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Abstract 

 

Bioelectronic devices employ, usually biocompatible, functional electronic components 

that interact with biological elements. The keys to the development of such devices are 

suitable functional materials and effective fabrication methods. Conducting polymers 

(CPs) have emerged as one of the promising candidate materials for bioelectronics, 

owing to their remarkable properties, including electrical conductivity, biocompatibility, 

mechanical flexibility and the possibility of added functionality by chemical synthesis. 

Therefore, CPs have been widely used as electroactive bio-interfaces in applications 

such as biosensors, electrically stimulated tissue engineering substrates and in 

stretchable and conformable organic bioelectronics. However, the majority of these 

applications are based on the electropolymerised or solution deposited two-dimensional 

(2D) films of CPs, and as such cannot fully probe the actual three-dimensional (3D) 

cell environment within tissues and organs.  

The fabrication methodology developed in this thesis is based on the precise 

manufacture of individually addressable, high aspect ratio, 3D CP pillar microelectrode 

arrays by mean of ‘micro-extrusion printing’ using our in-house constructed system. 

The printing principle is simple ‘extrusion’ of CP ‘ink’ from a micro-pipette into 

‘pillars’, accompanied by the evaporation of the solvent (water) during the process. CP 

pillars of different aspect ratios (from 2 to 7000) were successfully fabricated and 

extensively characterised. The pillars showed excellent stability and mechanical and 

electrochemical properties.  

The gold micro-electrodes in an array format were fabricated by the photolithography 

technique, followed by electropolymerisation of a thin poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) layer to reduce the 

contact resistance, and then the 3D writing of PEDOT pillars. A comparison of the 
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electrochemical properties between three types of electrodes (bare Au, Au + PEDOT 

film and Au + PEDOT film + pillars) indicated much improved performance of the 3D 

pillar electrodes compared with the other two.  

The 3D CP pillar microelectrode arrays were demonstrated to be useful in a variety of 

bioelectronics applications, from biological sensing to electrical stimulation of cells and 

tissues, with the design of the arrays being easily adjustable to a specific application.  

In particular, the use of 3D CP pillars in electrical stimulation of human neural stem 

cells (NSCs) that were encapsulated within a conductive biogel was demonstrated. The 

stimulated NSC in the biogel showed widespread tracts of high-density mature neurons 

and enhanced maturation of functional neural networks in comparison to non-

stimulated cells. 

This 3D CP microarray platform was also used for exosome capture, electrochemical 

sensing and electrochemical release studies, where the CP pillars could be easily 

functionalised with biological recognition probes (aptamers) for selective capture of 

exsomes. The capture and release were further confirmed by confocal fluorescent 

microscopy imaging. 

Overall, the 3D CP microelectrode arrays provide a very versatile substrate and soft 

organic probes that can be customized and functionalised to interface biological 

elements, and can be usefully employed in both bioelectronics research and in various 

biomedical applications. 
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Chapter 1. Introduction  

 

1.1 Conducting polymers 

Conducting polymers are a class of polymeric materials that conduct electricity. The 

discovery of CPs can be traced back to 1977 when a highly conductive polyacetylene 

was discovered by Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa.[1] The 

Nobel Prize in Chemistry in 2000 was awarded to these three scientists “for the 

discovery and development of conductive polymers.” The conjugated chemical structure 

of that class of polymers provides them with unique optical, electrical and redox 

properties, therefore, they attracted great research interest with applications ranging 

from organic displays,[2-3] photovoltaics,[4-5] electrodes and electric circuitry to 

batteries,[6-7] actuators[8-9] and bioelectronic and biomedical applications[10-11]. 

The chemical structures of the most commonly used CPs, including polyacetylene (PA), 

polypyrrole (PPy), polythiophene (PTh), poly(3,4-ethylene-dioxythiophene) (PEDOT), 

poly(phenylene vinylene) (PPV), polyaniline (PANI), poly(p-phenylene) (PPP) are 

shown in Figure 1.1. 

In this thesis, PEDOT:PSS (PEDOT doped with poly(styrenesulfonate)) was chosen for 

fabricating 3D CP microarrays. The reason is primarily due to PEDOT:PSS water 

dispersion being commercially available where PEDOT is in a polymerized state. That 

means that no additional polymerisation needs to be performed for the fabrication of 

the structures investigated in this work. The conductivity of PEDOT:PSS is relatively 

high, and can be significantly improved after treatment of the PEDOT:PSS films by, for 

example, sulfuric acid (H2SO4)[12] or organic solvents (e.g. ethylene glycol (EG) and 

dimethyl sulfoxide (DMSO)[13-15]). The conductivity of PEDOT:PSS after such 

treatments could be as high as 4600 ± 100 s/cm[16], which is comparable to that of 
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indium tin oxide (ITO). In addition, PEDOT:PSS has excellent mechanical properties 

and it has been demonstrated to be highly biocompatible in various applications, 

including biosensors,[17-18] cell stimulation,[19] cell capturing,[20] implantable 

devices,[21] tissue engineering,[22] and drug delivery applications.[23] 

 

Figure 1.1. Chemical structures of the representative CPs. 

The conductivity of CPs is based on the conjugated structure of the CP backbone that 

allows the continuous sp2 hybridization along the polymer chain. CPs are normally 

insulating or semiconducting in their ground state. Upon doping, some electrons in the 

neutral polymer chain could be removed (or sometimes added). The introduction of 

charges modifies the band gap between valence (π) and conduction (π*) bands[24] 

through structural distortion (relaxation) of the polymer chain and delocalization of the 

charge over several monomer units. The charged radical ions caused by the removal (or 

adding) of electrons are typically balanced by the counter ions (dopants).[25-26] In this 

way, delocalised polarons and bipolarons could be formed, which are known as charge 

carriers that sustain the conductivity of CPs. The schematic of the CP doping process, 

represented by poly(3,4-ethylene-dioxythiophene) (PEDOT), is shown in Figure 1.2 B. 

The conductivity of CPs could range from semi-conductivity to as high as metallic 

conductivity.  
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Figure 1.2. Schematic of (A) the electrochemical polymerisation process of PEDOT and (B) the doping 

process of PEDOT. 

CPs can be prepared by oxidative or reductive coupling through chemical[27] or 

electrochemical polymerisation of monomers[28]. A schematic of the oxidative 

polymerisation of PEDOT is shown in Figure 1.2 A. Upon oxidation of EDOT 

monomer, EDOT cation radicals are formed and coupled, forming a dimer. The 

dimerization process is stabilized by the deprotonation process where hydrogen ions 

are eliminated. The dimers are then further oxidized and again form cation radicals and 

finally become conjugated PEDOT chains by repeating the previous steps.[29] 

Chemical polymerisation is normally based on the oxidation of monomers by chemical 

oxidants. The method can provide a high yield but usually suffers from a lack of control 

over the polymerisation process. In electrochemical polymerisation, the redox reaction 

is controlled by the application of a positive potential that oxidizes the monomer and 

oligomers.[1] The advantages of electrochemical polymerisation lie in good control 

over the polymerisation and the high quality and purity of the fabricated polymers, 

while the main disadvantage is that produces a small amount of material, commonly in 

a film form bound to an electrode.  

1.2 Applications of CPs 

CPs can be used in a large variety of different applications due to their fascinating 
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properties. In particular, applications of CPs in biosensors; in electrical stimulation of 

biological cells and tissues; and in actuators are described below as these applications 

are explored, to various degrees, in this thesis. 

1.2.1 Conducting polymer-based biosensors 

Biosensors are devices that can recognize and interact with biological analytes (such as 

tissues, cells, proteins or DNA) and transduce the information in the presence of these 

analytes into a signal that can be easily read-out, commonly optical[20, 30-31], 

electrical or electrochemical signals.[32-33] A schematic of the general recognition 

principle of CP-based biosensors is shown in Figure 1.3.[34] Common recognition 

elements include oligonucleotides (ONs), aptamers, antibodies and enzymes due to 

their high specificity to their corresponding targets: DNA, antigens, proteins and 

glucose, respectively. The traditional electrochemical sensing process mainly consists 

of three steps, the recognition element immobilization/attachment on a senor surface, 

the target molecule incubation and the electrochemical sensing. Current studies on CP 

based biosensors are aiming at developing highly sensitive, reliable, rapid, cost-

effective and selective sensing platforms that could be applied to early diagnosis of 

diseases, food safety and health or environmental monitoring.  

The CP-biosensors often rely on the functionalisation of CPs with receptors (also called 

probes), such as aptamers or antibodies, which can recognize and specifically bind to 

the target analyte. A variety of different detection strategies have been developed for 

CP sensors. Among them, electrical or electrochemical approaches are of particular 

popularity due to their fast response, high sensitivity and easy read-out[35-36]. 

Electrochemical biosensors could be further classified as those with direct detection 

and indirect detection. 
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Figure 1.3. Schematic of the general recognition principle of CP-based biosensors.[34] Copyright 2016, 

Royal Society of Chemistry. 

Direct detection methodologies provide direct signals upon the interaction between 

targets and probe-modified electrodes. For example, the label-free electrochemical 

impedance spectroscopy (EIS) technique has been widely used for DNA sensing due to 

its high sensitivity towards changes in the electrode’s surface properties when the 

hybridization between the anchored aptamers and the complementary DNA targets 

occurs. Changes in the double-layer capacitance and charge transfer resistance are 

commonly observed which can be used as a sensing response. For example, Aydemir et 

al. demonstrated the real-time, quantitative monitoring of polymerase chain reaction 

(PCR) based on the increased impedance of a CP-modified electrode with the increase 

in PCR cycles. In their approach, the surface-attached probe was one of the primers for 

the amplification, that’s where the PCR extension initiated. Such extension of primers 

increased the impedance after every PCR cycles.[37] In another of their work, they 
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developed a “pre-attaching” method to simplify the immobilization of bio-probes to the 

electrodes. In contrast to the previously reported methodology where a CP with 

functional groups (such as -COOH) is firstly polymerised on an electrode, followed by 

the attachment of the probe (e.g. aptamers), Aydemir et al. developed a route where 

oligonucleotide probes were pre-attached to the monomers and then the monomers were 

electropolymerised.[35] Using the same method, Zhu et al. reported a highly sensitive 

(femtomolar) 17β-estradiol (E2) sensor that benefited from both the nanoporous CP 

structure and the charge redistribution at the electrode interface when the target 

molecule E2 was captured. [38] Zhu et al. also investigated the effect of double-strand 

DNA vs. single-strand DNA and the methylation of DNA on the detection performance 

using the EIS sensing technique.[39] Other examples of the direct detection methods 

include the surface plasmon resonance (SPR) sensing of exosomes, like the ones 

reported by Rupert et al.[40] and Im et al.[41], interferometric imaging detection of 

exosomes reported by Daaboul et al.,[42] and quartz crystal microbalance (QCM) 

detection, reported by Liu et al.[43] 

An alternative to the direct detection methodologies described above are methods where 

an extra transducing step is used, for example, in the “sandwich” type assays. In this 

type of electrochemical sensors, the targets are normally functionalised by 

electrochemically active probes. After binding of targets to the electrodes, these 

attached probes can react with the reagents in the media and such redox reactions trigger 

the change in the electrochemical signal which can be used for detection. As an example, 

Mir et al. used a “sandwich” type sensor for detection of the human non-small-cell lung 

cancer cells (Figure 1.4).[44] In this study, firstly, Au nanoparticles were 

electrodeposited onto the surface of a glassy carbon electrode (GCE), followed by the 

electropolymerisation of poly 4-([2,2':5',2''terthiophen]-3'-yl) benzoic acid (pTTBA). 

The amine modified MUC1 aptamers could be immobilized onto the pTTBA layer 

through the EDC/NHS coupling, forming the aptamer-pTTBA/AuNP/GC structure. On 

the other end, they made the bio-conjugate by attaching the hydrazine and aptamers 
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onto the fabricated dispersed AuNPs (different from the AuNP on the GCE). Finally, 

the aptamer-pTTBA/AuNP/GC sensors were incubated into various concentration of 

cell suspensions followed by the addition of the bio-conjugate which can catalyze the 

redox reaction of H2O2. This latter reaction could be detected by the GCE producing 

the sensing signal (Figure 1.4). Similarly, Chandra et al. reported sensing of drug-

resistant cancer cells. In this work, the target cells were firstly captured by the anchored 

antibodies on the CP electrode surface. This is followed by the post-functionalisation 

of the cell membrane with hydrazine. The hydrazine here acted as a catalyst for the 

reduction of H2O2, which can be electrochemically detected for sensing.[45] In another 

example by Doldán et al., a highly sensitive exosome sensor was designed where the 

signals could be amplified through the multiple detector antibodies bound on the 

surface of every single exosome.[36] In another word, there were multiple active 

binding sites on each captured exosome, thus the sensitivity could be boosted to 

reported as low as 200 exosomes per mL.  

 

Figure 1.4. Schematic representation of a “sandwich” type human non-small-cell lung cancer cell 

sensor.[44] Copyright 2015, Elsevier.  

1.2.2 Stimulation of biological cells and tissues  

Apart from recording signals for sensing, CPs are also widely used in applying 

stimulation to tissues or cells, including electrical, electrochemical, optical, thermal or 

mechanical stimulations, as briefly described in the paragraphs below. 

Electrical stimulation. Sun et al. designed a PPy based neurites stimulation scaffold 
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which was self-powered by the oxidation of glucose (Figure 1.5 A).[46] This scaffold 

was prepared by in situ polymerisation of PPy on the nanofibres of bacterial cellulose. 

It contained Pt nanoparticles on the anode for glucose oxidation and carbon nanotubes 

on the cathode for oxygen reduction. The potential difference generated by this platform 

could be as high as 300 mV (in 5 × 10-3 M glucose), sufficient to stimulate neurite 

growth, resulting in 55% longer dorsal root ganglions and promotion of nerve 

regeneration. Bolin et al. fabricated PEDOT coated 3D poly(ethylene terephthalate) 

(PET) fibre scaffold which was then used to electrically stimulate neuroblastoma cells 

with the induced Ca2+ signal tracked.[47] The authors showed that controlled 

stimulation is possible to regulate the signalling of cells. The use of 3D scaffolds here 

could better represent the 3D in vivo environment. Another example was reported by 

Zhang et al. where the stimulation was reported to promote neurite outgrowth and 

synaptogenesis.[48] In his study, the biphasic electrical waveform stimulation was 

applied through conducting polymer (PPy) coated 3D metal electrodes. Pires et al. 

studied the differentiation of neural stem cells (NSC) with applied electrical stimulation 

by PEDOT. They demonstrated that electrical stimulation promoted the proliferation as 

well as the outgrowth of neurites of NSC.[19] 

Photothermal stimulation. Martino et al. used the photothermal effect of CPs (P3HT) 

and studied the photothermal stimulation to Human Embryonic Kidney cells. The 

photothermal effect enabled the CPs to act as an optical to the thermal transducer, thus 

to stimulate temperature-sensitive cells. The activity of cells under such stimulation 

was characterised by the cell membrane’s depolarization and hyperpolarization.[49] 

The CPs they used (Poly(3-alkylthiophene) (P3HT)) have shown good biocompatibility 

as the viability and function of neuronal networks were maintained. 

Mechanical stimulation. Svennersten used the actuation property of CPs and studied 

the mechanical stimulations of individual epithelial cells by micro-patterned PPy 

actuators (Figure 1.5 B).[50] These bilayer actuators were fabricated by the 
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photolithography technique, with PPy as the active layer and PDMS as the passive 

supporting layer. Cells were cultured on top of the actuators and were poked/stretched 

by the electrically controlled actuation. The Ca2+ signalling of the cells was monitored 

as the real-time responses, showing an increased intracellular Ca2+ level under 

stimulation. 

 

Figure 1.5. Schematic of CP based cell stimulation platforms. (A) Self-powered electrical stimulation to 

enhance neurite outgrowth.[46] Copyright 2019, John Wiley and Sons. (B) Mechanical stimulation to 

epithelial cells using patterned PPy microactuators.[50] Copyright 2011, Royal Society of Chemistry. 

1.2.3 Actuators 

The actuation property of CPs has attracted great research interest towards biomimetic 

applications, such as soft robots or artificial muscles.[51-54] The mechanism is 

typically based on the volume change resulted from an ionic migration in/out of CP 

when chemically or electrochemically oxidized or reduced (Figure 1.6). To be specific, 
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the backbone of CPs can be positively (or negatively upon n-doping) charged or neutral 

when in the ground state. Therefore CPs can either gain or lose ionic species to maintain 

the charge neutrality, thus changing the overall volume of the CP material.[55] 

The expansion and contraction behaviours highly depend on the size of dopants.[56] In 

the case of smaller dopants like ClO4
-, Cl- and PF6

-, CPs expand in the oxidized state 

due to the ingress of the negatively charged counter anions (dopants). Those counter 

anions are usually surrounded by solvation shells which swell the CPs and lead to 

expansion.[57] When the CPs are reduced, the counter anions are expelled out, thus the 

CPs shrink.[55] On the contrary, if the dopants are large in size, such as 

dodecylbenzenesulfonate (DBS) or poly(styrenesulfonate) (PSS), they will be trapped 

inside the CP matrix and become immobile. In this case, when the CPs are reduced, 

these dopants cannot be expelled out but rather counter cations ingress into the CPs to 

compensate the charge and swell the CPs. The cations will be expelled when the CPs 

are oxidized. This means that with large dopants, the CPs expand when reduced and 

contract when oxidized.[58]  

Bending actuator is the most widely used actuator design. Based on different layer 

structures they can be classified as bilayer and trilayer actuators. In a typical bilayer 

actuator, one layer would be the active CPs and the other layer could be either a passive 

soft layer, such as poly(dimethylsiloxane) (PDMS), for mechanical supporting or could 

be another type of active layer with an opposite actuation behaviour. For example, Liu 

et al. reported a PPy/graphene bilayer actuator (Figure 1.6 A).[55] In this work, the PPy 

layer was doped with small anions (ClO4
-) so expanded when oxidized and contracted 

when reduced. The other layer, graphene, followed the capacitive charging and 

discharging mechanism: when a negative potential is applied, the electron injection 

process causes expansion and when a positive potential is applied, the hole injection 

process causes contraction. Therefore, the PPy layer and graphene layers undergo 

opposite actuation behaviour when a potential is applied. Such a bilayer design 
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significantly enhances the bending strain. A similar strategy to construct a bilayer 

actuator is reported by Fuchiwaki et al.[56] Instead of using two different materials, 

they used PPy for both of the layers but with different dopants: DBS as the large dopant 

in one layer and paraphenolsulfonic acid (HpPS) as the small dopant in the other layer. 

In this way, the actuation performance was also enhanced by the effect of the dopants’ 

size. 

The design of trilayer CP actuators normally has the electrolyte layer sandwiched 

between two individually controlled actuation layers. These two actuation layers can be 

electrically controlled to actuate oppositely with one layer expanding and the other 

layer contracting for bending actuation, or expanding (or contracting) at the same time 

for linear actuation (Figure 1.6 B).[57] Ikushima et al. reported a PEDOT:PSS trilayer 

actuator and studied its application as autofocus microlenses.[59] Terasawa et al. 

compared the performance of several trilayer actuators consisting of PEDOT:PSS, 

single-walled carbon nanotubes (SWCNT) and ionic liquid (IL).[58] They found that 

the PEDOT:PSS/ SWCN)/IL actuator provided a better actuation strain performance 

than a conventional poly(vinylidene fluoride)-co-hexafluoropropylene (PVdF(HFP))/ 

SWCNT/IL actuator. For bilayer or trilayer actuators, that have the non-conducting 

mechanical supporting layer, a conductive coating would be normally added to facilitate 

the electropolymerisation of the CPs. Metal is the most commonly used as the 

conductive layer. Kiefer et al. replaced such metal layer with organic conductive 

coatings, multi-walled carbon nanotubes (MWCNT) and a PEDOT:PSS mixture, and 

investigated the actuation performance after deposition of the PPy/DBS active layers. 

They showed that different PEDOT-PSS/MWCNT ratios in the conductive coating 

layer affected the actuator displacement.[60]   

These actuators mentioned above are all electrically driven. Apart from that, factors like 

temperature and humidity can also be used to drive the actuation. Taccola et al. reported 

a humidity responsive PEDOT:PSS/PDMS actuator (Figure 1.6 C).[61] The 
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PEDOT:PSS layer expanded when the humidity increased due to the absorption of 

water and contracted when a current was applied due to the thermal effect of the current.    

 

Figure 1.6. CP based bilayer and trilayer actuators. (A) PPy/graphene bilayer actuator.[55] Copyright 

2011, Royal Society of Chemistry. (B) Schematic of trilayer actuators.[57] Copyright 2008, Cambridge 

University Press. (C) Humidity responsive PEDOT:PSS actuators.[61] Copyright 2015, John Wiley and 

Sons. 

1.3 Microfabrication of CPs 

The prospective applications of CPs have attracted great research interest in recent 

decades. One of the considerations in many applications of CPs, including bioelectronic 

applications, is the ability to microfabricate CP structures, which is the critical 

foundation of some specific applications of CPs in, for example, microfluidic devices 

and implantable devices.[24, 62] In addition, micro-structured CPs could possibly 

provide improved performance compared with flat CP films such as the significantly 

enhanced capture efficiency of circulating tumour cells (CTCs) reported by Sekine et 
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al.[20] Several techniques for microfabrication of conducting polymers have been 

developed in recent decades, and are briefly described below.  

1.3.1 Photolithography  

Photolithography is one of the most popular techniques used for the microfabrication 

of CPs.[63] Different strategies have been used to fabricate CP micro structures by 

photolithography, including mould-based transfer printing techniques,[30] 

electropolymerisation with patterned insulating layers[50] and reactive-ion etching 

(RIE)/chemical etching.[64-65] A few representative examples of the photolithography 

of CPs are presented below. 

