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Abstract 

 

Electrochemical stimulation (ES) promotes wound healing and tissue regeneration in 

biomedical applications and clinical studies and is central to the emerging field of 

electroceuticals. Traditional ES such as deep brain stimulation for Parkinson’s disease, 

utilises metal electrodes that are "hard wired" to a power supply to deliver the 

stimulation. Bipolar electrochemistry (BPE) introduces an innovative approach to cell 

stimulation that is wireless. Developing conducting polymers (CPs)-based stimulation 

platforms wireless powdered by BPE bipolar will provide an exciting new dimension to 

medical bionics. In this project, Chapter 2 deals with development of a bipolar 

electrochemical activity testing system and bipolar electrochemical stimulation (BPES) 

system. Then, bipolar electroactive and biocompatible CPs grown on FTO substrate are 

successfully synthesised, modified, and characterised in Chapter 3 and Chapter 4 using 

the above systems prior to using for wireless cell stimulation. Furthermore, free 

standing and soft CP templates are developed (Chapter 5). More importantly, all these 

bipolar electroactive CPs have been applied to wireless cell stimulation using BPE (all 

research Chapters). Significant increase in both cell number and neurite growth has 

been demonstated, suggesting that the BPES system is highly efficient for stimulation of 

animal PC 12 cell and human SH-SY5Y cell. More specific information is presented in 

each chapter as below. 

 

In Chapter 3, a CP-based bipolar electrochemical stimulation (BPES) system for cell 

stimulation was present. Polypyrrole (PPy) films with different dopants have 

demonstrated reversible and recoverable bipolar electrochemical activity under a low 

driving DC voltage (<5.5 V). This BPES system enabling wireless and programmable 
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cell stimulation has been devised using PPy co-doped with dextran sulfate (DS) and 

collagen (PPy-DS-collagen/FTO) as a bipolar electrode and rat pheochromocytoma 

cells as a model cell line. Significantly, wireless BPES enhances cell proliferation and 

differentiation, evidenced by increased PC 12 cells number and extensive neurites 

outgrowth. The work establishes a new paradigm for the wireless electrochemical 

stimulation of cells using a CP as the bipolar electrode.  

 

In Chapter 4, redox active CP dopants were integrated into the CP backbone to address 

the poor bipolar electroactivity. Poly (2-methoxyaniline-5-sulfonic acid) (PMAS) was 

utilised to enhance the electrochemical properties of the PPy matrix, evidenced by in 

situ spectroscopy and electrochemistry. Significantly, in vitro cultivation and BPES of 

rat PC 12 cells on PPy-PMAS-DS-collagen/FTO showed a significant increase in cell 

growth and neurites extension. This opens the avenues of using highly conducting 

PMAS modified PPy to create soft templates without electroactivity loss. 

 

In Chapter 5, a soft template (PPy-PMAS-collagen/PEDOT-PSS) comprises poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) that provides 

mechanical and structural support to a blend of highly conducting PMAS modified PPy. 

In vitro cultivation and BPES of PC 12 cells on the prepared soft templates showed a 

significant increase in cell growth and neurites extension. Furthermore, the potential 

application of the soft CP-based BPES system to human cells was reported. 

Significantly, the new BPES platform greatly encouraged human neuroblastoma SH-

SY5Y cells to differentiate and form extensive neuronal phenotypes and neural 

networks. This represents the possibility of using the soft template based BPES system 
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in vivo and clinical applications related to translational models of human mental 

disorders. 

 

In summary, this thesis provides insights into the fundamental bipolar electroactive CPs 

for living cell stimulation in a wireless way. At this stage, translation of soft CP 

templates based BPES systems from animal cell lines to human cell lines measurement 

and operation is not straightforward and requires further dedicated investigations. 
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Chapter 1  

Introduction 

 

1.1 Motivation of this thesis 

Traditional wired electrochemical stimulation (ES) systems have been developed as 

powerful strategies to modulate cellular behaviour and biological activity by 

manipulating electrical signals [1–6]. Subsequent electrical stimulus-responsive 

conducting polymers (CPs) have greatly boosted the development of these ES systems 

due to their electroconductivity, biocompatibility, stability, and flexibility [7–12]. They 

have become one of the most promising neural electrode materials to influence 

proliferation, differentiation, and migration-associated cell behaviour and advance 

studies on medical bionics. To date, the key shortcoming of traditional ES is that it 

requires the working electrodes to be "hard wired" to a potentiostatic to employ the 

controlled stimulation, which constrains to intra-operative use and practical biomedical 

deployment, and limits potential therapeutic benefits. Bipolar electrochemistry (BPE) 

[13,14] offers an effective pathway to modify these ES systems into a desirable 

contactless mode. However, current BPE studies focus on metals, which have several 

limitations like risky high driving voltage, plastic deformation and cytotoxic effects etc, 

and are unacceptable in wireless cell stimulation. This project aims to find bipolar 

electroactive, biocompatible CPs and employ BPE to establish and develop an attractive 

and innovative non-contact approach, known as bipolar electrochemical stimulation 

(BPES). BPES is expected to transform the wired ES system into a wireless system, 

maintaining the advantages of ES but removing the need for a physical connection to 

control the applied potential. This project will also focus on developing CP-based BPES 
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systems enabling wireless and programmable living cell stimulation with enhanced cell 

proliferation and differentiation, and establish a new paradigm that provides an 

attractive wireless approach to advance the field of medical applications.  

 

1.2 Backgrounds of this thesis 

1.2.1 Traditional wired ES 

Traditional wired ES promotes healing [1,15,16], tissue regeneration/rehabilitation 

[2,17,18] in both neuroscience and clinical studies and is central in the emerging field of 

electroceuticals [3] due to its non-pharmacological approach. Electrochemical 

approaches have been extensively utilised to produce electrical signals and demonstrate 

the functional recovery and integration of neurones in vitro and in vivo [19]. The merits 

of these techniques lie in electrochemistry, which allows reversible and on-demand 

electrochemical event manipulation by safe potential through the expression of 

electrochemical sensitive ion channels, thus stimulating electroactive molecules, cells, 

and organs [5]. Therefore, electrochemistry has become an increasingly apparent and 

important component of biological cell polarity [20,21]. Exogenous electric fields direct 

cell polarisation in several ways, thus illustrating the relevance of electrochemistry to 

cell polarisation and provides a fascinating glimpse into how the cell-surrounding 

electric field could coordinate cellular behaviours in multicellular situations. Recent 

findings suggest that electrotactic signals contribute to steering cellular activity, guiding 

cell polarization, orientation, and directions, thus highlighting the potent importance of 

the existence of electrochemical cues in competing cell stimulation fields [6,22–25]. 

 

The success of culturing cells on CPs has verified their biocompatibility. The latest 

interest in electrical stimuli can be applied directly to the attached biomolecules and 
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cells through CPs (Figure 1.1), for in vivo therapeutics, including wound healing 

stimulation or functional nerve tissue restoration [26–33] for in vitro, thus enhancing 

neurite outgrowth and recording nerve cell activities. Though the mechanism of the 

underlying cellular response to ES is unclear, it is still desirable to change the ES 

application mode. ES regulates cell adhesion [30], proliferation [31], migration [32], 

and protein production [33]. CPs can self-covalently bind and incorporate biomolecules 

to improve their self-biocompatibility and promote cell viability [34]. Neurite extension 

and neurone growth were significantly enhanced due to ES when cultured on 

biomolecule-doped CP coatings with physical wire connections [28–31,34]. 

 

Although traditional wired ES technologies have been well established, the challenges 

caused by wired electrodes on a targeted area have not been effectively addressed [4]. 

Therefore, invasiveness is a continuing issue because the long leads must be "hard-

wired" from the power supply to the stimulation site. The presented wires are also a 

source of infection and limit the capability of the power supply to move with the tissue, 

leading to loss of efficacy because of foreign body response or loss of contact with the 

target tissue [35–37]. Chronic fatigue on wires can cause device failure either in the 

wire itself or its connection to the power supply [10,38]. Furthermore, the wires used to 

power neural stimulation electrodes can interfere with animal behaviour as observed 

when studying social interaction between rodents [39]. Moreover, the surgical 

procedures used to remove implanted electrodes and wires can cause secondary tissue 

damage and pain burdens in patients [40]. Therefore, a wireless, biocompatible, and safe 

system capable of providing precise and effective ES is highly desirable to meet the 

demands of intraoperative use, practical biomedical deployment, and potential 

therapeutic benefits. 
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Figure 1.1 Schematic illustration of a typical configuration of traditional wired 

electrochemical stimulation (ES) setup and demonstration of its advantages and 

disadvantages. 

1.2.2 Bipolar electrochemistry (BPE) 

In this part, the fundamentals and applications of BPE have been introduced, and the 

gap between metals- and CP-based BPE has been compared.  

 

1.2.2.1 General introduction of BPE 

BPE, a phenomenon that concurrently generates a pair of oxidation and reduction 

reactions on the two extremities of conductive objects without any direct ohmic contact, 

has been known as a basic concept for a long time. The typical bipolar electrochemical 

cell configuration includes an external power source, two driving electrodes (also called 

feeding electrodes), one bipolar electrode, and an aqueous supporting electrolyte 

solution (Figure 1.2a). Bipolar electrochemical reaction occurs when a uniform electric 

field emerges between the driving electrodes across the electrolyte solution. This creates 
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sufficient voltage makes it possible to result redox reactions at the anodic (oxidation 

reaction) and cathodic (reduction reaction) poles of the bipolar electrode [41–44]. Direct 

contact is not required between the power supply and the isolated bipolar electrode.  

 

 

Figure 1.2 (A) Schematic illustration of a typical bipolar electrochemical system 

including power supply, driving electrodes, bipolar electrode, and electrolyte solution. 

(B) The according potential differences and equivalent circuits. 

 

This isolated bipolar electrode remains immersed in a suitable supporting electrolyte 

and an electric field with the required magnitude must be applied to support redox 

reactions. It can be of any shape or size, but must be a material with sufficient 

conductivity, varying from various forms of metals [45], carbon [46], coated 

semiconductor, or insulators [47], which shows no difference when compared to 

materials used for conventional electrochemistry. However, a fundamental difference is 

the need for a physical wire connection between the working electrode and the power 

source.  
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In BPE, the ion in the electrolyte is an invisible wire that connects the driving electrodes 

with the bipolar electrode. The intensity of the electricity produced from ionised 

particles in this electrolyte should separately support the oxidation and reduction 

reactions on the isolated bipolar electrode. Thus, the conductivity of the electrolyte is 

relatively important, which is determined by its composition and concentration [48–51]. 

The large amounts of free mobile ions in high electrolyte concentration may not support 

the electric fields and cannot trigger bipolar electrochemical reaction. On the contrary, 

low electrolyte concentration does not produce enough free mobile ions to achieve the 

electric fields required for bipolar electrochemical reaction. This difference in 

conductivity is a driving force for current movement through the isolated bipolar 

electrode. 

 

A minimum value of the applied electrical field, which depends on bipolar electrode 

size, must be reached to onset redox reactions on the isolated bipolar electrode. Cell 

geometry and supporting electrolyte conductivity also play important roles in the nature 

of the electric field formed between the driving electrodes. These parameters for 

controlling bipolar electrochemical processes have been discussed in multiple studies 

[52–57]. Briefly, they include the external applied voltage between the two driving 

electrodes (Etot), the distance between the driving electrodes (LDE), and the length of the 

bipolar electrode (LBE). Equation (1) identifies the Etot fraction dropped over the bipolar 

electrode (∆Eelec). 

 

                          ∆𝐸𝐸elec = 𝐸𝐸tot �
𝐿𝐿BE
𝐿𝐿DE

�                                              equation (1) 
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An electric field in the electrolyte solution resulting from Etot causes the bipolar 

electrode to reach an equilibrium potential (Eelec), which depends on both bipolar 

electrode position in the field and solution composition. Eelec is approximately same 

everywhere on bipolar surface as it is a conductor. However, the presence of an electric 

field in solution causes a different interfacial potential between the bipolar electrode and 

the electrolyte solution, which varies along with the LBE. Therefore, the reactivity of the 

electroactive species at the poles of the polarised interface is driven by the anodic and 

cathodic overpotentials (ηan and ηcat, respectively). In other words, ∆𝐸𝐸elec/𝐸𝐸tot is 

approximately equal to LBE/LDE. Figure 1.1b shows that Etot and LBE determine the 

overpotentials magnitudes. The boundary between two poles is defined by the location 

on the bipolar electrode; therefore, it has zero overpotential (X0) regarding to the 

solution. Although X0 is defined as the centre of the bipolar electrode, its site in a real 

setting is up to the nature of the faradaic processes occurred at the poles. 

 

The equivalent circuits (reasonable approximations of the resistances (bottom left)) are 

shown in Figure 1.2b. In open bipolar electrochemistry, the current flows through the 

system in two different fractions: faradaic current through the bipolar electrode via 

electronic and bypass current through the solution via ionic (migration of charged 

species). Therefore, we define the parameter Relec [55] (containing the charge transfer 

resistance  and relevant mass transfer) as the total resistance to the electronic current 

posed by the bipolar electrode. The resistance of the solution posed on the left, above, 

and right of the bipolar electrode are RS1, RS2 and RS3, respectively. If RS2 is 

significantly lower than Relec, most current passes through the solution instead of the 

bipolar electrode, which means that the electric field is not significantly influenced by 

the bipolar electrode. However, when RS2 is significantly higher than Relec, most current 
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passes through the bipolar electrode, which increases or decreases the strength of the 

local electric field in the solution and generates a nonlinear electric field above the 

bipolar electrode. Duval et al have named this effect “faradaic depolarisation” [58–61]. 

The magnitude of this effect is determined by applied electric field strength, the 

electrochemical properties of electroactive species, and the supporting electrolyte 

concentration. It is noteworthy that equation (1) indicates no potential drop at the 

driving electrodes.  

 

1.2.2.2 Metal-based BPE 

Metals have been used as conductive objects for a very long time because of their good 

electrical conductivities, which originates from the fact that they readily lose their outer 

shell electrons. Along with their use in conventional electrochemistry, metals have also 

become popular candidates for BPE. During the last two decades, many new metal-

based bipolar electrochemical systems have been reported [22-59]. 

 

Crooks et al first controlled electrochemical reactions, created various widths, lengths, 

and geometries gradients, and then simultaneously displayed numerous catalysts from a 

single substrate to a patterned array by changing the anodic identity to Cr (which 

oxidises at anodic pole, while the oxygen reduction reaction (ORR) occurs at the 

cathodic pole). Three bimetallic systems (Pd-Au, Pd-Co and Pd-W) were also evaluated 

using the same bipolar electrochemical screening system (Figure 1.3) [62–66]. 
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Figure 1.3 The illustration of bipolar electrochemical screening devices. Cr microbands 

deposited indium tin oxide (ITO) are used as anodic poles, while catalyst candidates are 

used as cathodic poles [62]. 

 

Bradley et al developed a noncontact method known as spatially coupled bipolar 

electrochemistry (SCBPE) [67] (Figure 1.4), which connects isolated metal as a bipolar 

electrode. In SCBPE, redox reactions are induced by an applied electrical field on 
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isolated metal bipolar electrode. Metal ions are provided through the oxidation reaction 

in the system. The forces that originate from the electrical field or electro- and gravitic- 

convective motion preferentially drive these metal ions towards the nearest metal, thus, 

fine-tuning of centred and non-centred metal deposition and growth. Moreover, they 

demonstrated the potential of certain morphologies on a single substrate, as well as the 

structure of different metal deposits [67–73]. 

 

 

Figure 1.4 Schematic diagram of the formation of a rectifying device using spatially 

coupled bipolar electrochemistry (SCBPE). (a-d) Generated electric field polarizes two 

electrodes, copper electro-dissolves at the anodic region of the right copper ring and 

copper wire begins to electroplate at cathodic region of the silicon chip until it reaches 

the right copper ring. (e-g) The field polarity is reversed and the same wire-like 

deposition grows to connect the left copper ring and the silicon chip. (h) Rectification 

properties for n-Si [67]. 
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Figure 1.5 (a) Concept of bipolar electrochemistry for synthesis of Janus-Type objects; 

(b) Setup for the asymmetrical objects preparation using capillary-assisted bipolar 

electrochemistry (CABPE) [74]. 

 

Another popular application is the bulk synthesis of dissymmetric and Janus particles 

(JPs) via capillary-assisted bipolar electrochemistry (CABPE) [74] (Figure 1.5), and 

relevant fabrication of metal bipolar surfaces to control mass transfer by electro-

migration by Kuhn et al. This CABPE system depends on a “polarization” that occurs 
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on a conducting object when a high and strong electric field exists between two feeding 

electrodes, which catalyses the redox reactions at the opposite poles of the object 

(Figure 1.5a). In this case, the capillary separates the strong potential (approximately 

several tens of kV) between the two feeding electrodes and promotes bipolar 

electrodeposition (Figure 1.5b). Under this influence, the conductive objects (bipolar 

electrode) are polarised and move from the anodic reservoir to the cathodic reservoir 

owing to the electro-osmotic flow through the capillary as well. Finally, bipolar 

electrodeposition is achieved in the CABPE system. Furthermore, metal 

electrodeposition on anisotropic/isotropic micro- and nanoparticles and material 

modification at the molecular level are realised in this system [46,74–78].  

 
Joseph et al have used external magnetic fields or chemical fuelling, even self-generated 

power to propel different motors, employing them to isolate and capture nucleic acids or 

cancer cells in complex media. They coupled metal-based bipolar electrochemical 

screening device with electrochemiluminescence (ECL) to construct sensing and 

reporting analysis platforms for biorelevant analytes widely produced by other groups 

[79–84]. This system is a microfluidic chip comprising a polydimethylsiloxane (PDMS) 

chip with two microchannels and a glass slice with two indium tin oxide (ITO) bands 

(Figure 1.6a). The electrical conductivity of the gap between the ITO bands in the 

channel could be bridged and tuned by prostate-specific antigen (PSA)-guided Ag 

particle deposition on the gold nanoparticle (AuNP) surface (Figure 1.6b). Here, at “on” 

state of the gap switch, PSA-induced Ag particle deposition forms an electronic circuit 

to connect the adjacent bipolar electrodes and produces a continuous H-shaped bipolar 

electrode. When sufficient external voltage (Etot) is applied to channel b, Ru(bpy)32+ and 

tripropylamine (TPA) are oxidised at the anodic pole of the bipolar electrode and emit 

only one ECL signal. Simultaneously, O2 is reduced at the cathodic pole of the bipolar 
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electrode. However, at the “off” state, same redox reactions occur on both separated 

ITO bands in channel b. Regarding analysis aspect, Crooks et al have used bipolar 

electrochemical systems in several studies such as specific ion concentration enrichment 

for seawater desalination [85–91] or enrichment of drug candidates from biologically 

relevant molecules [92–99]. 

 

 

Figure 1.6 (A) Configuration of the microfluidic chip containing sensing channel a and 

reporting channel b. (B) Schematic illustration of the metal-based bipolar 

electrochemical screening device with electrochemiluminescence (ECL) for biorelevant 

analytes [79]. 
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Although metal-based bipolar electrochemical systems have been widely used such as 

above-mentioned material synthesis and modification, screening, and analytes, it has 

several limitations. First, the required voltage applied by the external power supply to 

drive the oxidation and reduction reactions on two ends of the bipolar electrode is 

extremely high, even reaching ~kV. This increases power supply cost and risk as the 

researchers might get a fatal electric shock. The high voltage applied also increases the 

forces and thermal energy of the metal bipolar electrode. Once these forces and heats 

cross the elastic limit of the metal, it may cause “plastic deformation” or “plasticity”, 

which is a permanent (irreversible) deformation of the metal object. Additionally, after 

electron loss, cationic metals are usually inclined to react with O2 in the air to form 

metal oxides over time. This induces another challenge: how to eliminate corrosion and 

electrolysis. Last but not the least, long-term metal biostability constrains its 

applications in vitro, hardly in vivo. Therefore, integrating metal-based bipolar 

electrochemical system into biologic point-of-care applications or other complicated 

biological environments is stagnant. 

 

1.2.2.3 CP-based BPE 

Polyacetylene can achieve a high electrical conductivity of several orders of magnitude 

by doping with anions [100–102]. CPs have grown enormously due to their good 

processability by dispersion, coupled with good electrical/physical properties and low 

costs, particularly as electronic materials because of light weight and flexibility. In most 

cases, CPs are insulators in their neutral state as their balanced charges, whilst they 

become semi-conductive or conductive by altering the double bond in the conjugated 

polymer backbone. The charged species are formed upon introduction of electron 
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acceptors/donors by a process known as “doping” (“p-type” oxidation doping or “n-type” 

reduction doping), followed by the insertion of anions or cations respectively. These 

charged species move along the carbon chain (delocalisation) allowing electron 

transport [103]. CP doping is often accompanied by a redox process. Therefore, CP 

oxidation or reduction (coupled with the integration of counterions present in the 

electrolyte) affects the band gap of the material and transfers electrons on the electrode 

surface to form polarons and bipolarons in the repeating structure (doping/de-doping), 

producing considerable colour change and electrical conductivity [104,105]. 

 

 

Figure 1.7 (a) U-type electrolytic cell with a pair of driving anode and cathode, as well 

as a conducting polymer (CP) as bipolar electrode. (b) Images of the gradually doped 

poly(3-methylthiophene) (P3MT), poly(3,4-ethylenedioxythiophene) (PEDOT), and 

polyaniline (PANI) films [106]. 

 

To date, only few studies have reported the CP-based bipolar electrochemical systems. 
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Inagi et al have demonstrated the bipolar patterning of CPs [106–108]. They used 

poly(3-methylthiophene) (P3MT) as a bipolar electrode, resulting in visually and 

spectroscopically asymmetric doping and reversibility in non-aqueous solvents using a 

U-type cell. The P3MT film on ITO was subjected to a U-type electrolytic cell, which 

was equipped with a pair of Pt wires (10 mm × 10 mm) as driving electrodes connected 

to an external power source (Figure 1.7a). The bipolar electrochemical doping of the 

P3MT film was carried out by electrolysis using constant current (1 mA) in 0.005 M 

tetrabutylammonium hexafluorophosphate (Bu4NPF6)/acetonitrile as the supporting 

electrolyte. P3MT was reduced at the pole opposite to the anode driving electrode, 

while it was oxidised at the pole opposite the cathode driving electrode. Finally, this 

resulted in a gradually doped film. The same process to generate composition-gradient 

CPs was extended to poly(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline 

(PANI) (Figure 1.7b). In addition, the parallel bipolar electrolysis of an oxidisable and 

reducible CP (P(CHOH)) successfully generated a new class of composition gradient 

films [109–113]. In terms of selective modification, site-controlled electric potential on 

CPs “canvas”, electro-click, electrochemically mediated atom transfer radical 

polymerisation (eATRP) are used for doping and patterning [114–116]. Moreover, they 

have recently succeeded in synthesising dendritic and linear PEDOT fibres by 

alternating current (AC)-bipolar electropolymerisation for material preparation and 

fabrication [117,118]. 

