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THE USE OF CONDUCTING POLYMER FILMS FOR
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by Badr ALshammary

The aim of this project was to develop electrodes that allow drugs to be uploaded and
released from conductive polymer films for biomedical applications. A thorough literature
review of conducting polymer synthesis, analysis and doping mechanisms was presented
and the applications of conducting polymers in the development of drug delivery systems
were reviewed.

Electrochemical deposition of polyppyrrole (PPy) was carried out on different susbstrates,
including stainless steel (SS), cellulose acetate membranes, AZ31 Mg alloy and hybrid
systems. A series colorant and model drugs, such as rhodhamine 6G (Rh-6G), fluorescein
sodium salt (FSS), methylene blue (MB), dopamine hydrochloride (DB), ibuprofen
sodium salt (IP), were incorporated into PPy films grown on different substrates and the
kinetics of drug release were mvestigated. The AZ31 Mg alloy was used to investigate
self-powered systems. The results presented about this topic include the liberation of IP
and sodium salicylate from PPy films deposited on AZ31 Mg alloy. The presence of drugs
uploaded into the system, such as IP and salicylate affect the nucleation and growth
processes. SEM micrographs of PPy films show a less compact, cracked, uneven surface
with needle-like structures observed for sodium ibuprofen containing solutions (>5 mmol
dm3). Self-powered IP release experiments in 0.9% wt. NaCl are fitted to Avrami's
equation and the rate variations being attributed to uneven corrosion of the underlying
alloy. Mechanical properties such as hardness and reduced modulus decreased 54% and
40% respectively for PPy films prepared i salicylate solutions compared with those
prepared in solutions containing different ibuprofen concentration (0.5 to 10 mmol dnr?),
mndicating a more plastic film with IP.

Other results presented include the release of fluorescent dyes and drugs deposited in
cellulose membranes covered with magnesium PPy or deposited on SS substrate.
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Aims and objectives

In this thesis, the main objective was to investigate the uses of conducting polymers and

their role m the fabrication of components for medical devices. The following were

particular goals:

1.

To design a self-powered drug delivery system based on the uses of a AZ31 Mg
alloy as a sacrificial anode and a conducting PPy film as a cathode. The galvanic
coupling between the Mg layer and the PPy film provides the driving force for

the drug release.

. To improve the capacity of PPy by incorporating nanostructures material to the

PPy polymer film, such as titanate nanotubes.

. To mvestigate the drug release profile for a variety of different drugs and

fluorescent dyes: rhodhamine 6G (Rh-6G), fluorescein sodium salt (FSS),
methylene blue (MB), dopamine hydrochloride (DB), ibuprofene sodium salt
(IP).

. To mvestigate the effect of the substrate materials on the properties of the

conducting polymer film properties and processing characteristics.

. To characterise conducting polymer films being produced in different substrates

by wusing traditional electrochemical techniques: cyclic voltammetry (CV),
chronoamperometry and surface characterisation techniques, such as, scanning
electron microscopy (SEM) and energy dispersive analysis (EDS) and FTIR

spectroscopy.

. Characterise the mechanical properties of PPy film incorporated with drugs by

using nanoindentation techniques.
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Thesis outline

This thesis was divided in eight chapters. Chapter 1 provides an insight into the main
types of conducting polymers, particularly PPy; polymer doping and the polymerisation
mechanism are described. The use of conducting polymers in drug delivery systems is
also itroduced and a brief review of the challenges and limitations of using conducting
polymers in a drug delivery system are presented. Progress in the use of conducting
polymers in drug delivery systems is reviewed, including aspects such as nanostructured
conducting polymers, biodegradable conducting polymers and self-powered drug
delivery systems. The biomedical application of conducting polymers is examined. In
chapter 2, the materials and cells used for the experiments are discussed. In chapter 3, a
general experiment for electropolymerisation of PPy and the influence of polymerisation
conditions on the polymer characteristics is described. In chapter 4, self-powered drug
delivery system based on a galvanic couple between a biodegradable AZ31 Mg alloy and
a PPy film is described. The system rely on the dissolution of the Mg substrate to reduce
the polymer film and release the incorporated drug. In chapter 5 and 6, the synthesis of
PPy films for absorbing and releasing different molecules including methylene blue,
fluorescence sodum salt, dopamine and ibuprofen were described. The effect of the
incorporation of titanate nanotubes on the absorption and release of these model drugs
from the PPy films is examined and the release of the ncorporated model drug molecules
with or without electrical stimulation is discussed. In chapter 7, the chemical deposition
of PPy on the cellulose acetate membrane during molecule delivery, the synthesis of a
selfpowered PPy drug delivery system based on a galvanic cell and drug release from
these composite films were described. In chapter 8, the results and conclusion of the study

are presented; planned future research was also discussed. Figure 1 shows the thesis outline.
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Chapter 1: Conducting polymers: background

This chapter provides a critical review of the common types of intrinsic conducting pol-
ymers including their synthesis, properties and characterisation. It aims to review and
summarise the modification and challenges of the previous and current use of conducting
polymers in biomedical application such as biosensors. The fundamentals of conducting
polymers drug delivery system, synthesis, properties, characterisation and limitations of
this system are highlighted. Furthermore, it gives an overview of degradable conducting
polymers synthesis and fabrication methods. A summary of self-powered drug delivery
system based on conducting polymers and active metal anode n recent works published
before April 2016 is provided for the purpose of building an understanding of the theme

and background of the current research, and contribute to the general aims of the thesis.

1.1 Introduction

Since the discovery of doped polymers for electronic conduction in the 1970s, many
efforts have been made to develop the conductivity of these materials and improve the
product durability and manufacture [1, 2]. Conducting polymers have been obtained with
properties that are comparable to those of traditional semiconductors, such as Si and Ge,
and occasionally even exceeding their flexibility and malleability. Cost effectiveness has
been achieved in terms of cheap raw materials, manufacturing process and power
consumption, easy processability, light weight, abilty to be used in wet and harsh
environments, and good optoelectronic properties. In addition, highly conductive
polymers with conductivities comparable to some metals and with narrow band gaps have

been developed [3-5]. For example, Dou et al. [6] demonstrated a low-band conducting



polymer poly {2,6- 4,8-di (5-ethylhexylthienyl ) benzo [1,2-b;3,4b’] dithiophene-alt-5-
dibutyloctyl-3,6  bis  (5-bromothiophen-2-yl) pyrrolo  [3,4-c] pyrrole-1,4-dione}v
(PBDTT-DPP) with a band gap of 1.44 eV for application in solar cells, noting that the
band gap of crystalline silicon is about 1.1 eV. In addition, Kim et al. [S] prepared a highly
conductive poly (3,4-ethylenedioxythiophene) (PEDOT) nanofim doped with Fe (III)
tosylate with pyridine, using the vapour phase polymerisation technique. The obtained
film has a conductivity of up to 4500 S cnr!, compared to the conductivity of the

crystalline silicon which is in the order of 1 uS cm'!.

Among devices based on conducting and semiconducting polymers, the first field effect
transistor was created by a research group from Cambridge University m 1988, followed
by the first polymer light-emitting diode (PLED) in 1990 by the same group [7]. In 2000,
the first full-colour inkjet-printed PLED display was announced [8]. The development of
conducting and semiconducting polymers led to their use in a wide range of applications

that mclude, but are not limited to, the following categories:

Electrochromic devices such as smart windows, smart membranes,

antiglare mirror displays etc. [9, 10].

e Energy applications, for example, solar cells [11, 12], quantum dots for
photovoltaics [13], capacitors [14] and flexible and bendable batteries [15-
17].

e Biomedical applications, for example, tissue engneering [18] and smart
drug delivery systems [19-24].

e Sensing applications, such as pH sensors, ion-selective sensors, humidity

sensors and biosensors [25].



e Artificial and smart devices, for example, memories [26, 27], active and
semi-active radio frequency identification tags (RFID), integrated circuit
smart cards, [28-33] and smart textiles [34].

e Actuators and artificial muscles [35, 36].

e Coating applications, such as corrosion inhibitors [37, 38].

e Electrocatalysis [39].

o Interface device, display, power source and complete electronic circuits
for inexpensive equipment such as games and remote controls [40-42].

e Lab-on-a-chip applications, for example, a full polymeric microfluidic

device for electrophoresis [43].

This evolution has continued and many products available in the market are now based
on conducting and semiconducting polymers, including smartphone displays and organic

light-emitting diodes (OLED) in laptop and television (TV) screens [44, 45].

Several strategies have been developed to manufacture conducting polymers that can
be divided nto two groups: the first group include those techniques that use polymer ink
directly, such as inkjet printing techniques, screen printing, micro-contact printing, probe-
based deposition, roll-to-roll processes such as gravure and flexographic printing, soft
lithography, photolithography, dip-pen nanolithography and spin coating [46, 47]. The
second group includes those techniques that use monomers, such as chemical and
electrochemical deposition, chemical vapour deposition, vacuum deposition, physical

vapour deposition and plasma techniques [48].



Inkjet printing is a fairly simple technique, fast and easy to use and does not require
expensive equipment, such as masks or a clean room, for processing. The technique has
been successfully employed to manufacture electronic devices based on polymers. The
method can be applied to deposit layers of various conducting polymers onto flexible
substrates in a well-defined configuration. In addition, complicated structures can be
patterned precisely at desired positions without losing printing materials or influencing
their properties. Moreover, it may be possible to fabricate electronic polymer devices
together using different ink materials, avoiding the cost of additional assembly procedures

[47, 49, 50].

Despite the development of conducting polymers in terms of active materials and
manufacturing techniques, many limitations and challenges still exist. For example,
viscosity and surface tension are both key parameters of the polymer solution used in
inkjet printing and it is necessary to use additives to improve processability. However,
additives can reduce the polymer conductivity [47]. In addition, some polymers are not
stable and are sensitive to the air and certain specific environments. Additives are used to
improve their stability, but these additives can change the polymer conductivity, as well
as the viscosity and surface tension of the polymeric solution. This makes it difficult to
deposit the polymers using an inkjet printer and affects the surface morphology of the
polymeric films. Moreover, the polymeric films that are obtaned using chemical
polymerisation usually have lower conductivity than those films obtained by

electrochemical polymerisation techniques [51].



1.2 Bonding in Conducting Polymers

Intrinsic conducting polymers are characterised by the presence of carbon atoms in their
backbone, where each carbon atom is covalently bonded to its neighbour by alternating
single and double bonds. A single strong bond, o, between neighbouring carbon atoms
which is formed from the localised sp?> hybrid wave has the finction of binding the
polymer structure. The double bonds comprise the 6 bond and a weaker m orthogonal
bond to the plane of the 6 bonds. The overlap between the Pz orbitals leads to m electron
delocalization along the carbon chain. This electronic delocalisation permits the charge
to be transported through the polymer chain and it is the reason behind the semiconductor

properties that are attributed to conjugated polymers [52].

1.3 Polymer doping

The mjection of a charged species onto the conjugated polymers backbone is usually
called doping. The doping process is reversible such that the doped polymers can be
returned to their original state with little or no degradation of the polymer backbone. This
reversibility provides the ability to control the conducting properties of polymers that can
vary from that of an insulator up to the high values as those of a metal. There are different
doping methods that can be used including chemical, electrochemical and interfacial

doping [53]. These methods are briefly described in the following sections.

1.3.1 Chemical doping

Chemical doping involves introducing charge carriers into the electronic structure of
polymers using an acid-base reaction in the presence of counter ions to maintain charge
neutrality. Shirakaw et al. [54] successfully conducted polyacetylene film doping for the

first time with halogen vapour, chlorine, bromine or iodine. Their discovery lead to an

5



increase in the conductivity of the resultant polymer film up to 103 S cmr!, which is more
than 10° times that of undoped polyacetylene. Chemical doping is easy and efficient,
although it is difficult to control the level of the dopant; however, inhomogeneous or

incomplete doping levels are common [54].

1.3.2 Electrochemical doping

The electrochemical doping process ivolves either an oxidation or a reduction reaction.
This process is conducted in an electrochemical cell in the presence of doping ions such
as SO4?", BF4 and Et4N*. The doping level can be precisely controlled by the potential
between the working electrode (where the polymer is deposited) and the reference
electrode. The doping ions which are dissolved in the electrolyte solution diffuised in or
out of the conducting polymer structure when a redox potential is applied to the electrode
to compensate the charge on the polymer backbone. The electrochemical doping using a

Li* (BFy) electrolyte can be described by the following reactions at the working electrode

surface [53]:
Oxidation (p-doping)

(T[ — po lymer)n,neutral chain + [Li + (BE;_)]aq,n

- [(m — polymer)**( BE,~ )xln + Liciectroae + X~ (L)

Reduction (n-doping)

(m— pdymer)n,neutralchain + Ligiectrode +x€~

- [(m — polymer)*~(Li* ), ], + [Li*(BE )lagn - (1.2)

6



1.3.3 Interfacial doping

In this method, the conducting polymer film is located between two electrodes. The
charge carriers are injected mto the polymer from the metal contacts without the need for
an ion dopant. With an adequate redox potential, the polymer is oxidised by removing
electrons from the highest occupied molecular orbital (HOMO) or reduced by adding
electrons to the lowest unoccupied molecular orbital (LUMO). The doping phenomena

can be described by the following mechanisms [53]:

Hole injection (p-doping)

The positive charge carriers (holes) are injected from the anode to the polymer layer:

(T[ - p01ymer)n,neutral chain ne - [(T[ - polymer)’“’ ] (13)

Electron injection (n-doping)

The electrons are injected from the cathode to the polymer layer:

(T[ - pOIYmer)n,neutral chain + ne - [(T[ - polymer)x‘ ] (14)

This type of doping is used in light-emitting devices such as an organic light emitting

diode (OLED). Figure 1.1 illustrates the simple configuration of OLED. In such a
7



configuration, the conducting polymer layers are sandwiched between two metal
electrodes, a cathode from a low work function metal such as aluminium (Al) to match
the polymer LUMO and an anode from a high work function metal that matches the
polymer HOMO (see Figure 1.2). To allow light to escape, one of the two electrodes
should be transparent or semi-transparent with good transmissive properties such as an

indium tin oxide film (ITO) on a polymer or glass substrate.

By applying a suitable potential, the electrons are injected from the cathode and the holes
are injected from the anode to the polymer layer. The electrons and the holes meet in the

polymer bulk and recombine. The light is emitted from the polymer film as a result of the

recombination of the charge carriers.

& (Glass

= Epoxy

& Al cathode

= Calcium layer

» Conjugated semiconducting
polymer

Combination

|,

|!
O OO
O OO
D OO0

(O OO0
O Q0

—- Transparent conducting polymer

& [TO anode
- (Glass

Light

Figure 1-1:A basic schematic of an OLED [54].
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Figure 1-2:Schematic energy-level diagram for an OLED device [55].

1.3.4 Photo doping

In this process, polymers are exposed to electromagnetic spectra with higher energy than
the polymer band gap. This leads the electrons in the polymer HOMO band to be excited
by photons; thereby enabling them to jump to the conducting band. The promotion of
electrons from the HOMO energy band to the LUMO energy level leads to the production
of mobile carrier charges, holes in the m-band and electrons in the m* — band as shown in
Figure 1.3. This type of doping is used in polymers used for photovoltaic devices and
does not mvolve dopant ions [52, 53]. The following example illustrates the doping

mechanism [53]:

(T[ - p01ymer)n,neutralchain + hY - [(T[ - polymer)’” + (T[ - p01ymer)x_]n- (1-5)



o e LUMO

| S—

() HOMO

Figure 1-3: Interband transitions in semiconducting polymers and the resultant charge carriers

in the photo doping process of conjugated polymers [52].

1.4 Classes of Conducting Polymers

Polyacetylene is the first discovered intrinsic conducting polymers. The simplest conju-
gated chain structure of polyacetylene make it widely used as a model for the conjugated
conducting polymers. However, the poor stability of of polyacytelene in air and difficult
processability shifted the attention to other conducting polymers. The following sections
focus on the more stable and most studied hetrerocyclic conducting polymers: polyani-
line, polythiophine, polypyrrole and their derivatives. Figure 1.4 shows the chemical

structures of the main heterocyclic coduting polymers.

10



- "t B

polyaniline Poly(3 4-ethylenedioxythiophene)
polypyrrole Polythiophine

Figure 1-4: Scheme showing the chemical structures of main hetrerocyclic conducting poly-

mers.

1.4.1 Polyaniline

Polyaniline (PANI) belongs to a family of semi-flexible polymers and was discovered in
1862 as black aniline during the oxidation of aniline [56]. MacDiarmid et al. brought
PANI to the attention of scientists after its rediscovery n 1978, which changed the
concept (ie. the polymer as not being able to conduct electricity) and introduced the
possibility of changing this polymer from an insulator to a semiconductor or a high

conductive by a simple protonic doping process nvolving an acid/base reaction.
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PANTI is like other conducting polymers in that it can be synthesised by both chemical and
electrochemical methods in aqueous solutions containing aniline monomers [57]. These
monomers are less expensive than the monomers of the other conducting polymers [56].
PANI can be formed into the following types: leucoemeraldine, emeraldine and
pernigraniline. However, only protonated emeraldine (emeraldine salt) is electrically
conductive [57], while doped leucoemeraldine and doped pernigraniline have poor
conductivity. PANT is thermally, electrochemically and environmentally stable in solution
and air [56-58]. This polymer has many interesting properties resulting from the flexible
—NH group m its backbone [57]. These electrochemical, electronic, optical and electro-
optical properties make it a suitable material to be used for various applications [56]. The
polymer is transparent yellow at reduced state and gradually changes from green to blue
with the increase of the oxidation potential. PANI, for example, has been used for
providing corrosion protection to metals, formmng an antistatic coating and in
electromagnetic shielding [56, 58, 59]. The optical and electro-optical properties of PANI
enable it to be used in electro-optic and electrochromic devices, OLED, electrochromic
displays, and smart windows [56]. PANI is also used for energy storage, such as the
electrodes zinc-PANI and lithim-PANI used in secondary batteries [7, 60]. Further, PANI
is biocompatible and has biomedical applications. For example, it can be used in tissue
engineering as a tissue scaffold [59] and biosensor [8, 56, 61, 62]. PANI can also function
as a membrane in gas liquid separation processes [57, 58]. In addition, PANI can be used
for effective filters for water decontamination from micropathogens and in biotechnology

for isolation and purification of antibiotics- polypeptides from culture liquids [63].
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1.4.2 Polythiophene

One of the most commonly studied polymers is polythiophene (PTh) and its derivatives
[64]. These conjugated polymers have excellent environmental and thermal stability in
both neutral and doped states [65-67]. In addition, they exhibit optical properties (blue in
its oxidised form and red in its undoped state) and high conductivity up to 600 S cnr! in
the doped form [68]. In spite of these interesting properties, the use of these polymers has
been hampered due to poor solubility in most organic solvents, except in certain mixtures
such as arsenic trifluoride/pentafluoride. However, much progress over the past two
decades has permitted to overcome this problem by incorporating a long flexible alkyl
side chain on the 3-position of the thiophene ring. This produces a soluble polymer in

common organic solvents without altering the chemical and physical properties of the

polymer [66, 69].

Pati et al. [70] synthesised two polymers: sodium poly (3-thiophene-f3-ethanesulfonate)
(P3-ETSNa) and sodium poly (3-thiophene-6-butanesulfonate) (P3-BTSNa). The
resulting polymers and their respective conjugate acids are soluble in water n both doped

and undoped states.

Poly (3,4-ethylenedioxythiophene ) (PEDOT) was developed in the late 1980s at the
Bayer AG research laboratories in Germany [68]. PEDOT can be synthesised by oxidative
chemical polymerisation, electrochemical polymerisation and transition-mediated
coupling using EDOT monomers. Moreover, PEDOT thin films are optically transparent

in the reduction state and turn light blue colour with high stability and conductivity in the
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oxidised state [68]. Polystyrene sulfonate (PSS) is the most common dopant for PEDOT

and makes it soluble in water [68].

1.5 Polymerisation Mechanism

In general, polymerisation begins with the mitiation step where the monomer oxidises to
form a radical cation. This is followed by a dimer formation from the reaction between
two radical cations. The polymer chain propagation continues when the dimer oxidises to
a radical cation and undergoes a coupling reaction with another radical cation to form a
trimer. The polymer chain growth process continues until the termination step when the

final products are formed [71, 72].

The PPy polymerisation mechanism is used as a model to explain the polymerisation

mechanism of the heterocyclic conducting polymers.

1.5.1 The pyrrole polymerisation mechanism

Although PPy is one of the most conductive polymers that has been studied and
synthesised, the polymerisation mechanism is a complicated process and has not been
fully understood thus far, thereby remaining an interesting research topic [73, 74]. There
are a number of polymerisation mechanisms that have been widely accepted and proposed
by different researchers. Sadki et al [74] intensely reviewed the PPy polymerisation
mechanism. They reported that the polymerisation mechanism reported by Diaz et al. [75]
was acceptable and was the most commonly used mechanism by researchers in scientific

papers. This mechanism has been confirmed theoretically by studies conducted by
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Waltman and Bargan. However, other mechanisms have been proposed by other
researchers such as Kim, Pletcher and Reynold which are also acceptable i the literature

[74]. The following section is a brief description of the polymerisation mechanism:

Step One:

Polymerisation begins with the initiation step where the pyrrole (Py) monomer is oxidised
at a suitable positive potential (generally 0.65 V vs. SCE on the electrode surface). The
monomer loses an electron at the anode surface, and different radical cation resonances
are formed as shown in scheme 1 (Figure 1.5). Since the oxidation of the monomer to the
radical cation (R*) at the eclectrode surface is faster than the diffusion of the monomers
from the electrode surface to the electrolyte solution, there is an increase in the radical
cation concentration at the electrode surface, which is maintained by conserving the
polymerisation condition. Then, the radical cation can be mnvolved in different coupling
reactions depending on its activity. It can react with the solution substance and generate
non-conducting oligomers, which may deposit on the electrode, or diffuse into the
solution and produce a soluble brown cloud if the radical cation is extremely active (very
unstable) or extremely inactive (relatively stable). The stable radical cation can also
undergo further coupling reactions to form dimers and then lead to a proton release, as

shown in scheme 2 [74, 76].

Step Two:

Among the resonance forms of the radical cation, the resonance form (3) is predommnant.
This form is more active at position o- a/(2, 5) because it has a great density of unpaired

electrons at this position. The propagation of the polymer chain begins with the generation
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of a dihydromer dication resulting from the reaction coupling between two stable radical
cations at the alpha position. The dihydro-dimer loses two protons to give a neutral stable
species (see scheme 2). In addition, Diaz explained the coupling mechanism as n-radical
coupling [74]. The reaction coupling between two m-radical cation monomers leads to the
formation of a dimer precursor. Then, the dimer precursor deprotonates by elimmnating

two protons to form a dimer, as shown in scheme 2 [74].

Step Three:

The dimer radical cation is more stable and oxidises more easily than the monomer at the
existing anode applied potential because the unpaired electron is delocalized over the
rings of the dimer radical. The predominant dimer radical resonance form (9) is oxidised
into a cation radical and undergoes further coupling reactions at f or f with monomer
radical cation 3 at o or o positions, which produces trimer dication (11) (see scheme 3).
The trimer dication then loses two protons to form the neutral trimer 12 (see scheme 2,3)

[74].

Step Four:

The neutral trimer 12 is oxidised at the anode surface and produces a trimer radical cation
(13) (see scheme 3), which further reacts with the monomer to form a tetramer. The
polymer chain continues growing via the same sequence of oxidation, coupling and
deprotonation until the chain growth terminates and the final polymer product is obtained.

Reaction with water could be one of the steps that terminate the polymerisation. Although

the o-a position is the most active and predominant coupling, the B coupling occurs and
increases as chain length increases. It has been found in previous research that there is a
structural disorder in one Py unit out of every three. This structural disorder that forms

the B coupling is responsible for the poor crystallnity in PPy [74, 76]. This has been
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confirmed by blocking both the B position of the Py ring using methyl groups and the Cl

atoms in the poly (B-B-dimethylpyrrole) and poly (B-B-dichloropyrrole), which are shown

to increase the crystalline order because of the elimination of B coupling [77, 78].
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1.5.2 Parameters affecting the PPy polymerisation mechanism

a) Temperature effects

The synthesis temperature is an important condition affecting the structure of conducting
polymers and their properties. The increase in the temperature of the polymerisation
solution may increase the interaction among monomers themselves or those between the
monomers and the formed film, and may also activate unwanted reactions. Thus, there is
an increase in the possibility of the occurrence of a-p and B-B coupling instead of a free
polymer defect-chain via a-o bonding. When the o-o bonding dominates, the film surface
becomes smoother and the length of the conjugation chain increases. When the PB-p
bonding dominates, the fim exhibits a shorter conjugation length and rough surface.
Teshima et al, [79] have found that there is an inverse relationship between the synthesis
temperature and the surface roughness of the polymer fim when the synthesis
temperature decreases, the film’s surface gradually changes from rough to smooth and
becomes more compact. The produced films are coherent and mechanically strong.
This relationship is also applicable to the conjugation chain length where a long
conjugation chain with a less defective structure is formed at a low preparation
temperature. In addition, the doping level increases as the synthesis temperature
decreases, and the film’s conductivity increases as the preparation temperature decreases.
However, a relatively low synthesis temperature leads to an increase i the required
electrochemical potential for polymerisation. Yoon et al, [80] found that there is a
decrease in polymer conductivity when the polymers synthesise at a temperature below -
40 °C, using a solution containing 0.1 mol dm of pyrrole monomer, 0.1 mol dm3 of
tetrabutylammonium hexafluorophosphate (TBA-PF6) and 1 vol% of water in propylene

carbonate (PC). Similarly, Teshima et al, [79] reported that the conductivity of polyaniline
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increases with decreasing electropolymerisation temperature when the polymer film was
synthesised in a non-aqueous solution of 1, 2-dichloroethane (DCE) without a protic acid
at temperature varying from 248 K to 298 K. Further, the morphology of the films
deposited at low temperature is smoother and denser and is composed of smaller and more

uniform grains than that prepared at higher temperature.

b) Effectof pH

The solution pH level is a very important variable that strongly influences the PPy
polymerisation and its properties. The effect of the pH level is associated with parameters
such as synthesis method, nature of the doping anions and the substrate material A
medium with a low pH level produces a smooth good film quality without cracks, in
contrast to an alkaline meduum which may produce a brittle and non-uniform film. In
general, the PPy polymerisation potential in an acidic medium is lower than the PPy
polymerisation potential in a medium with a higher pH level. Hence, this may affect the

quality of the synthesis of PPy films in an alkalne medium.

Shimoda et al, [81] has reported that the growth rate of PPy doped with immobile large
anions, such as the large aromatic surfactant anion dodecylbenzenesulfonate (DBS), is
higher at a pH between 1 and 11 when a potentiostatic method is used. In addition, the
PPy deposition does not occur in a medium with pH equal to or greater than 11 when a
lower deposition potential is used, such as 0.65 V vs. SCE. When the deposition potential
is increased, spots and a non-uniform layer are formed. If the potentiodynamic method is
used, the polymers’ growth rate increased with an increase in the electrolyte pH level

between 3.2 and 10. When the medium pH is increased to 11.2, PPy deposition does not
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occur and when PPy film deposited at a lower pH (pH 1), it becomes non-conductive [81].
The conductivity of the PPy film increases when the polymer synthesis is conducted in a
highly acidic solution, and the film which is polymerised in basic or alkaline solution may
become less conductive or an insulator. The irreversible overoxidation potential is
decreased with the increase in the pH level of the synthesis medium. This was also true
for the electrode potential required for the water decomposition to produce oxygen, which
reduces as the alkalinity of the solution increases. Therefore, the produced oxygen may
be the cause of the overoxidation of the PPy film, thereby destroying the conjugated
structure of the polymer. However, in metals where oxygen evolution is prevented by a
passive layer on the reactive metal surface such as aluminium, the overoxidation of PPy

was independent of the pH of the electrolyte.

Bhattacharya et al. [82] stated that the conductivity of PPy films doped with vinyl
sulphonate PPy-V and synthesised n an acidic medium had a much higher conductivity
(13 S cm'!) than the films synthesised in a neutral or high pH solution (6.2 S cm!). The
decrease of the films’ conductivity is probably caused by the presence of a carboxyl group
which reacts with the produced oligomer radical, thereby reducing the length of the

conjugated polymers. In addition, the decrease of the films’ conductivity may also be due

to the migration of the dopant within the polymers to OH ions. Bhattacharya et al. [82]
also found that the conductivity of PPy films doped with styrene sulfonate (St) is much
higher than that of the PPy-V films and not affected by the increase in the pH level of the
synthesised solution. Further, the surface morphology of the PPy films are affected by the
variation of the synthesised solution pH. When a solution with a high pH of 10 or more

is used, the PPy-V and PPy-St films showed a similar globular surface containing small
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spherical bubbles. When the pH is reduced to 3.1, the PPy-V films showed a similar
surface morphology with more surface regularity. Further, the PPy-St films showed a

nodular-shaped growth for the films synthesised at a low pH of 4.

Saidman et al. [83] studied the effect of the pH variation of the PPy growth in nitrate
solutions. They found that the change in the pH level strongly influences the PPy growth
on a reactive metal substrate such as alummnium (Al). This material is characterised by
the present of a passive oxide layer which protects and hibits the oxidation of the
monomer and thus film deposition. The increase in solution pH leads to partial dissolution
of the passive layer and defects in the oxide layer, which caused the PPy deposition.
However, the increase in the pH level may have lead to a high dissolution of the metal by
OH ions and thus prevented the PPy deposition. They obtained homogeneous and
adherent PPy films, which perfectly covered the substrate surface when they applied a
constant potential between 0.7 to 1.15 V at pH 12. They did not observe any growth of

the PPy on the substrate ata pH level between 4 to 11 and more than 13.

In addition, Saidman et al, observed good deposition of the PPy films on the Al substrate
using the potentiodynamic method at pH 12 i the presence of a high concentration of
NOs-. Moreover, they observed a decrease in the PPy deposition rate with the decrease in
the concentration of NO3~ and found that in the absence of NO3-, the Al substrate was not
covered with PPy, which gives an indication that the polymerisation rate of Py decreases

at low NOs3- concentration [83].
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1.6 Drug Delivery Systems

There is a number of conventional methods for drug delivery, which depend on the drug
type and treatment requirements. Conventional routes used for drug delivery include:
peroral and gastrointestinal, rectal, ocular, intravagmnal, transdermal, vascular injection,
nasal and pulmonary routes [84]. While some methods are suitable to deliver certain
drugs, the same method might not be appropriate for others. For example, intravenous or
mtramuscular mjections are used to deliver drugs but they are not suitable for drugs based
on peptides and proteins, such as insulin for patient with type 1 diabetes. Although taking
drugs through the peroral route is probably less expensive and more convenient for
patients, particularly patients suffering from chronic diseases that prevent them from
using injections to avoid pain and tissue trauma, this route is currently unsuitable for some
drugs. Drugs administrated through peroral route can break down through the destructive
acid medium in the stomach and by the mntestine enzymes. The absorption of drugs in the
digestive system is difficult; and almost all macromolecules cannot be absorbed, which

limits the drug’s effectiveness before reaching its target location.

Numerous attempts have been made to improve the currently existing drug delivery
systems. One common strategy is to encapsulate the drugs with a protective layer while
they pass through a destructive environment. The protective layer dissolves at the targeted
location, and increases the drugs’ susceptibility to be absorbed in the right part of the
body. Other examples include, the develop of an msulin injection through the skin using

a needle-less mjector and constant infusion pump [85].
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Despite the fact that these traditional methods are used to deliver drugs, they cannot
provide the optimum level and ensure sustained drug release. The concentration of the
drugs in the body fluctuates, initially increasing after beng mtroduced and decreasing
over a period of time. In the case of insulin, for example the best way to provide it is to
ensure that the release profile mimics the body’s physiology and conforms with the
pancreatic islet release profile, in response to changes of the concentration of sugar in the
blood. This cannot be done by traditional methods. In addition, a drug delivery system
can also be used to locally deliver neuro-growth factors in the brain to treat
neurodegenerative diseases such as Parkinson, Alzheimer and Huntington and to
overcome the blood-brain barrier that prevents the drug from entering the brain.
Moreover, in order to understand the processes that take place in the brain and to address
the loss of functionality of the nerve cells, such as the eyesight and hearing, electrodes
can be implanted. These -electrodes collapse and lose functionality shortly after
implantation, due to the inflammation generated i the surrounding tissue and,
consequently, the body rejects the implant. Drug delivery systems can provide anti-
mnflammatory medicaments and growth factors directly into the local vicinity of the
mplant, forcng the body to accept the mplant [86]. Another application of the drug
delivery system is in bone tissue engineering where growth factors can be delivered

locally at high concentrations with precise control.

Some drugs are unstable and strongly influenced by their administration time; they
require rapid and accurate delivery to target a certain location within the body in order to
be effective. This includes DNA-based drugs, which must be delivered to the host genome
precisely where existent drug delivery systems are unable to do so [85]. The use of

traditional methods to deliver drugs often require repeated and high dosages with toxic
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effects, such as cancer drugs that exposes the entire body to toxicity. Therefore, doctors
must carefully control the delivery of these drugs to the target location with the precise

concentration, so the drugs will work effectively and efficiently with minimal toxicity.

Controllable drug delivery systems provide advantages that outweigh those offered by the
traditional methods. These systems can deliver drugs with the effective concentrations
required for a long time, without the need to take repeated doses at frequent intervals.
Therefore, they are very useful for patients with chronic diseases, especially those who

have difficulties to adhere to their treatment regimes.

The main objective of drug delivery systems is to provide mtact drugs specifically to
targeted locations using an intermediary system that can control drug administration by
chemical, electrical, electrochemical, thermal or physiological release circuits, or by a
combination of the above [87]. In addition, these systems can decrease drug toxicity and
side effects providing protection and preservation of the drugs until they reach their target

resulting in an mprovement i the drugs’ absorption rates.

1.6.1 Drug delivery system based on conducting polymers

1611 Introduction

There are many interesting properties of conducting polymers, which make them suitable
materials to be used in drug delivery systems. These polymers can be formed easily either
chemically or electrochemically from an aqueous solution containing monomers. A drug
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can be incorporated during the polymerization process without the need for additional
procedures or equipment. Polymerization offers the possibility of incorporating various
types of drugs and molecules whether anions, cations or neutral molecules mto the
polymers. Moreover, two or more drugs can be combined in the same film [88]. The
possibility of controlling the conditions of the polymer synthesis to obtain the desired
type of surface and composition or to improve its mechanical and electrical characteristics
is advantageous. In addition, integrating conducting polymers with other materials and
nanostructures, such as titanium and carbon nanotubes [89, 90], yields high surface areas
where drugs and molecules can be stored. Further, the mmniaturisation of polymer devices
and the diversity of methods that can be used to incorporate drugs into polymers films are

also beneficial.

Conducting polymers have the ability to undergo a reversible redox reaction involving
ion transport into and out of the polymer bulk at low electrical power, typically less than
1 V depending on the environmental conditions. They are usually operated i an
electrolyte solution and in a broad range of temperatures. In addition, the natural
biological compatibility of these polymers with various living body tissues and fluids
without causing any toxicity or immune problems for long periods makes them suitable

for use in vivo and in vitro [91, 92].

Conducting polymers are characterised by their abilty to undergo reversible redox
reactions by the application of a potential difference. When the conducting polymer films
oxidise, they are positively charged and are associated with counter ion movement from

the solution into the polymer to compensate for the charge, thereby resulting in an
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increase in the film’s volume. In the reduction state, the counter ions are expelled from
the film and cause the film to shrink. These properties can be used for drug delivery
systems, where the drugs are incorporated mto the polymer film during oxidation and

released when the film is reduced [93].