Hsiao et al. reported the microfabrication of the PEDOT arrays by a two-step method: 

the fabrication of PDMS mould by photolithography and the chemical polymerisation 

of CPs in the mould (Figure 1.7 A and B).[30] With this transfer printing method, the 

PEDOT micro/nanorod arrays were fabricated, which were then functionalised for CTC 

capturing. A systematic study was performed to understand the chemical and 

topography effects on the capture, thus optimised the performance. These 3D CP arrays 

were further used for the capture and electrically triggered release of CTCs. The release 

mechanism was based on the electrostatic desorption (Figure 1.7 A).[66] Another 

strategy was demonstrated by Svennersten et al. with the patterned SU-8 on top of Au 

electrodes as the protective layer.[50]  PPy was then electropolymerised on the 

uncovered pattern of Au electrodes. This patterned PPys were used as microactuators 

for studying the mechanical stimulation of single renal epithelial cells. Taccola et al. 

spin-coated PEDOT:PSS film and then patterned SU-8 on top of it as a protective layer. 

The unprotected part of the PEDOT:PSS was etched away chemically to fabricate the 

PEDOT:PSS pattern.[64] The PEDOT:PSS/SU-8 bilayer film was used as a free-

standing actuator. In a similar way, Faxälv et al. patterned PEDOT: tosylate (Tos) 

electrodes (Figure 1.7 C). However, instead of the chemical etching of the PEDOT, 

they used O2/CF4 plasma etching. The patterned CP electrodes were used for electrical 
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control of platelet adhesion, promising in diagnostic applications.[65]  

 

Figure 1.7. Use of photolithography for the fabrication of CP micro-rod arrays. (A) Schematic 

representation of the transfer-printing process of PEDOT micro-rod arrays[66] (Copyright 2015, Royal 

Society of Chemistry) and their scanning electron microscopy (SEM) images (B)[30] (Copyright 2014, 

John Wiley and Sons). (C) PEDOT based microelectrodes fabricated via plasma etching.[65] Copyright 

2014, Royal Society of Chemistry. 

1.3.2 Template based fabrication 

Fabrication of CPs using nano/microstructured templates is commonly used for CP 

porous structures. Such structures have the advantage of high surface area and also the 

3D format could better represent the in vivo environment for biological and medical 

studies. Zhang et al. reported an ice-segregation induced PEDOT:PSS macroporous 

structure.[67] The mechanism is that the ice crystals, caused by the low temperature, 

squeezed the polymers to small gaps and then upon sublimation of the ice, a porous CP 

structure was formed. Another example was reported by Zaid et al. where polystyrene 
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beads were used as a template for the electropolymerisation of PEDOT (Figure 1.8 

A).[18] The polystyrene templates could be removed by chemical etching using 

dimethylformamide (DMF), leaving behind the porous CP structures with desired pore 

size. That substrate was tested for neural recording applications with the macroporous 

CP showing much improved electrochemical performance.[18]  

1.3.3 Pen-writing 

Jia et al. developed an indirect “pen-writing” method for the fabrication of PPy patterns 

(Figure 1.8 B). In this method, they firstly drew iron (III) chloride (FeCl3) lines with a 

pen. The sample was then exposed to the pyrrole vapour that fastly polymerised to PPy 

under the oxidation of FeCl3. This is a very simple and cost-effective method for 

patterning of PPy while the fabricated PPy still possessed excellent mechanical and 

electrical properties.[68] The fabricated PPy electrodes could be used as versatile 

sensors for real-time and in situ detection of ammonia gas, thermal heating and near-

infrared light intensity. 

1.3.4 Dip-Pen Nanolithography 

Lim et al. reported the nanoscale deposition of sulfonated polyaniline (SPAN) and PPy 

patterns using a dip-pen lithography technique (Figure 1.8 C). In this method, an 

atomic force microscopy (AFM) cantilever, after being soaked into the polymer 

solution, was used as the “pen”. The “ink” was positively charged and the substrate was 

negatively charged, thus after contacting the substrate CPs could be successfully 

patterned through the use of electrostatic interaction.[69] The smallest feature, 

generated in this work, was 130 nm in diameter and 2 nm in thickness.    

1.3.5 Electrospinning 

High surface area is always desirable for electrochemical sensors. The electrospinning 

technique provides a simple, large scale and cost-effective approach for the fabrication 

of porous fibres. Kerr-Phillips et al. reported the electrospun of nitrile butadiene rubber 
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(NBR) fibre mats with embedded PEDOT which were further functionalised with 

electropolymerised CPs containing oligonucleotides probes for selective DNA sensing 

(Figure 1.8 D).[70] This 3D fibre-based sensor was reported to have a high sensitivity 

and selectivity. Li et al. fabricated the polyaniline-contained gelatin nanofibre and 

studied their tissue engineering applications.[71] The nanofibres with different contents 

of PANI were characterised and tested for cardiac cell growth, indicating good 

biocompatibility.  

 

Figure 1.8. (A) SEM images of macroporous PEDOT:PSS structures using polystyrene beads as the 

template.[18] Copyright 2019, Elsevier. (B) Schematic of the pen-writing of FeCl3 patterns followed by 

the polymerisation of PPy.[68] Copyright 2014, American Chemical Society. (C) Schematic of dip-pen 

lithography.[69] Copyright 2002, John Wiley and Sons. (D) schematic of the fabrication of electrospun 

PEDOT fibres which were functionalisation for gene-sensor.[70] Copyright 2018, Elsevier. 

1.4 Scanning ion conductance microscopy (SICM) 

1.4.1 Introduction to SICM 

The Scanning ion conductance microscopy (SICM) is a scanning probe-based 

microscopy that typically uses a micro- or nano-pipette to probe the sample’s surface 
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topography and electrochemical properties within aqueous media. This technique was 

introduced by Hansma et al. in 1989 and is non-destructive for imaging due to the 

contact-free nature of scanning.[72] In a single topography probing, the 

micro/nanopipette is controlled to approach the substrate with a biased potential applied 

between the working electrode inserted into the micropipette and the counter electrode 

immersed in the electrolyte (Figure 1.9 A). The current I(d) that passes through the tip 

of the pipette (Eq. 1) is used as the position feedback and is defined by the pipette 

resistance Rp (Eq. 2) and the access resistance between the pipette tip and the sample 

surface Rac (Eq. 3):[73] 

 𝐼(𝑑) =
𝑈

𝑅𝑝+𝑅𝑎𝑐
                            (1) 

𝑅𝑝 =
ℎ

𝑘∙𝜋∙𝑟𝑝∙𝑟𝑖
                            (2) 

𝑅𝑎𝑐 ≈  

3

2
ln(

𝑟𝑜
𝑟𝑖

)

𝑘∙𝜋∙𝑑
                           (3) 

In the above equations, U is the bias potential, h is the tip length, k is the conductivity 

of the electrolyte, rp is the inner radius of the cone base, ri is the inner radius of the 

pipette tip and ro is the outer radius, d is the distance between the pipette tip and the 

sample.  

In a single scanning, the geometry of the pipette is fixed, therefore the I(d) is only 

defined by the distance between the pipette tip and the sample. The typical approaching 

current curve is shown in Figure 1.9 B. When the pipette tip is close enough to the 

substrate, a significant current drop could be detected due to the increased access 

resistance caused by the “blockage” of the tip.[74] After reaching the current threshold 

(when the current is lower than a set value), the pipette can be either moved directly on 

the XY axis by maintaining the same distance between the micropipette and the 

substrate (continuous mode, Figure 1.9 C) or can be retracted and moved to the next 

spot for another probing (hopping mode, Figure 1.9 D). The hopping mode is capable 
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of imaging higher roughness structures but is more time consuming, while the 

continuous mode is more suitable for flat samples with continuous topographical 

information, but the tips are at risk of breaking if they collide with larger particles. In 

both modes, a fast real-time position feedback and quick responses (shorter delay) of 

the control motor benefit to a faster and more accurate scanning.  

 

Figure 1.9. The scanning ion conductance microscopy (SICM).[74] (A) The schematic of a typical SICM 

setup. (B) An approach curve showing the change in current with the pipette approaching the sample. (C) 

A schematic of the continuous scan mode of SICM. (D) A schematic of the hopping mode of SICM. 

Copyright 2012, Elsevier. 
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1.4.2 Applications of scanning ion conductance microscope (SICM) 

The SICM is a remarkably versatile system. In the recent 10 years, the capability of 

SICM has been expanded from imaging[75-77] to various functions including in situ 

surface electrochemical mapping,[78-80] single cell/cell-derived vesicles’ property 

characterisation,[81] 2D/3D writing of functional materials, single-molecule 

sensing[82-85] and single particle or molecule release[86-88]. Some examples of these 

applications are described below. 

Imaging 

Atomic force microscopy (AFM) and SICM are two commonly used techniques for 

high resolution topography imaging of biological samples, such as living cells. In the 

study by Seifert et al., the imaging qualities related to the deformation of microvilli of 

epithelial cells with time were compared between AFM and SICM.[75] Their results 

indicated that a good imaging quality of AFM highly relied on the fixation of cells while 

in the case of SICM, the imaging qualities were good for both living and fixed cells 

(Figure 1.10 A). In addition, the contact force of AFM tip deformed the epithelial cells 

with time and thus the imaging was not stable. With SICM, the cell deformation was 

avoided due to the contact-free technique, thus the imaging quality shows a good 

stability and repeatability.[75] In another example by Zhou et al., the SICM was 

successfully used for imaging high aspect ratio primary cilia derived from different cell 

types.[77] They suggested that an appropriate set point (the threshold of approaching 

and retreating) is very important for an accurate topography measurement due to the 

easy bending of such high aspect ratio structures (Figure 1.10 B).[77] 
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Figure 1.10. Topographic imaging using SICM. (A) The working principle and imaging comparison 

between AFM and SICM on living cells.[75] Copyright 2015, American Chemical Society. (B) A 

schematic of the scanning of a primary cilium by SICM and the corresponding topographic image. [77] 

Copyright 2018, American Chemical Society. 

The SICM scanning probes are normally placed vertically above the specimen. One 

disadvantage of such a setup is the difficulty in arranging the high magnification optics 

due to the limited space. Shevchuk et al. designed an angle-adjustable SICM setup 

where the probes were able to approach the specimen from the side.[76] With this setup, 

they successively obtained the topography information of different cell types and 

especially the side surface information. Their setup could be conveniently integrated 

with the existing high magnification imaging system, which would facilitate the cell 

physiology and biophysics studies.[76]  

Electrochemical mapping 

The electrochemical activity of samples highly depends on their micro/nano structures 

as materials at the nanoscale often have unique properties or enhanced performance. 

However, the electrochemical activity is commonly studied by measuring the “average” 

effect of complex electrode ensembles: by measuring the overall activity of a bulk 
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sample, characterisation of the topographical information using AFM or SEM and then 

estimating the relationship between activity and topography.[89-90] With SICM it is 

possible to perform high resolution in situ electrochemical mapping, which can 

correlate the electrochemical properties at the nanoscale with their topographic 

information.[79, 87] 

Takahashi et al. measured simultaneously the topography and electrochemical activity 

of lithium-ion battery cathodes.[78] The localized redox activity could reach a 

resolution of down to 100 nm. They revealed that the electrodes show highly spatially 

heterogeneous electrochemical properties at the nanoscale, which was highly correlated 

to the local structures and composition.[78] Similarly, Kang et al. used a 30 nm diameter 

nanopipette to scan the surface topography and the electrocatalytic oxidation of 

borohydride on Au nanoparticles. They analysed how reactive flux was distributed 

around single or groups of NPs. This is important in understanding the behaviour of Au 

at a single particle level (Figure 1.11 A).[80] Bentley et al. reported an electrochemical 

mapping on molybdenite (MoS2) by SICM (Figure 1.11 B).[79] The layered crystal 

structure of molybdenite provided distinctive edges between layers, thus the mapping 

with SICM could be used to study the different catalytic activities between edges and 

planar structures. They verified that the in situ hydrogen evolution reaction (HER) is 

significantly increased at the edges of MoS2 crystal.[79] That was strong direct 

evidence to the hypothesis that edges have higher activity compared to the basal planes. 

Laslau et al. reported the use of SICM for measuring the ionic fluxes of a CP actuator 

during electrochemical actuation.[91] They demonstrated a complex time-dependent 

mixed-ion actuation process, that could be affected by the cycling history of the film.[91] 
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Figure 1.11. The electrochemical mapping using SICM. (A) The electrochemical activity mapping on 

individual Au nanoparticles.[80] Copyright 2017, American Chemical Society. (B) The catalytic property 

mapping on natural crystals of molybdenite, indicating the enhanced activity at the plane edges.[79] 

Copyright 2017, Royal Society of Chemistry. 

Single molecule trapping and sensing 

The information contained in a single biological molecule (such as DNA, RNA and 

proteins) is attracting more and more attention. This is not only essential for the 

fundamental understanding of their functions but also of great importance for early-

stage diseases biomarkers’ detection. Cadinu et al. demonstrated a very effective 
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approach of trapping and sensing of different types of single biological molecules by 

using a double-barrelled nanopipette of SICM (Figure 1.12 A).[83] In this method, the 

targets went from one barrel through the nano-tip meniscus to the other barrel and 

resulted in a much more expanded transport time (3 orders higher) compared with the 

conventional nanopore technique, resulting in an improved sensing performance (signal 

to noise ratio, resolution, sensitivity and detection limit).[83]  

 

Figure 1.12. Schematic of single molecule sensing. (A) Single DNA trapping and sensing through the 

nanobridge of the double-barrelled pipette.[83] Copyright 2017, American Chemical Society. (B) Nano-

pipette functionalised as field-effect transistor for selective single-molecule biosensing.[84] Copyright 

2017, John Wiley and Sons. (C) Nanopipette based field-effect transistors for simultaneous label-free 

single-molecule detection and manipulation.[85] Copyright 2018, American Chemical Society. 

Another example has been demonstrated by Ren et al[84] where they functionalised the 

nano-tip of a double-barrelled pipette and manufactured a nanopore extended field-

effect transistor (nexFET) for single molecule sensing. This transistor had carbon 

deposited into one barrel together with the electropolymerised CP as the gate while the 

drain and source electrodes were in the other barrel and outside the pipette, respectively 
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(Figure 1.12 B). The drain-source current was measured for single molecule sensing. 

They demonstrated not only the slowed transport but also the selective sensing via 

receptor functionalisation.[84] Similarly, Xue et al. also reported a nanopipette based 

FET device. In addition to sensing, they show the possibility of gating the transport 

process by voltage in real-time (Figure 1.12 C).[85]  

Controlled single molecule delivery 

In the research of Ivanov et al., the micropipettes were used for controlled release of 

DNA molecules by electrophoretic (EP) and electroosmotic (EO) forces under voltage 

pulses. Taking the advantage of the nanoscale dimension of the pipette tip, the authors 

demonstrated that this approach can deliver single DNA molecules in a controlled 

manner.[86]  

Yu et al. reported a three-dimensional positioning of single nanoparticles by controlling 

the pressure-driven flow through a pipette and the electrostatic force of the substrate. A 

resistive-pulse electrochemical setup, together with a super-resolution fluorescence 

imaging setup were used to track the nanoparticle motion. By balancing the force, 

manipulation of single particle trajectories is achieved, inspiring to applications such as 

drug delivery or surface patterning.[88] 

Intracellular sensing 

Due to the down to nanoscale size of the SICM tip and the needle-like shape, the 

nanopipettes are widely used to penetrate living cells with only minimal perturbation 

to the cells. For example, Marquitan et al. reported the SICM based intracellular 

detection of hydrogen peroxide (which is one of the most important reactive oxygen 

agents involved in a variety of cellular processes). They successfully monitored the 

penetration-induced oxidative outbursts and the uptake of H2O2 in their target cells.[81] 

Direct writing of CPs 

Direct writing, also sometimes called meniscus-guided printing, fountain-pen 
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lithography (FPL) or 3D writing, is a micropipette meniscus guided microfabrication 

technique that is normally based on the extrusion of “ink” and evaporation of solvents. 

This technique was developed about ten years ago and was initially used for fabricating 

metal nanowires.[92-93] It was not used for conducting polymers until 2011 when Kim 

et al. reported the direct writing of PPy (Figure 1.13 A).[94] They demonstrated 

different structures such as free-standing nanowires, nanobranches and nanoarches. 

They have also studied the application of fabricated PPy structures as individually 

addressable photo-switches after incorporation with multi-walled nanotubes 

(MWNT).[94] In their following work, the material has been expanded to PEDOT 

(Figure 1.13 B), and a few application prototypes, such as photoswitches, 

electrochemical transistors or stretchable electrical interconnections were 

demonstrated.[95] Especially, the PEDOT arches were reported to have a stretchability 

of as high as 270% without compromise in the electrical properties. Won et al. 

fabricated poly(methyl methacrylate) (PMMA)/PPy microtubes based on the outward 

liquid flow and the accumulation of PMMA/PPy nanoparticles during the fast solvent 

evaporation process. These individually addressed microtubes were then used for 

ammonia (NH3) gas sensing.[96] Another example of direct-written CP wires as gas 

sensors was reported by Chang et al., where the parameters such as the wire diameter, 

number of wires and different types of target gases were investigated.[97] 

An effective and popular strategy to promote the application of CP microstructures is 

adding of functional components into the “ink”. For example, PEDOT:PSS nanowires 

with ZnO nanoparticles as an ambipolar (positive/negative) photo-responsive device 

was reported by Yoo et al.[98], conductivity tunable PEDOT:PSS microwires with 

different concentration of multi-walled carbon nanotube (MWNT) by Seol et al., [99] 

and stretchable PbS quantum dots (QD) - P3HT hybrid photodetectors by Yoo et al.[100] 
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Figure 1.13. Direct writing of 3D CP structures. (A) SEM images of 3D written PPy nanowires.[94] 

Copyright 2011, John Wiley and Sons. (B) Schematic of direct writing and microscope photos showing 

the writing process of CP arches.[95] Copyright 2012, American Chemical Society.(C) and (D) are 

schematics of localized electropolymerisation for fabricating 3D PPy microstructures and fabricated 3D 

PPy structures, respectively.[101] Copyright 2008, American Chemical Society. 

Taking advantage of the versatility of the SICM system, Aydemir et al. combined two 

of its functions together: writing of PPy micro-nails and microscale electrochemical 

characterisation. Unlike the traditional manner of direct writing, they used in situ 

electropolymerisation by applying a voltage between the pipette (with inserted Pt wire 

as the counter electrode) and the substrate (working electrode).[102] Then the 

electrochemical properties of different parts of the fabricated structures (such as the 

bottom, middle and top part of a wire) were characterised by the SICM. Similarly, 

Laslau et al. reported the highly localized electrochemical polymerisation and 

characterisation of PEDOT and PANI. They demonstrated the simultaneous mapping 

of morphology and current response of fabricated CP microstructures.[103] Seol et al. 
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reported the electropolymerisation for high aspect ratio PPy structures (Figure 1.13 C 

and D).[101] Unlike the traditional way of the meniscus-guided fabrication process, 

they did the fabrication in a monomer containing aqueous environment with the 

micropipette, here used to create a localized electric field.[101] McKelvey et al. 

demonstrated the printing polyaniline structures by a double-barrelled pipette with one 

barrel used for delivering aniline and the other barrel for receiving the positional 

feedback. The match between the controlled electropolymerisation rate and pipette tip 

position provided a better-defined control, thus increased the effectiveness of writing 

by avoiding the probe crashing, blocking or the meniscus detaching.[104] 

The capability of direct writing is not limited to conducting polymer-based materials, it 

can also be used for other functional materials. For example, Kim et al. reported a 3D 

writing of graphene oxide nanowires which were then thermally or chemically reduced 

to reduced graphene oxide (rGO) and could be used for stretchable electronic devices 

or a gas sensing transducers.[105] Lee et al. reported a light-driven nanowire tweezer 

with the photoisomerisable azobenzene-containing 1,3,5-tricarboxamide derivative 

supramolecule. The nanowire actuator could bend or unbend when irradiated by 

ultraviolet (UV) or visible light. Taking advantage of the precise positioning of the 

direct writing method, the actuating nanowires were successfully printed on the tip of 

a micropipette, making a nano-tweezer which was demonstrated to manipulate single 

microparticle.[106] Seol et al. demonstrated the writing of 3D copper (Cu) 

microstructures with diverse and complex features based on the electrochemical 

deposition using SICM.[107] This method could possibly overcome the challenges 

faced by the current 3D printing techniques for metals, such as the expensive, 

complicated experimental setup, sometimes even hazardous due to the high temperature 

heating sources. 
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1.5 Objectives 

There is an increasing application demand for using CPs for microscale bioelectronic 

devices. Several techniques have been developed in recent decades towards the 

microfabrication of CPs, however a cost-effective method for high aspect ratio 3D CP 

structures with desired properties is still needed. The objective of this thesis is to 

develop a SICM based 3D writing method for the microfabrication of CP arrays and 

investigate their applications towards devices in cell stimulation and biological sensing. 

Specifically, the aim is to fabricate individually addressed 3D CP pillar arrays for the 

electrical stimulation of human neural stem cells, and capture, sensing and release of 

exosomes. To achieve that, the following research objectives were addressed. 

Chapter 2: Develop the 3D direct writing technique for microfabrication of CP pillars. 

Understand the effect of each of the writing parameters and optimise the writing process. 

Characterise the electrochemical and mechanical properties of the CP pillar electrodes. 

Chapter 3: Design and fabricate the individually addressable gold microelectrode 

arrays (MEAs); Compare the electrochemical properties of 3D CP pillars vs. 2D CP 

film and Au microelectrodes. Apply 3D electrical stimulation through the CP pillar 

arrays to human neural stem cells and evaluate the effect of such electrical stimulation 

on the differentiation of human neural stem cells. 

Chapter 4: Functionalise the CP pillars with Au nanoparticles and aptamers that are 

specific to exosomes; Use this 3D CP pillar platform for exosome capture, and 

subsequent exosome release in a controlled manner and via application of negative 

electrical potential. Record the EIS in each step to test if the process can be applied for 

the electrochemical sensing of exosomes on the 3D CP MEAs. 
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Chapter 2 Direct Writing and Characterisation 

of 3D Conducting Polymer PEDOT Arrays 

 

This Chapter was adapted from:  

Peikai Zhang, Nihan Aydemir, Maan Alkaisi, David E. Williams, and Jadranka Travas-

Sejdic, Direct Writing and Characterization of Three-Dimensional Conducting Polymer 

PEDOT Arrays. ACS Applied Materials & Interfaces, 2018, 10 (14), 11888-11895 

2.1 Abstract 

As have been described in Chapter 1, direct writing is an effective and versatile 

technique for three-dimensional (3D) fabrication of conducting polymer (CP) structures. 

