped PANI showed 

knockdown rate of 2 × 102 CFU·mL-1 (colony forming units per millilitre), when inoculated 

on top of 1% w/w PANI containing PVOH composite films. Shi et al. observed shifting of 

FTIR absorption bands after PANI interacted with bacteria molecules, and explained the shift 

was as a result of undoping (or dopant leaching) or electrostatic adherence between PANI and 

the molecules of bacteria [92].   

Further investigation by Gizdavic-Nikolaidis et al. suggests that the antimicrobial mechanism 

is a complicated surface interaction, which involves metabolic dysregulation and oxidative 

stress [96]. Gizdavic-Nikolaidis et al. suggested that fPANI could strongly induce the 

oxidation stress for E. coli, resulting in cell death due to the cells inability to dismutate 

superoxide and/or reduce hydrogen peroxide to water. In addition, fPANI showed 

suppression in genes responsible for energy metabolism and transport, and cell wall 
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synthesis; which means fPANI could prevent cells from metabolising energy and grow, 

which could also lead to cell deaths.  

Nand et al. suggests that PANI disrupts electron transport in the bacteria cytoplasmic 

membrane, leading to cell deaths [88]. Nand et al. showed that PANI prepared by a falling 

pH method exhibit knockdown rate of 106 CFU·mL-1, when inoculated on top of linear low 

density polyethylene (LLDPE) films containing 5%, 10% 15% and 20% w/w PANI for 24 h 

at standard incubating conditions. Nand et al. also suggests that the cell deaths were not 

contributed by dopant leaching [88].   

Most of all, PANI with its complex oxidative properties, protonic acid doping and electrical 

conductivity, appears to have multiple antimicrobial mechanisms which targets different 

cellular processes, according to Gizdavic-Nikolaidis et al., could possibly reduce the 

likelihood for bacteria developing resistance to PANI [96].  

1.3.3.1. Minimum bactericidal concentration   

Minimum bactericidal concentration (MBC) is defined by the lowest concentration required 

for an antibacterial material required to achieve ≥ 99.9 % knockdown of a particular 

bacterium after a 24h incubation period [97]. MBC is generally used as a measure of the 

efficiency antibacterial agents (such as antibiotics). However, MBC is not to be confused 

with MIC (minimum inhibitory concentration), because MIC is the amount of concentration 

required to inhibit growths of a particular bacterium, which is generally much lower than 

MBC. For PANI (granular form or colloid form), MBC could be determined easily by pre-

dispersing various amounts of PANI in saline solution and determine the minimum amount 

required to achieve ≥ 99.9 % knockdown of a particular bacterium [13]. MBC provides 

quantitative data and can be adapted for other types of organisms, conditions and contact 

time, if required.   
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1.3.3.2. JIS Z 2801 Antimicrobial products – Test for antimicrobial activity and efficacy 

The MBC test (as described in Section 1.3.3.1) is only limited for testing soluble and 

dispersible materials, such as PANI powder, but not suitable for PANI composites such as 

electrospun fibre-scaffolds or PANI-containing polymer sheets. Therefore, a different 

antimicrobial test was adopted, Japanese Industrial Standard (JIS) Z 2801: Antimicrobial 

products – Test for antimicrobial activity and efficacy, for PANI-containing composites. For 

JIS Z 2801, a known amount of bacterium is inoculated between two active surfaces, 

incubated for 24h, and the knockdown rate is determined by enumeration of the survived 

cells. The JIS Z 2801 provides a fully quantitative result and is extremely useful for 

determining activities of surfaces, such as polymers and metals [98].  

1.3.4. Biocompatibility 

Biocompatibility of materials intended for medical devices applications must meet regulatory 

requirements, such as the ISO 14971: Medical devices — Application of risk management to 

medical devices, which ensure the materials are “fit for their purposes” [99]. This means that 

the biocompatibility requirements for a specific material must be tailored for their specific 

applications. These are different classifications of medical devices, which are categorised by 

the types of contacts (direct or indirect); and the durations of contacts (temporary, short term, 

long term, external or internal) with the human body.  

Assessing the biocompatibility of a material, such as a PANI, involves assessing the risks of a 

material in relation to its applications, which determines the types of tests required. For 

example, medical gloves are considered as an external device, which has direct contact with 

intact surfaces over a short-term period (between 5 min to 29 days) and the required 

biological tests to consider are: irritation, sensitisation and cytotoxicity [100]. On the other 

hand, wound dressings are also considered as an external device, but with direct contact with 

breached surfaces over a short-term period and requires more extensive biological tests, such 
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as acute toxicity, hemocompatibility and subchronic toxicity (as well as irritation, 

sensitisation and cytotoxicity) [100].  

Cytotoxicity is one of the biocompatibility tests for biomaterials, which is more simple and 

rapid, due to the in-vivo nature of test. Hence, cytotoxicity is often the first benchmark test be 

carried out for screening new biomaterials before launching into other more time consuming, 

costly and complicated in-vitro screening tests.  

While PANI shows antimicrobial efficacy towards electron transport in the bacterial cytoplast 

membrane and leads to bacterial cell deaths; PANI, and other CP’s, appear to be compatible 

with eukaryotic (nucleus containing) cells, such as mammalian cells, as potential tissue-

engineering scaffolds [53, 101]. Nand et al. suggests that the electron transfers in eukaryotic 

cells are compatible with CP’s because the electron transfers of eukaryotic cells occur not at 

the cytoplast membrane, but within the intracellular mitochondrion [88].   

Evidences from numerous studies support that PANI-EB and ES are relatively non-cytotoxic 

towards mammalian and human cells. For example, Bidez et al. tested PANI ES and EB films 

and found to be compatible to H9c2 cardiac myoblast cell-line (rat), with initial cell 

attachments reduced slightly by 7% (compared to tissue culture plates, TCP) and cell reach 

confluence after 6 d [102]. While, Li et al. reported electrospun gelatin-PANI fibre-scaffolds 

are also biocompatible to H9c2 cardiac myoblast cell-line [60].  

1.3.4.1. L929 biocompatibility 

The L929 murine cell line is a connective tissue (fibroblast) which is one of the most 

commonly used cell type for determination of cytotoxicity testing because of its sensitive 

nature to toxic materials. In addition, the L929 cell-line is an approved assay for ASTM 

F813-07: Standard practice for direct contact cell culture evaluation for materials for medical 

devices [103]. The assessment of biocompatibility using L929 is by determining its colony 
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forming efficiency after exposure to the tested material, which determines the lethal 

cytotoxicity of the material. In addition, through 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) staining and microscopy studies, it is also possible to 

study the mitochondrial damage by the material, where the morphology of the fibroblasts is 

also a good indicator of biocompatibility [100]. In addition, the resazurin fluorescence assay 

allows quantifiable results to be obtained at different stages: including cell attachments (first 

24 h) and proliferation (> 24 h) [104]. 

1.4. Characterisation of PANI 

1.4.1. FTIR spectroscopy 

FTIR spectroscopy is a technique which quantifies the interactions, absorption and 

transmission, between molecules and infra-red radiation at various wavelengths. Specific 

chemical bonds absorb certain specific wavelengths of IR radiation, by translating the 

absorbed energy to various modes of vibrational excitation; while transmitting other 

wavelengths of IR radiation [105]. These specific absorption bands comprise a unique 

“fingerprint” for identification of chemical structures and their containing functionalities.  

Polymerisation of ANI involves converting primary amine to secondary and tertiary amines 

via oxidation reaction using oxidants such as peroxides or persulfates. In particular, it is the 

oxidation states of these nitrogen containing groups, amines and imines, which determine the 

vibrational properties of the adjacent benzenoid or quinoid groups.[106]  

These distinctive changes of oxidation states could be easily identified on FTIR, hence 

making it a suitable tool for qualitative analysis of the final product from polymerisation. The 

resulting absorption bands for PANI ES could be found at: 1565, 1470, 1300, 1240, 1128 and 

800 cm-1, which refers to: C=C stretching (Q); C=C stretching (B); C–N stretching 

(secondary amine); C–N●+ stretching (polaron from doping of imine nitrogen); C–H in-plane 
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bending (doping) and C–H out-of-plane bending [78, 107-108]. Kang et al. suggested that the 

relative intensities of the Q and B bands (at 1565 and 1470 cm-1) could provide qualitative 

information on the oxidation states [109]. PANI LEB form contains mostly B, hence has 

strong absorption at around 1470 cm-1. EB contains an almost identical absorption between B 

and Q, which leads to almost identical absorptions at 1560 and 1470 cm-1. While, PB contains 

a B: Q ratio of 1: 3, hence the relative intensities between 1565 and 1470 cm-1. 

Doping of PANI, from EB to ES form results in shifts of various absorption bands: 1590 to 

1565 cm-1 (Q stretching), 1500 to 1470 cm-1 (B stretching), and 820 to 800 cm-1 (C–H out-of-

plane bending). In addition, doping also results in a characteristic broadening of the band for 

C–H in-plane bending, a shift and broadening from 1166 to 1128 cm-1. Conversely, shifts of 

the typical ES bands could be observed when undoping PANI by removing the protonic acids 

using bases such as ammonium hydroxide or sodium hydroxide solutions. Hence, the location 

of the PANI characteristic bands could be used as a qualitative tool for identifying if the 

sample is doped or undoped.   

The polymerisation process involves oxidation of primary amines (–NH2) to secondary and 

secondary amine (–NH–) and tertiary amines (−N=), which results: in the complete removal 

of N–H stretching (3440 and 3360 cm-1 doublet, 3210 cm-1 shoulder), removal of N–H 

bending (1620 cm-1) and removal of N–H wagging (760 cm-1), while the C−N stretching 

bands shifted from 1280 cm-1 to 1300 and 1245 cm-1 (for C–N and C–N●+, respectively) [78, 

107-108]. Therefore, these primary amine related bands are also been used for identification 

of oligomeric molecules and unreacted monomer, as they suggest incomplete reactions [110]. 

The change in benzene substitution after polymerisation is from mono-substitution to di-

substitution, and para-substitution of ANI promotes linear growths of the polymer chain 

resulted in formation of PANI (Figure 1–1). FTIR spectroscopy reflects the nature of benzene 

substitution from types of C–H bending modes found between 700 to 900 cm-1. For PANI-
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ES, or para-substituted structures, a strong absorption band can be found at 800 cm-1. For 

ANI, or mono-substituted structures, two strong absorption bands can be found at 750 and 

690 cm-1, which normally indicate unreacted monomer or a mono-substituted end-groups 

[110].  

Ortho-substitution of ANI occurs in low acidity conditions (pH > 4) and at early stages of 

polymerisation, which leads to branched PANI structures (or phenazine-like structures), 

formation of terminal groups and resulting in formation of nano-structured PANI [8, 21]. 

These phenazine-like structures contain two 1,2,4-trisubstituted benzene rings (Figure 1–15), 

and could be identified through FTIR spectroscopy. Kellenberger et al. suggested the 

corresponding bands for C–H in-plane bending are found at 1033 and 957 cm-1, and for C–H 

out-of-plane are found at 880, 766 and 681 cm-1 [111]. Also, Stejskal et al. observed FTIR 

absorption bands at early stages of PANI polymerisation at low acidic condition, including: 

1625 cm-1 (associated with C=C stretching), and 1414 (symmetric stretching of the phenazine 

heterocyclic rings) [21]. In addition, Zujovic et al. suggested that benzenoid rings involved in 

branched phenazine-like structures have characteristic bands at 1498 and 1444 cm-1, which 

are associated with C–C stretching [112].  

 

Figure 1–15. Chemical structure of a phenazine-like unit, containing two 1,2,4-trisubstituted 

benzene rings.   
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1.4.2. UV-Vis spectroscopy 

UV-Vis spectroscopy utilises electromagnetic irradiation in the ultraviolet and visible range 

and measures how a material interacts (absorb, reflect or transmit) within specific 

wavelengths between 10 to 400 nm for ultraviolet and 400 to 780 nm, which determines the 

interactions between the incident radiation exciting the bonding electrons of the analysed 

materials, and provides information on the electronic structure and dynamics of the molecules 

[105].  

Specifically, UV-Vis spectroscopy is particularly important for CP because the nature of the 

extended π-conjugation in its polymer backbone, resulted strong absorptions of UV-Vis 

irradiation. The related absorptions of incident irradiation are very specifically related to the 

electronic band-gaps and the most probable is from the highest occupied molecular orbital 

(HOMO) to lowest unoccupied molecular orbital (LUMO). For PANI, the two types of 

electronic excitations observed are π to π* (for B, around 330 nm) and n to π* (for Q, around 

630 nm), as shown in a schematic diagram in Figure 1–16.  

 

Figure 1–16.  Schematic of electronic transitions from the various bonding to anti-bonding 

states by absorption of UV-Vis irradiations.  
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Base forms of PANI (PB, EB and LEB) are partially soluble in NMP and produces highly 

intense coloured solutions even at very low concentrations (Figure 1–17). The UV-Vis 

absorbance spectra of PANI allow for interpretations of the structures from their absorption 

peaks, and in terms enable determination of the oxidation states (Figure 1–18) [113]. LEB 

form is in a fully reduced state, contains only secondary amine, hence it shows strong 

absorption for benzenoid rings (for B, 343 nm) and no absorption for quinoid rings (Q, 630 

nm). EB form is in a neutral state, contains equal numbers of secondary amine and tertiary 

amine. Hence, it has UV-Vis absorptions at both 330 nm (for B) and 630 nm (for Q) with 

intensity ratio (Q/B) of 0.75. PB form is in a fully oxidised state, contains only tertiary 

amines. Hence, it shows UV-Vis absorptions shifted to 327 nm (B) and 530 nm (Q) and 

intensity ratio (Q/B) of 0.7 [78]. The shifting of peak wavelengths is due to the change of 

electronic configurations by the two main electron-withdrawing groups, B and Q. Thus, it is 

possible to estimate the oxidation states of unknown samples from the location of B and Q 

peaks, intensity ratios and area under the curves [113]. This makes UV-Vis absorbance 

spectroscopy a useful characterisation tool for determining the structure and oxidation states 

for PANI synthesis. ES is the most notable form of PANI, because ES is the most conductive 

and environmentally stable form of PANI [5]. Chemically synthesised PANI generally 

resulted in the ES form, regardless of how small amount of oxidant was used [114].  

 

Figure 1–17.  NMP solutions of PANI ES (0.1 % w/v, left) and PANI EB (0.1% w/v, right). 
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Figure 1–18.  UV-Vis absorption spectra of EB, in different reduced levels and different 

oxidised levels, in inert atmosphere (adopted from Albuquerque et al., (2000)[113], © 2000 

Elsevier. Reproduced with permission). 

1.4.3. Gel permeation chromatography  

Gel permeation chromatography (GPC) is a size exclusion chromatography method which 

utilises highly porous columns with specific polarity which interacts with dissolved polymer 

solutions and separates the polymers according to their hydrodynamic sizes.  

The larger molecules pass through the packed column relatively quickly, while the smaller 

molecules interact with the column freely resulting in a much longer path and longer elution 

time. The eluted polymer solutions are generally passed through a combination of a multi-

angle light scattering (MALS) detector and a refractive index (RI) detector, which have the 

capabilities to detect molecular weight distributions and different polymer compositions, 

respectively [115]. 
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1.4.4. Dynamic light scattering  

Similar to MALS, dynamic light scattering (DLS) measures the particle and molecular size 

distributions of dispersed particles by actively measuring the velocity of the particles 

undergoing Brownian motion, using a fixed wavelength laser [9]. The hydrodynamic 

diameter, assuming the particles are spherical, could be calculated from their velocity of the 

Brownian motion using the Stokes-Einstein equation, which describes smaller particles travel 

at a higher speed compared to larger particles [116].  

 

1.5. Motivation for current work  

PANI has important properties such as tuneable conductivity, excellent thermal stability, low 

cost and ease of production [15]. Most of the research on PANI applications focuses on its 

electrical applications, including: organic polymer circuits, flexible polymer displays and 

flexible batteries [16]. However, PANI is difficult to thermo-process and solution-process, 

and generally incompatible with other polymers, making it very difficult to form free-

standing films and composites. Recent developments in nano-structured PANI, including: 

nfPANI, PANI emulsions and colloids, have greatly improved the solution-processability of 

PANI and significantly increased the application potentials of PANI. Most of all, recent 

studies on antioxidant activities and antimicrobial efficacy on PANI suggest that PANI is a 

truly multi-functional material and its biomedical applications should not be overlooked.  

The objective of this PhD study was to explore the potential applications of PANI in tissue-

engineering and related applications, by studying properties such as the antimicrobial and 

antioxidant properties of nanostructured-PANI, including nfPANI, PANI emulsions and 

colloids; and PANI composites, such as electrospun fibres and film composites. Specifically, 

the aim also included generating potential commercial interests for PANI, as an emerging 
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new material for biomedical applications. In this study, the main research question is: does 

nano-structured PANI retain its antioxidant and antimicrobial properties? Previous studies 

has shown that nanoparticles, such as zinc oxide, have enhanced antimicrobial efficacy due to 

the surface effects of nanoparticles [117]. In addition, nano-structured PANI also showed 

good antioxidant activity due to increase in surface area [87]. Hence, this study hypothesized 

that the PANI fibre-scaffolds and composites could possibly show enhanced antimicrobial 

efficacy and antioxidant activity due to similar surface effects. The specific objectives and 

research questions for each chapter will be outlined in the follow sections: 

 

1.5.1. nfPANI with antimicrobial and antioxidant properties  

Recent findings of nfPANI via the RMR method offers potential improvements in solution-

processability and compatibility for PANI composites which was worth investigating, 

because to the best of our knowledge, the antimicrobial and antioxidant properties of nfPANI 

have not been studied previously. In Chapter 3, the objective was to study the effects of 

oxidant levels and dopant acids on the properties of PANI (reaction yields, morphology, 

composition, conductivity, free-radical scavenging capcity and antibacterial efficacy). 

According to the mechanism proposed by Huang et al., the generation of nanofibrous 

morphology is a result of rapid termination of polymerisation at an early stage by limiting the 

supply of oxidant [8]. In Chapter 3, the hypothesis was that nanofibrous morphology could 

possibly be obtained by limiting the supply of monomer, or by using excess amount of 

oxidant, which may also result in a rapid termination of polymerisation. In addition, using 

excess amount of oxidant could possibly result in increases in reaction yield, higher oxidation 

levels and higher molecular weight, which could also have direct influences on the 

antioxidant capacity and antimicrobial efficacy. By comparing with granular PANI, Chapter 
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3 will address the following research questions: How does the morphology of PANI affect its 

antioxidant capacity and antimicrobial efficacy? How easy can nfPANI be dispersed in water 

and common solvents, for electrospinning and solution processing purposes, and how stable 

are the dispersions? The outcome from this chapter could provide insight on material 

selection, improve solution porocessability and compatibility, and to maximise the 

antioxidant capacity and antimicrobial efficacy for tissue-engineering applications.   

1.5.2. PANI colloids and emulsions with antimicrobial and antioxidant properties  

Surfactants and steric stabilisers have shown ability to control and influence the particle size 

and morphology of PANI emulsions and colloids [31, 37]. During polymerisation, by-

products (such as sulphuric acid) and short chain oligomers (n < 12) could form, which are 

generally removed by washing due to their high bioactivity and toxicity [96, 118]. Hence, it is 

also critical to remove these undesirable compounds from the PANI emulsions and colloids 

for biomedical applications. In Chapter 4, the objectives were to study the effect of different 

stabilisers (anionic surfactant, non-ionic surfactant, and steric stabilisers) on the physical 

properties of PANI colloids, such as stability, chemical structure, oxidation state and particle 

size distribution; and to evaluate the effectiveness of dialysis treatment on various PANI 

emulsions and colloids. The main research questions for Chapter 4 were: what effects do 

post-treatments have on PANI emulsions and colloids; how do different stabilisers influence 

the antioxidant capacity and antimicrobial efficacy of PANI; and how do physical properties 

of PANI emulsions and colloids improve the antioxidant and antimicrobial properties? It was 

hypothesised that reduction of particle size would possibly result in improved antioxidant 

activity of PANI emulsions and colloids; and increases in the free-radical scavenging rate, as 

a result of increasing surface area. Furthermore, the use of different stabilisers may also have 

positive influences on the on the antimicrobial efficacies of PANI emulsions and colloids, 

also through the reduction of particle sizes.  
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1.5.3. Electrospinning of PVP-nfPANI: optimisation and characterisation  

Electrospinning produces highly porous fibre-scaffolds by applying an electric field which 

draws the polymers into ultrafine fibres [119]. PVP is a suitable polymer for electrospinning 

and a good carrier for PANI-containing electrospun fibres due to high compatibility with 

PANI, which found applications as gas sensors for NO2 and NH3 [65]. This study intended to 

focus on the biomedical applications for electrospun PVP-PANI fibre-scaffolds, which have 

not been studied previously. In Chapter 5, the objectives were to optimise the electrospinning 

conditions of PVP360; produce electrospun PVP-nfPANI composites using PVP360 and 

characterise the effects of nfPANI on the electrospun fibres, especially on the antioxidant and 

antimicrobial properties, for applications such as tissue-engineering. The research questions 

for this chapter were: what are the major variables influencing electrospinning of PVP; how 

does the addition of PANI influence electrospinning of PVP; and how does electrospinning 

influence the antioxidant capacity and antimicrobial efficacy of PANI? It is proposed that 

PVP-PANI electrospun scaffolds could possibly result in enhanced antioxidant capacity and 

antimicrobial efficacy due to the highly porous nature of electrospun scaffolds. Furthermore, 

the outcomes from this chapter could possibly enable optimisations of the electrospinning 

variables and potentially enable tissue-engineering applications.    

1.5.4. PVP-nfPANI electrospun fibres: a novel route to PANI colloidal dispersions  

o and has good affinity with PANI, therefore PVP is widely utilised as a stabiliser for in-situ 

polymerisation of PANI. However, in-situ polymerisation requires post-treatment processes, 

such as dialysis or solvent-precipitation, which are often very time-consuming. Chapter 6 

investigates direct dispersions of nfPANI in aqueous PVP solutions, including a novel route 

which involves re-dispersions of electrospun PVP-nfPANI fibre-scaffolds.  By utilising the 

solubility of PVP, the electrospun PVP-nfPANI fibre-scaffolds could possibly be utilised as a 
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rapid delivery of PANI dispersions with antioxidant capacity and antioxidant efficacy. 

Furthermore, the electrospun PVP-nfPANI fibre-scaffolds could possibly act as a storage 

media for nfPANI for topical delivery of antioxidant and antimicrobial properties. The 

objectives of this chapter are: to investigate direct methods of preparing PVP-PANI 

dispersions and to compare their physical and chemical properties, including antioxidant 

capacity and antimicrobial efficacy, with in-situ polymerised PVP-PANI colloidal 

dispersions. Hence, this chapter focused on addressing the following research questions: how 

does electropinning affect the antioxidant capacity and antimicrobial efficacy; how do direct 

dispersions of nfPANI in aqueous perform compared to in-situ polymerised PANI; and what 

advantages do the dispersions have?  The outcome from this chapter would possibly provide 

further information on the factors influencing the antioxidant and antimicrobial properties of 

PANI dispersions.  

1.5.5. PCL-nfPANI electrospun nanofibres with antioxidant and antimicrobial 

properties  

A biodegradable polymer, PCL is a suitable polymer for electrospinning and potential carrier 

polymer for PANI fibre-scaffolds. A recent study by Borriello et al. suggested that PCL-

PANI fibre-scaffolds, containing up to 1% w/w PANI, can be obtained using electrospinning 

[62]. The PCL-PANI fibre-scaffolds were biocompatible, showing healthy proliferation of 

human Mesenchymal Stem Cells (hMSC), but the initial cell adhesion on the micron-sized 

fibres was poor compared to tissue-culture plates (TCP). Li et al suggested that by reducing 

fibre diameters to 100 to 200 nm, the cell adhesion for H9c2 rat cardiac myoblast cells on 

cellulose electrospun fibres could be optimised [60]. Therefore, in Chapter 7, the hypothesis 

was that by reducing the fibre-diameters to submicron scale would possibly improve the 

initial cell attachments on PCL-PANI electrospun fibres. Hence, the research questions for 

this chapter were: how much PANI content is required to show antioxidant capacity and 
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antimicrobial efficacy in PCL-PANI fibre-scaffolds; are PCL-PANI fibre-scaffolds 

biocompatible at higher PANI-contents; and how does reduction of fibre diameters improve 

the cell adhesion on PCL-PANI fibre-scaffolds? Hence, the objective for this chapter was to 

investigate the effects of increasing PANI-contents and reducing fibre diameters on the 

antioxidant capacity and antimicrobial efficacy of PCL-PANI fibre-scaffolds. The outcome 

from this chapter would possibly enable development of multifunctional fibre-scaffolds for 

tissue-engineering applications.  

1.5.6. SR-PANI Composites with antimicrobial and antioxidant properties 

SR is a widely used polymer for biomedical applications for its high durability and 

biocompatibility. SR-PANI composites have very interesting electrorheological (ER) and 

electromagnetic (EM) properties for applications such as articulators, ER fluids and EM 

shielding.[74, 76] However, the biomedical applications for SR-PANI composites have not 

been explored previously, in particular, for its antioxidant capacity and antimicrobial 

efficacy. With PANI showing good compatibility with silicone oils [74], it was therefore 

hypothesised that nfPANI would also have high compatibility with silicone oils and could 

possibly be blended into one of the component of silicone rubber composites prior to 

polymerisation and subsequently fabricated into medical devices containing PANI. For 

Chapter 8, the objectives were to incorporate nfPANI into SR composites evaluate the effects 

of nfPANI on the mechanical properties, antimicrobial efficacy and antioxidant properties of 

SR-nfPANI composites. Hence, the main research questions for this chapter would be: does 

PANI inhibit the curing, or crosslinking, of SR; are there other methods to incorporate PANI 

to SR composites, other than blending; how active will PANI be after incorporated; and how 

to maximise the antioxidant capacity and antimicrobial efficacy of SR-PANI composites? 

The research outcome from this chapter would possibly enable applications in medical 
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devices such as hearing-aids and topical wound-dressings, where antioxidant capacity and 

antimicrobial efficacy would be highly beneficial.    
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Chapter 2. Methodologies 

2.1. Introduction  

This chapter includes the methodologies behind the syntheses, post-treatments and 

characterisations of PANI, nfPANI, dispersions, colloids and composites utilised in this PhD 

thesis. In addition, it also contains detailed specifications of the equipment, conditions, 

settings and, where applicable, relevant findings from previous studies on PANI, aimed to 

support the discussions presenting in the following chapters. Novel methodologies discussed 

in this chapter include: high yield nfPANI from HAPS, nfPANI direct dispersions in PVP 

solutions, in-situ polymerised PANI in polysorbate 20 and low molecular weight PVP (M,n =  

24,000), electrospinning of PANI in PVP (Mn = 360,000), PANI dispersions derived from 

electrospun PVP-PANI fibre-scaffolds, nano-scale PCL-nfPANI electrospun fibres, and SR 

composites containing nfPANI.  

2.2. PANI syntheses 

2.2.1. Classical synthesis of PANI-HCl 

Aniline (ANI; 99%, ACS grade, Sigma-Aldrich Co.) was double distilled before use. 

Hydrochloric acid (HCl; 37%, 12 M, Mallinckrodt Chemicals) was diluted to 1 M using 

deionized water. Ammonium persulfate (APS; 98%, ACS grade, Sigma-Aldrich Co.) was 

used directly as supplied without any pre-treatments.  

Polyaniline hydrochloride (labelled as PANI-HCl) was prepared by oxidation of ANI using 

APS ([ANI]:[APS] = 1:1.25) via the classical synthesis method [15]. Specifically, APS 

(11.41 g, 50 mmol) and ANI (3.73 g, 40 mmol) were respectively dissolved in 100 mL of 

1 M HCl. The APS solution was added drop-wise to the ANI solution under constant 
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mechanical mixing at room temperature. The APS feed was controlled to about 3 mL·min-1 to 

ensure the feed complete around 30 min. The reaction vessel was kept under stirring over 24 

hours. The precipitate was filtered and washed with deionized water and followed by acetone, 

dried at 60 °C overnight and finally ground into fine powder (sized using a 125 µm sieve).   

2.2.2. Synthesis of nfPANI via RMR method 

D(+)-10-Camphorsulfonic acid (CSA; 99%, ACS grade, Acros Organics, Figure 2−1) was 

used directly as supplied without any pre-treatments. Other chemicals are identical to the 

classical synthesis of PANI-HCl (see Section 2.2.1).  

 

Figure 2−1.  Chemical structure of CSA. 

Polyaniline nanofibres (nfPANI) was prepared by oxidation of ANI by APS using the RMR 

method [120]. Two levels of APS were employed in the reaction: for LAPS, [ANI]:[APS] = 

1:0.25; and for HAPS, [ANI]:[APS] = 1:1.25. Specifically, replica samples of ANI (3.73 g, 

40 mmol) were dissolved in 100 mL of 1 M HCl; and oxidised using two different levels of 

APS (LAPS: 2.28g, 10 mmol; and HAPS: 11.41 g, 50 mmol) dissolved in 100 mL of 1 m 

HCl. The solutions of ANI and APS were rapidly mixed and stirred using a glass rod for 30 s 

and left standing undisturbed overnight. The precipitates were filtered and washed with 

deionised water and followed by acetone, dried at 60 °C overnight and finally ground into 

fine powder, giving nfPANI-HCl-LAPS and nfPANI-HCl-HAPS (for low ASP and high 

APS, respectively). The CSA doped samples were also prepared in similar fashion by 
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replacing 1 m HCl with 1 m CSA, and labelled as nfPANI-CSA-LAPS and nfPANI-CSA-

HAPS (for low APS and high APS, respectively).    

2.2.3. nfPANI direct dispersions  

Polyvinylpyrrolidone: Mn 360,000 (PVP360; ACS grade, Fluka Analytical) was dissolved in 

distilled water, making a 20% w/v solution. PANI and nfPANI were then mechanically 

dispersed in distilled water with or without the aid of PVP360, giving PVP-PANI and PANI 

direct dispersions (labelled as PVP-PANI DD and PANI DD, respectively).  

2.3. Polyaniline colloids and emulsions  

2.3.1. In-situ polymerisation of PANI colloids and emulsions 

ANI (99%, ACS grade, Sigma-Aldrich Co.) was double distilled before use. HCl (37%, 12m, 

Mallinckrodt Chemicals) was diluted to 1 M using deionised water. APS (98%, ACS grade, 

Sigma-Aldrich Co.); sodium dodecyl sulfate (SDS; anionic surfactant, ACS grade, Koch-

Light Laboratories), polysorbate 20 (Tween 20; non-ionic surfactant, ACS grade, Croda); 

polyvinylpyrrolidone: Mn 360,000  (PVP360; steric stabiliser, ACS grade, Fluka Analytical) 

and Mn 24,000 (PVP24; steric stabiliser, ACS grade, Aldrich Chemical); polyethylene 

glycol: Mn 400 (PEG400; steric stabiliser, ACS grade, Lancaster Synthesis) and Mn 200 

(PEG200; steric stabiliser, ACS grade, Fluka Analytical); and Acetone (99%, ACS grade, 

ECP Ltd) were used directly as supplied without any pre-treatments. Sodium sulphide (Na2S; 

ACS grade, Ajax Chemicals) was dissolved in distilled water to make 0.3% w/v solution. 

Sulfuric acid (H2SO4; > 95%, Fisher Scientific) was diluted using distilled water to make 

0.2% v/v solution.  

Cellulose membrane dialysis tubing (molecular weight cut-off or MWCO of 14,000; D9277, 

Sigma-Aldrich) was pre-treated following the supplier’s instructions: removal of glycol (by 

washing with running water for 4 hours); removal of sulfur compounds (by treating with 
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Na2S solution, 0.3% w/v, at 80 °C for 1 minute, and rinsed with 60 °C distilled water); and 

acidification (by treating with sulfuric acid, 0.2% v/v; and rinsed with 60 °C distilled water).    

Names Structures 

Sodium dodecylsulfate 
(SDS) 

 

Polysorbate, 
polyoxyethylenesorbitan 

monolaurate 
(Tween) 

Polyvinylpyrrolidone 
(PVP) 

Polyethylene glycol 
(PEG) 

Figure 2−2.  Chemical structures of stabilisers for preparing PANI colloids and 

emulsions. For Tween 20, the total ethylene oxide units (w = x + y + z) is 20. For 

PVP360, the total repeating units (n) is 3,200. For PVP24, the total repeating units (n) is 

200. For PEG400, the total repeating ethylene glycol units (n) is 8 to 10, and for PEG200, 

the total repeating ethylene glycol units (n) are 4 to 5.  

PANI colloids and emulsions were prepared by oxidation of ANI colloidal dispersions, using 

APS (1: 1.25 molar ratios) via in-situ polymerisation. Specifically, SDS (or other stabilisers, 

2.0 g) was dissolved in 100 mL of 1 M HCl using mechanical stirring, followed by addition 

of ANI (0.373 g, 4 mmol), forming stable ANI colloidal dispersions. Separately, APS (1.141 
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g, 5 mmol) was dissolved in a 100 mL of 1 M HCl, and added drop-wise to the ANI colloids 

under mechanical mixing at room temperature. The APS feed was controlled to about 3 

mL·min-1 to ensure the feed complete around 30 min. The reaction vessel was kept under 

stirring over 24 hours.  

2.3.2. Dialysis treatment of PANI colloids and emulsions 

Dialysis of the PANI colloids were carried out using cellulose membrane tubing with distilled 

water. MWCO of 14,000 was selected for to removal of unbound stabilisers, oligomers (n < 

150), soluble ions, acids and monomer. The pH and conductivity of dialysate (the portion that 

passed through the membrane) were monitored using a pH meter (Eutech pH 5+ with 

Ag/AgCl electrode) and regularly replaced with fresh distilled water until pH and 

conductivity became constant.   

Monitoring of the dialysates from the PANI colloids was carried out to ensure removal of 

reactants and by-products, including acids and oligomers, which may be highly toxic and 

could attribute to antimicrobial results unintentionally [91]. The dialysis were carried out 

using 200 times volume of distilled water (conductivity < 1 µS·cm-1). The samples were 

repeated dialysed until the pH of the dialysates increased to > 5 and the conductivity was 

reduced to < 10 µS·cm-1. The efficiency of dialysis was monitored and evaluated by plotting 

the pH and conductivity of the dialysates against time. 

2.3.3. Acetone co-precipitation of PANI colloids and emulsions 

Alternatively, PANI colloids can be co-precipitated using acetone; washed and redispersed in 

distilled water. Specifically, PANI colloids were added drop-wise into acetone (at 8 to 10 

times volume of the colloid) and the precipitates were centrifuged and redispersed in water. 

This process was repeated two to three times until acetone became clear to remove the by-

products such as oligomers.  
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2.4. PVP-nfPANI electrospun fibres    

2.4.1. Procedures for electrospun PVP-PANI fibre-scaffolds 

Methanol (MeOH; 99.8%, ECP Ltd.); PVP360 (Mn = 360,000, Sigma-Aldrich Co.) were used 

directly as supplied without any pre-treatments. Aluminium sheet (Al sheet; food-grade 

1200/502, Unifoil) was used as a substrate for collecting electrospun fibre-scaffolds. PANI 

and nfPANI were prepared and processed according to procedures described in Sections 2.2.1 

and Section 2.2.2. PVP-nfPANI methanolic dispersions (20 % w/v) were prepared by 

dissolving PVP360 (16.0 g) in MeOH (10.0 mL) by mechanical stirring, followed by 

dispersing PANI or nfPANI (4.0 g) in the PVP360/MeOH solutions.  

PVP-nfPANI fibre-scaffolds were electrospun from PVP-nfPANI methanolic dispersions. 

Specifically, a high voltage was applied across a glass syringe with a controlled feed rate 

inside a humidity controlled glove box. The power source was from a Bertan high voltage 

power supply (series 230, model 20R), adjustable to 20 kV. The feed-rate was controlled by a 

Cole Parmer programmable syringe pump (Cat #789100C). The temperature and relative 

humidity (RH) were controlled by flushing the glovebox with dry air and measurements 

carried out with a Delta Ohm thermohygrometer (HD 2301.0) and a combined probe 

(HP472AC).  

The typical electrospinning conditions were: voltage 15 kV, target distance 100 mm, feed-

rate 2.0 mL·h-1, temperature 20 ± 2 °C, and RH 50 ± 5 %. The electrospun fibre-scaffolds 

were collected on electrically grounded targets, which were kept under reduced pressure for 

24 h to ensure evaporation of solvents. PVP-PANI electrospun fibre-scaffolds were stored in 

a desiccator due to hygroscopic nature of PVP.   
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2.4.2. PVP-PANI fibre re-dispersion 

Electrospun PVP/PANI fibre-scaffolds can be dispersed in polar solvents to give stable 

nfPANI fibre re-dispersions (PVP-nfPANI FRD). Hence, it is possible to store highly 

dispersed nfPANI particles in a dry-form as electrospun fibre-scaffolds and deliver the PVP-

nfPANI FRD on demand. Specifically, PVP-nfPANI FRD (0.5 g, as described in the previous 

section) was dissolved in 10 mL of distilled water by sonication, effectively containing 1% 

w/v nfPANI.  

