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Abstract 

Introduction: Neurological disorders are a significant global health issue affecting almost 6% 

of the population and often involve abnormal neuronal action potential firing and chemical 

signalling in the brain. Conventional treatment options including oral and systemic 

administration of drugs have limited ability to cross the blood brain barrier and hence require 

frequent administration of drugs in higher doses leading to unwanted side effects. Recent 

advances in the field of drug delivery have made it possible to release drugs locally from the 

implantable devices by applications of an external trigger but these are not able to respond 

quickly to fluctuations of symptoms or isolated episodes of dysfunction Alternative treatment 

options such as deep brain stimulation have enabled the treatment of various neurological 

conditions including epilepsy, Parkinson’s disease and deafness. However, a clear need exists 

for a closed loop delivery system, which can respond quickly to fluctuations in the symptoms 

by delivering the drugs while recording the neuronal activity. Closed loop systems have been 

explored for various neurological conditions such as epilepsy and movement disorders. These 

systems can deliver neurotransmitters or other bioactives with precise spatio-temporal control 

while simultaneously recording the neural activity. Most of the closed loop delivery systems 

are based on organic ion pump or microfluidic pump and their widespread use is limited by 

complicated set ups and technical challenges.  

A clear need exists for fabrication of new devices based on the idea of a closed loop feedback 

system which can delivery drugs on-demand while monitoring neuronal action potentials. 

Conducting polymer (CP) coatings such as polypyrrole (PPy) and 

poly(3,4- ethylenedioxythiophene) (PEDOT) have been explored as a delivery platform in 

bioelectronics, however, their utility is restricted by their limited loading capacity and stability. 

In addition, PEDOT have been widely explored for neural interface applications and have 

shown high fidelity recordings. However, new biomaterials that are capable to functionalize 

electrode surfaces for improved neural interface and drug delivery applications are needed. 

Conducting polymer hydrogels (CPH) are hybrid material consisting of a CP grown within the 

hydrogel network have the potential to extend the range and amount of drug delivered, thereby 

creating new opportunities to achieve real-world benefit.  
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Aim: This research aims to fabricate the components of a closed-loop feedback delivery device 

suitable for the delivery of glutamate (Glu) in response to native cellular signalling, namely a 

CPH for drug delivery, and a CPH for coating microelectrodes. 

Methods: A stability indicating high performance liquid chromatography (HPLC) method was 

developed for the quantification of Glu from forced degradation samples and following release 

from CPs and CPHs. This analytical method was validated and used as a tool throughout the 

thesis. 

Two different CPHs are reported in this thesis, one for drug delivery and one for microelectrode 

coatings. The first CPH developed comprised the hydrogel gelatin methacrylate (GelMA) and 

the CP PPy, was fabricated for the electrically controlled delivery of Glu. The CPH material 

was characterised for surface morphology, interpenetrated network, electrochemical 

properties, biocompatibility. The Glu release studies were carried out in comparison to the 

convention PPy/Glu coating.  

The second CPH consisting of GelMA and PEDOT/polystyrene sulfonate (PSS) was fabricated 

as a material for microelectrode coating intended for recording and stimulating neurons. The 

hybrid material was also characterised for electrochemical properties using cyclic voltammetry 

(CV), electrochemical impedance spectroscopy (EIS), voltage transient measurements (VTM). 

Furthermore, we investigated the biocompatibility of these coatings and ability of the described 

CPH coatings to record the neuronal signals. 

Results and discussion 

An isocratic quantification method with a short runtime was developed and validated to 

quantify Glu from the forced degradation samples and drug release samples from CP and CPH 

coatings.   

GelMA/PPy/Glu fabricated for drug delivery can be photolithographically patterned and 

covalently bonded to an electrode. Fourier-transform infrared (FTIR) analysis confirmed the 

interpenetrating nature of PPy through the GelMA hydrogels. Electrochemical polymerisation 

of PPy/Glu through the GelMA hydrogels resulted in a significant increase in the charge 

storage capacity as determined by cyclic voltammetry (CV). Long-term electrochemical and 

mechanical stability was demonstrated over 1000 CV cycles and extracts of the materials were 

cytocompatible with SH-SY5Y neuroblastoma cell lines. Release of Glu from the CPH was 

responsive to electrical stimulation with almost five times the amount of Glu released upon 
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constant reduction (-0.6 V) compared to when no stimulus was applied. Notably, 

GelMA/PPy/Glu was able to deliver almost 14 times higher amounts of Glu compared to 

conventional PPy/Glu films. The described CPH coatings are well suited in implantable drug 

delivery applications and compared to CP films can deliver higher quantities of drug in 

response to mild electrical stimulus.  

GelMA/PEDOT/PSS was fabricated for microelectrode coatings and was demonstrated to be 

reversibly electroactive, had low impedance and a high charge injection limit (CIL) compared 

to the bare gold electrodes. The CPH coatings had impedance values similar to conventional 

PEDOT/PSS coatings at a frequency of 1000 Hz, a key frequency for neuronal action potential 

activity. The CPH was confirmed to be electrochemical stabile over 1000 CV cycles and long-

term performance was maintained over a period of 14 days. Biocompatibility of the CPH 

coatings was confirmed on primary hippocampal neuronal cultures via neuronal viability assay. 

The characterisation of the CPH coating was compared with conventional PEDOT/PSS 

coatings. Microelectrodes with CPH coatings were able to record neuronal activity from in-

vitro primary hippocampal neuronal cultures. 

Conclusion 

This thesis details fabrication and characterisation of components of a closed loop delivery 

system for the delivery of Glu triggered by neuronal action potentials. A simple, isocratic 

HPLC method was developed and validated for the quantification of Glu released from the CP 

and CPH coated electrodes. A fully interpenetrating, selectively patternable and covalently 

bonded CPH coatings comprising of GelMA/PPy/Glu was fabricated. The material showed 

cytocompatibility with undifferentiated human neuroblastoma cell lines SH-SY5Y. We have 

demonstrated that the GelMA/PPy/Glu system was responsive to electrical stimulation with 

almost five times the amount of Glu released upon constant reduction (-0.6 V) compared to 

when no electrical stimulation was applied. The GelMA/PPy/Glu was able to deliver fourteen 

times higher amount of Glu compared to PPy/Glu films.  

In addition, a custom MEA devices containing both microelectrodes and drug delivery 

electrodes compatible with the commercial MCS headstage was fabricated. The MEA was 

coated with a CPH consisting of an interpenetrating network of PEDOT chains with in the 

GelMA hydrogel. The CPH coating GelMA/PEDOT/PSS was fully interpenetrating and could 

be selectively photolithographically patterned and covalently bonded on the gold 

microelectrodes. The GelMA/PEDOT/PSS coatings was reversibly electroactive, had low 
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impedance, and high CIL compared to the bare gold microelectrodes. The biocompatibility of 

the CPH coatings was verified on primary hippocampal neuronal cultures. Microelectrodes 

with CPH coatings were able to record neuronal activity from in-vitro neuronal cultures. These 

materials, and the experimental setup will support future studies towards the development of a 

closed loop system to determine if the delivery of Glu can triggered by neuronal action 

potentials.  
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Chapter 1: Introduction 
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Neurological disorders affect almost 6% of the population globally and often involve abnormal 

neuronal action potential firing and chemical signalling in the central nervous system [1, 2]. 

Conventional treatment options commonly include the oral and systemic administration of 

medicines.  However, following these routes of administration, most medicines have limited 

ability to cross the blood-brain barrier to reach their site of action. This necessitates high and 

frequent doses that usually lead to unwanted side effects due to the wide distribution of the 

drug in the body. Recent advances in the field of drug delivery have made it possible to release 

drugs locally from neural implants, including biomimetic stimulation of local tissues with 

neurotransmitters [2-5]. Localised delivery of bioactive agents improves bioavailability and 

therapeutic efficacy while reducing side effects compared to conventional treatments [6, 7]. In 

addition, recent advances in research have led to alternative treatment options to address these 

unmet clinical needs such as deep brain electrical stimulation using implanted electrodes [8, 

9]. These electrodes on implantable devices (neural interfaces) can record and stimulate 

neuronal activity and enable the treatment of various neurological diseases including epilepsy, 

Parkinson's disease, paralysis, blindness, and deafness [3, 8, 10-12].  

Conducting polymer (CP) films have been widely explored for the electrically tuneable drug 

delivery and sensing applications due to their biocompatibility, high electrical conductivity, 

low impedance, and ability to be doped/functionalized with different charged molecules [13, 

14]. CP film coatings using polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) 

have been previously reported to incorporate various drugs including glutamate (Glu) [15], 

dexamethasone [16-18] and neurotrophic growth factors [19, 20] and release the payload in 

response to electrical stimulation to elicit a desired biological activity. Meanwhile, PEDOT 

coated microelectrodes have shown high-fidelity electrophysiological recordings [21, 22]. CP 

coatings improves the electrical performance of the electrode surface due to their high 

conductivity and low impedance thereby improving the communication between the tissue and 
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electrode. In addition, CP coatings have improved tissue integration by releasing of drugs such 

as dexamethasone upon electrical stimulation [17, 23]. Despite so many advantages offered by 

PEDOT coatings, it is far from being an ideal coating material for neural interface applications 

because of its unsatisfactory performance during long-term stimulations due to either 

delamination or cracking and mechanical mismatch between materials and cells leading to the 

poor integration with tissue [24, 25]. 

Conducting polymer hydrogels (CPH) are hybrid materials consisting of a CP grown within a 

hydrogel matrix. The hydrogel component provides a highly hydrophilic network and 

mechanical properties like tissues and CP component imparts the electrical conductivity [13, 

26, 27]. CPH coatings have found use on electrode surfaces offering improved neural 

interfacing  and electrically controlled release of bioactives from implantable devices [28]. 

CPH based delivery systems have the potential to be used as an interface with the nervous 

system to facilitate communication with and between neurons, creating novel treatment 

strategies for neurological disorders, and have the potential to release drugs through the 

application of an electrical trigger [4].  

The development of closed loop drug delivery systems holds considerable promise for treating 

neurological disorders, where release rates are influenced by the surrounding environment. 

Among these systems organic electronic ion pump devices and microfluidic ion pumps have 

provided spatial and temporal control for the precise delivery of neurotransmitters e.g., γ-amino 

butyric acid (GABA) in both in vitro and in vivo settings [2, 4, 5, 29]. Recently, Proctor et al., 

reported the fabrication of microfluidic ion pump into a electrocorticography device for 

delivery of neurotransmitters while simultaneously recording the neuronal activity [30]. Closed 

loop systems based on organic electronic and microfluidic ion pump require various 

components such as a drug delivery reservoir, connections to the microfluidic inlet and outlet 
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and electrodes for sensing neural activity So, the fabrication and operation of these devices 

have complexities associated with them. 

The majority of neurons in the brain communicate via Glu, the most abundant excitatory 

neurotransmitter. Glu is a relatively small amino acid molecule (MW 147 g/mol). It is released 

from presynaptic vesicles into neuronal synapses in response to an action potential. To date, 

low levels of Glu can be loaded, and therefore delivered by PPy. For example, Miller et al. 

showed only a total of 3.97 µg of Glu could be delivered from PPy films [15].  

1.1 Aim, Hypothesis and Objectives 

The overall aim of this thesis is to engineer the components of a device to determine if Glu 

delivery can be triggered by native cellular signalling. The components of such a device include 

i) an electrically tuneable drug delivery system for the controlled release of Glu and ii) 

microelectrode arrays coated with CPH for the recording of extracellular action potentials. We 

hypothesise that the CPH coating will provide several folds higher Glu release compared to the 

conventional CP coating. Furthermore, we hypothesise that CPH coating on microelectrodes 

will be well suited to recording and stimulating electrically active neurons. The following 

objectives will be carried out to investigate these hypotheses: 

1) To develop an analytical method for the quantitative determination of Glu. 

2) To fabricate CPH coatings that can be bonded to the electrode surface to prevent 

delamination during electrical stimulation  

3) To fabricate CPH coatings and provide electrically stimulated release of Glu. 

4) To fabricate a device consisting of microelectrode arrays (MEAs) and drug delivery 

electrodes, compatible with the commercial multichannel system (MCS) headstage, 

which can record neuronal activity and release the Glu at the same time. 
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5) To compare and characterise the CPH coatings on microelectrodes with gold and 

conventional CP coatings for electrochemical properties central to the neuronal 

recording. 

6) To analyse in-vitro recording performance of CPH coated microelectrodes in 

comparison to conventional CP coatings, alongside primary hippocampal neurons. 

1.2 Thesis Structure 

This thesis comprises a total of six chapters, out of which three are experimental chapters. The 

structure of this thesis is as follows: 

Chapter 2 reviews the literature on fabrication methods and properties of CPH. The 

mechanism of drug loading and release will be discussed along with the applications of CPH 

coatings in drug delivery including delivery from neural implants. Properties central to MEAs 

for neuronal recording and stimulation, and their material-based modifications are briefly 

discussed. 

Chapter 3 presents the development and validation of a stability indicating HPLC method for 

the quantitative detection of Glu. 

Chapter 4 describes the fabrication of an interpenetrating, selectively patternable and 

covalently bonded CPH coating for the electrically controlled release of Glu. CPH and 

conventional CP coatings will be characterised and compared with regard to properties central 

to the electrically stimulated drug release such as surface morphology, electrochemical 

characterisation, and biocompatibility. 

Chapter 5 features the fabrication of a device consisting of a MEA and drug delivery 

electrodes, compatible with the commercial MCS headstage. This chapter also details the 

fabrication of CPH coating for neural interface application. CPH coatings will be characterised 
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and compared to bare gold microelectrodes and conventional CP coatings for the properties 

central to neuronal recording such as cathodic charge storage capacity (CSC), impedance, 

charge injection limit (CIL), surface morphology, long-term performance and electrochemical 

stability. In addition, we will also investigate biocompatibility and in-vitro recording 

performance of CPH coatings in comparison to the conventional CP coatings in response to 

primary hippocampal neurons. 

Chapter 6 presents a general discussion, concluding remarks and future directions arising from 

this work.
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2.1 Declaration for Chapter 2 

The majority of this literature review has been published as: Bansal M., Dravid A., Aqrawe  Z., 

Montgomery J., Wu Z., Svirskis D. Conducting polymer hydrogels for electrically responsive 

drug delivery. Journal of Controlled Release. 2020.08.-51. 

2.2 Externally stimulated drug delivery 

Increasing attention towards precision medicine and personalized pharmacotherapy has 

prompted the innovation of novel stimuli-responsive drug delivery systems [31-33]. An 

external trigger (i.e. ultrasound [34, 35], magnetic field [36, 37], pH [38, 39], light [40, 41], 

temperature [42, 43] or electrical field [44, 45]) signals the stimuli-responsive system to release 

its bioactive payload, achieving desired local concentrations required to produce therapeutic 

effects. In addition, the ability to define the location of the drug delivery platform (i.e., either 

on the surface or within the human body) enables spatial control, whilst their stimuli-responsive 

nature facilitates temporal release. Such characteristics can help attain the specific, targeted 

dosing requirements necessary to meet a variety of therapeutic needs such as for hormone-

related conditions [46], pain management, delivery of chemotherapy drugs in a precise manner 

[47] and delivery of anti-inflammatories from implantable neural devices [14]. Among the 

various stimuli mentioned above, electrical stimuli is particularly attractive because, (i) 

accurate and precise signals can be generated easily, remotely and repeatedly without the need 

for large, complex instruments, and (ii)  electrical devices can be miniaturised, and developed 

into a wireless implant [48], improving translatability of this technology. Among a vast variety 

of these polymeric scaffolds described in the literature, only a few materials are capable of 

pulsatile release of loaded bioactives [49, 50]. The materials such as carbon nanotubes, 

graphene, nanoparticles and conducting polymers (CPs) have been studied for electrically 

responsive drug delivery [51, 52].  
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2.3 Conducting polymers 

The most common electrically responsive drug delivery systems reported to date are based on 

CPs [52, 53]. CPs are organic polymers possessing the electrical and optical properties 

generally likened to metals [54]. These materials have been reported to release a range of 

bioactive molecules upon electrical stimulation [53-58], ranging from anti-inflammatory [16, 

18, 59] to chemotherapeutic agents [60, 61]. However, there are various challenges 

encountered when applying CPs for electrically responsive drug delivery. These include a 

limited drug loading capacity, the restriction to delivery of small, charged biomolecules [14, 

62], deterioration of electrical and mechanical properties due to bioactive dopants [20, 63] and 

fracture and delamination from the underlying substrate material due volume changes caused 

by actuation upon electrical stimulation [64, 65].  

Externally stimulated drug delivery, and in particular electrically stimulated drug delivery, has 

obvious potential for improving pharmacological treatment. However, a more elegant approach 

supporting personalisation of treatment would rely on biomarkers in the body to influence drug 

release. 

2.4 Closed loop feedback system and delivery of neurotransmitters 

Closed loop drug delivery systems use biomarkers to control release of their bioactive payload. 

The failure of oral and systemic drugs to treat neurological disorders has spurred the 

development of alternative treatment options such as localised drug delivery to the central 

nervous system coupled with microelectrodes for recording neural activity and sensing the 

concentration of neurotransmitters in brain [66, 67]. Recent advances in the field of drug 

delivery have made it possible to release drugs locally from neural implants, including 

biomimetic stimulation of local tissues with neurotransmitters [2-5]. The development of a 

closed loop delivery system with the ability to record neuronal signals and deliver drugs with 
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spatiotemporal control is ideal for overcoming the limitations associated with conventional 

treatment options [66, 67]. Most of the closed-loop systems for delivery of neurotransmitters 

in the brain are based on either organic electronic ion pumps (OEIP) or microfluidic pumps 

[30, 68]. Recently, Procter et. al reported the fabrication of a brain implant capable of 

electrophoretic delivery of gamma amino butyric acid (GABA) and acetylcholine through a 

microfluidic ion pump while simultaneous recording of neural activity [30]. Uguz et al also 

reported the fabrication of microfluidic ion pump for the in-vivo delivery of GABA. Rountree 

et. al reported the biomimetic stimulation of retinal cells with glutamate (Glu), for the treatment 

of blindness due to photoreceptor degenerative disease A multiple port microfluidic device was 

used for the delivery of Glu and showed that response of retinal cells to Glu was comparable 

to the electrical stimulation [3]. Although, OEIP and microfluidic pumps are capable of 

delivering drugs  with precise spatiotemporal control but these pumps mainly rely on the supply 

of the ions or drugs from an external source solution [30]. Moreover, fabrication of these 

devices is very complex. 

2.5 Glutamate  

Glu is a small amino acid molecule (Figure 2.1) and has a molecular weight of 147.1 g mol-1. 

Glu carries a negative charge at physiological pH and released from the presynaptic vesicles 

into neural synapses in response to neuronal firing of action potentials. It is a major excitatory 

neurotransmitter in the central nervous system and majority of the neurons in the brain 

communicate via Glu [69]. Glu is released in the synaptic cleft in response to the depolarisation 

of the presynaptic terminal, where it binds to the postsynaptic receptors. Glu mediates 

excitatory synaptic transmission in the brain through the activation of alpha-amino-3-hydroxy-

5-methyl-4-isoxazole-propionate, N-methyl-D-aspartate, and kainite receptors, which all share 

a common voltage gated ion channel function [70, 71]. Glu is cleared from the synaptic cleft 

by high-affinity, Na (+)-dependent uptake carriers located in both neurons and glia [72]. Glu 
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has an important role in brain development, synaptic plasticity, memory and learning. Many 

clinical conditions including neurological and psychiatric disorders appear to involve an 

imbalance of neurotransmitter mediated communication [73]. Various studies have shown that 

imbalanced or dysregulated level of neurotransmitters such as Glu is associated with various 

neurological and psychiatric disorders such as epilepsy [74], Parkinson’s disease [75], 

Alzheimers [76], autism [77] and attention deficit/hyperactivity disorder [78] 

 

Figure 2.1: Chemical structure of glutamate. 

2.6 Conducting polymer hydrogels 

Conducting polymer hydrogels (CPH) are hybrid materials first described by Guiseppi-Ellie et 

al. in 1995 consist of a CP grown within a hydrogel matrix [79]. A hydrogel itself is a highly 

cross-linked hydrophilic polymer networks infiltrated with water. Its soft, flexible nature 

confers mechanical properties similar to that of biological tissue and the high-water content 

provides an ion-rich physiological environment. The highly porous structure allows the loading 

of the drugs into the gel matrix, and the pore size can be tuned by controlling the cross-linking 

density of the gel [80]. Hence, pure hydrogels have been widely explored for various tissue 

engineering, biomedical and drug delivery applications [81-84]. However, electrical 

stimulation of hydrogels alone is currently restricted by factors such as the material not being 

inherently conductive, slow response time, gel fatigue with chronic use and an increase in the 



Chapter 2: Literature Review 

12 

 

electrical stimulus required over time, which in turn can compromise the electrical performance 

of a drug delivery device [82, 85, 86].  

As such, this combination of CPs with hydrogels can overcome the limitations that these 

individual materials may present alone [27, 87] while retaining the advantages of both CPs and 

hydrogels, including tissue-like mechanical properties, excellent biocompatibility and 

electrochemical activity. The hydrogel component of the CPH hybrid acts as a drug reservoir, 

and the presence of water content allows CPH components to carry a higher amount of drug 

compared to the CP alone [82, 88, 89]. The combination of electrical conductivity of CPs and 

swelling/deswelling ability of the hydrogels makes them dynamic and versatile biomaterials 

for electrically tuneable drug delivery applications [90]. Unlike CPs, the CPH systems can 

incorporate larger biomolecules without trading-off its mechanical properties. The porous 

structure of the hydrogels allows the diffusion of ions in and out of the network and the 

presence of the CP network enables the transport of charges depending upon the redox state of 

the CP component, making CPHs a superior biomaterial over CP or hydrogel alone (Figure 

2.2). The CPH coatings have demonstrated the release of growth factors, proteins, anti-

inflammatory and other drugs from neural electrodes and have minimised fibrous 

encapsulation, scar formation and encouraged the growth of neural cells into the implant [13, 

19, 91-93].   
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Figure 2.2: Schematic illustration of a conducting polymer hydrogel. Reproduced from reference [26]. 

Copyright 2020 Elsevier. 

CPHs integrate the advantages of both CPs and hydrogels, emerging as a new class of 

biomaterials for various biomedical or drug delivery applications. In this review, we first 

provide an overview of CPH and their fabrication techniques, followed by a discussion of their 

properties and use relevant to drug delivery applications. Mechanisms of drug loading and 

release in CPHs are described and analysed to provide an insight for future directions in this 

field; focusing on opportunities and challenges of CPH based drug delivery towards achieving 

clinical translation. 

2.6.1 Polymerisation of Conducting Polymer Hydrogels 

CPs and hydrogels each have different polymerisation routes. CPs that have been applied for 

electrically stimulated drug delivery, such as polypyrrole (PPy), poly(3,4-

ethylenedioxythiophene) (PEDOT) and polyaniline (PANI), are synthesised by either an 

electrochemical or chemical polymerisation method. Briefly, in electrochemical 
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polymerisation, an electric potential is applied on the electrode surface to oxidise solubilised 

monomers resulting in the formation of radical cations. Polymerisation of these radical cations 

into CP films occurs at the electrode site and is reliant on the presence of a negatively charged 

species (referred to as counter ion or dopant) to form a stable film [54, 94]. (For a more detailed 

discussion on this process and synthesis parameters, readers are directed to the review by 

Svirskis et al. [54]). Conversely, polymerisation through the chemical route takes place in the 

presence of oxidants such as ferric chloride or iron (III) sulphate, which form radical cations 

that are then stabilised to form CPs through the incorporation of a suitable counter ion [95]. 

Hydrogels such as alginate, gelatin, chitosan, poly(2-hydroxyethyl methacrylate) (pHEMA), 

poly(vinyl alcohol) (PVA), and  poly(ethylene glycol) (PEG), are mainly prepared by either 

physical, chemical or radiation crosslinking approaches [27, 96, 97].  

CPHs are generally classified as either i) interpenetrating CPHs, which are composed of 

discrete CP and hydrogel components, or ii) pure CPHs, which is formed of an interconnected 

network of a CP itself [28, 98]. Different methods are used for the preparation of 

interpenetrating and pure CPHs, as discussed in Sections 2.6.1.1 and 2.6.1.2. 

2.6.1.1 Fabrication of interpenetrating CPHs 

The fabrication of interpenetrating CPHs requires a homogenous integration of the CP within 

the hydrogel network. This results in the formation of chemically and electrochemically stable 

interpenetrating networks at the molecular level with improved mechanical and electrical 

properties compared to CP and hydrogel alone. Interpenetrating CPHs are prepared by two 

major approaches: i) direct mixing of CP and hydrogel precursors (Figure 2.3a) and ii) 

polymerisation of CP in a prefabricated hydrogel network (Figure 2.3b) [82]. Examples of 

various CPHs and their fabrication methods are outlined in Table 2.1. 
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Figure 2.3: Schematic representation of polymerisation methods of interpenetrating CPHs. a) CPH 

prepared by direct mixing of CP and hydrogel precursors. b) Polymerisation of CP in a prefabricated 

hydrogel network followed by CP polymerisation either by chemical or electrochemical polymerisation. 

Reproduced from reference [26]. Copyright 2020 Elsevier. 