 

1.2.3 Combining BPE and ES into BPES 

1.2.3.1 Benefits of BPES 

BPES could serve as an outstanding wireless platform to enable programmable living 

cell stimulation, bridging the gap between electrochemistry and biology. Unlike 
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traditional ES, such as deep brain stimulation for Parkinson’s disease utilising metal 

electrodes that are "hard-wired" to a power supply to deliver the stimulation. BPE 

introduces an innovative wireless approach to cell stimulation wherein redox reactions 

are driven by an electric field. BPES employs BPE, which does not require wires 

between the driving electrodes and the bipolar electrode, becoming a new face in 

wireless cell stimulation technologies (Figure 1.8). It offers an effective pathway to 

modify the conventional wire-dependent ES systems into a desirable contactless mode 

that retains the benefits of ES while eliminating the requirement for a physical 

connection to control the imposed driving potential.  

 

In addition to being wireless, the BPES system is similar to traditional wired ES 

systems because it depends on electrochemical cues from redox reactions. As the 

bipolar electrochemical reaction continues, the action potentials in neurones are 

generated and the cells are polarised for processes such as cell proliferation, 

differentiation, and cell migration. This differs from the current wireless cell stimulation 

systems, which manipulate the external magnetic field, ultrasonic sound, and light to 

control cell physiology.  

 

These wireless cell stimulation systems are constructed from electrical stimulus-

responsive materials such as magnetoelectric, piezoelectric, and optoelectronic materials 

[11,12,119,120]. Stimulus is triggered through an internal energy conversion mechanism 

underlying the materials, where the general primary driving force, such as a magnetic 

field, ultrasound, and light is converted into bioelectricity, which has been most 

commonly used to study cell functions both in vitro and in vivo [11,121,122]. All these 

wireless ES methods are appealing, safe and non-invasive. Moreover, they display 
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strong cell/tissue penetration depth, enhanced spatial localization/ resolution, and depth 

targeting in the neuromodulation field when the stimuli passing through cell/tissue are 

undiminished and have no harmful effects [12,36,123–127].  

 

 

Figure 1.8 Wireless bipolar electrochemical stimulation (BPES) systems combine many 

advantages of traditional wired ES systems and wireless cell stimulation systems toward 

becoming a promising strategy for neurological function study. 

 

However, materials selection for the fabrication of electronic implants is critically 

important, particularly when the implanted electrode is exposed to the patient body. To 

protect the user, implantable materials must possess biocompatibility and biochemical 

and mechanical stability. All materials must be resistant to sterilisation procedures, 
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mechanically robust, and sufficiently biochemically inert for long term continuous 

operation. Furthermore, the use of lead in the piezoelectric component raises toxicity 

issues for deployment in biological environments [128]. Thus, many studies have 

investigated new materials to remove or replace this component. Poly(vinylidene 

difluoride) (PVDF), for example, is one of the most popular non-lead piezoelectric 

materials, which have offered same mechanism but eliminated the need of lead 

[130,131]. This highlights the necessity of evaluating the biostability of interfaces, 

spatiotemporal selectivity and accuracy, and electrophysiological evidence of cellular 

regulation. Several reviews have discussed the details of recently developed material-

based wireless cell stimulation systems for regulating neurones and neural activity in 

the central and peripheral nervous systems [126,129–134].  

 

Both traditional wired ES systems and existing wireless cell stimulation systems have 

been fully developed to study cells grown in culture or treat neurological dysfunction. 

However, these approaches have been considered independently. The use of 

electrochemistry to induce cell stimulation wirelessly has not been fully explored yet. 

BPES systems that employ BPE combine the advantages of these two systems with a 

view toward becoming a promising strategy for studying neurological functions. It 

establishes a new paradigm that provides an attractive wireless approach to advance the 

field of medical applications, and this emerging interdisciplinary field will significantly 

progress in the future. 
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Figure 1.9 Key factors and relevant properties to establish the bipolar electrochemical 

stimulation (BPES) platform. 

 

1.2.3.2 Challenges to establish BPES 

Several critical factors should be addressed for each component of the entire setup used 

for BPES in real cell stimulation. Herein, we discuss five main components, namely 

concept, bipolar electrode, driving electrode, electrolyte solution, and cells, to 

demonstrate the establishment of such a wireless BPES platform (Figure 1.9). 

 

Concept - reasonable design/development: The appreciation of BPE in cell stimulation 

is still in its infancy. For the success of the beginning of this project, researchers should 

have a solid theoretical foundation and relevant experience in BPE, electromaterials, 

electrostimulation, cell culture, tissue engineering, electro/biointerface, and 

biofabrication. The fundamental elements of the setup are built upon the combination of 

key expertise. Further development is ensured by the capability of the researchers, 

research facilities, and multi-pronged approach of new materials use/devices 

design/development.  
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Bipolar electrode - excellent bipolar electrochemical activity, biocompatibility, and 

biostability: To serve as a bipolar electrode, the synthetic materials should possess and 

maintain bipolar electrochemical activity in non-biological or biological environments 

within the stimulation period. Moreover, they should be biocompatible, harmless, and 

nontoxic, and stable in biological solutions. To avoid the release of hazardous 

chemicals, they must retain their structures and functions without disintegration. Thus, 

investigations and instruments to monitor and evaluate the bipolar electrochemical 

activity, biocompatibility, and biostability should be prepared. 

 

Driving electrode - adjustable driving voltage: Overall, driving electrodes should be 

carefully controlled, as their placement, distance, and distribution determine the 

intensity and efficacy of the external electric field. Referring to the principle of BPE, the 

typical assembly encompasses two driving electrodes connected to an external direct 

current (DC) power source and an isolated conducting object (also called the bipolar 

electrode) (Figure 1.2a). When an external electric field is applied across the electrolyte, 

a potential difference is generated between the two ends of the conductive object, that 

is, the conductive object becomes bipolar. Typically, a minimum applied electric field 

strength must be reached to onset the bipolar electrochemical reaction; thus, the 

potential differences and current paths (Figure 1.2b) in the bipolar electrode become the 

key points for activating the bipolar electrode without electrical wiring [13,135]. The 

presence of an electric field in solution results in different interfacial potentials between 

the bipolar electrode and the electrolyte solution, which varies along with the LBE. The 

magnitude of this effect is determined by three main factors: applied electric field 

strength, the electrochemical properties of electroactive species, and the supporting 
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electrolyte concentration [60,61,136,137]. Therefore, it is essential to modulate the 

driving voltage to trigger the bipolar electrochemical activity of materials and ensure 

cell survival simultaneously. 

 

Electrolyte solution - biological environment: To realise living cell stimulation, the 

electrolyte solution must be physiologically favourable to cells. Phosphate buffered 

saline (PBS) solution and different cell culture media were used to ensure cell survival. 

High cell viability is of the essence within the BPES period, which means that the safe 

driving voltage for living cells should be obtained in the biological environment, and 

the bipolar electrochemical activity of materials could be induced by the same safe 

driving voltage and biological environment. 

 

Cells - various cell types: Easily cultured cell lines such as PC 12 and HL-1 cells are 

recommended for setting up the BPES platform. They both are neural cell lines, and the 

former is derived from a pheochromocytoma of the rat adrenal medulla, while the latter 

is derived from an AT-1 subcutaneous tumour excised from an adult mouse. Human 

neural stem cells and primary cortical neurones could be good options to verify the 

feasibility and universality of the BPES platform. To promote the recent investigations 

of BPES from animal to human, in vitro to in vivo, it is certainly preferable to use the 

human disease-specific cell lines. Human neuroblastoma cell lines, SH-SY5Y cells, 

have been studied widely to allow researchers to perform translational experiments that 

accurately model the human nervous system, which has a major influence on treating 

schizophrenia and other mental disorders [138,139].  

 

1.2.3.3 Limits and barriers to overcome from metal-based BPES 
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As reviewed in section 1.2.2.2, several studies on BPE have focused on the use of 

metal-based electrodes and their applications in materials synthesis and modification as 

well as chemical and bioanalytical detection, known as SCBPE or CABPE 

[65,140,141]. However, the intrinsic limitation of classic BPE is related to the bipolar 

electrode size. High applied potential is required to polarise a short bipolar electrode 

and induce electrochemical reactions at its extremities. Thus, extremely high potentials 

(on the order of tens of kV or more), are required to polarise micrometric and 

nanometric metal and semiconductor materials by BPE [142,143]. Although the 

increase in the external electric field strength could favour their bipolar electrochemical 

activities, the challenge is that it will simultaneously lead to the cellular membrane 

electroporation and cell lysis. It is noteworthy that a recent study has successfully 

demonstrated a decrease in the driving voltage to ~ 30 V at Pt nanopore for intracellular 

wireless analysis of a single cell (Figure 1.10) [144]. Researchers spatially confined the 

voltage drop at the nanopores, resulting in a remarkably low applied potential restricted 

inside the nanopipette and minimises the potential bias of the voltage on the cellular 

activity. However, it is very difficult to use rigid bipolar electroactive metal and 

semiconductor material-based BPES in a living cell for wireless stimulation under this 

driving voltage. 
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Figure 1.10 Illustration of the bipolar electrochemiluminescence (ECL) detection at the 

porous Pt deposit within the nanopipette inserted into the cytosol for intracellular 

wireless electroanalysis. [144] 

 

One early setup introducing BPE based on metal and semiconductor materials in ES 

mainly used a dipole (Figure 1.11) [145]. Stimulation induces a dipole in all conductive 

materials such as Au and Pt, and semiconductor materials such as iridium oxide (IrOx), 

and mixed oxide (Ir-Ti)Ox. The length of each neurite and the angle of its growth cone 

(distal tip of neurite) relative to the electric field were determined from phase-contrast 

images captured hourly for 3 h. The results show that slow stimulation steers neurite 

extension on Au but not on Pt. Neurites grow rapidly and in random directions on IrOx 

and (Ir-Ti)Ox. Although the electric dipole induced in conductive materials controls 

nerve growth, several issues are unclear in this setup: (i) the bipolar electrochemical 

activity of materials and the driving voltage were not investigated, it is difficult to 

determine whether the bipolar electrochemical activity of materials is induced under the 
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applied driving voltage, (ii) the cells are stimulated in a short time (3 h), which is not 

enough for practical applications, and (iii) the transparency of bipolar materials is 

required, which constrains the useable materials. 

 

Other limitations include irreversible “plastic deformation”, and cytotoxic effects 

arising from metal electrode corrosion and electrolysis have not been addressed as well 

[146]. Additionally, further investigations in vivo are difficult to perform in the clinic 

due to the rigid properties of the materials. Therefore, it is urgent to develop 

biocompatible bipolar electrochemical systems that can be used under biologically 

relevant conditions, where the voltage is sufficient for the electrochemical reactions of 

interest/direct potential stimulation, but does not damage the biological cells.  
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Figure 1.11 (A) Experimental scheme. (A-a,b) Transparency of materials (blue) 

electrodeposited onto glass. (A-c) IrOx during an electric field experiment. The end of 

an agar bridge is visible (asterisk) and the microscope objective turret can be seen 

through the material. (A-d) The electric field setup. Control (no electric field) and 

electric field conditions were run in parallel. Materials were not “wired” directly to the 

power supply. Arrows indicate the imposed external electric field (solid red arrow) in 

the culture medium and the dipole (dotted red arrow) of opposite polarity induced 

within the materials on which the neurons grew. For some experiments, the cells grew 

directly on the plastic and the materials were omitted. (B) Neuron growth during 50 

mV/mm external electric field (EF) stimulation. (B-a) The angle of growth cone 

migration. Negative values indicate migration toward the external cathode; zero 

indicates randomly directed migration. Statistics compared to the same substrates but 

without an EF (Student’s 2-tailed t-test). *p ≤ 0.05, **p ≤ 0.005, and ns = no significant 

difference. (B-b) Composite drawings made by superimposing the cell bodies and 

tracing each neurite. Scale 100 μm. The electric field vector represents the external field 

imposed within the culture medium. (B-c) A neuron growing on poly(3,4-

ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT-PSS) (galvanostatic). Scale 

50 μm.[145] 

 

1.2.3.4 BPES concept proved by CPs  

In tandem with recent advances in the development of easily fabricable CPs with highly 

tuneable electrochemical properties, mechanical flexibility, and biocompatibility with 

various cell lines, well-defined CP-based electrodes provide a unique conduit for 

electrical communication with living cells [147–150]. It has already been clearly 

demonstrated that electrical stimulation through hard-wired CPs can influence cell 
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proliferation, differentiation, migration, and connectivity, which are the central aspects 

of medical bionics [34,151–154]. The impact of using CPs for ES has been particularly 

profound with neural systems [155–157]. 

 

It is clear that switching from conventional rigid metal and semiconductor materials to 

softer polymers helps mitigate tissue reactions and promotes biostability. Utilising CPs 

with a bipolar stimulation approach will provide an exciting new dimension. Apart from 

the benefit of the principal “wireless” manner of bipolar electrochemical reaction to 

realise a new non-invasive method for electrically communicating with the internal 

environment of a cell, using CP as a bipolar electrode will overcome the limitations 

mentioned above. Thus, it is advantageous to use CP-based ES systems in biology (both 

electrically sensing and actuating cell behaviour) effectively [147,158,159]. To realise 

the possibility of CP-based bipolar electrochemical systems in wireless cell stimulation, 

the above-mentioned factors (bipolar electroactivity, driving voltage, environment 

suitable for biostability, biosafety, and cell viability) need to be fully considered.  

 

Since Inagi et al have successfully demonstrated the novel bipolar patterning of P3MT 

film in Bu4NPF6/acetonitrile, studies have extended to gradient doping of other CPs 

such as PEDOT and PANI (Figure 1.7) [106,160]. These studies provide evidence of the 

bipolar electroactivity of CPs. Thus, CPs could be alternative bipolar electrode materials 

to replace metals when performing bipolar electrochemical reactions. The driving 

voltage is critical for bipolar electrochemical platforms to trigger bipolar reactions and 

ensure high cell viability concurrently. As the existing CP-based bipolar electrochemical 

systems have primarily used organic solvent (Bu4NPF6/acetonitrile) and sulphuric acid 

(H2SO4) [106,160], they are incompatible with living cells. We need to demonstrate that 
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the reversible and recoverable bipolar electrochemical activity of CPs could be achieved 

in a biological environment (such as PBS buffer) under a low driving voltage. 

Moreover, the CPs maintained stable activity in cell culture media without leaking 

toxicity within the BPES period. Furthermore, in the abovementioned dipole setup, 

researchers also stimulated the cells in conductive PEDOT-PSS materials within 3 h 

(Figure 1.11b).  

 

Therefore, although CP-based BPES systems have begun to appear and earn an 

important place in wireless ES field, it should be noted that the current research on 

BPES systems with CPs is still in its early stages, and several issues are yet to be fully 

addressed.  

 

1.2.4 Soft material templates 

The existing CPs that act as bipolar electrodes comprise a rigid supporting substrate that 

is incompatible with cells. This may lead to destructive tissue damage and inevitable 

inflammatory risks in vivo. Moreover, recent studies underscore the feasibility of this 

BPES approach using simple two dimensional (2D) CP films on a non-flexible substrate 

[145]. This also has hindered its further applications because the whole BPES system is 

oversimplified and limits cell culture lifespan, which lacks the complexity of an in vivo 

microenvironment, cannot be representative of a native cell environment, and is unable 

to function well in living tissue. 

 

One possible method for overcoming this constraint is to transfer the CP from a rigid 

substrate to a soft, biocompatible template. PDMS [161,162] is the most commonly 

used silicon-based organic polymer, and can be used in combination with water and 
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alcohol solvents without material deformation. Therefore, it is one of the most widely 

used materials as a stamp resin in soft lithography for flow delivery in microfluidic 

chips and biomedical microelectromechanical systems [163]. A soft PPy/PDMS 

electrode might be developed by the easy attachment and detachment of physically 

attached PDMS hydrogel coating. An alternative option, poly(vinyl alcohol) (PVA) 

[164,165] that is hydrophilic, biocompatible, and innoxious, has been used in a variety 

of medical and commercial applications including eye drops, contact lenses, and 

cartilage replacements. The crosslinked PVA hydrogel offers stable and lower interfacial 

toughness, polymerising the oxidants and pyrrole monomer permeable to the PVA 

surface. Therefore, a biocompatible PPy/PVA electrode with a high content of water was 

constructed. Both soft electrodes provided evidence of a CP shift [164].  

 

The CPs on soft supporting substrates mentioned above have been reported as distinct 

types of bioelectronic devices because of their powerful flexibilities in functional 

integration [166]. Their high-performance operation is confined by the intrinsic 

insulation of the non-conductive layer. Using high loading volume of active electronic 

components to improve the comparatively poor charge transport characteristics within 

the material is one possible approach. Here, we propose an alternative method to 

fabricate completely active CP films, enabling high-performance operation of all 

electronic components within the active materials. The ability to dope with  synergistic 

electronic conductors such as a sulfonated polyaniline, poly (2-methoxyaniline-5-

sulfonic acid) (PMAS) [32,151,167] develops a unique biocompatible system that can 

undergo multiple redox reactions. CPs can undergo redox processes dictated by their 

unique reversible electrochemical activity and large charge injection capacities, 

providing effective conductivity for direct cell activity [26,156,168–172]. Poly(3,4-
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ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) is considered an ideal 

material due to its high conductivity, good chemical and electrochemical stability, 

excellent dispersibility in various solvents, interface functionality, and associated 

schemes in materials processing and assembly [126,173]. A large free-standing 

PPy/PEDOT-PSS film was prepared using the well-dispersed conductive ink solutions 

with a simple bar-coating method as described previously [174], where diethylene 

glycol (DEG) was used as both a dispersing agent and a secondary dopant to improve 

the conductivity of PEDOT-PSS. This composite film, which combines the effects of 

high bipolar electroactivity and mechanically compliant architectures, might represent 

one of the most flexible, and active materials with a high-performance operation and 

chronic stability in bioelectronic systems. 
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Figure 1.12 Illustrated overview of this project. 
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1.3 Objectives of this thesis  

As discussed in section 1.2, few studies have reported wireless living cell stimulation on 

conducting polymers (CPs) via bipolar electrochemistry (BPE). Therefore, in this thesis, 

we aim to investigate bipolar electroactive and biocompatible CPs, explore their 

capability for living cell stimulation using BPE, and build a wireless CP-based bipolar 

electrochemical stimulation (BPES) system with a view towards suiting for human 

disease-related electroceutical therapies.  

 

Specific aims/milestones/experiments are outlined and listed in Figure 1.12. 

Objective 1: Obtain bipolar electroactive CPs, verify the bipolar electrochemical 

activity of CPs in a biological environment, establish CP-based BPES system, and 

perform wireless general cell stimulation in Chapter 3. 

 

Objective 2: Modify CPs, test the improved bipolar electrochemical activity of CPs in a 

biological environment, and evaluate the effects of modified CP-based BPES on 

wireless general cell stimulation in Chapter 4. 

 

Objective 3: Synthesise and characterise soft and free-standing CP templates, evaluate 

the effects of soft CP-based BPES on wireless general cell stimulation, develop BPES 

protocol for specific human cells, and evaluate the effects of soft CP-based BPES on 

wireless human cell stimulation in Chapter 5. 
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Chapter 2  

Experimental Methods 

 

This chapter is partially adapted from the article, “Data on the bipolar electroactive 

conducting polymers for wireless cell stimulation” that was published in Data in Brief 

33 (2020) 106406, by Chunyan Qin, Zhilian Yue, Yunfeng Chao, Robert J. Forster, 

Fionn Ó. Maolmhuaidh, Xu-Feng Huang, Stephen Beirne, Gordon G. Wallace, and Jun 

Chen, with permission from Elsevier. 

 

2.1 Introduction 

This chapter describes all materials, reagents, apparatus, techniques and procedures 

utilised throughout the project. It concentrates on bipolar electrochemical testing 

system, bipolar electroactivity characterisations, bipolar electrostimulation system, and 

relevant cells culture and stimulated cells characterisations. Specific information of each 

chapter is provided in corresponding experimental section.  

 

2.2 Chemicals/reagents lists 

The chemicals/reagents used in this project are listed in Table 2.1. 

Table 2.1 Lists of chemical reagents and materials. 

Item name Supplier 

Pyrrole (Py) Sigma-Aldrich 

Poly(3,4 ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT-PSS) 

Ajax Finechem 

p-toluenesulfonic acid monohydrate (pTS) Sigma–Aldrich 
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Dextran sulfate sodium salt from Leuconostoc spp. (DS) Sigma-Aldrich 

Type collagen I  ThermoFisher 

Fe(III) tosylate Sigma-Aldrich 

Phosphate buffered saline (PBS) Sigma-Aldrich 

Rhodamine Red TM -X succunimidyl ester  Invitrogen 

Stainless steel mesh (SSM: 500 × 500 with wire diameter of 

0.025 mm) 

Stainless Steel 

Wire & Mesh 

Dental LT Clear Resin LST 

Clear RTV silicone adhesive sealant Permatex 

Ethanol Chem-Supply 

Acetone Sigma-Aldrich 

Tween-20 Sigma-Aldrich 

Diethylene Glycol (DEG) Sigma-Aldrich 

Dulbecco's Modified Eagle Medium (DMEM) Invitrogen 

Horse serum Invitrogen 

Fetal Bovine Serum (FBS) Invitrogen 

Nerve growth factor (NGF) Gibco 

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

(DMEM/F-12) 

Invitrogen 

Heat-inactivated Fetal Bovine Serum Invitrogen 

Penicillin/Streptomycin (P/S) Gibco 

Donkey serum Merck 

Calcein AM Invitrogen 

Propidium Iodide (PI) Invitrogen 

PicoGreen TM Santa Cruz 
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Triton X-100 Sigma 

Monoclonal anti- β- tubulin III (neuronal) antibody produced in 

mouse 

Life Technologies 

Alexa Fluor 546 (donkey anti-mouse IgG highly cross-adsorbed 

secondary antibody) 

Life Technologies 

4, 6-diamidino-2-phenylindole (DAPI) Invitrogen 

 

2.3 Materials preparation and fabrication techniques 

2.3.1 Pyrrole (Py) monomer solution preparation 

Various aqueous solution used in this study contained same pyrrole (Py) monomer 

concentration and different dopant concentrations. Generally, Py monomer was 

dissolved in deionized (DI) water via continuous hand stirring prior to dopant addition. 

All dopants were added one by one, that is, a dopant was added after the former dopant 

was dissolved completely. A well-dispersed solution was prepared after dissolving all 

dopants. 

 

2.3.2 Electrodeposition polymerisation  

All materials, such as solutions, substrates and electrochemical cells, were specifically 

treated before polymerisation. The prepared solutions were degassed with N2 for 15 min 

to remove oxygen. The substrates such as fluorine-doped tin oxide (FTO) were cleaned 

and subjected to O2 plasma treatment for increasing their wettability. Potential sweep 

electro-polymerisation [1–5] was carried out with a CHI-720 electrochemical analyser 

using a three-electrode cell (Figure 2.1a-b) that consisted of a substrate working 

electrode, Pt counter electrode, and Ag/AgCl reference electrode in treated solutions. 

Different doped polymers were deposited on the substrates by sweeping within potential 
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range at a reasonable rate. A digital photo of the obtained PANI and PPy films is shown 

in Figure 2.1c. 

 

 

Figure 2.1  (a) Schematic diagram of three electrode electrochemical setting-up. Digital 

images of (b) used CHI workstation and (c) electrodeposited PANI and PPy on FTO 

substrates. 

