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Abstract 

 

Instigating effective neural regeneration in the injured adult central nervous system 

(CNS: brain and spinal cord) following injury remains a distant and challenging goal. 

After CNS injury, the formation of cystic cavities results in substantial tissue defects 

and a growth inhibitory injury gap that restricts the potential for any nerve 

regeneration. This injury gap is not only biochemically inhibitory but also lacks the 

necessary cues and directional environment with which to replicate key processes 

observed during CNS development i.e. axon pathfinding as well as the formation of 

long linear axonal tracts at later stages of development. Recent work involving the 

incorporation of conducting polymers into tissue engineering biomaterial structures 

has demonstrated some promise in using electrical stimulation to control the 

behaviour of neurons and their processes. In addition to the scientific challenges 

presented here, a tissue engineering approach is hampered by classical fabrication 

problems of balancing efficacious and cost effective fabrication approaches with the 

need for the ease of fabrication and biomaterial sophistication. This can be overcome 

with unique self-assembly techniques. In the present study, biomaterials 

incorporating aligned arrays of conducting polymers were fabricated using the using 

self-assembly and capillary force lithography (CFL). Initial work investigated the 

generation of nanowires from a liquid matrix with a magnetic field culminated in the 

fabrication of conducting magnetic nanowires which could be assembled into 

nanowire arrays. CFL was then used to fabricate a platform consisting of aligned 

patterns of conducting multifunctional nanoparticles. This platform demonstrated no 

biocompatibility complications while its functionality was demonstrated by the 

electrical stimulation of cultured neurons. The results show that fabricating such 

materials using unconventional techniques is indeed feasible to produce novel 

biomaterials for implantation within the injured CNS. In doing so, it may prove 

possible to promote and guide regenerating axons through tissue defects, leading to 

better functional and morphological outcomes. 
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Chapter 1 

Introduction and Literature Review 

 

Neurotrauma is a regarded as a significant health problem worldwide. The restoration 

of function following trauma remains a therapeutic goal with current clinical 

therapies only seeking to attenuate the effects of the secondary injury. Recent 

consensus among the medical community postulated that restorative treatments 

should not only seek to attenuate the secondary injury cascade but promote axon 

regeneration through appropriate guidance cues and scaffolds, which provide a 

directional environment to physically direct and encourage axon growth. The use of 

conducting scaffolds which support and direct cell and/or axon growth have been 

cited as a possible therapeutic interventions. This thesis will describe the fabrication 

of directional and conducting substrates which have the potential to not only support 

but also direct the growth of axons. In this chapter, the current literature will be 

reviewed. First, the structure of the central nervous system (CNS) will be discussed 

with particular emphasis on the importance of extracellular matrix and the role of 

electrical activity in the CNS. Second, neurotrauma and existing treatment approaches 

are discussed. Third, the use of conducting polymers in biomedical engineering and 

tissue engineering is discussed. Lastly, a comprehensive review of capillary force 

lithography (CFL), the technique we have used to fabricate linear arrays of conducting 

polymer will be discussed. The chapter will then conclude with the formulation of 

hypotheses and research aims. 

1.1 The Central Nervous System 

The CNS is a complex structure comprising the brain and spinal cord. At a cellular 

level, it is composed of 2 major cell types: neurons and glia (Fig 1). Neurons are 

responsible for functions which are unique to the nervous system. Their ability to 

respond to electrical stimuli with the discharge of nerve impulses over short and long 
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distances allows them to transmit signals over several milliseconds. Though glia do 

not transmit nerve impulses, they partake in important processes such as the 

maintenance of the neural environment and comprising of the blood brain barrier   

1.1.1 Structure and Composition of the CNS 

Cellular Composition of the CNS 

 Neurons 

Similar to other cells, neurons consist of a cell body known as the soma. In order to 

receive and transmit signals, neurons extend two different processes, of which the 

number and length can vary. Neurons usually extend several dendrites from the soma 

which branch and form short “dendritic trees” with a large surface area in order to 

receive signals from other neurons. In comparison, neurons project only a single axon, 

whose function is to specifically conduct nerve impulses and transmit signals to other 

neurons.  

Nerve terminals are club shaped boutons at the ends of an axon branch. When this 

nerve terminal is in close proximity with another neuron, a synapse is formed. A 

synapse is defined as “the point of functional contact between neurons”1. It is the 

primary point at which information is transmitted from neuron to neuron. This 

transmission does not occur via direct propagation but through chemical 

intermediaries known as neurotransmitters. When an action potential reaches the 

nerve terminal, membrane depolarisation occurs. This depolarisation results in the 

opening of strategically co-localised voltage gated Ca2+ channels, enabling Ca2+ to 

enter the nerve terminal. This subsequent increase in Ca2+ concentration at the nerve 

terminal signals for the exocytosis of high concentrations of neurotransmitters into 

the synaptic cleft, a process which only takes 0.1-0.2 milliseconds2. The exocytosed 

neurotransmitters then briefly bind to and activate receptors on the post-synaptic 

membrane, creating a post synaptic potential (PSP) and passing on the nerve impulse. 

After receptor activation, neurotransmitters can be inactivated by enzymatic 

degradation or removed from the cleft by transporter proteins located in neural 

and/or glial cell membranes2.  
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First described by Katz et al1 in 1969, the process of neurotransmitter release is a 

quantised process even in the absence of nerve impulses i.e released in 

multimolecular packets. Each packet generates a small post synaptic signal (either of 

which can be excitatory or inhibitory potential). However, when a nerve impulse is 

briefly applied, the rate at which neurotransmitter packets are released increases in 

synchrony, evoking the PSP3. The process of neurotransmitter release is quantised 

due to the fact that neural circuits must process complex and quickly changing 

information fast enough to generate timely responses; this requires rapid 

transmission across the synaptic cleft. Such a fast acting process is permissible by 

concentrating neurotransmitters in quantised synaptic vesicles3.    

 Glial Cells 

Though they do not transmit of nerve impulses, glial cell play a vital role in supporting 

the neurons4. Their importance can be reflected by the fact that their abundance in the 

brain is higher than that of neurons5. Glial cells can be classified into three main 

categories: astrocytes, oligodendrocytes and microglia. Though each glial cell type is 

structurally and functionally different, they serve to provide an ideal functional 

environment for the neurons. For example, the star-shaped astrocytes mainly serve to 

maintain homeostasis in the CNS while oligodendrocytes insulate axonal connections 

by producing myelin sheaths.  

 -Astrocytes 

Due to their structural features, astrocytes are well suited to controlling the neuronal 

extracellular environment. For example, their ability to extend both short and long 

processes over a large surface allows for the efficient exchange of ions and molecules 

with the extracellular fluid. Coupled with their affinity for forming gap junctions, this 

allows for the free passage of ions and other small particles among them, thus forming 

large volumes for distribution of substances removed from the extracellular fluid2. In 

addition, some processes form continuous thin sheets known as membra limitans, 

where nervous tissue contacts the cerebrospinal fluid while other processes form 

contacts with both neuronal and capillary surfaces2.  
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This interaction with neuronal, capillary and cerebrospinal fluid surfaces is of vital 

importance for several reasons. (i) Although neuronal signalling is highly reliant on 

the movement of ions and neurotransmitters, neurons are sensitive towards changes 

in concentrations of these entities. For example, neuronal excitability is influenced by 

small changes in extracellular K+ concentrations. Increased synaptic firing, however, 

results in elevated levels of these K+ which if not regulated, become toxic to the 

neurons2. (ii) Astrocytic process in close contact with capillaries express higher levels 

of aquaporin receptors which regulate the movement of water in the brain, 

maintaining osmotic pressures in the brain. This is crucial as failure to do so results in 

 

Figure 1. Glia-neuron interactions. Different types of glia interact with neurons and the surrounding 
blood vessels. Oligodendrocytes wrap myelin around axons to speed up neuronal transmission. 
Astrocytes extend processes that ensheath blood vessels and synapses. Microglia keep the brain under 
surveillance for damage or infection. Figure and caption adapted from Allen et al.4 
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the expansion of the brain2. (iii) Astrocytic processes surround the brain form tight 

junctions known as the blood brain barrier which traffics substances entering and 

leaving the brain2.  

 -Oligodendrocytes 

The main function of oligodendrocytes is to produce and maintain myelin sheaths in 

the CNS. Myelin sheaths play a crucial role in propagating nerve impulses by reducing 

the loss of current to the surrounding tissue fluid2. The myelin sheath consists of cell 

membrane layers known as lamellae. These layers are formed when an 

oligodendrocyte wraps itself around an axon, squeezing away its cytoplasm in the 

process. The insulating properties of the myelin sheath are a reflection on the 

composition of the cell membrane where the high content of cholesterols and 

glycolipids combine to create an insulating layer around axons. While glycolipids 

serve to provide insulting properties to the myelin, membrane proteins such as the 

myelin-basic protein, bind the membranes together while ensuring that little of the 

poorly insulating cytoplasm takes up less space in the myelin sheath2. 

 -Microglia 

Microglia are the fundamental immune mediators in the CNS. The main known 

function of microglia is the removal of debris resulting from an injury to the CNS, not 

associated with the disruption of the blood-brain barrier (BBB). Due to this, increases 

in microglia numbers and activity are usually seen after an injury.      

 

The Extracellular Matrix in the CNS  

The extracellular matrix (ECM) constitutes between 50-70% of the dry body mass. Its 

importance is represented by the range of medical conditions involving aberrant 

regulation of ECM components or matrix receptors. Some examples include skeletal 

dwarfism, squamous cell carcinomas, fibrosis, asthma, arthritis as well as scar 

formation after wounding6, 7. In the CNS, this is no different and the importance of the 

ECM and its receptors for all aspects of nervous system development and 

maintenance has long been established8.  For example, the absence of ECM protein 
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Reelin results in CNS lissencephaly, a malformation of the brain brought about by 

abnormal neural cell migration9 while aberrant ECM components at neuromuscular 

junctions often result in congenital myasthenic syndromes, a form of inherited muscle 

weakness10.  

Neural growth cones are sensory-motile projections at the ends of extending neurons 

and dendrites of developing and regenerating neurons. These growth cones express 

receptors at both their surface and at tips of filopodia which bind to molecular cues in 

the ECM11, 12. The receptors not only function as points of adhesive contacts with the 

 
 

Figure 2. Schematics of neural interactions with the ECM. (i) Schematic representation of a growth 
cone on the ECM with several integrin receptors (blue) linked to actin filaments through adhesion 
complexes (green). (ii) Schematic representation of key molecular components of growth cone point 
contact adhesions. Integrin σß heterodimeric receptors (blue) bind to proteins within the ECM, such as 
Col, LN, and FN. Integrin activation leads to the assembly of multiple scaffolding proteins, such as talin, 
paxillin and vinculin to the cytoplasmic tail of integrins. In addition, FAK and Src are activated by 
clustering of integrin receptors, and they modulate the composition of adhesions through 
phosphorylation of key residues that allow for binding of many additional proteins (not shown). 
Several scaffolding proteins bind directly to actin filaments (red), which restrain retrograde flow and 
allow the force of actin polymerisation to generate membrane protrusion. Guidance cue receptors 
(orange) can also regulate adhesionassociated proteins through binding and activation of FAK and Src. 
Cross-talk through FAK/Src signalling modulates adhesion assembly and turnover, as well as 
regulation of the actin cytoskeleton. Figure and caption adapted from Myers et al.13 
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ECM but also seek to reciprocally activate biochemical pathways within growth cones 

which in turn positively or negatively influence axonal outgrowth and turning13. 

Hence, it is through these growth cone-ECM interactions on which the assembly of a 

functioning nervous system is highly dependent on14, 15. 

ECM Composition and Function 

The ECM is composed of a mixture of glycoproteins and proteoglycans which include 

laminin, fibronectin, collagen, tenascin and heparin sulphate proteoglycans. These 

ECM molecules are synthesised and secreted by both neurons and glial cells into the 

interstitial spaces around the neurons13. Once secreted, the ECM proteins serve 

different functions. First, large ECM proteins self-assemble into a semi-rigid scaffold 

which provides structural support elements, adhesive substrates and in some 

instances forms filter like barriers13, 16. Importantly, the mechanical and chemical 

properties of this ECM scaffold are crucial in dictating cell motility17, 18. Secondly, the 

ECM provides a signalling environment which acts via 2 different mechanisms16. 

Though ECM components serve as substrates for cellular receptors, triggering 

signalling events within the cell, they also provide anchors for signalling factors, hence 

regulating the bioavailability of such signals19. For example, some ECM proteins are 

specifically targeted by degradative proteases to provide an adaptable substrate. 

Furthermore, ECM proteins also have the potential to act as co-receptors by 

integrating both ECM based and non-ECM based signalling pathways or events13. A 

schematic of the neuron-ECM interactions is further described in Figure 2. 

1.1.2 The role and importance of electric fields in the body 

The existence of electrical signals within the extracellular spaces of plants, animals 

and human beings has been known for two centuries. These electrical signals have 

been demonstrated to play vital roles in physiology, development, regeneration and 

pathology20-22. In most studied systems, crucial behaviours such as cell division, 

migration and differentiation take place within an environment where standing 

voltage gradients persist from hours to days21, 23. These electrical signals originate 

from spatial variations in the functioning of ion pumps or leaks across individual cells 
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or across layers of cells such as the ion-transporting epithelium. The resulting ionic 

gradients drive extracellular ionic current flow and this establishes voltage 

gradients24. 

This is no different in the CNS. The construction of the brain during embryonic 

development was long thought to be independent of any electrical activity. Instead, 

the proliferation, migration and differentiation of neurons were thought of as 

processes which were driven entirely by genetic programs with electrical activity only 

being crucial at later stages in the refinement of connections25. Recent findings, 

however, have disputed this and demonstrate that electrical activity does indeed play 

essential roles in the early development of the nervous system. Such activity has 

similar roles in the incorporation of newly formed neurons in the adult nervous 

system, suggesting conserved mechanisms underlying this activity-dependent 

development25.  

In the past, electrical activity in the nervous system was exclusively depicted as action 

potentials which were driven by the movement of Na+/K+. This view has, however, 

changed with the aid of improved intracellular imaging techniques for imaging Ca2+ 

concentrations. Electrical activity in the form of spontaneous fluctuations in 

intracellular Ca2+ at the early stages of development before synapse formation 

suggested possible roles in the assembly of the nervous system25. Further 

examinations of these fluctuations indicated a role for neurotransmitters, which 

depolarise neurons and activate voltage gate Ca2+ channels that promote the entry of 

Ca2+ or receptors that flux Ca2+ concentrations. GABA and glycine neurotransmitters 

activate receptors that generate depolarising chloride currents at the early stages 

while glutamate receptors generate Na+ and Ca2+ currents that depolarise neurons 

throughout development25. This was evident in both vertebrates and invertebrates. 

For example, endogenous release of neurotransmitter release activates NMDA (N-

Methyl-D-aspartate) receptors in the embryonic turtle cortex26 and generates Ca2+ 

transients via activation of metobotropic glutamate receptors in the embryonic mouse 

cortex27. Their endogenous release also engages GABA receptors that lead to the 

depolarisation of neural progenitors in the postnatal mouse subventricular zone and 

rostral migratory stream28.  
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In addition to such conventional mechanisms, novel forms of excitability which do not 

involve ion influx via voltage or neurotransmitter gated channels also contribute to 

the role of electrical activity in CNS development. Their discovery has also contributed 

to the appreciation of electrical activity in neuronal development. Such spontaneous 

ion transients can be triggered by substrate interactions and by mechanisms which 

are still unknown25. For example, transient receptor potential (TRP) channels are 

involved in generating growth cone Ca2+ transients while other lesser understood 

components include metatrobic transmitter receptors, mechanoreceptors and 

transmitter transporters acting in reverse25. Though not well understood, these 

components have been observed in embryonic mouse neural crest29, xenopus and 

zebrafish spinal neurons30-33, chick dorsal root ganglion neurons34 and hamster 

cortical neurons35.         

 Neuronal Responses to Applied Electric Fields 

The concept of directing nerve growth using electric fields (EFs) was first explored by 

RG Harrison shortly after developing the tissue culture method. Explanted chick CNS 

tissue cultured in a galvanic field grew “along the lines of force” in the field36. This was 

further explored by Ingvar in 1920 who reported of cell process growing towards an 

anode were being morphologically different from those toward a cathode37. The 

influence of this work was limited, however, as no data or supporting pictures were 

presented. The first rigorous study was conducted by Marsh et al38 who demonstrated 

that 7-10 day explanted chick embryos grew processes selectively toward the cathode 

but were suppressed on the anodal side in the presence of electric fields with 

thresholds of 50-60 mV/mm. Interestingly, later studies determined that the nerve 

cell type was crucial in determining if growth cones are attracted to or repelled by a 

cathode. While motor neurons are reported to turn cathodally39, PC 12 neurites turn 

anodally40 and sensory neurites41 do not turn at all. Furthermore, dendrites of 

embryonic rat hippocampal neurons demonstrate cathodal attraction but the axon 

from the same cell body did not42, indicating the possible complexities of neural 

responses to electric fields in developmental and regenerative states21. 
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 Postulated Mechanisms of Directional Response     

Several theories have been postulated as to why neuronal growth cones elicit a 

directional response in the presence of electric fields. These theories include: (i) EF 

induced receptor asymmetry (ii) EF induced secondary messenger and cytoskeletal 

molecule asymmetry (iii) membrane protein electrophoresis or electro-osmosis. 

 -EF Induced Receptor Asymmetry 

Both physiological and applied EFs have been reported to induce receptor asymmetry. 

Physiological EFs are able to move charged cell surface receptor molecules, creating 

asymmetry between cathodal- and anodal- facing membranes43, 44. Furthermore, 

applied EFs induce receptor symmetries in xenopus myoblasts, xenopus neurons, 

corneal epithelial cells and on fibroblasts24. Xenopus growth cones express receptors 

for several physiologically relevant neurotransmitters. Among them is Acetylcholine 

(ACh) which is released spontaneously during axonal pathfinding45. By using xenopus 

neuronal growth cones as an example,  McCaig et al21 postulated that in growth cones 

exposed to a physiological EF, neurotransmitter release  possibly activates 

asymmetrically distributed receptors which results in growth cone turning. Further 

experiments blocking Ach receptors on the cell surface seemed to reinforce this 

notion45. 

 -EF induced secondary messenger and cytoskeletal molecule 

 asymmetry 

Experiments involving the blocking of receptors demonstrate the importance of 

secondary messengers in cathodal attraction. These include receptor tyrosine kinases, 

phospholipase C, extracellular Ca2+ and intracellular Ca2+ 46-48. Furthermore, similar 

experiments involving the pharmacological inhibition of the growth cone 

cytoskeletion demonstrated diminished directional responses to an EF indicated the 

crucial role microfilaments and microtubules played in cathodal attraction49. The 

theory of secondary messenger and cytoskeletal involvement in growth cone 

asymmetry is similar to that of the receptor induced asymmetry as previously 

described. By modulating expression levels of growth cone cAMP or cAMP-dependent 
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kinases (eg. protein kinase A), growth cone responses can switch from one of 

chemoattraction to chemorepulsion50. In addition to the asymmetry induced by EFs, 

several studies have suggested EFs induces expression of these secondary 

messengers. Sisken et al51 have suggested that EFs increase protein synthesis in 

transected sciatic nerve segments leading to increased neurite outgrowth while 

Kimura et al52 have suggested that EFs can replicate the effects NGF has on c-fos 

expression which is important for cell differentiation. 

 -Membrane protein electrophoresis or electro-osmosis    

The third theory postulated states that the directional response could be a result of 

 

Figure 3. A Xenopus Model for the cathodal orientation of growth cones. (i) Membrane receptors 
such as ACh receptors (yellow) accumulate preferentially towards the cathode. This accumulation 
causes growth cones to turn toward the cathode and release ACh spontaneously. The ACh-induced 
stimulation of the receptors activates a signalling cascade on the cathode facing side of the growth 
cone. (ii) Other intracellular signalling cascades involved in the cathodal turning. While cell surface 
receptors partake in the turning process, it is reliant on Ca2+ influx and Ca2+ release from intracellular 
stores. This movement of Ca2+ then initiates a signalling cascade which eventually stimulates 
lamellipodial and filopodial formation. (iii) cytoplasmic Ca2+ levels are low in fura-loaded growth cones. 
(iv) this concentration, however, increases upon electrical stimulation. Adapted from McCaig et al.21 
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electroosmosis or electrophoresis. Theoretical and experimental evidence exists, 

demonstrating electroosmosis which overrides electrophoretic effects53. 

Electroosmosis is described as the “fluid flow within a layer only angstroms from the 

membrane surface”21. Na+ and K+ ions act as counterions to the negatively charged 

membrane proteins which accumulate together with their associated water molecules 

in this thin layer. Electrophoresis of the counterions induces a fluid movement and a 

hydrodynamic force which attracts the negatively charges proteins cathodally. 

Subsequent experiments altering the surface charges on the cell surface by adding 

positively charged lipids or removing protein residues from the member, were able to 

induce anodal attraction lending creedence to this theory54. In contrast, it has been 

suggested that the electrophoretic mobility of membrane proteins or extracellular 

elements (i.e. collagen filaments) could also explain as to this behaviour21. McCaig et 

al21 have correlated the time taken to induce receptor asymmetry with the speed of 

cellular responses as reasoning for this. For example, receptor proteins such as conA 

are substantially asymmetric within 1-2 min of interacting with EFs of physiological 

magnitude and subsequently become polarised within 10 mins of exposure. This 

timeframe is in keeping with the receptor asymmetry initiated transduction of EFs21.  

1.2 Neurotrauma 

Neurotrauma is defined as the “traumatic injury of the CNS, usually resulting in the 

permanent loss of normal function”55. In the instance of a traumatic brain injury (TBI), 

this is defined as an impact, penetration or rapid movement of the brain within the 

skull56. In spinal cord injury (SCI), this refers to the fracture or dislocation of the 

vertebral column arising from either compression or hyperextension of the cord57. 

Neurotrauma is distinct from neurodegenerative diseases such as Alzheimers or 

Parkinsons, which are characterised by progressive damage and declining function as 

a result of an underlying pathology. 

Neurotrauma is regarded as a significant health problem worldwide. In many 

countries, neurotrauma particularly affects the younger age groups and is reported to 

be the leading cause of death and disability among individuals under the age of 5058. 

On average, TBI is estimated to affect 200 cases per 100 000 with a mortality rate of 
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20 per 100 000.  Globally, incidences reported range from 91-430 per 100 000 with 

mortalities of 9-89 per 100 00059. Incidences of spinal cord injury ranged from 14.5 to 

57.8 cases per million though these statistics do not include deaths at the scene of 

trauma60. 90% of neurotrauma inflicted fatalities and disabilities are concentrated in 

the low and middle income countries, an estimated 70% of the global population. 

Furthermore, the diminished healthcare resources, poor prevention policies and 

higher social risk factors only serve to add to the rate of fatalities and disabilities 

arising from neurotrauma61. Although these statistics give an approximate indication 

of neurotrauma incidences, it is difficult to obtain a true measure of incidence and 

prevalence as there have been no comprehensive studies on incidences of 

neurotrauma in a defined population. 

 

The main causes of neurotrauma have been attributed to a wide range of events from 

motor vehicle and recreational accidents to violence and work place related accidents. 

Though such causes vary from country to country and within different regions of the 

same country, motor vehicle related accidents account for the majority of 

neurotrauma injuries on a global scale (an estimated 40-50 %)62. The same review 

also found that the other causes of neurotrauma showed changing trends. For 

example, neurotrauma caused by workplace related accidents was found to have 

decreased and this was attributed to improved work safe practices and guidelines. In 

contrast, an increase in neurotrauma caused by recreational activities has been 

correlated to an increased interest in “high risk” sports such as parachuting and hang 

gliding62. Although injuries are unavoidable and unforeseen in some circumstances, in 

most cases, injuries are both avoidable and preventable if proper precautions were 

taken i.e. proper head protection63. 

 

1.2.1 Existing Managements and Treatments 

 

Despite advances in medical and surgical care following neurotrauma over the last 20 

years, the primary approach to treating spinal cord injury remains one based on 

attenuating the effects of secondary injury followed by long term rehabilitation. It is 
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believed that by preventing or attenuating the secondary injury cascade, 

improvements in neurological recovery can be attained and possibly lay the 

foundations for regenerative approaches58. Currently, the only clinically accepted 

treatments for treating neurotrauma are surgical and pharmacological approaches, 

followed by rehabilitation. Though such approaches have been used for some time, 

doubts still exist over their ability to restore functional recovery in victims. In 

addition, other studies have emerged showing concern over the side effects and 

complications of such approaches64, 65. 

 Clinical Approaches 

 -Decompressive Surgery 

Decompressive surgery is a treatment method in which surgical intervention is used 

to relieve the pressure on the CNS following trauma. Depending on the nature of the 

injury, this can refer to a craniotomy (TBI) or a laminectomy (Spinal cord injury: SCI). 

In a SCI, this involves the removal of damaged bone, disc and ligaments to decompress 

the cord66. In spite of its first reported use in 1901, much debate remains over the 

timing of surgery, which patients should undergo surgery and which surgical 

techniques should be utilised67. Early surgery remains controversial unless canal 

integrity is compromised. In animal studies, surgery 6-8 hrs post injury has been 

demonstrated to enhance recovery68, 69. In humans, early surgery (24-72 hrs) has 

yielded inadequate results as tissue damage is irreversible by that stage70-72.  

Though surgery is able to stabilise the spine or brain following trauma, a poorly 

understood aspect of decompressive surgery is its ability to promote functional 

recovery. This has been attributed to a lack of well designed and run randomized 

trials58. In a 1999 review by Fehlings and Tator evaluating the efficacy and rationale of 

surgery, the authors came to the conclusion that despite experimental evidence 

indicating that surgery improves recovery, surgery should only be considered an 

“option” and definite conclusions could not be made on its appropriate use64. Though 

a recent study by Fehlings et al concluded that decompressive surgery, prior to 24 hrs 

after SCI, was associated with an improved neurological outcome, inherent limitations 
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still existed in their study73. In addition to this uncertainty surrounding its efficacy, 

surgical complications have also been reported. Some of these include wound 

infections, neurological deficit, graft complications and gastrointestinal bleeding74-76. 

Furthermore, studies have also reported higher rates of delayed complications among 

patients treated with decompressive surgery77.   