It is precisely localized and highly controllable, thus providing great opportunities for 

incorporating CPs into microelectronic array devices. Herein, 3D writing and 

characterisation of poly(3,4-ethylenedioxythiophene):polystyrenesulfonate 

(PEDOT:PSS) pillars in an array format was demonstrated, by using an in-house-

constructed variant of scanning ion conductance microscopy (SICM). CP pillars with 

different aspect ratios were successfully fabricated by optimising the writing 

parameters: pulling speed, pulling time, the concentration of the polymer solution, and 

the micropipette tip diameter. Especially, super high aspect ratio pillars of around 7 μm 

in diameter and 5000 μm in height were fabricated, indicating a good capability of this 

direct writing technique. Additions of an organic solvent and a cross-linking agent 

contributed to a significantly enhanced water stability of the pillars, critical if the arrays 

were to be used in biologically relevant applications. Surface morphologies and 

structural analysis of CP pillars were characterised by scanning electron microscopy 

and Raman spectroscopy, respectively. Electrochemical properties of the individual 

pillars of different heights were examined by cyclic voltammetry using a double-



 30  

 

barrelled micropipette as an electrochemical cell. Exceptional mechanical properties of 

the pillars, such as high flexibility and robustness, were observed when bent by 

applying a force. The 3D pillar arrays are expected to provide versatile substrates for 

functionalised and integrated biological sensing and electrically addressable array 

devices. 

2.2 Introduction 

Bioelectronic devices often employ small, biocompatible, and functional elements, 

such as electrode arrays. The success of these devices depends on the availability of 

suitable materials for the functional elements and cost-effective fabrication methods. 

Conducting polymers (CPs) have emerged as one of the ideal candidate materials for 

bioelectronics,[24, 108-110] owing to their remarkable properties, including electrical 

conductivity, biocompatibility, mechanical flexibility, and the possibility of added 

functionality by chemical synthesis.[32, 111] Therefore, CPs have been widely utilized 

in biological applications such as DNA sensors,[32, 37, 39] stretchable interconnects 

for tissue engineering,[95, 100, 112] selective capture[20, 30, 45] or release[43, 66] of 

circulating tumour cells, and mechanical[50] and electrical stimulation[19] to neural 

stem cells. Various techniques have been developed in recent decades to fabricate 

micro-/nanostructured CPs for advanced applications, including soft lithography,[63] 

dip-pen lithography,[69] electrodeposition,[20] and electrospinning.[71] However, 

these techniques are limited mainly to 2D fabrication. Inkjet printing,[113] PDMS 

transfer printing,[30, 66] and traditional photolithography[50] approaches are used to 

fabricate 3D structures but are capable of producing mainly low aspect ratio structures. 

To fabricate high aspect ratio 3D CP structures, a new technique of direct writing has 

recently been developed. The technique has a capability of fabricating very high aspect 

ratio CP microstructures in a precisely localized and highly controlled fashion. [94-95, 

98, 102, 104, 113-114] 
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Recent studies have been focused on the direct writing of conducting micro-wires and 

their possible applications as electronic devices, such as stretchable PEDOT:PSS 

electrodes[95] and flow sensor[115], PbS quantum dots - poly(3-hexylthiopehene) (P3HT) 

hybrid nanowire photodetectors,[98, 100] or PEDOT:PSS, poly(methyl 

methacrylate)/polypyrrole (PMMA/PPy) and reduced graphene oxide gas sensors.[96-97, 

105] However, little work has been done towards the use of high aspect ratio CP 

structures in bioelectronics applications. Compared with previously reported electrode 

cell-sensing platforms, such as in-plane 2D Au electrodes,[116] semiconducting wires,[117] 

PDMS pillars[118-119] or low aspect ratio structures,[30] there is a promising prospect for 

high aspect ratio CP probes in such applications, as they provide advantages of high 

surface area, intrinsic electrical conductivity, biocompatibility, electrochemical activity 

as well as mechanical flexibility. Therefore, 3D CP structures could be used as ‘soft’ 

local electrochemical probes for biological sensing. For example, while the bending of 

non-conducting PDMS pillars has been recently used for the force measurement from 

small biological organisms,[118-120] 3D CP pillars would allow for a combined electrical 

and mechanical force sensing. To that aim, understanding of the properties of single CP 

micro structures is needed, particularly the relationship between the 3D structure size, 

shape and composition and their electrochemical and mechanical properties.  

Herein, direct writing of high aspect ratios CP pillars into an array format, made of 

modified PEDOT:PSS ‘ink’, and on the localized characterisation of the pillars, is 

reported, both performed by the use of a homemade variant of Scanning Ion 

Conductance Microscopy (SICM) system.[74, 91, 102-103] A highly improved stability 

of the pillars in aqueous systems was achieved by modifying the PEDOT:PSS ‘ink’. 

The fabricated 3D arrayed structures possess promising electrochemical, electrical and 

mechanical properties making these arrays attractive platform substrates for various 

bioelectronics applications. 
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2.3 Materials and methods 

2.3.1 Materials  

Micropipettes were fabricated from single barrel borosilicate capillaries (Harvard 

Apparatus, 1.0 mm OD × 0.58 mm ID × 100 mm L) using a laser puller P-2000 (Sutter 

Instrument). The inner diameter of their tips could be controlled to range from a few 

hundred nanometers to around twenty micrometres by adjusting the pulling parameters. 

The tip diameter was checked every time before the printing to guarantee the repeatable 

fabrication results. Generally, the pipettes with 2-20 μm inner diameter (ID) tips 

provided robust and reproducible writing results, based on the analysing the optical 

images/videos over a large number of samples. As the writing ink, PEDOT:PSS 

(conductive grade, 1.3 wt% dispersion in H2O), ethylene glycol (EG), dimethyl 

sulfoxide (DMSO) and (3-glycidyloxypropyl)trimethoxysilane (GOPS) were 

purchased from Sigma-Aldrich. For localized cyclic voltammetry (CV) measurements, 

a three-electrode setup with double-barrelled pipettes was employed, where the pipettes 

were fabricated from double-barrelled capillaries (Harvard Apparatus, 2.0 mm OD × 

0.30 mm Wall × 0.17 mm Septum × 100 mm L). 

2.3.2 Direct writing 

The mixed polymer ‘ink’ solutions were sonicated for 5 mins before the use to ensure 

good dispersion of the polymer. The solutions were then injected by a MicroFil (a 

micropipette filling capillary, World Precision Instruments) into the barrel of 

micropipettes. 

A 0.125 mm diameter platinum (Pt) wire that served as a counter electrode was inserted 

into the micropipette. The micropipette was then immobilized to the piezo actuator (25 

mm compact motorized translation stage, Thorlabs) (Figure 2.1 A) that controlled 

movement of the pipette. The writing process was monitored by a high magnification 

zoom lens (MVL12X3Z, Thorlabs) connected USB CMOS camera (DCC1645C, 
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Thorlabs) and controlled by a home-written Labview program. Au/Ti (~40 nm/50 nm) 

coated slides (Deposition Research Lab, Inc.) were used as substrates for direct writing. 

A constant potential of 0.5 V between substrates and the counter electrode was applied 

by a potentiostat (PalmSens 3). This direct current signal was used to detect the 

contact/separation status of the micropipette from the substrate. After the direct writing 

of the pillars, CP arrays were annealed at 80 oC in the air for 1 h, at atmospheric pressure. 

2.3.3 Characterisation 

Scanning Electron Microscopy (SEM) and Raman spectroscopy. JCM-6000 SEM (15 

kV electron beam, high vacuum mode) was used to characterise the surface morphology 

of the pillars. The substrates were tilted to facilitate imaging. Renishaw Raman System 

1000 Spectrometer (785 nm excitation) was used for structural analysis of the pillars. 

The direct writing of 100 μm high CP pillars of four different formulations was 

performed onto Au coated glass slides. The slides were then mounted on the Raman 

spectrometer and the laser was focused on the ‘head’ of each pillar during the scanning.  

Electrical conductivity. The electrical conductivities of CPs were measured by Jandel 

RM2 four-point probes on drop casted films. The thickness of the films was measured 

by a high accuracy digimatic indicator (Mitutoyo ID-H0530E).  

Cyclic voltammetry (CV).  For the localized CV measurements, both barrels of the 

double-barrelled pipettes were filled with a 0.2 wt% PSS aqueous solution, followed by 

insertion of a Pt wire as the counter electrode into one barrel, and a palladium-hydrogen 

(Pd-H2)[121] wire as reference electrode into the other barrel. The pipette was moved 

by the piezo actuator to touch the top of each pillar for the individual CV 

characterisation. CHI700D (CH Instruments, Inc) potentiostat was employed for the 

CV experiments. Their CVs were recorded from -0.2 V to 1.0 V with a scan rate of 0.1 

V/s. 

Mechanical properties. Mechanical properties were derived qualitatively by observing 



 34  

 

the deformation process and recovery of the deformation of the CP pillars upon 

applying forces onto the pillars by an empty micropipette. 

2.4 Results and discussion 

2.4.1 Direct writing of 3D PEDOT pillars 

The SICM system and a schematic of the direct writing process are shown in Figure 

2.1. The working mechanism is based on the evaporation of water during the pulling 

process leaving ‘written’ 3D pillars behind. The high surface area of CP pillars, due to 

their small diameter, warranted a sufficient evaporation rate of water under room 

temperature and atmospheric pressure conditions (20-23 oC, humidity: 55-65 %) to 

form mechanically stable pillars; thus no heating or reduced pressure was needed. 

 

Figure 2.1. The SICM system (A) showing the micropipette, holder, piezo actuator, Au electrodes and 

the connection. (B) Schematic of the direct writing setup.   

The direct writing process by the SICM system was initiated by moving the 

micropipette, which was pre-filled with the CP solution, down, to slowly approach the 

substrate. A constant potential of 0.5 V was applied between the Pt wire inside the 

pipette and the gold electrode substrate. Once the meniscus of the polymer solution at 

the tip of the pipette was in contact with the substrate (Figure 2.2 A), the circuit was 
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closed and a significant current signal was detected. This signal was used to confirm 

the contact, complemented by a USB CMOS camera. 

Upon establishing the contact, the micropipette was pulled up slowly with a pulling 

speed ranged from 1 to 8 μm/s, depending on the concentration of the polymer solution, 

temperature, humidity and the micropipette tip diameter. Commonly, 1-2 μm/s provided 

a high pillar writing success rate and repeatability. 

When the CP pillars reached the desired height (Figure 2.2 B), a switch to a fast pulling 

speed (usually 200 μm/s) terminated the writing process (Figure 2.2 C). The last step 

leaves a small droplet of the solution on the top of the pillar that dries and shrinks to a 

small ‘cap’ on top of the pillar. The pipette then moves to the next spot for the writing 

of the subsequent pillars (Figure 2.2 D). 

 

Figure 2.2. Optical photographs taken by a CMOS camera of the 3D direct writing process: (A) SICM 

establishes contact between the micropipette and the substrate. (B) Pulling process at pre-determined 

pulling speed. As water evaporates during the pulling, a polymer pillar is fabricated. (C) Fast pulling 

upwards of the micropipette terminates the fabrication of the pillar. (D) Pipette moves to the next position. 

Both the height of the pillars and the distance between two pillars are 100 μm. 
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2.4.2 The effect of different parameters of the fabrication process 

The arrays of CP pillars of different aspect ratios were fabricated. Three main factors 

determine the diameter of the CP pillars: the micropipette tip diameter, the pulling speed, 

and the evaporation rate. Therefore, to have a repeatable fabrication process of the 

pillars with the desired diameter, an appropriate combination between these three 

factors is required. 

The micropipette tip’s inner diameter is the most critical parameter in determining the 

‘written’ pillars’ diameter. The micropipettes with ranging IDs were produced, from a 

few hundred nanometers to around twenty micrometres. However, as thinner tips suffer 

from the blockage, only micropipettes of larger than 2 μm ID tips provided robust and 

reproducible results. The largest IDs tips micropipettes used for writing had an ID of 

~20 μm, as limited by the laser puller, and still, they were very effective for writing.  

The effect of micropipette pulling speed on the diameter and height of CP pillars is 

shown in Figure 2.3. The pillars set to be 100 μm high were written with different 

pulling speeds ranged from 0.5 μm/s to 8 μm/s, using the same micropipette (~10 μm 

ID). Their diameter was found to be 9 ± 0.5 μm and 4 ± 0.5 μm and their height 92 ± 

1μm to 55 ± 1 μm, respectively. When the speed is too low (lower than 0.5 μm/s in this 

case), the pipette blockage is risked, while if the pulling speed is too high (higher than 

8 μm/s in this case), there is not enough time for water to evaporate and pillars to 

solidify. In the latter case, not yet dried pillars could be pulled broken and damaged (e.g. 

for pulling speed 8.5 and 9.0 μm/s, as shown in Figure 2.3).  
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Figure 2.3. CP pillar arrays written by different pulling speed. All these pillars were set to be 100 μm 

high and were written using the same micropipette. The pulling speed ranged from 0.5 μm/s to 9.0 μm/s. 

(A) SEM image; (B) and (C) are optical photographs of the same array in (A), taken by the CMOS camera. 

They are the top row and bottom row, respectively. 

Therefore, the faster the pulling speed the thinner and shorter the pillars are produced, 

and vice versa, slow pulling leads to thicker and higher pillars. In this work, pulling 

speeds of 1-2 μm/s demonstrated high repeatability and good control over the size of 

the pillars, based on the analysing the optical images/videos over a large number of 

samples. Thus, for the majority of work discussed below, 1-2 μm/s pulling speed was 

used. 

Apart from the pipette tip diameter and pipette pulling speed, the ‘ink’ formulation is 

another major optimisation parameter, as it not only determines the evaporation rate of 

solvents, but importantly, the subsequent stability of the CP pillars in an aqueous 

environment as well. A high evaporation rate is usually accompanied with a high chance 

of blockage, while too slow evaporation would be difficult for the written structure to 

stabilize and to mechanically support the continuous writing process. It was observed 

that the commercially obtained PEDOT:PSS aqueous solutions have a higher 

evaporation rate than desirable, thus making the writing process difficult. Table 2.1 
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describes qualitatively the effects of some of the pulling operational parameters (pulling 

speed, pulling time, micropipettes’ tip inner diameter and evaporation rate of solvents) 

on the shape of the pillars. Please note: the evaporation rate of the solvents can be 

affected by a number of the environmental factors, such a temperature and humidity, in 

addition to the concentration of the polymer solution and the diameter of the 

micropipettes. Apart from the evaporation rate, it is expected that other physical 

properties of the “ink”, such as viscosity, surface tension and the affinity of the solution 

to the inner surface of the micropipette could also affect the printing process.  

Table 2.1. The effects of operational parameters on the shape of pillars 

Parameters  Effects on the pillars 

Pulling speed 
High Shorter and thinner pillars 

Low Longer and thicker pillars 

Pulling time 
Long Longer pillars 

Short Shorter pillars 

Tip inner diameter 

of the micropipettes 

Large Thicker pillars 

small Thinner pillars 

Evaporation rate of 

solvents 

High Longer and thicker pillars 

Low Shorter and thinner pillars 

2.4.3 Optimisation of the PEDOT ‘ink’ 

A critical problem related to the use of PEDOT:PSS in aqueous solutions is its 

instability. PEDOT:PSS can easily absorb water and swell due to the hygroscopic 

properties of PSS.[61] Such swelling would soften the PEDOT:PSS pillars and could 

also cause delamination of PEDOT from the Au substrate. Moreover, it has been 

reported that PEDOT:PSS can be re-dispersed homogeneously in hot water[14]. 

Different organic solvents have been reported to have a stabilising effect on 

PEDOT:PSS and to increase its conductivity and electrochemical activity.[14, 122-126] 
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Taking the above points into consideration, organic solvents – either EG or DMSO, 

were added into the ‘ink’ to decrease the evaporation rate and stabilize the ‘written’ 

structures. A crosslinking agent, GOPS, was shown previously to ‘lock’ PEDOT:PSS 

chains via hydrolysis and condensation of silane groups, thus improving the 

PEDOT:PSS physical stability upon contact with water.[19, 124, 127-128] The 

mechanism of PEDOT:PSS crosslinked by GOPS has been detailed and discussed by 

Håkansson et al.[129] and is schematically shown in Figure 2.4. Briefly, when in 

contact with water, the methoxysilane groups of the GOPS can easily undergo 

condensation reaction by losing the protective group (-OCH3) connected to Si and form 

silanols. These can then easily react further with other alcohols or hydroxyl groups 

through a water condensation reaction, thus creating stable siloxane bonds. This 

suggests that the methoxysilane groups of GOPS may bind to each other to build a 3D 

GOPS network. The epoxy ring at another end of the GOPS molecule is reactive and 

can react easily with amides, alcohols, thiols and acids. Each PSS-unit contains a 

benzenesulfonic acid that can react with the epoxy ring of GOPS and form a bond 

between the -SO3
- groups of the PSS and the opened epoxy ring of GOPS. Therefore, 

based on those studies, GOPS was also added to our ‘ink’ to further stabilize the printed 

structures. 

 

Figure 2.4. Schematic illustration of the crosslinking mechanism by GOPS. GOPS is only reacting with 

the parts of the PSS chains (grey) not interacting with PEDOT (dark blue). The three main interactions 

are shown in (A): GOPS-PSS (blue dashed circle), GOPS-GOPS (red dashed circle) and (B) GOPS-

glass.[129] Copyright 2017, John Wiley and Sons. 
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Different combinations of EG, DMSO and GOPS additives to the PEDOT:PSS 

dispersion were investigated to produce an optimised ‘ink’ formulation in terms of the 

‘writing’ capability and stability of the ‘written’ structures in deionized water. The 

investigated formulations were divided into four groups: PEDOT:PSS + DMSO (noted 

as ‘PEDOTD’); PEDOT:PSS + DMSO + GOPS (‘PEDOTD-G’);  PEDOT:PSS + EG 

(‘PEDOTE’) and PEDOT:PSS + EG + GOPS (‘PEDOTE-G’). In each group, different 

ratios of PEDOT:PSS to the organic solvent and GOPS were tested for ‘writing’ of the 

inks. The four formulations (one from each group), that have produced the best writing 

effectiveness, are presented in Table 2.2, along with the used pipette diameter (ID) and 

pulling speed optimised for each formulation. 

Table 2.2. Four optimised ‘ink’ formulations, the used pipettes’ inner diameters and pulling speeds 

 PEDOT:

PSS 

(μL) 

DMSO 

(μL) 

EG 

(μL) 

GOPS 

(μL) 

IDTip 

(μm) 

Pulling 

Speed 

(μm/s) 

PEDOTD 500 150 - - 5 1 

PEDOTD-G 500 175 - 10 20 2 

PEDOTE 500 - 50 - 10 1 

PEDOTE-G 500 - 30 10 20 1.5 

2.4.4 SEM images of the fabricated PEDOT structures 

SEM images of the fabricated PEDOT pillars of different aspect ratios, prepared using 

the formulations presented in Table 2.2, are shown in Figure 2.5. The pillars in images 

(A), (G) and (H) are fabricated from formulation PEDOTE-G; in (B) from PEDOTD-G; 

in (C) and (D) from PEDOTD; in (E) and (F) from PEDOTE. 
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Figure 2.5. SEM images of fabricated 3D PEDOT arrays. (A), (G) and (H) are PEDOTE-G; (B) is 

PEDOTD-G; (C) and (D) are PEDOTD; (E) and (F) are PEDOTE. (D), (F) and (H) are enlarged single 

pillar images of (C), (E) and (G), respectively.  

The surfaces morphology of the pillars appears smooth without much roughness or 

protruding parts, consistent with previously reported PEDOT:PSS microstructures.[95, 

130-131] The diameter of the pillars in Figure 2.5 ranged from 5 μm (Figure 2.5 D) to 

20 μm (Figure 2.5 H). However, pillars of really high aspect ratio were possible to be 
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obtained. For example, the freestanding PEDOTD-G pillars with around 7 μm in 

diameter and 5000 μm in height (Figure 2.6) were fabricated, without reaching the 

limitation. It is to note, however, that with such extremely high aspect ratios, the pillars 

may start to bend under their own weights (Figure 2.6 A). 

 

Figure 2.6. SEM images of a freestanding high aspect ratio (5000 μm high and 7 μm diameter) PEDOT 

pillar. Image (A) shows the whole pillar. (B) its base standing on a gold substrate and (C) the enlarged 

part of the pillar.   

Other structures, such as CP arches, could also be fabricated, as shown in Figure 2.7. 

Such structures could be applied for stretchable electronics.[95] However, the 

fabrication process of these structures was not investigated further in this work and 

would need further optimisation to realise better-defined structures. The most 

challenging part here was to precisely match the multi-axes pulling speed with the 

evaporation rate of solvents; namely, if the ink dries too fast the second “leg” of the 

arch won’t stick to the substrate, and, opposite, if the ink dries too slowly it could stick 

to the side of the pipette tip and form structures as shown in the right part of Figure 2.7 

A.   
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Figure 2.7. (A) Optical image of the fabricated PEDOT arches. (B) is the SEM image of the arches and 

(C) is the enlarged SEM image.  

2.4.5 The stability test of fabricated PEDOT pillars in water  

The stability of the fabricated pillars using these different formulations was 

qualitatively tested by simply immersing the pillars in deionized water for different 

lengths of time (as marked in the figures). With EG or DMSO added into the ‘ink’, the 

written PEDOT pillars do not dissolve but can be easily collapsed by the flow (Figure 

2.8).  
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Figure 2.8. The stability test of PEDOTD and PDOTE by immersing the CP pillar into deionised water 

for different lengths of time as marked in the figure. 

With the addition of GOPS to the formulations, the majority of the pillars left standing 

even when immersed in water for weeks. Comparing the investigated formulations, the 

PEDOTE-G pillars demonstrated supreme stability. The PEDOTE-G pillars were stable in 

water for weeks without any noticeable sign of dissolution. The stability test of 

PEDOTD-G and PEDOTE-G in water are shown in Figure 2.9 and Figure 2.10, 

respectively. 
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Figure 2.9. The stability test of PEDOTD-G by immersing the CP pillar into deionized water for different 

lengths of time as marked in the figure.  