 

2.3.3 Chemical oxidation polymerisation  

Chemical oxidation polymerisation [6,7] was performed using the same aqueous 

solutions with oxidising agent such as like Fe(III) tosylate. This oxidiser was added 

dropwise to the solutions with continuous magnetic stirring. Stirring lasted over the 

weekend to ensure the reaction was completed. The resulting mixture was washed and 

centrifuged (8000 rpm, 15 min) for several times using ethanol and DI water until the 
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supernatant is colourless. The sediments were freeze-dried to obtain PPy powders. Two 

centrifuges were used in this work for materials centrifugation: small, low-speed 

centrifuge (Microcentrifuge, MiniStar silverline) and middle, high-speed centrifuge 

(Thermoline Dynafuge centrifuge) 

 

2.3.4 Polymer slurry preparation 

Diethylene glycol (DEG) [8] was dispersed into DI water by magnetic stirring for 10 

min and sonicated for 20 min using a high-power ultrasonic bath (Bandelin SONOREX 

DIGIPLUS DL 512 H). Equal poly (3,4 ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT-PSS) pellets and our synthetic PPy powders were added to the DEG solution. 

The mixed polymers were sonicated in bath sonicator (Branson B5500R-DTH) for 15 

min prior to blending using a conditioning mixer (THINKY ARE-250). The 

PPy/PEDOT-PSS slurry was prepared for further use after going through the mixing 

(2000 rpm, 20 min) and then defoaming (800 rpm, 5min) programme. 

 

2.4 General characterisation techniques 

2.4.1 Spectra characterisation techniques  

The Raman spectroscopy utilised in this work is LabRAM HR Evolution system with 

three different lasers (HORIBA Figure 2.2). It can measure within wide wavenumbers 

from 0 to 4000 cm-1 to confirm the destination of the specific band. The UV-vis 

spectroscopy (UV-3600, Figure 2.3) involves a broad range of radiation wavelengths 

and is routinely used for determining the conjugated organic compounds. Fourier 

transform infrared spectroscopy (FTIR) (IR Prestige-21, Figure 2.4) was used to study 

the polar bond vibration of different atoms. Raman and FTIR can be complementary to 

identify molecular vibration of polymers. 
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Figure 2.2 (a) Raman spectroscope used throughout this project. (b) Raman spectra of 

PANI before (pristine) and after (recovered) bipolar electrochemical testing.  

 

Figure 2.3 (a) UV spectroscope used throughout this project. (b) UV spectra of PANI 

before (pristine) and after (recovered) bipolar electrochemical testing.  

 

Figure 2.4 (a) Fourier transform infrared (FTIR) spectroscope used throughout this 

project. (b) FTIR spectra of PANI before (pristine) and after (recovered) bipolar 

electrochemical testing.  
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2.4.2 Electrochemical characterisation techniques 

Potentiodynamic cyclic voltammetry (CV) was conducted to determine the 

electrochemical redox state of polymers and electrochemical impedance spectroscopy 

(EIS) was used to understand the charge transfer between electrode and electrolyte 

interfaces [9]. In this work, both CV and EIS measurements were carried out in PBS 

solution (pH = 7.4) using a biological electrochemical platform (Figure 2.5a). The 

electrical conductivity and resistance of polymers were measured using four-point probe 

and Agilent multimeter (Figure 2.5b). 

 

 

Figure 2.5 Relevant electrochemical characterisations instruments used throughout this 

project.  

 

2.5 Device preparation/fabrication techniques 

2.5.1 Laser cutter 

The laser cutter (Figure 2.6) was mainly utilised to prepare sample substrates and parts 

of bipolar electrochemical cell. The PLS6MW multi-wavelength laser platform was 

chosen with a 10.6 μm carbon dioxide (CO2) laser cutting system under ambient 

conditions. The laser power and cutting speed were varied according to the material 

thickness. 
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Figure 2.6 (a) Laser cutter system used in this project. (b) Fabricated bipolar 

electrochemical stimulation (BPES) devices after obtaining components using laser 

cutter. 

 

 

 

Figure 2.7 (a) Printer used in this project. (b) Schematic diagram and (c) Images of 

printed bipolar electrochemical component. 
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2.5.2 Printer  

The Objet Connex 350 printer (Figure 2.7a) was used to enable biocompatible polymers 

and dental LT clear resin to build bipolar electrochemical frameworks and chambers. 

One bipolar electrochemical component consists of four middle wells as bipolar 

chambers and eight side wells as driving chambers (Figure 2.7b-c). For further details 

and printing parameters, please refer to the Translational Research Initiative for Cellular 

Engineering and Printing (TRICEP). 

 

2.6 Bipolar electrochemical testing system 

2.6.1 Bipolar electrochemical cell design and fabrication 

The designed bipolar electrochemical cell [10] comprised frame, screw, viton ring and 

acrylic bottom (Figure 2.8a). The screw and viton ring were used to connect and 

immobilise the frame to the bottom. The parallel slots were used for tuning the distance, 

as the potential that triggers the redox reactions depends on the distance between the 

two driving voltages [11–15]. The fabricated bipolar electrochemical cell was obtained 

as shown in Figure 2.8b. In addition, for more convenient observation and application in 

following in situ spectroelectrochemical experiments, clear acrylic bottom replaced the 

opaque one. 
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Figure 2.8 (a) Schematic diagram and (b) digital image of bipolar electrochemical cell. 

(c) Bipolar electroactivity testing setting up and (d) example of bipolar electroactive 

polymer in it. Images were taken using an iPhone camera. 

 

2.6.2 Bipolar electroactivity testing setup and conditions 

A schematic image of the entire bipolar electroactivity testing setup [10] shows that it 

includes a one channel power supply, fabricated bipolar electrochemical cell, driving 

electrodes, and two electric wires (Figure 2.8c). PANI was chosen to check the 

functionality of our setup because it possesses bipolar electroactivity [16–18]. Our setup 

is proven to be functional as shown in Figure 2.8d.  
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Figure 2.9  The use of PANI polymer on various substrates were evaluated in our 

bipolar electrochemical system to select suitable substrates and materials for bipolar 

electrode and driving electrodes. Images were taken using an iPhone camera. 

 

The parameters of testing the bipolar electrochemical activity of the polymers in this 

system were evaluated. The power supply voltage to provide a sufficient initial voltage 

is within 0-60 V. Suitable substrates for bipolar electrode were tested to fit our system. 

Clear FTO (Figure 2.9a) was chosen because of its high conductivity and the ability of 

growing the supporting polymer on it. Different materials for driving electrodes were 

tested to ensure their chemical stability, and a stainless steel mesh (SSM) (Figure 2.9b) 

was selected for the following experiments. The electrolytic solution used is a biological 

PBS solution (pH = 7.4) because it is compatible with living cells.  
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2.7 Bipolar electroactivity characterisations 

2.7.1 In situ Raman-bipolar electrochemical system 

 

 

Figure 2.10 In situ Raman measurement along with bipolar electrochemical process.  

 

In situ Raman-bipolar electrochemical system [10] is schematically illustrated in Figure 

2.10, which consists of our bipolar electrochemical setup, Raman spectrometer, and 

computer controller. A micro-Raman spectrometer with 632.81 nm diode laser 

excitation was utilised. The objective lens (× 50 WLD) was positioned directly above 

the optical window and focused on the bipolar electrode. The laser spot was 

approximately 1 - 2 µm in diameter with a weak laser power (< 10 mW) to avoid 

possible laser irradiation damage of the samples. All spectra were acquired by collecting 

data for 10 s within the wavenumber range of 500 cm-1 - 2000 cm-1. All samples were 

placed in the middle of the designed bipolar cell, and immersed in PBS. For reference, 

the pristine spectrum was taken from the original film in PBS without the applied 

driving voltage, and the recovered spectrum shows the Raman spectrum from the film 



 

68 
 

after bipolar testing in PBS with removed driving voltage. All in situ spectra were 

obtained at different driving voltage. B(-) and B(+) present the Raman spectra from the 

poles of the bipolar electrode, which are opposite to the cathodic and anodic driving 

electrodes. According to the principle of BPE, oxidation at the B(-) site and reduction at 

the B(+) site occurred simultaneously. 

 

2.7.2 In situ UV-bipolar electrochemical system 

 

 

Figure 2.11 In situ UV-vis absorption spectra combined with bipolar electrochemical 

system.  

 

The in situ UV-vis absorption spectra combined with bipolar electrochemical system are 

made up of home-made and fabricated bipolar UV cell, beam, and UV spectrodetector 

(Figure 2.11). To work with existing UV instruments, the measured spot was fixed in 

the same position as our polymer samples immersed in PBS. All UV absorption spectra 

were recorded in the range of 300 nm - 1100 nm. For reference, the pristine spectrum 

was acquired from the original film in PBS without the applied driving voltage, and the 

recovered spectrum shows the UV spectrum from the film after bipolar testing in PBS 

with removed driving voltage. The B(-) spectrum was acquired, followed by obtained 

B(+) spectrum after switching the driving electrode to change the bipolar electrode 
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polarity. 

 

2.7.3 In situ UV-conventional three electrode electrochemical system 

 

Figure 2.12 In situ UV-vis absorption spectra combined with the conventional three-

electrode electrochemical system.  

 

A schematic illustration of the in situ UV spectra with the conventional three-electrode 

electrochemical system [10], which constitutes electrochemical platform, a 3-electrode 

cell, and a UV spectrophotometer is shown in Figure 2.12. The custom-made quartz 

cuvette acting as an electrochemical reaction cell was equipped with a polymer film (1 

cm × 0.8 cm) as the working electrode, an Ag wire as the reference electrode and a Pt 

wire as the counter electrode. In situ UV-visible absorption spectra in the range of 300 

nm - 1100 nm was obtained after applying consecutive potentials from -0.6 V to +0.6 V. 

All potentials are vs. an Ag wire reference electrode and keep 30 s poise time in PBS 

(pH = 7.4). 
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2.8 Routine cell culture 

2.8.1 Culture of rat pheochromocytoma cell line PC 12  

PC 12 cells were seeded and cultured in DMEM growth media supplemented with 2 

mM glutamine, 5% (v/v) fetal bovine serum (FBS), and 10% (v/v) horse serum in a 

humidified 37 °C incubator (Thermo HERA cell 150) with 5% CO2 atmosphere before 

further use. For differentiation, a low serum medium (1% horse serum) supplemented 

with 50 ng/ml nerve growth factor (NGF) was used. 

 

2.8.2 Culture of human neuroblastoma cell line SH-SY5Y 

SH-SY5Y cells were cultured in DMEM/F12 growth media supplemented with 2 mM 

glutamine, 10% (v/v) heated-inactived FBS, and 1% (v/v) penicillin/streptomycin (P/S) 

in a humidified 37 ℃ incubator (Thermo HERA cell 150) with 5% CO2 atmosphere 

before further use. For differentiation, a low heated-inactived FBS serum medium (1%) 

supplemented with 10 µM retinoic acid (RA) was used. 

 

2.9 Bipolar electrochemical stimulation (BPES) system 

2.9.1 BPES device design and fabrication 

To conduct BPES, a specific bipolar electrochemical stimulating device [10] was 

designed with a similar construction to mimic conventional electrochemical cell 

stimulation one (Figure 2.13a). The tailored PVDF sheets (1.2 cm × 1.0 cm) were 

inserted into the slots in the cell culture well (1.0 cm2 /well) acting as the media link. 

Two parallel SSM strips in the driving wells were used to connect with the external DC 

power supply to generate an accurately controlled electric field suitable for cell 

stimulation. All parts were fixed using silicon adhesive overnight. We used a laser cutter 
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and a 3D printer to obtain all parts, and the fabricated BPES devices are displayed in 

Figure 2.13b-2.13c. A leakage check was conducted, followed by the capability of 

inducting bipolar electrochemistry test before cell seeding and the BPES. Gradient PPy 

films in four middle wells of the fabricated BPES device were observed ( Figure 2.13c). 

 

 

Figure 2.13 (a) Schematic diagram of bipolar electrochemical stimulation (BPES) cell. 

Relevant devices were fabricated using (b) laser cutter and (c) 3D printer. The gradient 

bipolar electroactivity of tailored PPy films were observed in fabricated devices. 

 

2.9.2 BPES setup and conditions 

To investigate the effects of BPES on nerve cell behaviour, we developed and optimised 

the BPES parameters (Figure 2.14a). A programmable, multi-channel power supply 

(Figure 2.14b) was used to meet the requirements of duplicate experiments, and an 

immunofluorescent image of bipolar electrostimulated neural cells is shown in Figure 
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2.14c. Both BPES devices and PPy substrates (1 cm × 1 cm) were first immersed in 

70% ethanol for 5 min, followed by drying under sterile conditions and exposing to UV 

light for 20 min (EtOH-UV sterilisation). After sterilisation, four pieces of tailored and 

sterilised PPy substrates were placed in the middle cell culture wells of each bipolar 

device individually, followed by UV exposure for another 20 min to ensure thorough 

sterilisation. Then, an initial density of cells in growth medium were seeded in the 

middle wells in growth media for at least 24 h to ensure cell attachment. Subsequently, 

cells were exposed to a BPES pulse mode [10,19]. 

 

 

Figure 2.14 (a) Schematic diagram of bipolar electrochemical stimulation (BPES) 

process. Relevant images of (b) power source and (c) bipolar electrochemically 

stimulated nerve cells. 

 

The waveform of the applied pulse mode comprised a phase duration of 10 min with an 

interphase interval of 5 min. Under BPES pulse mode-A, the cells were stimulated for 1 

h per day for 7 days. However, under BPES pulse mode-B, the cells were stimulated for 

8 h on day 2, and then cultured in the absence of BPSE for the following 5 days. Under 
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BPES pulse mode-C, the cells were stimulated on day 2 for 8 h, and this pattern was 

continued until day 5, after which they were cultured as normal in the absence of BPSE 

until the end of day 7. Under Control Non-BPES, the cells were cultured under identical 

conditions without BPES (i.e., normal condition). All experiments were conducted for 7 

days. BPES pulse mode-C was chosen for the results reported in chapter 4 and chapter 5 

because it has been successfully verified to be an optimal and effective protocol, which 

promotes significant nerve cell differentiation in chapter 3. 

 

2.10 Bipolar stimulated cells characterisation 

2.10.1 Live/dead assay 

Cyto-compatibility and cell viability studies were conducted using live/dead assay on 

day 1, day 3, day 5, and day 7. Calcein AM (2 × 10-6 M) and PI (2 × 10-6 M) were used 

to stain the live and dead cells, respectively. Finally, the cells were visualised and 

imaged using a ZEISS Axiovert or AxioImager microscope (Figure 2.15). 

 

2.10.2 Cell number assay - PicoGreen 

To confirm the effects of BPES on nerve cell proliferation, the adherent cells were 

counted on day 1, day 3, day 5 and day 7. A Quant-iT TM PicoGreen dsDNA Assay Kit 

in accordance with the manufacturer’s instructions was used to quantify. The number of 

triplicate samples was measured using a microplate reader (BMG LABTECH 

POLARstar Omega, Germany) at 485-12/520 nm.  

 

2.10.3 Fluorescence staining  

Immunofluorescence staining was used to investigate the effects of BPES on nerve cell 

differentiation. The fixed cells were permeabilized with methanol:acetone (50:50) on ice 



 

74 
 

for 5 min, and washed twice with PBS. The cells were then blocked in 10% donkey 

serum with 0.1% w/v Tween-20 in PBS at room temperature (RT) for at least 1 h, 

incubated with mouse anti- β-tubulin III in 10% donkey serum with 0.1% w/v Tween-20 

in PBS at 4 °C overnight, and Alexafluo 546 anti-mouse secondary anti- body at 37 °C 

for another at least 1 h. The nuclei were counterstained with 4-6-diamidino-2-

phenylindole (DAPI) for 5 min at RT. Images were acquired using a ZEISS Axiovert or 

AxioImager microscope (Figure 2.15). 

 

 

Figure 2.15 (a) ZEISS Axiovert microscope and (b) acquired image of PC 12 cells. (c) 

AxioImager microscope and (d) image of differentiated SH-SY5Y cells. 
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2.10.4 Quantitative analysis  

ImageJ with NeuriteQuant add-in was used to quantify the neurite numbers by 

averaging the number of neurites per cell in the observed area from all the samples 

collected. The software with Neurite length tracer add-in can measure the neurite 

growth in cells, including the total neurite number per cell, the total neurite length per 

cell, mean neurite length per cell, and maximum neurite length per cell. Neurites were 

measured when the length of the projection exceeded a single body length of the cell 

from which it extended. Data are represented as mean ± standard deviation (SD) unless 

otherwise indicated. Results were analysed using Origin software using one-way 

ANOVA or two- way ANOVA with Tukey simultaneous testing method and Bonferroni 

post hoc test, respectively. A p -value was determined and a maximum value of 0.05 was 

used to indicate significance. 
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Chapter 3 

Wireless cell stimulation enabled by bipolar electroactive 

conducting polymers 

 

This chapter is adapted from the article, “Bipolar electroactive conducting polymers 

for wireless cell stimulation” that was published in Applied Materials Today 21 (2020) 

100804, and partially adapted from the article, “Data on the bipolar electroactive 

conducting polymers for wireless cell stimulation” that was published in Data in Brief 

33 (2020) 106406, both by Chunyan Qin, Zhilian Yue, Yunfeng Chao, Robert J. Forster, 

Fionn Ó. Maolmhuaidh, Xu-Feng Huang, Stephen Beirne, Gordon G.Wallace and Jun 

Chen, with permission from Elsevier. 

 

3.1 Introduction 

The use of electrochemical stimulation (ES) to influence the proliferation and 

differentiation of living cells offers a means to understanding of fundamental biological 

processes and for developing many clinical applications [1]. Conducting polymers (CPs) 

are increasingly recognized as highly attractive materials for bioapplications due to their 

tuneable cytocompatibility as well as stable mechanical and chemical properties [2–4]. 

Specifically, CPs enable highly efficient delivery of the electrical stimulus to achieve 

effective cell stimulation [5,6]. Moreover, driving redox processes within the polymer 

matrix allows the surface properties and composition to be altered in situ delivering 

secondary effects to the adhering cells that can be controlled over time [7–11]. 

Conventional CP-based ES protocols usually contain coated electrodes with cells 

attached acting as the working electrode, directly connected to a potentiostat [12]. This 
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approach requires the working electrode to be “hard wired” to a potentiostat so that the 

voltage, and thus charge injection and the interfacial properties of the CPs can be 

controlled. This direct connection constrains practical clinical deployment [13–16]. An 

implantable system that could be activated via the imposition of a non-contact electric 

field is highly likely to be a powerful platform and a transformative technology in 

electroceutical development [17,18]. 

 

Bipolar electrochemistry (BPE), could offer an alternative non-contact pathway to be 

able to transform the traditional ES system to a wireless platform, known as bipolar 

electrochemical stimulation (BPES), maintaining the advantages of ES but removing the 

need for a physical wire to control the applied potential. In BPES system, the 

electronically conducting bipolar electrode is placed in an electric field induced 

indirectly by the driving electrodes (also known as “feeder electrodes”) without any 

direct ohmic contact [19–21]. The electric field, which is uniform across the electrolyte, 

could activate the bipolar electrode without electrical wiring via generating a potential 

difference between the two ends (or “anodic / cathodic poles”) of the bipolar electrode. 

The electrode size and electric field strength/distribution control the magnitude of this 

potential difference making it possible to concurrently activate oxidation and reduction 

processes at opposite ends of the bipolar electrode, typically by controlling the voltage 

difference between the two feeder electrodes [22,23]. To date, the focus has been on 

electroanalytical applications, the creation of Janus-type structures and imaging [24–31]. 

In this contribution, we report on the use of BPES where the bipolar electrode is 

functionalised with a cytocompatible CP to enable electrical stimulation of living cells. 

The electric field strength required to switch the redox composition of the CPs must not 

damage adherent cells, and so CPs with low switching potentials are required [32,33]. 
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Here, we present for the first time the development of polypyrrole (PPy)-based bipolar 

electrochemical stimulation (BPES) system for wireless stimulation of nerve cells. 

Specifically, our synthetic PPy-DS/collagen film demonstrated reversible and 

recoverable bipolar electrochemical activity in phosphate buffered saline (PBS) buffer 

solution, as supported by in situ and ex situ spectro-electrochemical techniques. For the 

first time we demonstrate a fully functional, custom designed bipolar electrochemical 

stimulation device in which neural cells are actively growing on a PPy-DS/collagen film. 

Significantly, these cells respond to applied wireless electrical stimulation which 

induces enhanced cell proliferation and neurite outgrowth (number and length). These 

observations highlight the effect of wireless electrical stimulation and suggest that the 

BPES prototype system is a promising platform for programmable wireless 

electrostimulation. This work represents an important first step towards in vivo wireless 

stimulation of biocompatible implants, for site-selective stimulation of neural cells for 

traumatic injury repair. 

 

3.2 Experiments 

3.2.1 Materials 

Pyrrole (Py) was purchased from Merck, purified by reduced pressure distillation and 

stored at -20 oC. Other chemicals for synthesis, such as sulfuric acid (H2SO4), p-

toluenesulfonic acid monohydrate (pTS), dextran sulfate sodium salt from Leuconostoc 

spp. (DS), phosphate buffered saline (PBS) and Nunc® Lab-Tek® chambered 

coverglass (polystyrene) were supplied from Sigma-Aldrich (Sydney, Australia). 

Stainless steel mesh (SSM-500x500 with wire DIM of 0.025 mm) was from Stainless 

Steel Wire & Mesh Pty Ltd. (Melbourne, Australia). Gibco Dulbecco’s Modified 
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Eagle’s Medium (DMEM), horse serum, fetal bovine serum (FBS), collagen (Type I 

from rat tail), nerve growth factor (NGF), calcein AM, propidium iodide (PI), 

PicoGreenTM, Alexa Fluor 546 (Donkey anti-Mouse IgG Highly Cross-Adsorbed 

Secondary Antibody), monoclonal anti-β-tubulin III (neuronal) antibody produced in 

mouse, 4'-6-diamidino-2-phenylindole (DAPI) and rhodamine RedTM-X succunimidyl 

ester were from Invitrogen (Melbourne, Australia). Dental LT Clear Resin was obtained 

from LST Sydney (a reseller for Formlabs) and clear RTV silicone adhesive sealant was 

purchased from Permatex (USA). 

 

3.2.2 Preparation of polypyrrole (PPy) films 

The preparation of polypyrrole (PPy) films were carried out by cyclic voltammetry (CV) 

from an aqueous solution containing 0.2 M distilled pyrrole (Py) with 0.1 M pTS, 2 

mg/ml DS without or with 2 µg/ml collagen within a potential range of 0 - 0.65 V at a 

scan rate of 20 mV/s. After polymerisation, all films were thoroughly rinsed with Milli-

Q water and allowed to dry under ambient conditions before further characterisation and 

investigation. 

 

3.2.3 Bipolar electrochemistry (BPE) 

3.2.3.1 In-house designed bipolar cells 

The detailed set-up for the evaluation of bipolar electrochemistry (BPE) has been 

reported in Chapter 2 (Figure 2.8), which consists of a DC power supply system 

connected to a bespoke bipolar cell. This 3D printed cell has a rectangle frame closely 

connected with acrylic bottom (transparent) through viton ring and tightened screws. 