 -Pharmaceutics 

Presently, the only clinically accepted pharmacological treatment for neurotrauma is 

the use of methylprednisolone (MP). MP is a synthetic glucocorticoid steroid with 

anti-inflammatory properties58. MP is believed to attenuate the effects of the 

secondary injury cascade via several pathways. These pathways include improved 

reversal of Ca2+ accumulation78, enhanced synaptic transmission and excitability79, 

reduction of neurofilament degradation80, inhibition of lipid peroxidation81 and 

maintenance of tissue blood flow82.  

Although clinically used, conflicting and debatable outcomes from three major studies 

have caused confusion over its utility. All three studies were conducted by the 

National Acute Spinal Cord Injury Study (NASCIS). In the first study, NASCIS I, the 

efficacy of administering various doses of MP intravenously was compared83. Results 

from this study indicated that the administration of higher doses of MP was no more 

effective than lower doses in improving neurological recovery83. These findings 

resulted in the less prevalent use of MP, though it was subsequently determined that 

the effective dose was much higher than that used in NASCIS I84. 

To overcome this, the second study, NASCIS II, utilised a higher dosage and set out to 

investigate the effect of altering the timing of the drug administration. Results from 

this second study indicated that patients who were administered MP within 8 h of 

sustaining an injury had modest improvements in motor and sensory function when 

compared with patients who received a placebo, naloxone or MP at a later time85. A 

third NASCIS study, NASCIS III, was also later carried out, seeking to investigate the 

efficacy of administering MP or tirilazad mesylate every 6 h for 48 h. It was found that 

no benefit was attained when MP was administered beyond 24 h if administered 

within 3 h of sustaining injury86. Despite promising results from both NASCIS II and 
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III, their accuracy has been questioned by several authors84, 87, 88. They have cited 

concerns over statistical analyses, randomisations and performance of medical 

procedures and protocols in participating centres which have lead to clinicians using 

MP in blind faith rather than a scientific consensus88. For example, the patients in 

NASCIS II who received MP within 8 hrs of injury and showed modest improvement 

constituted <50% of patients enrolled. Furthermore, patients treated with MP 8 hrs 

after injury reported significantly worse outcomes. The placebo group in the same 

trial also reported a worse outcome when initiated after 8 hrs compared to patients 

with early intervention, indicating positive results were possibly only a coincidence of 

poor outcome in the placebo group.     

In addition to concerns over the conducting of such trials, the side effects of MP 

treatment have also been reported. Baptiste and Fehlings84 have reported some of 

these side effects range from sepsis and higher prevalence of wound infections to 

death resulting from respiratory complications. The same authors also postulated that 

the anti-inflammatory effects of MP may be detrimental towards post-injury 

regeneration, exacerbating cellular necrosis in the process.  

 -Rehabilitation 

Rehabilitative exercises have been used on patients with SCI for several decades. The 

goal of such rehabilitation is to prevent medical complications which arise in 

approximately 30% of patients, leading them to be re-admitted to hospital annually66. 

Examples of such exercises include locomotor training, strengthening exercises and 

occupational therapies89. The effects of exercise after SCI are still unclear; however, 

several theories have been postulated. Some groups have theorised that locomotive 

recovery is dependent on sensory inputs that “awaken” spinal circuits and activate 

central pattern generators in the cord90. In most SCIs, caudal gray matter in the 

lumbosacral cord remains uninjured. Following an injury, however, spuraspinal 

systems in the cord are not able to communicate with the cervical and lumbar 

elements to initiate stepping and maintain locomotion. As such, several groups have 

demonstrated that with rehabilitative exercises, adaptable circuitry can be trained to 

interpret complex sensory information associated with stepping91-94. A second theory 
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postulated that exercise elicits specific cellular responses at the injury site. Treadmill 

exercises have been reported to not only enhance locomotor recovery in a 

compressive SCI model but also increase endogenous neural stem cell (NSC) 

proliferation in the cord95. Furthermore, a third theory postulates that exercise 

induces growth factor secretion in normal adult rats96 and rats with a complete SCI97.  

In addition to physical rehabilitation that we have discussed here, more advanced 

approaches have been undertaken in the management of the severe disabilities 

encountered by individuals with SCI. The goal of the approach is to utilise existing 

remaining patient functions and aim to integrate the patients into everyday life. 

Examples of these advanced approaches include functional electrical stimulation 

(FES) and environmental control devices66. The premise of FES is based on using 

transcutaneous or direct currents to activate distal ends of innervating nerves90. Due 

to this, FES is only useful when the lower motor neurons and peripheral nerves are 

intact. Currently, there is much interest in utilising computer-controlled FES to 

strengthen the lower extremities (i.e. leg muscles) and for cardiovascular 

conditioning66. Some of the benefits which have been reported include improvements 

in muscle mass, blood flow, bowel function and reduced occurrences of thrombosis, 

osteoporosis and spasms98-101.  

1.2.2 Experimental Approaches 

 Growth Factors 

Growth factors are defined as regulatory proteins that modulate neuronal survival, 

axonal growth, synaptic plasticity and neurotransmission102. Due to this capability, 

exogenously administered growth factors have been suggested as potential 

therapeutics in treating neurotrauma. Some examples of these growth factors include 

brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), neurotrophin 3 

(NT-3), NT-4 and NT-5102. Recent studies by various research groups using different 

growth factors have shown that axonal regeneration is heavily influenced by the 

presence of growth factors in the regenerating environment103-106. For example, in a 

study by Houweling et al104, it was found that local application of BDNF to a partially 
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transected spinal cord in an adult rat resulted in a decreased loss of function one day 

after injury. The extent of axonal response is dependent on several factors. These 

include the availability of growth factor receptors, the type and extent of injury and 

the ability of the regenerating axon to find an appropriate target58. Due to its success 

in a laboratory setting, the approach of using growth factors to promote axonal 

regeneration has progressed into the clinical setting. A major challenge with this 

approach, however, is their inability to cross the BBB58.  

 Cell Therapy 

Cell-based therapies involve the harvest/alteration ex vivo of endogenous cells from a 

healthy organism, followed by their transplantation into an injured organism as 

allografts or xenografts107. Stem cells are pluripotent, allowing them to proliferate in 

an undifferentiated state and subsequently give rise to other cell types upon 

interaction with appropriate signals58. Most cell-based therapies have focused on 

utilising stem cells to potentially replace cells lost during injury, restore CNS circuitry 

and aid synapse formation at lesion boundaries58. To date, a large variety of stem cells 

have been trailed for CNS injuries treatments. Bone marrow stromal cells (BMSCs) are 

the most applied stem cells in human transplantation. In SCI treatments, however, 

conflicting evidence remains as to whether BMSCs can indeed improve recovery108. A 

general consensus exists in the literature that improvements from cell implantation is 

a result of indirect environmental modification rather than BMSC differentiation into 

oligodendrocytes or neurons108. BMSC implantation has been associated with 

locomotor improvements, increases in angiogenic tropic factors and increased blood 

flow109-111. Such observations, however, remain inconsistent. A detailed review by 

Tetzlaff112 et al found that of 6 non-hemisection SCI models which used BMSCs, three 

reported benefits while the other three found no differences after transplantation. The 

use of brain and spinal cord-derived neural stem/progenitor cells (NSPCs) has also 

been reported to promote functional recovery when implanted into injured spinal 

cords113, 114. Further interaction with the in vivo CNS environment can also induce 

their differentiation into glial cells, with minimal neuronal differentiation115, 116. 

Though such improvements, in addition to their low tumourgenic rates, NSPCs are an 

ideal candidate for transplantation as their relative scarcity in the CNS and the risks 
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related to their ex vivo culture have limited their translation into a clinical setting108. 

Similarly, embryonic stem cells (ESCs) have been demonstrated to be capable of 

differentiating into cells which are almost indistinguishable from neural progenitors 

and mature cell types112, 117. As with most allogenic transplantation, patient 

immunosupression, however, is required with their use. In addition to this need, their 

use has also generated debate over the ethical use of human embryos108. More 

recently, the use of induced pluripotent stem cells (iPSCs) has attracted much 

attention. The upregulation of 4 “Yamanaka factors” has provided a feasible 

methodology to reverse somatic cells into pluripotent cells which have similar 

properties as ESCs but without the ethical quandary117-119.  The major challenge in the 

field, however, are the inefficient reprogramming methods108. Current methods to 

induce pluripotency include the use of the PiggyBack Transposon System120, non-

integrating excisable viruses121 and drug selectable targeting122. While more efficient 

methods have been recently123, 124, it remains a work in progress. 

 Gene Therapy 

To overcome the difficulty in delivering growth factors across the BBB, autologous or 

syngenic cells can be genetically modified via ex vivo gene therapy and serve as 

localised pumps for localised and targeted delivery of growth factors into an injury 

site125. Axonal growth in response to genetically modified fibroblasts126, 127, Schwann 

cells128, BMSCs129, 130 and NSPCs131, 132 have been investigated with injured axons 

reported to respond to neurotrophic factor delivery, even at chronic stages of injury. 

The growth factors explored to date include members of the neurotrophin family 

(NGF, BDNF, NT-3), neuropoetic cytokines (IL-6, LIF, CTNF) GDNF family ligands and 

insulin-like growth factors. Direct gene therapy offers an alternative to ex vivo gene 

therapy. The approach involves the direct injection of vectors into the injury site 

which negates the need to isolate and implant cells133. The administering of 

adenoviral vectors encoding for GDNF, BDNF, NGF, NT-3 and CNTF in a sciatic nerve 

transection model protected sciatic nerve motor neurons against axotomy-induced 

cell death up to 3 weeks134. Similarly, vectors encoding for FGF-2, NGF, NT-3 and N-

cad resulted in extensive sprouting throughout the entire dorsal horn, ventral horn 

and in the white matter of the lateral funiculus indicating the feasibility of inducing 
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axonal regeneration of adult sensory neurons135. A complication of this approach is 

the choice of vector. As each injury is different, a different approach and hence vector 

is required136. As little is known about the amounts and time required for specific 

factors, the injury location, cell types, quantity and duration of transgene expression 

still requires consideration133.     

 Tissue Engineering Scaffolds 

A lack of extracellular matrix at the injury site which directs the wound healing 

process has been cited as an interfering factor in the regeneration of nerve injury137. 

Different biomaterials have been investigated in both in vitro and in vivo studies for 

their potential to instigate regeneration after injury. Some of these biomaterials 

include collagen, alginate and synthetic hydrogels.     

 -Collagen 

Collagen is a naturally occurring protein which accounts for approximately 25-30% of 

total proteins in the human body. As a major component of the ECM, it is believed to 

support both neural cell attachment and growth138. Of the 19 types of collagen, type I 

is most commonly used and has been used in several studies to date139-141. Type I 

collagen scaffolds have received FDA approval for marketing, with Integra 

Lifesciences releasing a range of collagen based nerve grafts, entitled NeuraGen® 

Nerve Guide. 

Despite such advancements, the use of collagen in treating neurotrauma remains 

debatable due to mixed outcomes from in vivo studies. The implantation of collagen 

filaments following a spinal laminectomy has led to improvements in functional 

disability and regenerative ability in addition to maintaining structural continuity 

between cord and implant141. However, high rates of death during the experimental 

period were reported, with many animals dying within one month of commencing the 

study. Autopsies revealed that the rats used in the study suffered from high rates of 

urinary tract infection, leading to concerns over cytotoxicity with collagen based 

implants. In contrast, Terris et al140 reported that collagen filled silicone implants 

failed to significantly improve functional recovery after sciatic nerve transection in 
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comparison to controls consisting of PBS or dialysed plasma filled silicone implants. 

Furthermore, Klapka et al142 have also suggested that collagen could be inhibitory to 

axonal regeneration as it is a component of the inhibitory glial scar. Authors of the 

same review, however, have also advocated that collagen is not inhibitory per se but is 

dependent on environmental and developmental influences to exert its effects. 

 -Alginate 

Alginate is the extracellular matrix produced by brown seaweed and is composed of  

linked β-D-mannuronic acid and α-L-guluronic acid residues138. When cross-linked 

with covalent bonds, alginate fibers form a sponge-like structure. Due to its 

biocompatibility, hydrophilicity and low toxicity, it has already been used in several 

studies as tissue scaffolding following spinal cord injury143, 144. The results and 

outcomes of such studies have been promising. Alginate sponges have been 

demonstrated to enhance the neurite outgrowth in SCI models while decreasing 

inhibitory cues145, 146. Furthermore, they have also been reported to enhance the 

survival of BDNF-producing fibroblasts without requiring immunosuppressants147, 148. 

A major problem of using alginate, however, is the cytotoxic and mitogenic impurities 

found in commercially manufactured alginates. Commercial alginates have been 

reported to contain both naturally occurring mitogenic impurities and bacterial 

impurities of human and animal origin. This has been attributed to the industrial 

harvesting and extraction processes used in the manufacturing of the alginates149. 

 -Chitin and Chitosan 

Chitin is a co-polymer of N-acetyl-glucosamine and N-glucosamine units. It is the 

second most abundant polysaccharide in nature after cellulose and is the principle 

component of crustacean exoskeletons and cell walls of certain bacteria and fungi138. 

When chitin is N-deacetylated, chitosan is formed150. Like chitin, chitosan is similar to 

cellulose.   Recently, there has been much interest in utilizing both as biomaterials due 

to their non-toxic, biocompatible and biodegradable properties138. Chitosan has 

already been used as scaffolding material to bridge nervous tissue gaps in sciatic 

nerve injuries151. A chitosan implant was found to aid axonal regeneration without 
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causing any observable cytotoxic effects. When tested in vitro, chitin implants have 

been show to support the adhesion, differentiation and neurite outgrowth of primary 

chick dorsal root ganglion neurons152. 

 -Synthetic Hydrogels 

Poly(2-hydroxyethyl methacrylate) (PHEMA) or poly(2-hydroxyethyl methacrylate-

co-methyl methacrylate) (PHEMA-MMA) are crosslinked networks of hydrophilic co-

polymers138. Due to their high network density, the co-polymers swell and retain large 

amounts of water. As such, this not only provides a 3 dimensional substrate for cell 

attachment and growth but allows for the transport of molecules through the 

scaffold137. PHEMA and PHEMA-MMA are also non-biodegradable which allows them 

to have enhanced structural stability. This is advantageous because the surrounding 

tissue is not exposed to the intermediary scaffold breakdown products which can 

potentially affect any regeneration process137. PHEMA hydrogels have been 

demonstrated to support in vivo axonal growth153-155. They can also be moulded into 

conduits which serve as nerve guidance channels156. In addition to PHEMA, [N-(2-

hydroxypropyl) methacrylamide] (HPMA) has also been implanted into the spinal 

cord and demonstrated to support angiogenesis, cell infiltration and axonal growth157.  

 -Matrigel 

Matrigel is the extracellular matrix which is extracted from Engelbreth Holm Swann 

(EHS) mouse scarcoma cells. It contains a mixture which includes fibronectin, laminin 

and proteoglycans, with laminin predominating137. In a review by Zhang et al158, 

Matrigel is considered the “most effective and standard cell-free substrate for neural 

stem cell culture”. This claim is partially substantiated in an in vitro study conducted 

by Novikova et al159. Matrigel was found to conserve the morphologies of OECs, SCs 

and BMSCs.  Calorimetric assays conducted indicated that the metabolic activity of the 

3 cell types had increased over the course of the experiment (9 days). In contrast, 

when cultured on alginate, all three cell types relinquished their characteristic shapes 

between the 1-2 day timepoints while no increase in metabolic activity was observed 

throughout the experimental period. Significant differences were also seen in cultures 
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of DRG neurons where neurons cultured on matrigel were found to have neurite 

lengths seventeen times longer when compared to neurons grown on alginate. Despite 

these positive outcomes, lingering concerns remain over animal-derived biomaterials 

(including Matrigel) as they contain residual growth factors, undefined components 

and/or undefined impurities158. With regard to Matrigel, as it is a commercially 

manufactured product, its quality and components vary from batch to batch160. Such 

uncertainties can introduce artefacts and errors when conducting a well-controlled 

study. In addition, complications can arise if used in human therapies160. 

 -Self-assembling Hydrogels 

RADA16 peptides are synthetic peptides consisting of 50 % charged amino acid 

 
Figure 4. PHEMA implant following SCI (i) A Schematic the transected ends of the spinal cord stumps 
within the channel. (ii) A photograph showing the dorsal aspect of the spinal cord stumps placed within 
the semitransparent channel. The gap between the stumps of the cord are indicated by the small white 
arrows. (iii) The spinal cord containing the PHEMA channel implant after 4 weeks. The small arrows 
are indicative of the junction between cord stumps and the PHEMA channel. Adapted from Tsai et al.156 
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residues161. The arginine, alanine and aspartic acid amino acids, which constitute the 

peptide are arranged such that the peptide consists of periodic repeats of hydrophilic 

and hydrophobic amino acids162. This sequential arrangement permits the self-

assembled formation of a stable 3-dimensional fibrous scaffold, resulting in a 

hydrogel163 (Fig 5). This self-assembly process or hydrogel formation can be 

accelerated by the addition of physiological concentrations of salt solutions or via the 

adjustment to a neutral pH163. 

Recently, there has been much interest in using RADA16 SAPNS as tissue scaffolding 

due to several advantages over current biomaterials: (i) They consist of naturally 

occurring amino acids which can be metabolized by surrounding tissue164; (ii) Its 

nanoscale size mimics the ECM 165; (iii) They do not appear to elicit an inflammatory 

reaction in vivo164; (iv) Being of synthetic origin, it is devoid of chemical and biological 

contaminants present in other biomaterials previously mentioned160; (v) Self-

assembly is achieved through ionic strength changes and interaction under 

physiological conditions, negating the need for biological processes such as heat 

 
Figure 5. SEM images of RADA16 self-assembling hydrogels at various concentrations. (i) and (iv) 
1% (ii) 0.5% and (c) 0.1%. (d) Lateral view showing 3D assembly for 1%. Figures and caption adapted 
from Ho et al.161 
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shock160. 

Outcomes from the handful of in vitro and in vivo studies to date appear promising. 

When cultured on the SAPNS, extensive neurite outgrowth was observed in both 

primary and immortalised cultures166. Synapse formation was also observed in both 

the primary and immortalised cultures. The same authors also conducted a study on 

the toxicity of RADA16 SAPNS in vivo and no observable tissue inflammation or motor 

impairment was observed. 

Another study by Guo et al167 demonstrated that SCs and neural progenitor cells 

(NPCs) were able to survive, migrate and differentiatie within the RADA16 SAPNS.  

An in vivo study conducted by Ellis-Behnke et al164, the application of RADA16 SAPNS 

to a midbrain knife wound in P2 hamsters was found to facilitate gap closure and 

eventual restoration of vision function in 75 % of animals tested. 

1.2.3 Restoration of Function Remains a Therapeutic Goal 

With the limitations of clinically accepted treatments in mind, the restoration of 

function in patients remains a long held goal. Classically, regeneration of CNS neurons 

was long thought of to be an impossible task. Work by Lie et al168 in the 1950s, 

however, demonstrated that projections of primary nerve fibres could indeed sprout 

in the spinal cord. Further work carried out by Richardson et al169 in the 1980s 

demonstrated the feasibility of using peripheral nerve bridges to provide an 

regenerative environment to axotomised CNS neurons. The key results from this work 

indicated that although CNS neurons have intrinsic regenerative potential and can be 

induced to express growth related genes, successful regeneration is dependent on 

extrinsic factors such as a “growth permissive” environment. From a healthcare 

standpoint, the complexity of SCI means that restorative treatments should promote 

recovery in a stepwise manner with key focus on specific targets at each stage while 

providing incremental benefit66. These approaches can be simplified into a list (Fig 6): 

1. Attenuation of secondary injury cascade. This encompasses the prevention of 

necrotic and apoptotic cell death via anti-excitoxic drugs (i.e glutamate 

receptor blockers) and anti-apoptotic growth factors (i.e. BDNF, NT-3) 



26 

 

2. Addressing myelination deficits.  Encourage surviving oligodendrocytes to 

remyelinate axons and replace replenished oligodendrocytes. 

3. Removal of inhibition factors (i.e. inhibitor neutralising antibodies and/or 

drugs which downregulate expression of inhibitory proteins). 

4. Promote axon regeneration through growth factors (i.e. BDNF and NT-3). 

5. Direct axons to appropriate targets via guidance molecules or cues. 

6. Implanting of scaffolds which would provide a directional environment to 

physically direct and encourage axon growth. 

7. Replace lost cells by implanting cells with pluripotent cell types (i.e. adult or 

embryonic stem cells). 

The creation of a directional environment is crucial to replicating key processes 

observed during CNS development such as axon pathfinding and cell migration, in 

addition to forming linear axonal tracts in the spinal cord later in development170. 

Though axons extend in response to the presence of growth promoting factors and 

randomly oriented scaffolds, as we have discussed in this chapter, they lead to 

randomly organised patterns of growth171. Furthermore, the use of hollow single 

channel structures provides limited axonal guidance due to their large size. Linearly 

arranged textures have demonstrated promise in the unidirectional guidance of axons 

and migration of neurons172-175. In addition to the scientific challenges presented here, 

the use of the tissue engineered approach is hampered by classical engineering 

 

Figure 6. Sequence of interventions in the treatment of SCI. Adapted from McDonald et al.66 
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problems such as cost. Commercially successful tissue engineering approaches have to 

be efficacious and affordable while balancing the need for sophistication and ease of 

fabrication176.   

In the work presented in this thesis, we have created a directional environment by 

combining conducting polymers (CPs) and CFL to form aligned conducting arrays. The 

use of CPs allow for the direct delivery of an electrical stimulus to specific areas of our 

material while CFL allows for the simple and cost effective patterning of CPs.  As 

previously discussed, several theories have been postulated as to how neurons 

respond to electric fields. The common theme among them is the movement of ions 

which then initiates a signalling cascade, inducing biochemical changes within the cell. 

In the next sections, CPs and their application in biomedical engineering will be 

reviewed. The section will then conclude with a comprehensive review of CFL and its 

range of applications. 

1.3 Conducting Polymers 

1.3.1 Introduction to Conducting Polymers  

Electroactive biomaterials consist of “smart” biomaterials which allow for the direct 

delivery of an electrical, electrochemical and electromechanical stimulus to biological 

systems177. Examples of these biomaterials include conducting polymers, piezoelectric 

materials and electrets178. Though piezoelectric materials and electrets are able to 

deliver an electrical stimulus without the use of an invasive external stimulus, spatial 

control of this electrical stimulus can be limited, a distinct disadvantage in biomedical 

engineering applications178, 179. In contrast, electrical stimulation via CPs would be 

predominantly focused to the areas around the polymer, allowing for the spatial 

control of stimulation. In addition, the combination of chemical and physical 

properties of organic polymers with the electrical behaviour of metals makes them 

attractive for use in various biomedical engineering applications180. 

CPs are essentially organic polymers which are able to conduct electricity. Though 

initially discovered in the 1960s, their conductive properties were not understood and 

thought of as undesirable181. As a result, it was only in 1977 that the first conducting 
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polymer was recognised by McDiarmid et al182, 183. This early work arose from 

observations of a 10 million-fold increase in the conductivity of polyacetylene when 

oxidised with iodine vapour, a process known as doping182. Though one of the most 

studied CPs, its use is limited by difficulty in its synthesis and high instability177. As 

such, the development of CPs has revolved around cyclic polyenes which display 

favourable stabilities and high conductance due to their aromaticity184. Currently, the 

three main groups of polyheterocyclic CPs commonly researched are: polypyrrole, 

polyaniline and polythiophenes.  

1.3.2 Examples of Conducting Polymers 

 Polypyrrole 

Of the three main groups of CPs, polypyrrole (PPy) is the most extensively studied. 

This popularity is a reflection on its ideal chemical, physical and stimuli properties. In 

particular, it’s in vitro and in vivo biocompatibility185-188, chemical stability189 and high 

conductivity under physiological conditions185, 187 have made it ideal for use in a 

variety of applications ranging from fuel cells180 and biosensors190 to drug delivery 

systems186 and nerve guides187. Furthermore, PPy can be easily synthesised in large 

quantities at room temperature in various solvents including water180, 185, 191. In 

addition, it can be fabricated with variable surface areas, porosities and biomolecule 

modifications which tailor for specific biomedical applications177. PPy has a significant 

disadvantage, however, due to its poor processability following synthesis. The high 

degree of conjugation in its molecular backbone makes it mechanically rigid, brittle 

and insoluble. As such, it is difficult to be used as a standalone structural material but 

must instead be blended with other polymeric materials which provide the 

aforementioned structural and mechanical stability192.      

 Polyaniline 

Polyaniline (PANI) is the 2nd most studied CP after PPy. It is the oxidative byproduct of 

aniline. Also known as aniline black, PANI exists in various forms based on oxidation 

levels. They include the fully reduced leucoemeraldine base, half oxidised emeraldine 

base (PANI-emeraldine base) and fully oxidised pernigraniline base177. Of these, PANI 
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emeraldine base is the most stable and widely studied variant. PANI shares similar 

favourable properties as PPY such as ease of synthesis, environmental stability and 

low cost193-195. Inspite of its reported use in the development of biosensors, neural 

problems and tissue engineering applications, progress for their application in biology 

has been slow in comparison to PPy.  Like PPy, PANI suffers from low processability, 

lack of flexibility and non-biodegradability195, 196. Furthermore, confusion still persists 

over its biocompatibility. While some studies have reported no significant signs of 

inflammation when implanted into muscle or adipose tissue184, others have reported 

of poor cell adhesion, growth and lack of biodegradability197.  

 Polythiophene derivatives 

Of the polythiophene (PTh) derivatives, poly(3,4-ethylenedioxythiophene) (PEDOT) is 

considered the most successful. PEDOT is formed from the polymerisation of the 

bicyclic monomer 3,4-ethylenedioxythiophene177. In comparison to PTh, PEDOT has a 

dioxyalkylene bridging group across the 3- and 4- positions of its heterocyclic ring. 

These structural differences enhance its properties by lowering both the band gap 

size and the reduction and oxidative potential198. Furthermore, this bridging group 

not only gives PEDOT its good electrical, chemical and environmental stability but also 

facilitates better conductivity and thermal stability over PPy199. To date, several 

studies have demonstrated their low intrinsic cytotoxicity and inflammatory 

response, making them feasible for use in various biomedical applications190. In 

addition to this biocompatible behaviour, their conductivity and stability has been 

 

Figure 7. Chemical structures of common conducting polymers. Adapted from Guimard et al.184 
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reported to enhance the longterm performance of platinum, gold and iridium oxide 

electrodes in neural implants200. Current, the biomedical applications of PEDOT 

include neural electrodes, nerve grafts and cardiac muscle patches177, 199.   