16.1.2 History

The first attempts to use conducting polymers to store and release molecules began in the
1980s, shortly after the discovery of their ability to conduct electricity by Shirakawa et
al. at the end of the 1970s [94]. In 1982, Miller et al. [95] developed the first controlled
release system to deliver a small amount of the neurotransmitter dopamine, which is
cathodically cleave-bonded to the conducting polymer using CV. In 1984, this was
followed by the use of ferrocyanide and glutamate drug as dopants using PPy as the
conducting polymer. Zinger et al. [96] were the first to report the possiility of using
repetitive electrical pulses to trigger controllable small amounts of ferrocyanide ion to be
released gradually from the polymer. Despite this, the amount of incorporated molecules
in the polymer was very small, estimated to be 3.2 x10-% mol ¢cm?, thereby making the
released ferrocyanide very impractical However, this achievement was significant
because it demonstrated the principle of the controllable release of molecules. Since then,
many researchers have sought to develop and improve the use of conducting polymers as
a controlled delivery and release system for drugs and other molecules. In this chapter,
the properties that make conducting polymers suitable for drug delivery systems will be
discussed. This will include the types of drug delivery systems that can be based on
conducting polymers, types of drugs that have been incorporated, the conditions that must

be present for the drugs to be incorporated, the release methods and how these methods
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have been developed. The future of polymers for use in drug delivery systems and the

methods used to increase the amount of drugs that can be loaded within the polymers will

also be discussed. There are several reviews and studies on the use of conducting polymer

on drug release applications. Table 2.1 gives an example of these papers and a summary

of these papers' scope.

Table 1-1: Examples of published review papers of conducting polymers drug release

applications.

Authors Year |Topic Scope Ref.

Ravichandran {2010 | Applications of conducting| Conducting polymers |[97]

R., Sundarrajan polymers and their issues in|biomedical application and

S. Venugopal J., biomedical engneering various methods modulate

Mukherjee S. their properties for such

and application.

Ramakrishna S.

Guimard N., [2007 |Conducting polymers for|An overview of common|[98]

Gomez N., and biomedical applications type conducting polymers

Schmidt C. including their properties
modification and
challenges i biomedical
application.

Svirskis D., 2010 |Conducting polymer drug|Fundamentals of mtrinsic|[94]

Travas-Sejdic J. delivery system conducting polymer drug

Rodgers A., delivery system, synthesis,

and Garg S. properties,
characterisation and
limitation of this system.

Vallejo-Giraldo (2014 |Conducting polymers for| An overview of the use of|[99]

C., Kelly A. and neural applications PPy and PEDOT i

J.P. Biggs M. biomedical applications
specifically  as neural
biomaterials.
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http://rsif.royalsocietypublishing.org/search?author1=Rajeswari+Ravichandran&sortspec=date&submit=Submit
http://rsif.royalsocietypublishing.org/search?author1=Subramanian+Sundarrajan&sortspec=date&submit=Submit
http://rsif.royalsocietypublishing.org/search?author1=Jayarama+Reddy+Venugopal&sortspec=date&submit=Submit
http://rsif.royalsocietypublishing.org/search?author1=Shayanti+Mukherjee&sortspec=date&submit=Submit
http://rsif.royalsocietypublishing.org/search?author1=Seeram+Ramakrishna&sortspec=date&submit=Submit
http://www.sciencedirect.com/science/article/pii/S0079670007000676
http://www.sciencedirect.com/science/article/pii/S0079670007000676
http://www.sciencedirect.com/science/article/pii/S0079670007000676
http://www.sciencedirect.com/science/article/pii/S0168365910002282
http://www.sciencedirect.com/science/article/pii/S0168365910002282
http://www.sciencedirect.com/science/article/pii/S0168365910002282

Authors Year |Topic Scope Ref.
Pilay V, Tsai T.,|2014 |Conducting polymers and|A critical review  of][105]
Choonara Y., conducting polymers| commonly used
Toit L., Kumar hydrogel for drug delivery|conducting polymers and
P., Modi G., system. conducting polymers
Naidoo D., hydrogel including:
Tomar L., Tyagi polymerization, doping
C. and and actuation mechanism,
Ndesendo V. and therr redox reaction
characterization
techniques, applications as
drug delivery systems and
related  challenges  are
discussed.
Yue Z., E. 2013 |Conducting polymers for| An overview of| [106]
Moulton S., neuro-bionics applications. |conducting polymer drug
Cook M., delivery neuro-bionic
O'Leary S. and devices to improve the
Wallace G. biocompatibility,  stability,
the neuroactivity and the
electrical properties of the
implanted electrodes.
Asplund M., 2014 | Conducting polymer| A review of  the[[107]

Boehler C., and
Stieglitz T.

electrodes for neurons drug
delivery.

incorporation and release
of neurons drug from
conducting polymers. The
mechanism and efficiency

of the wvarious release
strategies along with their
possible risks and
challenges in Vivo
applications  has  been
summarised.
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http://www.sciencedirect.com/science/article/pii/S0169409X12001998
http://www.sciencedirect.com/science/article/pii/S0169409X12001998
http://www.sciencedirect.com/science/article/pii/S0169409X12001998
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stieglitz%20T%5Bauth%5D

Authors

Year

Topic

Scope

Ref.

Otero T. ,
Martmnez J.,
and Arias-
Pardilla J.

2012

Soft and
reactive devices

biomimetic

A clear summary of soft
and biomimetic reactive
devices based on
conducting polymers
mncluding a view of the
characterisation i such
application, the emerging
and start-up companies,
patents and  scientific
challenges

[100]

Guo B., Glavas
L., and
Albertsson A.

2013

Biodegradable
polymers

conducting

review  of]
degradable conducting
polymers  synthesis and
fabrication methods. The
developments and  the
challenges of these
methods are also
discussed. Application to
tissue engineering is
highlighted.

A critical

[101]

Llorens E.,
Armeln E.,
Pérez-Madrigal
M., Valle L.,
Aleman C. and
Puiggali J.

2013

Biodegradable

nanofibers

and nanomembranes based
on conducting polymers

review of the
preparation of]
biodegradable = nanofibers
and nanomembranes based
on conducting polymers
focused on electrospinning
and spin coating
technique. Their potential
in biomedical applications
are highlighted specially in
drug delivery and tissue
engineering.

Progress

[102]

Smith J., and
Lamprou D.,

2014

Conducting  polymers

for

biomedical applications

A summary of conducting
polymers recent works
published between 2011
and md 2013 on
biomedical applications;
including: drug  delivery,
biosensors, cardiovascular
stents, tissue engineering,
orthopaedic and
antibacterial materials.

[103]

Long Y., Li M.,
Gu C., Wan M.,
Duvail Jm. , Lu
Z., and Fan Z.

2011

Nanostructured

polymers

conducting

Synthesis methods,
physical properties,
promising application and

consistent challenges.

[104]
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16.1.3 Drug incorporation and release

Anionic, cationic, or neutral drug molecules can be incorporated into a polymer fim
during or following the polymerisation process [94]. Drug anions can be added to a
suitable electrolyte solution containing the monomer. When the monomer oxidises,
forming the polymer, the drug ion is incorporated to compensate for the positive charge
of the polymer backbone due to the loss of electrons. The incorporated drug can then be
released upon the reduction of the polymer film due to the electrostatic repulsion force.
Cationic drug molecules also can be incorporated during the polymerisation process. For
example, Svirskis et al. [108] incorporated the cationic drug risperidone into a polypyrrole
film doped with Para-toluene sulfonate (pTS) anions during the polymerisation process
using a galvanostatic method. The freshly prepared PPy films released 1.1+0.2 pg s°!
when £0.6 V vs. Ag/AgCl at 0.5 Hz was applied. In addition, the cationic neurotrophine-
3 (NT-3) has been mcorporated mn a PPy-pTS film during the galvanostatic
polymerisation process. The mechanism of NT-3 incorporation into the polymer is not
fully understood. The incorporation process may include electrostatic interaction between
the NT-3 and the doping anion pTS, hydrophobic mteraction between the NT-3 and pTS
ions or pyrrole monomer, or the NT-3 molecules may be physically trapped mside the

polymer bulk [88].

To incorporate a cationic drug after the polymerisation process, the polymer needs to be
doped with immobile anions during the polymerisation process. When the polymer film
is doped with large immobile anions, the anions are trapped i the polymer bulk. The
reduction of the film by incorporated cations leads the film to swell during the process.

Therefore, the cationic drug can be incorporate by reducing the film using a suitable
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potential and electrolyte solution containing the cationic drug. When the film oxidises,
the incorporated cationic drug is ejected by the electrostatic repulsion force and the film
shrinks [109]. The actuation of the film between the polymer redox state may cause cracks
and holes in the film, which may lead to an increase in the release rate of the incorporated

molecules [94].

An anionic drug can be absorbed in a polymer film doped with small anions, which
oxidise by anion incorporation and are reduced by anion ejection. Both cation
incorporation and counter ion expulsion simultaneously occur when a mobile ion is used.
Figures 1.6 and 1.7 illustrate the mechanism of drug incorporation and release from a

conducting polymer film [94, 109].
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Figure 1-6: Schematic for the incorporation and the release of an anionic drug.
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Figure 1-7: Schematic for the incorporation and the release of a cationic drug.

1.6.1.4 Limitations

Despite the interesting specifications that characterise conducting polymers as suitable
drug delivery matrices and the ongoing efforts made to develop them, this field of
research still suffers from an obstacle that prevent their extensive use in release systems.
These limitations are still under study and can be summarised in the five main pomts

listed below:

a. The amount of storage and release
The capacity of conducting polymer films to store a drug is limited, and the amount of

drug being released is very small. Recently, the surface area of conducting polymer films
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has been increased by modifying the polymer structures using nanoporous materials and
by mncorporating the polymers into nanotubes such as carbon nanotubes, thereby
increasing the storage and release amount of the drugs using nanostructures such as

nanopores.

b. Power source

The drug is released from the conducting polymer film by applying an electrical potential
to reduce it. However, using an external power source restricts its use in vivo, although
some drug delivery systems do not need external power sources and use temperature
increase to release the drug, but such systems still have some shortcomings because the

change of human body temperature is limited.

C. Operational stability
The long-term stability of conducting polymer films constitutes one of the problems that challenge
the drug delivery system. It has been highlighted that the failure of conductive polymer films is

because they are separated into many layers as a result of physical stresses and are exposed to

oxidation and reduction reactions over a period of time [110].

d. Control

The release of incorporated drug molecules nto the framework of conducting polymers
is triggered and controlled by an electrical stimulus. Consequently, the rate of release
could be constant and non-dynamic and will not necessarily interact with changes in
response to the reactions of a living body. This makes them unsuitable for use in certain
drugs, which require variable dosage rates that depend on the patient’s clinical response.
It can only be used for drugs that require constant dosage rates. There have been attempts
to overcome these shortcomings and to take advantage of the influence of conducting
polymers by physical and chemical factors, such as changes in temperature and pH, and

to combine them with electric stimulus to control drug release. In addition, some scientists
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have sought to take advantage of the ability of conducting polymers to function as sensors,
thereby attempting to integrate them into the drug delivery system to monitor the release

rate [111].

e. Biodegradability

Despite the attractive specifications of conducting polymers, which include
biocompatibility, these polymers are not biodegradable. Therefore, these polymers must
be expelled as waste from the living body or removed surgically after having been used

in drug delivery systems or as implanted scaffolds and devices in vivo.

1.6.2 Towards a self-powered PPy drug delivery system

A self-powered drug delivery system based on the galvanic cell mechanism was
demonstrated recently [112]. This system eliminates the need of an external power source
and wiring. There are three techniques used to prepare the self-powered drug delivery

system based on a galvanic cell, which have been demonstrated in the literature.

In the first technique, the polymer film is connected to a separate anode electrode such as
zinc (Zn) and magnesium (Mg) based alloys [113]. In the second technique, the
conducting polymer film (CP) is electrodeposited in a metal substrate such as titanium
foil. The substrate is used as an anode electrode to reduce the deposited polymer fim
[112]. In the third technique, the CP film cathode is coated with a thin layer of active
metal, such as Mg and Zn, which serve as the anodes, as shown in Figure 1.8 [112]. The
galvanic coupling between the Mg layer and the CP film provides the driving force for

the drug release.
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All these techniques are based on galvanic coupling where the conducting polymer
electrode is employed as a cathode and coupled with a metal electrode as an anode.
Immediately, in the presence of electrolytes, the soluble metal electrode oxidises and
begins dissolution, thereby reducing the CP which causes the expulsion of the

incorporated molecules via the following electrochemical reactions:

1- The anode reactions involve the oxidation of Mg metals [114]:

Mg (s) > Mgy, + e~ 1.5

_ 1

The produced metastable M g™* ion can be easily oxidised to M g?* with associated

hydrogen gas evolution:

1

2Mg (s) + 2H,0 - 2Mg¢ . + 5

2- The cathode reactions mvolve the following conducting polymer (PPy) reduction:

PPy*.D~ + ne~ - PPy° + nD~ 1.8

Where D~ is the drug anion.
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Figure 1-8: Self-powered drug delivery system based on a galvanic cell.

A limited number of studies have demonstrated a self-powered, controllable drug delivery
system. Such systems can release a drug without the need of an external power source.
This simplifies the manufacturing process and may reduce production costs. In addition,
these systems do not need power wiring, which may limit the application of drug delivery
systems, particularly for implant systems. Although most reported studies used self-
powered systems to release dye molecules or model drugs (less than 10 studies used actual

drugs), all relied on the same galvanic principle to generate power.

Ge et al. [112] constructed a self-powered drug delivery system based on a galvanic cell
mechanism. The model drug, adenosine triphosphate (ATP), was incorporated into the

polymer matrix during the electrochemical polymerisation of PPy, depositing the polymer
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on pure polished titanium foil. The system released 62% of the ATP drug within 12 hours
at room temperature. In addition, the researchers reported that by coating the naked side
of the titanum foil with a thin eicosane-poly (L-lactide) blend film, they reduced the
released amount of the drug to 14% under the same conditions. The amount of the drug
released increased by 82% within the same period of time, when the temperature rose to
human body temperature (37.5 °C). This is because the melting point of eicosane is 36
°C, which is close to human body temperature. This can help to protect the system at room

temperature and may provide an on-demand drug delivery system.

Ge et al. [112] also described a self-powered drug delivery system based on a cellulose-
PPy composite film. They incorporated the model drug ATP during the polymerisation
process and then sputtered a thin layer of Mg or Zn of varying thickness onto one side of
the composite film. They reported that the drug release rate into 10 ml NaCl solution was
slightty mcreased when the Mg layer grew from 450 to 500 um. In addition, the driving
force of drug release was higher when a Mg anode was used rather than a Zn anode,
thereby increasing the release rate of the drug. This is because the Zn electrode potential
is less negative than that of Mg. Moreover, the concentration of the released Mg ion is

very small, approximately 14 ppm, which is safe for the human body.

Moulten et al [113] incorporated the glucocorticoid dexamethasone sodum anti-
inflammatory drug salt, dexamethasone sodium (DEX), mnto PPy films. The drug was
used as a dopant during the galvanostatic polymerisation of PPy onto a gold-coated mylar
or gold-coated quartz crystal microbalance (QCM) crystal electrode. The PPy/DEX

electrode was coupled galvanically with the magnesum alloy in the phosphate buffer
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saline. This led to Mg dissolution; the conducting polymer matrix was reduced, and the
DEX drug was released. The mitial release profile was high after the galvanic coupling.
Although the final concentration of released DEX was low, it is sufficient as a treatment
dosage. The Mg alloy electrode benefits from its ability to degrade and its non-toxicity.
In addition, Mg has good mechanical properties and presents a low density and a high

strength to weight ratio.

Wang et al. [113] incorporated phenol red salt (PR) mnto a PPy matrix (PPy) during its
electropolymerisation. The PPy-PR cathode was galvanically coupled with the Zn counter
electrode in a sodium dodecyl sulphate (SDS) solution. This action leads to the
oxidisation of the counter electrode and reduction of the polymer matrix, thereby resulting
in the release of phenol red from the polymer and the dissolution of Zn?*. The initial
release of dye was high, being 55% in 740 s. The release rate declined with time and 67%
of the dye was expelled in 60 min. The use of phenol red salt as a doping ion can be

observed with the naked eye during the release process.

Jensen and Clark [115] used a chemical method to ncorporate sodium sulphate or phenol
red and another class of sulfonephthalein dye into PPy conducting polymers. In the first
method, they dissolved the dye in water: ethanol (50:50 w/w) and then mixed with
pyridine. The mixture was mcorporated nto an oxidant solution of iron (III) para-
toluenesulfonate (Fe(Ill)) pTS i butan-1-ol.The mixture was printed on a range of
substrates either directly using a pipette or using a Dimatic Materials Inkjet printer Model

2811 facilitated with a DMC-11610 cartridge (10 pL nominal rate). The printer was set so
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that the space between each drop was 15 um and the reservoir temperature was at 40 °C
to optimize uniformity and edge resolution. After the substrate dried, it was used as a
polymerization template where it was exposed to monomer vapour to form a conducting
polymer film. In the second experiment, the polymerisation inhibitor factor pyridine and
the monomer were added into the dye-oxidant mixture and then they were applied to the
substrate. The substrate was then heated for 20 minutes at 70 °C to evaporate the inhibitor
factor and complete the polymerization process. The dye molecules were successfully
released in 0.1 mol dm3 NaCl solution using Zn anode and the PPy containing the dye as
a cathode on a paper coated with conducting polymer PEDOT. They also used the PPy
containing the dye on indium tin oxide (ITO)-coated glass and ITO-coated polyethylene

naphthalate (ITO-PEN) film electrodes.

Despite the attractive features of these systems, they still have some shortcommngs. The
iitial release of molecules is high, and therr final concentration i solution is low. A
number of attempts have been made to improve the release profile to increase the
concentration. It has been reported that the deposition of PPy-DEX films on a
polythiophene-conducting layer provides a large active surface area and increases the
release rate of the DEX drug. In addition, the presence of a physical barrier on the metal
anode, either naturally from the metal oxide on the surface or by coating the anode with
an insulating biodegradable material, provides an advantage for controlling the release

profile and metal dissolution.

Coating the magnesium with a bioresorbable polymer poly(vinyl alcohol) (PVA) and

biodegradble polymer poly(lactic-co-glycolic acid) (PLGA) decreased the release rate of
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the DEX from PPy matrix and Mg dissolution. However, this coating decreased the final
released concentration to 1.3 mg cm? for Mg-PVA and 0.2 mg cnr? for Mg-PLGA,
compared with 3 mg cmr? for the Mg anode without coating [113]. Moreover, it has been
reported that the incorporated molecules diffuse into the solution after the electrode is
soaked in an electrolyte for more than 30 minutes before the galvanic coupling. The
deposition of the conducting polymers’ bilayer of PPy-polystyrene sulfonate on the main
PPy phenol red layer prevented the release of the dye while it was being soaked m
electrolyte for four hours [116]. The galvanic coupling between the Zn anode anodic
(potential -0.7 V reference electrode not mentioned in the reference paper) with PEDOT
dye composites (reduction potential -0.782 V) did not lead to the release of the
incorporated dye molecules. Therefore, the potential of the employed metal anode must
be lower than the conducting polymer cathode to reduce the polymers and release the
molecules [115]. It has been reported that the use of chemical polymerisation methods to
incorporate the chemical compounds mnto the polymer matrix might decompose some
types of molecules, such as anionic dyes, that contain the azo and quinone groups.
Furthermore, the incorporation of large highly charged molecules with hydroxyl groups
mto the conducting polymers matrix might lead to a reduced rate of release or might even
eliminate it. For example, there was no release for pyrocatechol violet dye, which contains
three hydroxy groups; this might be due to strong bounding to the Fe (II) within the PPy
[115]. Moreover, a detailed understanding of the toxicity of the metal anode, corrosion
process and amount of ion dissolution is required before the process can be used in an

implant system [113].
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1.6.3 Biodegradable conducting polymers

Using conducting polymers with controlled biodegradable characteristics and the matrix
with nanoparticles attached to non-conducting biodegradable polymers may elimmnate the
need for surgery, thereby reducing the risk of infection and contributing to patient healing

and comfort [117].

Boutrs et al. [117] synthesised polymer matrixes from PPy nanoparticles and the
biodegradable conducting polymers polylactide (PLLA) or polycaprolactone (PCL).
They suggested that by using Matlab modelling and HFSS simulation, the synthesised
polymers could be used in the manufacture of biodegradable all-polymer RF-driven RLC
resonators for use in vivo sensors. They synthesised PLLA/PPy and PCL/PPy composites
by emulsion polymerization of PPy in PLLA or PCL and then precipitated it. The
precipitation was redissolved and treated with ultrasound and then cast n a PTFE plate.
The resultant membranes were compressed using a hot hydraulic press between silanized
silicon wafer templates to increase the homogeneity of the films. The samples were cut
mto clover shapes and gold was deposited as an electrode by e-beam evaporation for
conductivity measurements. The resistance of the polymer fims was measured as a
function of the weight ratio of the PPy content in the PLLA/PPy and PCL/PPy films using
the four point's resistance and Van der Paum measurements methods to achieve the least
resistance with the lowest percentage of PPy i the films. The lowest measured resistivity
was 0.0043 and 0.0016 Q m for the PLLA/PPy and the PCL/PPy, respectively, in the films
that contained 39% PPy. In addition, the less resistant films were those that were

polymerised under nitrogen at 0 °C for the PCL/PPy films and at 50 °C for the PLLA/PPy

films.
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Two different models of the RLC resonator circuit were designed and investigated using
Matlab modelling and HFSS simulations, using the properties of the synthesised
polymers, which have been measured and compared with the characteristics of copper as
a reference model. Good agreement was found between the obtained results from the
Matlab models and HFSS simulation. The results also proved that all-polymer RLC
resonators can be manufactured from PLLA/PPy and PCL/PPy fims. Although the
highest quality factor was 6.6, using the properties of the PCL/PPy fim (39% PPy), this
may be sufficient for use in certain medical applications such as in implantable,

biodegradable sensor.

Zhang et al [118] produced biocompatible biodegradable electrically conductive
polymers. Initially, they synthesised poly (dichlorophosphazene) and parent aniline
pentamer, and then they synthesised poly [(glycine ethyl ester) (aniline pentamer)
phosphazene] copolymer (PGAP). The dissolved parent anilne pentamer monomers in
tetrahydrofuran (THF) were added mto a poly (dichorophosphazene) solution drop-wise
by stirring under dry nitrogen conditions. The mixture was refluxed for two days at 60 °C
and then cooled to 0 °C. A glycine ethyl ester hydrochloride and triethylamine suspension
was whisked in boilng THF for 10 hours and then cooled to 0 °C. The triethylamine
hydrochloride was removed by filtering the mixture in a dry nitrogen atmosphere. The
resultant mixture was added and stirred with the above polyphosphazene solution for 6
hours at 0 °C and was permitted to reach room temperature for 24 hours and refluxed for
another 2 days. Then, the mixture was poured into 400 ml of water and filtered. The
resultant solid mixture was cleaned with water and dried with air. The dried mixture was
dissolved m THF and then filtered to remove undissolved material. The bulk of THF was
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removed by evaporation, and the remamning solid was purified by using the soxhlet

extraction method with ethanol solvent and finally vacuum dried at 40 °C.

The FT-IR and H-NMR spectra showed that polyphosphazene had been successfully
grafted with parent aniline pentamer and glycine ethyl ester (GEE) group as side groups
by grafting the parent anilne pentamer for its electrical activity and glycine ethyl ester
for its biodegradability, as well as to increase the biocompatibility as a side group on the

polyphosphazene by nucleophilic replacement reaction.

The results of the resistance measurements showed a decline in the conductivity of the
synthesised polymer to approximately 2 x 103 S cnr!, but this conductivity may be
sufficient for cell stimulation applications. The decrease in the polymer conductivity is
due to the decrease in the number of aniline pentamers in the polymers and also because
of the -NH- bond in the amide that resulted from the interaction of the chlorine atoms,
which consumed the end group (-NH:2) in the amine oligomer but did not mvolve

conjugation with the other aniline oligomer.

The in vitro biodegradable study was conducted in phosphate buffer saline (PBS) solution
at 37 °C and pH 7.4. The results revealed that the poly(glycine ethyl ester) phosphazene
(PGEP) lost approximately 60% of its weight after 840 hours, while the PGAP lost
approximately 30%. Since these biodegradable polymers can be used as a conduit for
neuron regeneration in peripheral and spinal cord injuries, the biocompatibility of these
polymers was examined with Schwann cells, which play an important role in nerve
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functional recovery and repair. They stimulate nerve regeneration and provide guidance
and structural support for the regenerating axons [119, 120]. To examine biocompatibility,
Schwann cells RSC96 were cultured on the PGAP, PGAP doped with CSA, Polypyrrole
blended with poly(dl-lactic acid) (PDLLA) and tissue culture polystyrene (TCPs) films

[118].

The cell proliferation test was conducted using (3-(4,5-Dimethylthiazol-2-yl )-2,5-
Diphenyltetrazolium Bromide) (MTT) test assay. The SEM images after five days of
culture revealed that the cells showed long filopodia in all groups, as well as faster growth
and good attachment of the cells on the PGAP and the PGAP doped with CSA films. In
particular, the PGAP/CSA showed the fastest growth rate and had an elongated shape.
Many cells showed a single filopodia oriented in the migration direction of cells on the
PDLLA film. The statistical findings of the total cell density showed the greatest density

on the PGAP and the PGAP with the CSA films compared to the PDLLA and TCPs [118].

1.6.4 Conducting polymers utilising nanoporous surfaces and nanostructures

Although an increase in the thickness of the conducting polymer films increases the
amount of drug that can be incorporated, the resistance of the films increases and the
electroactivity decreases [121]. It has also been reported that thin films released a larger
proportion of the incorporated drug than thicker films, although more molecules may also
be released by thicker films by determining the appropriate electrode potential with or
without longer release time [88, 122]. For example, Thompson et al [88], reported that

when using a 3.6 pm PPy/pTS/NT-3 film, 5.6 ng cm2 and 3.4 ng cv? of a neurotrophic
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factor were released when the film was stimulated (Pulsed current £ 0.5 mA cn? at 5 Hz)
and unstimulated over 7 days, respectively. This amount is lower when compared with
8.8 ng cm? and 5.3 ng cm? from a thicker film 26 pm using the same release protocol
and shows the importance of film thickness. The efficiency of the polymer films in
releasing the drug from its surface is higher than from the polymer bulk [123]. This may
help to overcome the shortcomings of traditional conducting polymer films, which
mncludes low capacity to load the drug associated with limited surface area. In addition,
the amounts of the drug released from these films by electrical stimulation are low and
not stable or sustamnable, which leads to restricted application of these systems.
Researchers are attempting to develop and manufacture materials with well-controlled
structures at the nanometer-scale for various applications, including that in biosensors. In
the area of controlled drug-delivery systems that are based on conducting polymer films,
the construction of conducting polymer nanostructures is an effective way to increase the
surface area of polymer films and thus increase the efficiency of the integration and

release of a drug.

In general, the construction of conductive polymer films with nanoporous surfaces and
conducting polymer nanotubes has led to an improvement in conducting polymer drug-

delivery systems.

1.6.4.1 Nanoporous surfaces
Open nanopores on conducting polymer films surfaces significantly increases the surface
area of these films and, consequently, increases the capacity of the loaded drug molecules

and the amount of released molecules. They also facilitate the diffusion of the dopants
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and enhance the possibility of accessibility in multilayer constructions. Furthermore, they
permit the efficient transport of large molecules when compared with traditional flat
surfaces. The conductive polymer films with a porous surface can be obtaned mn several

ways.

1.64.2 Porous membranes

Nanoporous membranes are used as a template where one side of the membrane is coated
with conducting material to serve as a working electrode and then the conducting polymer
is electrodeposited into the pores of the other side. After attaining the required thickness
by controlling the total charges passing through the polymerization process, the
nanoporous membrane template is dissolved with an appropriate material. A drug delivery
system, designed by Leprince et al. [110], used this methodology. The system was
electrically controlled to deliver and release the anti-inflammatory drug dexamethasone
(DEX). This drug has been shown to reduce tissue interaction around implants but may
cause muscle myopathy and diabetes. Therefore, conducting polymer local drug delivery

system could eliminate these side effects.

The synthesis drug delivery system uses a hard template method to produce nanostructure
PPy electrodes with DEX. In the beginning, gold was evaporated mto one side of a
nanoporous polycarbonate template to form a layer of 21 pm thickness to serve as a
working electrode. Then, platimum was electrochemically deposited into the pores of the

other side of the polycarbonate template. After removing the polycarbonate template, the
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PPy/DEX was potentiostatically deposited on the resulting platinum nanopillar brush that

resulted from dissolving the polycarbonate template [110].

The PPy/DEX nanostructured electrode was cycled in 20 x 10~ mol dnr® PBS with 150
x 1073 mol dm3 NaCl at room temperature and pH 7, cycled between -0.8 V to 0.9 V vs.
Ag/AgCl at scan rate of 100 mV s'!. The reduction and oxidation peak of PPy/DEX film
on the nanostructured electrodes appeared at -0.2 and 0.15 V vs. Ag/AgCl respectively,
which is significantly lower compared to oxidation potential peaks when planar
electrodes were used. This decrease in the operating potential for the drug release is due
to the increase in the surface area. The positive adhesion between the polymer and the
electrode metal substrate improved the mechanical stability of the PPy film, where there
were no cracks or delammation on the nanostructured PPy/DEX fim after 150 CV
stimulation cycles to release the drug. Conversely, the flat PPy films did show cracks and
delamination after several cycles, thereby suggesting that this nanostructured design may

improve the efficiency of the polymer electrodes in the long term [110].

Increasing the film thickness could enhance the amount of drug released without affecting
the release profile [88, 96, 110]. For example, Leprince et al. [110] reported the
manufacture of two conducting polymer, a thin film that consumed 27 uC cm? and a thick

flm consuming 700 pC cm?

during the -electropolymerisation process. Cyclic
voltammetry stimulation of these films between -0.8 V to 0.8 V vs. Ag/AgCl released 39
and 105 pg from the thin and thick films, respectively after 150 cycles. This amount is
three times more for an increase in film thickness 25 times which although not

proportional, is sufficient amount to alleviate the nflammatory reactions surrounding

body mplants. In addition, this result confirms that the release rate does not cope with
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the amount of increase of film thickness and the films released molecules more efficiently
from their surfaces compared to releasing drugs from the polymer’s bulk. This might have
been resulted from the fact that the thicker film are less electroactive and have less

diffusion rate.

The authors also reported that the stimulation scan rate affects the rate of drug release and
the film properties. In the case of using a high scan rate, the drug ions remain and oscillate
in the polymers’ bulk, and thus they are not released and incorporated once again before
they have time to diffuse into the buffer solution when the film is oxidised as a result of
the high speed potential switching. The use of a low scan rate also causes some problems:
if a negative potential is applied for a long time, the film becomes an electrical nsulator
because it loses the incorporated doping ions and the recovery of the film’s conductivity
upon reverse oxidation becomes more difficult. Therefore, the scan rate should be
optimised to obtain an effective drug release without the affecting films’ conductivity.
The authors report that 100 mV st is an optimal scan rate to release DEX and maintain
of the characteristics of the film [110]. Furthermore, Jiang et al [124], found that the scan
rate affects considerably the release of ATP drug from a PPy nanowire network coated
by a PPy film. The percent of ATP released increased significantly from 57% to 89% and
95% when the system was stimulated at 50, 100, and 200 mV s1, respectively within 10 h.
This suggests that the amount of drug released is not directly proportional to the thickness
of the film and that the film releases molecules more efficiently from their surfaces rather
than from the bulk of the polymer. This might have resulted from the fact that the thicker

films are less electroactive and allow a lower diffusion rate of the drug molecules.
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1.64.3 Closed packed colloid crystalarray templates

Self-assembled polystyrene (PS) templates are used to fabricate porous materials. The
synthesis of these templates mvolves several steps to obtain a uniform deposited PS
nanoparticle template where a conducting polymer can be electrochemically deposited
[125, 126]. The first step involves synthesising a PS colloid sphere using an emulsifier-
free emulsion polymerization technique. The second step mnvolves the ordered assembly
of the sphere using different methods such as vertical deposition, gravity sedimentation
and dip-drawing [125, 126]. The resultant polystyrene colloid sphere aqueous suspension
is diluted with an appropriate amount of ethanol. Thereafter, a substrate such as ITO is
dipped into the PS emulsion to induce the self-assembly of the PS nanospheres in uniform
three dimensional layers. The assembly contmues by slow evaporation of ethanol over
approximately five days at room temperature. Thus, in this manner, a uniform deposited
PS nanoparticle template is obtained. The conducting polymer is electrochemically
deposited on the obtained template [125, 126]. After deposition, the colloidal crystals
template can be dissolved by incubation in tetrahydrofuran for 24 hours, yielding porous
conducting polymer films. The driving forces for the formation of close-packed PS
crystals involve electrostatic interaction and lateral capillary force, and the ion diffusion
during the evaporation is considered to be an mmportant factor for the successful assembly

of ordered structure on the latex surface [127].

Chao et al. [128] developed an electrically controlled nanoparticles release system based
on nanoporous conductive films which incorporated biotin (molecular probes) during the
electrochemical deposition. The authors used an aqueous solution of 0.1 mol dm?3 Py
monomers, 9 x 10 mol dm biotin and 0.01 mol dnm? sodium dodecylbenzenesulfonate

on an indium tn oxide (ITO) electrode modified with polystyrene spherical template
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(spherical diameter 1 pm) using a cathode potential of 0.7 V vs. Ag/AgClL After dissolving
the polystyrene template, the film was immobilized with streptavidin-coated gold (Au)
NPs (Nanocs) with a diameter of 1.4 or 5 nm at a concentration of 0.1 mg cm. Cyclic
voltammetry from -1 to 1 V vs. SCE in 0.1 mol dm phosphate-buffered saline (PBS)
containing 5 x 1073 mol dm® mixture of K4Fe (CN)s/ K3Fe (CN)s was used to observe the
electrochemical properties of the films surface by sweeping the films at a scan rate of 50
mV s°!. The release of biotin was stimulated between -2 to 2 V vs. Ag/AgCl for the Au-

NPs for different time mntervals.

The results show that the porous biotmalited PPy films along with the electrical
stimulation permits a controllable release of the gold nanoparticles by changing the
strength of the chemical bonds between the PPy and biotin. The SEM images showed that
a cleaned defined porous surface with clear spherical voids are interrelated and arranged
n a substantially similar manner to the arrangement of polystyrene pellets used in a

template [128].

The conductivity test using a four-point method showed a reduction in the conductivity
from 7.62 S cmr! for PPy/Biotin flat films to 3.02 S cnr! for PPy/Biotin porous films with
a thickness of 2.7-4.4 um. The conductivity increased to 47.62 S cnr! for PPy-Biotin/SA-
Au NPs (thickness 3.2 - 5.1 um) due to the increase of the gold nanoparticle concentration

in the film.
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The contact angle measurement was used to evaluate the wetting of the surface. The

measured high contact angle of 88+5° for the porous film indicated that the biotin had

been incorporated in the porous PPy where the natural hydrophobicity of biotin lead to

the increase of the contact angle. The contact angle decreased to 27.3+3.6 ° for the porous
PPy-Bioti/SA-Au-Nps due to the exposure of hydrophilic moieties from streptavidin.
When an electrical potential -1 V vs. Ag/AgCl was applied for 20 s on the PPy-Biotin/SA-

Au-Nps film, the biotin linked with the nanoparticles was released; therefore, the contact

angle increased to 54 ° and the conductivity of the film decreased.

The recorded high-resolution XPS spectra of the films clearly showed the Au 4f peak,
which returns to the gold in the PPy fim incorporated with 1.4 nm SA-Au NPs. This
indicates the successful combination of gold nanoparticles in the porous PPy fim. In
addition, the emergence of S2p signal at 161.0 eV, which belongs to the sulphur, proves
the existence of the Biotin-Streptavidin in the film via their sulphur atoms. The
application of a constant potential of -1 V vs. Ag/AgCl for 60 s resulted n a weakening
in the S2p peak, and the Au 4f peak was not directly observed possibly because of the
released nanoparticles. There have been slight peaks i the flat PPy film incorporated with
Biotin-Strapataridin in the location of the Au 4f peak, which confirms that the fim
porosity promotes and provides useful sites to incorporate and release nanoparticles.

