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Abstract

Conducting polymer (CP) nanofibers have recently received great attention due to their high

surface area per volume and extensive porosity, combined with unique properties such as

high electrical conductivity or fluorescence. These materials are being considered for a

range of novel applications, including biomedical applications. Among the techniques used

for the preparation of polymer nanofibers, electrospinning is a simple, fast and relatively

cheap technique. The focus of this thesis is to develop conducting polymer micro/nanofibers

with a well-defined morphology using electrospinning and to investigate their potential in

two areas of biomedical applications: tissue engineering and DNA sensing. Two classes of

conducting polymers, polyaniline (PANI) and poly(p-phenylene vinylene) (PPV), were used

in this study to produce CP nanofibers.

Soluble copolymers of aniline (ANI) and m-aminobenzoic acid (m-ABA) were synthesized to

improve the solubility of PANI. The properties of these polymers were characterized and

studied using a range of techniques. The solubility of the copolymers increased with an

increase in the m-ABA content. Conversely, the conductivity of the copolymers was lowered.

The average molecular weight of the copolymers, as determined by gel permeation

chromatography, was found to decrease from 13,800 to 1,640 g mol-1, with an increase of m-

ABA content in the copolymer from 0.2 to 0.8. By contrast, FT-MS results revealed that

homopolymerization of m-ABA formed oligomers, rather than polymeric chains.  Based upon

a consideration of the solubility and electrical conductivity of the copolymers, an ANI to m-

ABA copolymer ratio of 60/40 was chosen for electrospinning with the biocompatible and

biodegradable polymer poly(lactic acid) (PLA). These polymers were electrospun with mean

fiber diameters of 100–400 nm. FTIR, Raman spectroscopy, and conductivity measurements

confirmed the incorporation of conducting (co)polymers within the PLA based nanofibers.

The elastic modulus of a single nanofiber was examined using a nanoindenter instrument for

the first time. The nanoindentation results obtained on the individual nanofibers revealed that

the elastic moduli of the nanofibers were much higher at the surface than in the inner fiber

core. These fibers thereby provide cells with stiff, sub-micron sized fibers as anchoring points

on a substrate of high porosity. The conductive nature of these composite nanofibers offers

exciting opportunities for electrical stimulation of cells. Human adipose derived stem cells

(hASC) were used in this work to evaluate the biocompatibility of the nanofibers - an

important characteristic of a scaffold in tissue engineering. The cell culture results showed
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that the composite nanofibers supported hASC adhesion and proliferation to a similar degree

as control surfaces, namely electrospun PLA nanofibers and tissue culture treated glass

substrates (TCS). Depending on the fiber composition, the cells initially displayed some

variation in the extent of focal adhesions (FAs) after three days of culturing, but after one

week all of the samples showed similar cell densities and morphologies.

A luminescent conducting polymer, a PPV derivative, poly(6,6'-((2-methyl-5-((E)-4-((E)-

prop-1-en-1-yl)styryl)-1,4-phenylene)bis(oxy))dihexanoic acid) (PDMP), was electrospun

into nanofibers using the same method as described above. PLA was again chosen for

electrospinning with PDMP in various PLA/PDMP compositions. The morphology of the

novel PLA/PDMP composite nanofibers was studied extensively using a scanning electron

microscope (SEM). The composite nanofibers were also used to construct a simple

oligonucleotide (ODN) sensor, where capture probe ODNs (capODN) were covalently

grafted onto the residual carboxylic acid functionalities of the composite nanofibers. The

DNA sensing results revealed that significant non-specific interactions occur, which can be

prevented to some extent by changing the dye attached to the signal probe. The results also

indicate the potential of such nanofibers to be used as biodegradable biosensor.
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Chapter 1. Introduction

1.1. Conducting polymers

Common polymers are interesting materials due to their ease of processing and excellent

insulating properties. Conducting polymers (CP) are relatively a new class of polymeric

materials that posses both electrical conductivity and the ease of processing associated with

conventional polymers. The first report on conducting polymers was in 1863, when Letheby

reported the chemical oxidation products of aniline in acidic media.[1] In 1962, Moliner et al.

[2] reported detailed research about polyaniline preparation using oxidative polymerization,

while Bolto et al. [3] reported iodine-doped pyrroles in 1963. However, the relationship

between conducting properties and chemical structure was still not clear at that time.

In the 1970s, a novel conducting polymer polyacetylene, which contained alternating

single and double bonds along the polymer chains, was discovered.[4] Polyacetylene showed

a 10 million-fold increase in electrical conductivity after being doped with iodine. Since then,

conducting polymers have been a popular research area. The breakthrough discovery of

conducting polymers was recognized in 2000 by the awarding of the Nobel Prize for

Chemistry to the three discoverers of conducting polymers: Alan MacDiarmid, Alan Heeger

and Hideki Shirakawa.[5-7]

Since the discovery of polyacetylene, there has been a significant increase in research into

conducting polymers and a number of conducting polymers have been discovered. The most

common families of conducting polymers extensively studied are based on polythiophene

(PT), polypyrrole (PPy), polyfuran (PF), polyacetylene (PA), and poly(3,4-

ethylenedioxythiophene) (PEDOT), the structures of which are shown in Figure 1.1. There

have been many applications recognized for these materials, including corrosion

inhibition,[8, 9] polymer actuators,[10, 11] polymeric batteries,[12, 13] membrane

separations,[14, 15] light-emitting diodes (LEDs) [16] and photovoltaic cells [17].
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Figure 1.1 Structures of some common conducting polymers.

1.2. Electrical properties of conducting polymers

The electrical properties of a material are determined by its electronic structure, which

can be explained using band theory as shown in Figure 1.2.[18] According to band theory,

materials can be classified into three categories: conductors, semiconductors and insulators.

For conductors, such as metals, valence bands and conductance bands overlap and the

inherent conductivity is attributed to a zero band gap. The difference between insulators and

semiconductors is that the band gap between the valence band and the conduction band is

much greater in an insulator, so that the electrons have insufficient energy to be excited into

the valence band, and as a result, they display very low electrical conductivity.

CPs are similar to other conventional polymers in being polymeric, but they differ in the

way that they can be transformed into conductive polymers by “doping” with a chemical

species during oxidation (p-type) or reduction (n-type) of the polymer.[19] In practice, p-type

doping is more commonly encountered in comparison with n-type doping. Figure 1.3 shows

formation of polarons and bipolarons with poly(p-phenylene) during the doping process.

During doping, a dopant (usually an anionic or cationic species) becomes embedded in the

polymer structure to counterbalance the charge on the polymer formed during the oxidation

or reduction process. This process introduces mobile charge carriers, in the form of charged
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polarons (i.e. radical ions) or bipolarons (i.e. dications or dianions) on the backbone of the

polymer chains. Through the conjugated structure of CPs, which consists of alternating single

and double bonds, these charge carriers can move along the CP backbone, often referred to as

“electron hopping”, enhancing the electrical conductivity of the CPs.[20] A positive polaron

(a radical cation) is created by removing an electron from the π conjugated system, and

bipolarons arise from the removal of another electron from the same part of the polymer

chain (Figure 1.3). The charged excitations are localized along the polymer chain, but may be

forced to move when driven by an electric field. If the polymer is reduced (n-doped) instead

of oxidized, negatively charged states are generated, namely radical anions (negative

polarons) and dianions (negative bipolarons).

Figure 1.2 Energy level diagrams of an insulator, semiconductor and metal.
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Figure 1.3 (A) Chemical structure of the conducting polymer, poly(p-phenylene) ; (B)

poly(p-phenylene) can be oxidized (p-doped) to a radical cation (positive polaron); and (C)

to a dication (positive bipolaron). Modified from [21]

The formation of polarons and bipolarons creates new electronic states in the band gap as

shown in Figure 1.4. The band gap determines the conductivity and optical properties (i.e. the

wavelengths of light it absorbs and emits) of a CP.[22] When a CP is highly oxidized, a large

number of localized bipolaron energy levels are developed; these energy levels overlap at

very high doping levels thus forming continuous bipolaron bands. The formation of these

bipolaron bands allows easy access for electrons excited from valence band into the

conduction band. Consequently, the conductivities of conducting polymers depend markedly

on their doping level (i.e. charge-carrier density).[23]
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Figure 1.4 Energy level diagram of a conducting polymer showing the band gap and energy

levels of its different oxidation states. Modified from [24].

1.3. Polyaniline

Polyaniline (PANI) has been known for more than a century as “aniline blacks”. In the

mid 1980s, MacDiarmid et al. discovered the electrical conductivity of polyaniline in its

emeraldine salt form, and this was followed by an explosion of interest among other

researchers. [25, 26] The structure of polyaniline at different oxidation states can be seen in

Figure 1.5. PANI differs from most other inherently conducting polymers, such as

polypyrroles and polythiophenes, in that it possesses three readily accessible oxidation states

(Figure 1.5). The leucoemeraldine state is fully reduced, the emeraldine form is half oxidized

and the pernigraniline state is fully oxidized.[27] The emeraldine form (“half oxidized”) can

be isolated in either the base form (emeraldine base) or in the protonated salt form

(emeraldine salt). Among the polyaniline oxidation states, only the emeraldine salt (Figure

1.5) can conduct electrical conductivity.
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Figure 1.5 Chemical structure of polyaniline at different oxidation states.

Polyaniline differs from other conducting polymers such as polythiophene in that the N

heteroatom participates directly in the polymerization process (head-to-tail

polymerization).[28] Polyaniline is also unique in that it can rapidly undergo reversible

doping (to the emeraldine salt form, ES) or dedoping (to the emeraldine base form, EB) based

on simple acid–base chemistry. Upon acid doping, emeraldine also changes its color from

blue (EB) to green (ES).[28] The advantages of polyaniline include the ease of synthesis,

electrical conductivity in the emeraldine salt form, and good environmental stability, all of

which have led PANI to become one of the most extensively studied conducting polymers

over the past decade.[29-31] However, the utilization of PANI in commercial applications is
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limited owing to its poor processability and intractable nature as it is normally low solubility

as a powder in common solvents.

The poor solubility and intractability limits the commercial application of polyaniline.[32,

33] In the last few years, considerable progress has been made to overcome the poor solution

processability of PANI, including doping with functionalized protonic acids,[34-36]

preparing PANI composites with thermoplastic polymers,[31] and copolymerization of

aniline with alkyl[37] (electron-donating), carboxyl acid[38] and sulfonic acid[39] (electron-

withdrawing) substituents.  Copolymers of aniline with electron-
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and conjugation length. Absorbance and emission properties of the emissive conducting

polymers depend on the delocalization of the electron.

The optical properties of emissive polymers can be described in terms of semiconductor

band theory.[45] On photon excitation (during photon absorption), an electron is excited from

the highest occupied valence band to the lowest unoccupied conduction band as shown in

Figure 1.7. When an electron is excited from the valence band, an oppositely charged ‘‘hole’’

(the empty state in the valence band) is formed in the band. The electron-hole pair forms an

exciton and due to their opposite charges, the electron and hole are electrostatically attracted

to one another. The exciton can move along the conjugated backbone and either a photon is

emitted (by fluorescence) or a nonradiative process such as heat release occurs when the

excited electron returns to the valence band and recombines with the hole.[45] The

wavelength of the absorbed light is determined by the π-π* energy gap and can be

manipulated by altering the molecular structure of the polymer. Conjugated polymers have

been demonstrated with emission colors that span the full range of the visible spectrum.[46]

The process of photon absorption and the emission of light is known as photoluminescence

(PL).

Poly(p-phenylene vinylene) (Figure 1.6) has become one of the most well-known

semiconducting polymers since the 1990s.[16, 47] PPV exhibits excellent photoluminescent

and electroluminescent properties, which have made it commonly used in electroluminescent

devices such as organic light-emitting diodes (OLEDs).[16] The process of the emission of

light in electroluminescence (EL) is similar to PL, with the difference that in EL an electron

and a hole are injected at the same time into the polymer through electrodes. In EL, the

migration of this exciton (electron/hole pair) into the polymer backbone is controlled by an

external electrical field.

A pristine PPV is commonly an insoluble, intractable, and infusible yellow polymer with

green-yellow emission.[48] However, these problems were overcome by using a solution-

processible precursor polymer, allowing them to be cast from a solution and subsequently

converted into PPV by thermal treatment.[49] By functionalizing the conjugated backbone of

PPV with suitable side-chains, its solubility in common organic solvents and water can be

substantially improved.[45]
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Figure 1.6 Examples of emissive conjugated polymers.

Figure 1.7 The formation of an exciton (electro/hole pair), migration and recombination

(radiative (hν’) and nonradiative (heat)).Modified from [42].
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1.5. Polymer nanofibers

Polymer nano/microfibers have diameters ranging from nanometers to micrometers.

Interesting characteristics of polymer nanofibers, such as very large surface area and high

porosity, make them very useful in a wide field of applications; for example, drug delivery,

scaffold tissue engineering, wound healing, protective clothing, cosmetics, electrical and

optical applications, filtration, nano-sensors and many other applications.[50-53] A variety of

fabrication methods have been developed to produce polymer nanofibers such as template

synthesis, self-assembly, phase separation and electrospinning.[50, 54]

Template synthesis implies the use of a template or mold to produce a nanofiber

structure.[55] It can be classified into two categories depending on whether soft or hard

templates are used. These methods use either surfactants or liquid crystalline polymers for the

soft template, while an anodic aluminum oxide membrane is typically used as the hard

template for preparation of nanofibers.[56] The role of both types of template is to direct the

construction of the polymer nanofibers. However, nanofibers formed from these techniques

often have hollow nanotubular or nanotube-like structures. The structure of polymer

nanofibers yielded from this technique can be also controlled by the duration of the

polymerization: a short polymerization time produces a thin walled nanotube, while a long

polymerization time produces a thick walled nanotube.[56]

The phase separation method to synthesize polymer nanofibers involves several steps

including dissolution, gelation, and extraction using a different solvent, freezing and drying

procedures.[55] The main mechanism in this technique is the phase separation due to a

physical incompatibility. An example of the preparation of polymer nanofibers using this

technique is poly(lactic acid) (PLA) nanofibers prepared by Ma and Zhang [53]. A three-

dimensional interconnected PLA fibrous network with a fiber diameter ranging from 50 to

500 nm and 98.5% of porosity was produced. Due to the many steps involved in this process,

the transformation of the nano-porous structure into a solid polymer is quite time-consuming.

Self-assembly techniques for formation of nanofiber structures refer to the formation of

nanofibers using smaller molecules as basic building blocks, where the small molecules are

arranged in a concentric manner.[57] Polyaniline nanotubes using self-assembly were

successfully prepared in our laboratory.[58, 59] For example, PANI nanotubes with outer

diameters in the range of 65 to 160 nm were obtained from a solution containing poly(methyl

vinyl ether-alt-maleic acid) (PMVEA) via oxidative polymerization. PMVEA bears closely
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spaced diacid functionalities and therefore can stabilize aniline monomeric dispersions. The

proposed mechanism of formation of the polyaniline nanotube is that PMVEA–aniline

micelles form and serve as nucleation sites for the nanotube growth. Since the oxidant used,

ammonium persulfate, is hydrophilic, the initial polymerization most probably occur at the

interface of water and the micelle, forming a ‘seed’ for nanotube growth by accretion or an

elongation process.[58] Similar to the phase separation, self-assembly can be relatively time-

consuming, and not applicable when one-by-one continuous nanofibers are required.

Among these techniques, electrospinning is considered a simple, low cost and fast

approach, which can produce one-by-one continuous nanofibers. Another advantage of

electrospinning is that the diameter of the fibers can be easily controlled from the macrometer

to nanometer size scale by adjusting the polymer solution viscosity (e.g. through varying the

polymer solution concentration or the molecular weight of the polymer).[54] The morphology

of the nanofibers can be altered  by using different types of collectors, and span randomly

oriented nanofibers to those that are uniaxially aligned or patterned.[60] The versatility of

electrospinning is one of the reasons why this technique has gained widespread popularity for

producing nanofibers. A comparison of the properties of the techniques used for obtaining

nanofibers is summarized in Table 1.1.

1.6. Electrospinning

1.6.1. History

One of the earliest observations of the deformation of a drop of a liquid in an electrical

field was made by William Gilbert in the 16th century.[61] Gilbert described how a water

drop on a surface deformed to a conic form when a charged piece of amber was held next to

the drop. In 1902, John F. Cooley patented an apparatus for dispersing fluids.[23] An

electrode was used in the apparatus which indirectly charged a fluid running out of a small

nozzle which eventually caused the fluid to disperse. In the patent, the fabrication of

nitrocellulose fibers collected at a counter electrode was described. The apparatus used in this

patent is similar to those used for electrospinning today.[23]
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Table 1.1 Comparison of preparation methods for producing nanofibers. [55]

Technique
Technological

advances

Can it be

processed

in big

scale?

Repeatability
Convenient

to process

Ability to

control on

fiber

dimensions

Template

synthesis
Laboratory X √ √ √

Phase

separation
Laboratory X √ √ X

Self-assembly Laboratory X √ √ X

Electrospinning

Laboratory and

has potential for

industrial

fabricating
√ √ √ √

In the 1929, Anton Formhals patented his first invention, describing a process and an

experimental setup for the production of artificial threads using an electric charge.[62]

Formhal’s electrospinning setup consisted of collecting devices made of conducting materials

similar to a conventional collecting drum used today. In his first patent, Formhals reported

the spinning of cellulose acetate fibers dissolved in acetone. By 1944, he published several

other patents related to electrospinning.[63-66] In 1952, Vonnegut and Neubauer [67]

developed a method to fabricate streams of highly electrified uniform droplets of about 0.1

mm diameter by applying high voltages. A simple setup consisted of a glass tube drawn down

to a small capillary at the bottom. The tube was filled with water/other type of liquid and an

electric wire was connected with an adjustable high voltage source placed inside the
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capillary. The setup was used to produce an electrified stream. The fluid gradually drips out

of the capillary and forms drops with a diameter of approximately a millimeter. When the

voltage is increased to a few thousand volts, the droplets at the end of the capillary became

smaller and came off at a much higher frequency. The drops appeared to be a fine line when

voltage applied to the liquid above 5000 volts.

In the 1960s, Geoffrey Taylor contributed significantly to the understanding of

electrospinning by providing a theoretical explanation for the formation of the cone shaped

drop.[68] The shape of a fluid droplet, e.g. water and oil, held at the tip of capillary tube

when an electric field is applied was studied. When the voltage is initially applied to the

solution, the droplet at the nozzle forms a hemispherical shape. As the electric field is raised,

the surface experiences a shape change; the hemispherical surface of the solution at the tip of

the capillary tube is elongated to form a conical shape. These changes are because of the

balancing of the increasing solution charge with its surface tension. The conical shape has

been afterwards referred as the “Taylor cone”. When the electric field further increases and

reaches a critical value at which the repulsive electric force overcomes the surface tension, a

charged jet of the solution is ejected from the tip of the Taylor cone. Since this jet is charged,

its trajectory can be controlled by an electric field to some extent. The fiber solidifying when

the jet travels in air due to solvent evaporates, leaving behind a charged polymer fiber which

lays itself on a collecting metal screen. Consequently, continuous fibers are collected on the

collector to form a fiber mat.

Many of the largely unconnected events presented above form a chronicle or history of

electrospinning and has been presented in several reviews.[69, 70] Interest in electrospinning

today is greater than ever and this cost-effective method has made its way into several areas

of research, such as filtration, biomedicine, sensors, catalysis and composites.

Electrospinning is a versatile technique and is thus suitable for the large volume fabrication

of nanofibers. The ability to control the size of the fibers, from micro- to nano-size range, and

to meet the specific requirement of applications, gives electrospinning an advantage over

other methods.

1.6.2. Theory and process

Electrospinning is a unique technique that involves electrostatic forces producing fibers.

Fiber production using the electrospinning technique has gained enormous attention owing to

its potential to fabricate fine fibers from micrometer to nanometer sizes. A schematic diagram
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of the electrospinning process for polymer nanofibers is shown in Figure 1.8. Numerous

electrospinning designs have been developed.[70] However, in general, electrospinning

consists of four basic components: a high voltage supplier, a syringe connected to small

diameter needle, a syringe pump and a conducting collector. The polymer solution that has to

be spun is placed in the syringe that is fitted with a metal needle. The polymer solution is

pumped through the syringe to form a polymer droplet at the tip of the needle. A high voltage

is applied to the metal needle which induces a charge on the droplet surface. Mutual charge

repulsions cause a force directly opposite to the surface tension. As the electrical charge is

increased, the effect of the electrical field becomes more dominant, and the hemispherical

polymer drop surface elongates to form a Taylor cone (Figure 1.8). The electrical charge is

further amplified until it reaches a critical value where the repulsive forces within the charged

solution are larger than the surface tension forces and a charged polymer jet erupts from the

Taylor cone tip. The jet is then attracted towards a grounded conductive collector, such as a

metal or aluminum foil. Before reaching the collector, the polymer jet solidifies by means of

solvent evaporation and a polymer nanofiber mat is formed on the collector. The collector

can be made of any shape depending on the preferred outcome, such as a flat plate, rotating

disk or drum.

Polymer melts can also be electrospun into nanofibers via electrospinning. Instead of the

polymer solution, a polymer melt is introduced into the syringe. However, for an electrospun

polymer melt, normally, the electrospinning setup is modified with a heater included either in

the syringe or the polymer melt chamber. The purpose of the modification is to increase the

temperature inside the syringe or chamber above the melting point of the polymer and to keep

the polymer in a molten state during the electrospinning process. An advantage of using

polymer melts is that the diameters of the polymer microfibers produced are very large, up to

30 µm, [23] which is impossible to obtain using a polymer solution. Furthermore, the usage

of the toxic solvents can be avoided.
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Figure 1.8 A) Schematic diagrams of electrospinning of polymer fibers. B) The structure of

the polymer as seen on the collector: with increasing solution concentration the morphology

develops from beads, through beaded fibers, to uniform fibers.
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The structure and morphology of fibers produced by electrospinning depends on the

processing parameters such as solution properties and ambient conditions.[50] With an

understanding of these variables, it is possible to design setups to yield fibrous structures of

various forms and arrangements. It is also possible to create nanofibers with different

morphologies. These three sets of parameters are discussed in the following paragraphs.

(a) Effect of polymer solution properties on the electrospinning of polymer fibers

Various types of polymers are used in electrospinning to produce fibers, including natural

polymers, such as gelatin and cellulose, and synthetic polymers, such as poly(lactic acid),

polystyrene and polyethylene oxide.[50, 71] The selection of polymers for electrospining is

usually dependent on the application of the nanofibers. The choice of solvent(s) to prepare

polymers also depends on type of polymer, due to each polymer has a different affinity for a

specific solvent. Dissolution of a polymer in a solvent is often driven by the entropy of

mixing.[72] For most polymer-solvent mixing, the polymer-solvent interactions are

energetically less favorable than the polymer-polymer and solvent-solvent interactions. One

of the ways to choose a suitable solvent for a polymer is to find a solvent that has a similar

strength of intermolecular forces as the forces between the polymer chains.[73] The

intermolecular forces can be measured using the solubility parameter δ, which is defined as

the square root of the energy needed to vaporize a volume Vm of the solvent or polymer

(Equation 1.1).[74] In terms of the solubility parameter, a polymer is likely to dissolve in a

solvent if δsolvent is close to δpolymer.

δ2 = ΔEv /Vm (Eq. 1.1)

where ΔEv is the energy of vaporization and Vm the molar volume.

In a “poor solvent” the coiled chain collapses to form a globule, while a “good solvent” is a

solvent in which the chain is expanded. However, most “poor solvents” can become good

solvents at high temperature.[74]

The viscosity of a polymer solution is proportional to the concentration of the polymer. In

a dilute polymer concentration, the distance between the polymer chains is greater. Increasing

the concentration lowers the average distance between the polymer chains until the chains

start overlapping at a critical concentration. The more recurrent interaction between the

polymer chains results in an increase in the solution viscosity. As the polymer concentration

is further increased, the chains begin to interpenetrate each other to form chain
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entanglements. The entanglements can direct the molecular motion within the solution. The

viscosity and the chain entanglements are important for the fiber formation in

electrospinning, also known as the electrospinability.[75]

Beside the concentration of the polymer solution, the molecular weight of a polymer also

affects the polymer solution viscosity, and this has a major influence on the electrospinning

process. Gupta et al. [76] and Jun et al. [23] have investigated the effect of molecular weight

on continuous fiber formation at a given polymer concentration. Increased chain

entanglements and longer relaxation times, a consequence of increased polymer

concentration, were thought to be responsible for good fiber formation properties.

In general, electrospinning using polymer solutions with a low concentration or viscosity

tend to form beads rather than fibers. An increase in the polymer solution concentration

above a critical value results in the formation of fibers having beads-on-a-string structure

(Figure 1.8 (B) II). With a further increase in the concentration the beads become elongated,

and eventually a concentration is reached where uniform fibers are formed (Figure 1.8 (B) III

and IV).[50] However, if the polymer solution concentration is extremely high, the high

viscosity prevents the polymer motion induced by the electrical field. In short, the main

solution properties affecting the formation of beads have been shown to be solution viscosity,

conductivity, and the surface tension of the electrospinning jet. The effect of solution

conductivity will be discussed detail in Chapter 5. Commonly, an increase in surface tension

results in a higher number of beads, conversely, a higher solution viscosity and conductivity

favor fibers with a lower number of beads.

(b) Effect of process parameters on the electrospinning of polymer fibers

In terms of the process parameters, the major variables are electrical potential, distance

between the tip of the capillary or needle and the collector, solution flow rate, needle

diameter and finally the motion of the target collector. Electrical potential and pump rate are

other parameters, besides polymer solution properties, that are important in controlling fiber

morphology.[55, 77] A very high voltage could result in splaying and irregularities in the

fibers.[55] A higher voltage also leads to a higher evaporation rate of the solvent, which in

turn might lead to solidification at the tip and instability in the jet. Morphological changes in

the fibers can occur upon changing the distance between the syringe needle and the collector.

There is a critical limit to the distance where, if the distance is lower than the limiting
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distance, the solvent will not evaporate completely and the fibers will be partially fused

together. Above the threshold distance, smooth fibers are formed.

(c) Effect of ambient conditions on the electrospinning of polymer fibers.

Since electrospinning is directed by an external electric field, any changes in the

electrospinning environment will also affect the electrospinning process. Ambient parameters

include temperature, humidity and air velocity in the electrospinning chamber.[78]

Temperature and humidity in particular are two ambient parameters that strongly affect

electrospinning. High humidity was found to cause the formation of pores on the fiber

surface. Beyond a certain critical limit of humidity, pores start to form and as the humidity

level increases, the number and pore size also increase. Beside pore formation, the humidity

level makes the diameter of nanofibers larger or thinner, depending on the chemical nature of

the polymer.

The evaporation rate of the solvent and viscosity of the solution are influenced by

ambient temperature. These two parameters have two opposing effects on the mean fiber

diameter.[79] The first effect is the solvent evaporation rate. This rate decreases

exponentially with decreasing temperature. Consequently, a longer time is required for the jet

to solidify, continuing the elongation of the jet. The second effect is in regards to the polymer

chain rigidity. At higher temperatures the polymer chain motion is larger resulting in a lower

solution viscosity.[79] The electric force applied during the electrospinning is responsible for

stretching of the polymer solution jet. The stretching is opposed by viscous forces and surface

tension. The lower solution viscosity due to a higher temperature will thus produce a higher

stretching rate and thinner fibers.[55]

1.7. Conducting polymer nanostructures in biomedical applications

The motivation for developing CPs with micro and nanostructures is the wide range of

applications that are opening up for this special class of materials. The unique combination of

conducting and optical properties of CPs and high surface area, high porosity and nanosize

opens new opportunities in sensors, electroactive scaffolds for tissue engineering, controlled

chemical or drug release systems and electrochromic devices, to mention a few. In the

following sections, CP micro/nanostructures as scaffolds for tissue engineering and

biosensors are briefly reviewed.
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1.7.1. CP nanofiber scaffolds for tissue engineering

Tissue loss and organ damage are major traumas and have always been a part of human

experience. Surgical treatments are usually the main option for patients who require repairing

or replacing the affected tissue or organ. The increasing number of needs for tissue and organ

replacements may be solved by allogeneic transplant (the donor is from the same species of

patient).[80] However, the drawbacks of transplant usage are shortage of donors,

immunological problems and contamination from the donor tissue.

Tissue engineering is defined by Langer and Vacanti as “an interdisciplinary field that

applies the principles of engineering and life sciences toward the development of biological

substitutes that restore, maintain, or improve tissue function”.[81] Tissue engineering has

been recognized as a promising alternative to overcome the shortage of tissues and organs.

The loss of biological function in injured tissues will be able to be repaired and maintained by

tissue engineering. A variety of materials have been used and structures of tissue scaffolds

have been designed and developed for tissue replacement; however, the promise of tissue

engineering is still far from being realized.