The parallel slots are designed to insert stainless steel mesh (SSM) for controlled 
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adjustment of the distance between SSM and test PPy films (placed in the centre of 

printed cell) to optimise the testing conditions.  

 

3.2.3.2 Bipolar electrochemical activity evaluation 

The bipolar electrochemical activity of the PPy films with different dopants was 

evaluated using the fluidic platform with integrated feeder electrodes by applying a 

programmable DC voltage to the feeder electrodes using TENMA DC supply system. 

All bipolar electrochemical activity tests were conducted in standard PBS buffer 

solution with a pH of 7.4, simulating that of the normal biological environment. In a 

typical testing set-up, the CP films deposited on FTO (0.5 cm × 0.5 cm - 3.0 cm × 3.0 

cm) were immersed into the PBS buffer and placed in the centre of the bipolar cell. The 

separation of the SSMs as feeder electrodes were adjustable from 1 cm to 5 cm 

depending on the size of PPy film being tested. This bipolar electrochemical activity 

evaluation was mainly used to investigate the reversibility of the PPy redox switching 

and stability towards repeated cycling. 

 

3.2.4 Materials characterisations 

3.2.4.1 In situ confocal Raman spectrometry 

In situ confocal Raman spectrometry (HR800 Raman spectrometer, Japan), as reported 

in Chapter 2 (Figure 2.10), was utilised to identify the reversible and recoverable 

bipolar electrochemical activity. Spectra were acquired by 10 s data collection within 

the wavenumber range of 500 cm-1 - 2000 cm-1 using excitation laser at 632.81 nm. The 

objective lens (× 50 WLD) was positioned directly above the optical window and 

focused on the particular region of interest on the PPy film under BPE activation with a 

low laser power (less than 10 mW).  
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3.2.4.2 In situ UV-vis spectra spectrometry with the conventional electrochemical 

system 

To identify the electrochromic behaviour in response to the wireless electric field, in 

situ UV-vis spectra (Shimadzu UV-vis 3600) were recorded simultaneously with the 

conventional three-electrodes electrochemical system [34] within the range of 300 nm - 

1100 nm under different applied potentials (from -0.6 V to +0.6 V) in PBS (pH = 7.4) 

(reported in Chapter 2: Figure 2.12).  

 

3.2.4.3 Other physical characterisation techniques  

Other physical characterisation techniques were also employed to further confirm the 

bipolar electrochemical activity of the prepared PPy films independent of dopants. A 

field emission scanning electron microscopy (JEOL JSM-7500FA) were utilised to 

probe the surface morphology. For chemical stability, ex situ Raman spectra were 

obtained within the wavenumber range of 500 cm-1 - 2000 cm-1, while FTIR spectra 

were collected using a FT-IR spectrometer (IRpretige-21, Shimadzu) over a range of 

600 cm-1 - 2000 cm-1. To ensure the successful incorporation of collagen with uniform 

distribution into PPy films, fluorescence (rhodamine redTM-X succunimidyl ester) 

labelling and ZEISS Axiovert microscope (Carl Zeiss, Germany) were utilised to check 

the surface morphology of treated PPy-DS and PPy-DS/collagen films [35].  

 

3.2.4.4 Electrochemical characterisation techniques  

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) with a 

conventional direct wire connection were employed to investigate the electrochemical 

activity of the prepared PPy films with different dopants in PBS (pH = 7.4). CVs were 
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carried out with a potential range of -0.7 V to +0.7 V at a scan rate of 100 mV/s, while 

EIS were performed over the frequency range of 0.1 Hz to 100 kHz using an AC signal 

with +50.0 mV vs the reference electrode. 

 

3.2.5 Standard cell culture and cytocompatibility studies 

3.2.5.1 Cell culture of PC 12 cells 

PC 12 cells were seeded and cultured in DMEM growth media supplemented with 2 

mM glutamine, 5% (v/v) fetal bovine serum (FBS) and 10% (v/v) horse serum in a 

humidified 37 ℃ incubator with 5% CO2 atmosphere before further use. For 

differentiation, a low serum medium (1% horse serum) supplemented with 50 ng/ml 

nerve growth factor (NGF) was used. 

 

3.2.5.2 Cytocompatibility study 

For cyto-compatibility studies, different PPy substrates were prepared and sterilized by 

firstly being immersed in 70% ethanol for 5 min, followed by drying under sterile 

conditions and exposing to UV light for 20 min (EtOH-UV sterilisation). PC 12 cells 

were cultured on the substrates at a density of 20000 cells/cm2 in growth media and 

2000 cells/cm2 in differentiation media. Cyto-compatibility test was conducted using 

live/dead assay after day 1, day 3, day 5 and day 7. Calcein AM (2 × 10-6 M) and PI (2 

× 10-6 M) were used to stain the live and dead cells respectively. Finally, cells were 

visualised and images were obtained using a ZEISS Axiovert microscope.  

 

3.2.6 Bipolar electrochemical stimulation (BPES) 

3.2.6.1 In-house designed bipolar devices 
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In order to conduct bipolar electrostimulation (BPES), a specific bipolar device was 

designed with a similar construction to mimic conventional electrochemical cell 

stimulation one as reported in Chapter 2 (Figure 2.13). The tailored PVDF sheets (1.2 

cm × 1.0 cm) are inserted into the slots at the cell culture well (1.0 cm2/well) acting as 

the media link. Two paralleled strips of SSM in the driving wells are used to connect 

with the external DC power supply to generate an accurately controlled electric field 

suitable for cell stimulation. All parts were fixed using silicon adhesive overnight, 

followed by a leakage check and sterilisation before cells seeding and the BPES. 

 

3.2.6.2 Optimisation of BPES parameters 

Both bipolar devices and PPy-coated FTO glassy slides (1 cm × 1 cm) were first 

immersed in 70% ethanol for 5 min, followed by drying under sterile conditions and 

exposing to UV light for 20 min (EtOH-UV sterilisation). After sterilisation treatment, 

four pieces of tailored and sterilized PPy-DS/collagen films were placed into the middle 

cell culture wells of each bipolar device individually, followed by another 20 min’ UV 

exposure to make sure thorough sterilisation. Then cells were seeded in the middle 

wells, which have the PPy-DS/collagen substrates, at an initial density of 6000 cells/cm2 

in growth media. Data shows the applied pulse mode (phase duration of 10 min + 

interphase interval of 5 min, repeated 6 times per day) over 7 consecutive days, was to 

investigate the impact of different DC stimulation voltages from 0.5 V to 5.5 V. In order 

to evaluate the BPES performance, the cells were sampled and assessed by live/dead 

analysis on day 7. 

 

3.2.7 BPES performance evaluation 

3.2.7.1 BPES on cell proliferation 
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PC 12 cells were seeded into growth media at 20000 cells/cm2 in the bipolar devices. 

BPES pulse mode-A was initiated after cells seeding 22.5 h for continuous 7 days with 

growth media refreshed every 2 days. Calcein AM and PI staining was used to observe 

the cell morphology with a ZEISS Axiovert microscope. The numbers of adherent cells 

on day 1, day 3, day 5 and day 7 were quantified using a Quant-iTTM PicoGreen dsDNA 

Assay Kit in accordance with the manufacturer’s instructions. Numbers of triplicate 

samples were measured with a microplate reader (POLARstar Omega, Germany) at 

485-12/520 nm. 

 

3.2.7.2 BPES on cell differentiation 

PC 12 cells at a seeding density of 2000 cells/cm2 under identical conditions were 

stimulated with different programmed BPES pulse modes as reported Chapter 2 (section 

2.9.2), and finally fixed on day 7 in 3.7% paraformaldehyde at RT for 10 min, and 

washed with PBS twice and stored in refrigerator at 4 oC for the following 

immunofluorescence staining. For the immunofluorescence staining, the fixed cells 

were permeabilized with methanol:acetone (50:50) on ice for 5 min, and washed with 

PBS twice. The cells were then blocked in 10% donkey serum with 0.1% w/v Tween-20 

in PBS at RT for 1 h, incubated with mouse anti-β-tubulin III (Convance, Australia) in 

10% donkey serum with 0.1% w/v Tween-20 in PBS at 4 oC overnight, and Alexafluo 

546 anti-mouse secondary antibody (Invitrogen, Australia) at 37 oC for 1 h. The nuclei 

were counterstained with 4'-6-diamidino-2-phenylindole (DAPI) (Invitrogen, Australia) 

for 5 min at RT. Images were acquired using a ZEISS Axiovert microscope (Carl Zeiss, 

Germany).  

 

3.2.7.3 Quantitative analysis    
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ImageJ with NeuriteQuant add-in was used to quantify the neurite numbers by 

averaging the number of neurites per cell in the observed area from all the samples 

collected. The software with Neurite length tracer add-in can measure the neurite 

growth of cells, including the total neurite number per cell, the sum total length of 

neurites per cell, mean neurite length per cell, and maximum neurite length per cell. 

Neurites were measured when the length of the projection exceeded a single body 

length of the cell from which it extended. Data are represented as mean ± standard 

deviation (SD) unless otherwise indicated. Results were analysed using Origin 2018b 

64Bit using one-way ANOVA or two-way ANOVA with Tukey simultaneous testing 

method and Bonferroni`s post hoc test respectively. A p-value was determined and a 

maximum value of 0.05 was used to indicate significance. 

 

3.3 Results and Discussion 

3.3.1 Preparation of PPy films with various dopants 

Polypyrrole (PPy) films with various dopants (pTS, DS and collagen) were successfully 

deposited onto FTO slides via typical cyclic voltammetry approach (Figure 3.1). The 

thickness of PPy-pTS, PPy-DS and PPy-DS/collagen films were 0.26 µm, 0.33 µm and 

0.48 µm, respectively. In this study, three dopants were selected to investigate the effect 

of dopants on bipolar electrochemical activity. pTS is a popular low molecular weight 

dopant often used in PPy preparation. Naturally derived DS is a bioinert high molecular 

weight dopant. Collagen type I is a major component of extracellular matrix of 

connective tissue. It was incorporated into the PPy matrix together with DS to improve 

cell-substrate interactions [13,36,37]. All prepared PPy films were evaluated by cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in PBS buffer to 

ascertain their electroactivity (Figure 3.2). No significant difference in electrical 
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properties amongst different PPy films were observed with the addition of pTS, DS and 

collagen as dopants. The electrochemical results also validated that the co-entrapment of 

collagen to functionalize PPy-DS did not change the nature of the dominant 

electrochemical behaviour of PPy films. These films are ready for further investigation 

and evaluation under bipolar electrostimulation environment.  

 

Figure 3.1 Electrodeposition of (a) PPy-pTS, (b) PPy-DS and (c) PPy-DS/collagen 

films onto FTO glass. PPy films were electro-synthesised by cyclic voltammetry (CV) 

from an aqueous solution containing 0.2 M distilled Py with 0.1 M pTS, or with 2 

mg/ml DS without or with 2 µg/ml collagen, within a potential range of 0 - 0.65 V at a 

scan rate of 20 mV/s.  

 

 

Figure 3.2 Electrochemical activity of PPy films in PBS (pH = 7.4). (a) Cyclic 

voltammetry (CV) of PPy-DS/collagen, PPy-DS and PPy-pTS at a scan rate of 100 
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mV/s. (b) electrochemical impedance spectroscopy (EIS) of them over a frequency 

range of 0.1 Hz-105 Hz.  

 

3.3.2 Bipolar electrochemical activity of PPy films 

The bipolar electrochemical activity of PPy films was investigated using an in-house 

designed bipolar electrochemical system, as shown in Figure 3.3a and reported in 

Chapter 2 for completely schematic diagram, in which the PPy-coated FTO glass slide 

(1 cm × 2 cm) was placed in the centre of bipolar cell. Immediately after applying a DC 

voltage of 5.5 V to the feeder electrodes (5 cm apart), the PPy films exhibit a colour 

change gradient (from green to orange, Figure 3.3b) demonstrating the expected redox 

processes caused by potential difference between two poles (ends) of the PPy films 

induced by the electric field generated by the feeder electrodes [38,39]. All three PPy 

films with various dopants display generally similar behaviour and, significantly, 

changing the polarity of the voltage applied to the feeder electrodes causes the 

sequences of colours across the BPES to change reversibly (+ / -). This observed 

relevant colour changes in response to the bipolar electrochemical activation could be 

explained by a common phenomenon related to the typical electrochemical redox 

process within PPy films [34,40]. This is further supported by the in-situ UV-vis 

absorption spectroscopy reported in Figure 3.4. 
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Figure 3.3 Stable bipolar electrochemical activity of PPy films in biological 

environment under low DC voltage. (a) Schematic of cycled BPES process and bipolar 

cell. (b) Optical images of the CPs immersed in bipolar cell following application of a 

voltage to the feeder electrodes. The colour changes correspond to changes in the redox 

composition of the CP layer due to the electric field potential induced in the BPES (the 

brighter regions are an imaging artifact). (c) In situ Raman spectra obtained when a 

voltage of 5.5 V is applied to the feeder electrodes. All experiments conducted in PBS. 

Excitation laser at 632.81 nm and accumulation time was 10 s. 
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Figure 3.4 In situ UV-visible absorption spectra in the range of 300 nm - 1100 nm and 

according colours of (a) PPy-pTS, (b) PPy-DS and (c) PPy-DS/collagen obtained after 

applied consecutive potentials from -0.6 V to +0.6 V. All potentials are vs. an Ag wire 

reference electrode and keep 30 s poise time in PBS (pH = 7.4).  

 

Further investigation into the chemical stability and reversibility of the PPy field 

induced redox switching was carried out using in situ Raman spectrometry (see Chapter 

2: Figure 2.10 for set-up illustration). As a control, the “pristine” Raman spectrum was 

taken from the original PPy film before applying a voltage to the feeder electrodes, 

while the “recovered” Raman spectrum was recorded 1 min after the bipolar 

electrochemical process. B(-) and B(+) present the Raman spectra where the polarity of 

the feeder electrodes was switched. All the peaks present in the spectra in Figure 3.3c 

could be assigned to the characteristic Raman bands of PPy at different redox states, i.e. 
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oxidation (B(-)), reduction (B(+)) and neutralization (“pristine” and “recovered”) [41]. 

Two specific areas of peaks were clearly distinguished in all Raman spectra. One is 

from the range of 800 cm-1 - 1000 cm-1, which can be attributed to the ring deformation 

associated with the bipolaron and polaron formed in the main aromatic structure of PPy 

respectively. While the other is in the range from 1500 cm-1 to 1700 cm-1, which is 

considered to be the C=C backbone stretching in the oxidation and reduction states of 

PPy. The consistency of the Raman spectra before and after the BPES cycle not only 

demonstrated that the reversible bipolar electrochemical activity of PPy was 

independent of dopants, but also showed that the redox phenomenon occurred on both 

sides (B(-) and B(+)). The reversible bipolar electrochemical property of PPy was 

further investigated and confirmed by ex situ Raman spectrometry, FTIR spectrometry 

and scanning electron microscopy (SEM) to explore the PPy before (“pristine”) and 

after (“recovered”) undergoing the identical bipolar testing (Figure 3.5). The topography 

measurements (SEM) showed no visible changes in surface morphologies of all PPy 

films revealing characteristically similar sized nodular features. It is demonstrated that 

the low applied DC voltage (up to 1.0 V per cm) that could only drive the redox of PPy 

films to generate the colour gradients without any observable conformational 

deformation change (shrinking and swelling), which required high electric field (4.0 V 

per cm) [42–44]. 
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Figure 3.5 Characterisations of synthesised PPy-pTS, PPy-DS and PPy-DS/collagen 

before (pristine) and after (recovered) bipolar electrochemical testing. (a) Raman 

spectrometry, (b) FTIR spectrometry and (c) scanning electron microscopy (SEM) were 

performed under identical bipolar testing condition. All samples were tested in PBS 

under 5.5 V driving voltage for 30 s, and then taken out from PBS, subsequently rinsed 

with Milli-Q water and allowed to dry before all ex situ characterisations. 

 

3.3.3 Cytocompatibility of PPy films as cell supportive substrates  
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In this work, collagen type I was incorporated into the PPy film matrix as a co-dopant 

during electropolymerisation to improve cell adhesion and differentiation [45,46]. To 

confirm the presence and distribution of collagen in PPy film, both PPy-DS (as control) 

and PPy-DS/collagen films were labelled with fluorescent rhodamine redTM-X 

succinimidyl ester (Figure 3.6) [35]. PPy-DS/collagen film displayed a clear fluorescent 

signal assigned to fluorescence-labelled collagen, indicating that collagen was 

uniformly incorporated into the PPy matrix. Supported by CV and EIS of PPy-

DS/collagen, it confirmed that incorporation of collagen into PPy-DS did not change 

significantly the intrinsic electrochemical activity and behaviour of PPy-DS films, 

which was consistent with the findings observed during bipolar electrochemical process 

(Figure 3.3b).  

 

 

Figure 3.6 Images of PPy-DS and PPy-DS/collagen after fluorescent labelling. PPy-DS 

and PPy-DS/collagen (1 cm × 1 cm) were firstly soaked in 1.5 ml solution with 
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isometric PBS and ethanol for 30 min. Then 500 µl rhodamine redTM-X succunimidyl 

ester/DMSO at a final concentration of 2.5 µg/ml was added into each well, followed by 

5 hours’ reaction at RT in covered Al foil as darkroom. Finally, replaced with the fresh 

PBS after thorough washing with isometric PBS and ethanol for 10 min each time, total 

three times to remove the residue fluorescent dye. The surface morphology of 

fluorescently labelled samples was examined in using a ZEISS Axiovert microscope. 

 

 

Figure 3.7 Cytocompatibility of PPy films as cell supportive substrates. (a) Bright field 

and fluorescent images of PC 12 cells on day 7 after cyto-compatibility assessment via 
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live/dead assay. Calcein-AM was used to stain live cells (green) and propidium iodide 

(PI) used to stain dead cells (red). (b) Bright field images of PC 12 cells on day 1 and 

day 7 in the differentiation medium (containing 50 ng/ml NGF) at an initial cell seeding 

density of 2000 cells/cm2.  

 

Cytocompatibility of the PPy films was assessed using a rat pheochromocytoma cell 

line, PC 12, prior to bipolar electrochemical stimulation. PC 12 cells were culture on the 

3 types of PPy substrates for one week, during which the cell viability was monitored 

by live/dead staining at various time points. As shown in Figure 3.7a, PC 12 cells 

cultured on the three PPy substrates all exhibited rounded morphology with high cell 

viability and tended to form colonies of cell aggregates, indicating that the PPy films are 

not cytotoxic irrespective of the dopant used. As shown in Figure 3.7, compared with 

PPy-pTS and PPy-DS, the PPy-DS/collagen demonstrated the best phenomenon of cell 

proliferation and neurite outgrowth under identical conditions, indicating a promising 

bio-interfacial material. Therefore, PPy-DS/collagen film was selected as the key 

bipolar electrode substrate to evaluate the performance of wireless stimulation.  

 

3.3.4 Development of bipolar electrochemical stimulation (BPES) protocols 

For the first time, an in-house designed BPES platform for contactless electrical 

stimulation of living cells has been developed (Figure 3.8). The main bipolar device 

consisted of three key parts, 3D printed frame, tailored PVDF membrane and laser cut 

stainless-steel mesh (SSM) as required. The material used for printing 3D frame was a 

commercial “Dental LT Clear” resin (Formlabs, United States). Printed structures were 

post processed in accordance with manufacturer’s protocols to ensure suitability for cell 

culture. Two pieces of etched SSM were employed as driving electrodes to create the 
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electric field that could induce a voltage in the PPy film so as to generate the redox 

processes, while the PVDF membrane maintained the proper ion exchange/diffusion 

and prevented cell migration from the central cell-culture well to side wells (step 1-3). 

Then, all wells were filled with cell culture media, while the PC 12 cells were only 

seeded in the four middle replicate cell culture wells where the bipolar substrates (PPy-

DS/collagen) were placed, ready for further BPES evaluation.  

 

 

Figure 3.8 Schematic fabrication of bipolar electrochemical stimulation (BPES) 
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platform. 3D printed frame used dental LT clear resin to ensure biocompatibility. The 

parallel stainless-steel mesh (SSM) acted as driving electrodes to induce external 

electric field and tailored PVDF membrane as media link to guarantee ion exchange for 

smooth bipolar electrochemistry of PPy-DS/collagen and avoid cells migrating to side 

driving wells. All parts were fixed overnight using silicon adhesive sealant. The tailored 

PPy-DS/collagen sheets (1 cm × 1 cm) were immersed in the middle cell culture wells, 

followed with sterilisation process before same density of cells were seeded. Cells were 

stimulated once the bipolar device was connected with programmable DC power 

supply. 

 

Figure 3.9 Images acquired from different wells for negative feeder electrode, bipolar 

electrode, and positive feeder electrode, respectively, before (control: (a)) and after 

applied (b) 1.0 V, (c) 3.0 V. 
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Figure 3.10 Images of pH indicator papers acquired from culture media in different 

wells for negative feeder electrode, bipolar electrode, and positive feeder electrode 

respectively, before ((a) control) and after (b) applied 1.0 V underwent identical bipolar 

electrochemical stimulation process. 

 

The BPES protocol for the specific-designed device was also developed by optimising 

the applied DC voltage under pulse mode. As the results reported in Figure 3.9, no 

bubbles were generated on both sites of the "feeder electrodes" under the applied DC 

voltage of 1.0 V, while clear bubbles generation were observed when the applied DC 

voltage went over 3.0 V. And referred to the standard pH indicator paper (Figure 3.10), 

no obvious colour change was observed after immersed in culture media under 1.0 V 

applied voltage, revealing stable pH value in range of pH 7~ pH 8. These results clearly 

demonstrated the applied DC voltage of 1.0 V was the safe option to stimulate cells, 

which could avoid either gas evolution or related pH changes. Further confirmed by the 
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results of high cell viability following 7 days’ treatment (Figure 3.11), optimised pulse 

mode with magnitude 1.0 V (comprised phase duration of 10 min with interphase 

interval of 5 min) was selected as the optimal BPES protocol for further study to 

evaluate the effect of BPES on cell behaviour. Schematic illustrations of the waveform 

of applied pulse mode and three distinct programmed BPES pulse modes used for 

studies of cell proliferation and cell differentiation are available in Figure 3.12. Three 

independent experiments in each BPES pulse mode were performed over a period of 

one week. Control experiments, standard culturing with no BPES, were also carried out 

in parallel for proper evaluation and comparison. 

 

 

Figure 3.11 Cell viability under BPES. Image of PC 12 cells on day 7 via live (calcein 

AM; green) and dead (PI; red) staining, after cultured on PPy-DS/collagen with BPES 

pulse mode-A (Figure 3.12b, 1.0 V DC driving voltage) in growth media.  
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Figure 3.12 Schematic illustration of programmed BPES pulse modes. (a) The 

waveform of the applied pulse mode comprised phase duration of 10 min with 

interphase interval of 5 min. (b) BPES pulse mode-A: cells were stimulated for 1 h per 

day over 7 days. (c) BPES pulse mode-B: cells were stimulated for 8 h on day 2, then 

cultured as normal in the absence of BPSE for the following 5 days. (d) BPES pulse 

mode-C: cells were stimulated on day 2 for 8 h, and this pattern was continued until day 

5, after which they were cultured as normal in the absence of BPSE to the end of day 7. 