 

2.6.1.1.1 Direct mixing of CP and hydrogel precursors 

Direct mixing of CP and hydrogel precursors is the most straightforward method to obtain a 

CPH. This method involves the preparation of CPH by combining the monomers of hydrogel 

and CP, followed by either a simultaneous or a two-step process via chemical or 

electrochemical polymerisation (Figure 2.3a) [99]. A wide variety of CPHs, including 

alginate/PPy [100, 101], GelMA/PEDOT [102] PAAM/PANI [103] have been prepared by this 

method. The amount of the CP component can modulate the conductivity of an interpenetrating 

CPH [82]. However, the amount of the CP component that can be incorporated into the 

hydrogel through this method is limited, thereby affecting the conductivity of the resulting 

CPH.  Li et al. developed gelatin-graft-PANI/genipin hydrogels by direct mixing of precursors 

such as aniline, gelatin, dopant ions, and a model drug (diclofenac sodium) [104]. The 
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conductivity of the swollen CPH was in the order of 10-4 S/cm, with this value increasing in 

response to a rise in the concentration of PANI. The conductivity value of the resulting CPH 

was lower compared to the pure PANI due to the low amount of PANI in the hydrogel [82].  

2.6.1.1.2 Polymerisation of CP in a prefabricated hydrogel network 

The most common method for the preparation of CPHs is through polymerisation of the CP in 

a prefabricated hydrogel network (Figure 2.3b). Briefly, a hydrogel is prepared on a substrate, 

dried, and then re-swollen in a CP monomer solution. This is then followed by the 

electrochemical or chemical polymerisation of the CP in the hydrogel network [105]. The 

polymerisation of CP within the defined area of the hydrogel provides control over structure 

and morphology of the resulting CPHs. The electrochemical and physical properties of the 

CPHs depends upon the nature and concentration of dopant ion and CP as well as the structure 

of CP and polymer backbone within the hydrogel network [105].  Several groups have 

demonstrated the formation of interpenetrating networks of CPHs including alginate/PPy [81], 

gelatin methacrylate (GelMA)/PEDOT [106], collagen/PANI [107], agarose/PPy [108], and 

polyacrylamide (PAAM)/PANI [109] by either chemical or electrochemical polymerisation 

methods.  

Chemical polymerisation of CPs requires the introduction of oxidative agents (ferric ions, 

persulfate salts) within the hydrogel network that contains monomers of CP [94]. This method 

results in the formation of a bulk interpenetrating system of CPH rather than a localised 

formation of an interpenetrating network over selectively patterned electrodes. Interpenetrating 

CPHs of different shapes and sizes have been fabricated by chemical polymerisation of CP 

within the hydrogel network. Jaehyun et al. reported the fabrication of a thermoplastic and self-

healing agarose/PPy by utilising copper (II) chloride as an oxidising agent. They have 

demonstrated the ability of reversible liquefaction and gelation by polymerisation of PPy inside 

the agarose hydrogel framework. The conductivity of the CPH was found to be dependent on 
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the concentration of pyrrole, whilst the mechanical properties deteriorated upon increasing the 

pyrrole concentration. The unique thermal properties of the agarose/PPy gel allowed patterning 

in different shapes and length scales (Figure 2.4a), allowing it to be explored for various drug 

delivery and neural implantable devices applications [110].  

Electrochemical polymerisation techniques via the application of an electric charge allows for 

spatially controlled polymerisation of CP within the hydrogel network. This technique requires 

fabrication of a hydrogel on the metal electrode and is useful for complex and selective 

electrode patterning of a CPH for drug delivery devices [111] and neural implant coatings [28]. 

However, a true integration of CP within the hydrogel network through electrochemical 

polymerisation is much harder to achieve due to the CP component mainly concentrated close 

to the electrode surface [28, 112]. A poor distribution of CP in a hydrogel due to insufficient 

interaction between the CP and hydrogel may result in the formation of semi-interpenetrating 

CPH [113, 114]. Kleber et al. have recently synthesised a CPH consisting of PEDOT and 

poly(dimethylacrylamide-co-4methacryloyloxybenzophenone (5%)-co-4-styrenesulfonate 

(2.5%) (PDMAAp). The hydrogel coating was prepared by radical polymerisation and 

crosslinked by UV radiation in the presence of a photoinitiator. This was then followed by the 

electrochemical polymerisation of PEDOT:poly(styrene sulfonate) PSS [28]. The resulting 

CPH showed homogenous integration of the CP component within the hydrogel, with improved 

electrical activity compared to the bare hydrogel. Additionally, the combination of 

photolithography and electrochemical polymerisation enabled selective patterning of CPH on 

the electrode surface (Figure 2.4b).  

The fabrication of CPHs using a micro, or nanostructured template has also been reported, with 

this method resulting in the formation of a micro- or nanoporous network of the hydrogel. CPs 

are then polymerised in the confined area of the hydrogel to form a CPH network. Notably, the 

presence of pores increases the surface area of the CP network. Abidian et al. synthesised an 
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agarose/PEDOT hybrid material by using a polystyrene (PS) fibre template and an 

alginate/PEDOT CPH utilising electrospun PLGA fibres as a template [13, 115]. However, 

while this method provides control over the morphology and structure of the resulting CPH, it 

is challenging to scale up due to the limited size of the template [105]. 

 

Figure 2.4: Patterning of interpenetrating and pure conducting polymer hydrogels into desired shapes 

and sizes  a) Reversible thermo-gelling interpenetrating PPy/agarose CPH prepared by in-situ 

polymerisation in a PDMS mould and patterned in a PDMS mould by liquefaction of the CPH at a high 

temperature. Reprinted with permission from reference [110]. Copyright (2014) American Chemical 

Society. b) Microscopic images of micropatterned PDMAAP hydrogel. The PEDOT was polymerised 

through the hydrogel by electrochemical polymerisation. Reproduced with permission from reference 

[28]. Copyright 2017 Elsevier. c) Micropatterning of pure PANI hydrogel dots with a diameter of 

around 18 µm by ink-jet printing. Reprinted with permission from reference [116]. d) Various geometric 

shapes of pure conducting polymer hydrogel based on PEDOT: PSS prepared by addition of sulphuric 

acid into the aqueous PEDOT: PSS suspension. Reprinted with permission from reference 

[117].Copyright 2017 John Wiley and Sons. 
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Table 2.1. Examples of interpenetrating CPHs and their fabrication methods. (Method 1: Direct mixing 

of CP and hydrogel precursors, and Method 2: Polymerisation of CP within the prefabricated hydrogel 

network). 

Hydrogel Component CP Component Fabrication route Reference 

Gelatin PANI Method 1 [104] 

Chitosan PANI Method 1 [118, 119] 

Chitosan/Alginate PPy Method 1 [100] 

GelMA PEDOT Method 1 [102] 

Wetspun Chitosan microfibers PANI Method 2 [120] 

Electrospun PLGA fibres with 

Alginate 

PEDOT Method 2 [13] 

GelMA PANI Method 2 [121] 

PAAM PANI Method 2 [114, 122] 

PAAM  PPy Method 2 [109, 122-124] 

Hydrolyzed-collagen PANI Method 2 [107] 

Agarose PPy Method 2 [110] 

Poly(2-hydroxyethyl 

methacrylate) (pHEMA) 

PPy Method 2 [125-127] 

Alginate PPy Method 2 [81] 

GelMA PPy Method 2 [128] 

 

2.6.1.2 Fabrication of pure CPH 

With an interpenetrating CPH, the hydrogel serves as a template for selective patterning and 

fabrication of the final product. Yet, the presence of the non-conducting hydrogel components 

limits the electrical conductivity and electrochemical performance of the resulting CPHs [82, 

98]. The conductivity of CPHs can be enhanced by the addition of conducting nano-fillers such 

as metal nanoparticles, graphene, and carbon nanotubes. However, the dispersion of metallic 
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particles results in cytotoxicity, instability, and non-homogenous mechanical and electrical 

properties. These factors contribute towards technical challenges in the fabrication of CPHs 

with desirable electrochemical properties [116, 129]. In view of all these challenges, some 

researchers have explored the fabrication of CPHs without the use of a separate hydrogel 

supporting network – where the CP itself forms a hydrogel network. The most common method 

for the fabrication of pure CPHs is the self-assembly and introduction of crosslinking moieties 

which act as both a gelator and a dopant [116, 130, 131]. For example, Pan et al. demonstrated 

the fabrication of single component PANI hydrogels by using phytic acid as a dopant and 

gelator. The gelation mechanism of PANI is shown in Figure 2.5a. The phytic acid protonates 

the nitrogen groups present in the PANI structure and crosslinks with more than one PANI 

chain resulting in the formation of a mesh-like structure. The surface morphology of the porous 

structure of PANI was visualised using scanning electron microscopy (SEM) images. These 

showed a foam-like nanostructure with an interconnected network of nanofibers and pore size 

ranging from 60 to 100 nm (Figure 2.5b and 2.5c). The PANI hydrogels possessed a 

conductivity value of 0.11 S/cm (wet hydrogels), 0.23 S/cm (dried hydrogels) and 83% 

capacitance retention after 10,000 cyclic voltammetry (CV) cycles. They were able to function 

as an active component of a glucose sensor [116]. The pure CPH offered scalability in the 

processing and enabled ink-jet printing or micro-patterning by spray coating (Figure 2.4c). The 

highly porous nature and electrochemical stability of PANI hydrogel provides an opportunity 

to explore this material for drug delivery applications. 
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Figure 2.5: a) Schematic illustration of the synthesis of pure PANI hydrogel by using phytic acid as a 

dopant and gelator. b) SEM image of a dehydrated PANI hydrogel showing the porous network. c) SEM 

image of PANI hydrogel at higher magnification showing the PANI nanofibers. Reproduced with 

permission from reference [116]. 

The fabrication of a pure CPH formed from PEDOT:PSS has been recently reported [117, 129]. 

Yao et al. achieved this pure CPH by thermally treating (at 90°C) a commercial PEDOT: PSS 

suspension (PH1000) with sulphuric acid to remove excess PSS, reporting a conductivity of 

around 8.8 S/cm and more than 95% water content. The excellent processability and shear 

thinning property of the PH1000 suspension enabled the fabrication of CPH in different 

geometric shapes, films and fibres (Figure 2.4d) [117]. Yet despite the favourable mechanical 

and electrical properties, the presence of concentrated sulphuric acid renders the CPH 

unsuitable for in vivo applications. Interestingly, Lu et al. have described the fabrication of 

PEDOT:PSS nanofibrils without the sulphuric acid. Nanofibrils were prepared by treating an 

aqueous solution of PEDOT:PSS with dimethyl sulphoxide (DMSO) followed by dry 

annealing and rehydration [129]. The resulting CPH exhibited an electrical conductivity of 20 
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S/cm in phosphate buffer saline (PBS) and 40 S/cm in water. Upon characterisation, this CPH 

had a Young’s modulus of ~2 MPa, high stretchability and displayed mechanical and electrical 

stability over 3 months and also showed electrochemical stability over 20,000 charging and 

discharging cycle [129]. Zhang et al. proposed an injectable hydrogel of PEDOT:PSS by using 

the secondary dopant 4-dodecylbenzene sulphonic acid (DBSA). Although the conductivity of 

the injectable PEDOT:PSS hydrogel (~0.1 S/cm) was lower than thin films of PEDOT: PSS 

(>1 S/cm), it may still be suitable for use as a platform for electrically tuneable drug delivery 

in the future. Moreover, the Young’s modulus of the reported hydrogel was ~1 KPa, and that 

of the most biological tissues varies from 1 to 100 KPa making the injectable PEDOT:PSS 

hydrogel mechanically compatible with most of the biological tissues in the body [132].  

2.6.2 Adhesion of CPH materials to the electrode surface 

For a CPH drug delivery system to be clinically utilised, it needs to be incorporated within an 

implantable medical device. To date, CPH coatings have been used to deliver anti-

inflammatories and nerve growth factors (NGFs) from neural implant coatings [13, 19]. In the 

case of electrically triggered medical devices, the architecture typically be consisting of metal 

electrodes (silicon, gold, titanium, and platinum) to which the CPH must be adhered. Hence, 

adhesion of the CPH to the electrode surface is an important factor to consider during 

fabrication. Importantly, the CPH coating containing the drug interfaces with both the metal 

electrodes and biological tissues. Along with CPH-tissue interfaces, the CPH-device interface 

is crucial to achieving long-term performance and stability of the implants [111]. Non-adherent 

or weak bonding of CPH coatings to the electrode surface is one of the major issues resulting 

in the delamination and failure of device and systems [27, 28]. The unique physical and 

mechanical properties of hydrogels, such as a low elastic modulus and high water content, 

makes it challenging to adhere hydrogels to the underlying metal electrode [82]. Also, the 

actuation of CP results in the high shear stress at the CP/electrode interface, which causes 



Chapter 2: Literature Review 

23 

 

delamination of CP. Liu et al. have stated that the roughening of electrodes could be an 

approach to improve the adhesion between the substrate and the coating [133]. In addition, the 

type of dopant ions used could influence adhesion with studies showing a difference in 

adhesion with the underlying electrode between para-toluene sulfonate (pTS) and PSS doped 

PEDOT. Specifically, it was found that PEDOT/pTS had greater adherence to the underlying 

substrate compared to PEDOT/PSS [134]. Cheong et al. adhered a CPH consisting of 

PVA/heparin/PEDOT through the polymerisation of a pre-layer of PEDOT/pTS. This 

improved the adhesion of hydrogel through mechanical interlocking because of a rough CP 

morphology attributed to the PEDOT/pTS adhesion layer [134, 135]. 

Gold and platinum are commonly used electrode substrate materials for neural implant 

applications. The chemical bonding of hydrogels on the gold surface utilises thiol chemistry, a 

useful and effective tool for surface modification and polymer functionalisation. Self-

assembled monolayers (SAMs) of thiols on gold surfaces have been used for the study of the 

self-assembly of organic molecules on metal surfaces [136]. SAMs based on gold thiol 

interactions have found applications in chemistry, physics, pharmaceutical engineering and 

material science [137]. The strength of gold-sulphur (Au-S) bond formed between thiols and 

gold surfaces provides the basis to fabricate robust SAMs for various applications. He et al. 

reported the covalent anchoring of polymeric hydrogel poly(ethylene glycol)diacrylate 

(PEGDA) on a gold surface [138]. The covalent bonds were achieved by the introduction of 

self-assembled monolayers of cysteamine on the gold surface followed by Michael addition 

reaction between cysteamine and PEGDA (Figure 2.6a). The hydrogel coating was intact even 

after immersion in distilled water for a month and after 30 CV cycles [128]. Similarly, Tan et 

al. described the covalent bonding of GelMA hydrogels onto a gold electrode surface by 

introducing thiol bonds with the use of two different thiols: Dithiothreitol and Dodecanethiol 

[128]. GelMA was then infiltrated with PPy through electrochemical polymerisation. The 
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mechanical stability of the GelMA/PPy was investigated using the ultrasonication technique 

(40 kHz, 80 W, 0.5 h) and covalently bonded coating showed greater stability compared to 

non-thiol assembled coating.  

Yuk et al. have designed a strategy to covalently anchor hydrogels on a variety of solid surfaces 

such as glass, silicon, titanium, aluminium and mica ceramic. This is achieved through the 

silanation of these surfaces [139]. The surface of the materials mentioned above was modified 

using 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) followed by the covalent 

crosslinking of the long-chain polymer network of PEGDA or PAAM on the modified surface 

(Figure 2.6b). Additionally, robust interfacial adhesion of hydrogels has been achieved with 

materials such as polyimide [140] and iridium oxide (IrOx) substrate [28]. The covalent 

anchoring of polymer chains on metal surfaces provides robust adhesion of hydrogels, which 

can enhance the long-term stability of the electrically responsive implantable or transdermal 

drug delivery (TDD) device.   
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Figure 2.6: Schematic presentation of covalent attachment of hydrogels on the electrode surfaces. a) 

The chemical bonding of PEGDA achieved by crosslinking with cysteamine grafted on a gold electrode. 

b) The chemical bonding of hydrogel (PEGDA/PAAM) achieved by crosslinking with functional 

silanes grafted on the solid surfaces 

2.6.3 Properties of Conducting polymer hydrogels 

The main applications of CPHs for electrically responsive drug delivery are implantable or 

TDD systems. Successful translation of these materials to the in vivo environment requires 

consideration of the surface morphology, physical properties, mechanical properties, electrical 

properties and biocompatibility. CPHs are fabricated from two materials with different physical 

and mechanical properties. Hence, this presents several challenges when it comes to describing 

the properties of these hybrid materials. CPH characterisation involves assessing the individual 

properties as well as the impact both components have on the final product.  
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2.6.3.1 Surface morphology 

The surface morphology of CPHs is usually investigated by using techniques such as scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force 

microscopy (AFM). Morphological characterisation provides crucial information regarding the 

surface of the CPH (rough or smooth), size and shape of the pores in the microstructure of 

CPHs, interconnected structures, the distribution of CP within the hydrogel and CP 

morphology [114, 141, 142]. Surface roughness of the electrode material influences cell 

adhesion and tissue integration. Higher surface area of the electrode corresponds to the more 

efficient charge transfer between the biological tissue and drug delivery device [143, 144]. The 

pore size of a hydrogel scaffold controls the diffusion of drugs through the hydrogel by 

controlling the steric interactions between the drug and the polymer network of the hydrogel. 

When the drug molecules are smaller than the pore size of the hydrogel they are able to migrate 

freely through the hydrogel scaffold and drug release is largely independent of the pore size. 

However, drugs larger than the pore size are strongly influenced by changes in pore size [145]. 

Electrochemically polymerised CPs usually show a rough surface morphology. For example, 

PPy films show multiple small rounded projections commonly referred to as a ‘cauliflower’-

like morphology [146]. Similarly, PEDOT films also shows a rough surface morphology [54, 

147]. SEM has been used to show the surface morphology of CPs but the addition of the 

hydrogel component in CPHs limits the effectiveness of this technique. As SEM can only be 

used for dry samples, CPHs are either lyophilised or dried before SEM imaging, leading to the 

collapse of pore structures, and may show an alteration or presence of artefacts in the surface 

morphology. Various literature reports show the surface morphology of CPHs such as 

PAAM/PPy [141], GelMA/PEDOT [102] and PAAM/PANI [103]. SEM analysis of a PAAM 

hydrogel and PAAM/PPy CPH hybrid containing the drug risperidone showed the porous 
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structure of the hydrogel and interconnected channels, as well as the electrochemical 

polymerisation of PPy inside the hydrogel (Figure 2.7a-b) [141].  

 

Figure 2.7: Surface morphology of PAAM/PPy CPH. a) SEM image of freeze-dried PAAM hydrogel 

showing the porous structure. b) SEM image of PAAM/PPy showing polymerisation of PPy inside the 

PAAM hydrogels loaded with risperidone. c) AFM image of PAAM hydrogel showing porous surface 

with a pore size of 50-60 nm. d) AFM image of PAAM/PPy showing polymerisation of PPy through 

the PAAM hydrogels. Reprinted with permission of RSC, from reference [141]. 

TEM has been used to show the surface morphology of CPHs [103, 116]. Martinez et al. 

investigated the surface morphology of PAAM/PANI hybrids loaded with amoxicillin using 

TEM, observing an interpenetrating network of PANI with random orientation throughout the 

PAAM network [103]. Similar to SEM, this technique also requires dry CPH samples rather 

than hydrated ones. However, a technique which can analyse hydrated samples of CPHs, or 

hydrogels will give more useful information on the material characteristics for in-vivo 

applications. 
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AFM can be used to examine hydrated materials. It can determine surface porosity, surface 

roughness and the mechanics of CPH hybrids. The use of AFM has been reported for the 

characterisation of PAAM/PANI [114] and PAAM/PPy [141]. AFM imaging of an 

interpenetrating PAAM/PPy prepared through electrochemical polymerisation of PPy showed 

detailed surface morphology. The PAAM hydrogel demonstrated a porous surface with a pore 

size of 50-60 nm (Figure 2.7c) [141]. The polymerisation of PPy in the pores of the PAAM 

hydrogels was indicated by AFM through surface roughness measurements, with roughness 

increasing as polymerisation of PPy progressed (Figure 2.7d). Thus, AFM can be used as a 

complementary technique in addition to other surface morphology techniques such as SEM or 

TEM to obtain finer details of the CPHs in the hydrated state. 

2.6.3.2 Physical and mechanical characterisation 

CPHs with tissue-like mechanical properties minimise the biomechanical disparity at the 

tissue-electrode interface and attenuate the inflammatory response [82]. Mechanically robust 

CPH hybrids are an integral part of implantable drug delivery applications. As previously 

mentioned, the high-water content in the hydrogels leads to poor mechanical properties. 

Specifically, they possess a relatively low strength compared to other polymeric materials. The 

mechanical strength of a covalently bonded hydrogel is greater compared to the hydrogels 

produced by hydrogen bonding and weaker Van der Waals forces. However, it also depends 

on the cross-linking density and gel morphology [148]. Commonly used parameters to assess 

the physical and mechanical properties of hydrogels for drug delivery applications are swelling 

ratio, compressive and tensile strength, diffusivity or mesh size [27, 149]. Yet, it is challenging 

to characterise bulk CPHs and CPH coatings on metal electrodes by these approaches. For 

instance, compared to the bulk CPH, it is difficult to measure the compressive and tensile 

strength of a thin CPH coating adhered to a metal electrode. In addition, the homogenous 
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integration of CP within the hydrogel network is required to achieve homogeneity in the 

mechanical properties of the CPH hybrid material. 

The swelling ratio of the hydrogel influences the mechanical properties, as well as drug 

loading, molecular diffusion through the hydrogel, and integration of hydrogel with 

surrounding tissues due to change in the pore size with increase in the swelling [150, 151]. The 

swelling of a CPH hybrid is affected by the amount of CP component in the hydrogel and is 

also affected by the application of the electrical field. Pourjavadi et al. fabricated 

PANI/hydrolysed collagen CPH hybrids and demonstrated that the swelling ratio of the CPH 

was dependent upon the amount of PANI in the hydrogel and application of the electric field. 

The oxidation state of the CP can influence the swelling of the CPH material [107]. Similarly, 

Annabi et al. reported reduced swelling ratio of GelMA/PEDOT hybrid material with an 

increase in PEDOT: PSS concentration [106]. More details on the calculation of swelling ratio 

and measurement of mesh/pore size of the hydrogel can be found in the detailed review by 

Green et al. [27]. The mechanical strength of the hydrogels decreases with an increase in the 

water absorption, and the addition of CP reduces the water absorption. This therefore leads to 

an increase in the mechanical strength of the hydrogels. Various research articles have 

demonstrated the fabrication of mechanically robust CPH hybrids by using an interpenetrating 

network of CPs, serving as the second polymer network [152]. Dai et al. reported the fabrication 

of mechanically robust CPH hybrids consisting of PAAM and PEDOT/PSS. The CPH hybrid 

exhibited compressive stress in MPa range and a compressive strain of more than 90% even 

with 85 wt% water content [153]. 
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2.6.3.3 Electrochemical properties 

Electrochemical conductivity, cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) are techniques commonly used to measure the electrochemical activity of 

a CPH material. CPs are organic polymers with electrical, electrochemical, magnetic and 

optical properties similar to metals. These similarities are due to the presence of -conjugated 

backbone in the CP structure [54, 87]. Specifically, the delocalisation of -bonded electrons is 

the basis behind the conductivity of CPs. The conductivity of CPs relies on the incorporation 

of various ionic dopants within their structure which oxidise (p-doping) or reduce (n-doping) 

the CP chain by removal or addition of electrons. The ionic doping results in the formation of 

free radicals and pairing of the free radicals and dopants form the polarons and bipolarons 

[154].  