The fundamental principle in tissue engineering is illustrated in Figure 1.9. In general,

tissue engineering involves three steps: firstly, seeding of patient cells into appropriate three-

dimensional scaffolds, secondly, harvesting the cells, and thirdly, re-implanting the harvested

cells in the patient’s body where the tissue regeneration is required.[82] Three key factors to

be considered for success of tissue regeneration are cells, scaffold, and the interaction

between cell and scaffold. [83] Natural extracellular matrix (ECM), composed of fibrous

collagen and proteoglycans, plays the role of maintaining the regulatory and structural

component of tissue.[84] The scaffolds used in tissue engineering are artificial ECM that

functions in accommodating the cells. The cells then attach, proliferate, and differentiate on

the scaffolds, leading to the formation of a specific tissue. The designing of nanostructured

tissue scaffolds that mimic the ECM is novel and opens a new arena in tissue engineering.

[52, 85]
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Figure 1.9 Basic principle of tissue engineering.

Electrospinning has shown to be an effective technique for the production of nanofiber

scaffolds suitable for tissue regeneration. [52, 71, 85] The possibility of manufacturing

nanosized fibers, which are of a similar dimension to the collagen fibers in the extracellular

matrix, is one of the great advantages of electrospinning. Recently, there has been a growing

interest for CPs in biomedical applications such as neural probes and tissue engineering.[86]

In tissue engineering, introducing CPs into the polymer nanofibers has a potential for

producing “smart” electroactive scaffolds, with capabilities of switching between different

material properties, such as charge, conductivity, stiffness and surface chemistry.[87] The

enthusiasm for the development of conductive polymer scaffolds for tissue engineering is
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partly based on the fact that numerous tissues or cells such as neurons [88], skin[89], and

bone [90] show a response to electric fields.

Taking advantage of the ability of conducting polymers to conduct electrical signals and

the ability of electrospun polymer nanofibers to manipulate directional neutrite

outgrowth,[91] composite nanofiber scaffolds that consist of polyaniline blended with

biodegradable polymers (poly(ε-caprolactine) and gelatin) was developed by Ghasemi-

Mobarakeh et al.[92] The scaffold was designed to electrically stimulate the nerve cells to

promote the nerve regeneration process. A similar approach was undertaken by Schmidt et al.

[93] using polypyrrole. Polypyrrole was coated on random and aligned electrospun

poly(lactic-co-glycolic acid) (PLGA) nanofibers via in situ polymerization. Electrical

stimulation studies showed that PC12 cells, stimulated with a potential of 10 mV cm-1 on

PPy–PLGA scaffolds, exhibited 40–50% longer neurites and 40–90% more neurite formation

compared to unstimulated cells on the same scaffolds. The most common approach is to use

aligned electrospun fibers rather than randomly orientated fibers for specific tissue

engineering applications, such as controlling the guidance and alignment of nerve cell

growth.[91, 94]

Besides PPy, polyaniline is also one of the most studied conducting polymers in tissue

engineering applications. The demonstration of PANI’s biocompatibility in vivo has sparked

interest in its use for tissue engineering applications.[95] Studies have assessed the in vivo

and in vitro response to implants of different oxidation states of PANI (emeraldine,

pernigraniline, and leucoemeraldine), which provided motivation for researchers to consider

polyaniline in tissue engineering applications.[95-97] PANI has been electrospun with

various polymers including poly(lactic acid),[98] poly(L-lactide-co-ε-caprolactone),[99]

gelatin,[100] poly(ethylene oxide) [101] and polymethylmethacrylate.[102]

Motivated by, firstly, the elastic properties of biodegradable hydrogels, poly-L-lysine

dendrimer (HPLys), similar to the heart tissue, and secondly, by the electrical properties of

polyaniline, Fernandes et al.[103] prepared electrospun HPLys nanofibers containing

polyaniline in the form of nanotubes (PANINTs). The electrostimulation of HPLys-PANINTs

nanofibers on the myocardium cells (MCs) promoted a better proliferation and differentiation

of MCs cells, in comparison to the cast HPLys-PANINTs films. Both electroactivity and

biocompatibility of the HPLys based nanofibers suggest the potential of using the composite

as a biocompatible electroactive 3D matrix in cardiac tissue engineering.
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Similarly, a potential application in tissue engineering of electrospun nanofibers derived

from the blend of camphorsulfonic acid-doped PANI and a natural polymer (gelatin) was

studied.[100] The aim of the study was to produce scaffolds for cardiac or neuronal tissue

engineering in vivo. The diameter of the blend fibers was decreased to approximately 1 to 100

nm by increasing the concentration of PANI in the blend. The results indicated that all

PANI/gelatin blend fibers supported H9c2 cell attachment and proliferation to a similar

degree as the control tissue culture-treated plastic and smooth glass substrates. Cell culture

results indicated that PANI/gelatin electrospun fibers are biocompatible and support cell

attachment and proliferation.

Camphorsulfonic acid doped PANI was also blended with poly(L-lactide-co-ε-

caprolactone) (PLCL) to prepare conductive electrospun nanofiber scaffolds.[99] The elastic

properties provided by the PLCL together with electrical activity, assured by the

incorporation of PANI, in PANI/PLCL blend fibers was believed to have potential to

appropriately control regeneration of tissue. The results showed that the elastic modulus of

the composite fibers decrease with an increase in the PANI ratio accompanied by an increase

in fiber conductivity.  Human dermal fibroblast, NIH-3T3 fibroblasts, and C2C12 myoblasts

were used to investigate the ability of cells to grow on the fiber mats. By comparison,

adhesion on the PANI/PLCL nanofibers was significantly higher than pure PLCL nanofibers.

The most important outcome is the fact that the growth of NIH-3T3 fibroblasts can be

controlled by the application of a medium range electrical stimulation.

PANI was also blended with biodegradable poly(D,L-lactide) (PANI/PDLA)

composites[104] and poly(ε-caprolactone/gelatin) (PANI/PCLG) [92] and were electrospun

with various proportions of PANI. The goal was to produce a biodegradable, biocompatible,

and conductive nanofiber scaffold for tissue engineering. PANI/PDLA (25/75) fiber showed a

significantly high electrical conductivity 0.0437 S cm-1, while PANI/PCLG with 15% off

PANI was found to exhibit the most balanced properties (such as mechanical properties, in

vitro degradation and high electrical conductivity of the nanofibers mats (0.02 x 10-6 S)) to

meet all the requirements as a scaffold and for electrical stimulation. Cellular data showed

provided information that all the scaffolds supported cell adhesion and proliferation, even

from SEM images showed some of the nanofibers degraded during the culturing processes.

Collectively, most of these studies used PANI doped with an organic sulfonic acid, such

as camphor sulfonic acid, to improve its solubility. Only a few studies have investigated
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electrospinning of aniline copolymers and substituted PANI to form nanofibers. For example,

Aussawasathien et al. [105] demonstrates that poly(o-toluidine) can be electrospun to form

nanofiber and the fiber mats used for chemical vapor detection. The solubility of the PANI

can also be increased through copolymerization of anilines with substituted anilines e.g. acid,

alkyl and alkoxy groups. Among these copolymers, acid substituted polyaniline copolymers

such as poly(aniline-co-m-aminobenzoic acid) (P(ANI-co-m-ABA)) have unique properties

compared to the parent PANI. Beside a higher solubility than parent PANI, [106, 107] the

acid group in the polymer backbone can act as a “self dopant” instead of an external

dopant.[107, 108] The advantage of self-doping is that the conductivity and electrochemical

behavior of substituted PANI shows less pH dependence, and the polymers retain

electroactivity even in basic solutions.[109, 110] In addition, the functional acid group, the

carboxylic acid, can be easily modified with biological moieties such as Arg-Gly-Asp (RGD)

to provide cell-adhesive surfaces for use in biomedical applications.[111] These properties of

the copolymers make them suitable for use as conductive scaffolds in tissue engineering.

In general, these studies have investigated the biocompatibility properties of CP

composite scaffolds and the ability of the fibers to stimulate cellular behavior in vitro.

However, the real applications of the conductive scaffolds are still to be seen.

1.7.2. CP nanowires and nanofibers for biosensors

Development of highly sensitive CP-based sensors for biological species continues at a

high pace due to increasing demands for faster, simpler and cheaper techniques of detection.

Even though there has been considerable research carried out on ultrasensitive biosensors for

a diversity of analytes over the past 10 years, new strategies are still being developed.[86]

Biosensors have attracted much interest because of their usefulness for detection and

monitoring in clinical diagnostics, environmental defense, food quality and bioprocess

monitoring.[112] A biosensor is composed of a sensing element, such as an immobilized bio-

specific recognition or catalytic component, (e.g. protein, deoxyribonucleic acid (DNA),

ribonucleic acid, or polypeptides), and a transducer (e.g. a conducting polymer) that converts

a biological recognition event into a measurable electrical or optical signal, indicating the

presence of the target analyte (Figure 1.10).[112]

Various types of sensors using CPs have been described for biological uses.[113] The

reversible doping-dedoping (oxidation-reduction) of CPs alter the oxidation level of CPs

accordingly, causing changes in its conductivity, mass, color, volume, and etc. Therefore,
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CPs are capable of displaying sensitive responses to specific biological species.[56] In

addition, adding functional groups onto the CP backbone or incorporating appropriate

counterions during the polymerization could tailor the sensitivity of the CP as a

biosensor.[114] Due to these interesting characteristics, significant effort has been devoted to

fabricating CP based biosensor devices. Most CP sensors are electrochemical sensors, which

rely on electrochemical detection techniques using amperometric,[115] potentiometric,[116]

conductometric,[117] optical,[118] voltametric, or impedimetric  methods.[119] Redox

processes are widely used in electrochemical sensors, and typical systems function in either

potentiometric or amperometric modes.[120]

In recent years, various CP nanostuctures, including nanorods, nanofibers, nanowires and

nanotubes, have been developed to detect a broad range of chemical and biological

species.[56] The nanostructures of the CPs not only provide a high surface area per volume

ratio that increases the interfacial interaction between CPs and analytes, but also allows rapid

diffusion of analytes into and out of the material. The high contact area between analytes and

nanofibers or nanowires also can produce a high density of polarons and bipolarons in

conducting polymer backbones, which effectively alter the electrical conductivity of the

nanotubes (or nanowires).[112] Therefore, the use of these nanostructures as transducers in

sensors would result in enhanced and amplified sensitivity.

Figure 1.10 Schematic of a simple biosensor.
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The group of Ramanathan et al. successfully fabricated PPy and PANI nanowires with

controlled dimensions (width: ca. 100 to 1000 nm; length: up to ca. 13 μm) using

electrodeposition between electrodes.[121] This research was further extended to the

fabrication of PPy nanowire biosensors for label-free bioaffinity sensing.[122] The major

advantage of the nanowire fabrication method is one-step incorporation of functional

biological molecules into the CP nanowire during its synthesis and built-in electrical contacts

compared to the carbon nanotube (CNT) and silicon nanowire biosensors, where post-

synthetic modification and positioning is required. The PPy nanowire sensor also displayed

very high sensitivity for the detection of target oligonucleotides at nanomolar concentrations.

Apart from PANI and PPy, recently, there were a significant number of attempts to

prepare PPV nanofibers or nanotubes by electrospinning.[123-125] A useful insight from the

extensive studies on PPV nanofibers is that the solid state of PPV (e.g. coiled, extended,

aggregated, etc.) can strongly influence the nanofiber properties.[42] For example, Madhugiri

et al.[125] have employed a novel dual syringe electrospinning method to prepare

semiconducting and electroluminescent composite fiber networks using poly[2-methoxy-5-

(2-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) and molecular sieve material, SBA-15

silica. The composite fibers exhibited a blueshift in the emission compared to the bulk, which

is attributed to non-aggregation of the MEH-PPV polymer chains in the composite fibers. The

mesoporous silica in the fibers acted as a nanospacer thereby lowering polymer interchain

interactions, resulting in the blueshift in the emission. Hence, dual syringe electrospinning is

a way to alter the optical properties of the fluorescent polymers in fibrous form.

Other electrospun nanofibers, prepared by Babel et al.[126] consisted of a binary blend of

MEH-PPV with regioregular poly(3-hexylthiophene) (P3HT) or poly(9,9-dioctylfluorene)

(PFO). The resultant MEH-PPV/P3HT nanofibers were found to have diameters of ca. 100–

500 nm with tuneable optical and charge transport properties. The MEH-PPV/P3HT blend

nanofibers had 30-50 nm phase separated domains allowing efficient energy transfer from

MEH-PPV to P3HT, thus showing enhanced red emission from P3HT in the MEH-

PPV/P3HT blend nanofibers. Meanwhile, the MEH-PPV/PFO blend nanofibers had core-

shell structures, and significant energy transfer was absent in these blended nanofibers. The

observation contrasts with MEH-PPV/P3HT blend nanofibers where very efficient energy

transfer from MEH-PPV to P3HT was seen. The reduction of efficiency of energy transfer

from PFO to MEH-PPV in blend nanofibers was speculated due to less interfacial surface

area between two polymers (PFO and MEH-PPV) in the blend nanofibers, leading to reduce
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interaction between the blend components. Hence, energy transfer is inefficient in the blend

nanofibers. Another approach has been demonstrated where nanofibers of MEH-PPV and

polyethylene oxide blends were conveniently formed by the co-electrospinning method.[127]

The fluorescence spectra of the nanofibers showed blueshifts in the emission peak with a

decreasing concentration of MEH-PPV in the nanofibers, suggesting that the MEH-PPV

polymer chains were less aggregated in the electrospun nanofibers.

Emissive conducting polymers such as poly(p-phenylene vinylene) and polythiophene

have received attention as excellent sensing materials.[44, 128] The most common signal

transduction of emissive CP-based biosensor schemes utilizes optical or electrical methods.

Fluorescence is a highly sensitive optical transduction method.[128] The species of interest

selectively bind to the CPs producing an enhancement, attenuation, or wavelength shift in the

emission spectra that forms the basis of a functional sensor.[120] Changes in absorption

spectra are less sensitive compared to fluorescence spectra, but these have also been

utilized.[120] The insertion of functionalized groups to CP structure, together with highly

delocalized electronic backbones, are naturally robust light harvesting antenna for Fröster

resonance energy transfer (FRET) applications. Sensors involving FRET have significant

increase of interest due to their detection versatility.[44] The use of FRET in biosensing will

be discussed in more detail in the following section (section 1.8).

Synthesis of emissive CPs as a polyelectrolyte with charged side chains is an effective

strategy in obtaining more water-soluble polymers required for solution-based detection of

biological targets.[129, 130] Early work with anionic PPV showed that the addition of

surfactants altered polymer morphology and aggregation. The interaction of PPV and

surfactant increased the polymer quantum yield by lowering self-quenching and increasing

the conjugation length.[131] Wang and co-workers[132] paired anionic PPV with a

nonconjugated cationic polymer (poly(N,N-dimethylammonio-ethylene iodide)) to form a

charge-neutral complex and obtained both a reduction of non-specific effects and some loss

in sensitivity in protein detection.

Bazan and co-workers [133] developed a system where the presence of a protein (avidin)

was sensed using anionic water soluble PPV and biotin-modified fluorescence quencher

which is similar to an approach previously reported by Whitten et al.[134] This group found

the incident of non-specific protein interactions with the PPV that led to an increase in the

emission of the quenched complex. In a buffer that promotes avidin–biotin binding, addition
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of avidin actually increased quenching. This was attributed to the avidin–biotin–quencher

complex associating more strongly with the polymer in a buffer than the biotin–quencher

alone.

All the research discussed above demonstrated the use of PPV as a biosensor platform in

solution. Even though there have been attempts to prepare PPV nanofibers, none of the

reported studies applied PPV nanofibers to biosensing.

1.8. Fröster resonance energy transfer (FRET) in biosensing

Fröster resonance energy transfer has become widely used in all applications of

fluorescence, including medical diagnostics, DNA analysis, and optical imaging.[135] CP-

based sensors involving FRET are of increasing interest among scientist due to their

advantages over colorimetric sensors, such as detection versatility and multichannel signal

collection.[44] FRET describes the migration of energy by resonant coupling of electrical

dipoles from an excited molecule (donor) to a non-excited molecule (acceptor) leading to the

donor returning to the ground state and the acceptor being excited,[42] as shown in Figure

1.11. If the acceptor is not a fluorescent molecule, this energy transfer will direct to a

quenching event. However, if the acceptor is a fluorophore, it can emit at a lower-energy

wavelength (red-shifted, higher wavelength) compared to donor emission.[42] The donor

molecules typically have an emission spectrum at shorter wavelengths that overlap with the

absorption spectrum of the acceptor. Energy transfer that takes place is the result of long-

range dipole-dipole interactions between the donor and acceptor. The factors that influence

the energy transfer efficiency between the donor and the acceptor include the level of spectral

overlap between the emission spectrum of donor with the absorption spectrum of the

acceptor, the quantum yield of the donor, the relative orientation of the donor and acceptor

transition dipoles, and the distance between the donor and acceptor molecules.[44] The

distance dependence of FRET allows measurement of the distances between donors and

acceptors. FRET transfer can occur over relatively long distances (20 to 100 Å).[136]
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Figure 1.11 Förster resonance energy transfer.

FRET is an excellent technique that is widely used in sensing strategies. An example of a

straightforward approach for competition assays is to attach the polymer with an acceptor

labeled target; however, this approach is not applicable for sensing situations where target

modification is not allow.[42] Other design strategies that utilize FRET for sensing include

[42]: (1) “turn-on” FRET where the presence of the target lowers the distance between donor

and acceptor, thus the signal of the acceptor is amplified; (2) “turn-off” FRET where either

the target displace acceptor labeled species (increase donor-receptor distance), thus, no FRET

occurs between donor and acceptor, or the acceptor is not a fluorescent species (quenching

phenomena); and (3) the target altering the macromolecular structure of the polymer thus

turning it into a donor (or acceptor) by changing its excited state behavior.[42] “Turn off”

FRET strategy has been utilized in the proteins detection [114, 137] and “turn on” FRET has

been used in the DNA sensing [138, 139].

1.9. Introduction to characterization techniques used in the thesis

1.9.1. Nanoindentation

Understanding the physical properties of a single nanofiber is essential for many

applications, including tissue engineering where the cells interact with individual fibers

during culture. Previous studies have shown that cellular adhesion and signaling is likely to

be influenced by the fiber properties.[140] Furthermore, the stiffness of the scaffolds have an

impact on cell activities such as neurite extension,[141] cell spreading, [142] and

differentiation.[142] Thus, a precise characterization of the fibers physical properties, e.g. the

mechanical strength of a single polymer nanofiber, is crucial information in building up an

understanding of what makes an ideal scaffold.
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Nano-sized materials possess superior mechanical properties as compared to bulk

materials.[143] However, as the size of the fibers gets smaller, characterization of mechanical

properties of these nano-structured materials are challenging. A few techniques are available

to characterize mechanical properties of nanofibers including the nano tensile test, [144] bend

test [144] and nanoindentation.[143] Among these techniques, nanoindentation is the most

appropriate and convenient method to perform mechanical analyses on polymer nanofibers

because this involves simple sample preparation for testing. Small loads and small probe tips

are used in nanoindentation and therefore involve only a small indentation area.

Nanoindentation consists of applying force to a sample whose mechanical properties,

such as elastic modulus and hardness, are unknown, with a very hard tip whose properties are

well known, such as diamond.[145] Nanoindentation penetration is measured in nanometers

(10-9 m) rather than microns or millimeters. Beside probe penetration depth, contact area is

another important aspect in nanoindentation. Contact area is defined as the area of contact

between the probe tip and the sample.[145] In a traditional indentation test, the contact area is

measured directly using optical or mechanical evaluation of the contact cross-sectional area

upon removal of the load.[146] In a nanoindentation test, a very small load (as low as micro

Newtons) and nanometer tip size are used. Therefore the indentation area may only be in a

range of a few square micrometers to nanometers, which are too small to be measured using

traditional methods, and the errors involved in the contact area measurements may be quite

large. Consequently, the contact area is routinely determined by measuring the penetration

depth of the probe into the sample surface. The penetration depth, together with the known

geometry of the probe, gives an indirect measurement of contact area at the full load, which is

referred to as depth-sensing indentation.[145]

During nanoindentation, a load–displacement curve is recorded as the probe is penetrating

into the sample surface by constantly measuring the load applied as a function of probe

displacement. Both loading and unloading curves are recorded for data analysis. Figure 1.12

shows a deformation pattern during indentation for a general viscoelastic–plastic material and

its typical force–displacement curve, which includes both the loading and unloading

data.[147] The force-displacement curve provides information regarding the elastic,

viscoelastic and plastic behavior of materials. In Figure 1.12, the Pmax represents the peak

indentation load, hmax corresponds to the probe displacement at peak load and hc is the

intercept of the tangent line drawn from the first part of the unloading curve, which describes
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the elastic deformation effects. hr is the final depth of the contact impression after unloading

the probe and S* is the contact stiffness at the maximum displacement.

Figure 1.12 (a) Schematic diagrams of indentation, and (b) a load-displacement curve for a

viscoelastic-plastic material (loading, unloading, segments). Modified from [146].
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One of the commonly used methods to analyze micro/nano indentation load-displacement

data is the Oliver and Pharr method.[148] This method is based upon the analysis of Sneddon

et. al [149] regarding the relationship between applied load (P) and penetration depth using

different probes (e.g. flat-ended cylindrical punch, a paraboloid of revolution and a cone). In

general, the relationships between penetration depth, h and load, P, for such probe geometries

can be represented in the form:

P = α h-hf
m

(Eq. 1.2)

where α consists of geometric constants, the sample elastic modulus, the sample Poisson’s

ratio, the probe elastic modulus and the probe Poisson’s ratio. hf is the final unloading depth,

and m is a power law exponent that is associated to the probe geometry; for a flat-ended

cylindrical punch, m=1, for a paraboloid, m=1.5, for a cone, m=2.

The procedure for the Oliver and Pharr analysis is to fit a power law function to the

unloading segment of a load-displacement curve. This yields contact stiffness (S*) as the

slope of this function at the maximum load. The contact stiffness is calculated from the slope

of the tangent line, dP/dh, to the unloading curve at the maximum loading point (hmax, Pmax).

[147] The stiffness of the contact can be used to determine the reduced elastic modulus (Er).

For any probe geometry it has been found that the relationship between stiffness (S*) at

maximum penetration depth (hmax) and reduced elastic modulus may be defined as follows:

Shmax
=

∂P
∂h hmaxPmax

=
2β√π

AmaxEr (Eq. 1.3)

where β is used to account for the triangular and square cross sections of many probes used in

nanoindentation studies (1 < β <1.034), β = 1.034 for a Berkovich probe and 0.0319 for a

cube corner probe.[150] Amax is the projection of the contact area between the probe and the

material at hmax.
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The Er accounts for deformation of both the probe and the sample, and is given by:

= + (Eq. 1.4)

where Es and νs are the elastic modulus and Poisson’s ratio for the sample, respectively, while

Ei and νi are the same for the probe. For probe made from diamond, Ei = 1141 GPa and νi =

0.07. In this study, Poisson’s ratio of the nanofiber is taken to be 0.33.[151]

Until now, two devices have been used to perform nanoindentation on nano-structured

materials: the atomic force microscope (AFM) [151, 152] and the nanoindenter [153].

However, nanoindenter-based nanoindentation has advantages over AFM-based

nanoindentations, including improved load-displacement resolutions, the achievement of high

loading and perpendicular indentation performed by the probe, which is complicated to carry

out using an AFM cantilever.[153] However, most experiments on nano-structured materials

or nanofibers undertaken to date have been performed using AFM [151, 152, 154, 155] rather

than a nanoindenter. Tan and Lim [151] reported a study on the mechanical properties on

poly(lactic acid) nanofibers, but to the best of our knowledge, there is no literature reports on

individual mechanical properties on CPs and PLA composite nanofibers.

Tan and Lim [151] employed AFM-based nanoindentation to investigate elastic

nanoindentation of PLA nanofibers. The PLA nanofibers prepared using the phase separation

method were deposited on freshly cleaved mica. Hertz theory of normal contact of elastic

solids was used to analyze the force–indentation data. The nanofiber was modeled as a

cylinder and the AFM tip was modeled as a sphere. The relative elastic modulus, Er is given

by:

= 9P2

16ReE2 (Eq. 1.5)

where P is the load applied, δ is the indentation depth and Re is the equivalent radius for a

spherical probe in contact with a nanofiber. The elastic modulus was found to differ with

fiber diameter. Higher values obtained for small diameter fibers were speculated to be due to

the effect of the hard substrate on the deformation of the fiber. The elastic modulus of PLA

nanofibers was found to be 0.7 ± 0.2 GPa for fibers with diameters greater than 250 nm.
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1.9.1.1. Probe types

There are numerous geometries available for the probe, such as three sided pyramids, four

sided pyramids, wedges, cones, cylinders or spheres. The tip end of the probe can be made

sharp, flat, or rounded to a cylindrical or spherical shape.[145] The probe selection is usually

dependent on the application or sample type. Figure 1.13 shows two types of probe used in

this research which are Berkovich and cube-corner probes. An angle a is defined as the angle

between the axis and any of the faces. The a value of the Berkovich probe is 65.03o and of

the cube-corner is 35.26o.[145] The tip radius of curvature for a typical Berkovich probe is

between 100 and 150 nm. The Berkovich probe is generally used in small-scale indentation

studies. It has an advantage compared to the four-sided probe as the edges of the pyramid are

more easily constructed to meet a single point. The Berkovich probe tip is ideal for most

testing purposes. It is typically used to measure bulk materials and films greater than 100 nm

thick.

Figure 1.13 Probes used in this study.
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The cube-corner probe is gaining increasing popularity in nanoindentation testing. It is

similar to the Berkovich probe but has smaller a angle value.[145] A small a angle, together

with a smaller radius of curvature than in the Berkovich probe, which is 40 to 100 nm, are

useful to characterize ultra thin films, where plastic deformation should be kept to a more

confined volume. These two types of probes were selected in this study due to their ability to

perform indentation at the nanometer scale.

1.9.2. Vibrational spectroscopies

1.9.2.1. Fourier transform infrared (FTIR) spectroscopy

Infrared spectroscopy is a technique based upon the infrared radiation absorption or

emission by a part of the sample molecule at a particular wavelength, which corresponds to

the specific vibrational frequency that is characteristic of the sample structure.[156] The

FTIR spectrum represents the molecular energy absorption or transmission of light which is a

molecular fingerprint of the sample. Therefore, FTIR is a useful technique to identify

functional groups in unknown materials, to determine the quality or consistency of a sample

and to determine the amount of individual components in a mixture.[156]

1.9.2.2. Raman spectroscopy

Raman spectroscopy is the study of the frequency changes that arise in molecules when

exposed to electromagnetic radiation.[157] Raman spectroscopy provides complementary

information on the sample to infrared spectroscopy, as the selection rules involved mean that

some bands visible in Raman are not seen in the infrared, and vice versa. Raman

spectroscopy has proved versatile in its ability to provide molecular information about

healthy tissues and diseased: in particular, there is considerable literature now existing on the

novel information provided in the Raman spectral analyses of hair, human skin, nails, teeth,

and organs.[157] The sampling is easy because of no special sample preparation is required.

One of the important advantages of Raman spectroscopy, useful in this study, is that the

symmetrical bonds such as C–C, C=C, C≡C manifest themselves by giving the most intensive

bands in the Raman spectra, while being inactive in the infrared.[72, 158] In this study such

information is crucial for confirmation of the incorporation of very small amounts of CPs in

the nanofibers (see Chapter 3 and 5).
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1.9.3. Ultraviolet-visible (UV-Vis) spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) makes use of the ultraviolet-visible spectral

region, and is often referred as “electron spectroscopy”.[159] It involves observation of the

excitation of electrons in an atom or molecule when the frequency of the electromagnetic

radiation equal to the different energies between two electronic states. The energy difference

depends on the electronic structure of the molecules and their environment.[159] This method

is often used in a quantitative way to determine the concentration of an absorbing compound

in solution. The basic theory behind this is the relationship between the absorbance of a

species of interest and its concentration in a solution. The theory follows Beer’s Law as

shown below:

A = εlC (Eq. 1.6)

where A is the absorbance, ε is the absorbance constant, l is the cell path length and C is the

concentration of the analyte in solution.[160]

The concentration of a compound of interest in a sample can be determined using the linear

relationship between absorption and concentration in a calibration graph of the compound of

interest. On the other hand, UV-Vis spectroscopy is also a very useful technique for probing

the molecular and conformational structures of conducting polymers.[28] The particular

absorption bands indicate different forms of the polymer, such as oxidation state, the extent

of doping as well as the conjugation length of the polymer backbone.[28, 161]

1.9.4. Conductivity measurement

Electrical conductivity of conducting polymers is an important property in regards to

many applications, such as electronic devices and sensors.

Figure 1.14 Schematic of 4-point probe configuration.

Conducting
polymer pellet
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Figure 1.14 illustrates the operation of the 4-point probe conductivity meter. The conducting

polymer pellet is placed under the 4-point probe. The probe head is fully lowered and contact

with the sample is made by pressing the probe head into the sample surface. Conductivity

measurements in this study were performed by sourcing a constant current (0.1 to 100 μA,

dependent on the resistivity of the material) between the outer electrodes, and the potential

drop across the two inner electrodes was measured.

