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Abstract 

Controlled release systems offer advantages over conventional therapies by 

maintaining drug concentrations at therapeutically desired levels whilst 

simultaneously improving compliance. Intrinsically Conducting Polymers (ICP) 

are organic materials that have electrical, magnetic and optical properties 

usually associated with metals, whilst retaining the advantageous mechanical 

properties and ease of processing usually associated with polymers. A novel 

drug delivery system, based on the ICP polypyrrole (PPy), has been developed 

to provide for the controlled release of risperidone. Due to the inherent 

properties of ICPs, electrical stimulation can be used to alter the redox state of 

PPy, which in turn can modify the release rate of drug. A validated, specific, 

stability indicating high performance liquid chromatography (HPLC) analytical 

method was used to quantify drug release from PPy films. PPy was selected as 

the platform material for drug delivery due to its inherent conductivity, ease of 

preparation and apparent biocompatibility. Various anionic dopants were trialled 

in the preparation of PPy films - p-toluene sulfonate produced the optimal 

formulation (PPy-pTS). PPy-pTS films were prepared containing risperidone 

(8.2 % w/w). Drug release profiles could be altered by applying different 

electrical stimulation. The rate of drug release could be increased or decreased 

by applying or withholding electrical stimulation. Atomic Force Microscopy was 

used to investigate changes in PPy film thickness when different stimuli were 

applied. The highest levels of drug release were observed when PPy was 

reduced; this was accompanied by expansion of the film. In order to be used 

clinically, the films must be functional over a defined shelf life. Stability studies 

suggested polymer morphology altered over time, accompanied by changes in 

risperidone release. In general, while aging slowed the rate of risperidone 

release from PPy films, release rates could be altered through electrical 

signalling in polymer films stored for up to 4 weeks at 40 °C. This project relied 

on the multidisciplinary collaboration of pharmaceutical scientists, chemists and 

clinicians. The described technology could be utilised for implantable drug 

delivery devices, where the dose could be adjusted by external signalling, 

optimising patient benefit to side effect ratios while simultaneously ensuring 

compliance. 
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Many patients with chronic illness or abnormal physiological conditions have an 

accompanying high frequency medication regime. Poor compliance with such 

medication regimes is an obstacle to the successful treatment of many chronic 

health problems including patients with an elevated cardio-vascular risk, 

psychiatric health problems (1, 2), or chronic infectious diseases (3). Frequent 

dosing with short acting dosage forms can lead to high peak concentrations 

with toxic drug levels and low trough concentrations where the drug may be 

ineffective (4). Controlled release systems providing extended steady levels of 

drug release help overcome these issues.  

 

Many implantable controlled release systems are reported in the literature and 

several are currently marketed for a range of different drugs (5-8). A large 

number are designed to release hormones such as progestogens (for 

contraception) and histrelin (a gonadotrophin-releasing hormone analog, used 

in the treatment of prostate cancer). In general, these delivery systems release 

drug at a constant pre-programmed rate. While zero order release is often the 

goal, release rates commonly reduce over time.  

 

Great interest has been shown in the Intrinsically Conducting Polymer (ICP), 

polypyrrole (PPy), for a variety of biomedical applications such as drug delivery, 

biosensing, and for the regeneration of nerve pathways (4, 9). PPy can undergo 

controllable, reversible redox reactions. Alteration in redox state causes 

simultaneous changes in PPy charge, conductivity and volume. Volume 

changes are due to the movement of solvated ions, in or out of the polymer in 

response to a change in net charge in the polymer (10, 11). Depending on the 

ions in the polymer, and the surrounding liquid media, PPy may expand or 

contract upon redox stimulation. PPy is being used in this study as a platform 

for drug delivery due to its inherent conductivity, ease of preparation and 

apparent biocompatibility (12). The ICPs PPy, polyaniline and poly(3,4-

ethylenedioxythiophene) (PEDOT) have been used by different groups in the 

design of drug delivery systems (DDS). PPy has been used for the controlled 

release of several anionic drugs including dexamethasone (13), saliclylate, 

naproxen and nicoside (14). The controlled release of a few cationic drugs from 

conducting polymers have been reported, including neurotrophin growth factor-
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3 (9), dopamine (15-17), chlorpromazine (18), and N-methylphenothiazine (19). 

Only low levels of these cations have been released, and with a limited 

measure of control. These systems were designed to provide for the controlled 

release of cations through electrostatic forces. To achieve this, large 

immobilised anions such as melanin, polystyrene sulfonate or β-cyclodextrins 

were used in the preparation of PPy. Cations were reported to be released from 

PPy when the polymer was oxidised due to repulsion forces between PPY+ and 

the cation (15-19). The exception was work performed by Thompson et al. who 

used the anion p-toluene sulfonate (pTS) to deliver a large cationic 

neurotrophin. The mechanism driving release was reported as a mixture of 

electrostatic interactions, film actuation and changing the ionic and hydrophobic 

properties by altering the redox state of PPy (9).  

 

Risperidone has been used as a model drug in this project. Risperidone has a 

pKa1 of 8.1-8.3; in the human body most of the drug will be in the protonated, 

cationic form (20, 21). This drug is an atypical antipsychotic medicine used in 

the treatment of psychosis and related disorders, including schizophrenia (22). 

Patients with mental health conditions, and other chronic conditions, are known 

to be poorly adherent to medication regimes, resulting in unsatisfactory 

treatment outcomes (23). Currently the only marketed alternative to oral 

risperidone is the use of depot injections. This long acting injection was found to 

improve patient outcomes compared to oral forms of atypical antipsychotics 

(24). However, like most controlled release systems, drug is released at a fixed 

rate. This leads to two main issues; firstly, when treatment is initiated, injections 

require supplementation with oral risperidone to achieve symptom control. This 

is undesirable as adherence is often poor yet patients are required to juggle a 

changing oral dose while the long-acting form takes effect. Secondly, treatment 

with antipsychotic medication can result in potentially severe side effects such 

as extrapyrimidal side effects (EPS), which may occur at any time during 

treatment (24). Risperidal Consta® cannot be removed after administration, nor 

the rate of drug release altered, therefore the patient must wait for the depot to 

exhaust itself of drug, which takes between 7 and 8 weeks (25). If the rate of 

drug release could be modified after the drug has been administered both these 
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issues would resolve, improving the safety profile and enhancing the efficacy of 

treatment. 

 

Several HPLC methods are reported in the literature for the quantification of 

risperidone in various media (26-35). Forced degradation testing provides 

information about degradation products that may form during storage, and plays 

an important role in pharmaceutical product development (36, 37). Of the 

published HPLC methods for risperidone quantification, only two deal with the 

determination of risperidone in the presence of degradation products or 

impurities (28, 35). El-Sherif et al. used HPLC and TLC to quantify risperidone 

in the presence of impurities (28). Tomar et al. used acid, base and oxidative 

conditions to form degradation products (35). The stability indicating HPLC 

method presented by Tomar et al. used a gradient flow with a 25 minute run 

time plus an additional 4 minutes between runs for system equilibration. Such a 

lengthy run time with a gradient flow is a limitation for the routine analysis of 

risperidone where time and costs must be considered.  

 

It is essential for drug delivery that drug containing formulations can be 

prepared in advance and stored until required by the patient. PPy is relatively 

stable in the oxidised form, although less so in the reduced form (38-40). There 

are reports on the long term performance of PPy actuators (41), however these 

devices were used immediately following preparation. Conductivity 

measurements have been used as an indication of stability by different 

research groups. The anion used and its concentration in PPy preparation has 

been reported to influence stability, alongside the temperature and oxygen 

content of the storage environment (42-45). In addition to changes in 

conductivity, previous reports suggest that alternations in polymer morphology 

and actuation behaviour occur following PPy synthesis (46, 47). Different 

polymer morphologies would be expected to affect drug release due to changes 

in drug permeability and alterations in redox behaviour. 
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1.1. Thesis Aims  

The major aim of this thesis was to develop a novel DDS based on the ICP PPy 

for the controlled delivery of risperidone.  

 

The following specific objectives were envisaged: 

 To prepare PPy formulations with various anionic dopants and assess 

their  ability to provide controlled release of risperidone 

 To investigate electrical signalling as a way to modify the release rate of 

risperidone from PPy formulations 

 To characterise the PPy formulations and explore the mechanism of 

drug release 

 To investigate the stability of the optimal PPy formulation 

 

1.2. Thesis Structure 

A literature review is presented in Chapter 2. Controlled release and 

implantable systems are discussed briefly, followed by an in depth review of the 

application of ICPs to drug delivery. The model drug selected for this study, 

risperidone, is then considered.  

 

Methods are described in Chapter 3, followed by results and discussion in 

Chapter 4. These chapters initially describe an analytical assay for risperidone. 

Different PPy formulations are then investigated for use as DDS for risperidone. 

Characterisation studies of the formulations are presented, accompanied by a 

discussion of the mechanism driving drug release. Finally, the optimal PPy 

formulation is selected and stability studies presented.  

 

Chapter 5 provides concluding remarks and potential future directions arising 

from this work.  



 

 

 

2. LITERATURE REVIEW  
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2.1. Controlled Release Systems  

An ideal dosage regime would achieve acceptable therapeutic concentrations 

immediately, and maintain them for the duration of treatment (48). Practically, 

that often involves taking medicines multiple times every day. Controlled 

release systems offer the advantages of lowered frequency of dosing and 

minimised fluctuations in therapeutic concentrations. By doing so they aim to 

increase patient compliance and enhance the efficacy and tolerance of 

treatment (49). However, these advantages must be balanced against possible  

disadvantages, including; potential toxicity of the materials used, surgery that 

may be required to insert and remove the DDS, potential patient discomfort 

involved in the administration or operation of the DDS and cost compared to 

more conventional DDS.  

 

A prototype controlled release system was described in 1964 by Folkman and 

Long who loaded drug inside silicon rubber and implanted these devices into 

dog ventricular myocardium (50). Drug was released in a controlled fashion 

over 4 to 5 days until a fibrous capsule developed around the implanted device 

forming a barrier to drug diffusion. Controlled release systems have since been 

designed for drugs with a range of physicochemical properties for 

administration by a variety of routes. Early systems include Ocusert®,  an 

ophthalmic insert to treat glucoma, and Progestesert®  an intrauterine insert for 

contraception (51). The transdermal route is another method by which 

controlled release can be achieved, this was first described in a patent titled 

‘Bandage for administering drugs’ (52). Many controlled release DDS for oral 

administration have been developed beginning with osmotically controlled and 

hydrogel based systems (51). Controlled release technologies may be used to 

release drug over shorter periods, such Betaloc® CR which releases metoprolol 

over 24 hours (53), or as long as 5 years in the case of the female 

contraceptive Norplant® which releases levonorgestrel (5).  
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Many patients with chronic health conditions, including those with elevated 

cardiovascular risk, mental health conditions, and chronic infectious diseases, 

are required to take medicines multiple times every day. However, such 

patients are known to be poorly adherent to medication regimes providing an 

obstacle to successful treatment (1-3, 54). Constant dosing with short acting 

formulations can lead to high peak concentrations with toxic drug levels and low 

trough concentrations where the drug may be ineffective (4). Controlled release 

devices are, in general, designed to release drug in a predetermined pattern 

over a certain length of time (55). By doing so they can maintain drug 

concentrations at desired levels to be effective, yet not so high as to cause 

toxicity (56). In addition, controlled release formulations have the potential to 

increase patient adherence through simplified dosing regimens (54, 56). As the 

field of controlled release advances, research has investigated delivering drug 

at a non-constant rate, either pre-programmed or in response to an 

environmental change (49, 57).  

 

2.2. Implantable Systems  

Implantable DDS are able to administer drugs to a specific location in the body, 

often less frequently than other administration routes and requiring smaller 

dosages (58). By maintaining more constant drug levels, peaks and troughs in 

concentration are minimised which can improve therapeutic efficacy while 

minimising side effects. For many drugs, poor adherence to prescribed regimes 

is a barrier to successful treatment. Implantable DDS can be used to ensure 

compliance. However, in addition to the general disadvantages of controlled 

release systems, implantable devices must consider the risk of ‘dose dumping’ 

and how release could be stopped post implantation, should this be required. 

Drugs that are favoured for use in implantable devices include those; with 

sufficient potency to reduce drug loading requirements, that require frequent 

administration by other routes, that require long term usage, and where non-

compliance is an issue if administered by other routes (58).  
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An early biocompatible, biodegradable depot injection for peptide drugs was 

based on polylactic acid (PLA) (59). A system such as this avoids the gastro-

intestinal tract where peptide drugs would be rapidly degraded and allows for 

the release of drug to occur over an extended length of time. Currently, several 

implantable sustained progestogen releasing systems are marketed for 

contraception. Progestogens may be released over a period of 6 months 

(Elcometrine®), through to 5 years (Norplant®, Jadelle®) (5). These delivery 

systems are designed to release drug at a constant rate, however release rates 

commonly reduce over time (5). Many other implantable systems exist including 

Vantas™, a hydrogel implant which releases constant levels of histrelin for the 

treatment of prostate cancer (6). This implant, consisting of a 50 mg histrelin 

drug core inside a nonbiodegradable hydrogel reservoir, is FDA approved for 

the subcutaneously release of histrelin at 50-60 µg day-1 over a 12 month 

period (7). Siegel et al. describe a surgically implanted haloperidol preparation 

demonstrating steady drug release for 5 months (8). The implant consists of the 

biodegradable polymers polyactide and polyglycolide. The rod shaped implants 

are designed for surgical implantation between skin and muscle layers. Multiple 

rods can be implanted to regulate the total amount of drug being released (8). 

Newer technologies include the Atrigel® system which consists of 

biodegradable polymers dissolved in a biocompatible liquid polymer carrier 

(60). Once the drug containing system comes into contact with aqueous body 

fluids it solidifies. Similarly, ReGel® is a biodegradable DDS utilising a thermally 

reversible gelling material which solidifies at body temperature (61). Non-

degradable implantable systems have also reached the market, such as the 

Duros® implant which relies on osmotic pump technology (62). An advantage of 

such a non-degradable subcutaneously implant is that it can be removed, if 

required, resulting in the immediate discontinuation of therapy.   

 

A challenge for controlled release technologies is the ability to modulate the 

delivery of drugs (57). If the antipsychotic drug risperidone is used as an 

example, depot injections are currently the only marketed implantable product. 

However, as release cannot be modulated, but rather occurs at predetermined 

rate, these injections often require supplementation with oral dosage forms 

early in treatment to achieve symptom control. Meanwhile, if potentially severe 



Chapter 2… Literature Review 
 

10 
 

adverse drug reactions occur, the patient must wait for the depot to exhaust 

itself of drug. An implantable DDS based on ICPs would be able to alter the 

release rate of drug after implantation. The change in release rate could be 

altered through an external signal, or a closed loop system could be designed 

utilising the biosensing properties of ICPs (4, 63).  

2.3. Conducting Polymers 

2.3.1. Introduction 

In 1977 Shirakawa et al. reported that by doping polyacetylene, the organic 

polymer could be altered to exhibit metal-like properties (64). From this initial 

discovery a group of exciting materials has been developed, collectively termed 

Intrinsically Conducting Polymers (ICPs). ICPs are organic polymers with 

electrical, magnetic and optical properties usually associated with metals, whilst 

retaining the advantageous mechanical properties and ease of processing 

usually associated with polymers (65).  

 

ICPs have found application in a wide variety of areas, being used in light 

emitting diodes (LEDs), integrated circuits, electromagnetic shielding, corrosion 

inhibitors, antistatic coatings, electroluminescent displays, field effect transistors 

and as various sensing devices (66). These materials have been used for 

biomedical purposes including biosensing, for nerve regeneration and as drug 

delivery systems (DDS) (4, 9, 67, 68). Electrical stimulation applied through 

ICPs has been shown to promote cell survival and growth and has been used 

to enhance bone regrowth, for wound healing and nerve regeneration in cell 

cultures and in animals (69, 70). 

 

Due to some interesting properties of ICPs, the application of an external 

stimulus to ICP based DDS can be used to modify the release rate of drug. This 

has the potential to be used in implantable systems and would allow the release 

rate of drug to be adjusted after administration of the DDS.  
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The controlled release of bioactive molecules from ICPs has been reported in 

the literature since the 1980’s (71). Much of this original research was on 

experimental proof of concept, while during the 1990’s more work was carried 

out with accurate measurements and improved control over drug release (14, 

19). Over the last decade researchers have reported a wider range of methods 

to achieve controlled release, with the ability to increase drug loading levels and 

broaden the range of drugs that can be used with ICPs. Clinical applications of 

ICP based DDS have recently been reported (13, 72-74). The next generation 

of controlled release technologies could utilise the biosensing properties of 

ICPs in combination with their drug delivering abilities. Using a closed loop 

arrangement an ‘intelligent’ drug delivery system could be developed from a 

single material where the release rate of drug is adjusted in response to a 

sensed change in local body environment (75). 

 

Polypyrrole (PPy) has been the ICP most widely explored for drug delivery 

purposes, although poly(3,4-ethylenedioxythiophene) (PEDOT) (73, 76) and N-

methyl pyrrole (15, 17, 77) have also been utilised. PPy will therefore be the 

main ICP focussed on, with only brief mention given to other polymers. A brief 

explanation of why ICPs conduct electricity is initially presented, followed by an 

overview of ICP synthesis. ICP properties relevant to their use as DDS will be 

discussed. Literature on ICP based DDS will then be reviewed, examining 

different methods of drug incorporation and release. Finally, the pharmaceutical 

application of these systems will be discussed.  

 

2.3.2. Conductivity  

ICPs are electrically conductive due to their uninterrupted and ordered π-

conjugated backbone. The degree of conductivity depends on the density and 

mobility of electrons which act as charge carriers (66, 78). When ICPs are 

oxidised (Figure 2.1), holes are created along the backbone through the 

removal of electrons. Neighbouring electrons are free to move into these holes, 

allowing the progression of charge along the polymer and explaining the 

resultant conductivity. Conductivity values can span several orders of 
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magnitude and are in the range of those commonly associated with semi-

conductors. 

 

 
Figure 2.1:  Reversible redox activity of PPy 

 

2.3.3. Synthesis of intrinsically conducting polymers 

Preparation of conducting polymers involves the oxidative polymerisation of 

monomer units. Oxidation can be achieved chemically in solution, using a 

chemical oxidant, or electrochemically at an electrode through the application of 

an oxidising potential (78). Electrochemical oxidation is often favoured to create 

DDS, as it affords finer control and increased flexibility over the polymerisation 

process. By tightly controlling the amount and rate of charge passed, the 

polymerisation process can be optimised to produce a polymer with desired 

morphological and electromechanical properties. Figure 2.2 is a schematic 

representation of the oxidation of monomer units to PPy. The oxidation potential 

of the monomer is higher than that of the polymer, so the newly formed polymer 

is in the oxidised form (40). The removal of electrons during oxidation leaves 

holes on the ICP backbone. The resulting positive charges must be 

counterbalanced through the incorporation of an anionic dopant (A-) in order for 

the polymer to form. For PPy, the ratio of anionic dopant to pyrrole subunits is 

between 0.25 and 0.33 (18, 40, 79, 80). 
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Figure 2.2: Polypyrrole synthesis 

2.3.3.1. Synthesis parameters affecting final product 

Electrochemical oxidation is often favoured over chemical oxidation in the 

preparation of ICP based drug delivery systems as it allows for tighter control 

over the quantity and properties of polymer produced. A two- or three-electrode 

cell is used to prepare ICPs with a working electrode (WE) and a counter or 

auxiliary electrode (CE), with or without a reference electrode (RE). Polymer is 

formed as a continuous film on the surface of the working electrode. Ideally the 

WE and CE selected will be inert in the solvent being used, corrosion resistant 

and stable over the potential ranges being worked within. To ensure 

reproducible results electrodes should be carefully cleaned and polished. 

Silver/silver chloride (Ag/AgCl) or saturated calomel electrodes (SCE) are 

frequently used as reference electrodes. A summary of published conditions to 

prepare ICP based DDS are described in Table 2.1. 

 

During initiation of the PPy polymerisation process, soluble pyrrole monomers 

are oxidised to radical cations which dimerise with radical-radical coupling at 

the α- position (81). This neutral dimer can be oxidised to a radical and in turn 

can react with a monomer, dimer or oligomeric radical to grow the chain. Initially 

soluble intermediates form, but as the chains grow in length they begin to 

precipitate. Polymerisation efficiency is less than 100 % as some soluble 

oligomers remain in solution, while other oligomers precipitate in the solution 

rather than onto the WE (40, 81). Stirring inhibits the electrochemical formation 

of PPy, due to the movement of oligomer units away from the electrode (39).  
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Table 2.1: Summary of synthesis and release conditions of drug delivery systems based on intrinsically conducting polymers  

Pyrrole 
concentration 
/ mol L-1 

Dopant / 
mol L-1 

Electrochemical 
synthesis 
conditions  

Electrodes Drug, charge  Release conditions Reference 

N/A Aqueous sodium 
perchlorate  

N/A Glassy carbon WE Glutamate, anion -1.0 V for 2 min (71) 

0.1 Dexamethasone / 0.1 +1.8 V 
 

Gold WE, Platinum CE 
(2 electrode cell) 

Dexamethasone, 
anion  

CV -0.8 to +1.4 V (100 
mV s-1) 

(13) 

0.25 ATP / 0.02  +0.5 to +1 V, or 
0.1 to 10 mA cm-

2 

Platinum WE, Platinum CE, 
Ag/AgCl RE 

ATP, anion -0.7 V for 10 min (82) 

0.25 AQSA / 0.025 0.2 mA cm-2 Glassy carbon WE, Platinum 
gauze CE, Ag/AgCl RE 

AQSA, anion  -0.8 V (83) 

0.2 Fluoroscein / 0.01 +0.9 V  Glassy Carbon WE covered in 
polystyrene beads, Platinum 
wire CE, Ag/AgCl RE 

Model drug 
fluorescein, anion 

-2.0 V  (84, 85) 

0.1 pTS / 0.1  +1.0 V (observed 
2 mA cm-2)  

Gold WE, Platinum sheet CE, 
SCE RE 

Salicylate, naproxen 
and tosylate, anions  

Potential steps between 
-0.5 V and -1.3 V 

(14) 

0.1 pTS / 0.05, 0.1, 0.2 +0.6 V Gold WE, Platinum Foil CE, 
SCE RE 

ATP, anion -0.6 V (86) 

0.2 pTS / 0.05 
 

2 mA cm-2  Gold Mylar WE, Stainless steel 
mesh CE, Ag/AgCl RE 

NT3+, cation CV -0.8 to +1.0 V 
(50mV s-1) 
±0.6 V (5Hz) 
±0.5 mA (5Hz) 
±20 mA (5Hz) 

(9) 

0.1 ATP / 0.02 +0.8 V Gold WE, Platinum mesh CE, 
Ag/AgCl RE 

ATP, anion CV 0.0 to -1.1 V (10 mV 
s-1) 
Potential steps 0.0 V for 
1 min   -1.1 V for 1 min 

(87) 

0.1 Sodium dodecyl 
benzene sulfonate / 

2 mA cm-2 Gold WE, Platinum mesh RE Nerve Growth 
Factor, neutral 

-3 V  (88) 
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0.02  
biotin / 0.0082 

0.5 ß-napthalenesulfonic 
acid / 0.4 

CV +0.5 to +1.2 
V (20 mV s-1) 

Stainless steel WE, Stainless 
steel CE, Ag/AgCl RE  

Fluorescein 
cadaverin, anion 

Mechanical pressure (89) 

[EDOT] 0.02 Phosphate buffered 
saline 

0.9 mA cm-2 Platinum wire CE, Ag/AgCl RE Dexamethasone, 
anion 

CV 0.0 V to +1.0 V (100 
mV s-1) 

(76) 

0.1 heptasulfofonated ß-
cyclodextrin / 0.01 

+0.4 V  Platinum WE, Ag/Ag+ RE N-
methylphenothiazine
, neutral/cation 

CV -1.2 V to +0.4 V (20 
mV s-1) 

(19) 

1st layer: 
Pyrrole / 0.1 
2nd layer: 
N-methyl 
pyrrole / 0.1 

1st layer: 2-
ethylhexylphosphate 
(EHP) / 0.02 
2nd layer: poly(styrene 
sulfonate) / 0.1 

1st layer: +0.85 V 
2nd layer:  
+0.9 V 

Glassy carbon WE, Platinum 
CE, SCE RE 

EHP, anion -0.8 V (77) 

N-methyl 
pyrrole / 0.05 

Poly(styrene sulfonate) / 
0.1 

4.4 mA cm-2 Glassy carbon WE, Graphite rod 
CE, SCE RE 

Dopamine, cation +0.5 V (17) 

N-methyl 
pyrrole / 0.05 

100 % sulfonated 
poly(styrene sulfonate) 
0.6 % w/w, or 
45-55 % sulfonated 
poly(styrene sulfonate) 
0.3 % w/w 

4.4 mA cm-2 Platinum WE, Graphite rod CE, 
SCE RE 

Dopamine, cation Potential step to 
between +0.4 and +0.6 
V 

(15) 

0.1 ATP / 0.02 +0.8 V Platinum WE, Platinum CE, 
Ag/AgCl RE 

ATP, anion CV -1.0 to 0.0 V (10 mV 
s-1) 
constant -0.5 V  

(90) 

0.05 Fe(CN)6
4- / 0.01 

NaCl / 0.1 
+ 0.7 V Glassy carbon WE, Graphite 

CE, SCE RE 
Fe(CN)6

4-, anion Thick films (2 C cm-1) -
0.4 V. Thin films (0.22 C 
cm-1) < -0.6 V.   

(39) 

0.02 Melanin / 0.064 g L-1  
NaCl / 0.1 
 

+0.6 V Gold deposited quartz crystals 
WE, SCE RE 

Chlorpromazine, 
cation 

CV -1.0 to +0.4 V (50 
mV s-1) 
Step change +0.4 V to -
1.0 V 

(18) 
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Although the efficiency is below 100 %, the amount of charge passed during 

polymerisation dictates the quantity of polymer produced. A 1 µm thick film of 

PPy has been reported to form when as low as 240 mC cm-2, or as high as 600 

mC cm-2 of charge density is applied to the working electrode (9, 13, 91). This 

large variation is influenced by differences in synthesis conditions as well as 

film thickness as efficiency appears to change with time. While the amount of 

charged passed is frequently used to estimate film thickness, it does not 

account for differences in polymer morphology. 

 

Electrochemical oxidation can be achieved using different electrochemical 

methods including constant current density (galvanostatic mode), constant 

potential (potentiostatic mode) and cyclic voltammetry (CV, or potentiodynamic 

mode). Constant current is often the preferred method of electrochemical 

polymerisation as this forms a homogenous polymer with good mechanical 

strength and adhesion to the underlying electrode (9, 92). When a three-

electrode synthesis setup is used and constant current applied, the resulting 

potential can be recorded. For a given set of reactants and reaction conditions 

there will be an anodic activation potential below which polymerisation will not 

occur. This is the minimum potential required to oxidise the monomer units to 

begin polymer formation. For example, from an aqueous solution containing 0.5 

M pyrrole and 0.1 M adenosine triphosphate (ATP), polymerisation will not 

occur at potentials under +0.60 V (vs SCE) (93). 

 

By controlling the magnitude of the electrical stimulus some influence is granted 

over the morphology of the newly formed polymer. Drug release can be greatly 

influenced by polymer morphology. PPy prepared at lower current densities (<1 

mA cm-2), or at lower anodic potentials (<0.8 V), will be more dense and 

compact with homogeneous surfaces. While PPy films grown at higher charge 

densities (>5 mA cm-2), or higher anodic potentials (>0.9 V), will form open, 

porous structures with less regular surfaces (13, 14, 82). However, if the anodic 

potential is too high, overoxidation can occur, reducing the conductivity and 

electroactivity of the polymer with a loss of mechanical properties and 

decreased adhesion to the substrate (9, 92).  
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Different dopant anions can be used to impart desirable morphology, properties 

and function to ICPs (39, 40). All ions present during synthesis must be 

considered as they can be incorporated into the ICP and influence the final 

product. Fonner et al. compared PPy films prepared with either chloride, pTS or 

poly(styrene sulfonate) (PSS) as the anionic dopant. For the same amount of 

charge passed during synthesis the Cl doped films were between 2 and 8 times 

thicker than pTS or PSS doped films. RMS roughness values were calculated 

based on profilometry profiles; PPy-Cl had the roughest surface, PPy-pTS in 

the middle, while PPy-PSS had the smoothest surfaces (94). 

 

pH affects the speed of polymerisation with PPy forming most rapidly in acidic 

conditions, slower at neutral pH, and not forming at all in basic conditions (90, 

93). During synthesis the pKa of all species must be considered as the pH 

selected will influence which ions are present. It may be necessary to select a 

pH which compromises between polymerisation rate and maintaining species in 

the desired ionic form. 

 

Temperature plays a role in the quality and morphology of ICPs produced. In an 

unstirred synthesis vessel temperature influences the rate of reactant and 

product transport - it has been shown that after the initial nucleation process, 

polymerisation is a transport-limited process (95). In general, polymerisation at 

lower temperatures forms linear polymer chains with minimised side branching 

(92). This anisotropy promotes polymer conductivity and in-plane mechanical 

strength. The selection of an appropriate temperature can also be used to 

manipulate unwanted side reactions (92). 
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2.3.4. Properties of intrinsically conducting polymers 

2.3.4.1. Biodegradability 

Most ICPs are not regarded as biodegradable. This is a drawback for an 

implanted material as an initial procedure would be required to administer the 

drug delivery device and a second procedure required for removal. However, 

Rivers et al. have shown biodegradability can be achieved through chemical 

modification of PPy. Pyrrole-thiophene oligomers (Py-Th-Py) were prepared 

using degradable esters linkages. These linkages can be cleaved by enzymes 

found in-vivo. After enzymatic digestion the oligo segments can be engulfed 

and disposed of by macrophages. This modified PPy remained conductive, 

although less so than the parent ICP (96).  