2.5. PCL-nfPANI electrospun fibres-scaffolds and film composites  

2.5.1. Procedures for electrospun PCL-PANI fibre-scaffolds 

MeOH (99.8%, ECP Ltd.); chloroform (CHCl3; 99.8%, Mallinckrodt Chemicals); poly-ε-

caprolactone (PCL; Mn = 80,000, Sigma-Aldrich Co.) were used directly as supplied without 

any pre-treatments. Al sheet (food-grade 1200/502, Unifoil) was used as a substrate for 

collecting electrospun fibre-scaffolds. nfPANI was prepared according to procedures 

described in Section 2.2.2. PCL-nfPANI dispersions (20 % w/v) were prepared by dissolving 

PCL in a CHCl3/MeOH blend (4: 1 by weight; or 2: 1 by volume, approx.) by mechanical 

stirring, followed by dispersing nfPANI in the PCL solutions. The equipment used in 

electrospinning of PCL-PANI was identical to Section 2.4.1; namely the power source, 

syringe pump, and temperature / humidity controls. 

PCL/PANI fibre-scaffolds were electrospun from PCL-PANI dispersions. A high voltage was 

applied across a glass syringe with a controlled feed rate inside a humidity controlled glove 

box. The typical electrospinning conditions followed in the experiments were: voltage 15 kV, 

target distance 100 mm, feed-rate 0.4 mL h-1, temperature 20 ± 2 °C, and RH 50 ± 5 %. The 

electrospun fibre-scaffolds were collected on electrically grounded targets, which were kept 

under reduced pressure for 24 h to ensure evaporation of solvents.  
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2.6. SR-PANI composites  

2.6.1. Procedures for SR-PANI composites 

Silicone rubber (SR; medical grade elastomer, Silastic MDX4-4210, Dow Corning) was used 

directly as supplied without any pre-treatments. PANI and nfPANI were prepared and 

processed according to procedures described in Sections 2.2.1 and 2.2.2. 

SR control was prepared by manually mixing the two parts of MDX4-4210 (10:1 by weight; 

10 part base, vinyl terminated; and 1 part catalyst, silane terminated); drawn into thin-films 

using stainless drawdown-rods, over non-stick polytetrafluoroethylene (PTFE) surfaces; 

degassed at reduced pressure repeatedly to remove entrapped bubbles; and cured at 100 °C 

for 1 h.  

SR-PANI composites were prepared by manual mixing (or by laboratory homogeniser) PANI 

or nfPANI into the base component of MDX4-4210, followed adding and mixing of the 

catalyst component, drawn into thin films, degassing and curing procedures identical to those 

of the SR control.  

2.6.2. Procedures for SR-PANI DC (dip-coated)  

Dispersions of nfPANI (1% w/v) were prepared by sonicating 1.0 g of nfPANI-HCl-HAPS 

(Table 3−1, Chapter 3) in 100.0 mL distilled water for 30 min to obtain homogeneous 

dispersions of nfPANI. SR films were prepared and cured from MDX4-4210 using 

procedures described previous in Section 2.6.1, cut into regular squares of 20×20 mm , 

washed with distilled water, dipped coated in the 1% w/v nfPANI dispersion for 30 seconds, 

rapidly removed from the dispersion and air dried overnight at room temperature.  

2.6.3. Procedures for SR-PANI IS (in-situ polymerised)   

SR thin films (10 sheets, 20×20 mm squares, as described in Section 2.6.1) were added into 

100 ml of HCL solution (1 M) containing ANI (ANI (3.73 g, 40 mmol) under mechanical 
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stirring for 30 min. While maintaining stirring, 100 mL of HCl solution (1 M) containing 

APS (11.41 g, 50 mmol) was added (drop-wise over 15 min) to the mixture and maintained 

stirring overnight. The in-situ polymerised films of SR-PANI IS were collected, washed in 

distilled water and air-dried at room temperature overnight.  

2.7. Physical Characterisations 

2.7.1. Non-volatile contents 

Non-volatile contents refer to the porttions which do not evaporate under normal temperature 

and pressure conditions. The method is outlined in the following:  

100.0 g of PANI colloid was dispensed in Petri dishes and evaporating at 105 °C overnight 

and weighing the remaining non-volatiles. Non-volatile contents, expressed as a percentage, 

of PANI colloids were calculated by the following equation:  

Non-volatile content (%) =  × 100%     (Equation 2–1) 

2.7.2. Reaction yields 

The yields of PANI polymerisation were calculated using the following equation [46]:  

Yield (%) =  × 100%              (Equation 2–2) 

The yields of PANI colloid in-situ polymerisation were calculated by dividing the non-

volatile contents (Section 2.7.1) by the theoretical non-volatile contents using the following 

equation:  
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Yield (%) =  × 100%      (Equation 2–3) 

The theoretical non-volatile content is calculated using Equation 2–1, by substituting the non-

volatiles by the sum of mass of monomer and stabiliser.   

2.7.3. FTIR spectroscopy 

FTIR spectroscopy of PANI, nfPANI, PANI colloids, electrospun PVP-nfPANI fibre-

scaffolds and electrospun PCL/PANI fibre-scaffolds were collected on a Thermal Nicolet 

8700 by transmission mode using pressed potassium bromide (Uvasol, Merck Chemicals, 

KBr) discs. Typically, 200 mg of KBr was mixed with 1 to 2 mg of PANI-containing 

samples, ground to fine powder and pressed into circular discs (ø 13mm)  using a bench press 

at 7 to 8 MPa pressure. For SR-PANI composites, the FTIR spectra were collected using the 

attenuated total reflectance (ATR) mode with a germanium (Ge) crystal window.  

The spectra were recorded with a resolution of (4 cm-1) and total of 64 scans were used to 

average for each sample. Typical FTIR absorption peak assignments for PANI ES, EB and 

nfPANI (for falling-pH method only, RMR method not reported previously) can be found in 

the following table:  
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Figure 2–3.  Typical FTIR spectra of: (a) PANI-ES; (b) PANI-EB; (c) PANI-ES nanofibres 

(falling-pH method); and (d) PANI-EB nanofibres (falling-pH method), adopted from  

Nand et al., (2011)[17], © 2011 Elsevier. Reproduced with permission). 
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 Wavenumbers (cm-1) 

Peak assignments  
PANI ES 
(classical 
synthesis) 

PANI EB 
(classical 
synthesis) 

PANI 
nanofibres  

PANI early 
stages of 

polymerisation 

C=C stretching of phenazine-
like structures [121] 

   1625 

C=C stretching of quinoid 
rings[78, 107-108] 

1565 1573   

C=C stretching of benzenoid 
rings[78, 107] 

1470 1468   

C=N and C=C stretching of 
phenazine- like structure [108, 

121-123] 
-  1440 1445 

C=C stretching of phenazine-
like structure [108, 121-123] 

-  1410 1414 

C−N stretching of secondary 
amines [78, 107] 

1300 1297   

Phenazine-like units [121]    1208 

C−N●+ stretching in polaron 
lattice [78, 107-108] 

1240 1254   

C−H in-plane-bending, doped 
[78, 107-108] 

1128 1156   

Phenazine-like units [121]    1136 

S=O stretching [21]   1035  

C−H out-of-plane bending,  

phenazine-like structure[123] 
  875  

C−H out-of-plane bending [78, 
107-108] 

800 820   

S−O stretching [21, 122]   701  

S−C stretching [122-123]   613  

Table 2−1. Main FTIR peak assignments (region between 1800 and 600 cm-1) for typical 

PANI ES, EB, nfPANI (falling-pH method) and PANI at early stages of polymerisation.    
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2.7.4. Thermogravimetric analysis  

Thermogravimetric analysis (TGA) was carried out on a TGA Q5000 (TA Instruments) using 

platinum plates; under nitrogen purge (20 mL·min-1); and temperature from 40 to 600 °C 

(ramp of 10 °C·min-1).  

2.7.5. Microanalysis  

Microanalysis was carried out by the Campbell Microanalytical Laboratory, University of 

Otago. The samples were dried over silica at room temperature for 24 h before analysis. 

2.7.6. Electron and Optical Microscopies  

Scanning electron microscope (SEM) images of PANI, nfPANI, PANI colloids, electrospun 

PVP/PANI fibre-scaffolds and electrospun PCL/PANI fibre-scaffolds were collected using a 

Philips XL30S Field Emission Gun with SiLi (Lithium drifted) EDX (energy-dispersive X-

ray spectroscopy) detector with Super Ultra Thin Window.  

For PANI and nfPANI, samples were adhered to aluminium holders using conductive 

adhesives. For PANI colloids, glass-slips were first adhered onto aluminium holders using 

conductive adhesives; and small volumes (c.a. 1 µL) were transferred onto the glass-slips and 

air-dried. For electrospinning, the fibres-scaffolds were collected onto aluminium holders for 

5 min, stored in a desiccator for 48 h. All samples were sputter-coated with platinum using a 

Polaron SC7610 sputter coater, for 300 s, at 1 kV and 5 mA. 

Transmission electron microscope (TEM) images were collected using a Philips CM12 

electron microscope. For electrospun PANI, samples were electrospun onto nitrocellulose and 

carbon-coated copper grids for roughly 5 s and dried over silica for 48 h. Staining of PANI 

was carried out by placing a drop of osmium tetroxide solution, OsO4 (50 µL, 2% w/v), on 

the fibre-coated copper grids for 30 min then repeatedly rinsed with deionised water to 

remove excess osmium [124].  
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Optical microscopy images were captured using a Leica DM2500 P microscope, equipped 

with HI PLAN 63×/0.75 POL objective and Leica DFC295 microscope camera. Fibre-

scaffolds were electrospun onto grounded glass-slides for 1 to 2 s, at distances of 10 to 50 

mm, to obtain fibres visible under optical microscopes.  

2.7.7. Ultraviolet-visible (UV-Vis) spectroscopy 

N-Methyl-2-pyrrolidone (NMP; HPLC grade, Sigma-Aldrich) was filtered through 0.2 µm 

PTFE filter before use. PANI and nfPANI samples were converted into EB by undoping: 

using excess amount of 1 M ammonium hydroxide, washed with distilled water and air-dried, 

then dissolved in NMP (30 mg in 5 mL) by mechanical stirring.  

UV-Vis spectroscopy was measured using a Shimadzu UV-Vis Scanning Spectrophotometer 

(UV-2101PC) and Hellma quartz cells (100-QS, 10 mm). The dissolved samples were 

centrifuged, at 10,000 rpm for 5 min, to remove any flocculation which may affect the UV-

Vis measurements due to scattering.     

2.7.8. Molecular weight determination   

Gel permeation chromatography (GPC) is a size exclusion chromatography (SEC) method 

which is useful for determining molecular weight of polymers. SEC is a liquid 

chromatographic technique which sorts dissolved polymers by their molecular weight by 

hydrodynamic volumes in the mobile phase. The hydrodynamic volume of a polymer is 

highly depended on the interactions between the polymer and solvent, including molecular 

weight, branching and swelling. Hence, accurate molecular weight can only be determined if 

the structure of standard and sample are identical [125]. Nevertheless, other calibration 

standards can still be used, giving a “relative” molecular weight that can be compared against 

each other with good confidence.   
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2.7.8.1. Procedures for molecular weight determination  

NMP (HPLC grade, Sigma-Aldrich) was filtered through a 0.2 µm PTFE filter before use. 

Poly (methyl methacrylate) standards (PMMA; peak molecular weights (Mpeak) = 1860, 4950, 

10570, 20130, 29960 and 46890, Agilent) were dissolved NMP (30 mg in 5 mL) and used in 

gel permeation chromatography (GPC) as calibration of relative molecular weights.  

Molecular weights of PANI samples were determined by GPC fitted with a size exclusion 

column (PolyPore 300 × 7.5mm 1113-6500, Polymer Laboratories), equilibrated at 40 °C and 

a flow rate of 0.250 mL·min-1. Eluted fractions were passed through a multi-angle light 

scattering detector (DAWN DSP, Wyatt) and a refractive index (RI) detector (RID-10A, 

Shimadzu). A standardisation plot was prepared from plotting log(Mpeak) of PMMA standards 

versus the elution volumes obtained from the RI detector. A straight-line fit and an equation 

for the standardisation plot was calculated using Microsoft Excel.  

PANI and nfPANI samples were converted into EB form and dissolved in NMP following 

similar procedures described in Section Error! Reference source not found..  The dissolved 

PANI solutions were then filtered through 0.45 µm PTFE filters before injecting into GPC. 

The molecular weights of PANI samples were calculated from the equation obtained from the 

standardisation plot.   

2.7.9. Dynamic light scattering (DLS)  

The particle size distribution of aqueous PANI direct-dispersions and colloidal dispersions 

were determined by dynamic laser scattering (Zetasizer Nano ZSP, Malvern). Distilled water 

was filtered through a 0.45 µm cellulose acetate filter before use. All PANI dispersions were 

diluted to 0.01 % w/v for DLS analysis; further dilutions were carried out when required.  
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2.7.10. Water contact angles  

Water contact angles were measured using an optical contact angle meter by KSV 

Instruments (Monroe, CT, USA). A series of 6 images were taken 30 s after a drop of 5 µL 

deionised water was pipetted onto the fibre-scaffolds, and averaged values were calculated 

from the obtained still images. 

2.8. Functional Characterisations  

2.8.1. Electrical conductivity 

For conductivity of PANI and nfPANI, the samples were dried under reduced pressure (< 5 

kPa) for 24 h and pressed into c.a. 1 mm-thick discs using a lab press (Graseby Special) and a 

13 mm die-kit (Pike Technology). The thicknesses of the pressed discs were determined 

using a digital micrometer (Model 293-832, Mitutoyo). DC conductivity was measured using 

the four-probe method (Model RM2, Jandel).    

Electrical conductivity of the electrospun fibre-scaffolds was recorded using the two-probe 

method [126]. The PCL and PCL-PANI fibre-scaffolds were directly electrospun onto the 

gold-plated circular electrodes. Drying and removal of solvents were carried out under 

reduced pressure as specified previously. The samples and equipment were all equilibrated at 

20 ± 2 °C and 55 ± 2 % relative humidity for 1 h before measurements were carried out. The 

high voltage DC source was supplied by and voltage-drops were measured a Keithley 6517A 

Electrometer/High Resistance Meter 220 programmable current source (current set at 1.0 nA 

and voltage limited to 100 V). Gold-plated electrodes (in-house constructed, Centre for 

Advanced Composite Materials) were used in the experiments to ensure the formation of 

Ohmic contacts with the fibre-scaffolds. 

Electrical conductivity of the polymer solutions and dispersions were recorded using a 

conductivity electrode (Model CDM230, Radiometer Analytical). The conductivity cell was 
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directly immersed in the solutions and equilibrated for 5 min before measurements were 

recorded.  

2.8.2. DPPH● free-radical scavenging capacity 

MeOH (99.8%, ECP Ltd.) was used directly as supplied without any pre-treatments. 2,2-

diphenyl-1-picrylhydrazyl (DPPH●; Sigma-Aldrich Co.) was dissolved in MeOH using 

mechanical stirring, filtered through a 0.45 µm cellulose acetate filter and stored in a dark 

vessel before use. Optical absorbance of the DPPH● solutions were measured using a 

Shimadzu UV-Vis Scanning Spectrophotometer (UV-2101PC) and Hellma quartz cells (100-

QS, 10 mm).  

The DPPH● concentration was calibrated by diluting 250 µM into 125 µM, 62.5 µM and 

31.25 µM with appropriate amounts of methanol and measuring their optical absorptions at 

516 nm. The amount of DPPH● scavenged by PANI and PANI-composites containing 

samples were determined by measuring the differences in absorbance at 516 nm for samples 

containing 1.0 mg of PANI (or equivalent amount of colloids, films or fibre-scaffolds) in 20 

mL of 250 µM DPPH● solutions. The values were corrected by subtracting the amount 

DPPH● scavenged from a control samples (pristine DPPH●). For colloids and dispersions, an 

additional correction was also made by subtracting the absorptions of the stabilisers or 

surfactants.  

2.8.3. Mechanical strength 

PANI (film) composites were cut into strips as specified by ASTM D412 using a standard 

die-cutter (width 3.03 ± 0.05 mm, length 33 ± 2 mm , Super Dumbbell Cutter SDMP – 1000 

– D, Dumbbell Co., Ltd). The thicknesses of the samples were determined using a digital 

micrometer (Model 293-832, Mitutoyo). The yield strengths and elongation of the samples 

were determined using dynamic mechanical analysis (DMA Q800, TA instrument) in tension 
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mode, under controlled force/strain rate (3.0 N·min-1), and the elastic modulus can be 

calculated using the following equation: 

     (Equation 2–4) 

2.9. Biological Evaluations  

2.9.1. Minimum bactericidal concentration (MBC) 

Brain heart infusion (BHI; BD Bioscience), agar (granular, BD Bioscience), sodium chloride 

(NaCl, ACS grade, Scharlau) and 96-well microtitrate plates (BD Bioscience) were used 

directly as supplied without any pre-treatments. BHI broth was prepared by dissolving BHI 

(3.7 g) in distilled water (100 mL). BHI-agar was prepared by dissolving BHI (37 g) and agar 

(15 g) in distilled water (1.0 L). Saline solution was prepared by dissolving NaCl (0.9 g) in 

distilled water (100 mL). BHI, BHI-agar and saline solutions were autoclaved before use. 

BHI-agar plates were prepared by pouring the autoclaved solutions into Petri dishes and 

allowed to cool and solidify in a laminar flow hood. 

Staphylococcus aureus (S. aureus, ATCC 6838) and Escherichia coli (E. coli, ATCC 25322) 

were cultured in BHI broth for 24 h prior to testing. Enumerations of bacteria, in colony 

forming units per millilitre (CFU·mL-1), were carried out using the Miles-Misra Method 

[127], by plating samples of bacteria and their dilutions (up to 1:10,000,000) on BHI-agar 

plates and incubated at standard cell culture conditions (37 °C, 5% CO2) for 24 h. 

Immediately prior to use, the enumerated samples were diluted to 1 × 106 CFU·mL-1 using 

the sterilised saline.  

PANI and nfPANI powder samples (4% w/v) were dispersed directly in distilled water by 

sonication until homogenous. PANI colloids were tested directly without any pre-treatments. 

All PANI dispersions and colloids were checked for bacterial contaminations, by plating the 

sample (100 µL) onto agar plates and incubated (37 °C, 5% CO2) for 24 h.  
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The minimum bactericidal concentration (MBC) of the PANI dispersions and colloids were 

tested by incubating a known amount of S. aureus or E. coli (50 µL, 1 × 106 CFU·mL-1) with 

different concentrations of PANI and determining the lowest required concentration required 

to achieve 99.9% knockdown. Specifically, triplicate samples of the PANI dispersions and 

colloids (100 µL) were transferred to the first row of the 96-well microtitrate plates. The 

samples were then double diluted into subsequent rows, by transferring samples (50 µL) and 

mixed with BHI broth (50 µL). This process was repeated for 6 times and the last row was 

filled with BHI broth only. This reduced the concentration of the wells to 2%, 1%, 0.5%, 

0.25%, 0.125%, 0.06% 0.03% and 0%). All wells were incubated with enumerated bacteria 

(50 µL, 1 × 106 CFU·mL-1). The microtitrate plates were covered and incubated with shaking 

(37 °C, 5% CO2, 24 h) to ensure PANI in suspension during incubation. After incubation, 

each of the 8 dilutions were sampled (20 µL) and plated onto one BHI-agar plate, labelled 

with the corresponding concentration of the dispersions/colloids (2%, 1%, 0.5%, 0.25%, 

0.125%, 0.06% 0.03% and 0%). The BHI-agar plates were allowed to dry, inverted and 

incubated (37 °C, 5% CO2, 24 h). The MBC were determined by the lowest concentrations 

for majority of samples (2 out of 3 positive results) to show no growths (> 99.9% 

knockdown).  

2.9.2. JIS Z 2801 Antimicrobial products – Test for antimicrobial activity and efficacy 

BHI (BD Bioscience), agar (granular, BD Bioscience), NaCl (ACS grade, Scharlau), tryptic 

soy broth (TBS; BD Bioscience), polysorbate (Tween 80; ASC grade, Sigma Aldrich) and 

stomacher bags (Seward) were used directly as supplied without any pre-treatments. BHI 

broth was prepared by dissolving BHI (3.7 g) in distilled water (100 mL). BHI-agar was 

prepared by dissolving BHI (37 g) and agar (15 g) in distilled water (1.0 L). Saline solution 

was prepared by dissolving NaCl (0.9 g) in distilled water (100 mL). TSB-Tween broth was 

prepared by dissolving TSB (3.0 g) and Tween 80 (1.0 mL) in distilled water (100 mL). BHI 
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broth, BHI-agar, saline and TSB-Tween broth were autoclaved before use. BHI-agar plates 

were prepared by pouring the autoclaved solutions into Petri dishes and allowed to cool and 

solidify in a laminar flow hood. S. aureus (ATCC 6838) and E. coli (ATCC 25322) were 

cultured and enumerated using procedures described previously (see Section 2.9.1). 

Immediately prior to use, the enumerated samples were diluted to 1 × 106 CFU·mL-1 using 

the sterilised saline. 

PANI film composites were cut into squares of 50×50 mm and 40×40 mm; and electrospun 

fibre-scaffolds were cut into 50×50 mm squares, coupled with stomacher bags cut into 40×40 

mm as coverings for the fibre-scaffolds. All film and fibre-scaffold samples were sterilised by 

ultraviolet germicidal irradiation (UVGI, 254nm) for 30 min for each sides prior to 

inoculation.  

The Japanese Industry Standard (JIS) Z 2801 specify test methods for antimicrobial inhibition 

for polymer surfaces by incubating a known amount of S. aureus or E. coli between two 

sheets of polymers and determining the knockdown. Specifically, 50×50 mm squares of 

PANI containing composite films or electrospun fibre-scaffolds were placed in centre of Petri 

dishes (Figure 2−4). The bacteria solution (containing a total number of 1 × 106 CFU) was 

inoculated onto the samples, and covered by the 40×40 mm composites (or the pre-cut 

stomacher bags for the electrospun fibre-scaffolds).  



Chapter 2 – Methodologies  
 

63 
 

 

Figure 2−4. Example of experimental setup for JIS Z 2801: LEFT is a 50 × 50 mm SR-PANI 

sample containing a 400 µL inoculant of E. coli ATCC 25322, and on the right is the 

inoculated sample with an additional 40 × 40 mm SR-PANI sample cover (with the inoculant 

sandwiched within).  

The Petri dishes were covered and placed into a container lined with a wet tissue (to prevent 

the samples from drying out) and incubated (37 °C, 24 h). The incubated samples were 

transferred into individual stomacher bags, washed with TSB-Tween broth (10 mL), and 

massaged in the Seward Stomacher for two 30 s intervals with a 1 minute break in between. 

The washes were then transferred and diluted (dilution factors of ×2, ×20, ×200, ×2000 and 

×20000) into molten BHI-agar (45 °C) for enumeration. The BHI-agar plates were allowed to 

cool and solidify in a laminar flow hood, covered, inverted and incubated (37 °C, 5% CO2, 

24h). The plates containing 30 to 300 colonies were counted (Biocount 5000, BIOSYS) for 

viable cell counts, while plates with over 300 colonies were marked as too many to count 

(TMTC). The knockdown was determined by the following equation:  

      (Equation 2–5) 
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2.9.3. Biocompatibility 

2.9.3.1. Cell attachment and proliferation  

Murine fibroblast L929 cell line (ATCC CCL-1); Dulbecco’s modified Eagle’s medium high 

glucose media (DMEM; Life Technologies); fetal bovine serum (FBS; Sera Standard, heat 

inactivated, Life Technologies); phosphate buffered saline (PBS; Sigma-Aldrich Co.); 100× 

Penicillin-Streptomycin (PS; Life Technologies); trypan blue (0.4%, Gibco); 

ethylenediaminetetraacetic acid (EDTA; 0.02%, SAFC Bioscience); 24-well tissue culture 

plate (TCP; Thermo Fisher Scientific); black 96-well plate (Perkin Elmer); ProLong Gold 

with 4',6-diamidino-2-phenylindole (DAPI, Invitrogen); were used directly as supplied 

without any pre-treatments.   

Cell culture  media (CCM) were prepared by mixing DMEM with FBS (10% v/v) and PS 

(1% v/v). Resazurin sodium salt (1% w/v, Sigma-Aldrich Co.) was prepared by dissolving 

resazurin in DMEM and filter sterilised. Porcine trypsin (0.05%, SAFC Bioscience) was 

diluted 1:10 in PBS. Glutaraldehyde (25%, Scharlau Chemie) was diluted 1:10 in PBS. 

Paraformaldehyde (16%, Thermo Fisher Scientific) was diluted 1:4 in PBS. Phalloidin-Texas 

Red (200 Unit·mL-1, Life Technologies) was diluted 1: 40 in PBS.  

In order to evaluate the possible applications for PCL/PANI as scaffolds for biomedical 

applications; L929 murine fibroblast cells, a well-established cell line with high sensitivity to 

toxins, was selected for study of cytotoxicity [128]. L929 cells were cultured in CCM and 

incubated at standard culture condition (37 °C, 5% CO2). Cells were passaged when they 

were 80 – 90% confluent. Adherent cells were released with porcine trypsin (0.05%) in PBS 

with EDTA (2%). Cells were enumerated in the presence of trypan blue (0.2%) to distinguish 

live cells from dead and dying, and diluted in an appropriate amount of DMEM to 1 × 105 

live cells·mL-1 for adhesion and proliferation testing.  
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Cell adhesion and proliferation was measured using a resazurin fluorescence assay, which 

quantifies viable cells at various stages of proliferation [104]. Electrospun fibre-scaffolds 

(collected on 13 mm round glass cover slips) and blank cover slips (CS) were sterilised using 

UVGI for 30 min, and loaded into sterile 24-well tissue culture plates. Cell adhesion was 

carried out by seeding L929 cells (1 × 105 live cells·mL-1) into individual wells containing 

various substrates (TCP, CS, and fibre-scaffolds) overnight in an incubator. The unattached 

cells were removed after 24 h when the supernatants from individual culture wells were 

removed, and replaced with new media containing resazurin (at 500 µM). Cells were 

incubated (4 h, 37 °C, 5% CO2) and supernatant from individual culture wells was collected 

and centrifuged (5 min, 1600 rpm) to pellet any floating cells before aliquoting into black 96-

well plates (100 µL, triplicate) for the determination of fluorescence emission at 590 nm, 

after excitation at 530 nm, on a Perkin Elmer EnSpire 2300 Multilabel Plate Reader. The 

cells were washed once in fresh CCM with no resazurin and left to proliferate overnight. The 

process was repeated over 4 days in order to quantify the proliferation of cells attached to the 

substrates. The experiment was repeated on four separate occasions, using three replicates of 

each growth surface each time (a total of 12 samples). The resazurin fluorescence from each 

well was plotted against time and the area under the curve (AUC) calculated using GraphPad 

Prism. AUC values for each well were normalized to the TCP well (mean of all values) for 

each biological replicate.  

2.9.3.2. Cell morphology 

The morphology of L929 cells grown on various surfaces was determined by epifluorescence 

microscopy. The L929 cells were fixed with paraformaldehyde (4%, in PBS) for 1 h at room 

temperature; rinsed twice with PBS; stained with Phalloidin-Texas Red (1 Unit in PBS, 200 

µL per slide) for 20 min; rinsed twice with PBS and air-dried; followed by mounting with 
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ProLong Gold with DAPI for confocal microscopy on an Olympus FV1000 confocal 

microscope.  

Environmental scanning electron microscope (ESEM) images of the L929 cells after 

adhesion and proliferation on PCL and PCL-PANI fibre-scaffolds were collected on a Quanta 

200 F (FEI, USA) at reduced pressure and temperature (5.0 Torr and 2 °C, respectively). The 

glass cover slips containing the L929 cells were fixed in glutaraldehyde (2.5%, in PBS) and 

rinsed with excess deionized water before images were collected.    
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Chapter 3. nfPANI with antimicrobial and antioxidant properties  

3.1. Introduction 

This chapter outlines the results of characterisations for nfPANI prepared using the RMR 

method using [ANI]:[APS] = 1:0.25 (low APS, LASP) and [ANI]:[APS] = 1:1.25 (high APS, 

HAPS) in two different acid dopants: HCL and CSA. For the first time, the effects of APS 

levels and types of dopant acids on the properties of nfPANI will be discussed, with reference 

to the influences on morphology, reaction yields, chemical structure (FTIR), oxidation states 

(UV-Vis), molecular weight (GPC), dispersion stability, electrical conductivity, free-radical 

scavenging and antibacterial efficacy.  

Previous studies showed that nanoparticles have enhanced antimicrobial properties due to 

increased ability to interact with bacterial membranes [117]. The intentions behind this study 

are to explore the possibilities of enhancing antimicrobial properties through utilising nano-

scale PANI. While PANI is difficult to thermal process and solution process, nfPANI 

presents a very attractive option for solution casting of PANI films and fabricating PANI-

containing composites, because the nano fibrillar morphology has shown have enhanced 

solution processability and dispersibility [120]. 

3.2. Results and discussions 

3.2.1. Morphology of nfPANI  

The SEM images (Figure 3−1, a to d) confirms the formation of nfPANI using LAPS and 

HAPS, and with HCl and CSA dopants. The nfPANI had diameters around 80 nm regardless 

of the amount of APS and types of acid used (Table 3−1). This result appears that the 

formation of nfPANI could be independent of the amount of APS used and the types of acids 
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used, and possibly due to the RMR method employed. The formation of nfPANI using LAPS 

(Figure 3−1, a and c), as suggested by Huang et al., was a result of rapid termination of 

polymerisation process, as limited supply of APS is rapidly consumed by excess ANI [8]. 

Vice versa, it was hypothesised that with HA, rapid termination of polymerisation would also 

occur, as the limited supply of ANI rapidly consumed by excess APS. The formation of 

nfPANI using HA (Figure 3−1, b and d) seems to support our hypothesis. Both 

polymerisation processes terminated at an early stage and the secondary growths were 

surpressed as the reactants are rapidly consumed, preventing the formation of granular 

morphology. 

Samples 
Synthesis 
method 

[ANI]: [APS] 
Dopant 

acid 
Fibre diameters 

(nm) 
Yield (% w/w 
of monomer) 

nfPANI-HCl-LAPS RMR 1: 0.25 HCl 82.8 ± 18.7 35 ± 5 

nfPANI-HCl-HAPS RMR 1: 1.25 HCl 75.3 ± 19.8 106 ± 5 

nfPANI-CSA-LAPS RMR 1: 0.25 CSA 77.5 ± 20.6 28 ± 5 

nfPANI-CSA-HAPS RMR 1: 1.25 CSA 84.8 ± 21.1 102 ± 5 

PANI-HCl Classical 1: 1.25 HCl - 115 ± 5 

Table 3−1. Physical properties of nfPANI and PANI samples compared.  
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Figure 3−1.  SEM images of nfPANI produced from RMR method in the presence of HCl 

and CSA as dopants with different ANI:APS ratios: (a) nfPANI-HCl-LAPS, (b) nfPANI-

HCl-HAPS, (c) nfPANI-CSA-LAPS, (d) nfPANI-CSA-HAPS and (e) PANI-HCl.  
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3.2.2. Reaction yields 

The stoichiometric ratio between ANI and APS for the polymerisation reaction is 

approximately 1:1.25 (see Figure 1–1). This explains why insufficient amount of APS 

resulted in low yields of 35% and 28% (%w/w of ANI) for nfPANI-HCl-LAPS and nfPANI-

CSA-LAPS, respectively. Although Huang et al. suggests that by limiting the supply of APS 

leads to formation of nfPANI [8], large amount of ANI remained unreacted and were 

discarded during purification process through filtration and washing. Most of all, SEM 

microscopy results (Figure 3−1, b and d) showed formation of nfPANI is independent of APS 

levels.  

The use of HAPS is generally employed in the classical synthesis of PANI, gradually fed to a 

stirred reaction vessels in a steady rate to maintain constant reaction throughout the different 

stages of polymerisation [16] and to maximising yields [114]. Here, the use of HAPS with 

RMR method resulted in yields of 106% and 102% (%w/w of ANI) for nfPANI-HCl-HAPS 

and nfPANI-CSA-HAPS, respectively, with increases of almost 300% compared to their 

LAPS counterparts. The yields of nfPANI-HCl-HAPS and nfPANI-CSA-HAPS were 

comparable to PANI-HCl, regardless of the loss of nfPANI during filtration and purification 

process, meaning the conversion rates were very similar.  

3.2.3. FTIR spectroscopy  

The FTIR spectra of all four nfPANI samples (Figure 3−2, a to d) and PANI (Figure 3−2,e) 

have characteristics of typical protonated PANI bands: 1560, 1486, 1297, 1240, 1128 and 

800 cm-1; which could be assigned to: C−N stretching for the quinoid (N=Q=N) rings, C−C 

stretching for the benzenoid (N−B−N) rings, C−N stretching in secondary amines or N−H 

bending,  C−H stretching of the N=Q=N rings, and out-of-plane bending of C−H of para-

substituted benzene rings, respectively [78, 107-108]. The undoped EB counterparts have 
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bands at 1597, 1505, 1166 and 820m-1 which shifted to 1560, 1486, 1128 and 800, 

respectively, as a result of protonation by acid dopants [108]. This confirmed that the four 

samples had similar chemical structures to PANI and were in the conductive state, or the ES 

form.  

Comparing the four nfPANI spectra (Figure 3−2, a to d) with PANI (Figure 3−2e), there are 

distinctive shoulders around 1590 cm-1 for all nfPANI samples, which could be associated 

with the C=C aromatic stretching of benzene rings related to the formation of ortho-coupling 

of aniline.  A typical band at 1597 cm-1 refers to the formation of o-semidine and upon 

subsequent oxidation lead to formation of phenazine-like structures [21, 122]. This is further 

supported by the absorption band at 877 cm-1, which suggested a presence of 1,4,4-

trisubstituted rings, relating to the branched structures of phenazine-like structures [123].   

For the LAPS samples (Figure 3−2a and c), there are signs of phenazine-like structures due to 

absorption bands at 1440 and 1410 cm-1, both were assigned to aromatic C=C stretching. This 

suggests the presence of branched PANI structures, associating with ortho-coupling of 

aromatic rings, often found at early stages of polymerisation and synthesis using the falling 

pH method (or pH > 4) [20, 121, 123]. On the other hand, for the HAPS samples (Figure 3−2, 

b and d), the signs of phenazine-like structures, peaks 1440 and 1410 cm-1, are not prominent 

when compared to the LAPS samples (Figure 3−2, a and c). This suggested the HAPS 

samples were chemically more closely matched to PANI compared to LAPS samples, or 

alternatively, this could possibly be an indication that there was a certain degree of secondary 

growth had taken place, perhaps not sufficient to have significant impact on the morphology.  

For the CSA doped samples (Figure 3−2, c and d), the 1722 cm-1 and 1035 cm-1 bands can be 

assigned to C=O stretching of CSA and S=O vibration of HSO4
- [21, 123, 129-130], 

respectively. In addition, other sulfur bands, 695 and 617 cm-1, can be found in all five 
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samples due to the presence of sulfuric acid, as a by-product of APS from the polymerisation 

reaction, and protonating both PANI and nfPANI [16, 21, 114].  

 

Figure 3−2.  FTIR spectra of: a) nfPANI-HCl-LAPS, b) nfPANI-HCl-HAPS, c) nfPANI-

CSA-LAPS, d) nfPANI-CSA-HAPS and e) PANI-HCl. (* denotes phenazine-like structures; 

** denotes C=O groups in CSA; ǂ denotes S=O groups in CSA) 

Overall, the nfPANI samples were chemically similar to PANI-HCl, with small evidence of 

the phenazine-like structure and the evidence of mixed-doping found similar to PANI-HCl, 

which led to branching and formation of nanofibrous morphology. The branched-structure of 
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phenazine-like structure (Figure 1–15) contains a stable polaron and fully oxidised nitrogen, 

which could possibly influence the electrical properties and free-radical scavenging capacity. 