Note: S2p and 4f are assign for electron energy configuration.

Luo et al. [123] designed a system to release a model drug, fluorescein, based on porous
PPy. They pre-treated 3 mm-diameter GC electrodes rods by dropping 5 ml ofa 1% (w/v)

PS nanobead suspension (mean diameter 46 + 2 nm) using a micropipette. The electrodes
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were placed vertically until the suspension dried over several hours. The template
solidified by heat treatment at 60 °C for approximately 15 min. The PPy film ncorporated
with fluorescein was potentiostatically deposited on the GC electrode at 0.9 V wvs.
Ag/AgCl for 200 s in a solution containing 0.02 mol dm?3 Py and 0.01 mol dm
fluorescein sodium salt. Then, the polystyrene template was removed by steeping the
electrode i toluene for 12 hours. The film was stimulated to release the drug by applying
-2 V vs. Ag/AgCl for 10 s in a cell containing 1.6 ml 0.1 mol dm> PBS (pH 7.4). The

amount of released fluorescein was measured using a fluorimeter.

The results revealed that the amount of released fluorescein from the porous PPy film was
approximately 10 times more than the released amount from the non-porous PPy film that
was synthesised at the same conditions. This suggests that the porous surface increased
the surface area of the film and, thus, increased the amount of the incorporated fluorescein
and enhanced drug release effectiveness. In addition, the amount of the released
fluorescein from the nanoporous film without electrical stimulation (pure diffusion) is
negligble (3%) compared to the control released using electrical stimulation. This
indicates that the drug release system based on nanoporous PPy is a true controlled system

[123].

Luo et al. [123] studied the effect of the increase in the value of the negative applied
potential on the amount of released drug. It was observed that a gradual increase in the
released drug amount will occur when a fixed potential between 0 V and -2 V vs. Ag/AgCl

is applied. Potentials higher than - 2 V have not been tested because it may produce
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bubbles as a result of the electrical decomposition of water, which may affect the release
efficiency. It is interesting that some released amount of drug was observed when a
positive potential 0.5 V vs. Ag/AgCl was applied. The release of the drug at a positive
potential may have been caused by the negative capacitive current that surged at the end

of the positive potential pulse or due to film actuation.

Sharma et al. [129], reported the electropolymerisation of PPy on a 3-dimensionally
macroporous  poly-(methyl methacrylate) (PMMA) colloidal crystal template of
approximately 430 nm diameter supported on stainless steel. The colloidal template
PMMA was removed by chemical etching and a cationic drug, risperidone, was
physically entrapped inside the macroporous PPy film (6—7 um thick) by dropping 20 uL
of methanol containing 0.1 mol dn? risperidone. After the drug was entrapped in second
layer of PPy thin film, a PPy layer (<0.5 um), was polymerised on top of the macroporous
film to avoid spontaneous release. The macroporous film released a considerable amount
of risperidone drug, 162.69 + 3.6 ug under the application of £ 0.6 V vs. Ag/AgCI at
0.5 Hz over 1 h . When the film was not stimulated, the release over an hour was
119.8 £ 2.5 pg This compares well with the amount released from a non-porous PPy film
which is 42.5+ 0.737 pg and 31.3 + 0.4 pg for stimulated (£ 0.6 V vs. A/AgCI at 0.5 Hz)
and non-stimulated films, respectively. The increase of the drug release from the
macrostructure can be ascribed to the higher amount of the incorporated drug within the
high surface area of the modified film. The authors reported that the macroporus
polypyrrole film has a higher surface area of 19.2 m? g compared to that of the plain

polypyrrole film, 4.8 m? gL,
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1.6.44 Nanotubular structures

The interesting unique advantages of carbon nanotubes such as high -electrical
conductivity, high surface area relative to size and other ones based on the scale [130]
and ability to be dispersed in water, have made them suitable for many areas of research.
Researchers are attempting to use carbon nanotubes in many applications, -either
independently or in combination with other materials and chemical compounds. For
example, carbon nanotubes have been used in many different applications mncluding
sensors [131], field effect transistors [132], biological materials [133], AFM probe tips
for high resolution imaging of nanostructures and biological materials [134], as well as
in sustainable energy applications such as hydrogen storage [135], solar cells [136], and

fuel cells [137].

In the field of medical applications, it has been reported that carbon nanotubes are
compatible with biological fluids and can be excreted through the renal route. In the area
of controlled drug delivery systems, the efficacy of the use of carbon nanotubes to deliver
a variety of drugs ranging from small molecules to peptides and proteins has been
demonstrated. Carbon nanotubes can have different mechanisms to transport drug
molecules. The drug molecules can form covalent or non-covalent bonds with the surface
of the carbon nanotube; moreover, the nanotube cavities can be filled by different drugs
by opening their ends. However, the surface tension of the liquid inside the tubes reduces
the effectiveness of the filling. In addition, leaving the tube end open after filling it with
a drug is problematic because the drug tends to diffuse out from the open end in an

uncontrolled manner. A possible solution to this problem is to close the ends of the filled
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nanotubes by depositing a conducting polymer to control the drug release when necessary

[138].

There are many reports of the toxicity caused by single-walled carbon nanotubes
(SWCNT) and multiwall carbon nanotubes (MWCNT) such as oxidative stress of human
keratinocyte cells [139, 140], inflammatory and fibrotic reactions in rats’ lungs [141], and

inhibition of human HEK?293 cells [142].

Shedova et al. [139] and Mana et al. [140] reported that SWCNT initiate toxicity in human
cells. When human keratinocyte cells are exposed to SWCNT, it induces oxidative stress
which inhibits cell proliferation. Muller et al. [141] found that MWCNT and ground
carbon nanotubes induce inflammatory and fibrotic reactions in rats’ lungs; they suggest
using a system to reduce human exposure during the manipulation of carbon nanotubes.
Cui et al. [142] showed that SWCNT mhibit the proliferation of human HEK 293 cells by
inducing cell apoptosis. In addition, they found the treatment of human HEK293 cells
with SWNTs results in reduced viability of cell adhesion and that this decrease is inversely

proportional to the increase in the concentration of SWCNT and culture time.

Ivanova et al. [63] synthesised an antibiotic and a virus control system based on
MWCNT/polyaniline composite. The polyaniline was chemically synthesised by the
oxidation of 0.1 mol dm™ aniline by 0.1 mol dm ammonium persulphate in 0.5 mol dnr
3 HCI aqueous solution at room temperature with or without the presence of MWCNT.

The MWCNT diameter ranged between 40—80 nm and attained a length of 10 pm. The
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specific conductivity and the specific surface area of the carbon nanotubes were 40 S cnr

!"and 60-80 nm, respectively, and the porosity was more than 70%.

The PANI salts were treated with 0.5 mol dm> of NH3 aqueous solution to form a
polyaniline base. Polyaniline mterpolymer complexes with
polypropylamidopropanesulfonic acid (PAMPSA) syntheses were formed using the same
method in the absence of the MWCNT. The isolated influenza virus stram A/11V-
Moscow/01/2009 (HIN1) SWL was grown n 9—10 embryonated egg strains and the
mixer (virus and sorption) was then centrifuged at 2000 rpm. The hemagglutination test
with human erythrocytes was used to determined viruses i the solutions. The results
revealed that PANI is a better sorbent for influenza viruses, followed by MWCNT coated
with PANI and the absorption of viruses by carbon nanotubes was the least. The viruses’
titre before sorption was 64, and was reduced after sorption to 16 in MWCNT, 8 in
MWCNT/PANI, and 4 in PANI base. These results indicate that the absorption of the

viruses strongly depends on the absorbent materials.

The same authors mnvestigated the sorption of the following antbiotics: Gramicidin S,
Teicoplanin AZ, Bleomycetin, and Polymyxin B in MWCNT coated with polyanilne. A
solution of 600 pl containing a concentration 0.2 mg mi!' of the antibiotics added to
different amounts of carbon nanotubes 1.25, 2.5 and 5 mg and incubated for periods of
different time: 15 min, 1 hour and 18 hours at 22 °C. This was followed by separation of
the antibiotics solution from the absorbent (carbon and viruses) by a centrifuge at 5600—

8850 rpm for 5-7 min. The amount of antbiotics in solution had been calculated and
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analysed before and after the absorption using reversed-phase chromatography (RP
HPLC) on microcolumn liquid chromatograph using a multichrome-spectrum
programme. The results showed that the hydrophobic antibodies Gramicidn S and
teicoplanin A2 were removed within 1 hour, while the removal of the plymyxin B and
bleomycetic, the hydrophilic antibodies, took 18 hours. This indicates that the absorption
of antibiotics depends on the hydrophobic properties of the sorption materials and the

antibiotics structures.

Metal oxide nanotubes, such as nanotubular titania (TiO2), which were discovered in
1990s, are potentially useful materials for many applications, including biomedical ones
[143-145]. These TiO2 nanotubes have the same advantages associated with scale that are
found in carbon nanotubes, such as high specific surface area and controllable
dimensions. For example, the diameter of the nanotubes can be varied from 12 nm to
more than 180 nm and the tube length can be varied from 200 nm to 360 pum. In addition,
these materials are both chemically, physically and thermally stable and corrosion
resistant [146-148]. Moreover, these nanotubes exceed the properties of carbon nanotubes
in other characteristics, including photoelectric and photocatalytic properties [145] and
can be manufactured at a cost less expensive than that of carbon nanotubes [149, 150].
They can be fabricated using simple manufacturing processes such as hydrothermal,
electrochemical and surfactant template techniques, unlike carbon nanotubes [147, 149,
150]. It has been proven that the titania nanotubes are nontoxic, biocompatible, and good
candidates for various biomedical applications including drug delivery systems [146,
150]. The wetting behaviour of these materials depends on the diameter and can be

controlled from super hydrophilic to hydrophobic and super hydrophobic by varying their
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diameters. However, TiO2> have a high band gap and can be considered semiconductor

materials [151, 152].

Noh et al. [153] designed a drug delivery system using alummium oxide nanotubes. A
model drug, amoxicilin, was loaded onto the internal nanotube structure and
subsequently permitted to diffuse in a phosphate buffer saline solution (PBS) at a defined
rate. The system showed a high release rate in the first 6 hours, and the highest released
drug amount was 13 pg in the first hour. A relatively steady release profile was achieved
after 7 days. The system demonstrated sustained drug release over 35 days, and the
amount of drug released was proportional to the square root of time. However, anodic
aluminium oxide is an electrical insulator, therefore it is considered as a passive system.

Therefore the drug release is only controlled by diffusion.

Other nanomaterials such as palygorskite clay which consist of fibrillar single crystals of
20-30 nm diameters can also be used to construct a nanostructure conducting polymer.
For example, Kong et al [154], used palygorskite clay to construct a nanocomposite film
to absorb and release aspirin. The film was deposited at 0.80 V vs. SCE for 500 s, onto
an indium doped tin oxide glass (ITO) working electrode from an electrolyte consisting
of 0.56 g palygorskite clay, 75 mg of aspirin and 0.34 ml Py in 25 ml PBS at pH 3.5. The
natural nanostructure palygroskite helps to increase the specific surface area of the PPy
film and enhance the drug incorporation and release due to the high specific surface area,
high adsorption and good stability. Although the authors reported that the incorporation

of the non-conductive clay had reduced the electrochemical activity of the film, the
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electrochemical effective surface area increased significantly from 0.72 cm? to
4.04 cm? for conventional and nanostructured films, respectively. The amount of aspirin
released increased due to the large surface area but also due to other processes including
doping, adsorption and ion dipole interactions between the carbonyl groups of aspirin
anions and hydrated palygorskite cations (Mg? *, AR+ and Fe® *). The result indicates that
the aspirin released from the nanostructured polymer after 160 minutes increased from
720 pg to 1527.5 pg from unstimulated and electrically stimulated films at -0.6 V vs.
SCE, respectively. This is higher than the amount released from the conventional PPy

film which was 320 pgand 870 pg when the same procedure was used.

Playgroskite with conducting polymers could enhance the incorporation and release of
other drugs and eliminate the problem associated with some hard templates such as
anodised aluminium oxide (AAO) and colloid frameworks where the templates need to

be removed which increases the synthesis time or cause degradation of the drug.

1.6.4.5 The use of catalytic nanomotors for self-powered drug delivery

systems
The next generation of intelligent drug delivery system is based on autonomous self-
propelled nano- and micro-scale robotics that are able to catalytically convert chemical
energy from their environment to mechanical energy [115, 155-157]. These miniaturised
systems can be allocated, subject to their motion and actuation into two main categories:

micro/nano motors and micro/nano pumps [155, 156, 158].

The first catalytic nanomotors were invented by Paxton et al. in 2004 [159]. The device

made up of two metal segments: Au and Pt. The bimetallic segments are each 1 um long
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and 370 nm in diameter. The device used hydrogen peroxide fuel and rely on a self-
electrophoresis mechanism. The fuel is oxidised to oxygen at the surface of the Pt portion,
thus causing the released electrons to be transferred through the metallic nanorods to the
Au part, where the hydrogen peroxide is reduced to water. This makes nanorods in the
two segments behave as a short-circuited electrochemical cell that provides a path for
electrical current to flow. The electron transfer is compensated by the formation and
consumption of protons on the surface of Pt and Au segments, respectively. The
movements of positively charged ions creates an electroosmotic flow on the nanorods/
liquid interface and drags the electrolyte solution by viscosity forces, resulting in the
movement of nanorods in the opposite direction by speeds that are up to 40 pm s™!' [156,
158]. In addition, other proposed catalytic nanomotors have used different propulsion
methods, such as self-diffusiophoresis (spontaneous motion of dispersed particles in a
fluid induced by a concentration gradient) [160] and bubble ejection [161]. Moreover,
these miniature devices can be propelled and controlled by external stimulation, such as
magnetic fields [162, 163], external electric fields [164], visible light [165], ultraviolet
light (UV) [166] and ultrasonic energy [167, 168]. Catalytic nanomotors are capable of
perform sophisticated actions and tasks; the tiny machines are able to communicate with
each other and navigate autonomously in a complex microfiuidic channel, finding the
channel entrance and climb vertically following the fuel concentration gradient, changing

their velocity depending on the pH of the medium [155, 156, 169-173].

Sundararajan et al. [174] electrodeposited conducting polymer PPy segments on the side
of the Au segments of Pt-Au catalytic motors. The nanomotors selectively pick up a
positively charged polystyrene-amidine microsphere on the side of the negatively charged
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PPy segment at one end of the rods since the PPy segment has a more negative zeta
potential than the metal segments. The presented nanomotors can transport the attached
microsphere model cargo and the motor translational motions decrease with the increase
of microsphere radius. The nanorods start to move in a translational motion when the
nanosphere radius increases to 1.65 pm. Ni segments were incorporated into the motor to
add more control on the motion by using an external magnetic field. The segments
sequence of the modified motors is Pt-Ni-Au-Ni-Au-PPy. Using a few-hundred-gauss
electromagnetic field made it possible to control the direction of the movement and
reduced the rotational diffusion of the rod, though the applied magnetic field decreases

the motor linear movement.

It was proved that the incorporated molecules can be released by using chemical stimuli
[175] and the pH change of surrounding media [158, 175] or by using an external
stimulation factor, such as UV light [176] and magnetic fields [177]. Theoretically, it
could be possible to electrodeposit a PPy-containing drug on the nanomotor side that is
then coated with Mg. The nanomotors transport the PPy cargo, which is the desired target,
and the galvanic coupling between the Mg and the conducting polymer films release the

drug as shown in Figure 1.9.
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Figure 1-9: Catalytic nanomotors for a self-powered drug delivery system. After M. Pumera
[70] and S. Sundararajan et al. [88]

The concept of transportation and the release of an incorporated drug by using
nanomachines has been demonstrated by a number of studies. However, several problems
and challenges remain and need to be resolved in order to use these machines in
biomedical applications [156]. For instance, the biocompatibility of these systems and
their influence in vivo application must be investigated [156]. Other areas of research
ought to include the effect of the physiological environment on the nanomachine’s
operation and performance and the interaction between the nanomotors and the
surrounding medium such as electrostatic interaction with surrounding walls [156]. The
precise speed control of the nanomotors and the provision of steady movement in the real
3D environment should be considered before these tiny machines can be used in vivo
[178, 179]. The circulation path management of the nanomotors in the living body and
their safe disposal is not clear and further studies are needed. In addition, these machines
commonly use toxic fuels such as hydrogen peroxide or hydrazine which may obstruct
their use in biomedical application [156]. The use of a physiologically available biological
fuel such as glucose [180] or other biocompatible fuel may be an alternative solution for

this problem. Mano et al. [180] demonstrated a self-propelled bioelectrochemical motor
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powered by the glucose-oxygen reaction. The proposed motor is made of carbon fibres
and divided into three segments. A hydrophobic segment at the middle ranging between
6-10 mm and a hydrophilic, 1 mm anode and cathode at the end sides of the motor. The
anode and the cathode are modified with bioelectrocatalyst redox polymer wired glucose
oxide and redox polymer wired bilirubin oxidase respectively, for the oxidation of fuel
glucose and oxygen reduction. The catalytic oxidation of glucose at the anode induces
electrons to move from the anode to the cathode side where oxygen is reduced. The
electrons stream is compensated with proton stream through the solution from the anode
to the cathode causing the motor movement. The hydrophobic segment caused the motor
to float at the gas/air interface which reduces the drag force and allow the motor
movement. However, the drag force increases when the segment becomes hydrophilic
preventing the motor movements. Moreover, Zhang et al. [157] designed a self-propelled
motor driven by a rapid polymerisation reaction of an FDA approved polymer, poly(z-
ethyl cyanoacrylate) (PECA). The motor consists of hydroxide anion exchange resin
beads (Amberlite IRA-400) soaked in PECA/ acetone solution. One side of the beads was
coated with PMMA to direct the propulsion and allow the motor to float in the electrolyte.
When the motors floated in an ionic electrolyte, the hydroxide ions released from the
beads surface trigger the PECA depolymerisation, causing the motor to move by 160 mm
s in 1 M NaCl solution. However, the motor speed significantly decreased to 10 mm st
when the experiment performed in relatively higher pH 7.4, in phosphate buffer saline.
This may reduce the efficiency of the motor in vivo. The drug can be incorporated in the
motor fuel (PECA polymer) and released with the non-toxic products of the PECA
depolymerisation. In addition, other researchers have proposed a fuel-free motor.
However, such a motor is nonautonomous and requires an external power force to drive

it, such as an external magnetic field, which may complicate its use in vivo, to drive it. In
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addition, these machines are usually designed from a nondegradable material having the
potential to generate toxic species such as nickel, chromium and silver ions [162, 181,

182].

Biocompatible and biodegradable materials instead of the non-degradable metals such as
Pt are commonly used to fabricate these motors have been investigated. The chemical and
electrochemical reaction between the nanomachine segments such as the likelihood of
galvanic corrosion of the segments should be understood before the use of these machines
in real applications. Other aspects needed to evaluate the performance of the
nanomachines include size and the shape design, effect of biological substances such as
ascorbic acid and other ions on the motor operations. In addition, the effect of the physical
parameters of the physiological environment such as temperature, pH, pressure, flow rate

of the body fluid and tissue type on the motor movement [156].

1.6.4.6 The use of implantable biofuel cells for a self-powered drug de-

livery system
Biofuel cells, also known as biological fuel cells, are a kind of fuel cells that can directly
convert chemical energy to electricity by using biocatalyst redox reactions. The cell
structure includes two electrodes, and at least one of them is coated with biological
electrocatalyst materials, such as proteins, enzymes, or whole living cell organisms to
catalyse the oxidation of the biofuels onto the anode electrode and/or catalyse the
reduction at the cathode [183-185]. The field of biofuel cells has been intensively
reviewed by Bullen et al. [186], Osman et al. [184, 187] and recently by Cracknell et al.

[188] and Neto et al. [185].
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As in a conventional fuel cell, the oxidation of the biofuel cell results in the release of
electrons which are forced from the anode to the cathode through an external electrical
circuit coupling both electrodes. The electron flow is propeled by an electromotive force
emanating due to the potential differences between the two electrodes. The electrical
circuit is completed by the electrolytes’ and ions’ movement to mamtain the charge’s
balance inside the system [184, 185]. Unlike conventional fuel cells, such as polymer
electrolyte  membrane fuel cells (PEM) that ordinarily function at relatively high
temperature around 80-100 °C using an acidic or alkaline electrolyte, the biofuel cell is
usually operated at a pressure and temperature close to the ambient in electrolytes with a
relatively narrow pH range close to the neutral pH. The operation temperature is between

20-50 °C and a pH between 4 and 8 [188].

The majority of the enzymatic biofuel cells employ a reversible redox active electron
transfer mediator to shuttl the electrons between the enzyme reactive site and the
electrode. This type of fuel cell is identified as an indirect biofuel cell or mediated electron

transfer (MET) [185, 187].

There is another type of biofuel cell used as an enzyme to electronically couple well to
the electrode in a manner that facilitates a pathway for the fast and efficient direct electron
transfer between the enzyme reaction site and the electrode surface. This type is a direct
electron transfer biofuel cell (DET) [188]. The biofuel cell can harvest its fuel from its
physiological surrounding electrolytes, such as cerebrospinal fluid, serum and blood [189,

190].
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Unlike the PEM fuel cell, the selectivity of the enzyme enables the cell to work in an
electrolyte containing a mixture of the fuel and the oxidant without the need to separate
the cell electrode into different compartments and using a selective membrane. This
simplifies the biofuel cell design and enables the miniaturised of the biofuel cell for
bioimplantable applications [188]. A membrane may be necessary, in some cases, to
prevent the diffusion of the immobilised mediator from moving from the electrode to the

electrolyte.

This energy conversion technology is a promising sustainable implantable electrical
energy source to power several biomedical devices, such as pacemakers, neuromorphic
circuits, artificial organs, implantable sensor and monitoring devices and drug delivery
systems [186, 191-193]. Zhou et al. [193] proved the concept of the use of biofuel cells
to power drug delivery systems. They demonstrated a biocomputing, logic-based,
autonomous detection and self-powered controlled-release drug delivery system based on
an enzymatic biofuel cell The system, “sense-act-treat’, is made of a glassy carbon
electrode modified with a carbon nanotube and Meldola’s blue. The cathode is Au coated
with  poly(3,4-ethylenedioxythiophene)-(PEDOT) containing the acetaminophen drug
(APAP). The cell operated in a 0.1 mol dm3 PBS electrolyte (pH 7.4) containing
nicotinamide adenine dinucleotide (NAD™) as the cofactor. The biomarkers for abdominal
trauma lactic acid (LAC) and lactate dehydrogenase (LDH) are selected as signal inputs.
The results show that there is no drug release detected in the absence of one input signals
((LAC, LDH) = (0,0), (0,1) and (1,0)). In the presence of both biomarker signals ((LAC,

LDH) = (1,1), the NADH was oxidised at the anode, which with the reduction of PEDOT
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at the cathode caused the drug’s release. The designed biofuel cell can produce a

maximum power output density of 33.8 uW cm2 at 0.40 V.

Other alternatives to increase the amount of drug contained in the polymer structure have
been suggested. These strategies consist in increasing the surface area by incorporating
nanoporous structures within the polymer or by nanostructuring the polymer itself. The
next section explains the most common techniques used to obtain nanoporous surface

structures and their advantages for drug release.

1.7 Biomedical Applications of Conducting Polymers

1.7.1 Biomedical sensors

Conducting polymers have been widely used as the active layers for different types of
sensors and biosensors since a few years after the discovery of the conducting polymers
approximately four decades ago. This is due to the attractive properties of these materials
such as their ease of processing and synthesis, chemical stability in harsh environment,
high sensitivity and selectivity towards various molecules [194]. Pirsa et al. [194] used
PPy as chemiresistor sensor for various organic compound vapours including, acetone,
methanol, benzene, chloroform, benzaldehyde, benzyl alcohol, acetonitrile, pyridine,
dimethylformamide and dimethyl sulfoxide gas (DMSO). The results show good abilities
and reproducibility for the proposed sensors to detect organic gasses. For example, the
polypyrrole sensor shows a fast response time <1 s and a lower detection limit 30 ng for
DMSO vapour [194]. The mechanical robustness and the ability to tailor and extend the
properties of surface films make it possible to use conducting polymers as mechanical
sensors such as strain sensor [195, 196] and resistive pressure sensors based on hollow-
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sphere microstructure polypyrrole hydrogel [197]. In addition, other types of sensors have
been proposed for example, humidity sensors based on PANI [198, 199], and pH sensor
[200]. Furthermore, most of intrinsic conducting polymers feature by their
biocompatibility and non-toxoid that they are a suitable sensor materials for biomedical
and food applications. For example, conducting polymers have been used as a food
analysis sensor such as conducting polymer sensor for olive oil characterisation [201].
Moreover, conducting polymers have been used widely in biomedical applications such
as body movement like polypyrrole/ nylon-lycra fabric sensor to monitor breast motion
[202]. Conducting polymers label-free sensors are also used in gene analysis for routine
and clinical applications to detect specific DNA fragments [203-205]. Also, conducting
polymer sensors have been used to selectively detect protein such as immunoglobulin G
antigen [206] and ciprofloxacin antibiotic [207], viruses and bacteria such as gram-
negative and gram-positive bacteria [208]. Considering the importance of the use of
biomedical sensors in our lives and the need for continuous research and development as
well as the economic opportunities that are offered by the field of biomedical sensors. For
example, the appraised global market of biomedical sensor is foreseeable to attain US$
12 billion by 2016 and predicted to grow annually by 11% to achieve US$ 16.8 billion by
2018 [209, 210]. Several reviews and studies on the use of conducting polymer sensors
on health care, food industries and environments can be found in the literature [25, 56,
204, 205, 211-213]. The most well-known and widely used biosensor, glucose biosensors
will be briefly reviewed and used as an example of a biosensor and the use of conducting

polymers in such applications [214].
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1.7.11 Glucose Sensors

The World Health Organisation (WHQO) announced that approximately more than 346
million people in the world have diabetes. The number of patients is increasing and is
expected to reach twice that number. The death toll from complications related to diabetes

has reached 3.4 million in 2004, and predicts this number will double by 2030 [215, 216].

Diabetes is a chronic disease that can lead to diseases such as blood vessels damage,
failure of various organs, and tissue problems, including renal, retinal and neural
complications. Diabetes and other related illnesses are a great drain on the national
incomes of countries worldwide. For example, the American Diabetes Association
reported that the total cost of diagnosed diabetes has increased from $174 billion to $245

billion between 2007 and 2012, in the USA [217, 218].

This well-known disease is the result of an increased blood glucose concentration caused
by a lack of nsulin produced by the pancreas or by the body’s inability to use the produced
msulin effectively [219]. The glucose concentration in normal human blood ranges from
4 to 8 mmol dm™ approximately and fluctuates before and after meals. This range expands
from 2 to 30 mmol dm3 for people with diabetes [220, 221]. Therefore, to diagnose and
manage this very large fluctuation, blood tests are commonly used to measure and monitor
blood glucose concentration. The glicose blood test is an invasive method and may be
pamful for patients. In addition, a urea sensor is commonly used in routine health
examinations as an indirect and non-invasive method for testing glucose. Moreover, the
use of other mvasive sensors based on body fluids, such as tears, seurm and saliva have

been proposed. Unfortunately, these fluids contain low glucose concentrations. For
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example, the glucose concentration in saliva ranges between 8-210 pmol dnr? and that
in tears ranges between 128-166 pmol dm. Therefore, glucose sensors based on these
fluids should be sensitive for a micromoles concentration [222-224]. However, sensors
based on these fluids are not in clinical use yet and there are some problems related to the
correlation between blood glucose concentration and the glucose concentration in saliva
since it is complicated due to the presence of bacteria, epithelial cells and leukocytes [222,
225, 226]. In addition, other non-invasive methods based on transdermal and optical still
have shortcomings that prevent them from becoming reliable glicose measuring methods.
For example, the glucose sensor based on the transdermal method (Gluico Watch
Biographer) was withdrawn from the market in 2008. This device needs a long time to
warm up, may cause skin irritation and is not accurate; moreover, it cannot be used to
detect and prevent hypoglycemia. Electrochemical methods to measure glucose are the

most common [191, 227].

These electrochemical methods include amperometry [228], potentiometry [229],
chronoamperometry [230], chronopotentiometry, impedimetric and conductometric
sensors [231]. Among these sensors, amperometric sensors function effectively and

extensively and are used in vivo and in vitro for glucose detection.

In glicose enzymatic biosensors, the enzyme wusually glicose oxidase (GOD) is
mmmobilised on the electrode surface. The active part of the enzyme, the flavin-adenin-
dinucleotide (FAD) radical, selectively oxidises the glucose mto gliconolactone, and the

enzyme is reduced to GO-FADH2 (as shown m equation 1.9) [231-233]:
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C¢H,,04(glucose) + GO(FAD) — C4H,,04 (gluconolactone) + GO(FADH2).  (1.9)

There are three generations of glucose biosensors that depend on the oxidation reaction

of biosensors [231, 232, 234] as described n the following bellow:

1. Oxygen electrode-based sensors

Following reaction (1.9), the reduced GOD can be oxidised by oxygen to produce

hydrogen peroxide in accordance with the following reaction:

GO(FADH2) + 0, — GO(FAD) + H,0,. (1.10)

The glucose concentration then can be determined amperometrically, from the increase
of hydrogen peroxide concentration or the decrease of oxygen concentration, due to the
existence of a lnear proportional relationship between them and the glucose
concentration [227, 231, 232]. In addition, the glicose concentration can be measured
using potentiometric gluicose biosensors by measuring the change of the pH level, which
results from the oxidation of gluicose to gluconic acid, as indicated by the following

reaction [234]:

Cs Hi2 Os (glucose) + 0,59P  C.H,,0, (gluconic acid) + H,0, (1.11)

2 Mediator -based sensors

The first generation biosensors operated at a relatively high potential of =~ 0.6 V vs. SCE.
This potential has led to the activation of unwanted interfering reactions for some

substances commonly presented in the blood, such as ascorbic acid, uric acid and
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electroactive drugs. In addition, the first generation amperometric biosensors employed
oxygen to transfer the electrons from the GOD to the electrode, making it an oxygen-
dependent process. Thus, these sensors suffer from oxygen deficit, which may be caused
by a drop in the partial pressure of oxygen due to the restricted oxygen dissolution in

biological fluids [227, 232, 234].

Various non-physiological mediators have been used to overcome these problems and
improve the sensors’ performance. These mediators eliminate the effect of oxygen
fluctuations. Instead of oxygen, the mediator function is to transfer the electrons from the
enzyme GOD to the electrode. Glucose is oxidised by GOD (FAD), which is reduced to
GOD (FADH2). The latter is reoxidised by the mediator into GOD (FAD). The mediator
reoxidises at the electrode surface, and the resultant current flows through the electrode,
which is proportional to the glucose concentration. The oxidised mediators are reduced
by the oxidisation of the reduced glucose and recycled to its oxidised state at the electrode

surface, as shown in the reactions below [231, 232, 234]:

CgH,,0, (glucose) + GO(FAD)

— C4H;,0,(gluconolactone) + GO(FADH2)+ 2H™ (1.12)
GO(FADH2) + M,, —» GO(FAD) + M, (1.13)
Mred. —e - Mox. (114)

The use of these mediators which do not react with oxygen in glucose biosensors lead to

the elimination of oxygen interference. In addition, they increase the transfer rate of
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electrons between the enzyme and the electrode surface. Further, they also reduce the
operational potential, which leads to a reduction in unwanted interfering reactions,

thereby improving the sensors’ performance [227, 231].

3. Directly coupled enzyme electrodes

The development of non-porous and nanostructured material provides the structure of
electrode materials with a high specific area, good stabilty and biocompatibility.
Moreover, this structure permits access to the redox active centre of the enzyme, which
is not possible at a traditional planar electrode. Thus, permitting the GOD to couple
directly with the electrode provides direct transfer of the electron between the GOD and
the electrode, as shown in Equation 1.15. The gluicose concentration can be measured

from the resulting amperometric signal [231, 232].

C4H,,0, (glucose) + GO(FAD) — C,H,,0, (gluconolactone) +
GO(FADH?2) (1.15)

GO(FADH2) — GO(FAD). (1.16)

Tamiya et al. [235] designed a three-micro planar GOD/PPy electrode without the 1,1'-
Dimethylferrocene mediator (DMFe) for glucose sensing. The GOD/PPy sensors without
DMFe mediator are insufficient to monitor glucose in human blood directly based on the
detection of H202. The current response of the sensor saturated at 15 x 103 mol dm3
glucose concentration. The high potential of the sensor operation at 0.7 V vs. SCE and

the reaction with hydrogen peroxide caused damage to the PPy films. However, the uses
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of DMFe mediator in DMFe/GOD/PPy sensors reduce the sensor operation potential to
0.1 V vs. SCE. Moreover, this sensor shows a large detection range at more than 30 x 10"
3 mol dm® of glucose with high response time of 30 s. Tamiya et al. [235] also studied
the effect of the polymerisation electrolyte on the sensor response and reported that the
surface of PPy films which was the synthesis with acetonitrile-solution was flat and
smooth and this reduced the adsorption of GOD. Thus, this sensor did not respond to the
addition of glucose. On the other hand, the PPy sensor which was prepared with aqueous
solution using pTS-Na, TFAC-Na and KCI showed a high response to glucose. The latter
showed the roughest surface structure and the highest response. Therefore, these PPy
electrodes seemed to exhibit a much better adsorption of GOD because of their large

surface area [235].

Tech and Lin [236] designed PPy multiwall carbon nanotube (PPy-MWNT)
nanocomposite glucose sensors. First, they sputter-deposited and patterned Ti/Pt line
electrode on silicon nitride covered with a P-type Si substrate. Then, they deposited and
patterned a low temperature oxide (LTO) mask at 200 nm and plasma etch to open a
window for PPy deposition. Thereafter, they used a stable colloid electrolyte of 0.1 mol
dm?3 of each Py monomer and the dopant anion sodium-dodecylbenzenesulfonate and
0.1% (wt) of well-dispersed MWNT to conduct the deposition of PPy-MWNT
potentiostatically using 0.6 V vs. (Ag/AgCl). Then, the 1.94 U/ml glucose oxidase was
physically adsorbed onto the PPy-MWNT film. They found that the MWNT increased
the roughness of the fim’s surface. They tested the sensor with bita-D glucose in a
concentration ranging from 0 to 20 mmol dm? and found that the PPy-MWNT functioned
from 0 to 20 mmol dm3 of glucose, while the PPy sensors prepared without MWNT had
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a lower detection range and functioned up to 10 mmol dm of glucose. They reported that
the MWNT prevented the PPy backbone from overoxidation caused by hydrogen
peroxide since MWNT has a high specific capacitance that stores excess redox changes.
In contrast, the PPy sensors without MWNT were overoxidised by hydrogen peroxide

and, thus, had decreased conductivity [236].

Ozyilmaz et al, [237] prepared amperometric glucose biosensors based on GOD/PPy
electrode using cyclic linear voltammetry technique. An electrolyte solution of 0.2 mol
dm3 p-toluenesulfonic acid (pTS) or sodium p-toluenesulfonate (NapTS) containing 0.1
mol dm? Py and 2.5 mg/ml GOD was used to carry out the polymerisation in three
electrode single compartment cell. The 0.18 cm? Pt sheet working electrode was cycled
on the potential range of 0.1 to 1 V and 0.1 to 0.75 V vs. Ag/AgCI (3 M KCI) for NapTs
and pTS solution, respectively. The scan rate was 50 mV st for a period of 50 cycles.
They reported the optimum pH for the highest response at pH 4.5 and 7 for PTs and NapTs
supporting electrolyte, respectively. The two sensors showed a linear response for glucose
concentration up to 1 mmol dm3, though Pt/PPy-GODnapTs has a more sensitive and better
biosensor response than Pt/PPy-GODers. In addition, they reported that the acidic solution
pTS improves the conductivity of PPy compared to the use of neutral NapTS as an
electrolyte solution for electropolymerization of PPy, although partial denaturation of

GOD enzyme in PTS was observed [237].