 

2.3.4.2. Biocompatability 

Any material to be used in-vivo must be non toxic. PPy is generally regarded as 

biocompatible (4, 86). The anionic dopant and any other excipients present 

must be considered in addition to the ICP itself. It has been shown that 

electrical signalling via the polymer can be used to modulate cellular reactions 

(69, 70), which in turn could limit the toxicity of an implanted device. Specific 

bioactive molecules can be entrapped in ICPs to influence compatibility (97). 

Published studies assessing biocompatibility are described in Table 2.2. 

Polymer properties including surface roughness, surface energy 

(hydrophobicity), conductivity, mechanical actuation and dopant retention will all 

influence biocompatibility (94, 98). While some preliminary work has been done 

to address these factors, further systematic studies of biocompatibility are 

required.  
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Table 2.2: Summary of biocompatibility studies of intrinsically conducting polymers 

ICP, form Dopant Measured outcome Reference 

PPy, powder FeCl3 
Solution extracted from PPy powder showed no evidence of acute or subacute toxicity, 
pyretogen, haemolysis, allergen or mutagenesis. Schwann cells placed in the extraction solution 
had better survival and proliferation rates compared with the sterile saline control. 

(99) 

PPy, film KCl 

Migration of rat Schwann cells and neurite extension from dorsal root ganglia was superior on 
PPy than on bare glass. Plain silicon and silicon coated with PPy was used to bridge a 10 mm 
sciatic nerve gap in rats. 24 months post-operation only slight inflammation was observed, nerve 
regeneration was more extensive across the silicon PPy bridge than the plain silicon. 

(99) 

PPy, particles  
PPy suspended in saline was injected into rat peritoneum. No cytotoxic or allergic response was 
observed. A minimal immune response was observed that resolved after 6 weeks. 

(100) 

PPy, film 

PSS or 
Dodecyl 
benzene 
sulfonate 

Dissociated cortical neurons grew successfully on all PPy films. PPy films were implanted into rat 
cerebral cortices, PPy films performed as well if not better than Teflon. 

(12) 

PPy, film pTS Rat neurite explants grew successfully on PPy films. (101) 

Pyrrole 
monomer 
solution (~1.4-
140 mM) 

pTS solution 
(0.05-50 mM) 

Pyrrole and pTS were added to culture medium for rat neurite explants, no difference in neurite 
outgrowth was seen between low and high concentrations. 

(101) 

Pyrrole-
thiophene 
oligomers 

 
Human neuroblastoma cells were seeded onto ICP films. Nerve cells were able to attach and 
proliferate. ICP films were subcutaneously implanted into rats. Inflammation around the implants 
at 29 days was mild and similar to that seen in the FDA approved PLGA films used as a control. 

(96) 
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2.3.4.3. Ion movement through intrinsically conducting polymers 

When the redox state of an ICP is altered electrons are gained or lost from the 

polymer backbone (Figure 2.1).  To maintain overall charge neutrality there is a 

resulting movement of mobile ions (90). Size plays a major role in predicting if 

an ion is mobile within an ICP film, and which ion will preferably move to 

balance charge. However, size cannot be looked at in isolation - stearic 

properties of the dopant, along with morphology of the polymer also play a role. 

In practice it can be difficult to predict if an ion will be mobile or not, 

unexpectedly ATP (503 g mol-1) (102), risperidone (410.5 g mol-1) (103), 

chlorpromazine (319.5 g mol-1) (18)  and neurotrophin growth factor-3 (NT-3+) 

(13.6 kDa) (9) were all able to be released from PPy films, while nicoside (122 g 

mol-1) could not (14).  

 

2.3.4.4. Volume change 

Volume changes in ICPs are due to the movement of solvated ions, in or out of 

the polymer, in response to a change in net charge when redox state is altered 

(104). These actuating properties of PPy have been investigated for use as 

artificial muscles (10), micropumps (105) and fluid handling devices (106). We 

have shown that electrochemically driven volume changes influence drug 

release from PPy-pTS films (103). Gelmi et al. have reported actuation to be 

time-limited by the diffusion process (107). Similarly, Higgins et al. reported thin 

PPy films actuated faster than thicker films due to the reduced distance ions 

had to diffuse from surrounding media into the film bulk (108).   

 

2.3.4.5. Stability 

PPy is relatively stable in the oxidised form, although less so in the reduced 

form (38-40). There are reports on the long term performance of PPy actuators 

(41), however these devices were used immediately following preparation. For 

drug delivery it is essential that drug containing formulations can be prepared in 

advance and stored until required by the patient. Conductivity measurements 

have been used as an indication of stability by different research groups.      
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PPy films prepared with p-toluene sulfonate (pTS) have been shown to be more 

stable than PPy prepared with ClO4
-, BF4

-, NO3
- (42) or with dodecyl sulfate 

(43). PPy-pTS prepared from solutions containing pTS at 0.05 M or higher 

concentrations have shown superior stability to polymers prepared from lower 

pTS concentrations (44). Temperature also appears to influence stability. PPy-

pTS films studied at ambient temperatures showed an increase in conductivity 

for c.a. two weeks followed by a slow loss of conductivity (42, 44). At 

temperatures between 80 °C and 120 °C a similar pattern was reported but the 

decline in conductivity began after a shorter time (45). Truong et al. found that 

for PPy-pTS stored at 150 °C in air, the conductivity began to fall immediately 

(43). However, when films were stored in an oxygen free environment at the 

same temperature there was no decrease in conductivity after 3 days. When 

oxygen was introduced to the system the conductivity started to fall 

immediately, indicating the detrimental effect of oxygen on polymer stability at 

this temperature. Polymer degradation appears to be due to reactions between 

the polymer and oxygen leading to an irreversible loss of conjugation and 

conductivity (42). The aging process and the loss of mechanical and electrical 

properties has been linked to an appearance of a band on FTIR at 1690 cm-1 

characteristic of α, β-unsaturated ketones due to irreversible oxidation at the β’-

position of PPy (109). 

 

2.3.5. Characterisation of intrinsically conducting polymers  

2.3.5.1. Cyclic Voltammetry 

CV is a useful technique for electrochemical characterisation. Potential is 

swept, at a determined scan rate, back and forth between two set points from 

which potential vs. current plots can be constructed. In the presence of 

electroactive species, ICP or other redox active species, oxidation and 

reduction peaks may be observed. The area under each peak corresponds to 

the amount of charge passed during each redox process. From the position of 

peak maxima, oxidation and reduction potentials can be estimated. In a 

classical reversible system the difference between the oxidation and reduction 

potential is very small, while a larger separation between peaks is associated 
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with less reversible systems (110). However, CVs of ICPs typically have a 

significant potential separation between broad oxidation and reduction peaks 

(92). The CV of an ICP can be used to determine if anion or cation processes 

dominate redox reactions (110).  

 

2.3.5.2. Infrared and Raman Spectroscopy 

Infrared (IR) and Raman spectroscopy are complementary techniques useful 

for examining the vibration, stretching and bending of intramolecular bonds. 

These techniques can be used in identification of ICPs and to provide 

information on redox state. Using IR spectroscopy PPy typically shows bands 

between 1400 cm-1 and 1650 cm-1 which are attributed to C=C and C-N bonds 

(13, 89, 111, 112). With Raman spectroscopy, a strong band around 1580 cm-1 

represents C=C backbone stretching. This C=C band has been reported to shift 

to higher wave numbers if the doping level of PPy is lower, or with shorter PPy 

chain lengths (113, 114). A double peak on the Raman spectra at 1050 cm-1 

and 1080 cm-1 can be attributed to C-H in-plane deformation, while another 

double peak at approximately 1320 cm-1 and 1380 cm-1 can be attributed to the 

ring stretching mode of PPy. Single bands at 927 cm-1 and 1240 cm-1 are 

attributed to C-H out of plane bending of the oxidised form of PPy, and C-H or 

N-H in-plane bending, respectively (114). IR and Raman spectroscopy can also 

be used to detect overoxidation of PPy, due to the formation of carbonyl 

groups. Peaks corresponding to carbonyl groups may be present on IR spectra 

around 1700 cm-1 (89, 115), or Raman spectra around 1620 cm-1 (92). In 

addition, both techniques can be used to identify dopants or other molecules 

included in the ICP (13, 86, 89, 111). 

 

2.3.5.3. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is a useful characterisation tool to 

investigate surface morphology. Typically for PPy, many small rounded 

projections coming off larger projections can be seen on the film surface, these 

are commonly described as ‘cauliflower’ like (9, 103). The surface morphology 

of PPy films can be altered by adjusting the polymerisation parameters (114), or 
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through the use of different dopant anions (116). A limitation of SEM is the 

requirement to analyse dry samples.  

 

2.3.5.4. Atomic Force Microscopy 

Atomic Force Microscopy (AFM) has been used to investigate the surface 

roughness of dry PPy films. Increasing the deposition charge density was found 

to result in an increase in roughness (13). AFM analysis of PPy films has been 

also carried out under liquid which allows for greater correlation with in-vivo 

performance as a drug delivery system. This technique has been used to 

investigate surface morphology and the out-of-plane actuation of films on redox 

stimulation (103, 104). 

 

2.3.6. Intrinsically conducting polymer based drug delivery 

systems 

ICPs can undergo controllable, reversible redox reactions. An alteration in 

redox state causes simultaneous changes in polymer charge, conductivity and 

volume. By exploiting these changes the rate of drug release from ICPs can be 

modified. The following sections will discuss the application of ICPs to drug 

delivery. 

 

2.3.6.1. Drug selection 

Not all drugs are suitable for use in ICP based DDS, depending on several 

factors. Firstly, the candidate drug should not be electroactive at the potentials 

the system will experience during either manufacture or working life. If the drug 

is electroactive in this range the biological activity of the drug may be 

compromised. The pKa of the drug must be considered as the charge of the 

drug molecule will influence loading and release from the polymer. Ideally the 

drug should be highly potent (require <1 mg release per day), as this lowers the 

loading requirements (117). Drugs with short half lives are desirable so as to 

minimise the risk of accumulation. If a drug requires frequent administration 

from conventional delivery modes, a controlled release implanted formulation 
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may improve the drug’s efficacy. This is achieved in two ways; firstly, implanted 

systems can improve non-adherence issues frequently observed with patients 

requiring chronic medication therapy (54). Secondly, controlled release from an 

implantable system is able to reduce the peak to trough ratio providing 

desirable and constant levels of drug in the body (56). Drugs with poor oral 

bioavailability may benefit from parenteral delivery, as less drug needs to be 

administered to achieve the same blood concentrations in a more predictable 

fashion. After implantation of the delivery system local tissues may be exposed 

to higher concentrations of drug, and so preferably the drug should be non toxic 

to the surrounding area.  

 

2.3.6.2. Drug incorporation during synthesis 

During polymerisation of PPy, anions are incorporated into the polymer to 

balance out positive charges caused by oxidation (Figure 2.2). Anionic drugs 

can be used to achieve this purpose. One of the earlier papers to demonstrate 

this principle involved using ferrocyanide as the anionic dopant during 

polymerisation (71). Ferrocyanide could subsequently be released on reduction 

of the ICP.  

 

Cationic drugs can also be incorporated into PPy during synthesis (9, 103). 

Thompson et al. reported the mechanism behind the incorporation of NT-3+ into 

PPy involved a combination of electrostatic and hydrophobic interactions 

between drug, anionic dopant (pTS) and polymer, along with physical 

entrapment (9).  

 

Some difficulties have been reported when bioactive molecules are 

incorporated during synthesis including interference with polymer growth (71) 

and decreased adherence of polymer to the underlying electrode (9). 

Adherence to the underlying electrode is a necessary requirement allowing for 

electrical stimulus to be applied to the polymer to facilitate drug release. To 

overcome this issue a two layered synthesis approach was reported whereby a 

layer of PPy, using pTS as the primary dopant, was initially formed on the 

electrode surface without any drug, followed by a second layer of PPy 
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containing pTS and the bioactive molecule (9). This approach maintained the 

excellent mechanical properties usually associated with PPy prepared with pTS 

and greatly improved adhesion of the polymer to the underlying substrate. 

 

2.3.6.3. Drug incorporation following synthesis 

Most researchers have focussed on incorporating drugs into ICP based DDS 

following polymer synthesis. This allows the flexibility to prepare ICPs with 

desirable properties without being limited to synthesis conditions that favour 

drug incorporation.  

 

ICPs can be prepared using anions that will be mobile or immobile in the 

polymer film following synthesis.  When smaller, more mobile anions are 

selected for the preparation of ICPs, these anions are able to leave the polymer 

on reduction as there is a loss of electrostatic attraction between ion and film 

(118). This process is illustrated in Equation 2.1. 

 

/              

         Equation 2.1 

 

However, if bulkier (or multicharged) anions are used as dopants, these are 

immobilised within the ICP (118). On redox switching, as the anion is unable to 

exchange out of the ICP, more mobile cations can move into the polymer to 

balance charge according to Equation 2.2. 

 

/               / /  

         Equation 2.2 

 

The processes shown in Equations 2.1 and 2.2 are supported by experiments 

carried out by Hepel and Mahadvi (18). PPy films were prepared using either 

chloride ions, as small highly mobile dopants, or melanin, as a bulky 

immobilised dopant. The films were cycled between oxidised and reduced 

states in a NaCl solution. Electrochemical Quartz-Crystal Microbalance (EQCM) 
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studies showed the charge balancing in the PPy/melanin films was achieved by 

the movement of cations (Na+), while anionic movement (Cl-) was responsible 

for balancing charges in the PPy/Cl films. 

 

Anionic drugs 

An early study by Zinger and Miller initially aimed to polymerise PPy using 

sodium glutamate as the primary dopant (71). However, PPy would not form 

and the anionic dopant was changed to sodium perchlorate. Following polymer 

synthesis, glutamate anions were loaded into PPy by stepping the film between 

0.0 V and -1.0 V (vs. SCE) in a 0.1 M sodium glutamate solution. At -1.0 V the 

PPy was reduced encouraging ClO4
- to leave. When the film was re-oxidised at 

0.0 V glutamate anions were incorporated into the film. Similarly, by cycling PPy 

prepared with pTS between -0.8 V and +0.5 V at 10 mV s-1 in a 0.1 M solution 

of Na+ and a selected anion, Konturri et al. could exchange pTS for either 

salicylate, naproxen or  nicoside anions (14).  

 

Cationic drugs 

The post-synthesis incorporation of several cationic drugs into conducting 

polymers has been reported, including dopamine (15-17) and chlorpromazine 

(18). These systems were designed to bind and release cations though 

electrostatic forces. PPy films were prepared with large immobilised anions, 

such as melanin or poly(styrene sulfonate). Cations were incorporated into PPy 

films when the polymer was reduced according to Equation 2.2. On reduction 

the cationic charge of the polymer backbone is removed and with the negative 

charge of the entrapped anions now dominating, cationic species are attracted 

into the polymer (15-18). All species present must be taken into account as 

different ions will compete for incorporation into the polymer. 

 

Neutral drugs 

Novel approaches have been reported to incorporate neutral drugs into ICPs. 

Anionic β-cyclodextrins (CDX) were used as dopants to prepare PPy allowing 

for the subsequent incorporation of neutral drugs (19). The uncharged 

antipsychotic drug, N-methylphenothiazine (NMP), was loaded into CDX doped 

PPy by placing the film in contact with a 0.1 M NMP solution. The investigators 
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report loading of NMP into PPy was achieved through encapsulation as the 

drug preferentially moves into the hydrophobic interior of CDX. As NMP itself 

has 2 redox waves CV was used to confirm the presence of NMP in the PPy 

film.  

 

Another ICP, PEDOT, was used to form a controlled release device for the anti-

inflammatory drug dexamethasone (73, 76). Nanofibers of poly(L-lactide) or 

poly(lactide-co-glycolide) loaded with dexamethasone were coated with PEDOT 

and then covered with an alginate hydrogel. This system was assembled on 

neural electrodes, with the intended application of reducing inflammation 

following implantation. PEDOT effectively decreased electrode impedance and 

increased the charge capacity density, while simultaneously providing a 

mechanism to provide for controllable release of drug.  

 

George et al. presented a novel approach to increase the range of drugs that 

could be bound to PPy. Anionic biotin was incorporated into PPy during 

synthesis. The polymer was incubated with streptavidin which formed strong 

bonds to the biotin in the film. As streptavidin has multiple binding sites the 

polymer could now bind any biotin labelled compound. In the presented study 

biotinylated nerve growth factor (NGF) was bound to the PPy film. (88). 

 

2.3.6.4. Intrinsically conducting polymer film preparation using templates 

Templates can be used to prepare ICPs with different shapes and 

morphologies. Luo and Cui prepared PPy film over polystyrene beads 

deposited on an electrode (84). The bead template could be dissolved away 

leaving a highly porous polymer with increased surface area. Compared to 

conventionally prepared films the increased surface area allowed for greater 

quantities of fluorescein, an anionic drug model, to be released. This concept 

was developed further by loading the hollow nanopores with the drug 

dexamethasone, and sealing with a thin layer of PPy (85). This further 

increased the level of drug loading and allowed for two separate drugs to be 

loaded and released from the same PPy film by different mechanisms. 
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2.3.6.5. Drug release 

Electrostatic release of anionic drugs 

The first reported controlled release system based on ICPs was reported by 

Zinger and Miller in 1984 when glutamate anions were released on reduction of 

PPy (71). More than 14 times the amount of glutamate was released when PPy 

was exposed to a reducing -1.0 V than if no electrical stimulation was applied. 

This process is illustrated in Figure 2.3(A). 

 

Konturri et al. showed that salicylate, naproxen and pTS anions could all be 

released from PPy films through the application of a reducing potential (14). 

Interestingly, despite having a smaller molecular weight than naproxen, 

nicoside anions were not released from PPy on reduction. In an attempt to 

overcome this issue PPy was prepared with the larger 2-naphthalene sulfonate 

in place of pTS as the anionic dopant, as it is almost twice the size of nicoside. 

Even after this modification nicoside would not release from PPy, 

demonstrating that size is not the only governing force behind drug 

incorporation and release.  

 

Release of the divalent anion anthraquinone-2,6-disulfonic acid (AQSA) from 

PPy films was measured with the polymer in different redox states (83).  While 

some release was observed at 0 V, as the applied potential became more 

negative there was an increase in AQSA release. Obvious redox processes 

were not observed using CV until -0.5 V. The rate of AQSA release was seen to 

greatly increase at potentials more negative than -0.6 V, corresponding to the 

majority of the polymer being in the reduced state.  
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Figure 2.3: (A) PPy prepared with mobile anions will release anions on reduction accompanied 
by polymer contraction (anion driven actuation), (B) PPy prepared with immobilised anions will 
incorporate cations on reduction accompanied by swelling (cation driven actuation), cations can 
later be released on oxidation.  
  

B 
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Massoumi and Entezami constructed ICP bilayers to control the release of 

anions (119, 120). The inner layer consisted of PPy doped with either 

sulfosalicylic acid or dexamethasone sodium phosphate. This was covered with 

a second layer of either poly(N-methylpyrrole)/poly(styrene sulfonate) or self 

doped poly(aniline sulfonate). The bilayer system was able to release drug on 

reduction and reincorporate drug on oxidation. This bilayer system was used in 

preference over a single polymer layer as, firstly, the amount of drug 

spontaneously releasing was reduced and secondly, the rate of release on 

reduction was decreased. The inner and outer layers had different oxidation 

and reduction potentials so each layer could be independently moved between 

oxidised and reduced states allowing for finer control over the rate of drug 

release. 

 

Pernaut and Reynolds used a chemical reducing agent to release ATP anions 

(82). However, lower levels of ATP could be released compared to 

electrochemical reduction via CV. This may have been due in part to the 

impermeable nature of the chemical reductant into the ICP, allowing for only 

surface reduction of the PPy film, but not of the bulk material. Moreover, when a 

chemical reductant is used one loses both the fine control of the redox state of 

an ICP and the ability to cycle between redox states.  

 

Electrostatic release of cationic drugs 

Electrostatic control over cation release was first reported by Miller et al. when 

large immobilised anions were used to prepare PPy and PPy derivatives (15-

17). Poly(N-methylpyrrole) films were prepared using poly(styrene sulfonate) as 

the primary immobilised dopant. Cationic dopamine was incorporated into the 

ICP on reduction according to Equation 2.2. Following this, when the ICP was 

oxidised the resulting net positive charge in the polymer repelled dopamine out 

of the film, Figure 2.3(B). If required, the same film could then be reloaded with 

dopamine for later release. ICP films prepared with various immobilised anions 

showed differing abilities to act as cation binders. Using the same principle 

Hepel and Mahdavi showed the cationic drug chlorpromazine could be 

incorporated into PPy/melanin films by reduction, and released through 
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oxidation (18). Increasing the magnitude of the oxidising potential resulted in 

faster rates of release. 

 

Electrostatic release of neutral drugs 

Some elegant designs have been reported allowing for the controlled release of 

neutral drugs. PPy has been prepared using biotin as the anionic dopant which 

could then bind streptavidin and then biotinylated NGF (88). On reduction of the 

PPy film the biotin-streptavidin-biotinylated drug complex was released from the 

polymer. Biotinylated NGF was shown to retain its biological activity. 

  

Bidan et al. prepared PPy doped with CDX (19). NMP was subsequently loaded 

into the polymer films through hydrophilic-hydrophobic interactions, and could 

be released on oxidation of the PPy backbone. There are two possible 

mechanisms driving the release. Firstly, when oxidised, both PPy and NMP 

become positively charged and NMP+ would experience electrostatic repulsion 

forces. Secondly, NMP+ is more polar than the neutral species favouring 

movement from the hydrophobic CDX core into the surrounding aqueous 

solution. 

 

Actuation to achieve drug release 

ICPs are known to be excellent actuators as they are light weight materials 

which can handle large strain (4). Actuation can be anion-driven (Figure 2.3(A)), 

cation driven (Figure 2.3(B)) or mixed ion actuation. Abidan et al. used the 

actuating behaviour of the ICP PEDOT to control the release of dexamethasone 

from a PEDOT coated, drug containing, poly(lactic-co-glycolic acid) core (76). 

Without any electrical stimulation less than 25 % of dexamethasone was 

released after 54 days. When electrical stimulation was applied to cycle PEDOT 

between redox states, up to 75 % of incorporated dexamethasone could be 

released in a controllable fashion. This increase in release may have resulted 

from PEDOT actuation opening up cracks and holes in the ICP coating allowing 

dexamethasone to be ejected from the core.  
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Actuation has also been used to control the release of drugs by altering 

membrane permeability based on size exclusion (121). Stassen et al. coated 

commercially available membranes with the ICP, poly(3-hexylthiophene). The 

ability of dopamine to move through these membranes could be altered by 

changing the redox state of the ICP. When oxidised the ICP was swollen 

blocking the membrane pores. When reduced the ICP contracted, and the 

membrane was 40 % more permeable to dopamine.  

 

Release over an extended period 

Thompson et al. measured the release of NT-3+ over a 7 day period from PPy 

films when stimulated with either a pulsed current (±0.5 mA cm-2, 5 Hz), or 

without electrical stimulation (9). When the films were stimulated they released 

around 65 % more NT-3+ over 7 days than when not stimulated. The majority of 

release occurred in the first 24 hours. When electrical stimulation was applied 

to a previously unstimulated film, a burst of drug release could be elicited. 

Abidian et al. were able to control the release of dexamethasone from PEDOT 

coated nanofibres for up to 54 days (76).  

 

Novel methods to increase drug release from ICP films 

To increase the total amount of ATP that could be released from PPy-pTS films 

Xiao et al. adjusted the synthesis parameters to form ‘nanotenacles’ on the 

surface of the film (86). This resulted in increased surface area and greater 

conductivity. Following the loading of ATP into PPy, films with nanotentacles 

were reported to release greater amounts of ATP than films with smaller 

surface areas.  

 

Bajpai et al. increased drug release quantities by increasing drug loading (89). 

This was achieved by electrochemically preparing PPy microcontainers over 

templates of hydrogen bubbles stabilised with surfactants. Bubbles were initially 

formed at the WE through the application of a negative potential. Following this 

PPy was formed over the bubble templates at positive potentials. For the same 

amount of polymer, PPy formed over bubbles demonstrated larger surface area 

than films formed without a template, with a corresponding increase in redox 

response to CV. These microcontainers could be sealed with a solution 
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containing a fluorescein-labelled compound. Fluorescein could be squeezed out 

of the containers when mechanical pressure was applied. 

 

Luo and Cui prepared PPy over a polystyrene bead template to increase 

surface area and create a more open structure (84). Fluorescein was used as a 

model anionic drug. Around 10 times as much fluorescein was released on 

reduction from these ‘nanoporous’ films compared to conventionally prepared 

films. This concept was further developed by loading the nanopores with the 

drug dexamethasone, and sealing with a thin layer of PPy (85). This allowed for 

two separate drugs to be loaded and released from the same PPy film by 

different mechanisms. 

 

Spontaneous release 

ICP films loaded with bioactive molecules have shown a tendency to release 

drug spontaneously, without any requirement of electrical stimulation (14, 83, 

102, 122). If ICPs are to be used as drug delivery systems this aspect must be 

highly predictable and repeatable. Zinger and Miller initially reported open 

circuit release of glutamate from PPy films; however levels of release were 

significantly lower than levels achieved with electrical stimulation, 1.9 X 10-9 mol 

cm-2 compared to 2.7 X 10-8 mol cm-2 (71). Spontaneous release appears to 

depend on ICP density, porosity and surface area, in combination with the size 

and charge of the molecule of interest. Dexamethasone, a large bioactive 

molecule used as the primary anionic dopant during PPy polymerisation did not 

show spontaneous release (13). It has also been suggested that spontaneous 

release is due to the release of surface bound molecules, or molecules bound 

in close proximity to the surface (102).  
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2.3.6.6. Parameters affecting drug release 

Polymer thickness and density 

The thickness of an ICP film formed during synthesis depends on the total 

quantity polymerised and the density of the polymer. The amount of anodic 

charge passed during polymerisation will determine the quantity of polymer 

formed. The rate of charge passing during electrochemical polymerisation 

affects the speed of polymer deposition and subsequently the density and 

morphology of the film. For the same amount of charge passed, higher 

polymerisation rates form thicker films with lower densities. While at lower 

polymerisation rates films tend to be thinner and more compact (82).  

 

Several groups have shown that as polymer thickness increases there is a 

corresponding increase in the total amount of drug that can be released (9, 14, 

15, 87). Most of these studies compared films prepared utilising the same 

synthesis parameters. If drug loading levels are assumed to remain fairly 

constant per polymer weight, an increase in polymer thickness would correlate 

with more drug, and so more drug available for release. However, the level of 

drug release does not increase linearly with increasing film thickness, thinner 

films release a greater percentage of the incorporated drug than thicker films 

(15, 71, 87). This may be due to thicker films being less electroactive (87), and 

changes in diffusion co-efficient with changing film thickness (15).  

 

Media for drug release 

Many studies have looked at drug release from ICPs into various solvents. 

These studies enable drug incorporation and release mechanisms to be 

elucidated. It has been shown that media characteristics, including pH, ionic 

strength, polarity and hydrophobicity, affect ICP properties and the release of 

drugs (83). For example, ion transport at neutral pH involves both anion and 

cation movement, while below pH 3-4 anionic movement dominates (123, 124). 

However, to correlate in-vitro and in-vivo release the media used for testing 

drug release should mimic the targeted local environment where the system will 

be used. For implants designed to be in contact with extracellular fluid, 

performance of the material at pH 7.4 is relevant. But if ICPs are designed for 
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use in different conditions, for example an animal’s rumen, the effect of pH 

would need to be considered.  

 

Electrochemical parameters 

Various forms of electrical stimulation can be applied to ICPs in an attempt to 

control the release of drugs. Step potential involves changing the potential 

instantaneously between set potentials. CV involves sweeping the potential 

between two limits at a set rate. The potential limits may be set to utilise 

different redox states of the polymer. As the ICP redox state is changed a 

charged bioactive molecule will alternately experience attraction forces and an 

absence of attraction forces. Actuation can occur as the ICP moves between 

redox states which may also influence drug movement.  