Nevertheless, the highly positively charged quaternary nitrogen centre might possibly have a 

significant role in attracting the negatively charged bacteria as an antimicrobial [94].  
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C=O stretching of CSA [129] - - 1722** 1730** - 

C=C stretching of quinoid rings  
(dedoped) [108] 

1591 1593 1592 1592  

C=C stretching of quinoid rings 
[78, 107] 

1556 1562 1557 1558 1565 

C=C stretching of benzenoid rings 
[78, 107] 

1471 1481 1477 1479 1470 

C=N and C=C stretching of 
phenazine like structure [108, 122-

123] 
1439* - 1444* - - 

C=C stretching of phenazine like  
structure [108, 122-123] 

1403* - 1411* - - 

C−N stretching of secondary  
amines [78, 107] 

1294 1302 1297 1300 1300 

C−N+ stretching in polaron  
lattice [78, 107-108] 

1236 1242 1236 1242 1240 

C−H in-plane-bending, doped [78, 
107-108] 

1103 1132 1117 1123 1128 

S=O stretching [21] - - 1032ǂ 1037ǂ 1035ǂ 

C−H out-of-plane bending, 
phenazine-like structure [123] 

877 879 876 878 875 

C−H out-of-plane bending [78, 
107-108] 

795 816 794 798 800 

S−O stretching [21, 122] 701 706 701 705 701 

S−C stretching [122-123] 611 617 612 615 613 

Table 3−2. Main FTIR band assignments (in wavenumbers, cm-1) of nfPANI and PANI 

samples for the absorption range between 1800 cm-1 and 600 cm-1 (* denotes phenazine-like 

structures; ** denotes C=O groups in CSA; ǂ denotes S=O groups in CSA). 
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3.2.4. UV-Vis spectroscopy  

As previously described in Chapter 2 (see Section 2.7.7), PANI’s oxidation state can be 

measured using UV-Vis absorption spectroscopy of the undoped forms of PANI (LEB, EB or 

PB) and dissolving in NMP, which measure the electronic transitions of π to π* orbitals (B, 

330 nm) and n to π* orbitals (Q, 630 nm). PANI polymerisation occurs via a series of 

oxidation steps of amine groups: from primary amine (ANI), to secondary amine (B) and 

tertiary amine (Q). Therefore, the oxidation states of PANI can be determined by comparing 

the relative Q/B intensities, area under curve (AUC) and wavelengths of Q and B peaks. 

Generally, the Q/B ratio for emeraldine base reported previously is about 0.75 to 0.8 [78, 

113].   

At LAPS, the UV-Vis absorption of undoped nfPANI-CSA-LAPS shows a Q/B ratio of 0.47, 

with absorption peaks at 328 nm (B) and 624 nm (Q). While the positions of the peaks 

suggest that the oxidation state is similar to EB, the Q/B ratio suggested that the nfPANI-

CSA-LAPS may be in LEB form, at a lower oxidation state compared to EB from, which 

contained a higher fraction of benzenoid rings and a lower fraction of quinoid ring compared 

to EB. This result was unexpected because, in general, the common product and the most 

stable product from classical polymerisation of PANI is ES, regardless of APS levels, which 

should produce EB after undoping [114]. The reason leading to nfPANI-CSA-LAPS having a 

less oxidised polymer is unclear, but this could possibly be linked to lower APS level or the 

use of CSA.  

On the other hand, the UV-Vis absorbance for undoped nfPANI-HCl-LA shows a Q/B ratio 

of 0.7, with absorption peaks at 333 nm (B) and 636 nm (Q). Both the Q/B ratio and the 

absorption peaks suggested that the undoped nfPANI-HCl-LAPS was EB, suggesting the 

product from the RMR method for nfPANI-HCl-LAPS was ES. Compared to nfPANI-CSA-

LAPS, the oxidation state of nfPANI-HCl-LAPS appears to be comparable to the PANI-HCl 



Chapter 3 – nfPANI with antimicrobial and antioxidant properties  

75 
 

control (Table 3−3). Furthermore, for the HA samples, the undoped nfPANI-HCl-HAPS and 

undoped nfPANI-CSA-HAPS both show comparable Q/B ratios of 0.62 and 0.65, 

respectively. These values are also similar to the PANI-HCl control, Q/B ratio of 0.67 (Table 

3−3).   

Sample 
B Q 

Q/B 
Peak  Intensity  Peak  Intensity 

nfPANI-HCl-LAPS 333.0  0.72  636.0  0.50  0.71 

nfPANI-HCl-HAPS  337.0  0.73  636.5  0.45  0.62 

nfPANI-CSA-LAPS  328.5  0.73  624.5  0.34  0.47 

nfPANI-CSA-HAPS  331.5  0.71  636.5  0.46  0.65 

PANI-HCl  330.0  0.70  635.0  0.47  0.67 

Table 3−3. UV-vis absorption peaks and intensities for nfPANI and PANI EB, and the Q/B 

ratios for determination of oxidation states  

It appeared that for LAPS, the use of RMR method with different dopant acids produced 

nfPANI with a variation in oxidation states, which could be due to the strengths of different 

dopant acids used in the reaction. We hypothesise that CSA could possibly be less effective 

in catalysing the oxidation of ANI, due to its relatively lower pKa (1.2 compared to -7 for 

HCl). Combined with limited supply of APS, polymerisation of PANI could have terminated 

at a stage where lower proportions of amines (B) were converted into imines (Q). This dopant 

acid effect was not observed at HAPS and in the standard preparation method of PANI. The 

products for HAPS, in both organic and inorganic acids, have similar absorption peaks 

around 330 nm (B) and 630 nm (Q) and Q/B ≈ 0.7, suggesting that they were similar to the 

oxidation state of PANI-HCl.   
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Figure 3−3. UV-Vis absorption spectra of EB dissolved in NMP for: a) nfPANI-HCl-LAPS, 

b) nfPANI-HCl-HAPS, c) nfPANI-CSA-LAPS d) nfPANI-CSA-HAPS and  

e) PANI-HCl.  

3.2.5. Molecular weight distribution 

A standardisation plot with straight-line fit for plots of log peak molecular weight verse 

retention time was obtained using six PMMA standards (Section 2.7.8.1), injected separately. 

The equation of the best fit line (Figure 3−4) is as follows:  

y = − 0.4491 x + 9.9007    (Equation 3−1) 

GPC of nfPANI and PANI samples (Figure 3−5), in most cases, have two well separated 

peaks of high and low molecular weights, or bimodal distributions; with the exception of 

PANI where it had a third peak (M = 4,710,000), as a result of flocculation, due to strong 

intermolecular forces such as hydrogen bonding (H-bonding) [131], van der Waals forces or 

molecular entanglements.   
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Figure 3−4. Standardisation plot (best-fit) for log molecular weight verses GPC elution 

volume for PMMA standard solutions in NMP with column temperature at 40 °C. 

Comparing different dopant acids, the two HCl doped samples (nfPANI-HCl-LAPS and 

nfPANI-HCl-HAPS; Figure 3−5, a and b) both have well separated bimodal distributions and 

relative high molecular weight (around 800,000 / 8,000). On the other hand, the CSA doped 

samples (Figure 3−5 c and d) have relatively low molecular weights of 37,000 / 2,900 and 

211,000 / 6,250, respectively). The use of HCl resulted in higher molecular weight PANI was 

in agreement with classical synthesis, as reported by Cao et al. previously, but the 

dependency of molecular weights on the natures of the acids is not discussed [132]. It is well 

known that ANI (pKa = 9.3) forms ANI+ in acidic conditions, which is subsequently oxidised 

into PANI [21]. Therefore, it could be possible that a stronger acid, such as HCl (pKa = -7), 

could protonate ANI+ more readily than a weaker acid, such as CSA (pKa = 1.2); and 

possibly resulted in higher molecular weight PANI. By increasing molecular weights of 

PANI generally leads to improvement in mechanical properties and electrical properties[133]. 
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Therefore, it was suggested that by increasing molecular weight could also enhance free-

radical scavenging capacity of PANI, due to the increased electrical conductivity which 

allows fast electron transfer.  

 

Figure 3−5. Gel permeation chromatogram for: a) nfPANI-HCl-LA, b) nfPANI-HCl-HAPS, 

c) nfPANI-CSA-LAPS, d) nfPANI-CSA-HAPS and e) PANI-HCl. 

Comparing different APS levels, there are mixed effects on the molecular weight 

distributions of nfPANI in different acids. For the HCl-doped samples, HAPS resulted in an 

increase in the higher molecular weight portion, from 27% to 48% (for nfPANI-HCl-LAPS 

and nfPANI-HCl-HAPS; Table 3−4). On the other hand, the effect of APS on the bimodal 

distributions of CSA-doped sample was opposite, a decrease in the higher molecular weight 

portion. Nevertheless, the effect of high APS on the CSA doped samples was also an increase 

in the overall molecular weight (from 37,000 / 2,900 to 211,000 / 6,250), and the molecular 
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weight distribution of nfPANI-CSA-LAPS sample is in agreement with results reported by 

Kaner and Huang [134].  

Sample 
Peak elution 

volumes (mL) 
Peak molecular 

weight  
AUC (%) 

nfPANI-HCl-LAPS 8.94 

13.32 

772,000 

8,300 

27.3% 

72.7% 

nfPANI-HCl-HAPS  8.89 

13.35 

811,000 

8,100 

48.6% 

51.4% 

nfPANI-CSA-LAPS  11.87 

14.33 

37,000 

2,900 

75.2% 

24.8% 

nfPANI-CSA-HAPS  10.19 

13.59 

211,000 

6,250 

41.1% 

58.9% 

PANI-HCl  7.19 

8.82 

13.24 

4,710,000 

872,000 

9,000 

24.6% 

33.4% 

42.1% 

Table 3−4. GPC peak elution volumes, determined from the RI detector, calculated molecular 

weight and area under curve for nfPANI and PANI samples.   

3.2.6. Dispersion stability 

In order to evaluate the solution processability of nfPANI synthesised, samples were 

sonicated in various medium and the stabilities were observed. When dispersed in water, at 

1 % w/v, the stability of the dispersions (Figure 3−6), sorted by their stability, was: nfPANI-

HCl-HAPS > nfPANI-CSA-HAPS > nfPANI-HCl-LAPS > nfPANI-CSA-LAPS > PANI-

HCl.  

The stability of PANI aqueous dispersions depends on the pH of the aqueous medium, 

particle size and electrostatic repulsions between the particles [22, 28]. It was not surprising 

that PANI-HCl is the least stable due to the large aggregates (Figure 3−6e). The fibre 

diameters of nfPANI; the pH of nfPANI dispersions (measured at 3.0 to 3.5); and the 
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resulting stability of nfPANI dispersion were all very similar, with the exception of nfPANI-

CSA-LAPS. The nfPANI dispersions (tested at 1% w/v in distilled water) were stable 

temporarily, for at least 1 h, with majority of the contents flocculated within 48 h. 

Nevertheless, this could be sufficient for processes such as surface coatings and 

electrospinning. Also, the flocculated particles could be easily re-dispersed rapidly with 

further sonication.  

It should be noted that the pH of nfPANI dispersions changed from neutral to pH ≈ 3, 

suggesting certain amount of nfPANI was undoped and the dopant contributed to the 

electrostatic stabilisation of the dispersed nfPANI particles, preventing rapid flocculation.  

A range of organic solvents were also selected as dispersion medium for nfPANI-HCl-HAPS, 

ranked in decreasing polarity: distilled water, NMP, MeOH, CHCl3, and toluene. The 

stability of nfPANI-HCl-HAPS 1% w/v dispersions (Figure 3−7), sorted by their stability, 

were: NMP > distilled water > MeOH > CHCl3 > toluene. The most stable organic dispersion 

was NMP, which was stable for at least 24 h, and most of the nfPANI dispersions were stable 

for at least 30 min, with the exception of toluene. Worth noting is that nfPANI was more 

compatible with polar solvents (such as MeOH and CHCl3) and forms stable dispersions 

temporarily, for up to 1 h, which is valuable for solution processing in applications such as 

such casting film composites and electrospinning.   

In addition, nfPANI also showed good compatibility with silicone oils (> 24 h, in Dow 

Corning DC 360 medical fluid, see Figure 3−8), which has similar physical properties to 

silicone rubber. This suggested that nfPANI could possibly form stable dispersions in silicone 

rubbers and provide sufficient process-stability during the curing process of silicone rubber 

medical devices, which generally takes places within 24h. This means the nfPANI particles 

could possibly remain in suspended form before the silicone rubber crosslinks, locking 

nfPANI permanently in a dispersed form within solid-matrices.   
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Figure 3−6. Image of nfPANI aqueous dispersions, at t = 0, 1 h and 48 h, for: a) nfPANI-

HCl-LAPS, b) nfPANI-HCl-HAPS, c) nfPANI-CSA-LAPS, d) nfPANI-CSA-HAPS and 

e) PANI-HCl. 
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Figure 3−7. Images of nfPAN-HCl-HAPS dispersed in: a) distilled water, b) NMP, c) MeOH, 

d) CHCl3 and e) toluene.  

  

Figure 3−8. Images of nfPAN-HCl-HAPS dispersions in: a) distilled water, b) Dow Corning 

DC360 medical fluid (silicone oil).  
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3.2.7. Electrical conductivity  

The bulk electrical conductivity for nfPANI samples were measured, from pressed discs, at a 

similar magnitude to PANI-HCl (ranging from 1.8 to 5.0 S·cm-1), with the HCl doped 

samples has higher conductivities (3.8 and 5.0 S·cm-1, for nfPANI-HCl-LAPS and nfPANI-

HCl-HAPS). This suggested the nfPANI were in doped state, ES, similar to PANI-HCl. With 

large similarities in chemical composition (see Section 3.2.3), it appears that the differences 

in molecular weights and the nanofibrillar morphologies did not have major influences on the 

bulk electrical conductivity of nfPANI. This also ensures that nfPANI could be applied in 

composites with extremely low percolation thresholds [135].  

Samples Conductivity (S·cm-1) 

nfPANI-HCl-LAPS 3.8 ± 0.4 

nfPANI-HCl-HAPS  5.0 ± 0.3 

nfPANI-CSA-LAPS  1.9 ± 0.3 

nfPANI-CSA-HAPS  1.8 ± 0.3 

PANI-HCl  4.0 ± 0.3 

Table 3−5. Four-probe electrical conductivities of pressed pallets for nfPANI and PANI-HCl 

samples.   

3.2.8. Free-radical scavenging  

The free-radical scavenging capacity of PANI, is often used as a measure of antioxidant 

properties of PANI [85], which can be expressed as percentage of total DPPH● radical 

scavenged over time using 1.0 mg of sample (Figure 3−9). The half-lives (t0.5) of PANI and 

nfPANI, a measure of the antioxidant depletion rate, were comparable at 2 h, which means 

the DPPH● scavenging rate was independent of the surface morphologies of PANI. On the 

other hand, the total amount of DPPH● scavenged can be ranked, in decreasing order, as: 

nfPANI-HCl-HAPS > PANI-HCl > nfPANI-CSA-HAPS > nfPANI-HCl-LAPS > nfPANI-
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CSA-LAPS. Both nfPANI-HCl-HAPS and PANI-HCl showed rapid initial DPPH● 

scavenging, t < 2h, and total amount of DPPH● scavenged were 3.4 ± 0.4 µmol·mg-1 and 2.7 

± 0.3 µmol·mg-1, respectively.  

 

Figure 3−9.  Percentage of a 250 µM methanolic solution of DPPH●, when reacted with 1.0 

mg of nfPANI and PANI, with scavenging capacity ranking: nfPANI-HCl-HAPS > PANI-

HCl > nfPANI-CSA-HAPS > nfPANI-HCl-LAPS > nfPANI-CSA-LAPS.       

Previous studies suggests that the DPPH● scavenging capacity of PANI is closely related to 

its electron transfer properties, morphology and ability to further go addition oxidation 

reactions or donate additional H atoms [85, 136-137]. While both nfPANI-HCl-HAPS and 

PANI-HCl had similar oxidation states and chemical compositions, nfPANI-HCl-HAPS 

shows higher DPPH● scavenging capacity (c.a. 25% to 200% higher, Table 3−6) compared to 

other nfPANI samples. It could be possible that the higher electrical conductivity of nfPANI-

HCl-HAPS, resulted in better electron transfer properties and resulted in the increase in free-

radical scavenging capacity for nfPANI-HCl-HAPS. On the contrary, nfPANI-CSA-LAPS 
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has the lowest DPPH● scavenging capacity because it is in an over-oxidised state (Figure 

3−3), which implied that it contained less benzenoid groups, and could possibly account for 

the sample being least active against DPPH●.  

Samples 
Amount DPPH● scavenged 

(µmol·mg-1) 
t0.5 (h) 

nfPANI-HCl-LAPS 1.5 ± 0.2  2 

nfPANI-HCl-HAPS  3.4 ± 0.4  2 

nfPANI-CSA-LAPS  1.1 ± 0.2  2 

nfPANI-CSA-HAPS  2.2 ± 0.3  2 

PANI-HCl  2.7 ± 0.3  2 

Table 3−6. Amount of DPPH● scavenged per milligram of nfPANI or PANI after 24 h.  

Overall, with improved DPPH● scavenging capacity, nfPANI-HCl-HAPS showed to be a 

suitable replacement to PANI-HCl, which is already an effective scavenger of DPPH● and 

antioxidant [85]. With improved process-stability, in polar solvents and silicone fluid, 

nfPANI-HCl-HAPS could possibly be utilised in topical applications, combined with 

electrospun fibres or elastomeric polymers, such as wound-dressing, scar-elimination and 

tissue-engineering. As a free-radical scavenger, nfPANI composites could be cytoprotective 

against oxyradicals, which causes damages to lipids, proteins and DNA’s through oxidative 

stress [89, 138-141].   

3.2.9. Antibacterial efficacy 

MBC for nfPANI and PANI were determined by inoculating known concentrations of PANI 

dispersions with 106 CFU·mL-1 for 24 h and determining the minimum concentration required 

for a complete knockdown (see Figure 3−10 and Figure 3−11). For HCl doped samples, both 

nfPANI-HCl-HAPS and nfPANI-HCl-LAPS showed better bactericidal efficacy for Gram-

positive bacteria S. aureus compared with PANI-HCl (MBC reduced from 1% to 0.5% w/w). 
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This increase, although not very significant, suggested that the nanofibrillar morphology of 

nfPANI could have some effects on its bactericidal efficacy. On the other hand, all samples 

were not very effective against Gram-negative bacteria E. coli, which has a double-layered 

structured cell-membranes, making it more chemically resistant to low pH conditions [142]. 

Nevertheless, both nfPANI-HCl samples show highest antibacterial efficacies against S. 

aureus and E. coli, compared to PANI-HCl and the CSA-doped counterparts,  (MBC reduced 

from > 2% to 0.5%; Table 3−7), suggested that dopants could possibly play a significant role 

in the antimicrobial mechanism for PANI.  

Shi et al. suggests that the antimicrobial mechanism involves electrostatic adherence between 

PANI and bacteria molecules and may cause the cell walls to collapse leading to cell deaths 

[92]. It was shown here that the nanofibrillar morphologies improved antimicrobial efficacy 

for HCl doped nfPANI, this could possibly be attributed to the ease of solution-processing 

and improved stability in aqueous medium, which is enhanced by the electrostatic repulsion 

between positively charged nfPANI particles [22]. Therefore, it could be possible to assume 

that the nanofibrillar morphology improved the antibacterial efficacy by improving 

electrostatic adherence between the PANI particles and the bacteria. It could also be possible 

to assum that using a stronger dopant and less bulky dopant, i.e. HCl opposed to CSA, could 

further enhance electrostatic interactions between nfPANI and bacterial molecules and led to 

better antibacterial efficacies .  

Furthermore, Gizdavic-Nikolaidis et al. suggests a antimicrobial mechanism which involves 

oxidative stress and metabolic dysregulation, targeting multiple and diverse cellular processes 

[96]. Nand et al. also suggests the antimicrobial mechanism involves disruption of electron 

transport in the bacterial cytoplasmic membrane and leading to cell death. Shi et al. suggests 

that PANI can convert oxygens into superoxides in aqueous medium through redox reactions 

[95, 143]. Therefore, it could be possible to assume that the antimicrobial efficacy of PANI 
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can be closely related to the free-radical scavenging capacity, which measures the rate of 

redox reaction and total radical scavenging capacity of PANI. It was shown that the nfPANI-

HCl-HAPS synthesised was in the ES form, capable of oxidation and reduction, and had 

highest free-radical scavenging capacity, compared all other samples tested. Hence, nfPANI-

HCl-HAPS could be the ideal candidate, among the PANI samples, for antimicrobial 

efficacy, with respect to the mechanism suggested by Gizdavic-Nikolaidis et al. [96]   

Sample 
Minimum bactericidal concentration (w/w) 

versus S. aureus ATCC 6838 versus E. coli ATCC 25322 

nfPANI-HCl-LAPS 0.5 % 2 % 

nfPANI-HCl-HAPS 0.5 % 2 % 

nfPANI-CSA-LAPS > 2 % > 2 % 

nfPANI-CSA-HAPS 2 % > 2 % 

PANI-HCl 1 % > 2 % 

Table 3−7. MBC assay (in % w/w) of nfPANI and PANI against 106 CFU·mL-1 of S. aureus 

ATCC 6838 and E. coli ATCC 25322.    
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Figure 3−10.  MBC assay tested against S. aureus ATCC 6838 (106 CFU·mL-1, 24h) for 

various nfPANI samples: (a) nfPANI-HCl-HAPS, (b) nfPANI-HCl-LAPS, (c) nfPANI-CSA-

HAPS, (d) nfPANI-CSA-LAPS and (e) PANI-HCl.        
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Figure 3−11. MBC assay tested against E. coli  ATCC 25322 (106 CFU·mL-1, 24h) for 

various nfPANI samples: (a) nfPANI-HCl-HAPS, (b) nfPANI-HCl-LAPS, (c) nfPANI-CSA-

HAPS, (d) nfPANI-CSA-LAPS and (e) PANI-HCl.        
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3.2.10. Further Discussions  

The nanofibrous morphology of nfPANI was retained regardless the amount of APS added 

because the polymerisation would terminate when any one of the reactants were completely 

consumed during the RMR reaction [8]. Furthermore, at early stages of PANI polymerisation, 

a linear morphology is preferred due to the self-assembly nature of anilinium-persulfate 

clusters ions, which forms 1D arrangements [144]. Also, as the polymerisation proceeds, 

aniline dimers, trimers and semidines precipitates into needle-like crystallites, which also acts 

as nucleating sites and leads to 1D growths [21, 145]. Furthermore, the formation of 

phenazine groups at an early stage of polymerisation, indicated by IR absorption bands at 

1440 and 1410 cm-1 (Figures 3-2a and c), which has ability to stack in a planar fashion onto 

the nucleating sites, also promote self-assembly of polyaniline structures and further lead to 

1D growth [21].  

The high level of APS would further promote formation of sulfuric acid which also reduces 

the pH and promotes the para-substitution of ANI as a result of protonation of anilinium ion 

[21], which support linear growth of PANI and catalyses the polymerisation reaction. This 

also contributes that HAPS sampleshave a higher molecular weight as a result, such as 

nfPANI-CSA-HAPS which has significant higher molecular weight compared to its LAPS 

counterpart, where the excess APS forms excess sulfuric acid which is a much stronger acid 

compared to CSA and hence resulting in a comparatively higher molecular weight (an 

increase from 37,000 to 211,000).   

The use of HAPS may have contributed in lower amount of phenazine units, which is  

suggested by the absence of the characteristic IR absorption bands for phenazine at 1410 and 

1440 cm-1 (Figure 3-2). The absence of these bands may also explained that the HAPS 

appears to have higher antioxidant capacity compared to their LAPS counterparts, where the 
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ability for PANI to neutralise DPPH● is largely dependent on the oxidation state and the 

amount of benzenoid-amines to be oxides to quinoid-imines by donating hydrogen radicals 

[85]. Furthermore, phenazine contains only imine-nitrogens, which is a stable electron-trap 

and unable to be further oxidised by donating hydrogen radicals and neutralise DPPH●, hence 

the phenazine-containing LAPS samples have lower antioxidant capacity compared to the 

HAPS counterparts. 

Additional, the higher electrical conductivities of the HAPS samples (by approx. 30% 

compared to LAPS, Table 3-5) could possibly be a result of the lower amount of phenazine 

units and the effects of excess APS lowering the pH and promotes products with higher 

electrical conductivity [21]. Phenazine units act as stable electron traps which reduce the 

electrical conductivity of PANI [111] and the electrical conductivity for the HAPS samples 

are significantly higher because the HAPS samples showed no characteristic phenazine 

absorptions at 1410 and 1440 cm-1 (Figure 3-2). On the other hand, excess APS could also 

produce higher amount of sulphuric acid as a by-product and resulted in a reduction the pH of 

the polymerisation condition, which favoured para-addition of ANI, linear growths of PANI 

and resulted with higher electrical conductivity products [21].  

On the contrary, the use of HAPS did not contribute to significant improvements in the 

antimicrobial efficacy compared to the LAPS samples. Instead, the nanofibrous morphology 

of PANI appeared to enhance the antimicrobial efficacy of HCl doped samples, when 

comparing between PANI-HCl and nfPANI-HCl-HAPS. This suggests that a reduction in 

particle sizes, from micron-sized granules to nano-sized fibres, may possibly enhance the 

antimicrobial efficacy of PANI by enhancing physical interactions between the positively 

charged PANI particles and the negatively charged bacterial cell walls. Furthermore, 

comparing between the CSA and HCl doped nfPANI, it appears that the dopant acids are the 

most influential factors on the antimicrobial efficacy of nfPANI. It is possible that the CSA- 
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counter ions have higher steric hindrance, compared to Cl-, which reduces the physical 

interactions between PANI and the bacterial cell walls, resulting in a reduction of 

antimicrobial efficacy. Combining the effects of nanofibrous morphology and lower steric 

hindrance, nfPANI-HCl appears to be a better selection. Combining the electrical 

conductivity (5.0 S·cm-1, higher by 30%) and antioxidant capacity (3.4 µmol·mg-1, higher by 

120%), nfPANI-HCl-HAPS would be the ideal selection for further studies.   

 

3.3. Conclusions 

In this chapter, nfPANI was prepared using the RMR method, and for the first time, 

optimised for reaction yields, processability, electrical conductivity, antioxidant capacity and 

antimicrobial efficacies. It was hypothesised that the formation of nfPANI was due to rapid 

consumption of ANI by APS, which terminates the polymerisation at an early stage, thus 

preserved the nanofibrillar morphology. To the best of our knowledge, there were no 

previous studies published on the free-radical scavenging capacity and antibacterial efficacy 

of nfPANI. Also, this is the first systemic study and characterisation of the effects of HAPS 

on nfPANI, with organic and inorganic acid dopants.  

The results showed that nfPANI formation was independent of the levels of APS, and 

proposed that nfPANI formation followed a similar mechanism to LAPS, but a different path, 

by limiting the amount of ANI monomer, ANI was able to be rapidly depleted and the 

polymerisation is terminated at early stages, preventing secondary growths over the existing 

nanofibrillar structures. The fibre diameters of nfPANI, prepared in different dopant acids, 

were very similar, around 80 nm. The excess of APS resulted in higher yields in nfPANI, 

increased from 35% to 103% w/w monomer for nfPANI-HCl, and from 28% to 102% w/w 

monomer for CSA doped, with good reproducibility. This suggested that nfPANI could be 
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produced more efficiently and economical, producing less unreacted monomers and retaining 

similar nanofibrillar morphology.  

FTIR and UV-Vis spectroscopy studies suggested that nfPANI contains branched, or 

phenazine-like, structures related to early stages of polymerisation of PANI and formation of 

nano-scale PANI. On the other hand, nfPANI with excess APS resulted in higher molecular 

weight distributions for HCl and CSA dopants, with significant increase in electrical 

conductivity for the HCl dopant. Also, HAPS had a strong effect on the oxidation state of 

CSA doped PANI, which was possibly due to the production of sulphuric acid as a by-

product, which resulted in better antioxidant capacity. The effects of nanofibrillar structures, 

when comparing between nfPANI-HCl-HAPS and PANI-HCl, were reflected from 

improvements in the solution stability, electrical conductivity, free-radical scavenging 

capacity and antimicrobial efficacy. The most profound improvement, and perhaps most 

important, is the solution processability where nfPANI-HCl-HAPS remained partially stable 

after 48 h in an aqueous medium, due to electrostatic repulsion and the nano-scale 

morphology.  

The result from this study suggests that nfPANI-HCl-HAPS could be a suitable candidate for 

model studies and development of antimicrobial polymer composites for tissue-engineering 

and other related applications. The experimental results suggested that nfPANI-HCl-HAPS 

had significant potential in different media, including aqueous (Chapters 4 and 6), polar 

solvents for electrospinning (Chapters 5 and 7) and silicone rubber matrix (Chapter 8), which 

will be evaluated in the later chapters.  
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Chapter 4. PANI colloids and emulsions with antimicrobial and 

antioxidant properties  

4.1. Introduction  

In this chapter, properties of PANI colloids and emulsions prepared using different types of 

stabilisers were investigated and compared, and for the first time, the antimicrobial and 

antioxidant properties were determined. The steric stabilisers selected for synthesising PANI 

colloids were: PVP360, PVP24; PEG400 and PEG200. In addition, the surfactants selected 

for synthesising PANI emulsions were: SDS (anionic surfactant) and Tween 20 (non-ionic 

surfactant). There are two main reasons for choosing these stabilisers (SDS, Tween, PVP and 

PEG). The basis of choice was biocompatibility where these stabilisers are approved as food 

additives by the United States Food and Drugs Administration [146], which means that they 

generally have low toxicity and are safe to be used in biomedical applications in low doses. 

In addition, these were different types of stabilisers, namely: anionic surfactant (SDS), non-

ionic surfactant (Tween), steric stabilisers (PVP and PEG), and could possibly interact with 

ANI+ differently and affect the morphologies of PANI. This chapter discusses the effects of 

dialysis post-treatment applied to these PANI colloids; the effects of different stabilisers on 

PANI morphologies; colloid stability and the chemical structures of the resultant PANI 

colloids; free-radical scavenging capacity DPPH● and antibacterial efficacy against S. aureus 

and E. coli. 

PANI colloids and emulsions were synthesised using the methodology outlined in Section 

2.3.1, where effectively 20 mM ANI is being polymerised in 1% w/v stabiliser solutions. The 

products were labelled as: PANI-Tween, PANI-SDS, PANI-PVP360, PANI-PVP24, PANI-
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PEG400, PANI-PEG200 and PANI-HCL-LC (control sample with no stabiliser, LC for low 

concentration of ANI).  

4.2. Results and discussions   

4.2.1. Dialysis treatment  

The volumes of the dialysed PANI colloids and emulsions were reduced during the course of 

dialysis, which was estimated at about 20%. The net loss of volume could be due to the loss 

of unreacted monomers, short chain oligomers, soluble ion, acids, and even stabilisers. ANI 

oligomers being dialysed could be seen from the eluted coloured solution, which was visibly 

brown in colour, which was a typical oligomeric by-product of PANI formed during 

polymerisation [147]. The removal of ANI oligomers, in particular dimers, trimers and 

tetramers, is critical because of their high bioactivity and toxicity to mammalian cells [118]. 

The UV-Vis absorption spectrum of the dialysate (Figure 4–1) has a sharp peak at 290 nm, 

which relates to the benzene in the unreacted ANI; weak broad bands at 360 to 390 nm, 

which relates to the B structure; and little or no absorption relating to Q around 600 nm. This 

suggests that the dialysate contained a very low amount of large molecular weight PANI 

(aniline units > 20) [91, 148-149]. Dialysis with MWCO of 14,000 g·mol-1 (pore size < 2 nm, 

which allows short chain oligomers to pass) [150], showed good effectiveness and after one 

week the traces of ANI fell below the detection limit of UV-Vis spectroscopy.   
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Figure 4–1. UV-Vis spectrum of typical aqueous dialyse (the portion to be discarded after 

dialysis) of PANI colloids, containing soluble ANI oligomers.    

On the other hand, pH of dialysates were also monitored (Figure 4–2) to ensure removal of 

any undoped acids were removed. Driven by osmotic pressure, the soluble hydrogen ions 

diffused through the porous cellulose dialysis membrane, equilibrated with the dialysate and 

were discarded when fresh dialysate was replaced. The pH of the dialysate increased sharply 

in the first two weeks and stabilised after two weeks and ultimately reached to a value around 

6 from three weeks onwards. Further pH measurements of the colloid dispersions were also 

around 6, which confirmed that the dialysis process was effective for removal of unbound 

acids. This was particularly important because the presence of acids may interfere with 

antimicrobial tests and obscure the potency. In addition, PANI colloid dispersions with near 

neutral pH may be more biocompatible compared to highly acidic colloids.   
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Figure 4–2. Plots of pH versus time of dialysates of PANI colloids, reaching pH > 5 after two 

weeks and > 6 after 25 days of dialysis.   

Furthermore, the electrical conductivities of the dialysates were monitored (Figure 4–3) to 

ensure the removal of undoped ions (including persulfate, sulfate, ammonium and chloride 

ions) from the PANI colloids. Similarly, these unbounded ions were driven by osmotic 

pressure and diffuse through the porous membrane, equilibrate with the dialysate and were 

removed when a new dialysate was replaced. Figure 4–3 suggests that dialysis treatment 

showed efficient reduction of soluble ions in the first two weeks, resulted in a 4 magnitude of 

reduction in conductivity. However, further dialysis treatment of PANI colloids showed little 

or no effects from two weeks onwards, which followed a similar trend to the increase of pH 

for PANI colloids (Figure 4–2). This implies that the removal of the soluble acids and ions 

were equally efficient by dialysis and both pH and electrical conductivity measurements 

could possibly be utilised for determining the termination of dialysis treatments.  
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Figure 4–3. Plots of electrical conductivities of the dialysates from PANI colloids, versus 

time, with the conductivity dropping below 10 µS·cm-1 after two weeks.   

4.2.2. Yields 

From the non-volatile contents of the PANI colloids showed that the yields for the 

polymerisation reaction varied across different stabilisers (Table 4−1). Comparing the yields 

of PANI-HCL-LC with PANI colloids, it appears that the use of stabilisers resulted in 

reduction of the yields, from 85% w/w to < 60% w/w. For PVP360 and PVP24, the larger 

molecular weight steric stabiliser were unable to diffuse through the dialysis membrane due 

to the MWCO 14,000 g·mol-1, therefore the reduction in yields (60% w/w and 29% w/w, 

respectively) suggested that PANI colloids resulted in lower conversion of monomer 

compared to PANI-HCL-LC. On the other hand, steric stabilisers with smaller molecular 

weights, PEG400 and PEG200, produced relatively low yields (17 % w/w and 15 % w/w, 

respectively), which could possibly be due to a combination of lower conversion of monomer 

and partial removal of stabiliser by osmotic pressure. It is also likely that, compared to the 
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larger PVP stabilisers, PEG also had lower interaction with PANI, such as hydrogen bonding 

or molecular entanglement, compared to the more polar and larger molecular weight PVP360 

and PVP24.  

For the PANI emulsions, both non-ionic (Tween 20) and anionic surfactants (SDS) produced 

comparatively lower yields (13 %w/w and 29 %w/w) compared to PANI-HCL-LC (85 

%w/w). For PVP-Tween, the yield was comparable to the small molecular weight steric 

stabilisers (PEG400 and PEG200). On the other hand, for PANI-SDS, the yield was 

comparable to PANI-PVP24. The higher yield for PANI-SDS (compared to PANI-Tween) 

could possibly be a result of tightly bound DS- to the positively charged nitrogen as a dopant 

[36, 40-41], which accounted for the comparative increase of the non-volatile contents 

between PANI-SDS and PANI-Tween.     

Name M 
Non-volatile 

actual (g) 
Theoretical non-

volatile (g) 
Yield (% w/w) 

PANI-Tween 1,227  0.16  1.18  13 

PANI-PEG200  200  0.18  1.18  15 

PANI-PEG400  400  0.20  1.18  17 

PANI-SDS  288  0.34  1.18  29 

PANI-PVP24  24,000  0.34  1.18  29 

PANI-PVP360  360,000  0.71  1.18  60 

PANI-HCL-LC  n/a  0.15  0.18  85 

Table 4−1. Non-volatile contents and yields of PANI colloids prepared by different stabilisers 

ranked by increasing yields.  

4.2.3. Morphology – Optical, SEM and TEM microscopies 

Optical images of the PANI control, PANI colloids and emulsions (Figure 4−4) provide a 

direct method for analysing the macro-morphologies. For PANI-HCL-LC, the optical 

microscopy showed typical granular morphology of PANI with dark coloured granules with 
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aggregation ranging from 0.5 µm to 40 µm. While most of the samples showed typical 

granular morphologies similar to conventional PANI, PANI-SDS and PANI-PVP360 showed 

completely different morphologies under optical microscopy. PANI-SDS (Figure 4−4c) 

appears to have amorphous morphology, with high optical transparency, which differed from 

the usual “granular” morphologies of PANI-HCL-LC (Figure 4−4a). In addition, PANI-SDS 

displays a green colour which resembled ES form; this suggests that the particle size of 

PANI-SDS could be small hence allowing light to pass through the colloids. The green colour 

also suggested that PANI-SDS remained doped after dialysis.  

In addition, PANI-PVP360 showed good film-forming properties over glass slides and 

showed high transparency under optical microscopy, because the particles were well 

separated by the PVP360 stabliser (Figure 4−4d). The colour of PANI-PVP360 was dark-

blue, differed from PANI-SDS, and the distribution of the colour was very uniform, with the 

occasional aggregations (diameter < 0.5 µm). This suggests that the particles were small and 

evenly distributed across the PANI-PVP360, allowing the optical light to pass through. 