 

Figure 2.10. The stability test of PDOTE-G by immersing the CP pillar into deionized water for different 

lengths of time as marked in the figure.  
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As Raman spectrum reflects the conformation of PEDOT chains and its oxidation 

state,[14, 132] Raman spectra of the pillars were taken in order to gain an insight into 

the chemical information associated with the excellent stability of PEDOTE-G pillars. 

The spectra of the four investigated ‘ink’ formulations were compared in Figure 2.11. 

The most prominent Raman peak observed between 1400 and 1500 cm-1 corresponds 

to the stretching vibration of Cα=Cβ on the five-member PEDOT ring[132]. That peak 

position for PEDOT:PSS pillars with just EG or DMSO added to the formulation were 

similar (with that for PEDOTD slightly wider), while there was a shift to lower 

wavenumbers when GOPS was added. The peak position for PEDOTD and PEDOTE is 

around 1430 cm-1, while for PEDOTD-G and PEDOTE-G are at 1420 cm-1 and 1413 cm-

1 respectively. The shift to lower wavenumbers indicates more expanded PEDOT chains, 

thus leading to stronger intermolecular interactions,[14, 112, 126, 133-134] and in turn, 

to enhanced water stability of the pillars.  

 

Figure 2.11. Raman spectra (785 nm excitation) of the pillars made using the four optimised writing 

formulations: PEDOTD, PEDOTD-G, PEDOTE, PEDOTE-G. 

2.4.6 Characterisation of the PEDOT pillars 

The electrical conductivities of these four formulations were measured on drop casted 

films (see Experimental section), and found to be ca. 35.5 S/cm of PEDOTD, 14.9 S/cm 

of PEDOTD-G, 50.4 S/cm of PEDOTE and 14.0 S/cm of PEDOTE-G. All these 

conductivities were higher compared to 4.8 S/cm of the pristine PEDOT:PSS film. 
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The electrochemical activity of the individual PEDOTE-G pillars in the array was 

investigated in a three-electrode setup by mean of localized cyclic voltammetry (CV) 

(see Experimental for details), as schematically shown in Figure 2.12. Localized CV 

measurements were carried out by lowering the double-barrelled pipette on top of the 

pillar until a contact between the electrolyte drop at the bottom of the pipette and the 

pillar was secured. 

 

Figure 2.12. Localized cyclic voltammetry characterisation of the PEDOTE-G pillars of different height. 

(A) Schematics of CV characterisation using the three-electrodes setup. (B) An optical photograph taken 

during the CV process.  

The cyclic voltammograms of the pillars of different heights (50, 100, 150, 200, 250 

and 300 μm) (Figure 2.12 B) were compared. For each pillar height, at least three CV 

cycles were collected on at least three pillars of the same height (marked red, blue and 

green), and presented in Figure 2.13. The same double-barrelled pipette was used to 

measure all of the CVs shown in Figure 2.13, employing 0.1 V/s scan rate. While all 

of the pillars demonstrated good electrochemical activity, some difference in the 

voltammograms can be seen for the pillars of different heights. For the pillars of height 

below 150 μm, there are two oxidation peaks observed, around 0.05 V and 0.7 V (vs. 

Ag/AgCl), respectively (Figure 2.13 A-C), while for the higher pillars the first 

oxidation peak (0.05 V) diminished or disappeared (Figure 2.13 D-F) with no 

significant difference observed for the second oxidation peak (0.7 V) and reduction 
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peak (seen at 0.65 V). The difference between pillars of different height might be caused 

by the increased electrical resistance for the longer pillars. The current peaks in these 

CVs correspond to the CP oxidation and reduction - related doping and de-doping 

processes. The peak current densities are higher than the reported values of bulk or thin 

film PEDOT:PSS samples.[14, 126, 135] 

 

Figure 2.13. Cyclic voltammograms of the PEDOT pillars of different heights. (A): 50 μm, (B): 100 μm, 

(C): 150 μm, (D): 200 μm, (E): 250 μm, (F): 300 μm. The scan rate was 0.1 V/s. For each height, three 

CV cycles were obtained on three pillars (marked as 1, 2 and 3 and corresponding to red, blue and green 

curves, respectively).  

The excellent electrochemical stability of the pillars was demonstrated by performing 

one hundred cyclic voltammograms on a 100 μm and a 150 μm high pillars (Figure 

2.14). The stability of the PEDOT:PSS pillars can be attributed to the added EG and 
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GOPS. [14, 126, 135].  

 

Figure 2.14. (A) 100 CV cycles of a 100 μm high pillar. (B) 100 CV cycles of a 150 μm high pillar. 

Mechanical properties of the PEDOTE-G pillars were qualitatively tested by applying a 

force onto the pillars with a micropipette. The pipette was moved around by the x, y-

stages of the SICM setup to push and bend a 300 μm high pillar. We optically monitored 

the recovery of the pillar position, its flexibility and adherence to the substrate. The 

pillar demonstrated exceptional resilience to the applied force, flexibility and high 

elasticity. The pillar was easy to bend (Figure 2.15 B-D), but recovered vertical position 

immediately after the force was removed (Figure 2.15 E). Forces from different 

directions were applied and even if the pillar was significantly bent, it still flexed back. 

 

Figure 2.15. Mechanical properties of PEDOTE-G pillars. The height of the bended pillar is 300 μm. (A): 

A pillar before bending. (B), (C) and (D): bending of the pillar. (E): Recovery of the pillar position after 

removing the bending force. 
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For example, the 300 μm pillar was pushed to about half of its original height and 

bended significantly (Figure 2.15 B), but it sprang back when the pipette was removed. 

In the horizontal direction, the ‘head’ of this pillar was pushed away to its far left 

(Figure 2.15 C) or right (Figure 2.15 D). Once the pipette moved out of the range, the 

pillar immediately swung back to its initial position (upright) (Figure 2.15 E). The 

above steps were repeated several times with no sign of breakage or separation from 

the substrate observed, showing the robustness of the pillars and good adhesion to the 

Au substrate. Such robustness of the pillars can be attributed to the chemisorption of 

PEDOT onto the gold substrate through the Au-S bond.[136-137] In addition, a very 

high aspect ratio PEDOTE-G pillar, of 5000 μm height and 7 μm diameter (aspect ratio 

of ca. 714), was strong enough to hold its own weight without collapsing (Figure 2.6 

A). More results on the mechanical properties of PEDOT pillars are shown in Appendix 

Figure A1.   

These outstanding electrochemical and mechanical properties of the fabricated PEDOT 

pillars promise great prospects for PEDOT arrays in a range of bioelectronics 

applications, such as sensors and soft electrochemical probes to study biological cells 

and tissues in a 3D matrix formats.[138-140]  

2.4.7 The pillar distance limitation in ‘writing’ 

Some specific applications, such as trapping of individual cells or when pillars would 

be integrated with microfluidic channels, require small distance between the fabricated 

pillars.[119] However, with the direct writing method, this distance is normally limited 

by the shape of the pipette tips. Therefore, when writing one pillar very close to already 

printed pillar (Figure 2.16 A and C), the pipette tip could touch the other pillar and thus 

either damage it (Figure 2.16 B) or the new pillar could stick to the previous pillar 

(Figure 2.16 D). Based on the experiments performed, the minimum achievable 

distance between two pillars of 80 μm height and 15 μm in diameter is around 35 μm; 

the distance is limited largely by the height of the pillars - the higher the pillars, the 



 51  

 

larger distance would be needed.   

 

Figure 2.16. Experiments on the minimum distance between pillars on direct writing. (A) and (B) show 

an example of the pipette damage the pillars. (C) and (D) show the second pillar sticking to the first pillar. 

To reduce the pillars’ distance limitation on the writing, an electrostatic force was 

employed. When the micropipette was charged (by rubbing with a cloth), the fabricated 

CP pillars were electrostatically attracted by pipette, and thus bend towards the pipette 

(Figure 2.17).  

 

Figure 2.17. The manipulating of a CP pillar by an electrostatically charged pipette.  

On the other hand, when the CP pillars were charged (by the charge transport through 

the Au substrate), they repelled each other and bended oppositely (Figure 2.18). 

Inspired by this, a charged pipette was used for the direct writing of CP pillars to reduce 

the limitation of the distance. As a result, the fabricated pillars carried the same charge 

as the pipette, therefore were repelled by the pipette and bended away. This provided 

more space for the writing of the second pillar (Figure 2.19) and significantly increased 

the distance limitation of direct writing. 
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Figure 2.18. The repelling of two charged CP pillars by the electrostatic force. (A) Before charging and 

(B) after charging. 

 

Figure 2.19. The direct writing of CP pillars with a charged pipette. Both these two pillars were written 

by this charged pipette, thus carrying the same charge. (A) shows the repelling of the first pillar by the 

pipette. (B) and (C) show the writing process of the second pillar while the first pillar rebounded by its 

own mechanical strength. 

2.5 Conclusions 

In conclusion, high aspect ratio and water-stable PEDOT/PSS micro pillar arrays can 

be effectively fabricated by a direct writing technique using a micropipette. This 

technique has been proven to be versatile and highly controllable in regards to the 

fabrication of different aspect ratio pillars using different formulations.  With the 

addition of ethylene glycol and the cross-linking agent GOPS, the stability of the 
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PEDOD/PSS pillars, as well as electrochemical activity, were highly improved. 

Furthermore, these pillars possess excellent mechanical properties: they exhibit 

robustness, elasticity and flexibility. All these properties bring promising prospects for 

the applications of the written 3D conducting polymer micro structures as soft 

functional elements in bioelectronics.  
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Chapter 3. 3D Electrical Stimulation to Human 

Neural Stem Cells 

 

This Chapter was adapted from the flowing co-first author paper:  

Eva Tomaskovic-Crook, Peikai Zhang, Annika Ahtiainen, Heidi Kaisvuo, Chong-Yong 

Lee, Stephen Beirne, Zaid Aqrawe, Darren Svirskis, Jari Hyttinen, Gordon G. Wallace, 

Jadranka Travas-Sejdic, and Jeremy M. Crook, Human Neural Tissues from Neural 

Stem Cells Using Conductive Biogel and Printed Polymer Microelectrode Arrays for 

3D Electrical Stimulation. Advanced Healthcare Materials, 2019, 1900425 

3.1 Abstract 

Electricity is important in the physiology and development of human tissues such as 

embryonic and fetal development, and tissue regeneration for wound healing. 

Accordingly, electrical stimulation (ES) is increasingly being applied to influence cell 

behaviour and function for a biomimetic approach to in vitro cell culture and tissue 

engineering. In this Chapter, the application of conductive polymer (CP) 

poly(3,4ethylenedioxythiophene)-polystyrenesulfonate (PEDOT:PSS) pillars is 

described, direct-write printed in an array format, for 3D ES of maturing neural tissues 

that are derived from human neural stem cells (NSCs). NSCs are initially encapsulated 

within a conductive polysaccharide-based biogel interfaced with the CP pillar 

microelectrode arrays (MEAs), followed by differentiation in situ to neurons and 

supporting neuroglia during stimulation. Electrochemical properties of the pillar 

electrodes and the biogel support their electrical performance. Remarkably, stimulated 

constructs are characterised by widespread tracts of high-density mature neurons and 

enhanced maturation of functional neural networks. Formation of tissues using the 3D 

MEAs substantiates the platform for advanced clinically relevant neural tissue 
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induction, with the system likely amendable to diverse cell types to create other neural 

and non-neural tissues. The platform may be useful for both research and translation, 

including modelling tissue development, function and dysfunction, electroceuticals, 

drug screening, and regenerative medicine. 

3.2 Introduction 

Living cells and tissues exhibit and respond to electrical potentials in the form of 

naturally occurring bioelectricity, important for tissue development and regeneration, 

or exogenously delivered electric current via, for example, electrodes as medical 

devices.[141-142] Cellular responses include galvanotaxis,[143-145] increased 

intracellular calcium concentration,[146] extracellular matrix assembly,[147] and 

associated cell proliferation and differentiation.[146, 148-149] Several recent reports 

have shown that electrical stimulation (ES) can be used to modulate fate determination 

of differentiating human neural stem cell (NSCs), including the promotion of neuronal 

versus glial cell induction and increased neuritogenesis.[149-151] The research of our 

collaborators at the University of Wollongong have demonstrated the use of biphasic 

electrical current via a conductive polymer (CP), polypyrrole, to promote neurite 

outgrowth and synaptogenesis of rat primary cortical neurons,[48] as well as 

differentiation of human NSCs to neurons with longer neurites and increased branching, 

and concomitant lower induction of neuroglia.[149] 

Human NSCs are native “adult stem cells” that can self-renew, have extended 

proliferative capacity and retain a multilineage potential, being able to differentiate to 

cells of all neural lineages in the brain. Hence, they may be used for cell-based 

therapeutics to treat traumatic brain injury and neurological disorders such as epilepsy 

and Parkinson’s disease, as well as in vitro modelling of neural development, cell 

function and dysfunction, and optimisation of medical devices for in vivo neural tissue 

interfacing. 
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To date, research and development of NSCs, or mammalian cell culture in general, has 

largely relied upon elementary 2D methods of cell culture, which are not representative 

of actual cell environments within tissues and organs of the human body. Therefore, 

cells cultured as monolayers on flat surfaces and isolated from physiologically relevant 

inputs, such as electrical potentials, are intrinsically poorly predictive of in vivo 

behaviour, form and function, limiting their value for basic research through to 

translational use, such as pharmaceuticals development. 

The realization of biomimetic cell culture to better represent human cell growth and 

tissue outside the human body requires new platforms that integrate biologically 

relevant human cell lines with advanced techniques for 3D tissue engineering and 

accordant 3D ES. Here, such a platform was employed for the in vitro development of 

electrogenic neural tissue using human NSCs (Figure 3.1). The stem cells were derived 

from human mid-brain, specifically ventral mesencephalon,[152] and encapsulated 

within the previously described clinically-amenable biogel for 3D culture and 

differentiation.[153-154] The gel comprises ionically cross-linked alginate (Al), 

carboxymethyl-chitosan (CMC), and agarose (Ag). Further to the Wollongong’s group 

previous reports of the biogels’ properties,[153-155] the gel was electrochemically 

characterised to confirm electrical conductivity so as to be favourable for in situ cell 

stimulation. ES of cell-laden gels is achieved using a high-resolution direct-write 

printed array of 3D penetrating CP pillar electrodes for stable and biocompatible cell 

coupling.[156] The 3D multi-electrode configuration provides a larger surface area to 

augment coupling with the developing electrogenic tissue. In Chapter 2, various 

properties of the CP pillars including surface morphology, as well as chemical, 

structural, and mechanical properties are described,[156] however, to the best of our 

knowledge, the work in this Chapter is the first example of 3D ES of human stem cells 

in vitro to form 3D human tissues, and more specifically functional neural tissues. We 

submit that the platform is scalable and versatile, envisioning it being amenable in vitro 

and in vivo to neural and non-neural cell and tissue types for stimulation and monitoring 
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applications, with in vivo use bolstered by mechanical robustness and flexibility of the 

pillars to withstand multi-axial mechanical stresses exerted on the pillars. 

 

Figure 3.1. Schematic illustrating the assembly and use of the integrated 3D ES tissue engineering 

platform, including printed CP pillar MEAs with conductive cell-laden biogel to form electrogenic 

human neural tissues. a) Direct write printing of 3D CP pillars by SICM. b) Printed individually 

addressable 3D pillar (height: 80 ± 2 µm, and diameter 14 ± 1 µm) electrodes. c) Assembled 3D MEAs 

with connection pins and CP pillar electrodes within bonded PDMS wells. d) Preparation of conductive 

cell-laden biogel from Al, CMC, and Ag followed by addition of human NSCs. e) Interfacing NSC-laden 

biogel with 3D MEAs by deposition of a viscous amalgam of gel and cells onto CP arrays followed by 

ionic crosslinking. f) Functional 3D neural tissue induction and maturation with ES. 

3.3 Experimental section 

3.3.1 Human NSC culture  

Human NSCs (Millipore: SCC008) were approved for use by the University of 

Wollongong’s Human Research Ethics Committee (HE14/049). Working stocks of 

NSCs were maintained as adherent monolayer cultures, initially seeded at a density of 

9.6 × 104 cells per well onto laminin (10 μg mL−1 in phosphate buffered saline (PBS), 

pH 7.4; Sigma–Aldrich) coated 6-well plates (Corning) containing 2 mL per well 

Complete NeuroCult Proliferation Medium (consisting of NeuroCult NS-A Basal 

Medium and NeuroCult NS-A Proliferation Supplement; Human; STEMCELL 

Technologies), and further supplemented with heparin (2 μg mL−1; Sigma–Aldrich), 
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epidermal growth factor (20 ng mL−1; Peprotech) and basic fibroblast growth factor (20 

ng mL−1; Peprotech). Cell cultures were maintained in a 5% CO2 humidified incubator 

at 37 °C, and the culture medium was refreshed every 2-3 d with half-volume medium 

changes. 

NSCs were passaged for subculture every 5-7 days by digesting in TrypLE Select (0.5 

mL; Gibco, Life Technologies) for 3 min in a 5% CO2 humidified incubator at 37 °C. 

Digested cultures were triturated to single cells following addition of pre-warmed 

culture medium, centrifuged at 190 × g for 3 min, resuspended in a fresh pre-warmed 

culture medium, and re-plated as above. 

3.3.2 Photolithography and assembly of MEAs:  

25.4 mm × 76.2 mm Titanium (≈40 nm as the adhesion layer)/Au (50 nm) coated 

microscope slides were purchased from Deposition Research Lab, Inc. (DRLI). AZ 

nLOF 2070 negative photoresist was purchased from Microchemicals and SU-8 2075 

negative photoresist from MicroChem. The SU-8 was diluted with cyclopentanone to 

yield SU-8 2002 for thinner films. A PDMS elastomer kit (SLYGARD 184) was 

purchased from Dow Corning. The medical-grade silicone adhesive (4100 RTV) and 

the conductive silver epoxy (8331 extreme conductivity grade) were purchased from 

Silbione and MG Chemicals respectively. EDOT was purchased from AK Scientific, 

PEDOT:PSS (conductive grade, 1.3 wt% dispersion in H2O); (3-glycidyloxypropyl) 

trimethoxysilane (GOPS), poly(sodium 4-styrenesulfonate) (PSS) (Mw ≈ 70 000), 

potassium iodide (KI), iodine (I2), and PBS tablet were purchased from Sigma–Aldrich. 

The individually addressable Au electrodes were patterned as previously reported,[18] 

by the traditional photolithography technique, including the patterning of an insulating 

layer (Figure 3.2). Briefly, a thin layer of AZ nLOF 2070 negative photoresist was 

patterned by ultraviolet (UV) light through a mask on top of the Au layer (Figure 3.2 

a–c). The unprotected Au and Ti were etched away by a KI/I2 wet etching solution (KI: 

I2: H2O = 4 g: 1 g: 40 mL for the Au) followed by a 50 vol% HCl (aqueous) at 65 °C 
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(for the Ti, Figure 3.2 d). The photoresist was then washed away with acetone (Figure 

3.2 e), rinsed with isopropyl alcohol and dried with N2. The SU-8 insulating layer was 

patterned with another mask that was carefully aligned using the mask aligner. After 

UV exposure and propylene glycol monomethyl ether acetate development, the 

insulating layer was patterned on top of the patterned Au electrodes (Figure 3.2 f, g). 

The slides were finally cleaned with deionized water (Milli-Q, 18.2 MΩ·cm), isopropyl 

alcohol and dried by N2. 

 

Figure 3.2. Schematic of the photolithography procedure. a) Au/Ti coated slides. b) Slides were covered 

by a negative photoresist. c) The photoresist was patterned by UV light and protected the underlying 

Au/Ti layer from etching. d) The unprotected Au and Ti were etched away by wet chemical etching. e) 

The photoresist was washed away by acetone. f) The second photoresist SU-8 was spin coated and g) 

patterned as the insulating layer. 
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Each working electrode area comprised 36 individually addressable microelectrodes in 

a 6 × 6 array format (Figure 3.3 A and 3.4). The covered insulating layer had 20 μm 

diameter openings to expose corresponding areas of the underlying patterned Au 

electrodes where CP pillars were printed (Figure 3.3 A, B and 3.4 B). The distance 

between electrodes was 100 μm. Each Au electrode was linked to a larger square 

connection point for further connection to the standard PCB pins (Figure 3.3 C, D and 

3.4 C). The SEM images of the 20 μm openings and the square connection pads are 

shown in Figure 3.3. 

 

Figure 3.3. Scanning Electron Microscopy images of the MEAs. (A) A 6 × 6 MEA for the writing of 

pillars. (B) An enlarged single electrode. (C) Connection points for connecting standard PCB pins. (D) 

An enlarged connection point. 

For the assembly, standard Printed Circuit Board (PCB) Connection pins with a pin 

distance of 2.54 mm were mounted using a pin holder (laser cut PMMA structure) and 

bonded to the substrate by conducting silver epoxy (extreme conductivity grade, MG. 

Chemicals) to diminish the contact resistance (Figure 3.4 C). PDMS chambers, 

fabricated by drop casting using a PMMA mould, were then bonded to the substrate by 

a medical grade silicone adhesive (Figure 3.4 C). A counter electrode was prepared 

from platinum mesh for even distribution of ES. The mesh was affixed to a lid that was 
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printed from biocompatible MED610 (Stratasys Ltd) so as to be slightly smaller than 

the PDMS wells’ inner dimensions. 

 

Figure 3.4. Photomicrographs of 3D MEAs at different stages of fabrication. (A) Patterned Au electrodes. 