 

Several groups have compared step potentials against CV to release drugs. CV 

appears to be the more efficient method to release ions of choice (13, 14, 82, 

87, 90). While Thompson et al. found CV released NT-3+ at faster rates than 

using either rapidly alternating potential steps or current pulses, the PPy film 

was seen to delaminate from the electrode. Contact with the underlying 

substrate was maintained for longer when stimulation in the form of pulsed 

current or pulsed potential was used (9). Wadhwa et al. also reported CV to be 

the more efficient method to stimulate drug release, however after 30 CV cycles 

cracks started appearing in the ICP (13). This cracking was likely due to 

polymer actuation.  Both delamination from the underlying electrode and 

polymer cracking are limitations for devices designed to release drugs over an 

extended length of time. Moreover, a drug release device that relies on CV is a 

far more complex electronic device than one relying on alternating pulses of 

potential or current. For these reasons relying on CV for release is not 

recommended. It should be noted that oxidation and reduction processes do 

not occur instantaneously, nor does the movement of ions involved with these 

processes. The potential limits selected and the time spent at these limits and 

their corresponding redox states may be more important than the form the 

electrical stimulation takes.  
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2.3.7. Pharmaceutical applications and inherent limitations 

There are no currently marketed DDS where the rate of drug release is 

controllable through external stimulation. ICPs have the ability to change redox 

state on command. Precise control over the redox state of the polymer can be 

achieved with electronic signalling. Through careful design, a drug releasing 

system based on ICPs can be prepared, where the rate of drug release can be 

modulated from an external source. Such DDS would find use in chronic 

disease where the dosing requirements are not constant, such as with delivery 

of nitrates, or thyroid hormones. They could be used to regulate fertility cycles 

in livestock. The biosensing capabilities of ICPs are increasingly being realised 

and developed (4). By immobilising enzymes on ICP films, amperometric 

biosensing devices have been developed which signal a response based on the 

concentration of glucose (125-127), cholesterol (128), lactate (129) or urea 

(130). In the future one material could be used as both biosensor and drug 

delivery device. Based on a sensed change in local environment, the release 

rate of drug could be modulated, creating a closed loop, self regulating system 

(75). With the additional property of being electrically conductive these systems 

could find application to enhance nerve growth and limit inflammation around 

prosthetics (12, 72). 

 

Some challenges are still to be overcome with these materials. Only microgram 

levels of drug can be incorporated and released. If the device is intended for 

local delivery of drug, these levels may be sufficient (72). However, if ICPs are 

to find wider use for the systemic delivery of medicines, then greater amounts 

of drug loading is required. These devices are usually non-biodegradable, and 

require attachment to an electrode and some electronic circuitry. This could be 

in the form of a single fully implanted device, signalling can occur wirelessly 

from outside the body (131). An initial procedure would be required to implant 

the device followed by a second procedure for removal.  

 

 

 

 



Chapter 2… Literature Review 
 

37 
 

2.4. Risperidone 
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Figure 2.4: Risperidone structure  

 

2.4.1. Mechanism of action and indication 

Risperidone (Figure 2.4), a benzisoxazole derivative, is chemically known as 3-

[2-[4-(6-fluoro-1,2-benzisoxazole-3-yl]ethyl]-2-methyl-6,7,8,9-tetrahydro-4H-

pyrido[1,2-a]pyrimidin-4-one (132). The antipsychotic effect of risperidone is 

achieved through antagonistic actions primarily at 5HT2A and D2 receptors in 

the brain (133, 134). The action of risperidone is attributed to both risperidone 

and its active metabolite 9-hydroxyrisperidone, also known as paliperidone (25). 

9-hydroxyrisperidone is sold under the trade name INVEGA® (Janseen-Cilag). 

Risperidone is an atypical antipsychotic agent used to treat schizophrenia 

(135). In New Zealand risperidone is also licensed for use in bipolar disorder for 

the treatment of mania (25). 

2.4.2.  Dose, administration and pharmacokinetics 

2.4.2.1. Oral 

Oral forms of risperidone are available in New Zealand as film-coated tablets 

(0.5, 1, 2, 3, 4 mg), as orally disintegrating tablets (0.5, 1 and 2 mg) and as an 

oral solution (1 mg ml-1) (25). For schizophrenia the dosage range for oral 

administration is 2 – 16 mg day-1, with the majority of responders requiring 6 mg 

day-1 or less (133). Following oral administration risperidone is completely 

absorbed, with peak concentrations achieved after 1 to 2 hours. The elimination 

half life is 3 hours, while the elimination of the active metabolite 9-

hydroxyrisperidone is 24 hours (25). The plasma protein binding of risperidone 
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is 88 % leading to a relatively low volume of distributions of 1-2 L kg-1. The 

orally disintegrating tablets are bioequivalent to the film-coated conventional 

tables. Oral risperidone is usually given once or twice daily (25).  

2.4.2.2. Intramuscular injection 

In addition to oral forms, risperidone is available in New Zealand as a 

suspension for injection (25 mg, 37.5 mg and 50 mg when suspended in 2 mL 

of diluent) (25). The extended release microspheres of risperidone are 

encapsulated in polyglactin. Injections are administered fortnightly. After a 

single intramuscular injection there is a small initial release of drug (<1 % of 

total dose), followed by a 3 week lag. Following this, sustained release is 

achieved 4 to 6 weeks following injection and subsides by week 7 (25). This 

requires oral risperidone to be administered during the first 3 weeks of 

treatment. Elimination of risperidone is complete 7 to 8 weeks after the final 

injection (25). Other pharmacokinetic parameters are similar to those following 

oral administration.  

 

2.4.3. Adverse effects 

Side effects of atypical antipsychotics include weight gain, dizziness and 

postural hypotension (22). Although less frequent than older antipsychotics, 

risperidone can occasionally cause EPS and tardive dyskinesia (22, 136). EPS 

include 1) akathisia, or motor restlessness, 2) dystonia, often displayed as 

sustained muscle contraction in the face and neck and 3) Parkinson-like side 

effects (tremor, rigidity and poverty of facial expression). While anticholinergic 

drugs can control some of these serious side effects, a dose reduction or 

removal of drug is usually required (136).  
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2.4.4. Physicochemical properties 

Risperidone, C23H27FN4O2, has a molecular weight of 410.48 g mol-1 (137), is 

practically insoluble in water (0.0086 g L-1) (49, 138), with a LogP of 2.89 ± 0.41 

(138). The first pKa of risperidone is reported as 8.1-8.3 (20, 21). Risperidone is 

a basic compound and will accept protons at six positions; as the pH of 

aqueous media is decreased the molecule is ionised increasing solubility (132, 

138).  

2.4.5.  Analytical methods 

Several HPLC methods are reported in the literature for the quantification of 

risperidone in various media (Table 2.3). Forced degradation testing provides 

information about degradation products that may form during storage, and plays 

an important role in pharmaceutical product development (36, 37). Regulatory 

guidance suggests potential degradation products should be formed through 

elevated temperature, by using acidic, basic and oxidative conditions, and 

though photolysis (139). Of the published HPLC methods for risperidone 

quantification only two deal with the determination of risperidone in the 

presence of degradation products or impurities (28, 35). El-Sherif et al. used 

HPLC and TLC to quantify risperidone in the presence of impurities (28). Tomar 

et al. used acid, base and oxidative conditions to form degradation products. 

Acid and base treatment led to the formation of 9-hydroxyrisperidone, while 

oxidative degradation lead to the formation of the N-oxide of risperidone (35). 

Tomar et al. presented a stability indicating HPLC method with a gradient flow 

and a 25 minute run time with an additional 4 minutes required for system 

equilibration between runs. Such a lengthy run time with a gradient flow is a 

limitation for the routine analysis of risperidone where time and costs must be 

considered.  
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Table 2.3: HPLC methods for risperidone quantification  

Column type 
Column 
length  
/ mm 

Column 
i.d.  
/ mm 

Column 
particle size 
/ µm 

Mobile phase Retention 
time / min 

Detection 
Method 

Reference 
Buffer pH 

Hypersil-
BDS C18 

100 4.6 3 
Gradient flow, initially A:B (7:3 v/v) changing to A:B (3:7 v/v) over 
15 min and maintained for a further 5 min. Mobile phase 
consisted of A) ammonium acetate (70 mM) and B) methanol.  

 12 
UV detection, 
260 nm 

(35) 

ResElut C8  150 4.6 5 
Acetonitrile:phosphate buffer (pH 3.0; 34 mM) and triethylamine 
(11.5 mM): (27:73 v/v) 

3.5 3.8 
UV detection, 
240nm 

(32) 

Develosil 
C4-5 

150 4.6 5 
Acetonitrile:K2HPO4 (0.5 % w/v): (25:75 v/v), final pH adjusted 
with 50 % phosphoric acid. 

6.5 13.5 
UV detection, 
280 nm 

(31) 

Ultrasphere 
ODS  

250 4.6 5 
Acetonitrile:potassium dihydrogen phosphate buffer (0.05 M) : 
(52.5:47.5 v/v), final pH adjusted with NaOH (8 N) 

6.5 6.8 
Electro-
choulombic  
detection 

(27) 

Ultrasphere 
cyano  

250 4.6 5 
Acetonitrile:potassium dihydrogen phosphate (0.05 M) (60:40 
v/v), final pH adjusted with 28 % ammonia 

6.5 7.8 
Electro-
choulombic  
detection 

(30) 

Lichrosorb 
C18 

250 4 10 
Methanol:potassium dihydrogen phosphate buffer (0.05 M) 
(63:35 v/v) 

7 
17 
 

UV detection, 
280 nm 

(28) 

Novapack 
C18  

150 3.9 5 
Acetonitrile:phosphate buffer (0.1 M) (68:32 v/v) 
 

3.8 2.46 
UV detection, 
280 nm 

(34) 

Nucleosil 
100-5-
Protect 1  

250 4.6 5 
Acetonitrile:potassium dihydrogen phosphate (0.025 M): (40:60 
v/v) 

7 11.1 
UV detection, 
230 nm 

(29) 

Hypersil-
BDS C18 

100 4.6 3 
Acetonitrile:potassium dihydrogen phosphate (0.05 M) : (30:70  
v/v), with triethylamine (0.3 % v/v) final pH adjusted with 25 % 
H3PO4 

3.7 2.4 
UV detection, 
278 nm 

(26) 

Ultrasphere 
cyano 

250 4.6 5 
Acetonitrile:potassium dihydrogen phosphate (0.05 M) (56:44 
v/v), adjust the final pH with 28 % ammonia  

6.5 15.8 
Electro-
choulombic  
detection 

(33) 
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2.4.6.  Potential for use in an implantable controlled release 

formulation 

Risperidone is an atypical antipsychotic used in the treatment of psychosis and 

related disorders, including schizophrenia (22). Practice guidelines from the 

American Psychiatric Association advise that antipsychotic agents improve 

symptoms and reduce relapse rates in patients with schizophrenia (140). Due 

to low rates of adherence, psychotic patients would greatly benefit from non-

oral forms of medicine. Currently the only marketed non-oral atypical 

antipsychotic medicine available is Risperidal Consta®, an intramuscular depot 

injection providing risperidone release over an extended period of time. This 

long acting injection was found to improve patient outcomes compared to oral 

forms of atypical antipsychotics (24). However, like most controlled release 

systems, drug is released at a fixed rate. This leads to two main issues; firstly, 

when treatment is initiated, injections require supplementation with oral 

risperidone to achieve symptom control. This is undesirable as adherence is 

often poor yet patients are required to juggle a changing oral dose while the 

long-acting form takes effect. Secondly, treatment with antipsychotic medication 

can result in potentially severe side effects such as EPS, which may occur at 

any time during treatment (24). Risperidal Consta® cannot be removed after 

administration, nor the rate of drug release altered, therefore the patient must 

wait for the depot to exhaust itself of drug, which can takes 7 to 8 weeks (25). If 

the rate of drug release could be modified both these issues would resolve, 

improving the safety profile and enhancing efficacy of treatment. 

 

Eventually the ICP based DDS being developed will find use as an implanted 

device. Risperidone is an appropriate drug for this method of delivery as it; has 

sufficient potency to reduce drug loading requirements, requires frequent 

administration orally, is frequently used long term, and non-compliance is an 

issue when administered orally. Drug parameters specific for use in ICP based 

DDS must also be considered, including size and charge. Risperidone is a 

relatively large drug molecule (410.49 g mol-1) compared to others that have 

been released from ICP based DDS (14). However, the controlled release of 
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some larger molecules have been reported, including neurotrophin-3 with a 

molecular weight of 13.6 kDa (9). Therefore, risperidone is an excellent 

candidate drug to be delivered by an ICP based system.  

 

 

 

 



 

 
 

 

3. METHODS 
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3.1. Materials 

Pyrrole (Aldrich, Australia) was vacuum distilled and stored under nitrogen until 

use. pTS, dodecylbenzene sulfonate (DBS), poly(methyl vinyl ether-alt-maleic 

acid) (PMV) and PSS were all purchased from Aldrich (Australia) and used as 

received. Cellulose sulfate (CS) was purchased from Polydex Pharmaceuticals 

(Canada) and used as received. All the reagents and solvents were of 

analytical reagent or HPLC grade. All other chemicals used in the study were at 

least reagent grade. Water used in the preparation of polymers and buffers was 

obtained by reverse osmosis (MilliQ unit, Millipore, USA) of demineralised 

water. Risperidone (Douglas Pharmaceuticals, New Zealand) was used as 

received. 

 

3.2. Drug Selection  

The selection process aimed to identify drugs which, if formulated in a 

controlled release system, had the potential to offer improved clinical outcomes 

to patients. As the DDS being researched will ultimately find use as an 

implanted device, suitable drugs are those which have sufficient potency to 

reduce drug loading requirements, require frequent administration by other 

routes, require long term usage, and those where non-adherence is an issue 

following administration by other routes (58). Several implantable hormone 

containing DDS are currently marketed (5, 6). Drug parameters specific for use 

in ICP based DDS must also be considered, including size and charge. 

 

Drugs from different therapeutic classes were considered. Pharmacokinetic 

parameters were collected including typical daily dose and bioavailability by 

different routes of administration. From these loading requirements for an 

extended release formulation were calculated. Half life, metabolism and 

clearance were considered to evaluate potential issues with accumulation. 

Physicochemical properties including pKa, molecular weight, LogP and solubility 
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were gathered to determine the appropriateness of use with a ICP based DDS 

(137). Out of many candidates progesterone, thyroxine and risperidone were 

short listed. These drugs would all offer benefits to patients as controlled 

release formulations where the release rate could be modified. At physiological 

pH progesterone, thyroxine and risperidone would be neutral, anionic and 

cationic, respectively and therefore pose different challenges for incorporation 

and release from ICP based systems.  

 

Ultimately risperidone was selected as the model drug to develop the controlled 

DDS based on PPy. There is a clear clinical need for this type of formulation 

and the investigator has a distinct interest in mental health. This drug is an 

antipsychotic medicine used in the treatment of psychosis and related disorders 

(22). Non-adherence to prescribed medication regimes is a recognised issue in 

mental health patients (23, 54). One method to overcome this issue is the use 

of controlled release formulations (56). The only controlled release atypical 

antipsychotic medicine available is Risperidal Consta®, an intramuscular depot 

injection providing risperidone release over an extended period of time. Like 

most conventional controlled release technologies drug is released at a pre-

programmed rate. This is undesirable for two reasons, firstly, during treatment 

initiation oral supplementation is often required. Secondly, antipsychotics can 

cause potentially severe side effects at any time during treatment. If these side 

effects occur the patient must wait up to two months before the system has 

exhausted itself of drug. Both these issues would resolve if the rate of drug 

release could be modulated.  

 

Risperidone is a relatively large drug molecule (410.49 g mol-1) compared to 

others that have been released from ICP based DDS (14). However, the 

controlled release of some larger molecules have been reported, including 

neurotrophin-3 with a molecular weight of 13.6 kDa (9). Risperidone is a weak 

base, with a pKa1 of 8.1-8.3 (20, 21). During polymerisation and release 

experiments it is expected that the majority of drug will be in the protonated, 

cationic form. 
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3.3. Analytical Method 

A new method for the quantification of risperidone was developed based on 

several published systems (Table 2.3). Guidelines from the International 

Conference on Harmonisation of Technical Requirements for Registration of 

Pharmaceuticals for Human Use (ICH) do not give a clear description of what a 

stability indicating method entails (141). A specific stability indicating method 

has been developed which can unequivocally determine risperidone in the 

presence of degradation products and excipients (142). The method was 

developed for the quantification of risperidone release from a novel DDS based 

on PPy.  

 

During the manufacture of the DDS, risperidone is stressed by harsh 

conditions, specifically an acidic environment and an oxidising electrical 

potential. The chromatographic method is required to quantify risperidone in the 

presence of degradation products that may form. In addition, the method must 

be capable of quantifying risperidone in the presence of any excipients that may 

be co-released with drug. The method should have a reasonably fast run time 

making it attractive for the routine analysis of risperidone.   

 

The developed method was also required to quantify pTS release. By 

concurrently quantifying pTS and risperidone release a deeper understanding 

of the mechanism driving drug release from the DDS based on PPy-pTS could 

be gained.  

 

3.3.1. Method development 

A reverse phase HPLC method was developed for the quantification of 

risperidone. An Agilent series 1200 (Agilent Corporation, Germany) comprising 

a quaternary pump, an autosampler and photodiode array (PDA) detector were 

used, with data acquisition by Chemstation software (Agilent Corporation, 

Germany). For the routine analysis of solutions containing risperidone we 

aimed for a 5 to 10 minute run time to increase the speed of sample analysis 
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with a reduction in associated costs. Various columns, mobile phases, mobile 

phase combinations and flow rates were trialled to achieve optimum 

performance and peak separation. 

 

3.3.2. Stress stability studies of risperidone 

Risperidone is practically insoluble in water (0.0086 g L-1) (49, 132, 138). Due to 

this, acetonitrile was used as a cosolvent to prepare all degradation solutions 

except the basic NaOH solution (37). In the basic solution acetonitrile was 

replaced with methanol.  

 

Unless otherwise stated, samples were stored in the dark at 55 ºC in a Binder 

Incubator BD240 series (Binder, Germany). These studies aimed to generate 

between 5 % and 20 % degradation of risperidone (37). Degradation was 

estimated as the area of the risperidone peak compared to the area of the 

evolved degradation peaks. The purity of the risperidone peaks eluted were 

tested using a PDA detector and Chemstation software by examining 5 

ultraviolet (UV) spectra across the risperidone peak. The UV scans have been 

inset into the corresponding chromatograms in the Results and Discussion 

(Section 4.1). 

 

3.3.2.1. Oxidative degradation  

Risperidone was dissolved in acetonitrile (2 mg mL-1) and mixed with 0.3 % 

(v/v) hydrogen peroxide aqueous solution in equal parts, providing a final 

risperidone concentration of 1 mg mL-1 and peroxide concentration of 0.15 % 

(v/v). 

 

3.3.2.2. Acid degradation 

Risperidone was dissolved in acetonitrile (2 mg mL-1) and mixed with 2 M HCl 

aqueous solution in equal parts, providing a final risperidone concentration of 1 

mg mL-1 and HCl concentration of 1 M. 
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3.3.2.3. Base degradation 

Risperidone was dissolved in methanol (2 mg mL-1) and mixed with 2 M NaOH 

aqueous solution in equal parts, providing a final risperidone concentration of 1 

mg mL-1 and NaOH concentration of 1 M. 

 

3.3.2.4. Thermal degradation 

Solution 

Risperidone was dissolved in acetonitrile (2 mg mL-1) and mixed with water in 

equal parts, providing a final risperidone concentration of 1 mg mL-1 and stored 

at 55 ºC. 

 

Solid state  

Risperidone powder was stored at 55 ºC in an open glass container. At the time 

of analysis c.a. 1 mg of powder was mixed with 10 mL of acetonitrile.  

 

3.3.2.5. Photolytic degradation 

Risperidone powder was stored in a clear glass container at 40 ºC, in a Binder 

Incubator KBF240 series (Binder, Germany) providing illumination levels 

compliant with ICH guidelines (143). At the time of analysis c.a. 1 mg of powder 

was mixed with 10 mL of acetonitrile.  

 

3.3.2.6. Exposure to polymerisation conditions 

Acidic solution 

Mimicking the conditions of polymerisation of the NDDS, risperidone (0.09 M) 

was dissolved in a solution of methanol and water (7:3, v/v) containing pTS (0.1 

M) and pyrrole (0.2 M). The final solution pH was 3.90 (Mettler Toledo, Mettler-

Toledo GmbH, Switzerland). The solution was stored at ambient temperature 

(20 ºC) and analysed after 24 hours.  
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Oxidising potential 

The acidic solution above was exposed to an oxidising potential of 2 V for 1 

hour at ambient temperature (20 ºC).  

 

3.3.3. Method validation - risperidone 

The developed HPLC method was validated for linearity, range, limit of 

detection (LOD), limit of quantification (LOQ), accuracy and precision of 

risperidone quantification. To achieve this a primary stock solution of 

risperidone 1 mg mL-1 was prepared in acetonitrile. Working solutions (0.1 mg 

mL-1 and 0.01 mg mL-1) were prepared by diluting the stock solution with 

acetonitrile. From the working standards, calibration standards of a range of 1-

100 µg mL-1 were prepared with 5 replicates by diluting with acetonitrile. LOD 

and LOQ were determined by injecting serially lower concentrations of 

risperidone. LOD was taken to be the lowest risperidone concentration showing 

a peak with a signal to noise ratio of at least 3:1, while LOQ required a signal to 

noise ratio of at least 10:1. 

 

Intra-day accuracy and precision were calculated by analysis of 5 replicates of 

3, 10, 30 and 100 µg mL-1. Inter-day accuracy and precision were calculated by 

analysis of the same concentrations with 5 replicates over 3 days, giving a total 

of 15 measurements. Precision was calculated as % relatively standard 

deviation (RSD), while accuracy was calculated by comparing the measured 

concentrations against the true concentrations.  

 

3.3.4. Method validation - pTS 

The developed HPLC method was validated for linearity, range, accuracy and 

precision of pTS quantification. To achieve this a primary stock solution of pTS 

1 mg mL-1 was prepared in acetonitrile. Working solutions (0.1 mg mL-1 and 

0.01 mg mL-1) were prepared by diluting the stock solution with acetonitrile. 

From the working standards, calibration standards of a range of 1-100 µg mL-1 

were prepared with 5 replicates by diluting with acetonitrile. 
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Intra-day accuracy and precision were calculated by analysis of 5 replicates of 

10, 30 and 100 µg mL-1. Inter-day accuracy and precision were calculated by 

analysis of the same concentrations with 5 replicates over 3 days, giving a total 

of 15 measurements. Precision was calculated as % RSD, while accuracy was 

calculated by comparing the measured concentrations against the true 

concentrations.  

 

3.3.5. Application of the analytical method to risperidone and 

pTS release from PPy-pTS films 

For the chromatographic method to be applicable to drug release studies it 

must be specific; able to resolve the risperidone peak from exicipent peaks and 

any degradation products that may form during the polymerisation process. 

Risperidone from PPy-pTS films was released into acetonitrile and KH2PO4 (pH 

6.5; 0.05 M aqueous solution) (45:55, v/v). This media was then analysed with 

the described HPLC method. 

 

3.3.6. Recovery from plasma samples 

Blank human plasma samples (NZ Blood, Auckland) were spiked with known 

amounts of risperidone dissolved in methanol (1 mg mL-1) to achieve 

concentrations of 20, 50 or 100 µg mL-1, with 5 replicates at each concentration. 

Risperidone was extracted from the samples by taking 25 µL of plasma and 

adding 25 µL of water and 100 µL of acetonitrile. After thorough mixing the 

samples were left to stand for 10 minutes before being centrifuged (Eppendorf 

Minispin, Australia) at 10000 rpm for 5 minutes. The supernant was injected 

onto the HPLC system. 
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3.4. Polymer Synthesis – General  

PPy was prepared as a continuous film on the surface of the WE through 

electrochemical oxidation of pyrrole monomer in the presence of an anionic 

dopant A- (Figure 2.2). As the oxidation potential of pyrrole is greater than the 

oxidation potential of PPy, the freshly prepared polymer is in the oxidised state 

carrying a cationic charge. This electrostatic charge is balanced during 

polymerisation by incorporation of anions which are vital to polymer formation. 

Different anionic dopants impart different properties onto the PPy films, 

therefore the following anions were investigated as potential dopants for the 

PPy based DDS: 

 para-Toluene sulfonate (pTS) 

 Dodecyl benzene sulfonate (DBS)  

 Poly(methyl vinyl ether-alt-maleic acid) (PMV)  

 Poly(styrene sulfonic acid) (PSS)  

 Cellulose sulfate (CS)  

 

Initially the polymerisation of PPy was attempted from a solution containing 

pyrrole, the selected anion and risperidone. However, poor adherence resulted 

between the polymer and underlying substrate. This was evident as the 

polymer lifted and buckled away from the substrate. To overcome this, a two 

layer approach was found to improve adhesion (9). First, a thin layer sufficient 

to completely cover the electrode was deposited from pyrrole and the anion, 

without any risperidone, by applying a constant current density of 2 mA cm-2 for 

90 s. Over this a second, thicker layer containing risperidone was deposited at 

a constant 2 mA cm-2 for a set period of time.  

 

To produce films with varying thickness the total amount of charge passed 

during polymerisation was controlled. An estimate was used whereby a 1 µm 

thick PPY film is produced by passing 240 mC cm-2 of charge (14). By way of 

example, to galvanostatically (2 mA cm-2) produce a 2 µm thick PPy film with an 

area of 1 cm2, the total charge required is 240 mC cm-2 µm-1 x 2 µm x 1 cm2 = 

480 mC. Since 2 mA = 2 mC s-1, the total time of polymerisation is calculated 
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as; 480 mC / 2 mC s-1 = 240 s. Polymer films were prepared with theoretical 

thicknesses based on Table 3.1. This is the estimated thickness of the 

risperidone containing layer, and does not include the first thin polymer film 

grown on the substrate which does not contain risperidone. The initial PPy layer 

formed without risperidone was polymerised at 2 mA cm-2 for 90 s and will have 

an estimated thickness of 2 mC s-1 x 90 s ÷ 240 mC cm-2 µm-1 = 0.75 µm.  

 

Table 3.1: Theoretical polymer thickness after applying 2 mA cm-2 for different lengths of time  

Polymerisation time / s Theoretical polymer thickness / µm 

240 2 

480 4 

960 8 

3840 32 

 

All electrochemical reactions were controlled using either a CH Instruments 

Model 440 electrochemical workstation (Austin, USA) or an eDAQ Pty Ltd 

Model EA161 potentiostat and E-corder 410 with Chart and Scope software 

(NSW, Australia). 

 

3.4.1.  Polymerisation equipment setup 

The setup used for polymerisation must be tightly controlled. In preliminary 

experiments when the setup was less well controlled, freshly prepared polymer 

looked visibly different with different electrode arrangements. Polymer 

appeared to form more thickly over some parts of the WE compared to other 

parts. These results demonstrated the polymer to be highly dependent on even 

small changes in the setup, specifically the arrangement of the electrodes 

relative to one another. To obtain consistent films a custom electrochemical cell 

was designed. This was achieved by using silicon glue (Selleys, Malaysia) to 

attach glass slides inside a glass petro dish. The WE and CE were held parallel 

to each other at a distance of 1 cm from each other, Figure 3.1. An Ag/AgCl RE 

was used. A platinum sheet was used as a CE, with a surface area greater than 

that of the WE. PPy films were grown onto WE which were either stainless steel 

plates (Sandvik, Auckland, New Zealand) or glassy carbon (GC) electrodes 
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(HTW Hochtemperatur-Werkstoffe GmbH, Germany). For the majority of drug 

release experiments and characterization work stainless steel plates were used 

as they are inexpensive and easily prepared. Stainless steel electrodes were 

used once, then disposed. GC plates were used for AFM work and detail of 

their preparation is given in Section 3.11.5.  

 

Stainless steel WE plates were prepared from a role of thin stainless steel 

sheet. To ensure reproducibility in the surface area of stainless steel exposed 

to the synthesis solution, and hence the surface area available for polymer to 

grow on, the plates were prepared as follows; 

 Plates were cut 2.5 cm x 2 cm.  

 One side of the stainless steel sheet was covered with Kapton tape 

(Shercon Inc, USA), this side was later positioned away from the CE.  

 On the side that would be closest to the CE a strip of Kapton tape was 

laid parallel to the 2 cm long edge and 0.5 cm distance from it.  

 

The exposed 2 cm x 0.5 cm surface was washed with water and methanol 

before use. This created an electrode which could be submerged in the 

synthesis solution and would leave 1 cm2 of working electrode exposed, Figure 

3.2.  
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Figure 3.1: Top view of electrochemical setup  

 

 

 

 

 

 
Figure 3.2: Schematic of electrochemical setup 
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3.5. Drug Release 

The release rate of drug from PPy films is expected to be dependent on the 

redox state of the polymer. When PPy is altered between oxidised and reduced 

forms there are changes in polymer charge, conductivity, permeability and 

volume. Before testing release PPy films were rinsed thoroughly with methanol 

to remove any loosely bound risperidone that may be adsorbed to the surface 

of the polymer during synthesis. Different release protocols were tested. 

Release when the polymer was oxidised or reduced was achieved by applying 

a constant +0.6 V or -0.6 V, respectively. Release was also tested when PPy 

was forced to alternate between oxidised and reduced forms by applying ±0.6 V 

at 0.5 Hz, unless otherwise specified.  

 

CV confirmed that these potential limits should move the polymer between 

redox states. Constant or pulsed potential was favoured over CV as the 

electrical stimulus to control drug release. The ultimate aim of this work is to 

produce an implantable DDS; using CV to control drug release would require a 

far more complex device than one required to deliver constant or pulsed 

potential. A control group was also created by testing release without the 

application of any electrical stimulation.  