The resistivity (ρ) of the sample is calculated using the following equation [162]:= 4.532 × × (Eq. 1.7)

where d = sample thickness (cm), I = applied current (A), and V = potential measured (V).

The conductivity (in S cm-1) is calculated from the bulk resistivity value as follows:

σ= 1

ρ
(Eq. 1.8)

1.9.5. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an electron microscopy technique which is

capable of much greater magnification than optical microscopes. SEM can be used to image

specimen features down to the nanometer range.[163] The SEM consists of a column which

houses a filament (electron source), electromagnetic lens, and the beam scanning coils. At the

base of the column is the sample chamber that contains the stage and detectors.[163] An

electron beam is generated in a vacuum chamber and is focused by electromagnetic lenses to

form a beam point. When the primary electron beam impinges on the specimen surface,

secondary electrons are emitted as a result of ionization and are collected by a detector to

generate an image.[164] Depending on the goal of a particular investigation, the SEM may be

operated in a number of different modes. These include high depth of field, low voltage,

surface sensitive, high beam current and high resolution modes. For imaging insulating

materials, such as polymers, the specimen needs to be coated with a very thin coat of a

conductive material, such as platinum or gold, to increase its conductivity.
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1.9.6. X-ray diffraction  (XRD)

Powder XRD diffraction measurements can reveal important properties of a material,

such as whether the material is amorphous, crystalline, or quasi-crystalline. XRD can also

provide an estimate of the average crystallite size, d-spacings and lattice parameters, and

therefore allow identification of the phases present. XRD has been used to analyze the

crystallinity of polymer nanofibers.[165]

1.9.7. Thermal analysis

1.9.7.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is one of the branches of thermal analysis which

examines the mass change of a material as a function of temperature in the scanning mode or

as a function of time in the isothermal mode.[72, 166] However, not all thermal events bring

out a change in the mass of the sample (for example, melting, crystallization or glass

transition), and there are very important exceptions which include desorption, absorption,

sublimation, vaporization, oxidation, reduction and decomposition. TGA is commonly

employed in polymer research to determine characteristics of the polymers such as

degradation temperatures, the absorbed moisture content of materials, the level of inorganic

and organic components and solvent residues. It can also be used to identify types of

polymers in polymer blends or mixtures by comparison of degradation curves, as well as to

identify and quantify additives such as mineral fillers or plasticizers.[72] TGA also gives an

indication of thermal stability and the effect of additives, such as flame retardants.[167]

1.9.7.2. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the

difference in the amount of heat required to increase the temperature of a sample and

reference is measured as a function of temperature.[166] Both the sample and reference are

maintained at the same temperature throughout the experiment. Generally, the temperature

program for a DSC analysis is designed such that the sample holder temperature increases

linearly as a function of time. The reference sample should have a well-defined heat capacity

over the range of temperatures to be scanned.

DSC is one of the characterization techniques that is extensively used in polymer science.

Using this technique, it is possible to study fusion and crystallization events as well as to



Chapter 1 - Introduction

38

identify the glass transition (Tg) temperature. Glass transition temperature measurements are

used for polymer characterization and comparisons, often providing information such as

thermal history and the plasticizer content of a polymer.[166] In a DSC run, as the

temperature increases, an amorphous polymer will become less viscous and, at some stage,

the polymer chains may obtain a freedom of motion to rearrange themselves into crystalline

domains. This is known as the crystallization temperature (Tc). The transition of crystalline to

amorphous forms is an exothermic process seen as an exothermic peak in the DSC curve. A

further increase in the temperature causes the polymer to reach its melting temperature. The

melting process is an endothermic event and results in a negative peak in the DSC curve. The

melting endotherm is a measure of the extent of crystallinity, an important parameter related

to mechanical properties.[168]

1.9.8. Luminescence spectroscopy

Luminescence, also known as fluorescence spectroscopy is a versatile technique that can

be used to measure fluorescence properties of materials such as fluorescence intensity and the

wavelength of maximum emission after excitation by an appropriate excitation light.[169] A

luminescence spectrometer is composed of an excitation source, optical elements to focus the

excitation on the sample and to collect the luminescence light, a sample cell, a spectrometer

(or filter) to analyze the luminescence, a detector and a data acquisition system.[169] This

technique has very high sensitivity and can detect a species at very low concentrations, as low

as 10-5 to 10-6 M.[170] Luminescence spectroscopy is a superior technique to absorption

spectrometry because two spectra (i.e. excitation and emission spectra) are available as

criteria for identification, instead of one (as in absorption spectrum).

UV-Vis spectroscopy is a complementary technique to luminescence spectroscopy as it

provides information regarding the specific wavelength that would give the maximum

absorption of the fluorescent materials. This wavelength is used as the excitation wavelength

in luminescence spectroscopy. The measured fluorescence intensity can be used to identify

and quantify specific molecules in a medium.[169]
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1.9.9. Other techniques

1.9.9.1. Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) is a column chromatographic technique which

sorts molecules according to their size in solution.[171, 172] It differs from other separation

techniques which involve chemical or physical interactions on a column to separate the

analytes. The separation process in GPC occurs in a column packed with porous beads.[173]

The analytes with small sizes can enter the beads’ pores more freely and thus spend a longer

time in the pores increasing their retention time. Conversely, larger size analytes that do not

fit into the pores spends less time in the column and are eluted quicker. Columns usually can

separate a range of molecular weights. If the analyte size is either too large or too small, the

analyte will be either not retained or completely retained, respectively. Therefore the size of

the pores for the packing should be chosen according to the range of molecular weights of

analytes to be separated.

1.9.9.2. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) is the resonant absorption of radiation by a nucleus

exposed to a magnetic field.[174] The resonance frequency of the nucleus of interest is

influenced by the surrounding local environment of the nuclei, as the nuclear magnetic

moment interacts with local magnetic fields generated by neighboring electrons or nuclei.

“Chemical shifts” corresponds to the resonance frequency of the difference between the

nucleus frequency to that of a reference standard, for example tetramethylsilane (TMS).

NMR spectroscopy can provide detailed information about the chemical structure, reaction

state, and chemical environment of molecules.

1.9.9.3. Fourier transform mass spectrometry (FT-MS)

Fourier transform mass spectrometry (FT-MS), also known as Fourier transform ion

cyclotron resonance mass spectrometry is a type of mass analyzer (or mass spectrometer) for

determining the mass-to-charge ratio (m/z) of ions based on the cyclotron frequency of the

ions in a fixed magnetic field.[175] Fourier transform mass spectrometry is a very high

resolution technique in that masses can be determined with very high accuracy.[176] Many

applications of FT-MS use this mass accuracy to help to determine the structure of molecules

based on an accurate mass.
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1.9.9.4. Elemental analysis

Elemental analysis refers to quantitative determination of the basic elements in an organic

compound, especially carbon, hydrogen, oxygen, nitrogen, sulfur, the halogens, and

phosphorus.[177] The fundamental principle of this technique relies essentially on

combustion of the material under investigation with subsequent determination of the

combustion products. Elemental analysis also provides an effective way to determine the

relative amount of a dopant in conducting polymers.[178]

1.9.9.5. Cyclic voltammetry (CV)

Cyclic voltammetry is a dynamic electrochemical method for measuring redox events. It

can be used to investigate the electrochemical behavior of a compound diffusing to an

electrode surface, interfacial interactions at an electrode surface, and bulk properties of

materials in or on electrodes.[179] This method can also provide rapid determination of

chemical or electrochemical transitions, including the potential at which they occur and their

rate. It is one of the most effective and versatile electrochemical techniques available for the

study of redox reactions. This technique is widely used to investigate qualitative information

about electrochemical properties of conducting polymers.[180-182]

1.9.9.6. Water contact angle

The contact angle is the angle of a drop of liquid interface at a solid material surface.

Contact angle measurements provide information of the wetting behavior of a solid by a

liquid.[183] When a drop of liquid laid on a solid surface (Figure 1.15), the drop will be in an

equilibrium position where the three forces involved known as the interfacial tensions

between solid and liquid are in balanced (interfacial energy of γSL between solid and liquid,

γSG between solid and vapor, and γLG between liquid and vapor).[183] The relationship

between the cosine of the drop/surface contact angle and the three surface tensions is given

by Young’s equation, as follows:

γSG = γSL + γLG (cosθ) (Eq. 1.9)
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Figure 1.15 A contact angle of a liquid on a solid surface.

1.10. Research objectives

The primary aim of this research is to utilize the unique properties of PANI and PDMP

composite nanofibers produced using electrospinning technique. These include high surface

area, porosity, electrical conductivity and emissive properties of the composite fibers, and are

directed towards potential biomedical applications, more specifically, for tissue engineering

and biosensors. To that aim, the research work has two major objectives according to their

end-applications as follow:

1) Tissue engineering applications

a.To synthesis and characterize soluble polyaniline via copolymerization of aniline

with carboxylic acid functionalized aniline (Chapter 2).

b.To produce conductive electrospun nanofibers based on polyaniline and the

copolymer produced in (a) using the electrospinning technique, optimize the

electrospinning parameters and characterize the properties of the PANI

composite nanofibers (Chapter 3).

c.To evaluate potential uses of PANI composite nanofibers in tissue engineering

via a study of mechanical properties and biocompatibility (Chapter 4).

2) Biosensor applications (Chapter 5)

a. To prepare and characterize electrospun emissive nanofibers based on PPV

derivatives.

b. To investigate the potential use of the PPV derivatives composite nanofibers in

biosensing.

θC

γSL

γLG
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1.11. Thesis outline

This thesis consists of five main chapters, and the conclusions chapter. The first chapter

provides an introduction to the whole thesis, while Chapter 2 presents detailed results on the

synthesis and characterization of polaniline and polyaniline copolymers. Chapter 3 describes

the preparation PANI-based nanofibers using the electrospinning technique, optimization of

electrospinning parameters and characterization of polyaniline based composite nanofibers.

The mechanical properties of individual PANI-incorporating nanofibers were measured for

the first time using a nanoindenter. These properties are presented in Chapter 4, along with a

study on the biocompatibility of the nanofiber mats. Chapter 5 presents and discusses the

development of novel PPV based composite nanofibers for DNA sensor applications,

followed by the final Chapter 6 with conclusions and an outline of possible future work.
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Chapter 2. Synthesis and characterization of polyaniline and poly(aniline-

co-m-aminobenzoic acid)

In this study, a soluble polyaniline copolymer was chemically synthesized by copolymerization

of aniline and m-aminobenzoic acid (m-ABA) with various aniline to m-ABA ratios. Synthesis

and characterization of the polymers is discussed in detail in this chapter.

2.1. Experimental Procedure

2.1.1. Reagents and Materials

Aniline (Scharlau) was distilled under vacuum prior to use. m-Aminobenzoic acid (m-ABA;

Sigma-Aldrich), ammonium persulfate (APS; Sigma-Aldrich), N-methyl-2-pyrrolidone

(NMP; Sigma-Aldrich), N,N-dimethylformamide (DMF, Sigma-Aldrich), lithium bromide

(LiBr; BDH), and triethanolamine (Sigma-Aldrich) were used as received. All aqueous

solutions were prepared using Milli-Q water.

2.1.2. Synthesis of polyaniline and P(ANI-co-m-ABA) copolymers

Polyaniline, P(ANI-co-m-ABA) copolymers and P(m-ABA) were synthesized in 1 M

hydrochloric acid (HCl) at 10 °C, with APS as the oxidizing agent; the mole ratio of APS to

monomer was kept constant at 1:1. The mole ratio of aniline to m-aminobenzoic acid (m-

ABA) in the comonomer mixtures was varied from (90/10) to (20/80). A typical synthesis, of

P(ANI-co-m-ABA) (50/50) for example, was as follows. 50 mL of 1 M HCl containing APS

(3.65 g, 16 mmol) was slowly added with constant stirring to 100 mL of 1 M HC1 containing

aniline (0.75 g, 8 mmol) and m-ABA (1.1 g, 8 mmol) at 10 °C. A dark green color developed

immediately and the polymeric product started to precipitate from the solution.

Polymerization was continued with stirring for 24 h. The homopolymer P(m-ABA) was

similarly synthesized except that the polymerization time was 7 days. The polymer products

were collected by filtration, washed with Milli-Q water until the filtrate was colorless, and

finally vacuum dried at 40 °C. The percentage yield of polymer was calculated as:

((mass of the product)/(mass of the (co)monomer(s)) x 100. (Eq. 2.1)



Chapter 1 - Introduction

44

2.1.3. Solubility test

The solubility of PANI, P(ANI-co-m-ABA) copolymers and P(m-ABA) in the emeraldine salt

forms was evaluated in DMF. 25 mg of polymer powder was dispersed in 5 mL of DMF and

stirred for 24 h at room temperature, and the solution was then filtered using filter paper. The

residue was dried to constant mass in the oven at 60 oC.

2.2. Characterizations

2.2.1. Spectroscopic studies of the polymers

FTIR spectra were measured at a Thermo Electron Nicolet 8700 FTIR spectrophotometer.

FTIR analysis of nanofiber samples was performed using the Smart Orbit Diamond

Attenuated Total Reflection (ATR) Single Reflection accessory of a Thermo Electron Nicolet

8700 FTIR spectrometer. Raman spectra were obtained with a Renishaw 1000 Raman

spectrophotometer employing a 785 nm laser beam.

2.2.2. Gel permeation chromatography

The GPC system consisted of a Waters 515 HPLC pump, a Degassex DG-4400 on-line

degasser connected to a series of three GPC columns (a Waters Styrogel HR6 column and

two Polymer Labs PlusPore 7.5 mm columns, with mixed pore sizes) with a PlusPore guard

column and 0.5 μm in-line filter, a Rheodyne manual injector, and a Waters column oven.

The eluent was NMP containing 0.025 g cm-3 triethanolamine and 0.005 g cm-3 lithium

bromide, with a flow rate of 0.3 mL min-1. The sample concentration was 2 mg mL-1 and the

injection volume was 200 μL. All solutions were filtered through 0.45 μm syringe filters

before injection. The columns and RI detector were maintained at 35 oC. Data acquisition and

processing were performed using ASTRA 4 software (Wyatt Technologies Corporation). Ten

Polymerlabs EasyCal PS-1 polystyrene standards were dissolved in the same eluent at a

concentration of 2 mg mL-1 and used to obtain a calibration curve under the same conditions

as for the samples.

2.2.3. Determination of copolymer composition

The copolymer composition was determined by UV-Vis spectroscopy as follows. A set of

standard solutions of m-ABA with a range of concentrations in 1 M HCl were prepared, and a

calibration graph constructed based on the absorbance of m-ABA at λmax 273 nm. After

polymerization, each reaction mixture was immediately vacuum filtered and the filtrate
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(containing unreacted m-ABA) was diluted 20-fold for absorbance measurement. The

absorption at 273 nm due to unreacted m-ABA monomer was used to calculate the amount of

m-ABA that had reacted, and hence the copolymer composition. UV-Vis spectra of

polyaniline and P(ANI-co-m-ABA) copolymers were recorded with a Shimadzu UV-2102PC

spectrophotometer at room temperature.

2.2.4. Electrochemistry

Cyclic voltammetry was carried out using a CHI650 (CH Instruments) electrochemical

workstation. A thin film of each sample was prepared by dissolving the sample in NMP or 1

M ammonium hydroxide (NH4OH) solution. The solution was dropped onto a glassy carbon

plate electrode and dried with the aid of an infrared lamp. Ag/AgCl (3 M NaCl) was used as a

reference electrode and a Pt wire as the counter electrode. Cyclic voltammograms were

recorded at a scan rate of 50 mV s-1.

2.2.5. Other characterization

The lH NMR spectrum of P(m-ABA) in deuterated DMSO (DMSO-d6) was obtained using a

Bruker DRX-400 spectrometer (Bruker, Karlsruhe, Germany) operating at 400 MHz. The

conductivity of the conducting polymers synthesized was measured using a Jandel four point

probe conductivity meter (model RM2). Polyaniline and P(ANI-co-m-ABA) were pressed

into pellets using a vacuum press at 2 MPa for 2 minutes prior to the conductivity

measurement. All the measurements were undertaken at room temperature. High resolution

mass spectrometry was performed using a ThermoFinnigan™ LTQ-FT™ instrument

(ThermoElectron Corp, Bremen, Germany) with resolution 100,000 at m/z 400. Elemental

analyses of the obtained conducting polymers (CHN analysis) were carried out at the

University of Otago, Dunedin, New Zealand. UV-Vis spectra of polyaniline and P(ANI-co-

m-ABA) copolymers were recorded with a Shimadzu UV-2102PC spectrophotometer at room

temperature.
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2.3. Result and discussions

2.3.1. Spectroscopy characterization of polyaniline and copolymer

Various copolymers of aniline and m-aminobenzoic acid were successfully prepared, and

subjected to spectroscopic characterization. The general structure of polyaniline and related

derivatives can be schematically represented by the formula shown in Figure 2.1.

Copolymerization was confirmed by comparing FTIR spectra of P(ANI-co-m-ABA)

copolymers with the spectrum of the parent polyaniline (Figure 2.2). The bands of PANI at

1579 and 1493 cm-1 correspond to the C-C ring stretching vibrations of the quinonoid and

benzenoid structures, respectively [33, 161]. It is noticeable that the spectrum of PANI shows

a slightly higher intensity of the benzenoid ring band than of the quinonoid band. By

comparison, the intensity of the quinonoid peak is greater than that of the benzenoid band in

the spectra of the copolymers. The band at 1294 cm-1 was assigned to the C-N stretching

mode [32] and the 798 cm-1 band was ascribed to the out-of-plane C-H bending mode [34].

Figure 2.1 General structure of polyaniline, R = H or P(ANI-co-m-ABA), R = H or COOH.

The carbonyl band at 1680 cm-1 in the spectra of P(ANI-co-m-ABA) confirmed the

incorporation of m-ABA into the copolymers. As expected, the carbonyl band intensity

increased with an increase in the m-ABA fraction in the comonomer solution. However, in

the copolymers made from comonomer solutions with less than 20 % m-ABA, the carbonyl

band was not observed. This was probably due to the very small proportion of m-ABA

incorporated into the corresponding copolymers, or to the overlap of the small carbonyl band

with the broad band of polyaniline. The copolymer composition will be further discussed in

Section 2.3.2.
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The band at 1140 cm-1 corresponds to the vibrational mode of doped Q=N+H-B or B-

N+H-B, (Q=quinonoid and B=benzenoid) and is related to the conductivity of polyaniline,

which is formed in doping reactions.[184] This band is very intense and broad for polyaniline

and may be attributed to the existence of the positive charge and the distribution of the

dihedral angle between the B and Q rings. The intensity of this peak was found to increase for

the polymers with increased conductivity.[185] The band becomes smaller and shifts to a

higher wavenumber with an increase of m-ABA in the copolymers.

The UV-Vis spectra of PANI, P(ANI-co-m-ABA) copolymers (80/20), (60/40), (20/80)

and poly(m-aminobenzoic acid) (P(m-ABA)) are shown in Figure 2.3. The spectra show two

main absorptions at 318-328 nm and 555-643 nm. The first peak is attributed to the π-π*

transition and relates to the extent of conjugation between adjacent rings in the polymer

chain.[31, 36] The first peak of the copolymers is blueshifted compared to polyaniline,

implying a decrease in the extent of conjugation and an increase in the transition energy. [37]

The second peak in the region of 555–643 nm is assigned to the exciton transition caused by

inter- and intrachain charge transfer.[31, 36] The peak showed a hypsochromic shift when the

fraction of m-ABA increased in the copolymer, and the intensity of the peak decreased. The

hypsochromic shifts suggest that the coplanarity of the π system in the copolymer is

interrupted by carboxylic group steric hindrance, causing a lowering in the conductivity. [34]

A peak in this wavelength region was not observed for P(m-ABA), suggesting little or no

exciton transitions along the P(m-ABA) backbone and a non-conducting material.
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Figure 2.2 FTIR spectra of polyaniline and copolymers.
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Figure 2.3 UV-Vis spectra of (a) PANI, and P(ANI-co-m-ABA) copolymers formed by

comonomer mixtures with aniline/m-ABA mole ratios (b) 80/20, (c) 60/40, (d) 20/80 and (e)

0/100; in NMP.

2.3.2. Determination of copolymer composition using UV-Vis Spectroscopy

The first attempt to determine the composition of the m-aminobenzoic acid unit in the

copolymers was made using elemental analysis results. The ratio of aniline to m-ABA units

was measured using the carbon to nitrogen atom ratio (C/N) to calculate the copolymer

composition. Theoretically, polyaniline has an atomic C/N ratio equal to 6 and (P(m-ABA))

has a C/N of 7 (one additional carbon compared to PANI from the COOH group), while the

C/N ratio for the copolymers should lie between 6 and 7. However, the calculation of the

copolymer composition based on the C/N ratio from elemental analysis was not plausible

because the C/N ratio of P(m-ABA) was 9, which was much greater than the theoretical value

of 7 (Table 2.1). This suggests formation of structures other than regular head-to-tail linear
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but the results were not discussed further. Consequently, the proportion of incorporated m-

ABA into the copolymers was determined using UV-Vis spectroscopy.

Figure 2.4 Calibration graph of the absorbance of m-ABA at λmax 273 nm.

Figure 2.4 shows a calibration graph of m-ABA in 1 M HCl within a range of

concentrations. The copolymer composition, as presented in Table 2.1, was determined using

the following experimentally obtained linear equation from the calibration graph:

Abs=793.8[m-ABA]–0.0029 (Eq. 2.2)

The UV-Vis spectra of a series of m-ABA monomers at different concentrations and

unreacted m-ABA after copolymerization are presented in Appendix 1. The results show that

the m-ABA fraction in the copolymer was significantly lower than in the feed, likely due to

the low reactivity of m-ABA compared to aniline. [34] The low reactivity of m-ABA can be
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ascribed to (i) the electron withdrawing effect of the COOH group that withdraws electron

density from the aromatic ring, thus deactivating it towards an electrophilic substitution

reaction,[39] and (ii) the steric hindrance of the COOH groups that would lead to more

twisted polymer chains with lower molecular weights being formed, similar to other

functionalized groups, e.g. alkyl and methoxy.[40, 107]

The polymerization yields are also shown in Table 2.1 and demonstrate a decreasing

percentage yield as the fraction of m-ABA increased in the feed, from 92.2 % to 42.6 % for

feeds of (90/10) and (20/80), respectively. The yield of homopolymer P(m-ABA) was very

low, only about 0.7 %, even when the reaction was carried out for 7 days.

2.3.3. Number average molecular weight of PANI and P(ANI-co-m-ABA) copolymers

Table 2.1 gives the number average molecular weight of polyaniline and the copolymers

determined by GPC versus m-ABA mole fraction in the copolymer. Gel permeation

chromatograms (Appendix 1) of the copolymers show unimodal distribution, an indication

that copolymerization reaction takes place instead of separate homopolymerization of PANI

and P(m-ABA), supporting the FTIR results.  The GPC results show that the number average

molecular weights for the copolymers decreased from 13,800 to 1,640 g mol-1 when the mole

fraction of m-ABA in the comonomer mixture was increased from 0.2 to 0.8. The number

average molecular weight of polyaniline was 15,830 g mol-1. The polydispersity of all of the

polymers was high and decreased as the fraction of m-ABA increased and the molecular

weight decreased. No peak was observed in the GPC chromatograms for P(m-ABA),

probably due to the very low molecular weight. All of these experimental results (an absence

of a GPC peak, very low yield for P(m-ABA), UV-Vis spectra, low reactivity of m-ABA, and

low conductivity (see section 2.3.4) suggest that the product of the oxidative reaction of m-

ABA contains only oligomeric species. When the m-ABA concentration was increased in the

reaction mixture, the tendency of m-ABA to terminate chain growth also increased and

caused a lowering of the molecular weight of the copolymers. The reaction products of m-

ABA homopolymerization were further investigated by FT-MS and are discussed in section

2.3.5.

2.3.4. Solubility and conductivity

Figure 2.5 shows the correlation between log(conductivity) of the P(ANI-co-m-ABA)

copolymers and copolymer composition. The conductivity of polyaniline was 6.27 S cm-1 and
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dropped almost 6 times when the mole fraction of m-ABA in the copolymers was only 0.06.

The conductivity of the copolymers decreased further with an increase in the fraction of m-

ABA in the copolymer and dropped by approximately 10 orders of magnitude when the mole

fraction of m-ABA was 0.65. This result is consistent with UV-Vis and FTIR results and can

be explained by non-regularity of the copolymer structure caused by the incorporation of m-

ABA that breaks the conjugation in the polymer chains, and a significant decrease in the

molecular weight of the copolymer. In addition, the anionic “self-doping” effect may further

limit the mobility of the charge carriers [186].

Figure 2.5 Log(conductivity) (S cm-1) for PANI and P(ANI-co-m-ABA) copolymers as a

function of m-ABA mole fraction in the copolymers.

The last column in Table 2.1 presents the solubility of polyaniline, P(m-ABA) and its

copolymers (emeraldine salt form) in DMF. The copolymers were also soluble in

dimethylsulfoxide (DMSO), N-methyl-2-pyrrolidone and alkaline aqueous solutions. The

copolymers showed solubility between that of PANI and P(m-ABA): for example, the

solubility of P(ANI-co-m-ABA) (20/80) in DMF was measured as 4.92 g L-1. The COOH
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groups in the m-ABA structure are easily solvated and consequently increase the solubility of

the copolymers.[187] Moreover, the lower molecular weights of the copolymers may

considerably increase their solubility and the presence of the COOH group sterically enlarges

the interchain distances, weakening the interchain hydrogen bonds.[34]

2.3.5. FT-MS of m-ABA oxidation reaction products

The results discussed above led us towards the conclusion that the P(m-ABA) that was

synthesized was not a polymer but rather a mixture of oligomeric species whose molecular

weight could not be measured by GPC. Consequently, we further analyzed the products of the

homopolymerization reaction by means of mass spectrometry.

The mass spectrum of P(m-ABA) (Figure 2.6) showed several peaks with different

intensities. The highest peak with m/z = 745 is a species with a molecular weight between the

pentamer (m/z = 677) and hexamer (m/z = 812) of regular head-to-tail m-ABA oligomers.

However, the C/N ratio of P(m-ABA) from elemental analysis suggests different, non-regular

coupling of these oligomeric products, with approximately two additional carbons in every

m-ABA mer unit or loss of N atom completely from some of the aniline units by over

oxidation by APS. Two other strong peaks in the mass spectrum may be attributed to dimers

(m/z = 272) and trimers (m/z = 392). No peak was observed above m/z 900 which confirmed

that P(m-ABA) contained only oligomeric species.

The 1H NMR spectrum of P(m-ABA) (Figure 2.7) presented several broad peaks from 6.5

to 8.5 ppm that correspond to aromatic protons. The proton peak of the carboxylic group was

observed at 10.4 ppm which is smaller than the chemical shift reported for poly(anthranilic

acid) (10.7 ppm).[188] The peak observed at 6.2 ppm can be assigned to the resonance of the

terminal amino group (-NH2) (6.27 ppm based on the calculation for the m-ABA dimer using

ChemDraw software) and the peak for the proton attached to nitrogen (NH) was observed at

3.3 ppm.[38] The spectrum was too complex to identify individual components of the

mixture.



Table 2.1 Mole fraction of m-ABA in feed and in the copolymers, elemental analysis data, polymer yields, number average molecular weight
(Mn), polydispersity and solubility in DMF of PANI and the copolymers in emeraldine salt form.

Sample

m-ABA
mole

fraction
in feed

m-ABA mole
fraction in the

copolymer

(UV-Vis)

C/N ratio

(elemental
analysis)

(n=2)

Yield
(%)

Mn / g
mol-1

Polydispersity Conductivity/

S cm-1

Solubility/
g L-1

PANI 0 0 6.00 ± 0.08 90.6 15 83 5.4 6.3 1.18

P(ANI-co-m-ABA)

(90/10)
0.10 - 6.17 ± 0.01 92.2

- - 4.3 -

P(ANI-co-m-ABA)

(80/20)
0.20 0.06 6.13 ± 0.06 80.8

13 80 4.6 1.0 1.54

P(ANI-co-m-ABA)

(60/40)
0.40 0.19 6.53 ± 0.03 69.2

7 93 2.6 0.5 2.64

P(ANI-co-m-ABA)

(50/50)
0.50 0.24 6.75 ± 0.02 67.6

5 76 1.7 0.1 2.48

P(ANI-co-m-ABA)

(20/80)
0.80 0.65 7.90 ± 0.03 42.6

1 64 1.2 1.6E-10 4.92

P(m-ABA) 1.00 1.00
8.87 ±

0.003
0.7

- - - ≥5

54
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Figure 2.6 Mass spectrum of P(m-ABA)

Figure 2.7 lH NMR spectrum in DMSO-d6 of P(m-ABA).
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2.3.6. Electrochemical response of PANI and P(ANI-co-m-ABA) copolymers

The cyclic voltammogram features of polyaniline have been extensively discussed in the

literature.[189-191] However, to better understand the electrochemical behavior of P(ANI-

co-m-ABA), cyclic voltammograms of both PANI and P(ANI-co-m-ABA) were recorded

under the same conditions. The cyclic voltammograms of polyaniline and P(ANI-co-m-ABA)

in 1 M HCl are shown in Figure 2.8.