The electrochemical conductivity of the CPH materials is an essential prerequisite for any 

electrically responsive drug delivery device. The conductivity of most hydrogels is below 0.01 

S/cm, which is mainly due to the ionic conductivity of the electrolyte solution. In contrast, 

CPHs are electrically conductive due to the presence of the CP network, depending upon the 

density and mobility of the electrons in the CP component [54]. Highly conductive CPH 

materials are desired for the fabrication of an electrically responsive drug delivery device. High 

conductivity of CPH ensures stimulation of the device can be achieved without causing damage 

to the tissue surrounding the device by increasing the charge injection limit [92]. The 

conductivity of the CPHs is measured using a two-point or four-point probe, by recording the 

current for an applied voltage [116, 155, 156]. The conductivity of the most interpenetrating 

CPHs varies from 10-5 S/cm to 30 S/cm, and pure CPHs have conductivity values ranging from 

0.1 S/cm to 40 S/cm [82, 129, 157]. The conductivity of the CPH hybrid depends upon the 

content of the CP. Gan et al. reported an increase in the conductivity of PAAM/chitosan 
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hydrogels upon addition of PPy. The conductivity of the CPH reached to a maximum value of 

30 S/cm at PPy concentration of 20 v/v% [155].  

The reversible electroactivity of a CPH hybrid can be determined by using CV within the 

materials water window (positive and negative potential values outside which oxidation and 

reduction of water occur).  CV investigates the reversible electroactivity of the CPH across the 

oxidation and reduction cycles. The charge storage capacity (CSC) of the CPH is determined 

by the size of redox peaks obtained from the CV cycle. It is calculated by the integration of a 

current/time curve of a CV cycle and measures the total amount of charge available for 

stimulation during the scan [22]. The higher the CSC of the CPH, more current will pass 

through the material in response to a particular voltage stimulation, enabling more efficient and 

controlled drug release [158]. The addition of CP to the hydrogel component increases the CSC 

of the hydrogel. Kim et al. reported a CSC (560 mC/cm2) three times higher for alginate/PPy 

hybrid materials compared to PPy/PSS (186 mC/cm2) [81, 159]. Similarly, Martin et al. tested 

the CSC of a drug delivery device consisting of layered PEDOT nanotubes coated with alginate 

hydrogels, with an additional layer of PEDOT (223 mC/cm2). This group observed a significant 

increase in the CSC compared to PEDOT nanotubes (112 mC/cm2). The presence of the 

hydrogel increases the surface area and thus increases the CSC of CP coated electrodes [13, 

81]. Most of the CPH hybrids for drug delivery are reported to have reversible electroactivity 

for a small number of CV cycles. However, only a few reports are available on long-term 

electrochemical stability data of CPH hybrids. Electrochemical stability of an electroactive 

material is determined by multiple CV cycles, and electroactivity is assessed by the CSC. A 

constant redox peak size over repeated CV cycles indicates the material is electrochemically 

stable, whilst a reduced peak size indicates electrochemical degradation over time. Kleber et 

al. demonstrated the electrochemical stability and long-term performance of 

PDMAAP/PEDOT by 1000 CV cycles in PBS. The CPH exhibited a CSC 2.5 times higher 
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compared to the hydrogel alone [28]. Similarly, Pan et al. reported an electrochemically stable 

PANI hydrogel on the electrode surface by showing almost 91% capacitance retention after 

5000 CV cycles and 83% retention after 10,000 CV cycles. The long-term stability of PANI 

hydrogels prepared using phytic acid as a gelator and dopant confirms the advantages of highly 

porous and interconnected structures that can show repeated swelling and shrinkage of the 

hybrid material over repeated CV cycling [116]. 

EIS is an important characterisation technique to determine the charge transfer characteristics 

across a wide range of frequencies [27]. EIS measurements have been mainly reported for 

microelectrodes intended for neural stimulation and drug delivery applications, with more 

studies required for CPH materials intended for drug delivery. EIS is obtained as a function of 

the applied waveform frequency and is represented as a Bode or Nyquist plot. The frequency-

dependent nature of neuronal electrical signals requires the EIS measurements to be recorded 

across a wide range of frequencies. This will help to understand the charge transfer process at 

the CPH hybrid and electrolyte interface. For electrically responsive drug delivery applications, 

it is useful to determine the impedance at the frequency of electrical stimulation used to trigger 

the release of the drug. Impedance values at this frequency can give indications of power 

requirements of the device and the long-term electrical stability at the required frequency. CP 

coatings have been utilised to increase the electrochemical surface area of the electrodes. This 

increases the available charge transfer area on the electrode and reduces impedance [22, 160]. 

PEDOT coatings on conventional electrodes have resulted in reduced impedance by two orders 

of magnitude compared to the traditional metal electrode [161]. Various reports have confirmed 

a decrease in the impedance with CPH coatings. These have significantly larger 

electrochemical surface area compared to the CP coatings [13, 81]. PPy/PSS grown in an 

alginate scaffold had a much lower impedance of 7 KΩ compared to 120 KΩ for PPy/PSS film 

[81]. Other reports demonstrate how CPH coatings result in a reduction of impedance by one 
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order of magnitude compared to the bare hydrogel in the low-frequency ranges (<10 Hz), but 

no significant difference was observed between the CPH coatings and PEDOT/PSS coatings 

[28].  

2.6.3.4 Biocompatibility  

For successful integration of CPHs onto implantable drug delivery devices, the materials must 

be biocompatible. In vitro and in vivo studies are required to demonstrate the long-term 

performance of these materials and their impact on surrounding tissues. Hydrogel coatings with 

mechanical properties similar to biological tissues have improved the biocompatibility of 

neural implants by reducing the neuroinflammatory responses. Hydrogel coatings such as 

poly(vinyl alcohol) (PVA) [92], poly(ethylene glycol) (PEG) [162] around conventional 

implant materials were found to reduce in vivo scarring and neuronal cell loss. This was due to 

micromotion between the implant and the tissues which lowered local strain. Hydrogel coatings 

in neural implants promote cellular integration can provide a scaffold for drug delivery and 

also creates a mechanical buffer between tissues and electrode materials [163, 164]. Care 

should be taken that with thicker hydrogels these coatings often result in a loss in the neuronal 

recordings due to an increase in the distance between the cell and recording electrode. 

However, this can be restored by the addition of CPs within the hydrogel matrix [91]. 

CPs such as PPy and PEDOT have demonstrated favourable reactive tissue responses through 

enhanced integration and signalling of neural response, negligible toxicity across various cell 

types such as neural cells [165-167], peritoneum cells [168], and glial cells [169]. Different 

CPH materials have been reported for the drug delivery and neural implants applications 

demonstrating the biocompatibility of the CPH hybrids. Kim at el. reported in-vivo 

biocompatibility of PEDOT/alginate hybrids improved the long-term performance of neural 

electrodes in Guinea pigs [91]. PEDOT/alginate hybrid materials loaded with BDNF showed 
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non-cytotoxicity and a practical and clinically relevant cochlear implant coating in both in-vivo 

and in-vitro experiments [19]. Table 2.2 shows the published studies assessing the 

biocompatibility of the CPHs. 
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Table 2.2: Summary of biocompatibility studies of CPHs  

CPH Results of biocompatibility study Reference 

Quaternised chitosan(QCS)/PANI with 

oxidised dextran (Odex) as cross-linker 

QCS-Odex hydrogel itself showed no significant increase in the proliferation of C2C12 

cells compared to the carboxymethyl chitosan/Odex hydrogel (non-cytotoxic, control). 

The addition of PANI in the QCS polymer decreased the cytotoxicity of the QCS and 

increased its cytocompatibility. CPH with increased PANI content in the QCS polymer 

showed higher proliferation of C2C12 myoblast cells. Live cells in the CPH group 

showed spindle like morphology similarto the control group. 

[118] 

PVA-heparin/PEDOT CPH hybrid supported PC12 cell adhesion and differentiation. CPH with 1-2 wt% of 

either gelatin or sericin provided better cell density and neurite outgrowth compared to 

the CPH without these biomolecules. 

[135] 

PAAM/PPy PAAM/PPy hybrids were assessed for in vitro cytotoxicity with hepG2 and C6 glioma 

cell lines, and the viability of these cells was not affected in the presence of PPy/PAAM 

hybrids. 

[141] 

PAAM/PANI In vitro cytotoxicity studies of PAAM/PANI hybrids on subcutaneous mouse tissue 

showed more than 80% cell viability indicating minimal cytotoxicity. 

[103] 
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CPH Results of biocompatibility study Reference 

GelMA/PEDOT In vitro cytotoxicity was assessed by the proliferation of L929 cell lines seeded onto 

the CPH hybrid and showed more than 99% cell viability. 

[102] 

Collagen/PANI Cytotoxicity of CPH hybrid was measured by MTT assay and results showed cell 

viability above 80%. 

[107] 

PDMAAP/PEDOT Cytotoxicity of the CPH hybrid was measured by green fluorescence in the 

neuroblastoma cell line SH-SY5Y, and cell viability was obtained using Alamar blue 

assay. Fluorescent images showed the presence of viable cells on the hybrid materials 

even after 96 hours, and Alamar assay confirmed non-toxicity of the 

PDMAAP/PEDOT. However, cell density could not be calculated from the images. 

[170] 
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2.6.4 Mechanisms of drug loading and release  

CPHs can be loaded with drugs either through electrostatic interactions with the CP component 

or through chemical or electrostatic interactions within pores of hydrated hydrogel network [6, 

171]. The presence of the hydrogel network allows a relatively large amount of drug, including 

macromolecules, to be loaded. This would otherwise not be possible with straight CP systems. 

Regardless of how the drug is loaded, the CP component of the hybrid material allows 

electrochemical control of drug release enabling electrically tuneable or on-demand drug 

delivery [27]. CPs can be oxidised or reduced in a reversible manner. This involves charging 

and discharging of the polymer, along with the movement of hydrated ions in and out of the 

bulk (Figure 2.8) [16, 53, 54].  

2.6.4.1 Mechanisms of drug loading  

Two different methods of drug loading into CPHs have been described in the literature (Table 

3): (i) passive loading of the drug into the hydrated hydrogel network [102, 107, 114, 172] and 

(ii) active loading of the drug as a dopant ion in the CP component [111]. 

Passive loading is the most widely used approach to load a range of drugs with different sizes 

and charges into the CPHs. In this method, the fabricated CPHs are dehydrated and soaked into 

the drug solution for at least 12 hours. The passive loading of the drug into the CPH is 

facilitated by the swelling of the hydrogel network. The loading efficiency of drugs increases 

with an increase in loading time, eventually leading to saturation [111]. In some cases, drugs 

are mixed with the hydrogel and CP precursors, entrapping the drug within the CPH network 

[90, 156]. Passive loading has demonstrated successful integration of cationic, anionic and 

neutral drugs with a range of sizes in the CPH networks [107, 109, 114, 142, 173]. Luiz et al. 

reported the loading of a cationic dye, safranin (molecular weight = 350.85 g/mol) as a model 

drug in the semi-interpenetrating network consisting of PANI and PAAM. The distribution of 
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CP inside the hydrogel plays a vital role in the drug loading as the empty channels and spaces 

of the hydrogel can be loaded with the drug [114]. This group also explored the loading of this 

cationic model drug in a PAAM/PPy hybrid network, as it opened the possibility of using this 

material at a neutral pH. This would not be possible with PANI, as the electroactivity is limited 

to acidic solution [109]. The drug was passively loaded into the CPH network by soaking the 

CPH blends in safranin aqueous solution for 24 hours. The drug remained inside the CPH blend 

due to the hydrogen bonding between safranin and the PAAM/PPy combination [109]. Anionic 

drugs such as dexamethasone and fluorescein have been passively loaded into the 

PDMAAP/PEDOT by soaking the CPH in the drug solution for at least 12 hours [111]. 

Similarly, the non-ionic drug hydrocortisone, was passively loaded into CPH containing PANI, 

and modified collagen, with an entrapment efficiency of approximately 59% to 74% [107].  

Active loading of drugs in the CPH requires incorporation of drug as a dopant ion (anion or 

cation) in the CP component either during or post electrochemical polymerisation. Drugs can 

be loaded into the CPs depending upon the size and charge of drug molecule. For instance, 

small anionic drugs can be loaded through one-step process, as dopants during the 

polymerisation due to electrostatic interactions between negatively charged drugs and 

positively charged CP radicals [174] . Not all anionic drugs are efficient dopants supporting 

polymerisation, anionic drugs that interfere in the polymerisation process can be loaded by a 

three-step method, where the CP is first polymerised using an ideal dopant molecule, followed 

by reduction to flush out the dopant molecule and subsequent oxidation to load the anionic 

drug [174, 175] . Cationic drugs are loaded into the CP by polymerisation of CP by using a 

large anionic dopant which is immobilised in the CP during synthesis followed by reduction of 

CP, which attracts the positively charged drug to neutralise the charge in the CP [176, 177]. 

Active loading and release mechanisms of different drug in CP films have been discussed in 

detailed in reviews by Svirskis et al., Puiggali-Jou et al., and Tandon et al. [53, 54, 57]. 
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Although a wide range of drugs have been actively loaded in the CPs [16, 59, 175, 178-181], 

only one report shows the active loading of drug in the CP component of the CPH. Kleber et 

al. demonstrated the loading of fluorescein and dexamethasone in the PDMAAP/PEDOT 

coating in a two-step process. Initially, both the drugs were passively loaded into the CPH 

network by immersing in the aqueous solutions of respective drugs for 12 hours. This resulted 

in the swelling of the hydrogel component. Next, the passively loaded samples were transferred 

to the electrochemical cell to actively load the drugs by application of a constant potential of 

0.6 V vs Ag/AgCl reference electrode for 10 minutes or a charge cut-off at 87.6 mC/cm2 [111]. 

2.6.4.2 Mechanisms of drug release 

The drug release from a CPH can be affected by the method of drug loading (passive or active 

loading). Regardless of the method of drug loading used, the CPH devices show a combination 

of the passive or on-demand release of the drug. Passive release of a drug through an 

electrically responsive drug delivery system may be undesirable. Thus, efforts have been made 

to minimise the passive release of a drug through a CPH. As the purpose of the stimuli-triggered 

drug delivery, controllable electrical stimulation is designed to play an essential role in the 

active release of molecules from the CPH hybrids, by influencing the charge of the CP 

component. The resulting movement of hydrated ions alters pore size and the volume of the 

interpenetrating hydrogels. The release of a drug through a CPH is also dependent upon the 

degree of cross-linking, polymeric ratio and the drug content. Also, the study of the rate of 

erosion of the CPH hybrids is an essential factor in the designing of drug delivery devices. 

Erosion rate of the CPH hybrid depends on the degree of cross-linking and the concentration 

of CP in the hydrogel [90]. Few studies have reported a higher erosion rate of CPHs with an 

increase in the amount of CP [90, 106]. 
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Passively loaded drugs tend to entrap inside the pores of the CPH hybrids. Their release is 

governed by passive diffusion and can be influenced by electrical stimulation. Specifically, 

drugs entrapped in the pores of CPH can be released by an electrically driven increase in the 

pore size. The expansion and contraction of CPs depends upon its oxidation state, which results 

in a change in the pore size of the CPH network. Oxidation of the CP creates an influx of 

positive charges into the CP chain, causing the expansion of CP. The hydrogel network also 

expands along with CP due to its elasticity, increasing the volume and pore size of the CPH 

hybrid. It is evident that the electromechanical properties of the CP and hydrogel network 

drives the actuation of the CPH for the controlled release. Swelling and collapse of the CPHs 

upon electrical stimulation provides an on-off switching system for the release of a desired 

amount of drug (Figure 2.8a). In addition, switching the redox state of the CP component can 

result in liquid movement into and out of the CPH as the structure expands or contracts. 

Using an electrical trigger to release drugs entrapped in the pores of CPH is independent of the 

charge on the drug molecule [114, 172]. The release of a drug through CPH also relies on the 

interaction of drug molecules with the hydrogel material. If a drug interacts with the hydrogel 

scaffolds through hydrogen bonding or Van der Waals forces, the rate of drug release will slow. 

However, the application of an electrical stimulus changes the pore size and can speed up the 

release of the biomolecules [107]. 

Electrically stimulated release of actively loaded drugs is associated with the electric field-

driven migration of charged molecules/drugs to the electrode of opposite charge and the change 

in the overall net charge within the polymer upon application of positive or negative potential 

(Figure 2.8b and c) [182, 183]. Drugs loaded into the CP component of the CPH hybrids by 

primary or secondary dopant can be delivered by application of external electrical potentials 

such as constant potential or current for a specified period and CV [16, 18, 184]. Continuous 

cycling of a CPH causes the CP to switch between the oxidised and reduced states, resulting in 
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a change in volume and pore size and ultimately causing expansion and contraction of CP 

networks. This type of actuation is the most effective method to control the release of the 

dopant biomolecules from the CP components as it expels electrolytes and dopants out of the 

CP [64]. However, the release of a drug from CPH is also governed by the diffusion in addition 

to the electric field-driven migration of charges molecules. Once a drug is released from the 

CP structures, it might stay in the hydrogel network before being released in the surrounding 

media by diffusion. 

 

Figure 2.8: Schematic representation of mechanism of drug release from a CPH hybrid. a) Control over 

release of drug loaded passively into the hydrated hydrogel network is achieved by redox dependent 

changes in volume and pore size of a CPH network, with an increase in pore size correlating to an 

increase in release rates.  b) Control over release of an anionic drug is achieved though electrostatic 

interactions with greater release observed from the reduced state. c) Control over release of a cationic 

drug is achieved though electrostatic interactions, with greater release observed from the oxidised state. 

Note that in b) and c), unlike straight CPs, drug released from the CP component must diffuse through 

the hydrogel network before leaving the CPH. Reproduced from reference [26]. Copyright 2020 

Elsevier. 
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2.6.5 Applications of CPHs in drug delivery 

Considering the intended application, various formats of drug delivery devices capable of on-

demand release have been described. CPHs have been explored as coatings for neural implants 

with the ability to deliver anti-inflammatories, TDD systems, and injectable CPHs (Table 2.3). 

Here, we have discussed various electrically responsive drug delivery applications of CPHs. 

Table 2.3: Applications of CPH in drug delivery 

Applications of CPH Drug Delivered Reference 

Electrically tuneable on-demand drug 

delivery 

Hydrocortisone 

Salicylic acid 

Safranin 

Tetracycline 

Dexamethasone 

Indomethacin 

Ibuprofen 

[107] 

[185] 

[114] 

[172] 

[186] 

[90] 

[142] 

Neural implants for drug delivery 

 

Dexamethasone 

Brain-derived neurotrophic 

factor (BDNF) 

[13] 

[19] 

Transdermal drug delivery Benzoic acid 

5-flourouracil 

[156] 

[102] 

Injectable CPHs Amoxicillin 

Ibuprofen 

[187] 

[187] 
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2.6.6 Electrically tuneable on-demand drug delivery 

CPHs have been explored for the electrically tuneable release of various drugs, including anti-

inflammatory [13], antibiotic [103, 172] and anti-cancer agents [188] (Table 2.4). Lira et al. 

have demonstrated the electrically controlled release of a cationic model drug (safranin), 

anionic model drug (pyrocatechol violet) and a neutral drug (tetracycline) from a semi-

interpenetrating CPH comprised of PAAM/PANI [172]. Compared to when the CP component 

was in the reduced state, oxidation of the CPH showed an increase in the rate of drug release 

[107, 114, 172]. Tetracycline release from a PAAM/PANI network was moderately decreased 

when the CPH was maintained in a reduced state at -0.2 V (0.035 µmol) compared to the release 

at open circuit potential when PANI is a semi-oxidised state (0.045 µmol). The passive release 

of the drug from the CPH finished at 450 minutes, after which the potential was switched from 

-0.2 V to +0.4 V and +0.6 V. This resulted in a rise of the amount of tetracycline released to 

0.052 µmol (Figure 2.9a) [172]. Similarly, Pourjavadi et al. demonstrated that the amount of 

drug released from the CPH hybrid is dependent on the strength and the duration of electrical 

stimulation. Polycaprolactone (PCL) modified collagen/PANI CPH released only 40% of 

hydrocortisone through the swelling of the hydrogel without any electrical stimulation. 

However, the application of a constant potential of 3V destroyed the hydrogel network, 

resulting in 90% drug release. At the same time, an electrical stimulus of 3 V applied for one 

minute resulted in a 60% drug release by one hour (Figure 2.9b). A stimulus of 1.5 V applied 

for three minutes showed more controlled drug release almost 100% drug release within one 

hour [107]. 

Perez-Martinez et al. reported the electrically triggered release of amoxicillin from 

PAAM/PANI interpenetrating hydrogels by first loading amoxicillin in the chemically 

synthesized PANI nanofibers. This was followed by the incorporation of drug-loaded 

nanofibers in the hydrogel network. The electrically triggered release of amoxicillin from 
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PAAM/PANI CPH was triggered by the application of negative potentials. This led to the mass 

transport from PANI to the electrolyte, causing the contraction of the polymer and the release 

of amoxicillin from the CPH material [103]. Figure 2.9c shows the active release of amoxicillin 

upon application of different constant potentials ranging from -3 V to -5 V. But at the same 

time, a drug-loaded into the hydrogel component of PAAM/PANI CPH can be released by the 

oxidation of the CPH network [172]. This illustrates how the mechanism of drug release may 

vary depending upon the method of drug loading. Asplund et al. have recently shown the 

actively triggered release of the anionic molecules, fluorescein and dexamethasone (Dex), 

through PDMAAP/PEDOT network. Unlike some earlier studies which achieved triggered 

release using electrical triggers that would likely be unsafe in a biological setting, these 

investigators used electrical triggers more physiologically compatible. An active trigger of -0.5 

V for 60 s released a significantly higher amount of fluorescein from PDMAAP/PEDOT 

membrane compared to bare PDMAAP and PEDOT/PSS coatings. The release of fluorescein 

was also explored by application of a different stimulus such as single pulses, constant potential 

and CV sweeps and showed a burst release of Fluorescein upon application of a constant 

potential (-0.5 V), however, the CV sweep showed staircase like release profile (Figure 

2.9d)[111]. The active release of dexamethasone from PDMAAP/PEDOT coatings was smaller 

in comparison to conventional PEDOT/Dex coatings, but the CPH coatings were found to be 

efficient to release the dexamethasone.  
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Figure 2.9: The electrically controlled release profile of various drugs from CPH hybrids: a) 

Tetracycline release from PANI/PAAM hybrid in OCP conditions and controlled release upon reduction 

and oxidation of PANI. Reprinted with permission from the reference [172]. Copyright 2008 Elsevier. 

b) The release of hydrocortisone from PANI/PCL modified collagen showing electrically controlled 

release upon application of electricity at 3 V for the one-minute duration, releasing almost 60% drug 

within one hour. Reprinted with permission from reference [107]. Copyright 2015 Elsevier. c) The 

staircase-like release profile of Amoxicillin at a constant potential ranging from -3 V to -5 V for a 

minute after every 30 minutes. Reprinted with permission from the reference [103]. Copyright 2016 

Elsevier. (d) Release profile of Fluorescein from PDMAAP/PEDOT network generated by the 

application of different electrical stimulus (Continuous potential, red profile, -0.5 V), a single pulse for 

the 60s (green pattern, -0.5 V for 60 s), and CV ( blue profile, three cycles ranging from -0.5 V. 

Reproduced with  permission from reference [111]. Copyright 2019 John Wiley and Sons.
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Table 2.4: Summary of electrically responsive drug delivery systems based on CPHs. 

Hydrogel  CP  Dopant/ 

oxidant 

Drug Drug loading method Drug release conditions  Ref 

Collagen PANI APS Hydrocortisone Hydrocortisone was passively loaded 

into the pores of the hydrogel network by 

soaking the CPH network in the 

hydrocortisone solution for 24 hours 

The constant potential at 

1.5 V and 3 V 

[107] 

PAAM Poly(phe

nylene 

vinylene) 

PPV 

Salicylic acid Salicylic acid Salicylic acid was loaded as a dopant ion 

in PPV followed by mixing of salicylic 

acid loaded CP with the hydrogel 

precursors. 

The constant potential 

ranging from 0.01 V to 

0.1 V 

[185] 

PAAM PANI HCl (1 Mol/L) Safranin Safranin was passively loaded into the 

pores of the hydrogel network by 

soaking the CPH network in safranin 

solution (5 mmol/L) for 24 hours 

The constant potential at -

0.1 V followed by +0.4 V, 

constant potential at -0.2 

V followed by +0.6 V 

[114] 
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Hydrogel  CP  Dopant/ 

oxidant 

Drug Drug loading method Drug release conditions  Ref 

PAAM PANI APS Amoxicillin Amoxicillin was loaded into the CP 

network by mixing with PANI 

precursors followed by mixing in the 

hydrogel 

The constant potential 

ranging from -3 V to -5 V 

for 1 min duration at 30 

min intervals 

[103] 

PAAM PANI HCl Tetracycline Tetracycline was loaded into the pores of 

hydrogel by soaking the CPH network in 

5 mmol/L tetracycline solution for 24 

hours 

The constant potential at -

0.2 V followed by +0.6 V 

[172] 

PEGDA/P

AAM 

PPy Dexamethasone 

phosphate 

sodium 

Dexamethasone Dexamethasone was actively loaded into 

PPy as a dopant ion.  

CV from -0.1 V to 0.5 V 

at a scan rate of 100 mV/s 

[186] 

PEG PEDOT PSS Cyclosporine A Cyclosporin loaded PLGA microspheres 

were prepared by oil in water 

Passive release in PBS [140] 
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Hydrogel  CP  Dopant/ 

oxidant 

Drug Drug loading method Drug release conditions  Ref 

emulsion/solvent evaporation method. 

The PEG and drug-loaded microspheres 

were coated on the polyimide electrodes 

by UV-cross-linking followed by 

electrochemical polymerisation of 

PEDOT: PSS 

Diethyl 

acetamido

malonate 

(DAA) 

crosslinke

d 

poly(vinyl 

PANI - Indomethacin Indomethacin was passively loaded into 

the pores of hydrogels by mixing it with 

the hydrogel precursors followed by 

mixing with PANI 

The constant potential 

ranging from 0.3 V to 5 V 

was applied for 1-minute 

duration for up to 4 cycles 

[90] 
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Hydrogel  CP  Dopant/ 

oxidant 

Drug Drug loading method Drug release conditions  Ref 

alcohol) 

PVA 

GelMA PEDOT PSS 5-Fluorouracil 5-Fluorouracil  was passively loaded into 

the pores of hydrogel network by 

soaking the CPH in the drug solution for 

3 days. 

The constant potential at 

+1.5 V 

[102] 

PDMAA PEDOT Sodium 4-

styrenesulfonate 

Dexamethasone Dexamethasone was actively loaded as a 

dopant ion during electrochemical 

polymerisation of PEDOT. 

The constant potential of -

0.5 V for the 60s or 5 CV 

cycles ranging from -0.5 

to 0.8 V at a scan rate of 

100 mV/s. 