 

The in-vitro release of risperidone from PPy was tested in a stirred dissolution 

vessel containing acetonitrile and KH2PO4 (pH 6.5; 0.05 M aqueous solution) 

(45:55, v/v), the final pH of the media was 7.3. The setup for the dissolution 

vessel matched the electrochemical cell used for polymer synthesis (Figure 3.1) 

with the addition of a stirrer bar. Drug release was quantified with the HPLC 

method described in Section 3.3. This method allowed for the concurrent 

quantification of risperidone and the pTS anion. This was helpful in exploring 

the mechanism driving risperidone release from PPy-pTS films. 
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3.5.1. Solubility of risperidone in release media 

The solubility of risperidone in acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, 

v/v) was determined to assess if sink conditions would be maintained during 

drug release testing. Sink conditions are described by different references when 

the concentration of drug in release media remains less than between 1/10 to 

1/3 of the saturated concentration (144, 145). The solubility of risperidone was 

determined, with 5 replicates, according to the following protocol: 

 Add excess risperidone to acetonitrile and KH2PO4 (pH 6.5; 0.05 M) 

(45:55, v/v) 

 Vortex (Labnet International Inc, USA) for 10 minutes  

 Sonicate (Bandelin Sonorex, Germany) for 30 minutes  

 Place in a shaking water bath (SBD 50 Bio Maxi Shake, Denmark) at 20 
oC for 48 hours  

 Centrifuge at 10000 rpm for 10 minutes at 20 oC  

 The supernatant was diluted into the range of the standard curve based 

on the expected solubility and injected into the HPLC column. 

 

3.5.2. Stability of risperidone in release media  

Risperidone was dissolved in acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, 

v/v) at a concentration of 87.14 µg mL-1 and stored either at -20 ºC, 4 ºC or 20 

ºC. The concentration of risperidone was determined at 3 hours, 8.5 hours, 24 

hours, 48 hours, 7 days and 14 days. Triplicate samples were tested at each 

time point for each condition.  
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3.6. PPy-pTS 

PPy has reportedly been successfully polymerised with p-toluene sulfonate 

(pTS) anions and used for drug release purposes (9, 14, 86). The sulfonic acid 

form of pTS (Figure 3.3) was used for the synthesis of PPy. The molecular 

weight of pTS is 171.19 g mol-1 and it is very soluble in water (6.2 x 105 mg L-1) 

(49, 146).  pTS is reported to form PPy films with superior conductivity and 

mechanical properties (9, 92, 147). 

 

CH3

S

O

O

OH
 

Figure 3.3: Structure of pTS 

 

 

3.6.1. Polymer synthesis 

In preliminary studies PPy-pTS prepared containing risperidone was poorly 

adherent to the substrate. An approach was adopted whereby a polymer layer 

without drug was polymerised initially over the bare electrode. Following this, 

PPy-pTS containing risperidone could be prepared over the top of the initial 

layer. This was found to improve adhesion and hence electrical contact 

between substrate and polymer. Separate solutions were therefore required to 

form PPy-pTS either with or without risperidone. Fresh solutions for PPy 

synthesis were prepared daily. 

 

 

- 
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3.6.1.1. To prepare PPy-pTS without risperidone 

The initial layer of PPy-pTS without risperidone was prepared from a solution 

containing 0.2 M pyrrole and 0.1 M pTS in methanol and water (7:3). 

Galvanostatic polymerisation at 2 mA cm-2 for 90 s was sufficient to uniformly 

cover the WE.  

 

3.6.1.2. To prepare PPy-pTS with risperidone 

To synthesise the PPy-pTS layer containing drug, a solution was prepared 

comprising 0.2 M pyrrole, 0.1 M pTS and 0.09 M risperidone. Risperidone is 

practically insoluble in water (0.0086 g L-1), but has increased solubility in acidic 

environments where it is protonated and in cosolvent systems (138). pTS was 

used in the acid form rather than as a salt as this decreased the pH of the 

solution promoting PPy formation and increasing the solubility of risperidone. 

Risperidone acts as a weak base, in order to maintain an acidic pH a greater 

molar amount of pTS (0.1 M) compared to risperidone (0.09 M) was used. 

When MilliQ water was trialled as a solvent, precipitation occurred, despite the 

solution pH being < 7. This is likely due to the formation of an insoluble complex 

between the pTS anion and risperidone cation. A cosolvent system was 

therefore used. Different compositions were trialled, too much water, or too 

much alcohol would result in a precipitate forming. It was found that methanol 

and water (7:3) was the optimum solvent to dissolve all excipients, providing a 

final pH of 4.3. Unless otherwise stated, polymerisation was carried out 

galvanostatically at 2 mA cm-2 for a set length of time.  

 

3.6.1.3. Stability of risperidone in synthesis solution 

A solution of 0.2 M pyrrole, 0.1 M pTS and 0.09 M risperidone was prepared in 

methanol and water (7:3). A stock solution was divided into 6 parts. Three parts 

were analysed by HLPC following preparation. The remaining 3 parts were 

used to determine the stability of risperidone in solution through analysis after 

storage at 20 °C for 24 hours.  
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3.6.2. Optimisation of drug loading  

Drug loading can occur during (9), or after polymerisation (14). Konturri et al. 

loaded drug following polymerisation of PPy-pTS by transferring the polymer to 

a solution containing the anionic drug of interest and cycling the polymer 

between oxidised and reduced states to exchange pTS out of the polymer and 

drug into the polymer. We aimed to compare the effect of loading drug during 

polymer synthesis against loading drug after polymer synthesis in films of 

different thicknesses.  

 

3.6.2.1. Drug loading during polymerisation 

PPy-pTS films were prepared with drug loaded during polymerisation using a 

two layered approach. The first thin layer was prepared from 0.2 M pyrrole and 

0.1 M pTS in methanol and water (7:3) by applying 2 mA cm-2 for 90 s. The 

second drug containing layer was then synthesized on top of this from a 

solution containing 0.2 M pyrrole, 0.1 M pTS and 0.09 M risperidone dissolved 

in methanol and water (7:3). Galvanostatic polymerisation at 2 mA cm-2 was 

conducted for various lengths of time to create polymer films with theoretical 

thicknesses of 2, 4 or 8 µm. The electrical protocol for testing risperidone 

release was ± 0.6 V at 0.5 Hz for a total of 9 minutes, with samples taken every 

three minutes. This stimulation was selected to force PPy to move between 

oxidised and reduced states, by applying +0.6 V or -0.6 V respectively. Release 

from each film thickness was tested in triplicate.  

 

3.6.2.2. Drug loading after polymerisation 

PPy-pTS films were prepared from 0.2 M pyrrole and 0.1 M pTS in methanol 

and water (7:3) at a constant 2 mA cm-2. Following preparation, the films were 

immersed in an aqueous solution of risperidone (0.09 M) with the pH adjusted 

to 2 with HCl to ensure risperidone was fully dissolved and in the cationic form. 

The PPy film was then cycled by CV between -0.6 V and +0.6 V at 75 mV s-1 for 

5 cycles starting and finishing at -0.6 V. Exposing the PPy films to this cycling 

forced the polymer to move between oxidised and reduced states. By 

terminating the cycling when PPy was in the reduced state, and the polymer 
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backbone neutralized, the incorporation of cationic risperidone would be 

favoured to balance out the excess negative charges of pTS. Film thicknesses 

of 2, 4 and 8 µm were investigated by applying the deposition current density of 

2 mA cm-2 for various lengths of time. Risperidone release was tested using ± 

0.6 V at 0.5 Hz for a total of 9 minutes; samples were taken every three 

minutes. Release from each film thickness was tested in triplicate.  

 

3.6.2.3. Method development decision  

The aim was to increase drug loading as assessed by drug release. It was 

found that when risperidone was loaded during synthesis the amount of drug 

released increased as polymer thickness increased; a 234.2 % increase in drug 

release was noted when films with a theoretical thickness of 8 µm were 

compared to those with a theoretical thickness of 2 µm. However, when 

risperidone was loaded following synthesis only a moderate increase in drug 

release levels was observed as film thickness increased; a 6.5 % increase in 

drug release from 8 µm films compared to 2 µm films.  

 

Therefore, drug incorporation during polymer synthesis was selected as 

the optimal method of loading for the following work. 

 

3.6.3. Effect of electrical stimulation 

PPy-pTS films were prepared in two layers by applying a constant 2 mA cm-2 for 

90 s + 960 s to prepare films with a theoretical thickness of 8 µm. The effect of 

electrical stimulation on drug release was tested by comparing triplicate films to 

which no stimulation was applied against triplicate films to which ± 0.6 V at 0.5 

Hz was applied.  
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3.6.4. Effect of altering film thickness on drug release 

PPy-pTS films with an estimated thickness of 32 µm were prepared by applying 

2 mA cm-2 for 90 s + 3840 s. The effect of increasing film thickness was 

assessed by comparing drug release from these films (n=5) against those films 

described in Section 3.6.2. Drug release was compared after 600 s of applying 

±0.6 V at 0.5 Hz.   

 

3.6.5. Investigation of different polymerisation current density 

The current density applied during polymerisation is known to influence polymer 

morphology and would be expected to affect drug release. PPy-pTS films were 

prepared at different polymerisation current densities of 2, 1 or 0.5 mA cm-2. To 

keep the total amount of charge passed during polymerisation constant, and 

thus the theoretical amount of polymer formed constant, the time of 

polymerisation for each current density was adjusted as described in Table 3.2. 

Drug release was measured while applying ±0.6 V at 0.5 Hz (n=3 for each 

current density). 

 

Table 3.2: Times required at different current densities to maintain constant charge passed 

during polymerisation  

Polymerisation current density Polymerisation time Charge passed 

2 mA cm-2 960 s 1.92 C 

1 mA cm-2 1920 s 1.92 C 

0.5 mA cm-2 3840 s 1.92 C 

 

 

3.6.6. Polymerisation methods to increase drug release  

There is an inherent problem when constant current is used to load cationic 

drug, risperidone, into PPy during synthesis. Polymer grows in the oxidised, 

cationic form; this positive charge will repel cationic drugs and oppose drug 

loading. Two different approaches were trialled to increase drug loading; 1) CV 

and 2) pulsed current.  
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Using CV the potential is shifted constantly between two set points. The set 

points were selected so PPy would be in the oxidised form at the higher limit 

and in the reduced form at the lower limit. With PPy in the reduced neutral 

state, risperidone loading will be favoured to balance the excess of negative 

charge due to incorporated pTS. A two layered approach was used for 

consistency with previous experiments. The first layer was prepared at a 

constant 2 mA cm-2 for 90 s. PPy containing drug was synthesised over this by 

CV with limits set at +0.85 V and -0.5 V, with a scan rate of 50 mV s-1. The 

positive limit was sufficiently high to cause oxidation of the pyrrole monomer to 

PPy. The negative limit was selected to promote risperidone loading by moving 

PPy into the reduced state  

 

The second approach involved preparing PPy by pulsing the applied current 

between positive and negative values. A two layered approach was used for 

consistency with the first PPy layer prepared without risperidone at 2 mA cm-2 

for 90 s. The second layer was prepared from a risperidone containing solution 

for a total of 960 s of anodic current (2 mA cm-2). This anodic current was 

broken every 10 s with a 10 s block of negative current (-0.5 mA cm-2). The 

lower magnitude of the negative current was required to prevent polymer 

forming on the CE. During the negative current blocks the polymer would be 

forced into the reduced form, thereby neutralising the PPy backbone and 

favouring incorporation of cationic risperidone to balance out the net negative 

charges due to pTS.  

 

The release of risperidone and pTS from PPy films prepared by both 

approaches was tested by applying ±0.6 V at 0.5 Hz. Release was tested with 

triplicate films. 
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3.6.7. Release from PPy-pTS films in different redox states 

Release of risperidone from PPy was tested when the polymer was in different 

redox states. PPy-pTS films were prepared by a two layered approach through 

the application of a constant 2 mA cm-2 for 90 s + 960 s. To alter the redox state 

of the polymer, various electrical stimulation was applied; +0.6 V to force PPy 

into the oxidised state; -0.6 V to force PPy to the reduced state; or an 

alternating ±0.6 V at 0.5 Hz to force PPy to rapidly change between oxidised 

and reduced states. A control group was created by measuring release when 

no stimulation was applied. 

 

Release has been reported over a 2500 s period (n=5 for each condition). To 

enable comparison with AFM characterization work, release is also reported for 

the initial 120 s period, followed by a 380 s period. The end of the second 

period is reported as 500 s of release, and represents release from 120 s up to 

500 s. 

 

3.6.8. Modelling of drug release 

Modelling of drug release profiles was undertaken to help elucidate the 

mechanism driving release. Release of risperidone from PPy-pTS films was 

examined during 4 different scenarios; a) application of a constant +0.6 V, b) 

application of a constant -0.6 V, c) application of ±0.6 V at 0.5 Hz, or d) no 

stimulation. Each scenario was tested with five replicate polymer films. Release 

from PPy-pTS films was fitted to Zero-Order, First-Order, Higuchi and 

Korsmeyer-Peppas models (148).  

 

Zero-Order equation:  Q = k0t  

 

First-Order equation:   lnQ = k1t  

 

Higuchi equation:   Q = kHt1/2  

 

Korsmeyer-Peppas equation: Q = kKtn  
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Where, Q is the percentage cumulative amount of drug released at time t; k0 is 

the Zero Order release constant; k1 the First Order release constant; kH the 

Higuchi release constant; kK the Korsmeyer-Peppas release constant; and n the 

Korsmeyer-Peppas diffusional release exponent which is used to characterise 

the release mechanism. To calculate kK and n from the Korsmeyer-Peppas 

equation ln(Q) is plotted against ln(t). The gradient of the plotted line gives n, 

while e^(Y intercept) provides kK. 

 

3.6.9. Modifiable release 

The ability to use electrical stimulation to modify drug release from PPy films 

was tested. PPy-pTS films were prepared by a two layered approach through 

the application of a constant 2 mA cm-2 for 90 s + 960 s. Drug release was 

tested when the polymer was exposed to alternating periods of time with or 

without electrical stimulation. Electrical stimulation was in the form of ±0.6 V at 

0.5 Hz (n=3).  

 

3.6.10. pTS release from blank films 

PPy-pTS films were prepared at a constant 2 mA cm-2 for 90 s + 960 s from a 

solution of 0.2 M pyrrole and 0.1 M pTS in methanol and water (7:3). 

Risperidone was excluded from both layers. This allowed the influence of 

risperidone on the release of pTS from PPy to be assessed. Release of pTS 

was tested by applying ±0.6 V at 0.5 Hz to five replicate films.  

 

3.6.11. Release with higher frequency stimulation 

PPy-pTS films were prepared by a two layered approach through the 

application of a constant 2 mA cm-2 for 90 s + 960 s. Release of risperidone 

from PPy was tested when the polymer was subjected to ±0.6 V at either 0.5 Hz 

or 1 Hz (n=5). The alternating ±0.6 V forced PPy to rapidly change between 

oxidised and reduced states.  
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3.7. PPy-DBS 

The sodium salt of dodecyl benzene sulfonate (DBS) was used as an anion for 

the preparation of PPy. DBS is a larger dopant than pTS (Figure 3.4) and has 

been reported to be immobilised in PPy films (104), leading to predictable 

cation driven actuation. DBS has a MW of 348.48 g mol-1, with a log P of 0.45 

(149).  

 

O

CH3

S O
OH

 
Figure 3.4: DBS structure  

 

 

3.7.1. Polymer synthesis 

PPy prepared with DBS anions (PPy-DBS) was prepared by a two layered 

approach similar to that used for PPy-pTS films. This promoted polymer growth 

and improved adhesion between polymer and substrate. Separate solutions 

were required to form the first PPy layer without risperidone and the second 

layer with drug. Fresh solutions for polymerisation were prepared daily.  

 

3.7.1.1. To prepare PPy-DBS without risperidone  

The initial layer of PPy-DBS without risperidone was prepared from a solution 

containing 0.2 M pyrrole and 0.1 M DBS in water. Acetonitrile and water (6:4) 

were used as the solvent to prepare PPy-DBS containing risperidone, however 

this could not be used in the absence of risperidone as DBS was insoluble in 

this solvent mix; therefore pure water was used.  

-
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3.7.1.2. To prepare PPy-DBS with risperidone 

PPy-DBS containing risperidone was synthesized from a solution comprising 

0.2 M pyrrole, 0.1 M DBS and 0.09 M risperidone. To enable all excipients and 

drug to fully dissolve, methanol was initially trialled as a cosolvent with water at 

various pHs. This would have matched the cosolvent used for PPy-pTS 

synthesis. However, no combination would dissolve both risperidone and DBS. 

Therefore acetonitrile was used to create a cosolvent system with water. A 

solution that could be used for PPy synthesis in which all excipients could be 

dissolved was formed through the following steps: 

 Dissolve 0.1 M DBS in acetonitrile and water (6:4)  

 Add 0.09 M risperidone to the solution - this formed a cloudy fine 

suspension with a pH of 10.4 

 Adjust the pH to between 6.8 and 7, through addition of 1 M HCl 

 Add 0.2 M pyrrole 

 

When risperidone was first added to the solution the resulting pH was 10.4 due 

to the basic action of the partially dissolved risperidone. Adjusting the pH below 

7 served two functions, firstly to solubilise risperidone resulting in a clear 

solution and secondly, a pH <7 is required for the successful polymerisation of 

PPy.  

 

3.7.2.  Release from PPy-DBS in different redox states 

Risperidone release from PPy-DBS was tested when the polymer was in 

different redox states as controlled by electrical stimulation. Release was tested 

when the polymer was in the reduced or oxidised form, by applying constant -

0.6 V or +0.6 V, respectively. Release was also tested when an alternating ±0.6 

V was applied at 0.5 Hz, this was designed to force PPy to rapidly change 

between oxidised and reduced states. A control group was created by 

measuring release when no electrical stimulation was applied. Each condition 

was tested in triplicate.  

  



Chapter 3...Methods 
 

67 
 

3.8. PPy-PMV 

Poly(methyl vinyl ether-alt-maleic acid) (PMV) was trialled as a primary dopant 

in the preparation of PPy. This dopant was selected as it is a large bulky 

polymeric polyanionic dopant that would be immobilised in the structure of PPy. 

This may cause different electrostatic interactions between the polymer and 

risperidone and altered electrochemically driven actuation. The structure of 

PMV is shown in Figure 3.5. PMV has an average molecular weight of 216,000, 

with the formula weight of the dianionic repeating unit (C7H10O5) of 174.2 g mol-

1 (150). PMV dissolves readily in water, a 5 % solution has a pH of c.a. 2.5. 

 

 

O
CH3 O OH

OOH
n  

Figure 3.5: PMV structure 

 

3.8.1. Polymer synthesis 

Several attempts were made to synthesise PPy prepared with PMV anions 

(PPy-PMV). These are summarized in Table 3.3. A cosolvent system of 

methanol and water (8:2) was used as this was capable of dissolving both 

risperidone and PMV. First the PMV was dissolved, this required around 20 

minutes of sonication. Following this risperidone was added and dissolved over 

a further 5 minutes of sonication.  

 

Ideally the anion concentration should remain at 0.1 M to enable comparisons 

between different PPy formulations. The PMV repeating unit has two carboxylic 

acid functional groups, both are potentially ionisable. Therefore 0.05 M of the 

repeating unit is required, corresponding to 0.87 % (w/v) PMV. As the pKa of 
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PMV is unknown a limitation of this approach is the uncertainty of the proportion 

of PMV that will be in the ionised form. To enable comparisons between PPy 

formulations, the concentration of risperidone and pyrrole in the different 

solutions trialled were kept constant at 0.09 M and 0.2 M, respectively. 

 

When various PMV containing solutions without risperidone were used to 

prepare PPy, the voltage evolved during polymerisation was much higher than 

when risperidone was present. Therefore a two layered approach could not be 

used to prepare PPy-PMV films. It may be suggested that when risperidone 

was present its action as a weak base increased the pH resulting in a greater 

proportion of PMV being in the ionised form. This would increase the 

conductivity of the solution, decreasing solution resistance and decreasing the 

voltage evolved during galvanostatic polymerisation.  
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Table 3.3: Synthesis trails for PPY-PMV 

Trial 

# 

Pyrrole 

/ M 

PMV / 

% (w/v) 

Risperidone / 

M 

Other 

excipient(s) 

Polymerisation 

conditions 
Observation 

1 0.2 1 - - 2 mA cm-2 Solution pH = 7.52, the voltage increase to > 5 V within 5 s*. 

2 0.2 1.5 - - 2 mA cm-2 Solution pH = 6.71, the voltage increase to > 5 V within 5s*. 

3 0.2 2 - - 2 mA cm-2 Solution pH = 6.33, the voltage increase to > 5 V within 5 s*. 

4 0.2 1.5 0.09 0.05 M NaCl 2 mA cm-2 
The voltage peaked within 5 s at 1.8 V then fell to 0.5 V. No PPy formed, but a 
white precipitate grew off the WE. 

5 0.2 1.5 - 0.05 M NaCl 2 mA cm-2 
The voltage peaked within 5 s at 1.7 V then quickly plateaued at 0.7 V. No PPy 
or precipitate formed. 

6 0.2 1.5 0.09 0.05 M KCl 2 mA cm-2 
The voltage peaked within 5 s at 1.7 V and drops quickly to 0.7 V. No PPy 
formed, but a white precipitate formed on the working electrode. 

7 0.2 1.5 - 0.05 M KCl 2 mA cm-2 
The voltage peaked within 5 s at 1.6 V and dropped quickly to 0.6 V. A faint 
black coating, presumably PPy, formed on the WE. No white precipitate 
formed. 

8 0.2 0.87 0.09 
0.05 M NaCl 
and 0.1 M 
CH3COOH 

2 mA cm-2 
The voltage peaked within 5 s at 1.8 V and drops quickly to 0.6 V. No PPy 
formed, but precipitate formed on surface of WE. 

9 0.2 0.87 - 
0.05 M NaCl 
and 0.1 M 
CH3COOH 

2 mA cm-2 
The voltage peaked within 5 s at 1.7 V and drops quickly to 0.6 V. No PPy nor 
precipitate formed. 

10 0.2 0.87 0.09 
0.1 M 

CH3COOH 
2 mA cm-2 

Solution pH = 6.44, the voltage increases over 30 s to plateau at c.a. 3.2 V. 
PPy formed, the film appears thinner than corresponding PPy-pTS or PPy-DBS 
films. 

11 0.2 0.87 0.09 0.1 M Tiron 2 mA cm-2 
The voltage peaked within 5 s at 0.8 V and drops quickly to 0.4 V. Only very 
thin PPy film formed, a dark precipitate was seen forming in solution. 

* The potentiostat was set to cut off electrical stimulation if the potential exceeded 5 V. 
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In Trials 1, 2 and 3 in Table 3.3 the PMV concentration was increased which 

had the effect of decreasing the pH. However, very high potentials evolved and 

PPy couldn’t be polymerised. In an attempt to reduce the high potentials drawn 

during synthesis, extra electrolytes were added to the solution. These 

electrolytes increased the solution conductivity and it was hypothesised that this 

would reduce the potential evolved when the constant current is applied. NaCl 

and KCl were used as additional supporting electrolytes in Trials 4 through 9. 

The voltage evolved during constant current application was reduced, however, 

no polymer formed. In Trials 4 through 7 the PMV concentration was 

maintained at 1.5 % as this was required to keep the pH of the synthesis 

solution below 7. In Trials 8, 9 and 10, CH3COOH was used to achieve two 

outcomes; firstly, to increase the conductivity of the solution, and secondly, to 

act as an acid which allowed the PMV concentration to decrease to 0.87 % 

(w/v), or 0.1 M anion, whilst maintaining an acidic pH.  

 

In Trials 4 through 9, when 2 mA cm-2 was applied the evolved potential was 

insufficient to oxidise the pyrrole monomer, preventing any PPy forming. 

Therefore polymerisation was attempted from the same solutions 

potentiostatically by applying a constant +1.0 V. However, application of the 

constant voltage did not result in PPy formation.  

 

In Trials 4, 6 and 8 although no black PPy formed, a white precipitate formed on 

the WE. This precipitate formed as small circular spots randomly positioned 

over the surface of the working electrode. These precipitates slowly grew while 

the oxidising electrical signal was applied. The precipitate had a sticky, chewing 

gum consistency to the touch.  

 

PMV was also trialled at concentrations exceeding 2 % (w/v). However, with 

higher PMV concentrations the evolved potential also increased. This was 

surprising as the increase in PMV concentration was expected to increase the 

anion concentration and hence conductivity of the solution, lowering the 

potential evolved. The increase in potential may have been due to the high 

viscosity noted on visual observation at these increased PMV concentrations. 
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This increased viscosity may have limited the diffusion rate of species in the 

solution, increasing the resistance and increasing the potential evolved.  

 

Tiron (4,5-dihydroxy-1,3-benzene disulfonic acid) was trialled to reduce the 

potential evolved during constant current synthesis of PPy-PMV (Trial 11 in 

Table 4.3). Tiron has been used as a catalytic electron transfer mediator during 

the polymerisation of PPy (147, 151-153), thereby reducing the potential 

required for pyrrole oxidation. Tiron is electrochemically oxidised to 

orthoquinone at lower potentials than those required to polymerise pyrrole 

monomers. The oxidised form of Tiron can chemically oxidise pyrrole to PPy. 

Tiron was effective at reducing the potential at which PPy formed. However the 

PPy film produced was very thin. It appeared that PPy was forming in solution 

noted as a black precipitate. It may be that Tiron was chemically oxidising the 

pyrrole to PPy, however this was happening not only on the working electrode 

as desired, but also in solution.  

 

The optimal PPy-PMV formulation was produced in Trial 10, where a visually 

homogeneous film formed on the WE. This formulation was selected for further 

work.  

 

3.8.2. Release from PPy-PMV in different redox states 

Release of risperidone from PPy-PMV was tested when the polymer was in 

different redox states. Electrical stimulation was used to control the redox state 

of PPy. Release was tested when the polymer was in the reduced or oxidised 

form, by applying either -0.6 V or +0.6 V, respectively. Release was also tested 

when an alternating ±0.6 V was applied at 0.5 Hz, this was designed to force 

PPy to rapidly change between oxidised and reduced states. In the control 

group release was measured when no electrical stimulation was applied. Drug 

release under different conditions was tested from films prepared at 2 mA cm-2 

for either 960 s (n=5) or 1920 s (n=3).  
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3.8.2.1. Precipitate identification 

During release experiments a precipitate could be seen forming and streaming 

from the WE closest to the RE. This occurred predominantly when the films 

were exposed to a constant +0.6 V and to a lesser extent when ±0.6 V at 0.5 

Hz was applied. In an effort to identify this precipitate and test whether it 

contained risperidone, Mass spectrum and NMR spectrum of the precipitate 

were collected. Mass spectra were obtained using atmospheric pressure 

chemical ionisation (APCI) to generate ions, then analysis was undertaken by a 

Surveyor MSQ Mass spectrometer (Thermo Finnigan, New Jersey, USA). 1H-

NMR spectra were collected on a Bruker Advance 400 Spectrometer (GmbH, 

Germany). 

 

Before analysis the precipitate was collected from the release media by 

centrifugation, then washed with Milli-q water and centrifuged again. This wash 

cycle was repeated 6 times. The clean precipitate and pure risperidone was 

separately dissolved in dimethyl sulfoxide and NMR and Mass spectra 

collected.  
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3.9. PPy-PSS 

Poly(styrene sulfonic acid) (PSS) was used as an anion for the preparation of 

PPy (Figure 3.6). PSS is a large polyanion that would be expected to be 

immobilised in PPy films (17). PSS has a MW of c.a. 75,000, the formula weight 

of the repeating unit is 184.2 g mol-1 (154).  

 

 

S OO

OH

n

 
Figure 3.6: PSS structure 

 

3.9.1. Polymer synthesis 

PPy-PSS films formed readily from a solution of 0.1 M PSS anion and 0.2 M 

pyrrole in MilliQ water when 2 mA cm-2 was applied. To incorporate risperidone 

(0.09 M) into PPY a solution was prepared consisting of acetonitrile and water 

(85:15) as the cosolvent. On application of 2 mA cm-2 to this solution a 

precipitate, seen as white ribbons, formed on the surface of the polymer as it 

grew. Only poor quality, patchy polymer films could be grown in the presence of 

risperidone.  

 

As PPy-PSS films could be easily prepared without risperidone, polymer films 

were prepared without drug with loading occurring after synthesis. PPy-PSS 

films were prepared galvanostatically at 2 mA cm-2 for 960 s from 0.1 M PSS 

-
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anion and 0.2 M pyrrole in 100 % water. After preparation the films were 

alternately reduced and oxidised in an acidified aqueous solution containing 

risperidone (0.09 M) by applying ±0.6 V at 0.5 Hz for 301 steps, starting and 

stopping in the reduced state. It was hoped that by stopping in the reduced 

state more risperidone would be retained in the polymer due to electrostatic 

attraction between the PSS anion and risperidone cation.  

 

3.9.2.  Release from PPy-PSS films  

Release was trialled from PSS films by applying an alternating ±0.6 V at 0.5 Hz 

for 750 s (n=3). This stimulus forced the polymer to rapidly change between 

oxidised and reduced states. 

 

3.10. PPy-CS 

Cellulose sulfate (CS) was trialled as an anionic dopant in the preparation of 

PPy. CS dissolves freely in water, however risperidone wouldn’t dissolve in an 

aqueous CS mixture at any pH. Different cosolvent systems of methanol or 

acetonitrile and water were trialled, however no mixture was able to dissolve 

both risperidone and CS.  