Figure 2.8 Cyclic voltammograms of (A) (I) PANI, (II) P(ANI-co-m-ABA) (80/20) and (III)

P(ANI-co-m-ABA) (50/50); and (B) (IV) P(m-ABA) and (V) P(ANI-co-m-ABA) (20/80) on

glassy carbon electrode, with scan rate 50 mV s-1; performed in 1 M HCl.
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A thin film of PANI (emeraldine base form) was prepared by drop casting onto a glassy

carbon electrode after dissolving it in NMP, while P(ANI-co-m-ABA) copolymers were

dissolved in 1 M NH4OH solution. The voltammograms of the copolymers at (80/20) and

(50/50) ratios showed the general characteristics of polyaniline with two main redox peaks

corresponding to transitions from leucomeraldine to emeraldine (at 0.28 V) and from

emeraldine to pernigraniline (at 0.76 V). A peak in between the two main redox peaks which

occurred at 0.59 V is associated with PANI degradation.[180] Unlike PANI, higher content of

m-ABA in the copolymer P(ANI-co-m-ABA) (20/80) and P(m-ABA) film, the two oxidation

peaks in the voltammogram for polyaniline transformed into one broad peak centered at 0.29

V and 0.35 V, respectively. The current of the voltammogram for these copolymers was very

low, suggesting that the oligomers/polymers had very low electroactivity.

2.4. Summary

Soluble polyaniline derivative was prepared via copolymerization of aniline and m-ABA. The

carbonyl band in the FTIR spectra of the copolymers confirmed the incorporation of m-ABA

in the copolymers. The UV-Vis results suggested an increased breakdown in polymer

conjugation and interruption in the coplanarity of the π system as the fraction of m-ABA in

the copolymer was increased. The copolymer compositions revealed that the copolymer was

rich in aniline. The molecular weights of the copolymers determined by GPC decreased

significantly with an increase in the m-ABA fraction of the copolymers, together with a large

decrease in the conductivity, and are consistent with the UV-Vis results. The solubility of the

copolymers in DMF showed the opposite trend. The increased solubility with an increasing

proportion of m-ABA is due not only to the functional COOH groups but also to the

decreased average length of the polymer chains. The FT-MS data confirmed that the products

of homopolymerization of m-ABA are oligomeric species. Cyclic voltammetry experiments

revealed that the copolymers with a high aniline content were electroactive, which is similar

to polyaniline, while the copolymers with a higher content of m-ABA were less electroactive,

in agreement with the results from the spectroscopic characterization methods.
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Poly(lactic acid) (Figure 3.1) and poly(lactide-co-glycolide) (PLGA) (Figure 3.2) are

biodegradable polymers with excellent biocompatibility. They have a long history of clinical

use and are approved by the United States Food and Drug Administration (FDA) for use in

certain biomedical applications.[71, 192, 193] PLGA is copolymer that consists of lactic and

glycolic acid units. The mechanical properties and degradation rate of PLGA, being

dependent on the lactic/glycolic acid ratio, are quite different from poly(lactic acid) and

poly(glycolic acid) homopolymers. In this study, firstly, the electrospinning parameters of

PLGA were optimized and secondly, these parameters were used as starting parameters in the

preparation of composite nanofibers of PLA/PANI. The optimization of these electrospinning

parameters and characterization of the nanofibers, both PLGA and PLA/PANI, are discussed

in detail in this Chapter.

Figure 3.1 PLA chemical structure

Figure 3.2 PLGA chemical structure
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3.1. Experimental procedure

3.1.1. Materials

Poly(lactide-co-glycolide) (75/25) was purchased from PURAC with Mw = 110 000 g mol-1.

Poly(lactic acid) was a 2002D, purchased from Natureworks Co., Minnetonka, USA. The

molecular weight of PLA was determined by GPC versus polystyrene standards with THF as

a solvent and RI as detector, and found to be Mw = 160 631 g mol-1 and Mn = 73 289 g mol-1.

Polyaniline and P(ANI-co-m-ABA) used in this chapter were prepared as previously

described in Chapter 2. DMF and tetrahydrofuran (THF) were purchased from Sigma-Aldrich

and used as received.

3.1.2. Optimization of electrospinning parameters of PLGA and PLA nanofibers

The scheme of the electrospinning apparatus is shown in Figure 3.3. The set up contains a

high voltage power supply (Bertan Hiksville, New York, series 230) capable of voltages up to

30 kV. A polymer solution was added to the glass syringe fitted with an 18G metal needle

used as a nozzle, and a metal plate was used as the collector. The flow rate of the polymer

solution was controlled precisely using a digital syringe pump (Cole-Parmer® Hz 50/60) to

maintain a steady flow. The optimized electrospinning parameters are summarized in Table

3.1 and Table 3.2. Before each experiment, the collector was covered with aluminum foil and

removed from the collector after the fiber deposition (Figure 3.4). The resulting fibers were

dried at 40 oC in a vacuum oven for two days.
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Figure 3.3 Electrospinning apparatus.

Figure 3.4 Fibers collected on the collector.
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3.1.3. Preparation of electrospun composite nanofibers of PLA/PANI and PLA/P(ANI-co-m-

ABA)

In this study, the P(ANI-co-m-ABA) copolymer with a ratio of aniline to m-ABA of 60:40

(P(ANI-co-m-ABA) (60/40)) was chosen for electrospinning with PLA based on the

solubility and conductivity results of the copolymers (see Chapter 2). P(ANI-co-m-ABA)

(60/40) is referred to as P(ANI-co-m-ABA) in this Chapter for the sake of simplicity.

30 mg PANI emeraldine base (EB) or 50 mg of P(ANI-co-m-ABA) (EB) were mixed with 5

mL DMF and allowed to stand for 24 h at room temperature, to give solutions with

concentrations of 3.38 ± 0.03 mg mL-1 or 6.16 ± 0.06 mg mL-1, respectively. The polymer

solutions were filtered through a filter paper (Whatman) to remove residues. The PANI or

P(ANI-co-m-ABA) EB solution was added to the PLGA (PLA solution (10 w/v %) in THF

and an appropriate amount of DMF was added to the mixture to give a DMF:THF ratio of 1:1

(by volume). The mixed solutions were then stirred for 30 minutes. The mixed

PLA/conducting polymer solution was added to a 5 mL glass syringe with an 18G stainless

steel needle and electrospun using a potential of 12 kV, 0.4 mL h-1 pump rate and a 10 cm

distance between the needle tip and collector. The temperature and humidity were kept at

room temperature 25 ± 2 oC and 40 - 55%, respectively. The temperature inside the

electrospinning setup was controlled using temperature controller and the humidity was kept

constant by applying nitrogen gas to the electrospinning setup to remove moisture.

3.2. Characterization

Spectroscopic studies of the nanofibers were carried out using Smart Orbit Diamond

Attenuated Total Reflection (ATR) Single Reflection accessory of a Thermo Electron Nicolet

8700 FTIR spectrophotometer. Raman spectra were obtained with a Renishaw 1000 Raman

spectrophotometer employing a red laser beam (785 nm). A low laser power of 0.26 mW was

used for pure polyaniline and P(ANI-co-m-ABA) powder, PLA/PANI and PLA/P(ANI-co-m-

ABA) nanofibers to avoid sample decomposition. A 26 mW power was used for PLA

nanofibers due to PLA showing a very weak Raman signal at low laser power. The

conductivity of the PLA/PANI and PLA/P(ANI-co-m-ABA) nanofiber mats was determined

using a four-point probe in conjunction with a Keithley model 220 current source and a

Keithley 6517A voltmeter. A Philips XL30S field emission scanning electron microscope

(SEM) was used to image the nanofiber morphology. To measure the mean diameter of each

fiber, ≥25 fibers were randomly selected from SEM images and were manually measured.
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The thermal stability of the sample was obtained using a programmed heating rate of 10 °C

min−1, from 25 to 800 °C in a nitrogen atmosphere. Differential scanning calorimetry studies

using 5 mg of the samples sealed in an aluminum pan, were undertaken in the temperature

range 25 to 200 °C at heating rate 10 °C min−1 in a nitrogen atmosphere. The degree of

crystallinity, Xc [%], of the PLA component of nanofibers was calculated from the DSC data

using equation [194]:

Xc [%] = 100 (Hm - Hc) / Hm,cXPLA (Eq. 3.1)

Hm and Hc are enthalpies of fusion and crystallization, respectively. Hm,c = 93.7 J g–1 is

the enthalpy of fusion of 100 % crystalline poly(lactic acid),[168] and XPLA is the weight

fraction of PLA in the composite. Differential scanning calorimetry (DSC) studies were

performed using a TA Instruments Q1000 apparatus.

X-ray diffraction (XRD – Rigaku) measurements were performed using Cu Kα radiation at a

scan speed 0.02° s–1 from 5 to 60°.

Water contact angle measurements were made at room temperature using a Cam 100 optical

Angle Meter (KSV Instruments Ltd., Finland) together with the software provided. The

nanofibers were electrospun on a nylon circle, and a flat surface of nanofibers was chosen for

water contact angle measurement. A PLA film was cast from same solution produce PLA

nanofibers on a microscope glass slide. A small water droplet was carefully placed on top of

the nanofibers. From these images, the contact angle values were calculated using the

computer simulation software.

3.3. Results and discussion

3.3.1. Optimization of electrospinning parameters

In this research, PLGA and PLA were electrospun to produce nanofibers. Optimization of

the electrospinning parameters of PLGA nanofibers was performed initially followed by PLA

nanofibers. Four main electrospinning variables (Table 3.1) including polymer solution

concentration, applied electric field, solution flow feeding rate and distance between needle



Chapter 3 – Electrospinning of polyaniline based nanofibers for scaffold tissue engineering

63

tips to collector were investigated and their effects on the nanofiber morphology are

discussed here in detail.

Table 3.1 Electrospinning parameters for PLGA nanofibers

Polymer solution

concentration

(w/v%)

Voltage

applied (kV)

Pump rate

(mL h-1)

Distance between the tip of

needle to collector (cm)

15 8 0.4 10

20 8 0.4 10

25 8 0.4 10

30 8 0.4 10

20 6 0.4 10

20 8 0.4 10

20 10 0.4 10

20 12 0.4 10

20 8 0.2 10

20 8 0.4 10

20 8 0.6 10

20 8 0.8 10

20 8 0.4 5

20 8 0.4 10

20 8 0.4 15
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Table 3.2 Electrospinning parameters for PLA nanofibers

Polymer solution

concentration

(w/v%)

Voltage

applied (kV)

Pump rate

(mL h-1)

Distance between the tip of

needle to collector (cm)

10 8 0.4 10

12 8 0.4 10

14 8 0.4 10

16 8 0.4 10

3.3.1.1. Effect of PLGA solution concentration

The concentration of the PLGA solution is one of the most important electrospinning

parameters to control the morphology of the fibers, including the number of beads formed

and the diameters of the nanofibers. The morphology of the PLGA nanofibers was

dramatically changed when the concentration of the PLGA solution was altered. Figure 3.5

shows the SEM images of PLGA nanofibers obtained from PLGA solutions of different

concentrations while all the other parameters were kept constant. As seen in the SEM images,

the number of beads was high when the concentration of the PLGA solution was 15 w/v%,

but came down with an increase in the solution concentration. The beads completely

disappeared when the concentration of the PLGA solution reached 25 w/v%.

The occurrence of beads in electrospun fibers is a common problem.[195] The formation

of beads occurs when polymer chain entanglement is not sufficient, resulting in instability of

the polymer solution jet. The solution viscosity, net charge density carried by the

electrospinning jet and surface tension of the solution are found to be the main factors in bead

development.[195] The transformation from beads to smooth fibers occurs due to a

competition between surface tension and viscosity. The surface tension tends to lower the

surface area per unit mass, thereby causing the formation of beads, whereas viscoelastic

forces resist the formation of beads and allow the formation of fibers.[196]
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The concentration of the PLGA solution also influences the diameters of the fabricated fibers,

as shown in Figure 3.5 (e). An increase in solution concentration causes the average fiber

diameter to increase. The average fiber diameter of PLGA formed from 15 w/v% was 273 ±

180 nm, and increased to 1655 ± 566 nm when the PLGA concentration increased to 30

w/v%. This is in agreement with the literature where polymer solution concentration showed

a strong effect on the fiber morphology.[77, 197] Based on these results (i.e. the number of

beads and fiber diameters), a PLGA concentration of 20 w/v% was used in the subsequent

study on the effect of the voltage applied during electrospinning.

3.3.1.2. Effect of applied voltage

Experiments investigating the effect of different electrospinning voltages on the

electrospinning of PLGA showed almost no changes in the fiber diameter with an increase in

voltage, as shown in Figure 3.6. With an increase in the voltage from 6 to 12 kV, the average

fiber diameter increased slightly from 426 ± 170 nm to 476 ± 162 nm, but the difference was

not statistically significant.  At the same time the number of beads was considerably lowered

when a voltage of 12 kV was applied. The voltage applied to the polymer solution causes the

formation and accumulation of cations at the tip of the needle. The electrical field drives the

excess charges on the surface of the polymer solution towards the collector and attracts the

solution with them, leading to the formation of the Taylor cone and followed by formation of

the polymer jet. The opposition between surface tension and viscosity causes the instability of

the Taylor cone, and consequently formation of a polymer jet. The higher the voltage applied,

the faster the jet formation that is sufficiently stretched to hinder formation of beads. A

voltage of 8 kV was chosen to further study the effect of pump rate.
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Figure 3.5 SEM micrographs of electrospun PLGA fibers at different concentrations (a) 15,

(b) 20, (c) 25, (d) 30 w/v% and (e) the effect of the PLGA solution concentrations on the

fiber diameters.
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Figure 3.6 High voltage effects on the morphology of electrospun PLGA nanofibers (a) 6, (b)

8, (c) 10 and (d) 12 kV and (e) the effect of the voltage applied on the fiber diameters.
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3.3.1.3. Effect of the pump rate

Figure 3.7 shows the morphology of the PLGA fibers at different pump rates (for a 20 w/v%

PLGA solution), and the effect of the pump rate on the average fiber diameter. At the lowest

pump rate used, 0.2 mL h-1, the bead formation was almost fully retarded and smooth fibers

were produced. A higher pump rate of the polymer solution caused an increase in bead

formation and a decrease in fiber diameter. It is considered that when a polymer jet exceeds a

certain rate limit, the electrified jet has insufficient time to stretch out completely, leading to

the formation of beads within the thin fibers.

3.3.1.4. Effect of the distance between the needle tip and the collector

The distance between the needle tip and the collector was varied from 5 to 15 cm, while

keeping the other parameters constant, in order to study the effect of that parameter on the

fiber formation. As shown in Figure 3.8, the fibers were partially ‘melted’ together when a

distance of just 5 cm was used, which was not observed for distances of 10 and 15 cm. This is

probably due to 5 cm not being long enough for the fibers to solidify completely and for the

solvents to evaporate fully before the fibers reached the collector. However, no significant

difference in fiber diameter was found when the distance between the needle tip to the

collector was varied, as shown in the Figure 3.8 (d).

In conclusion, the optimization of the electrospinning parameters for PLGA solutions

showed that a higher concentration of PLGA solution favored the formation of fibers without

beads, while the higher voltage applied between the needle tip and the collector (12 kV) and

lower pump rate (0.2 - 0.4 mL h-1) facilitated a lowering in the number of beads formed. An

appropriate distance between the needle tip and the collector needs to be determined to allow

complete solvent evaporation before the fibers reach the collector. In the case of the PLGA

solution investigated here, a distance of 10 cm was sufficient to obtain individual fibers

without these ‘melting’ altogether.
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Figure 3.7 SEM images of electrospun PLGA nanofibers produced from 20 w/v% PLGA

solution at various pump rates (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8 mL h-1 and (e) the average fiber

diameter produced at different pump rates.
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Figure 3.8 SEM micrographs of the electrospun PLGA nanofibers obtained at different

distances between the needle tip and the collector: (a) 5, (b) 10 and (c) 15 cm, and (d) the

average fiber diameter produced at different distances.



Chapter 3 – Electrospinning of polyaniline based nanofibers for scaffold tissue engineering

71

Poly(lactic acid) nanofibers were prepared with various concentrations using fixed

electrospinning parameters of electrical field (12 kV), pump rate (0.4 mL h-1) and 10 cm

distance between the tip and the collector. As shown in Figure 3.9, at only 10 w/v%

concentration of PLA, a smooth fiber morphology was obtained with a fiber diameter 381 ±

212 nm. With a further increase in the PLA solution concentration to 12 and 14 w/v%, the

fiber diameter was slightly increased to 433 ± 176 and 672 ± 164 nm, respectively.

Electrospinning of PLA solution with concentration of 10 w/v% produces smooth fiber

morphology without beads with small fibers diameters ~400 nm. Based on this result, no

further optimization on electrospinning parameters of PLA fibers was done.

Figure 3.9 PLA nanofibers prepared using various concentrations (a) 10, (b) 12 and (c) 14

w/v%.
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3.4. Electrospinning of conducting polymer nanofibers

3.4.1. Electrospun PLGA/PANI and PLGA/ P(ANI-co-m-ABA) nanofibers

An attempt was made to electrospun PLGA with PANI and P(ANI-co-m-ABA) with the

amount of PANI being 0.2 wt% and P(ANI-co-m-ABA) in the range from 0.15 to 0.45 wt%.

The SEM images of the composite fibers are shown in Figure 3.10. A further increase in the

proportion of PANI and the copolymer caused formation of beads most probably due to the

concentrations of the blend solutions being too low to produce smooth nanofibers. The fiber

diameter of PLGA/PANI (0.2 wt%) was 406 ± 110 nm and PLGA/P(ANI-co-m-ABA) for

0.15, 0.30 and 0.45 wt% had fiber diameters of 364 ± 164 nm, 279 ± 110 nm and 283 ± 124

nm, respectively.

Figure 3.10 SEM images of PLGA/PANI (0.2 wt%) (a) and PLGA/P(ANI-co-m-ABA) at

different compositions, 0.15 wt% (b), 0.3 wt% (c) and 0.45 wt% (d).
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3.4.2. Electrospun PLA/PANI and PLA/P(ANI-co-m-ABA) nanofibers

Poly(lactic acid) with PLA/PANI and PLA/P(ANI-co-m-ABA) composite nanofibers

were prepared and characterized. As shown in Figure 3.9, a low PLA concentration (10

w/v%) can still produce smooth nanofibers. This most probably due to PLA has higher

polymer molecular weight than PLGA. As discussed previously, the molecular weight has a

direct effect on the polymer solution viscosity and therefore on electrospinnability (Chapter

1, section 1.6.2). The average molecular weight of PLA used in this study was 160 000 g mol-

1 while the average molecular weight of PLGA was only 110 000 g mol-1.

PLA can be electrospun to smooth nanofibers using PLA solution with concentration of

10 w/v%, which much lower compared to PLGA at 25 w/v%. By doing so, with the same

amount of CP solution added to the PLA or PLGA solution for blending, the weight

percentage of incorporated CPs in the composite fibers increased more than 50% for PLA/CP

compared to PLGA/CP fibers. Consequently, with the increase proportion of CP in the fiber,

the conductivity of the composite nanofibers may also increase. This is important parameter

since the main focus in this study is to prepare conductive nanofibers. For that reason,

PLA/PANI and PLA/P(ANI-co-m-ABA) were selected further characterized and used as

scaffolds for tissue culture.

Here, 10 w/v% PLA and its composite fibers, PLA/PANI and PLA/P(ANI-co-m-ABA),

were electrospun using a voltage of 12 kV, a needle tip to collector distance of 10 cm and a

pump rate of 0.4 mL h-1. PLA film was prepared using the same solution as PLA nanofiber.

3.4.2.1. Morphology of nanofibers

Conductive nanofibers were obtained by electrospinning mixed solutions of PLA/P(ANI-

co-m-ABA) or PLA/PANI. Data for the nanofiber polymer blends of various weight

proportions of PANI or P(ANI-co-m-ABA) with PLA are summarized in Table 3.3, including

the composition and conductivity of the corresponding nanofiber mats. The morphology of

the nanofibers is seen in the SEM images in Figure 3.11. The PLA/PANI and PLA/P(ANI-co-

m-ABA) solution blends were electrospun to form nanofibers with up to 3.27 wt% of PANI

and 5.80 wt% of P(ANI-co-m-ABA), respectively. These solutions produced smooth

nanofibers. With a further increase in the amount of PANI to 5.13 wt% in the polymer blend

solution, a different nanofiber morphology was observed, with a significant amount of beads

mixed with short fibers, as shown in Figure 3.11 (d).
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Table 3.3 Proportion by mass of PANI or P(ANI-co-m-ABA) (60/40) EB and PLA composition, and conductivity of the corresponding

nanofiber mats.

Mass in mixed solvent

(DMF:THF, 1:1 v/v)

Mass % of

PANI in

nanofibers

Conductivity

of

PLA/PANI

nanofiber

mat

(mS cm-1)

Mass in mixed solvent

(DMF:THF, 1:1 v/v)

Mass % of

P(ANI-co-m-

ABA) (60/40) in

nanofibers

Conductivity of PLA/

P(ANI-co-m-ABA)

(60/40) nanofiber mat

(mS cm-1)
PANI (mg) PLA (mg) P(ANI-co-m-ABA)

(60/40) (mg)

PLA

(mg)

0 400 0 3.9 x 10-9 0 400 0 3.9 x 10-9

3.38 400 0.84 - 6.16 400 1.52 -

6.76 400 1.66 2.5 x 10-7 12.32 400 2.99 1.7 x 10-6

10.14 400 2.47 1.8 x 10-7 18.48 400 4.42 2.4 x 10-6

13.52 400 3.27 2.0 x 10-5 24.64 400 5.80 8.3 x 10-6



Chapter 3 – Electrospinning of polyaniline based nanofibers for scaffold tissue engineering

75

Figure 3.11 SEM images of the nanofiber mats produced by electrospinning of solutions of

(a) PLA, (b)-(d) PLA/PANI 1.7, 3.27 and 5.13 wt%, respectively, and (e)-(g) PLA/P(ANI-co-

m-ABA) 1.52, 2.99 and 5.80 wt%, respectively.
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3.4.2.2. Spectroscopic analysis of PLA/CP nanofibers

Incorporation of PANI and P(ANI-co-m-ABA) in the fibers was examined using ATR-

FTIR and Raman spectroscopy. Fig. 3.12 (a) and (b) present ATR FT-IR of PLA/PANI and

PLA/PLA/P(ANI-co-m-ABA) nanofibers, respectively.  The weak bands at ~1590 and ~1500

cm-1 corresponding to the C-C ring stretching vibrations of the quinonoid and benzenoid

structures associated with PANI and P(ANI-co-m-ABA), and were observed for fibers with

1.66 and 2.99 wt% of PANI and P(ANI-co-m-ABA), respectively. The intensity of the

corresponding peaks appeared to increase with an increase in the amount of PANI and

P(ANI-co-m-ABA) in the fibers. The spectra of all nanofiber samples showed the

characteristic ester group C=O band from PLA at 1755 cm-1. The C=O band of the

copolymers carboxylic acid group overlapped with the strong peak of C=O band of PLA and

therefore could not be identified separately.

The Raman spectrum of the PANI emeraldine salt fiber mat is shown in Figure 3.13 (a). It

presents similar features to the spectrum previously reported by Liu et al.[198] The

characteristic Raman bands of PANI and P(ANI-co-m-ABA) are listed in Table 3.4.

Characteristic PANI bands at 1616 (C-C stretching of benzenoid rings), 1592 (C=C stretching

of quinonoid rings), 1490 (C=N stretching of quinonoid rings) and 1260 cm-1 (C-N

stretching) were observed for PLA/PANI nanofibers with as little as 0.85 wt% of PANI

incorporated in the fibers. This is due to the symmetrical bonds such as C–C, C=C, C≡C

manifest themselves by giving the most intensive bands in the Raman spectra, while being

inactive in the infrared. Furthermore, the very high intensity of the carbonyl group from PLA

surpress the quinonoid and benzenoid of PANI and P(ANI-co-m-ABA) in FTIR spectra make

them less visible.

The Raman spectrum of P(ANI-co-m-ABA), as shown in Figure 3.13 (b), with a high

proportion of aniline (Table 3.4), is similar to that of the PANI homopolymer, in agreement

with a previous report.[187] A characteristic band for the emeraldine salt form of PANI,

assigned to C-N+·  stretching of semiquinone radicals,[198] is clearly observed at 1330 cm-1

for PLA/PANI and PLA/P(ANI-co-m-ABA) nanofibers, confirming the presence of PANI

and P(ANI-co-m-ABA) in their conducting forms. Bands attributable to PLA such as the

C=O band at 1700 cm-1 and the C-O-C band at were not observed in the Raman spectra of the

composite nanofibers due to the very low signal intensity from use of a low laser power (0.26
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mW). The low laser power was used for the PANI, P(ANI-co-m-ABA), PLA/PANI and

PLA/P(ANI-co-m-ABA) nanofibers to avoid decomposition of the samples.

Table 3.4 Band assignment of the IR and Raman spectra of PANI and copolymers.

Bond Vibration Mode IR band (cm-1)

[185, 187]

Raman shift (cm-1)

[198]

C–C Stretching vibration of

benzenoid ring

~1510 ~1610-1600

C=C Stretching vibration of

quinonoid ring

- ~1590-1575

C=N Stretching vibration of

quinonoid ring

~1587 ~1490-1480

C–N Stretching vibration of

benzenoid ring

Stretching

vibration

~1260-1250

C–N+· Stretching vibration ~1140 ~1340-1330

C–H In-plane bending ~1122 ~1121

C–H Out-plane deformation ~794 ~710

C–N–C Out-plane C–N–C torsion - ~513

C–H Out-plane wag - ~411

C=O Stretching of carbonyl

group of PLA

~1680 ~1680-1820



Chapter 3 – Electrospinning of polyaniline based nanofibers for scaffold tissue engineering

78

Figure 3.12 ATR-FTIR of (a) PLA/PANI nanofibers; (b) PLA/P(ANI-co-m-ABA)

nanofibers.
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Figure 3.13 Raman spectra of (a) PLA/PANI nanofibers; (b) PLA/P(ANI-co-m-ABA)

nanofibers.
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3.4.2.3. Conductivity of the composite nanofibers

The conductivity of the electrospun fiber mats is shown in Table 3.3. The conductivities

of the PLA blend nanofibers with PANI or P(ANI-co-m-ABA) were higher than for PLA

nanofibers as a result of the incorporation of the conducting polymers into the nanofibers.

The conductivity increased by four and three orders of magnitude when PANI or P(ANI-co-

m-ABA) were incorporated to the extent of 3.27 or 5.80 wt%, respectively. It is interesting to

note that the conductivity of PLA/P(ANI-co-m-ABA) nanofibers with 5.80 wt% of P(ANI-

co-m-ABA) was smaller than that of PLA/PANI nanofibers with a smaller proportion (3.27

wt%) of conducting polymer. This is due to the conductivity of pure P(ANI-co-m-ABA)

being substantially smaller than that of PANI (see Chapter 2). The conductivity of single

nanofibers should have higher conductivity compared to their nanofiber mats due to the

porosity or space between the fibers, which is an insulator and lowers the conductivity of the

mats. An attempt to study conductivity of a single fiber was made but it was unsuccessful

due to very small fiber diameters compared to the size of the probe. The increase in

conductivity of the composite nanofibers is further confirmation of the incorporation of the

CPs in the fibers.

3.4.2.4. Thermal properties of the composite nanofibers

Figure 3.14 shows that thermal decomposition of both (a) PANI and (b) P(ANI-co-m-

ABA) powders occurred in three steps. The initial decrease in mass at 25 to 110 oC was due

to loss of absorbed water molecules. The second decrease in mass in the temperature range

110 to 250 oC may be attributed to loss of dopant in the form of HCl gas. Further mass loss in

the approximate temperature range 250 to 800 oC involved the loss of low and high molecular

weight fragments, and degradation of the polymeric backbones.

The TGA profiles of PLA/PANI nanofibers and PLA/P(ANI-co-m-ABA) nanofibers were

similar, which was expected because the polymers are not very different in structure.

Moreover, these TGA profiles were very similar to the profile of the PLA nanofibers, because

all nanofibers contained at least 94 wt% PLA. A feature of the TGA profiles for all three

nanofibers samples was the large mass loss (at least 90%) that occurred in the approximate

temperature range 300 - 360 oC. Since the analysis was performed in a nitrogen atmosphere,

the mass loss is attributed to extensive non-oxidative degradation that is evidently facilitated

by the nanofibrous morphology.
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Figure 3.14 TGA scans of (a) pure PANI powder, PLA and PLA/PANI nanofibers, (b) pure

P(ANI-co-m-ABA) powder, PLA and PLA/P(ANI-co-m-ABA) nanofibers.
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The thermal characteristics of the PLA source material as a powder, cast film and as

nanofibers were determined using DSC, as shown in Figure 3.15 (a). The glass transition

temperature of PLA in the range 58 to 63 oC was followed by melting between 135 and 160
oC (Table 3.5). The sharp endothermic peak at about 65 °C associated with Tg is an ageing

peak, in agreement with results previously reported [199]. A broad cold crystallization peak

at 89 oC was observed for PLA nanofibers, but was absent in the scans of both PLA powders

and films. The cold crystallization peak was also found in amorphous PLA but at a higher

temperature (103.9 oC) as reported by Ohtani et al.[200] This indicates that the PLA

nanofibers were amorphous or had a very low crystallinity. However, the crystallinity of the

electrospun PLA nanofibers mats was improved upon heating possibly due to the chain re-

orientation.