[111] 
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Hydrogel  CP  Dopant/ 

oxidant 

Drug Drug loading method Drug release conditions  Ref 

PVA PEDOT Heparin NGF NGF (2 µg/mL) was loaded into the 

pores of hydrogel by mixing with the 

hydrogel precursors. 

Passive release of NGF in 

PC12 cell lines. 

[135] 

PAAM/C

hitosan 

PPy FeCl3 Dexamethasone Dexamethasone was actively loaded by 

doping in the PPy chains by electrostatic 

interactions. 

The constant potential -1 

V and -3 V 

[155] 

Pectin PEDOT APA Ibuprofen Ibuprofen was loaded into the pores of 

the hydrogels by mixing into the 

prepolymer solution of the hydrogel 

The constant potential 

ranging from 0 V to 5 V 

[142] 

Alginate PEDOT PSS Brain-derived 

neurotrophic 

factor (BDNF) 

BDNF was loaded into alginate 

hydrogels by two methods i) PLGA 

nanoparticles with BDNF were prepared 

by single oil-in-water emulsion/solvent 

Passive release of BDNF 

post-implantation in 

guinea pig 

[19] 
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Hydrogel  CP  Dopant/ 

oxidant 

Drug Drug loading method Drug release conditions  Ref 

evaporation method, followed by 

loading into the alginate hydrogel, ii) 

BDNF was passively  loaded into the 

pores of the hydrogels by soaking the 

CPH in the BDNF solution. 
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2.6.7 Neural implants for drug delivery 

Conventional metal electrodes used in neural implantable devices are frequently associated 

with poor long-term stimulation and recording performance due to poor integration of these 

devices into the living tissues [28, 143]. Material based strategies such as modification of 

implant surface by CP coating have been applied to enhance electrical signal transduction. 

Although CPs have much better flexibility compared to the conventional electrode materials, 

they have an elastic modulus in the range of 1 GPa, which is very high compared to brain tissue 

(0.5 kPa) [189]. This mechanical mismatch between brain and materials interfacing with the 

brain is associated with inflammation and scar tissue encapsulation [14]. Multiple implantable 

devices promote tissue integration by having a CP component with dopants such as laminin, or 

that are loaded with neurotrophic factors such as neurotrophin-3. Meanwhile anti-inflammatory 

agents like dexamethasone and ibuprofen have been released from CP coatings. These 

approaches reduce biotic reactions and improve the performance stability of the implants [22, 

54, 190-193].  

CPH coatings with mechanical properties similar to biological tissue can improve the 

biocompatibility of the implantable devices and neural probes by diminishing the inflammatory 

reactions at the neural probe/tissue interface. The ability of CPH coatings to incorporate 

biomolecules (i.e., anti-inflammatories and neurotrophic factors) and release these into the 

tissue surrounding the implant, promote tissue integration and reduce the neuroinflammatory 

response [19, 82]. Martin et al. reported the fabrication of dexamethasone loaded nanofibers 

encapsulated by an interpenetrating alginate/PEDOT coatings around the neural probe as 

shown in the SEM image taken after dissolving alginate coating and nanofibers (Figure 2.10a-

b). The presence of the three-dimensional coatings resulted in the increase in CSC of the 

coatings from 1.28 to 223 mC/cm2 and reduced electrode impedance at 1 kHz by two orders of 

magnitude. In addition, the CPH coatings also slowed down the release of dexamethasone and 
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reduced the burst effect [13]. PEDOT/alginate hybrid materials were found as useful coatings 

for the cochlear implant (Figure 2.10c). The CPH loaded with BDNF provided an effective, 

clinically relevant and non-cytotoxic biomaterial for cochlear implant application. The release 

of BDNF from CPH attracts spiral ganglion neurons processes into the hydrogel component 

and increasing the interaction with cochlear implant. Overall, the dual PEDOT/alginate coating 

reduced the impedance of the electrode and increased the safe charge delivering capacity [19]. 

Kim et al. reported that PPy/alginate coatings along the shanks of the probes provided a 

mechanical buffer between probe metal and the brain tissue [81].  

 

Figure 2.10: a) Interpenetrating PEDOT/alginate hybrid formed by the electrochemical polymerisation 

of EDOT monomers in the alginate hydrogels encapsulated around the neural probe. The side view 

shows the vertical growth of PEDOT through the alginate hydrogel. b) SEM images of electrode site 

after dissolving of alginate and nanofibers coatings confirming the growth of PEDOT around the 

nanofibers to form PEDOT nanotubes. Reprinted with permission from reference [13]. Copyright 2009 

John Wiley and Sons. c) Custom built cochlear implants. Implants made of bare Pt/Ir electrode, PEDOT 

coated electrode, alginate/PEDOT hybrid coating showing hydrated coating with a thickness of around 

100 µm and a thin, dehydrated alginate/PEDOT coating. Reprinted with permission from the reference 

[19]. Copyright 2012 Elsevier. 
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2.6.8 Transdermal drug delivery 

TDD is a route for the transport of drugs through the skin and into the circulation system. The 

delivery of drugs through the skin is challenging due to the lipophilic nature of the skin and is 

generally restricted to small drug molecules with a degree of lipophilicty. Recently, the 

application of CPHs for electrically responsive TDD has been demonstrated in the literature 

[102, 142, 156]. Oktay et al. investigated the potential use of GelMA/PEDOT:PSS for 

transdermal delivery of 5-fluorouracil, a drug for the treatment of skin cancer. In-vitro drug 

release performed at 1.5 V in a buffer solution with pH 5.5 to stimulate skin cancer conditions 

showed a higher release of 5-fluorouracil from CPH [102]. 5-fluorouracil is the most 

commonly used topical agent for the treatment of superficial basal cell carcinoma [194]. 

Although, justification for the electrically tuneable application of 5-fluorouracil for topical 

treatment of cancer is not clear. It is more obvious that electrically tuneable TDD applications 

could provide attractive treatment options for conditions requiring on-demand pain relief, 

addiction therapy like nicotine replacement therapy, and delivery of hormones.  

Paradee et al. explored the in-vitro release of benzoic acid (BA) from an alginate/PEDOT CPH 

using a modified Franz cell. First BA loaded nanoparticles were prepared by mixing BA with 

EDOT and APS, followed by mixing with sodium-alginate solution and ionic cross-linking 

with calcium chloride (CaCl2). PEDOT nanoparticles with various sizes and shapes were 

formed by varying the APS concentration. The study showed a rise in the amount of benzoic 

acid released, correlating with an increase in electric field potential (Figure 2.11a). The higher 

strength of electric field increased the diffusion due to the electro-repulsive forces between the 

negatively charged BA and negatively charged cathode (Figure 2.11b). Additionally, electrical 

stimulation expanded the alginate network, thereby increasing the pore size and diffusion of 

BA. The CPH with a smaller particle size of PEDOT had the highest diffusion coefficient due 
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to the high electrical conductivity exhibited by smaller PEDOT particles compared to the larger 

particles [156]. 

 

Figure 2.11: a) Amount of benzoic acid released from alginate/S-PEDOT hydrogels with PEDOT 

particle size of 71 nm at electric field potentials ranging from 0 V to 1 V, showing an increase in the 

release of benzoic acid with an increase in the strength of the electric field. b) Diffusion coefficient of 

benzoic acid from alginate/PEDOT CPHs of various particle sizes at electric potential ranging from 0 

to 1 V. Reprinted with permission from reference [156]. Copyright 2014 American Chemical Society. 

2.6.9 Injectable CPHs 

The use of injectable CPHs, by in situ-gelling, can help to avoid invasive surgeries and offer 

new avenues for the management and treatment of chronic diseases. To date, few reports in the 

literature have demonstrated the fabrication of injectable CPH systems.  Qu et al. reported an 

electrically and pH stimulated drug delivery system containing amoxicillin (hydrophilic) or 

ibuprofen (hydrophobic) [187]. The CPH was prepared by mixing of 4% chitosan-graft-PANI 

and 1-5% oxidised dextran solutions in a volume ratio of 1:1 at 37 °C and drugs were mixed 

with the oxidised dextran solution. Gelation time was found to vary from 45 s to 444 s 

depending upon the concentration of oxidised dextran and decreased with an increase in the 

concentration of oxidised dextran. Active in vitro release of the injectable CPH was achieved 

using a setup consisting of (i) a working electrode (glassy carbon coated with solidified CPH) 

(ii) an Ag/AgCl reference electrode and (iii) a platinum-mesh counter electrode in PBS. Almost 

69% and 82% of amoxicillin was released from the CPH in 60 minutes when a potential of 1 

V and 3 V was applied, compared to a 34% release without any electrical stimulation. In 
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comparison, the CPH showed approximately 35% release of ibuprofen in 140 min when an 

electrical potential of 3 V was applied, compared to a 15% release without any electrical 

stimulation (Figure 2.12a and b). The higher drug release during electrical stimulation was 

associated with electric field driven migration of charged molecules and change in the net 

charge of CPH depending upon oxidation or reduction. The CPH showed good in vitro 

biocompatibility studies on L929 cells and there was no obvious difference in the cell 

proliferation between the CPH and control group (tissue culture plate). In vivo gelation was 

confirmed by the formation of globular protuberance in mice (Figure 2.12c). Following the 

injection for 28 days, the hydrogels showed about 50-60% degradation whereas the CP 

component remain non-biodegradable. The eventual fate of these materials must be considered 

for future in vivo applications (Figure 2.12d) [187]. Unfortunately, in vivo electrically tuneable 

drug release studies were not conducted. 
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Figure 2.12: a) The "on-off" drug release of amoxicillin under an electric potential of 3 V for a duration 

of 3 min repeated every 3 min. b) The "on-off" drug release of ibuprofen under an electric potential of 

3 V for a duration of 3 min repeated every 60 min. c) Different formulations of CPH after subcutaneous 

injection showing rapid in-vivo gelation. d) In-vivo degradation of CPH showing 50-60% reduction in 

the mass of CPH after 28 days. Reprinted with permission from reference [187]. Copyright 2018 

Elsevier. 

2.7 Microelectrode arrays for neuronal recording 

Microelectrode arrays (MEAs) comprise an array of metallic microelectrodes embedded on a 

substrate (either a flexible substrate such as parylene for in-vivo applications or a rigid substrate 

such as glass or silicon for in-vitro application). The size of the microelectrode on a MEA 

device is defined by an electrically insulation layer [195, 196]. MEAs can simultaneously 

stimulate and record from neuronal networks in-vivo and in-vitro and provide promising 

opportunities for the treatment of a variety of neural impairments such as deafness through 

cochlear implants, Parkinson’s disease through deep brain stimulation [195, 197]. To utilise a 

microelectrode as a neural interface, the microelectrode material be biocompatible since they 

are in direct contact with the neurons. In addition, the microelectrode should display electrical 
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properties suitable for neuronal recording and stimulation i.e. low impedance and high charge 

injection limit (CIL) [198]. Conventional microelectrodes utilise gold, platinum, and iridium 

oxide as electrode materials however, the use of these materials is limited by high impedance 

and poor long-term stability [22].  

Over the years, tremendous efforts have been made to miniaturise the size of electrodes with 

the aim of achieving recordings with high spatial resolution. Although small sized electrodes 

improve the spatial resolution, the resulting increase in impedance of the electrode and 

ultimately leads to poor recording quality [22]. To overcome the limitations of the conventional 

MEAs, various material based strategies have been utilised such as carbon nanotubes [199], 

graphene [200] and CP [166]. CP coatings offers various advantages for neuronal recordings 

such as high electrical conductivity, reduced impedance and high CIL [198].However, CP 

coatings still result in mechanical mismatch at the tissue electrode interface leading to the poor 

integration of devices. Building on the idea of CP coatings, CPH coatings have been recently 

explored as materials to further improve the integration of neural interface devices by reducing 

mechanical mismatch [28, 201]. Kleber et al. reported the fabrication of a novel CPH consisting 

of PDMAAp/PEDOT coatings with excellent electrochemical properties for neural interface 

application [28]. CPH coated electrodes improve the neural interface capability of 

microelectrodes by improving the mechanical mismatch. It also improved the biomolecule 

integration capacity of CP coatings. 
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3 A stability-indicating HPLC method for the in-vitro 

quantification of glutamate 
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3.1 Introduction 

This chapter sets out to develop a sensitive, specific and reliable method to quantify glutamate 

in solution. Glutamate (Glu) is a small aliphatic amino acid that is not naturally electroactive, 

nor does it have fluorescent or strong ultraviolet (UV)-vis absorbance characteristics making 

its HPLC detection challenging [202, 203]. However, pre and post-column derivatisation of 

Glu overcomes this problem by generating a derivative that has fluorescent and UV-vis 

absorbant characteristics [203]. The most commonly used pre and post-column derivatisation 

agents are monobrombimane[204], halogenosulfonylbenzofurazans [204, 205], 

5-  (dimethylamino)naphthalene-1-sulfonyl chloride [206], 9-fluorenylmethyl 

chloroformate[206], o-phthaldialdehyde (OPA) [207] and naphthalene-2,3-dicarboxaldehyde 

(NDA) [202]. Of these OPA is widely used due to its high sensitivity, simplicity, and reliability 

[208]. OPA reacts rapidly with compounds containing primary amines in the presence of a thiol 

such as 2- mercaptoethanol (2ME) at an alkaline pH (e.g., in borate buffer). This reaction 

generates N-substituted derivatives of the primary amine, which can be measured by 

fluorescence [202], electrochemical, chemiluminescence [203], or UV detection (at 340 nm) 

[209]. The reaction scheme of derivatisation of Glu for the formation of isoindolic acid is 

shown in Figure 3.1. Challenges related to the stability of OPA have been reported in the 

literature; however, stability issues can be overcome by on-column derivatisation, which is a 

commonly available feature in modern HPLC instruments.  

HPLC is an essential analytical tool in evaluating the stability of a drug or drug product. The 

analytical method should be able to detect and quantify the various drug-related degradation 

products that can form during storage or manufacturing. Guidelines by the Food and Drug 

Administration (FDA) and the International Conference on Harmonization (ICH) state the 

necessity of generating forced degradation data to determine the stability of drugs under 

different environmental conditions [210, 211]. Stability studies of a drug play a central role in 
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the development of pharmaceutical products as stability affects the safety and efficacy of drug 

products [212] 

 

Figure 3.1: Chemical reaction scheme of derivatisation of Glu with OPA and 2-ME leading to the 

formation of isoindolic derivative [213] 

Forced degradation or stress testing is done to demonstrate specificity when developing a 

stability-indicating method [214]. The stability-indicating method is a validated quantitative 

analytical procedure that can detect changes in the properties of a drug and drug product [215]. 

A stability-indicating HPLC method should be able to correctly measure the drug without any 

intervention from the degradation products, excipients, or any impurities [215]. Forced 

degradation studies of a drug substance help to determine the intrinsic stability of a drug in 
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solution and solid-state [216]. It also helps to determine various degradation mechanisms of a 

drug, such as thermolysis, hydrolysis, oxidation, and photolysis [215]. However, no literature 

is currently available on the stability of Glu to the recommended stressors. During the forced 

degradation studies, samples are subjected to more severe conditions than accelerated 

conditions. Degradation of a drug substance between 5 to 20 % has been established as 

reasonable for the stability-indicating chromatographic procedure [212].  

Most of the literature around the analysis of amino acids by HPLC focuses on the determination 

of amino acids in biological fluids, and tissues homogenates have a standard run time of 40 to 

80 minutes [217-222]. Bergamini et al. reported an HPLC method for quantification of 23 

amino acids with a short time of analysis of around 23 minutes, including time for column 

washing and re-equilibration [217]. However, the recovery of Glu from the reported method 

was only 81% [217].  

Most of the HPLC methods used for the quantification of amino acids were based on gradient 

method of analysis, which requires a very long time for the analysis ranging from 45 min to 80 

min [213, 217, 223]. Various mobile phase combinations comprising buffers (pH 2.0-7.5) and 

methanol/acetonitrile have been used in the literature [213, 217, 223-225]. To date, there are 

no reports on the degradation products of Glu under accelerated conditions. Here, we report a 

stability indicating HPLC method for the quantification of Glu in the presence of various 

stressors. The method has been adapted and modified from Hirel et al. [226] and Mopper et al. 

[223] to quantify Glu in the presence of degradation products.  
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3.2 Aims and Objectives 

This chapter aims to develop a stability-indicating HPLC method capable of the separation and 

quantification of Glu from in-vitro release medium (phosphate buffer saline (PBS)). In 

addition, the stability-indicating method of Glu should be appropriate to determine the Glu 

content in the presence of degradation products potentially generated during the fabrication of 

a drug delivery device. The developed method is validated for linearity, range, accuracy and 

precision. 

The specific objectives of the chapter were to: 

1. Modify previously reported HPLC methods to develop a stability indicating HPLC 

method for the quantification of Glu with a short run time 

2. Investigate the stability of Glu under various stress conditions and analysis in the 

presence of degradation products 

3. Validate the developed HPLC method to obtain acceptable linearity, accuracy, and 

precision as per ICH guidelines. 

3.3 Methods  

3.3.1 Chemicals and Reagents 

L-Glu, 2-ME, OPA, and PBS tablets were obtained from Sigma Aldrich New Zealand Limited. 

The solvents and reagents used in the preparation of the mobile phase were of HPLC grades 

and analytical reagent (AR) grade, respectively. Water used in the formulation of buffers was 

obtained from the Millipore system by the process of reverse osmosis with a resistivity of 18.2 

MΩ.cm (0.22 µm Millipore). 
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3.3.2 Preparation of derivatisation agent 

OPA (54 mg) was dissolved in 1 mL methanol and 9 mL of 40 mM borate buffer (pH 9.5), and 

200 µL of 2ME was added to complete the reaction. The derivatisation agent was prepared 

fresh each time before analysis and was protected from light. The procedure for the preparation 

of the derivatisation agent was adapted and modified from previous studies [227-230]. 

3.3.3 Instrumentation and method optimization 

An Agilent 1260 HPLC (Agilent Technologies, Waldbronn, Germany) comprises a quaternary 

pump, vacuum degasser, an autosampler injector, and a column compartment with a thermostat 

and a diode array detector was used for this study. Chemstation software (Agilent Corporation, 

Germany) was used for the data acquisition of the HPLC. A Kinetex (core-shell technology) 

C18 column (250 × 4.6 mm, particle size 5 µm and 100 Å) (Phenomenex, USA) was used to 

achieve separation with the column temperature maintained at 20 °C.  

The buffer used in the study was 20 mM sodium dihydrogen phosphate (NaH2PO4.2H2O), 

based on a previous study [223]. Various combinations of buffer with methanol and acetonitrile 

were trialled to accomplish satisfactory retention of Glu. The solvents used in the study were 

filtered by using a 0.45 µm filter and degassed prior to use. A separate vial of derivatisation 

agent containing OPA and 2ME was placed in autosampler, and an injector program was set 

up to achieve on-column derivatisation of Glu. The derivatisation was executed on the 

autosampler to prevent degradation of OPA derivative. Glu samples and derivatisation agent 

were separately drawn and then mixed three times within the needle before injection (Table 

3.1). Various volumes of derivatisation agents ranging from 10 µL-50 µL were investigated. 
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3.3.4 Forced degradation of Glu 

The forced degradation of Glu was carried out in both powder form and in aqueous solution. 

Various stress conditions were applied as per ICH guidelines, including hydrolytic (acid/base), 

photolytic, oxidative, and thermal stress [212, 216]. The hydrolytic (acid and base) and 

oxidative stress were achieved in solution by dissolving Glu in 0.1 N HCl, 0.1 N NaOH, and 

3% H2O2, respectively, to prepare a Glu solution at a concentration of 1 mg mL-1. Samples 

were stored in an oven at 60 °C in a Binder Incubator BD240 series (Binder, Germany). 

Photolytic degradation was achieved by exposing the aqueous solution and powder of Glu to 

artificial UV light at 10000 lux. Glu powder was also stored at an elevated temperature of 

60 °C. Sampling was done at predetermined intervals and diluted with mobile phase to attain a 

concentration of 20 µg mL-1 before HPLC analysis. The samples for hydrolytic, oxidative, and 

thermal stress were covered with aluminium foil and stored in the dark. The forced degradation 

studies were conducted until we obtained 5 % to 20 % degradation of Glu or for a period of 10 

days [215]. The purity of the peak was calculated using Chemstation software to ensure the 

absence of degradation of products within the Glu peak. In addition, overlapping of different 

UV spectra across the peak of interest confirms the absence of any degradation peaks within 

the Glu peak and assures the purity of the peak. 

3.3.5 Method validation 

The developed HPLC method was validated for the following parameters: specificity, linearity, 

range, limits of detection (LOD) and quantitation (LOQ)), accuracy, precision, and robustness. 

3.3.5.1 Specificity 

Specificity is the ability of the HPLC method to assess the analyte in the presence of other 

components. The specificity of the developed method was determined by comparing the 

chromatograms of the OPA-Glu derivative standard against chromatograms of OPA/ME 
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working reagent [231, 232]. Any overlapping peaks were separated by varying the ratio of the 

solvents to achieve an appropriate difference in retention times. 

3.3.5.2 Linearity and range 

A primary stock solution of Glu at a concentration of 1 mg mL-1 was prepared in the mobile 

phase. Linearity of the HPLC method was tested by injecting seven calibration standards of 

Glu prepared by the dilution of the stock solution in the range of 0.78-50 µg mL-1 with five 

replicates. The standard calibration curve was obtained by plotting the area under the Glu peak 

against its concentration. The slope of the curve, correlation coefficient (R2), and y-intercept 

were obtained by linear regression analysis using Graphpad prism 9.0.2. 

3.3.5.3 Limit of detection (LOD) and limit of quantification (LOQ) 

LOD and LOQ for the developed method were determined by injecting serially lower 

concentrations of Glu with a signal-to-noise ratio of 3:1 and 10:1, respectively [233]. LOD is 

the lowest concentration of Glu that can be detected by the developed method, whereas LOQ 

is the lowest concentration of Glu that can be quantified [234]. 

3.3.5.4 Accuracy and precision 

The accuracy of the analytical method is the degree of closeness of the experimental 

concentration to the actual concentration of the analyte. The accuracy was calculated by 

comparing the measured concentration against the known concentration [233]. The precision 

of an analytical method commonly expressed as repeatability, intermediate precision, and 

reproducibility represents the degree of closeness between the multiple injections of the same 

sample [234]. 

Intra-day accuracy and precision were determined by analyzing three replicates of four 

different concentrations (5, 10, 20, and 40 µg mL-1) on the same day. Inter-day accuracy and 
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precision were determined by analyzing the same concentrations of Glu with three replicates 

over three days [211].  

3.4 Results and Discussion 

An isocratic stability indicating method was developed and validated to quantify Glu from 

forced degradation samples and in-vitro release medium. The process was simple in operation, 

cost-effective, and required on-column derivatisation before detection by UV. 

3.4.1 Method optimization 

To enable Glu to be quantified in the presence of degradation products, the HPLC method was 

modified from Hirel et al. [226] and Mopper et al. [223]. The proportion of the buffer and 

organic phase, pH of the buffer and temperature of the column were optimized to achieve 

chromatographic separation and quantification of Glu. The optimum peak separation was 

achieved using a Phenomenex, Kinetex (Core-shell technology) C18 column (250 × 4.6 mm, 

5 µm, and 100 Å). A mobile phase comprising of 20 mM sodium dihydrogen phosphate 

(NaH2PO4.2H2O) (pH 6.8)-methanol (75:25, v/v), at a flow rate of 1 mL min-1 was used to 

achieve the suitable baseline and better peak shape for the detection of Glu. The column 

temperature was optimized at 20°C, and the optimum detection wavelength was chosen at 340 

nm. Following a 10 µL injection from the analyte and mixing with a 10 µL OPA/ME 

derivatisation agent, the Glu peak eluted after 6.1 minutes (Figure 3.2a). Peak purity of Glu at 

6.1 min was measured by testing between 200 and 400 nm. The purity index was found within 

the threshold limit (999.499), confirmed by a purity ratio (999.741) in the green band. In 

addition, the overlapping of different peak spectra, indicating a high degree of similarity 

(Figure 3.2b). The optimized chromatographic parameters for the quantification of Glu are 

summarised in Table 3.1. 
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Figure 3.2: (a) Chromatogram showing Glu peak eluting at 6.01 min, 2-ME peak at 2.84 min and OPA 

peak at 12.33 min. The insert showing overlapping of different spectra. (b) Peak purity profile (red line) 

of Glu showing the purity value within the threshold limit.  
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Table 3.1: Optimised chromatographic parameters for the quantification of Glu. 

Parameters Details 

Column Kinetex (Core-shell technology) C18 (250 X 4.6 mm, particle size 

5 µm and 100 Å) Phenomenex HPLC columns 

Flow Rate 1.0 mL/min 

Detection UV detector, 340±4 nm PDA detector, 200 to 400 nm for peak purity 

testing. Reference wavelength-Off 

Column temperature 

Derivatisation agent 

20 °C 

OPA and ME 

Injection volume 20 µL (Total) 

Mobile phase 

 

Autosampler 

Command 

20 mM sodium dihydrogen phosphate (NaH2PO4.2H2O) (pH 6.8,)-

methanol (80:20, v/v) 

Draw- 10 µL from the sample with default speed 

Draw- 10 µL from location 97 (contains derivatisation reagent) 

Mix- 20 µL from air using max speed for 3x 

Wait- 1.3 minutes 

Inject- Inject sample 

Wash- Wash needle in location ‘Vial 91’ 1 time 

Retention time 6.1 mins 
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3.4.2 Forced degradation of Glu 

The results of forced degradation studies of Glu are shown in Table 3.2. The degradation 

experiments were performed for 10 days and were stopped when 5-20% degradation was 

observed. The purity of the Glu peak obtained during each stress condition was tested using 

Chemstation software and a PDA detector. Glu aqueous solution and powder exposed to UV 

light showed almost 10% degradation within 24 hours (Figure 3.3b and 3.3c). Aqueous Glu 

solution kept at 60 °C showed degradation with 92.46 ± 0.47 % Glu remaining on day 5 

(Figure 3.3d). Glu degradation was observed in the acidic medium at 60 °C with 

84.60 ± 2.99 % of Glu remaining in the solution after three days (Figure 3.3e); however, Glu 

was stable alkaline conditions with 96.18 ± 2.92 % of Glu remained in solution after 10 days. 