 

When CS (2 % (w/v)) and pyrrole (0.2 M) were dissolved in water the pH was 

9.0. Interestingly, if the pH is adjusted to below 7 through the addition of HCl 

the colourless liquid immediately begins to change colour, first turning purple, 

then brown and finally black after 15 minutes. This suggests CS is able to 

oxidise the pyrrole monomer.  
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3.11. Characterisation 

3.11.1. Elemental Analysis  

Elemental analysis was used to determine drug loading in PPy films. Other 

techniques were considered to evaluate drug loading, but these relied on the 

extraction of drug from the polymer. Different solvents were trialled to dissolve 

PPy including dimethylformamide, N-methylpyrrolidone, dimethyl sulfoxide, 

dimethylacetamide, chloroform and dichloromethane. However, PPy was 

insoluble in all of these. A Soxhlet extractor, or similar technique, was 

considered to extract drug from the polymer. However, if this technique had 

been used it could not be ascertained accurately if all drug had been extracted 

from the formulation, or some was still retained inside the polymer. Therefore 

elemental analysis of C, H, N, S and F were used to determine the loading 

levels of risperidone in PPy films after synthesis. This work was undertaken 

under contract at the Campbell Microanalytical Laboratory, University of Otago, 

New Zealand. Total C, H, N and S were determined using a Carlo Erba 

Elemental Analyser EA 1108. F was analysed using an ion selective electrode 

by the standard addition method. Any fluorine detected in the polymer was 

attributable solely to risperidone.   

 

3.11.2. Scanning Electron Microscopy 

Surface morphology of PPy films was investigated using a Philips XL30S field 

emission scanning electron microscope. The samples for SEM were mounted 

on aluminium studs using adhesive graphite tape and sputter-coated with 

platinum (Polaron SC 7640 sputter coater). Cross-sectional micrographs of 

polymer films were taken by fracturing the polymer under liquid nitrogen and 

aligning the film vertically with the fractured edge facing upwards.  

 

3.11.3. Cyclic Voltammetry 

A three-electrode setup (Figure 3.1) was utilised to record a CV of a 

representative PPy-pTS film. The film was cycled between -0.4 V and +0.8 V at 
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50 mV s-1 in the media used for drug release studies, acetonitrile and KH2PO4 

(pH 6.5; 0.05 M) (45:55, v/v).  

 

3.11.4. Profilometery 

A profilometer (Dektak II, USA) was trialled to determine PPy film thickness and 

to explore thickness changes that were hypothesised to occur on alteration in 

redox state. PPy-pTS films were prepared galvanostatically at 2 mA cm-2 for 90 

s + 960 s on stainless steel electrodes. A step edge was created to measure 

the height difference between the PPy film and the stainless steel substrate by 

removing the Kapton tape following polymerisation. However, two issues were 

encountered. Firstly, on removal of the Kapton tape the edge of the polymer 

lifted creating a lip. This ‘lip’ was not well adhered to the substrate and it was 

impossible to know if the polymer was lying on the substrate, or was floating 

above it. Therefore the thickness of the polymer film could not be accurately 

determined. An additional problem was encountered as the polymer could not 

be measured while submerged under liquid for fear of destroying the 

profilometer tip. To examine thickness changes in different redox states the 

polymer had to be moved from the profilometer to an electrochemical cell, 

stimulated then placed back on the profilometer. This resulted in measuring 

thickness at a different location on the polymer each time. As the films 

thickness is not strictly uniform a large error was introduced.  

 

For these reasons it was decided to design a custom electrochemical cell which 

would accommodate an AFM head. This would allow the determination of PPy 

film thickness whilst electrical redox stimulation was applied to the film.  

 

3.11.5. Atomic Force Microscopy 

AFM experiments were carried out to examine the surface features of PPy films 

and to assess electrochemically driven changes in surface height. An AFM 

setup was designed to enable scans to be run in a custom built electrochemical 

cell. The media used was either 0.05 M KH2PO4 (pH 6.5) or phosphate buffered 



Chapter 3...Methods 
 

77 
 

saline (PBS). In-situ AFM studies of ICPs have been reported by others (104, 

107, 108), but had not previously been performed at the University of Auckland.  

 

3.11.5.1. Electrode preparation 

The substrate used as a WE for PPy polymerisation was required to be 

uniformly flat. For this, glass covered microscope slides and glassy carbon 

(GC) plates were trialled. A two-layered method was employed to prepare PPy-

pTS and PPy-DBS to maintain consistency with the films used to test drug 

release. The first thin layer of PPy-pTS or PPy-DBS covered the substrate and 

contained no risperidone. The second risperidone containing layer was grown 

over the first layer. This protocol prevents the substrate from influencing the 

morphology of PPy-pTS or PPy-DBS films containing risperidone (47).  

 

Glass microscope slides were prepared with a thin gold coating over a clearly 

defined area. The gold was fixed to the glass through a thin chromium adhesion 

layer. PPy grown onto the conductive gold coating would therefore have a 

defined geometry with a clean step edge down to the glass slide. PPy was 

successfully grown galvanostatically at 2 mA cm-2 onto the gold covered section 

of the glass slide. The polymer appeared to grow evenly and adhere well. 

However, on application of ±0.6 V at 0.5 Hz the majority of the polymer and 

metal layer separated from the glass slide over a few seconds. This was 

attributed to polymer actuation as it rapidly changed between oxidised and 

reduced states. PPy remained firmly attached to the gold and chromium layer, 

the loss of adhesion was between these layers and the glass slide.  

 

Subsequently GC plates were used as the WE for AFM work. PPy films 

prepared on GC showed strong adhesion to the substrate, evident by the 

difficulty in removing PPy from the GC plates following application of ±0.6 V at 

0.5 Hz. For this set of characterisation experiments we aimed to produce PPy 

comparable to that used for drug release experiments. To enable PPy to be 

grown with a predetermined current density we required the exposed surface of 

the GC electrodes to have a clearly defined geometry. Initial attempts to control 

the surface of GC available for PPy growth involved using Kapton tape to block 
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off part of the substrate. As the Kapton tape was much thicker than the z axis 

range of the AFM unit (8 µm), the tape layer could not be used as a baseline for 

actuation studies, nor to determine the thickness of the PPy film. Therefore, 

following PPy synthesis the Kapton tape was removed. However, on peeling up 

the Kapton tape the edge of PPy resting on the tape lifted from the substrate. 

Therefore, other methods to block off part of the GC electrodes were explored.  

 

The use of photoresists (Microchemicals, Germany) were explored, both a 

positive (AZ1518) and a negative photoresist (nLOF2000). These polymers 

were used to coat the GC electrodes. With a positive photoresist, the region 

exposed to UV light is soluble in the developing solution, the unexposed region 

is insoluble in the developer (AZ326-MIF). A negative photoresist is the 

opposite; the area exposed to UV light is insoluble in the developing solution. It 

is the unexposed area that is dissolved away by the developing solution.  

 

Initially, the positive photoresist was used to block part of the GC electrode 

using lithography techniques as follows: 

 Completely coat one side of a clean GC electrode with AZ1518 liquid 

 Spin the electrode at 800 rpm for 60 s (Laurell WS-400B-6NPP/Lite Spin 

Coater, USA) 

 Prebake at 110 °C for 1 minute 

 Cover the majority of the electrode with a sharp edged mask, leaving a 5 

mm strip down one edge of the GC electrode exposed to UV light for 16 s 

(Mask coater, DAGE Precima International, Surrey, UK) 

 Postbake at 110 °C for 1 minute 

 Develop with AZ326-MIF for one minute. During this time the area of 

photoresist exposed to UV light is removed leaving a 5 mm strip of the GC 

electrode bare and the remainder coated with photoresist.  

 Rinse well with Milli-q water 

 Use Kapton tape to cover the back and sides of the electrode  

 

The GC substrate was then ready to act as a WE for PPy electropolymerisation. 

When immersed in the synthesis solution PPy grew on the exposed 5 mm strip 

of the GC plate. PPy deposition followed a similar protocol to that used for drug 
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release studies with one modification. The current density was maintained at 2 

mA cm-2, but the time of deposition was reduced from 90 s + 960 s to 90 s + 

240 s to produce a film thickness suitable to the vertical scan range of the AFM. 

If it was desirable to remove the photoresist coating, the entire electrode was 

immersed in acetone which dissolves the photoresist leaving the PPy strip 

attached to an otherwise bare GC electrode. 

 

While the AZ1518 positive photoresist coating was resistant to aqueous 

solutions, it was attacked by the solutions used for synthesis of PPy-DBS, a 

cosolvent mix of acetonitrile and water (85:15), and to a less extent by the 

methanol and water (7:3) mix used for PPY-pTS. The surfactant action of DBS 

may have enhanced the penetration of the AZ1518 coating. As the solution 

used to polymerise PPy slowly penetrated the photoresist coating the defined 

edge was distorted, some PPy was deposited under and through the 

photoresist. This changed the area available for polymer growth, altering the 

current density, which would in turn alter the morphology of polymer produced 

(13, 14, 82).   

 

Therefore, the photoresist was changed to a negative photoresist, nLOF2000. 

The procedure for coating was similar to AZ1518, with some modifications:  

 Completely cover a clean GC carbon electrode with nLOF2000 liquid 

 Spin the electrode at 1000 rpm for 60 s  

 Prebake at 120 °C for 1 minute  

 Expose the bulk of the electrode to UV light for 16 s, while covering a 5 mm 

strip of the on the edge of the substrate with a mask with a sharp edge  

 Postbake at 120 °C for 1 minute 

 Develop with AZ326-MIF for one minute. During this time the photoresist 

exposed to UV light remains insoluble in the developer but the 5 mm strip of 

GC than was masked is removed  

 Rinse well with Milli-q water 

 Hardbake at 150 °C for 5 minutes 

 Use Kapton tape to cover the back and sides of the electrode 
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The GC substrate was then ready to act as a WE for PPy electropolymerisation. 

When immersed in the synthesis solution PPy grew on the exposed 5 mm strip 

of the GC plate. PPy deposition followed a similar protocol to that used for drug 

release studies with one modification. The current density was maintained at 2 

mA cm-2, but the time of deposition was reduced from 90 s + 960 s to 90 s + 

240 s to produce a film thickness suitable to the vertical scan range of the AFM. 

 

3.11.5.2. AFM setup 

 An atomic force microscope with an 80 μm in-plane and 8 μm vertical range 

scan head (QScope 250, AMBIOS), with a custom-built electrochemical cell, 

was used for in situ AFM (Figures 3.7 and 3.8). Scans were run under 0.05 M 

KH2PO4 at pH 6.5 or PBS. The 0.05 M KH2PO4 was used when correlating to 

drug release studies that had used acetonitrile and KH2PO4 (pH 6.5; 0.05 M) 

(45:55, v/v) as the release media. Acetonitrile was excluded from the AFM 

electrochemical cell to avoid the organic phase damaging the AFM head. PBS 

was selected for use in the AFM cell as it has shown good in-vitro in-vivo 

correlation (145) and to explore any relationship with drug release during 

stability studies. Images were constructed using a contact-mode probe (CSC17, 

~0.15 N m-1 force constant, Mikromasch, Estonia).  
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Figure 3.7: AFM setup viewed from above  

 

 

 

 
Figure 3.8: AFM setup viewed from the side  
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3.11.5.3. Investigation of drug release mechanism 

All scans were run at a resolution of 500 samples per scan line with 500 lines. 

For each experiment, a 80 µm x 80 µm topography scan, on a region including 

the step edge, was first taken to evaluate general film morphology. This was 

followed by the choice of a site within the previous scan on which the AFM tip 

would be located for high time-resolution single-point data. For each 

experiment, the height of a single spot was sampled at 800 s-1 during the 

application of electrical stimulation events similar to those used for the drug 

release studies. These events were one of; oxidation at +0.6 V; reduction at -

0.6 V; alternating ±0.6 V at 0.5 Hz; or a control without stimulation. 

 

3.11.5.4. Actuation study 

All scans were run at a resolution of 500 samples per scan line with 500 lines. 

Each sample was processed using the same order of scans and redox 

stimulations. The film was oriented such that the PPy / photoresist interface 

was perpendicular to the fast scan direction along the Y-axis. First, an 80 µm x 

80 µm topographical scan was taken with a scan rate of 1 Hz at the PPy / 

photoresist interface. The X scan axis was then disabled and an actuation scan 

was taken that consisted of 80 μm Y-linescans at the X-origin of the previous 

image. For the first actuation scan the scan rate was set to 4 Hz and data was 

recorded in both the forward and reverse direction. The drug releasing 

stimulation protocol (±0.6 V at 0.5 Hz) was initiated c.a. 10 % into the scan 

time. The X axis was then enabled and a second topographical scan was taken 

at the same location and settings as the first scan. A second location in the bulk 

PPy film was then chosen several hundred microns away from the photoresist 

interface. A second, X-disabled actuation scan was taken at this location with a 

10x longer stimulation protocol (±0.6 V at 0.05 Hz).   
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3.11.5.5. Surface roughness determination 

Topographical AFM scan were processed by three point levelling followed by 

RMS (Rq) and average (Ra) surface roughness calculations made over 

representative areas of c.a. 50 µm x 80 µm. Rq provides the standard deviation 

of the z height values. Ra gives the average of the absolute values of deviations 

from the average height line.  

 

3.11.6. Infrared Spectroscopy 

IR spectra were recorded in ATR mode using a Ge crystal, and the Smart Orbit 

ATR accessory of the Nicolet 8700 FTIR spectrometer (Germany), with Omnic 

spectroscopic software (Thermo Electron Corporation, USA). Spectra were 

recorded from a single bounce at an angle of 45 degrees at a resolution of 4 

cm-1 with 100 scans averaged. 

 

3.11.7. Raman Spectroscopy 

The spectra were recorded on a Renishaw System 1000 Raman Imaging 

Microscope (Renishaw, UK) consisting of a single grating spectrograph, a Leica 

microscope and an air-cooled charge coupled device (CCD) array detector. 

Two different lasers were used at different times as excitation sources to collect 

spectra. A Renishaw solid-state diode laser was used emitting a line in the 

near-infrared region at approximately 785 nm at 26 mW with a grating of 1200 

lines/mm. A Spectraphysics Ar+ laser was also utilized emitting light in the 

visible region at 488 nm around 25 mW with a grating of 2400 lines mm-1. For 

both lasers the resolution was 4 cm-1, the entrance slit width was 10 μm and a 

20x objective was used which focused the beam to a size of approximately 5 

μm at the sample surface. The data was processed using Grams32 

spectroscopic software (Thermo Fisher Scientific Inc., USA) and Omnic 

software. 
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3.11.8. Conductivity 

Conductivity was measured using a Jandel (RM2 model) Multi Height Probe, 

Resistivity Test Unit (England) with a 4 point linear probe. Films were allowed to 

dry at 20 °C for 24 hours, then removed from the backing electrode and 

transferred to a glass slide using double sided tape (94). Five replicate 

measurements were taken for each film measured. The current was set at 100 

µA and the voltage recorded. These values were used to calculate resistivity (ρ) 

according to Equation 3.1 (155):  

 

 
4.532 

 

        Equation 3.1 

 

Where V = voltage, t = sample thickness and I = current. The reciprocal of 

resistivity gave conductivity. 

 

3.12. Stability of PPy-pTS Drug Delivery System 

Of the different PPy formulations tested, PPy-pTS was selected as the optimal 

formulation to study further. In order to be used clinically, the films must be 

functional over a defined shelf life. During preliminary experiments it was noted 

that if allowed to dry out, PPy films cracked and delaminated from the 

underlying electrode. Two different storage systems were trialled to prevent the 

films from drying out; either storing the polymer in solution, or storing wet 

polymer in foil pouches.  

 

3.12.1. PBS as release media 

It is important to use biorelevant media which mimics the physiological 

conditions at the site of implantation (145). The most common media used to 

study release from non-oral dosage forms is PBS. The solubility of risperidone 

in PBS was evaluated to determine if sink conditions would be maintained 

during drug release testing. Sink conditions are described by different 
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references when the concentration of drug in release media remains under 1/10 

to 1/3 of the saturated concentration (144, 145). If drug solubility had to be 

increased to achieve sink conditions, three approaches are commonly used; a) 

altering pH, b) addition of surfactants or c) the use of non-aqueous media (156). 

Altering the pH was considered; therefore the solubility of risperidone in PBS 

was determined at different pHs according to the following protocol: 

 Prepare a series of PBS solutions at different pH’s by adjusting standard 

PBS (pH 7.4) with NaOH or HCl as appropriate  

 Add excess risperidone to PBS  

 Vortex for 10 minutes  

 Sonicate for 30 minutes  

 Place in a shaking water bath at either 20 oC or 37 oC for 48 hours  

 Centrifuge at 10000 rpm for 10 minutes at either 20 oC or 37 oC 

 The supernatant was diluted into the range of the standard curve based 

on the expected solubility and injected into the HPLC column. 

 

Five replicate solutions were prepared at each pH. The solubility of risperidone 

in PBS at different pHs was determined at 37 oC (human body temperature). 

The solubility of risperidone in PBS at pH 7.4 was also determined at 20 oC. 

 

3.12.2. Storage in solution 

PPy films were stored in a solution identical to the polymerisation solution 

except for the absence of pyrrole. Unless extreme precautions are taken it is 

known that pyrrole oxidises over time, producing oligo- and polypyrrole. As this 

could change the PPy based DDS, pyrrole was excluded from the storage 

solution, which comprised 0.1 M pTS and 0.09 M risperidone in methanol and 

water (7:3).  
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3.12.2.1. Stability assessment  

Films were sealed in airtight containers in this solution and stored at either 4 °C, 

20 °C or 40 °C. Drug loading of the polymer films was assessed at time, t = 0 

and 7 days. Sample coding was as described in Table 3.4, the date of 

preparation and replicate number were inserted appropriately. All replicates of a 

certain batch were prepared on the same day. All films were polymerised from 

fresh solutions.  

 

3.12.3. Storage in foil pouches 

PPy films were stored in sealed foil pouches prepared from polyethylene lined 

aluminium foil (Constantia Patz Ges.m.b.H., Austria). These pouches were 

prepared by folding a layer back on itself and heat sealing two sides. Once the 

PPy film was placed inside the pouch the final side was sealed. The pouches 

kept the polymer from drying out, thereby preventing cracking and 

delamination. They also minimised the fluid in the storage system, reducing 

species exchange between PPy and surrounding liquid. Water vapour and 

oxygen transmission of the foil are reported by the manufacturer as <0.01 g m-2 

day-1 and <1.0 mL m-2 day-1 bar-1, respectively. 

 

3.12.3.1. Stability assessment 

Freshly prepared PPy films were sealed in pouches and stored at 40 °C to test 

their stability under accelerated aging conditions (139, 141). Drug release, 

polymer appearance, polymer conductivity and drug loading levels were all 

assessed at time, t = 0, 24 hours, 6 days and 28 days. AFM assessment of 

surface roughness and electrochemical actuation was performed at t = 0 and 6 

days. The electrochemical actuation provided an indication of the electroactive 

stability of the polymer. Sample coding was as described in Table 3.5, the date 

of preparation and replicate number were inserted appropriately. All replicates 

of a certain batch were prepared on the same day. All films were polymerised 

from fresh solutions.  
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Table 3.4: Stability sample coding for dosage forms stored in solution 

Time Temperature  Code 

0 20 °C Soln – date - time 0 - replicate 

7 days 4 °C Soln – date - 4 °C - replicate 

7 days 20 °C Soln – date - 20 °C - replicate 

7 days 40 °C Soln – date - 40 °C - replicate 

 

 

 

 

 

 

 

Table 3.5: Stability sample coding for dosage forms stored in foil pouches 

Time Temperature Code 

0 20 °C Foil – date - time 0 - replicate 

24 hours  40 °C Foil – date - 24 hours - replicate 

6 days 40 °C Foil – date - 6 days - replicate 

28 days 40 °C Foil – date - 28 days - replicate 
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3.12.3.2. Film synthesis 

PPy-pTS films were prepared galvanostatically at 2 mA cm-2 on stainless steel 

plates for 90 s + 960 s to test drug release, polymer appearance, polymer 

conductivity and drug loading levels. For AFM studies PPY-pTS films were 

prepared galvanostatically at 2 mA cm-2 on GC plates for 90 s + 240 s with part 

of the WE blocked with the negative photoresist nLOF2000. As the polymer 

was prepared by oxidative polymerisation it was expected to remain in the 

oxidised form unless a reducing potential was applied.  

 

3.12.3.3. Release of risperidone from PPy films 

The ability of the system to function as a controlled DDS was tested by 

exposing the polymer to alternating periods of time with and without electrical 

stimulation (‘on’ and ‘off’ periods). Electrical stimulation was in the form of a 

pulsed potential, ±0.6 V at 0.5 Hz. Testing began with a 60 s ‘off’ period, 

followed sequentially by 6 s ‘on’, 60 s ‘off’, 10 s ‘on’ and finally 60 s ‘off’. Drug 

release into a stirred vessel containing 5 mL PBS was analysed by HPLC. 

Release was tested from three films at each time point.  

 

3.13. Use of Statistics 

Two-tailed student t-tests were performed to determine statistical significance of 

test groups; p-values less than 0.05 were considered statistically significant. 

The variation in replicate measurements is generally given as standard 

deviation (SD) except for variation in replicate drug release measurements 

which is reported as standard error (SE), in line with published results from 

other labs (9, 13). 



 

 
 

 

4. RESULTS AND DISCUSSION 
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4.1. Analytical Method 

An HPLC method was required to separate and quantify both risperidone and 

pTS. This method, in addition to quantifying drug release from the PPy based 

DDS, allows for an exploration of the mechanism of drug release from the PPy-

pTS formulation. Due to their larger size, other anions used as dopants in the 

preparation of PPy would not be expected to release from the polymer during 

drug release experiments.  

 

4.1.1. Method development 

Different C18 RP-HPLC columns were trialled, including a Hypersil (300 x 3.9 

mm, particle size 5 µm) (Phenomenex, USA), Luna (150 x 4.6 mm, particle size 

5 µm), (Phenomenex, USA) and Gemini analytical column (250 × 4.6 mm, 

particle size 5 µm) (Phenomenex, USA). The optimum system performance and 

peak separation was achieved using the Gemini column with a C18 precolumn 

(12.5 × 4.6 mm) of the same packing.  

 

It was advantageous to use a buffer as risperidone is ionisable in several 

positions; 50 mM KH2PO4 solution in MilliQ water was used for this purpose. 

Initially the buffer was used at a pH of 3.7, however two peaks eluted with UV 

spectra matching risperidone. This may have been due to different ionised 

forms of risperidone. Triethylamine (0.3 % v/v) was added to the mobile phase 

as it is reported to suppress ionisation (26), however this did not prevent the 

two risperidone peaks eluting. The pH of the mobile phase was modified to 6.5, 

which resulted in a single peak with a UV spectrum matching risperidone being 

eluted.  

 

The retention time and shape of the risperidone peak were adjusted through 

modifying firstly, the flow rate and secondly, the proportions of methanol and 

acetonitrile mixed with the aqueous phosphate buffer. The retention time of 

risperidone, with a LogP of 2.89 ± 0.41 (138), could be decreased by increasing 

the organic proportion in the mobile phase.  
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The optimal conditions for HPLC quantification of risperidone are reported in 

Table 4.1. An isocratic flow rate was used at 1 mL min-1, while the mobile phase 

consisted of acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, v/v). UV detection 

was achieved at 237 nm, the absorbance maxima observed from a UV scan of 

pure drug. Figure 4.1 shows an injection of a risperidone standard (1 mg mL-1) 

with the drug eluting as a narrow peak around 4.5 min.   

 

4.1.2. Stress stability studies of risperidone 

Chromatograms are presented for each degradation condition. Degradation 

experiments were stopped when 5-20 % degradation had been achieved or 

after 3 weeks, whichever occurred first. The purity of the risperidone peaks 

were tested using a PDA detector and Chemstation software by comparing 5 

UV spectra across the risperidone peak. Two spectra were taken before the 

apex of the peak, 1 spectrum at the apex and 2 after the peak apex; if all 

spectra matched the spectrum for risperidone this indicated the peak was pure. 

The UV scans have been inset into the corresponding chromatograms.  

 

Under oxidative conditions a degradation peak of risperidone was visible at 3.0 

min (Figure 4.2). The peak at 2.5 min in Figure 4.2 can be attributed to H2O2, as 

an identical peak was observed when an injection of 0.15 % (v/v) H2O2 without 

risperidone was made. The main degradation peaks formed under acidic 

conditions can be seen eluting at 2.3 and 4.3 min (Figure 4.3). The resolution 

between the risperidone peak and the degradation peak at 4.3 min was 1.74, 

providing for adequate resolution (132). Basic degradation resulted in new 

peaks eluting at 2.7 and 4.1 min (Figure 4.4). UV spectra of these degradation 

peaks showed them to be different species to those formed by acidic 

degradation. This is in contrast with Tomar et al. who report the products of acid 

and base degradation to be identical (35). When risperidone dissolved in 

acetonitrile and water was kept at an elevated temperature the main thermal 

degradation product can be seen eluting around 3 min (Figure 4.5). However 

when risperidone was kept as a powder at the same temperature for an equal 

length of time, no degradation was observed (Figure 4.6). As risperidone 

powder was stable at 55 ºC for 3 weeks without any light exposure, any 
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degradation seen in risperidone powder stored at 40 ºC and exposed to light 

could be attributed to photodegradation. Figure 4.7 demonstrates after 3 weeks 

no photodegradation products eluted on the chromatogram.  

 

The risperidone peak in chromatograms (Figures 4.2-4.7) was pure and 

adequately resolved from other peaks (resolution > 1.74) in all the undertaken 

stress tests (132). More than 5 % degradation of risperidone was observed with 

acid, base and peroxide degradation and when risperidone was kept in solution 

for 3 weeks. With risperidone kept as a dry powder, even after 3 weeks at 

elevated temperature and with light exposure, no degradation was observed.  
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Table 4.1: Optimised HPLC conditions 

Column Mobile phase Flow rate Detection 

Gemini 250 × 4.6 mm, 

particle size 5 µm  

acetonitrile and KH2PO4  

(pH 6.5; 0.05 M) (45:55, v/v) 

Isocratic  

1 mL min-1 
UV at 237 nm 

 

 

 

 

 

 

 

 

 
Figure 4.1: HPLC chromatogram of risperidone (1 mg mL-1)  
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Figure 4.2: HPLC chromatogram of risperidone (1 mg mL-1) in H2O2 (0.15 % (v/v)) after 30 

minutes 

 

 

 

 
Figure 4.3: HPLC chromatogram of risperidone (1 mg mL-1) in HCl (1 M) after 3 weeks 
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Figure 4.4: HPLC chromatogram of risperidone (1 mg mL-1) in NaOH (1 M) after 2 days 

 

 

 

Figure 4.5: HPLC chromatogram of risperidone (1 mg mL-1) after 3 weeks at 55 ºC 
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Figure 4.6: HPLC chromatogram of risperidone powder after 3 weeks at 55 ºC 

 

 

 

Figure 4.7: HPLC chromatogram of risperidone powder after 3 weeks of exposure to light and 

40 ºC 
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4.1.2.1. Exposure to polymerisation conditions 

During the polymerisation process risperidone is stressed by the conditions 

used. Specifically, risperidone was exposed to an acidic solution to which an 

oxidising electrical current was applied. The forced degradation of risperidone 

was attempted by stressing the drug molecule in an environment in excess of 

that usually experienced during polymerisation.  

 

Acidic Solution 

After 24 hours of storage no degradation of risperidone was observed. No 

additional peaks were observed on the chromatogram and the risperidone peak 

was pure. During DDS polymerisation, solutions were prepared fresh daily, the 

24 hour period tested is beyond the length of time risperidone would usually be 

exposed to this environment.  

 

Oxidising Potential 

After 1 hour of exposure to 2 V no degradation of risperidone was observed. No 

additional peaks were observed on the chromatogram and the risperidone peak 

was pure. The magnitude and time of this potential is in excess of that which 

risperidone was exposed to during most polymerisation reactions. 

 

There was no evidence of risperidone degradation when the drug was exposed 

to harsh conditions in excess of those usually encountered during manufacture 

of the DDS. Therefore, risperidone was shown to be stable to the conditions 

encountered during the polymerisation process.  

 

4.1.3. Method validation - risperidone 

Calibration curves for risperidone showed good linearity in the 1-100 µg mL-1 

range. The representative linear equation obtained from linear regression 

analysis was y = 14.4x – 1.84, with a correlation coefficient (R2>0.9999). LOD 

and LOQ levels were 0.001 µg mL-1 and 0.01 µg mL-1, respectively. Accuracy 

and precision data for the HPLC method is shown in Table 4.2. 
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Table 4.2:  Accuracy and precision data for risperidone of the presented HPLC method 

Concentration / 

µg mL-1 

Intra-day Inter-day 

Accuracy / % Precision / % Accuracy / % Precision / % 

3 101.7 0.50 102.6 0.96 

10 98.4 0.02 99.5 0.29 

30 100.3 0.39 100.4 1.43 

100 100.1 0.24 100.7 0.96 

 

 

 

 

 

 

 

 

Table 4.3: Accuracy and precision data for pTS of the presented HPLC method 

Concentration / 

µg mL-1 

Intra-day Inter-day 

Accuracy / % Precision / % Accuracy / % Precision / % 

10 98.0 0.23 100.1 1.99 

30 100.8 0.57 102.1 1.13 

100 98.8 0.34 99.8 1.55 
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4.1.4. Method validation - pTS 

Calibration curves for pTS showed good linearity in the 1-100 µg mL-1 range. 

The representative linear equation obtained from linear regression analysis was 

y = 3.57x + 1.70, with a correlation coefficient (R2>0.9999). Accuracy and 

precision data for the presented HPLC method is shown in Table 4.3.  