Figure 3.15 (b) shows the DSC thermograms of PLA and PLA/PANI and PLA/P(ANI-co-

m-ABA) nanofibers. The glass transition (Tg) temperature of PLA nanofibers was 63 oC and

slightly decreased to a lower temperature with an increased proportion of PANI or P(ANI-co-

m-ABA), as shown in Table 3.5. During the heating run, similar to the case of PLA

nanofibers, a broad crystallization peak was found at about 85 oC for all of the composite

nanofibers samples followed by a very sharp single melting peak.

3.4.2.5. Crystallinity of the nanofibers

In bulk polymer, there are usually both regions of crystalline and amorphous parts, as

shown in Figure 3.16. A polymer is said to be amorphous when the arrangement of the linear

molecules is completely random, while a crystalline polymer has its linear adjacent chains

aligned. The ratio of the two regions would determine the properties of the polymer such as

hardness, elastic modulus and melting point. Crystallinity improves polymer strength, but it

also makes the polymer brittle. A completely crystalline polymer would be too brittle to be

used as plastic. The amorphous regions give polymers toughness, that is, the ability to bend

without breaking.

The crystallinity of PLA nanofibers, PLA films and pristine was determined using

equation 3.1. The estimated degree of crystallinity of PLA powder, thin film and nanofibers

was 1.8, 41.4 and 7.0 %, respectively. The untreated PLA had a very low crystallinity, which

was enhanced after processing as nanofibers and as cast films. The degree of crystallinity in

the PLA film was approximately 6 times higher than in the PLA nanofibers, which indicates

that the majority of the polymer chains in the nanofibers were in a non-crystalline state.
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Figure 3.15 DSC scans of (a) PLA powder (raw), cast film and electrospun nanofibers; (b)

PLA nanofiber, PLA/PANI and PLA/P(ANI-co-m-ABA) nanofibers.
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As shown in Table 3.5, the estimated degree of crystallinity of the PLA and its

composite nanofibers was found in the range of 7 to close to 16 % for PLA/PANI and

PLA/P(ANI-co-m-ABA) nanofibers. The low degree of crystallinity of the nanofibers can be

explained by the very rapid solvent evaporation from stretched chains during electrospinning

hindering crystallization, so that the polymer chains do not have sufficient time to re-organize

before they solidified.

The low crystallinity of the PLA and its composite nanofibers mats was further studied

using X-ray diffractometry. Figure 3.17 shows XRD patterns of PLA and composite

nanofibers with different composition of PANI and P(ANI-co-m-ABA). All of the nanofibers

presented similar diffraction patterns. The main crystalline peak of PLA at 16.6o corresponds

to combined peaks of (200) and (110) orthorhombic reflections [201] and appeared in all of

the samples. However, the peak was broader and has lower intensity in comparison to the

peak of the corresponding films indicating the low crystallinity of the nanofibers. A shoulder

peak at 23o corresponds to the face-to-face interchain stacking distance between phenyl rings

of polyaniline.[202]

Figure 3.16 Crystallinity of polymer structures.

Semi crystalline

Amorphous
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Table 3.5 Glass transition temperature (Tg), melting temperature (Tm) and percentage

crystallinity (Xc).

Samples
Glass Transition,

Tg (oC)
Tm (oC) Xc (%)

PLA pristine 62.9 148.4 1.8

PLA film 58.7 139.5 41.4

PLA nanofiber 62.8 139.7 7.1

PLA/PANI (1.7 wt%) nanofiber 60.1 140.8 8.2

PLA/PANI (3.3 wt%) nanofiber 57.2 139.3 11.5

PLA/P(ANI-co-m-ABA) (3.0 wt%) nanofiber 60.2 139.8 15.6

PLA/P(ANI-co-m-ABA) (5.8 wt%) nanofiber 54.8 139.6 12.0

Figure 3.17 X-ray diffraction patterns of PLA, PLA/PANI and PLA/P(ANI-co-m-ABA)

nanofibers.
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3.4.2.6. Surface contact angle study of the nanofibers mats

The hydrophobic or hydrophilic surface of a substrate has a direct influence on how it can

be applied: for instance, in solvent extraction membranes, where a hydrophobic membrane is

used to allow organic solvent to pass through the membrane but not water.[203] In separation

of protein solutions, hydrophilic membranes are preferred to lower protein adsorption on the

membrane.[204] In tissue-engineering scaffolds, hydrophilic scaffolds are also preferred. An

increased hydrophilicity of the scaffolds can enhance interactions between the CP and

extracellular matrix components. Kim et al. showed an increase of attachment and

proliferation of human prostate epithelial cells on PCL nanofibers by improve the

hydrophilicity of the PCL fiber via coelectrospinning with poly(vinyl alcohol) (PVA).[205]

The most commonly used method of measuring these characteristics is via contact angle

measurement. The surface contact angle of electrospun nanofibrous membranes is simply

examined by a water contact angle instrument. The angle between the water droplet and the

surface determines the hydrophobicity or hydrophilicity of the surface of the fiber mats.

Hydrophilic materials show a low contact angle (spreading of water across surface) while

hydrophobic materials show a high contact angle (minimal contact between water droplet and

surface).

Table 3.6 shows the values of the water contact angle of the fiber mats of PLA (film and

nanofibers) and the composite nanofibers. Figure 3.18 shows a few of the water contact angle

images of the PLA film and the nanofiber mats. Solution cast PLA film was prepared from

the same solution used in fabricate PLA nanofiber. The software was unable to measure the

angle because it was super hydrophobic, as shown in Figure 3.18 (a). The PLA nanofibers

mat was seen to be hydrophobic (135° ± 5o). For the emeraldine base form of the composite

nanofibers, the water contact angles (132o – 129o) were similar to the PLA nanofibers.

However, the emeraldine salt form of the composite nanofibers showed a slightly lower

contact angle (118o – 133o) possibly due to the presence of the dopant, Cl-, in the chemical

structure. It has previously been shown that the water contact angle can be controlled by

varying the degree of PANI protonation.[206]
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Figure 3.18 Water contact angle measurements of (a) PLA film, (b) PLA nanofibers, (c)

PLA/PANI 3.2 wt% (EB) (d) PLA/PANI 3.2 wt% (ES) (e) PLA/P(ANI-co-m-ABA) 5.8 wt%

(EB) and (f) PLA/P(ANI-co-m-ABA) 5.8 wt% (EB) composite nanofibers mats.

Table 3.6 Water contact angle of the composite nanofibers

Sample Contact angle value ± standard deviation

PLA film -

PLA nanofibers 135° ± 5o

PLA/PANI EB (1.7 wt%) nanofibers 130° ± 3°

PLA/PANI EB (3.3 wt%) nanofibers 132° ± 4°

PLA/P(ANI-co-m-ABA) EB (3.0 wt%) nanofibers 129° ± 4°

PLA/P(ANI-co-m-ABA) EB (5.8 wt%) nanofibers 134° ± 2°

PLA/PANI ES (1.7 wt%) nanofibers 124° ± 4°

PLA/PANI ES (3.3 wt%) nanofibers 128° ± 4°

PLA/P(ANI-co-m-ABA) ES (3.0 wt%) nanofibers 122° ± 4°

PLA/P(ANI-co-m-ABA) ES (5.8 wt%) nanofibers 123° ± 5°
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3.5. Summary

Conductive nanofibers of PLA/PANI and PLA/P(ANI-co-m-ABA) were successfully

electrospun based on PLGA optimization electrospinning parameters. SEM images showed

that the nanofibers of PANI and P(ANI-co-m-ABA) solution blends with PLA, containing up

to 3.27 wt% of PANI or 5.80 wt% P(ANI-co-m-ABA), can be prepared by electrospinning of

these polymer solutions in DMF/THF mixture (1:1 v/v). Incorporation of PANI and P(ANI-

co-m-ABA) in the nanofibers was confirmed by means of ATR-FTIR and Raman

spectroscopy. The conductivity of the PLA nanofibers was increased by several orders of

magnitude by incorporation of PANI or P(ANI-co-m-ABA). Thermal gravimetric analysis

showed that PLA/PANI and PLA/P(ANI-co-m-ABA) composite nanofibers have a slightly

higher onset degradation temperature compared to pure PLA nanofibers. The degree of

crystallinity of PLA in the nanofibers was much lower than that of the cast PLA film, most

probably as a result of the electrospinning process significantly hindering the crystallization

of PLA in the nanofibers due to rapid solidification of the nanofibers. However, the

incorporation of PANI or P(ANI-co-m-ABA) increased the crystallinity of the fibers up to

approximately 16 %. The water contact angles of the composite fiber mats were in the range

of 122 -134 o, indicating highly hydrophobic surfaces.
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Chapter 4. Polyaniline based nanofibers scaffold: A study of fiber

mechanical property and adipose derived stem cell proliferation and

adhesion

The elastic modulus, also commonly known as the Young’s or tensile modulus, is one of the

important mechanical properties of polymers. It measures stiffness of an elastic material. The

elastic modulus is defined as the ratio of the uniaxial stress over the uniaxial strain in the

range of stresses in which Hooke's Law holds.[207] In this study, the elastic modulus of a

single nanofiber was measured using a nanoindenter and calculated using equations 1.2 and

1.3. As previously mentioned in Chapter 1, a fundamental knowledge of the physical

properties of a single nanofiber is essential, as a cell interacts with individual fibers during

culture. Therefore, cellular adhesion, proliferation and signaling are likely to be influenced by

the fiber properties.

In this chapter, the elastic moduli of individual nanofibers were evaluated using a

nanoindenter. Since the nanoindentation of a single polymer nanofiber using a nanoindenter

was undertaken for the first time, this study was initially focused on investigating the

parameters of nanoindentation and developing a suitable methodology on how to perform

nanoindentation using a PLA nanofiber. The focus on PLA nanofibers instead of composite

fibers for developing the nanoindentation methodology, was designed to eliminate factors

that may influence the nanoindentation results, such as CP composition and its distribution in

the composite nanofibers. Two types of nanoindenter probes were used to perform the

nanoindentation: Berkovich and cube corner. The elastic modulus of the PLA fibers obtained

using the two probes were compared in order to select which probe should be used for further

tests. Afterwards, nanoindentations on the CP composite nanofibers were performed based on

PLA nanoindentation parameters to evaluate the elastic modulus of the composite nanofibers.

It is also important to assess the biocompatibility of nanofibers in order to determine the

potential of the nanofibers for use in tissue engineering applications. In this study, human

adipose derived stem cells (hASCs) were cultured on nanofiber scaffolds and the

biocompatibility of the nanofibers was assessed based on their ability to support hASCs

attachment and growth. hASCs were studied in this context because they are a readily
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accessible human adult mesenchymal stem cell, and are emerging as a major source of

mesenchymal cells for engineering human tissues, including fat, bone, and cartilage.[208]

4.1. Experimental

Preparation of polyaniline, P(ANI-co-m-ABA) and electrospun nanofibers of PLA,

PLA/PANI and PLA/P(ANI-co-m-ABA) was similar as previously described in Chapter 3.

PLA film prepared using PLA solution 2 w/v% in THF was used for indentation depth study

of the two probes.

4.1.1. Nanoindentation of single fibers of PLA, PLA/PANI and PLA/P(ANI-co-m-ABA) (60/40)

Nanoindentation of individual nanofibers was carried out using a Hysitron TriboIndenter (TI

950). For this purpose, a polymer solution was electrospun only for only a few seconds to

obtain a single layer of fibers on a glassy carbon plate substrate. A glassy carbon plate was

chosen for this study because of its high elastic modulus (~19 GPa). This is due to the plate

acting as “hard substrate” that is suitable for a soft sample such as polymer, thus the effect of

substrate hardness can negligible.[209] Standard three-sided pyramidal diamond probes,

Berkovich and cube corner were used. The maximum load applied was in the range of 3 to 30

μN.

4.1.2. Preparation of nanofibre mats for cell culture

The nanofibre mats were electrospun on a nylon circle designed to fit into a 96 well plate.

The nanofibres were than soaked in milli Q water for two hours. The emeraldine salt or

emeraldine base forms of the nanofibres were prepared as described above. The nanofibres

were treated using gamma irradiation of 15 – 17 kGy by MSD Animal Health New Zealand

for sterilisation purposes.

4.1.3. The probe tip calibration

Probe calibrations were carried out on a fused silica with care taken to ensure that small

displacements (2-100 nm) were accurately calibrated. Indentations at varying penetration

depths were produced and the projected contact area was computed from equation 4.1.
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4.1.4. Cell Culture

hASCs were isolated from human lipoaspirate, obtained under a protocol approved by the

Northern Region Ethics Committee, New Zealand.  Lipoaspirate was washed twice with

Dulbecco’s Modified Eagles Medium (DMEM) high glucose:Hams F12 1:1, 10% fetal

bovine serum (FBS), 100 IU/mL penicillin, 100 µg/mL streptomycin, 292 µg/mL glutamine

(PSG) (Invitrogen, Auckland, New Zealand) (hASC medium) and digested in 0.075 %

Collagenase I in phosphate buffered saline (PBS) (Invitrogen) for 45 min. Samples were

centrifuged at 700 g for 10 min, supernatants discarded, and cell pellets resuspended in hASC

medium.  Cell pellets were cultured in hASC medium at 37 ºC, 5 % CO2 until only adherent

cells remained, at which point samples were defined as hASCs.

4.1.5. Immunocytochemistry

hASCs were seeded onto all electrospun materials in a 96 well plate, or chamberslides (BD

Biosciences), 2x103 cells per sample in hASC medium, and cultured for up to 7 days.

Samples were washed twice with Tris Buffered Saline (TBS) and fixed with 4%

formaldehyde in TBS for 10 min and washed twice with TBS. Samples were permeabilised

with 0.1% Triton X100 in TBS (T-TBS) for 10 min, and then washed once with 0.1% Triton

X100 in TBS for 5 mins, followed by blocking with 0.25% casein in T-TBS for 10 min.

Samples were then incubated with anti-Ki67 monoclonal antibody diluted 1:500 (Abcam) and

anti-Vinculin monoclonal antibody diluted 1:800 (Sigma, Auckland, New Zealand) in T-TBS

supplemented with 1% FBS, for 1 h, washed once with T-TBS followed by three washes with

T-TBS with shaking for 5 min.  Samples were incubated with secondary antibody, goat anti-

mouse IgG1 Alexa 555 (Invitrogen), diluted 1:1000, goat anti-rabbit IgG Alexa 488

(Invitrogen), and DAPI nuclear stain (Invitrogen) diluted 1:2000, in T-TBS supplemented

with 1% FBS for 1 hour. This was followed by washing once with T-TBS, two washes with

T-TBS with shaking for 15 min and finally by mounting the samples using Prolong Gold

Antifade Reagent (Invitrogen) before fluorescent microscopy analysis.

4.1.6. MTS Assay

hASCs were seeded onto all electrospun materials in a 96 well plate, or chamberslides (BD

Biosciences), at 2x103 cells per sample in 100 µL of hASCs medium, and cultured for up to 7

days. Phenazine methosulfate (PMS) and 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), solutions of the MTS
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assay (Promega) were combined immediately prior to addition to the samples. The samples

were incubated at 37 ºC, 5% CO2 for 2 hours before the absorbance of the cell culture

medium was measured at 490 nm.

4.1.7. Sample preparation for SEM

The cellular constructs were harvested after 2 days of seeding, washed with TBS to remove

non-adherent cells, fixed by 8 % glutaraldehyde for 30 mins at ambient temperature,

dehydrated via a series of gradient alcohol solutions and air dried. Dry constructs were

sputter coated with platinum and observed using SEM. SEM images were obtained with

Philips XL30S Scanning Electron Microscope.

4.1.8. Statistical analysis

Significance of difference between any 2 groups was determined by the Student’s t test. A

final value of P < 0.05 was considered significant for all analyses. All probability values

reported are 2-sided. All experiments were performed in triplicates.

4.2. Results and discussion

4.2.1. Elastic modulus of PLA nanofibers measured using Berkovich probe: Fiber diameter

effect on elastic modulus

The PLA nanofibers were electrospun for only a few seconds on a substrate, in this case a

glassy carbon electrode, to obtain a monolayer of fibers, as shown in Figure 4.1 (a). A

standard probe for nanoindentation, the Berkovich probe, was used to investigate the effect of

fiber diameter on the elastic modulus of the PLA nanofibers. The same probe was used to

carry out in situ scanning probe microscopy (SPM) imaging of the nanofibers via contact

mode, where the probe tip was rastered over the sample surface using a low force (0.5 μN) to

locate the position of a single nanofiber and to perform nanoindentation at the desired

location. Figure 4.1 (b) shows a typical SPM image of the PLA nanofibers, and Fig 4.1 (c)

shows a cartoon of Berkovich probe performing in situ SPM imaging. The diameter and

height profile of the nanofibers were obtained from the height profile of the nanofiber SPM

images (Figure 4.1 (d)).

The PLA nanofiber diameters were determined based on in situ SPM images. The

diameter varied from 2.4 to 5.9 µm, which are values much higher than the average fiber
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diameters obtained from SEM images (381 ± 212 nm). This can be explained by the

Berkovich probe tip shape. The Berkovich probe has three-sided pyramidal shape with an

angle a (the angle between the axis and any of the faces) of 65.03o. While performing in situ

SPM imaging in contact mode, such a probe is rastering from one side to the opposite side,

scanning the sample to locate the nanofiber position. The Berkovich probe started to detect

nanofibers as the probe touched the nanofibers (as shown in Fig. 4.1 (c)). As the probe was

scanned over the nanofibers by applying a small force on the sample, the force caused the

fibers to experience a slight lateral deformation which likely contributed to the larger

apparent fiber diameters (Fig. 4.1 (c) II, III and IV). This would be expected since the

nanofibers were made from a soft polymeric material. Similar deformation of a sample during

nanoindentation was reported in the literature.[210]

Furthermore, the resolution of the SPM images depends on the probe shape and size; a

blunter probe gives a lower image resolution than a sharper probe. However, the fiber

diameters obtained from SPM images were used here to study the relative effect of fiber

diameter on the elastic modulus of the PLA fibers. Since this was the first study on PLA

nanofibers performed with a nanoindenter, a detailed investigation was performed to

understand nanoindentation of such a nanofiber.

Figure 4.2 (a) shows a typical load-displacement curve of a PLA nanofiber. The

nanoindentation of the PLA fibers was performed at a fixed maximum load of 10 µN. Creep

of the polymer may cause the occurrence of a characteristically round shape at peak

indentation load in the data at the corresponding loading–unloading peak which commonly

referred to as a ‘nose’. Polymer creep is a time-dependent deformation of polymers that

occurs when polymer based materials are subjected to a constant load for a period of time.

Creep may significantly affect the evaluation of the nanoindentation result since the

unloading curve will not fit into the power law assumptions contained in equation 1.1. In this

study, a 5 s holding period at maximum applied load was introduced to stabilize the creep

effect upon unloading the probe (when no ‘nose’ occurred but only a sharp shape at the peak

of loading-unloading graph).[146]



Chapter 4 – Polyaniline based nanofibers scaffold: A study of fiber mechanical properties and
adiposed derived stem cell proliferation and adhesion

94

Figure 4.1 (a) Microscope images of the nanofibers on a glassy carbon plate; (b)

topographical SPM image; (c) cartoon of a probe performing in situ SPM imaging; (d) height

profile of a PLA fiber. I-V is the position of probe tip during SPM imaging.

Figure 4.2 (b) shows the relationship of the elastic modulus and the diameter of the PLA

nanofibers. The elastic modulus was found to vary with the fiber diameter. A higher elastic

modulus was obtained for a smaller fiber diameter (less than 2.5 µm), which then leveled off

for fibers with diameters larger than 2.5 µm. This trend is in good agreement with a previous

study using AFM based nanoindentation on PLA nanofibers.[151] Lim et al.[211]
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demonstrated the polymer jet of PCL stretches to a greater extent during the electrospinning

process, and as a result a fine fiber is obtained. The drawing effect of the PCL jet resulted in

PCL fibers with a higher orientation of macromolecular chains. It was suggested that the

densely packed lamellae and fibrillar structures of PCL aligned themselves and played an

important role in increasing the mechanical properties for small diameter PCL fibers. The

fibrillar structure has a high degree of molecular orientation and provides high resistance to

axial tensile force. However, when the fiber diameter increases, the lamellae tend to

reorientate and the occurrence of alignment and fibrillar lamellae structure decreases,

resulting in reduced mechanical properties. The effect of the fiber morphology, specifically

the fiber diameter, on mechanical properties, has also been discussed by Chew et al.,[212]

Wong et al. [213] and Areinstein et al. [214]. A few factors have been taken into account in

these studies, such as the crystallinity of the polymer, surface tension and supramolecular

structure in order to understand the effect of the fiber diameter on the elastic modulus and

hardness of the fibers. However, the complete parameter space is yet to be fully understood.

To investigate whether the elastic modulus of low-diameter nanofibers were due to

substrate effects or not, a blank glassy carbon substrate was tested and a modulus of 18.9 ±

3.0 GPa was obtained. The high elastic modulus of the fiber with diameter of 2.4 μm of 14.4

± 4.2 GPa, which is close to the substrate value (18.9 GPa), might be influenced to some

extent by the presence of the hard substrate on the deformation behavior of the fiber as shown

in other studies on thin polymeric films.[215] However, the leveling off of the elastic

modulus values for fibers with diameters greater than 2.5 μm indicates that the substrate

effect is not significant beyond a certain fiber diameter. The average value of the elastic

modulus of a PLA nanofiber measured here using a Berkovich probe for the fibers with

diameters larger than 2.4 μm was 8.6 ± 0.9 GPa. The high elastic moduli of the small fibers is

also possibly due to improve crystallinity for a small fiber during electrospinning that

increase the mechanical properties of the fiber, similar to that observed by Lim et al.
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Figure 4.2 (a) A representative nanoindentation load-displacement curve for PLA. (b) Elastic

modulus of PLA nanofibers obtained using maximum load of 10 μN with different fiber

diameters (measured based on in-situ SPM images)
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4.2.2. Elastic modulus of PLA nanofibers measured using cube corner probe: comparison of the

two probes

The mechanical properties of the PLA nanofibers were further investigated by using a

cube corner probe. Due to the small displacements required in testing nanofibers and the

small diameters of the fibers themselves, the sharper and smaller diameter cube corner tip

was chosen for comparison with the standard Berkovich probe. As described in Chapter 1, the

cube corner probe has a small a angle (the angle between the axis and any of the faces, 35.26o

(as illustrated in Chapter 1, section 1.9.1.1.) and the radius of curvature (40 to 100 nm). The

nanoindentation was performed using the same parameters as the Berkovich probe where the

maximum load applied was 10 µN and fibers with a diameter of more than 2 µm were chosen

for comparative purposes. The elastic modulus of a PLA nanofiber obtained using the cube

corner probe was 2.61 ± 0.7 GPa, with a maximum displacement of 88.1 ± 19.3 nm, whereas

for Berkovich probe this value was 8.6 ± 0.9 GPa, with a maximum displacement of 42.8 ±

13.3 nm. The elastic moduli of PLA nanofibers obtained using the cube corner probe were

approximately 4 times lower compared to the Berkovich probe., The elastic moduli of the

PLA is much lower than the modulus measured for the substrate (18.9 GPa), confirming that

the results are for the fibers not influenced by substrate effect.

The differences of elastic modulus values between the two probes can be explained by

considering the probe shape. The cube corner probe has a smaller average radius of curvature

and a angle than the Berkovich probe. The sharpness of the cube corner produces a deeper

indentation penetration on soft materials such as polymers in comparison with the Berkovich

probe. Consequently, it gives a lower elastic modulus value for the PLA nanofibers than the

modulus obtained using the Berkovich probe (this is explained in detail in the following

section (4.2.3), when discussing the effect of indentation penetration on the elastic modulus

of the nanofibers).

In order to confirm the differences in indentation depth between the two probes,

nanoindentation was performed on a PLA solution cast film with a thickness of 0.5 µm. The

maximum load applied was varied from 3 to 200 μN to give a maximum displacement of 25

to 250 nm. The reason for using a film is that it is easier to perform nanoindentation on films

than nanofibers. Figure 4.3 shows the relationship between the maximum load applied and

the indentation depth of the two probes. The indentation with the Berkovich and cube corner

probes showed a linear correlation between the maximum load applied and the indentation
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depth, with gradients of 1.0 µN nm-1 and 0.5 µN nm-1, respectively. This indicates that the

Berkovich probe always gave a shallower indentation depth than the cube corner at the same

maximum load applied.

Figure 4.3 Relationship between maximum displacements and different applied loads on a

PLA film when Berkovich and cube corner probes were used. The film thickness was 0.5 μm.

4.2.3. Elastic modulus of PLA nanofibers measured using cube corner probe: effect of

indentation displacement on elastic modulus of PLA nanofibers

Based on the above comparison of the nanoindentation results of the two probes, the cube

corner probe was chosen for further investigation of the elastic modulus of PLA nanofibers at

different maximum displacements. The objective of this study was to investigate the

differences in the elastic modulus of PLA on the surface and the core of the fibers. Previous

studies have indicated that the elastic modulus of polymers at the surface is often different

from the bulk.[146] Figure 4.4 shows the elastic modulus and load-displacement curves of

the PLA nanofibers at different maximum applied loads obtained using the cube corner

probe. Results for two PLA fibers are shown, named Fiber 1 and Fiber 2, which had
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diameters of 2.1 and 2.9 µm, respectively (as measured using SPM imaging). The depth of

the indent was controlled by making the indentation at different indentation loads. A range of

maximum loads from 3 to 30 μN was applied to reach the fiber depth range from 20 to 200

nm, as shown in Figure 4.4 (a).

The relationship of the elastic modulus of PLA nanofibers with the indentation

penetration is shown in Figure 4.4 (b). The elastic modulus (E) of the nanofibers showed a

sharp fall from 10 to 5 GPa when the penetration depth was increased from 15 to 75 nm. The

E value then gradually settled at approximately 3 GPa when the indentation depth over 75

nm. This indicates that the elastic modulus of the PLA nanofibers was greatly dependent

upon the indentation depth, particularly at a shallow indentation, and become nearly

independent after a certain indentation depth. Two factors can be put forward to provide an

explanation of the trends. First, the large elastic modulus values measured near to the fiber

surface layer, when compared to the inner fiber layers, may be due to the fiber surface having

an increased exposure to light and air during fabrication, which may alter the polymer chain

organization and thus change the crystallinity.[146] A second reason for the increased

modulus may be due to an imperfect probe tip geometry.[145] Probe defects near the apex

may occur due to difficulties in achieving an ideal geometry for the probe in practice. The

non-ideal apex of the probe may lead to inaccurate results at very shallow displacements. As

shown in Figure 4.4 (b), a large range of the elastic modulus values can be clearly seen when

indentation depth was lower than 50 nm. As mentioned in the previous section, the Berkovich

probe give shallower indentation depth (near to the surface) than cube corner probe, this is

the possible explanation why the Berkovich give higher modulus than cube corner probe.
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Figure 4.4 (a) Typical load-displacement curves of PLA fibers at different applied loads. (b)

Elastic modulus and in situ SPM images (inset) of two PLA nanofibers - Fiber 1 and Fiber 2

at different maximum contact displacements.
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However, imperfections of the probe geometry near to the apex can be ruled out, in these

experiments as extra care was taken to calibrate the tip specifically at shallow depths (<100

nm). In this study, the calibration measurements performed on a sample of fused quartz

resulted in a consistent modulus for shallow depths indicating that the tip rounding had been

accounted for. The presence of tip imperfections can be usually calibrated by applying an

area function, A, of the following form:

ℎ = ℎ + ℎ + ℎ / + ℎ / +⋯ (Eq. 4.1)

where hc is indentation depth, C is a constant dependent upon the probe geometry (C for

Berkovich is 24.5 and for cube corner is 2.598).[216]

In a review paper written by Södergård et. al,[217] the elastic modulus of bulk PLA was

found to vary from 3 to 16 GPa depending on the PLA properties, processing, and the

measurement technique. However, the reports they cite did not employ nanoindentation to

measure the modulus. Most of the mechanical property measurements of PLA were

performed using bulk methods such as a tensile testing machine.[22, 218] In this study, the

elastic modulus of the electrospun PLA nanofibers obtained using cube corner probe

(indentation depth > 75 nm and fiber diameter of ~2.5 μm) here was approximately 2.61 ±

0.41 GPa; almost three times higher than previously reported by Tan et al.[151] using AFM

based-nanoindentation. However, such a comparison can often be misleading because the

values of E for many polymer systems can cover a large range, due to potential variations in

nanostructure, crystallinity, fiber size, molecular weight etc. The molecular weight,[168] as

well as the degree of crystallinity of PLA,[219] have a considerable influence on PLA’s

mechanical properties. It has been shown that the tensile modulus of PLA can increase by 2

orders of magnitude when the weight average molecular weight is doubled from 50 to 100

kDa.[220] It has also been shown that the processing methodology can influence the

mechanical properties of PLA.[168] Thus, a comparison of modulus values is only

appropriate for polymer fibers with identical molecular weights, crystallinity and processing

procedures.
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4.2.4. Elastic modulus of composite nanofibers measured using cube corner probe

The nanoindentation measurements on the composite nanofibers were performed based

on knowledge gained from the PLA nanoindentation experimentation. The cube corner probe

was chosen instead of the Berkovich probe due to its smaller size. Figure 4.5 shows the SPM

images of single fibers of PLA and composite nanofibers with fiber diameters from 1.2 to 2.4

µm (as obtained by nanoindentation imaging). The elastic moduli of the PLA, PLA/PANI and

PLA/P(ANI-co-m-ABA) composite nanofibers were measured at different maximum

displacements using a maximum load applied in the range of 3 to 30 µN. The relationship

between the elastic modulus of the nanofibers and indentation depth is shown in Figure 4.6.