However, they concluded that the NapTS sensor showed better response, as well as better
operational and storage stability as compared to pTS. Moreover, they tested both sensors

in five commercial drinks a malt drink, a fizzy drink, fresh grape juice, honey and wine.
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They found that the measurement results using the Pt/PPy-GODnapts sensor are close to

the results obtained by using a glucose assay kit [237].

The development of nano-porous and nanostructured material provides the structure of
electrode materials with a high specific area, much higher conductivity, good stability,
enhanced sensors sensitivity, decreased response time and extend the detection range.
Moreover, this structure permits access to the redox active centre of the enzyme, which
is not possible at a traditional planar electrode. Thus, permitting the GOD to couple
directly with the electrode provides direct transfer of the electron between the GOD and
the electrode. Tech and Lin [236] designed PPy-MWNT nanocomposite glucose sensors.
The MWNT increased the roughness of the film’s surface. The PPy-MWNT functioned
from 0 to 20 mmol dm3 of glucose, while the PPy sensors prepared without MWNT had
a lower detection range and functioned up to 10 mmol dnr? of glucose. They reported that
the MWNT prevented the PPy backbone from owveroxidation caused by hydrogen
peroxide since MWNT has a high specific capacitance that stores excess redox changes.
In contrast, the PPy sensors without MWNT were overoxidised by hydrogen peroxide
and, thus, had decreased conductivity [236]. In addition, Palod et al. [238] synthesised
PPy nanootubes glucose sensor using alumina membranes template assisted
electrochemical polymerisation. Despite the low detection limit and the wide range of
linear operation (0.25- 20 mmol dm3), this sensor are unable to detect glucose in human
saliva. The sensitivity of the conducting polymer sensors can be improved further by
using an organic microelectrochemical transistors (OECT). The OECT sensors can be
fabricated using a relatively simple and inexpensive method such as inkjet printing
techniques [239]. Shim et al. [240] developed PEDOT/PSS/GOD glucose sensor based
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on OECT using a one-layer patterning process. The demonstrated sensor is able to detect
the glucose concentration down to the micromolar range (1-200 pmol dnr3) when a
ferrocene mediator was used to shuttle electrons between the GOD enzyme and
PEDOT/PSS gate’s electrode. This makes it suitable for measuring glicose in human
saliva. Kanakamedala et al. [241] demonstrated a PEDOT/PSS/GOD glucose sensor
based on OECT wusing a simple and an inexpensive xurography and spin-coating
technique. The sensor functions from 1 to 10 pmol dm® without using any external

mediators, adequate to use it as a non-invasive glucose sensor.

Although the common commercially available glucose sensors are an enzymatic
biosensor, there are still short comings due to the nature of the enzyme. For example, the
enzyme essential instability, complex immobilization process, and the operating
sensitivity to the ambient factors are disadvantages. In the other hands, the poor selectivity
of the non-enzymatic sensors limit their use due to the present of the interference
substances in the human body fluid [242]. However the use of the over oxidised
polypyrrole film (OPPy) as a selective membrane increase sensor selectivity and
eliminate the effect of the interference substances. For example, Shi et al. [242] designed
a non-enzymatic glucose sensor based on OPPy modified palladiumysilicon micro
channel plate electrode OPPy/Pd/Si MCP. The pores size of the micro channel was 5 x 5
pm with a 200 pm depth and the thickness of the channel’s side wall was = 1 pm. The
outer and inner surfaces of the MCP were coated with a Ni-Pd thin film by electroless
deposition technique. The MCP was cycled on the potential range of - 0.1- 0.7 V vs. SCE
with a scanning rate of 100 mV s-1 over five cycles in an electrolytic solution of 0.05 mol
dm2 Py, 0.02 M K3zFe(CN)s and 0.02 mol dm?® H2SOa. The deposited film was then

cycled in a 0.1 mol dmr® Na2HPO4 electrolyte solution at a potential scanned ranging from
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-0.3 to 0.95 V with a scan rate of 30 mV s for a period of seven cycles to overoxidise
the PPy films. They reported that the proposed sensor has higher sensitivity and wider
linear range compared with other non-enzymatic glucose sensors. The estimated detection
limit was 2.06 pmol dm and was linear with the glucose concentration up to 24 pmol
dmr3. The sensor response time was 5 s and the sensor reading was in agreement with the
commercial monitor reading in actual biological samples. In addition, the proposed sensor
succeeded to eliminate the uric acid and ascorbic acid (UA, AA) interferents. The OPPy
films improved sensor selectivity and succeeded to eliminate the interference of common
species such as UA and AA. After storage for one month at room temperature, the sensors

retained 92% of their original response to glucose [242].

1.7.2 Conducting polymers for application in the nervous system

The diseases, disorders, and disruptions of the nervous system such as Alzheimer’s
disease, Parkinson’s disease, epilepsy, head trauma, cancer, and stroke might lead to
mmpairment in the daily lives of patients and may include loss of voluntary muscle
movements, memory or speech, and might even lead to death. The disease, wounds and
mjuries in the spinal cord and peripheral nervous system caused by diseases, accidents,
falls or sports injuries could lead to loss of normal function, permanent disability or
paralysis [243, 244]. Such an njury might also occur at birth when the child is surgically
extracted in an obstructed labour process, which might lead to disruption in the peripheral

nerves [245].
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These illnesses, diseases and injuries affect a large number of people and the cost of care
and treatment is rather high [244]. In addition, disorders, mjuries and diseases of the
central nervous system and peripheral nervous system constitute challenges for
researchers because of the physiological nature of these systems. Among these challenges
is the presence of blood-brain barrier, which could prevent access of some therapeutic
molecules to the central nervous system [243, 244]. Further, it is possible that fully
differentiated neurons do not divide [245]. An additional challenge is the use of drugs that

have serious side effects.

The chronic response characterised by the presence of both activated microglial cells and
mteractive astrocytes cells eventually surround the electrode to a certain extent, thereby
increasing the electrode resistance in addition to the high initial resistance of the
microelectrode. These mteractive responses have been associated with a gradual increase

in the resistance of the electrode/tissue mnterface [89, 110].

The development of neural prosthetic implants has led to the treatment of many patients;
for example, the use of cochlear implants to stimulate nerve cells in the inner ear for those
with loss of hearing. In addition, the use of deep brain stimulators helps patients with
Parkinson’s disease, and the use of a spinal cord stimulator is used to treat patients
suffering from incontinence and chronic pain. Additional systems in the development
process include retinal prostheses for blind people [246]. However, the incidence of
mmune inflammation that occurs in the vicinity of the neural prosthetic mmplant and the

record and activation electrodes may lead to unexpected failure, with glial scar tissue
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forming between the electrode and the nerve, thereby reducing or preventing the transfer

of'a signal between the electrode and the nerve [247].

There are certain important requirements for materials to be used in neural implants.
These generally include being biocompatible and biostable because they are used i a
harsh environment for periods that range from days to decades. The materials must
achieve a very low resistance to the electrode/tissue interface to improve the signal quality
and reduce noise. The basic functional requirements for these interfaces include the
recording or/and stimulation, requiring that the electrode have a high selectivity ‘possibly
up to a one nerve cell’, thereby requiring mmnimal electrode size. This leads to increased
mterface mpedance, thereby causing reduced sensitivity and quality of the signal transfer
[246-248]. Traditional noble metal electrodes such as iridium, tungsten, platinum, and

gold have limited options to significantly improve their impedance [247].

The transportation of signals between the ionically conductive living tissue and the
electronically conductive metal electrode at the electrode/tissue mterface is mainly
through capacitive or faradic current due to redox reactions at the surface of the electrode
[247]. Conductive polymers have the advantage of being electrically and ionically
conductive as well as being biocompatible and, as such, can be used to control cell
behaviour for different types of cells, including osteoblasts, muscle cells, bone marrow
cells, neurons cells, endothelial cells and fibroblast cells using an external stimulator [247,

248].
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The coating of the metal electrodes used in neural prosthetic devices has led to a reduction
in the electrode’s impedance, increased the capacity of charge and decreased the
mismatch of mechanical properties at the electrode/tissue interface, thereby enabling

increased implant life [248].

Conducting polymers show that they are suitable scaffolds to promote nerve regeneration
and provide guidance for the neurite outgrowth (regenerating axons). Quigley et al. [249]
created hybrid tubes from the conducting polymer PPy doped with para-toluenesulfonate
(pTS) and biodegradable fibres of poly(D-lactide-co-glycolide) copolymer (PLA:PLGA
(7525)). The biodegradable fibres of PLA:PPLGA with a diameter of 30 um were
synthesised by wet-span onto gold coated Mylar coiled on reel collector spools with the
gaps between the fibres ranging between 20—200 pum. These resulting scaffolds were laid
flat and then the PPy doped with pTS galvanostatically deposited between biodegradable
fibres. The composite films are then removed from the gold-Mylar layer and shaped nto
3D structures. Two chambers made of polystyrene are fastened to the scaffold surface and
coated with polyornithine and laminin to facilitate cell culture. Dorsal roots ganglia
(DRQG) isolated from rat pups were permitted to adhere to the chamber surface for 4.5
days. Electrical stimulation was applied through PPy/TPS strips. The DRG growing on
scaffolds coated with the cell-adhesion molecule (CAM) showed strong growth compared
with the one growing on the non-coated scaffold, which showed limited adhesion, limited
axonal elongation and limited Schwann cell migration. The DRG growing on the hybrid
scaffolds, with or without electrical stimulation, showed that the growth of the axons and
the migration of the Schwann cells followed the path of the biodegradable fibres. On the
contrary, the DRG growmng on the PPy/pTS plan fims with and without electrical

stimulation showed growth of the axons and migration of Schwann cells in radial forms.
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The rate of the axon growth with electrical stimulation exceeded the one without electrical
stimulation where the maximum length of the axonal growth with electrical stimulation
reached 9750 £ 1430 pum during 8.5 days compared with 6040 £ 510 um without the
electrical stimulation during the same period. In addition, the mean maximal migratory
distance of Schwann cells was 3450 + 220 pm during 8.5 days compared with 2780 + 220
um without electrical stimulation during the same period of time. In addition, the mean
maximal migratory distance of Schwann cells with and without electrical stimulation
were 3450 + 220 pm and 2780 + 220 pum with and without electrical stimulation,

respectively, during the same period of 8.5 days.

Wan et al. [250] synthesised conduits to bridge nerve gaps in nerve repair applications
from chitosan-g-polycaprolactone/PPy (CPC)/(PPy) composite and chitosan/PPy
composite where the PPy nanoparticles caused the conduits to become conductive, and
the polycaprolactone biodegradable polymer improved the mechanical properties of the
chitosan. These conduits can be used to bridge a nerve gap with a length of almost 30 mm
where the internal and external diameters of these conduits are approximately 2 mm and
2.7 mm, respectively, and the length is approximately 40 mm. The results of conductivity
measurements showed that the CPC/PPy conduits mcorporated with 5% PPy have a
conductivity of approximately 2 x 102 S cmr! and when the PPy content increased, there
was no observed significant increase in the conduits’ conductivity. This percentage of the
PPy contents (5%) in the conduits was selected because it provides sufficient conductivity
for the transfer of electrical stimulation with the least amount of PPy contents, where the
PPy is a non-biodegradable material. The mechanical tests showed that the wet CPC/PPy
conduits have a tensile strength and lateral compression resistance better than those of the
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chitosan/PPy conduits, thereby making them suitable to resist the tissue pressure around
the mmplant (graft) resulting from the movement and weight, and maintain its cavity until
the nerve growth is completed. The low biodegradation of the CPC/PPy conduits
compared with the chitosan/PPy conduits might be due to the hydrophilic properties of

chitosan and the hydrophobic properties of the CPC and PCL.

The biodegradable test was done in vitro by immersion in a solution of PBS and in vivo
by implant i rabbits for 10 weeks. The results of the tests showed that the biodegradation
CPC/PPy conduits were lower than the biodegradation of the Chitosan/PPy conduits;
moreover, the Chitosan/PPy conduits were biodegraded partially or completely after eight
weeks and lost most of their conductivity. Some CPC/PPy conduits maintained suitable
mechanical strength, thereby making them suitable conduits to bridge a nerve gap. The
weight loss rate and the maintenance of the mechanical properties were dependent on the
percentage of the incorporated polycaprolactone (PCL), where the higher the
mcorporated percentage of PCL, the lower the percentage of the weight loss, thereby
sustaining more mechanical strength. In addition, the CPC/PPy showed sufficient
electrical conductivity for electrical stimulation in biomedical applications. However, this
conductivity is low and there are few conduits with conductivity higher than 103 S cm!

after degradation in vivo for eight weeks.
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1.8

Summary and Conclusions

Polymerisation potential and polymerisation at low temperature conditions, sig-
nificantly affect the formation and film properties of conducting polymers. There-
fore, these factors need to be optimised for the desired application. For example,
low-temperature conditions with low current density result in the preparation of
films with high apparent density, long conjugation chains with a less defective
structure, high doping levels, high conductivity and high electrochemical stability;
however, it may increase the synthesis cost. Polymerisation using a relatively
higher oxidation potential and current brings about the formation of a porous and
more open film structure, which facilitates ingress and release of drugs. In con-
trast, a tightly compact polymer structure can impede the motion of drug mole-
cules inside and outside the conducting film. The augmentation of oxidation po-
tential and current needs to be fully considered because the increase may activate
an undesirable secondary reaction or over-oxidation of the polymer. The use of a
lower polymerisation potential and current may produce low-quality polymer

films.

The development of neural prosthetic implants has helped patients with neuro and
brain defects such as Parkinson’s disease. However, immune mnflammation can
occur in the vicinity of the neural prosthetic implant, which may lead to unex-
pected failure, and this may reduce or prevent the transfer of a signal between the
electrode and the nerve. The coating of metal electrodes used in neural prosthetic

devices with a conducting polymer has led to a reduction in electrode impedance,
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increased the capacity of charge, and decreased the mismatch of mechanical prop-
erties at the electrodef/tissue interface, enabling an increased implant life. Intrinsic
conducting polymers have proven to be suitable scaffolds to promote tissue re-

generation and provide guidance for injured nervous tissue.

Traditional methods of drug administration cannot provide an optimum level or
ensure sustained drug release; repeated and high dosages having toxic and serious
side effects can be involved, such as cancer drugs that expose the entire body to
toxicity. Drug delivery systems based on conducting polymers can be used to de-
liver drugs locally with the effective concentration required for a long time, with-
out the need for repeated doses at frequent intervals. These systems can lower
drug toxicity and side effects, providing protection and preservation of the drugs
until they reach their target, resulting in an improvement in drug absorption rates.
For example, they are useful for delivering growth factors and drugs into the brain
to treat neurodegenerative diseases such as Parkinsons and to overcome the blood-

brain barrier that prevents some therapeutic molecules from entering the brain.

The development of nanoporous and nanostructured conducting polymers
provides the structure of electrode materials with good electrical conductivity, low
operation potential and a high surface area relative to size. The use of
nanostructured polymers may help to overcome the shortcomings of traditional
conducting polymer films, which includes low capacity for loading the drug,
associated with limited surface area. They facilitate the diffusion of the dopants

and enhance the possibility of accessibility in multilayer constructions. They also
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permit the efficient transport of large molecules when compared with traditional
flat surfaces. Unstructured PPy films showed cracks and delamination after
several stimulation cycles. Conversely, there were no cracks or delamination on
the nanostructured PPy film after 150 CV stimulation cycles to release the drug,
thereby indicating improvements in the efficiency of the polymer electrodes in the

long term.

The drug is released from the conducting polymer film by applying an electrical
potential to reduce it. However, using an external power source restricts its use in
vivo, although the incorporated drug can be released by reducing the conducting
film using a reducing agent. However, the release rate of the pH-stimulation is
faster and the release efficiency is lower than the efficiency of the electrochemical
stimulation release, and even with the use of a strong redox agent, the release

efficiency does not improve remarkably.

Galvanic coupling between a biocompatible reactive anode, such as Mg and the
conducting polymer film cathode could be used as an autonomous, self-powered
source and controller for a long term implant drug delivery system. The potential
of the employed metal anode must be lower than the conducting polymer cathode
to reduce the polymer film and release the drug molecules. These systems do not
need power wiring, which may, therefore, simplify the manufacturing process,

reduce production costs and facilitate their use in implant drug delivery systems.
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The initial spontaneous drug release from the conducting polymers can be elimi-
nated by using multilayers of conducting polymer films with a different redox
potential. The conducting polymer layer in contact with the electrolyte, acts as a
protective layer between the release medium and other polymer layers, thereby
preventing spontaneous drug release from the system. In addition, the conducting
polymer layers can be doped with other drugs which cause the system to accept a

dual-drug delivery system.

Cyclic voltammetry is effective and able to cause a higher drug release rate com-
pared with alternatives. The sweep rate affects the amount of drug released and
the film properties. In addition, the film can be exposed to physical stress as a
result of swelling and de-swelling during the stimulus cyclic potential, causing the
film to delaminate from the electrode surface and cracks appearing. The scan rate
should be optimised to obtain effective drug release without unduly affecting film

properties.

Despite the attractive features of self-powered drug delivery systems, shortcom-
ings remain. The initial release of molecules after the galvanic coupling is high,
and their final concentration in solution is low. The presence of a physical barrier
on the metal anode, either naturally from the metal oxide on the surface, or by
coating the anode with an insulating biodegradable material, provides an ad-

vantage for controlling the release profile and metal dissolution.
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10.

11.

The polymerisation of conducting polymers on a surface of reactive metals such
as Mg is a difficult and challenging task due to the competition between fast dis-
solution of the metal surface and the electrodeposition of the polymer. Coating
Mg with a less active metal and the use of sodium salicylate salt during the
polymerisation process may passivate the metal surface and enhance the polymer-

isation process.

A wide range of conducting polymer drug delivery systems have been studied, but
the amount of incorporated and released drug is not always mentioned, and a con-
siderable number of these studies express the released drugs as a percentage of
the incorporated drugs, which makes it difficult to compare the performance of

these systems.
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Chapter 2: Experimental Methodology

This chapter describes i detail the chemical reactants, material and experimental
procedures used in this thesis. Since there is a competition between the polymer
deposition and the anode substrate dissolution, two types of experiments have been
conducted to deposite self-powered PPy films: chemically and -electrochemically
methods, with different substrates. In addition, there is a brief description of the
experimental techniques used to characterise the polymer films including measuring the
OCP and the amount of drug release using Ultraviolet-visible (UV-vis) spectroscopy.
Also, since, the morphology and structure of the PPy fims are sensitive to the
polymerisation condition and may cause an effect on the amount of the incorporated and
released drug, the film structure and morphology were analysed by SEM, DIS, and FTIR

spectroscopy.

2.1 Materials and Chemicals

The following chemicals were used as received, without any additional purification:
potassium sulphate (K2SO4; Fisher Scientific), potassim chloride (KCIl; Fisher
Scientific), acetonitrile =~ (CH3CN;  Fisher  Scientific) and tetracthylammonium
tetrafluoroborate (CsH20BF4N; Alfa Aesar), sodium chloride (NaCl; Panreac quimica
S.A.U.), ammonium persulfate [ (NH)4S20s; Carlo erba], sulphuric acid (H2SO4), oxalic
acid (C2H204), p-toluene sulfonic acid sodium salt (pTS), a model drug dye fluorescence
rthodammne 6G (Rh-6G), methylene blue (MB), fluorescein sodium salt(FSS), dopamine
hydrochloride (DA), ibuprofen sodium salt (IP); Sigma-Aldrich. The Py monomer (98%)

was supplied by Sigma-Aldrich and was double-distilled under a vacuum and kept under
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a nitrogen atmosphere in a darked flask at low temperature. A celluose acetate membrane
(CC) with a pore diameter of 0.8 um and durapol membranes (DM) with a pore diameter
of 0.22 um were used as substrates to hold the PPy. Sodium ibuprofen, (Fluka), sodium
salicylate (Aldrich) and acetone (Fisher Scientific) were analytical grade and used as
received. Sodium ibuprofen and salicylate solutions for calibration curves were prepared
with 18 mQ cm (O Purite) deionized water. A 250 pym thick AZ31 Mg alloy foil
(Goodfellow) was used mn all experiments. Figure 2.1 shows the chemical structures of

the used drug in release experiments.

Fluorescein sodium salt (FSS)

/©:/N:©\ HSC i HOmCI

H3C. NS _CH CH

SN s N 3 OH HO NH,
- CH,

Cl
Methylene blue (MB) Ibuprofene (IP) Dopamine (DA)

Figure 2-1: Scheme showing the chemical structures of the used drug in release experiments.

2.2 Electrochemical cell with three electrodes

The electrochemical deposition and characterisation of PPy fims were conducted with a
three-electrode glass cell with a capacity of 100 ml A platinum mesh electrode of 0.5 x

0.5 cm was used as the counter electrode. A saturated calomel electrode (SCE) was used
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as the reference electrode for the majority of the experiments, with some exceptions
(which are mentioned in the relevant section). Various working electrodes were used,
mncluding stainless steel and platinum electrodes, described here. The reference electrode
was positioned in the middle of the cell between the other two electrodes, which were
positioned on opposite sides of the cell facing each other, as shown in the cell sketch of
the Figure 2.2 below. The same cell configuration was used to measure the open circuit

potential and drug release except that the volume of the cell was 20 ml

F:#%?:%S::?’
7 Pt electrode
Reference electrode [ —
/ %
SCE I
Magnetic bar Working electrode

Figure 2-2: Three-electrode electrochemical cell used for electrochemical experiments and

drug release.

2.3 Preparation of working electrodes

Three types of anode electrodes were used: a platinum disc electrode measuring 0.6 cm? and tow

stainless steel disc electrodes measuring 1.2 and 2.27 cm? .The platinum electrode was
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mechanically polished with 0.05 pm aluminium oxide (ALO;), very carefully cleaned with multi
purpose detergent (Teepol), rinsed with plenty of distilled water, and cleaned in an ultrasonic bath
before beginning every experiment. The stainless steel electrodes were mechanically polished
with 6 pm and 1 pm Al O; for five min each, very carefully cleaned with detergent, rinsed with
plenty of distilled water and cleaned in an ultrasonic bath for five min before beginning every
experiment. For the release experiments, a disposable stainless steel electrode was cut from a
stainless steel sheet and covered with a tape; 1 cm? was left open for exposure to the synthesis

solution.

24  Free-standing PPy membranes

Free-standing conducting polymer films can be used as ion exchange membranes for
biomedical applications such as drug delivery device and biosensor. This section
described the synthesis of stand-alone PPy films. The PPy film were deposited from a 0.5
mol dm® Py monomer doped with 0.1 mol dnr? EtINBF4 or K2SO4 on a 2.27 cn? stainless
steel disc electrode. The polymerisation solution was stired at 400 rpm. The films were
potentiostatically deposited at 0.6 V vs. SCE until the accumulated charges applied
reaches 27.2 coulomb, which resulted in the growth of a PPy film with a thickness of
approximately 27.8 pm [250]. The film was detached from the electrode, cleaned with

deionised water, and then left to dry for two hours before measuring the film’s resistance.

2.5 Four-electrode electrochemical cell

The conductivity of the conducting polymer film can be measured using different
techniques. For example, by measuring the film resistance using the four probe technique
or by measuring the film resistivity using electrochemical method. Since the conducting

polymer drug delvery systems operated i aqueous environment, the electrochemical
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technique was employed to measure the conducting polymer films conductivity. Figure
2.3 depicts a schematic diagram of a four-electrode glass cell which was used to measure
the resistivity of the films. The cell comprises similar parts, and the films’ resistivity is
measured by placing them between these parts. The films were surrounded by two
mercury-oxide reference electrodes Hg/HgoO. These reference electrodes were used to
measure the films potential difference when a galvanostatic current was applied using

two-platinum mesh electrodes positioned on the outer sides of the cell across the mounted

membrane.

Reference electrode

Hg/HgOo
_—He/Meo— |

PPy film 12 cn?

Lugging capillary

J\ Pt electrode

]

34mm —p

Silicon gasket
Pt electrode

Figure 2-3: Four-electrode electrochemical cell used to measure the membranes’ resistivity.

2.6 Two-compartments divided membrane cell

The electrodeposition of PPy film on active metals such as Mg is a challenge task due to
the dissolution of the metal substrate which is preventing the film formation. The use of
the high concentrated doping ion salicylate may help to passivate the metal dissolution
but it may reduces the rate of the drug being release. Therefore, in order to avoid the metal
dissolution, the PPy film contaning a model drug was chemically deposited using a two-

compartment cell, as shown in Figure 2-4. The cell compartments are separated by a CC
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or DM membrane, where the PPy containing the model drug is formed. One of the cell
compartments contains the Py monomer with the model drug in the absence and presence
of TINT and the other contains the oxidant solution, ammonium persulfate. The cell, filled
with the two solutions, was kept at room temperature (295 K) for four hours. The solution
was stirred with a magnetic stirring bar to disperse the TINT. The two solutions diffused
mto each other through the membrane and the Py gradually oxidised, thereby forming the
PPy film containing the model drug on the outer and nner surfaces of the membrane. The

obtained composite film was coated with Mg thin film as described in the following

section.
7cm
A
D=34 mm
Py monomers with a model drug Ammonium persulfate
5
N
v

Rubber O-rings Celluose acetate membrane

Figure 2-4: Two-compartment dividled membrane cell used for the chemical polymerisation of

Py.

2.7 Magnesium coating for self-powered release system

The obtained PPy cellulose acetate composite film was cleaned with 0.01 mol dnm? NaCl

solution for five minutes and dried under vacuum at 40 °C. Thereafter, a thin layer of Mg
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(0.5 pum approximately) was sputtered on one side of the film using a hanmade sputtering

system. The sputtering process was carried out under vacuum pressure = 1076 bar.

2.8 Open circuit electrode potential measurements

The open circuit potential (OCP) of the working electrode is measured when no external
current flows. An awareness of the OCP provides denotation for the change of the
polymer oxidation level during unstimulated release of incorporated molecules. Thus, it
is important to comprehend the relationship between the change of the polymer oxidation
state and the detected release profile for unstimulated films. An  Autolab
potentiostat/galvanostat was used to monitor the OCP of PPy films. The experiments were
conducted with a three-electrode glass cell that contained 20 ml of 9% NaCl aqueous
solution. The PPy films were used as the working electrode, a platinum mesh electrode
was used as the counter electrode and a saturated calomel electrode (SCE) as the reference
electrode. A similar cell setup was used for the release experiments. The open circuit

potential of the PPy film was recorded over a five-hour period [252].

2.9 Surface characterization (SEM) and (FTIR)

Scanning electron micrographs were obtained with a JEOL JSM-6500F FEG-SEM
instrument operating under a vacuum of >9 x 10* Torr and an acceleration voltage of 5
keV, equipped with an EDS x-ray analyser. A Nicolet 360 FTIR was used to characterise

the film.
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2.10 Drug release

Ultraviolet-visible (UV-vis) spectroscopy is a relatively inexpensive and easy-to-use
technique that is frequently used to measure the amount of organic molecules released
from the polymer. This technique is usually based on the Beer-Lambert law, according to
which the absorption of the solution is proportional to the concentration of the solution.
A model drug solution in distilled water at various concentrations (Table 2.1) was
prepared and the absorbance of these solutions at the wavelength of maximum absorption
(Amax) was measured using UV-vis spectroscopy to obtain a calibration curve. A
calibration curve was obtained by plotting the absorbances alongside the concentration
for all the model drugs used in this project. The slope of the obtained calibration line used
with the measured absorbances of the released drug to calculate the concentration of the

model drugs being released from the PPy films.

The samples of the released drugs were analysed using a Lambda 35 UV/VIS
spectrometer to determmne the concentration of the model drug being released. The
obtained PPy films were washed with 0.01 mol dm3 NaCl for five minutes, and then
mmmersed in a cell containing 20 ml of 0.9% NaCl aqueous solution at room temperature
(295 K), with and without the application of electrical potential to stimulate the films.
The release solution was stirred using a magnetic bar at low rotation during the release
experiments to mix the released molecules with the release solution. Samples of 5 ml
were taken at regular itervals of time from the release medium and replaced with an
equal volume from the origmal NaCl solution to maintain the volume of the release

medium.
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Table 2-1: Identification of the A, the concentration ranges, the slope of absorption calibration

curves for the use substances.

Slope of
. . bsorption
Absorption Amax | Concentration range / absorp
Model drug / nm P mol dm- ' 5 calibration curve
Abs./ pumol dm?
Rhodamine 6G (Rh-
odamine 6G( 526.5 25x 10° t0 25 x 10 111.25
6G)
Fluorescein  sodium
-6 5
salt (FSS) 485 25x10%to 25x 10 54.51
Methylene blue (MB) 664 25x 10 to 25x 103 11720
Dopamine P 5
hydrochloride (DB) 280 25x10%to 25x 10 3053
Ib It di
uproten - sodum 22 25x 106 t0 25 x 10 7793
salt (IP)

2.11 Self-poweredelectrochemical experiments

Although the chemical technique can be used for the deposition of different types of self-
powerd drugs delivery systems, some drugs may react with the oxidant solution during
the polymerisation process. This section described the electrochemical deposition of PPy
film on AZ31 Mg substrate for self-powerd drug delivery system application. A three-
electrode glass electrochemical cell connected to a potentiostat/galvanostat PGSTAT30
(EcoChemie, Netherlands) was used. The AZ31 Mg alloy was used as a working
electrode, a 1 ¢ platinum mesh as a counter electrode and a saturated calomel electrode
(SCE) reference electrode. Prior to electrochemical experiments, the AZ31 Mg alloy foil
was wet ground with a series of SiC papers down to 2000 grit. All AZ31 Mg alloy samples
were tape masked to expose a constant 1 ¢ area. Polished samples were degreased with

acetone, rinsed with deionized water and sonicated for 10 mnutes. Samples were
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transferred to the electrochemical cell and positioned vertically with a 2 cm separation
from a platmum mesh auxilary electrode then used immediately. The polymerization
solution consisted of a mixture of 0.5 mol dm pyrrole (Py), 0.5 mol dm? sodium
salicylate (SA) and sodium ibuprofen (IP) with concentrations, ie., 0.5, 1, 10 and 50 x
103 mol dm3. (Hereafter named: SA, SA-Py and SA-Py-xIP, x: represents different
concentration values). A rest time of 10 minutes was routinely applied to all the samples
prior to each electrochemical studiy and the open-circuit potential was monitored. PPy
films were grown potentiodynamically with a continuous N2 stream bubbling through the
solution to remove traces of dissolved O2. The linear potential sweep started from -0.5 V
to 1.0 V vs. SCE towards more positive potentials at a scan rate of 20 mV s-! for 20 cycles

until reaching a film thickness of ca. 20 + 5 um, as determined by SEM and optical

imaging. All measurements were made at room temperature (295 K).

2.12 Self-powereddrug release electrochemical experiments

PPy films prepared on the AZ31 Mg alloy loaded with sodium ibuprofen (IP) and sodium
salicylate (SA) with 1 cn? area were released in 20 cn’, 0.9 wt% NaCl 5 cn?® aliquots
were collected at intervals, replenished by equal volume of fresh NaCl solution and
analysed in a Neosys-2000, UV-VISIBLE Spectrophotometer, Scinco Co. Ltd. The
concentrations of [P and SA were determined spectrophotometrically at 222 and 295 nm
wavelengths. The latter was selected to quantify the concentration of SA via a calibration
curve prepared at this wavelength from a stock solution and a series of volumetric
dilutions. The 222 nm wavelength was used to determine the concentration of IP. It is
worth noting that both IP and SA absorb UV light at a wavelength of 222 nm, thus it was

necessary to subtract the absorbance for SA at this wavelength to determine the IP
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concentration. Firstly, the SA concentration was determined at 295 nm where there is not
IP absorption. Once this concentration was known, the estimated absorbance expected at
222 nm for SA was subtracted from the experimental value read in the spectra at 222 nm.
The difference between both absorbances at this wavelength accounted for the

concentration of IP using a calibration curve.

2.13 Depth-sensing indentation (DSI)

The DSI technique was used to characterise the mechanical properties of the PPy film
electrodeposited on the AZ31 Mg alloy operating at the 3 mN load control mode with a
0.66 mN s! loading rate. A round indenter (radius <100 nm) was used and a total of 20

indents were produced for each sample.
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Chapter 3: Preparation and characterization of PPy

films on different substrates

This chapter presents a series of experimental results focused on the deposition of PPy films on
the surface of different substrates. The effect of different polymerisation conditions were
examined, including the mfluence of the number of deposition cycles, electrolyte solution,
potential sweep rate, effect of the dopant anions and the monomer concentration on polymer
electroactivity. In addition, the resistivity of different membranes was measured using a four-
electrode cell. Whilst this work is not novel i itself, it is necessary at this stage for the method

development before incorporating drugs in the conducting polymer films.

3.1 The effect of the number of deposition cycles

The oxidation of 0.05 mol dm™ Py in aqueous 0.5 mol dnm? K2SO4 solution at a stainless steel
disc electrode (1.2 cn?’) using a potential sweep rate of 0.1 V s°! is depicted in Figure 3.1. The
cyclic voltammogram of a stainless steel electrode n the absent of Py monomer curve (a)
showed that an oxidation peak began around 0.56 V and reached a maximum peak current of
3.8 mA at 0.69 V vs. SCE. The current density then decreased to between 0.69 V and 1.2 V vs.
SCE, thereby indicating a formation of a passive layer on the stainless steel electrode surface
[253, 254]. The slight increase in the anodic current at a potential greater than 1.2 V vs. SCE
may be attrbuted to the decomposition of the passive layer or the beginning of oxygen
evolution [254]. The first cycle in the presence of Py monomer curve (b) showed a relatively
symmetrical oxidation peak at approximately 1.01 V vs. SCE, with a current peak of 28 mA
attributed to the Py oxidation. The presence of the Py monomers caused the modification of the

corrosion process of the stainless steel electrode, and the oxidation peak of the electrode
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disappeared [255]. A second cycle at the same electrode, without cleaning (c), showed that the
Py oxidation process began at an earlier potential of around 0.625 V vs. SCE, indicating that
the previous deposited PPy layer stimulated a catalytic effect on the PPy deposition reaction,
the monomer oxidation potential decreased during the following cycle [256]. In addition, the
Py oxidation wave was observed begmnning at approximately 0.65 V vs. SCE, with a peak
potential of approximately 1.1 V vs. SCE. The peak current reduced to approximately 50% of
the first cycle peak. The peak current decrease is due to the formation of the partially passive
layer on the electrode surface, which may consist of Fe(Il) and less active Fe(Ill) that may
prevent the interaction between the electrode surface and the monomers. In addition, the
decrease in the oxidation peak current may have been because the conductivity of the growing

polymer film is low [253].
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Figure 3-1:  Cyclic voltammogram of 0.05 mol dm™ Py in aqueous 0.2 M K,SO, at a potential sweep

rate of 0.1 V s’ on stainless steel (1.2 cm? area) a) background, b) first cycle and ¢)

second cycle.