 

4.1.5. Application of the analytical method to risperidone and 

pTS release from PPy-pTS films 

Following the manufacture of the DDS, release of drug was tested into 

acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, v/v) (Figure 4.8). The 

risperidone, pTS and pyrrole peaks are well resolved from each other with no 

degradation peaks evident. Individual injections of risperidone, pTS and pyrrole 

standards were made to aid in identification of the different peaks. The 

risperidone, pTS and pyrrole peaks can be seen eluting around 4.4, 2.7 and 5.3 

min, respectively. The peak at 2.450 min was present when a blank injection of 

acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, v/v) was made. The inset UV 

scan in Figure 4.8 displays five spectra taken from across the risperidone peak 

showing this peak to be pure.  

 

4.1.6. Recovery from plasma samples 

Recovery was calculated from area under the risperidone peak extracted from 

spiked human plasma compared to those from standards of risperidone 

dissolved in acetonitrile using the calibration curve described above. Levels of 

recovery are presented in Table 4.4. This demonstrates the ability to use the 

presented HPLC method for analysis of biological samples.  
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Figure 4.8: Representative HPLC chromatogram of a release sample 

 

 

 

 

 

 

Table 4.4: Recovery of risperidone from human plasma   

Concentration / µg mL-1 Recovery / % (mean ± SD) 

20 96.6 ± 4.1 

50 99.8 ± 1.4 

100 101.2 ± 1.4 
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4.2. Drug Release 

4.2.1. Solubility of risperidone in release media 

The saturated solubility of risperidone in acetonitrile and KH2PO4 (pH 6.5; 0.05 

M) (45:55, v/v) was determined at 34.8 ± 0.2 mg mL-1. This is far in excess of 

the concentration risperidone was present in release media. Therefore drug 

release into acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, v/v) can be said 

to occur into sink conditions (145, 156).   

 

4.2.2. Stability of risperidone in release media 

Following storage at either -20 ºC, 4 ºC or 20 ºC, risperidone dissolved in 

acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, v/v) was stable at all time 

points up to and including 14 days. The average amounts of risperidone in 

solution remained at 100 ± 1 %. 

 

Acetonitrile and KH2PO4 (pH 6.5; 0.05 M) (45:55, v/v) was therefore deemed 

suitable media to test the release of risperidone from the PPy based DDS.  

 

4.3. PPy-pTS 

4.3.1.  Polymer synthesis 

PPy-pTS was polymerised galvanostatically at 2 mA cm-2 in two layers, the first 

without risperidone and the second with risperidone. When risperidone was 

absent the evolved potential quickly peaked at 1.2 V then fell sharply to 0.85 V 

where it remained for the duration of polymerisation (Figure 4.9). The observed 

peak indicates the initial nucleation of pyrrole monomers as polymerisation 

begins. During the polymerisation of PPy-pTS, in the presence of risperidone, 

the voltage peaked quickly at 1.3 V then fell to a constant 1.1 V (Figure 4.10). 

The presence of risperidone caused a higher potential to be created in order to 

carry the same current. 
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Figure 4.9: Chronopotentiogram for the galvanostatic polymerisation (2 mA cm-2) of the first 

layer of PPy-pTS without risperidone 
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Figure 4.10: Chronopotentiogram for the galvanostatic polymerisation (2 mA cm-2) of the 

second layer of PPy-pTS with risperidone  
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4.3.1.1. Stability of risperidone in synthesis solution 

After 24 hours at 20 °C the concentration of risperidone had fallen from an initial 

concentration of 37.14 ± 0.34 mg mL-1 to 36.69 ± 0.55 mg mL-1. This 1.3 % fall 

in concentration was not a significant change (p value >0.05). These stability 

results support the practice of preparing fresh solutions for polymerisation daily.  

 

4.3.2. Optimisation of drug loading 

As can be seen in Figure 4.11, when drug was loaded during polymerisation the 

amount of risperidone release rose as polymer thickness increased. In contrast, 

when drug was loaded after polymerisation, an insignificant increase in 

risperidone release was noted when polymer thickness increased.  

 

This suggests that by loading drug during polymerisation risperidone is 

incorporated into all parts of the polymer. Meanwhile, drug loading after 

polymerisation appears to be a surface phenomenon, with drug unable to 

penetrate and load into the polymer bulk. This pattern may be exacerbated by a 

second factor. The potential evolved during galvanostatic synthesis is higher 

when risperidone is present than when drug is absent. This may influence the 

morphology of the polymer produced, with the higher polymerisation potential 

resulting in a more porous structure (13, 14, 82), enabling higher levels of 

risperidone to be released. 

 

The specific goal of this investigation was to increase drug loading as 

determined by drug release levels. From the results presented in this section a 

decision was made to continue developing a system where drug is loaded into 

polymer during the polymerisation process. 
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Figure 4.11: Risperidone release from PPy-pTS films of different thicknesses. Risperidone was 

loaded into the polymer either A) during or B) after polymerisation. Error bars indicate standard 

error of the mean (n=3). 
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4.3.3. Effect of electrical stimulation 

PPy-pTS films with a theoretical thickness of 8 µm were used to assess the 

effect applying electrical stimulation (±0.6 V at 0.5 Hz) had on drug release. 

Release from films stimulated for 600 s was compared to a control group of 

polymer films to which no electrical stimulation was applied. After 600 s the 

stimulated films released a total of 50.8 ± 4.8 µg of risperidone, while the 

control group released 3.7 ± 0.4 µg of risperidone over the same period. The 

electrical stimulation had a pronounced effect, increasing the amount of drug 

release.  

 

4.3.4. Effect of altering film thickness on drug release 

 

Figure 4.12 displays risperidone release from 32 µm thick PPy-pTS films when 

±0.6 V at 0.5 Hz is applied, with 91 % of drug released by 600 s. A comparison 

of drug release after 600 s from PPy-pTS films of different thicknesses is 

reported in Table 4.5.  

 

As film thickness increased the amount of drug released also increased. When 

film thickness doubled from 2 µm to 4 µm, release increased by a factor of 2.1. 

However, when films thickness doubled again to 8 µm the amount of drug 

release only increased by a factor of 1.6; when thickness then increased by a 

factor of 4, from 8 µm to 32 µm, release only increased by a factor of 2.9. This 

aligns well with previous reports where the level of drug release does not 

increase linearly with increasing film thickness (15, 71, 87). This can be 

attributed to thicker films being less electroactive and to changes in the drug 

diffusion co-efficient with changing film thickness. The amounts released at 600 

s may not reflect all the drug available in the polymer films, any drug remaining 

in the film after this time wasn’t included in the analysis.   
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Figure 4.12: Risperidone release from 32 µm thick PPy-pTS films during the application of ± 

0.6 V at 0.5 Hz. Error bars indicate standard error of the mean (n=5). 

 

 

 

 

 

Table 4.5: Risperidone release from PPy-pTS films of different thicknesses following 

stimulation of ±0.6 V at 0.5 Hz for 600 s. Averages ± SE.   

Theoretical film thickness / µm Release at 600 s / µg 

2 15.2 ± 1.4 (n=3) 

4 32.2 ± 2.9 (n=3) 

8 50.8 ± 4.8 (n=3) 

32 146.3 ± 31.0 (n=5) 
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4.3.5. Investigation of different polymerisation current density 

4.3.5.1. Polymer synthesis 

Chronopotentiograms for PPy-pTS synthesis at 1 mA cm-2 and 0.5 mA cm-2 are 

shown in Figures 4.13 to 4.16. The plateau potential evolved during synthesis 

of the first layer without drug decreased from 0.85 V at 2 mA cm-2, to 0.8 V at 1 

mA cm-2 and to 0.7 V at 0.5 mA cm-2. A similar pattern was seen during the 

synthesis of the second layer containing drug, with the plateau potential 

evolved falling from 1.1 V at 2 mA cm-2, to 0.9 V at 1 mA cm-2 and to 0.8 V at 

0.5 mA cm-2. The decrease in potential observed at lower polymerisation 

current densities may suggest that the polymer chains were formed in a highly 

structured and regular arrangement (114).  

 

4.3.5.2. Drug release 

Risperidone release was tested from PPy-pTS films prepared galvanostatically 

at different current densities. Release was measured while ±0.6 V at 0.5 Hz 

was applied to the polymer films. The lowest initial rate of risperidone release 

was seen in polymer films polymerised at 0.5 mA cm-2 (Figure 4.17), while films 

polymerised at 1 mA cm-2 and 2 mA cm-2 showed an initial burst of release. 

Despite these initial differences the total amount drug release was very similar 

for all three formulations after 1000 s.  

 

The differences in initial release rate may be explained by morphological 

differences between formulations. PPy-pTS films prepared at higher current 

densities would be expected to have a more open, porous structure than those 

prepared at lower current densities (13, 14, 82). The more compact, less 

porous structure expected from polymerisation at lower current densities (0.5 

mA cm-2) would inhibit the release of risperidone from the polymer bulk. It may 

be that over time the polymers start to exhaust themselves of drug, allowing all 

formulations to approach the same point around 1000 s on Figure 4.17(A).  
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Figure 4.13: Chronopotentiogram for the galvanostatic polymerisation (1 mA cm-2) of the first 

layer of PPy-pTS without risperidone  
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Figure 4.14: Chronopotentiogram for the galvanostatic polymerisation (1 mA cm-2) of the 

second layer of PPy-pTS with risperidone 
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Figure 4.15: Chronopotentiogram for the galvanostatic polymerisation (0.5 mA cm-2) of the first 

layer of PPy-pTS without risperidone 
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Figure 4.16: Chronopotentiogram for the galvanostatic polymerisation (0.5 mA cm-2) of the 

second layer of PPy-pTS with risperidone  
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Figure 4.17: Risperidone release from PPy-pTS films prepared at different current densities. B) 

is a zoomed window of A). Error bars indicate standard error of the mean (n=3). 
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4.3.6. Polymerisation methods to increase drug loading  

CV and pulsed current were both trialled as polymerisation methods to increase 

drug loading in PPy-pTS films. The newly formed PPy was subjected to periods 

of time where either negative potential or negative current was applied to 

reduce the polymer. It was hypothesised that risperidone loading would be 

enhanced with PPy in the reduced neutral state, where cationic drug would be 

incorporated to counter-balance the excess of negative charge due to the 

anionic pTS.  

 

4.3.6.1. Cyclic Voltammetry 

The limits of the CV scan (+0.85 V to -0.5 V) were selected to oxidise the 

pyrrole monomer at the upper limit and reduce PPy at the lower limit. On the 

first positive scan there was an increase in current above +0.6 V, indicating 

pyrrole polymerisation (Figure 4.18). During the successful polymerisation of 

PPy, the current in this region should increase on subsequent scans due to the 

re-oxidation of PPy formed on previous scans, in addition to new oxidation of 

pyrrole monomer. However the second, third and subsequent scans observed 

did not show any increase in current in this region. Indeed polymer formed very 

slowly, even after 1000 cycles only a very thin layer of PPy had formed. Drug 

release experiments were attempted on these films, but any risperidone 

released was below the limit of detection of the analytical method.   

 

4.3.6.2. Pulsed current 

The pulsed current technique utilised alternating 10 s blocks of anodic current 

(2 mA cm-2) with 10 s blocks of cathodic current (-0.5 mA cm-2). During periods 

of anodic current pyrrole would be polymerised to PPy, while during periods of 

cathodic current PPy would be reduced. Using this technique PPy formed as a 

homogenous black film over the WE. A total of 960 s of anodic current (2 mA 

cm-2) was passed during polymerisation. Given the area of polymer deposition 

as 1 cm2, the total charge passed was 1.92 C. The weight of three films formed 

by pulsed current was 0.57 ± 0.1 mg. In contrast, films prepared 

galvanostatically by passing 1.92 C (constant 2 mA cm-2 for 960 s) weighed 1.5 
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± 0.1 mg. The lower quantity of PPy formed using the pulsed current technique, 

as determined by weight, would suggest the insertion of negative current blocks 

interferes with the formation of PPy.  

 

In addition, the amount of risperidone released from these films was far lower 

than expected; as shown in Figure 4.19. After 1000 s only 3.27 ± 0.13 µg of 

risperidone had released, compared to 55.40 ± 2.84 µg released after the same 

time from comparable films prepared by galvanostatically (constant 2 mA cm-2 

for 960 s). 

 

These results demonstrate that neither CV nor pulsed current were successful 

methods of preparing PPy-pTS films capable of increased risperidone release. 

Therefore constant current synthesis of PPy was favoured as the preparation 

method for the PPy based DDS.   
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Figure 4.18:  Attempted PPy-pTS synthesis by CV, +0.85 to -0.5 V, at 50 mV s-1. The first cycle 

is represented by the solid line, the second cycle the dotted line and the third cycle the dashed 

line.  

 

 
Figure 4.19: Risperidone release from PPy-pTS films prepared by pulsed current on application 

of ±0.6 V at 0.5 Hz. Error bars indicate standard error of the mean (n=3). 

0

1

2

3

4

0 200 400 600 800 1000 1200

C
u

m
u

la
ti

ve
 R

el
ea

se
 / 

µ
g

Time / s



Chapter 4...Results and Discussion 

 

114 
 

4.3.7. Release from PPy-pTS films in different redox states 

Risperidone release from PPy films, when exposed to different stimulation 

protocol, is displayed in Figures 4.20 and 4.21. The greatest amount of 

risperidone was released when the films were reduced to the neutral state. A 

large initial burst of release was seen from these reduced films. The burst of 

release was less in the films exposed to an alternating ±0.6 V at 0.5 Hz and 

was not observed in the oxidised or control groups. When a pulsed potential 

was applied a lower total amount of risperidone was released, although 

significantly more than when the films were oxidised, or when no stimulation 

was applied to the films. As the oxidation potential of PPy is lower than the 

polymerisation potential of the pyrrole monomer, PPy is formed in the oxidised 

state. If no redox stimulus is applied the film would remain in this state. 

Therefore it was expected to see similar levels of drug release between the 

control and oxidation groups. Figure 4.20 demonstrates that applying different 

electrical stimulation to PPy results in different release profiles.  

 

The greatest amount of pTS was released when PPy was reduced with the 

application of a constant -0.6 V, or when a pulsed potential (±0.6 V) was 

applied (Figures 4.22 and 4.23). When reduced, the polymer backbone is 

neutralized and without electrostatic attraction between PPy and pTS, the anion 

will be free to move out of the film. When a pulsed potential (±0.6 V) was 

applied PPy would spend similar time in oxidised and reduced states, yet there 

was no significant difference in pTS release compared to when films were 

constantly held in the reduced state. The lowest levels of pTS release were 

seen with the polymer in the oxidised state; either remaining in this state 

following synthesis or when a potential of +0.6 V was applied. In the oxidised 

state the net positive charge of the polymer backbone would attract the 

negatively charged pTS, holding it inside the film.  

 

Two-tailed student t-tests were applied to compare the release of risperidone or 

pTS when different release protocols were applied to the films. Testing across 

the 120 s groups and the 500 s groups was performed separately. In Figures 

4.21 and 4.23, statistically significant differences in release between stimulation 
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protocol are identified with different letters (A, B or C) for the 120 s time period, 

while statistically significant differences in the 500 s time period groups are 

identified with different roman numerals (I or II). Those with the same letter or 

roman numeral did not display statistically significant differences.   

 

PPy actuation was identified as a mechanism driving risperidone release. The 

highest level of risperidone release was seen when PPy was in the reduced 

form, which correlated to out-of-plane polymer expansion observed during AFM 

studies. The next largest amount of risperidone release occurred during 

application of ±0.6 V at 0.5 Hz. Actuation was observed on application of this 

stimulus, with polymer expansion and contraction occurring at the same 

frequency as the stimulation. The lowest levels of risperidone release were 

observed with PPy in the oxidised state, or when no stimulation was applied. 

This correlated in no change in the height of the polymer surface. The 

mechanism of release is discussed more fully in Section 4.7.4: AFM 

Characterization. 
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Figure 4.20: Risperidone release from PPy-pTS films under the application of different 

stimulation protocol. Error bars indicate standard error of the mean (n=5). 

 

 

 
Figure 4.21: Risperidone release from PPy-pTS films under the application of different 

stimulation protocol. Error bars indicate standard error of the mean (n=5). 
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Figure 4.22: pTS release from PPy-pTS films under the application of different stimulation 

protocol. Error bars indicate standard error of the mean (n=5). 

  

 

 
Figure 4.23: pTS release from PPy-pTS films under the application of different stimulation 

protocol. Error bars indicate standard error of the mean (n=5). 
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4.3.8. Modelling of drug release 

Common pharmaceutical release models (148) have been fitted to drug release 

profiles from PPy-pTS films during the application of different stimulus; +0.6 V 

to force oxidation, -0.6 V to force reduction, ±0.6 V at 0.5 Hz to alternately force 

reduction and oxidation, or without any electrical stimulation. The modelled 

kinetic parameters are reported in Table 4.6.  

 

The First Order release model did not provide a high R2 (goodness of fit) for any 

release profile (R2<0.808). This implies drug release occurs independently of 

the amount of drug remaining in the formulation (148). Improved fits were noted 

with other models, implying diffusion is the rate limiting process.  

 

Zero Order release describes diffusion controlled release from a dosage form 

with a defined area which doesn’t disaggregate (148). The Higuchi model 

describes diffusion controlled release from a homogeneous matrix, taking into 

account the volume of the dosage form accessible to the dissolution media 

changes with time (157). Penetration of the media into the dosage form occurs 

as a function of matrix porosity and polymer relaxation. Often neither Zero-

Order nor Higuchi diffusion alone can explain observed release patterns. In 

such cases the Korsmeyer-Peppas model can be used which describes drug 

diffusion occurring as a mixture of Zero Order diffusion and Higuchi type 

diffusion (158, 159). The diffusional release exponent (n) in the Korsmeyer-

Peppas model gives an indication of the diffusion mechanism. When n 

approaches 0.5, Fickian diffusion is expected; diffusion is effected by a solvent 

front moving with constant velocity into the DDS. In this case the Korsmeyer-

Peppas model approaches the Higuchi model. In contrast, as n approaches 1.0, 

Zero Order release is seen, with release occurring independently of time. For n 

values between 0.5 and 1.0, anomalous diffusion occurs as a mixture of 

Higuchi and Zero Order type diffusion. 

 

Drug release from the control group, when no simulation was applied, showed a 

good fit with the Korsmeyer-Peppas model (R2=0.975 ± 0.251). The n value of 

this fit was 0.829 ± 0.082, suggestive of two separate modes driving drug 
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release. Indeed the release data fit both the Zero Order model (R2=0.961 ± 

0.032) and Higuchi model (R2=0.960 ± 0.018) well. 

 

Similarly, release from the oxidised films fitted the Korsmeyer-Peppas model 

well (R2=0974 ± 0.025). The n value of the Korsmeyer-Peppas model is 0.769 ± 

0.199 suggesting 2 modes of drug release are occurring. Again the release 

data fit both the Zero Order model (R2=0.972 ± 0.029) and Higuchi model 

(R2=0.939 ± 0.939) well.  

 

For both the reduced films and the films alternately oxidised and reduced, the 

best fits were achieved with the Higuchi Model and the Korsmeyer-Peppas 

model (R2>0.968). With these release conditions the n value of the Korsmeyer-

Peppas model was closer to 0.5, therefore this model approached the Higuchi 

model.  

 

These results correlate well with AFM data which shows the polymer increasing 

its volume when they are reduced or alternately oxidised and reduced (Figure 

4.50). The increase in volume may enhance the penetration of release media 

into the polymer bulk. In this case we see an improved fit with the Higuchi 

model.  

 

4.3.9. Modifiable release 

Figure 4.24 shows higher rates of risperidone release from PPy films during 

periods of electrical stimulation compared to periods without stimulation, as 

observed by the higher slopes of the solid lines compared to the dashed lines. 

The rate of drug release from the same films can therefore be modified by 

applying or withholding electrical stimulus.  
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Table 4.6: Kinetic parameters of release data fitted against drug release models. Averages (± SD) are presented for 5 replicate polymer films. 

  No Stimulation Oxidised Reduced  Alternately Oxidised  

then Reduced  

Zero Order k0 (x102) 3.962 ± 0.135 3.944 ± 0.420 2.914 ± 0.225 3.826 ± 0.252 

R2 0.961 ± 0.032 0.972 ± 0.029 0.857 ± 0.059 0.887 ± 0.052 

First Order k1 (x103) 1.080 ± 0.084 4.100 ± 4.030 6.400 ± 0.134 1.080 ± 0.217 

R2 0.752 ± 0.095 0.808 ± 0.067 0.523 ± 0.051 0.565 ± 0.067 

Higuchi kH 2.195 ± 0.110 2.148 ± 0.023 1.717 ± 0.099 2.074 ± 0.108 

R2 0.960 ± 0.018 0.939 ± 0.037 0.968 ± 0.008 0.980 ± 0.013 

Korsmeyer-

Peppas 

kK 0.194 ± 0.106 0.488 ±0.595 7.639 ± 3.660 1.381 ± 1.221 

n 0.829 ± 0.082 0.769 ± 0.199 0.339 ± 0.061 0.614 ± 0.132 

R2 0.975 ± 0.251 0.974 ± 0.025 0.968 ± 0.028 0.976 ± 0.027 
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Figure 4.24: Cumulative release of risperidone from PPy films when exposed to alternating 

periods of time with or without electrical stimulation. Periods with electrical stimulation (± 0.6 V 

(0.5 Hz)) are shown by solid lines, periods without electrical stimulation are shown with dashed 

lines. Error bars indicate standard error of the mean (n=3). 
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4.3.10. pTS release from blank films 

The release patterns of pTS from two groups of PPy-pTS films are displayed in 

Figure 4.25. The first group was polymerised galvanostatically at 2 mA cm-2 for 

1050 s (90 s + 960 s) without any risperidone, while the second group was 

polymerised at 2 mA cm-2 for 90 s + 960 s with the second polymerisation layer 

containing risperidone. Release was stimulated through application of ±0.6 V at 

0.5 Hz. The release patterns for pTS are similar, however there was slightly 

more release from films without risperidone that those containing drug. This 

effect was statistically significant (p<0.05) up to 120 s and at the 240 s time 

point, however statistically insignificant for the 180 s time point and from 360 s 

onwards. Thus, risperidone appears to have influenced pTS release. The 

release of pTS is believed to be driven by electrostatic forces (71). On reduction 

of PPy to the neutral state the electrostatic attraction forces between PPy and 

pTS are removed. There are now no forces holding the pTS anions within the 

polymer matrix, instead there are an excess of negative charges repelling these 

ions out of the film. When the cation risperidone is present in the polymer the 

additional positive charges would counterbalance some of repulsion forces due 

to the excess pTS. However, over time the risperidone is released from the 

polymer film, so the mechanism by which pTS is retained in the polymer is lost. 

Therefore, at longer release times release rates of pTS for films with or without 

risperidone becomes similar.  

   

4.3.11. Release with higher frequency stimulation 

The release of risperidone from PPy-pTS films when ±0.6 V was applied at 

either 0.5 Hz or 1 Hz is demonstrated in Figure 4.26. While some time points 

are different between the two data series, initially risperidone released at a 

faster rate from the films stimulated at 1 Hz than those stimulated at 0.5 Hz. 

Despite these initial differences, drug release from films exposed to the two 

different stimuli became more comparable over time. AFM studies identified 

actuation as a driving force behind drug release; polymer was seen to 

alternately expand and contract on application of ±0.6 V. This appeared to have 

the effect of pumping drug out of the polymer. For a more thorough discussion 
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behind the mechanism of drug release see Section 4.7.4: AFM 

Characterisation. When stimulation was applied at 1 Hz this pumping action 

would have occurred more rapidly than 0.5 Hz and may be responsible for 

differences observed in the initial rates of risperidone release. 

 

A measure of control over the release of drug can be gained through altering 

the frequency of applied electrical stimulation.  To test the significance of the 

differences, a student’s t-test was used to compare release at the common time 

points. Differences were only significant out to 120 s (p < 0.05), after this the 

differences were statistically insignificant. 
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Figure 4.25: pTS release from PPy-pTS films prepared with and without risperidone. Error bars 

indicate standard error of the mean (n=5). 

 

 
Figure 4.26: Risperidone release from PPy-pTS films when ±0.6 V is applied at either 0.5 Hz or 

1 Hz. Error bars indicate standard error of the mean (n=5). 
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4.4. PPy-DBS 

4.4.1. Polymer Synthesis 

PPy-DBS was polymerised galvanostatically at 2 mA cm-2 in two layers, the first 

layer without risperidone and the second with risperidone. When risperidone 

was absent the evolved potential quickly peaked at 1.3 V then reduced sharply 

to 0.8 V where it remained for the duration of polymerisation (Figure 4.27). The 

observed peak indicates the initial nucleation of pyrrole monomers to begin the 

polymerisation process. At the same current density a higher potential was 

evolved during the polymerisation of PPy-DBS when risperidone was present 

(Figure 4.28). The voltage peaked quickly at 1.0 V, then fell to 0.9 V after 200 s, 

then slowly increased until the end of polymerisation process. The potentials 

evolved during PPy-DBS polymerisation were lower than those evolved during 

PPy-pTS polymerisation. This would indicate PPy-DBS is more conductive than 

PPy-pTS.   

 

4.4.2. Release from PPy-DBS in different redox states 

Risperidone release from PPy-DBS films in different redox states is shown in 

Figure 4.29. Lower quantities of risperidone were released compared to the 

corresponding PPy-pTS films. Elemental analysis results presented in Section 

4.7.1. indicate lower loading levels of risperidone in PPy-DBS films compared to 

PPy-pTS films. This decrease in drug loading may be due to alterations in the 

electrostatic interactions and polymer morphology. As less drug is incorporated 

into the film, subsequently less drug is available for release. Altering the redox 

state of the polymer through electrical stimulation did not cause significant 

differences in drug release. The release seen from replicate samples displayed 

far greater variation than that observed for PPy-pTS films.  

 

After this preliminary work PPy-DBS films were disregarded for future use in the 

development of a DDS as repeatable modifiable release could not be achieved.  
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Figure 4.27: Chronopotentiogram for the galvanostatic polymerisation (2 mA cm-2) of the first 

layer of PPy-DBS without risperidone  
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Figure 4.28: Chronopotentiogram for the galvanostatic polymerisation (2 mA cm-2) of the 

second layer of PPy-DBS with risperidone 
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Figure 4.29: Risperidone release from PPy-DBS films under the application of different 

stimulation protocol. Error bars indicate standard error of the mean (n=3) 
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4.5. PPy-PMV 

4.5.1. Polymer synthesis 

The optimal PPy-PMV polymer was synthesised galvanostatically at 2 mA cm-2 

from 0.2 M pyrrole, 0.87 % (w/v) PMV, 0.09 M risperidone and 0.1 M CH3COOH 

dissolved in methanol and water (8:2). The potential evolved during 

polymerisation is shown in Figure 4.30. Unlike PPy-pTS and PPY-DBS films no 

early potential peak was evident; instead the potential slowly builds to c.a. 3.3 

V, indicating the high resistance of the forming polymer. In this situation, the 

desired polymerisation reaction was not occurring with sufficient ease to keep 

the potential low. Only a thin film of PPY formed. With the high potential 

unwanted side reactions are more likely to occur. In addition, poor quality PPy 

will be produced with the risk of heavy overoxidation (92).  

 

4.5.2. Drug release from PPy-PMV in different redox states 

Risperidone release from PPy-PMV films prepared galvanostatically at 2 mA 

cm-2 for 960 s is displayed in Figure 4.31. Release from the thinner PPy-PMV 

films appeared to be greatest in the control group without any electrical 

stimulation. These differences, however, were statistically insignificant (p>0.05). 

Lower levels of drug were released than for comparable PPy-pTS films. To 

explore the statistically insignificant differences further, thicker PPy-PMV films 

were prepared. Release of risperidone from these thicker PPy-PMV films is 

shown in Figure 4.32. Higher levels of risperidone were released than with the 

thinner PPy-PMV films, however altering the redox state of the polymer did not 

afford control over drug release. At no time point was the difference in release 

between the tested protocols statistically significant.  

 

When +0.6 V was applied to PPy-PMV films, and to a lesser extent when ±0.6 

V was applied, a precipitate formed in the release media and appeared to 

stream away from the WE. The HPLC method described in Section 4.1 could 

be used to detect PMV as shown in Figure 4.33. No PMV was evident on HPLC 
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analysis of release media. This precipitate was collected and analysed to 

determine if it contained any risperidone.  

 

Figure 4.34 shows the Mass spectrum of risperidone, with the M-1 peak at 410 

m/z and the M+1 peak at 412 m/z. These peaks are in good accordance with the 

molecular weight of unionised risperidone at 410.48 g mol-1 (137). Both peaks 

are shifted by +0.5 m/z which can be attributed to the instrument being out of 

calibration. The Mass spectrum of the collected precipitate is shown in Figure 

4.35. No signs of risperidone are evident. The only peak visible is the M+1 peak 

at 212.5 m/z. This does not fit the molecular weight of risperidone (410.48) or of 

the repeating PMV subunit (174.2) (150). The level of ionisation of PMV is 

unknown, and the tested range only extends up to 1000 m/z. If the level of PMV 

ionisation is low the signal may lie outside of this range. Although the peak at 

212.5 m/z has not been identified we can conclude that the precipitate does not 

contain risperidone.  