The same trend as with the PLA nanofibers (Figure 4.4) was observed in the composite

nanofibers, where the elastic moduli obtained at shallow indentation depths near the

nanofiber surface were much greater than for those obtained at larger indentation depths.

The elastic modulus of the nanofibers decreased from 12 to 2 GPa when the indentation

depth increased from 25 to 75 nm. The elastic modulus leveled off at around 2-3 GPa when

the indentation depth was over 75 nm. However, for an indentation depth of more than 150

nm, the elastic value of the fibers started to increase again, as shown in Figure 4.6. At an

indentation depth of more than 150 nm, which approximates to 30 % of the fiber diameter, E

increased because the probe started to “feel” the hard substrate. This is in good agreement

with the generally accepted opinion that the depth of indentation should not exceed 30% of

the fiber diameter (or film thickness).[221] No significant different of elastic moduli of the

fibers with different composition of CP and fiber diameters was observed.

As mentioned in previous section, degree of crystallinity of the fibers is one of the factor

that may influence its mechanical properties. DSC and XRD results (see Chapter 3) indicate

that the majority of the polymer chains in the PLA component of nanofibers were in the non-

crystalline state. The degree of crystallinity of the nanofibers was much lower than that of a

cast film as a result of the electrospinning process which significantly hindered the

crystallization of the nanofibers. DSC results revealed that the ‘bulk’ crystallinity of the

nanofibers was in the range 7 - 16%; however, these data do not reveal the distribution of

crystallinity throughout the nanofiber diameter.
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Figure 4.5 SPM images of (a) PLA, (b) – (d) PLA/PANI EB with 1.7, 2.5 and 3.2 wt% of

PANI, respectively, (e) – (g) PLA/P(ANI-co-m-ABA) EB with 1.5, 3.0, 4.4, 5.8 wt% of

P(ANI-co-m-ABA), respectively.
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Figure 4.6 Elastic modulus of (a) PLA/PANI EB and (b) PLA/P(ANI-co-m-ABA) EB

composite nanofibers.
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4.2.5. Biocompatibility study of the nanofibers

4.2.5.1. Proliferation

In order to determine if the composite nanofiber materials were compatible with culturing

cells for potential tissue engineering applications, cell morphology and proliferative ability

was assessed using fluorescence microscopy and the MTS assay, respectively.

PLA/emeraldine salt (ES, conducting form) and PLA/emeraldine base (EB, non-conducting

form) CP composite nanofiber scaffolds (fibers mats of both with PANI and P(ANI-co-m-

ABA)) were seeded with  2000 hASCs per sample and cultured for up to 7 days. Cell

proliferation at two hours (day 0), day 3 and day 7 was assessed by the MTS assay, and is

summarized in Figure 4.7 (and repeats in Figure A2.1 (Appendix 2)).

Two hours (day 0) after seeding 2000 cells into each well an MTS assay was performed

for each material to establish a baseline reading from which we could compare MTS assay

results after 3 and 7 days of culturing. There were some small variations in the MTS assay

results between samples after 2 hours (day 0), which were most likely due to cell seeding

(Figure 4.7). These small variations seen in the MTS assay at day 0 did not seem to affect the

results after 7 days of culturing, when there was no significant difference observed between

any of the materials and PLA (Figure 4.7). After 3 days in culture, the MTS assay results

showed that hASCs had proliferated on all the materials, and there was a significant increase

in MTS assay reading from day 0 to day 3 for all materials (Figure 4.7). Proliferation

continued on all materials, except for PLA, from 3 to 7 days in culture, as shown by a

significant increase in the MTS assay reading (Figure 4.7). Although the mean MTS assay

reading increase for PLA from day 3 to day 7 in culture was similar to all of the other

materials it was not significant due to a single outlier (Figure 4.7).

The significant increase in hASC number on all composite nanofibers after 3 and 7 days

in culture, indicates that hASCs are capable of proliferation on all composite nanofibers,

similar to PLA nanofibers and a TCS (Figure A2.1 (Appendix 2)). After 3 and 7 days in

culture, there was no significant difference in hASC cell numbers between the different

composite electrospun materials and PLA, indicating that any variations between material

compositions did not affect hASC proliferation (Figure 4.7). The results from a replicate

experiment, (Figure A2.1 (Appendix 2)), had the same trend to the results shown in Figure

4.7. Again there were some small variations with the day 0 MTS assay readings, but there

was no significant difference in the MTS assay readings compared to PLA for any of the
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materials after 7 days in culture (Figure A2.1 (Appendix 2)). One difference between the

replicate experiments was that, although there was a significant increase in MTS assay

readings from day 0 to day 3 for all materials, not all of the materials showed a significant

increase from day 3 to day 7 (Figure A2.1 (Appendix 2)). This difference could have been

due to variations in cell seeding between replicate experiments, resulting in samples in the

second experiment reaching confluence sooner than in the first experiment.

Microscope images of hASCs cultured on conductive nanofibers for 3 and 7 days are

shown in Figure 4.9. After 3 days in culture most cells had a fibroblastic like morphology,

with variation in the size and number of cellular extensions present. It appears that most cells

were in a proliferative state on the nanofiber materials after 3 days in culture, as indicated by

positive Ki67 staining (green) (Figure 4.9), indicating that the cells were proliferating on all

the nanofiber materials after 3 days in culture. After 7 days in culture the proportion of Ki67

positive cells declined, consistent with the increasing confluence of the cultures (Figure 4.9).

The variability in cell morphology that can be seen between different composite nanofiber

materials after 3 days in culture had almost completely disappeared after 7 days in culture, as

the hASC had a much closer proximity with neighboring cells and the cell borders became

harder to discriminate (Figure 4.9).
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Figure 4.7 Cell proliferations on PLA and composite nanofibers at day 0, day 3 and 7 of

culture. Error bars correspond to standard deviations for n=3. * denotes P < 0.05, values are

significantly different from the values for PLA nanofibers.

In routine culture treated glass substrate (TCS), after 3 and 7 days in culture, cells had a

comparable morphology to that seen on the electrospun nanofibers.  These results indicate

that our electrospun composite nanofiber materials based on PANI and P(ANI-co-m-ABA)

provide good support for cell adhesion, survival and proliferation in both the conducting and

non-conducting forms of the polymers.
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4.2.5.2. Focal adhesion development

The function of a focal adhesion (FA) is beyond that of simple anchoring of a cell, it also

functions as part of several important signaling pathways. Focal adhesions consist of integrin-

type receptors and are intracellularly associated with protein complexes containing vinculin

(universal focal adhesion marker), talin, α-actinin, paxillin, tensin, zyxin and focal adhesion

kinase.[222] The integrins of focal adhesions bind to the extracellular matrix (ECM)

components (e.g. fibronectin) and cluster together (Figure 4.8). This drives an assembly of

proteins on the cytoskeleton, linking integrins to bundles of actin filaments. This linkage is an

integral part of acting as a bidirectional mechanosensor to transmit and transduce mechanical

information between the cell interior and the surroundings, such as the density and stiffness

of substrate.[223-225] Previous studies have shown that the mechanical stimuli individually

can strongly influence stem cell growth and differentiation in vivo and in vitro.[226]

The development and maturation of FAs involve the transmission and transduction of

mechanical forces of between cells and the substrate. The stiffness of the substrate has a

major influence in this process. [142, 227] On a hard substrate, generally large forces are

formed by cells, which direct the development of mature FAs and a highly organized

cytoskeleton with rich stress fibers.[142] Conversely, a soft substrate is unable to provide

sufficient stress to allow development of these large and cell-generated forces. Consequently,

fewer stress fibers are formed and lesser forces are generated.[142] The changes in

cytoskeleton arrangement further influence the shape of the cells which in turn can regulate

differentiation of stem cells.[228]

To assess the spatial distribution of focal adhesion, contacts cells were fluorescently

stained to visualize vinculin. As shown in Figure 4.9 and Figure 4.10, the intense vinculin

staining seen is evidence of well-established focal adhesions [229] in most hASCs on all

nanofiber materials after 7 days in culture, and similar to a TCS control. However, after 3

days of culture, there were some differences of FAs in hASCs observed among the

nanofibers. In general, on day 3, FAs were hardly seen in most of the cells on PLA compared

to the composite nanofibers (Figure 4.9 and Figure 4.10). The FAs and cell morphology of

the cells on day 7 were not affected by the variation of FAs at day 3. Instead at day 7 the cells

on all of the materials were generally well spread with an abundance of FAs. We therefore

interpret the difference at day 3 as a material dependant delay in cell attachment, spreading

and focal adhesion formation on the PLA fibers in particular (Figure 4.9 and Figure 4.10).
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.

Figure 4.8 Tension of the ECM can induce stretch of the cytoskeleton and nucleus through

focal adhesion, while compression of the ECM can significantly alter local charge density

and ion concentrations, potentially activating osmotically sensitive ion channels. Modified

from [226].

Figure 4.11 shows SEM images of hASCs on different composite nanofiber scaffolds at

day 7. Similar to the fluorescence images, SEM shows that the cells are well spread on the

surface of the nanofibers. From the SEM images there was no evidence of cells penetrating

into the nanofiber scaffolds and it seems that the cells were only growing on the surface.

Cells cultured on electrospun scaffolds often adhere to the surface of the scaffolds with

minimum penetration.[230] This is possibly due to the structure of the fiber scaffolds that

have a combination of small space between fibers, fiber diameters, size of the cells and the

chemical and interfacial properties of the fibers. While in these instances the cells do not

migrate into the scaffold, it is still uniquely different from a 2D planar surface, as the cells

receive nutrients and growth cues three-dimensionally.[230] The SEM images of the day 7

culture confirmed that cell-seeded fibers did not degrade or delaminate during 7 days of

culturing.
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Figure 4.9 Fluorescence images of hASCs on controls (PLA nanofibers) and composite

nanofibers of different composition (as marked in the figure) of the CP in emeraldine salt

form. Blue is staining the nucleus, green is Ki67 and red is vinculin. Images were taken using

a 40x objective. Scale bar 10 μm (zoom 4x)
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Figure 4.10 Fluorescence images of hASCs on PLA and emeraldine base form of the

composite nanofibers (as marked in the figure). Blue is staining the nucleus, green is Ki67

and red is vinculin. Images were taken using a 40x objective. The image contrast and

brightness were adjusted to reveal the focal adhesion.
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Figure 4.11 SEM images of hASCs cultured on (a) PLA/PANI 1.7 wt% (b) PLA/P(ANI-co-

m-ABA) EB 5.8 wt% (c) and (d) PLA/P(ANI-co-m-ABA) ES 3.0 wt% for 7 days.

The values of the elastic modulus of a single nanofiber at different indentation depths is

important, as in the early stages of cell culture on nanofibers mats, the cells make initial

contact with the surface of the fiber mats. Nanoindentation results here showed that the

stiffness of the PLA and CP composite nanofibers was very high (both at the fiber surface

and the core) compared to the range of elastic modulus values generally sensed by cells in

vivo (muscle ~12 kPa,[231] human skin ~129 kPa,[232] and blood vessels ~10 MPa [233]. In

vitro, a range of cells have been shown to respond to a difference in the elastic modulus of

the substrate up to an elastic modulus of about 10kPa.[234, 235] Therefore the cells are likely

to sense the fibers as rigid and any differences in the rigidity of the fibers are not expected to
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be in the range that can be sensed by cells. The cell culture results discussed above showed a

slight variation of FA formation on day 3 in the culture media, arguably due to different cues

the cells received from the surface of the materials; however, in more general terms, both

proliferation and cell adhesion were not affected by variations in nanofiber properties, at least

in the investigated composition ranges. Also, importantly, the proliferation and cell adhesion

were observed to be equally well established for both conductive (ES) and non-conductive

(EB) forms of the composite nanofiber mats, ensuring that these can be used as substrates

with an active function, for example, in electrically addressing the cells. The porosity of these

mats would provide cells with a good supply of nutrients and with metabolic waste diffusion,

as discussed by others,[236] and the carboxylic acid functional group of P(ANI-co-m-ABA)

offers the possibility for further functionalization with chemical and biological moieties.

4.3. Summary

In conclusion, we have made composite nanofiber scaffolds of PLA and the conducting

polymer polyaniline and its copolymer with m-aminobenzoic acid by electrospinning. The

scaffolds were composed of fibers in the 150 nm diameter size range with a conducting

polymer content of up to 5.8 wt%, using either the conducting–emeraldine salt or the non-

conducting–emeraldine base forms of polyaniline. These nanofiber scaffolds have been

shown to be excellent substrates for human adipose derived stem cell (hASC) adhesion and

proliferation, similar to control surfaces, with the added functionality of electrical

conductivity and the presence of carboxylic acid group that may be used for further

functionalization. This functionalization can include grafting of biological moieties (e.g. for

further cell adhesion), or attachment of other functional groups (e.g. PEG groups to prevent

non-specific protein adhesion). In an attempt to relate the fibers’ mechanical properties to

their function as cell tissue substrates, the degree of crystallinity of the fibers was determined,

and, for the first time, the elastic modulus of the single conducting polymers-containing

composite nanofibers. A low crystallinity (8-16 %) and high elastic modulus (in GPa range,

and higher at lower nanoindenter probe penetration depths) were found for these materials;

the variations in these properties for the various nanofibers investigated in this report were

not sensed by the hASCs to any significant extent.
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Chapter 5. Poly(6,6'-((2-methyl-5-((E)-4-((E)-prop-1-en-1-yl)styryl)-1,4-

phenylene)bis(oxy))dihexanoic acid) (PDMP) based nanofibers for

biosensor applications

Poly(p-phenylene vinylene) is a well-known luminescent conducting polymer. Recently,

considerable research has been focused on the synthesis of PPV derivatives for chemo- or

bio-sensors. [114, 133] In this study, a novel derivative of PPV, poly(6,6'-((2-methyl-5-((E)-

4-((E)-prop-1-en-1-yl)styryl)-1,4-phenylene)bis(oxy))dihexanoic acid) (PDMP), with the

structure shown in Figure 5.1, was blended with PLA to form nanofibers using the

electrospinning technique. The PDMP was synthesized by Mrs Anupama and the synthesis

procedure of the PDMP is given in Appendix 3. This chapter focuses on the electrospinning

of PDMP based nanofibers, their characterization and the application of these nanofibers in

biosensing.

Figure 5.1 Poly(6,6'-((2-methyl-5-((E)-4-((E)-prop-1-en-1-yl)styryl)-1,4-

phenylene)bis(oxy))dihexanoic acid) (PDMP) chemical structure.
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Poly(lactic acid) was once again chosen to be blend with PDMP in this study. Taking

advantage of the biodegradable and biocompatible properties of PLA, electrospun

PLA/PDMP composite nanofibers have the potential to be used as biodegradable biosensors.

PLA was solution blended with PDMP and electrospun to form nanofibers using the

electrospinning technique. The results presented in this chapter showed that these fibers

provide high porosity allowing for easy analyte diffusion into and out the fiber mats, while

the high surface area of the nanofibers increased the occurrence of interactions between the

analyte and the probe at the fiber surface. These properties are considered to be highly

beneficial for biosensing and other applications.

5.1. Experimental procedure

5.1.1. Materials

Poly(lactic acid), with Mw = 160,631 g mol-1 and Mn = 73,289 g mol-1, was a 2002D,

purchased from Natureworks Co., Minnetonka, USA, the same as in Chapters 3 and 4.

Tetrabutylammonium chloride (TBAC, Fluka), N,N-dimethylformamide (DMF, Sigma-

Aldrich), chloroform (CHCl3, ECP), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride (EDC, Sigma-Aldrich) and N-hydroxysuccinimide (NHS, Sigma Aldirch) were

used as received. Custom oligonucleotides were obtained from Alpha DNA. The

oligonucleotide (ODN) capture probes (denoted as capODN) were amino modified at their 5’

end with the sequence NH2-ATA CTC ATC-3’. The sequences of complementary and non-

complementary target ODNs used in hybridization experiments were 5’-GAT GAG TAT

TGA TGC CGA-3’ and 5’-TCG TCA CCA ACT CTG ATC-3’, respectively. HPLC purified

5’-end Cy3 modified signal probes (denoted as signal probe ODN-Cy3) with the sequence 5’-

TCG GCA TCA-3’ were used. 5’-end Alexa Fluor 555 modified signal probe 5’-A TCG

GCA TCA-3’ (denoted as signal probe ODN-Alex555) was purchased from Invitrogen New

Zealand Limited. Stock solutions of capODN were prepared in a pH 5.6 phosphate buffer

solution (PBS) while complementary, non-complementary ODNs and signal probe ODN

were prepared in an SSC buffer. The oligonucleotide solutions were stored in a freezer until

used. All aqueous solutions were prepared using Milli-Q water.
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5.1.2. Electrospun PLA/PDMP nanofibers

1 mg of PDMP powder was dissolved in 2 mL of DMF at room temperature to give a

concentration of 0.5 mg mL-1. The polymer solutions were filtered through a qualitative filter

paper to remove residues. The PDMP solution in DMF was added to the PLA solution in

chloroform and the ratio of DMF to chloroform was fixed at 1 to 1 (by volume). Various

compositions of PDMP to PLA were prepared by varying the concentration of the PLA

solution in chloroform and concentration of PDMP was kept constant. Details of the amounts

of PLA and PDMP are summarized in Table 5.1. Due to the low solubility of PDMP in DMF,

0.01 M of TBAC was added to the solution to increase the polymer solution conductivity and

thus to limit beads formation.[237] The mixed solutions were then stirred for 30 minutes until

all of the the TBAC was dissolved. “PLA0.5 and PLA1” were prepared from solution

composition similar to PLA/PDMP 0.5 wt% and PLA/PDMP 1 wt% respectively, but absent

of PDMP in the solution. PLA/PDMP without addition of TBAC is denoted as “wo TBAC”.

The nanofibers of PLA0.5, PLA1 and wo TBAC were prepared with keeping all of the other

parameters constant, so that the effect of PDMP and TBAC can be clearly observed. The

PLA/PDMP solution was added to a 5 mL glass syringe with an 18G stainless steel needle

and electrospun using a 12 kV voltage, 0.4 mL h-1 pump rate and a 10 cm distance between

needle tip and collector. The humidity during the electrospinning was in the range of 45 – 55

% and a temperature of 25 ± 2 oC. The nanofibers were electrospun onto microscope glass

slides of 6.4 x 1.5 cm size, which were placed on an aluminum foil.

The effect of TBAC concentration on the fiber morphology was investigated by

varying the salt concentration in the PLA/PDMP 0.5 wt% solutions: 0, 0.0025 M, 0.005 M,

0.01 M, 0.02 M, 0.05 M and 0.1 M. All of the electrospinning parameters were kept constant

(12 kV voltage, 0.4 mL h-1 pump rate and a 10 cm distance between needle tip and collector)

and the duration of electrospinning was fixed at 1 h. The same electrospinning parameters

were used in study of the effect of different electrospinning times (30 s, 1 min, 10 min, 20

min, 45 min and 1 h), and the TBAC concentration was keep constant at 0.01 M. The

morphology of the obtained nanofibers was studied using SEM. The fiber diameters were

determined from SEM images, using the same approach as in Chapters 3 and 4. The

conductivity of the PLA and PLA/PDMP solution was measured using a MeterLab

conductivity meter model CDM210 at room temperature.
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The preparation of PLA/PDMP-COOMe is similar to PLA/PDMP. PDMP-COOMe solution

in DMF with concentration of 0.5 mg mL-1 was prepared at room temperature. The solutions

were then filtered through filter paper. The PDMP-COOMe solution was poured into the PLA

solution in chloroform and the proportion of PDMP-COOMe to PLA solution was fixed at 1

to 1 (v/v). The various compositions of PDMP-COOMe in PLA/PDMP-COOMe nanofiber

were obtained by varying the concentration of the PLA solution in chloroform, while

concentration of PDMP was kept constant (0.5 mg mL-1). 0.01 M of TBAC was added to the

solution to increase the solution conductivity.

5.1.3. Determination of carboxylic group density

The toluidine blue surface derivatisation method[238] was used to determine the density of

carboxylic acid groups on the PLA/PDMP nanofibers. A PLA/PDMP nanofiber mat on a

microscope glass slide, with a size of 6.4 cm x 1.5 cm, was incubated in 5 mL of toluidine

blue solution (0.2 mM) in 0.1 mM NaOH for 1 h in a water bath at 40 oC. Each free

carboxylic acid group on the surface of the nanofibers was assumed to bind one molecule of

toluidine blue. The nanofiber mat surface was taken out of the solution, rinsed 2 times with

0.1 mM NaOH and placed in a dry plastic centrifuge tube. 2.5 mL of 50 % acetic acid was

added to the nanofibers and incubated for 30 min at 40 oC to release the bound toluidine blue

into the solution. The absorbance of the solutions was measured with a Shimadzu UV-

2102PC spectrophotometer. The number of reactive carboxylic acid groups in the samples

was determined from a calibration graph of the absorbance of toluidine blue at λmax 630 nm

versus toluidine blue concentrations.

5.1.4. PLA/PDMP nanofibers for DNA detection

5.1.4.1. Immobilization of capture probes ODN to the nanofibers

PLA/PDMP nanofibers were electrospun onto a microscope glass slide with a size of 6.5 cm

x 1.5 cm. The sample was put in PBS buffer (pH 5.6) for 15 mins to remove solvent residues

from the electrospinning process. CapODNs were covalently attached to PLA/PDMP

nanofibers through the reaction between the amino groups of the probes and the carboxylic

groups on the PLA/PDMP nanofiber surface using standard carbodiimide chemistry with

EDC and NHS. EDC was used to activate the carboxyl groups and NHS to stabilize the active

amine-reactive intermediates.[239] A 2 mL solution of ODN probes with concentration of 2

μM was mixed with NHS (0.17 mM) and EDC (0.09 mM) in PBS buffer (pH 5.4) and put on



Chapter 5 – PDMP based nanofibers for biosensors application

118

the PLA/PDMP nanofibers overnight at room temperature. The nanofibers were then rinsed

with PBS buffer to eliminate unreacted capODNs.

5.1.4.2. Hybridization of complementary and non-complementary target ODN

Hybridization of complementary and non-complementary target ODN was performed in 100

mM NaCl and 10 mM sodium citrate (SSC buffer). The stock solution of target ODN was

diluted in SSC buffer to obtain the concentration of interest. The target ODN was left for 1 h

at room temperature to allow hybridization with capODN. The sample was then removed

from the solution of target ODN and placed in the solution of the signal probe ODN to

hybridize for 1 h.

To test the sensitivity of FRET-based detection of complementary target ODN, sensing was

performed with a range of concentrations of target ODN and compared with the results for

non-complementary ODNs. The procedure was similar to above, however the target ODN

was added in a sequence from low (10-12 M) to high concentrations (10-6 M), while the signal

probe ODN-Cy3 concentration was fixed at 10-6 M. The fluorescence intensity of a mat

obtained from PLA/PDMP (1 wt%) solution was measured after incubation with each

concentration of target ODN.

5.2. Characterization

Spectroscopic studies of the nanofibers were carried out using ATR-FTIR and Raman

spectroscopies. For Raman spectroscopy a 785 nm laser beam was employed. A scanning

electron microscope (SEM) was used to image the nanofiber morphology. SEM images were

obtained with Philips XL30S Scanning Electron Microscope. Fluorescence spectra of the

nanofibers and DNA were recorded in PBS using a Perkin Elmer luminescence spectrometer

(Model Ls55). UV-Vis spectra of nanofibers were recorded with a Shimadzu UV-2102PC

spectrophotometer at room temperature.
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5.3. Result and discussion

5.3.1. Preparation and characterizations of PLA/PDMP nanofibers

5.3.1.1. Electrospinning of PLA/PDMP nanofibers of different PDMP composition

PLA/PDMP nanofibers with compositions from 0.25 to 1 wt% of PDMP were prepared.

The morphology of the PLA/PDMP nanofibers was studied using scanning electron

microscopy (SEM). Figure 5.2 shows the SEM images of the PLA/PDMP blend fibers.

Details about the composition of the composite nanofibers, the properties of the PLA/PDMP

blend solution and nanofibers are summarized in Table 5.1. PLA nanofibers (without PDMP)

are denoted as “PLA0.5 and PLA1” (Figure 5.2 (d) and (h)) and PLA/PDMP without addition

of TBAC are denoted as “wo TBAC” (Figure 5.2 (c) and (g)). 0.01 M of TBAC was added to

the PLA/PDMP solutions to increase the ionic conductivity of the solution. The PLA/PDMP

nanofiber compositions are summarized in Table 5.1.

As shown in Figure 5.2, in samples prepared without additional TBAC in PLA/PDMP

solution, beaded nanofibers were formed. Nanofibers produced from PLA/PDMP blend

solution of 0.25 to 1 wt% of PDMP with the addition of 0.01 M TBAC had a smooth

morphology with just occasional beads present or without any beads. An interesting

morphology was observed when the PDMP composition was from 0.5 to 1 wt%. Here the

fibers showed a tendency to stack one on top of the other to build a pattern resembling walls

of honeycomb and to create a “pore structure”. The size of the “pores’ in this structure varied

with different amounts of PDMP incorporated. Additionally, finer fibers were also formed

within the pore structures providing a very high surface area and porosity to the fiber mats.

The average fiber diameters for samples obtained with PDMP were in the range from 0.25 to

0.5 wt%, and with 0.01 M TBAC were almost unchanged at 56-58 nm. However, the

diameter was slightly higher when the PDMP composition was 0.75 wt% (average fiber

diameter of 114 nm) and it was lowered to ~ 50 nm when PDMP proportion in the composite

fiber increased to 1 wt%.

As expected, the conductivity of the PLA/PDMP solution was very low without TBAC (<

10 μS cm-1) (Table 5.1). The SEM images of the nanofibers produced from electrospinning of

PLA/PDMP 0.5 wt% wo TBAC solution showed a significantly higher formation of beads

compared to PLA/PDMP 0.5 wt% with TBAC. These nanofibers also showed a random

orientation with no “pore structure” formation, as discussed above (Figure 5.2 (c)). This
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observation confirms that the addition of TBAC assisted in the prevention of bead formation,

as the TBAC increased the PLA/PDMP 0.5 wt% solution conductivity from 7 to 233 µS cm-1,

as shown in Table 5.1. Interestingly, the morphology of PLA/PDMP 1 wt% without addition

of TBAC to the solution (Figure 5.2 (g)) was similar to PLA/PDMP with TBAC (Figure 5.2

(f)), where a “pore structure” morphology was obtained with irregularities in the appearance

of the beads. However, when PLA1 (Figure 5.2 (h)), a random orientation of fibers with a

large number of beads was produced. In order to understand the interesting “pores structure”

morphology of PLA/PDMP, the effect of TBAC concentration on the morphology of

PLA/PDMP nanofibers was studied and is discussed in the following section.



Table 5.1 Composition of PLA/PDMP nanofibers.