(B) Patterned insulating layer. (C) Assembled 3D MEAs comprising CP pillars within PDMS wells and 

connection pins. (D) Electro-polymerised CP films. (E) Schematic of the direct writing of 3D CP pillars 

by the SICM. (F) Printed 3D CP pillars. 
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3.3.3 Electropolymerisation and direct writing of CP pillars 

A mixed solution containing 0.01 M EDOT monomer and 0.1 M NaPSS dopant in 

deionized water (Milli-Q, 18.2 MΩ·cm) was used for the electropolymerisation of 

PEDOT films. The NaPSS aqueous solution was pre-degassed with N2 for 20 min 

followed by addition of EDOT. Electropolymerisation was carried out by potentiostatic 

technique at a fixed potential of 0.9 V (versus Ag/AgCl (3 M KCl)). A constant charge 

density threshold of 115 mC cm−2 was employed to terminate the polymer deposition. 

Each electrode in the MEA was electropolymerised separately for repeatability. There 

was a clear colour change of the electrodes from gold to dark blue after 

electropolymerisation (Figure 3.4 D). 

Direct-write printing of CP pillars was performed as described in Chapter 2 and 

previously reported by us,[156] with the difference that the ‘pillars’ were printed here 

on individually addressable electrodes. Briefly, a solution of 500 μL PEDOT:PSS (1.3 

wt% dispersed in water), 175 μL DMSO and 10 μL crosslinking agent GOPS was used 

as the “ink” and ultrasonicated for 10 min every time before “writing” to evenly 

disperse the polymer. The ink was injected by a micro filler into the micropipette and 

fabricated from single barrel borosilicate capillaries using a laser puller P-2000 (Sutter 

Instrument). The tip diameter of the micropipette was ≈15 μm, and slightly smaller than 

the diameter of the Au microelectrodes. The micropipette was precisely positioned over 

the Au electrode using a scanning ion conductance microscope (SICM) system (Figure 

3.4 E).[74, 91, 103] Once the meniscus of the “ink” at the tip of the pipette established 

contact with the substrate, the micropipette was raised 2 μm s−1 by the programmed 

LabVIEW software to allow the evaporation of solvents and formation of CP pillars 

(Figure 3.4 E). The PEDOT pillars of different heights and diameters printed on 

individually addressable electrodes are shown in Appendix Figure A2. The height and 

diameter of the pillars used in this study were 80 ± 2 and 14 ± 1 μm, respectively 

(Figure 3.4 F). 
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3.3.4 Electrochemical characterisation of printed CP pillars  

Electrochemical properties of CP pillars were compared with electropolymerised CP 

films and bare gold microelectrodes.[156] The electrodes were characterised for 

cathode charge storage capacity (CSCC) using cyclic voltammetry (CV), charge 

injection limit (CIL) using voltage transient measurements (VTM), and impedance 

using electrochemical impedance spectroscopy (EIS). Ideally, high CSCC, high 

maximum CIL and low impedance are desired, which would be corresponding to the 

high amount of available charge for stimulation, higher tolerance to applied current 

density and lower voltage needed for stimulation to avoid irreversible Faradaic 

reactions, respectively. 

CVs were performed in PBS buffer from −0.9 to 0.6 V with a scan rate of 100 mV s−1. 

CSCC was calculated as the time integral of the cathodic current, which indicated the 

charge available for stimulation under a slow potential scan (50-500 mV s−1). The 

impedance was measured with a sinusoidal excitation signal of 10 mV in a frequency 

range of 1 Hz - 1 MHz. For VTM, a biphasic, charge balanced rectangular current pulse 

of 1 ms per phase, and a frequency of 50 Hz was applied. The injected current density 

was increased until the measured voltage drop at the electrode/electrolyte interface 

reached the aqueous electrolyte potential window of -0.9 V versus Ag/AgCl. An 

accelerated ageing stability study was also performed by continuously applying 1 × 106 

current pulses to the microelectrodes with a current density of 9.42 μA per phase per 

electrode. The phase width and pulse frequency were as described for VTM studies. 

The VSP-300 was programmed to perform EIS at 4 intervals during the stimulation 

experiment at pulse numbers 2.5 × 105, 5 × 105, 7.5 × 105, and 1 × 106 to monitor 

impedance and indicate whether coating delamination or damage had occurred. 

Delamination was deemed to occur when the percentage change in impedance 

magnitude at 100 Hz (|Z|100 Hz) exceeded 100%, indicating coating failure. Finally, the 

stability of CP pillar electrodes was further evaluated by performing a long-term 

stability test through immersion of the electrodes into PBS buffer and Neuro Basal 
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Media (NBM; Gibco, Life Technologies) for 19 days and the EIS was recorded every 

3 days. The PBS buffer and Neuro Basal Medium (NBM) were frequently refreshed. 

The above measurements were performed using a three-electrode setup with the tested 

microelectrode as the working electrode, a platinum wire as the counter electrode, and 

an Ag/AgCl electrode in 3 M KCl as the reference electrode (Appendix Figure A3). A 

Biologic VSP-300 electrochemical workstation was used for the measurements and 

each microelectrode was tested independently. It is important to note that the 

calculations of CSC and CIL were based on the nominal geometrical surface area of the 

Au microelectrodes (D = 20 μm), rather than the actual surface area of CPs. 

3.3.5 Preparation of MEAs and human NSC-laden biogel for 

stimulation 

Electrode arrays were plasma treated for 2 min (Harrick Plasma Cleaner) and washed 

three times for 10 min with deionized water (Milli-Q, 18.2 MΩ·cm), followed by 20 

min incubation with 70% (v/v) ethanol, air dried under sterile conditions, before 

exposure to UV light for 20 min. The surface of an electrode array was prepared by 

coating with Matrigel (Corning) in Dulbecco's modified Eagle's medium (DMEM) 

overnight at 4 °C and then washed with DMEM. Similarly, the counter electrode was 

washed with deionized water (Milli-Q), and sterilized by incubation with 70% ethanol, 

air dried, and exposed to UV light under sterile conditions, followed by a 1 h incubation 

in DMEM before use. 

The NSC-laden biogel was prepared as previously described under sterile 

conditions.[153-155] Briefly, 1.5% (w/v) agarose (Ag; low gelling temperature; 

Sigma–Aldrich) in PBS was prepared by microwave heating in a sterile 20 mL glass 

vial for 5 s. The solution was cooled briefly to allow bubbles to disperse and microwave 

heating repeated for 2 s, 5–8 times until the agarose completely dissolved. The solution 

was then mixed at 60 °C using a magnetic stirrer, followed by addition of 

carboxymethyl-chitosan (CMC) (Santa Cruz) powder for 5% (w/v) concentration and 

https://en.wikipedia.org/wiki/Renato_Dulbecco
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mixed at 60 °C to dissolve. Alginate (Al) (Mw ≈ 50 000 Da, M/G ratio of 1.67, viscosity 

of 100–300 cP for 2% [w/v] solution in H2O at 25 °C; Sigma–Aldrich) powder was then 

added for 5% (w/v) concentration. After 1 h stirring at 60 °C, the fully dissolved final 

solution was cooled to 37 °C and 5 × 106 NSCs (collected by TrypLE digestion as 

described previously) were added per 0.5 mL biogel solution. Cell-laden biogel was 

immediately deposited by pre-wetting pipetting technique using an air displacement 

pipette into wells of 24-well culture plates (10 μL per well; for conventional plate-based 

studies) or onto MEAs (10 μL per array; for stimulation studies), cross-linked using 2% 

(w/v) calcium chloride (0.5 mL per well; 1 mL per PDMS chamber per array) for 10 

min, followed by 3 × 1 min washes at room temperature (RT) and 2 × 10 min washes 

in DMEM (Gibco, Life Technologies) in a 5% CO2 humidified incubator at 37 °C. 

DMEM was then replaced with Complete NeuroCult Proliferation Medium, and 

incubated for 1 h, ahead of addition of fresh medium and further incubation for 3 days. 

To characterise the electrochemical property of biogel, CV was performed in a two-

electrode configuration and recorded using a potentiostat (CHI650e, CH Instruments). 

Two platinum wires were separated by a distance of ≈3 mm and served as working and 

counter electrodes. The wires were inserted into biogel containing NSCs or biogel alone. 

As per the electrostimulation setup, all experiments were performed in DMEM and 

compared to DMEM alone in the absence of biogel. Measurements were performed at 

a scan rate of 100 mVs−1 over the potential range of −0.6 to +0.6 V. 

3.3.6 Neural tissue induction and electrical stimulation 

Neural tissue induction of human NSC laden biogels was performed by replacing NSC 

culture medium on the fourth day of culture with neural differentiation medium 

comprising DMEM/Ham’s F-12 Nutrient Mixture (F-12): Neurobasal Medium, 1:1 (v/v) 

(Gibco, Life Technologies) supplemented with 1% NeuroCult STEMCELL Modified-

1 (SMI) neuronal supplement (STEMCELL Technologies), 0.5% N2 supplement 

(STEMCELL Technologies), 2 × 10−3 M L-glutamine (Gibco, Life Technologies) and 
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brain-derived neurotrophic factor (50 ng mL−1; Peprotech). Differentiation of 

conventional plate-based and unstimulated array-based cell-laden biogels were 

performed over 7 days, with half-volume medium changes every 2 days. 

ES was performed for 3 days concomitantly with human NSC differentiation by 

applying a previously described stimulation regimen.[149] Briefly, after initial culture 

of NSC-laden biogel constructs for 3 days in NSC proliferation medium followed by 4 

days in differentiation medium, differentiating constructs were stimulated for 8 h per 

24 h period for 3 days in a 5% CO2 humidified incubator at 37 °C. ES was performed 

through a two-electrode setup, whereby the auxiliary platinum mesh electrode was 

submerged into the media at the top of each PDMS chamber, and the Au electrodes with 

printed PEDOT:PSS pillars functioning as the working electrodes. To distribute ES 

across all 36 PEDOT:PSS micropillars, connection pins were joined using copper tape. 

The constructs were stimulated at 0.25 mA cm−2 using a biphasic waveform of 100 μs 

pulses with 20 μs interphase open circuit potential and a 3.78 ms short circuit (250 Hz) 

using an A310 Accupulser Pulse Generator equipped with an A365 Isolator unit (World 

Precision Instruments) and interfaced with an e-corder system to record resultant 

voltage waveforms. 

3.3.7 Immunocytochemistry and live-cell calcium imaging  

Samples were fixed with 3.7% paraformaldehyde in PBS for 30 min at RT. Samples 

were then blocked and permeabilized with 5% (v/v) goat serum (Sigma–Aldrich) in 

PBS containing 0.3% (v/v) Triton X-100 (Sigma–Aldrich) for 4 h at RT. Samples were 

subsequently incubated with primary antibodies against vimentin (VIM) (chicken; 

Millipore), MKI67 (mouse; Abcam), synaptophysin (SYP; rabbit; Millipore), MAP2 

(mouse; Millipore), TUBB3 (chicken; Millipore), and GFAP (rabbit; Millipore) at 4 °C 

overnight. On the second day, samples were rinsed 3× with 0.1% Triton X-100 in PBS 

and samples were incubated with species-specific Alexa Fluor conjugated secondary 

antibody (Life Technologies) for 2 h at RT. Nuclei were labelled with 4’,6-diamidino-
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2-phenylindole (DAPI) (Invitrogen, Molecular Probes) at RT for 10 min. Samples were 

immersed in PBS and imaged with a Leica TCS SP5 II confocal microscope. Images 

were collected and analysed using Leica Application Suite AF (LAS AF) software and 

Fiji (Image J).[157] Integrated Density (IntDen; product of mean grey value and area) 

was measured for 10 random regions of interest (ROI) and corrected for background 

IntDen. Colocalisation analysis was performed using JACoP (Just Another 

Colocalization Plugin)[158] to determine spatial correlation between images based on 

Pearson correlation coefficient. 

For live-cell calcium imaging, the samples were incubated with 2 × 10−6 M Fluo-4 AM 

(Life Technologies) in fresh neural differentiation culture medium for 60 min at 37 °C, 

followed by washing in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffered Hank’s balanced salt solution (HEPES-HBSS; 137 × 10−3 M NaCl, 5.4 × 10−3 

M KCl, 1.5 × 10−3 M CaCl2, 0.44 × 10−3 M KH2PO4, 0.5 × 10−3 M MgCl2, 0.4 × 10−9 

M MgSO4, 0.3 × 10−3 M Na2HPO4, 4 × 10−3 M NaHCO3, 5.6 × 10−3 M D-glucose, and 

10 × 10−3 M HEPES, pH 7.4). After 30 min, spontaneous intracellular calcium surges 

were imaged by confocal microscopy. To potentiate intracellular calcium flux, 

GABA(A) receptor antagonist bicuculline (50 μM; Sigma–Aldrich) was added to 

HEPES-HBSS for 3 min followed by further imaging. The samples were imaged with 

a Leica TCS SP5 II confocal microscope using LAS AF (Leica) software. Images were 

collected at 2 s intervals over a period of 150 s, and quantified using Fiji (Image J). For 

each sample, 80 cells were selected and defined as ROI. Fluorescence intensity (mean 

grey value, F) per ROI over the time series was corrected for background intensity (F0) 

at each corresponding time point. For each ROI during the time series, the change in 

fluorescence response was then normalized to the maximum response (ΔF/Fmax). 

Representative data of 4 ROI is shown. 

All statistical analyses were performed in OriginPro 2015 using two-way analysis of 

variance (ANOVA) with Bonferroni’s post-hoc test. Homogeneity of variance tests 
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(Brown–Forsythe Test) was performed to confirm the statistical assumptions for 

ANOVA were satisfied. Where homogeneity of variance was met (P > 0.05), statistical 

significance of ANOVA was set at P < 0.05, whereas failure to satisfy equal variance (P 

< 0.05) required increased stringency of ANOVA with statistical significance set at P < 

0.01. Correlation analyses were performed using Pearson correlation coefficient 

(JACoP plugin, Fiji).[158] Data are expressed as means ± S.D. and statistical analyses 

are detailed in the figures’ legends. No statistical methods were used to predetermine 

sample sizes, and experiments were replicated to appropriately reduce confidence 

intervals and prevent errors in statistical testing. The collection and analysis of data 

were carried out unblinded to the conditions of experiments, with randomization of 

study samples not performed. No exclusions were made. 

3.4 Results and discussion 

3.4.1 Electrochemical characterisation of 3D microelectrode arrays 

(MEAs) 

3D microelectrode arrays (MEAs) were fabricated using commercially available 

Titanium/Au-coated microscope slides for photolithographic patterning of individually 

addressable Au electrodes, onto which PEDOT:PSS (poly(3,4-

ethylenedioxythiophene)-polystyrenesulfonate)-based ink was direct-write printed to 

form stable CP pillars. The height and diameter of the pillars were 80 ± 2 and 14 ± 1 

μm, respectively, providing a high aspect ratio of ≈ 5.7 for mechanical stability 

necessary to sustain exposure to cell culture media and the biogel, as well as to support 

interaction with cells and derivative tissues. Importantly, enclosure of each CP pillar 

array within a bonded poly(dimethyl siloxane) (PDMS) chamber enabled containment 

of the cell-laden biogel constructs in culture medium together with a platinum mesh 

counter electrode to ensure even distribution of ES. The mesh was slightly smaller than 

the PDMS wells’ inner dimensions and affixed to a lid that was printed from 

biocompatible photocurable polymer MED610, being positioned above each construct 
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while submerged in the medium. 

Electrochemical characterisation of printed CP electrode arrays by cyclic voltammetry 

(CV) demonstrated well defined electrochemical responses of CP pillars with apparent 

oxidation and reduction peaks associated with redox active conducting polymer 

(Figure 3.5 A). Importantly, enhanced conductivity was indicated by a large decrease 

in impedance for almost the entire tested frequency range after incorporation of CPs 

(Figure 3.5 B). The calculated cathodic charge storage capacity (CSCC) increased from 

9.5 ± 0.3 mC cm−2 for Au and 12.1 ± 0.9 mC cm−2 for CP film to 127 ± 5.6 mC cm−2 

for CP pillars (Figure 3.6 A). Comparison of impedance at 100 Hz for all three electrode 

types demonstrated a greater than two orders of magnitude lower impedance of CP 

pillar electrodes compared to Au electrodes (Figure 3.6 B). 

 

Figure 3.5. Electrochemical characterisation of Au, electropolymerised CP film and CP pillar electrodes. 

(A) Cyclic voltammograms showing a large increase in capacitance from CP pillars compared to an 

electropolymerised CP film and a bare Au microelectrode. (B) Impedance spectroscopy results displayed 

as a Bode plot. Impedance magnitude is lowest at all frequencies for CP pillars, compared to 

electropolymerised CP film and a bare Au microelectrode. 

The charge injection limit (CIL) is another important parameter for microelectrodes 

used for ES, indicating how much current can be applied to each electrode. The applied 

charge should be within a predetermined limit to avoid irreversible Faradic 
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reactions.[159] The CIL was tested by voltage transient measurements (VTM) upon 

applying a current controlled submillisecond stimulation pulse to the electrodes. 

Similar to CV and impedance performance, the CIL was improved from 0.66 ± 0.05 

mC cm−2 for Au, to 2.31 ± 0.08 mC cm−2 for CP films, and 11.41 ± 0.46 mC cm−2 for 

CP pillars (Figure 3.6 C). The electrochemical characterisations (EIS and CV) of 

PEDOT pillars with different heights ranging from 50 μm to 250 μm are shown in 

Appendix Figure A4, indicating the increased charge storage capacitance (CSC) and 

decreased impedance of the higher pillars. 

 

Figure 3.6. Characterisation of Au electrodes, CP films and CP pillars for: (A) cathodic charge storage 

capacity, (B) impedance magnitude at 100 Hz, and (C) charge injection limit. 

The stability of CP electrodes was initially evaluated by applying intense stimulation 

and recording impedance. Here, the electrode failure (or delamination) was defined as 

a 100% change in the impedance at 100 Hz. The CP films delaminated relatively rapidly 

(estimated at around 1000 pulses; Figure 3.7 A) and the uncertainties in the measured 

impedance value were very high due to the delamination, while the CP pillars were 

more stable with the average change of impedance magnitude │Z│within 20% at the 

end of testing after ≈106 pulses (Figure 3.7 B).  
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Figure 3.7. Performance stability of: (A) CP films and (B) CP pillars when subjected to a biphasic, 

charge-balanced rectangular current pulse of 1 ms per phase, and a frequency of 50 Hz. The current 

density was 9.42 μA per phase per electrode. |Z| at 100Hz changes as a function of pulse number. 

Delamination was observed to occur when the change in |Z|100Hz exceeded 100% (red dashed lines).  

The results of further testing long-term stability of the electrodes within tissue culture 

media over 19 days are shown in Figure 3.8. The CV curves of Figure 3.8 A and 3.8 B 

indicate a similar shift of the oxidation peak from −0.3 V on day 1 towards 0 V on day 

19 for CP pillar electrodes in Neuro Basal Medium (NBM) and phosphate buffered 

saline (PBS). However, peak current differs between the two media, decreasing with 

time in NBM while remaining stable or even slightly increasing in PBS. The CSC (that 

is corresponding to the enclosed area of CV), and the more commonly used parameter 

CSCC, decreased in both media, with the greatest decrease observed in NBM. The CSCC 

decreased by 45% in NBM and 35% in PBS, although the final values were similar by 

day 19 (≈47 mC cm−2; Figure 3.8 C). 

Finally, electrochemical impedance spectroscopy (EIS) of electrodes in NBM and PBS 

provided similar impedance magnitude│Z│ versus frequency curves (Figure 3.8 D and 

E) and the extracted │Z│ at 100 Hz (Figure 3.8 F). As expected, the impedance of CP 

pillars increased with time. This together with the decrease of CSCC are likely to be 

related to the influence of water and swelling caused by the hygroscopic PSS,[150, 160-

161] and the electrode biofouling, where biomolecules present in the culture media 

adsorb to the electrode surface. 
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Figure 3.8. Long-term electrochemical stability testing. (A, B) CVs of CP pillars incubated in NBM and 

PBS respectively. (C) The plot of CSCC from the cathodic region of CV as a function of time. (D, E) 

Bode plots from EIS of CP pillars in NBM and PBS. (F) The plot of impedance magnitude at a frequency 

of 100 Hz as a function of time. 

It is noteworthy that the shape of the PEDOT pillars’ CVs in this chapter (Figure 3.5 

and 3.8) is different from those in Chapter 2 (Figure 2.13 and 2.14). This could be 

attributed to the different potential scan range, which was -0.2 to 1 V in Chapter 2 and 

-0.9 to 0.6 V in Chapter 3. In addition, the experimental setups were different, with the 
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CVs in Chapter 2 recorded at the top of each pillar, while in Chapter 3 the whole 

individually pillar was immersed into the buffer. Due to the micro-scale diameter of the 

CP pillars, the resistance along the height of the pillars could be relatively high, causing 

a potential drop at the top of the pillars. This might account for the shifts in the oxidation 

and reduction potentials in CVs. 

Overall, the CP pillars demonstrated a significant reduction in impedance and 

significant increases in the CIL as well as electrochemical activity in comparison with 

both flat Au and CP films.[18] These characteristics are likely due to the much higher 

electrochemical surface area of CP pillars and supported ES using the 3D CP pillars. 

A second and critical component of this 3D ES tissue engineering platform is the 

conductive biogel. Again, electrochemical properties of the gel with and without human 

NSCs were examined by CV (Figure 3.9). Overall, CV demonstrated the gel had well-

defined electrochemical responses with or without cells. While biogel in DMEM 

(Dulbecco’s Modified Eagle Medium) showed increased capacitance (indicative of 

increased ionic conductance) compared to DMEM alone, an even larger capacitive 

current was observed for the gel with cells. 

 

Figure 3.9. Cyclic voltammograms of human NSC-laden biogel (biogel in DMEM media with NSCs), 

biogel in DMEM and DMEM performed at 100 mVs-1. 
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3.4.2 Immunocytochemistry and live-cell calcium imaging of 

stimulated human neural stem cells (NSCs) 

Having verified the electrochemical performance of the electrode arrays and biogel, 

human NSC-laden biogel constructs were prepared for conventional plate-based culture 

and differentiation as a qualitative point of reference for MEA-based culture. 

Constructs comprised opaque spheroidal dome structures (diameter: ≈5 mm, and height: 

≈1.5 mm) reflecting the polymeric biomaterial encapsulating cells (Figure 3.10 a). 