Furthermore, the dark blue colour suggests that the particles could be larger than PANI-SDS 

(blocking more light) and possibly be in the EB form.  

For the other stabilisers, PANI-Tween, PANI-PVP24, PANI-PEG400 and PANI-PEG200 

(Figure 4−4: b, e, f and g), colloids or emulsions were not formed. Instead, the morphology of 

the samples were very similar to the granular PANI-HCL-LC (Figure 4−4a), which could be 

described as aggregations of PANI granules with varying sizes. Further investigation using 

SEM microscopy (Figure 4−5: b, e, f and g) revealed that there were some minor differences 

in the surface morphologies between the samples and dialysis treatments have altered the 

surface morphologies of PANI-Tween and PANI-PEG400, but no significant impacts on 

PANI-HCL-LC, PANI-PVP24 and PANI-PEG200.  
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Figure 4−4. Optical images of PANI colloids and emulsions (1:100 dilutions, air-dried on 

glass) for: a) PANI-HCL-LC, b) PANI-Tween, c) PANI-SDS, d) PANI-PVP360, e) PANI-

PVP24, f) PANI-PEG400 and g) PANI-PEG200. 
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Figure 4−5. SEM images of PANI colloids (inserts showing before dialysis) for: a) PANI-

HCL-LC, b) PANI-Tween, c) PANI-SDS, d) PANI-PVP360, e) PANI-PVP24, f) PANI-

PEG400 and g) PANI-PEG200. 
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SEM image of PANI-SDS (Figure 4−5c) shows formation of amorphous surfaces, which 

appear very different from PANI-HCL-LC (Figure 4−5a). In addition, dialysis treatments did 

not affect the morphologies of PANI-SDS. Further investigation, using TEM microscopy 

(Figure 4−6a), has found nano-scale PANI particles (dark coloured regions, stained with 

OsO4, diameters < 100nm) embedded within the amorphous phase of SDS, which suggested 

the formation of PANI-SDS emulsions and the SDS remained tightly bound to PANI after 

dialysis treatments.  

For PANI-PVP360 (Figure 4−5d), SEM image shows uniform PANI particles (rice-shaped, 

diameters < 200 nm) embedded in flat film of PVP, where the image shows no depth of field 

during focusing, suggesting it was a relatively uniform film. In addition, the dialysis 

treatments did not appear to affect the morphology of PANI-PVP360 colloids. Further 

investigation, using TEM microscopy, also confirmed the formation of PANI colloids (Figure 

4−5b, rice shaped particles, diameters < 200 nm).   

 

Figure 4−6. TEM images of PANI colloids (dark coloured spots, stained with OsO4) for: 

(a) PANI-SDS and (b) PANI-PVP360.  
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4.2.4. Particle size distribution 

For PANI-SDS emulsion, prepared in 1% w/v (35 µM) SDS solution, a bimodal distribution 

(Figure 4−7, dashed line) is found with particle diameters at 62.3 nm (67.2%) and 20.2 nm 

(32.8%), with an approximate number ratio of 2:1. The formation of nano-scale PANI-SDS 

particles was expected because the monomer to surfactant ratio utilised in synthesis, [ANI] / 

[SDS] ≈ 0.06, and was lower than the required ratio required for formation of nano-scale 

PANI emulsions, according to Kim et al. at [ANI] / [SDS] ≤ 0.15 [37]. The smaller size 

particles (diameter 20 nm) were attributed by the formation of small SDS micelles, because 

for SDS has an aggregation number of 62 (or ø 6 nm) at critical micelle concentration (CMC, 

8.2 mM, 25°C) [151]. The larger size particles (ø 62.3 nm) were possibly attributed by the 

formation of larger SDS aggregates by using a SDS concentration much higher than the CMC 

[37, 152], in this case 35 mM compared to 8.2 mM for CMC.   

 

Figure 4−7. Particle size distributions determined by DLS for dilute solutions of: (a) PANI-

SDS and (b) PANI-PVP360. 
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The particle size of PANI-PVP360 shows a unimodal distribution (Figure 4−7, solid line), 

which peaked at 350 nm. This result is comparable to the particle size (247 nm) previously 

reportedly by Stejskal et al., of pristine PANI-PVP colloids (not post-treated) prepared using 

a different method, by oxidation of ANI-HCl in an acid-free condition [31], as opposed to 

oxidising ANI in an acidic condition. The formation of PANI-PVP360 was expected because 

PVP provides active nucleating sites for stabilising ANI oligomers during the early stages of 

polymerisation, hence with sufficient nucleation sites are generated, the particle sizes of 

PANI-PVP can be reduced to sub-micron scale [31].     

Sample Size (nm) Intensity, AUC (%) 

PANI- SDS Peak 1:          62 ± 18 

Peak 2:            20 ± 8 

67.2 

32.8 

PANI-PVP360  350 ± 180  100 

Table 4−2. Particle sizes of PANI-SDS and PANI-PVP360, showing the particle diameters at 

peak absorptions and AUC (expressed in % total absorption intensity).  

4.2.5. FTIR spectroscopy 

FTIR spectroscopy was carried out to confirm the formation of PANI, the effects of dialysis 

treatments on the samples and the removal of oligomers, as outlined in this section.  

4.2.5.1. FTIR spectroscopy: PANI-HCL-LC 

PANI-HCL-LC, the control sample, was prepared under low ANI concentration (0.02 M), 

with identical synthesis method to the PANI colloids, but without the use of stabilisers. The 

FTIR spectrum of PANI-HCL-LC suggests that it is an undoped EB (Figure 4−8a) with 

characteristic peaks at: 1586, 1496, 1299, 1145 and 822 cm-1 (see Table 4−3 for 

assignments). In the other hand, the classical synthesis (Figure 4−8b, PANI-HCL) produced 

an ES with characteristic bands at: 1565, 1486, 1297, 1128 and 800 cm-1. The dialysis post-
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treatment appears to be effective for removal of ANI oligomers, because there were no sharp 

absorption bands in the region of 700 to 600 nm (mono-substituted benzene, terminating 

groups of ANI oligomers) [147]. However, dialysis treatment resulted in undoped PANI-

HCL-LC, confirming that the dark blue coloured PANI observed in the optical microscopy 

were EB (Figure 4−4a).  

 

Figure 4−8. FTIR absorbance spectra of: (a) PANI-HCL-LC (lower ANI concentration, 

dialysed) and (b) PANI-HCL (classical synthesis method).  
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Peak assignments wavenumbers (cm-1) 
Sample names 

Stabilisers
PANI-
HCL 

PANI-
HCL-LC 

PANI-
Tween 

PANI-
SDS 

PANI-
PVP360 

PANI-
PVP24 

PANI-
PEG400 

PANI-
PEG200 

P
A

N
I 

C=C stretching of quinoid rings [107]  1565 1586 1592 1574 1587 1589 1586 1586 
C=C stretching of benzenoid rings [78, 107]  1470 1496 1505 1465 1495 1495 1497 1496 

C−N stretching of secondary amines [78, 
107] 

 1300 1299 1303 1301 1291 1288 1298 1297 

C−H in-plane-bending, undoped [11-13]   1145 1168  1169 1142 1142 1145 
C−H in-plane-bending, doped [78, 107-108]  1128   1110     

C−H out-of-plane bending, undoped [78, 
107-108] 

  822 827  843 824 824 823 

C−H out-of-plane bending, doped [78, 107-
108] 

 800   795     

T
w

ee
n C=O carbonyl stretching [105] 1734   1710      

C-H bending [105] 1460   1466      
C–O stretching [105] 1113   1110      

S
D

S
 C-H bending [153] 1467    1465     

S=O stretching, symmetrical [153] 1232    1241     

P
V

P
 C=O carboxyl stretching [105] 1653     1656 1655   

C−N stretching of secondary amines [78, 
107] 

1286     1291 1288   

P
E

G
 

C–O stretching [105] 1114       - - 

Table 4−3. FTIR absorption bands (in wavenumbers, cm-1; obtained using the KBr method) and assignments of PANI-HCL-LC and PANI 

colloids, compared with PANI-HCL and the stabilisers.   
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4.2.5.2. FTIR spectroscopy: PANI-Tween 

FTIR spectrum of PANI-Tween (Figure 4−9a) confirms the formation of PANI and retention 

of Tween after dialysis. Characteristic absorptions bands for PANI were found at: 1592, 

1505, 1303, 1168 and 827 cm-1 (see above, Table 4−3 for assignment of the bands). The 

locations of these bands resembled the EB form, similar to the band peaks of PANI-HCL-LC 

(Figure 4−9b). This confirms that PANI-Tween was undoped by the dialysis treatment and no 

doping was found between Tween and PANI. In addition, confirmation for retention of 

Tween was found at following bands: 2920, 2850, 1710, 1466 and 1113 cm-1. Notably, the 

carbonyl stretching for Tween (Figure 4−9) has shifted from 1734 to 1710 cm-1 after 

formation of PANI-Tween, suggests that H-bonding could be present between Tween and 

PANI-EB, which possibly resulted in retention of Tween after dialysis treatments.  

 

Figure 4−9. FTIR absorbance spectra of: (a) PANI-Tween, (b) PANI-HCL-LC and (c) Tween 

20 (* denotes the absorption bands for Tween in the PANI-Tween spectrum).  
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4.2.5.3. FTIR spectroscopy: PANI-SDS 

Confirmation of PANI formation and retention after dialysis can be seen from FTIR spectrum 

of PANI-SDS (Figure 4−10a). Characteristic absorptions bands for PANI were found at: 

1574, 1465, 1301, 1110 and 795 cm-1 (see above, Table 4−3 for assignment of the bands). 

The locations of these bands differed from band peaks of PANI-HCL-LC (Figure 4−10b) and 

instead resembled the absorption of PANI-HCL; suggesting that PANI-SDS was in the ES 

form and the use of SDS prevented PANI-SDS from undoping during dialysis treatments. In 

addition, SDS was retained after dialysis treatments, showing absorption bands at: 2920, 

2848, 1465, 1241 and 1052 cm-1. In addition, the shifting of sulfonyl (S=O) stretching for 

SDS from 1232 to 1241 cm-1, suggested the presence of H-bonding. In contrast to PANI-

Tween, PANI-SDS remained doped after dialysis treatment, suggesting that DS- could 

possibly act as a dopant and was not removed due to strong ionic bonding to PANI.  

 

Figure 4−10. FTIR absorbance spectra of: (a) PANI-SDS, (b) PANI-HCL-LC and (c) SDS (* 

denotes the absorption bands for SDS in the PANI-SDS spectrum).   



Chapter 4 – PANI colloids and emulsions with antimicrobial and antioxidant properties  

110 
 

4.2.5.4. FTIR spectroscopy: PANI-PVP360 

Figure 4−11a shows the formation of PANI and retention of PVP after dialysis. Formation of 

PANI was confirmed by the characteristic absorptions bands at: 1587, 1495, 1291 and 843 

cm-1 (see above, Table 4−3 for assignment of the bands). There were significant overlapping 

of absorption signals for PANI and PVP. However, the locations of the PANI absorption 

bands are very similar to PANI-HCL-LC (Figure 4−11b), suggesting that PANI-PVP360 

could possibly be in the EB form, which was due to undoping by dialysis treatments. There 

are strong absorption signals for PVP360 bands suggesting that PVP360 definitely remained 

after dialysis. Notably, carbonyl stretching signal for PVP360 has broadened significantly 

and shifted from 1653 to 1656 cm-1, which implied strong H-bonding between PVP360 and 

PANI. Contrast to PVP-SDS, PANI-PVP360 is steric stabilisation and H-bonding does not 

restrict the movements of dopant acids, allowing them to be undoped by dialysis treatments.  

 

Figure 4−11. FTIR absorbance spectra of: (a) PANI-PVP360, (b) PANI-HCL-LC and 

(c) PVP360 (* denotes the absorption bands for PANI in the PANI-PVP360 spectrum).    
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4.2.5.5. FTIR spectroscopy: PANI-PVP24 

FTIR of PANI-PVP24 (Figure 4−12a) confirmed the formation of PANI and retention of 

PVP after dialysis. Formation of PANI was confirmed by the characteristic absorptions bands 

at: 1589, 1495, 1288 and 824 cm-1 (see above, Table 4−3 for assignment of the bands). 

Similar to PANI-PVP360, overlapping of the absorption bands for PANI and PVP are also 

observed and the product was also in the EB form, suggesting the effects of dialysis 

treatments.  

The absorption bands for PANI-PVP24 contained both compounds; however, the interactions 

between them appeared to be smaller compared to PANI-PVP360. The carbonyl (C=O) 

stretching signal for PVP24 (Figure 4−12c) shows a negligible shift from 1654 to 1655 cm-1 

with a little or no broadening of the band, suggesting that H-bonding of PANI-PVP24 was 

possibly weaker compared to PVP360. This also suggests PVP24 was not removed by 

dialysis because of molecular entanglements, but the dopant acids were removed by dialysis. 
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Figure 4−12. FTIR absorbance spectra of: (a) PANI-PVP24, (b) PANI-HCL-LC and 

(c) PVP24 (* denotes the absorption bands for PANI in the PANI-PVP360 spectrum).     

4.2.5.6. FTIR spectroscopy: PANI-PEG400 and PANI-PEG200  

FTIR spectra of PANI-PEG400 and PANI-PEG200 appeared almost identical, therefore the 

results were grouped (Figure 4−13a, b). Both FTIR spectra shows formation of PANI, 

containing typical characteristic absorption peaks identical to PANI-HCL-LC (Figure 4−13c): 

1586, 1497, 1298, 1142 and 824 cm-1 (see above, Table 4−3 for assignment of the bands). 

This suggests that PANI-PEG400 and PANI-PEG200 were both in the EB form after dialysis 

treatments. Contrary to PANI-Tween and PVP-PVP24, PANI-PEG400 and PANI-PEG200 

did not appear to retain PEG after dialysis, contained no alkane (C–H) stretching in the region 

of 2800 to 3000 cm-1, nor aliphatic ethers (C–O) stretching in the region of 1085 to 1150 cm-1 

[105].   
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Figure 4−13. FTIR absorbance spectra of: (a) PANI-PEG400, (b) PANI-PEG200, (c) PANI-

HCL-LC and (d) PVP400.   

4.2.6. Storage stabilities of PANI colloids and emulsions  

The storage stabilities of PANI colloids and emulsions were compared to evaluate the effects 

of different stabilisers. After dialysis, the storage stability of the PANI colloids and emulsions 

(Figure 4−14), sorted by their stability, was: PANI-PVP360 > PANI-PVP24 > PANI-HCL-

LC > PANI-PEG200 ≥ PANI-PEG400 > PANI-Tween > PANI-SDS.  

PANI-HCL-LC also showed a temporary stability as it remained stable for at least 30 min. 

However, rapid sedimentation was observed which was contributed by the larger particles 

while some smaller particles remained suspended for at least 1 h, which is similar to PVP-

SDS, PVP-Tween, PVP-PEG400 and PVP200.  
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PANI-SDS emulsion formed a cloud-like flocculation and syneresis appeared above the 

emulsion as soon as mechanical mixing ceased, and gradually formed sedimentation. PANI-

SDS emulsion appeared to form gel-like structures, as the hydrophobic portion of SDS is 

attracted towards each other and began expelling water and flocculate [152]. On the other 

hand, PANI-Tween emulsion sedimented gradually without formation of any cloud-like 

flocculation. Both emulsions were stable for at least 30 min, and able to be redispersed easily 

using mechanical mixing, meaning the flocculation was not permanent.  

PANI-PVP360 was the most stable colloid of all samples, and remained suspended 

indefinitely without sedimentation. On the other hand, PANI-PVP24 was relatively stable, 

started showing signs of syneresis after 24 h, and completely sedimented after 1 week, a level 

comparable to self-stabilised nfPANI-HCl-HAPS (as in Section 3.2.6). The PANI-PVP360’s 

storage stability was more superior when compared to PANI-PVP24 (weeks compared to < 

24h), which could possibly be due to the higher molecular weight of the steric stabiliser.  

PANI-PEG400 and PANI-PEG200 showed a temporary stability comparable to PANI-HCL-

LC, which remained stable for at least 30 min and signs of sedimentation started to appear 

after 1 h. It appeared that PEG400 and PEG200 did not provide sufficient stabilising for the 

PANI-PEG colloids. As suggested earlier from FTIR results, PEG400 and PEG200 were not 

retained after dialysis, which could possibly be due to the small molecular weights and lack 

of hydrogen bonding, therefore resulting in similarities in the storage stabilities.   
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Figure 4−14. Images of dialysed PANI colloids and emulsions: a) PANI-HCL-LC, b) PANI-

Tween, c) PANI-SDS, d) PANI-PVP360, e) PANI-PVP24, f) PANI-PEG400 and g) PANI-

PEG200.    

4.2.7. DPPH● scavenging capacity 

DPPH● scavenging is a reliable tool for characterisation of antioxidants [89]. The rate of 

DPPH● scavenging, measured by t0.5, was identical (1 h) across all samples, suggesting the 

rate of scavenging was independent of the types of stabilisers used. In addition, the rates of 

DPPH● scavenging for PANI colloids and emulsions were not significantly different 

compared to the nfPANI samples (t0.5 = 2 h, Section 3.2.8) and which suggested the use of 

steric stabilisers and surfactants did not affect the reactivity for PANI.  
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In terms of total scavenging capacity, the PANI emulsions showed higher DPPH● scavenging 

capacity (after 24 h) compared to the PANI colloids, with PANI-SDS showed the highest 

DPPH● scavenging capacity (2.2 µmol/100 µL), followed by PANI-Tween (1.5 µmol/100 

µL). In addition, the DPPH● scavenging capacities for PANI colloids were at a comparable 

level to PANI-HCL-LC (ranging from 0.7 to 1.1 µmol/100 µL, see Table 4−4). The increase 

in DPPH● scavenging capacities of PVP-SDS, against PANI-HCL-LC, could be due to the 

nano-scale particle size, which increases the available surface area for free-radical scavenging, 

a result which agrees with the findings by Nand et al.[17] However, a similar nano-scale 

effect was not observed for PANI-PVP360 and did not result in an increase of total 

scavenging capacity, which could possibly be due to the steric effects of PVP360 and strong 

H-bonding, reducing the total available PANI sites for DPPH● scavenging hence reducing the 

total scavenging capacity.  
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Figure 4−15. Percentage of a 250 µM methanolic solution (5 µmol equivalents) of DPPH● 

remained, when reacted with 1.0 mL of PANI-HCL-LC, PANI colloids and emulsions.  

Sample 
DPPH● scavenging 

capacity (µmol/100 µL) 
t0.5 (h) 

PANI-HCL-LC 1.1  1 

PANI-Tween  1.5  1 

PANI-SDS  2.2  1 

PANI-PVP360  0.9  1 

PANI-PVP24  1.0  1 

PANI-PEG400  0.8  1 

PANI-PEG200  0.7  1 

Table 4−4. Amount DPPH● scavenged (expressed in µmol·mL-1) by PANI-HCL-LC, PANI 

colloids and emulsions after 24 h.  
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4.2.8. Minimum bactericidal concentration  

MBC for the stabilisers were determined to evaluate if the stabilisers were biologically active, 

in order to better understand if the stabilisers alone could contribute to the MBC of the PANI 

colloids and emulsions (methods see Section 2.9.1). The results showed that SDS was very 

effective (MBC < 0.07 % w/v) against S. aureus, while the other stabilisers showed no 

antibacterial activities (Table 4−5). This result was not unexpected because SDS is known to 

causing cell lysis in viruses and high concentration SDS solutions (4% w/v) are widely used 

for extraction of proteins from cells [154-155]. On the other hand, none of the stabilisers, 

including SDS, showed any antibacterial activities against E. coli.   

Stabilisers 
Minimum bactericidal concentration (w/v) 

versus S. aureus 6838  versus E. coli 25922 

Tween 20 > 5 %  > 5 % 

SDS  < 0.07 %  > 5 % 

PVP360  > 5 %  > 5 % 

PVP24  > 5 %  > 5 % 

PEG400  > 5 %  > 5 % 

PEG200  > 5 %  > 5 % 

Table 4−5. MBC of various stabilisers tested against S. aureus 6863 and E. coli 25922. 

(Lower MBC means higher antibacterial efficacy).  

From Table 4−6 showed that PANI emulsions has higher efficacy against S. aureus than E. 

coli compared to PANI-HCL-LC and PANI colloids. PANI-SDS showed the highest 

antibacterial efficacy (MBC = 0.003 % w/v) against S. aureus of all stabilisers, which could 

be due to the high efficacy of SDS as tested previously (Table 4−5). In addition, PANI-

Tween also showed a high efficacy (MBC = 0.005 % w/v) against S. aureus, despite Tween 

20 showing no antibacterial efficacies. Nevertheless, Tween is utilised as a wetting-agent for 
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suspending proteins and cells, in protocols such as the JIS Z 2801 as described previously in 

Section 2.9.2 [98]. Therefore, it could be possible for any unbound Tween 20 to interact with 

S. aureus, reduced its surface energy and resulted in enhanced interactions with PANI and an 

increase in the antibacterial efficacy.  

Samples 
Minimum bactericidal concentration (w/v) 

versus S. aureus 6838  versus E. coli 25922 

PANI-HCL-LC 0.02 %  0.02% 

PANI-Tween  0.005%  0.02% 

PANI-SDS  0.003%  0.05% 

PANI-PVP360  0.1%  0.1% 

PANI-PVP24  0.05%  0.05% 

PANI-PEG400  0.02%  0.02% 

PANI-PEG200  0.02%  0.02% 

Table 4−6. MBC of PANI-HCL-LC, PANI colloids and emulsions, tested against S. aureus 

6863 and E. coli 25922.  

Compared to PANI-HCL-LC, PANI-PEG400 and PANI-PEG200 showed a similar level of 

efficacy (MBC = 0.02 % w/v) against S. aureus. FTIR spectra of PEG-400 and PEG200 

(Section 4.2.5.6) suggested that PANI-PEG were completely undoped, with no significant 

traces of PEG remained after dialysis and was almost chemically identical to PANI-HCL-LC 

after dialysis, therefore the MBC for both PANI-PEG samples were expected to be similar to 

PANI-HCL-LC. In contrast, PANI-PVP360 and PANI-PVP24 showed lower levels of 

efficacies (MBC = 0.1 %w/v and 0.05 %w/v, respectively) compared to PANI-HCL-LC. 

Comparing the chemical compositions of PANI-PVP24, PANI-PVP360 and PANI-HCL-LC, 

all samples were all undoped and there were significant signs of PVP remained after dialysis. 

This suggests that the steric stabilisers, PVP24 and PVP360, could possibly be the main 
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reason for the reduction of antibacterial efficacies of these PANI colloids. It could be possible 

that the steric stabilisation of PANI through osmotic pressure and elastic deformation, which 

prevented the flocculation and precipitations of PANI particles, and also prevented or limited 

the interactions between PANI and bacteria such as S. aureus and E. coli.  

In general, the efficacies of PANI-HCL-LC, PANI emulsions and colloids were better against 

S. aureus compared to the efficacies against E. coli, an observation similar to PANI-HCl and 

nfPANI from Chapter 3. Again, this result highlighted the superior “double-layered 

structures” of Gram-negative bacteria, such as E. coli, which is more resistant to chemicals 

and acidic environments [142].  

It has been shown that PANI-SDS was in the ES form and PANI-Tween was in the EB form, 

and both showed higher antioxidant capacities and antibacterial efficacies compared to other 

samples. Conversely, PANI-PVP360 and PANI-24 showed lower antioxidant capacities and 

antibacterial efficacies. Similar relationships between antioxidant capacities and antibacterial 

efficacies were also observed for PANI-HCl and nfPANI samples as shown in the previous 

chapter (Section 3.2.9). This suggests that there are strong relationships between these two 

properties and the antioxidant capacities of PANI could possibly be utilised as a screening 

test before carrying out the antibacterial efficacies tests, because the free-radical scavenging 

tests (such as DPPH●) can be completed rapidly and quantitatively.   

4.2.9. Further discussions  

Analysis on the dialysate of the dispersions suggested that the PANI colloids and dispersions 

were at equilibrium with the aqueous environments after 30 days, and any small and non-

binding ions, acids, monomer, oligomers and stabilisers, were completely removed. The 

oligomers and monomer, which have high UV absorption in the range of 190 to 300 nm, see 

Figure 4‒1, were removed at an early stage of dialysis treatments. Further investigations by 

FTIR spectroscopy confirmed that monomers and oligomers were removed by dialysis. There 
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were no sharp absorptions bands in the 1600 to 1620 cm-1 region, indicating no free benzene 

units; and no sharp absorption bands in the 600 to 700 cm-1 region, indicating no primary 

amines or oligomers. This further suggests that dialysis treatment was effective for removal 

of the oligomers and monomer. In addition, varying amount of stabilisers was detected from 

FTIR spectroscopy, which were not expected for the smaller stabiliser such as SDS when 

most of the soluble ions and oligomers were removed by dialysis treatements, suggesting that 

there could be a high degrees of interactions between the stabiliser, such as SDS, and PANI,  

For the control sample, PANI-HCL-LC, prolong dialysis with distilled water resulted in 

removal of non-binding dopants. Chiang et al. suggested that PANI is a polyelectrolyte, 

which has a characteristic of a varying pKa with different pH and the pKa is 3.3 at pH = 7 

[15]. Previous study implies that leached dopants, such as HCl, have ability to react with 

bacteria by acidifying the environment causing cell deaths [156], but the dialysed PANI-

HCL-LC showed little or no capacities to alter the pH of it environment, nor donating any 

ions to alter the conductivity of its environment, but still showed antimicrobial efficacy. This 

suggests that dopant leachates, such as HCl, may not be the possible antimicrobial 

mechanism for PANI-HCL-LC, instead it could be the ability to induce oxidative stress via 

physical contact with bacteria membrane, as suggested by Shi et al. and Gizdavic-Nikolaidis 

et al. [13, 95]. 

In the case of non-ionic surfactant stabilised PANI, the chemical composition of PANI-

Tween was similar to PANI-HCL-LC after prolong dialysis, meaning that it is also in the EB 

form. The resulting dispersion was showed a low retention of Tween, leading to formation of 

aggregation and poor storage stability. The morphology of PANI-Tween was not significantly 

different from dialysed PANI. However, improvements in antioxidant capacity and 

antimicrobial efficacy were observed, suggesting that the improvements were not largely 

related to the morphology, but possibly due to the use of non-ionic surfactant which was 
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capable of reducing the surface energy of PANI and improved its interactions with bacterial 

surfaces [157]. The incorporation of Tween resulted in an increase in antimicrobial efficacy 

against S. aureus compared to dialysed PANI (a 75% reduction in MBC), but showed no 

improvements against E. coli. This showed that the surface chemistry of Gram-positive and 

Gram-negative strains is very different and that non-ionic surfactants could possibly improve 

physical interactions between PANI and Gram-positive bacteria.  

In the case of anionic surfactant, PANI-SDS, strong interactions between the nano-emulsion 

particles resulted in formation of large aggregates observed under optical microscopy, with 

diameters in excess of 40 µm. Although DS- ions were capable of forming micelles and 

stabilising the PANI-SDS nanoparticles, it appears that these nano-particles were only stable 

at low concentrations (< 0.1% w/v). At high concentrations, c.a. 1% w/v, hydrophobic 

interactions between the PANI-SDS resulted in the formation of large aggregates (Figure 4-4) 

where the DS- ions strongly binds to the PANI backbone, leaving the hydrophobic tails 

exposed, which could have contributed in a self-assembly structure, as proposed in Figure 4-

16 below, and resulted in a reduction of storage stability.  
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Figure 4−16. Proposed structure of PANI-SDS by self-assembly.    

The antimicrobial efficacy of PANI-SDS particles, compared to PANI-HCL-LC, was 

improved against S. aureus. This is possibility due to the electrostatic stabilisation properties 

of SDS which contributed to the increase of antimicrobial efficacy against S. aureus. Similar 

trends were also observed for SDS stabilised silver nanoparticles, which increases the 

disruption of the cell walls of Gram-positive strains [158]. On the contrary, a decrease in 

efficacy was observed against E. coli. It is likely that the formation of aggregation did not 

favour the interactions between PANI-SDS and E. coli, leading to poor surface interactions 

and low efficacy. Again, the trend was that Gram-negative strain was less affected by PANI 

in general, regardless if PANI was in the EB form or the ES form.   

In the case of PANI-PVP360, the formation of highly stable dispersions was the result of 

small particle size distributions and the steric effects provided by PVP360. It was proposed 

that reduction of particle size could improve antimicrobial efficacy, but the results showed 
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that efficacy against both S. aureus and E. coli were reduced. PVP360 may have reduced the 

antimicrobial efficacy as a result of steric forces preventing the bacteria from interacting with 

the antimicrobial PANI. The fact that PVP-PANI360 was still active showed that there could 

be more than one killing indirect mechanism involved for the efficacy of PANI, which does 

not involve leaching of dopants. Studies suggested that the oxidising and reducing property of 

PANI could result in conversion of oxygen into oxy-radicals with strong oxidising capacity 

which induces oxidative stress on cells causing deaths [95-96]. Further, there is a similar 

trend found in the DPPH● scavenging capacity and the MBC concentration, which suggests 

that there could be a strong link between the antioxidant capacity and antimicrobial efficacy 

of PANI and the antioxidant capacity could be one of the key factors for influencing the 

antimicrobial efficacy of PANI. Since antioxidant capacity of PANI could be determined 

relatively quickly and there was a strong link between the antioxidant capacity and 

antimicrobial efficacy, hence it is hypothesised that antioxidant capacity tests, such as DPPH● 

scavenging test, could be used as screening tests for predicting the antimicrobial efficacy of 

PANI.   

 

4.3. Conclusions 

In this chapter, for the first time, the antioxidant capacities and antibacterial efficacies of 

PANI colloids and emulsions were investigated, as well as their chemical compositions, 

particle size distribution and stabilities were compared. The effects of dialysis treatments on 

PANI colloids and emulsions were also examined.  

The formation of PANI were confirmed from FTIR spectroscopy and it appears that dialysis 

treatments was effective at removing the unwanted ANI oligomers, unbounded ions and 

neutralising the pH of the colloids and emulsions. Results of dialysis treatments showed that 
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SDS, Tween, PVP360 and PVP24 remained bound to PANI emulsions and colloids, while 

HCl dopant acid were removed by excess amount of deionised water, resulted in undoping of 

PANI-HCL-LC, PANI colloids and emulsion, except for PANI-SDS, which remained doped 

due to strong ionic interaction between DS- and PANI. The FTIR spectroscopy results 

suggested that the bounded stabilisers (PVP, SDS and Tween) showed evidence of H-

bonding which prevented them from been dialysed.  

The morphology and particle size analysis of the dialysed PANI colloids and emulsions 

showed that sub-micron particles were formed for PANI-PVP360 (diameter: 320 nm), and 

PANI-SDS (diameters: 20 nm and 62 nm, bimodal); while PANI-Tween, PANI-PVP24, 

PANI-PEG400 and PANI-PEG200 showed granular morphology, similar to PANI-HCL-LC, 

with aggregates ranging from 1 to 20 microns. However, the stabilities of the PANI colloids 

and emulsions were not directly related to the particle size, instead the sterically stabilised 

PANI-PVP360 and PANI-PVP24 were the most stable due to strong osmotic pressure and 

elastic deformation of steric stabilisers. On the other hand, PANI-SDS was found to be least 

stable due to the high concentration of SDS present, resulting in formation of a gel-like 

flocculation between the PANI-SDS particles.  

For antioxidant capacity, PANI-SDS showed highest DPPH● scavenging capacity which 

could be due to the increase of surface area from the nano-scale particle size. While the 

sterically stabilised PANI-PVP360 remained less active against DPPH● due to strong 

interactions between PANI and PVP, such as H-bonding and steric effects.  

In addition, both PANI colloids and emulsions showed antibacterial efficacies against S. 

aureus and E. coli, with PANI surfactants showing higher efficacies compared to PANI 

colloids. PANI-SDS showed the highest antibacterial efficacy because SDS also showed 

strong antibacterial efficacy, while PANI-PVP360 showed lowest antibacterial efficacy 
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because of possible steric effects by the stabiliser. Nevertheless, PANI-PVP360 colloid has 

showed excellent storage stability; therefore it is recommended for further investigations.   

Most of all, it appears that there were strong correlations between the antioxidant capacity 

and antimicrobial efficacies, in terms of comparative performances, hence it was 

hypothesised that antioxidant capacity could possibly be utilised as a screening test for 

antibacterial efficacy test.  
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Chapter 5. Electrospinning of PVP-PANI: optimisation and 

characterisation   

5.1. Introduction  

This chapter outlines the fabrication methods of electrospun PVP-nfPANI fibre-scaffold 

composites, including: optimisation of electrospinning conditions for PVP360, such as 

solvent selections (water, methanol and ethanol), polymer concentrations, target distances, 

voltages applied and solution flow rates. Reported for the first time, the effects of 

incorporation of nfPANI in PVP360 electrospun fibres were extensively characterised by 

FTIR, UV-Vis, optical microscopy, SEM, TEM, and DPPH● scavenging. Electrospun fibre-

scaffolds provide a possible medium for transportation and delivery of the antioxidant and 

antimicrobial properties of nfPANI. In this chapter, the characterisations and comparisons of 

PVP-nfPANI electrospun fibres will be evaluated for their applications as fibre-scaffolds. In 

the next chapter, Chapter 6, further characterisations and comparisons of PVP-nfPANI will 

be evaluated as aqueous dispersions.  

5.2. Results and discussions 

5.2.1. Optimisation of electrospinning conditions 

This section sets out to investigate the effects of different electrospinning conditions for 

PVP360 and determine suitable range of conditions for formation of electrospun fibres, such 

as: solvent selection, polymer concentrations, target distances, voltages applied and the effect 

of relative humidity (RH).    
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Figures Solvents PVP 
conc. 

(% w/v) 

Voltages 

(kV) 

Distance 

(mm) 

Feed rate 

(mL·h-1) 

Beads Fibre diameter 

(µm) 

5-1a Water 15 10 100 1.0 Yes < 0.5 

5-1b Ethanol 15 10 100 1.0 No 1.5 ± 0.8 

5-1c Methanol 15 10 100 1.0 No 2.6 ± 1.2 

        

5-2a Ethanol 5 10 100 1.0 Yes 0.9 ± 0.4 

5-2b Ethanol 10 10 100 1.0 No 1.2 ± 0.5  

5-2c Ethanol 15 10 100 1.0 No 1.5 ± 0.8 

5-2d Ethanol 20 10 100 1.0 No 1.6 ± 0.9 

        

5-3a Ethanol 20 10 50 1.0 No 1.1 ± 0.6 

5-3b Ethanol 20 10 100 1.0 No 1.5 ± 0.8 

5-3c Ethanol 20 10 150 1.0 No 1.8 ± 0.8 

        

5-4a Ethanol 20 5 100 1.0 No 2.5 ± 1.0 

5-4b Ethanol 20 10 100 1.0 No 1.5 ± 0.8 

5-4c Ethanol 20 15 100 1.0 No 0.6 ± 0.3 

        

5-5a Ethanol 20 10 100 0.1 No 1.9 ± 1.0 

5-5b Ethanol 20 10 100 0.5 No 1.8 ± 0.8 

5-5c Ethanol 20 10 100 1.0 No 1.5 ± 0.8 

5-5d Ethanol 20 10 100 2.0 No 1.8 ± 0.8 

5-5e Ethanol 20 10 100 4.0 No 2.0 ± 0.8 

Table 5−1. Summary of electrospinning conditions and average fibre diameters for PANI360 

(± 1 standard deviation) obtained from optical microscopy collected on glass substrates.  

5.2.2. Effects of solvents  

PVP is highly soluble in polar solvents, such as water and alcohols [159]. Therefore, water, 

methanol and ethanol were selected as solvents for electrospinning because PVP360 could be 
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readily dissolved in these solvents at high concentration (> 10% w/v) forming polymer 

solutions which could be easily fed through a glass syringe fitted onto a syringe pump.  

The fibres formed using water as a solvent were sub-micron in size, with Figure 5−1a as an 

example. At lower concentrations of PVP360 (5% and 10%), formation of fibres were not 

observed, instead thin films of PVP360 were formed as a result, which was possibly due to 

the reduced viscosity of the solutions. At 15% w/v PVP360, a mixture of beads and fibres 

were observed, containing sub-micron diameters fibres (0.6 µm) and spherical beads up to 20 

µm in diameters. In addition, water has a slower evaporation of rate, which means the fibres 

were not completely dried when collected onto the target and gradually fused together due to 

incomplete evaporation of water. Also, electrospinning of PVP in closed chambers using 

aqueous solvent appears to gradually increase the RH over the course of electrospinning. 

Therefore, a constant supply of dry air should be applied to prevent build-up of humidity and 

affecting the morphologies of electrospun PVP.    