 

1.3.3 Conductivity and Doping of Conducting Polymers 

CPs gain their unique properties from chains of alternating double- and single- 

bonded sp2 hybridised atoms which endow the polymers with semiconductor-like 

properties184. Both the single and double bonds contain a chemically strong, localised 

σ-bond while the double bonds also contain a less strongly localised π-bond201. This 

conjugated system is generated by an electron cloud overlap of p-orbitals to form π 

molecular orbitals. The planar conformation of the alternating double bond system is 

essential for conductivity as it maximises the sideways overlap between the π 

molecular orbitals. This π molecular orbital system can be thought of in terms of 

electronic wave functions which delocalised over the entire chain. Delocalisation of 

electronic wave functions allows for charge mobility along the polymer backbone and 

between adjacent chains. It, however, is limited by both disorder and columbic 

interactions between electrons and holes184. 

In addition to the conjugated structure, the process of doping is also crucial in the 

formation of conductivity. Doping is the process by which the oxidation (p-doping) or 

reduction (n-doping) of a neutral polymer gives rise to a counter anion or cation 

known as a dopant. The doping of a CP system produces a neutral system resulting 

from the close association of the counter ions with the charged CP backbone. This 

introduces charge carriers in the form of polarons or bipolarons into the polymer. The 

attraction of electrons in one repeat-unit to the nuclei of a neighbouring unit yields 

charge mobility along the polymer chain. This phenomenon, referred to as “electron 

hopping”, produces electrical conductivity184. Changes in the band gap (i.e. distances 

between conducting and valence band) energy determine the conductivity of the 

polymer system. Several factors influence the size of this band gap. These include 

choice of dopant, oxidation levels/doping percentage and synthesis methodology184. 
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1.3.4 Synthesis of Conducting Polymers 

CPs can be synthesised chemically and electrochemically which each method having 

their respective advantages and disadvantages. For example, although chemical 

polymerisation allows for the large scale synthesis of CPs, the conductivity of the 

resulting CP is often dependent on aspects such as solvent purity, stirring rates and 

reaction time, making a reliable and repeatable chemical process difficult177. The main 

methods of chemically synthesising CPs are condensation polymerisation (i.e step 

growth polymerisation) or addition polymerisation (i.e chain growth 

polymerisation)184. The process of condensation polymerisation is driven via the loss 

of small molecules such as HCl or H2O. In addition polymerisation, a CP monomer is 

oxidised and then protonated, giving rise to a dimer. This dimer is further oxidised, 

yielding a radical cation which combines with another monomer, giving rise to a 

trimer. The continuation of the reaction eventually produces the polymeric chain202. 

Electrochemical polymerisation occurs via the application of electrical currents 

through electrodes in a solution containing the monomer, appropriate solvent and 

dopant184. A 3-electrode system consisting of working, counter and reference 

electrodes is commonly used. When a current passes through the solution, electro-

deposition occurs at the anode. At the working electrode surface, monomers are 

oxidised to form radical cations which react with other monomers or radical cations 

to form insoluble CP chains on the electrode surface184. Furthermore, the properties of 

the resultant CP film are dependent on factors such as choice of solvent, doping agent 

or deposition charge177. This is crucial as these parameters have specific effects on the 

properties of the CP film (i.e. conductivity, morphology and mechanics), potentially 

impacting its use in bioengineering applications. The main disadvantage of using 

electrochemical polymerisation however lies in its approach. Though considered a 

straightforward procedure203, electrical polymerisation can only be used if the 

monomer of interest can undergo oxidation in the presence of an electrochemical 

potential184.      
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1.3.5 Nanoscale Patterning of CPs 

The current methods to fabricate nanoscale CP structures can be divided into the four 

main techniques: “add-on” approaches such direct writing and in-situ 

synthesis/assembly, and “subtract-from” approaches such as nanoscratching and 

etching. 

 Direct Writing 

Direct writing involves the use of an “inked” probe tip to deposit material onto a 

surface via chemical or physical absorption204. This was first demonstrated by Mirkin 

et al205 where dip-pen nanolithography (DPN) was used to fabricate nanoscaled CP 

patterns consisting of 290 nm thick lines onto a semiconductor surface using 

electrostatics. Although feature sizes in traditional DPN are determined by factors 

such as probe geometry and meniscus size206, combining the technique with other 

approaches such as electrochemical207 or thermal208 DPN allows for the fabrication of 

sub-100nm features on both semiconducting and insulating surfaces. Direct writing of 

nanoscale features can also be performed without the use of “ink” materials. This has 

been demonstrated through the use of irradiative approaches (e-beam lithography209, 

laser ablation210, electrospinning211, scanning electrochemical microscopy212 and 

scanning probe lithography213. 

 In-situ synthesis/assembly 

To date, one of the major challenges in applying CP nanostructures for use in various 

applications has been methods to integrate CPs into functional devices or materials. 

To circumvent this problem, bottom-up, in-situ synthesis/assembly approaches have 

been explored. 

 -Template-less Approaches 

The main template-less approach to fabricating CP nanostructures is 

electropolymerisation. As previously described, electropolymerisation involves the 

fabrication of CP structures between electrodes via the application of potential bias in 

a solution containing CP monomers. This template-less approach can be used to 
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fabricate both oriented structures214 and intercrossed networks215, 216 of CPs between 

2 electrodes without the need for supporting structures. In addition, the technique 

allows polymer chains within CP nanowires to self-organise and form a high quality, 

oriented crystalline structure when a 3 step constant current electrochemical process 

is used217. This, however, requires low current densities, scan rates and 

concentrations of monomer. 

 -Templating Approaches 

Currently, the main disadvantage of the template-less approach is that it only allows 

for the fabrication of randomly tangled networks of CPs. This is highly undesirable 

when fabricating CP nanostructures for both biomedical and functional device 

applications. Hence, in order to fabricate low cost, high resolution nanostructures 

with high throughput, surface patterning techniques and microcontact printing are 

commonly combined with in-situ CP synthesis/assembly204. The surface patterning 

can be achieved by lithographic techniques such as AFM218, ion beam lithography219, 

e-beam lithography220, elastomeric microprinting221 and photolithography221. By 

combining the electropolymerisation process with a prepattern templating technique, 

controlled numbers of highly ordered nanowires can be fabricated between 2 

electrodes. This allows both single and multiple nanowires to be incorporated onto 

prepatterned electrical circuits204. The CP patterning can be further improved by 

controlling the hydrophobicity of the prepattern which provides greater control over 

the guided growth of the CPs218. CP nanowires can also be electropolymerised in 

microchannels. In this instance, the dimensions of the resulting wire are 

predetermined by the channel dimensions and the distance between the 2 electrodes. 

The controlled patterning of CPs is also possible with the aid of various techniques. 

Wu et al222 have used Friction Nanolithography (FRNL) to form trenches, on PET 

(Polyethylene terephthalate) and PDMS (Polydimethylsiloxane) substrates, in which 

to oxidise Polyaniline monomers. By controlling the deposition time, sub-100nm 

nanowires can be realised. Gleason et al223 have utilised a one-step oxidative chemical 

vapour process to directly graft CPs onto PET surfaces containing aromatic groups 

which improved adhesion. The aromatic groups were patterned onto the substrates 
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by photo-, capillary force and e-beam lithography. This technique, however, is 

unsuitable for high-resolution fabrication due to the difficulty in controlling the film 

thickness during deposition. As such, Chi et al224 have developed a copolymer strategy 

to control film thickness and adhesion as well as conductive properties by 

incorporating a surface-active monomer into the CP chain. This 3 step method first 

involved the patterning of a resist using e-beam lithography or NIL. Next, a copolymer 

film is deposited by oxidising pyrrole or aniline and py-silane (v/v=91:9) with iron 

chloride. Lastly, the resist is removed by sonication in acetone. 

 Nanoscratching 

Nanoscratching involves the mechanical manipulation of conducting polymer films 

and monolayers using AFM as a lithography technique204. This is an attractive 

technique as it allows for the patterning of nanoscale structures without the 

complications of other techniques. In addition, the technique allows for the patterning 

of biological and semiconductor materials which are either vacuum or e-beam 

sensitive204. Jones et al225 demonstrated the feasibility of this technique by scratching 

films of poly(3-hexylthiophene-2,5-diyl) (P3HT). Reproducible trench sizes as varied 

as several orders of magnitude were fabricated by varying the polymer film 

processing conditions and lithography parameters. Similar work was performed by Li 

et al226 who further developed this technique by scratching PEDOT:PSS films, which 

were spin coated onto both flexible and rigid surfaces, to form parallel arrays, 

suggesting a possible route for instrument design. 

 Etching 

Etching is a technique which is based on conventional lithography and has been used 

to fabricate both micro and nanopatterns of CPs. Currently, photolithography is 

limited by diffraction which limits feature sizes that can be fabricated. However, by 

using photolithography patterns as a base, higher resolution features can be 

fabricated by plasma etching with high throughput204. For example, a thin CP film can 

be patterned by physical embossing227, photodecomposition228, laser ablation229 or 

dry plasma etching230 using a photolithography pattern as a mould or mask. This also 
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gives rise to combitorial techniques which utilise etching. The Whitesides group have 

developed a template free nanoskiving technique to fabricate CP nanowires by edge 

lithography231. The technique involved first embedding a composite CP film in an 

epoxy matrix followed by sectioning with an ultramicrotome (nanoskiving) and lastly 

etching of the sacrificial material to reveal the CP nanowires. Similarly, Huang et al230 

have developed an approach which combines isotropic plasma etching (IPE) with NIL 

reduce the lateral size of CP structures. This combination not only improved the 

pattern resolution but ensured that the CP is protected from the etching process. 

 Capillary Force Lithography 

Please refer to the attached manuscript at the end of the section for a comprehensive 

review of capillary force lithography. 

1.3.5 Conducting Polymers in Biomedical Engineering 

As described in previous sections, CPs marry the electrical and optical properties 

observed in metal and semiconductors with attractive properties associated with 

conventional polymers232. This combination has given rise to their application in the 

microelectric industry and more recently in biomedical engineering184. Though 

research on their applications in biomedical engineering initially began in the 1980s, 

it was only in the mid-1990s where via electrical stimulation, CPs were demonstrated 

to influence cellular activity192, 233-235. These studies involved stimuli responsive cells 

such as nerve, muscle and cardiac cells. CPs present several advantages in biomedical 

applications. They include biocompatibility and ability to alter electrical, biological or 

chemical activity through doping184. These properties are useful in applications such 

as biosensing, drug delivery and tissue engineering.  

 Biosensing 

A biosensor comprises of 2 main elements: a sensing element and a transducer236. The 

sensing element interacts with the analyte of interest which in turn produces a 

chemical signal that is transmitted to the transducer. The transducer then converts 

this chemical input into an electrical signal. CPs are commonly used as transducers 
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which integrate signals by biological sensing elements. Amperometric biosensors are 

the most commonly used CP based sensors and they function by measuring the 

current produced when a specific product is oxidized or reduced (i.e redox reaction of 

a substrate in an enzyme) at a constant potential236. The role of CPs is to mediate 

electron transfer between the enzyme and the final electrode. Currently in the 

literature, CP based sensors have been developed to detect glucose234, cholesterol237, 

L-lactate238, urea239 and DNA240.  

 Bioactuators 

Bioactuators are devices which are used to create a mechanical force. This makes 

them attractive as artificial muscles. When CPs are electrically stimulated, they 

undergo a change in volume and this phenomenon has been exploited in bioactuators. 

In the development of artificial muscles, a triple layer arrangement is used whereby 

an insulative material is placed between 2 CP films. When a current is applied across 

the films, one is oxidised and expands due to the inflow of dopant ions while the other 

is reduced and shrinks, expelling dopant ions in the process241. The simultaneous 

effect of expansion and contraction in a single material mimics the behaviour of 

muscles in biological systems242. To date, composites of PPy, PANI, PPy-PANI and 

various CPs with CNTs have been prepared have been explored for use as materials in 

actuators201.        

 Drug Delivery 

The controlled delivery of chemical compounds is of great interest in disciplines of 

science ranging from pharmaceuticals and medicine to agriculture177. While current 

drug delivery systems are effective at the controlled release of drugs, the application 

is still confined to the targeting of cell clusters rather than individual cells and this 

remains a challenge177, 243. The use of CPs as a substrate material for controlled drug 

release has been touted as a possible solution. For example, drug molecules can be 

bound to CPs through doping and then expelled through a reducing electrical 

potential. Furthermore, drug release can be facilitated by altering the change in CP 

redox state which increases its porosity and thus aiding the diffusion of drug 
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molecules243. Experimentally, drugs such as dopamine244, naproxen245, heparin246, 

NGF247 and dexamethasone248 have been demonstrated to bind and release from CPs. 

In addition to acting as surfaces to regulate the release of drugs, CPs have been 

demonstrated to act as free radical scavengers. PANI composites have been reported 

to effective and efficient scavengers of the stable 1,1-diphenyl-2-picrylhydrazyl 

(DPPH) free radica, with two and four radicals scavenged per CP monomer during a 

30 min test period249, 250. This is desirable in treating tissues suffering oxidative stress 

where the lowering of elevated levels of free radicals is crucial.          

 Nerve Tissue Engineering 

Nerve Tissue Engineering is an interdisciplinary field which applies both engineering 

and biological concepts to develop nerve tissue substitutes which restore, maintain or 

improve tissue function251. The fundamental approach calls for the fabrication of 

polymeric scaffolds, followed by the seeding of nerve cells to produce functional tissue 

which mimics native tissue. As described in previous sections, successful nerve 

regeneration is not only reliant on the physical support afforded to growing neurites 

but also biological signals which provide directionality to this regeneration. Neurons 

are highly influenced by their electrical stimuli, as evidenced by their ability to 

transmit and receive electrochemical signals in the nervous system. As such, it is not 

only the physical and biochemical properties of a conduit which affect successful 

nerve regeneration but also electrical properties. Previous work by several groups has 

demonstrated the feasibility of using electrical stimulation to control either the 

differentiation or proliferation of various cell types179, 252, 253. The motivation for using 

electrical stimulation is based on basis that bioelectricity and electric fields play 

crucial roles in the functions of various biological systems in the human body190. In the 

CNS, electric fields are crucial during both the developmental stage and the 

transmitting of nerve impulses. This has been discussed in previous sections. 

Furthermore, the mechanism by which electric fields influence neurons has also been 

previously discussed.  
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1.3.6 Application of Conductive Polymers in Tissue Engineering 

The CP properties of great interest to tissue engineering applications include 

conductivity, reversible oxidation, redox stability, biocompatibility, hydrophobicitiy, 

three-dimensional geometry and surface topography201. Currently, PPy and PANI 

constitute the two most commonly used CPs in tissue engineering. Though both CPs 

have been used extensively in literature, each has their own drawbacks. 

The use of PPy to influence cell behaviour was first reported by Wong et al235 where 

electrical stimulation was used to change the doping states of PPy and hence the 

behaviour of mammalian cells cultured on these surfaces. The biocompatibility of PPy 

has been demonstrated with various cell types including endothelial cells235, 254, rat 

pheochromocytoma cells (PC12s)174, 179, 187, 255 and glia cells253, 256. In addition to its 

biocompatibility, electrical stimulation of nerve cells using PPy and its derivatives has 

been reported. This was initially demonstrated by Schmidt et al179 where PC12s 

cultured on PSS-doped PPy films exhibited a 91% increase in median neurite length 

when a constant positive potential of 100mV was passed through the PPy film (Fig 8). 

A later study found that the longer neurites were due to increased protein adsorption 

from the serum-containing media which was mediated by electrical stimulation257. 

The same effects were observed in 3D CP systems. PC12s stimulated on electrospun 

PPy-PLGA scaffolds formed longer and increased neurite numbers than without 

stimulation172 while PC12s grown on parallel PPy coated collagen tracks were shown 

to increase and direct neurite outgrowth under electrical stimulation174. Similarly, 

NSCs cultured on electrospun PANI-PG scaffolds showed enhanced cell proliferation 

and neurite outgrowth under electrical stimulation258. More recently, Shi et al187 have 

reported the feasibility of fabricating polypyrrole based conducting materials by 

incorporating PPy nanoparticles into nanoporous cellulose gels. The incorporation of 

PPy into the gels not only enhanced the adhesion and proliferation of PC12 cells but 

extended longer neurites upon electrical stimulation. This effect was not confined to 

neurons. Schwann cells cultured on chitosan-PPy composites showed improved 

viability and increased both their NGF and BDNF mRNA expression when a potential 

gradient of 100mV/mm was applied for 4 hrs259.  
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The effects of CP mediated ES have also been observed in other cell types. Increased 

proliferation of NIH-3T3 fibroblasts was observed when cultured on electrospun 

PANI-PLCL scaffolds260. The same was observed when the fibroblasts were cultured 

and stimulated on PPy-PDLLA scaffolds192. Additionally, human cutaneous fibroblasts 

stimulated on PPy-PLLA films showed increased viability, mitochondrial activity and 

growth factor secretion (IL-6 and IL-8)261, 262. In addition to proliferative and 

associated growth effects reported here, cardiomyocytes cultured on PANI-PLGA 

nanofibers have been shown to synchronise their beating following stimulation, 

suggesting potential applications in cardiac tissue engineering263.         

 

 

 

 

 

Figure 8. PC12 cell responses to PPy and EFs. 
Cells grown on PPy without (i) and with (ii) 
demonstrate significant differences in neurite 
lengths after 24 hrs when exposed to electrical 
stimulation (100mV) across the film for 2 hrs. (iii) 
Following stimulation, in vivo tissue response PPy 
was studied by implanting PLGA-laminated in 
male Lewis rats in subcutaneous and 
intramuscular sites. Inflammation associated with 
the PPy film was less severe than that induced by 
the PLGA film. Adapted from Schmidt et al.179 
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Since its inception as a simple, low cost alternative to more complicated lithographic techniques such as

electron-beam and dip-pen lithography, capillary force lithography (CFL) has developed into a versatile

tool to form sub-100 nm patterns. Utilizing the concept of a polymer melt, structures and devices gener-

ated by the technique have been used in applications varying from surfaces regulating cell growth to gas

sensing. In this review, we discuss various CFL methodologies which have evolved, their application in

both biological and non-biological research, and finally a brief outlook in areas of research where CFL is

destined to make an enormous impact in the near future.

1. Introduction

Recently, there has been much interest in developing minia-
turised biosensors, biochips, information storage devices and
optical devices in a cost friendly and scalable manner. Photo-
lithography and optical lithography have been and are
expected to be the mainstay in fabricating such devices.
However, there has been much concern about the limitations
the techniques have in fabricating sub-100 nm large area fea-
tures. These limitations have driven the development of new
patterning techniques such as capillary force lithography,1

electron beam lithography,2 ion beam lithography,3 dip pen
lithography,4 secondary sputtering lithography,5 edge litho-
graphy,6 block copolymer lithography,7,8 and more recently
multiplexed beam pen lithography.9 Though sub-100 nm
features are attainable via these techniques, their cost,
need for specialised equipment and low throughput in most
instances have discouraged their use in industry.

As first reported by Suh et al. in 2001,1 CFL combines the
essential feature of nanoimprint lithography (the moulding of
a polymer melt) with that of soft lithography (the use of an
elastomeric mould). This combination retains the stringent

pattern fidelity requirements nanoimprint lithography has
over microcontact lithography while negating the need for
high pressures needed in nanoimprint lithography. Further-
more, this technique eliminates the need for etching steps to
remove any residual resist. CFL has the same working prin-
ciple as “micro-moulding in capillaries (MIMIC)”, a technique
which utilizes liquid prepolymers and masks with open
ends.10 However, the distinct advantage of CFL is that it is not
affected by the limitation of slow capillary filling rates
observed in MIMIC but by the size of the mould applied,
making it an attractive technique in fabricating large area
patterns.

The development of this technique in recent years has
resulted in the fabrication of complicated polymer structures.
A dual-scale structure can be easily fabricated by two-step UV-
assisted CFL while patterned binary polymer brushes can be
generated by CFL, in combination with surface-initiated
polymerization.11,12 Furthermore, well-defined structures gen-
erated by CFL have been applied as confinements for virus
and cells.13,14 Finally, the versatility of CFL was demonstrated
by the patterning of nanoparticles, leading to potential appli-
cations in gas sensing.15 The goal of this review is to provide
the reader a comprehensive outlook regarding the fundamen-
tal concepts of capillary force lithography pattern transfer tech-
niques, and the versatility of this technique’s applicability in
developing various nanoscale applications.

2. Key concepts underlying CFL

Typically, silicon wafers (100) are used as substrates; however,
other kinds of organic and inorganic substrates can be used if†These authors contributed equally to the review.
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the surface of interest is planar enough to allow conformal
contact with the mould.

2.1. General procedure

When a liquid wets a capillary tube and lowers its free energy,
the liquid rises in the capillary tube. CFL utilizes this pheno-
menon, giving rise to the concept of a polymer melt. A schematic
of the basic CFL technique is shown in Fig. 1. First, a polymer
layer of glass transition temperature, Tg, is spin-coated onto a
substrate. An elastomeric mould e.g. PDMS is placed on the
polymer layer and heated above Tg to allow the polymer melt
to fill up the void space, a process driven by the capillary force.
This is important as polymer chains become mobile above
their Tg.

16 Following this, the mould can be removed and after
cooling to ambient temperature, a negative replica of the mask
pattern is transferred onto the substrate.

2.2. Aspect ratio of the mould and patterned structure

The height h of a liquid rising in a tube by the capillary force
is given as:1

h ¼ 2γ cos θ

ρGr

This equation is used to estimate the height of a polymer
melt in the mould where γ is the polymer/air surface tension, θ
is the contact angle at the polymer–mould interface, ρ is the
density of the polymer, G is the gravitational constant, and r is
the width of the void in the mould. In the case of polystyrene
as an example, γ = 40.7 mN m−1, at 20 °C and ρ = 0.97 g mL−1.

The height of the polymer rising in the mould will be

h ¼ 8:6� 10�6 cos θ

r
m

For example, if r = 1 μm and θ = 85°, the polystyrene melt
can rise to a maximum height of 0.75 micrometers. As the
increase in the polymer melt height is driven by the capillary
forces, fabricating high aspect ratio patterns is easily achiev-
able. This concept was further tested experimentally by Suh
et al.17 who were able to fabricate structures with step heights
as high as 5 μm for an 80 μm line-and-space pattern. Hence,
patterning small features with high aspect ratios via CFL is
largely dependent on the availability of the appropriate
moulds and the thickness of the film of interest. As PDMS has
very high viscosity, completely filling up the cavity of the
high-aspect-ratio mother mould can sometimes be difficult.
Furthermore, the deformation of the PDMS mould imposes a
resolution limit. The use of a hard fluoropolymer mould can
solve this deformation problem and increase the resulting
resolution if assisted by high pressure during the CFL process.
In addition, polyurethane acrylate moulds, which are stiff
enough to replicate dense, sub-100 nm features, have also
been used in CFL.18

2.3. Thickness of polymer films

As illustrated in Fig. 1, the thickness of the preformed polymer
film plays a pivotal role in defining the pattern. When the
polymer film is thick enough to completely fill the cavity of the
mould, the residual polymer will remain on the substrate.
However, if the polymer film is thin and the interaction
between the polymer and the substrate is sufficiently weak, no
residual film remains and the substrate surface is exposed. In
the latter case, a meniscus is observed at the protruding end of
the polymer as shown in Fig. 1b; if combined with a “moulded
dewetting” process,19 further annealing could allow the menis-
cus film to fully dewet from the centre of the meniscus which
forms the thinnest part of the film (Fig. 2). Under optimum
conditions, the polymer is attracted to the walls of the protrud-
ing section of the mould and the resulting feature sizes are
much smaller than those of the mould but still inherit the
structural characteristics of the mould.

In instances where the polymer film being patterned is
sufficiently thin, the meniscus breaks into two, as illustrated
in Fig. 3.20,21 The obtained pattern shows a periodical double
structure from the mould used, demonstrating an alternative

Fig. 1 A schematic representation of CFL. The effect of polymer film
thickness on the final pattern. (a) Thick and (b) thin polymer films.

Fig. 2 Schematic representation of the effect of extended annealing.
Adapted from ref. 19. Copyright with permission from the American
Chemical Society (2014).
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methodology with which to fabricate downsized pattern
features.

2.4. Miscellaneous aspects

The molecular weight (or viscosity) of the polymer also has a
direct impact on CFL. It is not hard to imagine that polymers
with low or high viscosities will behave differently during CFL
within the experimental time scale. If the polymer is too
mobile, the system immediately dewets but if the polymer is
too viscous, it does not reach the optimal pattern geometry.
The viscosity data of the polymer have been related to the
quality of the pattern in CFL.22 The dynamics of polymers in
thin films, however, are different from those in the bulk
phase. Hence comprehensive studies are still needed to under-
stand the relationship between the dynamics of the polymer in
thin films and the process of CFL and the final morphology of
the polymeric pattern.

As mentioned in section 2.3, polymers within the voids of a
mould undergo a dewetting process which causes the morpho-
logical change of the pattern. The extent of this change is
highly dependent on the processing time, as well as the temp-
erature. Though it is not easy to predetermine the morphology
of the final patterned structure, one can work out the corre-
lations between the pattern morphology and the parameters
(i.e. aspect ratio of the mould, thickness, molecular weight of
the polymer, process time and temperature) within a specific
experimental setup. Furthermore, this was demonstrated
experimentally by Korczagin et al.22 where copolymers consist-
ing of ethylmethylsilaferrocenophane and dimethylsilaferro-
cenophane with different molecular weights underwent CFL
under the same conditions. Patterns of the lowest molecular
weight polymer coalesced into droplets due to dewetting while
films of the highest molecular weight polymer produced
incompletely developed lines. Patterns of the mid molecular
weight, however, were well developed, demonstrating
the importance of balancing each aspect of the polymer pro-
cessing conditions.

2.5. Limitations

Though elastomeric behaviour is required for conformal
contact between the stamp and the substrate, it is a potential
source of problems in certain designs. If the aspect ratio of the
stamp is too high, stresses originating from gravity, adhesion
or capillary forces may result in lateral collapse of relief struc-
tures. In addition, if the aspect ratio is too small, the recessed
region will not be able to maintain its structure during stamp-
ing.23 These problems pose resolution limits on the CFL
process, making the fabrication of high density and aspect
ratio sub-100 nm structures a challenge with conventional elas-
tomeric moulds.24 However, derivatives of CFL have been deve-
loped to overcome these limitations and they are further
discussed in this review.