(e) Control Non-BPES: cells were cultured under identical conditions without BPES 

(i.e., normal condition). 
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3.3.5 Evaluation of the BPES platform for wireless stimulation of cells  

To assess the effect of BPES on cell proliferation, PC 12 cells cultured on PPy-

DS/collagen film was stimulated following developed protocols. BPES pulse mode-A 

(Figure 3.12b) for 1 h per day in seven consecutive days. A control group under 

identical culturing conditions with no BPES (Control-Non BPES) was also conducted in 

parallel. Under BPES, PC 12 cells adhered to the PPy-DS/collagen film and proliferated 

well over time showing normal morphology. The number of cells at various time points, 

with or without BPES, were quantified using the PicoGreen assay. Figure 3.13 shows 

that the number of cells is statistically higher for the BPES stimulated group than the 

unstimulated control group. Statistical analysis via two-way ANOVA also revealed both 

BPES and time point with a P < 0.0001, indicating significant effects on cell 

proliferation, and so did the interaction of BPES and time point (with a P < 0.001). 

Particularly, Bonferroni-post hoc analysis indicated that PC 12 cell proliferation with or 

without BPES treatment was significantly different from each other (with a P < 0.0001) 

(Figure 3.13e-f). These results confirm that BPES treatment promotes cell proliferation 

with significant positive influence.  
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Figure 3.13 Evaluation of BPES on cell proliferation. (a)-(d) Images on day 5 via 

live/dead assay using calcein AM and PI. PC 12 cells were cultured on PPy-

DS/collagen at an initial seeding density of 20000 cells/cm2 in growth media over one 

week. Under BPES (pulse mode-A): cells were stimulated for 1 h per day with 1 V 

driving voltage for 7 days. Control (Non-BPES): cells were standard cultured with no 

BPES. (e)-(f) Numbers of PC 12 cells determined by PicoGreen assay at various time 

points with statistical analysis using two-way ANOVA. Data are represented as mean ± 
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standard deviation (SD) and “*” (P < 0.0001) was used to indicate significance. 

 

Interestingly, under BPES, the PC 12 cells cultured in the cell growth medium also 

started early-stage differentiation (Figure 3.13c), indicated by the morphological 

changes and formation of extended neurites observed on PPy-DS/collagen film. In 

contrast, the control cells remained undifferentiated with a rounded morphology (Figure 

3.13d). This interesting phenomenon suggested that BPES could also initiate neurite 

sprouting in the absence of nerve growth factor (NGF). Studies have shown that neurite 

sprouting as an early cellular event of neuronal differentiation could be induced by 

direct electrical stimulation [15,47]. Here we noted a similar effect using our CP-based 

wireless BPES, although the specific mechanism remains to be elucidated. This 

highlights the potential benefits of the proposed BPES system as an alternative 

therapeutic approach to nerve regeneration to conventional pharmacological approaches. 

 

To investigate the effect of BPES on nerve cell differentiation, PC 12 cells seeded on 

PPy-DS/collagen films were exposed to NGF (50 ng/ml) in a low serum medium (1% 

horse serum). Once the cell stimulation devices were established, a BPES pulse mode-A 

was applied as described above. The PC 12 cells underwent differentiation, exhibiting a 

typical neural morphology, extending neurites and forming neural networks on PPy-

DS/collagen films (Figure 3.14a). Compared with the control group (Figure 3.14d) in 

the absence of BPES, the stimulated group showed enhanced neurite outgrowth in terms 

of both lengths and numbers. A ~100% increase in both number and length (Figure 

3.14e-f) were observed. Furthermore, statistical analysis using one-way ANOVA 

combined with Bonferroni-post hoc analysis are summarized, and demonstrate a 
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significant difference with a P < 0.0001 between under BPES and non-BPES. The 

complete results are available in Figure 3.15 and Table 3.1. 

 

 

Figure 3.14 Immunofluorescent staining and quantitative analysis of BPES on cell 

differentiation. (a)-(d) Immunofluorescent images (DAPI: blue, β-tubulin III: red) of the 

PC 12 cells on day 7 after different BPES pulse modes. Cells were cultured on PPy-

DS/collagen over a period of one week at an initial seeding density of 2000 cells/cm2. (a) 
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BPES pulse mode-A; (b) BPES pulse mode-B; (c) BPES pulse mode-C; and (d) 

Control-Non BPES: cells were cultured with no BPES. Assessments of (e) neurite 

number and (f) neurite growth of cells, including the total neurite number per cell, the 

sum total length of neurites per cell, mean neurite length per cell, and maximum neurite 

length per cell. Statistical analysis used one-way ANOVA. Data are represented as 

mean ± standard deviation (SD) and “*” (P < 0.0001) was used to indicate significance.  

 

 

Figure 3.15 Phase-contrast images of PC 12 cells on day 7 after experiencing different 

BPES pulse modes. Cells were cultured on PPy-DS/collagen over a period of one week 

at an initial seeding density of 2000 cells/cm2. (a) BPES pulse mode-A; (b) BPES pulse 

mode-B; (c) BPES pulse mode-C; and (d) Control-Non BPES: cells were cultured with 

no BPES.  



 

108 
 

 
Table 3.1 Results of different BPES pulse modes on cell differentiation. Data are 

represented as mean ± standard deviation (SD). 

Modes 
Neurites 

Number 

Neurite Length (µm) 

Total Mean Max 

Control 4.3 ± 0.4 231.9 ± 18.9 52.9 ± 11.7 81.5 ± 12.6 

BPES pulse mode-A 8.5 ± 1.0 761.6 ± 166.8 84.6 ± 27.5 182.8 ± 29.3 

BPES pulse mode-B 6.8 ± 1.5 529.3 ± 117.5 77.9 ± 3.9 95.6 ± 2.2 

BPES pulse mode-C 9.2 ± 1.3 1524.9 ± 191.3 166.5 ± 14.4 203.6 ± 17.7 

 

The effect of different BPES pulse modes as described above were also investigated. 

Compared with the control group without BPES, all of these BPES pulse modes had a 

significant effect on neurite elongation (Figure 3.14a-d). Among the three stimulation 

modes, the BPES pulse mode-C (Figure 3.14c) had the most significant effect on PC 12 

cell differentiation. As displayed in Figure 3.14e-f, the PC 12 cells under BPES pulse 

mode-C displayed a mean neurite length of 166.5 ± 14.4 µm per cell, which is almost 

twice as much as those under BPES mode-A (84.6 ± 27.5 µm) and mode-B (7.9 ± 3.9 

µm). This suggested that the duration of BPES played a key role in modulating the 

neuronal differentiation, allowing differentiation to be accomplished quickly. Further 

evaluation showed that there was no significant difference in neurite numbers among 

three BPES pulse modes. 

 

3.4 Conclusions 

Innovative programmable bipolar electrochemical stimulation (BPES), a wireless 

platform utilising PPy-DS/collagen films, represents an effective approach to promote 
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neuron growth. The ability to enhance neural cell proliferation and differentiation 

confirms the delivery of electrical stimulation wirelessly to neurons through this 

platform. An in-house BPES living cell stimulation prototype has been developed and 

standardized to be able to replace the conventional direct ES system with a contactless 

platform. Increased PC 12 cells number and extensive neurites growth were observed in 

our BPES system. It is noteworthy that the emergence of neurites sprouting in absence 

of NGF with BPES might have the potential to provide an alternative “electroceutical” 

therapeutic method to nerve regeneration as opposed to pharmacological approaches.  

 

Further work requires refinement of CPs or finding alternative soft, degradable substrate 

materials are demanded to reduce or eliminate their dependence on conductive 

supporting substrates, to achieve truly free-standing flexible structures more suitable for 

implantation. Furthermore, additional work on the mechanism of BPES is needed to be 

better understood to promote its potential clinical applications. Our demonstration that 

weak electric field/low voltages can be used is especially significant and relevant to in 

vivo applications. Together, these findings establish the foundations/framework of CP-

based BPES system, a wireless platform for living cell stimulation, paving a way 

forward to drug free therapy. 
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Chapter 4 

Enhanced wireless cell stimulation using poly(2-

methoxyaniline-5-sulfonic acid) improved bipolar 

electroactive conducting polymers 

 

This chapter is partially adapted from the article, “Enhanced wireless cell stimulation 

using soft and improved bipolar electroactive conducting polymer templates” that was 

published in Applied Materials Today 27 (2022) 101481 by Chunyan Qin, Zhilian Yue, 

Xu-Feng Huang, Robert J. Forster, Gordon G. Wallace and Jun Chen, with permission 

from Elsevier.”. 

 

4.1 Introduction 

Chapter 2 presented the preliminary work utilising conducting polymers (CPs) with 

bipolar electrochemical stimulation (BPES) [1,2], which  underscores the feasibility of 

this wireless cell stimulation approach. In these studies, a simple PPy co-doped with 

dextran sulfate (DS) and collagen (PPy-DS-collagen/FTO) as a bipolar electrode was 

developed to stimulate rat pheochromocytoma cells. Significantly, this wireless 

stimulation enhanced neural cell proliferation and differentiation. Despite the progress 

on CPs based BPES system, rigid, electronically conducting supports such as ITO and 

FTO are required because the electrochemical activity and conductivity of CPs is not 

sufficient to create a fully bipolar electrode. Therefore, a significant challenge is to 

improve the bipolar electroactivity of the modified electrode. 
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In this context, poly(2-methoxyaniline-5-sulfonic acid) (PMAS), a sulfonated self-

doped polyaniline, is attractive due to its unique electrochemical properties and water 

solubility [3–6]. As a large redox active molecule, PMAS has been extensively studied 

as a dopant to enhance the electrochemical properties of several materials [7,8]. After 

chemical or electrochemical polymerisation, the resulting materials typically show 

significantly lower electrical impedance enabling applications in  supercapacitors, 

batteries, cell culture and tissue engineering [9–12]. Specifically, several studies have 

reported that incorporating PMAS and appropriate bioactive dopants into PPy creates a 

PPy-PMAS composite with good conductivity and cyto-compatibility [13,14]. 

Moreover, it has been shown to support nerve and muscle cell proliferation and 

differentiation using traditionally wired electrical stimulation [15,16]. Thus, PMAS can 

be adopted to CPs based BPES to improve the electrochemical activity and enhance 

wireless cell stimulation. 

 

In this chapter, a PPy-PMAS-DS-collagen/FTO film with enhanced bipolar 

electrochemical performance under lower driving voltage (~3.0 V in this work, while 

~5.5 V in last work) was developed. Its improved bipolar electrochemical activity was 

confirmed by both in situ UV spectroscopy and electrochemistry. Significantly, this 

material further displays excellent cytocompatibility, and strengthens nerve cell 

differentiation with BPES treatment compared to the previous set-up. In the future, 

using different materials preparation methods to get a highly conducting PMAS 

modified PPy substrates will greatly facilitate a variety of applications of wireless CPs 

based BPES platform. 

 

4.2 Experiments 
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4.2.1 Materials 

Pyrrole (Py) was purchased from Merck, purified by reduced pressure distillation and 

stored at -20 oC. poly (2-methoxy-5 aniline sulfonic acid) (PMAS) was synthesised in-

house. Other chemicals for synthesis, such as p-toluenesulfonic acid monohydrate 

(pTS), dextran sulfate sodium salt from Leuconostoc spp. (DS), phosphate buffered 

saline (PBS) and Nunc® Lab-Tek® chambered coverglass (polystyrene) were supplied 

from Sigma-Aldrich (Sydney, Australia). Stainless steel mesh (SSM-500x500 with wire 

DIM of 0.025 mm) was from Stainless Steel Wire & Mesh Pty Ltd. (Melbourne, 

Australia). Gibco Dulbecco’s Modified Eagle’s Medium (DMEM), horse serum, fetal 

bovine serum (FBS), collagen (Type I from rat tail), nerve growth factor (NGF), calcein 

AM, propidium iodide (PI), PicoGreenTM, Alexa Fluor 546 (Donkey anti-Mouse IgG 

Highly Cross-Adsorbed Secondary Antibody), monoclonal anti-β-tubulin III (neuronal) 

antibody produced in mouse, 4'-6-diamidino-2-phenylindole (DAPI) and rhodamine 

RedTM-X succunimidyl ester were from Invitrogen (Melbourne, Australia). Clear RTV 

silicone adhesive sealant was purchased from Permatex (USA). 

 

4.2.2 Preparation of PMAS modified PPy films 

The preparation of PPy-PMAS/FTO, PPy-PMAS-collagen/FTO and PPy-PMAS-DS-

collagen/FTO films were carried out via same synthetic method used in Chapter 3. The 

electrodeposition was through cyclic voltammetry (CV) from an aqueous solution 

containing 0.2 M distilled Py with dopants like 2 mg/ml PMAS, 2 mg/ml DS and 2 

µg/ml collagen within a potential range of 0 - 0.65 V at a scan rate of 20 mV/s. After 

polymerisation, all films were thoroughly rinsed with Milli-Q water and allowed to dry 

under ambient conditions before further characterisation and investigation. 
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4.2.3 Materials characterisations 

To ensure the successful incorporation of PMAS and collagen dopants into PPy matrix, 

UV spectra were obtained within the range of 300 nm - 1100 nm to check the presence 

of characteristic peak from PMAS, while fluorescence labelling and microscope (Carl 

Zeiss, Germany) were utilised to check the collagen distribution. Cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS) were employed to investigate 

the electrochemical activity of the prepared PMAS modified PPy films in PBS (pH = 

7.4). CVs were carried out with a potential range of -0.7 V to +0.7 V at a scan rate of 

100 mV/s, while EIS were performed over the frequency range of 0.1 Hz to 100 kHz 

using an AC signal with +50.0 mV vs the reference electrode. 

 

In situ UV spectrometry (Shimadzu UV-vis 3600) along with bipolar electrochemical 

system as illustrated in Chapter 2 Figure 2.11, was utilised to identify the improved 

reversible and recoverable bipolar electrochemical activity. Spectra were acquired 

within the range of 300 nm - 1100 nm under driving voltage of 5.5 V in PBS (pH = 7.4). 

In situ UV were recorded simultaneously with the conventional three-electrodes 

electrochemical system (Chapter 2 Figure 2.12) within the same range under different 

applied potentials (from -0.6 V to +0.6 V) in PBS (pH = 7.4) for indirectly support. 

 

Other physical and spectra characterisation techniques were also employed to study the 

prepared PMAS modified PPy films. A field emission scanning electron microscopy 

(JEOL JSM-7500FA) were utilised to probe the surface morphology. For chemical 

stability, ex situ UV spectra were obtained within the wavenumber range of 300 nm - 

1100 nm, while ex situ FTIR spectra were collected using a FT-IR spectrometer 

(IRpretige-21, Shimadzu) over a range of 600 cm-1 - 2000 cm-1. 
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4.2.4 Bipolar electrochemical activity evaluation 

The bipolar electrochemical activity evaluation was mainly used to investigate the 

PMAS dopant effects on the reversibility of the PPy film redox switching and stability 

towards repeated cycling. The same testing setting-up and conditions detailed in 

Chapter 3 were adopted to ensure accurate comparison. Briefly, all bipolar 

electrochemical activity tests were conducted in standard PBS buffer solution with a pH 

of 7.4, simulating that of the normal biological environment. The PMAS modified PPy 

films deposited on FTO were immersed into the PBS buffer and placed in the centre of 

the in-house designed bipolar cell. The separation of feeder electrodes was adjustable 

depending on the size of target films being tested.  

 

4.2.5 Standard cell culture and cytocompatibility studies 

PC 12 cells continue to be used in this chapter, and standard cultured as descried in 

Chapter 3.2.5.1. For cyto-compatibility studies, calcein AM (2 × 10-6 M) and PI (2 × 10-

6 M) were used to stain the live and dead cells respectively. Please refer to Chapter 

3.2.5.2 for details. 

 

4.2.6 Sterilisation preparation of cell substrates and bipolar devices 

Same sterilisation procedure was applied to cell substrates and bipolar devices in this 

chapter. Please review a detailed description in Chapter 3.2.6.2. 

 

4.2.7 Optimised BPES protocol for PC 12 cells 

PC 12 cells were seeded on cell substrates at an initial density of 20000 cells/cm2 for 

proliferation process and 2000 cells/cm2 for differentiation process in the bipolar 
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devices. Cells were treated with or without BPES over one week in growth or 

differentiation medium refreshed every 2 days. BPES (pulse mode: phase duration of 10 

min + interphase interval of 5 min): Cells were stimulated on day 2 for 8 h per day in 

continuous three days, then standard cultured in the following three days after 

stimulation finished. Control (Non BPES): cells were standard cultured with no BPES. 

 

4.2.8 BPES performance evaluation 

Calcein AM and PI staining (live/dead assay) was used to observe the cell morphology 

and cell viability on day 7 after BPES treatment. Images were taken using a ZEISS 

Axiovert microscope. The numbers of adherent cells on day 1, day 3, day 5 and day 7 

were quantified using a Quant-iTTM PicoGreen dsDNA Assay Kit in accordance with 

the manufacturer’s instructions. Numbers of triplicate samples were measured with a 

microplate reader (POLARstar Omega, Germany) at 485-12/520 nm. Tubulin staining 

was employed to identify specific protein expression of neuronal differentiation. All use 

the procedures reported in Chapter 3.2.7. 

 

4.2.9 Quantitative analysis    

ImageJ software with NeuriteQuant add-in and Neurite length tracer add-in were 

utilised to quantify the neurite number and measure the neurite growth, using the same 

procedure as illustrated in Chapter 3.2.7.3. Data are represented as mean ± standard 

deviation (SD) unless otherwise indicated. Results were analysed using Origin 2019b 

34Bit using one-way ANOVA or two-way ANOVA with Tukey simultaneous testing 

method and Bonferroni`s post hoc test respectively. A p-value was determined and a 

maximum value of 0.05 was used to indicate significance. 
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4.3 Results and Discussion 

4.3.1 Preparation and characterisations of PMAS modified PPy films  

PMAS is expected to enhance the polypyrrole (PPy) film’s electrochemical property 

due to its well-defined redox activity [10]. As reported previously, PPy with PMAS and 

collagen I as dopants was electrodeposited onto FTO slides [2] (Figure 4.1). Collagen 

type I was used to promoting cell-substrate interactions because of the anchorage-

dependent nature of nerve cells [17,18]. After polymerisation, the PMAS modified PPy 

matrixes were characterised using UV spectra and fluorescent labelling to confirm the 

presence of dopants. The UV spectra show peaks centered at 350 nm and 470 nm, 

corresponding to the incorporation of PMAS (Figure 4.2) [7,10,19]. Fluorescent 

microscopy following labelling of the collagen with Rhodamine redTM-X succinimide 

ester reveals that the collagen is uniformly distributed across the surface of the PMAS 

modified PPy layers (Figure 4.3) [1,2,17]. Both techniques confirm successful 

incorporation of PMAS and collagen into the PPy films. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) in PBS buffer reveal a significant 

increase in conductivity (Figure 4.4a) and lower impedance (Figure 4.4b) for the PPy 

films with the addition of PMAS compared to the typical pTS dopant. These properties 

make PMAS modified PPy films attractive for BPES experiments presented below. 

 

 

Figure 4.1 Electrodeposition of PMAS modified PPy films. Cyclic voltammograms of 
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(a) PPy-PMAS, (b) PPy-PMAS-collagen and (c) PPy-PMAS-DS-collagen films grown 

onto FTO glass obtained during their synthetic process. Aqueous solution contained 0.2 

M Py with 2 mg/ml PMAS, 2 µg/ml collagen 2 mg/ml DS, respectively. Potentials were 

recorded vs. an Ag/AgCl reference electrode under scan range of 0 - 0.65 V at a scan 

rate of 20 mV/s (10 cycles). 

 

 

Figure 4.2 UV-vis spectra to identify successful PMAS incorporation within PPy 

matrixes. Spectra were acquired within the wavelength range of 300 - 1100 nm. 

 

 

Figure 4.3 Fluorescent labelling to identify successful collagen incorporation within 

PPy matrixes. Images of the surface morphologies of fluorescently labelled PPy-
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PMAS/FTO, PPy-PMAS-collagen/FTO and PPy-PMAS-DS-collagen/FTO were 

examined in using a ZEISS Axiovert microscope. Samples were treated via the same 

method used in Chapter 3.  

 

 

Figure 4.4 Increased electroconductivity of PPy films due to PMAS dopant. (a) Cyclic 

voltammetry (CV) and (b) Electrochemical impedance spectroscopy (EIS) to identify 

the electrochemical activity of synthesised PMAS incorporated PPy films in PBS (pH = 

7.4). CV of PPy-PMAS-DS-collagen/FTO, PPy-PMAS-collagen/FTO, PPy-PMAS/FTO 

and PPy-pTS/FTO at a scan rate of 100 mV/s. EIS of them over a frequency range of 

0.1 Hz-105 Hz.  

 

4.3.2 Improvement of bipolar electrochemical activity 

To confirm the effects of PMAS incorporation on the bipolar electrochemical activity of 

PPy, the PMAS modified PPy films was studied using the same bipolar electrochemical 

system reported in Chapter 2 and 3 [1,2]. As shown in Figure 4.5a, immediately after 

applying same DC driving voltage of 5.5 V (- / +), a colour change gradient (from dark 

blue to yellow) is generated across the PPy-PMAS-DS-collagen/FTO film, and 

reversible colour sequences produced upon changing the polarity of the voltage (+ / -) 
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applied to the feeder electrodes. This result demonstrates that the potential and hence 

redox state of the PPy-PMAS-DS-collagen/FTO film can be driven wirelessly. 

Furthermore, this film exhibits similar bipolar electrochemical redox processes when 

the driving voltage is decreased to 3.0 V, as do with another two PMAS modified PPy 

films (PPy-PMAS/FTO and PPy-PMAS-collagen/FTO in Figure 4.6). This ability to 

switch the redox state using a lower electric field strength (~3.0 V) compared to the 

PPy-DS-collagen/FTO film (~5.5 V) in Chapter 3 is very significant, suggesting that the 

bipolar electroactivity of PPy matrix is improved by PMAS doping, most likely through 

enhanced conductivity which reduces ohmic loss.  

 

Figure 4.5 (a) Optical images of PPy-DS-collagen matrixes with or without PMAS 

modification in the previous developed bipolar electrochemical setting up under driving 

voltage of 5.5 V and 3 V in PBS, revealing its improved bipolar electrochemical activity 

in PBS due to PMAS incorporation. (b) In situ UV spectra under driving voltage of 5.5 

V were acquired within the wavelength range of 300 - 1100 nm in PBS. Image at the 

lower left corner is from the last work reported in Chapter 3, this PPy-DS-collagen/FTO 
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film exhibited reversible and recoverable bipolar electrochemical redox processes when 

the driving voltage is 5.5 V. 

 

Figure 4.6 Optical images of PPy-PMAS/FTO and PPy-PMAS-collagen/FTO films in 

the previous developed bipolar electrochemical setting up under driving voltage of 5.5 

V (left) and 3.0 V (right).  

 

 

Figure 4.7 In situ UV-vis absorption spectra combined with bipolar electrochemical 

system. Digital image is the home-made bipolar - UV cell. 

 

In situ UV spectrometry (the complete set-up is shown in Figure 4.7) was used to 

investigate the chemical stability and reversibility of the PPy field induced redox 

switching. All spectra were consistently recorded at the same spot on the film’s surface. 