The fibres formed using 15 %w/v PVP360, in ethanol and methanol, appear visually very 

similar (Figure 5−1b and c, diameters 1.5 µm and 2.6 µm, respectively). Well-defined 

electrospun fibres were achieved easily for both solvents, without formation of beads. The 

formation of electrospun fibres was very rapid, compared to water as a solvent, and were 

observed across a wide range conditions: target distances, voltages, polymer concentrations 

and flow rates. Furthermore, there were no issues with the evaporation rates for methanol and 

ethanol, and electrospun fibres were able to form continuously and no fusing of fibres was 

observed (compared to water). Ethanol was selected for further optimisation of 

electrospinning because of lower health risks (compared to methanol), and formation of well-

defined fibres (compared to water).  
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Figure 5−1. Optical images of PVP electrospun fibres prepared using different solvents: a) 

distilled water; b) ethanol and c) methanol. All samples contained 15% w/v of PVP and were 

electrospun under following conditions: temperature = 20 ± 2 °C, RH = 50 ± 5 %, voltage = 

10 kV, target distance = 100 mm and flow rate = 1.0 mL·h-1.  

5.2.3. Effects of polymer concentrations 

Electrospinning of different concentrations of PVP360 in ethanol appears to form well 

defined fibres at a wide range of concentrations (5 to 20 %w/v). Compared to water as a 

solvent, electrospinning of PVP360 using ethanol contains no beads at a lower concentration 

(5 % w/v) and have a wider workable range of concentration (10 to 20 % w/v). The formation 

of large beads (diameters 5 to 15 µm) at lower polymer concentrations (for PVP360 < 5% 
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w/v) are very commonly observed from low viscosity polymer solutions [160]. At 10% w/v 

(Figure 5−2b), the fibres were 1.2 µm in diameter and bead-free this could also due to the 

effects of increase viscosity. Further increase in the polymer concentration (15% w/v and 

20% w/v), steady formation of fibres were observed (Figure 5−2c and d, diameters 1.5 µm 

and 1.6 µm, respectively). At > 20% w/v PVP360, dissolving, transferring and feeding (by 

syringe pump) become very difficult and impractical at 25% w/v. Hence, 15% to 20% w/v 

appears to be a good range for electrospinning for these conditions.  

 

Figure 5−2. Optical images of PVP electrospun fibres prepared using different polymer 

concentrations: a) 5% w/v; b) 10% w/v; c) 15% w/v and d) 20% w/v. All samples were 

PVP360 dissolved in ethanol and electrospun under the following conditions: temperature = 

20 ± 2 °C, RH = 50 ± 5 %, voltage = 10 kV, target distance = 100 mm and flow rate = 1.0 

mL·h-1.   
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5.2.4. Effects of target distances 

The target distance seemed to affect directly the diameters of the fibre produced, the spread 

of the fibres collected on the target, the rate of accumulation of the fibres and fibre diameters. 

For electrospinning of 15% w/v PVP360 using ethanol, uniform fibres were obtained and no 

beads were found across the target range of 50 to 150 mm. However, it appears that the 

diameters of the fibres were increased as the target distance increases, averaging at 1.1 µm, 

1.5µm and 1.8 µm (at distances of 50, 100 and 150 mm, respectively). The increase in fibre 

diameters was due to the reduction of the applied electric field onto the pendent droplet as the 

target distance increases.  

The spread of the electrospun fibres, at the distance of 50 mm, was confined in a small 

circular area with diameter of 20 mm, with fibre-scaffold thickness rapidly accumulated 

during electrospinning. It appears that the short target distance was not sufficient for the 

PVP360 fibres to spread out. In addition, the short target distance did not affect the 

morphology of the electrospun fibres, namely that the fibres did not merge or fuse together, 

which showed that the solvent was completely evaporated when the fibres hit the target 

collector. Most of all, the reduction of fibre diameters could be due to the higher electric field 

strength applied which is a function of the target distance [119].  

At target distance of 100 mm, the collected fibres appear to spread out significantly, to an 

area with diameter greater than 120 mm (exceeding the proposed target). At this distance, 

there was sufficient distance for polymer fibres to repel each other and spread out to be 

collected onto the grounded target. In addition, the applied voltage (10 kV) was sufficient to 

produce steady streams of polymer jets and formed a steady Taylor cone by overcoming the 

surface tension of the polymer solution. Also, the accumulation of the fibre-scaffolds 

collected was significantly slower compared to the target distance of 50 mm.  
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As the target distance increased to 150 mm, while maintaining the voltage at 10 kV, steady 

streams of polymer jets were also formed and the collected fibres were also exceeding the 

target size (> 120 mm in diameter). The fibre diameters were not much different compared to 

the fibres obtained at the distance of 100 mm, which implied at a distance beyond 100 mm 

the effects of electric field strength has plateaued, a similar effect observed for electrospun 

PEO reported previously [119].  

 

 

Figure 5−3. Optical images of PVP electrospun fibres in regard the effects of target distance: 

a) 50 mm; b) 100 mm and c) 150 mm. All samples used were 15% w/v of PVP360 in ethanol 

and electrospun under the following conditions: temperature = 20 ± 2 °C, RH = 50 ± 5%, 

voltage = 10 kV and flow rate = 1.0 mL·h-1.  
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Electrospinning of 15% w/v PVP, at different target distances, showed an influence on fibre 

diameters and the spread of the fibres collected, but showed no significant effects on the fibre 

morphologies. Therefore, target distance of 100 mm was selected to best match the target size 

to maximise the collection of fibre-scaffold area.   

5.2.5. Effects of applied voltages 

Varying applied voltages for electrospun fibres is the most direct method to adjust the applied 

electric field strengths; and a minimum voltage required for formation of Taylor cone and 

steady jets of polymer stream can be obtained for specific electrospinning conditions.   

At 5 kV, electrospinning using 15% w/v PVP360 at a fixed distance of 100 mm, it appears 

that the applied magnetic field was insufficient to break the surface tension of the pendent 

droplet and a steady Taylor cone was not observed (Figure 5−4a). Instead, bursts of polymer 

solution were ejected in regular intervals and an excess feed of polymer solution was 

observed, resulting in rapid growth of the pendent droplet. In addition, fibres with large 

diameters of 2.5 µm were observed (Figure 5−5a).  

 

Figure 5−4. Schematic of the pendent droplets under different applied voltages: a) 5 kV, b) 

10 kV and c) 15 kV, with formation of Taylor cone observed in b).  

By increasing the applied voltage, to approximate 8 kV, a steady Taylor cone began to form 

and, at 10 kV, steady streams of polymer jets were observed (Figure 5−4b).  In addition, the 

diameter of the electrospun fibres was reduced slightly to 1.5 µm (Figure 5−5b) due to 

increased electric field applied. Further increase the voltage to 15 kV, the rate of 
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electrospinning also increased and appears to be faster than the polymer solution feed, which 

exhaust the polymer solution pendent droplet rapidly, with the Taylor cone disappeared 

completely, resulting in fibre diameter of 0.6 µm (Figure 5−5c). The increase in applied 

voltage had a direct influence on the fibres, resulted in a significant reduction in fibre 

diameters, from 2.5 µm to 0.6 µm, as the voltage increased from 5 kV to 15 kV (Figure 5−5a 

and d). The reduction of the fibre diameters was mainly due to the shape changes of the 

Talyor cone under different applied voltages (Figure 5−4). In order to maintain a steady rate 

of electrospinning, the optimum voltage for electrospinning 15% w/v PVP360 was selected at 

10 kV, which is within the range of 8 kV to 15 kV for formation of steady Taylor cone.     

 

Figure 5−5. Optical images of PVP electrospun fibres in regard the effects of voltage applied: 

a) 5 kV; b) 10 kV and c) 15 kV. All samples used contained 15% w/v of PVP360 in ethanol 
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and electrospun under the following conditions: temperature = 20 ± 2 °C, RH = 50 ± 5%, 

target distance = 100 mm and flow rate = 1.0 mL·h-1.  

5.2.6. Effects of polymer solution feed rates 

Adjusting the polymer solution feed rate is an alternative method for maintaining a steady 

Taylor cone for electrospinning. Compared to adjusting the voltage applied, the effects feed 

rate does not have significant impacts on the fibre diameters.  

At 0.1 mL·h-1, the feed rate was unable to support a steady formation of a pendent droplet 

and no Taylor cone was formed. At 0.5 mL·h-1, the feed rate a Taylor cone was observed but 

gradually the feed could not keep up with electrospinning and eventually the Taylor cone and 

the pendent droplet was exhausted (Figure 5−7a). The diameters of the electrospun fibres 

collected were 1.9 µm and 1.8 µm, for 0.1 mL·h-1 and 0.5 mL·h-1, respectively.  

At 1.0 mL·h-1, a steady Taylor cone started to appear and was able to sustain a continuous 

stream of polymer jets, suggesting sufficient feed of polymer solution (Figure 5−7b). At this 

flow rate, the fibres produced were at 1.5 µm in diameter.    

At 2.0 mL·h-1, the Taylor cone started to become unstable, suggests the feed is too high and 

large bursts of polymer jets were observed at regular intervals. At 4.0 mL·h-1, the Taylor cone 

becomes very unstable and excess feed was observed with the pendent droplets growing very 

rapidly (Figure 5−7c). Nevertheless, the diameters of the fibres collected at these flow rates 

(1.8 µm and 2.0 µm, for 2.0 mL·h-1 and 3.0 mL·h-1, respectively) were not significantly 

different from the fibres collected at 1.0 mL·h-1.  

It was therefore recommended that the flow rate remained at 1.0 mL·h-1 for electrospinning 

of 15% w/v PVP360, since the formation of the Taylor cone is optimised at this flow rate to 

the voltage and distance conditions.  
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Figure 5−6. Optical images of PVP electrospun fibres in regard the effects of flow rate: a) 0.1 

mL·h-1; b) 0.5 mL·h-1; c) 1.0 mL·h-1, d) 2.0 mL·h-1 and e) 4.0 mL·h-1. All samples used 

contained 15% w/v of PVP360 in ethanol and electrospun under the following conditions: 

temperature = 20 ± 2 °C, RH = 50 ± 5%, target distance = 100 mm and voltage = 10 kV.  
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Figure 5−7. Schematic of the pendent droplets at different flow rates: a) 0.1 mL·min-1 and 0.5 

mL·min-1; b) 1.0 mL·min-1; and c) 2.0 mL·min-1 and 4.0 mL·min-1, with formation of Taylor 

cone observed in b).    

5.2.7. Effects of relative humidity  

RH is a major influencing factor because of its effects on evaporation rate. Comparing 

electrospun fibres of PVP360 prepared at different RH’s (50% and 80%) showed larger fibre 

diameters (0.6 µm to 2.2 µm, Table 5−1) with highly branched and cross-linked structures 

were produced (Figure 5−8c and d). The formation of cross-linking PVP electrospun fibres is 

reported previously using water vapour post-treatments [161], while electrospinning of at a 

lower concentration PVP360 (7% w/v in ethanol) does not produce electrospun fibres when 

RH > 60% [162]. Therefore, it could be possible that the higher concentration of PVP360 

enabled the electrospinning to be carried out at a higher RH. Closer examination of the 

electrospun fibres found that both branching and fusing took place as a result of high RH 

(Figure 5−8c and d). The branching of electrospun fibres could possibly be a result of high 

RH delaying the evaporation of the solvent and by ejection of secondary jets from slow 

evaporating polymer jets [163]. In addition, fusing could be caused by the effects of high RH 

causing swelling and delayed drying of the polymer fibres.  
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Figure 5−8. SEM images of PVP360 electrospun fibres in regard the effects of the RH while 

electrospinning: a) and b) electrospun at RH = 50 ± 5%; c) and d) electrospun at RH = 80 ± 

5%. All samples contained 15% w/v of polymer, dissolved in ethanol, electrospun under the 

following conditions: temperature = 20 ± 2 °C, target distance = 100 mm, voltage = 10 kV 

and flow rate = 1.0 mL·h-1.  
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Fibre-scaffolds samples RH (%) Fibre diameters (µm) 

PVP360  50 ± 5 0.6 ± 0.3 

PVP360-80RH 80 ± 5 2.2 ± 1.2 

Table 5−2. Fibre diameters of electrospun PVP360 , PVP-PANI and PVP-nfPANI obtained 

using SEM microscopy, containing 20% w/v of polymer in ethanol, electrospun under the 

following conditions: temperature = 20 ± 2 °C, target distance = 100 mm, voltage = 10 kV 

and flow rate = 1.0 mL·h-1.     

5.2.8. PVP-PANI and PVP-nfPANI electrospun fibres  

Investigation of the effects of PANI on electrospinning of PANI containing PVP dispersions 

were studied using the electrospinning conditions as discussed in Section 5.2.1 (ethanol as 

solvent, target distance at 100 mm, voltage applied at 10 kV and feed rate at 1.0 mL·min-1). 

5.2.9. Effects of adding PANI in electrospun PVP 

Electrospinning using granular PANI (produced by the classical synthesis method, PANI-

HCl) dispersed in a PVP360-ethanol solution, produced PVP-PANI fibre-scaffolds with a 

different morphology compared to PVP360 fibres (Figure 5−9a). Large granules of PANI 

(darked coloured) could be seen lodged in fine PVP360 fibres-scaffolds (transparent fibres).   

Similarly, electrospinning using nfPANI-HCl-HAPS (produced by the RMR method as 

described in Chapter 3) dispersed in a PVP360-ethanol solution, produced PANI-nfPANI 

scaffolds with considerable smaller particles of nfPANI widely spread within the PVP360 

fibre-scaffolds (Figure 5−9b). 
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Figure 5−9. Optical images of PANI-PVP electrospun fibres containing: a) PANI-HCl and b) 

nfPANI-HCl. All samples contained 20% w/v of polymer, PVP: PANI (or nfPANI) = 9: 1 

weight ratio, dispersed in ethanol, electrospun at the following conditions: temperature = 20 ± 

2 °C, RH = 50 ± 5%, target distance = 100 mm, voltage = 10 kV and flow rate = 1.0 mL·h-1. 

Comparing SEM images of fibre-scaffolds between PVP360, PVP-PANI and PVP-nfPANI, it 

appears that the addition of PANI and nfPANI granules/particulates increased the fibre 

diameters of the electrospun fibre-scaffolds, from 2.0 ± 0.6 µm (for PVP360) to 4.5 ± 0.8 µm 

and 3.2 ± 0.9 µm (for PVP-PANI and PVP-nfPANI, respectively, see Table 5−2). PANI and 

nfPANI remained in their granular forms due to its low solubility in the selected solvent, 

ethanol, appears to be in aggregates (Figure 5−10b and c) with average aggregate particle 

diameters of 8.2 µm and 4.4 µm (for PVP-PANI and PVP-nfPANI, respectively). 

Furthermore, the nfPANI was better dispersed among the PVP-nfPANI fibre-scaffolds, with 

the average particle size (Figure 5−10 and Figure 5−11) reduced to from 8.2 ± 3.2 µm to 

4.4 ± 2.2 µm (for PVP-PANI and PVP-nfPANI, respectively, Table 5−2). In addition, there 

were significant numbers of sub-micron dimension nfPANI found within the PVP-nfPANI 

fibre-scaffolds, which was also an indication of better dispensability of nfPANI compared to 

granular PANI, which is supported by the findings in Chapter 3.  
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Figure 5−10. SEM images of PVP and PANI-PVP electrospun fibres containing: a) and b) 

PVP360, c) and d) PANI-HCl, and e) and f) nfPANI-HCl. All samples used contained 20% 

w/v of polymer, PVP: PANI (or nfPANI) = 9: 1 weight ratio, dispersed in ethanol, 

electrospun under the following conditions: temperature = 20 ± 2 °C, RH = 50 ± 5%, target 

distance = 100 mm, voltage = 10 kV and flow rate = 1.0 mL·h-1.  
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The orientations of the PANI and nfPANI granules were in a “uniaxial” fashion to the 

electrospun fibres (Figure 5−10d and f, and Figure 5−11b and c). The longer axial of the 

PANI and nfPANI granules appear to connect to the electrospun fibres and in the same 

direction of electrospinning. Interestingly, this alignment allowed the minimal cross-section 

of these granules along the fibres. Such alignment could possibly be results of external forces 

applied from electrospinning process, such as tension (from the stretching of the polymer 

fibres during electrospinning).  

 

Figure 5−11. TEM images of PVP and PVP-PANI electrospun fibres of: a) PVP solution, b) 

PVP-PANI dispersion (9: 1 weight ratio) and c) PVP-nfPANI dispersion (9: 1 weight ratio). 

All samples used contained 20% w/v of polymer in ethanol, electrospun under the following 

conditions: temperature = 20 ± 2 °C, RH = 50 ± 5%, target distance = 100 mm, voltage = 10 

kV and flow rate = 1.0 mL·h-1.  
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Fibre-scaffolds samples Fibre diameters (µm) 
Average PANI  

aggregate size (µm) 

PVP 360 0.6 ± 0.3 - 

PVP-PANI 2.7 ± 0.8 4.4 ± 2.6 

PVP-nfPANI 1.2 ± 0.9 2.7 ± 2.5 

Table 5−3. Fibre diameters of electrospun PVP360, PVP-PANI and PVP-nfPANI obtained 

using SEM microscopy. All samples used contained 20% w/v of polymer, PVP: PANI (or 

nfPANI) = 9: 1 weight ratio, dispersed in ethanol, electrospun under the following conditions: 

temperature = 20 ± 2 °C, RH = 50 ± 5%, target distance = 100 mm, voltage = 10 kV and flow 

rate = 1.0 mL·h-1.    

5.2.10. Effects of nfPANI concentration on electrospun PVP-nfPANI 

Different loadings of nfPANI were prepared in PVP360-ethanol solutions (see Table 5−3), 

composed of different PVP:PANI weight ratios: 99:1, 95:5, 90:10 and 80:20.  While the total 

polymer contents of PVP and nfPANI remained at 20% w/v, the effective fibre-forming 

PVP360 reduced from 20% w/v to 16% w/v for the high nfPANI loading sample, which was 

suitable concentrations for electrospinning of PVP360, as previously demonstrated in Section 

5.2.3. Further increase of nfPANI loading became difficult due to the increase in the viscosity 

of the polymer solution.  

The addition of 1% w/v nfPANI resulted in a sudden increase in the fibre diameter, from 0.6 

± 0.3 µm to 2.1 ± 0.9 µm, for PVP360 and PVP-nfPANI01, respectively (Figure 5−12). The 

sudden increase in the fibre diameter is possibly due to the incorporation of nfPANI granules 

in the solutions, which resulted in formation of micron-size aggregates. Furthermore, as 

nfPANI loading increases, there was a gradual decline of fibre diameters from 2.1 ± 0.9 µm 

to 1.4 ± 0.8 µm (from PVP-nfPANI01 to PVP-nfPANI20). This is possibly because of the 
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reduction of the concentration of PVP360, from 19.8%w/v (for PVP-nfPANI01) to 16% w/v 

(for PVP-nfPANI20), which may have contributed to the reduction of fibre diameters.  

One of the result of increasing nfPANI loading in the PVP360 dispersion was increasing of 

the conductivity of the solutions from 3.6 µS·cm-1 to 2200 ± 100 µS·cm-1 (for PVP360 and 

PVP-nfPANI20, respectively, Table 5−3). It appears that the increase of electrical 

conductivity of the polymer solutions did not significantly changed the diameters of the 

electrospun fibres, from 0.6 µm to 1.4 µm, for PVP360 and PVP-nfPANI20. Furthermore, the 

increase in nfPANI loading also resulted in a change in the colour of the electrospun fibre-

scaffolds collected, from white to dark black, increase in colour intensity as nfPANI loading 

increases (Figure 5−13).  

Sample names 

Solution compositions 
(% w/v) Solution 

conductivity 
(µS·cm-1) 

Fibre diameters 
(µm) 

PVP360 nfPANI 

PVP360 20.0 - 3.6 ± 0.2 0.6 ± 0.3 

PVP-nfPANI01 19.8 0.2 180 ± 9 2.1 ± 0.9 

PVP-nfPANI05 19.0 1.0 590 ± 40 2.0 ± 0.9 

PVP-nfPANI10 18.0 2.0 980 ± 70 1.2 ± 0.9 

PVP-nfPANI20 16.0 4.0 2200 ± 100 1.4 ± 0.8 

Table 5−4. Compositions and electrical conductivities of PVP and PVP-nfPANI ethanolic 

dispersions for electrospinning, and the resulting fibre diameters recored from SEM 

microscopy. Electrospun under the following conditions: temperature = 20 ± 2 °C, RH = 50 ± 

5%, target distance = 100 mm, voltage = 10 kV and flow rate = 1.0 mL·h-1.    
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Figure 5−12. SEM images of PVP electrospun fibres and PVP-nfPANI electrospun fibres 

containing the following PVP:nfPANI weigh ratios: a) 100:0; b) 99:1; c) 95:5; d) 90:10 and 

e) 80:20. All samples were electrospun from polymer solutions containing a total 20% w/v in 

ethanol, electrospun under the following conditions: temperature = 20 ± 2 °C, RH = 50 ± 5%, 

target distance = 100 mm, voltage = 10 kV and flow rate = 1.0 mL·h-1.  
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Figure 5−13. Colour image of electrospun fibre-scaffolds for: a) PVP360, b) PVP-nfPANI01, 

c) PVP-nfPANI05, d) PVP-nfPANI10 and e) PVP-nfPANI20. All samples were collected on 

aluminium foils after 30 min (at a feed rate of 1.0 mL·h-1) of electrospinning.  

5.2.11. Effects of relative humidity on electrospun PVP-nfPANI fibres 

Electrospinning of PVP-nfPANI at 80% RH (PVP-nfPANI-80HR) resulted in cross-linked 

networks of fibres (Figure 5−14d, e and f) compared to the well-defined PVP-nfPANI10 

fibres electrospun at 50% RH (Figure 5−14d, e and f). The morphology of PVP-nfPANI10 at 

80% HR showed branching of fibres, which could be due to slower evaporation of solvent at 

high HR; and fusing of the fibres, which could be due to swelling of the fibres as a result of 

high HR or because the fibres were not completely dried when collected onto the target 

causing fusing. In addition, the fibre diameter of PVP-nfPANI-80HR (0.9 µm) was not 

significantly different compared to PVP-nfPANI10 (1.2 µm).  
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Samples Fibre diameters (µm) 

PVP-nfPANI10 1.2 ± 0.9 

PVP-nfPANI-80HR 0.9 ± 0.7 

Table 5−5. Fibre diameters of electrospun PVP-nfPANI and PVP-nfPANI-80HR obtained 

using SEM microscopy, electrospun from 20% w/v of polymer in ethanol, with PVP: nfPANI 

weight ration = 90: 10, electrospun under the following conditions: temperature = 20 ± 2 °C, 

target distance = 100 mm, voltage = 10 kV and flow rate = 1.0 mL·h-1.     
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Figure 5−14. SEM images of PVP-nfPANI electrospun fibres showing the effects of RH 

while electrospinning: a), b) and c) electrospun at RH = 50 ± 5%; d), e) and f) electrospun at 

RH = 80 ± 5%. All samples used contained 20% w/v of polymer (with nfPANI: PVP weight 

ratio = 10: 90), dissolved in ethanol, electrospun under the following conditions: temperature 

= 20 ± 2 °C, target distance = 100 mm, voltage = 10 kV and flow rate = 1.0 mL·h-1.  
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5.2.12. FTIR spectroscopy  

FTIR spectra of electrospun fibres were collected using ATR mode with a Ge crystal prism 

following the methodologies described in Section 2.7.3. Figure 5−15 confirmed incorporation 

of PVP-nfPANI within the electrospun fibres, with characteristic absorption bands at: 1584, 

1492, 1164 and 829 cm-1 (for band assignments see Table 5−6), while the 1290 cm-1 (for 

C−N stretching of amines) could be from both nfPANI and PVP360 due to structure 

similarities. In addition, broadening of the carbonyl band at 1654 cm-1 indicated the presence 

of H-bonding between PVP360 and nfPANI, which suggests that there are strong interactions 

between PVP and nfPANI.  

Best efforts were carried out to remove the moisture using reduced-pressure and heating. 

However, it is likely that small amount of water may remain bound to PVP due to H-bonding. 

As observed in the nfPANI-PVP electrospun fibre (Figure 5-15a), the characteristic water 

absorption bands are: 3460, 2100 and 1654 cm-1. In particular, the 2100 cm-1 band is absent 

for the nfPANI and PVP360 spectra (Figure 5-15b and c, respectively), suggesting that both 

samples were relatively dry. On the other hand, the PVP-nfPANI absorption bands showed 

increases in wavenumbers from the original nfPANI band wavenumbers of 1562, 1481, 1132 

and 816 cm-1, suggesting that the nfPANI was undoped during the electrospinning process. 

The most prominent change is the disappearing of the broad 1132 cm-1 polaron band, shifted 

to 1164 cm-1, which suggests that nfPANI was in the EB form.  
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Peak assignments 
PVP-

nfPANI10 
nfPANI-HCl PVP360 

C=O carboxyl stretching [105] 1654   1653 

C=C stretching of quinoid rings [78, 107]  1584*  1562   

C=C stretching of benzenoid rings[78, 107]  1492*  1481   

C−N stretching of secondary amines [78, 105, 107]  1290  1302  1286 

C−H in-plane-bending, doped [78, 107-108]   1132   

C−H out-of-plane bending [78, 107-108]  829*  816   

Table 5−6. FTIR absorption bands and assignements for: PVP-nfPANI10, nfPANI and 

PVP360. (* denotes the bands in the FTIR spectrum are clearly identifiable as nfPANI).  

 

Figure 5−15. FTIR spectra of PVP-nfPANI electrospun fibres, from 20% w/v of polymer 

(with PVP: nfPANI weight ratio = 90: 10) in ethanol, electrospun under the following 

conditions: temperature = 20 ± 2 °C, RH = 50 ± 5%, target distance = 100 mm, voltage = 10 
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kV and flow rate = 1.0 mL·h-1. (* denotes the absorption bands for nfPANI within the PVP-

nfPANI spectrum).  

5.2.13. UV-Vis spectroscopy  

PVP-nfPANI electrospun fibres showed high solubility in NMP compared to nfPANI-HCl, 

producing a dark blue solution (Figure 5−14b), which suggested that nfPANI was in the EB 

form, further proving that nfPANI was undoped during the electrospinning process. UV-Vis 

spectroscopy results of the NMP solutions (Figure 5−17) suggests that both PVP-nfPANI 

(prior to electrospinning) and PVP-nfPANI electrospun fibres are all in the neutral oxidation 

state (emeraldine), given the UV-vis wavelengths are essentially at 330nm (B) and 630 nm 

(for Q); and the Q/B ratios are also at about 0.75.  

The peak intensities of both curves increased approximately 280% after electrospinning, from 

0.26 to 0.74 (at 330 nm) and from 0.19 to 0.55 (at 640 nm). This suggests that nfPANI-PVP 

electrospun fibres contained significantly higher amount of EB units as a result of 

electrospinning, which further supports the FTIR results (see Section 5.2.12) that nfPANI 

was undoped during the electrospinning process. The mechanism for undoping nfPANI is 

unclear. We hypothesise that it could be due to the applied electric fields that lead to 

undoping and evaporation of HCl or a co-solvent effect from ethanol as it evaporates. 

Nevertheless, the undoping behaviour of during electrospinning could lead to potential 

applications in electrical and vapour sensing.  
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Figure 5−16. NMP solutions of: a) PVP-nfPANI prior to electrospinning and b) PVP-nfPANI 

electrospun fibres, containing at 0.1 mg·mL-1; the increase in the blue intensity suggests that 

the amount of EB increased during electrospinning of PVP-nfPANI.  

 

Absorption 
PVP-nfPANI in NMP 
prior electrospinning 

PVP-nfPANI in NMP 
after electrospinning 

Increase (%) 

330 nm 0.26 0.74 280 

640 nm 0.19 0.55 290 

Table 5−7. UV-Vis absorption peak comparisons between PVP-nfPANI dispersion (prior to 

electrospinning), PVP-nfPANI electrospinning and the percentage increased after 

electrospinning.  
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Figure 5−17. UV-Vis absorbance spectra of: a) PVP-nfPANI electrospun fibres and b) PVP-

nfPANI dispersion (prior electrospinning).  

5.2.14. DPPH● scavenging capacity 

DPPH● scavenging rate and capacity of PVP-nfPANI electrospun fibres (with different 

nfPANI loading levels) were compared against pristine nfPANI and PVP360 to study the 

effects of electrospinning on the free-radical scavenging rate and capacity (Figure 5−18). The 

rate of reaction, measured by half-life (t0.5), reduced from 2 h (pristine nfPANI) to ≤ 15 min 

(PVP-nfPANI electrospun fibres), with PVP-nfPANI electrospun fibres completele depleted 

of scavenging capacity within 2 h (Figure 5−18), compared to the > 6 h for nfPANI. 

Furthermore, it could be possible that the electrospinning process further dispersed the 

nfPANI which enhanced the rate of scavenging for PVP-nfPANI electrospun fibres.    

On the other hand, the total DPPH● scavenging capacities (Table 5−8) increased as nfPANI 

loading increases, from 0.15 µmol (for PVP360) to 1.4 µmol (for PVP-nfPAN20). However, 
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this increase was not linear and the effectiveness of nfPANI was reduced when the nfPANI 

loading increased. The amounts DPPH● scavenged per mg nfPANI for PVP-nfPAN05, PVP-

nfPAN10 and PVP-nfPAN20 were relatively consistent, in the range of 1.4 to 1.6 µmol·mg-1, 

retaining about 70% capacity of nfPANI, which measured at 2.2 µmol·mg-1 (Table 5−8). It 

could be possible that the strong interactions observed between PVP and nfPANI (see Section 

5.2.12) affected the total availability of nfPANI to react with DPPH●.  

Electrospun fibres of PVP-nfPANI showed potentials for rapid delivery of free-radical 

scavenging with a trade-off in total amount of free-radical scavenged. Nevertheless, the 

improvement in the scavenging rate means that potentially nfPANI could be utilised for 

applications which would generally be fulfilled by other smaller (in molecular weight) and 

more efficient free-radical scavenging compounds.  

 

Figure 5−18. Plot of percentage of a 250 µM methanolic solution of DPPH radicals remained 

(6 h); when reacted with nfPANI and electrospun fibre samples of PVP360, PVP-nfPANI01, 

PVP-nfPANI05, PVP-nfPANI10 and PVP-nfPANI20.   
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Samples 
Mass of 

fibres (mg) 

nfPANI 
eqv. 
(mg) 

DPPH● scavenged after 6h 

t0.5 

(min) 
Total amount 

scavenged 
(µmol) 

Amount 
scavenged per  
mg of nfPANI 
(µmol·mg-1) 

PVP360 5.0 - 0.15 ± 0.05 - - 

PVP-nfPANI01 5.0 0.05 0.2 ± 0.1 4.0 ± 2.0 ≤ 15 

PVP-nfPANI05 5.0 0.25 0.4 ± 0.2 1.6 ± 1.0 ≤ 15 

PVP-nfPANI10 5.0 0.5 0.8 ± 0.2 1.6 ± 0.4 ≤ 15 

PVP-nfPANI20 5.0 1.0 1.4 ± 0.4 1.4 ± 0.4 ≤ 15 

nfPANI  1.0 2.2 ± 0.6 2.2 ± 0.6 2  

Table 5−8. Comparisons between DPPH● scavenging capacities (6 h) of nfPANI-HCl and 

electrospun PVP360, PVP-nfPANI01, PVP-nfPANI05. PVP-nfPANI10 and PVP-nfPANI20.  

5.3. Conclusions  

In this Chapter, electrospinning of PVP360 and incorporation of PANI and nfPANI in 

electrospun fibre-scaffolds were studied and compared for the first time. Electrospinning of 

PVP360 was optimised for solvents, polymer concentrations, target distances, applied 

voltages, feed rates and RH. Selection of solvent was very influential to the morphology of 

fibres. Uniform and well-defined electrospun fibres of PVP360 were formed with methanol 

and ethanol. With further optimisation, electrospinning spinning conditions for PVP360-

ethanol solutions were optimised accordingly. PVP360-ethanol solutions demonstrated good 

versatility for electrospinning, and were able to form electrospun fibres at concentrations 

from 10% to 20% w/v, using a variety of target distances, voltages applied and feed rates.  

On the other hand, the incorporation of PANI and nfPANI in PVP360, for the first time, was 

compared and the effects on the electrospun fibres studied. Overall, the electrospun fibres 

increased in diameter after incorporation. Both PANI and nfPANI remained in granular form 

after electrospinning and the granules were oriented in a uniaxial fashion to the electrospun 
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fibres. Compared to PANI, nfPANI particles were smaller in particle size, well separated and 

formed smaller aggregates within the electrospun fibre-scaffolds. In addition, increasing 

nfPANI loading led to a colour change of the PVP-nfPANI fibre-scaffolds, from white to 

dark black, and increased in total DPPH● scavenging capacity, while no significant changes 

in the fibre morphologies and diameters were observed.  

Also for the first time, FTIR and UV-Vis spectroscopy results confirmed that nfPANI was 

undoped during the electrospinning process, and resulted in a significant increase in the 

amount of EB units after electrospinning. The exact nature of this undoping behaviour of 

nfPANI during electrospinning is unclear and require futher invstigation, but it could have 

much potential for electrical and vapour sensing applications.   

Electrospinning of PVP360 and PVP-nfPANI at high RH showed that electrospun PVP fibre 

morphologies were highly sensitive to humidity during electrospinning through effects such 

as branching and fusing. Also, UV-Vis spectroscopy and DPPH● scavenging also showed 

that electrospun PVP-nfPANI fibre-scaffolds could be dispersed readily in polar solvents, 

such as NMP and ethanol, producing highly stable nfPANI dispersions. Further tests also 

showed that PVP-nfPANI electrospun fibres could be dispersed readily in water and therefore 

could possibly be utilised for antimicrobial applications (to be addressed in Chapter 6). This 

sensitivity to humidity influenced on the integrities of the electrospun PVP-nfPANI fibres 

and limits its application as a tissue scaffold. Therefore, PCL was utilised as a matrix 

polymer for electrospinning of nfPANI for tissue engineering applications (which will be 

addressed in Chapter 7).  
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Chapter 6. PVP-nfPANI electrospun fibres: a novel route to 

PANI colloidal dispersions  

6.1. Introduction  

As an extension to Chapter 5, the aim of this chapter was to further investigate the potential 

applications for electrospun PVP-nfPANI fibre-scaffolds, for an example as a storage 

medium for fast delivery of nfPANI colloidal dispersions with antimicrobial efficacy and 

antioxidant capacity. This chapter outlines, for the first time, the characterisation of PVP-

nfPANI fibre re-dispersions (PVP-nfPANI FRD) prepared from the electrospun PVP-nfPANI 

fibre-scaffolds (as described in Chapter 5). Also, DPPH● scavenging capacity and 

antibacterial efficacy of PVP-nfPANI FRD were compared with other PANI dispersions of 

interest: nfPANI direct dispersion in water (nfPANI DD); nfPANI direct dispersions in 

aqueous PVP360 solutions (PVP-nfPANI DD); and PVP-PANI in-situ polymerised, acetone-

precipitated and redispersed in distilled water (PVP-PANI IS).  

Sample names 
Compositions (%w/v) 

Descriptions 
PVP  nfPANI 

nfPANI DD -  1.0 
Direct dispersions of  

nfPANI-HCl-HAPS in distilled water 

PVP-nfPANI DD  4.0  1.0 
Direct dispersions of  

nfPANI-HCl-HAPS in aqueous PVP360 solutions 

PVP-nfPANI FRD  4.0  1.0 
Direct dispersions of electrospun fibres PVP-

nfPANI20 (Chapter 5) in distilled water 

PVP-PANI IS  4.0  1.0 
PANI-PVP360 colloids obtained by acetone co-

precipitation (Sections 2.3.1 and 2.3.3) 

Table 6−1. Compositions and descriptions of the dispersions investigated in this chapter.    
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6.2. Results and discussions   

6.2.1. Ease of dispersions and storage stability 

All four dispersions were prepared by sonication and mechanical mixing, produced dark 

coloured dispersions (Figure 6–1). The sonication time required to prepare the four 

dispersions can be ranked, in increasing order, as follows: nfPANI DD < PVP-nfPANI FRD 

< PVP-nfPANI DD < PVP-PANI IS. The starting material for nfPANI DD and PVP-nfPANI 

DD (Figure 3–1b) was nfPANI-HCl-HAPS, which has nanofibrillar morphology and formed 

aqueous dispersions rapidly by sonication alone. The preparation of PVP-PANI IS required 

excess amount of mechanical stirring because the starting material, PANI-PVP360, was in a 

gum-like aggregate which was difficult to disperse without mechanical mixing. The 

preparation of PVP-nfPANI DD was carried out by dispersing nfPANI in a PVP360 solution, 

which required mechanical shearing to obtain consistently dispersed nfPANI particles. The 

preparation of PVP-nfPANI FRD required only sonication because the starting material, 

electrospun fibres PVP-nfPANI20 (Figure 5−12d), was very porous, highly soluble in water 

and the nfPANI particles were already highly dispersed within the electrospun fibre-

scaffolds.   