3. Recent developments in CFL
methods
3.1. Two-step CFL

Two-step CFL has brought more versatility into this new litho-
graphy technique.11,25,26 Suh et al. demonstrated this by first
placing a mould on the surface of a polystyrene layer which
was spin-coated onto a silicon wafer substrate, followed by the
annealing of the whole set at 150 °C for 1 h resulting in a
polymer structure as shown in Fig. 4a.26 After the first mould
was removed, the second mould was placed on the patterned
polystyrene film and orientated at 90° to the underlying
pattern. The sample was then heated in an oven for the second
time at various annealing times. Fig. 4b shows the morpho-
logical evolution of the polymer microstructures formed as a
function of annealing time when the second mould was used.
In the initial stage, the underlying polymer selectively wets the
second mould walls, where the polymer and mould are in
contact, leading to the formation of a polymer meniscus
within the void space. As the polymer continuously fills up the
void of the second mould, the mass underneath the mould
becomes depleted, leading to the lowering of the mould and
eventually leading to the contact of the mould with the sub-
strate. A second meniscus begins to form when the mould
comes in contact with the substrate. In the final stage, the first
meniscus reaches the ceiling of the second mould and
becomes flat, while the lowest part of the second meniscus
continues to rise until the formation of regularly spaced holes
which are located at the centre of the final polymer stripe
(after 60 min and 90 min annealing). If the annealing time is
increased to 3 h, the holes become completely filled. The
width and height of the mould largely affect the evolution of
the final pattern.

With the assistance of UV irradiation, two-step CFL can fab-
ricate monolithic micro/nanoscale structures on a UV curable
polymer such as PUA (polyurethane acrylate).11,27,28 Fig. 5
illustrates the process of this two-step UV-assisted CFL. In
order to successfully apply the second lithographic step on the
microstructure generated by the first, the UV-curable PUA

Fig. 3 A schematic illustration of CFL applied on thin polymer films and
an AFM micrograph of the obtained polymer pattern. Adapted from ref.
20. Copyright with permission from the American Chemical Society
(2014).
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resin is used and partially cured by exposure to UV light. The
trapped or permeated air inside the mould inhibits radical
polymerization of the PUA resin, rendering the top layer par-
tially cured. The UV-irradiation time for the partial curing of
the microstructure is a crucial parameter. If the curing time is
too short, the microstructures collapse easily. However, if PUA
is over irradiated, it becomes too hard to be patterned in the
second step. Hence, patterning nanostructures over preformed
microstructures via CFL is only possible when a suitable
curing time, which allows the top section to remain fluidic, is
applied.

Similarly, Shi et al. have also demonstrated the feasibility of
fabricating these micro/nanoscale hierarchal structures onto
poly-methyl methacrylate (PMMA) by combining hot emboss-
ing and CFL.29 An initial microscale pattern is imprinted with
an Obducat imprinter. Following a specified embossing time,
the substrate is cooled and the polymer is demoulded. The
second imprinting process is then carried out by placing a
PDMS mould, with lattice spacings of 3–5 µm, onto the pre-
formed microstructure. CFL was then carried out, resulting in
nanostructures forming on the microstructure pattern. By
making adjustments to the pressure, temperature and time at

which CFL is carried out, the resulting nanostructures could
be tailored. Importantly, annealing at lower temperatures
tended to result in nanostructures with lower structure
heights. This was attributed to lower temperatures restricting
the movement of the polymer chains in the mould cavity and
hence producing a polymer melt with higher viscosity.

3.2. Pressure-assisted CFL

The deformation of conventional elastomeric moulds such as
PDMS has been reported as a hindrance in fabricating sub-
100 nm high-density and high-aspect-ratio patterns via CFL.
To overcome this, Khang et al. introduced the concept of
pressure-assisted CFL (PA-CFL) where a hard, permeable
fluoropolymer mould is used in preference to an elastomeric
mould.24 The use of a stiff, permeable mould not only over-
comes mould deformation but also negates the limiting effect
compressed air (between the mould and the substrate) has on
capillary action. Hence, in principle, no resolution limitation
should be observed. Furthermore, due to the low surface
energy and its inert nature, the fluoropolymer mould can be
cleanly removed from the patterned polymer without any
mould surface treatment and without surface deterioration
over multiple patterning steps. In combination with the stiff
fluoropolymer, a slight pressure (∼2–3 bar) is applied to
achieve a conformal contact between the mould and the

Fig. 4 (a) A three-dimensional view of the patterns after the first CFL
step. (b) Transient microstructures as a function of annealing time
(20, 40, 60 and 90 min). The second mould was orientated at 90° with
respect to the pattern direction of the underlying structure. The height
scale is 300 nm and the width is 8 µm. Adapted from ref. 26. Copyright
with permission from John Wiley and Sons (2014).

Fig. 5 (a) A schematic illustration of the two-step UV-assisted CFL (p/c:
partially cured, c/c: completely cured). (b) SEM images of dual scale
hierarchical structures. For microstructures, 40 µm boxes with 80 µm
spacing and 40 µm height were fabricated (left) and a high resolution
image showing the structure with 400 nm dots (800 nm spacing,
500 nm height). Adapted from ref. 11. Copyright with permission from
John Wiley and Sons (2014).
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polymer layer to be patterned. The resulting structures from
this study varied from regular square patterns (1 µm × 2 µm),
dense lines (80 nm line-width) and meandering lines and dots
(250 nm wide).

The elastic deformation of PDMS has also been intention-
ally employed to overcome the unexpected dewetting process.
A constant external pressure (∼4 bar) exerted at the interface
between the mould and the thin polymer film can push the
contacting polymer into the void space, resulting in a residue-
free patterning.30

3.3. Vacuum assisted CFL

In the two-step UV-assisted CFL, partial curing of the UV-
curable polymer has been utilized to create multi-scale hier-
archical structures. A partially cured PUA polymer, however, is
less fluidic and not able to move over a long channel. This can
be overcome under low vacuum pressures (≈10−2 Pa) where
changes in the pressure drive the PUA polymer into filling up
long channels even in a nano-scale mould.31 This is demon-
strated in Fig. 6a which illustrates the partially cured upper
layer filling into the channel of the mould by an omni-direc-
tional hydraulic pressure gradient. The SEM images of the
resulting suspended bridge structures are shown in Fig. 6.

3.4. Solvent-assisted CFL

Solvent assisted CFL uses a solvent instead of temperature to
soften the material. Cross-linked PDMS swells in a number of
solvents but still retains good mechanical strength. Due to this
swelling, a PDMS mould can act as a solvent container. When
a swollen PDMS mould is placed on the polymer thin film
surface, the solvent within the PDMS mould will diffuse onto
the polymer film under slight pressure. The thin polymer film
in contact with the PDMS mould can then be dissolved in or
swell upon contact with the solvent to become mobile. The dis-
solved polymer is squeezed out from the areas of contact,
filling the voids of the mould due to capillary forces. When the
PDMS mould is lifted up, patterning of a thin polymer film is
realized.32

Though solvent assisted CFL does not comply with the orig-
inal definition of CFL which utilizes the combination of capil-
lary forces with a polymer melt at high temperatures (T > Tg),

we would, however, like to review it as an extension of CFL as
it is a method which points out a new pathway where CFL can
be applied at low temperatures.

3.5. Deflected CFL

Recently, a novel variation of CFL to generate asymmetric poly-
meric ring structures by applying external forces to a PDMS
mould has been reported.33 The mechanism for the formation
of asymmetric rings is caused by the deflection of cylindrical
pillars protruding from the PDMS mould. A typical deflected
CFL is carried out by placing a PDMS wedge with an angle, ω,
on the PDMS mould. Following this, an iron block is placed
on the PDMS wedge to introduce an external force, F (Fig. 7a).
F can be resolved into Fx, the force horizontal to the substrate,
and Fz, the force vertical to the substrate. An external force
causes the deformation of the PDMS mould upon contact with
the polymer layer, which leads to an asymmetric capillary rise
(Fig. 7b). Fig. 7c shows an example of the resulting asymmetric
polymer ring pattern generated from the deflected CFL. Asym-
metric structures based upon triangular and square-shaped
pillars can also be fabricated. The asymmetric polymeric rings
can be readily transferred to an underlying gold layer to gene-
rate split ring structures with tunable opening angles. This
method of transferring the pattern from the polymeric pattern
to the substrate will be described in section 4.2.

3.6. Alternative moulding resins

Despite the extensive use as an elastomeric moulding material
in soft lithography, the low modulus (1–10 MPa) of PDMS
elastomers, coupled with high viscosity precursors, makes it
difficult to fabricate moulds with sub-20 nm patterns. These 2

Fig. 6 (a) Schematic illustration of the fabrication of bridged hierarchi-
cal structures using a vacuum-assisted two-step CFL and (b) SEM
images of various monolithic nanowire bridge structures formed over
each underlying microstructure. Adapted from ref. 27. Copyright with
permission from the Royal Society of Chemistry (2014).

Fig. 7 (a) Schematic illustration of a deflected CFL setup. (b) Schematic
illustration of the deformed pillars of a PDMS mould and the capillary
rise of the polymer melt during deflected CFL. (c) 3D AFM (5 μm × 5 μm)
images of asymmetric polymer rings generated under different forces
(F ≈ 330, 449 and 624 nN on each PDMS pillar). Adapted from ref. 33.
Copyright with permission from the American Chemical Society (2014).
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properties can potentially lead to the incomplete filling of
master mould cavities and result in mould failure during
removal.

As an alternative to PDMS, Zheng et al. have developed a
silicon derivative known as “D4

H/D4
V”,34 with several advan-

tages over PDMS while maintaining some key aspects. For
example, its UV transparency still allows for UV assisted CFL,
however its low viscosity and high modulus allow for the print-
ing of small scale features and lithography at high pressures
respectively. Consisting of closely linked silicones, D4

H/D4
V is

prepared by a platinum catalysed reaction between tetra-
methylcyclotetrasiloxane and tetramethyltetravinylcyclotetra-
siloxane. Using commercial blu-ray discs and electropolished
aluminium as masters, sub-40 nm structures were fabricated
via CFL. In assessing the replication performance of the
moulds, 2 “granddaughter” structures were fabricated with no
apparent damage or change in morphology.

4. Pattern transfer
4.1. Patterned binary polymer brushes

Patterned polymer-grafted layers, known as “brushes”, have
drawn significant attention because of the diversity of chemi-
cal structures suitable for brush formation and the physical/
mechanical robustness of the grafted films. CFL can expose
the surface of the underlying substrate, producing a pattern
with two different surface properties. This nature of CFL
makes it suitable for patterning binary polymer brushes.12,35,36

The patterned polymer can become one constitution of the
final pattern or be used as a mask to facilitate a selective
polymer grafting process.

An example shown in Fig. 8 is based on the use of a PS
mask to prevent grafting on the fraction of a surface protected
by the polymer pattern. A thin layer of an epoxy polymer is
first deposited on the surface of a silicon wafer for the initial
surface modification. A macroinitiator, of atom transfer
radical polymerization (ATRP), is then synthesized on the sub-
strate surface by a reaction between epoxy groups of the
polymer and the carboxy functionality of a halogen-containing
carboxylic acid. Following this, an ultrathin PS film is de-
posited to cover the primary initiating layer. CFL is conducted
and the PDMS mould was peeled off after cooling down to
room temperature. CFL results in the generation of patterned
PS (Fig. 8b). Consequently, part of the macroinitiator layer
becomes exposed and available for brush synthesis, whereas
other parts remain covered with PS and are thereby protected
from the grafting of polymer chains. Surface-initiated ATRP
was then conducted, and the first polymer brush was anchored
to the uncovered fraction of the surface. After the grafting is
complete, the PS mask is removed and the second brush was
synthesized on the areas previously protected. This succession
of procedures leads to the generation of a binary patterned
polymer brush (Fig. 8c).

Although the first surface initiated polymerization (SIP)
must be conducted in an environment that does not dissolve

the mask that is introducing the pattern, there are no specific
restrictions for the second SIP. Virtually any polymer/copoly-
mer obtainable by the ATRP method can be anchored to the
surface at this stage of the process. Therefore, a variety of inter-
esting combinations of binary patterned polymer brushes can
be attained via CFL.

4.2. Transfer of patterns to the substrate

Polymeric patterns created by CFL can be further transferred
to an underlying substrate by the assistance of selective
etching techniques, such as reactive ion etching, wet-chemical
etching, and Ar+ ion milling.20,37–41 An example is shown in
Fig. 9, where a PS pattern is used as a mask to transfer a
pattern to a gold substrate via reactive ion etching and Ar+ ion
milling.

Fig. 8 (a) Schematic illustration of patterned surfaces created by CFL
and surface-initiated polymerisation. (b) AFM topography image of a PS
pattern (20 × 20 µm). (c) AFM topography image of binary polymer pat-
terned brushes of poly(PEGMeMA) and PNIPAM (5 × 5 µm). Adapted
from ref. 12. Copyright with permission from the American Chemical
Society (2014).

Fig. 9 Schematic of the generation of gold patterns on a silica wafer.
Adapted from ref. 37. Copyright with permission from John Wiley and
Sons (2014).

Review Nanoscale

406 | Nanoscale, 2015, 7, 401–414 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

29
/0

4/
20

15
 0

2:
54

:2
1.

 

View Article Online

http://dx.doi.org/10.1039/c4nr03565h


4.3. Alignment of nanoparticles

Ag nanoparticles assembled on patterns of the mould can be
transferred onto freestanding transparent polymer films by
CFL.42 The general procedure for creating Ag NP one dimen-
sional arrays consists of several steps. First, a thin layer of
PGMA (poly(glycidyl methacrylate)), which contains epoxy
functionalities, is deposited onto the surface of a silicon wafer.
Next, a thin PS film is deposited by dip coating to cover the
PGMA layer. A PDMS mould with the pattern of interest is
placed over the PS film to conduct CFL which results in a pat-
terned PS film (Fig. 10a). The key aspect of this step is that the
PS material acts as a resist protecting part of the reactive
PGMA surface. Consequently, the unprotected part of the reac-
tive layer is exposed and available for solvent-assisted grafting
the carboxy-terminated PVP chains at 40 °C. After grafting is
completed, the PS mask is removed with a solvent, leaving the
patterned PVP brush on the surface (Fig. 10b). Polyvinylpyrroli-
done (PVP) has good affinity to silver, hence the patterned PVP
surface is able to assemble Ag nanoparticles (50–70 nm in
size) onto an array of one-dimensional chain-like structures
(Fig. 10c). The nanoparticle structures can be transferred com-
pletely onto a PDMS freestanding film by a simple cure and
peel-off procedure (Fig. 10d–f ).43

The approach of using a resist can also be used to fabricate
nanoparticle arrays on layer-by-layer (LBL) films.44,45 LBL
assembly is an effective and versatile technique to fabricate
thin multilayer films.46 Though selective attachment of func-
tional materials on these films has been demonstrated, achiev-
ing this over large areas has been a challenge as strict control
of the surface morphology and pH or ionic strength of solution
is required. By capillary transfer lithography, a derivative of
CFL, Tsukruk et al.44,45 have demonstrated the feasibility of
using this approach to deposit PS and poly(allylamine hydro-
chloride) (PAH) based sacrificial resists to form encapsulated

arrays of carbon nanotubes and gold nanoparticles within LBL
films.

Similarly, this approach can be adapted to fabricate cross-
bars of nanowires.47 Utilising a double step micropatterning of
PS resists, silver nanowire arrays can be drop cast perpendicu-
lar to each other to form pairs of L and T shapes as well as
crossbars.

4.4. Proteins, viruses and cell patterning

Exposing substrates during CFL will create two distinctly
different regions which can be pretreated or further modified
with different functionalities. This potentially allows proteins,
viruses, and cells to preferentially bind to specific regions of a
patterned surface. Applying CFL on a thin uniform PEG-based
(poly(ethylene glycol)) film results in patterned structures
which consist of two regions: the moulded PEG surface and
the exposed substrate surface. The patterned PEG structure
acts as a physical and biological barrier for the adhesion of
proteins and cells ensuring that site-specific adsorption can
only occur on the exposed substrate area.48,49 Subsequently,
this can allow for the fabrication of viral arrays whereby
viruses can adhere to specific regions of a pattern based on
their binding affinity for the PEG surface.50

5. Applications of CFL

Although CFL was initially developed as a technique to pattern
polymer films, its versatility has led to various wide ranging
and diverse applications.

5.1. Fabrications of second-generation polymer moulds

Combining CFL with other techniques such as replica mould-
ing, nanoimprint lithography, wet etching, and μ-contact print-
ing allows for the fabrication of high-resolution (∼100 nm),
second-generation moulds for soft lithography.39,51,52

Fig. 11 depicts a schematic representation of CFL, in combi-
nation with replica moulding, to generate submicrometer-
sized features in thin gold layers on silica. First, a PDMS
mould is fabricated from a master. The PDMS mould is then
placed on a thin layer of PMMA. As the thin layer of PMMA is
insufficient to fill up the whole void between the mould and
the substrate, it forms a meniscus along the protruding end of
the PDMS mould during CFL. The resulting submicrometer-
sized PMMA pattern can function as a high-resolution second-
generation master for generating a second-generation PDMS
mould. Multiple copies of the PDMS mould can be achieved
without noticeable degradation or damage of the PMMA
master. μCP (microcontact printing) of octadecanethiol (ODT)
on a 20 nm thick gold layer and subsequent selective wet
chemical etching of the gold result in the fabrication of
trenches in the gold layers (Fig. 11e). Alternatively, one can
microcontact print with PTMP (pentaerythritol-tetrakis(3-mer-
captopropionate)) and protect the bare gold by dipping in ODT
solution. Selective wet chemical etching of the area of gold
with PTMP on the top results in gold lines (Fig. 11g). The

Fig. 10 AFM images of (a) PS pattern on a PGMA surface obtained by
CFL, (b) PVP stripes obtained via solvent-assisted grafting, (c) Ag NPs
adsorbed onto PVP patterns, (d) PVP stripes after transferring Ag NPs
onto the PDMS matrix. (e) Topography and (f ) phase images of Ag NPs
embedded onto the PDMS matrix (5 × 5 µm). Adapted from ref. 42.
Copyright with permission from the Royal Society of Chemistry (2014).
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major advantage of this method over existing traditional
mould fabrication is the simplicity of CFL, where no clean-
room facilities are required.

5.2. Engineering biomimetic hierarchal structures

Functional surfaces in nature often have multi-scale hierarchi-
cal structures. Two well-known examples are the lotus leaf and
hairs on gecko feet. The initial experiments to fabricate bio-
mimetic structures via CFL were carried out by Jeong et al.53

By controlling the capillarity and surface adhesive forces
during the mould removal process, high aspect ratio (aspect
ratio >20) PMMA nanohairs were fabricated in a single step.
The mould removal process not only produces the stretched
nanohair structure but also results in bulges at the tip of each
hair which are larger than the rest of the nanohair structure.
This concept was further developed by fabricating such
structures via two-step CFL.

Two-step CFL has shown great potential as a tool to mimic
nature’s multi-scale functional surfaces. Partial UV curing in
the first CFL step with a micro mould allows for the second
mould, with nanoscale features, to be patterned over the top,
resulting in the formation of a monolithic, hierarchical struc-

ture (Fig. 12a). By choosing angled nanostructures with high-
aspect-ratios as the second mould, spatula-like, slanted nano-
hairs on setae-like microhairs (patterned by the first CFL step)
can be generated, as shown in Fig. 12a and b.54 The size of the
microhairs (diameter of 5 μm and height of 25 μm) is selected
by considering the actual size of gecko’s setae (diameter of
5 μm and height of 100 μm) (Fig. 12c). However, the height of
the microstructures obtained is limited to 40 μm because of
the structural instability caused by a relatively low elastic
modulus of a soft PUA mould. One notable feature is that
there is no interface between the micro- and nano-hairs, which
is one advantage of the 2-step UV-assisted CFL. In addition,
these monolithic, multiscale structures also demonstrate
promising applications as dry adhesives. Similar to the system
observed in gecko feet, it enables directional adhesion to
occur without fouling by sticky materials after several repetitive
cycles of attachment and detachment.

Though successful, the proposed methodology of fabricat-
ing structures, purely via CFL, was heavily reliant on the
careful modulation of adhesive forces at the mould–substrate
interface and the tuning of both the polymer viscosity and
crosslinking density. To simplify this fabrication process,
Zhang et al. developed an alternative robust methodology com-
bining CFL and conventional photolithography to fabricate
hierarchical micropillar arrays with variable aspect ratios.55 By
exploiting the thermoplastic and photosensitive nature of
SU-8, a commercially available photoresist, micropillar arrays
were initially fabricated via CFL. This was followed by photo-
patterning through a mask with a microdot array. To fabricate
hierarchical structures from the imprinted film, 2 options were
investigated: (i) immersing the film in isopropanol, resulting
in bilevel dual scale patterns with micropillar arrays atop indi-
vidual microposts and (ii) thermal reflowing of unexposed
regions, effectively melting the unexposed micropillars and
forming monolevel dual scale micropillar arrays.

Fig. 11 Schematic representation of the fabrication of second-gene-
ration PDMS moulds by CFL and replica moulding. (a) The PDMS mould
is fabricated from a master by replica moulding. (b) CFL is carried out on
thin PMMA layers to fabricate second-generation PMMA masters. (c) A
second-generation PDMS mould is fabricated from the PMMA master by
replica moulding. (d)–(g) µCP (microcontact printing) followed by selec-
tive wet chemical etching of the gold results in traces of gold (e) and
gold lines (g). Adapted from ref. 39. Copyright with permission from
John Wiley and Sons (2014).

Fig. 12 (a) Schematic illustration of the fabrication of dual-scale hier-
archical hairs by 2-step CFL. (b) A tilted SEM image of the hierarchical
hairs obtained. (c) A tilted SEM image of real gecko foot hair, demon-
strating similarity to the artificial hair shown in (b). Adapted from ref. 54.
Copyright with permission from the National Academy of Sciences, USA
(2014).
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5.3. Patterned surface for regulating cell growth

The effects of surface topography on cell behaviour have been
studied for half century. Recent developments in lithographic
and nanofabrication techniques have accelerated development
in this area. Already, CFL has shown its potential application
in regulating cell growth. Highly uniform PEG nano-pillars
(Fig. 13a) fabricated by UV-assisted CFL have been used as cell
culture platforms for primary rat cardiomyocytes. It was found
that although cell adhesion substantially reduced compared to
that on the glass control (a traditional substrate for cell
growth), cell adhesion was significantly enhanced on PEG
nano-pillars compared to those on the bare PEG controls.
Furthermore, the PEG nano-pillars were found to stimulate adja-
cent cardiomyocytes into aggregating into colonies (Fig. 13b).
These cardiomyocytes retained their conductive and contrac-
tile properties, as evidenced by observation of their beating in
addition to their robust action potential generation. Despite
this, several factors have to be taken into consideration when
fabricating cellular substrates. For example, nanostructured
PEG surfaces are hydrophobic compared to the bare PEG
surface while its stiffness will decrease after patterning. These

property changes may induce cardiomyocytes to behave differ-
ently.56 Nevertheless, CFL has offered a simple way to control
the cell–surface topography interaction. Hence, by fabricating
patterns of varying densities and feature sizes, one can guide
cell attachment, migration, and aggregation.57

In addition to controlling cell growth, similar nanotopo-
graphical features fabricated by CFL are able to influence the
stem cell fate.58–60 Linear arrays of 350 nm sized PUA nano-
grooves have been reported to induce the differentiation of
human embryonic stem cells (hESCs) into mature neurons
after 5 days without differentiation into a glial lineage.58

Though the mechanism of inducing differentiation was not
reported, a similar study by Ahn et al. using human mesen-
chymal stem cells (hMSCs) reported that hMSCs respond to
PUA nanoposts of varying densities by significantly regulating
their cytoskeletal network stiffness.59

The ability to fabricate cell compatible substrates which aid
the growth and differentiation of cells has led to the develop-
ment of cell-material based therapeutics. Yang et al. have
demonstrated the feasibility of such an approach.61 Patterned
PLGA substrates fabricated by CFL were found to induce the
development and differentiation of primary muscle cells to
form mature muscle patches. When transplanted into a Duch-
enne muscular dystrophy (DMD) mice model, a significant
increase in the number of dystrophin-positive muscle fibers
was observed, indicating possible dystrophin replacement and
myogenesis in vivo. In contrast, these observations were not
seen with flat muscle patches.

5.4. Engineering complex culture substrates

The ability to fabricate substrates with nanotopographies
mimicking the ECM environment has enabled the study of
fundamental cell biology questions without the use of animal
models. Kahp-Yang Suh’s group has developed in vitro wound
healing tissue culture models to examine how fibroblasts
respond to variable densities of micro and nanotopographies
on a single substrate.62,63 For example, while it was deemed
that topography played a vital role in reorganising the process
of ECM remodelling, the density of such topographical cues
was an important aspect of the process. Similarly, Junsang
Doh’s group has used such complex tissue culture substrates
to study the mechanisms of T cell migration on a variety of
substrates ranging from linear grooves to zigzag structures
mimicking complex tissue architecture and linearly aligned
endothelial layers.64–66 For a comprehensive overview of CFL
applications toward cell and tissue engineering, one can refer
to an early review paper from Suh’s group.67

5.5. Confinement of proteins, viruses and cells

When a thin polymer film is subjected to CFL patterning, the
substrate will be exposed after CFL. This selective exposure of
the substrate creates two different surfaces with 2 different pro-
perties. If the exposed region is pretreated with an antibody
against a specific virus along with an attachment resistant
polymer, the resulting patterned surface can be used as spatial
confinement for viruses.13

Fig. 13 (a) AFM image of height profile of PEG nano-pillars. (b) Cross-
sectional analysis demonstrating uniform PEG nano-pillars with ∼150 nm
width and ∼400 nm height. (c) Representative SEM images of aggregated
cardiomyocytes cultured on the PEG nano-pillars. Adapted from ref. 56.
Copyright with permission from the American Chemical Society (2014).

Nanoscale Review

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 401–414 | 409

Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

29
/0

4/
20

15
 0

2:
54

:2
1.