Under oxidative conditions, rapid degradation was observed, and only 77.7 ± 4.15% of Glu 

remaining within 24 hours (Figure 3.3f). Heating of H2O2 results in the formation of 

alkoxy  radical (2HO•) by the homolytic cleavage of the HO-OH bond, which dominates the 

degradation pathway [215]. Glu powder was stable at 60 °C over a period of 10 days with 

100.27 ± 3.1 % Glu (Figure 3.3g). In all cases, the Glu peak remained pure indicating Glu could 

be separated from degradation products. This means Glu could be quantified reliably even in 

the event of degradation. 
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Table 3.2: Stress studies of Glu showing % remaining compared to concentrations at time 0 after being 

exposed to various stressed conditions 

Stress conditions Duration (%) Drug remaining 

Aqueous solution at 25 °C (UV light)  

Glu powder at 25 °C (UV light) 

Aqueous solution (60 °C) 

1 day 

1 day 

5 days 

91.9 ± 1.3 

89.3 ± 1.0 

92.5 ± 0.5 

Acidic degradation (0.1N HCl, 60 °C) 3 days 84.6 ± 2.9 

Alkaline degradation (0.1N NaOH, 60 °C) 10 days 96.2 ± 2.9 

Oxidative degradation (3% H2O2, 60 °C) 1 day 77.1 ± 4.1 

Glu powder (60 °C) 10 days  100.3 ± 3.2 
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Figure 3.3: Chromatograms of Glu in selected stress conditions at a concentration of 20 µg mL-1. The 

Glu peak is seen eluting around 6 min (a) Glu standard injection, (b) Glu in aqueous solution exposed 

to UV light after 24 hours, (c) Glu in powder form exposed to UV light after 24 hours, (d) Glu in 

aqueous solution at 60 °C after 6 days , (e) Glu in 0.1 N HCl after 5 days, (f) Glu in 0.1 N NaOH after 

5 days, (g) Glu in 3 % H2O2 after 1 day with degradants peak eluting at 7 min and (h) Glu in powder 

form at 60 °C after 8 days. The inserts in all chromatograms show overlapping spectra (pure peak).  
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3.4.3 Method validation 

3.4.3.1 Specificity 

The developed HPLC method was specific for the detection of Glu. It was able to separate Glu 

from OPA and ME (Figure 3.2a). 

3.4.4 Linearity and range 

The standard curve of Glu showed linearity in the range of 0.78-50 µg mL-1 (Figure 3.4). The 

coefficient of correlation (R2) and y-intercept was found to be 0.9999 and 17.41x + 0.851 using 

linear regression analysis.  

 

Figure 3.4: Linearity range of Glu over a concentration range of 0.78-50 µg mL-1 (n=5). 

3.4.4.1 LOD and LOQ 

The LOD and LOQ values for Glu were found to be 0.19 µg mL-1 and 0.78 µg mL-1, 

respectively.  
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3.4.4.2 Accuracy and precision 

The developed HPLC method allowed the detection and quantification of Glu at four different 

concentrations within a linear range at high accuracy of 101.1-103.8%. The accuracy and 

precision results have been summarised in Table 3.3. Intra-day accuracy was between 

101.1  and 103.8 %, with a %RSD of less than 2.0 %. Inter-day accuracy was between 101.6  to 

103.0 %, with a % RSD of less than 2.0 %. All the results showed low variations between the 

values obtained which were below the established limits as per accepted variations by 

regulatory authorities (RSD< 2 %). 

Table 3.3: Accuracy and precision data of the HPLC method obtained from intra- and inter-day studies 

(n=3). 

Conc.  

(µg mL-1) 

 

Intra-day Inter-day 

Accuracy (%) 

 

Precision (% RSD) 

 

Accuracy (%) 

 

Precision (% RSD) 

 
5 101.1 ± 1.4 1.4 101.6 ± 1.3 1.3 

10 103.8 ± 2.2 2.0 103.0 ± 2.1 2.0 

20 102.9 ± 2.2 1.9 101.7 ± 1.6 1.5 

40 102.9 ± 1.2 1.2 101.8 ± 1.3 1.6 
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3.5 Conclusion 

In this chapter a stability indicating HPLC method for the accurate and precise quantification 

of Glu was developed and validated. The isocratic method required on-column derivatisation 

of Glu. Glu degradation was achieved using hydrolytic, photolytic (UV-light), oxidative and 

thermolytic stressors. The Glu peak was found to be pure during forced degradation studies 

which confirm that no degradation products were hidden under the Glu peak. The developed 

method was found to be linear at a concentration ranging from 0.78-50 µg mL-1. The method 

was accurate (101.1 to 103.8%), and precise (RSD ≤ 2%). The developed method is suitable 

for the quantification of Glu from drug release studies from conducting polymer and 

conducting polymer hydrogel coatings described in later chapters.
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4 An interpenetrating and patternable conducting polymer 

hydrogel for electrically stimulated release of glutamate 
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4.1 Introduction 

Conducting polymer (CP) films have been widely explored for the electrically tuneable 

delivery of therapeutic agents as electrode coatings in various neural interface applications due 

to their biocompatibility, high electrical conductivity, and ability to be doped/functionalized 

with different charged molecules [13, 14]. CP film coatings using polypyrrole (PPy) and 

poly(3,4-ethylenedioxythiophene) (PEDOT) have been previously reported to incorporate 

various drugs including glutamate (Glu) [15], dexamethasone [16-18] and neurotrophic growth 

factors [19, 20] and release the payload in response to electrical stimulation to elicit a desired 

biological activity. However, the amount of drug released from CP coatings is typically low, 

limiting their usefulness. For example, Miller et al. showed only a total of 3.97 µg of Glu could 

be delivered from PPy films [15]. Meanwhile, electrical stimulation of CP films is used to 

trigger release of drugs and the associated changes in volume often result in fracture and 

delamination from the underlying substrate [63, 65, 235].  

Conducting polymer hydrogels (CPH) are hybrid materials consisting of a CP grown within a 

hydrogel matrix, and coatings with CPH have been explored for the electrically controlled 

release of bioactives from implantable devices [87, 114]. Typically, the CP component is 

grown a partial way into the hydrogel, forming a semi-penetrating network. Within the hybrid 

material, hydrogels provide a highly crosslinked hydrophilic, porous polymer network that act 

as a voluminous reservoir to store bioactives of a range of molecular sizes. The CP component 

imparts electrical conductivity and allows electrically tunable release of the bioactives. CPH 

coatings have been explored to release growth factors and anti-inflammatory drugs from neural 

implants [13, 19]. Lira et al. demonstrated that a semi-interpenetrating network of polyaniline-

polyacrylamide hybrid material could be used for the release of a cationic dye, safranin. 

Electrically-mediated change in oxidation state of the CPH altered the release rate from the 

material, however excessive passive release were observed [114]. Kleber et al. reported the 
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electrically controlled release of dexamethasone through a semi-interpenetrating CPH 

consisting of poly(dimethylacrylamide-co-4-methacryloyloxybenzophenone (5%)-co-4-

styrene sulfonate) (PDMAAp) and PEDOT that can be selectively patterned and covalently 

attached to the underlying iridium oxide probe. However, the amount of actively released drug 

from CPH coatings was lower than conventional PEDOT films [111]. Oktay et al. investigated 

the transdermal delivery of 5-flourouracil from a CPH containing gelatin methacrylate 

(GelMA)/PEDOT and found a higher amount of drug release upon electrical stimulation at 1.5 

V. However, the electrical potential required to stimulate release is biologically unsafe and 

would cause unwanted side effects such as tissue damage [236, 237].   

The successful application of CPH coatings in implantable drug delivery devices requires 

stable adhesion between the hydrogel and the underlying substrate to prevent delamination of 

the CPH coating which would hamper the function of the device [28]. The CPH coatings 

themselves should be mechanically and electrochemically stable. To allow successful 

integration with various implantable devices CPH coatings should have the ability to be 

patterned and deposited on selected electrode sites. Finally, the CPH coating should be able to 

deliver sufficiently high amounts of drug to ensure therapeutic levels can be reached and should 

also provide spatio-temporal control over drug release.  

4.2 Aims and objectives 

This chapter aims to fabricate a novel CPH (GelMA/PPy/Glu) comprising PPy doped with Glu 

fully interpenetrating throughout a GelMA hydrogel for the electrically tuneable delivery of 

the excitatory neurotransmitter. The fabricated CPH coating is hypothesised to overcome the 

limitations of conventional CP coatings. We present in-depth characterisation data of the CPH 

coatings relevant to electrically stimulated drug delivery. The characterisation of the material 

aims to investigate the electrochemical properties, the surface morphology of CPH coating 



Chapter 4: An interpenetrating and patternable CPH for electrically stimulated release of glutamate 

79 

 

using scanning electron microscopy (SEM), penetrating of CP through hydrogel by fourier-

transform infrared (FTIR), and cytocompatibility against the neuroblastoma cell line 

SH- SY5Y. Finally, we investigate the Glu delivery through CPH coating in comparison to the 

conventional CP coating. This study will show the influence of CPH coating on electrically 

stimulated drug delivery, electrochemical stability, and cytocompatibility compared to the 

conventional CP coating. The specific objectives were to: 

1. Fabricate an interpenetrating and selectively patternable CPH coating. The CPH 

coating should be covalently attached to the underlying substrate to prevent 

delamination during electrical stimulation. 

2. Characterize the CPH and conventional CP coating for charge storage capacity, 

electrochemical stability, surface morphology, interpenetration of CP through the 

hydrogel, and cytocompatibility. 

3. Determine release of Glu from CPH with various electrical stimuli and compare with 

release from conventional CP coatings. 

4.3 Methods 

4.3.1 Chemicals and Materials 

Pyrrole, glutamate (Glu), gelatin type B (bloom 225g, bovine skin), cysteamine, irgacure 2959, 

phosphate buffer saline (PBS), propylene glycol ether acetate (PGMEA), and methacrylic 

anhydride were all purchased from Sigma Aldrich (Australia) and were used as received. Gold 

coated glass slides were purchased from Deposition Research Lab, Inc., (DRLI, USA), 

SU- 8  2025 negative photoresist was purchased from Microchem Corp. (USA) and Ag/AgCl 

reference electrodes were purchased from eDAQ (Australia). 
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Dulbecco’s modified eagle’s medium (DMEM) and penicillin/streptomycin/glutamax were 

purchased from Gibco Life Technologies (USA), fetal bovine serum (FBS) was purchased from 

Moregate Biotech (Australia), and a LIVE/DEAD® cell viability assay was purchased from 

Invitrogen (USA). 

Water used in the preparation of buffers was obtained from a Millipore system by the process 

of reverse osmosis with a resistivity of 18.2 MΩ (0.22 µm Millipore) (USA). 

4.3.2 Substrate fabrication 

The substrate for this study was designed and fabricated using photolithographic techniques. 

The substrate consisted of gold slides (40 nm Ti/100 nm Au on clear borosilicate glass) with a 

1 cm2 working electrode site patterned on the gold slide using SU-8 2025, a negative 

photoresist. SU-8 2025 was spin coated on the gold slide to yield a 40 µm thick insulation 

layer, and the required pattern was created using photolithography. The final substrate 

consisted of a SU-8 coated gold slide with 1 cm2 area of exposed gold as a working electrode 

and a small space for electrical connections.  

4.3.3 Synthesis of hydrogel 

The hydrogel GelMA was prepared by methacrylation of gelatin, type B with 80% degree of 

functionalisation. Briefly, a 10% (w/v) solution of gelatin was prepared in PBS while 

continuous stirring at a temperature of 50 °C until a clear solution was obtained, followed by 

the addition of 0.6 g methacrylic anhydride for each gram of dissolved gelatin. The resulting 

solution was dialyzed at 40 °C in a 12-14 KDa molecular weight cut-off (MWCO) dialysis bag 

to remove the unreacted methacrylate. The dialyzed solution was then lyophilized to obtain 

GelMA [238-241].  
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4.3.4 Fabrication of CPH coatings 

Fabrication of the CPH was achieved via three steps; functionalisation of a gold substrate with 

cysteamine, addition and crosslinking of the hydrogel, and electropolymerisation of the 

conducting polymer within the hydrogel. An overview of the GelMA/PPy/Glu fabrication is 

shown in Figure 4.1a. 
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Figure 4.1: (a) Schematic representation of the CPH fabrication process. The gold substrate is 

photolithographically patterned and insulated using SU-8 2025, followed by functionalisation with 

cysteamine. The GelMA crosslinking is achieved by shining UV light through a laser patterned mask. 

PPy is electrochemically polymerised throughout the GelMA hydrogel network at a potential of 0.9 V. 

(b) SU-8 2025 patterned gold substrate showing electrode deposition and connection site. (c) 

Electrochemical polymerisation of PPy/Glu through the GelMA hydrogels resulting in the formation of 

GelMA/PPy/Glu. 
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4.3.4.1 Functionalisation with cysteamine 

The covalent bonding between GelMA and gold substrate was achieved by functionalising gold 

substrate with cysteamine by modifying the method described previously [138]. The gold 

electrode was treated with 1 % cysteamine in ethanol solution for 12 h at room temperature in 

dark conditions creating self-assembled monolayers (SAM) of cysteamine through Au-S 

bonds. The resulting cysteamine coated gold electrode was rinsed with deionised water to 

remove any physically adsorbed cysteamine followed by treatment with 100 mM NaOH at 

room temperature for 2 h. The amino group at the end of the cysteamine molecule reacts with 

the GelMA end group, creating a covalent bond between GelMA molecules and amino groups 

of cysteamine through a Michael's addition reaction.  

4.3.4.2 Hydrogel synthesis and crosslinking 

A prepolymer GelMA solution was prepared by mixing GelMA (5% w/v) and irgacure 2959 

photoinitiator (0.5% w/v) in DI water. The hydrogel precursor solution was pipetted on 

cysteamine coated gold electrodes. The SU-8 layer served as an insulation layer and acted as a 

spacer to define the thickness of the GelMA hydrogel. The GelMA precursor solution was 

placed on the gold electrode site and covered through a laser structured mask and crosslinked 

by UV exposure at 365 nm for 10 minutes at an optical intensity of 10 mW cm -2 (ABM, Inc. 

San Jose, California). UV crosslinking of the GelMA was trialled for different time intervals, 

however complete crosslinking was observed after 10 minutes of UV exposure. The samples 

were then washed with DI water to remove any unreacted polymer chains. The hydrogel 

samples were air-dried and then hydrated in 0.1M Glu solution (pH 6.8). A representative 

sample of GelMA hydrogel coated on the gold substrate is shown in Figure 4.1b.  
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4.3.4.3 Construction of an electrochemical cell 

A customised electrochemical cell was constructed for the electrochemical polymerisation of 

PPy/Glu on hydrogel-coated gold electrodes (Figure 4.2a). The same setup was used for the 

drug release studies. The customised electrochemical cell was made to fit all components 

needed for the fabrication of CPH, and to standardise the geometry and distance between 

electrodes. The lid of the electrochemical cell had a small hole to hold the reference electrode 

and had a sampling port that allowed sampling without disturbing the electrical connections. 

The design of the electrochemical cell was created in CAD software (CorelDraw) and printed 

from a 6 mm thick poly(methyl methacrylate) (PMMA) using a CO2 laser. Laser-cut pieces of 

PMMA were bonded with acetone followed by a thin layer of silicone adhesive on the outside 

to prevent any leakage.  

4.3.4.4 Electrochemical polymerisation of PPy/Glu through the hydrogel network 

Pyrrole was vacuum distilled using vacuum distillation and stored at -20 °C before use. 0.2 M 

of distilled pyrrole was added to an aqueous solution of 0.1M Glu (pH 6.8) and stirred for 10 

min. The GelMA hydrogel samples were air-dried and soaked in pyrrole and Glu for at least 6 

h to allow swelling of the hydrogel and equilibration of pyrrole (monomer) and Glu (dopant) 

within the hydrogel. The PPy/Glu was electrochemically polymerized using a potentiostat 

(Biologic VSP-300, France). Electrochemical polymerisation was trialled using constant 

current (galvanostatic) and constant potential (potentiostatic). Galvanostatic polymerisation 

took a significantly longer time to deposit the PPy/Glu through the GelMA. GelMA hydrogel 

acts as an insulator and provided resistant to the flow of current, with only a low amount of 

current able to be applied before the electrical potential reached above the water window i.e., 

0.9 V. Using a potentiostatic approach, a potential of 0.9V was applied until a charge cut-off 

of 1500 mC cm2 was achieved. Initially, the value of current corresponding to the 0.9V potential 
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was low due to the resistive behaviour of GelMA but the value of current against the same 

voltage increased with increase in the concentration of PPy/Glu resulting in faster 

polymerisation compared to the galvanostatic polymerisation.  A three-electrode set up 

consisting of hydrogel coated gold working electrode, stainless steel mesh as counter electrode, 

and silver/silver chloride (Ag/AgCl) reference electrode was used for the polymerisation 

(Figure 4.2b). Polymerisation was achieved through the application of constant potential (+0.9 

V vs Ag/AgCl) on the working electrode (potentiostatic polymerisation). Trials were conducted 

by deposition of PPy/Glu through the GelMa hydrogel at a charge density ranging from 500 to 

2000 mC cm-2. The formation of interpenetrated network was noted at 1500 mC cm-2 therefore 

this value was selected for the further characterisation and drug release. Glu was loaded into 

the CPH coatings during the electrochemical polymerisation. The resulting CPH films (Figure. 

4.1c.) were washed with deionised water before any further characterisation. 

In addition, PPy/Glu reference films (no GelMA) were deposited directly on the gold electrodes 

by potentiostatic polymerisation (+0.9 V vs Ag/AgCl) from an aqueous solution containing 

0.2  M pyrrole and 0.1 M Glu (pH 6.8) until a charge cut-off of 1500 mC cm-2. The resulting 

CP films were washed with deionised water. The GelMA/PPy/Glu coatings took significantly 

longer time for the electrochemical polymerisation compared to PPy/Glu films. GelMA 

hydrogel attached to the gold substrate acted as insulator and provided resistance to the 

electrochemical polymerisation of PPy/Glu through it. 
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Figure 4.2: a) Custom-made acrylic electrochemical cell, the lid has a slot for working, counter, and 

reference electrode. b) Electrochemical cell showing the polymerisation of GelMA/PPy/Glu. 

4.3.5 Electrochemical Characterisation 

The electrochemical measurements of all the electrodes were performed using a Biologic VSP-

300 electrochemical workstation in a three-electrode setup. The electrode coating to be tested 

was used as a working electrode, stainless steel mesh as a counter electrode, and Ag/AgCl as a 

reference electrode. The experiments were carried out in 0.1 M PBS solution, and prior to any 

characterisation, the samples were immersed in PBS to allow exchange and homogenous 

distribution of ions. The electroactivity of all the coatings was analysed by cyclic voltammetry 

(CV). CV scans were applied over the sweep range of -0.7 V and 0.8 V at a scan rate of 

100 mV/s. The samples were further characterized for cathodic charge storage capacity (CSC) 

by calculating the time integral of the cathodic current within one CV cycle by using EC lab 

software (Biologic, France).  

Additional experiments were performed to determine the long-term performance/stability of 

all the coatings and adhesion between the coatings and gold electrode. For this study, all the 

coatings were subjected to continuous CV cycling between -0.7 V and 0.8 V at a rate of 100 

mV/s (1000 cycles). The CSC of all the cycles was calculated using EC-Lab V11.30 software 
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(BioLogic, France). In addition, the coatings were visually examined for any signs of 

delamination and fracture. 

4.3.6 Verification of self-assembled monolayers (SAMs) of cysteamine on gold 

electrode 

Verification of the SAMs of cysteamine on the gold electrode was investigated using FTIR 

spectroscopy (Bruker Tensor 37 FTIR spectrometer, Germany) in attenuated total reflectance 

(ATR) mode using a diamond (D) crystal, with OPUS spectroscopic software (OPUS 6.5, 

Germany). The gold electrodes were functionalized with 1 % solution of cysteamine for 12 h. 

The electrodes were washed with water to remove any physically adsorbed molecules of 

cysteamine before measurements. FTIR measurements were performed for cysteamine and 

cysteamine treated gold electrodes. Measurements were taken between 600 and 4000 cm-1 with 

a resolution of 4 cm-1 over 32 cumulative scans.  

4.3.7 Investigating the interpenetrating nature of PPy in GelMA 

The interpenetration of PPy through the GelMA hydrogels was investigated using FTIR 

spectroscopy in attenuated total reflectance (ATR) mode using a germanium (Ge) crystal. The 

GelMA/PPy/Glu coatings were prepared with increasing charge densities of PPy ranging from 

500 mC cm-2 to 1500 mC cm-2 to examine for evidence of the growth of PPy through the GelMA 

hydrogel with an increase in charge deposition density of PPy. The interactions between 

GelMA and PPy were also analysed by the comparison of spectra of individual materials with 

the CPH. Measurements were taken between 600 and 4000 cm-1 with a resolution of 4 cm-1 

over 32 cumulative scans.  

The surface morphology of GelMA, PPy/Glu, and GelMA/PPy/Glu coatings were visualised 

using SEM. The samples were also fractured at room temperature, and cross-section of all the 

films were examined to visualize the interpenetration of PPy through the GelMA hydrogel. The 
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samples were mounted on aluminium studs followed by sputter coating with platinum (Polaron 

SC 7640 sputter coater) and were imaged with a scanning electron microscope (Philips XL30  S 

field emission gun). The secondary electron detector was utilized at an accelerating voltage of 

5.0 kV.  

4.3.8 Cytocompatibility 

As the GelMA/PPy/Glu comprised a combination of materials, cytocompatibility was assessed 

for each material using undifferentiated human neuroblastoma cell lines SH-SY5Y (American 

Tissue Culture Collection (ATCC), CRL-2266). A total of 4 materials were tested to evaluate 

the cytocompatibility in this study: (i) negative control (polystyrene Petri dishes, routinely used 

for neuronal cell culture); (ii) GelMA hydrogel coated on a gold slide; (iii) PPy/Glu, and; 

(iv)  GelMA/PPy/Glu electrodeposited on a gold slide at a charge density of 1500 mC cm-2. All 

the materials were initially placed in an individual well of a 6-well plate containing 2 mL 

MilliQ water (24 hours) to remove any aqueous contaminants followed by sterilization with 

70% ethanol overnight and then washed with sterilized PBS.  Each material was then exposed 

to a standard cell culture medium maintained at 37 °C and 5% CO2 for 24 h to extract any 

leachable components into the cell culture media, this formed the test extracts.  

The cells were cultured in Dulbecco's modified eagle's medium supplemented with 1% 

penicillin/streptomycin/glutamax, 10% heat-inactivated fetal bovine serum until they reached 

80% confluency (~ 3 days) and were maintained at 37 °C and 5% CO2 [242]. The SH-SY5Y 

cells were plated in a 96-well plate (16,000 cells/well) in 100 µL of test extract and incubated 

for 24 h. The cell viability was then measured using a LIVE/DEAD® cell viability assay. Cell 

cultures were incubated at 37 °C and 5% CO2 with 2 µM calcein-AM and 4 µM ethidium 

homodimer-1 (EthD-1) and a 1 µg mL-1 Hoechst, a nuclear stain for 1 h. The labelled cells 

were imaged using a Leica DFC450 C digital microscope using a 10x objective lens equipped 
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with DAPI (Hoechst), GFP (Calcein-AM), and Texas Red (EthD-1). Four images from 

different regions of each well were acquired and repeated across four replicates (n=16). Image 

processing was performed in Matlab (R2018b). Briefly, background subtraction was performed 

on the Hoechst fluorescence images, which were then binarized using an adaptive threshold 

algorithm. Nuclei that were not separated in the threshold image were separated using marker-

controlled watershed segmentation. The mean brightness within each nucleus for the live and 

dead labels was calculated. Cells were defined as dead if the mean brightness of the dead label 

within the nuclei was greater than a manually determined threshold. Percentage cell viability 

was reported as (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝐶𝑒𝑙𝑙𝑠
∗ 100).  

4.3.9 Drug release studies 

After fabrication of coatings, all the samples were washed with MilliQ water to remove 

physically adsorbed monomer and drug molecules from the surface of the coatings eliminating 

any burst release from the CPH coatings. The drug release studies were conducted at the room 

temperature. 

4.3.9.1 Passive release of Glu 

The diffusion of the Glu from the loaded GelMA, PPy/Glu and GelMA/PPy/Glu coatings was 

carried out by immersing the samples in 10 mL PBS solution (pH 7.4), and media was stirred 

using a magnetic stirrer bar. The sampling was performed at regular intervals (sampling 

volume- 500 µL) and replaced with an equal volume of fresh PBS. 