As a control, the “pristine” and “recovered” UV spectra were taken from before and 

after the bipolar stimulation, while B(+) and B(-) present the UV spectra where the 
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polarity of the feeder electrodes was switched. All the peaks present in the spectra in 

Figure 4.5b and Figure 4.8 could be assigned to the characteristic UV bands of PMAS 

modified PPy films at neutralization, reduction, oxidation and back to neutralization 

state, which has been identified by in situ UV in typical electrochemical redox process 

within PPy [4] (Figure 4.9). The consistency of the UV spectra before and after the 

bipolar stimulation cycles demonstrates that the contactless electric field induced 

changes are reversible, and that the gradient redox phenomenon occurred synchronously. 

The recoverable bipolar electrochemical property was further confirmed by SEM, ex 

situ UV spectrometry and FTIR spectrometry to explore the PMAS modified PPy films 

before (“pristine”) and after (“recovered”) undergoing the identical bipolar testing. The 

topography measurements via SEM (Figure 4.10) showed no visible changes in surface 

morphologies displaying characteristically similar sized nodular features. The “pristine” 

and “recovered” spectra (UV and FTIR in Figure 4.11a-4.11b) are indistinguishable 

indicating that the PMAS modified PPy films are stable with cycling. 

 

 

Figure 4.8 In situ UV spectra of (a) PPy-PMAS-collagen/FTO and (b) PPy-PMAS/FTO 

under a driving voltage of 5.5 V were acquired within the wavelength range of 300 - 

1100 nm in PBS using a home-made bipolar - UV cell (set-up shown in Figure 4.7). 
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Figure 4.9 In situ UV-vis absorption spectra combined with the conventional three-

electrode electrochemical system. In situ UV-visible absorption spectra in the range of 

300 - 1100 nm and according colours of (a) PPy-PMAS/FTO, (b) PPy-PMAS-

collagen/FTO and (c) PPy-PMAS-DS-collagen/FTO obtained after applied consecutive 

potentials from -0.6 V to +0.6 V. All potentials are vs. an Ag wire reference electrode 

and keep 30 s poise time in PBS (pH = 7.4). 

 

 

 

Figure 4.10 Scanning electron microscopy (SEM) images of synthesised PPy-

PMAS/FTO, PPy-PMAS-collagen/FTO and PPy-PMAS-DS-collagen/FTO before 

(pristine) and after (recovered) bipolar testing. All samples were tested in PBS under 5.5 

V or 3.0 V driving voltage, and then taken out from electrolyte solution, subsequently 

rinsed with Milli-Q water and allowed to dry before performing SEM characterisations. 
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Figure 4.11 Characterisations of synthesised PPy-PMAS/FTO, PPy-PMAS-

collagen/FTO and PPy-PMAS-DS-collagen/FTO before (pristine) and after (recovered) 

bipolar testing.  (a) UV and (b) FTIR spectrometry were performed under identical 

bipolar testing. All samples were tested in PBS under 5.5 V driving voltage, and then 

taken out from electrolyte solution, subsequently rinsed with Milli-Q water and allowed 

to dry before all ex situ spectra characterisations. 

 

4.3.3 Bipolar electrochemical stimulation (BPES)  

As reported in Chapter 2 (Figure 2.13) and Chapter 3 (Figure 3.8), a specific bipolar 

device was designed with a similar construction to mimic conventional electrochemical 

cell stimulation. The bipolar electrochemical stimulation (BPES) of PC 12 cells was 

briefly illustrated in Figure 4.12. All wells of the bipolar device were filled with cell 

culture media. The tailored bipolar electrochemically active substrates (1 cm × 1 cm) 

were immersed in the middle cell culture wells, followed with sterilisation process. 

Then the same density of PC 12 cells were only seeded in four middle replicate cell 
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culture wells where the bipolar substrates were placed. Once the bipolar device was 

connected with programmable DC power supply, PC 12 cells were activated to respond 

to the bipolar electrochemical stimulation. PC 12 cells are likely to differentiate and 

ready for further immunostaining evaluation.  

 

 

Figure 4.12 Schematic illustration of PC 12 cells differentiation under wireless bipolar 

electrochemical stimulation (BPES). 

 

4.3.4 Good cytocompatibility and enhanced cell proliferation under BPES 

The cytocompatibility of the PMAS modified PPy films was investigated prior to BPES 

and cell viability after BPES was monitored by live/dead staining. The optimal BPES 

protocol (BPES pulse mode-c) established in Chapter 3 [1] was used for PC 12 cells 

stimulation. PPy-PMAS/FTO, PPy-PMAS-collagen/FTO and PPy-PMAS-DS-

collagen/FTO showed no cytotoxicity to PC 12 cells (Figure 4.13). A high cell viability 

was observed for the cells cultured on PPy-PMAS-DS-collagen/FTO even after BPES 

treatment over one week. The results indicate that the PMAS modified PPy films and 

the BPES treatment process are both cytocompatible with PC 12 cells culture. Figure 

4.13 also suggests PPy-PMAS-DS-collagen/FTO is a better substrate than PPy-
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PMAS/FTO and PPy-PMAS-collagen/FTO in promoting cell attachment and 

proliferation irrespective of with or without BPES.  

 

 

Figure 4.13 Images of PC 12 cells on day 7 via calcein AM and PI staining. Calcein-

AM (green) present live cells and PI (red) were on behalf of dead cells. PC 12 cells 

were cultured on PMAS modified PPy films at an initial seeding density of 20000 

cells/cm2 in growth media over total one week. BPES: Cells were stimulated on day 2 
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for 8 h per day in continuous three days, then standard cultured in the following three 

days after stimulation finished. Control (Non BPES): cells were standard cultured with 

no BPES.  

 

A PicoGreen assay was used to estimate cell numbers on each of the PMAS modified 

PPy films at different time points (Figure 4.14). When the PC 12 cells cultured on PPy-

PMAS/FTO, the cell numbers show a decrease at day 1 with or without BPES treatment 

while a statistical increase at day 7. For cells cultured on another two substrates, i.e. 

PPy-PMAS-collagen/FTO and PPy-PMAS-DS-collagen/FTO, the cells display higher 

viabilities and increased numbers at day 1. Moreover, statistical significance on PC 12 

cell numbers was demonstrated at both day 3 and day 7 when cells cultured on PPy-

PMAS-collagen/FTO substrate with BPES treatment. Whilst when cells cultured PPy-

PMAS-DS-collagen/FTO with BPES treatment, the significance on PC 12 cell numbers 

were statistically shown at day 3, day 5 and day 7 (P < 0.0001). It is well known that the 

identity of the dopant significantly influences the physicochemical and electrochemical 

properties of the polymer [20]. Here, the collagen type I, a major component of 

extracellular matrix, is able to interact with biological DS dopant and enhance the PC 12 

cells adhesion. Additionally, these films together with BPES treatment further facilitate 

cells to proliferate [21–23]. Therefore, these results confirm that the PMAS modified 

PPy films are cytocompatible with PC 12 cells and support their proliferation. This 

makes them for further investigation on the effects of BPES on nerve cell differentiation.  
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Figure 4.14 Numbers of PC 12 cells calculated via PicoGreen assay at various time 

points with statistical analysis using two-way ANOVA. PC 12 cells were cultured on 

PMAS modified PPy films at an initial seeding density of 20000 cells/cm2 in growth 

media over a total of one week. BPES: Cells were stimulated on day 2 for 8 h per day 

over three days, then standard cultured in the following three days after stimulation 

finished. Control (Non BPES): cells were standard cultured with no BPES. Data are 

represented as mean ± standard deviation (SD) and “*” (P < 0.0001) was used to 

indicate significance. 
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Figure 4.15 Immunofluorescent images of PC 12 cells on day 7 with or without BPES 

treatment. Cells were cultured on PMAS modified PPy films in differentiation media 

over one week. BPES: cells were stimulated on day 2 for 8 h per day in continuous three 

days, then standard cultured in the following three days after stimulation finished. 

Control (Non BPES): cells were standard cultured with no BPES. Markers of PC 12 

cells differentiation: β-tubulin III (red) labels microtubule-associated protein 2, 

revealing the neuronal soma and proximal portion of neurites. DAPI (blue) labels 

nucleus. 

 
4.3.5 Enhanced cell differentiation under BPES 

To explore the impact of the film composition on the ability of BPES to influence cell 

differentiation, PC 12 cells were seeded on these three PMAS modified PPy films and 

exposed to NGF (50 ng/ml) in a low serum medium. Then, the BPES pulse mode 

programme described above was applied. Compared with control cell groups, the 

stimulated cell groups on each substrate show more neurites and extensive neurites 

outgrowth (Figure 4.15). Moreover, under BPES treatment, the PC 12 cells 

differentiated better when they cultivated on PPy-PMAS-collagen/FTO and PPy-

PMAS-DS-collagen/FTO. The subsequent statistical analysis illustrated same 

phenomenon of cell differentiation in Figure 4.16. Significantly, the cell groups on PPy-

PMAS-DS-collagen/FTO showed enhanced neurite outgrowth in terms of both numbers 

and lengths. And both the neurites number and maximum neurite lengths show 

statistical enhancement with BPES treatment. All these results indicate that the co-

doped biodopants like DS and collagen improved the cell differentiation in combination 

of BPES treatment. 
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Figure 4.16 Assessments of neurite number and neurite growth of cells cultured on 

PMAS modified PPy films, including (a) the total neurite number per cell, (b) the total 

length of neurites per cell, (c) mean neurite length per cell, and (d) maximum neurite 

length per cell. PC 12 cells were cultured on PMAS modified PPy films at an initial 

seeding density of 2000 cells/cm2 in differentiation media over one week. BPES: Cells 

were stimulated on day 2 for 8 h per day in continuous three days, then standard 

cultured in the following three days after stimulation finished. Control (Non BPES): 

cells were standard cultured with no BPES. Statistical analysis used one-way ANOVA. 

Data are represented as mean ± standard deviation (SD) and “*” (P < 0.05) was used to 

indicate significance.  
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Figure 4.17 (a) Immunofluorescent images of PC 12 cells on day 7 after BPES 

treatment. (b-c) Assessments of neurite number and neurite growth of cells cultured on 

PPy-DS-collagen matrixes with or without PMAS modification, including (b) the total 

neurite number per cell, (c) the total length of neurites per cell, mean neurite length. 

BPES: cells were stimulated on day 2 for 8 h per day in continuous three days, then 

standard cultured in the following three days after stimulation finished. β-tubulin III 

(red) labels microtubule-associated protein 2 and DAPI (blue) labels nucleus. Statistical 

analysis used one-way ANOVA. Data are represented as mean ± standard deviation 
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(SD) and “*” (P < 0.05) was used to indicate significance. Data about PPy-DS-

collagen/FTO is from the last work in Chapter 3. 

 

To assess the effects of BPES on PC 12 cells differentiation, cells were cultured on PPy-

DS-collagen matrixes with or without PMAS modification and treated in the same 

procedure. In the presence of BPES, the PC 12 cells differentiated to typical neural 

morphologies with extending neurites on both PPy films as immunofluorescent images 

show in Figure 4.17a. However, more extensive neurite outgrowth and neural network 

formation was observed on PPy-PMAS-DS-collagen/FTO. This was confirmed by 

statistical analysis using one-way ANOVA (Figure 4.17b-4.17c). The sum of neurites 

on PPy-PMAS-DS-collagen/FTO outnumbered those on PPy-DS-collagen/FTO (Figure 

4.17b). Moreover, an increase of ~200% in both the total neurites length and the mean 

neurite length is observed on PPy-PMAS-DS-collagen/FTO (Figure 4.17c). All these 

findings demonstrate a significant enhancement in nerve cell differentiation is achieved, 

which is attributed the improved bipolar electroactivity of PPy film when PMAS is used 

as a dopant. Therefore, it highlights the potential benefits of proposed redox active 

PMAS doped PPy film to promote cell behaviour. 

 

4.4 Conclusions 

Using the redox active polyelectrolyte PMAS as a dopant within PPy matrixes, the 

bipolar electrochemical properties of CPs have been successfully improved. The 

resulting PMAS modified PPy films are highly cytocompatible enabling in vitro 

applications of wireless BPES for PC 12 cells. Significantly, efficient and rapid nerve 

cell differentiation is observed. After addressing the challenge of poor electroactivity of 

CPs, soft templates with great bipolar electroactivity and cytocompatibility are proposed 



 

140 
 

to create in the future work. Seeking for soft templates to reduce or remove rigid 

substrates dependence is highly required to boost BPES development. This will make 

the CPs based BPES system more suitable for translation from animal cells to human 

cells. 
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Chapter 5 

Promising soft conducting polymer templates for wireless cell 

stimulation 

 

This chapter is partially adapted from the article, “Enhanced wireless cell stimulation 

using soft and improved bipolar electroactive conducting polymer templates” that was 

published in Applied Materials Today 27 (2022) 101481 by Chunyan Qin, Zhilian Yue, 

Xu-Feng Huang, Robert J. Forster, Gordon G. Wallace and Jun Chen, with permission 

from Elsevier.”. 

 

5.1 Introduction 

Bipolar electrochemical stimulation (BPES) has recently been explored to be a novel 

wireless means of modulation of cell behaviour [1–5]. An advantage of this technique is 

the removal of wired connections as it employs bipolar electrochemistry (BPE) to 

wirelessly drive electrochemical processes [6–8]. A significant goal is to promote cell 

growth and differentiation by simply delivering an electrical stimulus to the cultured 

cells through the bipolar electroactive electrode on which they are growing [2,9]. Metals, 

metal oxide and conducting polymers (CPs) have all been explored as substrates in both 

wired and wireless cell stimulation [1,2,9]. Although metals and metal oxide are 

relatively safe implant materials with acceptable conductivity and electrochemical 

properties, the adverse secondary effects and mechanical rigidity (i.e. poor mechanical 

compliance) limits their further biomedical applications [10,11]. Recent studies showed 

that CPs are attractive bipolar electrodes since they combine electroactivity and 
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cytocompatibility with many cell types [2,9]. Despite recent progress on CPs based 

BPES, rigid and electronically conducting supports, such as ITO and FTO, are required 

because the electrochemical activity and conductivity of CPs are not sufficient to 

support a fully CP based bipolar electrode. Therefore, a significant challenge is 

developing free-standing CP-based electrodes with sufficient bipolar electroactivity and 

mechanical compliance suitable for cell and tissue stimulation. 

 

From a long-term perspective, to pursue in vivo implantation of the bipolar active 

materials into animal models and eventually gain approval for human trials is 

challenging but would enable diverse applications from tissue repair to on-demand drug 

release and electroceuticals. For both in vitro and in vivo applications, it is essential to 

develop biomimicry BPES systems with mechanical properties simulating the targeted 

cells and tissues. Therefore, to develop soft substrates to support bipolar electrodes, or 

to develop soft, free-standing, electronically conducting bipolar electrodes is important. 

The advent of wearable devices that utilise electroactive, mechanically tuneable and 

processable poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) 

has inspired us [12–14]. It has good bipolar electroactivity [15,16] and is biologically 

friendly for cell stimulation [17,18] and the PEDOT-PSS could mechanically reinforce 

the integrated bipolar electrode and promote further wireless BPES system. 

 

In Chapter 4, bipolar electroactive PMAS modified PPy film was developed as neural 

electrode for wireless supporting nerve cell behaviour. This film has demonstrated both 

enhanced bipolar electrochemical performance and improved bioactivity because of 

redox active PMAS dopant and appropriate biomolecules co-dopants. Here, two distinct 

CPs were introduced: PMAS as a dopant to improve the bipolar electroactivity and 
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PEDOT-PSS as mechanical support while remaining soft and pliable. Composite 

bipolar CP integrity PMAS and PEDOT-PSS to unify the benefit of bipolar 

electroactivity and mechanical compliance. First, we successfully prepared soft, free-

standing and large size PPy-PMAS-collagen/PEDOT-PSS film through a simple bar-

coating method and tailored it to fabricate BPES devices for subsequent cell stimulation. 

The enhanced bipolar electrochemical performance and cytocompatibility for cells, 

results in a significant increase in PC 12 cells number and neurite formation/growth. For 

future BPES translation, human cell behaviour using SH-SY5Y cells as a model cell 

type on the same soft template have been evaluated. The developed BPES system 

facilitates the formation and enhanced expression of specific neuronal proteins 

associated with mature human neurons. This is an important step to advance neuronal 

cultures that can be used for subsequent biochemical and molecular analyses, which 

provides researchers with a more fundamental translational model of human infection 

and disease. 

 

5.2 Experiments 

5.2.1 Materials 

Pyrrole (Py) was purchased from Merck, purified by reduced pressure distillation and 

stored at -20 oC. poly (2-methoxy-5 aniline sulfonic acid) (PMAS) was synthesised in-

house. Other chemicals for synthesis, such as dextran sulfate sodium salt from 

Leuconostoc spp. (DS), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT-PSS), phosphate buffered saline (PBS) and Nunc® Lab-Tek® chambered 

coverglass (polystyrene) were supplied from Sigma-Aldrich (Sydney, Australia). 

Stainless steel mesh (SSM-500x500 with wire DIM of 0.025 mm) was from Stainless 

Steel Wire & Mesh Pty Ltd. (Melbourne, Australia). Gibco Dulbecco’s Modified 
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Eagle’s Medium (DMEM), Nutrient Mixture F-12 (F12), horse serum, fetal bovine 

serum (FBS), collagen (Type I from rat tail), nerve growth factor (NGF), penicillin, 

streptomycin, retinoic acid (RA), calcein AM, propidium iodide (PI), PicoGreenTM, 

Alexa Fluor 546 (Donkey anti-Mouse IgG Highly Cross-Adsorbed Secondary 

Antibody), monoclonal anti-β-tubulin III (neuronal) antibody produced in mouse, 4'-6-

diamidino-2-phenylindole (DAPI) and rhodamine RedTM-X succunimidyl ester were 

from Invitrogen (Melbourne, Australia). Clear RTV silicone adhesive sealant was 

purchased from Permatex (USA). 

 

5.2.2 Preparation of PMAS modified PPy powder 

An aqueous solution containing 0.2 M distilled Py with dopants like 2 mg/ml PMAS 

and 2 µg/ml collagen was prepared. As illustrated in Figure 5.1, with the continuous 

magnetic stirring, the chemical oxidation polymerisation was initiated with the addition 

of 0.2 M Fe(III) tosylate oxidizing agent dropwise. The agitation lasted over weekend at 

room temperature to ensure the reaction completed. The resultant sediments were 

washed and centrifuged (8000 rpm, 10 min each time) for several times using ethanol 

and deionized water until the supernatant was colourless. The products were freeze-

dried, resulting PPy-PMAS-collagen powder for further test. The other two PMAS 

modified PPy powder, i.e., PPy-PMAS and PPy-PMAS-DS-collagen powder were 

prepared using the same procedure. 
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Figure 5.1 Procedure of chemically synthesis to prepare PMAS modified PPy powder. 

 

5.2.3 Preparation of soft bipolar electrodes 

The preparation of soft bipolar electrodes using synthetic PMAS modified PPy powders 

and commercial PEDOT-PSS as mechanical supporting were referred to our previous 

work [19]. Three soft, free-standing films were prepared using a similar approach, here 

PPy-PMAS-collagen/PEDOT-PSS film was selected as an example to provide the 

detailed procedure. Diethylene glycol (DEG) was dissolved in deionized water by 

magnetic stirring for 10 min and then sonicating for 30 min prior to use. The prepared 

PPy-PMAS-collagen powder and PEDOT-PSS pellets were equally added to DEG 

solution, the total concentration (solid content) of mix was kept at 100 mg/ml. The 

mixed slurry was prepared by blending (2000 rpm, 20 min) and degassing (800 rpm, 5 

min). Afterwards, the well-dispersed mixture was simply bar-coated on the homemade 

glass substrate, dried overnight at room temperature, and then heated in a 60 °C oven 

(air atmosphere) overnight to evaporate the remaining water and DEG. Finally, a soft, 

free-standing and flexible PPy-PMAS-collagen/PEDOT-PSS film was peeled off. The 

resulting film size is depending on the size of designed substrate. And the soft film can 

be randomly tailored to various shapes to match specific needs. In this work, the square 

films (1 cm × 1 cm) were used in the bipolar devices for BPES of cells. 
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5.2.4 Materials characterisations 

Physical and spectra characterisation techniques were employed to study our prepared 

powders and soft bipolar electrodes. A field emission scanning electron microscopy 

(JEOL JSM-7500FA) were utilised to probe the surface morphology. For chemical 

stability, ex situ Raman spectra and ex situ FTIR spectra were adopted. Moreover, the 

resistance of prepared soft bipolar electrodes were obtained via a multimeter. Please 

refer the technical details to the Chapter 3 and Chapter 4.2.3. 

 

5.2.5 Cell culture and cytocompatibility studies 

Animal cell line: PC 12 cells standard cultured as descried in Chapter 3.2.5.1.  

 

Human cell line: SH-SY5Y cells were cultured in DMEM/F12 growth medium 

supplemented with 2 mM glutamine, 10% (v/v) heated-inactived FBS and 1% (v/v) 

penicillin/streptomycin (P/S) in a humidified 37 ℃ incubator with 5% CO2 atmosphere 

before further use. For differentiation, a low heated-inactived FBS serum medium (1%) 

supplemented with 10 µM retinoic acid (RA) was used. 

 

For cyto-compatibility studies, different cell substrates were prepared and sterilized by 

firstly being immersed in 70% ethanol for 5 min, followed by drying under sterile 

conditions and exposing to UV light for 20 min (EtOH-UV sterilisation). PC 12 cells 

and SH-SY5Y cells were cultured on the substrates at a density of 6000 cells/cm2 in 

growth media and 5000 cells/cm2 in differentiation media separately. Cyto-

compatibility test was conducted using live/dead assay on day 7. Calcein AM (2 × 10-6 

M) and PI (2 × 10-6 M) were used to stain the live and dead cells respectively. Finally, 

cells were visualised and images were obtained using a ZEISS AxioImager microscope.  
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5.2.6 Sterilisation preparation of cell substrates and bipolar devices 

Bipolar devices and cell substrates were dividually sterilized before integrated together. 

Synthesised soft bipolar electrodes were washed and sterilized by firstly being 

immersed in 70% ethanol for 2 hours per time, at least 3 times. Then followed by the 

same sterilisation procedure as illustrated in Chapter 3.2.6.2.  

 

5.2.7 Optimised BPES protocol for PC 12 cells and SH-SY5Y cells 

In this chapter, optimal BPES protocol for PC 12 cells was using the same one in 

Chapter 4. Please refer to Chapter 4.2.7 for detailed information. 

 

SH-SY5Y cells were seeded on optimal soft bipolar electrode (PPy-PMAS-

collagen/PEDOT-PSS) at an initial density of 5000 cells/cm2 in growth media for 

differentiation process. Cells were cultured in growth media for two days after seeding, 

then treated with or without BPES with differentiation media changed every day. BPES 

(pulse mode: phase duration of 10 min + interphase interval of 5 min): Cells were 

stimulated on day 3 for 8 h per day for continuous four days. Control (Non BPES): cells 

were cultured with no BPES. 