Sample wt% of
PDMP in
composite
nanofibers

PLA
(mg) in
1 mL

CHCl3

PDMP (mg) in 1
mL DMF

(concentration
of 0.5 mg mL-1)

TBAC
(M)

Polymers blend
solution

conductivity
(µS cm-1)

Fibers morphology Average
fiber

diameter
(nm)

PLA/PDMP
0.25 wt%

0.25 200 0.5 0.01 172
Random orientation with
occasional bead formed

56 ± 21

PLA/PDMP
0.5 wt%

0.5 100 0.5 0.01 233
“Pores structure” with no

beads formed
58 ± 20

PLA/PDMP
0.5 wt% wo
TBAC

0.5 100 0.5 - 7
Random orientation with
occasional bead formed 62 ± 23

PLA0.5 0.5 100 - 0.01 211
Random orientation with no

bead formed
322 ± 133

PLA/PDMP
0.75 wt%

0.75 67 0.5 0.01 243
“Pores structure” with no

beads formed
114 ± 42

PLA/PDMP
1 wt%

1 50 0.5 0.01 265
“Pores structure” with

occasional beads formed
63 ± 29

PLA/PDMP
1 wt% wo
TBAC

1 100 0.5 - 6
“Pores structure” with

occasional beads formed 53 ± 31

PLA1 1 100 - 0.01 216
Random orientation with

many beads formed
-

121
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Figure 5.2 SEM images of PLA/PDMP nanofibers with various compositions of PDMP: (a)

0.25 wt%, (b) 0.5 wt%, (c) 0.5 wt% wo TBAC, (d) PLA0.5, (e) 0.75 wt%, (f) 1 wt%, (g) 1 wt%

wo TBAC, (h) PLA1. The scale bar of inset image is 2 µm and 20000x magnification.
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5.3.1.2. Electrospinning of PLA/PDMP 0.5 wt% nanofibers: effect of TBAC concentrations

As mentioned above, TBAC was seen to improve the morphology of the nanofibers by

lowering or eliminating the formation of beads. The presence of TBAC and PDMP was

shown to induce “pore structure” in the mat. In this study, TBAC was mixed with

PLA/PDMP solution at different molar concentrations to study the effect of the TBAC salt on

the conductivity of the polymers blend solution, the morphology of the nanofibers, the bead

formation and the fiber diameter. The results are summarized in Table 5.2. In this series of

experiments, the composition of PDMP was fixed at 0.5 wt% and the electrospinning

duration time was set at 1 h. All other electrospinning parameters such as pump rate, the high

voltage applied, the distance between the tip and the collector were kept constant at 0.4 mL h-

1, 12 kV and 10 cm, respectively. Figure 5.3 shows the SEM images of the PLA/PDMP 0.5

wt% composite nanofibers. The fiber diameter of PLA/PDMP 0.5 wt% determined from the

SEM images was 60-80 nm for TBAC less than 0.01 M, and then was increased to 100-140

nm when TBAC concentration rose to 0.02-0.1 M. Without PDMP  the fiber diameter was

approximately 300 nm, the largest fiber diameter among the other composition in Table 5.2.

The SEM image in Figure 5.3 (a) shows that a significant number of beads were

generated from the PLA/PDMP 0.5 wt% without TBAC, and the fibers had a random

orientation. The conductivity of the PLA/PDMP 0.5 wt% blend solution increased from 7 to

104 µS cm-1 with the addition of as little as 0.0025 M of TBAC (Table 5.2). The nanofibers

produced from the solution had very few beads and a “pore structure” with small sized pores

appeared. Most of the fibers clump together but there was no sign of the fibers stacking up

(Figure 5.3 (b)). With a further increase in the TBAC concentration to 0.005 M, the

conductivity of the PLA/PDMP solution increased from 104 to 124 µS cm-1. The fibers

started to stack together with a buildup of the same pattern and the formation of “walls” that

creates “pores structure”. The “pore” size formed in the sample obtained with 0.005 M TBAC

addition were larger compared to the fiber mat obtained with 0.0025 M TBAC, and the beads

formation was completely absent. This indicates that the addition of TBAC as low as 0.005

M was sufficient to produce smooth fibers without beads.
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Table 5.2 Salt effect on Electrospun PLA/PDMP 0.5 wt% nanofibers

Sample TBAC

concentration

(M)

Polymers

blend solution

conductivity

(μS cm-1)

Morphology of the

nanofibers

Average

fibers

diameters

(nm)

PLA/PDMP 0.5 wt%

wo TBAC
0 7

Random orientation

with occasional beads
62 ± 23

PLA/PDMP 0.5 wt% 0.0025 104
Pores structure and no

beads
84 ± 23

PLA/PDMP 0.5 wt% 0.005 124
Pores structure and no

beads
84 ± 14

PLA/PDMP 0.5 wt% 0.01 233
Pores structure and no

beads
58 ± 20

PLA/PDMP 0.5 wt% 0.02 388
Pores structure and no

beads
105 ± 53

PLA/PDMP 0.5 wt% 0.05 932
Pores structure and no

beads
110 ± 56

PLA/PDMP 0.5 wt% 0.1 1542
Random orientation and

no beads
135 ± 86

PLA0.5 0.01 211
Random orientation and

no beads
322 ± 133
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Figure 5.3 The SEM images of PLA/PDMP 0.5 wt% nanofibers electrospun with various

composition of organic salt (TBAC) concentrations (500x magnification): (a) 0 M (wo

TBAC), (b) 0.0025 M, (c) 0.005 M, (d) 0.01 M, (e) 0.02 M, (f) 0.05 M, (g) 0.1 M, and (h)

PLA0.5 0.01 M . Inset image has a scale bar of 5 µm with 10000x magnification.
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The size of  the “pores” further increased with an increase in TBAC concentration until it

reached the maximum pore size formed at 0.01 M TBAC. The “pores” became smaller again

when the TBAC concentrations increased further from 0.01 M to 0.05 M. Overall, the “pore

structure” morphology of the nanofibers was produced when the TBAC concentration was in

the range of 0.0025 to 0.02 M. When the TBAC concentration was 0.05 M and higher, the

nanofibers formed were similar to common randomly orientated fiber mats. The fiber mat of

PLA/PDMP 0.5 wt% without TBAC (wo TBAC), shown in Figure 5.3 (h), also had a random

orientation of fibers without stacking of the fibers one onto another and without the “pore

structure” formed. These fibers also had an abundant number of beads. Figure 5.4 shows that

the conductivity of the polymer blend solution increased linearly from 7 to 1542 μS cm-1 with

an increase of TBAC concentration from 0 to 0.1 M. The importance of the solution

conductivity will be discussed later in this chapter.

Figure 5.4 Conductivity of PLA/PDMP 0.5 wt% solutions at various TBAC concentrations.

0.00 0.02 0.04 0.06 0.08 0.10
-200

0

200

400

600

800

1000

1200

1400

1600

C
on

du
ct

iv
ity

 (
S 

cm
-1
)

TBAC (M)



Chapter 5 – PDMP based nanofibers for biosensors application

127

5.3.1.3. Electrospinning of PLA/PDMP 0.5 wt% nanofibers: effect of electrospinning time on the

morphology of the nanofibers mats

As shown in Figure 5.3, PLA/PDMP 0.5 wt% fiber mats had a very interesting and

intriguing morphology. To understand the development of the “pore structure” morphology

over time, PLA/PDMP 0.5 wt% with a fixed TBAC concentration at 0.01 M was electrospun

and samples taken at different electrospinning duration times from 30 s to 1 hour (Figure

5.5). At the early stages of electrospinning, for the duration of electrospinning less than 1

minute, the nanofibers formed as a thin layer with a random fiber orientation. For the

duration of electrospinning of 10 minutes, a random orientation of the nanofiber mats was

still obtained. However, the SEM image revealed that some of the nanofibers were clustered

together (marked with an arrow in Figure 5.5 (c)-(d)). This could be the beginning of the

formation of stacked nanofibers to develop a “wall” of “pore structure”. An apparent “pore

structure” was observed with electrospinning for 30 minutes and longer, as shown in Figure

5.5 (e) and (f). The nanofibers appeared as slightly ‘melted’, most probably caused by the use

an old model of SEM gold sputterer in this particular experiment (as the new one that was

shown in the other experiments was not available at the time). This was confirmed by

comparing Figure 5.5 with the SEM images of PLA/PDMP 0.5 wt% taken using the newer

model coater, as shown in Figure 5.2. In Figure 5.2 no melted nanofibers were observed.

5.3.1.4. Electrospinning of PLA/PDMP-COOMe 0.5 wt% nanofibers: role of carboxylic acid in

the “pore structure” formation

The mechanism how the fibers stack and build up to form the “pore structure” still

remains unclear. A possible reason for the formation of such a structure is the interactions

that occur between the TBAC salt and the free carboxylic acid functionality of the PDMP

backbone via ion exchange, since the experiments showed that both salt and the presence of

PDMP are essential in the formation of such a unique structure. As shown in Figure 5.2 (b) –

(d), PLA/PDMP 0.5 wt%, in the absence of either TBAC or PDMP, the “pore structure” was

not observed and only randomly oriented fibers were formed. In order to investigate the role

of the carboxylic group of PDMP on the formation of the “pore structure”, PLA was

electrospun with poly(dimethyl-6,6’-((2-methyl-5-((E)-4-((E)-prop-1-en-1-yl)styryl)-1,4-

phenylene)bis(oxy))dihexanoate) (PDMP-COOMe) using the same electrospinning

parameters as with PLA/PDMP. The PLA/PDMP-COOMe solutions at different weight

percentages of PDMP-COOMe were electrospun with TBAC or without TBAC for
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Figure 5.5 SEM images of PLA/PDMP 0.5 wt% 0.01 M TBAC at different electrospinning

times: (a) 30 s, (b) 1 min, (c) – (d) 10 mins, (e) – (f) 20 mins, and (g) – (h) 45 mins.
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comparison. The PDMP-COOMe chemical structure was similar to PDMP with the only

difference being that the end functional group of PDMP-COOMe was a methyl ester (Figure

5.6) rather then a free carboxylic acid group (Figure 5.1). Figure 5.7 shows the SEM images

of electrospun PLA/PDMP-COOMe nanofibers. Comparable to PDMP, PLA/PDMP-

COOMe with a low weight percentage of PDMP-COOMe was incorporated into the

nanofibers (0.25 wt%) and showed no “pore structure”, but only randomly oriented fibers in

the mat. After the weight percentage of PDMP-COOMe increased to 0.5 wt% and TBAC was

added, the “pore structure” formed.

Figure 5.6 Poly(dimethyl-6,6’-((2-methyl-5-((E)-4-((E)-prop-1-en-1-yl)styryl)-1,4-

phenylene)bis(oxy))dihexanoate) (PDMP-COOMe).



Chapter 5 – PDMP based nanofibers for biosensors application

130

Table 5.3 Electrospun PLA/PDMP-COOMe nanofibers.

PDMP-COOMe

wt% in

PLA/PDMP-

COOMe

TBAC

concentration

(M)

PLA/PDMP-

COOMe

solution

conductivity

(μS cm-1)

Morphology of the

nanofibers

Average

fibers

diameters

(nm)

0.25 0 2.45

Random

orientation with

occasional beads

149 ± 66

0.25 0.01 176

Random

orientation and no

beads occurred

275 ± 137

0.5 0 2.39

Random

orientation  with

an abundance of

beads

79 ± 21

0.5 0.01 219
Pore structure and

no beads occurred
102 ± 59

1.0 0 3.13

Random

orientation and no

beads occurred

65 ± 16

1.0 0.01 245.9

Pore structure

with occasional of

bead

-
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A further increase in the weight percentage of PDMP-COOMe to 1 wt% caused less fiber

formation, and the average fiber diameter was larger than in the case of 0.25 and 0.5 wt% of

PDMP-COOMe. No well-defined “pore structure” was observed as previously, however fiber

stacking was noticeable creating a structure very similar to the “pore structure”. As shown in

Table 5.3, the fiber diameter of PLA/PDMP-COOMe electrospun with 0.01 M TBAC

decreases from 275 to 100 nm, while wo TBAC, it reduces from 150 to 80 nm when the

PDMP-COOMe increased from 0.25 to 0.5 wt%.

As mentioned previously in Chapter 1, the ionic conductivity of the polymer solution is

one of the electrospinning parameters that affect the morphology of fibers formed. The

polymer solution should store an adequate amount of charge that can create internal repulsive

forces to overcome the surface tension of the polymer droplet at the needle tip.[55] The

electrical conductivity of a solvent commonly used in electrospinning is generally very low,

for instance dichloromethane, and has a value of only 0.03 mS m-1.[73] This is due to the

very small amount of ionic species present in the solvent. However, the conductivity of a

solvent can be increased by adding mineral or organic salts. Beaded nanofibers will occur if

the polymer jet is not fully stretched. Adding a small amount of salt to the polymer solution

allows a higher surface charge density to be maintained on the jet and consequently promotes

stretching of the fiber during electrospinning. As a result, smooth fibers are formed.

The increase in the stretching of the polymer jet will also tend to yield fibers with a

smaller diameter.[54] This has been shown in previous studies,[237] where the addition of an

organic ammonium salt such as tetrabutylammonium chloride, increased the conductivity of

the polystyrene solution, and lowered the fiber diameter and retarded bead formation.

However, conversely, an increase in salt concentration in the composite polymer solution

may also cause a slight increase in the diameter. Dong et al. [240] have shown that the

addition of too much TBAC salt slightly enlarged the fiber diameter. Thus, although the

conductivity of the solution increased, the viscoelastic force was more dominant than the

columbic force, consequently an increase in the fiber diameter was obtained. This was

possibly due to the addition of a high salt concentration, which increased the viscosity of the

polymer solution. In this study, the addition of TBAC had no effect on lowering the fiber

diameter. Instead the fiber diameter (Table 5.2) actually increased from 62 nm to 135 nm as

the TBAC concentration was increase from 0.005 to 0.1 M.
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Figure 5.7 PLA/PDMP-COOMe 0.25, 0.5 and 1 wt% (a)-(c) without TBAC and (d)-(f)

TBAC 0.01 M. Inset image has a scale bar of 5 µm with 10000x magnification.
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Fibers with controlled fiber alignment obtained via the electrospinning technique can be

achieved by altering the electrospinning parameters. For example, helical fibers were made

from a mixed solution of poly(ethylene oxide) and poly(aniline sulfonic acid).[241] By

changing the concentration of PEO, the diameter of the loop was varied. It was thought that

the conductive poly(aniline sulfonic acid) played an important role, as the helical fiber

structure could not be produced from a pure PEO solution. A possible reason for the helical

structure formation was viscoelastic contraction upon partial neutralization of the charges on

the fibers. Fibers with a controlled fiber alignment can also be achieved using different

collector geometries, such as a knife edge disk or a parallel collector. For instance, when two

parallel conducting electrodes (Figure 5.8) are placed in front of the needle with a gap

between them, the electric field lines surrounding the parallel electrodes were split into two

fractions pointing towards the edges of the electrodes.[60] It is known that an electrospinning

jet is influenced by the electrostatic field profile, and as a result the electrospun fibers align

themselves across the gap, as shown in Figure 5.8.

Figure 5.8 The PLA nanofibers formed in between two metal plates (collector).

Metal plate Metal plate
Aligned fibres
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In this study, a novel morphology for the PLA/PDMP and PLA/PDMP-COOMe

nanofiber mats was obtained, where the nanofiber pattern spontaneously emerged without

modifying the collector. TBAC and PDMP played an essential role in the development of the

“pore structure” of PLA/PDMP fibers, since without at least one of them, the “pore structure”

was not formed. However, this only applied for PDMP less than 1 wt%. When a 1 wt% of

PDMP was incorporated into the PLA/PDMP polymer solution, without TBAC, the “pore

structure” was still produced. Therefore, a possible mechanism of the “pore structure”

formation in the nanofiber mats is as follows.

Without TBAC incorporated in the polymer blend solution, the electrospun fibers formed

with numerous beads. Addition of TBAC increased the conductivity of the polymer blend

solution and enhanced the fiber stretching during electrospinning, and thus smooth and thin

fibers (~100 nm) were formed. During electrospinning, alignment of the PDMP chains may

improve via: firstly, the very small diameter of the PLA/PDMP fiber, leading to increased

chances of PDMP being present on the surface of the nanofibers; secondly, during the

electrospinning process, the polymer solutions are under a strong electric field. It can be

suggested that in absence of the electrical field, the molecular chains aggregate due to the

interchain attractions, e.g. π-stacking. When an external field is applied, the chromophore

dipole moments rearrange and then the chain aggregations are weakened. Thus the polymer

chain alignment was induced.[242] Additionally, fine fibers such as PLA/PDMP (nanometer

range of fiber diameter), experience stretches to a greater extent during electrospinning that

increase the alignment of the polymer chains. This was observed in fluorescence spectra of

the composite nanofibers that experienced a blueshift with an increase in PDMP (Figure

5.11), which indicates less aggregation of the chains in the fibers. Hao et al.[243] observed

similar result, where MEH-PPV thin films cast under a external high electric field, the

emission spectra experience blueshifted and a longer fluorescence lifetime due to improved

chain alignment.

At the early stages of electrospinning the fibers were formed with a random orientation

(Figure 5.5). As the time progressed, the fibers clumped together, followed by stacking of the

new fibers on the top of the most exposed fibers already deposited in the fiber mats. The

stacking of the fibers built up to form a “wall” structure, which then collectively formed the

“pore structure”. However, with very high salt content, the jet becomes instable due to the

conductivity of the polymer solution being too high, and no “pore structure” was formed, but

only randomly oriented fibers. The high alignment of the PDMP chains increased the electron



Chapter 5 – PDMP based nanofibers for biosensors application

135

localization length of PDMP in the fibers. The “charge” electrospinning jet is attracted

towards the top layer of the nanofiber in the fiber mats on the collector (because it is the

closest fiber to the fiber jet), and was neutralized when the fibers deposited on those fibers.

This process then created the “stacking” structure.

At the early stages of this study, we hypothesized that the development of a “pore

structure” was possibly due to the interaction of TBAC and the carboxylic acid of PDMP

through ion exchange.  However this hypothesis was proven not to hold, because the structure

also occurs with PDMP-COOMe (Figure 5.7). This supports the hypothesis that the role of

TBAC is in fact to assist the formation of smooth and fine fibers, while the stacking is due to

PDMP or PDMP-COOMe chains on the fiber surface attract the polymer jet to deposit on the

top of it during electrospinning.

5.3.1.5. Spectroscopic study of PLA/PDMP properties

The IR spectrum of PLA/PDMP nanofibers was compared to the spectrum of PLA

nanofibers and to that of pure bulk PDMP. The IR peaks of the PDMP, based on the available

literature,[244] are summarized in Table 5.4. As shown in Figure 5.9, the carbonyl peak from

the carboxylic acid of PDMP occurred at 1703 cm-1. When the IR spectrum of PLA/PDMP

was compared to the IR spectrum of bulk PDMP, a shift of about 50 cm-1 to higher

wavenumbers in the fiber samples was observed. The other peaks for the nanofibers were

similar to PLA nanofibers. This was expected as the PLA proportion in the composite fibers

was equal to or greater than 99 wt%.
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Table 5.4 Assignment of IR spectra band of PDMP based on the literature. [244]

Infrared bands (cm-1) Assignment

1703 C=O of carboxylic group

1594 C-C ring stretch

1512 C-C ring stretch

1420 Ring stretch and C-H deformation mode

1231 aryl-alkyl ether (C-O-C) asymmetric stretch

1199 ring stretch and C-H deformation

1068 aryl-alkyl ether (C-O-C) symmetric stretch

962 trans vinylene C-H out-of-plane bend

Table 5.5 Assignment of the most intense Raman active vibrational modes of PDMP based

on the literature. [245]

Raman shift (cm-1) Main assignment

1174 C−C stretching + C-H bending of the phenyl ring

1330 C=C stretching + C-H bending of the vinyl group

1550 C=C stretching of the phenyl ring

1586 C−C stretching of the phenyl ring

1625 C=C stretching of the vinyl group
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Figure 5.9 ATR-FTIR spectra of PLA, PLA/PDMP nanofibers at various PDMP

compositions and PDMP powder.

The polymer and the composite nanofibers were further characterized by Raman

spectroscopy. Raman scattering has been shown to be a powerful technique to probe structure

property relationships in conjugated polymers.[246, 247] Raman spectroscopy is a useful

technique in this study, as the symmetrical bonds, such as the C–C and C=C stretching of

PDMP, have intensive bands in the Raman spectra that are less visible in the infrared. In

particular, this technique has been extensively used to observe the C=C stretches of PPV

derivatives that have been shown to produce a triplet peak in the 1500-1700 cm-1 region.[245]
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The triplet peaks were clearly seen in all of the composite nanofibers, even with only 0.25

wt% of PDMP, confirming the presence of PDMP in all the composite nanofibers. This is

evident in the spectra shown in Figure 5.10. The strong peak at ~1587 cm-1 corresponds to

C–C stretching of the phenyl ring with two shoulders at ~1575 and ~1625 cm-1 corresponding

to C=C stretching of the phenyl ring and C=C stretching of the vinyl ring, respectively, and

are characteristic of PPV derivatives. All of the other PDMP peaks are summarized in Table

5.5.

Figure 5.10 Raman spectra of PLA, PLA/PDMP nanofibers and PDMP powder.
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Figure 5.11 shows the fluorescence emission spectra of the electrospun fibers of the

PLA/PDMP composite in PBS buffer. The intense emission from the PLA/PDMP nanofibers

occurs at around 510 nm. The emission has a small blueshift (≤ 10 nm) with an increase in

the concentration of PDMP in the blends. The emission spectra of PPV are known to depend

on the conformation of the polymer chains.[242] The results here indicate that the emission

spectra of PLA/PDMP can be attributed to excitons in the aggregated state. With a higher

mass ratio of PDMP to PLA, the PLA/PDMP nanofibers became less aggregated due to

greater stretching during electrospinning that improve chain alignment. Therefore their

emission is blueshifted.

Figure 5.11 Fluorescence spectra of PLA/PDMP nanofibers with various compositions of

PDMP in the nanofibers excited at 400 nm.

The fluorescence microscope images of PLA/PDMP 0.5 wt% are shown in Figure 5.12.

The nanofibers can be clearly observed using cyan fluorescent protein (CFP) and fluorescein

isothiocyanate (FITC) microscope filters. The fluorescence of the nanofibers can also be

detected using a DAPI filter with a very low intensity (not shown here), but it is not visible in

the Texas Red filter (only black colour image). However, the signal probe ODN-Cy3 can be

detected with high fluorescence intensity using the Texas Red filter (Figure 5.12 (d)).
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Therefore, the microscope images of the nanofibers using the Texas Red filter were used in

the subsequent study to confirm the presence of signal probe ODN-C* after hybridization.

The fluorescence image obtained using Texas Red filter is not because of FRET event

(energy transfer from PLA/PDMP nanofiber to signal probe ODN -C*) but from the

excitation wavelength (560-600 nm) used for the filter which directly excite the signal probe

ODN-C* (Cy3 and Alexa Fluor 555). Thus, Texas Red image is used to confirm present of

signal probe ODN-C* on the nanofiber and not to monitor FRET event. The three dimension

(3D) fluorescence image of the nanofibers was taken using a confocal microscope, as shown

in Figure 5.12 (d). The 3D image shows that the nanofiber mat has a high porosity with a

wide distribution of pore sizes.

5.3.2. Application of PLA/PDMP nanofibers as a DNA sensor

The working mechanism of the PLA/PDMP nanofiber-based DNA assay using a FRET

protocol used in this study is illustrated in Scheme 5.1. This assay comprises four

components: (a) a light-harvesting CP (PDMP), (b) a capture probe oligonucleotide

(capODN), (c) target ODN and (d) signal probe ODN attached with a fluorescent signaling

chromophore (C*), (signal probe ODN-C*). In the detection design, as presented in Scheme

5.1., the emission of light characteristic of the signaling C* upon excitation of the

PLA/PDMP nanofibers, indicates the presence of the target ODN. The key feature is that

hybridization between capODN, target ODN and signal probe ODN-C* triggers FRET. The

capODN is covalently attached to the PLA/PDMP nanofibers via carbondiimide chemistry

between the carboxylic group of PDMP and the amino group of capODN (see experimental

section 5.1.4.1.). A Cy3-labeled oligonucleotide sequence is used here as the probe (signal

probe ODN-C*). Upon hybridization of the probes with complementary target ODN, once

hybridization occurs, FRET will occur at the chromophore sufficiently close to PLA/PDMP,

leading to emission from C*. Since non-complementary ODN should not hybridize with

capODN, the average PLA/PDMP to signal probe ODN-C* distance would be too large for

an effective FRET.
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Figure 5.12 PLA/PDMP 0.5 wt% nanofibers fluorescence microscope images using various

filters (a) CFP, (b) FITC filter, (c) Texas Red and (e) 3D image of the nanofibers. (d) PLA

nanofibers immersed with signal probe ODN-Cy3 image using Texas Red All the images

were taken using 2x magnifications and 30 ms of exposure time.
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Scheme 5.1 Schematic illustration o f the working mechanism of ODN sensing with PLA/PDMP nanofibers
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5.3.2.1. Attachment of capODN on the nanofibers

The number of free carboxylic acid groups on the PLA/PDMP 1 wt% surface was

determined using a toluidine blue surface derivatisation method and was found to be

approximately 0.19 μM cm-2. The carbonyl peak from the carboxylic groups of PLA/PDMP

(in dry state) was also observed at 1754.3 cm-1 (Figure 5.13 (a)). The carboxylic acid group

on the nanofiber surface can dissociate into carboxylate anion and a positively charged

hydrogen ion (proton) when exposed to PBS buffer (pH 5.4), used in immobilizing capODN

on the nanofibers. Upon dipping the PLA/PDMP mat into the PBS, the carbonyl peak shifted

to a lower wavelength (1751.4 cm-1) and a carboxylate (salt) band appeared at 1637.5 cm-1, as

shown in Figure 5.13 (b). After immobilization of capODN, there was a further shift of the

carbonyl band to 1751 cm-1. However, the C-N peak of amide group expected at 1080 - 1360

cm-1 was not seen, most probably due to the weak intensity and overlap with the strong band

of C-O group from PLA.

5.3.2.2. Fluorescence study of the PLA/PDMP nanofibers as biosensors

The absorption and fluorescence spectra of the signal probe ODN-Cy3 in are shown in

Figure 5.14. The absorption spectrum had a significant overlap with the fluorescence spectra

of the PLA/PDMP nanofiber, an important condition for FRET. The calculated overlapping

area between the two spectra was 67 % of the PLA/PDMP 1 wt% emission spectrum and

78.5 % of the signal probe ODN-Cy3 absorption spectrum.
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Figure 5.13 ATR-FTIR of (a) PLA/PDMP 1 wt% (b) PLA/PDMP 1 wt% in PBS (c)

PLA/PDMP 1 wt% attached with DNA capODN in PBS.

In order to understand the FRET process for PLA/PDMP nanofibers as a biosensor, the

fluorescence spectra of the signal probe ODN-Cy3 in SSC (10-6 M) was recorded for

excitation at various wavelengths (Figure 5.15). The intensity of the fluorescence spectra

increased as the excitation wavelength used increased from 425 to 480 nm. There was no

fluorescence emission of signal probe ODN-Cy3 when an excitation wavelength of 400 nm

was used. The purpose of this experiment was to confirm that the signal probe ODN-Cy3 not

excited using an excitation wavelength of 400 nm. Therefore, the Cy3 fluorescence during

DNA sensing would happen only through the energy transfer from PLA/PDMP nanofibers

(Emax = 505 – 520 nm), which would indicate an efficient FRET from the polymer to Cy3.
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Figure 5.14 Fluorescence spectrum of PLA/PDMP 1 wt% (excitation wavelength (EX) used

was 400 nm) and UV-Vis spectrum of signal probe ODN-Cy3.

Figure 5.15 Fluorescence spectra of the signal probe ODN-Cy3 at different excitation

wavelengths.
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As shown in Scheme 5.1, after immobilization of capODN on to PLA/PDMP,

complementary target ODN was allowed to hybridize for 1 h, followed by hybridization of

the signal probe ODN for another 1 h. The presence of the complementary target ODN was

detected by monitoring the Cy3 peak at around ~565 nm (I) in fluorescence spectrum. The

Cy3 peak was normalized to the polymer emission intensity (I/Io) where Io is the maximum

peak emission at 0 nM ODN (~520 nm) (before hybridization). The PLA/PDMP 1 wt%

nanofibers with the highest investigated PDMP content was chosen to test the DNA sensing.

As shown in Figure 5.16, the Cy3 peak can be clearly seen after hybridization with 10-6 M of

complementary target ODN. However, the presence of non-complementary target ODN also

produced a Cy3 emission peak. This indicates non-specific interactions occur between the

non-complementary targets ODN and/or the signal probe ODN and the nanofibers. To

observe the difference between complementary and non-complementary target ODN, the I/Io

ratio for the complementary target ODN was 0.87 and for the non-complementary 0.78. The

difference in I/Io of complementary and non-complementary was relatively small, at just 0.09

units.

PLA/PDMP with a smaller PDMP content (0.5 wt%) was used to compare with the

results obtained for PLA/PDMP 1 wt%. Figure 5.17 shows the fluorescence spectra of the

nanofibers after incubation with complementary and non-complementary target ODNs at a

concentration of 10-6 M of the signaling probe. The I/Io ratio for complementary target ODN

was 0.75 and for the non-complementary target ODN was 0.57, therefore giving an improved

detection specificity. Figure 5.18 and 5.19 show microscope images of the PLA/PDMP 1

wt% and PLA/PDMP 0.5 wt% fiber mats hybridized with both complementary and non-

complementary target ODN. As mentioned previously, the Taxes Red filter was used to

monitor the presence of the signal probe ODN-Cy3 on the nanofiber. Based on the

fluorescence images (Figure 5.18 and 5.19), the presence of the signal probe was observed

for both complementary and non-complementary target ODN. The intensity of the non-

complementary ODN appeared to be similar to the complementary target ODN indicating the

incidence of non-specific interactions between the signal probe and the polymer. However, as

shown in the fluorescence spectra, there was a significant difference in the I/Io value between

the two target ODNs, suggesting that the FRET efficiency for complementary target ODN

was higher than for non-complementary target ODN.
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Figure 5.16 Fluorescence spectra of PLA/PDMP 1 wt% nanofibers with (a) complementary

and (b) non-complementary target ODN; Ex 400 nm.
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Figure 5.17 Fluorescence spectra of PLA/PDMP 0.5 wt% nanofibers after incubation with

(a) complementary and (b) non-complementary target ODN, and signaling probe ODN-Cy3;

Ex 400 nm.
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Figure 5.18 Microscope images of PLA/PDMP 1wt% nanofibers with (a - b) complementary

and (c – d) non-complementary targets ODN obtained using different fluorescence filters.