Storage stabilities of the nfPANI dispersions, in decreasing order, were: PANI-PVP IS (120 + 

h) > PVP-nfPANI FRD (2 h) > PVP-nfPANI DD (2 h) > nfPANI DD (30 min). The nfPANI 

DD contained no stabilisers and was the least stable dispersion, which was stabilised by 

electrostatic repulsion (Coulombic forces) which prevent the nano-scale particles from 

flocculation [22], resulted in a stability of about 30 min (Figure 6–1a).  

The colours of PVP-nfPANI DD and PVP-nfPANI FRD were different (Figure 6–1b and c). 

PVP-nfPANI DD was dark green because nfPANI-HCl-HAPS was in the ES form. PVP-

nfPANI FRD was dark blue because the nfPANI-HCl-HAPS was undoped during the 

electrospinning process, forming EB, as reported previously in Chapter 5. Further, the 
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stabilities of PANI-nfPANI DD and PVP-nfPANI FRD were comparable, with precipitation 

after 2 h and were still partially stable after 120 h and showing good stability at lower 

concentrations (< 0.01% w/v). The increase in stability for PVP-nfPANI DD and PVP-

nfPANI FRD was a result of steric stabilisation the PVP, preventing the nfPANI particles 

from aggregating. Both dispersions showed improvement in storage stability compared to 

nfPANI DD. 

The colour of the acetone co-precipitated PANI-PVP IS (Figure 6–1d) was dark green, which 

suggests that PVP-PANI IS was doped (in the ES form), unlike its dialysed counterparts (see 

optical images Figure 4–4d, Chapter 4). However, a colour change was observed after 30 min 

(from green to blue, Figure 6–2), when diluted with distilled water (1:100 dilution), suggests 

that PVP-PANI IS was undoped by the dilution process. This effect appears to be very similar 

to the undoping process observed by dialysis treatments, as described in Chapter 4. 

Furthermore, PVP-PANI IS was the most stable dispersion of all four samples, showing no 

precipitation after 120 h. This suggests that the acetone co-precipitation process also 

produced the stable PVP-PANI IS colloid. The combination of steric stabiliser, small particle 

size and strong interactions between PVP and PANI, resulted in a very stable PVP-PANI IS 

colloid system.  
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Figure 6–1. Images of nfPANI dispersions (0.1% w/v nfPANI) after 2 h and 120 h for: (a) 

nfPANI DD, (b) PVP-nfPANI DD, (c) PVP-nfPANI FRD and (d) PVP-PANI IS. Showing 

that PVP-PANI IS has highest storage stability; PVP-nfPANI FRD and PVP-nfPANI DD has 

similar storage stability; and nfPANI DD was the least stable.  

 

Figure 6–2. Colour change observed after dilution samples of PVP-PANI IS (0.01% w/v 

PANI), at: (a) T = 0 and (b) T = 30 min. Suggests the sample was undoped by excess distilled 

water.  
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6.2.2. Optical, SEM and TEM microscopies 

Optical microscopy results of the dispersion showed that nfPANI DD contains flocculated 

particles ranging from 0.5 to 40 µm in diameter (Figure 6–3a), although nfPANI has nano-

scale morphology (Chapter 3), it showed tenancy to flocculate and formed micro-scale 

particles, which led to sedimentation. On the other hand, the three PVP360-containing 

samples (PVP-nfPANI DD, PVP-nfPANI FRD and PVP-PANI IS) showed well dispersed 

particles under optical microscopy, which were sub-micron in diameters (Figure 6–3b to d). 

This implied that steric effects of PVP360 on the nfPANI particles prevented flocculation and 

sedimentation. However, the dimensions of the particles were smaller than the micron-range, 

hence optical microscopy was only sufficient for observing the general properties of the 

dispersions.  

SEM images of nfPANI DD showed characteristic nfPANI morphology with micron-sized 

aggregates, composed of nfPANI individual particles (diameters < 300nm) and micron-sized 

aggregates (Figure 6–4a). For PVP-nfPANI DD, SEM images showed amorphous particles 

with similar diameters (Figure 6–4b), mostly in the sub-micron ranges (diameters < 300 nm). 

Aggregates formed by PVP-nfPANI DD were “pearl-necklace” shaped with individual 

particles connected together in a linear fashion, widths < 200 nm and lengths from 1 to 3 µm. 

For PVP-nfPANI FRD, the SEM image showed regular-sized spheres and rice-shaped 

particles (~100 nm width, 200-300 length), (Figure 6–4c). Aggregates formed by PVP-

nfPANI FRD were rod-shaped, with width about 100 nm and lengths ranging from 0.5 to 1 

µm. Furthermore, for PVP-PANI IS, the SEM images showed uniform rice-shaped particles 

on a flat surface (where the SEM image of PVP-PANI IS, Figure 6–4d, showed very narrow 

plane of focus), width about 100 nm and lengths between 100 to 300 nm (Figure 6–4c). It 

appears that PVP-PANI IS had film-forming ability and the individual PANI particles were 



Chapter 6 – PVP-nfPANI electrospun fibres: a novel route to PANI colloidal dispersions  

163 
 

well separated and do appear to aggregate, which may have contributed to the extensive 

storage stability observed preciously (see Section 6.2.1).  

TEM images of nfPANI DD showed typical nfPANI morphology with individual particles 

within sub-micron scale, mostly within 100 to 200nm, with formation of large aggregates up 

to micron-scale, which is consistent with the SEM images (Figure 6–5a). For PVP-nfPANI 

DD, TEM image (Figure 6–5a) revealed nano-scale nfPANI particles (diameters < 100 nm, 

dark coloured regions) were well separated and stabilised within the amorphous PVP 

particles (diameters 100 to 300 nm, Figure 6–5b). The aggregates of nfPANI within the PVP-

nfPANI DD were smaller (< 200 nm) compared to nfPANI DD, which suggests PVP360 was 

an efficient stabiliser for dispersing nfPANI and preventing aggregations. This explained the 

improved storage stability of PVP-nfPANI DD compared to nfPANI DD. Figure 6-5c shows 

spherical PANI nano-particles, with diameters from 30 to 100 nm, stabilised in thin layers of 

PVP stabiliser. The rod shaped particles observed in SEM images were the results of 

aggregation between two or three PVP-stabilised PANI nano-particles. Further aggregations 

could also occur, but less frequent, which form chains of particles with similar morphology to 

PVP-nfPANI DD. TEM image of PVP-PANI IS presented in Figure 6–5d shows that rice 

shaped particles of PANI (diameters of 100 to 300 nm) were found well separated without 

signs of flocculation and no clear boundaries between PVP and PANI were found. This 

suggests that PVP-PANI IS has formed a continuous film, hence no boundaries where found 

between PVP and PANI, which is similar to the findings for PANI-PVP360 previously 

discussed in Chapter 4.  
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Figure 6–3. Optical images of nfPANI dispersions, dried over glass slides, for: a) 

nfPANI DD, b) nfPANI-PVP DD, c) nfPANI-PVP FRD and d) PANI-PVP IS. Showing that 

PVP360 containing samples were sterically stabilised with well dispersed particles b) to d).   

 

Figure 6–4.  SEM images of nfPANI dispersions for: (a) nfPANI DD, (b) nfPANI-PVP DD, 

(c) nfPANI-PVP FRD and (d) PANI-PVP IS.   
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Figure 6–5.  TEM images of PANI dispersions for: (a) nfPANI DD, (b) nfPANI-PVP DD, 

(c) nfPANI-PVP FRD and (d) PANI-PVP IS.    

6.2.3. Particle size distribution 

Particle size distributions of the dispersions were analysed using DLS (see Section 2.7.9) by 

diluting the solutions to 0.01% w/v to enable sufficient optical transmissions. The results 

showed that the ranking of particle size dispersions, in increasing order, were: nfPANI DD < 

nfPANI-PVP FRD < nfPANI-PVP DD < PANI-PVP IS (see Table 6−2 and Figure 6–6).   

At low concentration (0.01% w/v), the particle size of nfPANI DD was the smallest and 

measured at 163 nm, which reflects the high dispersible nature of nanofibrous morphology, 

and the sizes are comparable to those of the smallest particles shown from SEM and TEM 

images in Section 6.2.2. This suggests that the mechanical mixing was sufficient to break 

apart the aggregates and produced well-dispersed particles consist of individual nfPANI 

particles with comparable diameters measured using SEM microscopy (75 to 85 nm, Section 

3.2.1).   
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For PVP-nfPANI DD, a dispersion of nfPANI in a PVP360 solution, the diameter increased 

to 220 nm (Table 6−2, an increase over 30%) suggesting that PVP360 was adsorbed onto the 

nfPANI surfaces forming particles with a larger hydrodynamic diameter. This result was also 

supported by the SEM and TEM images where changes were observed in the diameters and 

morphology of the PVP-nfPANI DD particles.  

For PVP-nfPANI FRD, the particles are relatively larger (diameter of 290 nm) and has a 

wider particle size distribution compared to nfPANI and PVP-nfPANI DD. The increase 

particle size distribution could be a result of aggregations, as shown from TEM images 

previously (Figure 6–5c), which generally occurs in groups of 2 to 4 individual nfPANI 

particulates.  

For PVP-PANI IS, the particle size distribution was measured at 340 nm and the particle size 

distribution was also wider compared to nfPANI and PVP-nfPANI DD. Contrary to PVP-

nfPANI FRD, the large diameters of PVP-PANI IS was a result of the larger PANI particles 

produced during in-situ polymerisation, but not due to due to aggregation of PANI particles. 

Nevertheless, the large particles did not impair the stability of the dispersions, suggesting 

PVP360 has sufficient interactions with PANI which prevents aggregation which may lead to 

sedimentation of the dispersions.  

Sample Size (nm) 

nfPANI DD 163 ± 18 

nfPANI-PVP DD 220 ± 33 

nfPANI-PVP FRD 290 ± 60 

PANI-PVP IS 340 ± 85 

Table 6−2. Average particle sizes (determined by DLS) of dilute nfPANI dispersions (0.01% 

w/v), ± standard deviation.  
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Figure 6–6. Particle size distribution plots for nfPANI dispersions (0.01% w/v) determined by 

DLS.  

6.2.4. FTIR spectroscopy 

FTIR spectroscopy of nfPANI dispersions were collected using air-dried samples of the 

dispersions collected using transmission mode as described in Section 2.7.3.  

6.2.4.1. nfPANI DD and PVP-nfPANI DD 

FTIR spectra of nfPANI DD (Figure 6−7b) showed characteristic absorption peaks for PANI 

EB:  1583, 1499, 1304, 1142 and 824 cm-1 (see Table 6−3 for assignment of peaks), which 

differed from the protonated nfPANI-HCl-HAPS absorption peaks described previously in 

Chapter 3 (Table 3-2): 1562, 1481, 1302, 1132 and 816 cm-1. This result suggests that 

nfPANI was undoped by distilled water during the dispersion process.  
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For PVP-nfPANI DD, FTIR spectra (Figure 6−7b) showed characteristic peaks of ES similar 

to nfPANI-HCl-HAPS: 1578, 1495, 1292, 1141 and 818 cm-1 (see Table 6−3 for assignment 

of peaks). In particular, broadening of the 1141 cm-1 band suggests that PVP-nfPANI DD was 

in the ES form, which is in agreement with the green colour observed in Figure 6–1. 

Characteristic PVP absorption bands can be found at 1655 cm-1 (C=O band) with a slight 

shift and broadening from 1653 cm-1 suggesting that interactions, such as H-bonding, 

between PVP and nfPANI, was much weaker compared to PVP-nfPANI FRD and PVP-

PANI IS. Nevertheless, nfPANI remained doped after the dispersion process, which was 

possibly through steric stabilisation, as shown from TEM image (Figure 6–5b), preventing 

the removal of dopants by excess amount of water and limiting the diffusion of the counter 

ions.  

 

Figure 6−7.  FTIR spectra of: (a) nfPANI-PVP DD, (b) nfPANI DD and (c) PVP360, where * 

denotes the absorption peaks identified as PVP360.  

1
1
4
1
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Peak assignments nfPANI DD 
PVP-nfPANI 

DD 
PVP-nfPANI 

FRD 
PVP-PANI 

IS 
PVP360 

C=O carboxyl  
stretching [105] 

 1655 1659 1657 1653 

C=C stretching of 
quinoid rings [78, 107] 

1583 1578 1589 -  

C=C stretching of 
benzenoid rings [78, 107] 

1499 1495 1496 1495  

C−N stretching of 
secondary amines [78, 

105, 107] 
1304 1292 1290 1290 1286 

C−H in-plane  
bending [78, 107-108] 

1142 1141 - -  

C−H out-of-plane 
bending [78, 107-108] 

824 818 842 824 839 

Table 6−3. FTIR absorption bands and assignements for: nfPANI DD, PVP-nfPANI DD, 

PVP-nfPANI FRD and PVP-PANI IS.  

6.2.4.2. nfPANI-PVP FRD 

For PVP-nfPANI FRD, FTIR spectra (Figure 6−8a) showed significant overlapping between 

absorption bands of PVP and nfPANI, suggesting the nfPANI were well-protected, or fully 

coated, by the PVP as a steric stabiliser. The characteristic peaks for nfPANI were weak but 

can be found at: 1589 and 1496 cm-1 (see Table 6−3 for assignment of peaks), suggesting that 

PVP-nfPANI FRD was in the EB form, and in agreement with the blue colour of the 

dispersion (Figure 6–1c). Compared to PVP-nfPANI DD, the characteristic PVP absorption 

band at 1659 cm-1 (C=O) was shifted further and broader from 1653 cm-1, which suggests 

there were stronger interactions between PVP and nfPANI. Furthermore, compared with 

PVP-nfPANI electrospun fibres prior to the dispersion process (Figure 5−15a), the 1659 cm-1 

absorption band for PVP-nfPANI FRD was broader, suggesting a stronger H-bonding 

between PVP and nfPANI, and the nfPANI absorptions were less visible, suggesting nfPANI 
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could be less exposed after the dispersion process, which was in agreement with the TEM 

image (Figure 6–5d). 

 

Figure 6−8.  FTIR spectra of: (a) nfPANI-PVP FRD, (b) nfPANI DD and (c) PVP360.  In (a), 

asterisks marked absorption peaks identified as nfPANI.   

6.2.4.3. PVP-PANI IS 

For PVP-PANI IS, FTIR spectroscopy results (Figure 6−9a) showed characteristic absorption 

bands for PVP and weak bands for PANI, due to overlapping and low absorption signals for 

PANI, which suggest that that PANI is either completely coated by PVP360 or little amount 

of PANI is present. SEM images showed that the former because the sample had a very 

narrow plane of focus (Figure 6–4d). Characteristic bands of PANI could be identified from: 

1495, 1163 and 824 cm-1 (see Table 6−3 for assignment of peaks) and the wavenumber of the 

peaks suggest that PVP-PANI IS could be in the EB form, which is also supported by the 

colour change from green to blue observed in Figure 6–2. The characteristic carbonyl band 
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absorption of PVP at 1657 cm-1 is much broader compared to nfPANI DD and PVP-nfPANI 

DD (Figure 6−7a and b) and similar width compared to PVP-nfPANI FRD (Figure 6−8a), 

which suggests the in-situ polymerised PVP-PANI IS has stronger H-bonding between PVP 

and PANI, compared to electrospun nfPANI DD and PVP-nfPANI DD, and comparable to 

PVP-nfPANI FRD. The strong H-bonding, as suggested previously in Chapter 4, could 

possibly result in lower chemical availability of PANI for both PVP-nfPANI FRD and PVP-

PANI IS and implied reductions in free-radical scavenging capacity and antimicrobial 

efficacy.  

 

Figure 6−9.  FTIR spectra of: (a) nfPANI-PVP IS, (b) nfPANI DD and (c) PVP360.    
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6.2.5. DPPH● scavenging capacity 

DPPH● scavenging rate and capacity of nfPANI DD, PVP-nfPANI DD, PVP-nfPANI FRD 

and in-situ polymerised PVP-PANI IS were compared to further study the effects of steric 

stabilisers, following previous studies presented in Chapter 4. In time plot of the DPPH● 

percentage remaining (Figure 6−10), the total free-radical scavenging capacity (12 h) can be 

ranked as follows: nfPANI-PVP DD > nfPANI DD > nfPANI-PVP FRD > PANI PVP IS. IN 

addition, the reaction rate (a measure of how fast PANI depletes, expressed as half-life, t0.5) 

can be ranked as follows: nfPANI-PVP FRD (15 min) > nfPANI-PVP DD (15 min) > 

nfPANI DD (30 min) > PANI-PVP IS (1 h).    

 

Figure 6−10.  Percentage of a 250 µM methanolic solution of DPPH radicals scavenged with 

nfPANI dispersions (containing equivalent amount of 1.0 mg PANI), with scavenging 

capacity ranking: nfPANI-PVP DD > nfPANI DD > nfPANI-PVP FRD ≥ PANI PVP IS. 
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For PVP-nfPANI DD, it appears that the DPPH● scavenging capacity of nfPANI increased 

(from 2.5 to 3.2 µmol·mg-1, for nfPANI DD and PVP-nfPANI DD, respectively) when 

directly dispersed in a PVP360 solution and also resulted in a good reaction rate, which could 

be a combination of comparative smaller particle size (Figure 6–6); well-defined nfPANI 

granules (Figure 6–5b) and the lack of H-bonding (Figure 6−7a) which possibly led to higher 

capacity and faster scavenging rate.    

Sample 
Percentage DPPH● 
remaining (12 h) 

Total DPPH● scavenged per 
mg PANI (µmol·mg-1) 

t0.5   
(h) 

nfPANI DD 50 ± 3 2.5 ± 0.2 0.5 

PVP-nfPANI DD 37 ± 3 3.2 ± 0.2 0.25 

PVP-nfPANI FRD 65 ± 3 1.8 ± 0.2 < 0.25 

PVP-PANI IS 65 ± 3 1.8 ± 0.2 1 

Table 6−4. Comparisons between DPPH● scavenging capacities (12 h) of: nfPANI DD, PVP-

nfPANI DD, PVP-nfPANI FRD and PVP-PANI IS.  

On the other hand, PVP-nfPANI FRD showed the highest scavenging rate (t0.5 < 15 min) and 

reached maximum capacity within 30 min. The improved scavenging rate of PVP-nfPANI 

FRD could be a result of the well dispersed particles (Figure 6–5c) from the electrospinning 

process, which maximised surface areas and enhanced the rate of DPPH● scavenging. 

However, the total DPPH● scavenging capacity was lower compared to nfPANI DD and 

PVP-nfPANI DD (30% and 45% lower, respectively), and almost equal to the total 

scavenging capacity of PANI-PVP IS. The use of PVP has restricted the availability of 

nfPANI through H-bonding (broadening of carbonyl absorption peak at 1653 cm-1, Figure 

6−8), which may have contributed to the reduction of the total DPPH● scavenging capacity of 

PVP-nfPANI FRD.  
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PVP-PANI IS showed the slowest free-radical scavenging rate (t0.5 = 1 h) and also one of the 

lowest total scavenging capacity (1.8 µmol·mg-1, comparable to PVP-nfPANI FRD after 

12 h). The comparatively slower DPPH● scavenging rate could possibly be caused by the 

strong steric stabilisation of PVP, which also provided excellent storage stability for PVP-

PANI IS. On the other hand, the strong H-bonding and low absorptions of PANI from FTIR 

spectroscopy suggests that the availability of PANI was lower (Figure 6−9a), which could 

possibly contributed to the reduction of total DPPH● scavenging capacity. Furthermore, the 

large particle diameters (340 nm for PVP-PANI IS compared to 163 nm for nfPANI DD, 

Table 6−2) also suggests that total surface area available for DPPH● scavenging was also 

smaller compared to nfPANI DD, which also contributed to the reduction of total scavenging 

capacity.   

6.2.6. Minimum bactericidal concentration  

The MBC assay of the nfPANI dispersions and PVP-containing dispersions all showed 

activities (Table 6−5) against S. aureus (Figure 6−11) and E. coli (Figure 6−12). Based on the 

antibacterial efficacies against S. aureus, the results can be ranked, in decreasing order, as 

follows: nfPANI DD > nfPANI-PVP DD > PANI-PVP IS > nfPANI-PVP FRD.  

The nfPANI DD sample showed the highest antibacterial efficacy against S. aureus and E. 

coli (MBC at 0.5% w/v and 2% w/v, respectively), which suggests that the small particle 

diameters could enhance the antibacterial efficacy of nfPANI against S. aureus and E. coli.  

It appears that PVP360 reduced the antibacterial efficacy of PVP-nfPANI DD, compared 

with nfPANI DD, against both S. aureus and E. coli (MBC at 1% w/v and > 2% w/v, 

respectively, where PVP-nfPANI DD showed partial knockdown at 2% w/v but regrowth 

occurred around the outside of the inoculant). The reduction of antibacterial efficacy was 

possibly due to an increase of particle size distribution of PVP-nfPANI DD from 163 to 220 

nm (Table 6−2) and the formation of sterically stabilised PVP-nfPANI particles (Figure 6–
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5b). FTIR spectroscopy result further suggests that the PVP-nfPANI DD contained active 

nfPANI which was partially exposed, which explains that PVP-nfPANI DD was relatively 

antibacterial compared to nfPANI DD.  

For PVP-nfPANI FRD, the efficacy against S. aureus and E. coli were both at > 2% w/v, 

showing partial knockdown for both bacterium at 2% w/v (Figure 6−11c and Figure 6−12c). 

Comparing to nfPANI DD and PVP-nfPANI DD, the antibacterial efficacies for PANI-

nfPANI FRD was lower for S. aureus and at comparable level for E. coli. This reduction 

could also be contributed by the particle size effect and the steric effect of PVP, where PVP-

nfPANI FRD showed an increase in particle size compared to nfPANI DD and PVP-nfPANI 

DD. Further, the strong H-bonding and reduction in DPPH● scavenging capacity also 

suggests that PVP-nfPANI FRD is less chemically active compared to nfPANI DD and PVP-

nfPANI DD, hence resulting in lower antibacterial capacity.  

For PVP-PANI IS, the efficacy against S. aureus and E. coli were both at 2% w/v and 

showing partial knockdown at 1% w/v, which is less active compared with nfPANI DD and 

PVP-nfPANI DD, and more active compared with PVP-nfPANI FRD. PVP-PANI IS and 

PVP-nfPANI FRD were not very different in terms of chemical compositions (Figure 6−9a  

and Figure 6−8a, respectively), particle size and free-radical scavenging capacity, except in 

the particle morphologies and storage stabilities. Hence, PVP-PANI IS and PANI-nfPANI 

FRD both have less antibacterial efficacy compared to nfPANI DD and PVP-nfPANI DD.   

Overall, the use of PVP360 reduced the antibacterial efficacies of PANI, regardless of the 

methods applied: direct dispersion, electrospun fibres or in-situ polymerised. It could be 

possible that the steric effect of PVP360, not only stabilised the nfPANI particles and 

increased the dispersions’ storage stability, but also played critical roles in limiting the 

interactions between the nfPANI particles and bacteria, especially when physical attachments 

and interactions between PANI and bacteria surfaces is one of the key bactericidal 
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mechanisms [91-92]. In addition, it could be possible that steric stabilisers, such as PVP360, 

could also participate in stabilising the highly negatively charged surfaces of bacterium and 

led to reduction of interactions with nfPANI.  

Samples 
Minimum bactericidal concentration (w/v) 

versus S. aureus 6838 versus E. coli 25322 

nfPANI DD 0.5% 2% 

PVP-nfPANI DD 1% > 2% 

PVP-nfPANI FRD > 2% > 2% 

PVP-PANI IS 2% 2% 

PVP360 - - 

Table 6−5. MBC assay (in % w/w) of nfPANI dispersions and PVP360 against 106 CFU·mL-1 

of S. aureus ATCC 6838 and E. coli ATCC 25322.    
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Figure 6−11.  MBC assay tested against S. aureus ATCC 6838 (106 CFU·mL-1, 24h) for 

various nfPANI dispersion samples: (a) nfPANI DD, (b) nfPANI-PVP DD, (c) nfPANI-PVP 

FRD, (d) PANI-PVP IS and (e) PVP360.        
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Figure 6−12.  MBC assay tested against E. coli ATCC 25322 (106 CFU·mL-1, 24h) for 

various nfPANI dispersion samples: (a) nfPANI DD, (b) nfPANI-PVP DD, (c) nfPANI-PVP 

FRD, (d) PANI-PVP IS and (e) PVP360.        

6.2.7. Further discussions  

In this chapter, molecular interactions between PVP and PANI were observed from the 

carbonyl groups and the amine groups, which possibly included electrostatic interactions for 

the imine groups and H-bonding for the amine groups (Fig 6‒13). For direct dispersion of 

nfPANI in PVP solution, weak interactions between nfPANI and PVP was observed in the 

FTIR spectrum (Figure 6‒7a) from the small shifts for the carbonyl absorption (from 1653 to 

1655 cm-1) and the amine band (from 3236 to 3229 cm-1).  
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Figure 6-13. Proposed molecular interactions between PVP and PANI, including: 

electrostatic interaction between the imine groups and the carbonyl groups, and Hydrogen 

bonding between the amine groups and carbonyl groups. 

Particularly, for the nfPANI-PVP FRD, strong molecular interactions between PVP and 

PANI were observed from the FTIR spectrum (Figure 6‒8a), indicated by the broadening and 

shifting of the carbonyl band (from 1653 to 1659 cm-1) and the amine band (from 3236 to 

3230 cm-1). The enhanced molecular interactions could be a result of polar solvent 

treatments, in this case ethanol during electrospinning and water during re-dispersion. Also, 

the morphology of PANI has changed from micron-sized aggregates (in electrospun fibres, 

Figure 5‒11c) to nano-sized particles (Figure 6‒5c). There were strong molecular interactions 

between PANI and PVP observed in the FTIR spectrum of the electrospun fibres (Figure 

5‒15a). While PANI was in a solid phase in ethanol dispersion, the dissolved PVP carrier 

matrix would have undergone an extreme shear force during the electrospinning as a result of 

rapid stretching of the electrified jet and evaporation of ethanol [164]. The molecular 



Chapter 6 – PVP-nfPANI electrospun fibres: a novel route to PANI colloidal dispersions  

180 
 

interactions between PVP and PANI were sufficient to overcome the strain during 

electrospinning without breaking and form electrospun fibres with embedded PANI particles 

(Figure 5‒14). The electrospun PVP matrix would have been highly uncoiled and oriented 

after electrospinning [164], but re-dispersing in water may have allowed PVP to recoil and 

possibly allow better interactions with PANI during this process. The molecular interactions 

continued to play a critical role in the formation of uniform PANI nanoparticles in the 

aqueous solution and also in the reduction of the total antioxidant capacity and antimicrobial 

efficacy of nfPANI-PVP FRD by reducing the accessibility of the amine sites on PANI.  

Similarly, for PANI-PVP IS, there were several indications of strong molecular interactions 

between PANI and PVP. There was broadening and shifting of the carbonyl absorption band 

(from 1653 to 1657 cm-1) and anime absorption band (from 3236 to 3229 cm-1 , Figure 6‒9a), 

indicating the possibility of H-bonding and electrostatic interactions (Figure 6‒13). Further, 

there were no clear phase boundaries found between PANI and PVP in the TEM micrograph 

(Figure 6‒5d), where ANI+ was initially adsorbed onto PVP through electrostatic attractions 

(Figure 6‒14) during the nucleating step of polymerisation [9] and possibly contributed to the 

high degree of chain entanglements observed.     

 

Figure 6‒14. Adsorption of ANI onto PVP via electrostatic interaction before polymerisation.   
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It is likely that the strong entanglements and steric stabilisation could possibly lead to the 

reduction of antioxidant capacities and antimicrobial efficacies for the PANI-PANI IS. There 

are strong indications, from the PVP stabilised dispersions, that steric stabilisation of PANI 

have significant effects on the chemical and physical properties of PANI colloids. Further, 

there are evident that physical interactions could be one of the important key mechanisms for 

free-radical scavenging and bactericidal reaction of PANI.  

 

6.3. Conclusions 

This Chapter demonstrated, for the first time, the free-radical scavenging capacities and 

antibacterial efficacies of a novel nfPANI dispersion (PVP-nfPANI FRD) prepared from re-

dispersion of PVP-nfPANI electrospun fibres, where PVP acted as a polymer matrix for 

embedding nfPANI in a solid state, and subsequently was rapidly dispersed into aqueous 

medium without excess mechanical stirring or shear. The properties of PVP-nfPANI FRD 

were compared with nfPANI dispersions (nfPANI DD and PVP-nfPANI DD) and in-situ 

polymerised colloidal dispersion (PVP-PANI IS).    

In general, the influences of PVP on the dispersions were very similar across the three PVP-

containing samples, which are: stabilisation of PANI particles, prevention of aggregations 

and the interactions with nfPANI through H-bonding. The steric effect of PVP showed 

significant influences on the increase of the storage stability and the reduction of the free-

radical scavenging capacities and antibacterial efficacies. In particular, for PVP-nfPANI FRD 

and PVP-PANI IS, SEM and TEM images showed that PANI particles were well protected 

by PVP stabiliser, which was possibly reflected by FTIR spectroscopy with the broadening of 

carbonyl band and the reduction of relative intensities PANI absorption bands compared to 

PVP.  
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Despite the reduced free-radical scavenging capacity and antibacterial efficacy by PVP, PVP-

nfPANI FRD and PVP-PANI IS remained active as free-radical scavenging and antibacterial 

agents. The results suggest that the free-radical scavenging and antimicrobial mechanisms of 

PANI were largely depended, but not solely, on direct physical interactions with the PANI 

particles. Furthermore, the PVP-containing dispersions have advantages in terms of storage 

stability, and in particular, PVP-nfPANI electrospun fibres could be stored in a dry-form and 

utilized for rapid delivery of antioxidant capacity and antibacterial efficacy onto specific 

surfaces. In addition, PVP-PANI IS showed excellent film forming properties which could 

also potentially be very useful for topical applications.     
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Chapter 7. Electrospun PCL-nfPANI fibre-scaffolds and tissue-

engineering applications 

7.1. Introduction  

This chapter outlines electrospinning of nfPANI using PCL as a matrix polymer to create 

highly porous and electrically conducting substrates for tissue scaffolding applications. The 

aim of this chapter was to produce, for the first time, higher loading of PANI (up to 20% w/v) 

within the PCL nano-scale electrospun fibre-scaffolds, as previous work showed that a 

maximum of 1% w/w PANI was incorporated within micron-scale electrospun fibre-scaffolds 

[62]. In addition, for the first time, the PCL-nfPANI electrospun fibres-scaffolds’ free-radical 

scavenging capacity against DPPH● and antibacterial efficacies against S. aureus (Gram 

positive) and E. coli (Gram negative), were evaluated.  

Synthesis of nfPANI via the RMR method and preparation of electrospun PCL-nfPANI fibre-

scaffolds was outlined in Sections 2.2.2 and 2.5.1, where effective PCL: nfPANI weight 

ratios of: 99: 1, 95: 5, 90: 10 and 80: 20 are labelled according to Table 7−1.   
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Samples 
Compositions (%w/v) 

Fibre Diameters 
(nm) 

[DPPH●] Scavenged by 
fibre-scaffolds (µmol 

mg-1) PCL nfPANI 

PCL (control) 20.0 - 155 ± 55 0.01 

PCL-nfPANI01 19.8 0.2 162 ± 66 0.01 

PCL-nfPANI05 19.0 1.0 147 ± 65 0.15 

PCL-nfPANI10 18.0 2.0 146 ± 62 0.26 

PCL-nfPANI20 16.0 4.0 144 ± 59 0.50 

Table 7−1. Compositions and electrical conductivities of PCL and PCL-nfPANI electrospun 

fibre-scaffolds (20% w/v) prepared using a CHCl3/MeOH blend (4: 1 by weight, or 2: 1 by 

volume, approx.), and electrospun under the following conditions: temperature = 20 ± 2 °C, 

RH = 50 ± 5%, target distance = 100 mm, voltage = 15 kV and flow rate = 0.4 mL·h-1. The 

fibre diameters were obtained from SEM microscopy.   

7.2. Results and discussions   

7.2.1. Optimisation of electrospinning PCL-nfPANI conditions  

Both PCL and PCL-PANI fibre-scaffolds were obtained from electrospinning of PCL 

solution and dispersing nfPANI in PCL solutions (CHCl3/MeOH mixed-solvent), which 

showed good stability and no sedimentation during the duration of the electrospinning 

process. Compared to direct dispersions of nfPANI in CHCl3 or MeOH (described in Section 

3.2.6), the PCL solution provided the necessary viscosity to prevent immediate 

sedimentation; while the electrostatic repulsions of nfPANI combined with the nano-scale 

dimensions further enhanced the stability [120]. Furthermore, the viscosity of the PCL-

nfPANI dispersion increased as the nfPAN loading increases and it appears that the nfPANI 

was still processable at 20% w/v. The fibre-scaffolds obtained were green with gradual 
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increases in colour intensities as the nfPANI loading increased, suggesting it could be in the 

ES form, and the fibre-scaffolds were found to be electrically conductive, which will be 

discussed in a Section 7.2.5.  

The fibre diameters of PCL and PCL-nfPANI electrospun fibre-scaffolds were reduced from 

micron-scale (Figure 7−1) fibres to nano-scale fibres (Figure 7−2) by introduction of 

methanol (a high dielectric solvent).  The increase in the electrical conductivity of the PCL 

solutions (from 0.017 to 9.4 µS cm-1; for chloroform and chloroform/methanol mixture 

respectively) resulted nano-scale PCL fiber-scaffolds diameters of 155 ± 55 nm 

(chloroform/methanol mixture), compared to 7.1 µm (chloroform only) [62]. In addition, the 

dispersion of nfPANI in PCL solution also increased the conductivity of the PCL solutions 

(from 9.4 ± 0.2 µS cm-1 to 26.3 ± 0.2 µS cm-1, for PCL solution and PCL-nfPANI20 

dispersion, respectively). The increases in the solution conductivity, as a result of using 

methanol and adding nfPANI, could possibly allow more charges to be carried by the 

solution, during the jet formation stage, intensifying the electrostatic repulsion between 

polymer jets and resulting in reduction of fibre diameters.   

 

Figure 7−1. Optical images of electrospun fibre-scaffolds of: (a) PCL and (b) PCL-

nfPANI20, using CHCl3 as solvent.  



Chapter 7 – Electrospun PCL-nfPANI fibre-scaffolds and tissue-engineering applications 

186 
 

 

The dimension of fibre-scaffolds is important for tissue-scaffolding applications because it 

affects cell attachment and proliferation, as suggested previously by Li et al. that H9c2 cells 

proliferate faster on electrospun gelatin-PANI fibre-scaffolds with nano-scale diameters  of 

100 to 200 nm [60]. Conversely, Borriello et al. reported that micron-scale PCL-PANI fibres-

scaffolds, with diameters from 6.4 and 7.1 µm, showed poor initial cell adhesion (with 

hMSC) and moderate cell growths compared to control, tissue-culture plates (TCP) [62]. In 

the present study, the dimensions of electrospun neat PCL and PCL-nfPANI fibre-scaffolds 

were controlled to nano-scale; hence these fibre-scaffolds could possibly anticipate 

comparable cell adhesion and good proliferation, to TCP.   
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Figure 7−2. SEM images of electrospun fibre-scaffolds of: (a) neat PCL; (b) PCL-PANI01; 

(c) PCL-PANI05; (d) PCL-PANI10; and (e) PCL-PANI20, using CHCl3/ MeOH mixed-

solvent. 
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7.2.2. Optical, SEM and TEM microscopies 

SEM images of PCL and PCL-nfPANI fibre-scaffolds (Figure 7−2) shows that there were no 

significant changes in the fibre morphology after addition of nfPANI and the increase of 

nfPANI loading in the PCL-nfPANI electrospun fibre-scaffolds. From the SEM images, the 

locations of nfPANI granules were not visible, which was in contrast to PVP-nfPANI 

electrospun fibres where nfPANI were clearly visible (Figure 5–10). However, elemental 

analysis using the EDX mode showed weak carbon and nitrogen signals, which suggested 

incorporation of nfPANI. The predominant signal was from aluminium stud, due to the 

highly porous nature of the scaffolds, and quantification of nfPANI was difficult, hence the 

EDX data was not included in the results and discussions.  

Both optical microscopy (Figure 7−1) and TEM microscopy (Figure 7−3) results confirmed 

that nfPANI was incorporated into the electrospun fibre-scaffolds, which showed that 

nfPANI was no longer in granular form, instead well blended into the PCL matrix. The 

incorporation of PANI could be identified by the colour changes within the PCL-nfPANI 

fibres in the optical micrographs (Figure 7−1b). For TEM microscopy, osmium staining was 

required for identification of PANI within the nano-scale fibres. Osmium selectively binds 

with the electron rich nitrogen atom from PANI [124] and showed interconnecting networks 

and nano-particles of PANI (diameters < 20 nm) were present within the electrospun fibre-

scaffolds (Figure 7−3b). The interconnected networks of PANI could provide electrical 

conduction paths, which could potentially conduct electricity. On the other hand, the neat 

PCL fibre-scaffolds did not show any particulates nor networks within the fibres (Figure 

7−3a).        