4.3.9.2 Electrically triggered release of Glu 

The electrically triggered release of Glu from the GelMA/PPy/Glu and PPy/Glu were carried 

out in custom fabricated 3-electrode electrochemical cell in 10 mL of fresh PBS solution (pH 

7.4). For active release, the samples were stimulated with a continuous trigger signal of either 
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-0.6 V, or +0.6 V for four hours. Release was also investigated by applying CV sweeps from -

0.6 V to 0.6 V at a scan rate of 100 mV/s for 4 hours.  

The quantification of Glu from the passive and active release was performed by an Agilent 

series 1260 high-performance liquid chromatography (HPLC) system (Agilent Corporation, 

Waldbronn, Germany) equipped with a photodiode array detector, a C-18 column (250 

X 4.6 mm, particle size 5 µm and 100 Å) (Phenomenex, USA) and chemstation software 

(Agilent Corporation, Germany).  

4.4 Statistical Analysis 

All the experiments were performed in triplicate unless otherwise indicated. Statistical 

significance was determined by using a one-way ANOVA followed by Dunnett’s multiple 

comparison test. All the data is presented as mean ± standard deviation (SD). Statistical 

comparison of drug release from GelMA/PPy/Glu and PPy/Glu was performed using an 

unpaired, two-tailed t-test with Welch’s correction. A p-value < 0.05 indicated a significant 

difference. Statistical analysis was performed with the software GraphPad prism 9.0.2.  
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4.5 Results and discussion 

Here, we developed a stable and interpenetrating CPH coating that is a hybrid of GelMA and 

PPy for electrically controlled delivery of Glu.  

4.5.1 CPH fabrication 

The covalent attachment of the GelMA onto the gold electrode was achieved by the self-

assembly of cysteamine onto the gold electrodes through the S-Au bond, which leaves the -

NH2 group for further functionalization (Figure 4.3) [243].  

The GelMA hydrogel was deposited on the gold electrodes functionalized with cysteamine (Fig 

1). GelMA precursor solution (40 µL) was placed on the functionalized surface and then 

covered with a patterned photomask. UV irradiation caused the photo crosslinking of the 

hydrogel and surface attachment to the selected electrode site. The hydrogel solution that was 

exposed to UV light was crosslinked and was bonded to the substrate, and unreacted hydrogel 

chains were washed away with water.  

Following the crosslinking and covalent attachment of the hydrogels on the substrate, the 

hydrogels were impregnated with monomer and dopant solution, and PPy/Glu was then 

successfully electropolymerized within the hydrogel matrix. The growth of PPy was confined 

to the patterned hydrogel area, and the formation of GelMA/PPy/Glu was noted through the 

black coloration of the otherwise colorless hydrogel (Figure 4.1c).  
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Figure 4.3: Schematic representation of functionalization of gold electrodes with cysteamine to achieve 

covalent bonding between gold and GelMA. 

4.5.2 Electrochemical characterisation 

The electrochemical characterisation of various electrode coatings was evaluated using CV 

measurements to obtain CSC. The CV curves of the bare gold electrode, cysteamine treated 

gold, GelMA hydrogel modified electrode, PPy/Glu, and GelMA/PPy/Glu are shown in Figure 

4.4a and b. The hydrogel and CP-based electrodes were soaked in PBS prior to the 

electrochemical measurements as fully hydrated hydrogels allow the better exchange of ions. 

The CV of the cysteamine treated gold electrode was performed to confirm the presence of 

cysteamine on the gold electrode. The self-assembled monolayers of cysteamine on the gold 

electrode showed a reduction in the peak current and CSC (Figure 4.4a), indicating the presence 

of an organic layer on the gold electrode. The CSC of the gold electrodes (0.61 ± 0.07 mC 

cm- 2) showed a significant reduction when coated with GelMA hydrogels (0.312± 0.01 mC 

cm-2). This reduction in the CSC of the GelMA hydrogel is likely due to the long molecular 

chains of GelMA hydrogel and its network structure, acting as an insulating layer on the gold. 

The electrochemical polymerisation of PPy/Glu through the GelMA hydrogels showed a clear 

increase in the CSC of the CPH (3.47 ± 0.12 mC cm-2), which indicates the successful 

polymerisation of PPy/Glu in the hydrogel matrix. The CV of the GelMA/PPy/Glu confirms 

that these coatings are reversibly electroactive, as are the PPy/Glu films (Figure 4.4b). There 

was no significant difference in the CSC of the GelMA/PPy/Glu in comparison to the PPy/Glu 
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(p<0.05) (Figure 4.4c). Literature reports have shown sharp oxidation and reduction peaks 

observed during CV cycling of PPy doped with para-toluene sulfonate [244]. However, the 

sharp oxidation and reduction peaks were not observed in the GelMA/PPy/Glu and PPy/Glu 

due to the nature of the dopant (Glu) used in the electrochemical polymerisation. 

The long-term performance of the GelMA/PPy/Glu was evaluated by extensive CV cycling in 

PBS (1000 cycles). Boehler et al. have previously used extensive CV cycling to assess the 

mechanical and electrochemical stability of PEDOT films [245]. CPH and CP coatings 

experience mechanical stress due to the repetitive expansion and contraction due to ionic 

changes caused by the oxidation and reduction of the coatings [28]. Thus, we used repetitive 

CV cycling to determine the electrochemical and mechanical stability of GelMA/PPy/Glu 

coatings (Figure 4.4d). We found a steady decrease in the CSC of GelMA/PPy/Glu and 

PPy/Glu with an increase in the number of CV sweeps, which could be due to the de-doping 

(release of Glu) of the GelMA/PPy/Glu and PPy/Glu coatings and further doping of these 

coatings from other anions in the PBS [246]. Over repetitive cycles, PPy/Glu coatings showed 

a decrease in the CSC compared to GelMA/PPy/Glu. The GelMA/PPy/Glu coatings showed 

no signs of delamination even after 1000 CV cycles indicating stable adhesion between the 

GelMA hydrogel and gold electrode through the SAM of cysteamine. In contrast, without the 

support of GelMA, the PPy/Glu films showed signs of fracture and delamination from the edges 

during repetitive CV cycling, indicating weak adhesion between the PPy coating and the gold 

electrode [143]. A drug delivery/implantable device should be mechanically stable and able to 

sustain the electrochemical stress without the degradation and delamination from the 

underlying substrate. Here, we have demonstrated a strong adhesion of GelMA on the gold 

electrode with GelMA/PPy/Glu able to undergo extensive CV cycling without any 

delamination or fracture. 
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Figure 4.4: Electrochemical characterisation of GelMA/PPy/Glu, PPy/Glu, GelMA hydrogel, and gold 

substrate.  (a) Representative CV curves at cycle 5 for gold, GelMA, and cysteamine treated gold 

electrodes showing a reduction in the CSC of gold electrode after coating with cysteamine and a further 

decrease in CSC after coating with GelMA. (b) Representative CV curves at cycle 5 for gold, GelMA, 

PPy/Glu, and GelMA/PPy/Glu. (c) Mean CSC for each material with error bars representing SD. The 

data shows a significant increase in CSC after the deposition of PPy/Glu through the GelMA. (d) The 

long-term electrochemical and stability analysis of GelMA/PPy/Glu and control samples after repetitive 

CV cycling (n=1000 cycles) in PBS. (Data presented as mean ± SD) (*p ≤ 0.05, **** p ≤ 0.0001, and 

ns (non-significant)).  
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4.5.3 Verification of SAMs of cysteamine on gold surface 

He et al. has reported a self-assembly of cysteamine on the gold surface to achieve the bonding 

of poly(ethylene glycol) diacrylate (PEGDA) hydrogels on the gold surface [243], and here we 

applied this approach to GelMA hydrogels for the first time. The self-assembly of cysteamine 

on the gold surface was verified by infrared spectroscopy. The spectra of cysteamine and 

cysteamine treated gold slides showed similar peaks at 888 and 950 cm-1 attributed to -NH2 

bending of cysteamine, confirming the presence of cysteamine on the gold surface. Meanwhile, 

a band at 2545 cm-1, corresponding to the -SH stretching vibration, disappeared in the spectrum 

of cysteamine treated gold slides, confirming the formation of Au-S bond, resulting in the 

deprotonation of the -SH bond (Figure 4.5a) [247-249]. The absence of this bond on the gold 

surface indicates the lack of free cysteamine on the gold slides, confirming the presence of the 

SAMs of cysteamine on the gold surface. 

4.5.4 Investigating the interpenetrating nature of PPy in GelMA 

FTIR analysis was performed to confirm the growth of an interpenetrating network of PPy 

through the GelMA hydrogel (Figure 4.5b). FTIR spectra of GelMA showed specific vibrations 

around 3310 cm-1, 3076 cm-1, and 2925 cm-1, corresponding to the O-H and N-H stretching and 

saturated C-H stretch [250]. The other peaks for GelMA were observed at 1647 cm-1, 

1540  cm- 1, 1453 cm-1, 1243 cm-1 corresponding to the stretching of -C=O bond (amide I), 

N- H bond bending (amide II), plane vibrations of C-N and N-H  bond (amide III), and N-H 

bond vibrations (amide I) respectively [251]. FTIR spectra of PPy showed all the characteristic 

peaks of PPy, including a broad peak at 3340 cm-1 attributed to N-H stretching vibrations in 

pyrrole rings. The small peaks at 1550 cm-1,1460 cm-1, and 1400 cm-1 correspond to the 

stretching vibrations of C=C, C-N bonds, and pyrrole ring vibrations [244, 252]. The shoulder 

band at 1265 cm-1 is attributed to C-N bond deformation and C-C in-ring stretch, and the peaks 
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at 1065  cm-1  and between 1000 and 900 cm-1 are attributed to C-H out-of-plane and in-plane 

bending modes of pyrrole ring [253-256].  

The combination of functional groups present in both GelMA and PPy can be seen in the FTIR 

spectra of the top surface of GelMA/PPy/Glu (away from the electrode), confirming the 

presence of both the materials in the GelMA/PPy/Glu. However, certain peaks in the 

GelMA/PPy/Glu material showed either a change in the shape of the peak, shift in the 

wavelength, or disappearance of peaks, suggesting some interactions between the PPy and 

GelMA and formation of a hybrid material. For example, the peak around 3300 cm-1 in the IR 

spectrum of GelMA/PPy/Glu showed a broadening of the peak similar to the peak in the IR 

spectrum of PPy/Glu, indicating some interactions between PPy and GelMA such as H-bonding 

and suggesting the presence of PPy/Glu in the GelMA/PPy/Glu. In addition, the N-H stretching 

peak at 3076 cm-1 in GelMA disappeared in the GelMA/PPy/Glu spectra, suggesting some 

interactions between the two materials. Also, the peaks at 1647 cm-1, 1540 cm-1 observed in 

GelMA can also be seen in the GelMA/PPy/Glu, and the intensity of these vibrations decreased 

with an increase in the charge density of the PPy/Glu in the GelMA/PPy/Glu, indicating growth 

of PPy/Glu through the hydrogel. Similarly, the peak at 1065 cm-1 in PPy/Glu showed a shift 

to 1080 cm-1 in GelMA/PPy/Glu, indicating some interactions between the two materials. Also, 

the C-H peak at 984 cm-1 in PPy/Glu, which is absent in GelMA, can be seen in the spectra of 

GelMA/PPy/Glu, indicating the presence of PPy in the GelMA/PPy/Glu. The spectra of the top 

surfaces of GelMA/PPy/Glu with an increase in the polymerisation charge density of PPy 

confirms the growth of PPy from the electrode to the surface of the GelMA, indicating the 

formation of an interpenetrating network of PPy/Glu in the GelMA hydrogel. 
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Figure 4.5: FTIR spectra of (a). Cysteamine and cysteamine treated gold substrate showing the 

disappearance of band at 2545 cm-1, corresponding to the -SH stretching vibration, confirming the 

bonding of cysteamine to the gold electrode (b) GelMA, PPy/Glu, and GelMA/PPy/Glu confirming the 

interpenetration of PPy/Glu through the GelMA hydrogels. Black lines show the peaks corresponding 

to GelMA.and red lines show the peaks corresponding to PPy.  
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The surface morphology of GelMA, PPy/Glu, and the GelMA/PPy/Glu was examined by SEM. 

Figure 4.6a shows the porous structure of GelMA consistent with previous reports [236]. The 

surface of PPy films has cauliflower-like and granular morphology as reported previously 

[257]. Paul et al. studied the surface morphology of the PPy/Glu films using atomic forced 

microscopy (AFM) and found a homogeneously distributed granular structure with spherical-

shaped granules [258]. We report similar surface morphology of PPy/Glu coatings 

(Figure 4.6b) as studied by SEM. Figure 4.6c shows the surface morphology of 

GelMA/PPy/Glu. The granular structure of PPy/Glu can be seen penetrating the hydrogel, 

confirming the interpenetrating nature of the CPH in the study. 

Figure 4.6d-f show the cross-section of the GelMA, PPy/Glu, and GelMA/PPy/Glu coatings. 

The GelMA/PPy/Glu cross-section images show the presence of PPy within the GelMA 

hydrogel, confirming the interpenetrating network of PPy within the GelMA hydrogel. The 

homogeneity of the CPH coatings can be further evaluated by techniques such as XPS. 

 

Figure 4.6: Surface morphology and cross-section analysis of CPH and control groups. (a) Section of 

GelMA hydrogel showing the porous structure. (b) Granular morphology of PPy/Glu coatings. (c) 

Surface morphology of GelMA/PPy/Glu showing different surface morphology compared to PPy/Glu 

coatings and growth of PPy/Glu through the pores of GelMA hydrogel, confirming the formation of 

interpenetrating CPH. (d) Cross-section of GelMA hydrogel. (e) Cross-section of PPy/Glu coating. (f) 

Cross-section of GelMA/PPy/Glu coating showing thicker coatings compared to the GelMA and PPy 

and also the growth of some granular structures reaching the surface. 
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4.5.5 Cytocompatibility  

We verified the cytocompatibility of GelMA/PPy/Glu coatings by investigating extracts from 

these coatings. The percentage viability of undifferentiated SH-SY5Y cells was determined 

after a 24 h exposure to the extracts. Figure 4.7a shows the fluorescence images of the control 

and test materials. The cell viability of more than 80% is considered as the absence of 

cytotoxicity as per ISO standard 10993-5. The control group showed average viability of 95.4 ± 

4.8%. No significant difference was observed in the average viability of cells exposed to the 

extracts of GelMA hydrogel (94.3% ± 2.9) in comparison to the control group (p > 0.05). 

PPy/Glu and GelMA/PPy/Glu exhibited average cell viability of 91.7% ± 6.3 and 90.0 ± 3.7%, 

respectively (Figure 4.7b). Although the cell viability of the PPy/Glu and GelMA/PPy/Glu 

showed significant differences compared to the control group (p < 0.05); no morphological 

difference was seen when compared to the control. The SH-SY5Y cells remained adherent 

upon exposure to the material extracts of PPy/Glu and GelMA/PPy/Glu, which indicates the 

biocompatibility of both these materials. Various research groups have previously tested the 

individual components of the CPH i.e., PPy or GelMA, and the biocompatibility of these 

materials has been well established [165, 168, 236]. When considering specific applications in 

the future, direct cell contact tests with specific cell types will be required. 
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Figure 4.7: The biocompatibility of the GelMA/PPy/Glu and other coatings was evaluated using a 

LIVE/DEAD® viability/cytotoxicity assay on undifferentiated SH-SY5Y neurons after 72 h in the 

culture. a) LIVE/DEAD® assay fluorescence images visualised using a 10 x objective. b) The bar graph 

shows percentage cell viability calculated by determining the number of live cells as a percentage of a 

total number of cells. (Data presented as mean ± SD) (**p ≤ 0.01). 
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4.5.6 Drug release studies 

4.5.6.1 Passive release of Glu 

The GelMA/PPy/Glu and PPy/Glu coatings were loaded with the anionic drug Glu (pH 6.8) 

during electropolymerisation at a constant oxidizing potential of +0.9 V. As PPy is polymerised 

it is in the oxidised state with negatively charged Glu loaded through electrostatic interactions. 

In addition the hydrogel component of the CPH allows a large amount of drug-loading in the 

pores of the GelMA/PPy/Glu network [26]. In Figure 4.8a the amount of Glu released from the 

GelMA/PPy/Glu coatings after 8 h (25.0 ± 6.8 µg) was more than 3 times higher than the Glu 

released from PPy/Glu (7.2 ± 1.6 µg) (p < 0.05). Interestingly the amount of Glu released from 

the GelMA hydrogel (2.1 ± 0.5 µg) was very low compared to the CP and CPH coatings (p < 

0.05). This could be due to a very small amount of Glu originally entrapped into the pores of 

the hydrogel as there was no electrostatic attraction to drive loading.   

4.5.6.2 Electrically triggered release of Glu 

To investigate the electrically triggered release of Glu from the GelMA/PPy/Glu, these coatings 

were exposed to a continuous electrical trigger of -0.6 V or +0.6 V, or CV (±0.6 V at 100 mV/s) 

over 4 h. Electrically triggered release was trialled at voltages ranging from -0.5 V to -0.7 V 

and then optimised at -0.6 V. The total amount of Glu released upon application of reduction 

to GelMA/PPy/Glu coatings was 106.9 ± 7.5 µg, which is almost six times higher than the Glu 

released upon oxidation and five times higher than passive Glu release (Figure 4.8b). The 

application of constant negative potential resulted in a burst release of Glu in the first 30 min 

followed by a steady increase in the release of Glu.  The oxidation of the GelMA/PPy/Glu 

coatings released a relatively smaller amount of Glu (16.9 ± 5.5 µg) compared release upon a 

reducing stimulus. At a positive potential, the negatively charged ions are electrostatically 

attracted to the positively charged CP chain [54]. However, a small amount of drug released 
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could be simply due to diffusion of the Glu, which was subsequently entrapped into the pores 

of GelMA/PPy. The release of drugs through diffusion and electrostatic mechanism provides 

the opportunity to electrically control the release of drugs through GelMA/PPy/Glu. The 

application of CV also resulted in an initial burst release of Glu without any subsequent release. 

The total Glu release upon constant CV sweeps was 20.7 ± 5.5 µg. The Glu release plateaued 

after 30 min of stimulation by CV, which could be due to the initial release by diffusion. The 

mechanism of release of Glu through CV can be further explored by periodic stimulation. There 

was no significant difference in the total amount of Glu released upon application of oxidation 

and CV sweeps (p > 0.5).  

We demonstrated fourteen times more release of Glu from GelMA/PPy/Glu (106.8 ± 7.5 µg) 

compared to PPy/Glu (7.20 ± 1.6 µg) upon application of constant reducing potential (-0.6 V) 

(Figure 4.8c and d). We have demonstrated that GelMA/PPy coatings can facilitate the 

electrically triggered release of drugs, and a higher amount of drugs can be loaded into the CPH 

compared to the CPs. The drugs that are loaded into the CPH either passively or by electrostatic 

interaction can be released by a combination of diffusion and electrical trigger.  



Chapter 4: An interpenetrating and patternable CPH for electrically stimulated release of glutamate 

103 

 

 

Figure 4.8: (a) Cumulative Glu release from GelMA/PPy/Glu, PPy/Glu and GelMA coatings by passive 

diffusion in PBS for 8 h.  (b) Electrically stimulated release profile of Glu from GelMA/PPy/Glu 

coatings showing the influence of different electrical triggers i.e. constant reduction ( -0.6 V), constant 

oxidation ( +0.6 V), and CV cycle sweeps (-0.6 V to +0.6 V at a rate of 100 mV/s). (c) Comparison of 

cumulative Glu release profile from GelMA/PPy/Gly and PPy/Glu coatings upon constant reduction (- 

0.6 V). (d) Bar graph showing the comparison active and passive release of Glu from GelMA/PPy/Glu 

and PPy/Glu coatings after 4 h. (Data presented as mean ± SD) (* p ≤ 0.05, and ** p ≤ 0.01). 

4.6 Conclusion 

We report the fabrication of a novel drug release system based on a stable CPH, consisting of 

the hydrogel GelMA containing a fully interpenetrating network of PPy, capable of releasing 

several fold higher Glu than comparable PPy films. The GelMA/PPy/Glu was covalently 

bonded to the gold surface and photolithographically patterned with comparable 

electrochemical characteristics to PPy/Glu films. The cytocompatibility of the CPH material 

was demonstrated with undifferentiated human neuroblastoma cell lines SH-SY5Y. We have 

demonstrated that the GelMA/PPy/Glu system was responsive to electrical stimulation with 
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almost five times the amount of Glu released upon constant reduction (-0.6 V) compared to 

when no electrical stimulation was applied. The GelMA/PPy/Glu was able to deliver fourteen 

times higher amount of Glu compared to PPy/Glu films.  While the present study focussed on 

the electrically controlled delivery of Glu, the CPH has the potential to deliver drugs of 

different charge and size. Thus, these coatings can be explored for a range of implantable drug 

delivery applications in bioelectronics for the treatment of neurological disorders. In Chapter 

5 we built a device containing drug delivery and microelectrodes that in the future can use 

native cellular signalling to trigger Glu release. 
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5 Fabrication and characterisation of an interpenetrating 

conducting polymer hydrogel coating on microelectrodes 
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5.1 Introduction 

Microelectrodes used at the neural interface have demonstrated widespread application as a 

methodology to modify, treat, restore, and explore neurological dysfunctions through either 

electrical stimulation or recording from neural tissues [25, 28, 259]. Microelectrode arrays 

(MEAs) interface in close proximity with a population of neurons. To date, the most successful 

clinical applications of neural interfaces include deep brain stimulation to reduce the symptoms 

of Parkinson's disease and a cochlear implant to restore auditory functions [260-262]. 

Microelectrodes made of noble metals such as gold, platinum, or iridium have been used for 

decades for clinical applications like cochlear implants and deep brain stimulation [263, 264]. 

However, they are several challenges associated with these metallic electrodes, including the 

need for sufficient charge injection capacity required for safe stimulation of neuronal cells 

[265], high intrinsic noise for neuronal recording, high interfacial impedance [266, 267], and 

mechanical mismatch between the electrode and surrounding tissue leading to the neural 

inflammation, and ultimately degradation and failure of the device in long-term [267, 268]. 

Smaller size microelectrodes are required to achieve neuronal recordings with high spatial 

resolution however, reduction in the size of microelectrode reduces the electrochemical surface 

area and thus increases impedance. High impedance value at the neuronal recording site 

degrades the quality of signal [58].  

To overcome these challenges, material-based strategies have been employed to improve the 

long-term functionality of these devices. These strategies focus on improving the charge 

storage capacity (CSC), reducing the impedance and reduction of the size of microelectrodes, 

improved charge injection limit, and enhanced tissue integration [22, 25, 28, 166, 269]. 

Conducting polymer (CP) coatings such as poly (3,4-ethylenedioxythophene) (PEDOT), 

polypyrrole (PPy) have been widely explored to modify the surface of implants [270-273]. 

Neural microelectrodes are often used in chronic, long-term implantations. Materials with high 
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electrochemical stability are desired for the microelectrode coatings. PEDOT offers higher 

electrochemical stability compared to PPy [274]. PEDOT coatings have been recently used for 

various biomedical applications due to their excellent conductivity [275], low impedance [13, 

166], and excellent biocompatibility [166]. CP coatings improves the electrical performance of 

the electrode surface due to their high conductivity and low impedance thereby improving the 

communication between the tissue and electrode. In addition, CP coatings have improved tissue 

integration by releasing of drugs such as dexamethasone upon electrical stimulation [17, 23]. 

Despite so many advantages offered by PEDOT coatings, it is far from being an ideal coating 

material for neural interface applications because of its unsatisfactory performance during 

long-term stimulations due to either delamination or cracking and mechanical mismatch 

leading to poor integration with tissues [24, 25]. Recently, various researchers have focused on 

fabricating new materials that possess mechanical properties that mimic the tissues without 

trading off their electrical performance. Hydrogels are a promising class of biomaterials with 

a high-water content that provides wet and ion rich physiological environment [82]. The soft 

and flexible nature of hydrogel reduces the mechanical mismatch at tissue/electrode interface. 

In addition, the presence of a hydrogel increases the storage volume for incorporation of 

biological components and drugs. Due to their unique properties, hydrogels have attracted 

considerable attention in the field of bioelectronics to provide seamless interfacing between 

biological tissues and electronics [82, 276]. Based on this idea, hydrogels have been 

incorporated with CPs to form a hybrid material known as conducting polymer hydrogels 

(CPHs) in which a CP is grown within a hydrogel matrix. The hydrogel component provides a 

highly hydrophilic and porous network and CP component imparts the electrical conductivity 

[13, 26, 27]. CPH coatings have found applications in the field of drug delivery [26], 

bioelectronics [116] and biosensors [127] . CPH coatings have been recently explored for 

enhanced neural interfaces applications offering mechanical properties similar to tissues and 
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electrical properties comparable to conducting polymers [26]. However, successful integration 

of CPH coatings for neural interface applications require these coatings to adhere to the 

electrode surface. In addition, CPH should form an interpenetrating network of CP and 

hydrogel without compromising the electrical properties of CP [63]. To realise the full potential 

of CPH coatings, these issues need to be addressed. Recently, Kleber et al. reported the 

fabrication of a semi-interpenetrating network of PDMAAP/PEDOT offering excellent 

electrochemical properties and covalent bonding between the CPH and electrode surface to 

ensure long-term stability [28]. Pan et al. have shown the micropatterning of phytic 

acid/polyaniline CPH using ink-jet printing or spray-coated methods [277]. These CPHs can 

be used as coatings for neural electrodes but their ability to act at the neural interface is yet to 

be explored.  