Immunophenotyping and nuclear-specific staining of NSCs encapsulated within 

biogels and cultured for 7 days in NSC proliferation medium confirmed the presence 

of loosely packed NSCs expressing undifferentiated cell markers MKI67 (a marker of 

cell proliferation, localized to cell nuclei) and intermediate filament protein VIM 

(vimentin, Figure 3.10 b). Following culture for 7 days in neural differentiation 

medium, constructs comprised large numbers of tightly packed cells, with 

immunocytochemistry and DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride) 

staining indicating a more heterogeneous distribution of neuronal and glial cells 

(Figure 3.10 c). More specifically, antibodies for TUBB3 and GFAP revealed early 

neuronal and to a lesser extent glial cell induction respectively, as well as the 

morphology of axons and dendritic extensions. 

Ensuing assessment of stimulated neural tissue induction and function confirmed the 

utility of the integrated platform. First, consistent with the conventional plate-based 

culture, gel laden cells differentiated on the arrays into neurons and glia with or without 

stimulation (Figure 3.10 d–h). However, while unstimulated constructs were relatively 

poorly maintained at the interface of the ventral surface of the constructs and the 

Matrigel-coated insulating layer covering the Au electrodes (Figure 3.10 d), stimulated 

array-based tissues comprised large numbers of densely packed cells abutting the 

underlying substrate, with polarized neuronal cells exhibiting axons and dendritic 

arborizations (Figure 3.10 e). Upon closer examination of stimulated tissues, neurons 

were observed with axons projecting over long distances from their sites of origin to 
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synapse with other cells including neuroglia (Figure 3.10 e-inset, f). Synapses and 

related cellular networking were also signified by axonal swellings, termed varicosities 

or boutons, formed along the length of individual axons (Figure 3.10 e-inset, f) or as 

terminal bulbs at the end of an axon (Figure 3.10 f). The underlying patterned Au 

electrodes appear as dark bands/silhouettes. Notably, in contrast to both conventional 

tissue induction and unstimulated array-based tissue induction (Figure 3.10 c, g), 

stimulated tissue was distinguished by more discrete and divergent labelling of neurons 

expressing early neuronal TUBB3, mature neuronal MAP2, and presynaptic vesicle 

glycoprotein SYP. Therefore, confocal z-projection images revealed tracts of intensely 

labelled and high-density mature MAP2 expressing neurons with SYP; suggestive of 

structured neuronal network formation and tissue maturation (Figure 3.10 h) compared 

to Figure 3.10 c and g. Quantitative analyses of TUBB3, MAP2, and SYP 

immunocytochemistry supported qualitative assessments, with indices of neuronal 

maturation derived from ratios of mature neuronal MAP2 versus immature neuronal 

TUBB3 (P < 0.0001), SYP versus TUBB3 (P < 0.0001), and SYP versus MAP (P > 

0.05) expression levels, indicating more mature neuronal tissue for stimulated 

compared to unstimulated samples (Figure 3.11 e; F(5,54) = 18.50, P < 0.001). 

Furthermore, measures of spatial colocalization of markers determined by correlation 

analyses based on Pearson’s coefficient showed greater colocalization of MAP2 with 

SYP for stimulated (r = 0.748) compared to unstimulated (r = 0.595) tissues (Figure 

3.10 g, h); consistent with the occurrence of extensive MAP2 and SYP expressing 

neuronal tracts. A reduced spatial correlation between TUBB3 and SYP was measured 

for samples with ES (r = 0.169) or without ES (r = 0.258) (Figure 3.10 g, h). 
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Figure 3.10. Human neural tissue induction under conventional plate-based culture, and on 3D MEAs 

with or without ES. a) Representative photograph of 3D plate-based human NSC-laden biogel constructs 

in a well of a standard 6-well culture plate. b,c) Immunophenotyping of 3D plate-based cell-laden biogel 

constructs at day 7 of human NSC culture and differentiation media respectively. d) In situ 

immunophenotyping of 3D MEA-based cell-laden constructs at day 7 of human NSC differentiation 

without ES. e) In situ immunophenotyping of 3D MEA-based cell-laden constructs at day 7 of human 

NSC differentiation including 3 d ES. f) High magnification image of a 3D MEA-based immunolabeled 
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neuron (TUBB3+) and associated glial (GFAP+) cells following 7 days of differentiation including 3 

days ES. g, h) Confocal z-projections (max; ≈200 µm) of 3D MEA-based cell-laden constructs at day 

7 of human NSC differentiation without g) or with h) 3 days ES.  

Finally, cellular networking and function of both unstimulated and stimulated 

constructs were supported by recurrent spontaneous increases in extracellular calcium 

concentration (Figure 3.11 a and c). Remarkably, in response to disinhibition of cells 

by gammaaminobutyric acid (GABA) receptor-A antagonist bicuculline, stimulated 3D 

MEA-based cell-laden constructs showed an increased firing rate and spike amplitude 

compared to unstimulated constructs (Figure 3.11 b and d). The quantitative 

assessment of TUBB3, MAP2, and SYP in Figure 3.11 e with indices of neuronal 

maturation derived from ratios of mature neuronal MAP2 versus immature neuronal 

TUBB3 (P < 0.0001), SYP versus TUBB3 (P < 0.0001), and SYP versus MAP2 (P > 

0.05) expression levels (Integrated Density; IntDen), indicating more mature neuronal 

tissue for stimulated, compared to unstimulated samples. The Quantitative analysis of 

live-cell calcium flux shown in Figure 3.11 f indicated a statistically significant 

increase in amplitude with ES.  
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Figure 3.11. Quantitative assessment of immunocytochemistry and live-cell calcium imaging. a–d) Live-

cell calcium imaging of 3D MEA-based cell-laden constructs at day 7 of human NSC differentiation, 

without a, b) or with c, d) ES. a, c) Cells labelled with fluorescent calcium indicator Fluo-4 AM exhibited 

spontaneous calcium flux. Following the addition of GABAA antagonist bicuculline, stimulated cells d) 

exhibit elevated calcium flux with an increased firing rate and spike amplitude compared to b) 

unstimulated constructs. e) Quantitative assessment of TUBB3, MAP2, and SYP. f) Quantitative analysis 

of live-cell calcium flux. Mean ± S.D.; n = 80. Two-way ANOVA with Bonferroni post-hoc test. F(3300) 

= 177.7, P < 0.0001. 

3.4.3 Discussion 

In summary, the neurocytocompatibility of the fabricated and described 3D ES tissue 

engineering platform was shown. Fundamental to the system’s performance is the high-
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resolution 3D printed conducting polymer MEA, interfaced with the clinically 

amendable electrically conductive biogel. Importantly, the 3D penetrating PEDOT:PSS 

pillar electrodes demonstrated appropriate activity, resistance, and charge tolerance, 

necessary for ES of biological samples. Moreover, the electrodes were stable with 

minimal degeneration of electrode performance for extended cell stimulation, and the 

3D multi-electrode configuration provided a larger electrochemical surface area to 

augment coupling with the developing electrogenic tissue. The minor degeneration of 

electrode performance may be related to delamination and fractures with ageing under 

intense stimulation conditions, and/or decreasing conductivity with a loss of dopant. 

Notwithstanding, the activity was still sufficient for required ES, with a small increase 

of potential required to maintain the current level. 

Consistent with the previous reports for the use of biogel for human stem cell support 

and differentiation,[153-155] encapsulated NSCs propagated in conventional culture 

plates express markers VIM and MKI67 that are indicative of stem cell self-renewal 

and survival.[162-163] NSCs can be readily differentiated into early neurons and glia 

within 3D constructs, culminating in cell-dense tissues with prolific neurite formation 

throughout constructs. 

Interfacing the 3D NSC-laden biogel with the pillar electrodes was a simple matter of 

depositing the viscous amalgam of gel and cells onto the CP arrays followed by ionic 

crosslinking. Ensuing functional neural tissue induction was achieved over a relatively 

short time, with ES clearly associated with accelerated differentiation and maturation 

compared to both conventional plate-based tissue induction and unstimulated array-

based tissue induction.  

The relatively poor maintenance of cells at the interface of unstimulated constructs and 

the Matrigel-coated SU-8 insulating layer of arrays was somewhat surprising, although 

SU-8 does comprise, among other components, antimony salts that are potentially 

cytotoxic.[164] While SU-8 has not previously been described for human NSC culture, 
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biocompatibility has been demonstrated for other cell types, including rat 

astrocytes,[165] Schwann cells and neurons, as well as human fibroblasts.[166] 

Notwithstanding the need to further investigate the interaction between the insulating 

layer and cells presently used, any putative negative effects were resolved by ES. The 

findings are in keeping with other reports of the effects of ES on rate and fate 

determination of differentiating NSCs, albeit through the use of CP films for 2D planar 

ES rather than 3D ES of tissues presently described.[149-151] 

The ability to stimulate cells in 3D within the biogel is partly enabled by the latter’s 

electrical conductivity, as determined by electrochemical characterisation and deemed 

to be ionic in nature. Interestingly, a larger capacitive current was measured for biogel 

with NSCs compared to gel without. The electrical conductance of gel components 

CMC and Al have previously been described, with the former displaying 

semiconductive properties in the hydrated state, and both able to contribute to ionic 

conductivity.[167-168] Other properties of CMC and Al conducive to cell support 

include water-solubility, antimicrobial activity, and a capacity for high water 

retention.[167, 169] Therefore, further to the previous reports by the collaborator’s 

group,[153-155] by combining CMC and Al with Ag, it was shown that a gel not only 

endowed with suitable mechano-, physico- and biochemical properties but also 

electrochemical properties for 3D ES of NSCs and their differentiation. Not surprisingly, 

biogel conductance was increased in the presence of NSCs, consistent with literature 

attributing conductance of cell-containing hydrogels to cell membrane cation channels, 

aiding ion mobility.[167] 

Differentiation of NSCs, including the formation of functional neural networks, is 

sustained and very consistent in the 3D ES tissue models. Remarkably, the bicuculline-

induced amplification of firing rate and spike amplitude of cells in stimulated tissues 

shown by calcium imaging is consistent with enhanced maturation of neural networks, 

which include a GABAergic neuronal population.[170-171] 
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While the observed effects of ES can reasonably be related to the modification of cell 

membrane ion channel activation, in turn affecting cell cycling, as well as cell adhesion, 

migration, and neurite outgrowth and maturation,[145, 148, 150, 172-174] further 

studies will be necessary to more specifically ascertain the exact mechanism(s) of 

action of ES presently described. Further studies will also explore what happens to the 

cells over the longer term, testing other stem cell types and variable fate determination 

towards the application of the platform for engineering other neural and non-neural 

tissues. It is to note that the CP pillars in the array used here were all connected together 

as a working electrode for applying ES to NSCs (rather than as individual electrodes).  

3.5 Conclusions 

In conclusion, the 3D written PEDOT:PSS pillar electrodes demonstrated a significant 

reduction in impedance and increases in the charge tolerance as well as electrochemical 

activity in comparison with both flat Au and CP films, which are important for ES of 

biological samples. The overall platform showed good compatibility to the human 

neural stem cells (NSCs) that were encapsulated in a conductive polysaccharide-based 

biogel. This was verified by successful stem cell survival and self-renewal. The 3D 

electrical stimulated cells through CP pillars showed clearly accelerated differentiation 

and maturation compared to both conventional plate-based tissue induction and 

unstimulated array-based tissue induction, characterised by widespread tracts of high-

density mature neurons and enhanced maturation of functional neural networks. The 

platform may be useful for both research and translation, including modelling tissue 

development, function and dysfunction, electroceuticals, drug screening and 

regenerative medicine. 
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Chapter 4 Exosome Capture, Sensing and 

Release  

 

This chapter is adapted from the manuscript under preparation: 

Peikai Zhang, Alireza Akbarinejad, Colin Hisey, Larry Chamley, David E. Williams and 

Jadranka Travas-Sejdic, Direct Writing of 3D Conducting PEDOT Pillar Arrays for 

Exosome Capture, Release and Sensing. 2019.  

4.1 Abstract 

Herein, the use of 3D conducting polymer (CP) pillar electrode arrays for capture, 

sensing and release of target exosomes – cell-derived nano-sized extracellular vesicles 

that carry information on the cell’s origin and health state is demonstrated. The 3D 

pillars are fabricated by mean of ‘direct 3D writing’ of PEDOT ‘ink’ on gold 

microelectrodes, where each of the pillars is individually electrochemically addressable 

and functionalisable with an exosome-specific aptamer recognition probe. The 

methodology developed here may overcome current challenges in exosome detection 

by providing specific capture and release of exosomes, alongside rapid and specific 

electrochemical detection. The capture of exosomes is based on the specific binding 

between the exosomes’ transmembrane protein CD63 and the CD63-specific aptamer 

probes which are grafted onto the Au functionalised CP pillars via the Au-S bond. The 

Au-S bond can be then reductively cleaved to release exosomes and concentrate them 

into a clean buffer solution for further analysis. The sensing of exosomes, when 

captured on the pillars, is investigated by electrochemical impedance spectroscopy 

(EIS). The capture and release of exosomes are further confirmed by confocal 

fluorescent microscopy imaging. The 3D CP pillar arrays have a great potential as 

functional platforms for the simultaneous capture, sensing and release of multiple 
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biological entities and could be integrated into microfluidic device systems for 

advanced extracellular vesicles or circulating tumour cell isolation and analysis. 

4.2 Introduction 

Exosomes are a subgroup of extracellular vesicles (EVs) (~30-200 nm diameter) that 

are extruded, in substantial quantities, from all living healthy and cancerous cells into 

body fluids, such as blood.[175-177] The content of exosomes is reflective of both the 

cell of origin and the disease status of that cell. In stark contrast to individual 

biomarkers, exosomes carry many hundreds of surface-exposed, as well as 

intravesicular markers, which greatly enhance the exosomal potential in disease 

detection.[178-180] The richness of information comes from their surface-expressed 

proteins and in their cargo in the form of proteins, lipids, mRNA, microRNA and 

DNA.[181-183] Consequently, rapid, specific, sensitive and accurate analysis of 

exosomes is of great significance, however, often hampered by practical challenges of 

time-consuming isolation procedures, the complexity of clinical samples, low 

concentration in the early stages of diseases and lack of general, inexpensive sensing 

methodologies.[184-188] 

There has been significant research interest in recent years in addressing the above-

mentioned challenges. For example, Zhou et al. combined gold electrodes with a 

microfluidic system and developed an aptamer-based electrochemical sensor of 

exosomes. They firstly immobilized the redox labelled probing strands onto the 

aptamers anchored Au electrodes by hybridization.[189] Then, in the presence of 

exosomes, these probing strands were substituted by exosomes and were released from 

the electrode surface, causing a reduction in the electrochemical signal. Doldán et al. 

developed a highly sensitive sandwich type electrochemical exosome sensor using 

rabbit antihuman CD9 antibodies on gold substrates for exosome capture. The mouse 

monoclonal α-CD9 antibodies were then bound to the remaining CD9 moieties on the 
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surface of captured exosomes followed by the binding of horseradish peroxidase 

(HRP)-conjugated anti-IgG antibodies. The electrochemical reduction of HRP-oxidized 

3,3’,5,5’-tetramethyl benzidine (TMB) was monitored for sensing.[36] The sensor 

could detect as low as 200 exosomes per microlitre due to the amplification of multiple 

detector antibodies bound to the surface of each captured exosome. The sensor was 

shown to differentiate exosomes from microvesicles. Zong et al. reported a surface-

enhanced Raman scattering (SERS) detection of exosomes using a sandwich-type 

immunocomplex consisting of magnetic nanobeads, exosomes and SERS 

nanoprobes.[190] Both the magnetic nanobeads and the SERS nanoprobes were bound 

to the exosome via antibodies. This complex could be precipitated with a magnet due 

to the presence of the magnetic nanobeads, thus a SERS signal caused by the SERS 

nanoprobes could be detected in the precipitates, while without exosomes no such 

complex structures could be formed. Jeong et al. designed a portable exosome magneto-

electrochemical sensor where exosomes were immunomagnetically captured from 

patient samples and profiled through an electrochemical reaction.[191] The reported 

advantages of this sensor include highly sensitive, specific exosome detection and the 

small size of the sensor which might be scalable for high-throughput measurements. 

Wang et al. took advantage of the aptamer technology and DNA-based nanostructures 

and developed a nanotetrahedron (NTH)-assisted aptasensor for direct capture and 

detection of exosomes.[184] Both, the oriented immobilization of aptamers and NTH 

assistance contributed to an improved sensing performance. Zhang et al. used a 

nanostructured graphene oxide/ polydopamine coating for exosome sensing and 

demonstrated significant enhancement of exosome immuno-capture efficiency.[192] A 

highly sensitive (detection limit of 50 exosomes per μL) enzyme-linked immunosorbent 

assay (ELISA) - based exosome sensor was developed based on this nano-interface. 

However, despite the advantages of the above-mentioned exosome sensing platforms, 

highly sensitive, rapid and specific exosome sensing remains challenging.  

In recent decades, conducting polymers (CPs) became one of the popular electroactive 
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bio-interfaces to sense, communicate and interact with biological cells and tissues, and 

have proven useful in applications such as biosensing[18, 34, 193-196] and cell 

stimulation.[19, 46, 48]  

We have recently developed a novel 3D CP-based electrode array platform that utilises 

a ‘direct writing’ technique.[156] Taking advantage of the CPs’ 3D microstructure, 

electrical conductivity, biocompatibility, soft mechanical property and the possibility 

of adding functionality by surface modification, such electrode arrays have a great 

potential as functional, three-dimensional biointerfaces. Such 3D CP pillar arrays are 

expected to provide higher capture efficiency of exosomes as well as higher capture 

capacity, due to their higher surface area.  

Herein, the 3D pillar arrays were fabricated using poly(3,4-ethylenedioxythiophene) 

(PEDOT), with each of the pillars in the array being individually electrically 

addressable. The pillars were then functionalised with gold particles, followed by 

attachment of thiolated transmembrane protein CD 63 specific aptamer probes onto Au 

particles via the Au-S bond. We demonstrate an application of such arrays in exosomes’ 

capture, sensing and release. The controlled release of the captured exosomes from 

individual pillars in an array is an attractive feature for the integration of such functional 

3D arrays into microfluidic systems that may provide a platform for individual or 

collective exosome capture and analysis.  

4.3 Experimental section 

4.3.1 Materials 

The Au/Ti (∼40 nm/50 nm) coated slides were received from Deposition Research Lab, 

Inc. (DRLI). AZ 1518 positive photoresist was purchased from Microchemicals and 

SU-8 2075 negative photoresist from MicroChem Corp. 

The other chemicals were purchased from Sigma-Aldrich, including poly(3,4-
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ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) (conductive grade, 1.3 

wt% dispersion in water), dimethyl sulfoxide (DMSO), (3-

glycidyloxypropyl)trimethoxysilane (GOPS), gold(III) chloride trihydrate 

(HAuCl4·3H2O), sulfuric acid (H2SO4), 3,4-ethylenedioxythiophene (EDOT), 

poly(sodium 4-styrenesulfonate) (PSS) (Mw ~ 70 000), potassium iodide (KI), iodine 

(I2), hydrochloric acid (HCl), potassium (III) ferricyanide (K3Fe(CN)6), potassium (II) 

hexacyanoferrate trihydrate (K4Fe(CN)6·3H2O) and phosphate buffered saline (PBS) 

tablets. Deionised water (MilliQ, 18.2 MΩ∙cm resistivity) was used for all experiments.  

4.3.2 Fabrication of CP pillar arrays 

Direct writing of CP pillars (PEDOT:PSS) on micro-electrode Au arrays was performed 

as previously reported by us.[156] A schematic illustration of the 3D direct writing of 

the pillars is shown in Figure 4.1 A. Briefly, individually addressable Au electrode 

arrays were prepared using the common photolithography technique with a layer of SU-

8 used as the insulator layer. Each working electrode array area was comprised of 18 

individually addressable microelectrodes in a 3 × 6 array format (Figure 4.1 B). The 

top insulating layer had 30 µm diameter openings to expose the corresponding areas of 

the underlying patterned Au electrodes where the CP pillars were printed. The distance 

between the electrodes was 200 µm. Each Au electrode was linked to a larger square 

connection pad, which was then connected via a pogo pin connector to the 

electrochemical workstation (Biologic SP-300). The advantage of the array format is 

that the pillars are individually electrochemically addressable and functionalisable 

which could: 1) provide experimental repeats with minimal variation; 2) shorten the 

time of optimisation of the experimental parameters, such as for the Au deposition; 3) 

provides a possibility of different functionalisation of different pillars, which could be 

significant in future sensing studies of samples containing multiple targets.  

A thin layer of PEDOT:PSS film was firstly electrochemically deposited onto the Au 

microelectrodes to diminish the contact resistance between the CP pillar and the Au 
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electrodes. The direct writing of pillars was performed as previously reported.[156] 

Briefly, a mixed solution of PEDOT:PSS, DMSO and crosslinking agent GOPS was 

used as an “ink”. The ink was injected by a MicroFil (a micropipette filling capillary, 

World Precision Instruments) into a micropipette, which was fabricated from a single 

barrel borosilicate capillary using a laser puller P-2000 (Sutter Instrument). The tip 

diameter of the micropipette was about the diameter of the Au microelectrodes. The 

PEDOT ink-filled micropipette was then precisely positioned over the Au electrode 

using a home constructed scanning ion conductance microscopy (SICM) system.[103] 

Once the meniscus of the “ink” at the tip of the pipette established contact with the 

substrate, the micropipette was raised by 1.5 µm s−1 using a programme in LabVIEW 

software. The speed of the pulling of the pipette up was chosen to allow evaporation of 

the solvents in the ink and formation of the CP pillars. The samples were placed on a 

hot plate during the “writing” to promote the evaporation of solvents with the 

temperature controlled at 26-30 oC (depending on the humidity on the day of the 

experiments, from 50% to 80%). 

 

Figure 4.1. Scheme of direct writing of CP pillars onto the individually addressable Au electrodes (A) 

and an optical microscope image of a 3 × 6 CP pillar array (B). 