 

View Article Online

http://dx.doi.org/10.1039/c4nr03565h


This selective immobilisation of biomolecules is also appli-
cable to proteins. To date, Suh et al.48 and Khademhosseini
et al.49 have demonstrated the feasibility of patterning both
BSA and fibronectin with such a process. In addition, several
groups have utilised CFL in conjunction with other novel tech-
niques to fabricate protein patterns. For example, Kwon et al.68

have used CFL with microscope projection photolithography
(MPP) to fabricate multiscale protein pattern structures while
Zemla et al.69 have used inverted micro-contact printing to
attach lentil lectin (LcH) onto 3D structures fabricated by CFL.

Similarly, if the patterned polymer film of interest is
sufficiently thick, CFL can be used to generate microwell pat-
terns of variable cell adhesivity. This enables the encapsula-
tion of cell bodies and hence the formation of cellular
patterns.14,48,49,70 This approach was further extrapolated by
layer-by-layer assembly of polyelectrolytes or ECM matrix pro-
teins onto non-cell friendly regions, changing the surface bio-
compatibility. This enables the development of co-cultures
where 2 cell types can be cultured on the same substrate in
specific patterns.71–74 This is beneficial in developing more
realistic in vitro cell culture models where mimicking the mul-
ticellular nature of complex tissue in vivo is highly desired.72,74

5.6. Drug delivery platforms

In developing an alternative to delivering vaccines, Moga
et al.75 have utilised a process known as PRINT, to fabricate
rapidly dissolvable microneedle patches for minimally invasive
drug delivery. The scalable technique combines the “top down
approach” of CFL with traditional polymerisation techniques
to fabricate reproducible features on the micro- and nano-
scale. Furthermore, the use of biodegradable and water
soluble polymers in the fabrication process not only imparts
water soluble properties but also allows for patches to be fabri-
cated in less than 5 min. This is highly advantageous as it
allows for both quick and affordable fabrication.

5.7. Engineering core–shell nanostructures

Hybrid core–shell nanostructures have a diverse range of
applications in nanobionanotechnology,76 optoelectrics77

and energy research.78 However, both the optical and electrical
properties of such materials only function under specific
constraints.79,80 Current methods to fabricate these nano-
structures have often resulted in irregular structures with wide
size distributions. Hence, the major challenge in the field has
been to develop a viable strategy for their fabrication. Hee-Tae
Jung’s group has developed CFL based approaches to fabricate
hybrid Au core–shell nanostructures.79,80 The use of CFL in
their approach was highly favoured as it allowed for the simple
and facile fabrication of highly periodic nanostructures with a
narrow size range. For example, the plasmonic absorption of
the nanostructures can be precisely tuned to a desired wave-
length region by controlling factors such as the size or shape
of the dielectric core and the metallic shell. Further constant
interstructure spacing of the structures also results in
enhanced absorption in the mid- and far-infrared spectral
regions.81 These criteria were achievable with CFL where the

surface plasmon absorption could be tuned by changing the
geometry of the PDMS stamp and fabrication conditions.79

5.8. Gas sensing

A “grafting to” approach in combination with CFL can be used
to fabricate linear assemblies of Pd (palladium) nano-cubes
through electrostatic interactions.15 Pd nano-arrays with high
density can be integrated into a circuit as a miniature hydro-
gen sensor. The typical procedure for fabricating Pd nano-
arrays is illustrated in Fig. 14a. First, a silica wafer is modified
with a reactive polymer containing epoxy functionalities,
PGMA [poly(glycidylmethacrylate)]. The glycidyl methacrylate
units of the PGMA chain not only serve to anchor the polymer
to the silica substrate but the free groups also serve as reactive
sites for the subsequent attachment of additional polymers
with complementary functional groups. Following this, PS is
dip-coated as the second layer. The PS layer here serves to
provide as a chemical resist to selectively graft polymers onto
the epoxy groups of PGMA following patterning. CFL in this
instance results in the formation of alternating PGMA and PS
stripes. Polyanionic PAA is then grafted onto PGMA. This
allows positively charged Pd nano-cubes to electrostatically
assemble onto the patterned surface. This can then be fol-
lowed by washing steps to remove PS to obtain linear arrays of
assembled Pd nano-cubes.

This is an example which demonstrates that by CFL in con-
junction with a “grafting to” approach, it is possible to assem-
ble nanomaterials into arrays as a platform for creating large
area prints for developing sensors.

Fig. 14 (a) Schematic of patterning Pd nano-cube arrays by CFL in
combination with a “grafting to” approach. (b) Chemical reaction of
grafting PAA to PGMA. Adapted from ref. 15. Copyright with permission
from the Royal Society of Chemistry (2014).
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5.9. Solar cell technology

Recently, there has been much interest in developing more
efficient solar cells in a cost effective and simple manner.
Though several approaches such as utilising new narrow
bandgap materials for photon harvesting or designing novel
configuration cells have been reported, little attention has
been paid to the problems involved in improving light trap-
ping within solar cells.82–84 While several groups have
suggested the imprinting of nanostructures onto the active
layer enhances light trapping,85,86 current conventional
imprinting techniques require samples to be removed from a
nitrogen glove box and into an external environment where
contact with oxygen and moisture leads to damage of the
active layer. To overcome this, Cheng et al. have used CFL to
fabricate nanosized gratings and nano-holes onto the surface
of the ZnO and active layers of their solar cells.87 Due to its
simplicity, it was possible to imprint these nanostructures (via
CFL) without removing the experimental setup from the nitro-
gen glove box, hence maintaining the integrity of the material.
Furthermore, the imprinted structures resulted not only in
enhanced light trapping as hypothesised but also the protru-
sion of the nanostructures into the active layer shortened the
pathway for charge transfer, leading to an improved collection
of charge and an increase in fill factor. Similar findings were
published by other groups utilising CFL to improve the solar
cell efficiency. Shir et al.88 reported that SU8 epoxy nano-
structures formed on monocrystalline silicon microcells via
CFL not only improved the performance due to improved light
trapping effects but also required less silicon to be used in the
fabrication process. An et al.89 reported significant improve-
ments in solar cell efficiency, due to greater absorption and
electrical enhancement, when CFL was used to pattern the
microresonant cavity.

5.10. Optical devices

Citing its simplicity, the use of CFL in the manufacture of thin
film transistor liquid crystal displays (TFT-LCD) has also been
explored by Kim et al.90 Currently, the use of a four colour
pixel display (RGBW) is of great interest to manufacturers. As
most of the light is absorbed by the colour filter the addition
of a white sub-pixel enhances the efficiency of light trans-
mission. Hence, every fourth pixel on an LCD substrate is
devoid of material. When fabricating by conventional photo-
lithography, an additional photo-masking step is required to
fill up the void for surface planarisation prior to the addition
of the column spacer. CFL, however, enables this process of
planarisation to be carried out while simultaneously fabricat-
ing the column spacer and overcoat in a single step. Further-
more, in demonstrating its applicability in industry, the
authors produced 2 different functioning TFT-LCD displays
while utilising CFL as part of the manufacturing process.

This approach of patterning optically active materials via
CFL was also used by Zhang et al.91 Micro and nanoscale diffr-
active optical element (DOE) structures were fabricated onto a
3D concave lens over a short period of time while still main-

taining the fidelity of the curved master mould. In compari-
son, this pattern fidelity is not attainable with decal transfer
lithography, itself a modified soft lithography technique which
uses planar elastomeric stamps to form patterns on curved
surfaces.

5.11. Nanocrystal arrays

By fabricating templates with variable wettabilities via CFL,
Suh et al. have demonstrated the feasibility such a technique
has in not only guiding nucleation and growth but also
forming ordered nanocrystal arrays.92 Patterning the hydro-
phobic PEG copolymer onto hydrophilic glass or silicon
dioxide creates 3D regions of alternating wettabilities. When
briefly immersed in an aqueous solution of an organic salt,
the solution selectively wets on the hydrophilic regions. As the
solution eventually dries off, the salt crystals precipitate in the
3D microwells, forming nanocrystal arrays. Furthermore,
adjustments in salt concentrations and microstructure sizes
resulted in variable crystal sizes being attained. This approach
was perceived to have several advantages. For example, the bio-
compatibility of the PEG copolymer would enable the tech-
nique to be applied to biological applications such as sensors
and detectors.

5.12. Hydrogel patterning

Three-dimensional hydrogel patterns have been touted as
viable alternatives to two-dimensional surfaces for biomedical
applications. Due to the nature of such applications, the
hydrogel material must satisfy key requirements including the
ease of patterning, optical transparency and contain high den-
sities of functional groups which allow for the incorporation of
biomolecules. The favourable mechanical strength and com-
patibility with the CFL process have made PEG based hydro-
gels attractive materials in hydrogel patterning via CFL.93–95 It
must, however, be noted that in some instances, the use of a
reactive polymer coating prior to the CFL process is required to
stabilise the patterned hydrogel.93 The purpose of such a
coating is to simply act as an anchor to the surface substrate.

Patterned PEG-polyacrylamide beads (PEGA) have not only
been demonstrated to induce cellular patterns but also the
primary amine groups on the PEGA structures allow the struc-
tures to form a solid phase synthesis platform with which to
attach various peptides for biological applications.94 For
example, short peptides with an ortho-aminobenzoic acid
(Abz) group at the amino terminus and the 3-nitrotyrosine
(Tyr(NO2)) residue at the carboxyl terminus were synthesised
onto the PEGA arrays/biochip to form a FRET based test for
the presence of various proteases with distinctly different
selectivities for amino acids flanking the cleaved amide bond.

6. Outlook

In the last ten years, CFL has developed into a versatile bench-
top technique for large-area patterning. The applications of
CFL are ever growing towards developing sensors, biomimetic
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surfaces and self-assembled hierarchical systems. However,
there are opportunities to extend this technique to several
fields which have not yet explored this extensively. Phase sep-
aration of polymers on thin films is an attractive self-organiz-
ational process which might lead to a wide range of practical
applications, such as fabricating polymer-based microelec-
tronic circuits, antireflection coatings and polymer resists for
lithographic semiconductor processing.96–98 Very limited
attempts have been made to CFL induced phase separation.99

A closely related area which also has not been fully explored is
the application of CFL on thin films of polymer blends.100

Nature-inspired, multiscale hierarchical surfaces are of great
research interest. Two-step CFL shows appealing character-
istics in this field but only a few attempts have been demon-
strated. There are also concerns that high temperatures
(T > Tg) used in CFL are likely to degrade the electrical pro-
perties of semiconducting polymers. However, the versatility of
CFL allows for low temperature patterning, a concept which
needs to be further investigated. In summary, CFL is an impor-
tant low cost, high throughput, large area patterning technique
with enormous potential to make an impact as a mainstay
lithography technique.
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1.5 Summary 

Current clinical approaches to managing and treating neurotrauma are only aimed at 

attenuating the effects of secondary injury. While experimental approaches such 

growth factor application and gene therapy have shown promise, combitorial 

approaches which seek to provide a growth permissive environment are required. 

Among these approaches is the tissue engineering approach which seeks to replicate 

the ECM and bridge the injury gap. To date, both synthetic and naturally occurring 

materials have been tested but have their disadvantages. In the medical community, 

there is consensus that cues which seek to guide axons and a directional environment 

is crucial in replicating axonal pathfinding and cell migration, processes not only 

observed during development but are also important in regeneration. The use of CPs 

and electrical stimulation has offered a methodology which allows for the control of 

cell behaviour on specific sections of a particular material. By combining this with 

viable patterning approach, linear arrays of CPs can be fabricated in a simple and cost 

effective manner.        

1.6 Hypothesis and Aims 

Based on the findings of the literature review, this thesis will experimentally address 

the following: 

1. Affordable and effective biomaterials incorporating aligned patterned arrays of 

CPs can be fabricated. 

 

2. The electrical stimulation of neurons through such materials will influence the 

behaviour of neurons. 

 

In testing the hypotheses, the aims of the thesis are to: 

 

1. Prepare and characterise a variety of biomaterials incorporating aligned 

patterned arrays of CPs; Explore alternative techniques such as CFL and 

magnetic self-assembly  
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2. Investigate the biocompatibility of such materials 

 

3. Electrically stimulate the neurons on the biomaterials and assess the effect on 

these neurons 

 

The work addressing these aims is reported in a series of papers that form the basis of 

the following chapters. 
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Chapter 2 

Introduction to series of papers 

 

From the review of the literature, it is evident that challenges remain in developing a 

directional environment to bridge injury gaps following SCI. Though techniques such 

as the use of growth promoting factors and randomly oriented scaffolds have been 

utilised, they often lead to randomly organised patterns of growth. Linearly arranged 

conduits, in combination with migratory cues, have demonstrated promise in the 

unidirectional guidance of axons and migration of neurons. In addition to biological 

challenges, the fabrication of such materials poses numerous engineering challenges. 

Commercially successful tissue engineering approaches have to combine efficacy and 

affordability while balancing the need for sophistication and ease of fabrication. In 

this chapter, the work done in addressing the aims set forth at the end of the previous 

chapter will be introduced. 

2.1 Development of Magnetic Conducting Polymer Nanowires 

The first paper presented as part of this thesis concerns the preparation of conducting 

nanowires from a nanoparticle suspension which can be manipulated in the presence 

of a magnetic field (Aim 1). As suggested in the literature, a directional environment 

which directs axon growth through guidance or physical cues is crucial in bridging the 

injury gap. The use of electrical stimulation was selected as a guidance cue because of 

the well reported directional neuronal responses to applied electric fields. By using 

CPs, this electrical stimulation can be focused onto areas around the polymer, 

allowing for the spatial control of stimulation. In order to mimic the nanoscale 

topography of the ECM, the ability to manipulate or fabricate one-dimensional (1D) 

nanoscale conducting polymer structures is crucial. Several techniques, which have 

been detailed in the literature review, have been used to fabricate 1D CP based 

nanoscale structures such a nanowires. These range from nanolithographic 

techniques, on surface methods, hard reactive templating and chemical routes, which 
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can be divided into hard template guided synthesis methods or soft template 

synthesis211, 264-275.  These respective techniques, however, have their advantages and 

disadvantages. While hard template synthesis facilitates the fabrication of CP 

nanowires with controllable lengths and diameters, post-fabrication template 

removal, which potentially damages or destroys the nanowires, is required276.  

The generation of anisotropic colloidal structures from a suspension offers an 

alternative route with which to overcome some of these limitations while generating 

nanowires in a liquid matrix. Magnetite nanoparticle suspensions, in particular, can be 

manipulated by an externally applied magnetic field. Under quiescent conditions, 

isotropic Van der Waals forces dominate and hence dictate the colloidal stability of the 

nanoparticle suspension. Furthermore, mutual electrostatic repulsion often results in 

nanoparticles which are separated by large distances with minimal particle 

interaction277.  In the presence of a magnetic field, however, random thermal motion 

and electrostatic repulsion is overcome278. In addition, field induced polarisation and 

anisotropic magnetic dipole interactions between particles become significant, 

leading to the formation of chain-like structures279. By further modulating the 

magnetite surface chemistry, the wire-like structures are not only conserved but the 

fabrication process can be carried out under aqueous conditions279. 

In this paper, we proposed a simple multistep process to fabricate conducting 

polymer nanowires using magnetite nanoparticles in suspension as a template. 

Briefly, anionic magnetite nanoparticles (citric acid coated) were aligned using an 

external magnetic field. The wire-like structures were preserved following the 

addition a cationic polymer which also allowed for the electrostatic attachment of an 

anionic conducting polymer. PEDOT:PSS was selected as the conducting polymer of 

choice not only because of its favourable anionic charge  but for its retention of 

conductivity under physiological conditions280. The nanowires were characterised 

with transmission electron microscopy (TEM) and atomic force microscopy (AFM). To 

ensure the attachment of the respective polymer layers, zeta potential measurements 

were recorded after each addition. The formation of wires was confirmed with these 

techniques, however, variable nanowire dimensions were observed. Despite this, the 

fabricated wires could be deposited, manipulated and dried into patterns in the 
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presence of a magnetic field to form nanowires arrays. Subsequent conductivity 

measurements on the nanowires indicated lower conductivities than that of 

PEDOT:PSS thin films but similar values when compared to PEDOT:PSS/non-

conducting polymer blends as we have fabricated here.  

The results of this paper address aim 1 which was to develop a novel facile approach 

to fabricate linear conducting conduits. The methodology, however, did not allow for a 

high degree of control over the positioning of the nanowires which is essential for 

electrical guidance using linear conducting conduits. As the nanowires are deposited 

in an aqueous solution, their positioning is dependent on the drying rate of the droplet 

and the subsequent capillary action which drives them to cluster together as the 

water droplet shrinks in size. This also limits the area over which the CP arrays can be 

formed. This is important to consider because the successful application of an electric 

field through a material is reliant on the contact and continuous connection between 

electrodes and the nanowires. The topographical guidance of cells over an area is also 

dependent on this material continuity. Another complication encountered is the 

difficulty in controlling the dimensions of the CP nanowires due to the colloidal nature 

of fabrication. While the heights of the nanowires had a small spread (100 nm – 220 

nm), the overall lengths of the wires ranged from 10 µm to 80 µm. A combination of 

these obstacles makes it difficult to utilise as a stimulative material both in vitro and in 

vivo. This work, however, indicated that it was possible to electrostatically attach CPs 

to appropriately charged polymers and still retain a degree of inherent electrical 

conductivity. Therefore, in the following work, the technique in fabricating CP arrays 

was changed to one which not only allowed for a high degree of control over the 

positioning of CP arrays but also facilitated control over the morphology, orientation 

and sizing of the resultant arrays. By addressing the concerns from this paper, we 

believe that aims 2 and 3 can be successfully addressed.  

 

Results presented in “Ho, D.; Peerzade, S. A. M. A.; Becker, T.; Hodgetts, S. I.; Harvey, A. 

R.; Plant, G. W.; Woodward, R. C.; Luzinov, I.; St. Pierre, T. G.; Iyer, K. S., Magnetic field 

directed fabrication of conducting polymer nanowires. Chem. Commun. 2013, 49 (64), 

7138-7140.” 
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2.2 Patterning of multifunctional conducting polymer nanoparticles as a 

bionic platform 

In this section we developed an alternative strategy to fabricate large area conducting 

platforms. The new approach comprised to two main aspects: (i) multifunctional 

PEDOT:PSS conducting nanoparticles, (ii) creating a template with which to direct the 

self-assembly of the nanoparticles. The use of a template is highly advantageous as it 

allows for greater control over the patterning area.      

The nanoparticles were prepared from poly(glycidyl methacrylate) (PGMA) due to its 

reactive epoxide functional groups which could be used to covalently attach dyes and 

surface modification agents via SN2 nucleophilic substitution reactions281. The first 

step involved the attachment of a Rhodamine B (RhB) dye to the polymer followed by 

the use of an emulsion system to form the nanoparticle structure and encapsulate 

smaller magnetite particles, allowing for magnetic purification at later stage. This was 

followed by surface modification of with PEI. PEDOT:PSS was then attached onto the 

polymer surface, imbuing the particles with electrically conductive properties and an 

anionic surface charge which allows for their self-assembly by electrostatic 

interactions. The addition of the Rhodamine B dye enables multimodal imaging while 

the nanoparticle structure enables drug encapsulation within the nanoparticle 

platform once implanted.  

To create the template for the nanoparticle assembly, a simple lithographic technique 

termed capillary force lithography (CFL) was used. CFL combines the essential feature 

of nanoimprint lithography (the moulding of a polymer melt) with that of soft 

lithography (the use of an elastomeric mould). This unique combination retains 

stringent pattern fidelity requirements while negating the need for complex reaction 

conditions or clean room facilities which is highly advantageous. The elastomeric 

PDMS stamp for this process was developed from a master of a polycarbonate disk of 

compact disc, making the process affordable. Such ubiquitous discs typically consist of 

spiral tracks with a typical width and depth of 800 nm and 130 nm respectively, with 

a periodicity of approximately 1.5 µm.  
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The patterning procedure involved functionalising ITO glass with PGMA. In this 

instance, the epoxide functional groups serve to anchor the polymer to the substrate 

while free groups later serve as reactive sites to attach small molecules. Next, PS was 

patterned via CFL onto the PGMA layer. Upon removal of the stamp, alternating PGMA 

and PS stripes result with the PS acting as a chemical resist. Cationic ethylenediamine 

was then grafted to PGMA. The PEDOT:PSS coated particles were then electrostatically 

assembled onto the patterned surface followed by washing steps to which removed PS 

to obtain arrays of assembled conducting nanoparticles (Aim 1). The height and width 

of the highly ordered patterns were found to be between 150 nm – 350 nm and 800 

nm respectively which is crucial as nanoscale topographical patterns are recognised 

to provide topographic guidance cues for cells282, 283.  

The biocompatibility of the bionic platform was tested on PC12 cell lines. MTS assays 

assessing cell viability indicated no adverse effects on cell proliferation after 

undergoing exogenous electrical stimulation while controls which were not 

stimulated showed similar results (Aim 2). Next, the capacity to modulate the 

behaviour and morphology of neurons on the platform via electrical stimulation was 

investigated (Aim 3). A similar stimulation protocol for biocompatibility assessments 

was followed. It is well established in the literature that microtubule levels correlate 

with increases in neurite length following NGF-induced PC-12 differentiation284. 

Hence, we immunohistochemically stained our PC-12 cells for ß-III tubulin to assess 

their morphology. Cells stimulated on the platform were found to have significantly 

larger cell areas than unstimulated controls, indicating an increase in neurite length. 

Additional controls undergoing the same treatments on flat substrates also had 

significantly smaller cell areas, indicating the modulative capacity of the bionic 

platform. Samples which were stimulated on the platform also indicated significantly 

lower numbers of cells per unit area in comparison to all controls, demonstrating 

possible changes in cellular sensitivity toward NGF while undergoing stimulation on 

the platform.  Further investigation into the cell-material interactions yielded two 

interesting observations: (i) the cells preferentially adhered to the patterned areas of 

the platform; (ii) neuritic networks on the platform adhered to the nanoparticle on the 

platform and their arrangement was guided by the nanoparticle arrays.  
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In this paper, all three aims set out in the previous chapter were successfully achieved. 

In achieving these aims, a practical and transferrable protocol to fabricate large area 

patterns of conducting polymer was developed. The method demonstrated overcomes 

several shortfalls in current techniques used to fabricate bionic devices while 

demonstrating the feasibility of exogenous electrical stimulation to elicit a cellular 

response.  

Results presented in: “Ho, D.; Zou, J.; Chen. X.; Smith, N. M.; Agarwal, V.; Hodgetts, S. I.; 

Plant, G. W.; Bakker, A. J.; Harvey, A. R.; Luzinov, I.; Iyer, K. S., Hierarchical patterning 

of multifunctional conducting polymer nanoparticles as a bionic platform for 

topographic contact guidance. ACS Nano. 2015, 9 (2), 1767-1774.”  
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Chapter 3 

Series of papers 

 

The results of this thesis are presented in the following series of published papers and 

submitted manuscripts, the citations of which are listed below. Supporting 

information for these manuscripts may be found in Appendix A, where applicable. 

 

1. Ho, D.; Peerzade, S. A. M. A.; Becker, T.; Hodgetts, S. I.; Harvey, A. R.; Plant, G. W.; 

Woodward, R. C.; Luzinov, I.; St. Pierre, T. G.; Iyer, K. S., Magnetic field directed 

fabrication of conducting polymer nanowires. Chem. Commun. 2013, 49 (64), 

7138-7140. 

 

2. Ho, D.; Zou, J.; Chen. X.; Smith, N. M.; Agarwal, V.; Hodgetts, S. I.; Plant, G. W.; 

Bakker, A. J.; Harvey, A. R.; Luzinov, I.; Iyer, K. S., Hierarchical patterning of 

multifunctional conducting polymer nanoparticles as a bionic platform for 

topographic contact guidance. ACS Nano. 2015, 9 (2), 1767-1774. 
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Magnetic field directed fabrication of conducting
polymer nanowires†
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The self-assembly of nanoparticles is an efficient and precise method

to fabricate nanoscale devices. By manipulating iron oxide nano-

particles in suspension with an external field to form magnetically

directed linear assemblies, we demonstrate the feasibility of using

this structure to template the synthesis of PEDOT:PSS conducting

polymer nanowires in suspension. Furthermore these conducting

wires can be assembled on interdigitated electrodes to form an array

of conducting nanowires.

Semiconducting and metallic polymers constitute the fourth
generation of advanced polymer materials. These materials have
been a subject of immense interest in the past decades due to
their ease of processability coupled with their unique electrical
properties and their controllable chemical and electrochemical
properties.1–5 Furthermore, their reversible doping process allows
their electrical conductivities to be adjusted by several orders of
magnitude from 10�10 to 105 S cm�1, covering the insulator–
semiconductor–metal range.6,7 Some of the most widely explored
conducting polymers include polyaniline (PANI), polypyrrole
(PPy), poly(p-phenylene-vinylene) (PPV), poly(3,4-ethylene dioxy-
thiophene) (PEDOT) and its derivative poly(3,4-ethylene dioxy-
thiophene) poly(styrenesulfonate) (PEDOT:PSS).8,9

The production and development of nanoscale devices is
often dependent on the ability to produce/manipulate one-
dimensional (1D) conducting materials. Several techniques
have been proposed to produce these processable 1D conducting
polymer (CP) nanomaterials for their use in nanoscale electronics,
optoelectronics, chemical and biological sensors, and photonics.10–16

CP nanowires can be fabricated via nanolithographic techniques,
microfluidics, physical approaches (e.g. electrospinning), on surface
methods, hard reactive templating and chemical routes, which can
be broadly divided into hard template guided synthesis methods or
soft template synthesis (e.g. interfacial polymerization, template-
free methods, reverse emulsion polymerization).17–29 Each of these
fabrication methods, however, have both advantages and disadvant-
ages. For example, the hard template synthesis allows for the
fabrication of nanowires with controllable lengths and diameters
but post-fabrication processing is required to remove the template.
Such a process could potentially result in damage or destruction of
the fabricated nanowires.30 Similarly, soft templating techniques are
simple and template removal is achieved under mild conditions or
not required. However, there is poor control over the morphology,
orientation and sizing of the resultant nanowires.30

Generation of anisotropic colloidal structures in suspensions
using an externally applied field offers an interesting avenue to
generate nanowires in a liquid matrix. In particular, magnetite
nanoparticles in suspension can be manipulated by an externally
applied magnetic field. Herein, the field induced polarization and
strong dipole–dipole interactions can be used to guide the assembly
of nanoparticles in a particular and desired configuration. In the
absence of an external magnetic field, isotropic Van der Waals
forces play a dominant role in dictating the colloidal stability of
the nanoparticles. However, in the presence of a magnetic field,
anisotropic magnetic dipole interactions can become significant
and lead to the formation of chain-like structures along the
direction of the field.31 In the present work, we propose a simple
multistep process of fabricating conducting polymer nanowires
using magnetite nanoparticles in suspension (Fig. 1). Briefly,
anionic magnetite nanoparticles (citric acid coated) were aligned
using an external magnetic field. 1000 mL magnetite suspension
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at a concentration of 0.2 mg mL�1 was placed in a magnetic field
of strength of 65 mT with a field gradient of 2.3 T m�1. Following
this, 20 mL of cationic polyethyleneimine (PEI) was added to
lock the chains in position. Excess PEI was then removed via
centrifugation and the PEI-templated nanowires placed in the
magnetic field to realign. This was followed by additions of 10 mL
anionic conductive polymer poly(3,4-ethylenedioxythiophene)
(PEDOT:PSS). The excess PEDOT:PSS was removed via centrifuga-
tion and the nanowires were washed several times with water to
remove any excess polymer. This final dispersion of nanowires
was then magnetically aligned on an interdigitated electrode (IDE)
for measurements.

Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) analysis was performed on the free magnetite
(Fig. 2a) and, both PEI (Fig. 2b and c) and PEI-PEDOT:PSS
encapsulated nanowires (Fig. 2d and e) which were aligned in a
magnetic field prior to imaging. Though the PEI encapsulated
nanowires (Fig. 2b and c) were dried onto a holey carbon grid,
they were observed to follow the contours of the grid rather
than lie over the hollow sections. The length of the wires ranged
from 10 mm to 80 mm. In addition, the heights of the nanowires
ranged from 100 nm to 220 nm. Z-Potential measurements and
FTIR were recorded before and after the addition of each polymer
layer (Fig. S2 and S.3.3, ESI†). Adsorption of the positively charged
PEI on the aligned citric acid coated magnetite resulted in a
change of the Z-potential from�17.6 mV to 44.3 mV. The addition
of PEDOT:PSS on the PEI coating resulted in a shift back to a
negative value of �20.7 mV.

The polymer encapsulated nanowires can be deposited onto
a substrate, manipulated via external magnetic field and dried
into patterns. A droplet of nanowire suspension was deposited
onto a silicon surface in the presence of a magnetic field. The
silicon surface was placed in the magnetic field used to fabricate
the nanowires until the droplet dried out. The alignment of the
nanowires was visualized with scanning electron microscopy
(SEM) (Fig. 3a). The image reveals the alignment in the direction
of the magnetic field. 0.2 mL of nanowire suspension was
deposited on the IDE and a linear sweep with a range of �1 V
to 1 V was performed at a rate of 100 mV s�1. The ohmic nature

of the I–V curve indicated that the material was conductive
(Fig. 3b). The calculated conductivity from the I–V curve was
found to be approximately 2 � 10�4 S cm�1. It is noteworthy
that as a control, the conductivity of PEI stabilized nanowires
showed no conductivity (Fig. 2b). Previously reported room
temperature conductivities of PEDOT:PSS thin films have
ranged from 10�3 S cm�1 to 300 S cm�1 (ref. 32–36) while those
recorded of nanowires fabricated by lithography ranged
from 0.05 S cm�1 to 0.1 S cm�1.37–39 PEDOT:PSS conductivity,
however, is several orders of magnitude lower when it is
processed as a blend with other non-conducting polymers like
PVA (polyvinyl alcohol) 2.34 � 10�12 S cm�1 or polyvinylpyrroli-
done (PVP) 4.8 � 10�8 to 1.7 � 10�5 S cm�1 from solutions
using electrospinning.40,41 In comparison, the value we have
reported is similar to or several magnitudes higher than those
reported in the aforementioned studies.

Fig. 1 Schematic representation of the steps involved in the synthesis of PEDOT:PSS
nanowires. (a) Citric acid stabilized anionic iron oxide nanoparticles (avg. diameter
14 nm); (b) exposed to an external magnetic field to direct assembly in suspension;
(c) coated with cationic PEI layer; (d) coated with anionic PEDOT:PSS layer and (e)
assembled on interdigitated electrode using external field.

Fig. 2 TEM images of (a) citric acid stabilized anionic iron oxide nanoparticles
(avg. diameter 14 nm); (b and c) PEI encapsulated nanowires which were dried in
the presence of an external magnetic field; (inset); photograph of the sample vial
when in the presence of a magnetic field; (d) AFM topography image of PEI-
PEDOT:PSS encapsulated nanowires and (e) their corresponding height profile.
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In summary, we have presented a simple and alternative meth-
odology to fabricate electrically conductive nanowires of conducting
polymers based on the magnetic self-assembly of superparamag-
netic nanoparticles and their subsequent conformation locking via a
layer by layer assembly. The magnetic susceptibility of the magnetic
nanoparticles not only allows us to assemble them into wire like
structures but also allows the orientation of the nanowires to be
manipulated by magnetic fields and their positioning to be con-
trolled via the application of magnetic field gradients. These results
suggest the nanowires fabricated using this technique have the
potential to be manipulated/oriented using an externally applied
magnetic field for applications in nanoscale devices and scaffolds.

The authors would like to thank the Australian Research
Council for funding the work. The authors would also like to
acknowledge the Australian Microscopy & Microanalysis Research
Facility at the Centre for Microscopy, Characterization & Analysis,
The University of Western Australia, funded by the University,
State and Commonwealth Governments.
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E
xogenous electrical stimulation has
been effectively used both in clinical
practice and in laboratory research

to regulate cell-type-dependent adhesion,
differentiation, and growth.1 This phenom-
enon of introducing programmed electrical
signals locally to influence biological events
has resulted in the pursuit of sophisticated
medical bionic devices.2 An important prop-
erty that dictates the performance of most
bionic electrodes is the electrode/cellular
interface and its ability to transmit charge
across the biointerface.3 Traditionally metal-
lic electrodesmadeofplatinum, gold, iridium
oxide, tungsten, their alloys, and more
recently carbon fibers have been effectively

employed in bionic devices.4 They have
been employed for deep brain stimulation,
as cochlear implants, for vagus nerve stimu-
lation to treat epilepsy, and for stimulating
regeneration in the central nervous sys-
tem.2 However, stiff metal electrodes suffer
amajor drawback of eliciting tissue damage
over long-term implantation.2 Importantly,
it is now recognized that nanoscale patterns
provide topographic guidance cues for
cells. This has been widely exploited to
engineer sophisticated regenerative plat-
forms for nerves, muscles, skin, and bones.5

The need to incorporate large-area nano-
scale patterns for bionic applications coupled
with the demand toward miniaturization of
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ABSTRACT The use of programmed electrical signals to influence

biological events has been a widely accepted clinical methodology for

neurostimulation. An optimal biocompatible platform for neural

activation efficiently transfers electrical signals across the electrode�
cell interface and also incorporates large-area neural guidance

conduits. Inherently conducting polymers (ICPs) have emerged as

frontrunners as soft biocompatible alternatives to traditionally used

metal electrodes, which are highly invasive and elicit tissue damage

over long-term implantation. However, fabrication techniques for the

ICPs suffer a major bottleneck, which limits their usability and medical translation. Herein, we report that these limitations can be overcome using colloidal

chemistry to fabricate multimodal conducting polymer nanoparticles. Furthermore, we demonstrate that these polymer nanoparticles can be precisely

assembled into large-area linear conduits using surface chemistry. Finally, we validate that this platform can act as guidance conduits for neurostimulation,

whereby the presence of electrical current induces remarkable dendritic axonal sprouting of cells.

KEYWORDS: multimodal nanoparticles . conducting polymers . capillary force lithography . neurostimulation
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biocompatible implantable devices has resulted in
the emergence of inherently conducting polymers as
frontrunners for fabricating flexible organic electrode
materials. However, advances in the applicability of
patterned surfaces of inherently conducting polymers
in bionic devices have been limited due to the diffi-
culties of transferring printing techniques and their
integration under physiological conditions. In this
article, we report a transferable method to fabri-
cate multifunctional poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) nanoparticles and
direct their self-assembly by electrostatic interactions
into large-area patterns. Using the rat pheochromocy-
toma cell line (PC12), we demonstrate the suitability
of the assembly as a bionic platform for exogenous
electrical stimulation.
The three primary classes of conducting polymers

that have been studied are polyanilines, polypyrroles,
and polythiophenes.6 The ease of functionalization of
polythiophenes and maintenance of conductivity un-
der physiological conditions has made them primary
candidates for multifunctional organic bionic devices.7

Themost widely explored processes for the fabrication
of organic conducting polymer patterns are electro-
polymerization, extrusion printing, inkjet printing,
microcontact printing, electrospinning, and more
recently high-precision Dip Pen Nanolithography
(DPN).4,6 Electropolymerization has been widely used
for coating metal/carbon substrates, following which
patterning is achieved by top-down lithography on
polymer thin films covering larger area electrodes. This
technique results in controlled, high-resolution nano-
scale patterns but is limited by the ability to regulate
polymerization of monomers on nanoscale implanta-
ble electrodes.8 Similarly, printing techniques have
achieved significant advances in recent years, reaching
high-throughput patterns, but are limited in resolution
by the liquid dispensing techniques, which operate
within the limit of tens of micrometers.9 Electrospin-
ning techniques have offered simple processable solu-
tions to generate 3D scaffolds at resolutionsmimicking
the extracellular matrix architecture but are limited
by the inability to generate patterned conducting
conduits for the development of bionic guidance
channels.4 The aforementioned shortfalls have been
recently overcome by the advances of DPN, which
enables precise deposition, patterning down to nano-
scale resolution, and most importantly applicability
over a wide range of substrates.10 However, advances
are limited by their cost, need for specialized equip-
ment, and low throughput. In the present paper we
adopt a bottom-up self-assembly process to precisely
pattern conducting polymer nanoparticles into pat-
terns as conduits for guidance. The approach is easily
adoptable over multiple substrates, needs no specia-
lized equipment, and affords large-area patterns. Impor-
tantly, this approach enables drug encapsulation and

sustained release from the nanoparticles once pat-
terned and multimodal imaging of the nanoparticle
constructs once implanted.

RESULTS AND DISCUSSION

Patterned Multifunctional PEDOT:PSS Nanoparticle Arrays.
In this study poly(glycidal methacrylate) (PGMA) is
used as a reactive macromolecular anchoring platform
both on the substrate as a nanoscale layer and as a
colloidal nanoparticle to enable multilayer assembly
(Figure 1). A polymer with epoxy functionality was
chosen, since the reactions of epoxy groups are uni-
versal and easily transferable to various substrates,
affording ease of attachment of functional molecules.
Furthermore, the epoxy groups of the polymer can
cross-link to provide structural integrity to the pattern
and nanoparticle constructs.11 The mobility of the
reactive loops of PGMA ensures greater access to
anchoring, resulting in a 2�3-fold greater grafting
density when compared to a monolayer of epoxy
groups on a nanoparticle surface of similar dimension,
enabling high loading using a layer by layer approach
that is adopted in the current study.11 Polymer nano-
spheres were initially prepared using an oil in water
emulsion methodology from PGMA modified with a
rhodamine-B (RhB) dye, encapsulated with magnetite
(Fe3O4) nanoparticles to form the core platform
(Figure 1a,b). Not only does the incorporation of
magnetite and RhB render these constructs multi-
modal for both MRI and fluorescence imaging, but
importantly in the present case magnetite provides a
means to separate, wash, and purify the nanoparticles
using a magnetic fractionation column during each
step of layered assembly. Polyethylenimine (PEI) was
then covalently bound to the RhB-PGMA core to facil-
itate a cationic layer for electrostatic conjugation of an
anionic conducting polymer, PEDOT:PSS (Figure 1c,d).
Capillary force lithography (CFL) was then used
to generate large-area nanoscale conduits in which
PEDOT:PSS nanoparticles are electrostatically directed
to self-assemble as linear channels from solution
(Figure e,f). Capillarity allows the polymer melt to fill
up the void space between the polymer and the
applied mold when the temperature is above the
glass-transition temperature (Tg), thereby generating
a large-area pattern that depends on the size of stamp.
Importantly, the technique needs no specialized
instrumentation for generation of large-area patterns.
Patterns can easily be generated using polydimethyl-
siloxane (PDMS) stamps, which in turn can be fabri-
cated using the ubiquitous optical storage discs as a
master. An optical data storage disc is typicallymade of
a polymer (polycarbonate) disc, onwhich a single spiral
track is drilled. The typical width and depth of each line
in the spiral track are 800 and 130 nm, respectively, and
the periodicity of the track is∼1.5 μm (Figure S1). In the
present study, an indium tin oxide (ITO) substrate was
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modified first by spin coating a thin film of PGMA
followed by a second spin-coated layer of polystyrene
(PS) using previously reported conditions.12 The PS
layer acts as a chemical resist to selectively react the
epoxy groups of PGMA following patterning. The
PS/PGMA bilayer was annealed with the PDMS mask
at 130 �C (T> Tg of PS) to induce patterning via capillary
flow. The reusable PDMS stamp was peeled off fol-
lowing heat treatment to obtain a patterned sur-
face resulting in alternating PGMA and PS stripes.

Ethylenediamine (EA) was then grafted to PGMA to
result in cationic linear patterns. PEDOT:PSS nano-
particles were then electrostatically assembled onto
the patterned surface, followed by washing steps to
remove PS to obtain linear arrays of assembled PEDOT:
PSS nanoparticles. A detailed schematic of the fabrica-
tion process is shown in Figure S2. The nanoparticle
and the patterns were characterized at each step of the
assembly (Figure 2). The PEDOT:PSS nanoparticles
were an average size of 200 nm (Z-average) with a

Figure 1. Schematic illustration of the fabrication protocol to pattern multifunctional PEDOT:PSS nanoparticle arrays for
exogenous electrical stimulation. (a�d) Multilayer assembly of conducting PEDOT:PSS nanoparticle fabrication via non-
spontaneous emulsification. (a) An organic phase is initially formed by dissolving RhB-modified PGMA (yellow) and Fe3O4

(purple) in a 1:3mixture of CHCl3 andMEK. (b) Colloidal fluorescent PGMA-Fe3O4 nanoparticles are fabricated upon dropwise
addition of the organic phase to an aqueous solution of Pluronic F-108. (c) Cationic second layer via covalent attachment of
PEI (green) to the PGMA-Fe3O4 core. (d) Anionic conducting polymer layer via electrostatic attachment of PEDOT:PSS (blue).
(e�g) Patterning of the multilayered PEDOT:PSS nanoparticles for exogenous electrical stimulation of PC12 cells. (e) Linear
nanoparticle conduits patternedon a substrate via capillary force lithography (CFL) using charge complementarity. A detailed
schematic of the CFL procedure can be found in Figure S2. (f) PC12 cells (green) were cultured onto the biocompatible
platform, followed by (g) exogenous electrical modulation.
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Figure 2. Characterization of the multilayered PEDOT:PSS conducting nanoparticles and their assembly as linear conduits.
(a) TEMmicrograph of the multilayered PEDOT:PSS nanoparticles. Scale bar = 200 nm. (Inset: high-magnification TEM image
of PEDOT:PSS-coated nanoparticles showing encapsulated Fe3O4 nanoparticles. Scale bar = 10 nm.) (b) DLS particle size
distributions of the PEDOT:PSS nanoparticles in solution. (c) Zeta potential distributions of the nanoparticles: PGMA-Fe3O4

core (black) with an average zeta potential of 3.9 ( 1.3 mV, cationic PEI-coated (red) with an average zeta potential of 37 (
1.2 mV, and anionic PEDOT:PSS-coated (blue) with an average zeta potential of �29 ( 6.15 mV. (d) Current vs voltage
response for the nonconducting PEI-coated nanoparticles (red) and conducting PEDOT:PSS-coated (black) nanoparticles.
(e�g) Tappingmode AFM topography images of the nanoparticle patterns at each stage of fabrication: PGMA and PS stripes
(e), EA-modified PGMA and PS stripes (f), PEDOT:PSS nanoparticle patterns (g). (h�j) Corresponding height profiles of the
nanoparticle patterns at each stage of fabrication.: PGMA and PS stripes (h), EA-grafted PGMA and PS stripes (i), PEDOT:PSS
nanoparticles patterns (j). The AFM line scans corresponding to the height profiles are indicated on the topography images in
(e)�(g). (k, l) SEM micrographs of the nanoparticle patterns at a magnification of 25k� (k) and 11k� (l) indicating the
formation of tightly packed and highly ordered nanoparticle arrays. (m) Confocal fluorescence image of the RhB-
functionalized PEDOT:PSS nanoparticle arrays at 20� magnification.
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polydispersity index (PDI) of 0.07, a zeta potential of
�29( 6.15mV, and a conductivity of 2.5� 10�12 S/cm.
Themeasured conductivity is in accordance with other
values reported in the literature for polymer blends.13

Importantly, this low conductivity is important under
physiological conditions to induce local cellular stimu-
lation and avoid tissue damage due to toxic over-
stimulation.14 The final self-assembled linear arrays
of PEDOT:PSS nanoparticles were of large-area high-
density packing, as confirmed at various length scales
using AFM, SEM, and fluorescence imaging.

Biocompatibility Assessment of the PEDOT:PSS Nanoparticle
Arrays. Topographic modulation of tissue response is
one of the most important considerations in develop-
ing bionic implants. Topographic contact guidance
using micropatterns has been widely exploited to
influence cell migration, adhesion, and prolif-
eration.15,16 One of the pivotal first steps in the pres-
ent study was to establish biocompatibility of the
patterned structures. PC12 cells were chosen in the
present case, as they have been demonstrated to show

enhanced neurite outgrowth and spreading upon
exogenous stimulation on a conducting polymer
substrate.17 MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium, inner salt) assays, cell viability assays, and SEM
imaging were performed after exogenous electrical
stimulation and in the absence of electrical stimulation
to determine effects on cell viability and cell adhesion
(Figure 3a,b and Figure S3). The stimulation conditions
used in the present study involved a monophasic
pulsed current at a frequency of 250 Hz with a 2 ms
pulse width and an amplitude of 1mA for 2 h, similar to
protocols previously reported for similar cell lines.18,19

Importantly, we observed no changes in cell viability
upon exogenous stimulation and observed preferen-
tial adhesion of the PC12 cells to the patterned sur-
face over a nonpatterned surface in both cases
(( stimulation). High-magnification SEM imaging (no
stimulation) further revealed preferential interaction of
the PC12 cells to the PEDOT:PSS nanoparticle arrays,
confirming not only biocompatibility with the large

Figure 3. Biocompatibility of the PEDOT:PSS nanoparticle arrays with PC12 cells. (a) Cell viability determined using MTS
calorimetric assay obtained at 72 h after an initial exogenous electrical stimulation for 2 h and in the absence of stimulation
showing no significant changes. (b) SEM micrograph demonstrating preferential cell adhesion to the pattern area (yellow
box). Image acquired at 323�magnification 72 h after the addition of NGFwithout exogenous electrical stimulation. (c) High-
magnification (12k� magnification) SEM images demonstrating specific and preferential interactions of neurites (white
arrows) with the PEDOT:PSS linear conduits (red arrows).
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area of the pattern but also potential applicability
of the nanoscale linear arrays as guidance conduits
(Figure 3c).

Exogenous Electrical Stimulation Induced Dendritic Sprouting
of the PC12 Cells. Electrical stimulation has been effec-
tively used to modulate growth and differentiation of

anchorage-dependent cells such as neurons, fibro-
blasts, and epithelium cells.17,20,21 In the central ner-
vous system, brief stimulation to the proximal end of
transected peripheral nerves has been shown to aug-
ment preferential motor reinnervation,22 improve the
specificity of sensory reinnervation,23 and accelerate

Figure 4. Exogenous electrical stimulation induced dendritic sprouting of the PC12 cells guided by the PEDOT:PSS linear
conduits. (a) Significant increase in the average cell area is observed 72 h after exogenous electrical stimulation on the
nanoparticle platform in comparison to unstimulated and nonpatterned controls. (b) Corresponding decrease in PC12 cell
proliferation observed 72 h after exogenous electrical stimulation on the nanoparticle platform in comparison to
unstimulated and nonpatterned controls. (c�f) Representative confocal images (40� magnification) of β-III tubulin
immunohistochemically stained cells 72 h after the following treatments: {(þ) pattern, (�) stimulation} (c); {(þ) pattern,
(þ) stimulation} (d); {(�) pattern, (�) stimulation} (e); {(�) pattern, (þ) stimulation} (f), demonstrating modulation of cell
morphology. (g) High-magnification SEM image (magnification 8k�) indicating the formationof extensive dendritic networks
(white arrows) guided by the PEDOT:PSS arrays. Inset: The corresponding low-magnification image of the area (yellow box)
analyzed (magnification 3k�).
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the reinnervation of distal target tissues.24 These have
been reported to depend on depolarization of the
neuronal soma and its axon, involvement of axon
guidance factors such as polysilylated neural cell
adhesion molecule,25 the L2/HNK-1 carbohydrate,26

and brain-derived neurotrophic factor.27 Finally elec-
trical stimulation induced neurite outgrowth was
recently reported to be dependent on calcium influx
through L- and N-type voltage-dependent calcium
channels and calcium mobilization from IP3R and
RYR-sensitive calcium stores.28 In the present case,
we analyzed the morphological modulation of PC12
cells following electrical stimulation having deter-
mined no change in cell viability using the MTS assay.
Nerve growth factor (NGF) induces PC12 cells to
change their phenotype and acquire a number of
properties that are similar to sympathetic neurons.
Importantly, although they can acquire properties
similar to sympathetic neurons upon NGF treatment,
they do not develop definitive dendritic axons or form
true synapses with each other in the absence of
exogenous stimulation.29 This change in phenotype
upon NGF treatment is associated with a retardation in
proliferation, the extension of neurites making them
electrically excitable. Monitoring the cell numbers and
cell area can assess this change from the proliferation
state to a differentiation state. Furthermore, micro-
tubule levels correlate precisely with the neurite

extension during NGF-induced PC12 cell differ-
entiation.29,30 Using immunohistochemical staining
for β-III tubulin it was determined that stimulation on
the patterned surface resulted in a significant increase
in the cell area and lower number of cells per unit area,
indicating exogenous electrical stimulation induced
differentiation of PC12 cells (Figure 4a�f, Figure S4).
High-magnification SEM (Figure 4g) also revealed
that stimulation resulted in an extensive dendritic
network guided by the linear conduits of PEDOT:PSS
nanoparticles.

CONCLUSION

In summary, we have demonstrated a practical and
transferable protocol to fabricate self-assembled large-
area patterns of conducting polymers from solution.
This overcomes some of the shortfalls in the current
fabrication techniques in developing patterned organic
bionic devices. The patterns generated have demon-
strated excellent biocompatibility. At the same time,
they have been shown to induce exogenous electrical
stimulation under physiological conditions to elicit a
measurable and consistent cellular response. Impor-
tantly the methodology permits the design of bionic
devices capable of inducing local electrical stimulation
for in vivo applications while integrating multimodal
imaging and simultaneous drug delivery capabilities of
nanoparticles.

METHODS SUMMARY

Nanoparticle Synthesis. The conducting nanoparticles were
prepared via a nonspontaneous emulsification route. Briefly,
rhodamine Bwas attached to PGMA inMEK at 80 �Cunder N2 for
5 h. The modified PGMA was then precipitated in diethyl ether
and dried under N2. This was dispersed in a 1:3 mixture of CHCl3
and MEK along with 25 mg of Fe3O4 to form the organic phase.
This organic phase was added dropwise into a rapidly stirring
aqueous solution of Pluronic F-108. The emulsion was homo-
genized with a probe-type ultrasonic wand for 1 min. The
organic solvents were then evaporated off under N2. Large
aggregates of Fe3O4 and excess polymer were separated via
centrifugation. The nanoparticles in the supernatant were then
mixed with PEI and heated to 80 �C for 16 h to facilitate
attachment. The PEI-coated nanoparticles were isolated and
washed on a magnetic separation column. Next, a diluted
solution of PEDOT:PSS was added dropwise under rapid stirring
to nanoparticles at a concentration of 0.5 mg/mL to facilitate
electrostatic attachment. This was followed by sonication for
10min and stirring for 18 h. The nanoparticles were thenwashed
multiple times inwater before being stored at 4 �C for further use.

Platform Fabrication. To direct the self-assembly of the nano-
particles, a template was fabricated by CFL. A 0.2%w/v PGMA in
CHCl3 solution was spin coated on ITO coverslips and annealed
at 120 �C for 20 min. Next, 1.3% w/v PS in toluene was spin
coated onto the PGMA surface. A PDMS stamp was then placed
onto the PS layer, followed by heat treatment in an oven at
130 �C for 1 h. Once cooled, the stamp was peeled off. This was
followed by exposure to EA at room temperature for 5 h.
The pattern was next washed multiple times with water to
remove unreacted EA. A 50 μL amount of 4mg/mL nanoparticle
suspension was drop casted onto the patterned area of the
coverslip. The setup was then placed in a sealed vial, facilitating

controlled evaporation, which allowed for electrostatic nano-
particle attachment onto the EA surface. The PS mask was then
removed by washing with toluene. The resulting patterned
PEDOT:PSS nanoparticle array was then used for further
experimentation.

Electrical Stimulation Protocol. For electrical stimulation experi-
ments, two silver epoxy electrodes were painted onto the ends
of the patterned nanoparticle arrays. Prior to cell culture, the
whole platform was UV and ethanol sterilized. Wells were
coated with poly(L-lysine) and 15 μg/mL of laminin followed
by cell seeding at a density of 50 000 cells/well. Cells were left to
adhere for 18 h. Immediately prior to stimulation, the prolifera-
tion media was replaced with low-serum nerve growth factor
containing differentiation media. For stimulation, the cells were
subjected to a monophasic pulsed current at a frequency of
250 Hzwith a 2ms pulsewidth and an amplitude of 1mA for 2 h,
after which they were left for an additional 72 h before analysis.

Cell Viability Assessment. Cell viability was measured using the
MTS assay as per the manufacturer protocols (Invitrogen, UK).
For measurements, 80 μL from each well was transferred into a
new 96-well plate and read under a plate reader at 490 nm
excitation wavelength. To analyze cell morphology, cells were
immunohistochemically stained for β-III tubulin.