5.2 Aims and objectives 

In this chapter, we aim to fabricate a device consisting of MEAs and drug delivery electrodes 

compatible with the commercial multichannel system (MCS) headstage. In addition, we aim to 

develop an interpenetrating, selectively patternable CPH coating of microelectrodes for neural 

interface application which is composed of a hydrogel gelatin methacrylate (GelMA) and CP 

PEDOT/PSS. We aim to improve the electrochemical stability and long-term performance of 

these coatings by covalently bonding them to the underlying substrate. Here we present a 

detailed characterisation of the microelectrode coatings, central to neuronal recording. The 

characterisation data investigates charge storage capacity (CSC), impedance, charge injection 

limit (CIL), surface morphology and biocompatibility of these coatings. We aim to investigate 

the ability of these CPH coatings to facilitate neural signal recordings through MEAs.  In future 

work, these signals could be used to trigger the Glu release from the CPH developed in Chapter 

4. The specific objectives were to:  
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1. Design and fabricate a customised device capable of performing as a closed loop 

delivery system containing microelectrodes for neuronal sensing and drug delivery 

electrodes. 

2. Fabricate interpenetrating GelMA/PEDOT/PSS coatings and pattern them on 

microelectrodes for neural interface application. 

3. Characterise GelMA/PEDOT/PSS and conventional PEDOT/PSS coatings for CSC, 

impedance, CIL, morphology and biocompatibility. 

4. Record spontaneous activity from primary hippocampal neurons through 

GelMA/PEDPT/PSS and conventional PEDOT/PSS coatings. 

5.3 Methods 

5.3.1 Chemicals and Materials 

Cyclopentanone, ethanol, 3,4-ethylenedioxythiophene (EDOT), gelatin type B (bloom 225g, 

bovine skin), cysteamine, irgacure 2959, poly-D-lysine (PDL), propylene glycol monomethyl 

ether acetate (PGMEA), sodium polystyrene sulfonate (PSS) and potassium iodide (KI) were 

all purchased from Sigma Aldrich. 

Gold coated glass slides were purchased from Deposition Research Lab, Inc., (DRLI, USA), 

SU-8 2025 negative photoresist was purchased from Microchem Corp. (USA) and Ag/AgCl 

reference electrodes were purchased from eDAQ (Australia). 

Papain was purchased from Warthington, (Lakewood, NJ), Hank's Balanced Salt Solution 

(HBSS), minimum essential medium (MEM), glutamax and NeurobasalTM media (NBM) were 

purchased from Gibco (USA). Fetal bovine serum was purchased from Moregate Biotech 

(Australia)) B27 supplement and Neurite outgrowth staining kit were purchased from 

Invitrogen (USA).  
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nLOF 2070 negative photoresist, SU-8 2005 negative photoresist and AZ 326-MIF developer 

were purchased from microchemicals (Germany). A poly(dimethyl siloxane) (PDMS) 

(SYLGARD 184) elastomer kit was purchased from Dow Corning (USA).  

5.3.2 MEA fabrication 

The MEA device was fabricated using a photolithography process on gold slides (5×5 cm2, 40 

nm Ti/100 nm Au on clear borosilicate glass). Photolithographic technique was used to 

accomplish precise patterning of microelectrodes on gold slides as mentioned in our previous 

work [166]. Photolithographic technique uses ultraviolet (UV) light to transfer a pattern from 

a photomask to a substrate coated with photoresist Customised masks were designed via 

AutoCAD and printed on a chrome coated glass substrate using femtosecond pulsed laser 

machining technique (Figure 5.1a and b).  

The fabrication was performed by following these steps: i) Spin-coating and photopatterning 

of nLOF 2070, a negative photoresist through a photomask at a thickness of 7 µm for lift-off, 

ii) lift-off in KI/I2 solution followed by 50% HCl at 65 °C and then washing with acetone and 

rinsing with isopropyl alcohol, iii) spin coating and photopatterning of SU-8 2005, a negative 

photoresist for passivation of MEA. Spin-coating was performed using a spin coater (Laurell 

WS-400B-6NPP/LITE spin coater, USA) and photopatterning using a mask aligner (ABM 

Mask Aligner, USA). The MEA consisted of 36 microelectrodes with a 30 µm diameter, a 200 

µm interelectrode distance and five electrodes with a diameter of 50 µm, 100 µm, 150 µm, and 

200 µm respectively. In addition, the device had 4 larger drug delivery electrodes, which were 

also used for surface characterisation studies (Figure 5.1c). The electrodes with 30  µm 

diameter were used for electrochemical polymerisation of GelMA/PEDOT/PSS and 

PEDOT/PSS coatings on microelectrodes and further characterisation. The layout of the MEA 

and contact pads were designed to be compatible with commercial MCS headstage. 
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Figure 5.1: a) Photomask for gold patterning. b) photomask for insulation layer patterning. Chrome 

regions on the mask indicate areas of no UV light penetration. c) the layout of the customised MEA 

design showing microelectrode area, contact pads, and alignment markers. d) fluid well attached to the 

fabricated MEA to support electrochemical polymerisation. e) MEA connected with 68-pin MCS 

standard connector to establish connections with microelectrodes for electrochemical polymerisation 

using a 3-electrode set up. 

5.3.3 Fabrication of CPH coatings 

5.3.3.1 Preparation of hydrogel coating and functionalization of the electrode surface 

According to the procedures described previously, the GelMA hydrogel was prepared, 

crosslinked, and covalently bonded to the gold electrodes. Briefly, the GelMA hydrogel was 

prepared by methacrylation of gelatin, type B. The gold electrodes were chemically 
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functionalized with cysteamine creating self-assembled monolayers of cysteamine, which 

served as a crosslinking agent between the gold electrodes and GelMA hydrogel coating 

through Au-S bonding [138]. GelMA hydrogel coatings were prepared by UV-crosslinking the 

prepolymer solutions of 5% w/v GelMA and 0.5% w/v photoinitiator (irgacure 2959) in 

distilled water. The electrodes were exposed to UV light using a photomask at 365 nm for 10 

minutes at an optical intensity of 10 mW cm-2 followed by washing with DI water to remove 

any unreacted polymer chains. The samples were air-dried before the polymerisation of CP. 

5.3.3.2 Fluid-well construction 

A fluid well made of PDMS was fabricated using poly (methyl methacrylate) (PMMA) moulds 

made using a CO2 laser to contain the polymerisation solution on the electrode surface. PDMS 

was prepared by mixing of elastomer base with curing agent (10:1) and poured into PMMA 

mould. The PMMA mould containing PDMS well were placed in an oven at 65 °C overnight 

to allow curing of PDMS. The PDMS wells were then removed from the mould and attached 

on the gold MEA surface with silicone adhesive.  

5.3.3.3 Electrochemical polymerisation of PEDOT/PSS through the hydrogel network 

Electrochemical polymerisation of PEDOT/PSS was carried in an aqueous solution of 10 mM 

EDOT and 100 mM PSS prepared by vigorous mixing for 1 h. The hydrogel-coated MEAs 

were air-dried and then soaked into the EDOT and PSS solution for at least 24 h to allow 

equilibration of EDOT (monomer) and PSS (dopant) within the hydrogel. The MEA was 

connected to a 68-pin connector to establish connections with the working electrodes. (Multi-

Channel Systems MCS GmbH, Germany) (Figure 5.1e) The PEDOT/PSS coatings were 

deposited onto 30 µm diameter gold working electrodes using a potentiostat (Biologic VSP-

300, France). The polymerisation was done using a three-electrode setup consisting of GelMA 

hydrogel-coated gold working electrode, a platinum counter electrode, and a silver/silver 
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chloride (Ag/AgCl) reference electrode. Potentiostatic polymerisation (constant potential) was 

carried out at 0.9 V to the working microelectrode (area 7.06×10-6 cm2) until the total charge 

reached 2000 nC for each electrode, equating to a charge density of 283.28 mC cm-2. The 

resulting CPH coatings were soaked in PBS for 24 h before any further characterisation. 

In addition, PEDOT/PSS reference coatings were deposited on the gold microelectrodes 

(without hydrogel) by potentiostatic polymerisation at a potential of 0.9 V until a charge cut 

off of 2000 nC, equating to a charge density of 283.28 mC cm-2. The resulting CP films were 

washed with DI water and soaked in PBS for 24 h before further characterisation. 

5.3.4 Surface characterisation 

The surface morphology of the GelMA/PEDOT/PSS and PEDOT/PSS coatings was visualized 

using a benchtop scanning electron microscopy (Hitachi, TM 3030Plus). The samples were 

mounted on aluminium studs followed by sputter coating with platinum (Polaron SC 7640 

sputter coater) before imaging by SEM. Optical images of both the coatings were obtained 

using an optical microscope. 

The composition of the GelMA/PEDOT/PSS (polymerised on bigger electrodes using the same 

charge density as used for microelectrodes) was examined using Fourier-transform infrared 

(FTIR) spectroscopy (Bruker Tensor 37 FTIR spectrometer, Germany) in attenuated total 

reflectance (ATR) mode using a germanium (Ge) crystal. The FTIR analysis was done between 

600 and 4000 cm-1 at a resolution of 4 cm-1 over 32 cumulative scans. Data acquisition was 

done in transmittance mode in opus spectroscopic software (OPUS 6.5, Germany). 
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5.4 Electrochemical characterisation 

The electrochemical performance of GelMA/PEDOT/PSS coated microelectrodes was 

evaluated in comparison to the PEDOT/PSS coated and bare gold microelectrodes using cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS), and voltage transient 

measurements (VTM). CV and EIS measurements were also performed on the GelMA coated 

microelectrodes. The MEA was connected to a 68-pin connector to establish connections with 

the working electrodes. All the electrochemical characterisations were performed with a 

potentiostat (Biologic, VSP-300, France) using a three-electrode setup with microelectrode as 

a working electrode, platinum wire as a counter electrode and Ag/AgCl as a reference electrode 

in PBS solution. The CV scans were performed within the potential range of -0.9 V and 0.6 V 

at a scan rate of 100 mV s-1. The cathodic charge storage capacity (CSC) of the microelectrode 

coatings was calculated by the time integral of cathodic current within one CV cycle using EC 

lab software (Biologic, France). The impedance of all the coatings was measured by EIS, a 

sinusoidal excitation signal with an amplitude of 10 mV was applied over a range of 1 Hz-

10 kHz, and measurements were taken at 9 points per decade (on a logarithmic scale). A Bode 

plot of EIS measurement of each sample was prepared to calculate the impedance magnitude 

(|Z|). 

VTM measurements were performed by applying a cathodic pulse first (with small pulses of ± 

2.5 µA, corresponding to a current density of 3.5 nA µm-2) biphasic rectangular current pulses 

of 2 ms phase-1 at a frequency of 50 Hz on microelectrodes. The cathodic pulse is applied first 

for the VTM measurements followed by anodic reversal as it reduces the chances of irreversible 

faradaic reactions. The applied current density was increased until the potential at the 

electrode/electrolyte interface, known as maximum negative polarisation voltage (Vmc), 

reached the water reduction voltage of -0.9 V vs. Ag/AgCl.  
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The electrochemical stability of GelMA/PEDOT/PSS and PEDOT/PSS coatings was evaluated 

by repetitive CV cycling in PBS. The extensive CV cycling was done by performing the 1000 

CV cycles over a sweeping range of -0.9 V and 0.6 V at a scan rate of 100 mV s-1. The long-

term performance of both the microelectrode coatings was determined by the immersion of 

coated MEAs in PBS for 14 days at 37 °C and 5 % CO2. CV and EIS measurements were taken 

after regular intervals. After each measurement, MEAs were washed with DI water and 

replaced with fresh PBS. 

5.4.1 Biocompatibility 

As the MEA devices are comprised of a combination of materials, the biocompatibility 

assessment of each of the components is required. The biocompatibility of the MEA devices 

coated with PEDOT/PSS and other components was assessed previously by us [166]. So, here 

we cultivated the primary hippocampal cells on the GelMA/PEDOT/PSS coated MEA devices 

to assess its biocompatibility and compared the cell viability and neuron outgrowth with MEA 

devices coated with conventional PEDOT/PSS coatings. The MEA devices for cell culture 

were washed with 70% ethanol, followed by exposure to UV light for 1 h. The MEA devices 

were filled with 1 mL of PDL (0.01 mg mL-1 in PBS) and transferred to an incubator at 37 °C 

and left overnight. The primary hippocampal neurons from postnatal day zero (P0) Wistar pups 

were cultured using the procedure described previously [166, 278, 279]. Briefly, hippocampi 

of the P0 Wistar pups were treated with papain solution followed by treatment with enzyme 

inactivation solution (MEM and FBS) and triturated with fire-polished tip and suspended in 

NBM supplemented with 1% v/v glutamax and B27 supplement. Neurons were cultured at a 

cell density of 50,000 cells cm2. The MEA devices with cell cultures were placed in a 5% CO2 

incubator at 37 °C for 16 days. Half of the culture medium was replaced after 24 hours, and 

25% of media was replaced every 3 days. 
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The neuronal viability was then measured using a Neurite outgrowth staining kit at DIV 16. 

Neurite outgrowth staining kit provides dual color stain that allows quantification and 

visualization of neuronal cell health (via cell-permeable viability indicator) and neurite 

outgrowth (via labeling of outer cell membrane surfaces). The neurite outgrowth staining kit 

comprises stock solutions of cell viability indicator, cell membrane stain, and background 

suppression dye. The working solutions were prepared according to the manufacturer's 

instructions. Briefly, a 1× working stain solution was prepared by diluting cell viability 

indicator (1000×), and cell membrane stain (1000×) into HBSS containing magnesium and 

calcium and 1× background stain was prepared by diluting background suppression dye (100×) 

in HBSS. The NBM was removed from the culture wells and replaced with 1× working stain, 

and incubated for 20 min at 37 °C. Following the staining step, the 1× working stain solution 

was removed from the culture well and replaced with 1× background suppression dye, and cells 

were visualized using a Leica DFC450 C digital microscope using a 10× objective lens 

equipped with GFP and Texas red. The presence of green fluorescence within the cell body 

was used as a measure of cell viability. Viable cells were counted using ImageJ and were 

reported as a number of viable cells cm-2.  Neurite outgrowth was measured using ImageJ and 

was expressed as relative fluorescence units (RFU). Ten images were acquired from different 

regions of each MEA and repeated across 3 replicates.  

5.4.2 Electrophysiological recording 

The electrophysiological recordings of primary neuronal cell cultures in MEA devices were 

performed by an MEA 2100-Mini headstage and amplifier (Multi Channel Systems MCS 

GmbH, Germany). All the recordings were carried out at DIV 21. The spike detector threshold 

for each recording channel was set at 5. Neural signals were extracted at a sampling rate of 20 

kHz (i.e., 20,000 samples s-1). All the data were analysed using Neuroexplorer 5.0 program 

(Nex Technologies, USA). 



Chapter 5: Fabrication and characterisation of an interpenetrating CPH coating on microelectrode 

117 

 

5.4.3 Statistical analysis 

All the experiments were performed in triplicate unless otherwise specified. Statistical 

significance was determined by using one-way ANOVA followed by Dunnett's multiple 

comparison test. All the results are presented as mean ± standard deviation (SD). Statistical 

comparison between the neuron viability and outgrowth of GelMA/PEDOT/PSS and 

PEDOT/PSS was performed using an unpaired, two-tailed t-test with Welch's correction. A p-

vale<0.05 indicated a statistically significant difference between the groups. All the statistical 

analysis was performed with Graphpad Prism 9.0.2 software. 

5.5 Results and Discussion 

Customised MEAs were successfully fabricated on a 5 cm × 5 cm (40 nm Ti/100 nm Au) on 

clear borosilicate glass using photolithographic techniques. The layout of the MEA and contact 

pads were designed to be compatible with MEA 2100 mini head stage, a commercially 

available in vitro recording system (Figure 5.2a). The gold MEAs are a well-known tool for 

electrophysiological measurements, and the microelectrodes with 30 µm diameter are 

commonly used for commercial MEAs. We used these electrodes to compare the 

electrochemical properties of GelMA/PEDOT/PSS with PEDOT/PSS coatings.  
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Figure 5.2: a) Picture of the fabricated MEA (b) Optical image of the microelectrodes coated with 

GelMA hydrogel (transparent coating on the electrode, highlighted by red square) and 

GelMA/PEDOT/PSS coating (blue coating on the electrode, highlighted by blue square). (c) SEM 

image of a single microelectrode coated with GelMA/PEDOT/PSS (c) SEM image of a single 

microelectrode coated with PEDOT/PSS. 

 

5.6 CPH fabrication 

We developed a CPH coating that consists of GelMA and PEDOT. The GelMA hydrogel was 

covalently attached to the gold microelectrodes by forming self-assembled monolayers of 

cysteamine on the gold electrode through S-Au bond. The -NH2 group of the cysteamine further 

binds with GelMA creating a strong bonding between GelMA and gold electrode [138]. The 

GelMA hydrogel precursor solution was placed on the cysteamine coated MEA and covered 

with a patterned photomask, which allowed UV light exposure only on the microelectrodes 
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resulting in hydrogel crosslinking only on the selected electrode site (Figure 5.2b). MEAs were 

washed with DI water after the crosslinking to remove any unreacted polymer chains.  

The hydrogel coated MEAs were immersed in monomer and dopant solution to allow 

homogenous distribution of EDOT and PSS within the hydrogel. PEDOT was then successfully 

electropolymerized through the patterned hydrogel matrix to form an interpenetrating network 

of PEDOT through the GelMA hydrogels. The deposition of PEDOT/PSS through the 

transparent GelMA hydrogel resulted in the change in the color of the otherwise transparent 

hydrogel to a blue color (Figure 5.2b), showing the selective polymerisation of 

GelMA/PEDOT/PSS. One of the biggest challenges in the fabrication of CPHs is to ensure the 

formation of an interpenetrating network of CP within the hydrogel matrix. Some research 

groups have immobilized the dopant within the hydrogel to achieve the formation of semi-

interpenetrating/ interpenetrating network [28, 201]. In the present study, we have achieved an 

interpenetrating network of CPH, confirmed by surface and electrochemical characterisations. 

5.7 Surface characterisation 

The structural integrity of the GelMA/PEDOT/PSS coatings and its interface with the bare gold 

microelectrode was investigated by studying the morphology of these coatings. We first 

observed the optical images of MEA coated with GelMA, GelMA/PEDOT/PSS, and 

PEDOT/PSS. The transparent GelMA can be seen confined to the electrode area in the optical 

images. Optical images of the microelectrodes showed confirmed the electrochemical 

polymerisation of PEDOT/PSS in the GelMA hydrogel evidenced by the presence of blue 

colour in the otherwise transparent hydrogel. The detailed surface morphology of the 

GelMA/PEDOT/PSS and PEDOT/PSS coated microelectrodes was studied through SEM 

analysis (Figure 5.2c and d). The SEM images of both the coatings revealed selective 

polymerisation on the microelectrode site, circular geometry of the coatings, and the diameter 
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of both the coatings was ~30 µm. The PEDOT/PSS coatings showed a smooth surface, as 

mentioned in literature [166]. However, GelMA/PEDOT/PSS coatings showed a rough 

morphology indicating the growth of PEDOT through the GelMA hydrogel. 

FTIR analysis of GelMA/PEDOT/PSS was performed to confirm the presence of both the 

components (GelMA and PEDOT) in the CPH material (Figure 5.3). FTIR spectra of GelMA 

showed its characteristic peaks at 1647 cm-1, 1540 cm-1, 1453 cm-1, 1400 cm-1 corresponding 

to the stretching of -C=O bond (amide I), N-H bond bending (amide II), plane vibrations of C-

N and N-H bond (amide III), and N-H stretching (amide III) respectively [251, 280]. The FTIR 

spectra of PEDOT showed all the characteristic peaks of PEDOT 1165 cm-1and 1125 cm-1 

corresponds to the asymmetric stretching vibrations of -SO3
- group of PSS. The other peaks for 

PEDOT were observed at 1040 cm-1 and 1004 cm-1, corresponding to symmetric stretching 

vibrations of -SO3
- group of PSS [281, 282]. The peaks at 833 cm-1, 770 cm-1, and 670 cm-1 are 

attributed to =C-H out of plane vibrations [281]. 

The FTIR spectra of GelMA/PEDOT/PSS show peaks corresponding to the combination of 

functional groups present in both GelMA and PEDOT, confirming the presence of both the 

polymers. However, some peaks in the GelMA/PEDOT/PSS showed a shift in the wavelength 

or change in the shape or size of the peak in comparison to the peaks in the individual materials, 

suggesting some interactions between the two materials. For instance, the peak at 670 cm-1, 

1165 cm-1 in the IR spectra of PEDOT/PSS shifted to 701 cm-1 and1185 cm-1 suggesting some 

bonding between the two materials. In addition, we noticed a broadening of both these peaks 

in GelMA/PEDOT/PSS, which again suggests some interactions or H-bonding. Thus, FTIR 

analysis confirms that GelMA/PEDOT/PSS is a hybrid of both these materials.  
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Figure 5.3: FTIR spectra of GelMA hydrogel, PEDOT/PSS polymer coating and GelMA/PEDOT/PSS. 

The presence of functional groups for both GelMA hydrogel and PEDOT/PSS present in 

GelMA/PEDOT/PSS coatings indicate successful polymerisation of PEDOT/PSS in the GelMA 

hydrogel and formation of a hybrid material. 

 

5.7.1 Electrochemical characterisation 

The electrochemical performance of microelectrodes plays an essential role at the neural 

interface. The efficient transduction between the microelectrodes and neural tissue requires 

electrode materials to be able to achieve the function of both ionic/electronic transducer, record 

neural activity, and stimulate the neural tissue [22, 269]. An ideal electrode material for neural 

interface coating should offer high charge storage capacity, low impedance to reduce signal-
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to-noise ratio and increase recorded potentials, and long-term performance stability [22]. We 

evaluated the impact of GelMA/PEDOT/PSS coatings on the electrochemical properties of bare 

gold microelectrodes by CV and EIS measurements. In addition to the bare gold, we also 

studied the effect of GelMA hydrogel coating on the electrochemical properties of gold 

electrodes. Finally, we compared the properties of GelMA/PEDOT/PSS with conventional 

PEDOT/PSS coatings. The representative CV curves of various coatings (cycle 5) are shown 

in Figure 5.4a. The CSC of each material obtained from the enclosed area of one CV cycle was 

used for the comparison between different coatings (Figure 5.4b). The CSC of the gold 

microelectrodes (4.56 ± 0.42 mC cm-2) decreased upon deposition of GelMA hydrogel coating 

(2.84 ± 0.18 mC cm-2) as long polymer chains of GelMA on the gold microelectrode acted as 

an insulation layer. The electrochemical polymerisation of PEDOT/PSS through the GelMA 

hydrogel resulted in an almost 7 times increase in the CSC of the CPH (19.72 ± 2.38 mC cm-

2) within the potential range of -0.6 V to 0.9 V. This increase in the CSC is due to the increase 

in the electroactive surface area of the GelMA/PEDOT/PSS coating compared to GelMA and 

bare gold, which allows effective diffusion of ions at the electrode/solution interface. This 

significant increase in the CSC of CPH coating also confirmed the successful polymerisation 

of PEDOT/PSS throughout the GelMA network. The deposition of PEDOT/PSS through 

hydrogel increased the CSC of the hydrogel. The CSC of the GelMA/PEDOT/PSS was almost 

1.4 times lower than conventional PEDOT/PSS coatings (26.83 ± 1.05 mC cm-2) due to the 

presence of GelMA. Statistical analysis using one-way ANOVA confirmed statistical 

significance difference in the CSC of Gold, GelMA/PEDOT/PSS, and PEDOT/PSS coatings. 