3.2 The effect of the electrolyte solution

Figure 3.2 shows the oxidation of Py at a stainless steel electrode in a) anhydrous acetontitrile,
b) 1% water and c) acetonitrile with 2% (v/v) water. The Py oxidation peak was positively
shifted from approximately 1.45 V to approximately 1.65 V vs. SCE. Other peaks appeared
after adding water. These two peaks may be attributed to the oxidation of PPy with different
chain length [257]. The increase of the water percentage to 2% (v/v) lowered the peak current
by 15%, as compared with the anhydrous acetonitrile peak current. This indicated that the
amount of water added led to a reduction in the rate of polymerisation. However, the use of a

small amount of water with acetonitrile led to improved PPy conductivity and reduced

105



formation of the partial variation of conjugated PPy. This is because water is a stronger acid
than the Py monomers; therefore, the addition of water led to the elimination of the protons
released during the polymerisation reaction and hindered extra protonation of the Py. It has
been reported that a water content of approximately 1% (wt) in acetonitrile is the optimal
content to effectively eliminate the protons released during the reaction. Although the use of
acetonitrile as an electrolyte in the PPy polymerisation might lead to electrode passivation, the
presence of a small amount of water in the acetonitrile improved the mechanical properties and
the adherence of the film [251]. Acetonitrile is, however, a toxic substance; traces must be

removed before any relevant medical application.
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Figure 3-2:  Cyclic voltammogram of a stainless steel electrode (1.2 cm? area ) in 0.01 mol dm? Py

and CH;CN with 0.1 Et;,NBF, at a potential sweep rate 0.1 V s, a) Anhydrous CH;CN,
b) 1% (v/v) H,O and ¢) 2% (v/v) H,O.
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3.3 The effect of potential sweep rate

Figure 3.3 illustrates the CV of 0.02 mol dm™ Py in anhydrous acetonitrile containing 0.1 mol
dm3 EtNBF4 at a platinum disc electrode (0.6 cn?) at different sweep rates. Two oxidation
features are evident at a low sweep rate. These two features are positively shiffed by
approximately 0.1 V with the increased sweep rate. The two oxidation peaks tend to become a

broad single peak when the sweep rate is increased to more than 0.2 Vs-!,
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Figure 3-3: Cyclic voltammogram of a platinum disc electrode (0.6 cm?) in 0.02 mol dm™ Py and
anhydrous CH;CN with 0. 1M EtNBF,. Potential sweep rates: a) 0.025, b) 0.05,¢) 0.1, d)
0.2,¢e)0.3,f) 0.4and g) 0.8 Vs

Figure 3.4 shows the curve peak current vs. the square root of the potential sweep rate. The
peak current was taken from the curves in Figure 3.3 at 1.35, 1.38, 1.45, 1.55, 1.61, 1.68 and

1.78 V vs. SCE. An approximately linear relationship between the peak current and the square
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root of the potential sweep rate can be observed up to a potential scan rate equal to 0.1 V s!.
Therefore, the rate of reaction was controlled by rate of diffusion of pyrrole monomer at diffuse
layer and the Randless-Sevick equation can be applied i this linear region to calculate the

diffision coeflicient, D.

1 1

3
I, = (2.69% 10°) Zz AD>C vz, (3.1

Where I, is the oxidation peak current, z is the number of electrons involved in the reaction, ¢

is the Py concentration and v is the potential sweep rate. The slope value of the curve in figure

3.4is 0.01206 —2—, which yields the value of -
(Vs—1)2 Avz

Therefore, The diffusion coefficient is D = 1.12x 107 cm? s™1. This value is smaller than
the value reported by Girault (1.3 +£0.2 x 107> cm? s™1) [251]. This difference may have
occurred due to the influence of the experiment conditions such as temperature variation.
Different values have also been reported for pyrrole diffusion coefficient ranged between

1x 10 %and 1.5 x 107° cm? s~1) [258].
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Figure 3-4: Peak current /, vs. square root of the potential sweep rate v

3.4 The effect of the dopant anions

The effects of the dopant on the polymerisation of PPy in the presence of two different anions
were examined. Figure 3.5 shows cyclic voltammograms for the oxidation of 0.02 mol dm3 Py
in a) 0.1 mol dm3 E4NBF4 and b) 0.1 mol dnm3 K2SO4. The peak current of the oxidation of
Py doped with K2SO4 is approximately 60% higher than the oxidation of Py doped with
EtNBF4. Thus, the polymerisation rate is slightly higher with the use of K2SO4 compared with

the use of EtNBF4 as a dopant.
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Figure 3-5:  Cyclic voltammogram of a stainless steel electrode (1.2 cm? area) in an aqueous solution
of 0.02 mol dm™ Py and a) background, b) 0.1 mol dm Et4NBF, and ¢) 0.1 mol dm™
K,S0.,.

3.5 The effect of monomer concentration

Figure 3-6 depicts the effect of the increase of the Py monomer concentration on the
polymerisation rate of polypyrrole with 0.01 mol dnr?® Et4NBF4. A broad oxidation wave was
observed with a peak potential of around 1.4 V vs. SCE at a monomer concentration of 0.01
mol dm3. The increase of the monomer concentration to 0.02 mol dm? led to increased
oxidation current and no oxidation peak observed up to a potential of 2 V vs. SCE, thereby
ndicating an unlimited growth of polymer films. Girault et al. [251] reported that the main
oxidation peak shifted positively by 100 mV, corresponding to the incremental increase of Py
monomers by 0.01 mol dm3 from 0.01 mol dm3 to 0.04 mol dm3. They found that at a
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monomer concentration of 0.045 mol dnr3, the oxidation current rose and no oxidation peak

was observed up to a potential of 2.1 V vs. SCE.

Iroh et al. [259] reported that the increase of the Py monomer concentration led to an increased
electropolymerisation rate. They found that the electropolymerisation potential exponentially
decreased with the increase of monomer concentration. The increase of monomer concentration
by approximately 800% from 0.1 to 0.8 mol dm™ led to a reduction in the electropolymerisation

potential by approximately 11%.
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Figure 3-6: Cyclic voltammogram of a stainless steelelectrode (1.2 cm? area ) in aqueous solution
of 0.01 mol dm EtNBF, and a) 0.01 mol dm™ Py, b) 0.02 mol dm> Py, ¢) 0.03 mol
dm? Py and d) 0.04 mol dm? Py.



3.6 CV of a PPy film at different potential scan rates

A PPy film was first grown potentiostatically at 0.9 V vs. SCE from an aqueous solution of 0.05
mol dm? Py in 0.2 mol dm?® K2SO4 in a three-electrode chemical cell with a platinum mesh
and SCE as counter and reference electrodes, respectively. The film was permitted to grow to
a thickness of 331 nm corresponding to the charge density of 143 mC cm? [251]. The film was
washed with deionised water before it was placed in a fresh electrolyte solution of 0.2 mol dnr
3 K2SOs4. Figure 3.7 illustrates the behaviour of 331 nm PPy film at various potential sweep

rates.

3.7 Film thickness calculations

The polymer thickness can be calculated based on the consumed charges obtained during the

film synthesis process using Faraday’s law with the following assumptions:
1. Efficiency of the polymerisation current is 100%.

2. Two electrons are nvolved in each monomer molecule oxidation.
3. Pyrrole monomer molar mass, M = 67.09 g mol!.

4, PPy density equals 1.5 g cm [251]

5. Faraday’s constant equals 96485 C mol ! [260].

6. Electrode surface area, A=1.2 cm?.

Thus, the film thickness x

X = Qdeposition * M

T (3.2)

Thus, t = 331 nm.
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The oxidation peaks of the PPy films in 0.2 mol dnm? K2SO4 aqueous solution can be observed
clearly, while the reduction peaks are not well defmned in figure 3.7. The oxidation peaks
currents rise with the increase i the potential sweep rates and the peak potentials are positively
shifted. At a lower scan rate (scan rate 0.01 V s’!), the oxidation peak appeared at a potential of
approximately -0.32 V vs. SCE and the peak current was approximately 0.001 A. The oxidation
peak are positively shifted by approximately 100 mV to approximately -0.21 V vs. SCE, when
the sweep rate increased to 0.3 V s and the current peak increased to 0.004 A. On the other
hand, the reduction peak appeared at around -0.85 vs. SCE (for v = 0.01 V s'!). The reduction

peaks became broad waves with increased sweep rates and shifted to more negative potentials.
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Figure 3-7: Behaviour of a 360 nm PPy film at various potential sweep rates in 0.2 mol dm> K,SO,
aqueous solution. The film was grown from 0.05 mol dm? Py in aqueous 0.2 mol dm
K,SO, on a stainless steel electrode (1.2 cm? area) at a constant potential of 0.95 V vs.
SCE. a) Background electrolyte and samples at potential sweep rates of: b) 0.01, ¢) 0.02,
d) 0.05,¢)0.1,f) 0.2 and g) 0.3 V s’
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3.7.1 Resistance measurements

Resistance measurements for different films including N550, ICI CHEMICAL, IONIC MA-3
and N430 membranes were conducted. The films were cleaned with distilled water and soaked
in a 0.5 mol dm3 KCl aqueous solution for 24 h prior to the resistance measurements process.
The resistivities of the films were measured in a four electrode cell, as shown in Figures 2.3.
Two platinum mesh electrodes were used to apply a glavanostatic current across the mounted
membrane, between -30 and 30 mA. The corresponding potential was measured via two
Hg/HgO reference electrodes. Figure 3.8 and 3.9 show the relation between the applied current
through the membrane and the resultant potential drop across it. The resistance measurements
of the films were calculated according to Ohm’s law, Equation (3.3), where the value of the

lme slope is equal to the membrane resistance.

14

Riotar = T (3.3)
where

Rtotal = Rmembrane + Rsolution- (3-4)
The membranes’ specific resistivities were calculated using the following equation:

Do = Rmemb;”ane* Amembrane’ (35)

membrane

where
P, is the membrane resistivity, R, ompranels the resistance across the membrane, A,,.;mprane S

the membrane surface area and equal to 1.2 cm?, x, is the membrane thickness is 27.8
um, Ropion s the solution resistance, considering that the distance between each luggin

capillary tip and the membrane is equal to 3.4 mm.
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Table 3.1 presents the obtained results of the measured resistance. The specific resistivity of
the 0.5 mol dm3 KCI aqueous solution is 18.4 Q c¢m, which is higher than the previous value
in the literature, which is 15.6 Q cm. This difference may be due to the differences in the
experimental conditions and the purity of the materials. However, the obtained resistivity of
PPy/EtINBF4 films, 2720 Q cm, was close to the result obtained by Girault et al. [251], which
was 2700 Q cm for the oxidised fiim. The obtained results are in the range of previously
reported resistance measurements of some semiconductor materials. The specific resistance of
the PPy/K2SO4 membrane was 4320 Q cm. The increase in the resistivity value may be due to
several reasons. For example, the difficulty in expelling the dopant ions SO4- from the polymer
membrane may have impeded the migration of chloride ions mto and across the PPy membrane.
On the contrary, the migration of chloride ions across the PPy/EtNBF4 would be easier.
Moreover, the deposition rate of PPy/K2SO4 is faster than the deposition rate of PPy/EtNBF4
and, thus, the PPy/K2SO4 is thicker and has higher resistance compared with PPy/EtINBF4 may
be because it is more compact. In addition, film characteristics such as film thickness, surface
morphology, film smoothness, and uniformity may imnfluence film resistivity but were not

measured.
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Table 3-1:  Resistivity and resistance for free-standing membranes mounted in a 4-electrode cell with
aqueous 0.5 mol dm? KCI on each side

Membrane Riotal Ronembrane Pe

/Q /Q /Q cm

N550 20.5 8 3200

ICI chemical 21 8.5 3400
Ionic MA-3 42 29.5 11800

N430 30 17.5 7000

0.5 M KCl 12.5 -- 18.4

PPy/EtBF, 19.3 6.8 2720

PPy/K,S0O, 23.3 10.8 4320
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Figure 3-8: Current compared with potential curve for a) N 550 membrane, b) ICI chemical mem-
brane, c) Tonic MA-3475CAPM, d) N430 membrane and e) cell without membrane. The
membranes were mounted on a 4-electrode cell with aqueous 0.5 mol dm™ KCl on each
side. A maximum current through the membrane of -30 to 30 mA was applied via two
platinum electrodes and the potential difference was recorded using two identical

Hg/HgO reference electrodes.
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Figure 3-9:
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Current vs. potential curve for a 40 um thick PPy membrane doped with a) BF,, b) SO,
/C and ¢) SO4~. The membranes were mounted on a four-electrode cell with aqueous 0.5
mol dm™ KCIl on each side. A maximum current across the membrane of -30 to 30 mA

was applied via two platinum electrodes and the potential difference was recorded using

two identical Hg/HgO reference electrodes.

3.8 Summary and Conclusions

Polymerisation conditions such as electrolyte type, pH, monomer concentration and doping

nature, significantly affect the formation and film properties of conducting polymers.

Therefore, these factors need to be optimised for the desired application. For example, the

nature of the doping ions affects the polymerisation rate and the properties of the polymer film.

The peak current of the oxidation of Py doped with K2SO4 is approximately 60% higher than
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the oxidation of Py doped with EtINBF4. Thus, the polymerisation rate is slightly higher with

the use of K2SO4 as compared to with the use of EtNBF4 as a dopant.

The presence of Py monomers in the electrolyte solution have modified the corrosion process
of the stamless steel electrode, and the stainless steel oxidation peak disappeared when it was
immersed in an electrolyte containing 0.5 mol dm> K2SO4 and 0.05 mol dm3 Py due to the
formation of the PPy film on the electrode surface, which lead to the passivation of the electrode
surface. In the second cycle, the Py oxidation process began at an earlier potential of roughly
0.625 V vs. SCE, where the oxidation potential began at approximately 0.65 V vs. SCE in the
first cycle; this indicates that the previous deposited PPy layer stimulated a catalytic effect on
the PPy deposition reaction, and the growth of PPy on PPy film is higher than its growth on the

stainless steel electrode surface.

The polymerisation electrolyte solution has a significant effect on Py polymerisation. The Py
oxidation peak was positively shifted from approximately 1.45 V vs. SCE in anhydrous
acetonitrile electrolyte to approximately 1.65 V vs. SCE, when 1% (v/v) water was added to
the solution. In addition, other oxidation peaks appeared after adding water. These two peaks
may be attributed to the oxidation of PPy with different chain lengths. The increase of the water
percentage to 2% (v/v) lowered the peak current by 15% as compared to the anhydrous
acetonitrile peak current. This indicated that the amount of water added reduced the rate of
polymerisation. However, it has been reported that the use of a small amount of water with
acetonitrile led to improved PPy conductivity and reduced formation of the partial variation of

conjugated PPy. This is because water is a stronger acid than Py monomers; therefore, the
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addition of water led to the elimination of released protons during the polymerisation reaction

and hindered extra protonation of the Py [251].

The use of a high concentration monomer leads to a less positive polymerisation potential and
an increase in the polymerisation rate. This feature can be useful in drug delivery and biosensor
applications, where the increase of monomer concentration may prevent chemically active drug

and enzyme oxidation during polymer synthesis.
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Chapter 4: Self-powered drug release system

4.1 Introduction

Polypyrrole fims electrodeposited on active Mg alloys and the film incorporated with various
ionic drugs are the subject of current investigation. It was encouraged by the development of
self-propelled drug release systems, whose mechanism relies on galvanic coupling between a
conducting polymer film and the active metal alloy underneath. In corrosive environments,
such as the ones encountered inside a human body or on the surface of skin, implanted active
Mg alloys undergo corrosion, releasing electrons into the PPy film and releasing the uploaded
therapeutic drug [261]. These Mg alloy corrosion properties contribute in one side to the de-
velopment of biodegradable implants, but in the other side provide the alternative to locally
release different types of drugs, e.g., risperidone, dexametasona, pain relievers or antibiotics
[113]. There are reports in the literature of self-powered drug releasers, that employ a number
of active magnesium alloys including the alloy (97% Mg, 2% Al, 1% Zn) Mg alloy [113], pure
Mg (99.9% purity) [262], sputtered Mg thin film [263, 264], AZ91 and AZ31 [265, 266]. These
Mg alloys are particularlly attractive since their mechanical properties match those of the
human bones and posessess a high strength/density ratio. For instance, Mg has an approximate
density of 1.74-2.00 g cm3, an elastic modulus of 41-45 GPa and a compressive yield strength
of 65-100 GPa which is similar to the mechanical properties of human bone with a density of
1.8-2.1 g cn?, elastic modulus of 3-20 GPa and compressive yield strength of 130-180 GPa
[267]. One concern with the use of active Mg alloys containing Al as drug delivey systems, is
that their corrosion can release undesireable metals such as Al, limiting their use inside the
human body [268]. Thus, magnesium alloys with minimal Al content such as AZ31 Mg alloy

are disarable for biomedical applications.
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One of the most common, readily prepared, biocompatible, mechanically robust conductive
polymers (CPs) is polypyrrole (PPy). This polymer has been used as a passive layer for
corrosion protection of metals and Mg alloys [269] and as a model system for local drug
delivery induced by an electrical stimulus [270]. CPs undergo oxidation while growing,
attracting counterions to balance the charge, which allows therapeutic drugs to be uploaded or
downloaded as dopants into and from the film [271]. The size and chemical structure of the
uploaded drug into the film may affect the polymer nucleation and growth processes, as well
as affecting other properties such as the mechanics of the film [269]. There are some reports in
the literature aimed at the effect that uploaded dopants or thermal treatments may play on the
mechanical properties of PPy [272-274]. One of the tools used to investigate these properties
IS depth-sensing indentation (DSI). This technique uses the relationship between the load and
depth of penetration of an indenter to determine the average hardness (H) and reduced modulus

(E;) of the film [272, 273, 275].

Although the incorporation of a therapeutic drug into CPs is adequate for treatment of acute or
chronic diseases upon delivery, it does not necessarily contribute favourably to the polymer
structure. Some reports in the literature have identified difficulties to prepare adherent, com-
pact, PPy films under specific experimental conditions [276]. So, it becomes evident that the
chemical structure, steric effects, functional groups and charge of the dopant drug affect both
the preparation of the film and its final properties [277, 278]. In addition, some therapeutics
drugs can be absorbed on the alloy surface breaking down the passivity and affecting the CPs
deposition. This is a critical issue for self-propelled drug release processes based on the uses of
active Mg alloys. Two competitive processes may arise involving a competition between the

underlayer metal dissolution and the nucleation and growth processes of the polymer film. This
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has encouraged the use of polymer dopants that also passivate the metal surface, such as salic-

ylate and oxalate ions [279].

The amount of drug incorporated into CPs needs to be optimized [278]. Usually, it is required
that the amount of drug uploaded into the polymer film increases in order to ensure a long-
acting time therapeutic action. While uploading a large amount of a dopant, the polymer matrix
and consequently its mechanical properties modify [272]. To increase the amount of the drug,
several alternatives have been undertaken; for instance, CPs can be nanostructured, or two-
layer CPs can be deposited to produce a continuous PPy film, releasing a higher drug loading
[278]. In other instances, an additional chemical agent is added, such as a cationic surfactant,
that modifies the hydrophobicity of the polymer [280]. An alternative is the addition of a large,
multi-charged anionic heparin molecule that can act as a high-capacity cation exchanger [280].
This chapter aims at investigating the effects that sodium ibuprofen, a well-known anti-inflam-
matory drug, has on the electrochemistry, structure, Kinetics of release and mechanical
properties of PPy films electrodeposited on an active AZ31 Mg alloy in an aqueous 0.5 mol
dm3® sodium salicylate solution. The aims of this chapter are to synthesis novel self-powered ibu-

profen release sytem and study the effects of ibuprofen concentrations on the polymerisation process,

the morphological structure and mechanical properties of the deposited PPy film.

4.2 Electrochemical characterisation

Open-circuit potential (OCP) measurements of the AZ31 Mg alloy in SA-Py, and SA-Py xIP
solutions obtained during the 10 min rest period are illustrated in Figure 4.1. Although Mg and
AZ31 Mg alloys are naturally active metals in aqueous media and possess extremely high
negative redox potentials, the presence in solution of species capable of forming a stable

protective layer contributes to the displacement of the OCPs to nobler values. According to the
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experimental conditions used, the AZ31 Mg alloy in SA-Py solution displays an OCP of
-1.75£0.022 V vs. SCE and rapidly changes to a less negative OCP value of -1.619+0.002 V
vs. SCE as is seen in curve (a) of Figure 4.1. It is worth noting an overlap between Figure 4.1a)
and Figure 4.1b) after 100 s. A similar trend can be observed for an AZ31 Mg alloy immersed
in SA-(0.5-50 x 10-° mol dm?) IP containing solutions (Figure 4.1b-4.1f)). For solutions with
low IP content (<0.5 x 102 mol dm3) the OCP is similar to that in SA-Py solutions, but for
concentrations above 50 x 10-3 mol dmr3 IP, the OCP becomes much more noble reaching -
1.26 V vs. SCE after 10 minutes as shown in Figure 4.1f). The formation of a passive
hydroxide/oxide Mg film layer on the metal alloy would be expected, in fact the formation of
a salicylate magnesium chelate film has also been reported, which can further diminish the
magnesium dissolution and contribute to the equilibrium at the alloy/solution interface [279].
No oscillations, indicating breakdown and reconstruction of the passive layer, were seen during
the OCP measurements. The increase of the OCP with increasing concentration of the IP sug-
gests that the IP is contributing to the passivation of the magnesium surface. It was confirmed
that before attempting to growth a stable compact PPy film on the surface of an AZ31 Mg alloy,
it was critical to leave the sample at the open-circuit for at least 10 minutes in the SA solution

to passivate the surface. Failure to do so risk forming an incomplete PPy film.
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Figure 4-1: OCP vs. time for an AZ31 Mg alloy in 0.5 mol dm Py, 0.5 mol dm= SA with different
sodium IP concentrations a) 0, b) 0.5, ¢) 1,d) 5, €) 10 and f) 50 x 10-* mol dm-® monitored

over 10 minutes.

The CVs of an AZ31 Mg alloy in three different SA containing media is shown in Figure 4.2.
A freshly prepared AZ31 Mg alloy, with a 10 minutes rest time in the SA solution, case (a),
shows a large oxidation peak at a potential of ca. -0.35 V vs. SCE. In this case the potential was
scanned from -0.5 V vs. SCE, which is far away from the OCP and toward less negative poten-
tials, but near to the oxidation of salicylate to passivate the Mg alloy. A large Mg alloy disso-
lution was expected, which would react with the SA in solution to form a protective magnesium
salicylate film [279, 281, 282]. Previous studies based on FT-Raman spectrometry for similar
systems, investigated the reaction of salicylate with other transition metals and suggested the
formation of a salicylate metal chelate complex with high molecular weight and low solubility

that precipitates on the metal surface [283]. Accordingly, two overall reactions describe the
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formation of the magnesium salicylate ad layer on the surface of the AZ31 Mg alloy, i.e., two

electron oxidation irreversible process, followed by coupled chemical equilibrium reaction:

ke
Mg —— Mg?" + 2¢ 4.1)
kc
Mg?" + 2SA” — MgSA, 4.2)

Where ks and kc are formation constant of Mg?* and MgSA:, respectively.Inspection of the CVs
at more positive potentials reveal a less defined and extended oxidation peak at ca. +0.8 V vs.

SCE, attributable to the anodic oxidation and polymerization of salicylate [279, 282, 284].
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Figure 4-2: First cycle voltammogram of an AZ31 Mg alloy in: a) 0.5 mol dm= SA, b) 0.5 mol dm
SA and 0.5 mol dm Py, ¢) 0.5 mol dm? SA, 0.5 mol dm? Py and 0.5 x 10 mol dm IP.
Potential scan rate of 20 mV s,
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The CVs responses recorded for SA-Py and SA-Py-0.5 IP solutions appear as cases b) and c),
respectively. As in the previous SA plain solution, both new solutions exhibit a similar broad
oxidation peak at a potential ca. -0.3 V slightly shifted to more positive potentials than for the
SA solution. This can be explained in terms of the salicylate chelate layer, whose complexation
constant, Kc, shifts the potential. In these new solutions, nucleation and growth of the PPy film
at a potential at ca. 0.8 V vs. SCE also takes place [284, 285]. The nucleation and growth
processes for PPy are evidenced by the crossing potentials at 0.8 V and 0.73 V vs. SCE for SA-
Py and SA-Py-0.5 IP, respectively [284]. When the potential is shifted to more positive values
than the PPy nucleation and growth crossing potentials, there is a rapid increase in the current
due to the oxidation of the polymer and the dissolution of the underlying AZ31 Mg alloy and a
sudden increase of the current at 1.0 V' vs. SCE is reached. The two solutions seem to follow a
similar trend, but a higher current density was observed for SA-Py and a more blunt reversal
current wave for SA-Py-0.5 IP, indicating that less PPy film on the electrode was formed from

SA-Py-0.5 IP solutions.

To further characterise the broad oxidation peak at ca. -0.35 V vs. SCE a series of cycles were
recorded for the 0.5 mol dm3 SA solution after a 10 minutes rest time; this is shown in Figure
4.3. The oxidation peak is now shifted to a much more negative potential, i.e., -0.75 V vs. SCE
in comparison to the sample that did not have the 10 minutes equilibration time and does not
seem to displaying any additional dependence on the number of cycles. It is likely that a gradual
build-up of the passive chelate salicylate ad layer with a lower resistance at the electrode sur-
face causes a lower potential drop resulting in the potential shift. Moreover, the CVs do not
show any reduction peak during the reverse potential direction, indicating an irreversible elec-

trochemical reaction [285].
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Figure 4-3: Cyclic voltammograms for an AZ31 Mg alloy in a 0.5 mol dm= SA. The potential scan
starts from OCP toward positive potentials at a sweep rate of 20 mV s1. The samples
were equilibrated for 10 minutes.

A series of CV for the SA solution was run at controlled potential sweep rates in Figure 4.4a.
The oxidation currents peaks do not follow a linear relationship when plotted either against the
square root of the scan rate or the scan rate in the range of 10-70 mV st in Figure 4.4b. The
oxidation is neither a diffusion-controlled process nor adsorption, instead, the formation of the
passivating chelate layer on the alloy limits diffusion of the out coming magnesium ions and
forms a stable magnesium chelate complex. The shift in the peak potentials as the scan rate
increases, is consistent with a completely irreversible process [285]. One small current shoulder
at 0.45 V vs. SCE for high potential sweep rates (>50 mV s1) can be attributed to an augmented

double layer capacitance of the system.
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Figure 4-4: a) Cyclic voltammograms of an AZ31 Mg alloy in a 0.5 mol dm SA solution obtained
at different potential sweep rates: a) 10, b) 20, ¢) 30, d) 50 e) 70 mV s*. b) Peak current

dependence on the scan rate: j, vs. v¥2 and j, vs. v.
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Figure 4.5a) and 5b) show a collection of CVs for SA-Py and SA-Py-0.5 IP solutions at differ-
ent number of cycles. All the curves exhibit a potential crossover near +0.8 V vs. SCE in Figure
4.5a) and +0.7 V vs. SCE in Figure 4.5b). In general terms, the electrochemical behaviour de-
tected in these solutions resembles the technique already reported in the literature for similar
systems [282, 284], however with a major difference used in the current work which is the use
of ibuprofine drug. Immediately after the first scan was completed, the current rapidly de-
creases and the subsequent potentiodynamic ongoing-waves become elliptical-like shaped.
They account for the PPy growth and thickening of the polymer film. Furthermore, there is the
oxidation of the AZ31 Mg alloy substrate by crevice and pitting corrosion mechanisms, that
strongly increases at very positive potentials >1 V vs. SCE [284]. The thicknesses of the PPy
films formed potentiodynamically after 20 cycles, determined by SEM and optical stereoscope
measurements for SA-Py solution are ca. 20£5 pm, consistent with results published by other
authors [284], howerer, none of the previous studies have used drug in their research papers.
The current study was the first study to incorporate ibuprofen drug during the electrdeposition

of PPy on AZ31 substrates from aqueous solution.
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Figure 4-5: a) Cyclic voltammetry of an AZ31 Mg alloy in a 0.5 mol dm SA solution over 20 cycles.
b) Cyclic voltammetry for an AZ31 Mg alloy in 0.5 mol dm3SA + 0.5 mol dmPy with
0.5 x 10 mol dm IP solution over 20 cycles. In both cases the potential sweep rate is
20 mV st
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To gain more insight on the first cycle of the CVs for SA-Py and SA-Py-0.5 IP, a series of
current-transients for different applied potential steps are reported in Figure 4.6a) and 6b), re-
spectively. Initially, all current-transients display a sharp current peak with a local minimum
produced by charging of the double layer and a well-defined oxidation peak at ca. 20 s elapsed
time. As above mentioned, the oxidation peak is due to the formation of a stable magnesium
salicylate chelate film which slightly shifts to higher potentials consistent with a thickening of

the film at the electrode surface.
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Figure 4-6a: Chronoamperometric response for an AZ31 Mg alloy in 0.5 mol dm? SA solution, a)
+1.0, b) +0.8, c) +0.7, d) +0.6, e) +0.3 and f) -0.3 V vs. SCE.
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Figure 4-6b: Chronoamperometric response for an AZ31 Mg alloy in 0.5 mol dm SA solution con-
taining 0.5 x 10 mol dm3 IP, a) +1.0, b) +0.8, ¢) +0.7, d) +0.6, ¢) +0.3 and f) -0.3 V
vs. SCE.

For this set of potential steps, the PPy film only started to form when the potential was stepped
to +0.7 V vs. SCE in SA-Py solution and the transient encompasses the nucleation and growth
of the PPy film after 70-80 seconds in Figure 4.6a). This conclusion is drawn from the direct
observation of the electrode surface by SEM micrographs and EDS analysis of each of the

samples.

Figure 4.7a) shows a SEM micrograph of a sample stepped at 0.7 V' vs. SCE in SA-Py solution
displaying an incipient, globular PPy film with some worm-like decorations formed on the
surface of the AZ31 Mg alloy. EDS analysis on the top of these decorations showed the pres-
ence of carbon and nitrogen expected for PPy, that further supports its formation in Figure

4.7h).
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Fig. 7 (a)

Fig. 7 (b)

Figure 4-7: a) SEM micrographs showing the globular structure and worm-like decorations for the
formation of the PPy film on an AZ31 Mg alloy in 0.5 mol dm? SA and 0.5 mol dm? Py
at a potential step of +0.7 V vs. SCE, b) EDS analysis of the sample.

From the analysis of the current transients it was not possible to separate the PPy nucleation
and growth from the dissolution of the AZ31 Mg alloy substrate corrosion. Furthermore, the
current transient at a +0.7 V vs. SCE denoted an extended oxidation peak which reached a

maximum at ca. 120 s which was associated with the nucleation and growth of PPy on the
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AZ31 Mg alloy under potentiostatic conditions in Figure 4.6a). Similar results were consist-
ently seen in repeat trials. The oxidation peak for the salicylate layer formation vanished com-
pletely, given a feature less current vs. time transient for the samples stepped at potentials above
+1.0 V vs. SCE for both solutions. These transients show a sharp increase in the current initially

followed by a rapid decay which is due to the passivation of the AZ31 Alloy Mg surface [286].

4.3 Electrochemical characterisation at different concentrations of IP

The addition of IP into the solution affects the electrochemical response, structure and mechan-
ical properties of the PPy films. Figure 4.8) and 4.9) shows a series of CVs acquired in solutions
with different IP concentrations, i.e., 10 and 50 x 10 mol dm?3, respectively. For PPy films
prepared in solutions containing IP at 10 x 103 mol dm™ concentration (Figure 4.8), the initial
cycle in the CV that represents the formation of the Mg salicylate film (see Figure 4.5b)), does
not appear. Therefore, it becomes evident that IP not only affects the formation of the passive
salicylate adsorbed layer, but also the nucleation and growth of the PPy film. Under these con-
ditions, the PPy films could not uniformly be coating the AZ31 Mg alloy surface. Instead, a
series of randomly distributed black PPy spots with poor adherence and several cracks were

formed, which readily detached from the surface revealing underlying corrosion products.
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Figure 4-8: Cyclic voltammetry for an AZ31 Mg alloy in a solution containing 0.5 mol dm? SA, 0.5
mol dm= Py with 10 x 10 mol dm IP solution for 20 cycles at a potential sweep rate of
20mV st

Additional increase in the IP concentration up to 50 x 103 mol dm™ in Figure 4.9) completely
inhibited the formation of the PPy film. The salicylate layer was absent and the current density
was substantially reduced (>10%) without any potential crossings that denote the PPy nuclea-

tion and growth in Figure 4.9).
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Figure 4-9: Cyclic voltammetry of an AZ31 Mg alloy in a 0.5 mol dm= SA with 0.5 mol dm Py and
50 x 10 mol dm= IP solution over 20 cycles at a potential sweep rate of 20 mV s?. In
both cases the electrode was immersed in the solution for 10 minutes before starting.

SEM micrographs of PPy films prepared in SA-Py and SA-Py-0.5 IP solutions at low and high
magnifications are shown in Figure 4.10a-d). At low magnification, films prepared in SA-Py
solutions are black, compact, crack-free and adherent in Figure 4.10a). At high magnification,
Figure 4.10b), the SEM micrographs reveal a globular surface morphology characteristic for
PPy films [284]. After the addition of ibuprofen to the solution, low magnification SEM mi-
crograph in Figure 4.10c) shows an uneven surface with some scattered pits and cracks usually
formed after rinsing the sample in sodium chloride solutions and drying in air. In some cases,
the PPy films rinsed in a NaCl solution cracked and detached from the surface. This is probably
due to the interchange of uploaded ions (IP and SA) with chloride ions that causes volume
shrinkage, generating stresses which tear the film. Higher magnification SEM images of PPy
films uploaded with IP films displayed a needle-like structure with sizes in the order of 3 pm
randomly distributed on the surface in contrast to the globular structure observed for ibuprofen-

free solutions in Figure 4.10b). The average film thickness reached for the samples after 20
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cycles was ca. 205 pm for the films formed in SA-Py and SA-Py-IP solutions measured by

SEM and optical microscope for cross sectioned samples.

Figure 4-10: SEM micrographs of the surface of the PPy film formed electrochemically on an AZ31
Mg alloy in 0.5 mol dm?® SA and 0.5 mol dm= Py (a)-(b) and 0.5 mol dm= SA, 0.5 mol
dm? Py and 0.5 x 10 mol dm? IP (c)-(d) by cyclic voltammetry in a potential range of
—0.5to 1 V vs. SCE at a scan rate of 20 mV s for 20 cycles.

Additional optical photographs taken of a PPy film prepared at higher IP concentrations (>5 x
103 mol dm3) are shown in Figures 4.11a)-d). A pitted surface with round pieces of polymer
film delaminated from the surface with the remains of corrosion products underneath can be

seen in Figure 4.11a). Some scattered pits show an optically reflective AZ31 Mg alloy substrate
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in Figure 4.11b) and volcano-like craters with expelled material are also visible and are as-
sumed to be salicylate magnesium chelate coming from the substrate alloy in Figure 4.11c).
Some large cracks across the film with the presence of some salicylate chelate adsorbed layer

underneath the PPy film were also observed in Figure 4.11d).