Material Characterization. AFMwas performed on a Dimension
3100 AFM systemwith a Nanoscope IV controller used to obtain
the AFM images in tapping mode, using Pt/Ir-coated contact
mode probes with a spring constant of 0.2 N/m (type SCM-PIC,
Bruker). TEM was performed on a JEOL 2100 transmission
electron microscope at an accelerating voltage of 80 kV. SEM
was performed on a Zeiss 1555 VP-FESEM, and all samples were
coated with 5 nm of Pt. Biological samples were initially fixed in
2.5% glutaraldehyde and dehydrated in increasing concen-
trations of ethanol followed by critical point drying prior to
Pt coating. Immunohistochemically stained samples were
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analyzed using a Leica TCS SP2 AOBS multiphoton confocal
microscope.

Conflict of Interest: The authors declare no competing
financial interest.

Supporting Information Available: Detailed materials and
methods: synthesis, characterization (TEM, SEM, AFM), cell
culture, and electrical stimulation experiments. This material is
available free of charge via the Internet at http://pubs.acs.org.

Acknowledgment. D.H., I.L., and K.S.I. designed the experi-
ments, developed the concept, and analyzed the data. D.H., J.Z.,
and N.M.S. optimized the capillary force lithography experi-
ments. D.H., X.C., V.A., and A.M. performed image acquisition
using confocal microscopy, transmission electron microscopy,
scanning electron microscopy, and atomic force microscopy.
D.H., A.R.H., G.W.P., S.I.H., and A.B. optimized and designed the
electrical stimulation experiments. This work was funded by
the Australian Research Council (ARC), the National Health &
Medical Research Council (NHMRC) of Australia, and the National
Science Foundation (CBET-0756457). The authors acknowledge
theAustralianMicroscopy&Microanalysis Research Facility at the
Centre for Microscopy, Characterization & Analysis, and The
University of Western Australia, funded by the University, State
and Commonwealth Governments. The authors also wish to
thank Margaret Pollett and Chrisna LeVaillant for their invaluable
contribution in assisting with the PC12 cell cultures and immu-
nohistochemistry, and Ella Marushchenko (www.scientific-
illustrations.com) for assistance with Figure 1.

REFERENCES AND NOTES
1. Ciofani, G.; Danti, S.; D'Alessandro, D.; Ricotti, L.; Moscato,

S.; Bertoni, G.; Falqui, A.; Berrettini, S.; Petrini, M.; Mattoli, V.;
et al. Enhancement of Neurite Outgrowth in Neuronal-Like
Cells Following Boron Nitride Nanotube-Mediated Stimu-
lation. ACS Nano 2010, 4, 6267–6277.

2. Moulton, S. E.; Higgins, M. J.; Kapsa, R. M. I.; Wallace, G. G.
Organic Bionics: A New Dimension in Neural Communica-
tions. Adv. Funct. Mater. 2012, 22, 2003–2014.

3. Wallace, G. G.; Moulton, S. E.; Clark, G. M. Electrode-Cellular
Interface. Science 2009, 324, 185–186.

4. Wallace, G. G.; Higgins, M. J.; Moulton, S. E.; Wang, C.
Nanobionics: The Impact of Nanotechnology on Implan-
table Medical Bionic Devices. Nanoscale 2012, 4, 4327–
4347.

5. Khademhosseini, A.; Langer, R.; Borenstein, J.; Vacanti, J. P.
Microscale Technologies for Tissue Engineering and
Biology. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 2480–2487.

6. Guimard, N. K.; Gomez, N.; Schmidt, C. E. Conducting
Polymers in Biomedical Engineering. Prog. Polym. Sci.
2007, 32, 876–921.

7. Kim, D. H.; Richardson-Burns, S. M.; Hendricks, J. L.;
Sequera, C.; Martin, D. C. Effect of Immobilized Nerve
Growth Factor on Conductive Polymers: Electrical Prop-
erties and Cellular Response. Adv. Funct. Mater. 2007, 17,
79–86.

8. Lee, J. I.; Cho, S. H.; Park, S.-M.; Kim, J. K.; Kim, J. K.; Yu, J.-W.;
Kim, Y. C.; Russell, T. P. Highly Aligned Ultrahigh Density
Arrays of Conducting Polymer Nanorods Using Block
Copolymer Templates. Nano Lett. 2008, 8, 2315–2320.

9. Wang, J.; Zheng, Z.; Li, H.; Huck, W.; Sirringhaus, H. Dewet-
ting of Conducting Polymer Inkjet Droplets on Patterned
Surfaces. Nat. Mater. 2004, 3, 171–176.

10. Nakashima, H.; Higgins, M. J.; O'Connell, C.; Torimitsu, K.;
Wallace, G. G. Liquid Deposition Patterning of Conducting
Polymer Ink onto Hard and Soft Flexible Substrates via
Dip-Pen Nanolithography. Langmuir 2011, 28, 804–811.

11. Iyer, K. S.; Zdyrko, B.; Malz, H.; Pionteck, J.; Luzinov, I.
Polystyrene Layers Grafted to Macromolecular Anchoring
Layer. Macromolecules 2003, 36, 6519–6526.

12. Zou, J.; Zdyrko, B.; Luzinov, I.; Raston, C. L.; Swaminathan
Iyer, K. Regiospecific Linear Assembly of Pd Nanocubes
for Hydrogen Gas Sensing. Chem. Commun. 2012, 48,
1033–1035.

13. Choi, J.; Lee, J.; Jung, D.; Shim, S. E. Electrospun PEDOT:
PSS/PVP Nanofibers as the Chemiresistor in Chemical
Vapour Sensing. Synth. Met. 2010, 160, 1415–1421.

14. Merrill, D. R.; Bikson, M.; Jefferys, J. G. R. Electrical Stimula-
tion of Excitable Tissue: Design of Efficacious and Safe
Protocols. J. Neurosci. Methods 2005, 141, 171–198.

15. Chen, C. S.; Mrksich, M.; Huang, S.; Whitesides, G. M.;
Ingber, D. E. Micropatterned Surfaces for Control of Cell
Shape, Position, and Function. Biotechnol. Prog. 1998, 14,
356–363.

16. Ito, Y. Surface Micropatterning to Regulate Cell Functions.
Biomaterials 1999, 20, 2333–2342.

17. Schmidt, C. E.; Shastri, V. R.; Vacanti, J. P.; Langer, R.
Stimulation of Neurite Outgrowth Using an Electrically
Conducting Polymer. Proc. Natl. Acad. Sci. U.S.A. 1997, 94,
8948–8953.

18. Richardson, R. T.; Thompson, B.; Moulton, S.; Newbold, C.;
Lum, M. G.; Cameron, A.; Wallace, G.; Kapsa, R.; Clark, G.;
O'Leary, S. The Effect of Polypyrrole with Incorporated
Neurotrophin-3 on the Promotion of Neurite Outgrowth
from Auditory Neurons. Biomaterials 2007, 28, 513–523.

19. Weng, B.; Liu, X.; Shepherd, R.; Wallace, G. G. Inkjet Printed
Polypyrrole/Collagen Scaffold: A Combination of Spatial
Control and Electrical Stimulation of PC12 Cells. Synth.Met.
2012, 162, 1375–1380.

20. Wong, J. Y.; Langer, R.; Ingber, D. E. Electrically Conducting
Polymers Can Noninvasively Control the Shape and
Growth of Mammalian Cells. Proc. Natl. Acad. Sci. U.S.A.
1994, 91, 3201–3204.

21. Bourguignon, G.; Bourguignon, L. Electric Stimulation of
Protein and DNA Synthesis in Human Fibroblasts. FASEB J.
1987, 1, 398–402.

22. Al-Majed, A. A.; Neumann, C. M.; Brushart, T. M.; Gordon, T.
Brief Electrical Stimulation Promotes the Speed and
Accuracy of Motor Axonal Regeneration. J. Neurosci.
2000, 20, 2602–2608.

23. Brushart, T. M.; Jari, R.; Verge, V.; Rohde, C.; Gordon, T.
Electrical Stimulation Restores the Specificity of Sensory
Axon Regeneration. Exp. Neurol. 2005, 194, 221–229.

24. Brushart, T. M.; Hoffman, P. N.; Royall, R. M.; Murinson, B. B.;
Witzel, C.; Gordon, T. Electrical Stimulation Promotes
Motoneuron Regeneration without Increasing Its Speed
or Conditioning the Neuron. J. Neurosci. 2002, 22, 6631–
6638.

25. Franz, C. K.; Rutishauser, U.; Rafuse, V. F. Intrinsic Neuronal
Properties Control Selective Targeting of Regenerating
Motoneurons. Brain 2008, 131, 1492–1505.

26. Eberhardt, K. A.; Irintchev, A.; Al-Majed, A. A.; Simova, O.;
Brushart, T. M.; Gordon, T.; Schachner, M. BDNF/TrkB
Signaling Regulates HNK-1 Carbohydrate Expression in
Regenerating Motor Nerves and Promotes Functional
Recovery after Peripheral Nerve Repair. Exp. Neurol.
2006, 198, 500–510.

27. Geremia, N. M.; Gordon, T.; Brushart, T. M.; Al-Majed, A. A.;
Verge, V. M. Electrical Stimulation Promotes Sensory
Neuron Regeneration and Growth-Associated Gene
Expression. Exp. Neurol. 2007, 205, 347–359.

28. Yan, X.; Liu, J.; Huang, J.; Huang, M.; He, F.; Ye, Z.; Xiao, W.;
Hu, X.; Luo, Z. Electrical Stimulation Induces Calcium-
Dependent Neurite Outgrowth and Immediate Early
Genes Expressions of Dorsal Root Ganglion Neurons.
Neurochem. Res. 2014, 39, 129–141.

29. Das, K. P.; Freudenrich, T. M.; Mundy, W. R. Assessment of
PC12 Cell Differentiation and Neurite Growth: A Com-
parison of Morphological and Neurochemical Measures.
Neurotoxicol. Teratol. 2004, 26, 397–406.

30. Drubin, D. G.; Feinstein, S. C.; Shooter, E. M.; Kirschner,
M. W. Nerve Growth Factor-Induced Neurite Outgrowth in
PC12 Cells Involves the Coordinate Induction of Micro-
tubule Assembly and Assembly-Promoting Factors. J. Cell
Biol. 1985, 101, 1799–1807.

A
RTIC

LE



75 

 

Chapter 4 

Conclusions and Future Work 

 

In this project, biomaterials consisting of aligned conducting polymers were 

fabricated and tested. The materials were prepared in order to solve some of the 

problems associated with current approaches for treating CNS injuries. Neurons and 

axons respond to growth factors and randomly oriented scaffolds with random 

growth patterns. Biomaterials consisting of aligned features, in combination with 

guidance cues, have demonstrated promise in the control of cell behaviour, in 

particular, the unidirectional guidance of axons and migration of neurons. In addition, 

the use of alternative techniques to fabricate such materials might allow us to 

overcome the classical engineering problem of balancing efficacy with material 

sophistication and ease of fabrication. This thesis demonstrates the fabrication and in 

vitro testing of a potential biomaterial platform consisting of aligned arrays of 

conducting polymers. In this chapter, further consequences and potential future 

directions of each study will be discussed followed by a general conclusion.    

4.1 Magnetic Conducting Nanowires 

In the first of the series of papers, the preparation of conducting and magnetic 

nanowires consisting of magnetite and PEDOT:PSS is described. Briefly, the nanowires 

were formed via magnetic self-assembly followed by steps to lock the structures and 

electrostatically coat the structures with a conducting polymer. The material was 

designed to be part of a system whereby conducting nanowires could be stored in 

solution and form arrays when needed by depositing onto a surface or biological 

tissue and subject to a magnetic field. Evidence of nanowires which were both 

conducting and magnetically susceptible was found. Two important conclusions from 

this work were formed: (i) conducting polymers could be electrostatically attached 

onto a templated polyelectrolyte surface, forming a polymer blend, and still maintain 
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comparable levels of conductivity (ii) By attaching conducting polymers to a vector, 

the orientation and positioning of CPs can be subsequently controlled.  

Though the conductivity levels attained with this methodology were comparable to 

values published in literature, several methods could be used to enhance their 

conductivities. The addition of polar organic solvents, ionic liquids and surfactants 

into an aqueous PEDOT:PSS solution have been reported to result in substantial 

increases in PEDOT:PSS conductivity. Examples of these solutions include DMSO285, 

THF285, (BMIm)BF4286, sorbitol287 and TsONa288. Similarly, the post-treatment of 

PEDOT:PSS films with DMSO289, alcohols290 and aqueous salt solutions291, 292 have also 

been reported to significantly increase conductivity. A combination of the 2 methods 

has also been trailed with similar results293. This increase in conductivity has been 

attributed to the phase segregation between the PEDOT and the PSS. This 

phenomenon leads to the partial removal of PSS and a conformational change in the 

PEDOT structure, from one of a coiled structure to a linear arrangement, resulting in 

an increase in conductivity294.            

Several problems were encountered during the fabrication process. First, the colloidal 

nature of fabrication made control over the nanowire dimensions difficult. This is 

inherent of the technique, where the structures adapt various structures in the 

presence of an external magnetic field and hence control over the lengths and 

diameter of assembled nanowires remains challenging295. Several methods have been 

trialled to overcome this. Surface modification of the magnetite nanoparticles has 

been touted as a simple method to control the length of the magnetic chains295. This 

can be achieved by incorporating two populations of nanoparticles: (i) poly(2-

vinylpyridine b-ethylene oxide) (P2VP-b-PEO) block copolymer coated NPs which are 

imbued with a hydrophobic reversible locking mechanism and (ii) polyethylene (PEI) 

coated NPs chain lengths can be tailored. The opposing charges on the NP surfaces 

could potentially allow the locked chains to be “cut” in smaller fragments. The average 

lengths can be regulated by adjusting the percentage of PEI-coated nanoparticles in 

the mixture. Furthermore, the shape of the magnetite itself has also been reported as a 

key factor in controlling chain dimensions296. Cubic shaped particles have 

magnetisation axes which connect two diagonally opposite corner of each cube. When 
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placed in a magnetic field, competition between shape anisotropy and magneto 

crystalline anisotropy consistently produce high order and high aspect ratio array like 

assemblies consisting of belt-like structures and helical structures.  

Additionally, the methodology with which the arrays were formed did not allow for a 

high degree of control over the positioning of the nanowires and hence the area over 

which the nanowires can be deposited. This was due to a phenomenon known as the 

“coffee ring effect” where the evaporation of a drying droplet composed of non-

volatile solutes leads to a ring like pattern on the substrate297. As the droplet dries out, 

capillary flow drives non-volatile elements such as particles to the three phase contact 

line, leaving a ring pattern where higher concentrations of particles accumulate on the 

edge298-300. Several techniques have been suggested in order to reduce this effect. 

Nguyen et al301 have reported that alterations in the nanoparticle concentration, 

surface hydrophobicity and roughness can influence the kinetics of droplet 

evaporation. Kim et al302 have reported that control over the solvent composition can 

potentially allow for a uniform deposition of on a surface. Altering the temperature 

profile inside the droplet303 and electrowetting by using direct currents304 and AC 

potentials305 have also been reported to successfully control this effect.    

Though these aforementioned techniques have been successful in overcoming some of 

the complications I report in this thesis, they deviate away from the premise of the 

simple fabrication of conducting arrays and in some instances, require changes to the 

experimental design which is not feasible. For example, fabrication of nanoparticles 

which allow for reversible locking to control chain lengths295 requires modifications 

to the surface chemistry which affect the attachment of conducting polymers on the 

surface while the study utilising nanocubes only formed the chains in an organic 

environment, an unfavourable aspect when extrapolating to a biological system. 

Similarly, techniques to control the coffee-ring effect require solvents or complex 

procedures during the deposition phase which again deviate from the premise of 

simple fabrication.   

If these complications can be solved, injectable conducting hydrogels that can be 

aligned biologically at the injury site could potentially be developed. Such an 
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application would demonstrate the strength of the technique.  Additionally, by 

utilising a pre-patterned substrate as a template, patterns of low-concentration 

nanoparticle suspensions can be evaporatively self-assembled in 3D assemblies 

without the need for thermal or electrical sintering306. The coffee-ring effect has also 

been applied to fabricating arrays of inkjet printed conducting patterns consisting of 

silver nanoparticles307. In this instance, droplets of silver nanoparticles are printed in 

a linear liquid pattern. Capillary fluid flows are then induced to replenish evaporation 

loss at the edges of the droplet (coffee-ring effect). This transports the suspended 

nanoparticles to the edges of the three-phase contact lines where they aggregate and 

assemble into parallel arrays. As both techniques are facile and only require low 

concentrations of particles, they can be easily transferred to use our nanowires. 

Despite challenges with forming highly ordered conducting arrays, the basis for the 

nanowires still allows for interesting and simple methods with which to form 

patterns. The cationic nature of the PEI which locks the magnetite layer together also 

provides a mechanism with which to electrostatically attach molecules while the 

aqueous nature of the setup is highly advantageous when applicable to biological 

systems. A particular niche area where this is applicable is protein patterning. Current 

techniques to pattern proteins include photolithography308-310, soft lithography311-314, 

nanolithography315-318 and spot arraying319-322. These techniques are limited by 

factors such as harsh processing conditions, high costs or slow processing speed. The 

electrostatic attachment of proteins has also been demonstrated in several studies to 

date323-327. They were, however, demonstrated on surfaces and/or fabricated under 

dehydrated conditions. By functionalising our nanowires with proteins and/or 

biological motifs, the material offers a simple route with which to fabricate protein 

arrays on a surface from a suspension of nanowires. Furthermore, due to the aqueous 

nature of the nanowire fabrication process, the attached biological motifs still 

maintain their biofunctionality which is highly advantageous.  

4.2 Nanoparticle Arrays 

In the second paper, we demonstrated a simple strategy to fabricate PEDOT:PSS 

nanoparticles and direct their self-assembly via electrostatic interactions onto large 
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area directional patterns. These nanoparticles consisted of a PGMA core, which was 

modified with a Rhodamine B dye, and a surface coating of PEDOT:PSS which imbued 

the particles with conductive properties. The nanoparticles were electrostatically self-

assembled into large area pattern arrays from a template which was formed by 

capillary force lithography. We then demonstrated their feasibility as a bionic 

platform by first determining its biocompatibility, followed by the exogenous 

electrical stimulation of PC12 cell cultures to modulate their behavioural 

characteristics. 

Though this study demonstrated that linear conducting nanoparticle arrays can be 

used to stimulate cells, several improvements could be made. The spectral 

characteristics of our nanoparticles (and subsequently, the arrays) could be improved. 

A major issue encountered throughout the study was that the broad emission 

spectrum of the Rhodamine B dye resulted in spectral overlap with the biological 

fluorophores (i.e. Alexa 488 and FITC) we used for immunofluorescence labelling. This 

complicated the imaging of the cells as the spectral overlap made visualising certain 

sections of the array intricate. Utilising alternative organic dyes could be investigated 

to overcome this. Near infrared (NIR) emitting fluorophores are particularly attractive 

for bionic applications whereby the implanting of a device or electrode is required. 

Though conventional fluorophores afford the convenience with which they can be 

visualised, NIR fluorophores offer lower levels of autofluorescence and higher levels 

of tissue penetration which is desired in such applications328. Further work, however, 

is required as fluorescence of such dyes has been reported to be very weak329.   

The feature sizes of the pattern should also be altered to determine if the spreading 

and behaviour of the cells can be further manipulated. This can be done by using 

masters of different dimensions to control the widths of each nanoparticle array or 

the periodicity of the arrays as a whole. Alternatively, smaller nanoparticles can be 

fabricated to create smaller feature heights and secondary features within each array. 

This can be feasibly achieved by controlling the conditions in the emulsion 

polymerisation process.                 
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Different neural cell types should also be investigated on the platform. The PC12 cells 

used here are considered neuron-like meaning they resemble neurons in only some 

respects. For example, they synthesise and store sizable amounts of dopamine and 

norepinephrine in addition to possessing mechanisms for both Ca2+ dependent 

excytotic release and uptake of catecholamines330. In contrast to sympathetic ganglia 

and adrenal chromaffin cells, however, they do not synthesise epinephrine and 

express higher levels of dopamine than norepinephrine330. The use of primary 

neurons such as DRGs or hippocampal cultures offers a route with which we could 

obtain data which would mimic more closely potential in vivo data. 

 

Further investigation is also warranted on the cell-substrate interactions. The results 

attained from the biomaterial testing on the PC12 cells in our study were somewhat 

unexpected. Various cell types including neurons, fibroblasts, stem cells and epithelial 

cells typically respond to directional gratings by aligning and elongating in the 

direction of the grating axis331. This cellular response has been observed on substrates 

with feature widths and depths as small as 100 nm 75 nm respectively332. In addition, 

other studies have also demonstrated that such features induced the parallel and 

orthogonal alignment of cells333, 334. Neither response, however, was observed in our 

study. Similarly, the directional response expected from exogenous electrical 

stimulation was also not observed. The morphological response of cells has been 

suggested to be an indicator of cell-topography interactions and current theories 

about this could be applied to the context of our study. Several areas with which 

should be investigated are: 

(i) The spatial arrangement of focal adhesion formation. The alignment and elongation 

of cells are dependent on alignment of focal adhesions which elicit a morphological 

cellular response through a complex signalling connection between focal adhesions on 

the cell surface and cytoskeletal proteins such as actin and microtubules331.  

(ii) Actin polymerisation dynamics. Actin polymerisation is involved in cytoskeletal 

rearrangement and is an essential feature for cell attachment335 and morphological 

alterations336. Filipodia are dynamic, motile organelles which act as topographical 

sensors which allow the cell to detect the immediate environment. The formation of 
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such filopodia leads to cytoskeletal rearrangement and polarisation of the cell body, 

ultimately producing a morphological effect337. 

 

(iii) The potential role of GTPases. The Rho family of GTPhases have been implicated 

in the formation and organisation of cytoskeletal actin filaments338. As they partake in 

cell functions such as cytoskeletal formation and remodelling339, they are likely to play 

a functional role in cellular responses to various substrate topographies.  

(iv) Cytoskeletal associated gene expression. The remodelling of the cellular 

architecture is likely to involve the activation of signalling pathways. Investigating 

such pathways would provide greater understanding of these responses. Future 

studies involving genetic manipulation340 or gene knockdowns341 could potentially 

identify organelles or pathways involved in the process. 

It must, however, be noted that the topography of our platform is distinctly different 

from those used in previous studies. While our platform consists of evenly spaced 800 

nm wide arrays, which is similar to that described in previous studies,  these 

individual arrays are composed of packed spherical nanoparticles which introduces a 

secondary topography not described in previous studies. This secondary topography 

introduces additional complications in the cell-material interaction paradigm. As 

neurons are able to “sense” nanoscale roughness with nanoscale sensitivity342, the 

secondary topography would have an influence over the behaviour of the cells.       

These experiments could be carried out in conjunction with Ca2+ imaging experiments. 

As discussed in previous chapters, the influx of Ca2+ plays a vital role in mediating the 

cellular response following electrical stimulation. Experiments involving the use of 

Fura-2 calcium indicators would allow us to visualise the movement of calcium during 

the stimulation. As these two aspects are part of a complex intracellular cascade, 

further investigation would provide an overall view of how the cells are interacting 

with the substrate and responding to the exogenous electrical stimulation 

simultaneously. 
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The nature of the material also lends itself to potential applications in other areas 

bioengineering. The conducting nanoparticles used in this study were initially 

developed from a nanoparticle mediated drug delivery platform343, 344. They were 

developed simply through the surface functionalisation of the drug delivery platform. 

Combining these 2 functionalities in a single entity could provide for an interesting 

multifunctional material platform. These nanoparticles which encapsulate drugs and 

exhibit electrically conductive behaviour could also be patterned via CFL. Such a 

material could be used to develop platforms which utilise electric signals to control 

the release of drugs. For example, the platform could potentially be used in treating 

epilepsy. Epileptic seizures occur due to abnormal or synchronised neural activity in 

the brain345. The platform could be implanted as part of a more complex device which 

is able to detect the abnormal neural activity and only release therapeutic compounds 

when such signals are detected.           

Protein microarray patterns could also be fabricated using the CFL technique. Epoxide 

groups have previously been demonstrated to efficiently immobilised proteins346, 347. 

The use of CFL in creating a masking feature on the surface of a substrate would allow 

for the immobilisation of proteins over specific areas. Such protein microarrays are of 

great interest in the development of protein based sensors and microfluidic 

immunoassay devices. The highly specified immobilisation of proteins also allows for 

the potential creation of adhesion based cell separation platforms. In this instance, the 

capture molecule of a specific cell type i.e. antibodies can be immobilised onto specific 

areas of a substrate. This label free method of cell sorting would have higher 

specificity over conventional cell sorting methods such as filtration or centrifugation 

where physical characteristics such as size and density are used for separation.      

4.3 Final Remarks 

The findings presented in this thesis describe the design, fabrication and biological 

testing of stimulative conducting polymer based bionic platforms, as set forth in the 

project aims. Briefly, two techniques were used to fabricate aligned patterned arrays 

of conducting polymers. The first involved the magnetic self-assembly of 

nanoparticles under aqueous conditions into wire-like structures followed by the 
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attachment of charged polymers which locked the wire-like structures and imbue 

them with conductive properties. These nanowires could then be deposited onto a 

substrate under the influence of a magnetic field to form conducting arrays. Despite 

the simplicity of the methodology, it did not allow for control over the nanowire 

dimensions nor the precise positioning of these nanowires and hence a second 

technique was developed. The second method involved the directed self-assembly of 

multifunctional conducting nanoparticles onto templates fabricated by capillary force 

lithography. The use of a template allowed for a greater degree of control over the 

placement and size of patterning area while the simplicity of the lithographic 

technique overcomes several shortfalls which are inherent in current fabrication 

techniques. The platform was found to be biocompatible with cells preferentially 

adhering to patterned areas and forming directional dendritic networks over the 

nanoparticles. No adverse effects on cell proliferation were also observed following 

exogenous electrical stimulation on the platform. The stimulation was observed to 

elicit modulative effects on the behaviour of neurons on the platforms.  