 

5.2.8 BPES performance evaluation 

Calcein AM and PI staining (live/dead assay) was used to observe the cell morphology 

and cell viability. Images were taken using a ZEISS AxioImager microscope. The PC 

12 cell numbers were quantified using a Quant-iTTM PicoGreen dsDNA Assay Kit in 

accordance with the manufacturer’s instructions and measured with a microplate reader. 

Tubulin staining was employed to identify specific protein expression of neuronal 
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differentiation. All use the procedures reported in Chapter 3.2.7. 

 

5.2.9 Quantitative analysis    

ImageJ software with NeuriteQuant add-in and Neurite length tracer add-in were 

utilised to quantify the neurite number and measure the neurite growth, using the same 

procedure as illustrated in Chapter 3.2.7.3 and Chapter 4.2.9.  

 

5.3 Results and Discussions 

5.3.1 Preparation and characterisations of soft CPs templates as bipolar electrodes  

Although the bipolar electroactivity of the aforementioned PMAS modified PPy film 

has been improved and works well on wireless nerve cell stimulation, the bipolar 

electrode material is attached to a rigid FTO supporting substrate. In this configuration, 

the FTO electrode potential is controlled by the external electric field and the CP redox 

composition then reflects this potential distribution. This rigid substrate is incompatible 

with living cells/tissues, which could cause destructive tissue damage and inevitable 

inflammatory risks in vivo. To address this issue, soft templates were developed for 

bipolar electrodes which maintain good electrochemical activities. As illustrated in 

Figure 5.2, PPy-PMAS-collagen powder was synthesised via chemical oxidation 

polymerisation (step 1) as described in experimental section and in Figure 5.1. As SEM 

images shown in Figure 5.3, synthetic powders displayed a uniformly sheets structure, 

and with the high-resolution images they revealed the distinct surface morphologies. 

PPy-PMAS-collagen powder is tip arrayed surface, while PPy-PMAS has a smooth 

surface and PPy-PMAS-DS/collagen is full of nodes, like cauliflower surface. Both the 

Raman and FTIR spectra characteristically show peaks, which is attributed to PPy and 

PMAS (Figure 5.4). Then, commercial PEDOT-PSS was introduced as a  soft 
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mechanical support due to its physical flexibility and ease of processing [20]. Moreover, 

its excellent electrochemical activity can act as an electronically conducting support 

[21]. The confirmed bipolar electrochemical activity [15] and biocompatibility [18] of 

PEDOT-PSS are key additional features. Here, the synthetic PPy-PMAS-

collagen/PEDOT-PSS film is soft, free-standing, and large size (20 cm × 7 cm) and can 

be tailored for particular applications. In this chapter, this film was cut into squares (1 

cm × 1 cm) and fabricated into the specific-made bipolar device (Step 5) for subsequent 

wireless cell stimulation.  

 

Figure 5.2 Schematic illustration of the preparation process of soft, free-standing PPy-

PMAS-collagen/PEDOT-PSS film, and digital photos of large size prepared film and 

the assembled BPES device. Other soft films were prepared using the similar procedure. 
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Figure 5.3 SEM characterisation of chemically prepared PMAS modified PPy powders. 

 

 

Figure 5.4 (a) Raman and (b) FTIR spectra of as-synthesised PMAS modified PPy 

powders. 

 



 

154 
 

PEDOT-PSS, PPy-PMAS/PEDOT-PSS, and PPy-PMAS-DS-collagen/PEDOT-PSS 

films were also prepared using the same preparation process. SEM images of the soft 

films reveal rough surface morphologies compared to the smooth PEDOT-PSS film 

(Figure 5.5) which may improve cell attachment. All the peaks observed in Raman 

(Figure 5.6a) and FTIR (Figure 5.6b) spectra matched the characteristic spectra bands of 

PMAS, PPy and PEDOT-PSS. The lower resistances of soft films are summarized in 

Figure 5.7, revealing their high electrical conductivities. After 50 cycles of compression 

testing, the PPy-PMAS-collagen/PEDOT-PSS film preserved their structural integrity 

(Figure 5.8). A Young’s modulus of 29.1 MPa was also demonstrated through a stress-

strain curve (Figure 5.9). All the synthesised soft films were tested for their 

compatibility with PC 12 cells prior to conducting BPES experiments. The live/dead 

images shown in Figure 5.10 indicate that the soft CPs templates have good 

cytocompatibilities and the PPy-PMAS-collagen/PEDOT-PSS film shows a more 

uniform distribution of cells across the surface and higher cell viability. All of the 

results indicate that the soft template has excellent properties and is suitable for use in 

cell stimulation investigations. 
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Figure 5.5 SEM characterisation of the prepared soft CPs templates as bipolar 

electrodes. 

 

 

Figure 5.6 (a) Raman and (b) FTIR spectra of all synthesised soft CPs templates as 

bipolar electrodes. 
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Figure 5.7 Resistance of the prepared soft CPs templates as bipolar electrodes. 

 
 

 
 
Figure 5.8 Photographs of the different states of PPy-PMAS-collagen/PEDOT-PSS 

film during a compression cycle test. (a) Original state of the PPy-PMAS-

collagen/PEDOT-PSS film before test (test film length was 3 cm). Inserted at bottom 

left is the image of prepared films (5 cm × 1 cm). (b) Compressed state of the PPy-

PMAS-collagen/PEDOT-PSS film during a compression test (compressed to 93.33%). 

(c) End state of the PPy-PMAS-collagen/PEDOT-PSS film after 50 cycles of 

compression test. 
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Figure 5.9 Stress-strain curve of PPy-PMAS-collagen/PEDOT-PSS film during a 

tensile test. 

 
 

 

Figure 5.10 Images of PC 12 cells on day 7 after cyto-compatibility assessment via 

live/dead assay. Calcein-AM (green) present live cells and PI (red) were on behalf of 

dead cells. Cells were cultured on prepared soft CPs templates as bipolar electrodes in 

growth media over one week at initial cell seeding density of 6000 cells/cm2 without 
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BPES treatment.  

 

5.3.2 Soft CPs templates as bipolar electrodes promote PC 12 cell proliferation  

For more insights into the performance of the soft CPs templates as bipolar electrodes, 

PC 12 cells cultivated on PEDOT-PSS, PPy-PMAS/PEDOT-PSS, and PPy-PMAS-DS-

collagen/PEDOT-PSS films were also wirelessly stimulated. Images, numbers, and 

statistical analysis are shown in Figure 5.11 and Figure 5.12. All soft templates support 

PC 12 cells growth and exhibit typical neural morphologies. It is clear that for all the 

groups, BPES promotes PC 12 cells spreading (Figure 5.11). This phenomenon is 

confirmed by quantified data (Figure 5.12). The number of cells gradually increases 

over time irrespective of the composition soft templates, and the number of cells was 

higher for the BPES stimulated group than the unstimulated control group. For PEDOT-

PSS, a statistically significant increase in PC 12 cells number was shown at day 7 under 

BPES treatment. Compared to PEDOT-PSS, when PC 12 cells cultured on PPy-

PMAS/PEDOT-PSS, statistically significant increase in their numbers were observed at 

day 3, day 5 and day 7 under BPES treatment. Furthermore, statistically significant 

effects on cell numbers were noted at all time points with a P < 0.0001 when PC 12 

cells were cultured on PPy-PMAS-DS-collagen/PEDOT-PSS. Specifically, the cells 

number on day 7 after BPES treatment was increased by 5-fold for PPy-PMAS-DS-

collagen/PEDOT-PSS, which is still relatively lower than the number of cells on PPy-

PMAS-collagen/PEDOT-PSS (Figure 5.13). Although the benefit of DS is not clearly 

demonstrated, it is possible now not to use it in functionalizing PPy polymer at the 

presence of PEDOT-PSS. Both PMAS and PEDOT-PSS could enhance the 

electrochemical activity, and in addition, PEDOT-PSS offers mechanical flexibility and 

softness. Overall, the combination of PMAS modified PPy films along with PEDOT-
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PSS represents a significant advance in BPES platforms due to its biocompatibility, 

mechanical flexibility, and ability to drive cell differentiation electrically.  

 

 

Figure 5.11 Images on day 7 via live/dead assay using calcein AM (green: live) and PI 

(red: dead) staining. PC 12 cells were cultured on soft CPs templates as bipolar 

electrodes at an initial seeding density of 20000 cells/cm2 in growth media over total 
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one week. BPES: Cells were stimulated on day 2 for 8 h per day in continuous three 

days, then standard cultured in the following three days after stimulation finished. 

Control (Non BPES): cells were standard cultured without BPES.  

 

Figure 5.8 Numbers of PC 12 cells calculated via PicoGreen assay at various time 

points with statistical analysis using two-way ANOVA. PC 12 cells were cultured on 

soft CPs templates as bipolar electrodes at an initial seeding density of 20000 cells/cm2 

in growth media over total one week. BPES: Cells were stimulated on day 2 for 8 h per 

day in continuous three days, then standard cultured in the following three days after 

stimulation finished. Control (Non BPES): cells were standard cultured without BPES. 

Data are represented as mean ± standard deviation (SD) and “*” (P < 0.0001) was used 

to indicate significance.  
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Figure 5.9 Images of (a) rigid and (b) soft bipolar electrodes and accordingly stimulated 

cells on them via live/dead assay using calcein AM (green: live) and PI (red: dead) 

staining on day 7. (c-d) Numbers of PC 12 cells calculated via PicoGreen assay at 

various time points with statistical analysis using Two-way ANOVA. PC 12 cells were 

cultured on (a) rigid bipolar electrode (PPy-PMAS-collagen/FTO) and (b) soft bipolar 

electrode (PPy-PMAS-collagen/PEDOT-PSS) at an initial seeding density of 20000 

cells/cm2 in growth media over total one week. BPES: Cells were stimulated on day 2 

for 8 h per day in continuous three days, then cultured in the following three days after 
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stimulation finished. Control (Non BPES): cells were cultured without BPES. Data are 

represented as mean ± standard deviation (SD) and “*” (P < 0.0001) was used to 

indicate significance. 

 
The prepared PPy-PMAS-collagen/FTO and PPy-PMAS-collagen/PEDOT-PSS film are 

referred to as rigid and soft bipolar electrode, respectively. Their digital photos were 

shown in Figure 5.13a and Figure 5.13b. As expected, PC 12 cells grown on rigid and 

soft bipolar electrodes in proliferation media retained an undifferentiated state with 

rounded morphologies. This result is important since it indicates that the film’s 

morphology or chemical composition alone do not trigger differentiation. Cells cultured 

on rigid bipolar electrode were single, round cell and smaller aggregates, whilst cells on 

soft bipolar electrode were polygonal with larger and more spatially well-dispersed cell 

clusters (Figure 5.13a-5.13b). Both bipolar electrodes were initially seeded with the 

same numbers of PC 12 cells. The number of cells on these bipolar electrodes at various 

time points was quantified using the PicoGreen assay. PC 12 cells cultured on these two 

bipolar electrodes proliferated well over time, showing statistical significance at day 7 

with a P < 0.0001 between under BPES and non-BPES (Control) (Figure 5.13c). In 

particular, the number of cells that grew after BPES treatment was increased by 

approximately 3.2-fold for the rigid bipolar electrode and 7-fold for the soft bipolar 

electrode. This indicates that the soft bipolar electrode promotes cell proliferation to a 

greater extent. It also suggests that the rigid FTO substrate has been successfully 

removed without influencing the cell behaviour.  

 
From the results of the statistical analysis presented in Figure 5.13d, it is clear to notice 

that the number of cells is statistically higher for the BPES stimulated group than the 

unstimulated control group when they were cultured on soft bipolar electrode. Statistical 
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analysis via two-way ANOVA also revealed both BPES and time point have significant 

effects on cell proliferation, and so did the interaction of BPES and time (with a P < 

0.0001). Particularly, Bonferroni-post hoc analysis indicated that PC 12 cell 

proliferation with or without BPES treatment significantly differed from each other 

(with a P < 0.0001). These results confirm that BPES treatment using soft bipolar 

electrode promotes more rapid proliferation of PC 12 cells.  

 

5.3.3 Soft CPs templates as bipolar electrodes enhance PC 12 cell differentiation 

The role of BPES played in neural cell differentiation on soft CPs templates as bipolar 

electrodes has also investigated. PC 12 cells were cultivated on PEDOT-PSS, PPy-

PMAS/PEDOT-PSS, PPy-PMAS-collagen/PEDOT-PSS and PPy-PMAS-DS-

collagen/PEDOT-PSS films under the same conditions. Compared to the control groups, 

greater neurite outgrowth with BPES was evident on each soft CP template using 

immunofluorescent staining (Figure 5.14). Confirming this, the neurites number and 

lengths were assessed with one-way ANOVA (Figure 5.15). The data revealed that the 

BPES treatment has promote differentiation of nerve cells on these soft CPs templates 

with statistical significance (P < 0.05), exhibiting in both neurites number and lengths. 

Among all of the soft templates, many more neurites and an increased neurite length 

were noted on a PPy-PMAS-collagen/PEDOT-PSS film as a bipolar electrode. 

Specifically, as shown in Figure 5.16, significant and extensive neurites outgrowth was 

displayed when PC 12 cells were cultured on PPy-PMAS-collagen/PEDOT-PSS film 

together with BPES treatment. All these findings indicate that the soft CPs templates 

promote nerve cell differentiation, especially under the significant influence of BPES. 

PPy-PMAS-collagen/PEDOT-PSS film is preferred soft bipolar electrode for further 

wireless cell stimulation investigations. 
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Figure 5.10 Immunofluorescent staining images of PC 12 cells. PC 12 Cells were 

cultured on soft CPs templates as bipolar electrodes. BPES: Cells were stimulated on 

day 2 for 8 h per day in continuous three days, then standard cultured in the following 

three days after stimulation finished. Control (Non BPES): cells were standard cultured 

with no BPES. β-tubulin III (red) labels microtubule-associated protein 2, and DAPI 

(blue) labels nucleus. 

 

 

Figure 5.11 Assessments of neurite number and neurite growth of cells, including (a) 

the total neurite number per cell, (b) the total length of neurites per cell, (c) mean 

neurite length per cell, and (d) maximum neurite length per cell. PC 12 Cells were 

cultured on soft CPs templates as bipolar electrodes. BPES: Cells were stimulated on 
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day 2 for 8 h per day in continuous three days, then standard cultured in the following 

three days after stimulation finished. Control (Non BPES): cells were standard cultured 

with no BPES. Statistical analysis used one-way ANOVA. Data are represented as mean 

± standard deviation (SD) and “*” (P < 0.05) was used to indicate significance.  

 

 

Figure 5.12 Highlights of enhanced PC 12 cell behaviour on soft PPy-PMAS-

collagen/PEDOT-PSS template as a bipolar electrode with BPES. Immunofluorescent 

staining images of PC 12 cells on PPy-PMAS-DS-collagen/PEDOT-PSS film with 

BPES. BPES: Cells were stimulated on day 2 for 8 h per day in continuous three days, 
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followed by standard culture for 3 more days. β-tubulin III (red) labels microtubule-

associated protein 2, and DAPI (blue) labels nucleus. 

 

The neuronal differentiation of PC 12 cells cultured on the rigid bipolar electrode (PPy-

PMAS-collagen/FTO) and the soft bipolar electrode (PPy-PMAS-collagen/PEDOT-

PSS) were investigated over a one-week period. Both bipolar electrodes support the 

differentiation of cells when exposed to wireless electrical stimulation. Under BPES, 

typical morphological changes of cells cultured on the two substrates are observed with 

conspicuous neurites outgrowth. This was further visualised by immunostaining of 

β(III)-tubulin, a widely used neuronal marker. As illustrated in Figure 5.17a, cells on 

both rigid and soft bipolar electrodes showed expression of β(III)-tubulin. Compared to 

the cells cultured on the rigid bipolar substrates, at day 7, PC 12 cells on the soft bipolar 

electrode displayed extensive neurites formation as well as extensive networks of cells. 

Quantitatively, the neurites number and lengths of cells cultured on the rigid and soft 

bipolar electrodes at day 7 were measured. In the presence of BPES, though no striking 

difference in the number of neurites was shown between these two types of bipolar 

electrodes, both the lengths of total and mean neurite of the cells cultured on the soft 

bipolar electrode were significantly longer than those on the rigid bipolar electrode 

(Figure 5.17b). Specifically, when PC 12 cells were cultured on the soft PPy-PMAS-

collagen/PEDOT-PSS bipolar electrode, as shown in Figure 5.17c, the number of 

neurites was nearly 2-fold compared to that without BPES treatment. A more variable 

trend was observed for the total and mean neurite lengths. These results highlight the 

advantages of soft CPs templates as bipolar electrodes for stimulating neurite extension 

of biological cells. 
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Figure 5.13  (a) Immunofluorescent staining images of PC 12 cells. (b-c) Assessments 

of neurite number and neurite growth of cells, including the total neurite number per 

cell, the total length of neurites per cell, mean neurite length. Cells were cultured on the 

rigid bipolar electrode (PPy-PMAS-collagen/FTO) and soft bipolar electrode (PPy-

PMAS-collagen/PEDOT-PSS). BPES: Cells were stimulated on day 2 for 8 h per day in 

continuous three days, then standard cultured in the following three days after 

stimulation finished. Control (Non BPES): cells were standard cultured with no BPES. 

β-tubulin III (red) labels microtubule-associated protein 2, and DAPI (blue) labels 

nucleus. Statistical analysis used one-way ANOVA. Data are represented as mean ± 

standard deviation (SD) and “*” (P < 0.05) was used to indicate significance. 

 

5.3.4 Development and evaluation of human cell differentiation under BPES 

To broaden the application, a human neuroblastoma cell line, SH-SY5Y has been 

explored. This cell line is often used for a multitude of neurobiology experiments to 

investigate Schizophrenia, Parkinson's and Alzheimer's disease because of their stable 

karyotypes [22–26]. SH-SY5Y cells were seeded on the soft bipolar electrode (PPy-

PMAS-collagen/PEDOT-PSS) and cultured in growth media for two days. On day 3, 

cells were cultivated with fresh differentiation media and then subjected to electrical 

stimulation with pulse mode for 8 h per day continuously for four days. Cells were 

stained on day 7 to evaluate the human cell behaviour with BPES. Phase-contrast 

images of SH-SY5Y cells (Figure 5.18) reveal that the human neuroblastoma cells 

differentiated in a time-dependent manner under the BPES protocol. Prior to BPES 

treatment, undifferentiated SH-SY5Y cells contained both neuroblast-like and 

epithelial-like morphologies, appearing to be non-polarised, with very few and short 

projections extending outward. Cells differentiated gradually into more neuroblast-like, 
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round states with a view towards to mature neurons after BPES treatment. These 

differentiated human cells exhibit extended and branched neurites.  

 

 

Figure 5.14 Phase-contrast images of human neuroblastoma SH-SY5Y cells 

differentiation process under-developed BPES protocol. SH-SY5Y cells were cultured 

on soft bipolar electrode (PPy-PMAS-collagen/PEDOT-PSS) in differentiation media 

over total one week with BPES treatment. BPES: Cells were standard cultured in the 

first two days before subjected to electrical stimulation with pulse mode for 8 h per day 

continuously for four days.  

 

To obtain more information for evaluation of BPES on human cell differentiation, SH-

SY5Y cells were monitored by both live/dead staining and tubulin staining. Figure 

5.19a shows highly viable cells for both group with and without BPES treatment. 

Distinctive elongated projections were observed for the group treated with BPES. 

Further supported by β-tubulin (III) staining (Figure 5.19b), our BPES protocol enabled 

human SH-SY5Y cells to differentiate into a neuronal phenotype, including neurites or 
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processes and growth cones. These neurons make connections with other cells, with 

terminals ending on cells or processes irrespective of BPES treatment or not. Compared 

to the control group, the cells with BPES treatment demonstrated a much more 

extensive network of neurites. Representative results have fully illustrated our BPES 

protocol promoted the formation of neuroblast-like cells, and enhanced expression of 

specific neuronal microtubule-associated protein 2 of mature human neurons. Therefore, 

all these fundamental findings indicate that this soft CP-based BPES system works on 

human cells differentiation, which offers a reliable way to advance this wireless cell 

stimulation technology with a translational model from animal cells to human neural 

cells. 

 

 

Figure 5.15 (a) Fluorescent images on day 7 via live/dead assay using calcein AM 
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(green: live) and PI (red: dead) staining indicate the high SH-SY5Y cells viability. (b) 

Immunofluorescent images illuminate neuronal features of fully differentiated SH-

SY5Y cells on day 7. SH-SY5Y cells were cultured on soft bipolar electrode (PPy-

PMAS-collagen/PEDOT-PSS) in differentiation media over total one week without 

(Control) or with BPES treatment. BPES: Cells were standard cultured in the first two 

days before subjected to stimulated on day 3 for 8 h per day in continuous four days. 

Control: cells were standard cultured with no BPES. Initial seeding density of 5000 

cells/cm2. Markers of neuronal differentiation: β-tubulin III (red) labels microtubule-

associated protein 2, revealing the neuronal soma and proximal portion of neurites. 

DAPI (blue) labels nucleus.  

 

5.4 Conclusions 

In summary, soft and free-standing CPs templates (PPy-PMAS/PEDOT-PSS, PPy-

PMAS-collagen/PEDOT-PSS and PPy-PMAS-DS-collagen/PEDOT-PSS films) have 

been developed where PEDOT-PSS provides physical and mechanical support. The 

resultant templates are flexible, cytocompatible and highly bipolar electroactive, which 

may enable in vivo applications of wireless electrical stimulation. Improved PC 12 cells 

proliferation and differentiation are demonstrated using these CPs templates as soft 

bipolar electrodes in the BPES system. To compare with the rigid bipolar electrode, 

PPy-PMAS-collagen/PEDOT-PSS film is the preferred soft substrate for stimulating PC 

12 cells in this study. Using this soft bipolar electrode, the ability of BPES treatment to 

work on human neuroblastoma SH-SY5Y cells differentiation process has been 

evaluated. The results show enhanced formation of neuroblast-like cells, and enhanced 

expression of specific neuronal proteins of mature human neurons. This opens up new 

avenues and a potential platform to build wireless, bioactive and bipolar electroactive 
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based BPES systems as a variety of in vitro and in vivo applications as disease models 

and medical implants.  

 

Further work requires more in-depth study using human primary cells and 

transformation of the bipolar systems from 2D to 3D to better imitate the structure and 

function of tissues or organs. The creation of 3D culture models to optimise the 

response of cell-biomaterials interfacing and mimic the native environment is extremely 

exciting by making our BPES system more suitable for implantation. For instance, 

hydrogels and 3D printed scaffolds could be taken into account with the benefit of the 

increasing development of bioinks formation and bioprinting techniques. Furthermore, 

additional work on the mechanism of BPES is critical, to improve the understanding and 

its further development into in vivo applications. Overall, the work presented provides 

worthy information, which is especially significant and relevant to translational models 

of human infections, mental disorders diseases. 
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Chapter 6 

Conclusion and Perspectives 

 

6.1 General conclusion 

 

Figure 6.1 Illustration of Thesis outline and conclusions. 