4.3.3 Deposition of Au particles and covalent attachment of aptamers 

Au particles were deposited onto the pillars by electrochemical reduction of gold ions 

from an aqueous solution of various concentrations of HAuCl4 containing 0.5 M 

H2SO4.[197-198] Several electrochemical techniques for the gold deposition were 
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investigated, including potentiostatic (constant potential), multi-step potential pulse 

deposition and potentiodynamic (cyclic voltammetry, CV) deposition.[198-200] For the 

potentiostatic technique, a constant potential of -0.2 V was applied on to the pillars vs. 

Ag/AgCl (3 M KCl),[201-203] while the deposition time was varied from 3 s to 40 s. 

In the potential pulse deposition approach, the potential was switched between -0.2 V 

(1 s) to 0 V (1 s). Different numbers of pules were tested. As for the potentiodynamic 

deposition, different scan ranges (-0.2 V to 0.9 V and -0.6 V to 0.6 V), number of cycles 

(3, 5 and 7) and scan rates (100 mV/s and 200 mV/s) were tested. 

4.3.4 Capture and release of 2-mercaptoethanol 

Before working with exosomes, 2-mercaptoethanol (2-ME) was used as a model 

compound to demonstrate capture and release. CP pillars with the diameter of ~ 15 μm 

and height ~ 80 μm in a 3 × 6 array format were used for the capture and release of 2-

mercaptoethanol (2-ME). The CP pillars were firstly functionalised by Au particles 

before incubation in 3 mM 2-ME (in ethanol) for 2 h at room temperature (20 oC). The 

arrays were then rinsed with ethanol and deionized water (Milli-Q) five times each, 

followed by incubation in 1.5 mL 0.1 M LiClO4 (aq.) for 5 min and the solution was 

then collected for fluorescence measurement. For the release of 2-ME, a three-electrode 

setup, in a clean 1.5 mL 0.1 M LiClO4 (aq.) was used, with CP pillars as the working 

electrode, a Ag/AgCl (3 M KCl) as the reference and a Pt wire as the counter electrode. 

A -1.2 V potential vs. the Ag/AgCl (3 M KCl) was applied to the CP pillars for 5 min 

to release the bound 2-ME by reductive cleavage of the Au-S bond.[204-205] The 

solution after the release was collected. O-Phthaldialdehyde (OPA) and alanine were 

added to the solutions with the concentration of 1 mM each in the final mixture. Finally, 

the fluorescent spectra were recorded using an excitation wavelength of 330 nm.  

4.3.5 Attachment of aptamers 

The 3'-end thiol-modified CD63 aptamer with a C7 linker was synthesized by Alpha 

DNA. The sequence used was 5'-CAC CCC ACC TCG CTC CCG TGA CAC TAA 
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TGC TA-3'.[189] 

The thiol functionalised CD63 aptamer was dissolved in PBS buffer and diluted to 20 

μM with pH 7.4 PBS buffer (25 oC). The CP pillars decorated with Au particles were 

then incubated in the aptamer solution for 2 h at room temperature (20 oC) for the 

aptamer to attach via formation of the Au-S bond onto the deposited Au particles. The 

substrates were then rinsed with deionized water (Milli-Q) and PBS buffer gently for 1 

min each to remove the non-bound aptamers before EIS measurements.  

4.3.6 Cell culture and exosome isolation.  

MDA-MB 231 cells which were commonly used to model late-stage breast cancer,[206-

208] were cultured in our collaborators’ laboratory at the Hub for Extracellular Vesicle 

Investigations (HEVI), School of Medical and Health Sciences, The University of 

Auckland. 

The cells were cultured until 60% confluence at 37 oC and under 5% CO2 in a 

Dulbecco's modified Eagle's medium (DMEM) to which was added 10% (v/v) fetal 

bovine serum (FBS) and 1% (v/v) Penicillin and Streptomycin (PS).  

For the exosome isolation, the culture was firstly centrifuged at 2000 g for 10 min, 

followed by a second centrifuging of the supernatant at 4700 g. The sediment was 

resuspended in PBS buffer and centrifuged at 10 000 g for 1 h to isolate microvesicles, 

while the supernatant was further centrifuged at 100 000 g for 1 h to isolate nanovesicles 

(exosomes). The exosomes were resuspended and purified using qEV columns (Izon 

Science Ltd.). 

4.3.7 Capture and release of exosomes and electrochemical 

characterisation 

MDA-MB 231 cells’ exosomes, which have CD63 proteins expressed on the 

membrane[209-211], were used for the capture experiments in the concentration of 109 

particles/mL. The CD63 aptamer functionalised pillars were incubated in the exosome 

https://en.wikipedia.org/wiki/Renato_Dulbecco
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solution for 2 h at the room temperature (20 oC) and then rinsed with deionised water 

and PBS buffer gently for 1 min each before EIS measurements. The releasing of 

exosomes was performed by applying a negative potential of -1.2 V vs. Ag/AgCl (3 M 

KCl) to the pillars as the working electrodes and a Pt wire was used as the counter 

electrode. In this way, the Au-S bond could be reductively cleaved to release the 

aptamer-exosome complexes.[204-205] 

The electrochemical properties of the functionalised CP pillars were characterised using 

EIS and cyclic voltammetry (CV) using a Biologic SP-300 electrochemical workstation. 

Each pillar microelectrode was characterised independently. EIS and CVs were 

recorded in 5 mM Fe(CN)6
3-/4- in a three-electrode setup with the CP pillars as the 

working electrode, a platinum wire as the counter electrode and an Ag/AgCl in 3 M 

KCl (iBASI) as the reference. The EIS were performed with a sinusoidal excitation 

signal of 10 mV in a frequency range of 0.5 Hz - 1 MHz and under a bias potential of 

0.23 V vs. Ag/AgCl (3 M KCl) reference. The CV experiments were performed from -

0.2 V to 0.6 V with a scan rate of 100 mV/s. The EIS were recorded at different stages 

of the pillars’ treatment (bare CP pillars, the pillars with Au particles deposited, after 

aptamer attachment and after the exosomes capture and release). The maximum values 

of the negative imaginary impedance were used as the readout (sensing signal). 

4.3.8 SEM and confocal fluorescent imaging 

A scanning electron microscope JCM-6000 SEM (15 kV electron beam, high vacuum 

mode) was used to characterise the surface morphology of the pillars. The samples were 

coated with a thin sputtered Au layer and were tilted (~30o to 50o) for imaging. 

An Olympus FV1000 Live Cell Imaging confocal system was used for the fluorescent 

imaging of the exosomes. Firstly, the CP arrays with captured exosomes were labelled 

with PKH67 dye (7.5 µM) by dropping 100 μL of the dye onto the pillar area for 5 min. 

The samples were then rinsed with PBS buffer several times prior to the imaging. The 

samples were kept in PBS buffer and an immersion lens was used for imaging. Due to 
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the shape of the CP pillars, that have a “head” at the top, the substrates needed to be 

tilted for imaging. The used excitation wavelength was 488 nm and the recorded 

emission wavelength was 520 nm. 

4.4 Results and discussion 

The experimental design for the exosomes capture and release using the PEDOT pillar 

platform is illustrated in Figure 4.2. The individually addressable 3D PEDOT pillars in 

an array format (Figure 4.2 A) were fabricated based on the solvent evaporation during 

a slow extrusion process, as previously reported by us.[156] The conductivity of the 

pillars was estimated to be ca. 15 S/cm.[156] To functionalise the pillars, firstly Au 

particles were electrochemically deposited on their surface (Figure 4.2 B). Then the Au 

particles served as anchoring surfaces for the attachment of thiol-functionalised CD63 

aptamers via formation of the Au-S bonds[137, 212-213] (Figure 4.2 C). The aptamers 

specifically bind to the CD63 - a transmembrane protein that is commonly present in 

exosomes[189, 209-211] (Figure 4.2 D), and thus capture exosomes. Subsequently, the 

Au-S bond could be reductively cleaved by applying a negative potential,[204-205] 

thus releasing the captured exosomes (Figure 4.2 E). EIS of the individual CP pillars 

was recorded at each step described. Changes to the recorded spectra, or a particular 

value of the impedance (for example, the maximum imaginary impedance), could be 

used as a signal indicating changes in the pillars’ surface properties as one progresses 

through the steps described. 
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Figure 4.2. Schematic illustration of the exosomes’ capture and release. (A) Bare CP pillars; (B) CP 

pillars with electrochemically deposited Au particles; (C) Attachment of the thiol functionalised CD63 

aptamers to the Au particles; (D) Capture of exosomes by mean of specific recognition between the CD63 

aptamers and CD63 expressed on the exosomes; (E) Release of the captured exosomes by reductive 

cleavage of Au-S bond by applying a negative potential of -1.2 V (vs. Ag/AgCl).  

4.4.1 Optimisation of gold particles deposition 

The first step in functionalising of the PEDOT pillars is the deposition of Au particles 

by electrochemical reduction of Au3+ (AuCl4
-) to Au0 by applying a negative potential 

through the use of conducting PEDOT pillars. Different deposition parameters were 

investigated to understand and optimise the deposition process and also the relationship 

between these parameters and the morphologies of the deposited Au particles. 

Effect of HAuCl4 concentration  

Firstly, the effect of HAuCl4 concentration on the deposited Au morphology was 

investigated by varying the concentration in the range from 1 mM to 10 mM. The 

potentiostatic method with a constant potential of -0.2 V vs. Ag/AgCl (3 M KCl) 

reference was applied to the pillars for the deposition of Au0. The SEM images of these 

CP pillars, when the applied deposition time was 10 s and 20 s, are shown in Figure 

4.3.  
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Figure 4.3. SEM images of the Au0 deposited CP pillars using different concentrations of HAuCl4. The 

Au was deposited potentiostatically by applying a constant potential of -0.2 V vs. Ag/AgCl (3 M KCl). 

The HAuCl4 concentration was 1 mM (A) and (B), 2.5 mM (C) and (D), 5 mM (E) and (F) and 10 mM 

(G) and (H). The deposition times were 10 s for (A), (C), (E) and (G) (left column), and 20 s for (B), (D), 

(F) and (H) (right column), respectively. 

The SEM images in Figure 4.3 indicate that the Au particles were clearly deposited on 

the surface of the PEDOT pillars at all the tested concentrations (1 mM to 10 mM) of 

HAuCl4. When the same duration of deposition was compared, a significant increase in 

the amount of Au0 was observed at the increased concentrations of HAuCl4. An issue 



 94  

 

identified with the lower concentration (1 mM and 2.5 mM) is that distribution of the 

Au particles along the pillars was uneven. With 1 mM HAuCl4 (Figure 4.3 A and B), 

more Au particles were deposited at the bottom of the pillars, likely related to the 

potential drop caused by the resistance along the height of the CP pillars and the salt 

depletion in the vicinity of the pillars as gold deposits[197, 214]. Interestingly, when 

the HAuCl4 concentration was 2.5 mM, a higher density of Au particles was deposited 

at the top of the pillar than at the bottom (Figure 4.3 C and D). The different deposition 

is likely to be related to the difference in the diameter of the pillars caused by the 

variation in humidity during the printing of the pillars, temperature and the used 

micropipettes. Despite this uneven distribution of Au particles, the higher concentration 

of the gold salt (2.5 mM vs. 1 mM) caused an increase in the deposition rate, seen by a 

comparatively larger amount of gold deposited.  

When the concentration of HAuCl4 was further increased to 5 mM and 10 mM, the Au 

particles (Figure 4.3 E to H) were more evenly deposited over the whole surface of the 

pillars. However, with a longer deposition time (20 s), there was an excessive amount 

of Au0 deposited, fully covering the CP pillars’ surfaces, forming interesting, high 

roughness “wrinkled” structures (Figure 4.3 F and H). We propose the wrinkles might 

be related to the actuation of the PEDOT upon the applied potential of -0.2 V. It is well 

known that PEDOT:PSS undergoes swelling upon reduction due to the ingress of 

counter cations (Na+ and K+), and shrinking upon oxidation with cations being 

expelled.[58, 60, 215] Therefore, by applying a negative potential during Au deposition 

the PEDOT:PSS pillars were reduced, thus swollen, while they recovered their volume 

after removal of the negative potential. To understand this phenomenon, further studies 

would need to be done in the future, for example, to investigate the effect of applying 

a negative bias potential on the swelling of the pillars. On the other hand, the pillars 

may also have shrunk during the drying of the samples in preparation for SEM imaging 

leaving a “wrinkled” gold shell. Such “wrinkled” structures are further discussed later, 

in relation to the EIS and CV analysis. 
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Effect of deposition techniques 

Apart from the potentiostatic method discussed above, two other techniques, namely 

multi-step potential pulse deposition and potentiodynamic deposition, were also 

investigated. The idea behind using the potential pulse deposition (-0.2 V for 1 s, 

followed by 0 V for 1 s) is to have intervals with slow deposition (at 0 V) to allow some 

replenishing of the AuCl4
- concentration in the pillars’ vicinity. On the other hand, the 

potentiodynamic deposition is expected to re-oxidize the CP pillars as cathodic 

potentials are applied in each cycle (refer to CVs, for example in Figure 3.5 and 3.8), 

thus providing a better conductivity along the pillar. The morphologies of the Au-

deposited pillars using potential pulse and potentiodynamic deposition can be compared 

by examining the images in Figure 4.4 and Figure 4.5. 

 

Figure 4.4. SEM images showing morphologies of the potential pulse-deposited Au on CP pillars using 

10 mM HAuCl4. The deposition parameters are as following: -0.2 V × 1 s and 0 V × 1 s for (A)10 × 

pulses), (B) 20 × pulses, (C) 40 × pulses.  

More gold was deposited when the potential pulse deposition technique (Figure 4.4 A-

C) was used compared with the potentiostatic technique discussed above (Figure 4.3 

G and H) (for the same length of time of applying -0.2 V potential). The 

potentiodynamic deposition produced more gold when the lower scan rates, a higher 

number of scan cycles and a more negative potential window were applied (Figure 4.5). 

For both potential pulse and potentiodynamic deposition, the formation of the 

“wrinkled” structures (Figure 4.4 C and 4.5 B-H) could be observed, with further gold 

deposition producing dendritic “thorn” structures, particularly seen at the “heads” of 
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the pillars (Figure 4.4 C, and Figure 4.5 C, D and F-H). The formation of similar 

fractal gold structures has been reported widely[216-218] and was related to the 

inhomogeneous distribution of AuCl4
- caused by the vicinity of the adjacent 

nanostructures inducing fractal crystallization growth.[198, 200]  

 

Figure 4.5. SEM images showing morphologies of the potentiodynamically deposited Au on CP pillars 

from 10 mM HAuCl4. The potential was scanned with the scan rate of 200 mV/s for (A) - (D) and 100 

mV/s for (E) – (F). (A), (B), (E), and (F) were scanned from -0.2 V to 0.9 V while (C), (D), (G) and (H) 

from -0.6 V to 0.6 V. The number of cycles were: (A) and (E) 3 cycles, (B), (C), (F) and (G) 5 cycles and 

(D) and (H) 7 cycles. The scale bars are 20μm. 

The enlarged SEM images of Figure 4.5 C and G showing the “thorn” and “wrinkle” 

structures are presented in Figure 4.6. The deposition parameters of these two pillars 

are as described in Figure 4.5. The difference between them is the scan rate, which is 

200 mV/s for the first pillar and 100 mV/s for the second one. As is shown, from higher 

to lower scan rates, the “thorns” grew bigger and also the “wrinkles” were more 

pronounced. These could be attributed to the longer deposition time for the former and 

the longer actuation time for the latter. 
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Figure 4.6. SEM images showing the “thorn” and “wrinkle” structures of deposited Au on the pillars. 

(A) and (B) are the enlarged SEM images of Figure 4.5 C. (C) and (D) are the enlarged SEM image of 

Figure 4.5 G. 

The SEM images in Figure 4.5 F-H show the deepest wrinkles on the pillars when gold 

is deposited using the potentiodynamic method. We attribute that to the multi-actuation 

cycles of the PEDOT:PSS in the multi-cycle deposition.  

Effect of deposition time  

To gain a better understanding of the Au particle deposition, different deposition times, 

ranging from 3 s to 25 s, under the potentiostatic conditions (-0.2 V) and from the 

HAuCl4 solution of 5 mM were further investigated. The resultant pillars are shown in 

Figure 4.7.  
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Figure 4.7. SEM images showing the deposited Au particles. Au deposition conditions: -0.2 V (vs. 

Ag/AgCl (3 M KCl) in 5 mM HAuCl4. The deposition times are (A) 3 s, (B) 5 s, (C) 10 s, (D) 15 s, (E) 

20 s and (F) 25 s. The scale bars are 5 μm. 

At the 3 s deposition time the Au micron-size particles (Figure 4.7 A) could be observed 

which grow larger at 5 s (Figure 4.7 B). At 10 s deposition time, smaller nano-size 

particles can be observed (Figure 4.7 C) in addition to the larger micron-sized particles 

and by the 15 s and 20 s of deposition, the majority of the surface is covered by small 

nanoparticles in addition to the initially formed micro-particles (Figure 4.7 D and E) 

and fully covered by 25 s (Figure 4.7 F). The large Au microparticles have a flowerlike 
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morphology, which is similar to previously reported Au structures.[198, 200] Based on 

the theory of metal particle nucleation on surfaces[219-221] we suggest the growing 

mechanism as follows. Firstly, small Au nanoparticles are formed on the surface of the 

CP electrodes via electrochemical reduction. These nanoparticles then act as nucleation 

sites and grow rapidly to larger nanocrystals via catalytic reduction of gold ions on their 

surface. The crystallization tends to happen on certain facets such as (111), (100) and 

(110) to minimize the surface energy.[198, 203] The protuberant edges have a higher 

chance to adsorb Au ions and also the electrical field could be stronger due to the edge 

effect. Therefore, a thin, petal-like sheets or dendritic structures of gold are formed.[202, 

222-224]  

These nuclei then acted as nucleation sites for the further crystallization of the metal 

growth that eventually grows into larger Au ‘microflowers’ (Figure 4.7 A and 4.7 B). 

As suggested in the literature, the inhomogeneous diffusion of AuCl4
- around the 

particles may contribute to the growth of such structures.[198, 200] At longer 

deposition times both the nanoparticles and the micro-‘flowers’ grew in size (Figure 

4.7 C-F). Eventually, the whole pillar surface was covered by gold particles.  

The above experiments suggest that is possible to control the gold deposition on the 

pillars. However, it is important to understand that the conditions of both the pillar 

fabrication and gold deposition on the pillars would need further optimisation. Some of 

the parameters of the pillar fabrication need further attention to reduce variations in the 

deposition of pillars, i.e. better control over the micropipette diameter, temperature and 

humidity control, as well as further improvement in reducing the pillars’ resistance. 

Similarly, in terms of gold deposition, possible depletion of the salt concentration in the 

vicinity of the pillars needs further consideration.  

Figure 4.8 shows the repeated deposition on three rows of pillars. The potentiostatic 

method was used with the duration of 5 s, 15 s and 20 s on each row and as marked in 

Figure 4.8. The depositions were done on the pillars one-by-one with the solution 
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mixed every time before deposition. As is shown in Figure 4.8, in general, with the 

same deposition time, the density of Au decreased from the first row to the second and 

further decreased in the third row. This might indicate a decrease in the concentration 

of HAuCl4 caused by the consumption, which may be one of the reasons for the 

relatively poor reproducibility of the Au deposition. 

 

Figure 4.8. SEM images of Au-deposited pillars in an array of pillars, showing the decreased deposition 

efficiency with increasing time and cycles of using the same HAuCl4 solution. The potentiostatic method 

with 5 mM HAuCl4 was used. The deposition times are 5 s, 15 s, and 25 s as marked. 
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4.4.2 Electrochemical characterisation of the Au deposited pillars 

To study the electrochemical properties of the pillars, electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV) before and after Au deposition were 

performed. Examples of typical EIS and CVs are shown in Figure 4.9. In general, the 

lower density of deposited Au particles on the pillars (Figure 4.9 C) leads to decreased 

impedance compared to the impedance before the Au deposition (Figure 4.9 A).  

Corresponding to that, the currents in the CV increase (Figure 4.9 B). This is consistent 

with previous reports where deposited Au particles decreased the impedance,[225-227] 

and could be attributed to the increased surface area and the high electrical conductivity 

of gold. However, it is surprising that when the surface of the pillars was completely 

covered by gold (Figure 4.9 F) the impedance increased (Figure 4.9 D) and the currents 

in the CVs somewhat decreased (Figure 4.9 E).  

 

Figure 4.9. Example of EIS spectra and CV of the CP pillars before and after Au potentiostatic deposition 

at -0.2 V vs. Ag/Ag/Cl (3 M KCl). The deposition time and concentration of HAuCl4 were: (A-C) 15 s, 

5 mM and (D-F) 30 s, 5 mM. (A), (D) are the EIS spectra (presented in Nyquist plots) and (B), (E) are 

CV curves of the pillars respectively. EIS and CVs were performed in the presence of 5 mM of Fe(CN)6
3-

/4-. (C) and (F) are the SEM images of these specific pillars showing deposited Au density and 

morphology. The scale bars in (C) and (F) are 20 μm. 
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As discussed above, this increased impedance after the full coverage of Au may be 

linked to the shrinking of the CP pillars: on one hand, the Au shells are rigid compared 

to the CP pillars, while, on the other hand, CPs can be actuated when oxidized and 

reduced chemically or electrochemically[55, 228-229]. The rigid Au shells (obtained at 

higher concentration (10 mM) and longer deposition time (30 s)) cannot follow the CP’s 

shrinking, therefore partly separate from the pillars’ surface as suggested by increased 

impedance in Figure 4.9 D. If the Au coating is not too thick (Figure 4.9 F), the 

“wrinkled” structure forms. A thick Au shell, on the other hand, can hardly be deformed 

during actuation of CP, leading to significant separation of the deposited gold shell from 

the pillar. Further SEM images showing examples of the separation between Au shell 

and CP pillars are included in Figure 4.10. The Au deposition here was done using the 

potentiostatic method for 15 s for Figure 4.10 A and B and 20 s for C and D. In addition 

to the previously outlined treatments, these pillars were annealed at 50 oC for 5 mins to 

dry after the Au deposition. Therefore, apart from the shrinking caused by the 

electrochemical actuation, a further shrinking of CP caused by the drying also likely 

happened. As a result, a clearer separation between the Au shells and the CP pillars 

could be observed as shown by the SEM images in Figure 4.10. This result showed that 

the shrinking of the pillars indeed caused a separation of the pillars from the Au shells. 
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Figure 4.10. SEM images showing the separation between the CP pillars and the Au shell due to the 

shrinking of the CP pillars. 5 mM HAuCl4 and potentiostatic deposition method (-0.2 V vs. Ag/AgCl (3M 

KCl)) were used with a deposition time of 15 s for (A) and (B) and 20 s for (C) and (D). (B) and (D) are 

the enlarged images of (A) and (C) respectively.  