Furthermore, the electrospun fibres were highly branched, which suggests the solvents were 

not completely evaporated when it reached the target, and could be the effect of adding 

MeOH, a slower evaporating solvent compared to CHCl3. The implications of networked 
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fibre-scaffolds may include enhanced electrical conductivity, and improved mechanical 

properties [58]. However, the fibre diameters could be equally influential to the properties of 

the scaffolds, such as conductivity and cell attachment.  

 

Figure 7−3. TEM images of electrospun fibre-scaffolds of: (a) neat PCL; (b) PCL-PANI20, 

both stained with OsO4. Arrows depict the regions correspond to osmium bound PANI.  

7.2.3. Confirmations of PANI incorporation   

FTIR spectrum of PCL-nfPANI electrospun fibre-scaffolds (Figure 7−4a) shows 

predominately the absorption of PCL with only weak characteristic absorptions for nfPANI at 

1575, 879 and 819 cm-1 (see Table 7−2 for peak assignments). The locations of the peaks 

suggests that PANI was in the ES form and could be electrically conductive. The weak PANI 

absorptions (found at 1575, 879 and 819 cm-1) suggest that nfPANI was probably not present 

as a molecular solution but as particulates fully encapsulated by PCL, which was supported 

by TEM microscopy. The broadening and shifting of 1724 cm-1 peak (carbonyl, from 1722 

cm-1) suggests that there was H-bonding between PCL and nfPANI.  
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Figure 7−4. FTIR spectra of electrospun fibre-scaffolds of: (a) PCL-nfPANI20; (b) nfPANI 

and (c) neat PCL electrospun fibres.  

Incorporation of PANI could be supported by elemental analysis (Table 7−3) and TGA 

(Figure 7−5). Elemental analysis results showed the C: N ratio of nfPANI is 6.2, which is in 

agreement with the theoretical value of 6. The amount of PANI incorporated could be 

calculated as 4.6 ± 0.4 % w/w (for PCL-nfPANI05) and 17.4 ± 1.6 % w/w (for PCL-

nfPANI20), which was also in agreement with the theoretical values. TGA curve of nfPANI 

(Figure 7−5a) demonstrates a initial loss of 6.5 ± 0.5 %, from 40 to 100 °C, due to 

vaporisation of adsorbed moisture and dopant [165], followed by two decompositions stages, 

from 200 to 300 °C and from 500 to 600 °C, with remaining weight of 55 % as residual char. 

As a comparison, the TGA curve of PCL fibre-scaffold (Figure 7−5c) showed no noticeable 

weight loss up to 200 °C, which implied no residual solvents, such as MeOH or CHCl3, and a 

near complete decomposition from 350 to 450 °C, with the remaining weight of < 1.2 % as 

residue. The composition of PCL-nfPANI fibres scaffolds could be estimated at 465 °C, 
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which contained predominantly residual PANI (70.8 % of initial value). Therefore, PCL-

nfPANI20, which has residual weight of 16.8 % at 465 °C, could be estimated to contain 22 ± 

3 % w/w of PANI (average of three TGA samples). This result was also in agreement with 

the theoretical value of 20% PANI.    

Peak assignments 
PCL-

nfPANI20 
nfPANI  neat PCL 

C=O carboxyl  
stretching [166] 

1724   1722 

C=C stretching of quinoid  
rings [78, 107] 

1575  1562   

C=C stretching of benzenoid rings [78, 107]   1481   

C–H bending [105]  1469   1471 

C–H rocking [105]  1365   1365 

C−N stretching of secondary amines [78, 105, 107]   1302   

C–O and C–C stretching in crystalline phase [166]  1292   1291 

Asymmetric C–O–C stretching [166]  1238   1238 

C–O–C symmetric stretching [166]  1171   1166 

C−H in-plane bending [78, 107-108]   1132  

C–O and C–C stretching in amorphous phase [166]  1043   1043 

C−H out-of-plane bending, phenazine-like 
structure [123] 

879  879   

C−H out-of-plane bending [78, 107-108]  819  816  839 

C–H rock [105]   730   730 

C–H rock [105]  703   707 

Table 7−2. FTIR absorption bands and assignments for of: PCL-nfPANI20 electrospun 

fibres-scaffold, nfPANI granules and neat PCL electrospun fibres-scaffold.  
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Samples C (%) H (%) N (%) Cl (%) 
C:N 

(atoms) 
nfPANI 

calculated (%) 

nfPANI 47.23 44.15 7.50 1.12 6.3 - 

PCL (control) 33.06 56.01 0.13 0.05 - - 

PCL-nfPANI05 33.33 55.37 0.24 0.05 138.2 4.6 

PCL-nfPANI20 27.45 42.92 0.76 0.19 36.2 17.4 

Table 7−3. Elemental analysis of nfPANI granule, electrospun fibres of neat PCL, PCL-

nfPANI05 and PCL-nfPANI20, and calculations of nfPANI contents.  

 

Figure 7−5. TGA analysis of: a) nfPANI, b) PCL-nfPANI20 fibre-scaffolds and c) neat PCL 

fibre-scaffolds.  
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7.2.4. Water contact angles  

Electrospinning creates highly porous scaffolds which could dramatically alter the surface 

properties of materials. One of the surface properties, hydrophobicity, could be quantified by 

measuring the changes in water contact angles (Table 7−4). Electrospinning of PCL created a 

relatively hydrophobic scaffold with water contact angle of 134.8 ± 0.8° (Figure 7−6), 

whereas PCL films were measured at 68.1 ± 0.9°. Water contact angles measured above 90° 

are considered as hydrophobic; hence previous studies have aimed to reduce the contact 

angles by introducing hydrophilic components, such as gelatin, to electrospun PCL fibre-

scaffolds [60, 167]. The contact angle of bulk nfPANI from pressed film was 48.5 ± 0.8°, 

hence the hypothesis that the dispersion of PANI in PCL matrix reduces the water contact 

angle. Previous work by Pant et al. shows that increasing hydrophilicity of PCL fibre-

scaffolds by blending methoxy poly(ethylene-glycol) improves the adhesion of MC3T3-E1 

mouse osteoblast cells [168]. However, the addition of nfPANI to a PCL matrix resulted in 

hydrophobic fibre-scaffolds (Table 5−3). The incorporation of 5 % w/w nfPANI resulted in 

reduction of the water contact angle of the fibre-scaffolds from 134.8° to 120.9°. Further 

increases in PANI loading, to 20 % w/w, had little or no effect on the water contact angle. As 

discussed previously, TEM images and optical images suggested that the majority of PANI 

were located within the PCL matrix and not on the surfaces, hence the total reduction of 

water contact angle was very limited and the surfaces remained relatively hydrophobic.  
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Figure 7−6. Camera capture from contact angle measurements of typical hydrophobic PCL 

electrospun fibre-scaffolds.  

Samples 
Water Contact 

Angle, θ (°) 

nfPANI pressed film 48.5 ± 0.8 

PCL film 68.1 ± 0.9 

Neat PCL fibre-scaffold  134.8 ± 0.8 

PCL-nfPANI01 128.8 ± 1.6 

PCL-nfPANI05 120.9 ± 1.9 

PCL-nfPANI10 124.8 ± 1.2 

PCL-nfPANI20 120.9 ± 1.4 

Table 7−4. Water contact angles for nfPANI pressed film, PCL film (melt pressed), neat PCL 

fibre-scaffold, and PCL-nfPANI fibre-scaffolds; averaged from 6 samples ± standard 

deviation.  
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7.2.5. Electrical conductivity  

The electrical conductivities of the electrospun PCL and PCL-nfPANI fibre-scaffolds were 

determined using a 2-probe method based on ASTM D412 (see Section 2.9.3), which was 

intended for measurements of polymer substrates with low conductivity. The percolation 

threshold for the electrospun PCL-nfPANI fibre-scaffolds was below 1 % w/w PANI, which 

suggests that nfPANI, the conducting component, was able to form conducting networks 

within the PCL matrix to achieve percolation, which was in agreement with the findings from 

TEM microscopy.  Furthermore, this result also was in agreement with study by Banerjee et 

al. showing that PANI containing polymer blends requires a volume fraction of > 2.5 × 10-4 

to form conducting networks to achieve percolation [169]. 

Figure 7−7 shows that as nfPANI loading increase, there was a four-magnitude increase in 

the electrical conductivity for the PCL-nfPANI fibre-scaffolds, from 1.1 x 10-11 S·cm-1 to 2.0 

× 10-7 S·cm-1 (for neat PCL and PCL-nfPANI, respectively, Table 7−5). This result was 

expected because as the amount of PANI increased in the PCL-nfPANI fibre-scaffolds, the 

conducting paths also increased, resulting in a logarithmic increase of electrical conductivity. 

The conductivities of PCL-nfPANI fibre-scaffolds were comparable with other PANI-

containing scaffolds: such as PLA-PANI scaffolds (3 x 10-9 S, measured using a 2-probe 

method) [54] and PCL-gelatin (2 x 10-8 S) which showed enhanced growths of  nerve stem 

cells (NSCs) under electrical stimulations [53]. This suggests that PCL-nfPANI fibre-

scaffolds could have sufficient conductivity for electrically stimulated cell growths. 

Furthermore, Borriello et al. showed that PCL-PANI electrospun fibres, with only 1% w/w 

PANI loading, enhanced proliferation for cardiac cells without electrical stimulation [62]. 

Hence it was proposed that at higher levels of PANI, up to 20% w/w, which could also 

enhance proliferation for L929 fibroblast cells without electrical stimulations. 
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Figure 7−7. Plot of electrical conductivity versus percentage with electrospun fibre-scaffolds 

of neat PCL and PCL-nfPANI scaffold 

Samples 
Electrical conductivity  

(S·cm-1) 

PCL (control) 1.1 × 10-11 

PCL-nfPANI01 2.8 × 10-9 

PCL-nfPANI05 2.7 × 10-9 

PCL-nfPANI10 6.4 × 10-9 

PCL-nfPANI20 2.0 × 10-7 

Table 7−5. Electrical conductivity for neat PCL and PCL- nfPANI electrospun fibre-

scaffolds, by a 2-probe method based on ASTM D412.  
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7.2.6. DPPH● scavenging capacity  

Free-radical scavenging capacity is a measurement of defining the effectiveness of 

antioxidants to remove free-radicals from its surroundings, and prevent cell death due to 

accumulation of oxidative stress from the surrounding environment, as demonstrated by a 

recent study on proliferation of fibroblast cells on electrospun PCL-curcumin fibre-scaffolds 

[170]. PCL fibre-scaffolds showed little or no free-radical scavenging capacity, while PCL-

nfPANI fibre-scaffolds showed good free-radical scavenging capacity (Table 7−6). For PCL-

nfPANI20, the total amount of DPPH● scavenged was 0.50 ± 0.05 µmol·mg-1, which was 

equivalent to 2.5 ± 0.5 µmol·mg-1 based on the PANI content. Compared to free standing 

nfPANI, which measured at 3.0 ± 0.3 µmol·mg-1, PCL-nfPANI fibre-scaffold retained 80% 

of the free-radical scavenging capacity. The slight reduction could be due to limited 

accessibility of PANI within the PCL matrix, as discussed earlier for FTIR spectroscopy 

(Section 7.2.3). Nevertheless, majority of PANI was still accessible by DPPH● due to the 

porous morphology.  

The reaction rates of the electrospun PCL-nfPANI fibre-scaffolds were very similar and 

independent of PANI loading (Figure 7−8). The t0.5 of the DPPH● scavenging capacity of 

electrospun PCL-nfPANI fibre-scaffolds was about 4h, and the scavenging capacity 

plateaued at about 8 h. This rate was slower compared to nfPANI, which had t0.5 of about 2 h 

and the scavenging capacity completed depleted after about 4 h. The rate of scavenging for 

PCL-nfPANI was possibly dependent on the concentration of DPPH● and the accessibility of 

PANI, which was limited by the diffusion rate of DPPH● through the PCL matrix. In addition, 

the electrospun fibres were able to maintain a steady free-radical scavenging rate over a much 

longer period, extending the complete depletion time by 100%, while maintaining the total 

scavenging capacity at about 80% compared to nfPANI, which could be advantageous for 

applications which require sustained free-radical scavenging capacities. 
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Figure 7−8. Plot of percentage of a 250 µM methanolic solution of DPPH radicals remained 

(24 h); when reacted with nfPANI (1.0 mg) and electrospun fibre samples (5.0 mg) of PCL, 

PCL-nfPANI01, PCL-nfPANI05, PCL-nfPANI10 and PCL-nfPANI20.   

Samples 

A concentration  
of DPPH● 

Scavenged by 
fibre-scaffolds 

(µmol) 

Effective mass 
of nfPANI  

(mg) 

A concentration  
of DPPH● 

Scavenged per 
milligram 
nfPANI 

(µmol·mg-1) 

t0.5 
(h) 

PCL (control) 0.01 ± 0.01 - - - 

PCL-nfPANI01 0.01 ± 0.01 0.01 1.0 ± 1.0 - 

PCL-nfPANI05 0.15 ± 0.03 0.05 3.0 ± 0.6 4 

PCL-nfPANI10 0.26 ± 0.05 0.10 2.6 ± 0.5 4 

PCL-nfPANI20 0.50 ± 0.05 0.20 2.5 ± 0.5 4 

nfPANI   3.0 ± 0.3 2 

Table 7−6. DPPH● scavenging capacity for neat PCL and PCL- nfPANI electrospun fibre-

scaffolds.   
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7.2.7. Antimicrobial efficacy 

Electrospun PCL and PCL-nfPANI fibres-scaffolds differed from free-standing nfPANI 

powder and PANI-containing dispersions because PANI was immobilised in rigid substrates 

which cannot be tested using the conventional MBC test. Hence, the JIS Z 2801 test (see 

Section 2.9.2) was selected for this test because it is capable of determining antimicrobial 

efficacies of active polymer surfaces. PCL-nfPANI05 and PCL-nfPANI20 showed good 

antibacterial efficacies against S. aureus and E. coli, with excellent knockdown rates after 24 

h inoculation (Figure 7−9e to h and Figure 7−10e to h); compared to PCL and blank which 

had little or no efficacies against both bacteria (Figure 7−9a to d, Figure 7−10a to d). One 

notable observation was that the neat PCL fibre-scaffold showed limited antibacterial 

efficacies against S. aureus, which resulted in a reduction from 106.0 to 104.3 CFU·mL-1 (98% 

knockdown, Table 7−7). This could be due to the hydrophobic nature of the scaffolds 

(Section 7.2.4), which is also observed for hydrophobic substrates such as PDMS [171]. 

Nevertheless, both PCL-nfPANI05 and PCL-nfPANI20 showed at least 99.9 % knockdown 

against S. aureus and E. coli compared to neat PCL fibre-scaffold (Table 7−7 and Figure 

7−11).   

Most importantly, electrospun PCL-nfPANI fibre-scaffolds showed excellent antibacterial 

efficacies against E. coli (99.99% knockdown for both PCL-nfPANI05 and PCL-nfPANI20), 

which was not seen previously in MBC tests for nfPANI dispersions and colloids even at 

high concentrations (≥ 2%w/v; Sections 3.2.9 and 6.2.6). Although it was difficult to quantify 

exactly how much nfPANI comes into contact with bacteria, nevertheless the JIS Z 2801 test 

showed that the PCL-nfPANI fibre-scaffolds were highly active. Furthermore, electrospun 

PCL-nfPANI fibre-scaffolds were high porous and hydrophobic which could have enhanced 

the interactions between the substrates and the bacteria, resulting in high antimicrobial 
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efficacies for the PCL-nfPANI fibre-scaffolds which could have advantages as topical 

applications for wound dressings which could prevent bacterial growths.  

 

Figure 7−9. BHI-agar cultures of various dilutions after 24 h incubation, from antimicrobial 

testing (JIS Z 2801) of electrospun fibres-scaffolds versus S. aureus (ATCC 6838): (a) and 

(b) blank aluminium substrates; (c) and (d) neat PCL (control); (e) and (f) PCL-nfPANI05 

and; (g) and (h) PCL-nfPANI20. 
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Figure 7−10. BHI-agar cultures of various dilutions after 24 h incubation, from antimicrobial 

testing (JIS Z 2801) of electrospun fibres-scaffolds versus E. coli (ATCC 25322): (a) and (b) 

blank aluminium substrates; (c) and (d) neat PCL (control); (e) and (f) PCL-nfPANI05 and; 

(g) and (h) PCL-nfPANI20. 



Chapter 7 – Electrospun PCL-nfPANI fibre-scaffolds and tissue-engineering applications 

202 
 

Sample Name 

Versus S. aureus 6838 Versus E. coli 25322 

Enumeration 
Log10(CFU·mL-1) 

Knockdown 
(%) 

Enumeration 
Log10(CFU·mL-1) 

Knockdown 
(%) 

Enumeration 6.0 ± 0.1  -  6.4 ± 0.05  - 

Blank  6.0 ± 0.1  -  6.1 ± 0.1  - 

neat PCL control  4.3 ± 0.3  -  5.6 ± 0.6  - 

PCL-nfPANI05  0.8 ± 0.4  99.97  0.9 ± 0.3  99.99 

PCL-nfPANI05  0.3 ± 0.1  99.99  0.2 ± 0.1  99.99 

Table 7−7. Antimicrobial efficacies of electrospun PCL and PCL-nfPANI fibre-scaffolds 

versus S. aureus (ATCC 6838) and E. coli (ATCC 25322), based on the JIS Z 2801 tested on 

50×50mm substrates.  

 

Figure 7−11. Antimicrobial activities of PCL and PCL-nfPANI electrospun fibre-scaffolds 

versus S. aureus (ATCC 6838) and E. coli (ATCC 25322). 
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7.2.8. Cell attachment and proliferation of L929 Cells on PCL-nfPANI fiber-scaffolds  

In order to evaluate electrospun PCL and PCL-nfPANI fibre-scaffolds as potential substrates 

for tissue engineering of mammalian cells, L929 cells were seeded into the wells of tissue 

culture plates containing glass cover-slips upon which PCL fibre-scaffolds, and PCL-nfPANI 

fibre-scaffolds containing up to 20 % w/w of PANI, had been deposited. Empty wells and 

wells containing untreated glass cover-slips were inoculated as controls. The results showed 

that nano-scale electrospun PCL and PCL-nfPANI fibre-scaffolds were highly compatible 

with L929 fibroblast cells; with the normalised fluorescence (number of cell enumerated) for 

PCL and PCL-nfPANI fibre-scaffolds showed comparable results to TCP and glass-slips 

(Figure 7−12) throughout the proliferation phase (day 2 to 4).  

Also, the L929 fibroblast cells showed good adhesion after day 1, and the normalised 

fluorescence was comparable to TCP and glass-slips, suggesting good cell adhesion for the 

nano-scale electrospun PCL and PCL-nfPANI fibre-scaffolds. This result was an 

improvement to the micron-scale PCL and PCL-PANI fibre-scaffolds, previous reported by 

Borriello et al., which exhibits at least 30% lower cell adhesion compared to TCP for hMSC 

[62]. This suggests that the diameters of the PCL and PCL-nfPANI fibre-scaffolds could 

possibly be important for cell attachment and proliferation; and the result was in agreement 

with the increase in cell adhesion for electrospun gelatin-PANI fibre-scaffolds [60]. 

Furthermore, the cell attachment and proliferation of L929 cells appeared to be independent 

of the nfPANI loading, which suggests that nfPANI could possibly be highly biocompatible. 

Furthermore, the resultant increases in electrical conductivity (from 1.1 × 10-11 to 2.0 × 10-7 

S·cm-1
, for PCL fibre-scaffolds and PCL-nfPANI20, respectively) and the reduction of water 

contact angle (from 134.8° to 120.9°; for PCL fibre-scaffolds and PCL-nfPANI20, 

respectively) probably were not sufficient to influence the adhesion and proliferation of L929 

fibroblast cells.  
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Figure 7−12. L929 fibroblast cell attachment and proliferation on various substrates. L929 

cells were cultured on electrospun PCL and PCL-nfPANI fibres deposited over glass-slips 

and cell proliferation activity were evaluated using resazurin assay. The data was normalised 

to the initial fluorescence reading at day 0. Data are expressed as mean ± standard deviation, 

n = 12. The results were evaluated to be not significantly different from those on glass or 

TCP, using the Student’s t-test and single factor ANOVA (P < 0.05).   

7.2.9. Cell morphology of L929 fibroblasts 

The morphology of L929 fibroblasts proliferated on different substrates were assessed using 

DAPI staining (for nuclei) and Phalloidin-Texas Red stained (for cytoskeleton), and 

compared with glass cover-slips as control (Figure 7−13). The result shows L929 attached on 

electrospun PCL and PCL-nfAPNI fibre-scaffolds were highly dendritic and all nuclei were 

showing fluorescent (Figure 7−13b to f), indicating excellent attachment and proliferation 
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[104]; and the dendritic morphology were comparable with glass-slips control (Figure 

7−13a), suggesting that the fibre-scaffolds were non-cytotoxic and potentially biocompatible.  

Further investigation using ESEM microscopy showed that when the L929 fibroblasts cells 

were directly attached to the substrates (glass-slips or electrospun PCL and PCL-nfPANI 

fibre-scaffolds), the resulting morphology were highly dendritic (Figure 7−14). On the other 

hand, secondary attachments of L929 fibroblasts over existing attached cells do not result in 

dendritic morphology. The results from ESEM microscopy further support the findings that 

nano-scale electrospun PCL and PCL-nfPANI fibre-scaffolds were non-cytotoxic and support 

cell attachment and proliferation, which could be potentially be suitable for tissue 

engineering applications.  
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Figure 7−13. Confocal micrographs showing the morphology of L929 fibroblast cells at 24 h 

after seeding on: (a) glass-slip; (b) neat PCL fibre-scaffold; (c) PCL-nfPANI01; (d) PCL-

nfPANI05; (e) PCL-nfPANI10 and (f) PCL-nfPANI20. Samples were stained with DAPI (for 

nuclei) and Phalloidin-Texas Red stained (for cytoskeleton). 
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Figure 7−14. ESEM micrographs of L929 fibroblast cells after 96 h on: (a) glass-slip; (b) neat 

PCL fibre-scaffold; (c) PCL-nfPANI01; (d) PCL-nfPANI05; (e) PCL-nfPANI10 and (f) PCL-

nfPANI20. Samples were fixed in glutaraldehyde (2.5%, in PBS) and rinsed extensively with 

distilled water.   
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7.3. Conclusions 

For the first time, nano-scale PCL-nfPANI fibre-scaffolds were produced (diameters ranging 

from 140 to 160 nm) by electrospinning and evaluated for antioxidant capacity and 

antimicrobial efficacy. Also, for the first time, high loading of PANI (up to 20%w/w) was 

electrospun using a PCL matrix, via a mixed-solvent of CHCl3/MeOH. Incorporation of 

nfPANI was confirmed using TEM microscopy, FTIR spectroscopy and TGA analysis; and 

nfPANI was no longer in granular form, instead present as nano-particles (diameter < 20nm) 

and interconnecting networks, which could possibly enable the electrical conductivity for the 

PCL-nfPANI fibre-scaffolds and was not undoped during electrospinning process compared 

to what had happened to electrospun PVP-nfPANI (Chapter 5). Further increase of nfPANI 

loading resulted in a four-magnitude increase in electrical conductivity of the PCL-nfPANI 

fibre-scaffolds, and could be advantageous for electrically enhanced cell growths.  

The highly porous morphology resulted in the high accessibility of PANI within the 

electrospun PCL-nfPANI fibre-scaffolds, which retained 80% effective DPPH● scavenging 

capacity compared to nfPANI. Moreover, PCL-nfPANI20 fibre-scaffolds were highly 

effective against both S. aureus (Gram positive) and E. coli (Gram negative) bacteria, 

showing over 99.99% knockdown rates. Most importantly, PCL and PCL-nfPANI fibre-

scaffolds were non-cytotoxic against L929 fibroblast cells and showed good cell adhesion 

and proliferation, results highly comparable to TCP, a known industry standard. The results 

suggest that nano-scale electrospun PCL-nfPANI fibre-scaffolds could be suitable for tissue-

engineering applications; and the antioxidant capacity and antimicrobial efficacies could be 

advantageous for topical applications such as wound-dressings. 
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Chapter 8. SR-PANI composites with antimicrobial and 

antioxidant properties 

8.1. Introduction  

Silicone rubber is a widely used polymer for fabrication of high performance medical devices 

which requires elasticity and durability. In this chapter, the methods of incorporating PANI 

into SR composites included: dip-coating nfPANI onto pre-formed SR composite surfaces 

(SR-PANI DC); in-situ polymerising PANI onto pre-formed SR composite surfaces (SR-

PANI IS); and blending nfPANI with a two-component SR prior to curing (SR-PANI 

composite). The incorporation of PANI was evaluated using microscopy and FTIR 

spectroscopy methods, and for the first time, evaluations of antioxidant capacity and 

antimicrobial efficacy. In addition, mechanical testing was also conducted to determine the 

impacts of PANI on the performance of SR-PANI composites and their suitability for 

biomedical applications.  

SR-PANI DC samples were prepared by dipping the preformed SR thin-films (Silastic 

MDX4-4210, 2-part medical grade silicone rubber, Dow Corning) into a 1% w/v nfPANI 

dispersion and air-dried at room temperature overnight using procedures described in Section 

2.6.2.  SR-PANI IS samples were prepared by first physically adsorbing ANI onto the SR 

thin-films in an ANI-HCL solution, followed by oxidation using APS to convert the adsorbed 

ANI into PANI, as described in Section 2.6.3. Lastly, SR-PANI composites were prepared by 

adding specific weight ratios of nfPANI into the base part of a 2-part Silastic MDX4-4210, 

followed by adding the initiator part, drawn into thin-films and cured into thin-films, as 

described in Section 2.6.1. Two different levels of PANI loading were tested: 1% w/w and 

5% w/w which were manually dispersed on the MDX4-4210 base, producing composites: 
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SR-PANI01 and SR-PANI05. Furthermore, mechanical dispersion of 1% w/w PANI was also 

prepared in the MDX4-4210 base, producing SR-PANI01M. Mechanical dispersions of PANI 

in the MDX4-4210 base were very viscous and difficult to process, hence the PANI loading 

was limited at 1% w/w maximum.  

8.2. Results and discussions   

8.2.1.  SR-PANI DC  

SR thin-films were dip-coated with relative ease using 1% w/v nfPANI dispersion and a thin 

layers of PANI were adsorbed onto SR, which showed good optical transparency (Figure 

8−1b). Optical images (Figure 8−2b) showed micron-scale PANI aggregates adsorbed onto 

the surfaces of SR with good optical transparency. FTIR-ATR spectra of SR-PANI DC 

(Figure 8−3b) showed relatively weak absorption bands in the 1600 – 1300 cm-1 region, 

which corresponds to incorporation of nfPANI onto the SR surfaces, with characteristic SR 

bands at: 2960, 1260, 1090, 1017 and 800 cm-1 (see Table 8−1 for band assignments).  

Characteristic bands for nfPANI were identified from the enlarged spectra for the 1800 – 

1200 cm-1 region (Figure 8−4b), including: 1608, 1586, 1469 and 1307 cm-1. Particularly, the 

locations of 1586 cm-1 band (C=C stretching, quinoid rings) and 1496 cm-1 band (C=C 

stretching, benzenoid rings) suggested that nfPANI could possibly be undoped form because 

the bands was shifted from the original positions of 1562 and 1481 cm-1 for nfPANI. This 

was in agreement with the FTIR spectroscopy study of nfPANI direct dispersion discussed in 

Chapter 6 (nfPANI DD, Section 6.2.4.1). Both SEM and FTIR-ATR results confirmed that 

PANI was coated onto the SR surface. However, the coated films had poor adhesion to the 

SR substrate which could be easily removed by abrasion or washing. Hence, SR-PANI DC 

could only be considered as a sacrificial or temporary coating with limited application 

potential.  
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Figure 8−1. Visual appearances and opacities of SR composites: a) pristine SR and b) 

SRPANI-DC.  

 

Figure 8−2. Optical images of SR composites: (a) pristine SR and (b) SRPANI-DC (dip-

coated).  
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Figure 8−3. FTIR (ATR) spectra of SR composites: (a) pristine SR, (b) SRPANI-DC (dip 

coated) and (c) SRPANI-IS (in-situ polymerised).  
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Figure 8−4. FTIR spectra of SR composites, enlarged region from 1800 to 1200 cm-1; for the 

following samples: (a) pristine SR, (b) SR-PANI DC, (c) SR-PANI IS and SR-PANI ISW 

(extensively washed).   
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Peak assignments 
SR-PANI 

DC 
SR-PANI 

IS 
SR-PANI 

ISW 
SR 

nfPANI-
HCl-

HAPS 

N−H stretch: 1°, 2° [78, 105]  3236  3236    

C−H stretch [105]  2963  2963  2963  2963   

N−H bend: 1° [105]   1639  1639    

C=C stretching, quinoid rings  
(dedoped) [108] 

1608  1599    1593 

C=C stretching, quinoid rings [78, 
107] 

1586  1568  1568   1562 

C−C stretching, aromatic [105]   1507  1507    

C=C stretching, benzenoid rings [78, 
107] 

1496  1492  1492   1481 

C=N and C=C stretching of 
phenazine like structure [108, 122-

123] 
1446 1444 1444 1446 - 

C−N stretching of secondary  
amines [78, 107] 

1307 1290 1290 1309 1302 

C−H bend of Si−CH3 [172-173]  1260 1260 1260  

Si–O–Si stretch [172-173]   1090  1090  1090   

Si–O–Si stretch [172-173]   1017  1017  1017   

Si–C stretch [172-173]   800  800  800   

Table 8−1. FTIR band assignments for SR-PANI DC, SR-PANI IS and SR-PANI-ISW 

(extensively washed); comparing to pristine SR and neat nfPANI.    

8.2.2.   SR-PANI IS 

SR films were immersed in a ANI-HCl solution to allow adsorption of ANI onto the SR 

surfaces and subsequently polymerised by APS oxidation, which resulted the formation of 

green deposits over the SR films. After brief washing and drying, the SR-PANI IS composite 

appears to be thinly coated with green deposits. On the other hand, the SR substrate had 
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undergone a colour change, from colourless to yellow (Figure 8−5b). Extensive washing and 

mechanical scrubbing showed that the green PANI deposits could be removed, but the SR 

substrate remained yellow (denoted as SR-PANI ISW), which appeared unusual because 

PANI is generally green or blue in colour (Figure 8−5c). Optical images of SR-PANI IS 

(Figure 8−6b) showed a transparent layer of PANI was deposited onto the SR substrate. In 

addition, there were fewer and smaller PANI aggregates observed compared to SR-PANI DC 

in the previous section (Figure 8−2b). The adhered PANI on SR-PANI IS did not form a 

continuous film similar to SR-PANI DC; instead the SR-PANI IS film was discontinuous and 

showed an “alligator-effect” where PANI appears to crackle and exposing the coloured 

substrate. Further examination of the SR-PANI ISW under optical microscopy showed that 

the SR substrate was also highly textured with a crackle pattern (Figure 8−6c), which may 

have contributed to the alligator-effect of the SR-PANI IS (Figure 8−6b).  

 

Figure 8−5. Visual appearances and opacities of SR composites: (a) pristine SR, (b) 

SRPANI-IS (in-situ polymerised) and (c) SRPANI-ISW (in-situ polymerised and extensively 

washed).  
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Figure 8−6. Optical images of SR composites: (a) pristine SR, (b) SR-PANI IS (in-situ 

polymerised) and (c) SR-PANI ISW (extensively washed). 

FTIR spectrum of SR-PANI IS (Figure 8−3c) shows predominately the absorption bands for 

SR and weak absorption bands at 3236 cm-1 (N–H stretch) and 1800 – 1200 cm-1. Closer 

examination of the absorption bands (Figure 8−4c) showed characteristics similar to PANI at: 

1599, 1568, 1492 and 1300 cm-1, which diminished after extensive washing (Figure 8−4c). 

This suggests that PANI was not strongly embedded into the SR surface and was mostly 

removed by extensive washing. After extensive washing and mechanical abrasion, the 

remaining yellow SR film (Figure 8−4d) contained characteristics of short-chain ANI 

oligomers, which were represented by sharp absorption bands at: 1568, 1507 and 1492 cm-1, 

suggesting that the chain length could be relatively short (see Table 8−1 for detailed band 

assignments). There was a sharp absorption band at 1444 cm-1, which could be a 

characteristic of phenazine structures which is associated with branched structures [108, 122-
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123]. In addition, the 1639 cm-1 absorption band suggest that it contained significant number 

of primary amine termination, which also suggested possibilities of short chain ANI 

oligomers. It could be possible that ANI was adsorbed onto or diffused into the surface of SR 

and subsequently polymerised by APS into ANI oligomers which were not removed by 

extensive washing or mechanical abrasion, which could be potentially very useful for 

biomedical applications if it shows antioxidant capacity or antimicrobial efficacy.   

8.2.3.   SR-PANI composites 

SR-PANI thin-film composites containing 1% w/w nfPANI (SR-PANI01) and 5% w/w 

nfPANI (SR-PANI05) were prepared by manually blending the specified amounts of nfPANI 

into the base part of SR resin (MDX4-4210) and cured by adding the catalyst (Section 2.6.1). 

In addition, a SR-PANI composite with 1% w/w nfPANI (SR-PANI01M) was prepared using 

a laboratory homogeniser was prepared and as a comparison.  

The manually blended SR-PANI01 produced a partially transparent 500 µm film (Figure 

8−7b), and SR-PANI05 was completely opaque at similar thickness (Figure 8−7c). In 

contrast, the mechanically blended SR-PANI01M was completely opaque at 1% w/w PANI 

(Figure 8−7d), suggested a more efficient dispersion of nfPANI. The optical image of SR-

PANI01 (Figure 8−8b) shows poorly dispersed nfPANI with aggregates ranging from 1 µm 

to 50 µm. Furthermore, SR-PANI05 also contained poorly dispersed nfPANI and the 

aggregates were much larger (Figure 8−8c), with diameters from 5 to 100 µm. Conversely, 

mechanically blended SR-PANI01M was relatively more homogenous compared to the 

previous samples, with much smaller aggregates (Figure 8−8d), with diameters ranging from 

sub-micron to 20 µm.  
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Figure 8−7. Visual appearances and opacities of SR composites: (a) pristine SR, (b) SR-

PANI01, (c) SR-PANI05 and (d) SR-PANI01M (mechanically dispersed). All samples were 

prepared using a 500 µm drawdown bar. 

The product information for MDX4-4210 warns that traces of amine could inhibit the curing 

process of the containing organo-metal catalyst [174]. However, the addition of nfPANI did 

not appear to inhibit the curing of SR composites and all samples cured normally and formed 

highly elastic films with good mechanical strengths (see later Section 8.2.4). Furthermore, the 

FTIR spectrum of the SR-PANI05 (Figure 8−9c) was almost identical to pristine SR (Figure 

8−9c), and did not contain the characteristic absorption bands for the reactive silane groups 

(from curing agent) at 2165 cm-1 and 916 cm-1 (Figure 8−9a and Table 8−2) [173]. This 

implied that the reactive silane groups in the curing agent were completely reacted during the 

curing process and the addition of nfPANI did not inhibit the organo-metal catalyst. Most 

interestingly, FTIR-ATR spectroscopy results of SR composites showed no absorption bands 

for nfPANI, even at concentration at 5% w/w (Figure 8−9a), which suggests that nfPANI was 

not predominantly located on the surface of SR matrix and hence not detected by FTIR-ATR 

spectroscopy. SEM microscopy of cryo-fractured samples allowed EDX analysis on the 

cross-sections of the SR and SR-PANI composites for confirmation of nfPANI incorporation 

(Table 8−3). EDX on the cross-section of SR showed clean glassy fractures with high silicon 
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content (C: Si = 1: 1, Figure 8−10a1), which could possibly contain high silica filler; and 

regions with high carbon content (C: Si = 2: 1, Figure 8−10a2), which represents SR. In 

addition, there were no Cl or S elements found in the SR samples, and only found in the 

PANI containing samples, which comes from the counter ions of the mix-doped PANI (HCl 

and H2SO4) as discussed previously in Section 3.2.3. SEM images of the cross-sections of 

SR-PANI composites showed incorporation of PANI, which appeared amorphous and 

contained particulates resembling PANI (Figure 8−10b1, c1 and d1). The distribution of 

PANI appeared very similar to that from optical microscopy (Figure 8−8b, c and d), where 

the frequency and size of the particulates increased when comparing SR-PANI01 with SR-

PANI05. Also, the particle size became smaller and more frequent when comparing SR-

PANI01 and SR-PANI01M. EDX analysis on the particulates showed that they contained 

higher levels of Cl and S (Figure 8−10b1, c1 and d1), compared with the regions without the 

particulates (Figure 8−10b2, c2 and d2). Furthermore, the mechanically dispersed SR-

PANI01M contained evenly distributed particles where the levels of Cl and S were much 

lower compared to SR-PANI01 across different regions of SR-PANI01M cross-section, 

suggesting a comparatively better dispersed sample. Overall, SR-PANI composite films were 

cured and PANI appeared to blend well with SR, but FTIR spectroscopy results suggested 

that the incorporated PANI could possibly be inaccessible from the surfaces and could 

produce low antioxidant capacity and antimicrobial efficacy, which will be investigated in the 

later sections.  
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Figure 8−8. Optical images of SR composites: (a) pristine SR, (b) SR-PANI01, (c) SR-

PANI05 and (d) SRPANI-01M (mechanically dispersed). 
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Figure 8−9. FTIR (ATR) spectra of SR composites: (a) pristine SR and (b) SRPANI05. 
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Peak assignments SR-PANI05 Pristine SR  
MDX4-4210 
Curing Agent 

S−H stretch, silane terminated groups [172-
173] 

  2165* 

Si−C=C stretch, vinyl terminated groups [172-
173] 

1413  1413  1413 

C−H bend of Si−CH3 [172-173]  1260  1260  1260 

Si–O–Si stretch [172-173]  1087  1091  1093 

Si–O–Si stretch [172-173]  1017  1018  1022 

=C−H bend, vinyl terminated [172-173]  977  979   

S−H bend, silane terminated groups [172-173]  -  -  916* 

Si–C stretch [172-173]  865  865  865 

Si–C stretch [172-173]  800  800  800 

Si–C stretch [172-173]  767  750  - 

Table 8−2. Main FTIR band assignments for SR-PANI05, Pristine SR and MDX4-4210 

Curing Agent (* denotes the absorption peaks for reactive silane groups).    
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Figure 8−10. SEM images of cross-sections of SR composites labelled with regions analysed 

by EDX: (a) pristine SR, (b) SRPANI01, (c) SRPANI05 and (d) SRPANI01M (mechanically 

dispersed). 
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Sample 
Compositions (Atomic %) 

C N Si Cl* S** 

SR (a1) 44.9 4.9 39.9 - - 

SR (a2) 42.5 9.9 19.9 - - 

SRPANI01 (b1) 60.6 10.0 8.7 1.6 1.4 

SRPANI01 (b2) 42.0 9.5 20.8 - - 

SRPANI05 (c1) 50.9 7.7 23.0 1.2 1.3 

SRPANI05 (c2) 48.3 8.6 22.1 0.4 0.3 

SRPANI01M (d1) 46.4 8.1 23.3 0.3 0.2 

SRPANI01M (d2) 41.5 8.6 29.1 0.1 0.1 

Table 8−3. Elemental compositions, expressed in atomic %, of SR composites cross-sections 

from EDX analysis of regions marked in Figure 8−10. The Cl and S contents comes from the 

counter ions of the mix-doped PANI, Cl- and SO4
2- ions.    