 

The thesis worked out and conclusions were generated step by step as demonstrated in 

below (Figure 6.1). This work includes synthesising, modifying, and characterising 
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bipolar electroactive, biocompatible conducting polymers (CPs: PPy-DS-collagen/FTO, 

PPy-PMAS-DS-collagen/FTO), extending to soft template (PPy-PMAS-

collagen/PEDOT-PSS), and efficiently apply these CPs substrates for wireless PC 12 

cells stimulation in combination of bipolar electrochemistry (BPE). Rapid and efficient 

nerve cell proliferation and differentiation were observed, displaying increased cell 

numbers, extensive neurites growth and network formation. Finally, soft, free-standing 

PPy-PMAS-collagen/PEDOT-PSS film was acquired and used in bipolar 

electrochemical stimulation (BPES) system for human SH-SY5Y cells differentiation. 

This will provide a degree of control hither to unattainable, which will greatly facilitate 

new opportunities for diagnosing and treating biomedical diseases with a new vision. 

 

6.2 Perspectives 

Although current work has many merits in wireless cell stimulation, there are still 

unavoidable weaknesses. First, the 2D structure of the CP film is different from the 3D 

structure of tissues and organs. Second, the entire CP-based BPES system is constrained 

in a 2D model, which is different from a 3D culture model, making it hard to completely 

mimic the native environment. Also, the soft CP-based BPES system on human cell 

stimulation should be investigated in more depth and expanded to in vivo application. 

Last but not the least, it is necessary to thoroughly comprehend the interfacing reactions 

of the cell-bipolar CP electrode and to totally standardize the CPs based BPES system. 

Together with such fundamental understanding, advances in bipolar electroactive CPs 

bioelectronics with engineering of various properties and design parameters will 

progress hand-in-hand with breakthroughs in material modification, thus boosting the 

refinement of the wireless BPES system, and eventually benefiting each other. The 

following section will focus on how to complete bipolar materials/devices 
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transformation elaborately and integrate BPES with 3D culture models with the help of 

advanced 3D bioprinting techniques and nanotechnologies.  

 

6.2.1 Materials transformation 

 

 

Figure 6.2 Overview of our proposed methods for bipolar electroactive CPs materials 

transformation. 

 

6.2.1.1 Pure or functional/multifunctional 3D CPs hydrogels 

Hydrogels have been commonly used to transfer 2D cell cultures to 3D models due to 

their ease of synthesis and flexibility in processing [1]. A kind of hydrogels prepared 

from natural polymers has seen a lot of use in tissue engineering over the past decade 

due to their safe nature, biocompatibility, hydrophilic properties, and biodegradable 

nature. Typically, the collagen type I, it has been demonstrated the ability to expand and 

differentiate into multiple neurons, astrocytes and oligodendrocytes with functional 

synapse and neuronal circuit formation under optimal cell density and collagen 

concentration [2,3]. Other naturally derived hydrogels, such as polysaccharide-based 

hydrogels (hyaluronic acid, alginate, chitosan, and cellulose) and DNA-based hydrogels 
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are inert biomaterials that can be tailored for 3D neural tissue engineering by varying 

composition and crosslink density [4]. As the field progresses dramatically, many 

researchers are looking for ways to address the concerns on inherent reproducibility and 

culture duration caused by naturally derived hydrogels [5]. Synthetic hydrogels have 

been created to modify natural ones, preserving the beneficial properties of the natural 

hydrogels while offering additional functionality [6,7]. One approach is to incorporate 

the specific biomolecules like growth factors for functionalization [8,9]. Others center 

around the use of tight control over chemical and physical cues based on different 

polymerisation methods that endows synthetic hydrogels with electrochemical, 

magnetoelectric, piezoelectric and thermoelectric properties, as well as better 

mechanical compatibility and structural tenability as well [10]. Previous work has 

investigated the effect of traditional ES on cell behaviour when cortical cells were 

cultured on PPy modified 3D interdigitated electrodes using 3D collagen culture 

medium (Figure 6.3A) [11,12]. This electroactive CP promotes neurite outgrowth and 

synaptogenesis in primary cortical neurons in 3D when compared to 2D, which more 

closely resembles the in vivo biological system and provides a possible diagnostic 

platform for neurite deficits in neurodevelopmental diseases. The use of synthetic CP 

hydrogels with chemical definition and controllable matrix has been extensively 

explored for neural tissue engineering [12-14]. 

 

The porous structures of hydrogels provide an opportunity to mechanical interlocking of 

hydrogel coatings. Pure CP hydrogels can have the interconnected networks using the 

volatile additive solvents into aqueous CP solutions, followed by controlled dry-

annealing and rehydration, ensuring a low interfacial impedance because of the 

coexistence of ionic and electrical conduction [13,14]. This attributed to not only the 
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increased interfacial area, but also the numerous locked snap-fits at the microscale 

created. Deficient oxidative polymerisation of monomer followed by long-term aging 

allows electroconductive pure CP hydrogel to self-organize, and its mechanical and 

electrical properties are improved via second aging process for further aggregation 

formation [15]. While existing methods primarily add polymer monomer into other non-

conductive 3D polymer architectures to create the supportive 3D bioarchitectures 

[16,17]. A porous PVA gel produced by the freeze-thawing method offers a valid ion 

channel for Py monomer and oxidant molecules penetration, as well as in situ 

polymerisation to form PPy in both external and internal PVA. Thus, 3D porous 

PPy/PVA could be proposed. 

 

While the pure 3D CP hydrogels with high electronic conductivity, pure 3D CP with 

non-conducting polymer template hydrogels, like PPy/PVA hydrogels have been 

demonstrated superior biocompatibility, mechanical stability and elasticity, but poor 

electronic conductivity and volumetric capacitance after successfully synthesised using 

the self-assembly and addition of crosslinkable moieties. This is generated from the 

non-conducting polymer template (such as PVA architecture) component, which cannot 

be ineluctable to impact on electrical properties because of its inherently insulating 

character. To solve this restriction, more research into how to improve the 

electroactivity of CP is needed to be widely explored.  

 

Incorporation of a sulfonated polyaniline, poly (2-methoxyaniline-5-sulfonic acid) 

(PMAS), as a dopant into PPy matrix previously produced a highly electroactive 

material with multiple redox centres [18,19]. This material is cytocompatible and 

effective in providing electrical stimulation to living cells [20,21]. Co-dopants are 
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proposed to be added in the form of biologically active protein like nerve growth factor 

(NGF) or polysaccharide, including collagen, alginate, ulvan, dextran sulfate or 

chondroitin sulfate. The formation of these compositions could be via in situ 

electrochemical oxidation of pyrrole in the presence of the sulfonated polyaniline and 

the bioactive polymer. In addition, selective in-growth of CPs into conductive metal or 

carbon hydrogel patterning to obtain high electroconductive implant electrodes have 

been applied in the field of bioelectronics [11,22]. Likewise, physical and chemical 

stimulus could be adopted in the same way to functionalize the CP hydrogels with 

incorporation of silver nanowires, gold nanoparticles, and carbon nanotubes etc. 

Composite 3D CP hydrogels with nanomaterials are capable of being applied in wireless 

ES system due to the endowed magnetoelectric, piezoelectric and optoelectric 

properties.  

 

Except the electrochemical doping, direct blending of CPs power with other functional 

materials and moulding or mixing of polymer monomer with other functional materials 

and chemical oxidation polymerisation, both provide a straightforward and simple route 

to form functional/multifunctional 3D CP composite materials. For example, magnetic 

nanoparticles like Fe, Ni, Co, Gd, Er, CdTe and several oxide forms of them have 

demonstrated various paramagnetic and superparamagnetic properties, facile surface 

modification and biocompatibility, allowing them to become mostly promising 

candidates in biomedical fields like cellular therapy, drug delivery and magnetic 

resonance imaging (MRI) [23]. To make the magnetic nanoparticles exceptional bipolar 

electroactivity, they could be coated with bipolar active CP chemical vapor-phase 

polymerisation. With the electric and magnetic responsive CP-magnetic composites, 

researchers could apply external electric field, magnetic field, or/and both to activate the 
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wireless stimulation. The potential use of functional/multifunctional 3D CP composites 

in living beings should have turned true for investigating the bioimaging. 

 

6.2.1.2 3D CP scaffolds/architectures via 3D printing 

Similar to natural and synthetic hydrogels, diverse 3D scaffolds with mechanical and 

morphological stability and pore interconnectivity have been prepared with the benefit 

of bioprinting technique. The advancement of 3D printing technologies has opened up 

new possibilities to best integrate CPs with hydrogels in a spatially controlled manner, 

overcoming the limitations in conventional approaches for engineering electroactive 

biological systems. The umbrella term 3D printing refers to an array of technologies that 

involve automated distribution of (multi)materials in successive layers into predesigned 

3D structures. Bioprinting deals with living cells and represents a special class of 3D 

printing. 3D printing improves our capability in engineering functional complex 

structures to meet the requirements for realising both physical and biological functions. 

An inventory of inks has been developed including electroactive inks for printing 3D 

scaffolds and biopolymer inks for printing various cell types. Examples include water-

dispersible CPs for inkjet printing of conductive films and for extrusion printing of 

interdigitated microelectrodes, and the biodegradable composite ink, 

graphene/polycaprolactone, for fused filament fabrication [22,26,27]. For cell printing, 

3D printed functional neural-tissue like structures have been demonstrated using 

polysaccharide-based bioinks (Figure 6.3B) [24,28,29]. The 3D printed structures 

support in situ expansion and differentiation of human neural stems, and differentiated 

neurons form synaptic contacts, establish networks, are spontaneously active [29]. 

Further developed co-axial and hybrid printing protocols that fabrication of complex 

cellular constructs are both mechanically robust and biologically optimised (Figure 
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6.3C) [25,30]. In addition, the development of 3D models of human brain has been 

tremendous progressed in tandem with the organoid technology that is largely a cell-

driven, bottom-up approach [31].   

 

Special attention is paid to pristine intrinsically CPs and their composites with other 

organic and inorganic components, well-defined micro- and nanostructures, and 

enhanced surface areas [32–34]. CP hydrogels have emerged as a promising material 

candidate for the next-generation bioelectronic interfaces, due to their similarities to 

biological tissues and versatility in electrical, mechanical, and biofunctional engineering 

[35]. Their porous structures and crosslinked polymer networks infiltrated with water, 

provide the space to mount the loading volume of chemical, biochemical and biological 

molecules. Moreover, their ease of tailor, structural tenability, and flexibility in 

processing allows various CP scaffolds formation with the help of 3D bioprinting 

techniques [36,37]. The soft and flexible nature of CP hydrogels, CP scaffolds ensures 

minimization of mechanical mismatch with biological tissues.[38] All these properties 

renders innovative CPs a one-of-a-kind link between the synthetic and biological 

worlds.  
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Figure 6.3 (A) 3D interdigitated electrical stimulation on 3D primary cortical neuronal 

cultures. (i) Schematic illustration of the 3D interdigitated electrodes and cell culture 

setup; (ii) 3D immunofluorescence images of the 3D primary neuronal cultures in 

collagen. Scale bar: 50 µm [11]. (B) Extrusion printed 3D induced pluripotent stem cells 

(iPSCs) laden scaffolds for 3D culture and differentiation. (i) Bioink is prepared by 

suspending iPSCs with clinically amenable polysaccharides alginate (Al, 5% w/v), 

carboxymethyl-chitosan (CMC, 5% w/v), and agarose (Ag, 1.5% w/v), followed by 

bioprinting and ionic-crosslinking for gelation. (ii) Immunophenotyping of 3D 

bioprinted human iPSCs 40 days postprinting including 30-37 day of neural induction 

and differentiation. Cells stained with DAPI and expressed pan-neuronal marker MAP2 

revealing neural processes extending throughout constructs [24]. (C) Hybrid printing 

hydrogels for improved structural integration. (i) Illustration of the hybrid printing 

procedure. (ii) Optical and confocal microscopic observation of the hybrid printed 

construct. The structure fabricated by the cellulose nanocrystal (CNC) reinforced ink 

and gelatin methacryloyl and hyaluronic acid methacrylate (GelMA/HAMA) ink were 

defined in the optical microscopic image by red dotted lines and green dotted lines, 

respectively. The pores formed were defined by the blue dotted lines. Fluorescence in 

the confocal images comes from the fluorescence labeled GelMA in the CNC reinforced 

ink or GelMA/HAMA ink. Red: rhodamine-labeled GelMA; green: FITC-labeled 

GelMA [25]. 

 

Together with the rapid development of 3D bioprinting techniques, patterning of well-

dispersed functional CPs composite represents a more spatially controlled strategy other 

than direct mixing or in situ polymerisation. Chemically induced polymerisation of the 

lead composition established above to form dispersions that are printable using 
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approaches similar to those developed by us previously for other ink formulations. 

Where appropriate, the effects of incorporating conductive constitute (such as PEDOT-

PSS, edge functionalised graphene) and/or bioplymeric consitituent (such as alginate, 

gellan gum) as rheological modifier and/or binder to improve the viscosity and 

printability of conductive inks for extrusion printing should be examined, while 

retaining the bipolar electrochemical properties. The printability of the conductive inks 

could be characterised using a 3D-Bioplotter and following a method by Ouyang et al 

[39]. 3D cell-laden structures will be developed using the conductive inks developed in 

combination with innovative printing methods such as coaxial printing as described by 

us previously [40] with the conductor as the core in individually printed struts. 

Alternatively, a hybrid printing system as described by us previously [41] will be used 

to print the cell-laden components alongside the bipolar electroactive component. 

Besides, to design and fabricate bipolar electrochemically active 3D structures 

containing CP materials, 3D printed hydrogels, e.g., 3D printed gelatin or collagen 

methacryolyl (GelMA or ColMA) could be utilised to provide a 3D template. The CP 

compositions developed will be introduced into the 3D structures by means of physical 

adsorption followed by chemical polymerisation [6]. Lastly, a GelMA or ColMA 

macromer solution will be prepared and optimised for neural-related cell encapsulation, 

and then introduced to the said 3D conductive structure for wireless BPES.  
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Figure 6.4 Overview of our proposed properties for bipolar devices. 

 

6.2.2 Devices transformation 

With the possibility of soft bipolar electroactive CPs materials that promote the BPES 

from in vitro to in vivo and even clinic, the bipolar devices (Figure 6.4) should adjust to 

match the applications. In modern electrical therapeutics, bipolar devices are of great 

necessity in long-term biocompatibility, flexibility, miniaturization, reliability, and self-

powered capability. For implanted devices, maintaining a long-term biocompatibility is 

a critical issue. Generally, the long-term implantation would have chronic side effects 

such as inflammation due to long-time exposure to ES signals, toxicity because of 
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nanoscale or microscale debris from the device, biofouling on the device surface, and 

interference in normal organ functions [42]. So, gaining a better knowledge of them and 

improving their long-term biocompatibility, as well as minimizing the potential adverse 

effects become particular significant and urgent. Furthermore, attachment of big 

components to movable tissue surfaces during routine laboratory and clinic procedures 

may require stitches to secure the device and prevent migration under dynamic 

operating settings. It needs to be considered flexible and miniatured devices with 

reduced size and foldable shapes that can help to minimize invasiveness and alleviate 

discomfort in patients. Despite the fact that BPES devices are activated via wireless 

external field, the power source remains the key challenge for bipolar devices in terms 

of achieving maximum reduction and flexibility. Occasionally, package of tiny batteries 

will not be able to satisfy the long-time powering need. If the biomechanical energy 

could be harvested and converted appropriately and adequately, it would be an “infinite” 

energy source for powering the implanted devices. And it might be a creative way to 

deal with the problem. 

 

6.2.3 Potential applications of 3D bipolar electroactive CP architectures based BPES 

BPES systems combine bipolar electrochemistry with biology and constitute a unique 

and wireless tool with great potential in both the clinic and basic research. Despite the 

multiple challenges in their bipolar electroactive materials selection and modification, 

bipolar electrochemical devices design and fabrication due to the need to integrate 

expertise in cell culture, ES, and future translation and implantation, BPES systems 

offer numerous advantages over traditional wired or wireless ES systems and can 

translate into unique therapeutic opportunities (Figure 6.5). In the next section, we 

illustrate step by step and propose several examples that showcase the possibility in 
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advancing the state-of-art of various forms of bipolar electroactive CP electrodes used 

for integrated 3D BPES models. 

 

 

Figure 6.5 Prospects of future bipolar electroactive CPs architectures for wireless BPES 

towards practical applications. 

 

6.2.3.1 Development of 3D wireless BPES protocols 

To bring new concepts in BPES prototype, updated 3D wireless protocols should be 

developed not only in neural cell types PC 12, but also human neural stem cells, then 

primary cortical neurons obtained from normal and disease model mice (in wild-type 

and NRG1-KO mice). Key operational parameters, such as applied DC voltage under 

different continuous or pulse mode, will be optimised based on the BPES prototype that 

developed previously for wireless and programmable cell stimulation.[43,44] Three to 

five independent experiments in each BPES mode (for example, programmed pulse 

mode), will be conducted in parallel to comprehensively investigate cell functional 
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activities including proliferation, cell differentiation, cell migration, cell orientation and 

cell connectively over a period of one week in order to guarantee the accuracy of 

obtained experimental data. Specially, the effect of 3D electrical stimulation from 3D 

improved bipolar electroactive CPs electrodes on neurite outgrowth and synaptogenesis, 

and direction change should be explored from normal culture model to disease model. It 

is also needed to compare the differential effect of 3D electrical stimulation not only 

between 2D and 3D cell culture models, but also between wireless 3D BPES and wired 

3D ES systems.  

 

6.2.3.2 Studies on synergistic effects of 3D BPES with growth factors 

Sustained neurotrophic support at the site of implanted electrodes is essential to 

maintain intimate interaction between electrode and cells. The incorporation of growth 

factors such as neurotrophins (NT3) or brain-derived neurotrophic factor (BDNF) in 2D 

have been identified previously that they can further amplify the effects of electrical 

stimulation, using spiral ganglion neuron (SGN) explants from rat cochleae [9]. 

Furthermore, a synergistic effect of delivering both NT-3 and BDNF simultaneously has 

shown to encourage neurite outgrowth of the cochlear neural explants [45]. In 

preliminary experiments each of the growth factors will be introduced into the gel 

environment immediately prior to electrical stimulation. Then to investigate the effect of 

sustained release of growth factors into the gel, they will first be encapsulated in micro 

gels to be injected into the gel, after the cell proliferation period. The masses of growth 

factors incorporated and released from the 3D CPs matrix could be calculated using the 

specific activity of the radiolabeling. Afterwards, bipolar electroactive 3D CPs matrix 

contained optimised volume of growth factors are subjected to electrical stimulation for 

wireless cell stimulation according to the above mentioned and verified 3D BPES 
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protocols. In this study, the multiplex, synergistic effect of 3D BPES with spatial and 

temporal presentation of growth factors on neuron survival and neurogenesis will be 

investigated. Comprehensive and statistical data that are qualitatively and quantitatively 

tracked and acquired using IncuCyte technology, immunofluorescence staining, and 

molecular biology techniques. This study will provide the feedback into the previous 

steps for further improvements in the design of the different kinds of wireless 

biomedical systems. For instance, it has the potential to be used as a treatment for 

traumatic nerve injury via delivery of compounds to the peripheral nervous system. 

 

6.2.3.3 Design of wearable, implantable 3D BPES device 

Given their outstanding advantages of flexible stretchable and biocompatible properties, 

wearable bioelectronic devices have been investigated in many biomedical applications 

from biophysical signals and biochemical analytes detection to specific closed-loop 

drug delivery, electrotherapy nerve recovery and tissue engineering. Progress in 

structures of wearable bioelectronics devices has enabled self-powered systems to 

achieve long-term continuous biomedical therapy chronic diseases. Recently, Yao et al 

present a triboelectric nanogenerators (TENGs)-activated ES device that can effectively 

treat alopecia [46]. This wearable device depends on an omnidirectional TENG to 

generate the electric pulse and a pair of interdigitated dressing electrodes to provide 

spatially distributed electrical fields. Such self-powered wearable ES could serve as an 

effective hair regeneration strategy without any known adverse side effects. Functional 

CP composites can be printed to construct such interdigitated dressing electrodes due to 

the ease of tailoring and flexibility of processing. Moreover, it is effortless to propel 

these interdigitated CP electrodes remotely because of the bipolar activity under lower 

driving voltage by means of bipolar electrochemistry. Thus, a wearable BPES patch 
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could be applied to external injury to stimulate cell proliferation and differentiation in 

field of wound healing.  

 

Comparable to the development of wearable and portable BPES devices for onsite 

therapy, the implantable devices have been gone after indispensable medical purpose 

synchronously. Specifically, the implantable devices have played a dramatic role in drug 

delivery systems (DDS) that are externally triggered to localized and controlled release 

drugs, which hold considerable promise for improving the treatment of many diseases 

by minimizing nonspecific toxicity and enhancing the efficacy of therapy. In a recently 

notable study [47], researchers have devised such a drug delivery device that is 

wirelessly controlled and bioresorbable. Electrochemically triggered crevice corrosion 

to activate valves to open to allow release of pre-stored drugs. Evaluations in the 

treatment of cancerous tissues by release of the drug doxorubicin in cell cultures and the 

control of blood glucose levels by timed delivery of insulin in live-animal models, have 

completely demonstrated the efficacy of this implantable drug delivery device. 

Therefore, we envisage the bipolar electroactive, bioresorbable and biodegradable CP 

composites could be the entrapment matrix used for drug loading and storage. And 

moreover, in BPES operation process, the redox capability of the charging/discharging 

promote the uptake or expulsion of drugs from the CP backbone, accompanying 

mechanical expansion and contraction of the polymer matrix itself. It is concluded that 

the implantable 3D CP-based BPES systems hold great promise in drug delivery where 

the dose can be adjusted through external stimulus, thus optimising benefit to side effect 

ratio while simultaneously ensuring patient adherence. 
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6.3 Conclusion 

Overall, besides taking advantage of wireless nature of bipolar electrochemistry, BPES 

models benefit from the electrical conductivity, useful mechanical, optical and 

biological properties as well as good environmental stability of CPs. CP-based BPES 

system offers opportunities to modulate the biological activities remotely, which builds 

up a better understanding of the effects of wireless stimuli on cell behaviour, including 

ES applied to cells via electrochemical changes in the bipolar electroactive CP. To date, 

such models in this direction are confined to a very new field, with no attempts made 

yet (to best of our knowledge) to manipulate physical and chemical stimuli with bipolar 

electrochemistry. Thus, it is necessary to gain knowledge of cell state with spatial 

resolution inside the 3D construct to develop new concepts for nonplanar platforms. 

Going forward, the integration with the nonnegligible advent of 3D printing technology 

for fabrication of scaffolds with/without living cells with a predesigned geometry also 

provides a simple and versatile route to build up various types of 3D CP-based BPES 

devices, as well as facilitate the biological integration of the cells and organs at the 

device fabrication stage. The bioengineering of CP composites compatible with additive 

manufacturing techniques provide new opportunities to make the integrated 3D CP-

based BPES models become one of the flourishing next-generation bioelectronic 

devices as they should ideally have integrated, wearable, portable, implantable, 

miniaturized, and self-powered to eliminate the need for an external power supply and 

bulky wires. Therefore, the soft and flexible CP-based BPES systems are now showing 

tremendous potential in terms of revolutionizing electroceutical therapeutics through a 

novel wireless ES manner. As long as fully addressing the limitations/challenges, this 

technology is foreseeable to transform the developments in the fields of biomaterials, 

biomedical engineering and particularly electrotherapy with a bright future. 
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