Figure 4-11: Optical images of a PPy film on an AZ31 Mg alloy prepared in 0.5 mol dm SA, 0.5 mol
dm3 Py and 10 x 10 mol dm® IP by cyclic voltammetry in the range of -0.5 Vto 1V
vs. SCE at a potential sweep rate of 20 mV s for 20 cycles. Arrows show pits and salic-

ylate magnesium chelate.
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4.4 IR characterization

FTIR spectra of the AZ31 Mg alloy surface and the PPy films with and without IP are presented
in Figure 4-12. The AZ31 Mg alloy surface showed two broad small peaks in the range of 1300-
1700 cmr!. For the PPy coated films, the FTIR spectra has characteristic peaks at 1300 cm!,
1185 cmr! and 1035 cmr! [265]. A comparison with the FTIR spectra with the presence of SA

shows little difference, likely since IP becomes undetected at this concentration level [287].
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Figure 4-12: FTIR spectra of a) PPy film electrodeposited on an AZ31 Mg alloy by cyclic voltammetry
in a solution 0.5 mol dm® Py, 0.5 mol dm® SA and 0.5 x 10-3 mol dm? IP, (b) in the
absence of IP and (¢) an AZ31 Mg alloy surface.
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4.5 Drug uploading and release

As previously mentioned, both SA and IP are uploaded into the PPy film during its nucleation
and growth to balance the charge of the PPy backbone. The amount of PPy deposited poten-
tiodynamically on 1 cnv area of the AZ31 Mg alloy was 3.0 x 10-3 g [251]. One of the variables
investigated in this work is the IP loading capacity without inhibiting the nucleation and growth
processes or greatly affecting the mechanical properties of the PPy film. PPy films deposited
potentiodynamically (as mentioned earlier in the section 4.2) on 1 c¢cm?> AZ31 substrate. The
polymerization electrolyte consisted of a mixture of 0.5 mol dm3 Py, 0.5 mol dm> SA and IP
with concentrations, ie., 0.0, 0.5, 1.0 and 5.0 x 10-3 mol dm3. Figure 4.13 shows a horizontal
bar plot illustrating the experimental results of the liberation of the IP when the PPy film was
synthetized in the presence of different concentrations of IP. The left hand side shows the con-
centrations of IP (i.e., 0.0, 0.5, 1.0 and 5.0 x 10-3 mol dm3) in the solution used to prepare the
films in the presence of SA-Py. On the right hand side, the figure is shown the total amount of
IP released in 0.9 wt. % NaCl after 200 hours. These amounts vary from 0 to 414 x 106 g for
each of the IP concentrations investigated, which correspond to 0 and 138 x 10-2 g g1 (IP/PPy)
respectively. Representative values for the amount of dopant in PPy films range from a few x
10° g to several x 103 g, either for nanostructured or chemically assisted drug uploading in
PPy films [113, 280]. One example is the anticancer drug neurotrophin-3, which can be suc-
cessfully incorporated in PPy films by the so called two-layered approach on gold coated Mylar
at a level of 25 x 100 g cm?, for thin films ranging from (3.6 to 26 ) x 10 m thick [278].
Another example is the uploading of methotrexate (MTX), a major chemotherapeutic agent to
treat different types of cancer, on the hydrophobic PPy film by adding cetylpyridinium (CPY),
a cationic surfactant, which modifies the hydrophobicity of the PPy and improves the efficiency

of MTX doping, with a loading capacity of 24.5 x 10-3 g g* of PPy [280]. A similar procedure

141



has been applied to enhance the loading capacity of chlorpromazine (CPZ) by the use of hepa-
rin, a large molecule, which enables the incorporation of 191 + 7 x 10-3 g on a Pt disc of 0.126
cn? coated with an 8 + 2 x 10°® mthick PPy film [280]. The electrochemical synthesis methods
that have been employed, e.g., galvanostatic, potentiostatic or potentiodynamic, as well as the
polymer morphology, dopant chemical properties or the incorporation of other additives con-

tribute significantly to the loading capacity of the PPy film [271].
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Figure 4-13: Left hand side identification number vs. concentration used to prepare the PPy film and
right hand side total amount of IP released for the film for a period of 200 h in 0.9% wt.
NaCl solution.

In one set of experiments as mention earlier, the rate of IP release from PPy films was studied.
IP is released from the PPy film on the AZ31 Mg alloy by galvanic coupling immersed in a
0.9% NaCl solution. For these experiments, 1 cm? of the 250 x 106 m thick AZ31 Mg alloy

front section was coated with the 20 = 5 pum PPy film and the bare back of the sample was
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exposed to the NaCl solution. Figure 4.14 shows a release profile curve of mass fraction of
drug released, defined as the ratio between the mass released at each time and the total amount
released for a large period of time, as a function of time. For short periods of time (<50
minutes), the rate of release was high and tends to level off with time. This result is consistent
with previous reports in the literature denoting a rapid release at the initial stages for the drug
dexamethasone (DEX) in higher 10% wt. NaCl solutions [113]. The morphological character-
istics of the polymer, e.g., globular or needle-like obtained can also lead to a different active
area affecting the amount of drug released and the mechanical actuation of the film and other
conformational changes in the polymer structure [270]. Furthermore, the triggering signal,
which in this case i) largely dependent of the galvanic coupling, is determined by the corrosion
processes in the NaCl solution [113]. Self-propelled systems rely on the dissolution of the sub-
strate metal to reduce the polymer film and release the incorporated drug. Any through porosity
or cracks in the PPy film can also provide a pathway for chloride ions to diffuse through to the
substrate metal and promote crevice and pitting corrosion in the PPy/AZ31 Mg alloy interface.
This increases the corroding area above the fixed area at the back of the sample. Moreover, it
also accounts for a large scattering in the data for the release fraction at larger periods of time,
where the error bars enlarge substantially likely due to the unpredictable corrosion rate (see
Figure. 4.14 for t >250 min). This is consistent with previous results reported in the literature

which shows large scattering at longer times, for self-propelled systems [113].
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Figure 4-14: Mass fraction of IP released from a 1 cm?, = 20 x10° m thick PPy film grown in 0.5 mol
dm= SA, 0.5 mol dm?® Py and 0.5 x 10 mol dm= IP. Drug delivery was performed in a
0.9% wt. NaCl solution at room temperature (295 K).

For samples grown at concentrations of 0.5 x 10-3 mol dm3 IP, Avrami’s equation (4.3), is used
as a model to represent the release profile. Avrami’s equation was initially proposed to analyse
and predict crystallization processes, but it can also fit well to diffusion controlled and poten-
tial-assisted drug release data, particularly for PPy in salicylate media and different types of
drugs [280, 288, 289]. Both Avrami’s parameter, n, and the release constant, k, are obtained

from the slope and intercept of the Avrami plot of In[-In(1-X)] vs. In t.

X =1-kexp(-t") (4.3)
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According to the literature, for diffuse controlled drug release systems, the Avrami parameter,
n, varies from 0.54 to 1 (first order), depending on the contribution of diffusion to the drug
release [280, 288, 289]. For a self-propelled release, the release constant, k, is equal to 0.125,
which is within the reported values for potential-assisted release processes of ionic drugs, but
the Avrami parameter, n, Kinetic order parameter, is equal to 0.11, much smaller than values
reported in the literature [280, 289]. Besides these differences, Avrami’s equation describes the
trend of the experimental data obtained for the self-propelled IP release from PPy films. For
self-propelled release systems the contribution of both potential and diffusion in the release

processes can be expected due to potential variations across the film [270].

4.6 Depth-sensing indentation (DSI)

The mechanical properties of the PPy films are dependent on the chemical structure (or related
to electrosynthetic condition), molecular size, dopant ion concentration and related electrosyn-
thetic conditions [272, 273]. To determine the effect of IP in the PPy film, a series of 20 inden-
tations along randomly selected sampling lines were performed on IP-free and IP-loaded PPy
films. Figure 4.15 shows load-displacement curves obtained from PPy films uploaded with
different amounts of IP. For each sample, the 3 mN load resulted in a different depths of pene-
tration, with the maximum depth of the indents in the 5 x 10> mol dnmr® doped sample being
less than 1 pm, the indentation interaction volume being confined to the PPy film and not in-

fluenced by the substrate.
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Figure 4-15: Load-displacement curves for PPy films prepared at different IP concentrations: a) 0, b)
0.5, ¢) 1.0 and d) 5 x 10-3 mol dm at a constant load of 3 mN.

Table 4.1 summarizes the average hardness (H), reduced modulus (Er) and the ratio between H
and Er of the films investigated, as well as the concentration of IP in solution and contained in
the PPy film. Comparison of the mechanical properties of IP-free PPy films with those contain-
ing large amounts of IP (414 x 10-% g), showed a decrease in the H and Er ratio of 54%, 40%
respectively and an H/Er increase of 66%, denoting a softer more elastic material. Theoretically,
the addition of IP into the PPy film increases the free space in the polymer matrix and modifies
the structure of the PPy film [272, 273]. Sodium ibuprofen is a large molecule with a single
charge, when added into the PPy matrix it acts as an additional ion dopant along with the so-
dium salicylate ions to balance the polymer charge. The size of the ibuprofen molecule however
results in an increase in the gap between the polymer chains, reducing the strength of the at-
tractive forces between them making polymer chain motion and deformation easier than IP-

free polymer films [272, 273].
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Table 4-1: Mechanical properties of PPy films electrodeposited on AZ31 Mg substrate.

Concentration of IP, Release of IP, Hardness (H), Reduced modulus (Er), HI/Er

x 10° mol dm3 x 10% g GPa GPa ratio
0 0 0.37 £0.09 10.2+1.72 0.03

0.5 254 0.29 + 0.07 94+214 0.03

1 260 0.32+0.04 7.8+£0.76 0.04

5 414 0.20 £ 0.02 4.1+0.36 0.05

As previously shown vide supra, in the absence of IP, PPy films in SA media developed a
uniform, compact, adherent, globular-like structure (Fig. 4.10a)-b)). In contrast, the addition of
ibuprofen into the PPy film produces a less compact, less adherent, needle-like structure in Fig.
4.10c)-d). There are reports in the literature concerning the role that dopant ions play in PPy in
terms of their effects on molecular conformations, charge location and structural defects in the
polymer chain [277, 290]. Usually, ion dopants induce changes in the polymer conformation
that result in either a better alignment or increased misalignment of the polymer chains and
contribute to additional packaging or unpacking of the polymer matrix [290]. The mechanical
properties of the PPy films can be also modified by the electrosynthesis method used to prepare
the film or by additional heat treatments [274, 280]. This provides the opportunity to prepare
films which are optimized in terms of their elasticity for specific purposes, such as a more

corrosion protective films or more reliable drug delivery systems.
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4.7 Summary and Conclusions

The IP loading capacity in the PPy film is tunable for a specific therapeutic or other application.
Here, the amount of IP incorporated into the PPy film was higher than that reported in the
literature for other drugs. By adding IP to the polymerisation solution, both the passivation of
the AZ31 Mg alloy and the properties of the obtained PPy film are altered. The AZ31 Mg alloy
displaces to more noble potentials and the structure and morphology of the PPy film is affected
when the IP is added. A transition from a globular to needle-like surface morphology is ob-
served by increasing the amount of IP in the PPy film. This also affects the IP release and
increases the possibility of crevice and pitting corrosion at the PPy/AZ31 Mg alloy interface.
For even higher IP loadings, an upper limit is reached where a continuous, adherent PPy film
cannot be prepared; instead, a series of randomly distributed black, soft, poorly adherent,
patches are produced. An effect that cannot be attributed to the rapid dissolution of the AZ31

Mg alloy, is the modification of nucleation and growth of the PPy film,

The amount of IP released from PPy uploaded films is high at quaite short times; consistent
with reported data in the literature for other drugs in self-propelled systems. For a longer time,
a large scattering in the release data appears to result from the breakdown of the polymer film
and the occurrence of crevice and pitting corrosion processes at the PPy/AZ31 Mg alloy inter-
face. Avrami’s equation provides an approximate fit to the experimental release data, but the
values for the release constant and the exponent of Avrami’s equation deviated from the values
commonly reported for processes dominated either by diffusion or potential-controlled. Most
of the IP incorporated in the film produces substantial changes in the mechanical properties of
the PPy when compared with IP-free PPy films. Up to 54% reduction in H, 40% reduction in,
Er, and an increase of 66% for its ratio was observed. An increment of the polymer free volume

Is the major cause for diminishing the mechanical properties of the PPy film.
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Chapter S: Release of MB and FSS Molecules from
PPy Films

The aim of this chapter is to ivestigate the use of PPy films as a delivery system for methylene
blue (MB) and fluorescein sodium salt (FSS) dyes. The two dyes has been particularly chosen
for the following reasons; they can be traced easily in the release solution; they have different
charges which makes it easy to compare with the release of different cationic and anionic
drugs.The PPy films are synthesised electrochemically using CV and galvanostatic methods.
In addition, the influence of the presence of the titanate nanotubes (TiINT) on the polymerisation
solution on the uptake and release of the dye molecules from the polymer films as well as the
effect of the variations of the doping anions is investigated. The effect of the use of stimulation

potentials on the molecule’s release rate is also examined.

5.1 Polymer synthesis using a galvanostatic method for methylene blue

release

PPy-MB films were synthesised from an electrolyte containing 0.1 mol dm Py, 0.025 mol dnr
3 oxalic acid as dopant, and 0.5 x 10-3 mol dnr® MB in the presence and absence of 1 mg mol!
TINT. The films were electro-synthesised galvanostatically at various current densities (0.2,
0.3, 0.4, and 0.7 mA cm?) for 10 min. Figure 5.1 illustrates the potential vs. time curves during
the electropolymerisation of the PPy-MB film on stainless steel electrodes (surface area 1 cn?)
at different galvanostatic current densities. The galvanostatic polymerisation of Py on stainless
steel electrode can be divided into two stages, as shown in Figure 5.1. In the mitial stage (I),
there is a passivation and formation of msoluble crystalline ferrous-oxalate layer on the

electrode surface, as described by equation (5.1) [259, 291], followed by the deposition of PPy.
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Fe?* + C,02 + 2H,0 o FeC,0, [2H,0]. (5.1)

The observed potential peaks at short times, indicated the initial nucleation of PPy as
polymerisation begins. The electrode materials have a great effect in the first stage. For
example, a decomposition of the ferrite from the substrate surface occurs before the formation
of the passive layer in case of using a carbon steel working electrode. The polymerisation
process continued in Stage II and the polymerisation potential decreased because the Py
oxidised more easily on the PPy surface than the electrode surface reaching a constant value at

each applied current [291] reaching a constant value at each applied current.
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Figure 5-1: Chronopotentiogram for the galvanostatic polymerisation of PPy-MB films grown from
a solution containing 0.1 mol dm™ Py, 0.5 x 10-3 mol dm? MB, and 0.025 mol dm™
oxalic acid at current densities of (a) 0.7, (b) 0.4, (¢) 0.3 and (d) 0.2 mA c¢cm? for 600 s on

1 cm? stainless steel substrate.
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At a deposition current density of 0.2 mA cnr?, the evolved potential rapidly peaked at 0.64 V
vs. SCE, thereby indicating that nucleation mitiation (the effect of double layer charging colud
also be contributed), and then the potential stabilised quickly to 0.61 V vs. SCE, where it
remained for the duration of the polymerisation. The observed peak indicated the initial
nucleation of Py monomers as polymerisation began. As the deposition current increased, the
working electrode potential also increased, as expected. When the applied current density was
0.3 mA cm?, the potential rose sharply to 0.71 V vs. SCE and then took approximately 100 s
to reach a stable potential of approximately 0.63 V. The electrode potential reached a maximum
value of 0.73 V vs. SCE and eventually reached a steady-state value of approximately 0.64 V
vs. SCE when the current density of 0.4 mA cm? was used. When the current was further
increased to 0.7 mA cm2, the potential increased to approximately 0.79 V vs. SCE after a short
time and then stabilized at approximately 0.7 V vs. SCE. The potential increased with the
increase in the applied current density, because more electrons are released from the electrode
surface and could not be compensated immediately due to the slow reaction of the monomer
oxidation. The obtained polymerisation potentials were matched with those reported in the
literature, which start at more than 0.5 V vs. SCE approximately [292]. It should be noted,
however the polymerisation potential is nfluenced by certain parameters, including the pH of
the polymerisation solution, the applied current density, the concentration of Py monomer, the

nature of the doping anions and the electrode materials.

CV analysis of the deposited PPy-MB films was conducted in 20 ml (0.9 wt%) NaCl solution
to observe the electrochemical response for the obtained films in the medium that would be
used for releasing the MB. The obtaned CVs of the PPy films deposited at different current
densities was conducted at a sweep potential scan rate of 50 mV s°!, between -0.28 and 1.2 V

vs. SCE (Figure. 5.2). The films are characterised by wide oxidation and reduction waves, with
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no clear reduction or oxidation peaks. The positive currents rose without reaching a peak up to
a potential of 1.2 V vs. SCE, and there was a slight difference observed i the films’
electroactivity. The film that electrodeposited at an intermediate current density of 0.3 mA cnr
2 shows the best electroactivity as compared with the other films. Therefore, the current density
of 0.3 mA cmr? was chosen to conduct the next experiment. The use of higher current densities
may cause overoxidation of the conducting polymer, and overoxidation has unfavourable
wreversible effects on the polymer structure and properties. Overoxidation causes defects along
the polymer chain and breaks the electronic conjugation owing to the hydroxyl or carbonyl
group introduced into the Py unit at high potential [293-296]. This influences the electroactivity
of the polymer. In addition, it has been reported that a brittle polymer film and could be easily

peeled off from the substrate at a higher current [293-296].

A current density of 0.3 mA cm? was passed during 1600 s polymerisation of Py in an aqueous
solution containing 0.1 mol dm Py in 0.025 mol dm3 oxalic acid, and 0.5 x 10-3 mol dm3 MB.
Given that the area of the electrode is 1 cm?; the total charge passed was 480 mC. The
theoretical thickness of the obtained films would be 2 um, considering that a charge of 24 mC
cm? corresponds to form a 0.1 pm film based on the findings in existing literature that the PPy
density equals 1.5 g cm3 [251, 297]. A homogenous black PPy film was formed over the
working electrode. The obtained film was cleaned with 0.1 x 10-3 mol dm3 NaCl solutions for
five minutes to elimmnate any loosely bonded MB and Py monomer before the release

experiments were conducted.
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Figure 5-2:  CV of PPy-MB films grown for 900 s at 0.2 mA cm?, 0.3 mA c¢cm?, 0.4 mA cm? and
0.7 mA cm? in 0.9 wt% NacCl at a scan rate of S0 mV s vs. SCE on 1 cm? stainless
steel electrode. The direction of the potential sweep is indicated by arrows, and the fifth

scan is plotted for each film.

5.2 Methylene blue open circuit potential measurements

A CV analysis of the obtained PPy-MB films was conducted in 0.9% NaCl aqueous solution to
observe the oxidation and reduction potential of the polymer film n a medium that would be
used for the MB release. The PPy-MB film was swept between -0.3 and 1.2 V vs. SCE at a
sweep rate of 50 mV s*!. The CV curve shows wide oxidation and reduction waves with no
clear reduction or oxidation peaks (Figure 5.3), which may indicate low electroactivity of the
formed films [298]. The anodic currents begins rising at a potential of 0.5 V vs. SCE, indicating
the oxidation of the PPy-MB film. The current density started to decline at a potential of 0.45

V vs. SCE during the backward cycle due to the reduction of the polymer film. The decrease of
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the film electroactivity may have been caused by the structure and the surface roughness of the
formed film. It has been reported that the use of oxalic acid leads to the formation of a strong
non-porous adherent PPy fim with low surface roughness, as compared to other PPy salts
[299]. Saidman [300] reported that the tight morphology of PPy doped with SO42- restricts the
transfer of SO4%- and the solvated cation. Moreover, the ionic resistance of the film doped with
a divalent anion is much larger than that doped with monovalent anions due to the strong ion-
ion mteraction between the polymer chains and the divalent ion [301]. Further, the
characteristics of the conducting polymers such as the structure, conductivity and redox
switching is heavily influenced by the dopant anion [298]. In addition, the electronic interaction
between the doping anions and conducting polymer chain is affected by the cation which is
incorporated during the polymerisation results in changing the polymer structure and
morphology [302]. A limited number of studies consider the ion transfer from PPy doped with
a divalent anion system [303], and to the best of our knowledge, the ion transfer from the PPy-
MB film doped with oxalic acid is not reported in the literature and it appears that there is no

sufficiently similar data for comparison.

The open circuit potential obtaned for PPy-MB film was monitored over five hours in an
electrochemical cell identical to that used nm MB release. Figure 5.4 shows the open circuit
potential for the PPy-MB film. The potential started at 0.13 V vs. SCE, then decreased quite
rapidly over the nitial 40 mm, from 0.13 to 0.103 V vs. SCE. The decrease in the potential may
be due to the release of the MB cations that occurs immediately after the film is immersed in
the solution. The potential increased slightly until it stabilised at 0.11 V vs. SCE after 200 min.
The OCP which is between 0.13 V to 0.102 V vs. SCE indicated that the polymer film would
be partially reduced, corresponding to the CV analysis of the film (Figure 5.3), which indicates

that at a potential lower than 0.45 V vs. SCE, the polymer film would begin reducing
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CV of PPy-MB films in 0.9% NacCl, at a potential sweep rate of 50 mV s for the PPy-
MB film grown galvanostatically for 1600 s at 0.3 mA on a 1 cm?® stainless steel electrode.
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Figure 5-4: Open circuit potential for PPy-MB film deposited on a stainless steel electrode at 0.3 mA
cm? for 1600 s on a 1 cm? stainless steel substrate. The potential was observed in 0.9%

NaCl aqueous solution vs. SCE reference electrode, over five hours.

5.3 Release of methylene blue from PPy-MB films

The release of MB from PPy films prepared galvanostatically at charge density 0.3 mA cm?
for 1600 s was investigated under -electrochemical unstimulated (passive release) and
stimulation conditions mn 0.9% NaCl solution. The electrochemical controlled release was
performed using a constant potential of +0.6 V, 0.95 V vs. SCE and a pulsed potential of = 0.6
V at 0.05 Hz vs. SCE. The release of MB from PPy-MB under these conditions is illustrated in
Figure 5.5. The highest release of MB was observed when the oxidation potential of +0.6 V vs.
SCE was applied to the PPy films. The maximum concentration of MB in the release solution

reached 60 x 10" mol dm™ after approximately 30 minutes. When the film is oxidised, the PPy
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backbone was positively charged, which resulted in the expulsion of MB from the polymer
matrix to maintain the charge neutrality. A large mitial concentration of MB was detected from
these oxidised films within the first 30 minutes. However, the release rate of MB decreased
when the oxidation potential increased to 0.95 V vs. SCE. This might have occurred because
the higher potential led to overoxidation of the films and a corresponding decrease i film
electroactivity. When the film was unstimulated, there was a period of large concentration of
MB where the release was observed, although the release rate under this condition was lower
than that observed at + 0.6 V vs. SCE stimulation. However, the MB was released even after
the initial burst, although at a lower rate. The lowest amount of MB release was observed when
the films were exposed to £ 0.6 V vs. SCE at 0.05 Hz This may be because there was not
enough time for the MB to diffuse outside the polymer matrix during the short oxidation
periods, so it was attracted to the polymer matrix during the reduction period. The release of
MB appears to depend on the charge of the polymer backbone. Although the MB was
successfully released from the PPy films, the amount of MB released was very low. This may
have occurred because a small amount of MB was incorporated into the polymer matrix,
thereby indicating physical entrapment of the MB imto the polymer fim during the
polymerisation process rather than electrostatic interactions. Previously published studies state
that the maximum release for cationic molecules occurs when the polymer oxidises [94, 109].
However, different release behaviour for large cationic molecules, such as risperidone, has been
reported. The greatest amount of risperidone release was observed when the film was in the
reduced state. It was found that the risperidone released more depending on the morphology
and the change in the film volume rather than electrostatic forces. The PPy film became swollen
when the reduction potential was applied, and the risperidone diffused to the release solution

[304].
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Figure 5-5: MB release from PPy films grown for 1600 s at 0.3 mA cm? from a solution of
0.1 mol dm™ Py, 0.5 x 10-3 mol dm?® MB, and 0.025 mol dm™ oxalic acid. The films

were stimulated with (a) + 0.6 V vs. SCE constant potential, (b) no stimulation, (c) + 0.95
V vs. SCE constant potential and (d) pulsed potential + 0.6 V at a frequency of 0.05 Hz

vs. SCE over 90 min.

5.4 Polymerisation methods for increasing dye loading

An attempt was made to use CV as a polymerisation technique to increase the loading
concentration of the dye mto the PPy films. MB is a cationic dye assumed to be incorporated
during the reduction of the polymer. When a positive oxidation potential was applied, PPy was
formed in its oxidised state, and simultaneously the oxalate ions were incorporated into the PPy

film to mamntain charge neutrality of the polymer backbone, as described in equation 5.2.

PPy* +n(C,02") — PPy*.n(C,037)+ne” (5.2)
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During the PPy reduction, the cationic charge carriers of the PPy backbone neutralised and the
electrostatic attractive force between the polymer backbone and the oxalate doping anions was
elimmated. Therefore, there is no force holding the oxalate anions in the polymer matrix,
instead the applied reduction potential led to the expulsion of the doping anions from the film.
It was expected that the oxalate divalent anions is immobile and trapped within the PPy matrix.
Consequently, the presence of the MB cations in the medium solution results in ingress of the
MB into the polymer matrix to balance out the excess of the negative charge of the entrapped

anions, as described in reaction (5.3).

PPy* + n( C,027) + mMB* —ne” -» PPy°.n(C,0; ).mMB* (5.3)

54.1 Cyclic Voltammetry of PPy-MB

CV was used to deposit the PPy film contamng MB from an aqueous solution comprising 0.1
mol dm3 Py in 0.025 mol dm oxalic acid, and 0.5 x 103 mol dm™> MB in both the presence
and absence of 1 mg mol! TINT, which is the same electrolyte used in the experiments
described in Section 5.1, at a linear potential sweep rate of 50 mV s™! between 0.25 and 1 V vs.
SCE during 10 cycles. The solutions were stirred at approximately 500 rpm with a magnetic
stirring bar to disperse the TINT. A platinum mesh and stainless steel (SS) sheet that was 0.1
mm thick and with a surface area of 1 cm? were used as counter and working electrodes,
respectively, while the potentials were measured against an SCE reference. The working
electrodes were polished with 600-grade SiC paper, cleaned with a reagent, and then degreased
with deionised water in an ultrasonic bath for 10 min. Vacuum-distilled Py was kept in cooled

dark storage before use.
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Figure 5.6 depicts the 1st and 10th CV cycles for the PPy synthesis. On the first positive scan,
the curve shows a sharp increase in the oxidation current due to the polymerisation of Py,

starting at approximately 0.7 V vs. SCE and reaching a maximum current of 5 mA at 1.1 V vs.

SCE.
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Figure 5-6: CV at a stainless steel electrode (1 cm?) in 0.1 mol dm™ Py, 0.025 mol dm™ oxalic acid
and 0.5 x 1073 mol dm® MB at a potential sweep rate of 50 mV s ina) the first cycle and

b) the 10th cycle. The solutions were stirred at approximately 500 rpm.

The slight increase in the current on subsequent scans can be explained in the following manner:
in the first cycle, the electropolymerisation reaction occurs and PPy is deposited on the
electrode’s surface. This reaction involves approximately two electrons per molecule of Py
mncorporated in the polymer chain. On account of the re-oxidation of PPy formed on previous

scans, the monomer oxidation potential decreased during the subsequent cycle. The 10th cycle
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curve (b) showed that the Py oxidation process began at an earlier potential (approximately
0.15 V vs. SCE), thereby indicating that the previously deposited PPy layer stimulated a
catalytic effect on the Py deposition reaction and showed an oxidation current of approximately
6 mA at approximately 1.1 V vs. SCE [256]. No oxidation peaks were observed up to a potential

of 1.1 V vs. SCE during the film’s deposition, thereby indicating an unlimited growth of

polymer film.

The analysis of the of PPy-MB films synthesised from a solution comprising 0.1 mol dm3Py
in 0.025 mol dn? oxalic acid and 0.5 x 10-3 mol dnr® MB using galvanostatic and CV methods,
as described in Sections 5.1 and 5.4.1, respectively, was done using CV methods. The CV was
conducted n 0.9% NaCl aqueous solution to observe the effect of the synthesis method on the
electroactivity of the polymer films in a medium that would be used for the MB release. Figure
5.7 shows the CV curves for the PPy-MB synthesis, using CV and galvanostatic methods in

0.9% NaCl aqueous solution.
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Figure 5-7: CV of PPy-MB films in (0.9%) NaCl at a potential sweep rate of 50 mV s a) PPy-MB
film synthesis using CV at a potential sweep rate of 50 mV s for 10 cycles and b) PPy-
MB film grown galvanostatically for 1600 s at 0.3 mA.

Curve a in Figure 5.7 shows wide oxidation and reduction waves, but no reduction or oxidation
peaks for the PPy-MB films’ synthesis using CV. The oxidation current density of the film is 6
mA cm? at 1.2 V vs. SCE. Curve b represents the PPy-MB synthesis using the galvanostatic
method with an oxidation current of 5.26 mA cm? at 1.2 V vs. SCE. These CV curves indicate

an insignificant increase in the electroactivity of the PPy-MB synthesis using CV.
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5.4.2 MB release from PPy films synthesis using CV

The release profile of MB from PPy films synthesised using CV after 10 cycles is depicted in
Figure 5.8. The release profile for all used protocol (electrical stimulation and passive release)
is similar to that observed for films prepared by galvanostatic deposition. However, the amount
of MB release was lower than expected; the difference in the concentration of released MB was
not significant. The decrease in the MB release rate may have occurred because less MB was
mcorporated into the PPy films during the CV, which is for a shorter duration than with the
galvanostatic method. This is because the negative charge of the PPy backbone was
compensated by the entry of small, highly mobile cations and the release of a doping anions
oxalate (C204°") rather than the incorporation of large MB molecules, which have a molecular
weight of 319.85 g mol!. In addition, some amount of the entrapped MB may also be released
when the polymer oxidises during the CV synthesis. To avoid this limitation, large immobilised
and partially mobile anions such as melanin, polystyrene sulfonate, or P-cyclodextrins were
used to dope the PPy film [304]. These anions had a limited ability to move out of the PPy
films, thereby permitting the cation molecules to become incorporated into the polymer matrix
through electrostatic forces and increasing the ntake and release of cations from the PPy fim.
Moreover, the bonding of the molecules in the PPy matrix via electrostatic forces provided

more control over the release of molecules using electrical stimulation.
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MB release from PPy films grown for 10 CV cycles from a solution containing 0.1
mol dm™ Py, 0.5 x 1073 mol dm® MB, and 0.025 mol dm™ oxalic acid. The films were
stimulated with (a) + 0.6 V vs. SCE constant potential, (b) no stimulation and (c) pulsed
potential £ 0.6 vs. SCE at a frequency of 0.05 Hz vs. SCE over 90 min.

5.5 Influence of using titanate nanotubes (TiNT) on the MB release

The mtegration of conducting polymers with nanostructured materials, such as titanate and

carbon nanotubes [89, 90], may increase the capacity of the polymer to absorb and release

molecules. Titanate nanotubes can be produced using an alkaline hydrothermal process at low

cost. The advantages of titanate nanotubes, such as a high surface area, nontoxicity, and

biocompatibility, make them a good candidate for various applications, ncluding drug delivery

systems [146, 150]. This section describes the influence of using titanate nanotubes on the

release of MB from the PPy film.
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5.5.1 Electrodeposition of the PPy film with TiNT

Titanate nanotubes powder (2g) was dispersed in 0.5 dm® distilled water and stired with a
magnetic follower for 2 weeks. The solution was then kept for four days until a stable titanate
nanotubes suspension was formed. The concentration of the suspended TINT was evaluated by

measuring the optical absorbance, A, at 280 nm, using the Lambert-Beer law.

A=exCxlL, (5.4)

where € is the molar extinction coefficient of TINT = 5900 dm3 mol! ¢cmr! and L is the optical

path length (1 cm) [305].

The PPy-MB film was electrodeposited using CV and the galvanostatic method from an
aqueous solution containing 0.1 mol dm3 Py in 0.025 mol dm3 oxalic acid, and 0.5 x 10-3 mol
dm3 MB in the presence of 1 mg mol! TiNT, as outlined in Section 5.1 and 5.4.1. The solutions
were stirred at approximately 500 rpm with a magnetic stiring bar (2 cm length) to disperse

the TINT.

Figure 5.9 illustrates the chronopotentiogram for the polymerisation of PPy-MB films using
the galvanostatic method. The polymerisation potential in the absence of TINT rapidly peaked
at 0.68 V vs. SCE, and then reduced quickly to approximately 0.65 V vs. SCE, where it
stabilised for the duration of polymerisation process. When the TINT was present, the evolved

potential instantly peaked at 0.73 V vs. SCE and then stabilised at approximately 0.66 V vs.

SCE for the remaining polymerisation time.
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Figure 5-9: Chronopotentiogram for the galvanostatic polymerisation of PPy-MB films at current
densities of 0.3 mA cm? for 1600 s from a solution comprising 0.1 mol dm™ Py in
0.025 mol dm™ oxalic acid, and 0.5 x 10-3 mol dm> MB, in the presence (red), and in the

absence (black), of 1 mg mol' TiNT. For better clarity, only the first 600 s is shown.

This slight increase in potential observed in the presence of TINT indicates that the conductivity
of PPy-TINT-MB is lower than the conductivity of the PPy-MB film. A decrease in the film’s
conductivity may occur because the TiINT catalysed the Py polymerisation, which leads to an
increase in the film’s thickness, thereby increasing the film’s resistance. The other possible
explanation for the increase in the film’s resistance is that it occurs due to the high electrical

resistance caused by the incorporation TiINT.
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Figure 5-10: CV at a stainless steel electrode (1 cm?) in 0.1 mol dm, 0.025 mol dm™ oxalic acid and
0.5 x 103 mol dm™ MB at a potential sweep rate of 50 mV s in a) the presence and b)
absence of TINT . The 10'" cycle is shown and the solutions were stirred at approximately

500 rpm.

The CVs during the synthesis of the PPy films in a) the presence and b) the absence of TINT
are depicted in Figure 5.10. Their CV curve indicates that there is an insignificant difference
between the electroactivity of the two films, although it seems that the PPy-TINT-MB fim is

slightly more active than the PPy-TINT-MB.
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5.5.2 Release of methylene blue from PPy-TiNT-MB films

The release of MB from PPy films was investigated under electrochemical stimulation and
unstimulated  conditions  (passive release) m 0.9% NaCl solution.
electrochemical release was performed using a constant potential of + 0.6 V and a pulsed
potential of + 0.6 V at 0.05 Hz vs. SCE. The release of MB from PPy-TiNT-MB films, deposited

using galvanostatic and CV methods, are illustrated i Figures 5.11 and Figure 5.12,

respectively.
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Figure 5-11: Release of MB from PPy films grown galvanostatically for 1600 s at 0.3 mA cm™ froma
solution of 0.1 mol dm™ Py, 0.5 x 10-3 mol dm™ MB and 0.025 mol dm™ oxalic acid with
1 mg mol! TiNT. The films were stimulated with (a) + 0.6 V vs. SCE constant potential,
(b) no stimulation, (c) pulsed potential + 0.6 vs. SCE at a frequency of 0.05 Hz vs. SCE

over 90 min.
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Figure 5-12: Release of MB from PPy films grown using CV for the 10" cycle from a solution of
0.1 mol dm™ Py, 0.5 x 10-3 mol dm™> MB and 0.025 mol dm oxalic acid with 1 mg mol

' TiNT. The films were stimulated with (a) + 0.6 V vs. SCE constant potential, (b) no
stimulation and (c) pulsed potential £ 0.6 V vs. SCE at a frequency of 0.05 Hz vs. SCE

over 90 min.

It is evident from the concentration profile graphs that the release patterns for MB from PPy-

TINT-MB films are similar to those from PPy-MB films, discussed in Sections 5.3 and 5.4.2.

However, there was a slightly lower level of concentration released from the PPy-TINT-MB
films. The highest amount of MB released from the PPy-TINT-MB synthesised using the
galvanostatic method occurred when the film was oxidised with the application of a constant

potential + 0.6 V vs. SCE. The concentration of MB in the release medium reached 50 x 10-°
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mol dm3 cm? after 30 min, which is slightly lower than that released from PPy-MB films when
the same release protocol was applied (figure 5.5). The amount of released MB decreased when

the polymer film was unstimulated.

The decrease of MB release from PPy-TINT-MB film may occur because the adsorption of Py
in the TINT is 240 mg g, which is higher than the adsorption of MB in TINT (133 mg g'!)
[90]. Therefore, the surface of TINT is occupied by the positively charged Py monomers, which
may lead to reduced adsorption of MB. In addition, the mncorporation of TINT in the polymer

matrix may change the film’s morphology, thereby reducing the MB release.

The release rate of MB from the PPy films is low and highly variable (figure 5.11). This takes
place because the large cationic ion MB is physically entrapped in the polymer film during the
polymerization process instead of interacting electrostatically (section 5.3). The use of large
doping ions instead of oxalic acid may increase the absorption and release of MB from the PPy

film.