The study demonstrated that it is indeed feasible to develop functional conducting 

polymer based biomaterials using affordable techniques. Further experimentation 

and in vivo translation of our platforms, however, is required. In addition, the 

platforms developed here still hold great potential for applications in other areas of 

bioengineering such as cheaper protein based sensors or cell sorting platforms. In 

summary, the results of this thesis indicate the feasibility with which the simpler, 

alternative approaches can be used to fabricate nanoscale topographies of conducting 

polymers. These nanoscale arrays of conducting polymers hold potential applications 

in bionic devices capable of inducing electrical stimulation for in vivo applications 

while integrating multimodal imaging and drug delivery capabilities. 
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S1. Synthesis of 14nm Citric Acid Coated Superparamagnetic Iron Oxide Nanoparticles/Magnetite: 

The methodology for the synthesis of the 14 nm citric acid stabilized anionic iron oxide nanoparticles is 

based on the high temperature organic decomposition of Iron (III) acetylacetonate [Fe(acac)3] method and 

subsequent citric acid functionalization used by Sun et al1 and Lattuada et al2
 respectively. To prepare the 

seeds for the 14 nm oleic acid coated magnetite, Iron (III) acetylacetonate (1 mmol) (Sigma-Aldrich, 

Australia), 1,2-tetradecanediol (5 mmol) (Sigma-Aldrich, Australia), oleic acid (3 mmol) (Sigma-Aldrich, 

Australia) and oleylamine (3 mmol) (Sigma-Aldrich, Australia) were added to 15 mL benzyl ether 

(Sigma-Aldrich, Australia). This mixture was heated to 100 oC and kept constant for an hour. Following 

this, the mixture was heated at 200 oC for 2 hours. After this time, the precursor mix was refluxed for 4.5 

hrs under a blanket of N2. The mixture was cooled and the black residue washed with ethanol prior to 

being dispersed in hexane.  

This hexane was evaporated at room temperature and again mixed with Iron (III) acetylacetonate (1 

mmol) (Sigma-Aldrich, Australia), 1,2-tetradecanediol (5 mmol) (Sigma-Aldrich, Australia), oleic acid (3 

mmol) (Sigma-Aldrich, Australia), oleylamine (3 mmol) (Sigma-Aldrich, Australia) and benzyl ether (15 

mL) (Sigma-Aldrich, Australia). The thermal decomposition procedure was repeated by this mixture 

heating at 100oC for an hour, 200 oC for 2 hrs and at 300 oC for 1.5 hrs under a blanket of nitrogen. The 
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magnetite was then cooled to room temperature, precipitated out with 40 mL ethanol and redispersed in 

hexane. This was repeated 3 times and the hexane left to evaporate overnight. 

7.5 mL of both 1,2-dichlorobenzene and N,N’-dimethylformamide (total 15 mL) (Fluka, Australia and 

Merck, Australia respectively) was added to the dried magnetite, along with 180 mg of citric acid. The 

mixture was left stirring at 100 oC for 24 hrs. After this time, it mixture was cooled and precipitation of 

the magnetite induced by the addition of 40 mL of ethyl ether. The magnetite was then redispersed in 

acetone and reprecipated via centrifugation (3220G, 10 mins). The final precipitate was then dispersed 

and stored in water at room temperature.  

 

S2. Synthesis of PEDOT:PSS nanowires: 

The setup used to fabricate the nanowires consists of 2 NdFeB magnets (5 x 5 x 2 cm and 4.5 x 3 x 1 cm) 

with their field directions aligned and held 4 cm apart from each other. For magnetically forming wires, a 

sample vial was always placed in the centre of the field generated by the two magnets i.e. 2 cm from both 

magnets. The magnetic field strength at this position was determined to be 65 mT with a field gradient of 

2.3 T/m towards the larger magnet. 1000 µl of magnetite suspension, with concentration of 0.2 mg/mL, 

was placed in between both magnets for 1 hr. 20 µl of 50 wt % of PEI (Mn = 1200, Mw = 1300. Sigma-

Aldrich, Australia) was slowly added to the top of the sample vial, mixed via vortexing and placed 

between the magnets for another 2 hrs. After this time, excess PEI was removed via centrifugation and the 

wires resuspended in 500 µl of Milli-Q H2O. The nanowires were again realigned in the magnetic field 

for 1 hr followed by the slow addition of 10 µl of 1.3 wt % PEDOT:PSS (1.3 wt % dispersion in H2O, 

conductive grade  with a conductivity of 1 S/cm. Sigma-Aldrich, Australia), which had been diluted with 

500 µl of Milli-Q H2O,  to the top of the sample vial and mixing via vortex before being placed between 

the 2 magnets for 3 hrs. Following this, the excess PEDOT:PSS was removed via centrifugation and the 

resulting nanowires resuspended in 500 µl of Milli-Q H2O.      
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S3. Characterization: 

S3.1 Transmission electron microscopy (TEM) 

S3.1.1 Nanoparticle sizing and size distribution  

Synthesized iron oxide nanoparticles were drop-casted on carbon coated TEM grids and imaged with an 

accelerating voltage of 80 kV on a JEOL 2000 FX TEM- transmission electron microscope. To determine 

particle size distribution, 4 images were taken at a magnification of 20K x. The “Analyze Particles” 

function on ImageJ software (version 1.44p, National Institute of Health, USA) was used to determine the 

area of each particle in each image. Particles with an area of 2 – 500 nm2 and circularity of 0.5-1 were 

selected for analysis. From the measured areas of each particle, the radius and hence the diameter of each 

particle was determined. These results were tallied in a histogram (Figure S1).  

S3.1.2 Visualization of PEI encapsulated nanowires   

A 6 µl aliquot of PEI encapsulated nanowires suspension was placed onto a carbon coated holey grid. The 

grid was subsequently placed in the magnetic setup used to fabricate the nanowires (S2) until the droplet 

had dried. The imaging was conducted with an accelerating voltage of 80 kV on a JEOL 2100 TEM.   

 

S3.2 Dynamic light scattering (DLS) and zeta potential measurements 

DLS experiments were performed using a Malvern Zetasizer Nano series. For measuring the size, 5 

measurements were taken and in each measurement there were 10 data acquisitions. Zeta potential (ζ) 

measurements were performed using the same instrument. Measurements for each sample were recorded 

in triplicate and 100 data acquisitions were recorded in each measurement. All measurements were 

recorded at 25oC in Malvern disposable clear Folded Capillary Cells.    
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S3.3 Fourier transform infrared (FTIR) spectroscopy 

Magnetic nanoparticles were analyzed after modification with PEI and PEDOT:PSS using FTIR 

spectroscopy. The IR spectrum of PEI showed peaks at 2932 cm−1 that can be attributed to asymmetric 

vibrations of the CH2 group, and the peak at 1455 cm−1 corresponding to in-plane bending of CH2 . The 

peaks for the bending vibration of the NH group and the stretching vibration of the C-N groups of PEI 

were observed at 1574 cm−1 and 1106 cm−1, respectively.4 Addition of the PEDOT:PSS layer resulted in a 

characterestic large peak at 1662 cm-1 that is attributed to skeletal vibrations involving stretching of the 

less strained C=C bonds from the aromatic rings of PSS.5 

 

S3.4 Scanning electron microscopy (SEM) 

The final sample of fabricated nanowires was diluted by a factor of half and deposited onto a glass slide 

in the presence of the same magnetic field used in their fabrication. Nanowires were then imaged once a 

pattern had been dried. 

 

S3.5 Atomic Force Microscopy 

A Dimension 3100 AFM system (Bruker) with a Nanoscope IV controller (Bruker) was used to obtain the 

AFM images in Contact Mode, using Pt/Ir coated contact mode probes with a spring constant of 0.2 N/m 

(type SCM-PIC, Bruker). The scan parameters were adjusted to ensure reliable imaging with the smallest 

possible contact force setpoint. Data analysis was performed using the SPM analysis freeware Gwyddion 

(http://gwyddion.net)3. 

 

S3.6 Current-Voltage (I-V) Curve Measurements 

Two silver epoxy electrodes were painted onto the 2 ends of the interdigitated electrodes and the whole 

integration was connected to a potentiostat setup (Model EA161 potentiostat and ED201 Model e-corder 

201, both from EDaq). 0.2 µl of 0.2 mg/mL nanowire suspension was deposited onto the electrode and 

subjected to voltage sweeps of -1 V to 1 V. The corresponding data was recorded on EChem software 
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(v2.0.9). 

 

S3.7 Conductivity of Nanowires  

The conductivity of the nanowires was determined from the I-V curves (Fig 3b). The average gradient (
 

 
) 

of the curve from measurements in triplicate was 8.97 x 10-7. The conductivity (σ) of a material can be 

determined using the below equation 

σ =  
 
  
 
   
 

 
 

 
           (1) 

where, L is  the distance between each interdigitated electrode (9 µm), R is the resistance of the material 

and A is the cross sectional area.  

The cross section area (A) was determined as follows: 

The mass of the sample added on the IDE was 4 x 10-8 g, using 0.2 µL of 0.2 mg/ml suspension. The total 

volume of the material on the IDE was 8 x 10-15 m3. This was calculated using the density of magnetite, 

5 g/mL . 

The volume of single nanowire was 0.187 x 10-18 m3 calculated using the average nanowire diameter (162 

nm), obtained from AFM profile analysis. 

Total number of wires per analysis was approximated by dividing the total volume by volume per 

nanowire. This was determined to be 42689. This number of halved to account for the fact the distance 

between electrodes was same the width of the electrodes. So the total number of wires was assumed to be 

21344. 

Total cross sectional area (A) was obtained by multiplying AFM cross sectional area of each wire by the 

number of wires. 

This was subsequently factored into equation (1), giving a conductivity of 1.7 x 10-4 S/cm for 0.2 µL of 

0.2 mg/ml nanowire suspension.       

Supporting Figures 
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Figure S1. Particle size distribution of the citric acid stabilized anionic iron oxide nanoparticles, mean 

diameter of 12.7 ± 3.2nm.  
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Figure S2. Zeta potential measurements of the nanowires at various stages of fabrication: (a) free citric 

acid coated magnetite (ζ = -17.6 mV) (b) PEI adsorption onto nanowires (ζ = 44.3mV) (c) After 

PEDOT:PSS addition (ζ = -20.7 mV). Each sub-figure has 3 graphs as each measurement was carried out 

in triplicate. 

                               

 

 

(a) 

(b) 

(c) 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



 S8 

 

References: 

(1) Sun, S.; Zeng, H.; Robinson, D. B.; Raoux, S.; Rice, P. M.; Wang, S. X.; Li, G. J. Am. Chem. Soc. 
2004, 126, 273. 

(2) Lattuada, M.; Hatton, T. A. Langmuir 2006, 23, 2158. 

(3) Nečas, D.; Klapetek, P. Cent. Eur. J. Phys. 2012, 10, 181. 

(4) Yang,T.;  Hussain, A.;  Bai, S.; Khalil, I. A.; Harashima, H.; Ahsana, F. J Control Release. 2006 

115(3): 289–297. 

(5) Stefanescu, E. A.;  Tan, X.; Lin, Z; Bowler, N.; Kessler, M.R. Polymer 52 (2011) 2016-2024. 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



 S1 

Hierarchical Patterning of Multifunctional Conducting Polymer Nanoparticles as a Bionic 

Platform for Topographic Contact Guidance  

Dominic Ho,1,2 Jianli Zou,3 Xianjue Chen,1,‡, Alaa Munshi,1 Nicole M. Smith,1,4 Vipul Agarwal,1 

Stuart I. Hodgetts,2 Giles W. Plant,5  Anthony J. Bakker,2 Alan R. Harvey,2 Igor Luzinov6 & K. 

Swaminathan Iyer1* 

 

1School of Chemistry and Biochemistry, The University of Western Australia, Crawley, WA 

6009, Australia;  

2School of Anatomy, Physiology and Human Biology, The University of Western Australia, 

Crawley, WA 6009, Australia; 

3Institute for Integrated Cell-Material Sciences (iCeMS), iCeMS Complex 2, Kyoto University, 

Yoshida-Honmachi, Sakyo-ku, Kyoto, 606-8501, Japan; 

4Experimental and Regenerative Neurosciences, School of Animal Biology, The University of 

Western Australia, Crawley, WA 6009, Australia; 

5Stanford Partnership for Spinal Cord Injury and Repair, Department of Neurosurgery, Stanford 

University School of Medicine, Stanford, CA 94305, USA; 

6School of Materials Science and Engineering, Clemson University, Clemson, South Carolina, 

29634-0971, USA. 

‡Present Address: Centre for NanoScale Science and Technology, School of Chemical and 

Physical Sciences, Flinders University, Bedford Park, Adelaide, SA 5042, Australia. 

* Correspondance: swaminatha.iyer@uwa.edu.au 



 S2 

Supplementary Information 

Materials. All chemicals were purchased from Sigma-Aldrich unless otherwise stated: iron(III) 

acetylacetonate (97 %), benzyl ether (98 %), oleic acid (90 %), oleyl amine (70 %), 1,2-

tetradecanediol (90 %), rhodamine B (Fluka), methyl ethyl ketone (99 %, Fisher), chloroform 

(99 %, merck), toluene (99 %, Fisher), diethyl ether (90 %, Asia Pacific Speciality Chemicals), 

polyethylenimine (50 % solution, Mn 1200, Mw 1300), Poly(3,4-ethylenedioxythiophene) 

Polystyrene sulfonate (1.3% solution, Mw 10355), ethylenediamine (99.5 %, Fluka) and Pluronic 

F-108. All tissue culture reagents were purchased from Gibco unless otherwise stated. 

Dulbecco's Modified Eagle's medium (DMEM), PBS, foetal calf serum (Sigma), horse serum 

(Sigma), penicillin/streptomycin, L-glutamine, non-essential amino acids (NEAA), 

trypsin/EDTA (Sigma), laminin (#L2020, Sigma) and nerve growth factor (β-NGF, PeproTech). 

Magnetite Synthesis. Fe3O4 was synthesized by the organic decomposition of Fe(acac)3 in 

benzyl ether at 300 oC, in the presence of oleic acid, oleyl amine, and 1,2- tetradecanediol, as 

previously described by Sun et al.1 The method to synthesise 6 nm Fe3O4 nanoparticles was 

followed. 

Synthesis of RhB-Modified PGMA: PGMA was synthesized by radical polymerization 

according to a published procedure.2 Briefly, glycidyl methacrylate was polymerized in methyl 

ethyl ketone (MEK) to give PGMA (Mn = 220515, Mw = 433730), using azobisisobutyronitrile 

as initiator. The polymer was purified by multiple precipitations from MEK solution using 

diethyl ether. To attach the dye to the polymer, a solution of rhodamine B (RhB, 20 mg) and 

PGMA (100 mg) in MEK (20 mL) was heated to reflux under N2 for 18 h. The solution was 

reduced in vacuo before the modified polymer was precipitated with diethyl ether (20 mL). The 
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polymer was redissolved in MEK and precipitated with ether twice to remove ungrafted RhB. 

PEDOT:PSS Multilayer Nanoparticle (NP) Synthesis. To prepare the organic phase of the 

emulsion, the dried RhB-PGMA polymer was initially dissolved in 2 mL of CHCl3 and dried 

under N2, leaving a sticky residue. This was redissolved in a 1:3 mixture of CHCl3 (2 mL) and 

MEK (6 mL) along with 25 mg of Fe3O4. This organic phase was added drop wise to a rapidly 

stirring aqueous solution of Pluronic F-108 (12.5 mg/mL, 30 mL). The emulsion was 

homogenised with a probe-type ultrasonic wand at the lowest setting for 1 min. The organic 

solvents were evaporated off overnight under a slow flow of N2. The suspension was purified via 

centrifugation at 3000 g for 45 mins. The supernatant was transferred to a 50 mL flask 

containing PEI (50 wt % solution, 100 mg) and heated to 80 oC for 16 h. The magnetic polymer 

nanoparticles were collected on a magnetic separation column (LS, Miltenyi Biotec) in 3 mL 

batches, washed with water (5 mL) and then flushed with water until the filtrate ran clear. This 

purified product produced 10 mL of nanoparticle suspension at a concentration of 1 mg/mL. 

Next, PEDOT:PSS was electrostatically attached to the nanoparticles. 60 µL of PEDOT:PSS (1.3 

wt % dispersion in H2O) was diluted in 2 mL of water and added drop wise under rapid stirring 

to NPs at a concentration of 0.5 mg/mL. The PEDOT:PSS was further dispersed under sonication 

for 10 mins to ensure complete dispersion and then left to stir for 18 h. After 18 h, the mixture 

was again sonicated for 2 mins. Excess PEDOT:PSS was then removed via centrifugation 16800 

g for 20 mins). NPs were then washed twice in water before being stored at 4 oC at a 

concentration of 4 mg/mL for further use.  

Nanoparticle Conductivity Measurement. The nanoparticle conductivity was determined using 

4-point probe measurements. 80 µL of nanoparticle solution with a concentration of 1 mg/mL 
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was selectively dried on a square area 0.5 cm x 0.5 cm. Electrodes were placed at the 4 corners 

of the square and subject to current-voltage sweeps.    

Fabrication of PDMS Stamp. The metal layer of a blank compact disc (CD) was peeled off and 

the CD washed with ethanol. The remaining polycarbonate structure was used as a master for the 

PDMS stamp. The polymer base and curing agent from a Sylgard® 184 (Dow Corning) silicone 

elastomer kit were mixed at a 10:1 ratio by weight in a glass vial. The glass vial was placed in a 

vacuum desiccator to remove trapped bubbles from the mixture. Following vacuum treatment, 

the elastomer was restored to atmospheric pressure slowly several times until it was free of 

bubbles. The PDMS mixture was then cast onto the surface of the grooved side of CD and cured 

at 80 ºC for 2 hours. 

CFL Procedure. Prior to the CFL procedure, the indium tin oxide (ITO) coverslips were first 

clean in acetone and isopopanol under sonication. 0.2 % w/v PGMA in CHCl3 was spin coated 

onto the conducting surface of the ITO coverslips. Coverslips were then placed in an oven at 120 

ºC for 20 mins to anneal the PGMA. Unreacted PGMA on the coverslip surface was removed by 

washing in CHCl3. Next, 1.3 % w/v PS in toluene was spin coated onto the PGMA surface. A 

PDMS stamp was then placed onto the PS layer, followed by heat treatment in an oven at 130 ºC 

for 1 hr. The assembly was then cooled down at room temperature for another hour before the 

PDMS stamp was peeled off. Next, the substrate was exposed to ethylenediamine (EA) and left 

at room temperature for 5 h. The substrate was then wasted with water to remove unreacted EA. 

Next, 50 µL of 4 mg/mL nanoparticle solution was drop casted onto the patterned area of the 

coverslip. The setup was then placed in a sealed vial, facilitating controlled evaporation which 

allowed for electrostatic nanoparticle attachment onto the EA surface. The PS mask was then 
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removed by toluene, leaving the patterned nanoparticle array.           

Cell Culture. The rat pheochromocytoma cells (PC12 cells) used here were obtained from 

Flinders University (Adelaide, Australia) courtesy of Professor Jacqueline Phillips (Macquarie 

University, Sydney, Australia). PC12 cells were cultured in P75 flasks in a humidified 

atmosphere containing proliferation media: 5 % CO2 at 37 oC and maintained in DMEM medium 

containing horse serum (10 % v/v), fetal calf serum (5 % v/v), penicillin/streptomycin (0.5 % 

v/v), L-glutamine (1 % v/v) and nonessential amino acids (1 % v/v). For PC12 differentiation, 

cells were cultured in differentiation media consisting of DMEM, L-glutamine (1 % v/v), horse 

serum (1 % v/v) and nerve growth factor (50 ng/mL).  

Electrical Stimulation Experiments. Prior to stimulation experiments, two silver epoxy 

electrodes were painted onto the ends of the prepared NP array and platinum wires attached to 

allow for connections with the stimulator. Next, a cell culture well was created by first cutting a 

1.5 mL microcentrifuge tube in half and then sealing the capped end with silicon vacuum grease. 

This was stuck onto the ITO glass with the patterned arrays in the centre of the well. This was 

done to ensure that the electrodes did not come into direct contact with the cell culture media. 

The array was then placed in a Petri dish to maintain sterility throughout the course of the 

experiment (Fig S5a).  Prior to culturing cells on the arrays, the coverslips were UV sterilised (20 

mins) and then washed with 70 % ethanol three times. Wells were then coated with poly-(L-

lysine) and 15 µg/mL of laminin. Cells were then seeded at a density of 50 000 cells/well and left 

to adhere for 18 h. Prior to stimulation, the proliferation media was replaced with differentiation 

media. The cells were then stimulated according to protocols as listed below. Following 

stimulation, the cells were left for a further 72 h with fresh differentiating media added every 48 
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h. Photographs of the electrical stimulation setup are described in Figure S5.        

Stimulation Protocol. The electrical signals were supplied by Grass S44 Stimulator (Quincy, 

Massachusetts, USA). The stimulation regime is similar to that used by Wallace et al.3-5 Briefly, 

the cells were subjected to a monophasic pulsed current at a frequency of 250 Hz with a 2 ms 

pulse width and an amplitude of 1 mA for 2 h.  

Cell Viability Assays. Cell viability was measured using the (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) (MTS) assay as per the 

manufacturer protocols (Invitrogen, UK). Cells were plated as per “electrical stimulation 

protocol” stated above. Viability was to be determined at 3 time points: (i) 0 h (immediately 

prior to electrical stimulation), (ii) 72 h after the addition of differentiation media and (iii) 72 h 

after the addition of differentiation media and electrical stimulation. For measurements, 80 µL 

from each well was transferred into a new 96 well plate and read under a plate reader at 490 nm 

excitation wavelength. The same protocol was followed for every sample and each measurement 

was carried out in triplicate. 

Immunohistochemical Staining. The PC12 cells were immunohistochemically stained for ß-III 

tubulin. The cells were fixed in 4 % paraformaldehyde for 10 mins. Cells were first incubated 

with a primary antibody solution containing PBS, 10 % Normal Goat Serum, 0.1 % Triton X-100 

and the anti-β-III tubulin antibody (1:1000, anti-rabbit, Covance) at room temperature for 30 

mins. After 3 PBS washes, the antibody binding was visualised with anti-rabbit FITC (1:100, 

Sigma) following incubation for 30 mins at room temperature. Coverslips were mounted on glass 

slides covered with Dako Fluorescent Mounting Medium (Dako, USA). All experiments were 
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performed in triplicate.  

Confocal and Fluorescence Microscopy Analysis. Immunohistochemically stained samples 

were analysed using confocal and fluorescence microscopy. Confocal microscopy was carried 

out using a Leica TCS SP2 AOBS Multiphoton Confocal microscope and fluorescence 

microscopy with a Diaplan fluorescence microscope.  

Image and Statistical Analysis. To determine the effects both stimulation and the NP arrays had 

on the PC12 cells, the average area of each cell was determined. 3 randomly selected areas on 

each sample was visualised at 40 x magnification. The average area covered by each cell was 

assessed using Image J analysis software (version 1.48a, NIH). All immunohistochemical 

analyses were conducted by a single investigator, ensuring constant selection criteria, and results 

expressed as means ± SD. Data were analysed using Origin data management software to 

conduct ANOVA on groups of data. Statistically significant differences between each treatment 

were determined using Bonferroni/Dunn post hoc tests (p≤0.05).    

Scanning Electron Microscopy (SEM). Prior to SEM imaging, samples without cells were 

coated with 5 nm of Pt. Samples with cells were fixed in 2.5 % glutaraldehyde for 2 h at 4 oC and 

dehydrated. Samples were washed with deionized water and dehydrated in a microwave in serial 

concentrations of ethanol (50 %, 70 % and 90 % once then 3x in absolute ethanol), before critical 

point drying with carbon dioxide for 1h and then coating with 5 nm of Pt. Samples were imaged 

using a Zeiss 1555 VP-FESEM. 

Transmission Electron Microscopy (TEM). Synthesized polymer nanoparticles were drop-

casted on carbon coated TEM grids and imaged with an accelerating voltage of 100 kV on a 
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JEOL 2100 transmission electron microscope. 

Atomic Force Microscopy. A Dimension 3100 AFM system (Bruker) with a Nanoscope IV 

controller (Bruker) was used to obtain the AFM images in Contact Mode, using Pt/Ir coated 

contact mode probes with a spring constant of 0.2 N/m (type SCM-PIC, Bruker). The scan 

parameters were adjusted to ensure reliable imaging with the smallest possible contact force 

setpoint. Data analysis was performed using the SPM analysis freeware Gwyddion 

(http://gwyddion.net). 

Dynamic light scattering (DLS) and zeta potential measurements. DLS experiments were 

performed using a Malvern Zetasizer Nano series. For measuring the size distribution, 5 

measurements were taken and in each measurement there were 10 data acquisitions. Zeta 

potential (ζ) measurements were performed using the same instrument. Measurements for each 

sample were recorded in triplicate and 100 data acquisitions were recorded in each measurement. 

All measurements were recorded at 25 oC in Malvern disposable clear Folded Capillary Cells. 
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Supplementary Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1. (a) The PDMS stamp used in the study. SEM micrograph of the grooved structure of 

the PDMS. Image taken at 6k x magnification; (b) Photograph of the polycarbonate disc peeled 

from a CD. PDMS was cast on the grooved surface and stamps of the desired size were cut out.   
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Figure S2. Schematic of CFL procedure. Briefly, ITO substrate was modified with a thin layer 

of PGMA followed by second layer of PS; a PDMS stamp was placed over the PS film and heat 

treated at 130 oC; PDMS stamp was peeled off after cooling; EA was selective reacted to the 

exposed PGMA stripes to produce cationic stripes to enable charge complementarity to assemble 

the anionic PEDOT:PSS nanoparticles. The PS mask was removed by washing with toluene, to 

obtain linear PEDOT:PSS conduits. 
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Figure S3. SEM micrograph of PC12 cells 18 h after plating and immediately prior to electrical 

stimulation. PC12 cells on the patterned surface (yellow box) were evenly spread out, in 

comparison to the rounded cells on non-patterned areas of the substrate demonstrating 

preferential adhesion. Image taken at 1000 x magnification.    
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Figure S4. Representative low magnification (magnification 400 x) SEM micrographs of PC12 

cells 72 h after the following treatments: (a) (+) pattern, (-) stimulation and (b) (+) pattern, (+) 

stimulation demonstrating lower coverage due to reduction in proliferation upon stimulation. 

.  
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Figure S5. Photographs of the electrical stimulation setup: (a) A sterile Petri dish containing the 

modified cell culture well (red arrow) and the Platinum wires which allow for connections to the 

stimulator (green arrows), (b) The stimulator (yellow arrow) was placed next to an incubator and 

the wires from the machine leading into the stimulator (blue arrows), (c) The wires from the 

stimulator were connected to the platinum wires via alligator clips.       
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