8.2.4.   Mechanical testing of SR-PANI composite 

The effects of PANI on the mechanical properties of SR-PANI composites was studied by 

comparing the tensile properties of pristine SR and SR-PANI05, especially when there is a 

concern that amines may inhibit the curing process [174]. Furthermore, mechanical testing 

could also provide information on the compatibility between PANI and SR, and if PANI 

could provide reinforcement to the composite.  

Stress-strain curves of pristine SR (Figure 8−11, solid lines) showed typical characteristic of 

an elastomer with high elasticity (elongation > 400%) and low yield strengths (2.5 MPa). The 

degree of elasticity and yield strengths of SR are generally controlled via the use of silica 

fillers, as well as using cross-linking groups. The addition of 5% w/w did not alter the 

elasticity significantly; instead the yield strength was reduced from 2.5 MPa to 1.5 MPa (for 
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SR and SR-PANI05, respectively), a reduction of 40% (Table 8−4); which also resulted in an 

overall reduction of elastic modulus by 40% (from 6.3 to 3.8 GPa). This result suggests that 

PANI did not participate in reinforcing the SR matrix and could possibly be results of 

incompatibility between PANI and SR, or inhibition of curing process. FTIR spectrum of SR-

PANI05 suggests that there were no unreacted silane groups; hence the reduction of 

mechanical strength could be due to incompatibility. Nevertheless, at 5%w/w PANI, SR-

PANI05 remained highly elastic and the yield strength could potentially be improved by 

further incorporation of silica fillers. Alternatively, organic dopants (e.g. CSA) could also be 

considered for improving compatibility with the SR matrix, which has the potential trade-off 

of being less active as demonstrated previously in Section 3.2.9.  

 

Figure 8−11. Stress-strain curves of pristine SR and SR-PANI05 composites, based on 

ASTM D412 method, tested under controlled force/strain rate (3.0 N·min-1). The yield 

strengths and elongations were calculated at the yield points, where the curves terminated.  
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Sample Name Yield strength 

(MPa) 

Elongation 

(%) 

Elastic modulus 

(GPa) 

SR control 2.5 ± 0.3  440 ± 30  6.3 ± 0.6 

SRPANI05  1.5 ± 0.1  420 ± 30  3.8 ± 0.3 

Table 8−4. Mechanical properties of pristine SR and SR-PANI05 determined using DMA 

analysis, under controlled force/strain rate mode (3.0 N·min-1). Elastic modulus was based on 

a cross-section area of 9.1 × 10-7 m2. 

8.2.5.   DPPH● Scavenging capacities of SR-PANI  

DPPH● scavenging capacity assay was carried out in order to further understand the chemical 

availabilities of SR-PANI DC, SR-PANI IS and SR-PANI composites. The total DPPH● 

could be useful for quantifying the effective amount of PANI incorporated onto SR-PANI 

DC and SR-PANI IS. In addition, the reaction rate also provides critical information on how 

accessible the SR-PANI composites are, especially compared to the dip-coated samples.  

Figure 8−12 compares the low DPPH● scavenging samples after 24h, in increasing order of 

total scavenging capacity: pristine SR, SR-PANI DC, SR-PANI IS, SR-PANI01 and SR-

PANI01M. Pristine SR showed very little DPPH● scavenging capacity (0.014 µmol·cm-2), 

which was expected because SR is a relatively inert polymer which has a low chemical 

reactivity. Both SR-PANI DC and SR-PANI IS exhibited rapid scavenging rates comparable 

to nfPANI, t0.5 = 0.5 h, which was expected because the locations of PANI for these samples 

are on the surface of SR which was highly accessible. However, the amounts of PANI 

physically adsorbed onto SR-PANI DC and SR-PANI IS were relatively small, hence 

resulted in comparatively low total scavenging capacities (0.05 and 0.055 µmol·cm-2, for SR-

PANI DC and SR-PANI IS, respectively). In contrast, SR-PANI01 and SR-PANI01M 

showed similar steady reaction rate and the total scavenging capacities at 24 h reached about 

twice scavenging capacities compared to SR-PANI DC and SR-PANI IS.  
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Figure 8−13 compares the long term (72 h) DPPH● scavenging rates and capacities for: 

pristine SR, nfPANI, SR-PANI01, SR-PANI01M and SR-PANI05. For SR-PANI01 and SR-

PANI01M, the reactions rates against DPPH● radicals remained very steady over the 72 h 

period and the reaction rates were relative constant and showed relatively long half-life (t0.5 = 

36 h), suggesting that the reactions were expected to extend much further than 72 h. For SR-

PANI05, the DPPH● scavenging rate also appears to be slow, t0.5 = 12 h, and the reaction 

appears to reach completion near 72 h. In contrast, nfPANI showed a very rapid DPPH● 

scavenging rate, t0.5 = 0.5 h, and the reaction reached completion at approximately 4 h. The 

use of SR as a matrix polymer significantly reduced the DPPH● scavenging rate, from 0.5 h 

to over 12 h, which suggests that SR-PANI composites could be suitable for sustained free-

radical scavenging applications, such as medical devices and implants.   

Table 8−6 shows the comparisons of the DPPH● scavenging capacities per-area substrate and 

per-mass PANI after 72 h, and there were few differences between SR-PANI01 and SR-

PANI01M, which suggests that mechanical mixing did not affect the accessibility of PANI to 

DPPH● and the total scavenging capacity of the SR-PANI composite films. In addition, since 

the majority of PANI were located within the SR matrix, the DPPH● scavenging capacities 

per-mass PANI were expected to be lower compared to nfPANI, which was reduced from 2.0 

to 0.8 µmol·mg-1 (for SR-PANI01), retaining 40% of the total scavenging capacity compared 

to nfPANI. This suggests that PANI remains relatively accessible to DPPH●
 and is possibly 

limited by the diffusion and transport of the free-radicals within the SR substrate.  

Comparing SR-PANI01 and SRPANI05, the increase of PANI loading from 1% w/w to 

5%w/w resulted in a 100% increase in DPPH● scavenging capacity per-area, from 0.15 to 

0.30 µmol·cm-2. However, the DPPH● scavenging capacity per-mass showed a decrease from 

0.8 to 0.3 µmol·mg-1 (for SR-PANI01 and SR-PANI05, respectively), and only retained 15% 

of the total capacity per-mass compared to nfPANI. This result suggests DPPH● radicals 
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could only access a small amount of PANI within the SR-PANI05 matrix, which reflects the 

poorly dispersed matrix and the large aggregates in the matrix and hence SR-PANI05 is a less 

efficient DPPH● scavenger compared to the better dispersed SR-PANI01 and SR-PANI01M.  

Overall, SR-PANI composites showed sustained DPPH● scavenging activities (t0.5 = 12 h) 

and remained highly active beyond 24 h, which was 3 times longer compared to electrospun 

PCL-nfPANI fibre-scaffolds (t0.5 = 4 h, Section 7.2.6) and significantly better than short-

acting nfPANI, nfPANI colloids and dispersions (t0.5 ≤ 1 h, Section 4.2.7). As a result, SR-

PANI composites could possibly be considered for applications where prolonged contacts 

and sustain free-radical scavenging capacities are required.    

 

Figure 8−12. Plot of percentage of a 250 µM methanolic solution of DPPH radicals remained 

(24h); when reacted with SR, SR-PANI DC, SR-PANI IS, SR-PANI01 and SR-PANI01M 

composites (20×20 mm).     
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Sample Name 
DPPH● scavenged after 24 h 

t0.5 (h) 
Amount (µmol)  Per area (µmol·cm-2) 

SR control 0.11 ± 0.02  0.014 ± 0.003  2 

SRPANI-DC  0.40 ± 0.05  0.050 ± 0.007  0.5 

SRPANI-IS  0.44 ± 0.06  0.055 ± 0.008  0.5 

SRPANI01  0.84 ± 0.08  0.11 ± 0.02  - 

SRPANI01M  0.91 ± 0.07  0.11 ± 0.02  - 

Table 8−5. Comparisons between DPPH● scavenging capacities (24 h) of pristine SR, SR-

PANI DC, SR-PANI IS, SR-PANI01 and SR-PANI01M composites (20×20 mm).   

 

Figure 8−13. Plot of percentage of a 250 µM methanolic solution of DPPH radicals remained 

(72h); when reacted with nfPANI (1.5 mg) and SR, SRPANI01, SRPANI01M and 

SRPANI05 composites (20×20 mm).   
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Sample Name 

nfPANI 
equivalent 

(mg) 

DPPH● scavenged after 72 h 

t0.5 (h) Total amount 

(µmol) 

per area 

(µmol·cm-2) 

per nfPANI 

(µmol·mg-1) 

SR control -  0.11 ± 0.02 
0.014 ± 
0.003 

- 
2 

SR-PANI01  1.5  1.2 ± 0.2  0.15 ± 0.03  0.8 ± 0.2  36 

SR-PANI01M  1.5  1.3 ± 0.2  0.16 ± 0.03  0.9 ± 0.2  36 

SR-PANI05  7.5  2.4 ± 0.4  0.30 ± 0.05  0.3 ± 0.1  12 

nfPANI  1.0  2.0 ± 0.3  -  2.0 ± 0.3  0.5 

Table 8−6. Comparisons between DPPH● scavenging capacities (72 h) of nfPANI-HCl, SR, 

SRPANI01, SRPANI05 and SRPANI01M (mechanically dispersed).  

8.2.6.   JIS Z 2801 assay for SR-PANI composites 

JIS Z 2801 assay was carried out on the SR-PANI composites using S. aureus (Gram-

positive) and E. coli (Gram-negative) for determining antibacterial efficacies of active 

polymer surfaces (methodology outlined in Section 2.9.2). For pristine SR, there was some 

activity against S. aureus, with the colony count reduced by 95% (from 104.8 to 103.5 

CFU·mL-1) after 24 h incubation (Figure 8−14). A similar level of reduction was also 

observed for neat PCL fibres-scaffolds tested against S. aureus (a 98% knockdown, from 

106.0 to 104.3 CFU·mL-1). Such result is not uncommon among hydrophobic surfaces, such as 

SR, which often possess antifouling properties by preventing bacterial attachment and 

proliferation [171].  

Enumeration of colonies incubated on SR-PANI DC and SR-PANI IS surfaces showed no 

antibacterial efficacies against both S. aureus and E. coli in a preliminary screening test; 

hence the results were not included in this study. The lack of antibacterial efficacies for these 
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samples could possibly be due to insufficient amount of incorporated onto the surfaces; as 

demonstrated from DPPH● scavenging capacity that both SR-PANI DC and SR-PANI IS 

contain only a small amount of PANI (Section 8.2.5).  

SR-PANI01 and SR-PANI05 showed excellent antibacterial efficacies (Figure 8−14), and the 

knockdown rates (Table 8−7) against S. aureus are 99.8% and 99.9% (for SR-PANI01 and 

SR-PANI05, respectively) and against E. coli are both 99.99% (for SR-PANI01 and SR-

PANI05). Contrast to nfPANI, both SR-PANI01 and SR-PANI05 showed good efficacies 

against E. coli, which was also observed for electrospun PCL-nfPANI fibre-scaffolds. This 

raises questions that if the MBC assay results could be used as true representation of the 

antibacterial efficacies of PANI and if there were direct connections between the results from 

MBC assay and JIS Z 2801 assay. Furthermore, with PANI embedded within the SR-PANI 

composites, the types of interactions between bacteria and PANI were indirect and different 

from the direct interactions between the PANI dispersions and bacteria. This implied that the 

conventional mechanism of kill (electrostatic adherence between PANI and cell membranes 

[92]) could possibly be insufficient to explain the activities of SR-PANI where PANI is 

embedded within the matrix. Instead, it could be possible that the mechanism of kill involved 

indirect interactions between PANI and bacteria, which could possibly be from releasing of 

small and reactive particles such as oxy-radicals or dopant counter ions that could easily 

diffuse through the SR matrix.  

Combining good elasticity, antioxidant capacity and antibacterial efficacy, SR-PANI 

composites could be potentially beneficial in applications such as hearing devices, artificial 

skins or wound dressings where medium to long term activities are required.   
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Figure 8−14.  Antimicrobial activities of SR composites versus S. aureus (ATCC 6838) and 

E. coli (ATCC 25322). 

Sample Name 

Versus S. aureus 6838 Versus E. coli 25322 

Enumeration 

Log10(CFU·mL-1) 

Knockdown 

(%) 

Enumeration 

Log10(CFU·mL-1) 

Knockdown 

(%) 

Enumeration 4.8 ± 0.1  -  5.6 ± 0.05  - 

SR control 3.5 ± 0.2  -  5.1 ± 0.5  - 

SRPANI01 0.8 ± 0.4  99.8  0.3 ± 0.2  99.99 

SRPANI05 0.3 ± 0.2  99.9  0.3 ± 0.2  99.99 

Table 8−7. Antimicrobial properties of SR and SRPANI composites.  
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Figure 8−15.  BHI-agar cultures of various dilutions after 24 h incubation, from antimicrobial 

testing (JIS Z 2801) of SR composites versus S. aureus (ATCC 6838): (a) and (b) pristine 

SR; (c) and (d) SRPANI01; and (e) and (f) SRPANI05. 
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Figure 8−16.  BHI-agar cultures of various dilutions after 24 h incubation, from antimicrobial 

testing (JIS Z 2801) of SR composites versus E. coli (ATCC 25322): (a) and (b) pristine SR; 

(c) and (d) SRPANI01; and (e) and (f) SRPANI05.  
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8.2.7.   Further discussions 

PANI was able to be rapidly deposited onto SR surfaces via dip-coating, which suggests that 

there were good molecular interactions between PANI and SR. The positively charged PANI 

surfaces, as a result of doping, could be adsorbed onto SR surfaces via electrostatic forces 

between the siloxane and the imine groups, and also via H-bondings between the siloxane 

and the amine groups (Figure 8‒17). However, poor adhesion was observed due to a lack of 

molecular interactions between PANI and SR, mainly because PANI has a high glass-

transition temperature and was unable to coalesce and form a continuous film over the 

flexible SR surface. Instead, large granules of PANI were deposited onto the surface of SR 

(Figure 8‒2b) and could be removed easily by physical abrasions.   

 

Figure 8−17. Possible molecular interactions between PANI and SR, showing siloxane 

groups interacting with the charged imine groups and the polar amine groups, via electrostatic 

force and Hydrogen bonding, respectively.  

Similarly, for in-situ polymerised SR-PANI, ANI+ was able to physically adsorb onto the 

siloxane groups by electrostatic forces (Figure 8‒18), and subsequently polymerised into 

PANI (Figure 8‒17). Again, poor adhesion was observed and also due to the lack of a 



Chapter 8 – SR-PANI composites with antimicrobial and antioxidant properties 

236 
 

molecular interactions, namely chain entanglements between SR and PANI. Abrasions were 

able to remove the loosely deposited PANI, but was unable to remove the yellow deposit, 

which is possibly a phenazine-like product (Figure 8‒4d), with absorption bands at 1444 and 

1412 cm-1; and possibly not an azobenzene due to the absence of N=N absorption at 1429 cm-

1 [172]. The phenazine-like product could possibly be an oligomer, which highly insoluble 

[145] and henced was precipitated over the SR surface. There were no new covalent bonds 

formed, as the absence of N-O linkages (IR absorption in the 870 to 833 cm-1 region[172]) 

and of the absence of Si-N linkages (850 to 900 cm-1 [175]) suggested that the SR surface was 

generally inert. Nevertheless, the phenazine-like oligomer was able to remain on SR surfaces 

after extensive washing and mechanical scrubbing, suggesting that there were strong 

molecular interactions between the phenazine groups and siloxane groups. The stronger 

interactions could be due to the planer structure of the phenazine groups (Figure 8‒19a) 

formed at the early stage of polymerisation [148] compared to the twisted structures of PANI 

(Figure 8‒19b) which probably restricted the electrostatic interactions with the SR surface.  

 

Figure 8−18. Adsorption of ANI+ onto SR surface via electrostatic force between the charged 

quaternary ammonium salt and the lone pair electrons on the siloxane backbone.    
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Figure 8−19. 3D diagrams showing the structures of: (a) Planer phenazine-like oligomer and 

(b) twisted polyaniline emeraldine salt, suggesting that the planer structure could possibly 

have stronger molecular interactions with the SR surface. 
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8.3. Conclusions 

This chapter outlined, for the first time, SR-PANI composites with antioxidant capacity and 

antibacterial efficacies, produced from a medical-grade SR elastomer, Silastic MDX4-4210. 

Three methods of incorporation were compared, including: dip-coating (SR-PANI DC), in-

situ polymerisation (SR-PANI IS) and direct blends (SR-PANI01 and SR-PANI05).   

Dip-coating is a relatively simple method and produced evenly coated SR surfaces, but the 

coating showed poor adhesion, low DPPH● scavenging capacity and no antibacterial efficacy 

against S. aureus and E. coli. Similarly, in-situ polymerisation also produced poorly adhered 

PANI coating with low DPPH● scavenging capacity and no antibacterial efficacy against S. 

aureus and E. coli. The low DPPH● scavenging capacities also suggests that there were 

limited amount of PANI incorporated onto these samples, hence resulted in no antibacterial 

efficacies. In addition, in-situ polymerisation produced a yellow coloured composite which 

possibly contained ANI oligomers.   

Direct blending nfPANI into uncured MDX4-4210 base (by manual and mechanical 

dispersion methods) did not appear to inhibit the curing of the composites. Mechanical 

dispersion resulted in more uniform dispersions of PANI and higher opacity composites, but 

was limited to 1% w/w due to the significant increase in the viscosity of the base. FTIR-ATR 

spectroscopy was able to detect the reactive silane group, which was completely reacted 

during the curing process, but was unable to confirm the incorporation of PANI. Instead, the 

incorporation of PANI was confirmed through SEM microscopy. Mechanical testing showed 

that SR-PANI retained similar level of elongation of break, but only retained 40% of the yield 

strengths and elastic modulus, suggesting that nfPANI could be incompatible with the SR 

matrix.   

Antioxidant capacities of SR-PANI composites showed sustained capacity for free-radical 

scavenging over 72 h. However, the efficiency of PANI were retained at 40% and 15% of 
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total DPPH● scavenging capacity per-mass of PANI (for 1% w/w and 5%w/w PANI loading) 

due to limited accessibility of PANI within the SR matrix.   

Antibacterial efficacies of SR-PANI showed excellent knockdown rates against both S. 

aureus and E. coli (99.9% and 99.99% for 5%w/w PANI loading), especially when majority 

of PANI were embedded within the SR composites. This suggests that there were indirect 

interactions between PANI and bacteria tested, which could possibly be generation of oxy-

radicals, which differ from the conventional model of electrostatic interactions with cell 

membranes.  
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Chapter 9. Conclusions and future work 

9.1. Conclusions 

PANI has many unique properties as a polymeric antioxidant and antimicrobial agent, which 

includes: good thermal stability, electrically conductive, multiple oxidation states (can be 

oxidised or reduced). Conventional antioxidants and antimicrobial agents (such as QAG and 

Ag+/Ag nanoparticles) are generally small in size and highly reactive, which could potentially 

leach from the substrates and also have short activity. Hence, PANI could possibly be 

suitable for medium to long-term applications, such as implants and tissue-scaffolds. 

Therefore, it is important to investigate methods of incorporating the PANI into medical 

devices.     

This study showed that various forms of PANI (nfPANI, emulsions, colloids, dispersions, 

electrospun fibre-scaffolds and composites) all exhibited different degrees of antioxidant 

capacities and antimicrobial efficacies in matrices such as PVP, PCL and SR. The potential 

applications that could be derived from this study include: tissue-scaffoldings, wound 

dressings, spray-on applications, surface coating additives, hearing devices and dental 

materials.  

Firstly, nfPANI was prepared using the RMR method was studied and optimised for reaction 

yields, processability, antioxidant capacity and antimicrobial efficacies (Chapter 3). Different 

APS levels and dopants were used, and the nano-fibrous morphology was not affected. HAPS 

([ANI]:[APS] = 1:1.25) and HCl dopant acid produced nfPANI-HCl-HAPS with highest 

yields (compared to LAPS samples); similar chemical structures; high molecular weight 

(800,000 g·mol-1); good dispersibility in water, NMP, MeOH, CHCl3 and silicone oil; 

electrically conductive (5.0 S·cm-1);  DPPH● scavenging (3.4 µmol·mg-1) and high 
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antibacterial efficacies against S. aureus (Gram-positive) and E. coli (Gram-negative). Hence, 

nfPANI-HCl-HAPS was selected for preparation of nfPANI dispersions, electrospun fibres 

and composites.  

PANI emulsions and colloids showed good compatibility in aqueous medium and could 

potentially be utilised in spray-on applications or additives for surface coatings. PANI 

emulsions and colloids were prepared using surfactants (SDS and Tween 20) and steric 

stabilisers (PVP360, PVP24, PEG400 and PEG200), and post-treated using dialysis to 

remove by-products, including: soluble ions, acids and oligomers (Chapter 4). FTIR 

spectroscopy results confirmed that SDS, PVP360 and PVP24 were retained after dialysis 

due to strong interaction with PANI; while Tween 20, PEG400 and PEG200 were removed 

by the dialysis treatment. PANI-SDS was the only sample that remained doped, suggesting 

that DS- could possibly act as a dopant due to ionic interaction with PANI. Furthermore, 

PANI-SDS showed highest free-radical scavenging capacity and antibacterial efficacy, but 

shown poor storage stability due to hydrophobic attractions between DS-. PANI-PVP360 and 

PANI-PVP24 showed good storage stability, but poor free-radical scavenging capacity and 

antibacterial efficacies due to strong steric interactions.  

The electrospinning echnique was applied for its ability to generate highly porous substrates 

which could maximise exposure of active materials, such as PANI, and could also produce 

substrates for cell attachments for tissue-scaffolding applications. PVP360 was selected for 

electrospinning of nfPANI and optimised for solvents, voltage, distance, feed rate and RH 

(Chapter 5). Incorporation of nfPANI was confirmed using SEM and TEM microscopy and 

nfPANI remained as micron-scale particulates. FTIR spectra showed that nfPANI was 

undoped during the electrospinning process. PVP-nfPANI demonstrated good free-radical 

scavenging capacity. PVP and PVP-nfPANI fibre-scaffolds were unable to be utilised as 

tissue-scaffolds, due to high sensitivity to aqueous and polar solvents. Instead, the highly 
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porous PVP-nfPANI fibre-scaffolds could produce stable nfPANI dispersion rapidly and 

deliver free-radical scavenging capacity to specifically targeted areas.  

As re-dispersions, the antioxidant capacity and antibacterial efficacies of electrospun PVP-

nfPANI fibre-scaffolds were compared with other PVP-containing PANI dispersions 

(Chapter 6). The incorporation of PVP improved the stabilities of dispersions and prevented 

micron-scale aggregations. There was evidence of strong H-bonding between PVP and PANI 

from FTIR spectra, suggesting that PANI particulates were well protected (supported by 

SEM and TEM micrographs), which explains similarities of DPPH● scavenging capacities 

and antibacterial efficacies between the PVP-containing dispersions.  

Following electrospinning of PVP, PCL was selected as a replacement to produce PANI 

containing nanofibres for tissue-scaffold applications (Chapter 7). Electrospinning of PCL-

nfPANI fibre-scaffolds were optimised to generate nano-scale fibres (c.a. 150 nm) with high 

PANI loading (up to 20% w/w), by using a mixed-solvent of MeOH/CHCl3. Incorporation of 

PANI was confirmed by FTIR spectroscopy, TGA and TEM microscopy, and well dispersed 

PANI particles and networks were observed. PCL and PCL-nfPANI were both relatively 

hydrophobic (134° and 120°, respectively). Incorporation of 20% w/w PANI resulted in a 

four-magnitude increase of electrical conductivity (10-11 to 10-7 S cm-1) and produced highly 

antibacterial and free-radical scavenging fibre-scaffolds. Cytotoxicity testing using L929 

fibroblast cells showed that the nano-scale PCL and PCL-nfPANI fibre-scaffolds were non-

cytotoxic, with good cell attachments and proliferation (comparable to TCP) and healthy 

dendritic cell morphologies.  

SR was selected as a matrix for PANI composites for its high biocompatibility and 

mechanical properties, with potential applications such as hearing devices and medical 

implants (Chapter 8). Dip-coating (SR-PANI DC), in-situ polymerisation (SR-PANI IS) and 

direct blending (SR-PANI composites) methods were selected for incorporation of PANI. 
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SR-PANI DC and SR-PANI IS has produced poorly adhered coatings with low free-radical 

scavenging capacity and no antibacterial efficacies. Curing of SR was not affected by 

incorporation of nfPANI, and there was a reduction in tensile strength due to poor 

compatibility between PANI and SR. Nevertheless, SR-PANI composites showed good free-

radical scavenging capacity and excellent antibacterial efficacy.   

9.2. Major advance in scientific knowledge 

The first advance relates to the use of higher APS, in the rapidly mixed reaction (RMR), 

resulting in the retention of nanofibrous morphology. Following a different path to low APS, 

the use of high APS resulted in a higher concentration of H2SO4; was able to rapidly consume 

most of monomer; prevented secondary growths over the nanofibrous morphology generated 

in the initial polymerisation stage and resulted in a mixed-doped PANI. Characterisations 

showed that HAPS samples contained lower amount of phenazine groups (or degree of 

branching), higher molecular weights, higher electrical conductivity, higher antioxidant 

capacity and higher antimicrobial efficacy.   

A further advance in scientific knowledge relates to the demonstration of antimicrobial 

efficacy by the PANI colloid and dispersions, and the types of stabilisers have capabilities to 

enhance or reduce its efficacy. Chapter 4 showed that SDS, an anionic surfactant, has ability 

to bind to PANI and enhanced PANI’s antimicrobial efficacy; on the other hand, PVP 

sterically stabilises PANI and has ability to reduce PANI’s antimicrobial efficacy. This 

indicated that the physical interactions between PANI and bacteria membrane were very 

important in PANI’s antimicrobial mechanism, which may have been enhanced by the 

hydrophobic interactions observed between the DS- counter-ions and reduced by the steric 

interactions between the PVP stabilisers.  
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A further novel finding relates to the demonstration of antioxidant capacity of PANI 

dispersions. Specifically, mechanically dispersed nfPANI in PVP showed enhanced 40% 

higher antioxidant capacity against neat nfPANI and 90% higher compared to in-situ 

polymerised PANI in PVP (Chapter 6). However, the mechanical dispersion of nfPANI in 

PVP was 50% lower compared to neat nfPANI. This suggests that nfPANI was chemically 

more active when dispersed in PVP360 solution but the steric effect of PVP has the ability to 

restrict physical interactions between PANI and the bacteria membrane.  

A technical advantage, which has emerged, is an alternative route to PANI dispersion via 

electrospun fibres using a water-soluble polymer. This study showed that electrospun PVP-

PANI fibre-scaffolds could be rapidly and easily dispersed in polar solvents, producing stable 

PANI dispersions containing highly uniform PANI particles and exhibiting good antioxidant 

capacity and antimicrobial efficacy. This means PANI could be stored in a dry-form and 

rapidly transformed into dispersions which are ready to be applied onto desired surfaces.  

Further technical advantages, which have emerged, are the reduction of fibre diameters of 

electrospun PCL-PANI (from micron-range to nano-range, Chapter 7); the improvements in 

cell-attachment of L929 fibroblast cells; and the establishment that PCL-PANI was 

antioxidative, antibacterial and biocompatible to mammalian cells. These results suggested 

that PCL-PANI electrospun fibre-scaffolds could possibly be a multi-functional substrate 

which showed potential applications as tissue-scaffolds or wound dressings, with abilities to 

reduce oxidative-stress and prevent infections. Furthermore, the low-melting PCL may have 

processing advantages and could possibly allow processing methods such as melt-

electrospinning or even 3-D printing of PCL-PANI composites.  

Last, but not the least, this study found that silicone rubber-polyaniline (SR-PANI)  

composite films were also antioxidative and antimicrobial. As composites, PANI appears to 

be well dispersed within SR matrix and yet good antimicrobial efficacy was observed. This 
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suggested that the antimicrobial mechanism of PANI does not solely depend on physical 

interactions between PANI and bacterial membrane. In addition, the SR matrix showed 

sustained free-radical scavenging activity, which effectively delayed the depletion of the 

antioxidant activity of PANI from hours to days. Given SR has good biocompatibility, 

moisture barrier property and good vapour permeability, SR-PANI composites could also 

potentially be very useful as wound dressings or patches.  

9.3. Future work 

One of the biggest limitations of PANI is the aesthetic value of the material. PANI is a dark-

green powder and appears essentially black at concentration >1% w/w. This could be 

acceptable for certain applications such as plastic bags, packaging materials or handheld 

electronics. However, the dark-black colour may not be suitable for prosthetic applications, 

such as hearing-aids, dental implants, or contact lenses. Also, the green-black colour may not 

be appealing as tissue-scaffolding, which may remain incorporated due to poor 

biodegradability. A possible solution to the aethestic problem is by co-polymerisation with 

aminobenzoic acid, which produces a white co-polymer, but the limitation is that the reaction 

has a relatively low yield [46]. 

Another limitation of PANI is its poor biodegradability. This is because PANI is very 

thermally stable compared to other polymers, such as PCL, and does not decompose when 

thermally treated. TGA analysis (Figure 7-5) showed that PANI retained > 60% of mass after 

thermal treatment > 500°C, while PCL completely decomposed. In addition, according to 

Nand et al., PANI chains undergo further crosslinking when exposed to thermal treatment, at 

> 175 °C, by formation of phenazine units as a result of oxidation reaction between the imine 

groups and the benzene rings [7]. This makes PANI very difficult to metabolise compared to 

PCL, which decomposes to release water, CO2, hexenoic acid and other carboxylic acids 
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[176]. One possible solution, to biodegradability, is to copolymerise aniline with ester- or 

amide-containing monomers, producing linkages which could be easiers to degrade.   

Another limitation is the scaling-up of the synthesis of nfPANI using the rapidly mixed 

reation (RMR) method. This is because in order to ensure the formation of nanofibrous 

morphology, the RMR method required rapid mixing of the reactants during the initiation 

stage, and subsequently the reactants must be kept stationary during the propagation stage. 

However, by scaling up the reaction, increased agitation is required to ensure the reactants are 

propertly mixed and the reactants also required longer time to become stationary. In addition, 

the reactor temperature was observed as a result of scaling-up, from 25 °C to 35 °C, for 100 

mL and 1 L, which also resulted in reduction of the initiation time and limited the time 

allowed for mixing and initiation. Further scale-up of the reaction may require cooling to 

slow down the initiation time or polymerisation rate.   

Perhaps the biggest limitation to scaling-up of the PANI synthesis process is the low 

utilisation of reactor space. Typically, synthesis of polyaniline requires a relatively low 

concentration of monomer (0.2 M, or 18g/L). This means the reaction requires at 100L of 

reactor space to produce 1 kg of product and generation of 400L of acidic waste and 400L of 

solvent waste as by-products. The disposals and treatments of the by-products soon becomes 

a major issue. One possible solution is to incorporate the RMR method with the falling-pH 

method, where the reaction is carried out at higher pH and has a lower demand for acid [17, 

21]. Alternatively, hydrogen peroxide and electrochemical synthesis of PANI are also 

clearner methods which produce fewer by-products compared to APS.  

Given that PANI film composites were found to be highly antimicrobial, a different approach 

to the focus to the antimicrobial mechanistic study could be carried out, namely on the 

chemical interactions between PANI and bacteria. The results from the film composites study 
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(Chapter 8) suggests that there was less possibility of physical interactions between PANI 

and bacteria membrane, because there the PANI granules were mostly embedded within the 

composite. Nevertheless, the PANI film composits were still highy antimicrobial, suggesting 

that the interactions were possibly indirect (chemical) and the overall approach to this study 

could instead be focused on the identification and evaluation of the active functional groups 

involved in the antimicrobial mechanism for PANI. Specifically, this could involve 

identification and isolation of the active compounds from PANI, which may possibly include 

soluble ions, dopant ions, organic matters, pH changes, or free-radicals, if any, generated by 

PANI.   

Also, given the findings from this study, the antimicrobial properties of PANI should have 

been evaluated directly in its final composites using the JIS Z 2801 test, rather than using the 

MBC test as a screening test for antimicrobial efficacy. This is because there were limited 

correlations between the MBC test and the JIS Z 2801 test, where the former reflected 

predominately a combination of physical and chemical interactions between the bacteria and 

PANI, and the latter reflected mostly the indirect chemical interactions between the bacteria 

and PANI. Specifically, the MBC test resulted in the PANI samples having lower 

antimicrobial efficacy and yet the JIS Z 2801 test would show good antimicrobial efficacy for 

the PANI-contain composites. This means the MBC test was possibly not a suitable screening 

test for PANI-containing composites. Instead, different PANI samples should have been 

tested in as composites. Namely, the different acid dopants (inorganic and organic acids) may 

have improved compatibility between PANI and their carrier matrices (PCL, PVP and SR) 

and resulted in completely different morphologies in electrospun fibres, dispersion and film 

composites.  

Future work for electrospun PCL-nfPANI fibre-scaffolds could focus on the more complexed 

scenarios, aiming at evaluating the multifunctional properties of PANI-containing fibre-
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scaffolds, for example, cell attachment and proliferation in the presence of oxidative stress 

induced by oxy-radicals. Other ex-situ biocompatibility testing, such as genotoxicity, could 

be carried out to provide further assurance before proceeding to in-situ biocompatibility 

testing, such as acute toxicity, hemocompatibility and subchronic toxicity.  

Last, but not the least, future studies on the trade-off between compatibility with the carrier 

matrix and the antimicrobial efficacy could be studied. In this study, HCl dopant was selected 

for its high antibacterial efficacy but showed poor compatibility with silicone rubber matrix 

which led to reduction in mechanical properties. Further improvements could be possible by 

changing to organic dopants, such as methanesulfonic acid, which may provide better 

compatibility with the methyl side chains of PDMS and improve mechanical properties.  
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permissions required for reproduction.  

2. Figure 1–6: © 1995 Elsevier. Reproduced with permission. See below: 
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3. Figure 1–7: © 2001 Elsevier. Reproduced with permission. See below: 
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4. Figure 1–14: © 2000 Elsevier. Reproduced with permission. See below:  
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5. Figure 1–16: Reprinted, with permission, from D257−07 Standard Test Methods for 

DC Resistance or Conductance of Insulating, copyright ASTM International, 100 Barr 

Harbor Drive, West Conshohocken, PA 19428. See below:  
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