4.4.3 Capture and release of 2-mercaptoethanol 

Before working with exosomes, 2-mercaptoethanol (2-ME) was used as a model 

compound to demonstrate capture and release. Here, the hypothesis is that 2-ME binds 

to the CP pillars modified by AuPs through the Au-S bond that could be cleaved by 

mean of applying reductive, electrically controlled potentials (see the experimental 

procedure in Section 4.3.4). 

The fluorometric detection of the released 2-ME is based on its reaction with o-

phthaldialdehyde (OPA) and alanine, as schematically shown in Figure 4.11.[230-231] 

The alanine (R = CH3 in Figure 4.11) was chosen in this study due to the relatively 

high fluorescent intensity of the reaction product.[231]  



 104  

 

 

Figure 4.11. Scheme of the chemical reaction of derivatization of primary amino acids with o-

phthaldialdehyde (OPA) and 2-mercaptoethanol (2-ME) leading to amino acids fluorescent derivatives.  

The OPA and alanine were added to the solutions collected before and after the release 

of 2-ME. The fluorescent spectra of the acquired mixed solutions were taken and are 

shown in Figure 4.12. The excitation wavelength used in this experiment was 330 nm, 

while the fluorescent peak is expected at around 450 nm.[231] That means the intensity 

of the fluorescence at 450 nm corresponds to the concentration of 2-ME in the collected 

solution.  

Due to the very small size of the CP microelectrodes (3 × 6 array with ~ 15 μm diameter 

and ~ 80 μm height of each pillar), the overall amount of the captured 2-ME was low, 

thus the concentration of 2-ME in the released solution (1.5 mL) was low as well. As a 

result, the fluorescence peak intensities were low; however still with a very clear 

increase in the fluorescence intensity after release (from 170 a.u. before releasing to 

350 a.u. after release), confirming the successful capture and release of 2-ME.  
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Figure 4.12. The fluorescence spectra of the solution before and after the release of 2-mercaptoethanol 

(2-ME). Alanine and o-phthaldialdehyde (OPA) were added to the solution before taking the spectra. The 

excitation wavelength was 330 nm. 

4.4.4 Exosome capture, sensing and release 

Next, it was investigated whether the CP pillar electrodes could be utilized for the 

exosome capture, sensing and release. The Au decorated CP pillars were incubated into 

the solution of thiolated CD63 specific aptamer for 2h at room temperature (20 oC). The 

EIS spectra of such aptamer attached pillars were recorded. Following the EIS 

experiment, the samples were rinsed with PBS buffer and incubated in the exosome 

solution with a concentration of ~109 exosomes/mL at room temperature for 2 h. After 

recording EIS, the substrate was transferred to PBS buffer to release the exosomes by 

applying a potential of -1.2 V (vs. Ag/AgCl (3 M KCl) reference), that is sufficient to 

reductively cleave the Au-S bond.[204-205] The SEM images of these CP pillars and 

their corresponding impedance spectra, after each step described, are shown in Figure 

4.13. 
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Figure 4.13. Exosome capture, sensing and release of three CP pillars (P4 – P6) that are deposited by 

potentiostatic method from 5 mM HAuCl4 for 10 s P4, 15 s P5 and 20 s P6 respectively (-0.2 V vs. 

Ag/AgCl (3M KCl)). (A), (B) and (C) are the EIS spectra presented in Nyquist plot of these pillars in 

different steps: Au deposited, aptamer attached, exosome captured and released. (D), (E) and (F) are the 

corresponding maximum imaginary impedance -ZIm-max, taken as sensing responses. The normalized 

differential changes (%) to the Au coated pillars are marked in each column. (G), (H) and (I) are the SEM 

images of the corresponding pillars showing the Au morphologies on the pillars. EIS were performed in 

the presence of 5 mM of Fe(CN)6
3-/4-. The scale bars in (G), (H) and (I) are 10 μm. 

The SEM images (Figure 4.13 G-I) were taken after the whole series of the 

experiments on the individual pillars, therefore the morphology of the deposited gold 

may somewhat differ from that just after gold deposition. The EIS spectra show changes 

in the impedance after each step. After the aptamer attachment, the impedance increased 

and then further increased after incubation in the solution with the exosomes. The 

impedance significantly decreased after applying -1.2 V; such a trend was expected due 
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to the release of aptamers with bound exosomes (Figure 4.13 A-C). Overall, such 

changes in the impedance are consistent with the capture and release of the exosomes. 

When the negatively charged aptamers were attached to the CP pillars, they repelled 

the negatively charged redox couple, [Fe(CN)6]
3-/4−. Restrained access to the CP 

electrodes increased the charge transfer resistance.[34, 37-39] When the exosomes were 

captured by the CD63 aptamers, the CP pillar surface was further blocked and led to 

another, but smaller, increase in the impedance, followed by a decrease in the 

impedance when the aptamer-exosome complexes were released.  

The maximum imaginary impedances, -ZIm-max, of the three presented pillars in the 

Figure 4.13, at each step of the process, are plotted in Figure 4.13 D - F. These were 

also expressed as differential changes of -ZIm-max normalized to the -ZIm-max of the Au-

decorated pillars before the aptamers attachment, i.e. (-ZIm-max - (-ZIm-max(Au))) / -ZIm-

max(Au) and values presented in %, as given on the bars in Figure 4.13 D-F). The pillars 

P4 and P5 show similar sensing responses with the differential changes after aptamer 

attachment, exosome capture and release of 131%, 175% and 35% for P4 and 178%, 

224% and 42% for P5, while the response was lower for P6 with 60%, 75% and 39%, 

respectively. The control experiments on the electrochemical stability, namely EIS and 

square wave voltammetry (SWV), of Au deposited PEDOT pillars are shown in 

Appendix Figure A5. The pillars demonstrated good stability during the whole 

measurement process. 

These results demonstrated a promise of using individual, a probe-functionalised CP 

pillars to electrochemically monitor processes of functionalisation, capture and release 

of biological targets, here exemplified by capture and release of exosomes. One 

advantage of such 3D CP electrodes is the possibility of their integration into 

microfluidic devices, where a small volume of samples could be flushed trough CP 

arrays for enhanced capture of low concentration of exosomes and for increased 

sensitivity of their detection.  
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However, as was mentioned at the end of section 4.3.1, there are variations in both the 

fabrication of CP pillars and the deposition of Au particles. As a consequence, the 

electrochemical sensing performance was not very repeatable, and the variations in the 

electrochemical signals are more likely to be observed at the exosome capture step, seen 

by a decrease in the impedance on some samples (rather than an increase, as shown in 

Figure 4.13) after the incubation with the exosome solution. Figure A6 in Appendix 

shows two examples with decreased impedance after exosome incubation. There are 

several possible reasons that could account for the trend opposite to that in Figure 4.13, 

such as the density of the anchored aptamers was too high that they interfered with each 

other and possibly lost the secondary structure necessary for the recognition, the bond 

between the Au particles and the CP pillar was weak and some of the Au particles shed 

off the pillars and also possible that the Fe(CN)6
3-/4- erodes the Au particles.[232] 

Further optimisation and investigation would be needed to achieve higher repeatability 

of the sensing performance. 

The capture and release of the exosomes were further investigated by confocal 

fluorescent microscopy. The exosomes were labelled for the imaging with PKH67, a 

green fluorescent membrane marker. Two rows of representative pillars are shown in 

Figure 4.14, with the pillar in Figure 4.14 A-D representing pillars with the captured 

exosomes being highly fluorescent, while the pillars in Figure 4.14 E-F are the pillars 

after the captured exosomes were electrochemically released showing much lower 

fluorescent intensity. These images suggest the successful capture and release of 

exosomes. The control experiments without aptamers and exosomes are shown in 

Appendix Figure A7. Even though some fluorescent signals could be detected from 

the Au deposited CP pillars (without exosomes), the intensity was much lower 

compared to the pillars with captured exosomes (Figure 4.14 A-D). 
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Figure 4.14. Confocal fluorescent microscopy images of CP pillars with PKH67 labelled exosomes. (A) 

to (D) are pillars with captured exosomes. (E) to (F) are pillars after the release of exosomes. Note: the 

different heights of pillars shown in the first and second row resulted from the difference in tilting during 

imaging. 

4.5 Conclusions 

In conclusion, 3D PEDOT:PSS pillars electrode array based exosome capture, sensing 

and release platform were presented. The successful surface functionalisation of the 

pillars by Au particles and aptamers was demonstrated. Different Au deposition 

parameters, including deposition time, the concentration of the HAuCl4 solution and 

deposition techniques (potentiostatic, potential pulse and potentiodynamic) were 

systematically studied. Interestingly, “wrinkled” Au shells on the CP pillars were 

obtained at particular deposition conditions. The observed relationship between the 

deposition parameters and the deposited morphologies is of great significance in 

guiding the Au deposition of CP microstructures. MDA-MB 231 cell line exosomes 

were successfully captured and released in a controlled manner using exosomal CD63 

recognising aptamers and electrochemical reductive potential for release. It was 

demonstrated that the captured exosomes on the pillars could be potentially detected by 

performing electrochemical impedance spectroscopy (EIS) on each individual pillar. 
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However, the sensing performance, and in particular repeatability of the responses, 

needs further improvements and should be a subject of further studies. The capture and 

release of both a model compound, 2-ME, and exosomes, were confirmed by the 

fluorescence spectra and confocal fluorescent microscopy, respectively. Overall, a great 

potential of the 3D CP pillar electrode functionalisation with biological probes for 

capture, release and sensing of exosomes was demonstrated. Such CP pillar platforms 

are promising, as could be easily integrated into microfluidic devices for advanced 

exosome, or other biological objects of interest, isolation for further analysis and 

diagnosis studies.  
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Chapter 5 Conclusions and Future Work 

 

5.1 Conclusions 

The overall objective of this thesis was to fabricate 3D conducting polymer microarrays 

using a simple SICM set up constructed in our laboratory and study the applications of 

such CP pillar arrays for biosensing and cell stimulation. In this thesis, a simple method 

of 3D ‘writing’ of high aspect ratio CP “pillar” microarrays was developed, optimized 

and explored. Several applications of the 3D CP microarrays towards biological sensing 

and cell stimulation devices have been investigated. In particular, the fabricated 

PEDOT:PSS arrays were used in (i) electrical stimulation of human neural stem cells 

for neural tissue induction, and (ii) the capture, sensing and release of breast cancer 

cells’ exosomes that have a potential in early cancer diagnostics.  

The summaries of the findings from these studies are listed below. 

1. Direct writing of 3D CP pillar arrays  

High aspect ratio PEDOT/PSS micro pillar arrays were effectively fabricated by the 

direct writing technique using the SICM system. The principle is simple ‘extrusion’ of 

CP ‘ink’ from a micro-pipette into CP ‘pillars’ accompanied by evaporation of solvents 

(water, DMSO and EG) during the process. The diameter of the pillars could be 

conventionally controlled by different pulling speeds, the diameter of the micropipette 

tip and concentration of the “ink”. In addition, CP arches and super high aspect ratio 

pillars with a diameter of 7 μm and height 5000 μm were fabricated.  

Benefiting from the addition of organic solvents, EG/DMSO, and a cross-linking agent, 

GOPS, the CP pillars were characterised to be highly water-stable, electrochemically 

active and also possessed excellent mechanical properties: they exhibited high 

robustness, elasticity and flexibility. All these properties indicated promising prospects 
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for the applications of the 3D written PEDOT:PSS micro structures as soft functional 

elements in bioelectronics. 

2. The microfabrication and electrochemical characterisation of microelectrode 

arrays (MEAs) 

A process to fabricate individually addressable microelectrode arrays (MEAs) was 

developed that consists of the following steps: the use of photolithography to produce 

the Au patterns with the SU-8 insulating layer, the assembly of connection pins and 

PDMS wells, the electropolymerisation process of PEDOT film on the Au 

microelectrodes, and finally, the 3D writing of the PEDOT:PSS pillars.  

A comparison of the electrochemical properties between Au microelectrodes, Au 

microelectrodes + CP film, and Au microelectrodes + CP film + PEDOT:PSS pillars, 

revealed that the CP pillars showed significantly reduced impedance, increased cathode 

charge storage capacity (CSCC) and increased charge injection limit (CIL) vs. both flat 

Au and CP films, which correspond to lower potentials needed for stimulation to avoid 

irreversible Faradic reactions, larger available charge for stimulation and higher 

tolerance to applied current density, respectively. Moreover, the PEDOT:PSS pillars as 

electrodes were electrochemically stable with minimal deterioration of performance 

during the long term stability test (19 days). 

3. Electrical stimulation to human neural stem cells (NSCs) 

Using 3D CP pillar arrays, a biphasic waveform electrical stimulation was applied to 

human neural stem cells (NSCs) laden in a biogel. Interestingly, larger capacitive 

currents in CVs were measured for biogel with NSCs (vs. without NSCs), and the 

conductance of biogel increased in the presence of NSCs, attributing to cell membrane 

cation channels that promoted ion mobility. The electrical stimulation of the NSCs was 

clearly associated with accelerated differentiation and maturation of the cells, compared 

to both conventional plate-based tissue induction and unstimulated array-based tissue 
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induction. Remarkably, stimulated constructs were characterised by widespread tracts 

of high-density mature neurons and enhancement of functional neural networks. It was 

suggested that this platform may be useful for both advanced research and clinical 

studies of neural cells.    

4. Electrochemical deposition of Au particles onto the surface of CP pillars 

The 3D CP pillars were successfully functionalised by Au particles through the 

electrochemical reduction of an aqueous solution of HAuCl4. The morphology of 

deposited Au particles could be controlled by different deposition times, concentration 

of Au salt and deposition techniques, namely potentiostatic, potential pulse, and 

potentiodynamic deposition. To be specific, a longer deposition time resulted in an 

increase in both the number of particles and the size of individual particles. When the 

deposition time was too long, an excessive amount of Au0 was deposited, fully covering 

the CP pillars’ surfaces and forming high roughness “wrinkled” structures. As for the 

concentration of Au salt, the use of lower concentrations suffered from the uneven 

distribution of Au particles due to the resistance along the CP pillars and the depletion 

of Au salt, while higher concentrations (5 mM and 10 mM) led to increased deposition 

efficiency and relatively even distribution of the particles along the whole pillar surface. 

5. Capture, release and sensing of exosomes 

The thiol functionalized aptamers, which are specific to the CD63 protein on the 

membrane of exosomes, were attached to the Au particles on the pillars via the Au-S 

bond. Then the breast cancer cell (MDA-MB 231) derived exosomes were captured by 

the CD63-specific-aptamer functionalised CP pillar. The electrochemical release of the 

captured exosomes was achieved by applying -1.2 V (vs. Ag/AgCl) that reductively 

cleaved the Au-S bond and released exosomes from the pillars. The capture and release 

of exosomes were successfully detected electrochemically by the EIS technique and 

also confirmed by the confocal fluorescent microscope, although the methodology 

needs further development and optimisation. 
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5.2 Future work 

The 3D CP pillar microelectrode array (MEA) platform could be employed in a variety 

of bioelectronics-type applications with the design of the arrays being easily adjustable 

to particular applications. One advantage of this platform is that it provides the 

biocompatible, mechanically flexible and robust 3D micro electrode arrays that may 

not only electrically 3D stimulate cells or record cells’ activities (e.g. neuronal 

firing[18]), but also could interact with cells or tissues where mechanical stress is 

associated with the tissue’s function, like in cardiac tissues. It would also be interesting 

to electrically address the CP pillars individually, for example, to generate a potential 

gradient across the cultured tissue to guide stem cells’ differentiation. Some of the 

prospects for these research directions are discussed below. 

1. Bilayer actuator  

The actuation property of CPs has attracted great research interest towards biomimetic 

applications, such as soft robots or artificial muscles.[51-54] However, it is still 

challenging to fabricate CP actuators of small sizes. Taking advantage of the precise 

fabrication capability of the SICM system, it would be possible to fabricate microscale 

free-standing bilayer CP micro-actuators. Such actuators would have PEDOT doped 

with large dopants, such as PSS, as one layer and PPy doped with small dopants, such 

as ClO4
-, as the other layer. These two layers could actuate oppositely when the same 

driving potential is applied to them.[56-57] The fabrication could be achieved by using 

a double-barrelled pipette with PEDOT:PSS and Py (with ClO4
-) in each of the barrels. 

In this way, the direct writing of PEDOT:PSS and the electropolymerisation of PPy 

could be done simultaneously, forming bilayer structures. Another strategy would be to 

first fabricate the PEDOT pillars and then electropolymerise the PPy layer on one side 

of the PEDOT pillar. This type of bilayer binding actuators could be used for, for 

example, manipulating or mechanical stimulation of single cells,[50] micro-biomimetic 

applications[59] and micro-robotic applications[228]. 
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2. Electrical microscale force sensor.  

Caenorhabditis elegans (C.elegans) has been widely used as a model organism for 

studies such as in molecular genetics. The precise force measurement of C.elegans is 

important in establishing the relationship between locomotion and the presence of 

specific genes. The force measurements of C.elegans are typically performed using 

techniques such as capacitive force sensing,[233] piezoresistive cantilevers,[234] 

optical and magnetic tweezer,[235] AFM,[236] magnetic beads[237] and micropipette 

aspiration technique,[238] which are either expensive or require a sophisticated and 

time-consuming fabrication process.  

The 3D CP pillars could be possibly used as easy to fabricate and cost-effective 

microscale force sensors. The idea is that one could print pillars that are next to each 

other with one pillar as the working electrode and the other as the counter electrode.  

The mechanical bending of one pillar could be electrically detected due to the change 

in the solution resistance between the two pillars. The applied force could be calculated 

from the degree of the pillar’s bending and the Young’s modulus of the used CP 

materials. Such microscale force sensors could be conveniently integrated into 

microfluidic devices to, for example, measure the swimming forces of C.elegans or the 

invasion force of fungi.  

3. Electrical stimulation and recording of cardiac cells or neural cells.  

The orderly coupling between electrical pacing signals and macroscopic contractions is 

crucial for the development and function of native myocardium. The real-time action 

potential of cardiac cells when beating is important information in the assessment of 

the health and functional status of cells.[239-240] The advantages of mechanical 

flexibility, good conductivity and can be fabricated to high aspect ratio structures make 

this 3D CP pillar electrode a good candidate to interact with cardiac tissues: when 

implanted into the tissues, they could bend with the beating of the cardiac cells, thus 

reducing the mechanical mismatch between the electrodes and the cells. 
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For neural cells, the individual addressability of such a platform provides the possibility 

to record the firing of the cells with simultaneous stimulation on the same array, which 

may be a useful tool in physiological studies of neural networks to, for example, study 

the formation of synapse and to understand the 3D signal pathways in the whole tissue.  
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Appendix 

 

 

Figure A1. Qualitative mechanical property test of PEDOT pillar arrays. (A) Before bending. (B) The 

rightward sweeping by the Pt wire. (C) The leftward sweeping by the Pt wire. (D) The CP pillars bounced 

back after bending. 
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Figure A2. The PEDOT pillars fabricated on individually addressable Au electrodes. (A) to (C) show the 

printed pillars with different diameters on a commercially available MEA chip. The diameter of each Au 

electrode is 100 μm, and for pillars in (B) and (D) are 13 μm and 40 μm respectively. (D) to (F) show the 

pillars with different heights which are 80 μm, 200 μm and 300 μm for pillars in the image (D), (E) and 

(F) respectively. 

 

Figure A3. (A) The schematic of the electrochemical characterisation setup using a three-electrode 

system. (B) A photo of the electrochemical setup. 
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Figure A4. The electrochemical characterisation of PEDOT pillars with different heights ranging from 

50 μm to 250 μm and also without pillars (just PEDOT film). (A) is the CVs scanned from −0.9 to 0.6 V 

(vs. Ag/AgCl) with a scan rate of 100 mV s−1. (B) is the EIS spectra presented in Nyquist plot and (C) is 

the enlarged spectra showing the EIS of the pillars with different heights. CV was measured in PBS 

buffer and EIS was performed in the presence of 5 mM of Fe(CN)6
3-/4- 



 120  

 

 

Figure A5. The electrochemical stability test of PEDOT pillars with deposited Au particles. The 

deposition used potentiostatic method from 5 mM HAuCl4 for 15 s (-0.2 V vs. Ag/AgCl (3M KCl)). The 

electrochemical properties were recorded before Au deposition (bare, black), just after Au deposition (0 

min, red) and after incubation in PBS buffer for 2 h (blue) and 4 h (green) respectively. (A) and (B) are 

the EIS spectra of two pillars presented in the Nyquist plot. (C) and (D) are the square wave voltammetry 

(SWV) curve recorded from -0.6 V to 0.6V with pulse height of 50 mV, width 100 ms, step height 10 

mV. EIS and SWV were performed in the presence of 5 mM of Fe(CN)6
3-/4-. 
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Figure A6. Exosome capture, sensing and release of two CP pillars showing the decreased impedance 

after incubation with exosome. These two pillars are deposited by the potentiostatic method from 5 mM 

HAuCl4 for 15 s (-0.2 V vs. Ag/AgCl (3M KCl)). (A) and (C) are the EIS spectra presented in Nyquist 

plot of these two pillars in different steps: Au deposited, aptamer attached, exosome captured and released. 

EIS were performed in the presence of 5 mM of Fe(CN)6
3-/4-. (B) and (D) are the SEM images of the two 

pillars showing the Au morphologies on the pillars. 

 

Figure A7. Confocal fluorescent microscopy images of Au deposited CP pillars without exosomes. (A) 

to (C) are three duplicated pillars with Au particles and have gone through the staining step but without 

aptamers and exosomes.
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