5.6 The effect of varying film thickness on the release of methylene blue

The film thickness was varied by holding the current density constant at 0.3 mA cm? and
increasing the deposition time. PPy-MB films (without TINT) with an estimated thickness of
2, 4,8, 12, 24 and 32 pm were prepared, assuming that 240 mC c¢cm? forms a PPy film of 1 yum

thickness. The film thickness was estimated theoretically from the consumed charge during the

film synthesis to provide the results in Table 5.1.
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Table 5-1: Time and charge required to synthesise PPy-MB with different thicknesses

Polymerisation time Consumed charge density Film thickness
/s / mC cm? /um

1600 480 2

3200 960 4

6400 1920 8

9600 2880 12

19200 5760 24

25600 7680 32

Figure 5.13 depicts the effect of varying the PPy film thickness on the release of MB. The
increase in the films’ thickness from 2 to 4 pm does not appear to influence the amount of MB
released. This is due to the fact that most of the MB was released from the film’s surface.
Thicker films of 8, 12, 24 and 32 pm exhibited a powder-like appearance. Further, PPy particles
split up from these films, as observed in the release solution. The concentration of MB in the
release medium increased by approximately 30% when the film thicknes, increased by a factor
of 4. The increase in the amount of MB released can be attributed to the contribution of the MB
from the polymer bulk in addition to that released from the polymer surface due to the change

in the film structure and morphology.
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Figure 5-13: Release of MB from PPy films with different thicknesses of 2, 4, 8 and 12 pm grown
galvanostatically for 1600 s at 0.3 mA c¢cm from a solution of 0.1 mol dm> Py, 0.5 x 10"

3 mol dm MB and 0.025 mol dm3 oxalic acid. The films were stimulated with a constant
potential of + 0.6 V vs. SCE from PPy films with thicknesses of (a) 12 pum, (b) 8 um, (c¢)

4 um and (d) 2 pm.

When the film thickness increased from 8 to 12 um, the release rate of MB only increased by
10%. The release of MB from the thicker films was excluded because the thicker films formed
a powder-like structure and some PPy particles were released from the films during the

experiment, which made it difficult to control the amount of MB being released and affected

the reproducibility of the films.
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5.7 The effect of loading MB after the polymerisation process using

different potentials

The effect of loading MB after the polymer is synthesised was investigated using different
negative potentials to incorporate the MB. First, PPy films were prepared from a solution
comprising 0.1 mol dm3 Py and 0.025 mol dm oxalic acid in the absence of MB by applying
a current density of 0.3 mA cmr? for 1600 s, as described in Section 5.1. Thereafter, the polymer-
film-covered working electrode was moved to an identical electrochemical cell arrangement,
containing 0.025 mol dn3 oxalic acid and 0.5 x 10> mol dm3 MB; a reduction potential of -
0.2, -0.4, and -0.6 V vs. SCE was applied to the PPy film for 1600 s to incorporate the cationic
dye MB in the PPy film. Due to charge repulsion, the incorporated doping oxalic anions are
expelled from the PPy film when the film is in the reduced state, and the cationic MB enters
the PPy film to balance out the excess of negative charge of the polymer backbone. In addition,
the adsorption of MB in the PPy without the application of the reduction potential was

mvestigated.

The electrochemically controlled release of MB from the PPy film was performed by applying
a constant potential of + 0.6 V vs. SCE, as described previously in Section 5.3. A significant
increase in MB release was noted when MB was loaded using a reduction potential compared
with the incorporation of MB without applying a potential. The accumulative release profile of
MB from the PPy films indicated that the release rate increases when the potential was applied

to incorporate the MB in the PPy films was more negative, as depicted in Figure 5.14.
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Figure 5-14: Release of MB from PPy films stimulated using + 0.6 V vs. SCE. The PPy films were
grown for 1600 s at 0.3 mA c¢cm from a solution of 0.1 mol dm™ Py and 0.025 mol dm™
oxalic acid. The MB was incorporated in the PPy films after the polymerisation process
from a solution of 0.5 x 10-3 mol dm MB and 0.025 mol dm™ oxalic acid by applying a

reduction potential of (a) - 0.6 V vs. SCE, (b) - 0.4V vs. SCE, (¢) - 0.2V vs. SCE and (d)
without applying a potential for 1600 s.

The concentration of released MB reached 14.5 x 10 mol dm? cm? within 15 minutes when
no incorporation potential was applied. The amount of MB released was similar to that released
from the PPy-MB when the film was unstimulated. This suggests that a considerable amount
of MB was adsorbed in the polymer surface and released when the film was oxidised. Further,
the amount of MB significantly increased to 24 x 10" mol dm cnr? during the same period of
time, as the incorporation potential of -0.2 vs. SCE was applied. The amount released of MB
increased further to 36.5 x 10 mol dm> c¢cm? when a potential of -0.4 V vs. SCE for 15 min

was used to incorporate the MB. When the incorporation potential decreased further to -0.6 V
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vs. SCE, the concentration of released MB reached 38 x 10° mol dm3 cm? after 15 min. The
use of more negative potential is more efficient in reducing the PPy films. This led to an
increase in the amount of MB incorporated in the PPy films and, subsequently, the amount of
released MB. However, this amount is lower than the amount released when the MB was
incorporated during the polymerisation process. This indicates that the MB was unable to
penetrate into the polymer bulk due to its large structure, and a considerable amount of MB
was loaded on the film surface. This finding is consistent with that in previous studies, which
reported that the polymer surface is more active to absorbed molecules compared to the

polymer bulk [306].

5.8 The effect of initial methylene blue concentration on its release

The effect of the mitial MB concentration was mvestigated. The PPy films were prepared
without MB, as described in Section 5.7. Thereafter, the polymer-fiim-covered working
electrode was moved to the same electrochemical cell arrangement, containing 0.025 mol dmr
3 oxalic acid and 0.3, 0.5, 1.0 or 2.0 x 10~ mol dm? of MB, and a reduction potential of -0.6 V
vs. SCE was applied to the PPy film for 1600 s to incorporate the cationic dye MB in the PPy
films. The electrochemically controlled release of MB from PPy film was performed by

applying a constant potential of + 0.6 V vs. SCE, as described previously in section 5.3.

Figure 5.15 illustrates the effect of varying the mitial concentration of MB on the release of
MB from the PPy film. The amount of MB released increased as the initial concentration of
MB increased in the polymerisation solution. The concentration of MB i the release medium

reached 20 x 10 mol dm® cnr? within 15 minutes after the preparation of the PPy film using
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0.3 x 103 mol dm3 of MB. The concentration of the released MB increased by approximately
90% (38 x 10° mol dm3 approximately) when the initial concentration of MB in the

polymerisation solution increased to 0.5 x 10-3 mol dmr3.
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Figure 5-15: Release of MB from PPy films stimulated using + 0.6 V vs. SCE. The PPy films were
grown for 1600 s at 0.3 mA cm from a solution of 0.1 mol dm™ Py, and 0.025 mol dm™
oxalic acid. The MB was incorporated in the PPy films after the polymerisation process
by applying a reduction potential of - 0.6 V vs. SCE for 1600 s from a solution containing
0.025 mol dm oxalic acid and (a) 2 x 1073 mol dm MB, (b) 1 x 10-3> mol dm® MB, (c)

0.5 x 1073 mol dm™ MB and (d) 0.3 x 10-3 mol dm?® MB.

The released amount of MB increased to 60 x 10 mol dm3 cm? when the initial concentration
of MB doubled to 1 x 103 mol dm3. When the initial concentration of MB increased from 1 to

2 x 1073 mol dm3, the release rate of MB increased by approximately 85% (110 x 10~ mol dnr
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3 cmr?). The increase in the initial concentration of MB led to an increase in the diffusion of
MB mto the PPy films down their concentration gradient and the reduction potential, which
resulted in increasing the amount of icorporated MB in the PPy fims and, subsequently,

increased the release rate of MB.

5.9 The release of MB from PPy/pTS-MB film

5.9.1 Polymer synthesis

PPy/pTS-MB films were synthesised using the two-layer approach; first, a thin layer was
electrodeposited without MB. This film functions as a pre-layer which may improve polymer
growth by shielding the electrode surface from organic molecules and improve polymer
adherence to the electrode. In addition, this layer may increase the surface roughness, and
therefore the surface area, of the electrode area. pTS ion is widley used as a doping ion and has
proved that it increases the amount of the incorporated and released cationic drugs
[88]. Thompson et al. [88] that the use of the two-layer approach lead to a slight increase i the
mcorporation of a neurotrophic factor in the PPy films. Figure 5.15 shows a schematic diagram

of'a bilayer PPy drug delivery system.
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Figure 5-16: Bilayer PPy film for MB dye release system

The first thin layer was grown for 90 s from an electrolyte containing 0.2 mol dm3 Py, 0.05 mol
dm3 para-Toluene sulphonic acid sodium salt (pTS), in the absence of MB at a current density
of 0.3 mA cmr?. Thereafter, the PPy-pTS polymer-covered working electrode was moved to an
identical electrochemical cell arrangement containing 0.2 mol dm3 Py, 0.05 mol dm pTS and
0.5 x 103 mol dm> MB to prepare a second thick PPy layer containing MB on top of the
previously prepared thin layer. The second layer was deposited by either employing the
galvanostatic method by applying 0.3 mA cmr? for 1600 s, or using CV at a linear potential

sweep rate of 50 mV s'! between 0 and 1.1 V vs. SCE for 10 cycles.

Figure 5.16 depicts the potential-time curves during the electrodeposition of the first and second
layers of the PPy and PPy/pTS-MB films. Curve a in Figure 5.16 shows the evolved potential
during the synthesis of the first layer. The potential quickly peaked at 0.7 V vs. SCE due to PPy

nucleation and declined to 0.58 V vs. SCE approximately after 90 s.
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Figure 5-17: Chronopotentiogram for the galvanostatic polymerisation of PPy/pTS-MB films at cur-
rent densities of 0.3 mA c¢m? from a solution comprising 0.2 mol dm Py in 0.05 mol dmr
3 pTS, and 0.5 x 10-3 moldm™ MB, for (a) first layer grown for 90 s and (b) second layer
grown for 1600 s. For better clarity, only the first 90 s is shown here.

During the polymerisation of the second layer, the polymerisation potential immediately
stabilised at 0.62 V vs. SCE and the nucleation initiated peaks did not appear, as shown by
curve b. This was because the presence of the first PPy layer modified the electrode surface and
catalysed the Py polymerisation process. This phenomenon also occurs during the
polymerisation of Py using CV methods, where the Py oxidation process was begun at an earlier
potential and the potential oxidation of Py monomers decreased relative to the increase of

sweeping cycles, as shown i Figure 5.6.
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5.9.2 Release of MB from the PPy/pTS-MB film

The release of MB from PPy/pTS-MB film was performed by applying a constant potential of
+ 0.6 V vs. SCE and unstimulated release, as described previously in Section 5.3. Figure 5.17

displays the cumulative release trends of MB from the PPy/pTS-MB film synthesis using

galvanostatic and CV methods.
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Figure 5-18: Release of MB from PPy/pTS-MB films that were grown for 1600 s at 0.3 mA cm™
(red), and films grown using CV during 10 cycles from a solution of 0.2 mol dm™ Py,
0.5 x 10-3 mol dm™ MB and 0.05 mol dm™ pTS. The films were stimulated with (a) +
0.6 V vs. SCE constant potential, (b) +0.6 V vs. SCE constant potential, (¢) no stimula-

tion and (d) no stimulation over 90 min.

It is clear that a larger amount of MB was released using electrical stimulation in all

experiments. The trends related to the release of MB were characterised by a high burst of
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release in the first 5 min, followed by a much lower amount of release over the remaining time.
This was because the film’s efficiency in releasmg MB from its surface was higher than that
from the polymer matrix. The MB may become entrapped in the film matrix, which would
make its release difficult from the film. For the PPy/pTS-MB fim synthesised using the
galvanostatic method (Figure 5.17a), the stimulated polymer films released 84.5 x 10 mol
dm? cmr? in 5 minutes in contrast to the unstimulated films (Figure 4.17d) which released 34
x 10° mol dm?3 cnr?. There was a significant increase in the MB released from the films’
synthesis using the galvanostatic method compared with the films’ synthesis using the CV
method, when the films were stimulated using + 0.6 V vs. SCE. The concentration of MB
released from the prepared films® use of the galvanostatic method reached 84 x 102 mol dm?
cn? within 5 min, which was significantly higher than that released from the films that were
synthesised using the CV method 51.2 x 10 mol dm? cm? during the same period of time.
This occurs because some of the incorporated MB during the reduction CV cycles may have
been expelled out of the film during the oxidation cycles. Therefore, a low amount of MB was
loaded and released from the polymer film. The concentration of MB released from the films
that were synthesised using the CV method reached approximately 34 x 10 mol dm3 cn?
after 5 minutes, which is close to the amount released from the films, and was formed
galvanostatically when both films were unstimulated. According to this phenomenon, most of
the MB is released due to desorption of MB from the polymer surface rather than from the

polymer bulk as observed earlier n Sections 5.3 and 5.4.2.

The use of pTS as a doping anion led to an increased amount of MB being released from the
electrochemically stimulated PPy films in comparison with the release from PPy doped with
the oxalic acid anion. For example, 84.5 x 10~ mol dnm? cm?> MB was released from PPy/pTS-
MB films, compared with approximately 60 x 10-° mol dnr? cm? released from PPy film doped

with oxalic acid, when both films were synthesised using the galvanostatic method and
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stimulated under +0.6 V vs. SCE. One possible explanation for the decrease in MB being
released is that the mobility of oxalate anion (C204%-) is higher than the immobile anion pTS;
therefore, the entrapped pTS create a negative net charge in the polymer, which is attracted to

positively charged MB molecules.

5.10 Polymer synthesis for release of fluorescein sodium salt

A PPy film containing a model anionic drug FSS, was electrochemically deposited on a
stainless steel electrode using a three-electrode cell where the auxiliary electrode was also a
stainless steel sheet and SCE electrode was used as the reference. A polished rectangular
stainless steel plate with a surface area of 1 cnm? was used as a working electrode and immersed
in an electrolytic solution of 0.1mol dm Py monomer with 0.5 x 10-*mol dm3 FSS to conduct
the electrochemical polymerisation. The working electrode potential was cycled between a

potential range of 0 to 2.5 V vs. SCE at a scan rate 50 mV s™! for 40 cycles.

The presence of FSS in the polymerisation solution seemed to inhibit the electropolymerisation
of the Py monomer on the stamless steel substrate (Fig 5.18). The PPy did not cover the
electrode surface, and only non-uniform polymer films grew in a discontinuous and random
manner. Therefore, some drops of 0.05 x 10-3 mol dm3 H2SO4 solution were added to lower the
pH of the polymerisation solution from approximately 7.2 to 5. The decrease of the solution
pH to 4 caused a change in the solution colour from yellow to light yellow; therefore, a solution

with a pH of 5 was used.
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Under these conditions (pH 5) the polymerisation experiments were conducted by sweeping
the electrode potential from 0 V to 2.5 V vs. SCE at a potential sweep rate of 0.05 V s°!, as
shown in Figure 5.18. This led to the formation of a coherent and uniform PPy film. In addition,
the galvanostatic polymerisation of PPy was conducted in the presence of different
concentrations of oxalic acid 0.01, 0.025, 0.05 and 0.1 mol dm3 in the experiments, and a
platnum electrode was used as a counter electrode and SCE as a reference. A non-uniform and
discontinuous spot was seen in a random manner when a low concentration of oxalic acid was
used (0.01 mol dm3). The increase in oxalic acid concentration to 0.025 mol dm? lead to the

formation of a uniform PPy film over the electrode surface.
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Figure 5-19: Cyclic voltammogram of 0.1 mol dm? Py in aqueous 0.5 x 10-3 mol dm? FSS at a po-

tential sweep rate of 0.5 V s at a SS electrode (1 cm? area). The 40" cycle is shown

here.
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The increase in the oxalic concentration to 0.05 and 0.1 mol dm3 seems to be because of the
solubility of the FSS, since a dark orange powder precipitate formed on the bottom of the flask.
In addition, since it seems that the colour of the solution changed when a higher concentration
of oxalic acid was used and the solution pH also changed, the effect of the use of oxalic acid
on FSS absorption was examined. The use of a low concentration of oxalic acid 0.01 mol dnr3
caused a reduction of the Amax of FSS absorption and shifted the absorption from 1.717 a.u at
Amax 485 nm when no oxalic acid was used t0 Amax 435nm when 0.01 mol dm™ oxalic acid was

used.

5.11 Release of fluorescein sodium salt

The PPy that contamed FSS, was electrochemically deposited on a stainless steel electrode
(PPy-SS), and was washed with 0.01 mol dm3 NaCl for 5 min. The film was placed in an
electrochemical cell containing 20 ml of 0.9% NaCl and a constant negative potential of - 0.75
V vs. Ag/ AgCl was applied for 1 hour to release the ncorporated FSS model drug. At this
potential, the polymer reduces and acquires a negative charge which repels the model drug.
Samples of 5 cm® were taken at regular intervals of time from the release medium and replaced
it with an equal volume from the original NaCl solution. The electrochemical release rate of
FSS from the PPy-FSS electrode was higher than the release rate of FSS from unstimulated
film. After 1 hour, maximum concentration of FSS released from the PPy-FSS electrode was
0.54 pmol dnr® cm?, which is double the concentration of the FSS released from unstimulated
film, as shown in Figure 5.19. The negative potential applied to release FSS from the PPy-SS
electrode led to a reduction of the PPy film, which led to the expulsion of the ncorporated FSS

mto the release medium.
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Further, the release of anionic FSS from the stimulated and unstimulated PPy films is higher
than the release of cationic MB. For example, the release concentration of MB from the PPy-
pTS film when the film was stimulated using +0.6 V vs. SCE reached 0.084 pmol dm after 5
minutes, which is significantly lower than the release of FSS from stimulated PPy film, which
is 0.23 pmol dm3. Similarly, the release of FSS from unstimulated film within 5 minutes is 0.1
umol dmr3, which is significantly higher than the release of MB from the unstimulated PPy-
pTS film 0.034 umol dm3. This may occur because the uptake of the anionic FSS in the PPy
film is higher than the uptake of the cationic MB, since the anionic FSS is incorporated into the
PPy film during the polymerisation process to compensate the cationic charge of the PPy
backbone; the similarity of the charge of the cationic MB and the cationic backbone of the

oxidised PPy film diminishes the amount of MB that incorporated in the PPy film.
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Figure 5-20: The concentration of FSS released from PPy films grown using the CV method during
40 cycles from a solution containing 0.1 mol dm? Py, 0.5 x 1073 mol dm? FSS and ad-
justed to pH 5 with 0.05 x 103 mol dm H,SO,. The films were stimulated with a) -0.75
V vs. Ag/AgCl constant potential and (b) no stimulation.

The MB may be absorbed on the PPy surface and physically entrapped in the PPy backbone,

while the anionic FSS is incorporated in the PPy backbone owing to the presence of electrostatic

mteraction between the oxidised polymer bulk and the anionic nature of FSS.

Since the absorption of FSS is sensitive to the solution pH and this significantly affects the FSS

release measurements, no further electrochemical experiments are conducted with FSS m this

project.
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5.12 Summary and Conclusions

The PPy films are able to release the cationic dye MB in a controlled manner using an electrical
potential. The released concentration reached 60 nM after approximately 30 min when the PPy
films were stimulated using + 0.6 V vs. SCE. The release decreased when the potential
increased to 0.95 V vs. SCE. This occurred because the higher potential led to overoxidation of
the films and a corresponding decrease in film electroactivity. However, the lowest amount of
MB release was observed when the films were exposed to = 0.6 V vs. SCE at 0.05 Hz. This
may be because there was not sufficient time for the MB to diffuse outside the polymer matrix
during the short oxidation periods; thus, it was attracted to the polymer matrix during the
reduction period. The synthesis method of the polymer films did not appear to affect the MB
release rate. There was no significant difference in the concentration of released MB when the
polymer film was synthesised using either the CV or the galvanostatic method. The
mncorporation of TINT in the PPy film slightly reduced the MB release rate. The decrease in the
amount of MB released from PPy-TINT-MB film may be because the adsorption of Py in TiINT
is 240 mg ¢!, which is higher than the adsorption of MB in TINT (133 mg g ') [90]. Therefore,
the surface of TINT is occupied by positively charged Py monomers, which may lead to reduced
adsorption of MB. In addition, the incorporation of TINT i the polymer matrix may change

the film’s morphology, thereby reducing the amount of MB released.

The efficiency of the conducting polymer films in releasing the drug from its surface is higher
than from the polymer bulk. Increasing the film thickness increases the amount of drug
released, but this increase does not cope with the amount of increase of film thickness and does
not affect the release profile. This might have resulted from the fact that the thicker films are
less electroactive and have a lower diffusion rate. The increase in the PPy film’s thickness from
2 to 4 pm does not appear to significantly influence the amount of MB released. This is due to

the fact that most of the MB was released from the film’s surface. The concentration of MB in
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the release medium increased by approximately 30% when the film increased by a factor of 4
from 2 to 8 pm .The increase in the amount of MB released can be attributed to the contribution
of the MB from the polymer bulk, in addition to that released from the polymer surface due to
the change in film structure and morphology. When the film thickness increased from 8 to 12
um, the release rate of MB only increased by 10%. The release rate of MB from the PPy films
is highly variable, because the MB is physically entrapped in the polymer film during the
polymerization process instead of interacting electrostatically due to the charge similarity

between the oxidised film and cationic MB.

The MB can be incorporated in the PPy film after the polymerisation process using a negative
potential. The use of more negative potential is more efficient for reducing PPy films. This led
to an increase in the amount of MB incorporated in the PPy films and, subsequently, on the
amount of released MB. However, this amount is lower than the amount released when the MB
was incorporated during the polymerisation process. This indicates that MB was unable to
penetrate into the polymer bulk due to its large structure, and a considerable amount of MB
was loaded on the film surface. In addition, the amount of MB released increased as the initial
concentration of the MB in the solution increased. The increase of the mitial MB concentration
led to an increase in the diffusion of MB into the PPy films, lowering their concentration
gradient and the reduction potential, which resulted in increasing the amount of incorporated

MB i the PPy films and, subsequently, increased the MB release rate.
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Chapter 6: Release of DA and IP Drugs from PPy

Films

This chapter investigates the use of PPy films as a delivery system for cationic dopamine (DA)
and anionic ibuprofen (IP) drugs. The two drugs have been particularly chosen to study the
effect of the molecule charge on the drug release rate. CV and galvanostatic methods are used
to synthesise the PPy films. In addition, the influence of the presence of the titanate nanotubes
(GNT) on the polymerisation solution on the uptake and release of the molecules from the
polymer films as well as the effect of the variations of the doping anions is investigated. The

effect of the use of stimulation potentials on the molecule’s release rate is also examined.

6.1 Polymer synthesis using the CV and galvanostatic methods of DA
release

PPy containing dopamine hydrochloride (DA) was synthesised from a solution composed of
0.1 mol dnm3 Py in 0.025 mol dm? oxalic acid and 0.5 x 10-3 mol dnmr® DA in both, the presence
and absence of 1 mg mol'! TINT. The solutions were stirred at approximately 500 rpm with a
magnetic stirring bar (2 cm) to disperse the TINT. The PPy-DA film was deposited by two
techniques. Firstly, the PPy containing DA was electrodeposited at a constant current of 0.3 mA
cm? for 1600 s. The theoretical thickness of the obtained film was 2 pm. Secondly, the PPy-
DA film was electrodeposited by CV at a linear sweep rate of 50 mV s ! between -0.25 and 1

V vs. SCE over 10 cycles.

Figure 6.1 illustrates the chronopotentiogram for the polymerisation of Py in the presence and
absence of dispersed TINT. The curve a i the figure shows the evolved potential during the
synthesis of PPy-TINT-DA film. The potential rapidly peaked at 0.633 V vs. SCE, which
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indicates the initial nucleation of the Py monomers to begin the polymerisation process. The
potential then quickly dropped to 0.57 V wvs. SCE within approximately four minutes.
Thereafter, it reduced slightly until it reached 0.53 V wvs. SCE toward the end of the
polymerisation process. Curve b shows the evolved potential during the Py polymerisation in
the absence of TINT. During the early stage of the polymerisation, there was a slight decrease
of 0.01 V with respect to curve a in the potential; the voltage tends to be a close match to the
polymerisation voltage of PPy-TINT-DA. The increase of the Py polymerisation voltage in the
presence of TINT may be because the catalysing effect of TINT is high at the initial stage of the

polymerisation process [90].
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Figure 6-1: Chronopotentiogram for the galvanostatic polymerisation of PPy-DA films at current
densities of 0.3 mA cm? for 1600 s from a solution composed of 0.1 mol dm™ Py in

0.025 mol dm™ oxalic acid, and 0.5 x 10-3 mol dm* DA in the presence (red), and absence

(black), of 1 mg mol! TiNT.
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Figure 6.2 depicts the 10" CV cycles during the synthesis of PPy-TINT-DA (a) and PPy-DA
films (b). Curve a in the figure represents the polymerisation current density of Py, which is
approximately 7.29 mA cm? at 1.1 V vs. SCE, while the polymerisation current density for Py
in the presence of TINT (curve b) is 6.31 mA cm? at 1.1 V vs. SCE. The slight increase in the
oxidation current observed i the presence of TINT indicates that the TINT catalysed the Py
polymerisation process. This occurred because the Py monomer was adsorbed on the surface
of the negatively charged TINT. This, in turn, may lead to an increased concentration of Py
monomers near the electrode surface, hence causing an increased polymerisation rate.
However, the increased amount of TINT in the solution (less than 10%) could have lead to an
increased amount of adsorbed Py monomers, which might further increase i the
polymerisation rate. It may also lead to a decrease in the conductivity of the PPy film due to
the low conductivity of TINT. A homogenous black PPy film was formed over the working

electrode in both methods.
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Figure 6-2: CV at a stainless steel electrode (1 cm?) in 0.1 mol dm, 0.025 mol dm™ oxalic acid, and
0.5 x 10~ mol dm™ DA in the presence (a) and in the absence (b) of 1 mg mol! TiNT at

a potential sweep rate of 50 mV s''. The solutions were stirred at approximately 500 rpm.

The CV analysis of the PPy-MB films which were synthesised from a solution composed of
0.1 mol dm Py in 0.025 mol dm oxalic acid and 0.5 x 10-3 mol dm3 DA was carried out. The
galvanostatic and CV methods described in Sections 5.1 and 5.4 were used. The CV analysis
was carried out in a 0.9% NaCl aqueous solution to observe the effect of the synthesis method
on the polymer fims’ electroactivity in the medium that would be used for the DA release.
Figure 6.3 shows the CV curves for the PPy-DA sythetised using CV and the galvanostatic
method m 0.9% NaCl aqueous solution. Curve a i Figure 6.3 shows wide oxidation and
reduction waves with no clear oxidation or reduction peaks for the PPy-DA film which was

synthesised using CV. The oxidation current of the film reached 9.8 mA ¢cm? at 1.2 V vs. SCE;
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the reduction peak current was approximately -2.39 mA cm? at 0 V vs. SCE. Curve b in the
figure indicates a wide oxidation wave with no clear oxidation peak for the PPy-DA film

synthesis using the galvanostatic method.
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Figure 6-3: CV of PPy-DA films in 0.9% NaClat a potential sweep rate of 50 mV s a) PPy-DA film
synthesis using CV at a potential sweep rate of 50 mV s! for 10 cycles and b) PPy-DA
film grown galvanostatically for 1600 s at 0.3 mA .

The oxidation current reached 8.7 mA ¢cm? at 1.2 V vs. SCE. The CV curves indicated an
insignificant increase in the electroactivity of the PPy-DA synthesis using CV. It is clear from
the CV analysis that the PPy-DA films’ synthesis using CV is more active than the films’

synthesis using the galvanostatic method. The anodic current began rising at a potential of 0.55

V vs. SCE, which indicated the oxidation of the PPy-DA film. The cathode current start declined
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at a potential of approximately 0.48 V vs. SCE during the backward scan, which was an

indication of the beginning of dedoping of the polymer film.

6.1.1 Open circuit potential measurements of PPy-dopamine films

The open circuit potential (OCP) of dopamme film in the release solution began at 0.11 V vs.
SCE and decreased rapidly over the nitial 30 min to 0.094 V vs. SCE. Then, the potential
increased over the next 120 min to approximately 0.1 V vs. SCE and continued to increase at a
slower rate until it reached 0.103 V vs. SCE, after 300 min before stabilising at approximately
0.102 V vs. SCE (Figure 6.4). The mitial decrease in potential may be a result of the cation
release that took place immediately after the film was immersed in the release solution. The
diffusion of the cations from the film may have lead to changes in the polymer backbone
charges, compensated by ion uptake from the solution to the polymer film. Comparing the OCP
with corresponding CV analysis of the film shows that the OCP of the film is approximately
0.1 V vs. SCE. This finding indicates that the polymer film would be in a reduced state without

the application of a stimulus potential

196



0-110 d V ¥ L) % L) L 1 R ' ' ]

0.108 | -
0.106 | -
0.104 -
0.102 -

0.100 .

0.098 .

Potential, £/V vs. SCE

0.096 .

0.094 .

0092 N [l 1 1 " 1 s 1 2 1 L 1
0 50 100 150 200 250 300

Time, ¢/ min

Figure 6-4: Open circuit potential for PPy-DA films deposited on a stainless steel electrode at 0.3 mA
cm. The potential was observed in 0.9% NaClaqueous solution vs. SCE reference elec-

trode, over 5 h.

6.1.2 Dopamine release from PPy-DA films

The dopamine release from the PPy films was carried out in a 0.9% NaCl solution. The DA
release was performed using a constant potential of +0.6 V vs. SCE, a pulsed potential of £0.6

V at 0.05 Hz vs. SCE and unstimulated release.

The application of electrical stimulation to the PPy-DA films resulted in a significantly higher
release rate of DA compared to unstimulated films, as illustrated in Figure 6.5. A large initial
burst release of DA was detected under all the applied stimulation protocols. Most of the DA

was released during the imitial 30 min of the film stimulation. The highest amount of DA

197



released from the PPy-DA films was observed when the polymer fims were stimulated by
pulsed potential (0.6 V at 0.05 Hz vs. SCE). The maximum concentration of DA in the release
medium extended to 7 pmol dm> during 30 min. Thereafter, the DA release rate linearly
declined over the remaining stimulation period. The films spent the same amount of time in the
oxidized and reduced states. The actuation of the film under pulsed potential may result in the
increase and decrease of the film volume associated with the movement of mobile ions and
associated solvent molecules in and out of the film matrix. These movements may pump the
DA out of the polymer films. The DA release rate decreases when a constant oxidation potential
of +0.6 V vs. SCE is applied to the PPy-DA film. The amount of DA cations released increased
mitially before reaching an almost stable plateau after 30 min. The maximum concentration of
DA in the release solution was approximately 4.2 pmol dm3, which is 60% lower than that
released using pulsed potential. A lower DA release rate was observed in unstimulated films.
The concentration of DA reached 0.8 umol dm? cm? within 15 min and decreased to 0.1 umol
dm3 cnr? after 75 minutes. This decrease occurred because the PPy film is in its reduced state,
as has been proven from OCP and CV. Therefore, the cationic DA is entrapped in the polymer
matrix due to the electrostatic attractive forces between the negatively charged polymer matrix

and the positively charged DA molecules.
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Figure 6-5: DA releases from PPy films grown for 1600 s at 0.3 mA cm? from a solution of
0.1 mol dm™ Py, 0.5 x 10-3 mol dm® DA, and 0.025 mol dm™ oxalic acid. The films
were stimulated with (a) pulsed potential of 0.6 V at a frequency of 0.05 Hz vs. SCE,

(b) +0.6 V vs. SCE constant potential and (c) no stimulation over 90 min.

6.1.3 CV methods for increasing dopamine release

The dopamine released from PPy-DA films prepared by CV is displayed in Figure 6.6. The
release pattern of DA is similar to that observed for the PPy-DA films formed galvanostatically,
but there is an increase in DA release from the PPy-DA films prepared by CV compared to the
films’ synthesis by the galvanostatic method. The increase in the release amount of DA may
have occurred because a higher quantity of DA was mcorporated into the PPy fims during the
reduction cycle of the PPy film. The positive charge of the PPy backbone is neutralised during
the film reduction and the incorporated oxalate anions (C2042") generate a net negative charge

within the polymer matrix.
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Figure 6-6: DA release from PPy films grown using CV for the 10" cycle from a solution of 0.1
mol dm™ Py, 0.5 x 1073 mol dm? DA and 0.025 mol dm™ oxalic acid. The films were
stimulated with (a) pulsed potential of £0.6 V at a frequency of 0.05 Hz vs. SCE, (b) +0.6

V vs. SCE constant potential and (c) no stimulation over 90 min.

The DA cations will diffuse due to a concentration gradient and electrostatic attraction between
opposite charges and are then incorporated nto the PPy film to compensate for the polymer
matrix’s negative charge. In the same behaviour of the PPy-DA film synthesised
galvanostatically, the highest amount of DA released from PPy-DA obtamned using CV occurred
when the film was stimulated using the pulsed potential £0.6 V vs. SCE. The maximum
concentration of DA in the release solution reached 9 pmol dnr3 cmr?, which is slightly higher
than the released amount from PPy-DA films synthesised using the galvanostatic method. The

release rate of DA from the unstimulated film was significantly lower than that observed with
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electrically stimulated films. This release was almost certainly due to the diffusion of the DA

through the polymer backbone.

6.1.4 The influence of using TiNT on the DA release

The PPy-DA film was electrodeposited by CV and by the galvanostatic technique using an
aqueous solution containing 0.1 mol dm™ Py in 0.025 mol dm™ oxalic acid and 0.5 x 1073 mol
dm3 dopamine hydrochloride (DA) in the presence of 1 mg mol'! TiINT, as outlined in Section
6.1. To disperse the TINT, the solutions were stirred with a magnetic stirring bar at

approximately 500 rpm.

6.14.1 DArelease from PPy-TiNT-DA films

The DA release was performed by applying a constant potential of +0.6 V vs. SCE, a pulsed
potential of £0.6 V at 0.05 Hz vs. SCE and unstimulated release, as described previously in
Section 2.10. Figure 6.7 displays the DA release profile from the PPy-TINT-DA films’ synthesis
using galvanostatic and CV methods, when the films were exposed to different stimulation
protocols. The release profile of DA from the PPy-TINT-DA films is similar to that observed
from the PPy-DA films. The amount of DA released from PPy-TINT-DA is significantly higher
than that released from the film without TINT. In addition, the concentration of DA released
from the PPy-TINT-DA fims’ synthesis using CV is higher than that released from the films’
synthesis using the galvanostatic method when both films were stimulated using a pulsed
potential of £0.6 V at 0.05 Hz vs. SCE. However, the DA release is very low, when the films
are stimulated using a constant potential of +0.6 V vs. SCE or unstimulated. The concentration
of DA released from the films that were synthesised using CV reached 4.3 pmol dm? cmr? after
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15 min, which is slightly higher than that released from the films, which is formed
galvanostatically (1pmol dmr? cmr? approximately) when both films are unstimulated. When
the films were stimulated using +0.6 V vs. SCE, the concentration of DA release from the
prepared films® use of the galvanostatic method reached 5.8 pmol dnr? c¢cm? within 30 min.
Further, the concentration of DA reduced to 4 pmol dm3 cm? after 60 min probably due to the
low amount of incorporated DA during the polymerisation. There was a slight increase in the
DA release from the films’ synthesis using the CV method compared to the films’ synthesis
using the galvanostatic method, when the films were stimulated under the same conditions. In
addition, the concentration of DA in the release medium reached 6 pmol dm3 cmr? after 30 min
and remained sustained at the same concentration for the remaming releasing time. When the
films were stimulated using +0.6 V at a frequency of 0.05 Hz vs. SCE, the release concentration
of DA from the polymer films, which was formed using CV, increased to 18 pmol dm? cm?
within 45 mmn. This result is higher by approximately 38% in comparison to the release
concentration of DA from the polymer films, which were synthesised using the galvanostatic

method.
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Figure 6-7: DA releases from PPy films grown for 1600 s at 0.3 mA cm™ (red), and films grown
using CV during 10 cycles from a solution of 0.1 mol dm Py, 0.5 x 10-3 mol dm® DA
and 0.025 mol dm™ oxalic acid with 1 mg mol! TiNT. The films were stimulated with
(m) a pulsed potential of 0.6 V at a frequency of 0.05 Hz vs. SCE, (®) +0.6 V vs. SCE

constant potential, and (A ) no stimulation over 90 min.