 

To confirm the mass spectral findings NMR spectra were gathered for both 

risperidone (Figure 4.36) and the collected precipitate (Figure 4.37). The goal of 

this work was not to identify all the peaks on the spectra, nor to identify the 

precipitate, but to determine if the collected precipitate contained risperidone. 

The NMR spectrum of the precipitate showed no sign of risperidone. Based on 

the gathered NMR and Mass spectra the precipitate does not contain 

risperidone. 

 

As drug release from PPy-PMV could not be controlled by electrical signalling 

this formulation was rejected from further development work. 
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Figure 4.30: Chronopotentiogram for the galvanostatic polymerisation (2 mA cm-2) of PPy-PMV 

 

 
Figure 4.31: Risperidone release from PPy-PMV films, prepared galvanostatically at 2 mA cm-2 

for 960 s, under the application of different stimulation protocol. Error bars indicate standard 

error of the mean (n=5). 
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Figure 4.32: Risperidone release from PPy-PMV films, prepared galvanostatically at 2 mA cm-2 

for 1920 s, under the application of different stimulation protocol. Error bars indicate standard 

error of the mean (n=3). 

 

 

 
Figure 4.33: Representative chromatogram of PMV injection (100 µg mL-1)  
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Figure 4.34: Mass spectrum of risperidone  
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Figure 4.35: Mass spectrum of precipitate formed during PPy-PMV release experiments 
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Figure 4.36: NMR spectrum of risperidone 
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Figure 4.37: NMR spectrum of precipitate formed during PPy-PMV release experiments 
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4.6. PPy-PSS  

Risperidone release from PPy-PSS films is shown in Figure 4.38. Only low 

levels of risperidone were released compared to other formulations, and the 

release was highly variable. Drug loading could only be achieved after 

polymerisation; the levels of drug release are similar to PPy-pTS films where 

drug was loaded following synthesis. This may reflect that drug loading after 

polymerisation is a surface phenomenon and does not utilise the polymer bulk. 

  

Due to the low levels of highly variable risperidone release, PPy-PSS was 

discontinued from future investigation as a DDS. 

  



Chapter 4...Results and Discussion 

 

137 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.38: Risperidone release from PPy-PSS films on the application of ±0.6 V at 0.5 Hz. 

Error bars indicate standard error of the mean (n=3). 
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4.7. Characterisation 

4.7.1. Elemental Analysis 

Elemental analysis was carried out on PPy-pTS films polymerised 

galvanostatically at 2 mA cm-2 for either 90 s + 960 s or 90 s + 6000 s. To 

provide a sufficient sample (weight required > 6 mg) six PPy-pTS films 

prepared for 90 s + 960 s were analysed together, while a single PPy-pTS film 

polymerised for 90 s + 6000 s could be analysed alone.  

 

The PPy-pTS films polymerised for 90 s + 960 s contained 8.2 % (w/w) 

risperidone and 38.5 % (w/w) pTS. The weight of PPy-pTS films was 

determined as follows; a prepared WE was weighed before polymerisation, 

following polymerisation the polymer was washed with methanol, the polymer 

attached to the WE was oven dried at 80 °C for 24 hours before being 

reweighed. The average weight of a PPy film was 1.5 ± 0.1 mg (n=3), giving 

loading levels of 123 µg of risperidone and 577 µg of pTS per film. Doping 

levels were seen at 1 pTS molecule for every 3.2 subunits of PPy, a value that 

corresponds well to previously reported levels (18, 79). Levels of risperidone 

loading were much lower, with only 1 risperidone molecule for every 32 PPy 

subunits, indicating physical entrapment during the polymerisation process 

rather than electrostatic interactions (103). The thicker PPy-pTS films 

polymerised for 90 + 6000 s contained 8.3 ± 0.2 % (w/w) risperidone and 40.7 ± 

1.5 % (w/w) pTS (n=2). These values are similar to those seen in the thinner 

films.  

 

The 5 mL of fresh synthesis solution used to prepare each PPy film contains 

185 mg of risperidone (0.09 M). The 123 µg of risperidone incorporated into the 

polymer during polymerisation of the thinner films represents only 0.07 % of the 

available drug. This is a highly inefficient loading process.   

 

Additional analysis of PPy-pTS films was carried out after drug release 

experiments when the polymer was reduced through application of a constant -

0.6 V for 2500 s. No risperidone could be detected in the films, while 6.6 % 
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(w/w) of pTS remained, corresponding to 99 µg of pTS per film. This value 

correlates with the 577 µg of pTS per film following synthesis and the average 

release of pTS from these films of 473.9 ± 22.0 µg after 2500 s (Figure 4.22).  

 

Elemental analysis was used in an attempt to determine the loading levels in 

PPy-DBS films. Fluorine was detected, but was below the limit of quantification 

at <0.3 % (w/w). This equates to risperidone loading of <6.5 % (w/w). These 

levels are lower than observed in PPy-pTS films, however from these results 

we cannot determine the exact level of loading. DBS was present in PPy-DBS 

films at 42.7 % (w/w), with a doping level of 1 DBS molecule per 5.3 PPy 

subunits. This is below the usually reported doping levels of 1 dopant molecule 

per 3 to 4 PPy subunits (18, 79).  

 

Elemental analysis could not be conducted on other PPy formations as only thin 

films could be formed and it was not feasible to prepare sufficient samples for 

elemental analysis (>5 mg required).  

 

4.7.2. Scanning Electron Microscopy 

4.7.2.1. PPy-pTS  

SEM images of PPy-pTS films demonstrate the ‘cauliflower’ morphology usually 

associated with PPy (9). Pristine PPy-pTS prepared at 2 mA cm-2 for 960 s 

demonstrated many tight heads protruding from the surface of the film (Figure 

4.39). This image was representative of a larger area examined; c.a. 0.5 cm2. 

Figure 4.40 shows an SEM image of PPy following drug release experiments, 

during which the polymer was immersed in release media and exposed to ±0.6 

V at 0.5 Hz for 2500 s. The main topographical features appear unchanged by 

the drug releasing procedure. After drug release some white specks were 

apparent, these may be salts from the release media, specifically phosphate 

salts. The other aspect of interest is the appearance of small holes which are 

situated in the low topographical regions. In the enlarged image, in Figure 4.41, 

these holes can be viewed more easily along with the white surface specks. On 
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examination of replicate films, these holes did not appear all the time, but rather 

in 2 out of 3 films and not in all regions of these films.  

 

The origin of these holes may be attributed to actuation of the polymer during 

application of the electrical stimulus. The repeated expansion and contraction 

may have resulted in the polymer pulling away from itself in some areas 

causing these holes to appear. Alternately, they may be an artefact of sample 

preparation. To acquire SEM images the samples are loaded into a chamber 

under vacuum, the holes may be created by the polymer collapsing on itself 

and may be absent in ambient, or in-vivo, conditions.  

 

A cross-sectional image of a PPy-pTS film prepared at 2 mA cm-2 is shown in 

Figure 4.42. The film thickness is c.a. 4 µm and the bulk appears homogenous. 

As these micrographs were collected under vacuum the thickness value 

obtained may not reflect the thickness of the polymer in an aqueous 

environment. There was no evidence of porosity in the polymer bulk.   
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Figure 4.39: SEM image of PPy-pTS film prepared at 2 mA cm-2 for 960 s 

 

 
Figure 4.40: SEM image of PPy-pTS film prepared at 2 mA cm-2 for 960 s after drug release 

experiments 
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Figure 4.41: Enlarged SEM image of region shown in Figure 4.40 of PPy-pTS film prepared at 

2 mA cm-2 for 960 s after drug release experiments 

 

 
Figure 4.42: SEM image of the cross-section of a PPy-pTS films prepared at 2 mA cm-2 for  

960 s 
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4.7.2.2. PPy-DBS 

A SEM micrograph of PPy-DBS is displayed in Figure 4.43. Cauliflower like 

projections similar to PPy-pTS are evident. However, smoother areas are 

present, such as in the top left corner of the micrograph. The smooth areas 

tended to appear at the high points of the polymer surface, more easily seen in 

Figure 4.44. Naoi et al. reported the anisotropic nature of PPy-DBS morphology 

consisting of vertical columns attributed to the surfactant nature of DBS during 

polymerisation (160). Although clear columns were not observed there were 

high mounds rising out of a more homogenous low plane. Naoi et al. observed 

the columnar formation more clearly when the DBS concentration was above 

the critical micellar concentration (cmc). However, in our experiments a 

cosolvent mix of acetonitrile and water (6:4) was used to prepare PPy-DBS 

films and the cmc of DBS in this cosolvent was not determined.  

 

4.7.2.3. PPy-PMV 

The surface of a PPy-PMV film was investigated by SEM and a representative 

image is displayed in Figure 4.45. The film lacked features usually associated 

with PPy. The high potential drawn during the galvanostatic polymerisation of 

the polymer may have lead to heavy over oxidation and interfered with the 

usual polymerisation processes (92). The film did not evenly coat the underlying 

substrate, large cracks were present through which the substrate could be 

viewed, such as in the bottom left corner of the image. Holes covered the 

polymer surface, although it was impossible to know how far into the polymer 

these extended. The cracks and pores may have been an artefact of the 

polymer under vacuum, or may represent true features in ambient conditions.  
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Figure 4.43: SEM image of PPy-DBS films prepared at 2 mA cm-2 for 960 s 

 

 
Figure 4.44: SEM image of the same PPy-DBS film displayed in Figure 4.43 at lower 

magnification  
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Figure 4.45: SEM image of PPy-PMV film prepared at 2 mA cm-2 for 960 s 

 

 
Figure 4.46: CV of PPy-pTS between +0.8 V and -0.4 V scan rate 50 mV s-1 
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4.7.3. Cyclic Voltammetry 

A CV of a PPy-pTS film is shown in Figure 4.46. A broad oxidation peak is 

centred at +0.2 V, with a broad reduction peak centred at +0.1 V. This confirms 

that when polymer films are exposed to electrical stimulation of +0.6 V or -0.6 V 

the polymer will undergo oxidation or reduction processes, respectively.  

 

4.7.4. Atomic Force Microscopy 

4.7.4.1. AFM in air 

An AFM image of a dry PPy-pTS film prepared galvanostatically at 2 mA cm-2 

for 90 s + 960 s on GC is displayed in Figure 4.47. The average thickness of 

the film was calculated as 5.6 µm, which is greater than that observed with 

SEM (c.a. 4 µm). This may be explained as SEM is performed under vacuum 

which would have completely collapsed the polymer, while the air dried PPy 

sample analysed with AFM will have retained residual moisture. Some PPy-pTS 

can be seen to have polymerised on the GC electrode where the photoresist 

AZ1518 was located. This indicates penetration of the polymerisation solution 

through the photoresist during the synthesis process.  

 

4.7.4.2. AFM under liquid 

When PPy was examined immersed in either 50 mM KH2PO4 (pH 6.5) or PBS, 

films were thicker than when the sample was dry. To fit the z range of the AFM 

setup, the polymerisation time was reduced to 90 s + 240 s.  

 

An AFM image of a PPy-pTS film immersed in KH2PO4 can be seen in Figure 

4.48. The GC electrode used as a substrate in this image had been partially 

blocked with AZ1518 photoresist which had been removed with acetone prior to 

AFM analysis. A sharp edge can be observed leading down to the flat glassy 

carbon electrode. The film was slightly thicker along this edge compared to the 

rest of the film.  
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An AFM image of a PPy-pTS film immersed in PBS is displayed in Figure 4.49. 

The GC substrate was partially blocked by the negative photoresist nLOF2000. 

The largest section of the image shows the rough surface of PPy. This section 

forms an interface with the smoother nLOF2000. At the interface a valley is 

formed between PPy and the nLOF2000. This is quite different compared to 

when AZ1518 was used; PPy was thicker at the interface. The AZ1518 coating 

was thinner than the nLOF2000 coating. The PPy lip formed at the interface 

with AZ1518 may indicate the ICP had grown to the top of the photoresist and 

was beginning to polymerise onto the photoresist (104).  
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Figure 4.47: AFM image of a dry PPy-pTS film on a GC electrode. The positive photoresist AZ1518 has 

been removed 

 

 

 
Figure 4.48: AFM image of a PPy-pTS film on a GC electrode immersed in KH2PO4 buffer. The positive 

photoresist AZ1518 has been removed 
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Figure 4.49: AFM image of a PPy-pTS film on a GC electrode immersed in PBS. The negative 

photoresist nLOF2000 can be seen as a thin strip with a smoother surface running diagonally from the 

bottom to the right side of the image  
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4.7.4.3. Investigation of drug release mechanism 

PPy-pTS films were grown on GC electrodes partially blocked with the positive 

photoresist AZ1518. Height changes of the PPy-pTS film surface in response to 

different electrical stimuli, with the polymers immersed in 50 mM KH2PO4 (pH 

6.5), are displayed in Figure 4.50. The greatest change in height occurred on 

reduction, where a c.a. 450 nm increase in height occurred. During reduction 

the positive charge of the PPy backbone is neutralized and the entrapped pTS 

molecules now result in a net negative charge within the film. The pTS anions 

will begin to move out of the film due to two driving factors. First they will move 

down a concentration gradient, and second there will be electrostatic repulsion 

between similarly charged pTS ions. However, the release pattern suggests 

pTS movement out of the film is not instantaneous (Figure 4.22). Most of the 

net negative charge inside the PPy will be compensated by the entry of small 

highly mobile cations, such as K+, from the release media into the film. The 

entry of these cations and associated solvent molecules result in the film 

swelling. On reduction there was a rapid rising of the surface, reaching a 

maximum around 60 s of stimulus, after which there is a slow decrease in the 

height of the film (Figure 4.50). This slow decrease is likely due to the diffusion 

of pTS anions out of the film. When the film is rapidly pulsed between oxidised 

and reduced states there is some movement of larger ions such as risperidone 

and pTS, however most of the charge balancing would be achieved by the 

movement of smaller, more mobile ions. During the application of ±0.6 V the 

film surface moved up and down, the frequency of the change in direction of 

height movement corresponds to the frequency of the applied stimulus (0.5 Hz). 

The magnitude of the surface rising was greater than the surface falling, this is 

seen as a slow increase in surface height during redox cycling. This represents 

a phenomena frequently observed in PPy and other ICPs known as creep. The 

mechanism by which creep occurs is not fully understood but has been 

attributed to conformational changes in the polymer (analogous to a loss of 

elasticity) and a change in ion content and composition that occurs over 

subsequent actuation events (161). When a constant oxidising +0.6 V was 

applied to the polymer there was a small initial increase in height observed 

which   may   be  due  to  an  increase  in   the   level  of  oxidation  of   the  film.   
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Figure 4.50: AFM observed height changes occurring as a function of time under different stimulation 

protocol  
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An increase in net positive charge of the polymer would be balanced by the 

entry of hydrated phosphate anions into the film from the surrounding release 

media. After the initial relatively small increase in height the surface appeared 

to remain constant. Without any electrical stimulation the height of the control 

PPy film can be seen to remain relatively constant over the time period tested.  

 

Previous reports have attempted to control the release of cationic drugs from 

PPy films using electrostatic interactions based around large, immobilized 

anionic dopants (15-19). This approach would suggest that cation release is 

greatest when PPy is oxidised, as the positive charge of the polymer backbone 

repels the cationic drug. However, our results demonstrate the opposite; the 

greatest amount of risperidone was released when the film was reduced. The 

quantity of drug release we were able to release is greater than that previously 

reported (15-19). The greatest amount of pTS release was also seen when PPy 

was reduced which can be attributed to the loss of electrostatic attraction 

between PPy and the anion. Risperidone release however doesn’t appear to 

depend on the charge of the polymer backbone. Increased levels of release can 

be linked to a volume increase when -0.6 V was applied. This swollen state of 

the polymer would enhance the diffusion of risperidone and pTS out of the film.   

 

Significantly less drug was released when the film was held in the oxidised 

state, despite the repulsion forces the cationic risperidone would experience 

from the positive charge of the polymer backbone. The lower amount of drug 

release may be attributed to the contracted, more compact nature of the 

polymer, decreasing the permeability of risperidone to move through the film. 

 

A higher amount of risperidone and pTS release occurred when the films were 

cycled between oxidised and reduced states. pTS release during this cycling 

was similar to levels observed when the film was constantly reduced, despite 

the film spending equal amounts of time in oxidised and reduced states. The 

increasing and decreasing heights of the film would be associated with smaller 

mobile ions and associated solvent molecules moving in and out of the film. 

This may act to pump risperidone and pTS out of the film. In addition the 
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observed creep expansion seen over subsequent cycles would result in an 

increase in solvent content in the polymer which would act to promote diffusion.  

 

Some risperidone and pTS were seen to release from the control films, 

although no corresponding change in volume was noted (Figure 4.50). 

However, the release was at a significantly lower rate than when the films were 

exposed to either -0.6 V, or an alternating ±0.6 V. 

 

The difference in the amount of release between oxidised and reduced states of 

PPy is greater for risperidone than pTS. This may be due to the larger size of 

the risperidone molecule compared to pTS, molecular weights 411 g mol-1 and 

171 g mol-1, respectively. This suggests the larger risperidone molecules are 

more dependent on the morphology of the PPy film, requiring a more 

expanded, porous structure to leave the film.  

 

4.7.4.4. Actuation study 

PPy-pTS and PPy-DBS films were grown on GC electrodes partially blocked 

with the negative photoresist nLOF2000. Studies to compare the actuation of 

different PPy films were undertaken with the polymers immersed in PBS. This 

media is commonly used to generate data with improved in-vitro in-vivo 

correlation (145).  

 

Actuation observed in a PPy-pTS film when the potential was alternated 

between ±0.6 V at a frequency of 0.5 Hz is displayed in Figure 4.51. By 

changing the applied potential a clear change in polymer surface height was 

observed. The triangular shaped actuation, coupled with the transient of the 

current curve when voltage polarity is switched, suggests the actuation events 

observed are incomplete.  

 

To study more complete actuation events the frequency of alternating the 

potential was reduced to 0.05 Hz in Figures 4.52-4.55. All of the PPy 

formulations in these Figures swelled on reduction and collapsed on oxidation. 

This is typical of cation driven actuation. On reduction the cationic PPy 
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backbone is neutralised and there is a net negative charge in the polymer due 

to an excess of dopant anions. This net negative charge is balanced by an 

influx of mobile cations, such as Na+ and K+ and their associated salvation 

shells, from the surrounding media causing the polymer to swell. When PPy is 

subsequently oxidised back to its cationic state these cations are ejected from 

the film and the polymer collapses. On both reduction and oxidation there was 

an initial rapid change in height followed by a slower response. The speed of 

this slower response is limited by the rate of ion diffusion into or out of the 

polymer (41). Unlike PPy-pTS, the actuation observed in PPy-DBS films did not 

correlate with drug release. Despite clear electrochemically driven actuation 

being evident, no control over drug release was afforded.  

 

Some of the noise visible in these scans can be attributed to resolution 

limitations of the AFM setup in combination with feedback issues. A balance 

was sought where the highest possible frequency of scanning was used, to 

allow the actuation event to be recorded, whilst maintaining acceptable 

feedback.  
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Figure 4.51: AFM determined height changes in PPy-pTS film when stimulated with ±0.6 V at 

0.5 Hz 

 

 
Figure 4.52: AFM determined height changes in PPy-pTS film when stimulated with ±0.6 V at 

0.05 Hz 
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Figure 4.53: AFM determined height changes in PPy-pTS film without risperidone when 

stimulated with ±0.6 V at 0.05 Hz 

 

 
Figure 4.54: AFM determined height changes in PPy-DBS film when stimulated with ±0.6 V at 

0.05 Hz 
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Figure 4.55: AFM determined height changes in PPy-DBS film without risperidone when 

stimulated with ±0.6 V at 0.05 Hz 
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The time-domain of the out-of-plane actuation behaviour of PPy films has been 

described below as a first order linear, time-invariant (LTI) system responding 

to a step function input. It was expected that this time constant model can be 

used to describe the behaviour of actuation systems more descriptively than a 

simple on/off strain rate model previously used by others (104). This would be 

important, for instance, in cases in which the actuation is reversed before 

completion. 

 

The differential equation that governs first order LTI systems is: 

 

)()()(
1)(

tktftZ
dt

tdZ


  

        Equation 4.1 

 

Where Z(t) is the function describing the height of the film over time. The 

characteristic time constant,  , is the time it takes the system height to reach 

~67 % of its final actuation magnitude. The forcing function, f(t), is set to the 

Heaviside step function (θ(t)) modified in magnitude by k. Solving this results in: 

 

)1)(()( //
1

  tt etkectZ    

        Equation 4.2 

 

For t > 0, θ(t) = 1. As t  0, Z(t)  c1, therefore c1 can be defined as Zi, the 

initial film height, which can be further defined as zero as all fits were 

normalised. As t  ∞, Z(t) k , therefore k  can be defined as Z∞. For these 

conditions, the solution simplifies to: 

 

)1()( /teZtZ 
   

        Equation 4.3 
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This function can be fit to both the oxidation and reduction actuations, resulting 

in two characteristic values, Z∞ and  . This was carried out for every location 

along the actuation Y-linescan and the results were averaged with standard 

deviations reported. 

 

Figures 4.51 through to 4.55 display the changes in height of one 

representative position along the line scan. When the forward and reverse 

scans were combined a total of 1000 positions were available for analysis along 

the 80 µm line scan. Figure 4.56 shows actuation occurring along an 80 µm line 

vs time when ±0.6 V is applied at 0.05 Hz to a PPy-DBS films. Average 

actuation parameters for 80 µm lines of different PPy films are reported in Table 

4.7. 

 

The experimental magnitude reported is calculated from the difference between 

highest and lowest Z(t) values during each redox step. The PPy films had 

comparable thicknesses to the photoresist, which was measured on a bare 

glassy carbon electrode as c.a. 4 µm. The percentage strain, reported in Table 

4.7, is calculated from the experimental height changes observed divided by the 

polymer thickness before actuation. The strain values for PPy-pTS films are 

slightly higher than those previously observed for out-of-plane actuation of 1.1 – 

2.2 % (107). While the strain values for PPy-DBS films are far lower than those 

reported by Smela and Gadegaard of 35 % (104). The large actuation strain of 

35 % is attributed to the anisotropic morphology of PPY-DBS films; consisting 

of columns perpendicular to the substrate. This unique morphology is reported 

to occur only when the concentration of DBS is above the cmc during the 

synthesis of PPy (160). PPy-DBS films were polymerised from a solution 

consisting of 60 % acetonitrile in water. This cosolvent would be expected to 

retard the formation of micelles thereby increasing the cmc. The PPy-DBS films 

did however actuate to a larger extent than the PPy-pTS films. Some creep was 

observed for all formulations over subsequent stimulation events as the 

contraction events were not as large in magnitude as the expansion events.  
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Figure 4.56: AFM image of an 80 µm line of PPy-DBS film on a GC electrode immersed in PBS. Height 

changes vs time are shown when ±0.6 V is applied at 0.05 Hz 
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Table 4.7: Actuation parameters of PPy films. Averages are reported for 5 consecutive 

reduction and oxidation steps (± SD). 

  Experimental 

magnitude / 

nm 

% Strain Modelled 

magnitude, 

Z∞ / nm  

Modelled 

time,  / s 

R2 

correlation 

with model 

PPy-pTS with 

risperidone 

Reduction 128 ± 20 3.2 132 ± 16 4.94 ± 1.58 0.98 ± 0.10 

Oxidation -91 ± 24 -2.3 -90 ± 16 3.28 ± 1.09 0.76 ± 0.13 

PPy-pTS without 

risperidone 

Reduction 107 ± 33 2.7 131 ± 32 3.60 ± 1.79 0.73 ± 0.11 

Oxidation -87 ± 37 -2.2 -91 ± 24 2.10 ± 1.16 0.54 ± 0.13 

PPy-DBS with 

risperidone 

Reduction 173 ± 80 4.3 180 ± 86 3.29 ± 1.12 0.94 ± 0.05 

Oxidation -80 ± 21 -2.0 -83 ± 21 2.58 ± 0.71 0.77 ± 0.12 

PPy-DBS without 

risperidone 

Reduction 158 ± 25 4.0 163 ± 26 5.42 ± 3.60 0.96 ± 0.15 

Oxidation -113 ± 20 -2.8 -110 ± 17 1.54 ± 0.33 0.83 ± 0.07 

 

 

 

 

 

 

Table 4.8: Rq and Ra roughness values of PPy films as determined by AFM 

 Rq / nm 

Average  (SD)  

Ra / nm 

Average (SD)  

PPy-pTS with risperidone (n=2 films) 0.149 (0.005) 0.116 (0.011) 

PPy-pTS without risperidone (n=2 films) 0.094 (0.029) 0.076 (0.021) 

PPy-DBS with risperidone (n=1 film) 0.067 0.056 

PPy-DBS without risperidone (n=1 film) 0.058 0.044 
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The presence of risperidone appeared to enhance actuation when compared to 

matching films prepared without drug (Table 4.7). The surface roughness 

values reported in Table 4.8 demonstrate that PPy films containing risperidone 

were rougher than the corresponding films without drug. The increase in 

surface roughness would provide more surface for the exchange of ions into 

and out of the polymer, and may explain the larger % strains seen in polymer 

films containing drug.  

 

For all the formulations examined, calculated values of  , the time to complete 

67 % of actuation, demonstrate that oxidative collapse occurred faster than the 

reductive expansion. The formula used to calculate   is based on an 

exponential model. Given the observed pattern of height changes during 

electrochemically driven actuation events,  may be a more accurate way to 

describe the rate of actuation than the commonly reported strain rates which 

rely on a linear description (104). The fit of the model to experimental data (R2) 

is higher for the reductive expansion than the oxidative collapse. Fits were 

adequate for all formulations with the exception of PPy-pTS without risperidone. 

The data gathered during this experiment was noisier than for other 

experiments for unknown reasons and this may have influenced results.  

 

For all parameters reported in Table 4.7 the standard deviations are relatively 

high. This indicates the various positions along the 80 µm line behaved slightly 

differently. In the future it may be possible to correlate topographical features 

with actuation patterns.  

 

4.7.4.5. Surface roughness determination 

Before calculations were made images were flattened through a three point 

levelling procedure. The averages reported are those of individual line scans, 

not the entire section values. This method of analysis is designed to minimise 

out-of-plane errors if the sections were not completely flat.  
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For both PPy-pTS and PPy-DBS films, when risperidone is present in the 

polymer the surface is rougher (Table 4.8). When risperidone is present during 

synthesis the potential evolved on galvanostatic polymerisation is increased. 

These higher potentials would have an effect on morphology (13, 14, 82); 

producing a looser and more porous polymer with increased roughness. 

  

PPy-pTS films were rougher than the PPy-DBS films. For both PPy films the 

values are higher than those previously reported (107, 162). This could result 

from the faster rates of polymerisation and higher potentials involved in this 

study.  

 

4.7.5. Infrared Spectroscopy 

 

The IR spectrum visible in Figure 4.57 matches that previously reported for 

polymorph A of risperidone (163). This polymorph is reported to be stable 

during the manufacture of oral dosage forms. The main peak at 1652 cm-1 is 

assigned to the carbonyl group of the tertiary amide of risperidone (164). As this 

peak would not be present in either PPy or any of the anionic dopant excipients, 

it can be used to identify the presence of risperidone in polymer spectra. The 

peak at 1538 cm-1 has been assigned to C=C and C=N aromatic ring breathing 

modes.  

 

Spectra of pTS and PPy-pTS films prepared at 0.5 mA cm-2 and 2 mA cm-2 are 

displayed in Figures 4.58 and 4.59. Bands visible between 1000 cm-1 and 1200 

cm-1 in spectra of both pure pTS and PPy-pTS films are indicative of the 

aliphatic sulfate groups in pTS (164). Typical PPy bands are seen between 

1400 cm-1 and 1650 cm-1 and are assigned to C=C and C-N bonds (13, 89, 111, 

112). As expected, these are present in the spectrum collected from the 

polymer films, but not pure pTS. The peak at 1695 cm-1 in both Figures can be 

attributed to carbonyl groups and may suggest some overoxidation of the 

polymer (165, 166). These two Figures confirm the polymer is PPy and that 

pTS is present in the PPy-pTS films.  
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The spectrum of DBS and a PPy-DBS film are displayed in Figure 4.60. The 

bands between 1000 cm-1 and 1200 cm-1 seen in both spectra are indicative of 

the aliphatic sulfate groups of DBS (164). The differences in these sulfate 

bands compared to the sulfate bands seen in the pTS spectra reflect different 

binding and interaction patterns in these molecules. Typical PPy bands are 

seen between 1400 cm-1 and 1650 cm-1 in Figure 4.60(b) and are attributed to 

C=C and C-N bonds (13, 89, 111, 112). The peak at 1695 cm-1 in the spectrum 

of PPy-DBS may indicate the presence of carbonyl groups suggesting some 

overoxidation of the polymer (165, 166). This Figure confirms the polymer is 

PPy and that DBS is present in PPy-DBS films.  
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Figure 4.57: IR spectrum of risperidone  

 

 

 
Figure 4.58: IR spectrum of a) pTS and b) PPy-pTS prepared at 0.5 mA cm-2 
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Figure 4.59: IR spectrum of a) pTS and b) PPy-pTS prepared at 2 mA cm-2 

 

 

 
Figure 4.60: IR Spectra of a) DBS and b) PPy-DBS 
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Figure 4.61 displays the spectrum of PMV and a PPy-PMV film. A strong band 

in both spectra at 1710 cm-1 is likely due to the C=O stretch mode of the maleic 

acid moiety of PMV (164). Small bands typical of PPy are visible between 1400 

cm-1 and 1650 cm-1 and are attributed to C=C and C-N bonds (13, 89, 111, 

112). The most striking difference between the PPy-PMV spectrum and that of 

PPy-pTS and PPy-DBS is the lack of strong bands between 1000 and 1200 cm-

1. This is due to PMV having no sulfate groups or other moieties that would 

transmit in this region. On the IR spectra collected of PPy-pTS and PPy-DBS a 

peak was present at 1695 cm-1 suggestive of overoxidation. The potential 

evolved during PPy-PMV synthesis was higher than that evolved during the 

synthesis of other PPy films, therefore increased levels of overoxidation would 

be expected (9, 92). However, in Figure 4.61 no carbonyl peak can be 

identified, although it may be hidden by the broad peak centred at 1710 cm-1.  