Images were taken using 10x magnification and 1 s exposure time.
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Figure 5.19 Microscope images of PLA/PDMP 0.5 wt% nanofibers with (a - b)

complementary and (c – d) non-complementary targets ODN obtained with different

fluorescence filters. Images were taken using 2x magnification and 30 ms exposure time.
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To evaluate the affect of the target ODN concentration on the sensor signal, hybridization

of capODNs attached to PLA/PDMP nanofibers was carried out with various target ODN

concentrations (10-12 to 10-6 M) in SSC buffer at room temperature. The hybridization of

target ODN was performed for 1 h followed by hybridization with signal probe ODN-Cy3

(10-6 M) for another 1 h. Figure 5.20 shows the FRET emission spectra of PLA/PDMP

nanofibers after hybridization with complementary target ODNs of various concentrations,

and Figure 5.21 shows same for non-complementary target ODNs. The Cy3 peak at ~565 nm

can be found in both cases. In order to compare the intensity of the Cy3 peak, the FRET ratio

(I/Io) was plotted against the target ODN concentrations. As shown in Figure 5.22, the I/Io

progressively increased with increasing concentration of complementary target ODN from

0.52 to 0.73. There was insignificant difference in I/Io between complementary and non-

complementary targets ODN when the target ODN concentration was 10-10 M or below. The

I/Io of complementary target ODN was significantly higher than non-complementary target

ODN, when the concentration of ODN was 10-8 M and above. This is further confirmed from

fluorescence images of the nanofibers after hybridization with complementary and non-

complementary ODNs (Appendix 3). The surface intensity of the nanofiber fluorescence

images taken using the Texas Red filter was almost constant for non-complementary ODNs,

at a concentration from 10-12 to 10-8 M. Meanwhile, the surface intensity of the nanofibers

fluorescence image (Texas Red) was increased with an increase in the complementary target

ODN concentration.
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Figure 5.20 (a) Fluorescence spectra of PLA/PDMP 1 wt% nanofibers after hybridization

with different concentrations of complementary targets ODN (Ex 400 nm). The spectra were

normalized to the polymer emission.

Figure 5.21 (a) Fluorescence spectra of PLA/PDMP 1 wt% nanofibers after hybridization

with different concentrations of non-complementary target ODN (Ex 400 nm). The spectra

were normalized to the polymer emission.
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Figure 5.22 Normalized peak intensity (Ex 400 nm) of Cy3 signal probes as a function of

concentration of complementary and non-complementary ODNs (Io is the peak emission

intensity at 0 M target ODN); n = 3.

5.3.2.3. Study of non-specific interactions in DNA sensing using PLA/PDMP nanofibers

Non-specific interactions between the signal probe ODN-Cy3 and the nanofibers were

investigated via adding the signal probe ODN-Cy3 to PLA/PDMP 1 wt% attached with

capODNs for 1 h without the presence of the target ODNs. The nanofiber mat was then

washed with SSC buffer and the fluorescence emission measured using luminescence

spectroscopy. The fluorescence spectrum of the nanofibers was expected not to show a Cy3

peak since the signal probe should not interact with the capODN without the presence of

complementary target ODN. However, as shown in Figure 5.23, the peak for Cy3 was

observed in the spectrum indicating that non-specific interactions of the signal probe ODN-

Cy3 with the fibers had occurred. The calculated I/Io ratio of the signal probe ODN on the

nanofibers was 0.48, lower than for the non-complementary target ODN investigated in

1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

I/I
o

Log [ODN M]

 complementary target
 non-complementary



Chapter 5 – PDMP based nanofibers for biosensors application

154

450 500 550 600 650
0

50

100

150

200

250

300

 before put signal probe cy3
 after adding signal probe cy3

N
or

m
al

iz
ed

 in
te

ns
ity

Wavelength (nm)

section 5.3.2.2. The non-specific interaction possibly happens through electrostatic

interactions between positively charged N in the Cy3 structure (Figure 5.24) and negatively

charged carboxylic acid groups of the composite nanofibers (Figure 5.1). The other

possibility is through π-π interactions between the aromatic rings of Cy3 and PDMP.

Figure 5.23 Fluorescence spectra of PLA/PDMP 1wt% attached with capODNs, before and

after incubation with a solution of signal probe ODN-Cy3 (10-6 M); Ex 400 nm.
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Figure 5.24 Chemical structure of Cy3.
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Alexa Fluor 555 dye has absorbance and fluorescence spectrum that almost perfectly

match those of the Cy3 dye (see the Figure A3.3 APPENDIX 3), but conjugates of Alexa

Fluor 555 dye are reported to be more fluorescent and more photostable than the Cy3 dye.

Therefore optical filters of fluorescence microscope designed for the Cy3 dye also work with

the Alexa Fluor 555 dye. Due to similar absorbance and emission properties of Alexa Fluor

555 with Cy3, the DNA sensing mechanism used in this study (Scheme 5.1) should also work

for Alexa Fluor 555. The chemical structure of the Alexa Fluor 555 dye is shown in Figure

5.25. The sulfonic and carboxylic acid group dissociate H+ and create negative charges on the

dye structure that could create repulsive effect when the dye getting close to negatively

charge carboxylic acid on the nanofiber. Thus, use of Alexa Fluor 555 may lower the non-

specific interactions with the fibers in this study. Therefore, Alexa Fluor 555 was used in

place of Cy3 as a signaling dye on the signaling probe ODN to prevent or reduce non-specific

interaction. The 5’-end Alexa Fluor 555 modified labeled signal probe with the sequence of

5’-A TCG GCA TCA-3’ (signal probe ODN-Alex555) was used. It is one base longer than

the 9 bases of the signal probe ODN-Cy3 (due to the requirement of a minimum DNA length

that Invitrogen could purify using HPLC).

Figure 5.25 Chemical structure of Alexa Fluor 555.
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Figure 5.26 shows the fluorescence spectra and images of PLA/PDMP 1 wt% used as a

DNA sensor. All of the experimental procedures used were similar to those when the signal

probe ODN-Cy3 was used. Two concentrations of signal probe ODN-Alex555, 1 x 10-6 and 6

x 10-6 M, were used for comparison. Alex555 peak at ~ 570 nm was not observed in both of

the fluorescence spectra. Fluorescence images of the Alex555 were taken using the Texas

Red filter and indicates the presence of signal probe ODN-Alex555 at 6 x 10-6 M (Figure 5.26

(d) and Figure 5.27 (b)) but this cannot be seen at 1 x 10-6 M (Figure 5.26 (c)). To investigate

FRET of the signal probe ODN-Alex555, the nanofibers was measured using luminescence

spectroscopy before and after hybridization with complementary target ODN. As shown in

Figure 5.26, the fluorescence spectra demonstrate no peak occuring at ~570 nm for both

concentrations which suggest that very little or no FRET event happen.

In comparison, signal probe ODN-Cy3 at the same concentration (1 x 10-6 M) was clearly

seen in fluorescence image with high intensity (Figure 5.18). This suggests that the signal

probe ODN-Alex555 has lower non-specific interaction compared to the signal probe ODN-

Cy3, however incident of FRET did not occur. The low non-specific interaction was further

confirmed using fluorescence image of the nanofiber after hybridization with non-

complementary, which did not show the presence of signal probe ODN-Alex555 (Figure 5.27

(d)). Two reasons may account for no FRET was observed, as discussed below:

i) Negatively charged signal probe ODN-Alex555 improves non-specific interactions.

As shown in Figure 5.25, the structure of the signal probe ODN-Alex555 has sulfonic and

carboxylic groups that create negative charges on the Alex555 structure. The negative charge

of the dye can prevent or reduce non-specific interactions due to repulsion of these with the

negatively charged free carboxylic acid PDMP in the nanofiber. In the case of the

PLA/PDMP 1 wt% fluorescence spectra, using signal probe ODN-Cy3, the difference in the

I/I0 obtained with complementary and non-complementary ODN was relatively small,

suggesting that the majority of the signal comes from non-specific interactions.

ii) The negatively charge of the signal probe ODN-Alex555 extends the distance between

the dye and the fibers.

The distance between donor and acceptor is an important parameter in FRET applications.

The second probable reason for not observing an Alex555 peak is that the negatively charged

Alex555 made the DNA strands stand straight due to electrostatic repulsion of the negatively
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charge of both the Alex555 dye and the free carboxylic acid of PDMP on the nanofiber

surface. In addition, Alexa Fluor 555 has one extra base to give a total of 10 bases compared

to Cy3 which has only 9 bases. Therefore, all these together may make the average distance

from the fiber mat to the dye too great to allow an efficient FRET to occur. In contrast,

positively charged Cy3 would be electrostatically attracted to the negatively charges of the

carboxylic groups on the fiber surface, and make the structure bend and get closer to trigger

FRET.

Figure 5.26 Fluorescence spectra (Ex 400 nm) and fluorescence images (4x magnification

and 4 s exposure time) of PLA/PDMP 1 wt% with complementary target ODN and signal

probe ODN-Alex555, using concentrations of (a) – (b) 1 x 10-6 M and (c) - (d) 6 x 10-6 M.

Image (d) has slightly adjusted contrast and brightness to emphasize the fluorescence of the

fibers.

(b)

(d)

(c)

(a)

(c)
(d)
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Figure 5.27 Fluorescence spectra (Ex 400 nm) and fluorescence images (2x magnification

and 10 s exposure time) of PLA/PDMP 1 wt% hybridized with 6 x 10-6 M of (a) - (b)

complementary target ODN and signal probe ODN-Alex555, and (c)-(d) non-complementary

target ODN and signal probe ODN-Alex555.

(a)

(c)
(d)

(b) Signal probe ODN-Alex555
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5.4. Summary

PLA/PDMP nanofibers were successfully prepared using the electrospinning technique

with various amounts of PDMP incorporated. The composite nanofibers of PLA/PDMP

showed a novel morphology that consisted of a “pore structure” and fiber stacking, which

was extensively studied using SEM. TBAC salt was added to the PLA/PDMP solution to

assist in the production of smooth composite nanofibers, while the stacking is due to PDMP

chains on the fiber surface attracting the polymer jet to deposit on the top of it during

electrospinning to create the “pore structure”. The potential of PLA/PDMP in biosensing

applications was investigated exemplified by the detection of DNA. A strand of DNA with a

dye reporter was used in the sensor designs that utilized a sandwich type sensor and FRET

between the nanofiber mat and the dye as the reporting signal. The DNA sensing result

showed the potential of using these nanofibers as biodegradable DNA sensors, however, the

sensing design was not optimized. Non-specific interactions were observed using signal

probe ODN-Cy3, but this was improved by replacing the probe with signal probe ODN-

Alex555. Alexa Fluor 555 is a promising dye that should be further studied for PLA/PDMP

based DNA sensing using FRET. However, some alteration of the Alexa Fluor 555 signaling

probe ODN, such as a shorter ODN probe (or the target ODN) sequence, may be necessary to

improve the sensing performance.
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Chapter 6. Conclusions and Future Work

6.1. Conclusions

Recent advancements in the electrospinning methodology have enabled the production of

ultrafine solid and continuous fibers with diameters ranging from micrometers to nanometers

with controlled surface morphology. The unique properties of conducting polymers,

combined with the electrospinning technique of producing polymer mats of fibers down to

the nm range, make such materials excellent candidates to be used in a wide range of

applications, such as tissue engineering, as considered in this thesis. The work presented in

this thesis has dealt with the development of such conducting polymer nanofibers fabricated

via the electrospinning technique, and has made three main contributions, as follows.

1) Copolymers of aniline with m-aminobenzoic acid (P(ANI-co-m-ABA)) with different

ratios of aniline and m-ABA were synthesized and characterized. The copolymers

overcame the poor solubility of the polyaniline parent homopolymer, one of the common

obstacles in the electrospinning of conducting polymers. The solubility of the P(ANI-co-

m-ABA) copolymers in common solvents such as DMF, DMSO and NMP was increased

with an increase in the m-ABA proportion in the copolymers. In addition to organic

solvents, the copolymers were also partially dissolved in alkaline aqueous solutions, such

as ammonium hydroxide. However, the trade off is that the conductivity of the

copolymers was lowered with an increased proportion of m-ABA in the copolymers. The

improved solubility of the copolymers was found to be not only due to the presence of

carboxylic acid functional groups, but also to the lower molecular weight of the

copolymers incorporating m-ABA. In conclusion, by controlling the proportion of m-

ABA in the P(ANI-co-m-ABA) copolymers, the solubility, conductivity and

electrochemical properties of the copolymers can be altered to tune the polymer

properties, depending on what is considered most important for a particular application.

The homopolymerization of m-ABA was shown to result in oligomers rather than

polymers (as investigated by FT-MS, conductivity and GPC measurements).

2) Polyaniline-based nanofibers mats were prepared and characterized with applications

such as electroactive electrospun scaffolds for tissue engineering in mind:
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i) The PLGA and PLA electrospinning parameters, namely polymer

concentration, potential applied, pump rate and distance between needle tip and

collector were optimized to produce smooth nanofibers without a bead-type structure.

Based on the optimized parameters, composite nanofibers (PLA/PANI and

PLA/P(ANI-co-m-ABA)) were prepared with various weight percentages of PANI or

P(ANI-co-m-ABA) in the nanofibers. In this study, the polymer concentration was

found to be the parameter that most influenced the electrospun fiber morphology. An

appropriate polymer concentration (PLGA is 25 w/v% and PLA is 10 w/v%) was

required to eliminate the formation of beads and thus produce well defined polymer

fibers. The fiber diameter could be altered from the micrometer to the nanometer

range by varying the polymer concentration. The incorporation of PANI and P(ANI-

co-m-ABA) in the composite nanofibers was confirmed by means of FTIR and Raman

spectroscopies. The increased conductivity, up to 2.0 x 10-5 mS cm-1, of the composite

nanofibers was further evidence of the presence of PANI and P(ANI-co-m-ABA) in

the fibers. Thermogravimetric analysis showed that the onset degradation temperature

of PLA/PANI and PLA/P(ANI-co-m-ABA) composite nanofibers was slightly higher

than pure PLA nanofibers, and in the range of 290 to 300 oC. The degree of

crystallinity, as determined using DSC, of PLA in the nanofiber form was much lower

than that of a PLA film. This is thought to be the result of the electrospinning process

significantly hindering the crystallization of PLA in the rapid solidification of the

nanofibers. The crystallinity of the PLA fibers was 7.1 % and the composite fibers

ranged from 8 to 16 %. Hydrophilicity of the nanofibers was somewhat increased for

emeraldine salt form of the PANI and the copolymer in the composite nanofibers, as

compared to pure PLA nanofibers.

ii) The elastic modulus of a single nanofiber of PLA and the composite

nanofibers was measured using nanoindenter-based nanoindentation. To our

knowledge, this is the first such measurements of a CP-based nanofiber. Two types of

probes, the Berkovich and cube corner, were selected and employed to perform

nanoindentation on the nanofiber and also to carry out in situ SPM imaging. The cube

corner was found to be capable of indenting nanofibers with deeper penetration

compared to the Berkovich probe, thus the elastic modulus obtained by using cube

corner were found to be lower in value than for the Berkovich probe. From the

nanoindentation results, it was concluded that the cube corner probe is more
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appropriate to perform nanoindentation on the nanofibers due to the shape and small

tip size and its ability to make a deeper indent penetration, that can avoid the effect of

surface modification due to exposure of the fiber surface to air during fabrication,

which in turn affects polymer chain organization and induced crystallization. The

elastic modulus of the surface and core of composite nanofibers also was studied by

performing nanoindentation at different maximum probe penetrations. The results

showed that the elastic moduli of the nanofiber surface were much higher than those

of the fiber core, indicating a difference in the fiber crystallinity across the fiber cross-

section.

iii) Biocompatibility tests on the composite nanofibers were performed using

human adipose derived stem cells (hASCs). The composite nanofiber mats were

shown to be excellent substrates for the adhesion and proliferation of hASCs with the

added functionality of electrical conductivity and the presence of carboxylic acid

groups that can provide sites for further functionalization with both chemical and

biological moieties. In an attempt to relate the individual fiber mechanical properties

to the function of fiber mats as cell culture substrates, the elastic modulus of a single

conducting polymer-containing composite nanofiber was determined for the first time.

Variation in the determined fiber properties were found not to vary significantly

enough to be sensed by hASCs in the assays applied, indicating that both PLA/PANI

and PLA/(P(ANI-co-m-ABA) (in both ES and EB forms) provide promising porous

and electrically addressable substrates for engineering human tissues from human

adipose-derived stem cells.

3) Novel poly(p-phenylene vinylene) derivative (PDMP)-based nanofibers were prepared

and characterized. The PLA/PDMP nanofibers were successfully prepared with various

weight percentages of PDMP incorporated and these were tested in a biosensing

application.

i) PLA/PDMP composite nanofibers with a novel morphology were obtained

using the electrospinning technique. The interesting, “pore structure” of PLA/PDMP

composite nanofibers was comprehensively studied using scanning electron

microscopy. The composite nanofiber diameter determined from SEM images was

approximately 100 nm or less. The novel morphology of the PLA/PDMP consists of

fibers stacking and forming “wall” that separate “pores”. The “pore structure” was
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developed when the “walls” crossed one another. At the same time the fibers also

formed across the pores in between the wall structure, creating a dense network of

fine fibers between the “walls”. The unique morphology of these composite

nanofibers provide a high surface area and high porosity, which is expected to be

advantageous in many applications, such as sensing, as these features may increase

the interactions of the analyte with the nanofiber structure. Electrospinning of

PLA/PDMP blend solutions produced nanofibers with a large amount of beads.

However, an addition of an organic salt (TBAC) prevented or lessened bead

formation. The role of TBAC was found to be to increase the polymer solution

conductivity and thus enabling fiber stretching during electrospinning and the

formation of smooth fibers. SEM images revealed that the “pore structure”

morphology was produced when both TBAC and PDMP were present, for composite

nanofibers with PDMP lower than 1 wt%. Without one of these components, a

random orientation of nanofibers, with or without beads was obtained, indicating that

the both components were essential in the formation of the “pore structure”. However,

when the PDMP was equal to 1 wt%, even without TBAC, the “pore structure” was

still formed. Initially, the development of a “pore structure” was hypothesized due to

the interaction of TBAC and the carboxylic acid of PDMP through ion exchange.

However this hypothesis was proven not to hold, because the structure also occurs

with PDMP-COOMe. This supports the hypothesis that the role of TBAC is to

promote the formation of smooth and fine fibers, while the stacking is due to PDMP

or PDMP-COOMe chains on the fiber surface attract the polymer jet to deposit on the

top of it during electrospinning.

ii) An application of the PLA/PDMP nanofibers in biosensing was demonstrated.

The presence of target DNA was detected through the FRET readout methodology

from a sandwich-type assay where a half probe was attached covalently to the

nanofibers and the second half probe carried a dye (probe ODN-Cy3) that acted as a

FRET reporter molecule. It was found that there were significant non-specific

interactions between the signal probe ODN-Cy3 and the nanofibers. However, the

presence of complementary target ODN and non-complementary target ODN showed

a significantly different dependence of the signal magnitude (change in the

fluorescence intensity ratio, I/Io) on the ODN concentration, particularly when the

concentration was 10-8 M and above. The non-specific interaction of signal probe was
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prevented to a good extent by replacing the signal probe ODN-Cy3 with signal probe

ODN-Alex555; however, no FRET was observed in the fluorescence spectra. A

possible reason why no FRET was observed when using signal probe ODN-Alex555

was an increased distance of the capture probe ODN-Alex555 from the nanofibers,

due to electrostatic repulsion of free carboxylic acid groups on the nanofibers and a

lowering of non-specific interactions between the signal probe and the nanofibers.

6.2. Suggested future work

Since their discovery, numerous CPs has been developed and characterized.[86] A significant

number of these have been found to be suitable for biomedical applications. The most

important requirements of a CP for biomedical applications include biocompatibility,

conductivity, and stability in biological systems. Several strategies can be implemented to

improve the biocompatibility of a CP, for example, to add functional groups to the CP

backbone to improve the hydrophilicity of the CP, and functionalization or blending with

biological molecules such as RGD, gelatin or collagen that could promote useful interactions

between biological species and the CP.

In this study, PLA/PANI and PLA/P(ANI-co-m-ABA) were found to be biocompatible

and to support hASC growth. However, this is only an initial evaluation of their potential for

tissue engineering applications. Some of the significant questions still remaining, if one

wishes to apply the nanofibers to the biomedical field, are: what would be the characteristics

of CP nanofibers that represent an ‘‘ideal’’ CP based nanofiber for a particular application?

What conductivity of the nanofibers is needed for tissue engineering when an electric stimuli

is to be applied? How do cells (hASC) respond to the electrical stimuli? What is the long

term effect of the nanofibers on the cells (our study was only up to 7 days of cell culture)?

The potential of using of PLA/PDMP nanofibers for biosensing has been demonstrated

through our preliminary results. The PLA/PDMP creates novel nanofibers and several aspects

need to be explored further. More fundamental research is required in order to fully

understand the properties of the nanofibers and their use in biosensing or any other

application such as membrane for filtration. Further optimization of DNA sensing using the

PLA/PDMP and the signal probe ODN-Alex555 is recommended since that system showed

an improvement in prevention of non-specific interactions. Target ODNs of shorter lengths
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and also the capture half probe would be worth investigating in order for more effective

FRET to occur.
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Appendix 1

Figure A1.1 UV-Vis calibration of m-ABA monomers in 1 M HCl and unreacted m-ABA

from P(ANI-co-m-ABA) (50/50) polymerization (diluted 20 times).
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Figure A1.2 GPC spectra of polyaniline, P(ANI-co-m-ABA) and P(m-ABA)
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Appendix 2

Figure A2.1 Repeat experiment of proliferation assays of hASCs at day 0, 3 and 7. * denotes

significant difference from PLA.
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Figure A2.2 Fluorescence images of hASCs on tissue culture polystyrene (TCPS), PLA and

emeraldine salt form of composite nanofibers. Images were taken using a 20x objective. The

contrast and brightness of the images re-adjusted to improve visibility of the cells in the

image.
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Figure A2.3 Fluorescence images of hASCs on emeraldine base form of composite

nanofibers. Images were taken using a 20x objective. The contrast and brightness of the

images re-adjusted to improve visibility of the cells in the image.
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Appendix 3

A3.1 Related information of synthesis procedure of poly(2-methyl-6,6’-((2-methyl-5-((E)-4-

((E)-prop-1-en-1-yl)styryl)-1,4-phenylene)bis(oxy))dihexanoate) (PDMP-COOMe)

A3.1.1 Materials

Tri-n-butylamine, 1,4-divinylbenzene, palladium acetate, tri-o-tolylphosphine and dimethyl

6,6’-(2,5-diiodo-1,4-phenylene)bis(oxy)dihexanoate and palladium catalysts were obtained

from Sigma-Aldrich and used without purification. Tetrahydrofuran and dichloromethane

was purified by distillation. All other chemicals were purchased and used as received unless

otherwise mentioned.

All the NMR measurements were conducted using either Bruker 300 MHz or 400 MHz

machines. The infrared spectra were measured on a Perkin Elmer Fourier Transform-Infrared

Spectrometer (FTIR), with a wavenumber range from 4000 to 400 cm-1. The mass

spectroscopy was carried out on a VG 70-SE Mass spectrometer using electron-spray

ionization method. Gel permeation chromatography (GPC) measurements were measured on

a Wyatt Technology Corporation with DAWN DSP Laser and photometer (GPC). Analytical

grade DMF and polystyrene standard (5 mg mL-1) were used as the solvent and calibration

standard respectively for the polymers (10 mg mL-1). Differential Refractometer BI-

DNDCW, Brookhave Instruments Corporation (DNDCW) was used to measure DNDCW

value of 0.11. Quantum yield was measured according to the established procedure where

absolute values were calculated according to the following equation:

Φ = ΦR x I/IR x AR/A x n2/n2R

Where Φ is the quantum yield, I is the measured integrated emission intensity, A is the

optical density and n is the refractive index of the solvents. The subscript R refers to the

reference fluorophore, fluorescein dissolved in ethanol (quantum yield, Φ = 0.79).

Absorbances were kept below 0.05 to minimize the self-quenching and re-absorption effects.

UV-Visible experiments were carried out on a Pharmaspec UV-1700, Shimadzu UV-Visible

spectrophotometer.
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OC5H10COOCH3

OC5H10COOCH3

I

I

OC5H10COOCH3

H3COOCC5H10O n

+

A3.2 Synthesis of polymers with protected carboxylic acids

A3.2.1 Poly(dimethyl-6,6’-((2-methyl-5-((E)-4-((E)-prop-1-en-1-yl)styryl)-1,4-

phenylene)bis(oxy))dihexanoate) [PDMP-COOMe]

A solution of tri-n-butylamine (0.50 mL, 2.09 mmol), 1,4-divinylbenzene (0.11 g, 0.84

mmol), palladium acetate (7.21 mg, 0.03 mmol), tri-o-tolylphosphine (48.70 mg, 0.16 mmol)

and dimethyl 6,6’-(2,5-diiodo-1,4-phenylene)bis(oxy)dihexanoate (0.62 g, 0.84 mmol) in

DMF (15 mL) under an atmosphere of nitrogen, was degassed using freeze-thaw cycles (x 3)

before heating at 90 oC for 24 h. The mixture was then poured onto methanol (60 mL). The

resultant precipitate was filtered and purified by soxhlet extraction method for 24 h to give

the title compound PDMP (0.40 g, 60% yield) as an orange solid.

δH (300 MHz; CDCl3; Me4Si): 7.54 (2H, m, Ar-H), 7.46 (4H, m, Ar-H), 7.14 (4H,

m,CH=CH), 4.09 (4H, m, OCH2), 3.67 (6H, m, CH3), 2.40 (4H, m, CH2), 1.93-1.58 (12H, m,

CH2)

IR: νmax(neat)/cm-1;  2948 (CH, aromatic), 1735 (C=O, carbonyl), 1204 (CH, aromatic), 966

(C=C, trans vinyl), 729 (HC=CH)

GPC results: Mw 383200 , Mw/Mn 1.151 and Quantum yield Φ: 0.308 (CHCl3), 0.429

(DMSO), 0.01053 (Water)
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A3.3 Conversion of PDMP ester group to carboxylic acids

A3.3.1 Poly(6,6'-((2-methyl-5-((E)-4-((E)-prop-1-en-1-yl)styryl)-1,4-

phenylene)bis(oxy))dihexanoic acid) [PDMP]

A solution of 4 M NaOH (2 mL) was added dropwise to PDMP (0.1 g) in THF (20 mL) and

methanol (6 mL). The mixture was then stirred at room temperature for 24 h. The mixture

was neutralized with 12 M hydrochloric acid and concentrated in vacuo. A crude solid was

obtained after filtering which was purified using soxhlet extraction method for 24 h and dried

under vacuum to give the title compound PDMP (50 mg, 50%) as a dark orange solid.

δH (300 MHz; DMSO): 7.42 (2H, m, Ar-H), 7.39 (4H, m, Ar-H), 7.35 (4H, m, CH=CH),

4.09 (4H, m, OCH2), 2.26 (4H, m, CH2), 1.86-1.55 (12H, m, CH2)

IR: νmax(neat)/cm-1; 2919.86 (C-H stretch), 1702 (C=O), 1418 (C-O-H bend), 962 (trans C=C

vinylene stretch)

GPC results: Mw 260000, Mw/Mn 3.268 and Quantum yield: 0.122 (DMSO), 0.029 (Water)
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Figure A3.1 PLA/PDMP 1 wt% fluorescence images using Texas Red filter with increase of

target ODN concentrations using 2x magnification and 1 s of exposure time: (a) 10-12 M, (b)

10-10 M, and (c) 10-8 M and its surface intensity profile (i) to (iii), respectively.
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Figure A3.2 PLA/PDMP 1 wt% fluorescence images using Texas Red filter with increase of

non-complementary target ODN concentration using 2x magnification and 1 s of exposure

time: (a) 10-12 M, (b) 10-10 M, and (c) 10-8 M and its surface intensity profile (i) to (iii),

respectively.
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Figure A3.3 Comparison of the (a) UV-Vis and (b) fluorescence spectra of signal probe

ODN labeled with Alexa Fluor 555 and Cy3. Spectra have been normalized to the same

intensity for comparison purposes. Ex 400 nm.
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