6.1.5 Release of DA from the PPy/pTS-DA film

The release of DA from the PPy/pTS-DA film was performed by applying a constant potential

of +0.6 V vs. SCE and unstimulated release, as described previously n Section 5.3.

Figure 6.8 displays the cumulative release pattern of DA from the PPy/pTS-DA films’ synthesis
using galvanostatic and CV methods. The release profile of DA from PPy/pTS-DA film is

similar to the release of DA from the PPy doped with oxalic acid, where greater amounts of DA
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released from PPy films’ synthesis using the CV method, when the films were stimulated using
+ 0.6 V at a frequency of 0.05 Hz vs. However, there was a significant increase in the DA
released from the PPy films doped with pTS compared with the films doped with oxalic acid
on both released protocols. The amount of released DA from the PPy/pTS-DA films prepared
using the CV method reached 19 pmol dm3 c¢cm? within 15 min, which was higher than that
released from the films® synthesis using the galvanostatic method, 16.5 pmol dm3 cm? during
the same period of time. The amount of released DA was higher than that released from the
PPy doped with oxalic acid, where 6.3 and 4.2 pmol dm c¢cm? were released from the films’
synthesis using the CV and galvanostatic methods under identical release conditions. Similarly,
12.5 pmol dm?3 cm? DA was released from the PPy/pTS-DA film, compared with
approximately 2.8 umol dnm? ¢cm? released from PPy film doped with oxalic acid, when both
films were synthesised using the CV method and unstimulated for a duration of 15 min.
Similarly, the concentration of DA released from PPy/pTS-DA fim which was synthesised
using the galvanostatic method 10 pmol dm3 cmr? was significantly higher than that released

from PPy doped with oxalic acid 0.8 pmol dmr3 cnr?.
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Figure 6-8: Dopamine release from PPy/pTS-DA films that were grown using CV during 10 cycles

(red), the films were stimulated with (a) +0.6 V vs. SCE constant potential, (¢) no stimu-
lation and films grown for 1600 s at 0.3 mA ¢m from a solution of 0.2 mol dm™ Py, 0.5

x 1073 mol dm? DA and 0.05 mol dm pTS. The films were stimulated with (b) +0.6 V

vs. SCE constant potential, and (d) no stimulation over 90 min.

6.2 Polymer synthesis for ibuprofen release

PPy containing IP was synthesised from a solution composed of 0.1 mol dm3 Py in 0.025 mol
dm3 oxalic acid and of 0.5 x 10-* mol dm ibuprofen sodium salt (IP) in both the presence and
absence of 1 mg mol! TINT. The solutions were stirred at approximately 500 rpm with a mag-
netic stirring bar (2 cm) to disperse the TINT. The PPy-IP film was deposited using two tech-
niques. The PPy containing IP was electrodeposited galvanostatically at a constant current den-

sity of 0.3 mA cm? for 1600 s. The theoretical thickness of the obtained film is 2 pm [251]. In
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addition, the PPy-IP film was electrodeposited by CV at a linear sweep rate of 50 mV s™! be-

tween -0.25 and 1 V vs. SCE over 10 cycles.

Figure 6.9 illustrates the chronopotentiogram for the polymerisation of Py in the presence and
absence of dispersed TINT. Curve a in the figure represents the evolved potential during the
synthesis of the PPy-TINT-IP fim. The potential rapidly peaked at 0.633 V vs. SCE, which
indicates the iitial nucleation of the Py monomers to begin the polymerisation process. Within
approximately four minutes, the potential quickly reduced to 0.57 V vs. SCE. Thereafter, it
reduced slightly until it reached 0.53 V vs. SCE toward the end of the polymerisation process.
Curve b represents the evolved potential during the Py polymerisation in the absence of TiNT.
During the early stage of the polymerisation, there was a slight decrease of 0.01 V vs. SCE in
the potential, the voltage tended to be a close match to the polymerisation voltage of PPy-TiINT-
IP. The increase in the Py polymerisation voltage in the presence of TINT may be because the

catalysing effect of TINT is high in the early stage of the polymerisation process.
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Figure 6-9: Chronopotentiogram for the galvanostatic polymerisation of PPy-IP films at current den-
sities of 0.3 mA cm for 1600 s from a solution that contains 0.1 moldm™ Py in 0.025 mol

dm oxalic acid and 0.5 x 10-3 mol dm® IP in the presence (red), and absence (black), of

1 mg mol" TiNT.

The OCP potential decreased quite rapidly over the first 100 min and then stabilised at 0.086 V
vs. SCE due to the solvation effect after the film was immersed in the solution, as shown in
Figure 6.10. A comparison of the OCP with a corresponding CV analysis of the film Figure
6.11 reveals that the potentials were lower than V vs. SCE. Therefore, the film is partially oxi-

dised in nature without the application of a stimulus potential
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Figure 6-10: Open circuit potential for the PPy-IP film deposited on a stainless steel electrode at 0.3
mA cm?.The potential was observed in 0.9% NaCl aqueous solution vs. SCE reference

electrode, over 5 h.
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Figure 6-11: CV of PPy-IP films in 0.9% NaCl at a potential sweep rate of 50 mV s grown gal-
vanostatically for 1600 s at 0.3 mA.

6.2.1 Ibuprofen release from PPy-IP films doped with oxalic acid

PPy ibuprofen films were electrodeposited during 10 cycles CV and by galvanostatic method
at a constant current density of 0.3 mA c¢cm? for 1600 s from a solution composed of 0.1 mol
dm3 Py in 0.025 mol dm3 oxalic acid and of 0.5 x 10-3> mol dm™ IP in both the presence and
absence of 1 mg mol'! TINT the release of IP was carried out by applying a constant potential
of - 0.6 V vs. SCE, and unstimulated release, as described previously in Section 5.3. Figure
6.12 displays the IP release profile from the PPy films’, when the films were exposed to the
mentioned stimulation protocol. The lowest released amount of IP was released when the films
were unstimulated. This confirmed that the release of IP from PPy exhibit a potential controlled

manner. The decline of the amount of IP released from unstimulated films was (the films were
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not sufficiently reduced) expected because the unstimulated PPy films are in their oxidised
state, which is confirmed from the open circuit potential and CV (Figures 6.10 and 6.11). It is
evident that the amount of released IP from the synthesis of PPy films using the galvanostatic
method is higher than the release from the synthesis of films using the CV method. For example,
the amount of released IP from the PPy films’ synthesis using the galvanostatic method for 30
min was 24 pmol dm3 cm?, while that released from the synthesis of PPy films using the CV
method when both films were unstimulated was 20 pmol dm? cm2. This reduction in the
amount of IP released may have occurred because some of the incorporated IP during the
oxidation of the PPy films was released during the reduction cycle. The use of TiNT led to a
reduction in the amount of IP released from PPy films which were synthesised using both the
CV and galvanostatic methods, when both stimulation and passive released were used. For
example, the concentration of released IP decreased from 51 to 39 pmol dm cmr?, which was
released from the PPy fims synthesised using the CV method in the absence and presence of
TiNT, respectively. Similarly, the concentration of released IP within 30 min decreased from
63 to 45 pmol dm3® cm? in the synthesis of PPy films using the galvanostatic method in the
absence and presence of TiINT, respectively, when both films were stimulated using -0.6 V vs.
SCE. The decrease in the amount of IP released may have occurred because the absorption of
IP in the TINT is low due to the charge repulsion between the negatively charged IP anion and

TiNT [90].
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Figure 6-12: IP released from PPy films grown for 1600 s at 0.3 mA cm? from a solution of
0.1 mol dm™ Py, 0.5 x 10-3 mol dm™ IP and 0.025 mol dm™ oxalic acid in the absence
of TiNT. a) Film stimulated with -0.6 V vs. SCE, b) film stimulated with -0.6 V, and the
film were grown using CV during 10 cycles in the absence of TiNT, c¢) films were stim-
ulated with - 0.6 V vs. SCE, d) stimulated with - 0.6 V vs. SCE were the films synthesis
using galvanostatic and CV method respectively, €) unstimulated film, and with 1 mg
mol! TiNT and f) unstimulated film, and with 1 mg mol! TiNT.

6.3 The release of IP from PPy/pTS-IP films

PPy/pTS-IP films were synthesised using both the CV and galvanostatic methods, as described
in Section 5.9.1, from an electrolyte containing 0.2 mol dm Py, 0.05 mol dnr? pTS and 0.5 x
103 mol dmr? IP. The release was performed by applying a constant potential of —0.6 V vs. SCE,

and unstimulated release, as described previously in section 5.3.
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Figure 6.13 depicts the aggregate release pattern of IP from the PPy/pTS-IP films which were
synthesised using galvanostatic and CV methods. The profile of IP released from the PPy/pTS-
IP film is identical to the release pattern of IP from the PPy doped with oxalic acid, where
greater amounts of IP were released from the PPy films that were synthesised using the
galvanostatic method, when the films were stimulated using - 0.6 V vs. SCE. The use of pTS
as a doping anion led to a significant increase in the amount of IP released from the PPy fiims
as compared to the films doped with oxalic acid on both release protocols. Further, the amount
of released IP from the PPy/pTS-IP films prepared using the CV method reached 275 pmol dnr
3 ¢cm? within 30 min; this was lower than that released from films that were synthesised using
the galvanostatic method 523 pmol dm3 cm? during the same period of time when both films
were stimulated using -0.6 V vs. SCE. The concentration of these releases was higher than that
released from the PPy films which were doped with oxalic acid, where 63 and 51 pmol dm3
cm? were released from films synthesised using the CV and galvanostatic methods,
respectively, when the films were stimulated under identical released conditions. Similarly, the
amount of IP released from PPy/pTS-IP films which were synthesised using the galvanostatic
and CV methods were 258 and 120 pmol dm™ cmr?, respectively, when both films were
unstimulated during 30 mmn. Similarly, these amount of IP released were significantly higher
than that released from PPy films doped with oxalic acid synthesis using the galvanostatic and
CV methods, which were 24 and 20 pmol dm™ cm?, respectively. This increase in the IP release
rate may occur because the mobility of the IP anion is higher than the mobility of the pTS anion;

therefore, the positively charged PPy backbone is compensated by the IP anion.
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Figure 6-13: IP released from PPy/pTS-IP films grown for 1600 s at 0.3 mA c¢m? from a solution of
0.1 mol dm™ Py, 0.5 x 1073 mol dm™® IP and 0.05 mol dm™ pTS, a) film stimulated with

-0.6 V vs. SCE, and film grown using CV during 10 cycles b) films stimulated with - 0.6
V vs. SCE, c) and d) unstimulated films were grown using galvanostatic and CV method

respectively.

The amount of IP released from PPy-TINT-IP films is lower than that released from the film
without TINT. In addition, the concentration of IP released from the PPy-TiNT-IP films
synthesised using CV is higher than that released from films synthesised using the galvanostatic
method, when both films were stimulated using a pulsed potential of £0.6 V at 0.05 Hz vs. SCE.
However, the IP release is very low, when the films are stimulated using a constant potential of
+0.6 V vs. SCE or unstimulated. The concentration of DA released from the films that were
synthesised using CV reached 4.3 pmol dm3 c¢m? after 15 min, which is slightly higher than

that released from films which were formed galvanostatically (1 pmol dm? cnr?
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approximately), when both films are unstimulated. When the films were stimulated using +0.6
V vs. SCE, the concentration of DA release from the films synthesised using the galvanostatic
method reached 5.8 pmol dm® cnr? within 30 min. The concentration of DA reduced to 4 pmol
dm3 cnr? after 60 min and this was probably due to the low amount of incorporated DA during
polymerisation. There was a slight increase in the DA released from films synthesised using
the CV method, as compared to fims synthesised using the galvanostatic method, when the
films were stimulated under the same conditions. In addition, the concentration of DA m the
release medium reached 6 pmol dm3 cnr? after 30 min and remained at the same concentration
for the remaining release time. When the films were stimulated using 0.6 V at a frequency of
0.05 Hz vs. SCE, the release concentration of DA from the polymer films, which was formed
using CV, increased to 18 pmol dm> ¢cm? within 45 min. This result is higher by approximately
38% in comparison to the release concentration of DA from the polymer films, which were

synthesised using the galvanostatic method.

6.4 Summary and Conclusions

The use of pTS as a doping anion led to an increased in the amount of MB, DA and IP being
released from the electrochemically stimulated PPy films in comparison with the release from
PPy doped with oxalic acid anion. One possible explanation for the decrease in the amount of
MB being released is that the mobility of oxalate anion (C204%) is higher than the immobile
anions pTS. Therefore, the entrapped pTS created a negative net charge in the polymer, which

is attracted to the positively charged MB and DA molecules.
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The highest amount of DA released from the PPy-DA films was observed when the polymer
films were stimulated using pulsed potential (+ 0.6 V at 0.05 Hz vs. SCE). The actuation of the
film under pulsed potential may result in an increase or decrease in the film volume associated
with the movement of mobile ions and associated solvent molecules in and out of the film
matrix. These movements may pump the DA out of the polymer films. Moreover, CV increases

dopamine release.

There is an increase in the amount of DA released from the PPy-DA films synthesised using
CV, as compared to the films synthesised using the galvanostatic method. The increase in the
amount of DA released may have occurred because a higher quantity of DA was mcorporated
nto the PPy films during the reduction cycle of the PPy film. The positive charge of the PPy
backbone is neutralised during film reduction, and the incorporated oxalate anions (C2042)
generate a net negative charge within the polymer matrix. Thus, the DA cations diffuse due to
a concentration gradient and electrostatic attraction between opposite charges and are then

incorporated into the PPy film to compensate for the polymer matrix’s negative charge.

The release of anionic drug IP from the PPy films is significantly higher than the release of
cationic molecules, DA and MB. This occurs because during the oxidation of the PPy, a high
amount of IP is mcorporated in the PPy films to compensate the positively charged PPy
backbone. The IP anion is electrostatically attracted to the cationic oxidised PPy backbone
unlike the cations which may be physically entrapped in the polymer bulk and absorbed in the

polymer surface.

The use of TINT led to a decrease in the amount of released IP, because the absorption of IP in

the TINT is low due to the charge repulsion between the negatively charged IP anion and TiNT.
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Chapter 7: Pyrrole chemical polymerisation in a two

compartment cell

The aim of the work described in this chapter is to prepare a self-powered drug delivery system
based on galvanic coupling of PPy composite film and a thin layer of a reactive metal coating
such as Mg. Since it is difficult to electrodeposit the PPy film on active metals, the PPy films
were chemically polymerised on CC and DM membranes using a two-compartment cell. A thin
layer of Mg was sputtered on one side of the obtained film and the release of the incorporated

model drugs were measured using a UV-VIS spectrophotometer.

7.1 Synthesis of the drug delivery system

The PPy-containing drug was chemically deposited using a two-compartment cell, which were
separated by a CC or a DM membrane, where a PPy-containing a model drug was formed. One
of the cell compartments contained 14 x 103 mol dm?3 Py monomers with different
concentrations at the time of polymerisation (0.01, 0.05, 0.5 and 0.7 x 103 mol dm?3) of
rhodamine (Rh-6G), FSS, MB, DA or IP to study the effect of the molecules types on the
adsorption and drug release. The other compartment contains the oxidant solution, ammonium
persulfate. The cell was filled with the two solutions and kept at room temperature (295 K) for
four hours. The two solutions diffused through the membrane and the Py monomer gradually
oxidised, thereby formmng the PPy composite film doped with the model drug on the outer and
inner surfaces of the membrane pores. Figure 7.1 depicts the two-compartment cell after it was
filled with the solutions, and Figure 7.2 presents an image of the CC membrane from the
ammonium persulfate side immediately after the compartments were filled with the solution

and 15 mmn after the growth of the PPy in the CC film was seen.
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Py monomers + Rh-6G Ammonium persulfate

Figure 7-1: Two-compartment cell containing oxidised solution ammonium persulfate and Py mon-

omers with Rh-6G separated by CC or DM films.

Figure 7-2: Celluose acetate membrane (CC) a) immediately after the cell was filled with solution b)
after 15 minutes. The images show the formation of the PPy-CC-Rh-6G composite film,
D 34 mm.

217



The cell was dismantled and the membrane containing the doped polymer was cleaned
thoroughly with an aqueous solution of 0.01 mol dm® NaCl for 5 minutes and the film dried
under vacuum at 40 °C for 3 hours A thin layer of Mg (2 um) was sputtered in one side of the

film using a magnetron sputtering machine.

7.2 Characterisation of the system

To examine the membrane absorption without the PPy, two types of membrane CC and DM
were fitted in the cell The cell compartments were filled with oxidant solution and 0.7 x 1073
mol dm> Rh-6G in the absence of Py monomers for four hours. The films were cleaned with
NaCl aqueous solution for five minutes. The results show that the DM films absorbed Rh-6G
to a large extent and could not be cleaned easily. Therefore, this may significantly affect the
volume of the released Rh-6G since a large proportion of Rh-6G may be released from the DM

membrane itself. Therefore, the DM membrane was excluded from the release experiments.

Figure 7.3 presents a digital photo of the chemically prepared PPy-CC composite films. The
films were highly flexible and could be bent easily when wet, which makes it useful for drug
delivery in a curved surface. In addition, the CC membrane was lightweight and biodegradable,
which made it suitable for use in implant drug delivery systems. However, when the composite

film dried, it became brittle and fractured easily when bent.
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Figure 7-3: Images of the CC-PPy composite films. a) PPy composite film, b) coating with a thin
magnesium layer on one side, ¢ and d) bent film. The diameter and thickness of the film

are 30 mm and 130 pm approximately, respectively.

7.3 Scanning electron microscopy

Figure 7.4 depicts the scanning electron microscopy (SEM) of the CC membrane after being
immersed in 0.05 x 103 mol dnr3® Rh-6G in the absence of Py monomer at two magnifications.
The CC membrane appears to retain its original porous structure. The diameter of the pores are
irregular and range between 1.2 to 3.7 um. Figure 7.5 depicts the SEM images of DM fim
immersed in 0.5 mmol dm3 Rh-6G. The image shows the formation of Rh-6G microtubes of
size ranging between 2.78 pm and 8.31 pm. These tubes are probably formed due to the
adsorption of water by the membrane and the precipitation of Rh-6G. In addition, the density
of the tubes decreases with the decrease in Rh-6G concentration. Moreover, these tubes were
not observed in the DM membrane i the presence of Py monomers, as shown in Figure 7.6

and on the CC membrane, as shown in Figure 7.7. In the presence of the Py monomer, the
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growth of PPy within the porous membrane may lead to a reduction in the diffusion of Rh-6G

across the membrane and therefore eliminate the formation of the tubes.

Figure 7-4: a and b are SEM images of CC-Rh-6G composite film prepared from 0.05 x 10-3 mol
dm? rhodamine on cellulose acetate filter in the absence of Py monomer at different

magnifications.
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Figure 7-5: a) and b) are SEM images of Rh-6G on DM film prepared from 0.05 x 10-3 mol dm> Rh-

6G in the absence of Py monomer at different magnifications.
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Figure 7-6: SEM image of PPy-DM-Rh-6G composite film prepared with 0.5 x 10-3 mol dm™ rho-
damine and 14 x 10-3 mol dm™ of Py monomer on DM film.

Figure 7.7 depicts the SEM images of PPy-CC-Rh-6G composite films synthesis using 0.01 x
10-3 mol dm® Rh-6G with 14 x 1073 mol dm® of Py monomer. The CC membrane is completely
covered with the PPy doped with Rh-6G. The PPy exhibits a spherical shape with a uniform
distribution. The PPy microstructure exhibits a compact porous structure replicating the
original CC membrane structure. Further, the PPy-DM-Rh-6G composite film has a higher

porosity than the PPy-CC-Rh-6G, as is evident from Figure 7.8.
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Figure 7-7: a) and b) are SEM images of PPy-CC-Rh-6G composite film prepared with 0.1 x 10-3

mol dm? rhodamine and 14 x 10-3 mol dm of Py monomer at different magnifications.
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Figure 7-8: PPy-DM-Rh-6G composite film prepared from 0.05 x 103 mol dm rhodamine and 14

x 1073 mol dm® Py monomers on a DM filter.
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Figure 7-9: SEM images of a cross-section of a) PPy-DM-Rh-6G composite film and b) PPy-CC-Rh-
6G composite film.
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7.4 Rhodamine release from PPy-membrane films

Four concentrations of Rh-6G, 0.01, 0.05, 0.5 and 0.7 x 103 mol dm™ were used to test the
effect of the mitial Rh-6G concentration on the Rh-6G released from the composite membrane.
It was noticed that after cleaning the films and rinsing thoroughly with NaCl solution 0.01 x
103 mol dm? for 5 minutes, the film prepared with a high rhodamine concentration 0.7 x 10-3
mol dnr? still releases the dye in the cleaning solution. Therefore, the film prepared in 0.7 x 10
3 mol dmr? was excluded from the experiments because the film contained a large amount of
Rh-6G on its surface. In addition, a thick layer of cationic red colour molecules Rh-6G and blue
MB was seen on the composite film surface; this was not found on the other film prepared with
anionic molecule FSS. However, the other anionic molecule IP is colourless and cannot be seen.
The formation of this layer of cationic molecules may have occurred due to the absorption of
the cation on the composite film surface and the difficulty of incorporating nto the polymer
bulk due to the charge repulsion between the cationic polymer backbone and the cationic model
drugs. The release of the incorporated Rh-6G was conducted as described previously in Section
2.10, where the obtained films were immersed m 20 ml of (0.9%) NaCl aqueous solution at
room temperature and stirred using a magnetic bar. Samples of 5 ml were taken at selected
times from the solution and replaced with an equal volume of 0.9% NacCl solution. The samples
were analysed using UV-VIS spectrometer to determine the concentration of the Rh-6G that
was released. Figure 7.10 shows the concentration profiles of the released Rh-6G vs. time from
PPy-CC-Rh-6G composite film prepared with different mitial concentration of Rh-6G with and

without the Mg layer coating.
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The release rate of Rh-6G increased with the increase in the initial concentration of Rh-6G used
to prepare the composite films. This was expected because the increase in the Rh-6G initial
concentration tended to increase the diffusion of Rh-6G into the composite film; hence, more
Rh-6G became available to be absorbed and incorporated in the film. The concentration of Rh-
6G released from the film prepared with a high concentration of Rh-6G (0.5 x 1073 mol dmr?)
without Mg coating increased with time, reaching a max of 0.002 x 10-3 mol dm? after 2 hours.
When the film coated with a thin layer (2um) of Mg was tested, the concentration of Rh-6G
released decreased by approximately 40% after 2 hours. This finding also applied to other films
prepared with lower iitial concentration of Rh-6G. The rate of release declined by
approximately 25% when the initial concentration of Rh-6G was 0.01 and 0.05 when the films
were coated with Mg compared to that without the Mg coating. The release rate of Rh-6G may
have decreased due to two reasons: (1) The formation of a magnesium oxide layer on the
surface of the Mg between the metal and the PPy-CC composite film. The oxide layer may
serve as an insulator and prevents the flow of electrons between the PPy-CC composite film
and the Mg layer. The presence of the Mg and the Mg oxide layer decreases the surface
available for desorption and prevents the Rh-6G from being released. (2) The cationic nature
of Rh-6G might cause the Rh-6G to become only physically entrapped in the composite film
and sorption on the film surface due to the charge similarity between the cationic Rh-6G and
the positively charged oxidised PPy. Therefore, the reduction of the polymer as a result of Mg
corrosion leads to the reincorporation of the cationic Rh-6G on the polymer bulk, and only the
Rh-6G that was absorbed on the polymer surface diffuses into the release medium. The release
of other cationic molecules MB and DA will be tested in the following section to confirm this

finding.
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Figure 7-10: Release of Rh-6G from PPy CC-Rh-6G composite films chemically grown for 4 hours
from a solution containing different concentrations of Rh-6G in the presence and absence

of Mg coating,

7.5 Release of methylene blue (MB)

PPy-CC-MB films were chemically synthesised, as described in the experimental section, from
a solution containing 0.1 mol dm3 Py and 0.5 x 10~ mol dm3 MB in both, the presence and
absence of 1 mg mol! TINT. The release of the incorporated MB was performed in 0.9% NaCl
solution. Figure 7.11 depicts the concentration profiles of released MB vs. time synthesis in the
presence and absence of TiNT, with and without the Mg layer coating. After 30 min, the
maximum concentration of MB released from the PPy-CC-MB film, which was prepared in the
absence of TINT and without the Mg coating, was 0.4 umol dnr3. The concentration of MB

released decreased by approximately 60% when the film was coated with a thin layer of Mg.
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The release rate of MB may decline due to the reduction of the polymer as a result of the Mg
corrosion, which leads to the reincorporation of the cationic MB on the polymer buk and
minimises the diffusion of MB into the release medium. This result complies with the release

of cationic Rh-6G, where the presence of the Mg coating significantly reduced the release rate

of the incorporated molecules.

Similarly, this finding can also be applied to other films prepared with TINT. The use of TINT
leads to a decrease in the release rate of MB from the composite film. This corresponds with
the release of MB from the PPy films which are synthesised using electrochemical methods,
where the presence of TINT leads to a decrease n the amount of MB released, because the

adsorption of MB in TINT is lower than the adsorption of Py in TINT.
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Figure 7-11: Evolution of the released concentration of MB vs. time from the PPy-CC composite

films.
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7.6 Release of ibuprofen

The effect of the drug type on the adsorption and drug release was examined using an anionic
model drug IP, PPy-CC-IP films were synthesised using a two-compartment cell, as described
in Section 2.6, from a solution containing 0.1 mol dm3 Py and 0.5 x 10-3 mol dn? IP in both
the presence and absence of 1 mg mol'! TINT. The release of the incorporated IP was performed

mn 0.9% NaCl solution, as described in Section 2.10.

Unlke the MB, the concentration of IP in the release mediuum increased when the PPy
composite fims were coated with a thin layer of Mg, as shown in Figure 6.12. The
concentration of IP released from the PPy-CC-IP film, which was prepared in the absence of
TINT and without the Mg coating, reached 20 pmol dm3 after 30 min. The concentration of IP
released increased by approximately 100 % when the film was coated with a thin layer of Mg,
Further, the release rate of IP increased due to the reduction of the polymer as a result of the
Mg corrosion, which lead to the removal of the electrostatic attractive force between the
cationic polymer backbone and the incorporated IP anions. This permits the IP to diffuse into
the release solution. This finding can also be applied to other films prepared with TINT. Similar
to MB release, the use of TINT leads to a decrease in the release rate of IP from the composite

film.

The amount of released IP is greater than the amount of released cationic molecules MB and
DA; the reason for this may be that a low amount of the cationic MB was incorporated mto the
polymer matrix during the polymerisation process, thereby indicating the physical entrapment
of the cationic molecules MB and DA into the polymer film during the polymerisation process,

rather than electrostatic interactions which occur between the anionic IP and the cationic
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polymer backbone. This finding is identical to that of electrochemical experiments where the

release of anionic IP is higher than the release of cationic molecules such as MD and DA.
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Figure 7-12: Evolution of the released concentration of IP vs. time from the PPy-CC composite
films.

7.7 Summary and Conclusions

The galvanic coupling between the Mg thin layer coating and the PPy composite films led to a
decrease in cationic MB, DA and Rh-6G release rate, because the oxidation of Mg reduced the
PPy composite films, which led to reincorporation of the cationic molecules MB, DA and Rh-
6G on the polymer bulk and minimised the diffusion of MB, DA and Rh-6G into the release
medium. This could be used as an autonomous self~powered source and controller for a long-
term implant drug delivery system by galvanic coupling between the Mg thin layer (anode) and

PPy composite film (cathode) in the presence of NaCl electrolyte.
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The concentration of IP in the release medium increased when the PPy composite films were
coated with a thin layer of Mg due to the reduction of the polymer as a result of Mg corrosion,
which led to the removal of the electrostatic attractive force between the cationic polymer

backbone and the incorporated IP anions. This permitted the IP to diffuse into the release

solution.
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Chapter 8: Conclusions and Suggestions for Further

Work

8.1 Summary and Conclusions

This chapter presents the summary and the main conclusion of this work. For the first time, the

self-powered ibuprofen drug release system based on direct electrodeposition of PPy film on

AZ31 Mg alloy had been synthesised. The incorporation and the release of the ibuprofen drug

from the PPy film was investigated. The effect of the present of ibuprofen drug on PPy polymer-

isation and PPy film structure was evaluated using electrochemical methods, optical micro-

scope, SEM and DSI techniques. Additionally, the chemical polymerisation of PPy on CC film

and coated with a thin Mg film has been presented and characterised as alternative choice for

the self-powered drug delivery system. The following points are summarise the main conclu-

sion of the thesis.

Polymerisation conditions such as electrolyte type, temperature, pH, monomer
concentration and nature of the uploaded doping molecules, significantly affect
the formation and film properties of the conducting polymers. The
polymerisation conditions also affect the delivery of molecules added to the
structure. These are critical issues for the development of drug delivery systems

for medical applications.

PPy films are capable of releasing different cationic molecules such as MB. The
cationic dye MB was uploaded into the PPy structure and delivered in an
aqueous system in a controlled manner using an electrical potential stimulus.
The released concentration reached 60 x 10 mol dm? after approximately 30
min when the PPy fims were stimulated at + 0.6 V vs. SCE. The release
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decreased when the potential increased to + 0.95 V vs. SCE. There was no
significant difference in the concentration of released MB when the polymer

film was synthesised using either the CV or the galvanostatic method.

In addition, an increase in the PPy film’s thickness from 2 to 4 pum does not
appear to affect significantly the amount of MB released. Since most of the MB
was released from the film’s surface. The concentration of MB in the release
medium increased by approximately 30% when the film thickness increased by
a factor of 4, from 2 to 8 um. This increase was attributed to the contribution of
the MB from the polymer bulk, in addition to the MB molecules released from
the polymer surface. At an increase of 8 to 12 um, the release rate of MB
mncreased only by 10%. The release rate of MB from the PPy films is highly
variable, possibly because the MB is physically entrapped within the polymer
film during the polymerization process instead of interacting electrostatically
due to the charge similarity between the oxidised film and cationic nature of

MB.

The amount of drug that can be uploaded in a polymer film tends to be small
and the initial spontaneous drug release from the conducting polymer can be
high. Thus, the development of nanoporous and nanostructured conducting
polymers may provide electrode structure materials with good electrical

conductivity, low operation potential and a high surface area relative to size.
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However it was observed that the incorporation of TINT in the PPy film slightly
reduced the MB release rate. The decrease in the amount of MB released from
PPy-TINT-MB film was due to the adsorption of Py in TINT (240 mg g'),
which is higher than the adsorption of MB in TiNT (133 mg g') [90]. This is
possbly due to the fact that the surface of TINT is occupied by positively
charged Py monomers, which lead to reduced adsorption of MB. In addition,
the incorporation of TINT m the polymer matrix changes the film’s

morphology, thereby reducing the amount of MB released.

The use of pTS as a doping anion led to an increase in the amount of MB, DA
and IP being released from the electrochemically stimulated PPy films in
comparison with the release from PPy doped with oxalic acid anion. One
possible explanation for the decrease in the amount of MB being released is that
the mobility of oxalate anion (C204%) is higher than the immobile anion pTS.
Therefore, the entrapped pTS created a negative net charge in the polymer,

which is attracted to the positively charged MB and DA molecules.

There is an increase in the amount of DA released from the PPy-DA films
synthesised using CV, as compared to the films synthesised using the
galvanostatic method. An increase in the amount of DA released take place
because a higher quantity of DA is incorporated into the PPy films during the
reduction cycle of the PPy film. The positive charge of the PPy backbone is
neutralised during the film reduction, and the incorporated oxalate anions
(C204%") generate a net negative charge within the polymer matrix. Thus, the DA

cations diffuise due to a concentration gradient and -electrostatic attraction
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between opposite charges, then they are incorporated into the PPy fim to
compensate for the polymer matrix’s negative charge.

The release of anionic drugs such as IP from the PPy films is significantly higher
than the release of cationic molecules. This is because during the oxidation of
the PPy, a high amount of IP is incorporated in the PPy films to compensate for
the positively charged PPy backbone. The IP anion is electrostatically attracted
to the cationic oxidised PPy backbone unlike the cations, which are physically
entrapped in the polymer bulk and absorbed in the polymer surface.

The galvanic coupling between biocompatible reactive anodes, such as Mg, and
a conducting polymer film cathode can be used as autonomous release systems.
However, according to the findings, the galvanic coupling between the Mg thin
layer coating and the PPy composite films led to a decrease in cationic MB, DA
and Rh-6G release rate, because the oxidation of Mg reduced the PPy composite
films, which led to reincorporation of the cationic molecules MB, DA and Rh-
6G on the polymer bulk and minimised the diffusion of MB, DA and Rh-6G mnto

the release medium.

The use of salicylate as a doping anion during the electroploymerisation of PPy
films on the surface of an AZ31 Mg alloy substrate inhibited the rapid
dissolution of the substrate. An oxidation peak denotes the formation of an
mtermedia layer of hydroxide that serves as a support for the fim and
passivating the surface. Therefore, a compact globular-like structure PPy film
has been obtained. The structure of the films modified to a needle like structure
when ibuprofen added to the polymerisation solutions. The addition of drugs

mto polymer chains may affect the structure, morphology and mechanical
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properties of the film. For instance, the incorporation of ibuprofen into the film
increases the number of cracks and mhibits the formation of the protective
salicylate magnesum film. Samples scanned at high potentials with high
concentration of IP show a pitted area with the existence of volcano-like pits on
the surface. The releasing of the drug in-situ experiments denotes the liberation
of the ibuprofen from the uploaded film. The mechanical properties determined
by nanoindentations show a film with a lower strength and more elasticity after
the addition of ibuprofen. The results showed a decrrase in the film hardness
and reduced modulus by 54 and 40% respectively, indicating a more plastic film
with ibuprofen. The addition of the large molecule ibuprofen mnto the PPy
matrix, the buprofen acts as an additional ion dopant along with the salicylate
ions results in an increase in the gap between the polymer chains, reducing the
strength of the attractive forces between them making polymer chain motion and

deformation easier than IP free polymer films.

8.2 Suggestionsfor Further Work

Although extensive work has been carried out to improve the use of conducting polymer in
biomedical applications, considerable challenges prevent their use in in vivo release
systems. Several obstacles need to be resolved in order to expand the use of conducting

polymer drug delivery systems.

e Intrinsic conducting polymers are not biodegradable materials, thus they may need
to be expelled from the body using surgery, thereby increasing the risk of infection
and reducing the patient’s healing and comfort. This problem can be overcome by

grafting the monomers to a side group biodegradable material such as glycine ethyl
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ester, or using conducting polymers with controlled biodegradable characteristics,

and a matrix with nanoparticles attached to non-conducting biodegradable polymers.

There have been attempts to owvercome the shortcomings of controlling the drug
release and to take advantage of the influence of conducting polymers through
physical and chemical factors, such as changes in temperature and pH causing the
conducting polymers to function as a sensor, and to combine them with an electric
stimulus to control drug release. Theoretically, the conducting polymer can
selectively sense the redox reagent in the solution; simultaneously, the redox reagent
triggers the drug release from the conducting polymers and the drug will be released
as a function of the concentration of the detected redox reagent where ionic exchange

has occurred.

In order to use Mg alloys as a power source for a self-powered drug delivery systems,
the corrosion mechanism must be understood for the sake of precisely controlling
the rate of Mg corrosion in vivo. The corrosion of Mg in vivo is a complicated process
influenced by the composition and temperature of the surrounding environment.
Therefore, the corrosion behaviour of Mg implants should be examined in an
appropriate physiological solution depending on the place where the implant will be
fitted into. The Mg should biodegrade at a rate so as to provide the required power
to release the drug from the conducting polymer and expel it from the body once the
treatment period has ended. A detailed understanding of the toxicity, corrosion
process and amount of ion dissolution is required before Mg can be used in an

implant system.
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Theoretical study and modelling of the self-powered drug delivery system are
required to predict the effects of incorporated drugs on conducting polymer structure
using density functional theory and multiphysics software in order to understand the

system behaviour.
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