 

There was no evidence of the tertiary amide peak of risperidone, visible at 1652 

cm-1 in Figure 4.57, in any of the PPy spectra collected. However, this is not 

unexpected due to the relatively low concentration of risperidone in the 

polymer.  
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Figure 4.61: IR spectra of a) PMV and b) PPy-PMV 
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4.7.6. Raman Spectroscopy 

The Raman spectra of risperidone collected with two different excitation 

wavelengths, 488 nm and 785 nm, can be seen in Figure 4.62. The spectra are 

similar except for small differences such as the relative intensities between 

peaks.  

 

Lasers of differing wavelengths have different energies, as calculated by the 

Planck-Einstein equation, 

E h  

        Equation 4.4 

 

Where E = energy, h = Planck’s constant and v = frequency. Frequency and 

wavelength are related by,  

λ c 

        Equation 4.5 

 

Where c = the speed of light and λ = wavelength. The Plank-Einstein equation 

can therefore be modified to  

E hc/λ 

        Equation 4.6 

 

As the blue laser (488 nm) has a shorter wavelength than the red laser (785 

nm), it is a higher energy source. When gathering Raman spectra with different 

lasers, the differing energy levels can result in resonance enhancement 

providing for band shifts and changes in band intensities (167).  
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4.62: Raman spectra of risperidone powder collected with a) 488 nm laser or b) 785 nm laser 
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Raman spectra of different PPy films gathered using a 785 nm and 488 nm 

laser are displayed in Figures 4.63 and 4.64. Most undoped, neutral  ICPs show 

absorption in the region from ultraviolet to visible, while on doping new 

absorptions appear in the visible to infrared region (168). This may explain why 

some peaks appear more strongly on the spectra collected with the 785 nm 

laser in the near IR region.  

 

The bands observed in Figure 4.63 are in firm agreement with the literature 

(114). The strong band around 1590 cm-1 represents C=C backbone stretching. 

This C=C band is shifted above the 1580 cm-1 reported in the literature, which 

has been attributed to lower PPy doping levels, or shorter PPy chain lengths 

(113, 114). Results of elemental analysis gave the doping levels in PPy-pTS to 

be 1 pTS molecule for every 3.2 subunits of PPy, in line with previous reports 

(79). However, PPy films were prepared from aqueous solutions containing 

either methanol or acetonitrile. The use of these protic solvents can limit 

polymer chain growth by generating side reactions (98), and may be 

responsible for the shift in the C=C band. The double peak at 1050 cm-1 and 

1080 cm-1 can be attributed to C-H in-plane deformation, while the double peak 

at approximately 1320 cm-1 and 1380 cm-1 can be attributed to the ring 

stretching mode of PPy (114). Single bands around 937 cm-1 and 1250 cm-1 are 

attributed to C-H out of plane bending of the oxidised form of PPy, and C-H or 

N-H in-plane bending, respectively. Any signs of PPy overoxidation would be 

expected to show peaks around 1620 cm-1 corresponding to carbonyl groups 

(92), however no peaks were observed at this position for any of the 

formulations. Only very low intensity peaks could be obtained for PPy-PMV 

indicated by the high noise ratio even after many collections. However spectra 

collected for all formulations matched that expected for PPy. 

 

No spectra could be obtained for PPy-pTS films prepared at 2 mA cm-2 with the 

785 nm laser due to fluorescence, although spectra could be collected using 

the 488 nm laser. In general, the majority of fluorescing problems are 

encountered at visible light wavelengths (488 nm), and are resolved by using 

lasers in the near infrared light (785 nm), however this is not always the case 

and is molecule specific (169).  
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The spectra observed with the 488 nm laser, Figure 4.64, are in accordance 

with previously published reports (170, 171). The band around 1585 cm-1 is due 

to C=C stretching. Similar to the 785 nm laser this is shifted to a higher 

wavenumber than previous reports, attributable to shorter chain lengths of PPy 

(113, 114). The bands at 980 cm-1 and 1045 cm-1 can be assigned to 

deformation of the PPy ring and C-H deformation, respectively. For PPy-pTS 

prepared at 0.5 mA cm-2 the peak at 1318 cm-1 is likely due to C-C stretching. 

The other spectra show broad peaks in this region. The extra band at 1409 cm-1 

does not appear in the literature and may be due to interactions between PPy 

and the anionic dopants or risperidone. This peak could not be attributed 

directly to a specific group in either the anionic dopants used, or risperidone.  
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Figure 4.63: Raman spectra of PPy films gathered using a 785 nm laser, a) PPy-pTS prepared 

at 0.5 mA cm-2, b) PPy-DBS film, c) PPy-PMV film 

 

 
Figure 4.64: Raman spectra of PPy films gathered using a 488 nm laser, a) PPy-pTS prepared 

at 0.5 mA cm-2, b) PPy-pTS prepared at 2 mA cm-2, c) PPy-DBS film, d) PPy-PMV film 
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4.7.7. Conductivity 

PPy can be synthesised with conductivities ranging from 10-4 to 103 S cm-1 (42-

44, 94, 109, 114). The final conductivity value is dependent on several 

synthesis parameters including pH, temperature, time, dopant type and 

concentration (109). The conductivities of different PPy formulations are 

reported in Table 4.9. All conductivities are within the range expected for PPy. 

The conductivity of PPy-DBS films were significantly higher than for PPy-pTS 

films (p<0.05). This was also indicated during polymerisation at 2 mA cm-2 as 

the potential evolved in PPy-DBS films was lower than for PPy-pTS films. For 

the PPy-pTS films conductivity increased as the current density of 

polymerisation decreased; although the only statistically significant difference in 

conductivity was between the PPy-pTS films prepared at 2 mA cm-2 and 0.5 mA 

cm-2 (p<0.05). The higher conductivities observed at lower polymerisation 

current densities may indicate the formation of a higher quality polymer 

containing fewer defects (114). Higher current densities usually correspond to 

higher potential during synthesis causing overoxidation and ketone formation 

(172). These carbonyl defects disturb the conjugation of the polymer chain 

causing a decline in conductivity. 
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Table 4.9: Conductivity of PPy films 

Formulation Synthesis conditions Conductivity ± SD / S cm-1 

PPy-pTS 2 mA cm-2 2.81 ± 0.24  

PPy-pTS 1 mA cm-2 3.34 ± 0.33  

PPy-pTS 0.5 mA cm-2 4.20 ± 0.24 

PPy-DBS 2 mA cm-2 14.01 ± 2.02

PPy-PMV 2 mA cm-2 No measurement* 

*No conductivity measurements could be made for PPy-PMV films as a 

freestanding film could not be removed from the electrode for measurement.  
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4.8. Summary of PPy Formulations 

PPy-pTS films were selected as the optimal polymer to provide controlled 

release of risperidone. PPy-pTS films could be easily prepared through 

electrochemically controlled oxidation of the pyrrole monomer. These films were 

prepared containing risperidone using a two-layered synthesis approach. The 

release of risperidone from these films was influenced by the redox state of the 

polymer (Figure 4.20). The rate of release could be increased or decreased by 

applying or withholding electrical stimulation (Figure 4.24). Characterisation 

showed the polymer to be the electroactive ICP PPy. AFM analysis correlated 

actuation of PPy-pTS films with drug release.  

 

DDS based on PPy-DBS, PPy-PMV and PPy-PSS were explored. However, in 

these formulations electrical stimulus did not appear to influence drug release. 

Although electrochemically driven actuation was observed in PPy-DBS this did 

not correlate with drug release.  

 

4.9. Stability of PPy-pTS Drug Delivery System 

It is essential that drug containing formulations can be prepared in advance and 

stored until required by the patient. Therefore, stability studies were conducted 

on the optimal PPy-pTS formulation. 

 

4.9.1. PBS as sink media 

The solubility profile of risperidone in PBS at 37 °C is displayed in Figure 4.65. 

The solubility of risperidone increased as pH decreased. Risperidone is a basic 

compound which acts as a proton acceptor, when the pH is below the pKa the 

majority of risperidone will be protonated. This will increase the polarity of the 

molecule and improve solubility in aqueous solutions.  
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In PBS at pH 7.4, the solubility of risperidone was 254.6 ± 5.8 µg mL-1 at 37 °C 

and 215.5 ± 2.7 µg mL-1 at 20 °C. In earlier experiments the highest 

concentration reached by risperidone in release media was 17.4 µg mL-1. As 

the concentration of risperidone in the release media is <1/3 of the saturation 

solubility, PBS could be used as release media at pH 7.4 (either at 20 °C or 37 

°C) and sink conditions would be maintained (145, 156).  

 

4.9.2. Storage in solution 

Experiments were undertaken to assess changes in drug loading that occurred 

over time when PPy-pTS films were stored in solution. Drug loading at t = 0 and 

7 days at different temperatures are reported in Table 4.10.  

 

PPy films are known to exchange ions in response to several factors including 

concentration gradients and electrostatic forces (18). AFM analysis determined 

the thickness of PPy films prepared for 90 s + 240 s to be c.a. 4 µm. If this 

value is extrapolated to the films used in this study which were polymerised for 

90 s + 960 s, the expected thickness would be 13 µm. Given the 1 cm2 surface, 

the total volume of PPy is calculated as 100 mm2 x 0.013 mm = 1.3 mm3 = 1.3 

µL. Elemental analysis of freshly prepared PPy gave loading levels of 123 µg 

(3.00 x 10-7 mol) of risperidone and 577 µg (3.37 x 10-6 mol) of pTS per PPy 

film. The concentration of risperidone and pTS in the polymer can be calculated 

as 0.23 mol L-1 and 2.6 mol L-1, respectively. These values are higher than the 

surrounding storage solution which contains 0.09 mol L-1 risperidone and 0.1 

mol L-1 pTS.  

 

pTS is incorporated into PPy during polymer synthesis by electrostatic 

attraction to balance the positive charge of PPy as it forms. Incorporation of a 

cationic drug like risperidone into PPy films has been reported to be a mixture 

of electrostatic and hydrophobic interactions as well as by physical entrapment 

(9). It has been reported that PPy undergoes an irreversible loss of conjugation 

over time due to reactions between PPy and oxygen which form carbonyl 

defects (42, 172). These reactions will reduce the cationic charge of the PPy 
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backbone. A net negative charge in the polymer will develop due to an excess 

of pTS causing repulsion forces. pTS will move out of the polymer firstly due to 

electrostatic repulsion and secondly due to movement down the concentration 

gradient into the surrounding media. If the movement of pTS out of the polymer 

is not sufficient to balance the net negative charge then cationic risperidone 

would be attracted into the polymer, if the electrostatic forces can overcome the 

concentration gradient of risperidone. Hence on storage at 20 °C and 40 °C we 

see an increase in risperidone and a decrease in pTS concentration after 7 

days. This effect is more pronounced at 40 °C which can be attributed to a 

more rapid loss of PPy conjugation.  

 

Meanwhile, polymer stored at 4 °C showed a decrease in both risperidone and 

pTS loading. Once the solution was cooled to 4 °C a precipitate formed. This 

may have been due to a complex of risperidone and pTS which, while soluble 

at room temperature, precipitated on cooling, reducing the concentration of both 

species in solution. Risperidone and pTS would move down their concentration 

gradients, out of the film and into solution. This new concentration gradient may 

be too large for the electrostatic forces discussed above to overcome.  
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Figure 4.65: The solubility of risperidone in PBS at different pH values 

 

 

 

 

 

Table 4.10: Drug loading of fresh and aged PPy films stored in solution  

Time point  Drug loading, Risperidone (pTS) / % (w/w) 

0 8.5 (40.6) 

7 days 4 °C 7.1 (33.5) 

7 days 20 °C 12.9 (32.7) 

7 days 40 °C 16.8 (28.6) 
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4.9.3. Storage in foil pouches 

4.9.3.1. Release of risperidone from PPy films  

 

The rate of risperidone release from PPy films when exposed to alternating 

periods of time with and without electrical stimulation can be seen in Figure 

4.66(A). At all times tested the rate of release when the films were ‘on’ 

(electrically stimulated) was statistically greater (p<0.05) than when the films 

were ‘off’ (no stimulation). The greatest rate of drug released was during the 

first ‘on’ cycle of films stored for either 0 or 24 hours. However, there was a 

significant reduction in drug released during both the ‘on’ and ‘off’ periods in the 

films stored for 6 or 28 days at 40 °C. Comparing the first ‘on’ period for PPy 

films, risperidone release in freshly prepared films occurred at 1.10 ± 0.21 µg s-

1. This had decreased to 0.31 ± 0.02 µg s-1 after 28 days, a 72 % drop. Figure 

4.66(B) illustrates the rate of pTS release from PPy films. For all samples the 

rate of release with electrical stimulation was significantly greater than without 

(p<0.05). There was a decrease in pTS release over time, although this was 

less pronounced than for risperidone. The rate of release for pTS during the 

first ‘on’ period for freshly prepared films was 1.68 ± 0.16 µg s-1. By 28 days this 

had fallen to 1.11 ± 0.20 µg s-1, a 34 % decrease.  

 

During HPLC quantification of risperidone and pTS in release media a pyrrole 

peak was expected to elute around 5.3 min (Figure 4.8). However, release 

samples generated from PPy-pTS films stored for 6 or 28 days did not show 

any pyrrole release which may indicate further polymerisation of trapped 

monomer on storage.  
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Figure 4.66: (A) Risperidone release and (B) pTS release from PPy films following storage for 

different lengths of time at 40 °C. ‘off’ periods represent release without electrical stimulation, 

‘on’ periods represent periods where ±0.6 V at 0.5 Hz was applied. Average release is 

presented, error bars represent standard error (n=3). 
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4.9.3.2. Physical properties of PPy films 

Appearance 

For all samples the polymer films appeared black and homogenous. However, 

some differences were noted in the films stored at 40 °C for 28 days. These 

films were relatively difficult to remove from the underlying substrate during 

sample preparation for conductivity or drug loading measurements. The 

polymers were more brittle than fresher films and adhered more tightly to the 

underlying substrate. The 28 day aged polymer appeared to be drier as noted 

by a lightening in colour compared to fresher films. These observations 

indicated that sealing was not 100 % efficient at conditions of 40°C for 28 days. 

 

Conductivity 

On storage at 40 °C the conductivity of PPy films was seen to increase from 

2.81 ± 0.24 S cm-1 in freshly prepared films, up to a maximum of 6.05 ± 0.28 S 

cm-1 after 6 days of storage (Table 4.11). After 28 days conductivity had fallen 

and was approaching the levels seen in freshly prepared films.  

 

Drug loading 

As noted in Table 4.11 only small variations were observed in risperidone and 

pTS levels across the time periods tested. Polymer films were sealed in foil 

largely impervious to liquid and gases, therefore it was expected that levels of 

drug and dopant should remain constant. A small amount of liquid was sealed 

into the foil pouch with the DDS to prevent the polymer from drying out. This 

may have provided a medium allowing some movement of risperidone and pTS 

in and out of the film and could explain the small variations observed in the 

levels of drug and dopant loading.  
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Table 4.11: Drug loading and conductivity of fresh and aged PPy films stored in foil pouches 

 
Drug loading,  Risperidone (pTS)  

/ % (w/w) 

Conductivity (average ± SD, n=5)  

/ S cm-1 

Time 0 8.5 (40.6) 2.81 ± 0.24 

24 hours at 40 °C 8.1 (40.6)  4.16 ± 0.07 

6 days 40 °C 7.8 (37.0) 6.05 ± 0.28 

28 days 40 °C 8.0 (38.2) 3.42 ± 0.66 
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AFM 

The custom made electrochemical cell used in these studies utilised a silver 

wire dipped in bleach (4.2 % (w/v) NaOCl and 0.4% (w/v) NaOH) for 10 minutes 

as the RE. This was compared to a commercially available Ag/AgCl RE. The 

potential difference between the two was -12.9 mV which was negligible 

compared to the applied ±0.6 V.  

 

The actuation behaviour when ±0.6 V, 0.05 Hz was applied to PPy films at t = 0 

and 6 days can be seen in Figure 4.67. Freshly prepared polymer films swelled 

on reduction and collapsed on oxidation. After storage at 40 °C for 6 days the 

actuation pattern of PPy changed. On the first reduction step the polymer 

expanded. Following this, every time the polarity of the electrical stimulus 

switched, the polymer underwent a fast brief contraction followed by polymer 

swelling.  

 

A comparison of actuation parameters between a freshly prepared polymer and 

a film stored for 6 days at elevated temperature is presented in Table 4.12. 

Actuation was investigated when films were exposed to ±0.6 V at 0.05 Hz. Data 

from the first 5 reduction steps were combined and compared to data from the 5 

corresponding oxidation steps. The experimental magnitude reported was 

calculated from the difference between highest and lowest Z(t) values during 

each redox step. In the films stored for 6 days, due to an altered actuation 

pattern, the experimental magnitude was calculated from the difference 

between the lowest Z(t) value following the initial fast contraction to the highest 

Z(t) value before the polarity was once again switched. The PPy films had 

comparable thicknesses to the photoresist; measured on a bare glassy carbon 

electrode as c.a. 4 µm. The percentage strain reported in Table 4.12 is 

calculated from the experimental height changes observed divided by the 

polymer thickness before actuation. These values are in line with those 

previously observed for out-of-plane actuation in PPy-pTS films of 1.1 – 2.2 % 

(107). The magnitude of actuation for PPy films stored at 40 °C for 6 days was 

lower than for fresh films. A comparison of  , the time to complete 67 % of 

actuation, shows the oxidative collapse occurred faster than the reductive 
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expansion in fresh films. In aged films the reductive expansion occurred faster 

than the oxidative expansion.  

 

The surface roughness of PPy films was seen to decrease over time. Freshly 

prepared PPy films had Rq and Ra values of 0.149 ± 0.005 nm and 0.116 ± 

0.011 nm, respectively. While after storage at 40 °C for 6 days Rq and Ra had 

fallen to 0.122 ± 0.005 nm and 0.092 ± 0.006 nm, respectively. 
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Figure 4.67: Electrochemically driven actuation of PPy films. Height changes (ΔZ) are shown 

for PPy films at (A) t = 0 and (B) t = 6 days. 
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Table 4.12: Actuation parameters of freshly prepared polymer films and films stored for 6 days 

at 40 °C. Averages are reported for 5 consecutive reduction and oxidation steps (± SD). 

  

Experimental 

magnitude / 

nm 

% 

Strain 

Modelled 

magnitude, 

Z∞ / nm  

Modelled 

time,  / s 

R2 

correlation 

with model 

Fresh 

films 

Reduction 128 ± 20 3.2 132 ± 16 4.94 ± 1.58 0.98 ± 0.10 

Oxidation -91 ± 24 -2.3 -90 ± 16 3.28 ± 1.09 0.76 ± 0.13 

Aged 

films 

Reduction 53 ± 10 1.3 54 ± 7 2.64 ±1.48 0.93 ± 0.05 

Oxidation 36 ± 11 0.9 43 ± 2 7.60 ± 10.28 0.90 ± 0.07 
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4.9.3.3. Stability discussion 

Our findings indicate the morphology of PPy changes over time following 

synthesis; this is in line with other reported work (46, 47). Conductivity is reliant 

on the presence of conjugated polymer chains (65). The conductivity of PPy 

films was seen to increase following preparation at 24 hours and 6 days of 

storage at 40 °C. The conductivity at 28 days had decreased to levels similar to 

freshly prepared films. This pattern of changing conductivity has been reported 

by others (42, 44, 45). The initial increase in conductivity may reflect changes 

occurring in the arrangement of polymer chains on storage. Conductivity is a 

feature of the conjugated PPy backbone, but also relies on ‘charge-hopping’ 

between polymer chains (173). A realignment of polymer chains may explain 

the observed increase in conductivity. The subsequent decline in conductivity 

has been reported to be due to the irreversible loss of conjugation on reaction 

between PPy and oxygen forming carbonyl defects (42, 172). This is supported 

by reports of the appearance of an FTIR band at 1690 cm-1 characteristic of α, 

β-unsaturated ketones due to irreversible oxidation at the β’-position of PPy 

(109). If oxygen had been excluded from the storage pouches the stability 

profile of the PPy based DDS may have been different (43). Future work could 

further examine stability in an oxygen free environment.  

 

HPLC analysis of release samples from freshly prepared PPy films showed the 

presence of pyrrole monomer. However, no pyrrole was detected in release 

samples of PPy films aged for 6 or 28 days. This may indicate polymerisation of 

monomer on storage and may have contributed to the decrease in surface 

roughness observed after 6 days of storage at 40 ºC.  

 

The observed change in actuation behaviour is also indicative of a change in 

polymer morphology. Freshly prepared PPy films demonstrated cation-driven 

actuation; the polymer swelled on reduction to its neutral state as an influx of 

mobile cations balanced out the excess of pTS anions. However, after 6 days of 

aging, mixed-ion driven actuation was observed where the polymer was seen to 

shrink and expand on both oxidation and reduction. A change in morphology 

may alter the mobility of species to move in and out of the polymer causing the 



Chapter 4...Results and Discussion 

 

189 
 

altered actuation pattern. The amplitude of actuation in aged films was reduced 

to around half that of the fresh films. In both the fresh and aged polymer films 

the surface height changes were not completely reversible. Some creep was 

observed over subsequent stimulation events as the contraction events weren’t 

as large in magnitude as the expansion events.  

 

A decrease in the rate of risperidone and pTS release on aging can be seen in 

Figure 4.66. The decrease in risperidone release was greater than the 

decrease in pTS release. However, the loading levels of risperidone and pTS 

remained fairly constant across the time points tested indicating an altered 

ability of these species to move out of the polymer. Electrostatic forces are 

commonly reported as the mechanism behind controlled release (14). While 

electrostatic forces appeared to be the driving mechanism behind pTS release, 

risperidone release was correlated with out-of-plane actuation (103). More drug 

release was observed when the polymer was in the expanded form. The 

decrease in amplitude of actuation on aging observed in this study, alongside 

possible morphological changes may be responsible for the reduction in 

risperidone release. Changes in morphology and film properties due to possible 

oxidative degradation of the polymer may have influenced release of 

risperidone (411 g mol-1) to a greater extent than pTS (171 g mol-1) due to the 

size difference between these molecules. 
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5.1. Conclusion 

Controlled release systems offer advantages over conventional delivery 

systems as they are able to maintain concentrations at therapeutically desirable 

levels whilst simultaneously improving patient adherence. Traditional controlled 

release systems have the limitation of releasing drug at a pre-programmed rate 

that cannot be altered. A novel DDS has been developed for the controlled 

release of risperidone. An advantage of the developed system is that the 

release rate of drug can be modified by electrical stimulation.  

 

A specific, stability indicating HPLC method for the quantification of risperidone 

has been presented. The short run time of 6 minutes with isocratic flow makes it 

ideal for routine analysis. Degradation products of risperidone were generated 

under forced conditions; these did not interfere with risperidone analysis. The 

risperidone peak was pure and did not hide any degradation products. 

Validation work has shown the method to be accurate and precise with 

excellent linearity over the range of 1-100 µg mL-1. The developed HPLC 

method demonstrated that risperidone is stable to the polymerisation process of 

the PPy based DDS. This assay could be applied to quantify risperidone 

release from the novel DDS. Formulation excipients were detected and did not 

interfere with risperidone quantification. The co-determination of risperidone 

and pTS in release samples was helpful in elucidating the mechanism driving 

drug release from PPy-pTS films.  

 

Different PPy formulations were produced using pTS, DBS, PMV, and PSS 

anions. PPy-pTS films were polymerised by constant current, pulsed current or 

CV; the optimal polymer films were produced by constant current. Loading drug 

during the polymerisation process resulted in higher levels of drug release than 

loading after polymer synthesis. Electrical stimulus could alter the redox state of 

PPy-pTS films and modify the release profile of risperidone. The rate of drug 

release from a PPy-pTS film could be increased or decreased by applying or 

withholding electrical stimulation. With longer polymerisation times the resulting 
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thicker polymer films were able to release increased levels of risperidone. The 

polymerisation current density affected the initial rate of drug release; however 

the total amount of drug release remained the same. Unfortunately, only 

relatively low levels of drug release from PPy films produced with DBS, PMV, 

and PSS anions were achieved. The release rate from these polymer films 

could not be modified with electrical stimulation.  

 

A custom built electrochemical cell was constructed for in-situ AFM studies. 

Out-of-plane height changes and surface roughness were assessed. PPy-pTS 

films were rougher than PPy-DBS films. The presence of risperidone increased 

the roughness of both formulations compared to comparable films without drug. 

PPy-pTS and PPy-DBS films were seen to actuate in response to 

electrochemical stimulation. Actuation in PPy-pTS films was linked to drug 

release patterns. AFM studies of the film surface showed an expansion of the 

film on reduction at -0.6 V. The film surface expansion could be partially 

reversed when the film was cycled between reduced and oxidised states. The 

greatest amount of risperidone release was seen when the film was in the 

expanded, reduced (neutral) form. This is contrary to previously published 

reports of cationic drug release being controlled by electrostatic forces. Instead, 

changes in film volume appear to affect the rate of drug release. The release 

data from reduced PPy-pTS films showed a good fit with both the Higuchi and 

Korsmeyer-Peppas models. This, taken together with the AFM data suggests 

that the increased levels of drug release seen in the reduced states, or when 

the redox state is cycled, is associated with polymer relaxation allowing 

enhanced penetration of dissolution media into the dosage form. In contrast, 

the release data from oxidised PPy-pTS films showed an improved fit with the 

Zero Order model, suggestive of an unchanged DDS volume. This correlated 

well with the lack of volume change observed during AFM studies.  

 

Elemental analysis showed loading levels of PPy-pTS films to be 8.2 % (w/w) 

risperidone and 38.5 % (w/w) pTS. For PPy films weighing 1.5 ± 0.1 mg (n=3), 

this equated to loading levels of 123 µg of risperidone and 577 µg of pTS per 

film. Almost all risperidone and pTS were released from reduced PPy films over 
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2500 s. IR and Raman spectroscopy showed spectra typical of PPy. Evidence 

of the anions pTS, DBS and PMV could be seen in the corresponding polymers.  

 

Stability studies were carried out on the optimal PPY-pTS formulation. In order 

to be used clinically, the films must be functional over a defined shelf life. A 

methodology was described allowing for the assessment of a PPy based DDS 

over time. Aging slowed the rate of risperidone release from PPy films. 

However, the release of risperidone could be electrically modulated in both 

fresh films and those stored for up to 28 days at 40 °C by withholding or 

applying electrical stimulation. Changes were observed in polymer conductivity, 

surface roughness and actuation behaviour on aging. These, alongside the 

disappearance of pyrrole monomer seen on HPLC analysis, suggest the 

morphology of PPy alters over time following synthesis.  

 
Finally, this project has demonstrated that PPy-pTS films can be utilised as 

controlled release DDS for the delivery of risperidone. Electrical stimulation can 

be used to alter the release rate of drug. Technology such as this could be 

utilised for implantable DDS, where the dose could be adjusted by external 

signalling. This would optimise patient benefit to side effect ratios while 

simultaneously ensuring patient adherence to dosage regimes.  

 

5.2. Limitations and Future Directions 

This project describes the early stage development of an ambitious drug 

delivery system, and the following limitations were experienced. The levels of 

risperidone loading and release are too low to be clinically useful. Current low 

levels of drug loading would be suitable for some hormones and other highly 

potent drugs, but loading levels would need to be increased for the system to 

be applicable to a wider range of drugs. The stability profile of the developed 

DDS will need to be enhanced in the development of a final product. Release of 

drug from a DDS such as the one described will have to be matched to a target 

profile. 
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Future work could continue the development of the described DDS towards a 

clinically relevant product and to address some of the limitations of this project. 

A number of formulation parameters need to be optimised and validated to 

achieve increased levels of drug release with desired reproducibility. Multiple 

synthesis variables influence the final polymer morphology and redox 

responses, which in turn affect drug release. Therefore, optimisation of 

synthesis parameters is required to ensure high repeatability of drug loading 

and performance. The appropriate electrical stimulus to achieve desired drug 

release patterns would also need to be explored.  

 

A cationic drug, risperidone, was used in this project. In addition, thyroxine and 

progesterone were considered as drugs that would offer clinical benefits if they 

could be incorporated into implantable controlled release systems. By 

developing a platform into which a range of drugs from different therapeutic 

classes, with varying physicochemical parameters, can be loaded and released, 

the versatility of the delivery system would be established. For drug delivery 

purposes, it is essential that drug containing formulations perform well over a 

defined shelf life. The stability profile of the ICP based DDS needs to be fully 

elucidated. This would allow for improvements in stability to be achieved. Once 

a stable system has been developed with sufficient drug loading, capable of 

reproducible optimised release, the system could be evaluated in animal 

models.  
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