The EIS measurements were performed to measure the impedance of gold, GelMA, 

GelMA/PEDOT/PSS, and PEDOT/PSS electrode coatings. Figure 5.4c shows the Bode plot of 

electrode coatings which measures impedance magnitude (|Z|) against frequencies (1 Hz-10 

kHz) of interest for electrophysiological recordings. The bode plot shows an increase in the 
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impedance of GelMA coated gold electrodes at all frequencies, confirming the insulating nature 

of the hydrogel coating. The deposition of PEDOT/PSS through the GelMA hydrogel showed 

a significant decrease in the impedance at all frequencies compared to bare gold and GelMA 

hydrogel. The impedance analysis from the Bode plot confirms the successful integration of 

PEDOT within the GelMA hydrogel and the formation of a hybrid material. Although the 

impedance of the microelectrode coatings was recorded across the entire frequency range 

(1  Hz-10 kHz) to understand the charge transfer process happening at various frequencies, the 

comparison between the impedance was made at a frequency of 1000 Hz, which is 

characteristic of neural activity [283]. The mean impedance at 1000 Hz for all the materials is 

shown in Figure 5.4d. The mean impedance of the bare gold electrode at 1000 Hz is similar to 

GelMA coated electrodes. Electrochemical polymerisation of PEDOT/PSS through GelMA 

hydrogel resulted in almost 32 times reduction in the impedance of the GelMA/PEDOT/PSS 

coating. This is probably due to an increase in the effective surface area with the polymerisation 

of CP within the hydrogel, leading to reduced impedance [284]. In addition, no significant 

difference was found between the impedance of the GelMA/PEDOT/PSS and PEDOT/PSS at 

1000 Hz. 
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Figure 5.4: The electrochemical characterisation of microelectrode coatings. (a) Representative CV 

curves at cycle 5 for gold, GelMA, GelMA/PEDOT/PSS and PEDOT/PSS. (b) Mean CSC of each 

microelectrode coating with error bars representing SD. The data shows an increase in the CSC of 

GelMA hydrogel upon polymerisation of PEDOT/PSS through the GelMA. (c) The representative Bode 

plot for each microelectrode coating showing that the impedance of GelMA/PEDOT/PSS coating was 

lower than gold microelectrodes at all the frequencies. (d) The mean impedance of all the 

microelectrode coatings at 1000 Hz, a frequency characteristic for neural signals, error bars represent 

SD. The data shows a significant reduction in the impedance of GelMA/PEDOT/PSS coatings. (Data 

presented as mean and error bars indicate standard deviation) (ns p>0.05, **p≤0.01, ***p≤0.001, and 

****p≤0.0001) 

Neural stimulation applications require frequent biphasic current pulses (cathodic first) for safe 

stimulation of neural tissue [25]. The charge injection limit (CIL) of electrode coatings was 

determined through transient voltage measurements. The maximum CIL is described as the 

maximum charge that can be delivered through either reversible faradaic or capacitive reaction 

without causing the polarization of the surface beyond their water window limits i.e., 0.6 V to 
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-0.9 V [166, 285]. The voltage excursion of an electrode upon biphasic current stimulation is 

an indicator of its CIL. The voltage excursions to 2-millisecond biphasic current pulses were 

used to obtain information about the stimulation performance of GelMA/PEDOT/PSS coating 

in comparison to the conventional PEDOT/PSS coatings and bare gold electrode (Figure 5.5). 

Starting with small pulses of ±2.5 µA, two-millisecond pulses corresponding to 0.71 mC cm-2, 

the highest cathodic voltage transient was observed for bare gold microelectrode at a maximum 

negative voltage of -2.1 V. At the identical current pulses, the magnitude of voltage for 

GelMA/PEDOT/PSS and PEDOT/PSS coatings was much smaller. The ability of the 

microelectrode coatings for the neural stimulation was assessed by measuring CIL using 

increasing current pulses. The CIL is described as the maximum charge that can be delivered 

through either reversible faradaic or capacitive reaction without causing the polarization of the 

surface beyond their water window limits i.e., 0.6 V to -0.9 V [166, 285]. The voltage excursion 

of an electrode upon biphasic current stimulation is an indicator of its CIL. The CIL of 

GelMA/PEDOT/PSS and PEDOT/PSS coatings were 7.9 ± 0.98 mC cm-2 and 10.38 ± 0.82 mC 

cm-2. Even though the CIL of GelMA/PEDOT/PSS was lower than the conventional 

PEDOT/PSS coatings, it was almost 10 times higher compared to the gold electrode (0.71 mC 

cm-2). The CIL was calculated by multiplying the cathodic current density by the time interval 

of pulses. A higher CIL is beneficial for microelectrodes for neural interface applications. It 

reduces the incidence of irreversible faradaic reactions, which could damage the electrode 

coating and surrounding tissue [286]. This result agrees with the results from the CV 

characterisation, where GelMA/PEDOT/PSS displays a significantly higher CSC compared to 

the bare gold electrode. The CIL of conventional PEDOT/PSS electrode coating was found to 

be higher compared to GelMA/PEDOT/PSS. 
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Figure 5.5: In vitro biphasic stimulation of microelectrode coatings showing representative voltage 

excursion plots for GelMA/PEDOT/PSS, PEDOT/PSS, and gold microelectrode at a current of ± 2.5 

µA with 2 ms pulses. 

The electrochemical stability and long-term performance of the GelMA/PEDOT/PSS coatings 

were evaluated by extensive CV cycling (1000 cycles) in PBS and storage in the incubator for 

a period of 14 days at a temperature of 37 °C and 5% CO2 (Figure 5.6). Extensive CV cycling 

has been used previously to determine the mechanical and electrochemical stability of the 

electrode coatings [28, 245]. After 1000 CV cycles, the CSC of GelMA/PEDOT/PSS coatings 

reduced by almost 35%, whereas PEDOT/PSS coatings showed an almost 15% reduction in 

the CSC (Figure 5.6a and c). The CSC of the GelMA/PEDOT/PSS coatings, even after the 

extensive CV cycling, remained almost 2.5 times higher than bare gold electrode and 4 times 

higher than GelMA coated electrodes indicating that CPH coatings remained electroactive after 

extensive CV cycling. The long-term stability of the GelMA/PEDOT/PSS coatings was 

evaluated by measuring the CV regularly for a period of 14 days. The CSC of 

GelMA/PEDOT/PSS coatings showed almost 14% loss in the CSC, whereas PEDOT/PSS 

coatings showed a 16% reduction (Figure 5.6b and d). The results from the long-term 

performance studies suggest that GelMA/PEDOT/PSS coatings remained reversibly 
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electroactive even storage in the incubator for 14 days. None of the two coatings showed any 

signs of delamination after repeated CV cycling and long-term storage in the incubator. 

 
Figure 5.6: The electrochemical stability and long-term performance of GelMA/PEDOT/PSS coatings 

in comparison to PEDOT/PSS coatings. (a) The mean CSC of GelMA/PEDTO/PSS and PEDOT/PSS 

over 1000 cycles. (b) The mean CSC of GelMA/PEDTO/PSS and PEDOT/PSS over a period of 14 

days, when stored in the incubator. (c) Comparison between the CSC of GelMA/PEDOT/PSS and 

PEDOT/PSS at cycle 5 and cycle 1000 showing significant reduction in the CSC. (d) Comparison 

between the CSC of GelMA/PEDOT/PSS and PEDOT/PSS on day-1 and day-14 after storage in the 

incubator, showing significant reduction in the CSC.  (Data presented as mean and error bars indicate 

standard deviation) (ns p>0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001)  
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5.7.2 Biocompatibility 

We verified the biocompatibility of the CPH coatings by growing the primary hippocampal 

cell cultures on the GelMA/PEDOT/PSS coated electrodes. The cells were also grown on 

PEDOT/PSS coated electrodes as a control, as we have previously established the 

biocompatibility of these coatings in comparison to the polystyrene substrate [166]. The 

composite images of neurons stained by cell viability indicator (green) and neurite outgrowth 

indicator (red) at DIV 16 on PEDOT/PSS and GelMA/PEDOT/PSS coated electrodes is shown 

in Figure 5.7a and b. The viable neuronal cells on each substrate can be seen by the presence 

of green fluorescence in the cell bodies. A number of viable cells were counted in ImageJ and 

reported as a number of cells cm-2. The Neurite outgrowth was also measured using ImageJ 

and was expressed as relative fluorescence units (RFU). Neurite outgrowth has been used in 

the literature to demonstrate substrate biocompatibility [287, 288]. The number of viable cells 

and neurite outgrowth for PEDOT/PSS and GelMA/PEDOT/PSS coated microelectrodes is 

shown in Figure 5.7c. The biocompatibility assay showed that GelMA/PEDOT/PSS coatings 

supported the neurite growth and showed viable neurons on its surface. However, number of 

viable neurons and neurite outgrowth was significantly lower compared to the PEDOT/PSS 

coatings (p ≤ 0.05). The surface morphology of a substrate affects the neuronal attachment and 

outgrowth [289]. We noticed neurite outgrowth on GelMA/PEDOT/PSS was lower compared 

to PEDOT/PSS coating. In addition, the neurons appear to be more clustered on the surface of 

GelMA/PEDOT/PSS compared to the PEDOT/PSS coatings which could be due to different 

surface morphology of GelMA/PEDOT/PSS coatings in comparison to PEDOT/PSS coatings. 
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Figure 5.7: (a) Representative image of composites of primary hippocampal neuronal cultures grown 

on PEDOT/PSS coating (b) Representative image of composites of primary hippocampal neuronal 

cultures grown on GelMA/PEDOT/PSS coating. The scale bars represent 25 µm. (c) Bar graph showing 

number of viable cells cm-2 and total neurite outgrowth cm-2 on microelectrode coatings. Data was 

plotted as mean with error bars indicating standard deviation (*p ≤ 0.05). 

 

5.7.3 Electrophysiological recording 

The in-vitro electrophysiological recordings were taken from the MEAs coated with 

GelMA/PEDOT/PSS and PEDOT/PSS at DIV 21. Each MEA had a total of 36 microelectrodes 

to record the neuronal activity. The signals recorded from the MEA were filtered using a high 

pass filter (cut-off frequency 300 Hz) which filters the low frequency oscillations as well as 

the noise from the power line. Significant neuronal activity was observed in 10 microelectrodes 

coated with PEDOT/PSS. Representative recordings from PEDOT/PSS coated MEA are 
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shown in Figure 5.8(a-c). High pass filter traces recording from the MEA coated with PEDOT 

are shown in Figure 5.8a. The spike threshold was set at 5 × SD and spike waveforms for 

PEDOT/PSS are shown in Figure 5.8b and average waveform is shown in Figure 5.8c. 

GelMA/PEDOT/PSS coated microelectrodes showed neuronal activity only on one 

microelectrode (Figure 5.8d-f).  

 

Figure 5.8: Electrophysiological neuronal recording from the MEA (a) High pass filtered traces showing 

neuronal activity from PEDOT/PSS coated MEA (b) aggregated waveform of spikes from PEDOT/PSS 

coated MEA c) The average waveform of the spikes detected from the recording in (a). d) High pass 

filtered traces showing neuronal activity from GelMA/PEDOT/PSS coated MEA. e) aggregated 

waveform of spikes from GelMA/PEDOT/PSS coated MEA. f) The average waveform of the spikes 

detected from the recording in (d).  
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5.8 Conclusion 

We successfully fabricated custom MEA devices containing both microelectrodes and drug 

delivery electrodes compatible with the commercial MCS headstage. We report the fabrication 

of a novel hybrid CPH biomaterial, consisting of an interpenetrating network of PEDOT chains 

with in the GelMA hydrogel. The CPH coating can be selectively photolithographically 

patterned and covalently bonded on gold microelectrodes. The CPH coatings were 

electrochemically characterized and compared with conventional PEDOT/PSS coatings and 

bare gold microelectrodes. We have successfully demonstrated the interpenetrating network of 

PEDOT inside the GelMA hydrogels confirmed by FTIR, CV and EIS measurements. The 

hybrid material is reversibly electroactive, had low impedance, and high charge injection limit 

compared to the bare gold microelectrodes. The biocompatibility of the CPH coatings was 

verified on primary hippocampal neuronal cultures. Microelectrodes with CPH coatings were 

able to record neuronal activity from in-vitro neuronal cultures. These materials, and the 

experimental setup will support future studies that can investigate if recorded neuronal action 

potentials are able to stimulate neurotransmitter release towards the development of a closed 

loop system. 
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6 General Discussion, Limitations and Future Directions and 

Conclusion 
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6.1 General Discussion 

This thesis describes the early stages of the development of a closed-loop delivery system for 

testing if the release of neurotransmitter from a material can be triggered by native cellular 

signalling. We have described the fabrication of components of a closed-loop delivery device 

suitable for the delivery of glutamate (Glu), an excitatory neurotransmitter, in response to 

native cellular signalling. The components of such a device require an electrically stimulated 

drug delivery system for the controlled release of Glu and microelectrode arrays capable of 

recording neuronal action potentials. The fabrication and testing of the components of such a 

device required multiple steps. 

Firstly, a reliable analytical method for the quantitative determination of Glu was required. 

Previously described methods are based on gradient methods of analysis and require lengthy 

analysis times [213]. Chapter 3 described the development and validation of an isocratic 

stability indicating HPLC method for the quantitative determination of Glu with a short run 

time of 14 min. The developed HPLC method was able to separate Glu peak from the forced 

degradation samples. The HPLC method was then employed in Chapter 4 to quantify the 

amount of Glu released from CP and CPH coatings. 

In Chapter 4, CPH coatings comprising polypyrrole (PPy) doped with Glu and the hydrogel 

GelMA were fabricated for electrically stimulated delivery of Glu. The design criteria for a 

CPH coating for the electrode surface as described in literature includes i)  stable adhesion 

between the material and the underlying substrate to prevent delamination during electrical 

stimulation, ii) selective patterning onto the electrode, and iii) formation of a fully 

interpenetrating network of CP within the hydrogel matrix [28]. We were able to achieve 

suitable adhesion between GelMA and a gold substrate through the self-assembly of 

cysteamine on the gold electrode confirmed by FTIR [138]. We demonstrated the selective 
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patterning of the CPH coating on the substrate. The fully interpenetrating network of PPy/Glu 

in the GelMA matrix was confirmed through FTIR analysis as well as SEM images. Previous 

researchers have utilised extensive CV cycling to evaluate surface adhesion and mechanical 

stability of the CP coatings [245]. During repeated CV cycling, CPH will experience 

continuous expansion and contraction due to change in the redox state of the polymer and will 

experience mechanical stress. Thus, we used 1000 CV cycles to determine the mechanical and 

electrochemical stability of the CPH coating. The long-term performance of the CPH coating 

as assessed by extensive CV cycling, revealed that the CPH coatings were more resistant to 

delamination compared to the conventional CP coatings. As opposed to other studies, we 

noticed a significant decrease in the CSC after repetitive CV cycles, which can be attributed to 

the release of Glu (dopant) and further doping of the CP with ions from the PBS [246].  

Cytocompatibility studies confirmed that the CPH coatings did not leach out any toxic extracts 

and hence showed compatibility with the SH-SY5Y cells. Although the CPH coating was found 

to show cytocompatibility, direct cell contact tests with specific cell types will be required in 

the future. Lastly, we demonstrated the ability of these coatings to release Glu upon electrical 

stimulation. Chapter 4 has addressed the limitations of CP-based drug delivery and 

demonstrated that the CPH coatings could delivery more payload than a comparable CP. 

Meanwhile, unlike an unmodified hydrogel delivery system, drug release from the CPH was 

electrically tuneable. The presence of the hydrogel offers a large drug loading capacity while 

the CP component allowed to achieve on-demand release of the drug. Previous reports from 

the literature have shown the release of an anionic dopant from the CP coatings upon 

application of negative potentials [54]. We demonstrated significantly higher release of Glu 

from GelMA/PPy/Glu coatings compared to the conventional PPy/Glu coatings. In addition, 

several fold higher release of Glu was observed when negative potential was applied to the 
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CPH coating. These CPH coating also has the potential to record neuronal activity, making it 

easier to combine the on-demand drug delivery with bioelectronics applications.  

In Chapter 5, we tested our hypothesis that CPH coated MEA devices can be used for neural 

interface application. Firstly, we designed a device containing microelectrode array (MEA) 

using the photolithography technique and insulted using SU-8 2005 to define the size of the 

electrodes. The device is designed with high density microelectrodes (36 electrodes) with a 

diameter of 30 µm each providing an opportunity to record neuronal action potential with a 

very high spatial resolution [166] The device was designed with the idea to combine the 

recording ability of microelectrodes with electrically stimulated delivery of Glu. However, the 

scope of this thesis is limited to the design of the final device and evaluation of CPH coated 

electrodes for drug delivery and neural interface applications.  

CP coatings such as poly (3,4-ethylene dioxythiophene) (PEDOT) have shown improvement 

in electrode performance due to their excellent conductivity, low impedance, and 

biocompatibility [166]. A CPH consisting of the CP PEDOT/PSS and a GelMA hydrogel was 

fabricated for microelectrode coatings on the MEA device. The CPH coatings could be 

selectively patterned on the microelectrodes with a diameter of 30 µm confirmed through 

optical microscopy and SEM images. In addition, no cracking or delamination of the coating 

was observed after polymerisation, indicating the formation of a mechanically stable coating.  

The microelectrodes coated with GelMA/PEDOT/PSS improved the electrochemical 

performance of bare gold and showed comparable performance compared to conventional 

PEDOT/PSS coatings. The electrochemical polymerisation of PEDOT/PSS through the 

GelMA hydrogel improved its CSC by several folds (almost seven times) and showed a 

reduction in impedance. Although neural stimulation was not performed on these 

microelectrode coatings, the charge injection limit (CIL) of these coatings was evaluated. The 



Chapter 6: General discussion, Limitations and future directions and Conclusion 

136 

 

GelMA/PEDOT/PSS coatings showed almost nine times higher CIL compared to the gold 

microelectrode suggesting that GelMA/PEDOT/PSS coatings improved the electrode 

performance of the bare gold electrode suggesting these coatings will obviously be able to 

deliver higher charge at the electrode/electrolyte interface for a stimulation current. The 

GelMA/PEDOT/PSS coatings were electrochemically stable and reversibly electroactive even 

after 1000 CV cycles. The fabricated CPH coatings demonstrated long-term performance as 

only 14% decline in the CSC was observed upon storage in the incubator for 14 days. The CPH 

coatings demonstrated improved electrochemical performance compared to the bare gold 

microelectrodes and were found to be biocompatible. The CPH coatings supported the neurite 

growth and showed viable neurons on its surface. However, the neurons on the CPH coated 

MEA appeared more clustered compared to the CP coated MEAs suggesting CPH coating 

affected the surface morphology of the neurons. The in-vitro electrophysiological recordings 

from primary hippocampal neurons were taken on DIV 21 from both GelMA/PEDOT/PSS and 

PEDOT/PSS coated MEAs. While GelMA/PEDOT/PSS coated MEAs can be used for in-vitro 

electrophysiological recording from primary hippocampal neurons, the conventional 

PEDOT/PSS coated MEAs demonstrated a greater ability to record electrical activity from 

neurons. The electrophysiological recording data was aligned with the results of 

biocompatibility studies. The neurons on the surface of CPH coated MEAs were more 

clustered, which could have resulted in the loss of neuronal activity or otherwise, the presence 

of GelMA on the top layer acted as an insulator which hindered the ability of CPH coatings the 

record action potentials. 

6.2 Limitations and Future Directions 

The work carried out in this thesis provides a strong foundation towards the development of a 

CPH coatings for the electrically stimulated drug delivery as well as neural interface 

applications. While the results of this thesis present some exciting opportunities to be explored 
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in the future, we also encountered some limitations. The polymerisation of GelMA/PPy/Glu 

coating at a charge density of 1500 mC took more than 20 hours, so the synthesis of CPH 

coatings needs to be optimised to reduce the time taken for synthesis. In addition, several other 

variables which affect the final polymer morphology need to be investigated. The 

GelMA/PPy/Glu showed electrochemical properties comparable to conventional CP films with 

a decline in CSC was noticed over intensive CV cycling. Future experiments should focus on 

improving the electrochemical stability of the material. This can be done by exploring different 

dopants in addition to Glu. The CPH coating for microelectrodes consisting of 

GelMA/PEDOT/PSS showed improvement in the electrochemical properties of bare gold and 

GelMA coated electrodes; however, CSC and CIL of these coatings were significantly better 

for conventional CP coatings, which means CP coatings will be able to deliver higher charge 

for a stimulation current and will perform better for stimulation experiments compared to CPH 

coatings. Future experiments to improve the integration of CP within the hydrogel are requited 

so that electrochemical properties of CPH microelectrodes are comparable to CP coated 

electrodes. The long-term electrochemical stability of the CPH and CP coatings was only 

performed in PBS. Future works should also investigate the influence of media such as cell 

culture media containing proteins on the long-term electrochemical stability of these coatings. 

The drug release studies were carried out by application of continuous electrical stimulation; 

however, to fully understand the mechanism of drug release, periodic electrical stimulation 

coupled with long release experiments will be required. In addition, with the current setup, it 

was challenging to maintain the temperature of the release media. Samples couldn't be placed 

in the water bath at 37°C because of all the electrical connections attached to the release setup. 

We tried to set up the release experiments on a hot plate by placing a small magnetic stirrer 

bar, but the temperature could not be maintained inside the electrochemical cell, which could 

be due to the thick layer of acrylic electrochemical cell acting as an insulator. Any further 
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increase in the temperature resulted in the evaporation of the release media, so experiments 

were performed at room temperature only. Future investigations should focus on improving 

the electrically stimulated drug delivery setup.  

The cell viability studies of both the CPHs used in this thesis revealed the cell viability of the 

CPH coating was low compared to the conventional CP coating. More studies need to be 

carried out to understand the reason behind slightly low cell viability of CPH material. The 

neurite outgrowth assay on CPH coated MEAs revealed slightly clustered network on neurons 

compared to evenly uniform network on the CP coating.  The results of both studies suggests 

that low viability of cells on CPH is probably associated with the fabrication process of CPH, 

which affected the morphology of neurons. Future studies need to assess all the different 

ingredients used in the fabrication of CPH coatings for biocompatibility. In addition, other 

photoinitiators could be explored for crosslinking of GelMA as future studies might require 

incorporating cells within the gel and UV exposure can be harmful for cell growth. 

The findings from the thesis suggest that GelMA/PEDOT/PSS coating showed 

electrophysiological recording from only one channel, whereas PEDOT/PSS-coated MEA was 

able to record from multiple channels. This could be either due to the clustering of neuronal 

networks on the CPH coated MEAs or CPH network is probably not fully interpenetrating, and 

the GelMA layer on the top acted as an insulator. Future work requires improvements in terms 

of recording and stimulation from CPH coated microelectrodes. In addition, recorded signals 

will need to be amplified by an electronic device to stimulate Glu release from the electrodes. 

An attempt was made to test the device fabricated in Chapter 5 as closed loop delivery system 

for the delivery of Glu in response to neuronal action potential. Firstly, a poly(dimethyl 

siloxane) (PDMS) fluid well was prepared to separate microelectrodes and drug delivery 

electrodes creating five different compartments on the device. (Figure 6.1a). The electrodes on 
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the MEA device were functionalised with cysteamine and GelMA hydrogel was coated on the 

electrode. The PDMS mould was attached to the device using medical grade silicon and set 

aside for 12 h to cure. The hydrogel coated device was soaked in 0.2 M pyrrole and 0.1M 

glutamic acid solution as mentioned in Chapter 4. The electrochemical polymerisation was 

done on all the four electrodes (Figure 6.1b). After the electrochemical polymerisation, the 

device was kept in MilliQ water to leach out any contaminants from the polymerisation. The 

device was sterilised with alcohol and UV treatment before the cell culture on the 

microelectrode. Primary hippocampal cells were cultured on the microelectrodes following the 

procedures described in Chapter 5.  
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Figure 6.1: a) The device showing drug delivery electrodes coated with GelMA and a fluid well attached 

to the device separating device in five different compartments. b) Set-up showing electrochemical 

polymerisation of PPy/Gly though GelMA hydrogels on the drug delivery electrodes. 

The compartment for the cell culture on the microelectrode was very small and accommodated 

only 250 µL of the cell culture media, which resulted in quick evaporation of the media. Even 

after frequent addition of fresh media, the neurons did not survive in that compartment. 

The set-up of the device needs to be improvised before any further experiments so that the 

volume of the compartment for the cell culture can be improved. Drug delivery electrodes can 

be reduced in size. Additional steps will be required to prevent the evaporation of the cell 

culture media. Future studies can seek to extend the platform technologies developed in this 
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thesis. Collectively, the data presented can be used in continued efforts for closed loop systems 

as novel treatment platforms to treat neurological disorders.   

6.3 Conclusion 

In conclusion, this thesis has presented the fabrication of two CPH systems for i) the electrically 

tunable delivery of increased amounts of Glu, and ii) coatings materials on MEAs. Together, 

these systems can be central components for a future closed loop system to test if drug release 

can be triggered in response to native cellular signalling. A simple, isocratic HPLC method 

was developed for the quantification of Glu. The method was able to separate Glu from 

degradation produce in stressed samples and was used for the quantification of Glu released 

from the CP and CPH coated electrodes. A fully interpenetrating, selectively patternable and 

covalently bonded CPH coatings comprising of GelMA/PPy/Glu was fabricated. The 

cytocompatibility of this CPH material was demonstrated with undifferentiated human 

neuroblastoma cell lines SH-SY5Y. We have demonstrated that the GelMA/PPy/Glu system 

was responsive to electrical stimulation with almost five times the amount of Glu released upon 

constant reduction (-0.6 V) compared to when no electrical stimulation was applied. The 

GelMA/PPy/Glu was able to deliver fourteen times higher amount of Glu compared to PPy/Glu 

films.  

In addition, a custom MEA devices containing both microelectrodes and drug delivery 

electrodes compatible with the commercial MCS headstage was fabricated. The MEA was 

coated with a CPH consisting of an interpenetrating network of PEDOT chains within the 

GelMA hydrogel. The CPH coating can be selectively photolithographically patterned and 

covalently bonded on the gold microelectrodes. The CPH coatings were electrochemically 

characterized and compared with conventional PEDOT/PSS coatings and bare gold 

microelectrodes. The GelMA/PEDOT/PSS coatings was reversibly electroactive, had low 
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impedance, and high charge injection limit compared to the bare gold microelectrodes. The 

biocompatibility of the CPH coatings was verified with primary hippocampal neuronal 

cultures. Microelectrodes with CPH coatings were able to record neuronal activity from in-

vitro neuronal cultures. These materials, and the experimental setup will support future studies 

that can investigate if recorded neuronal action potentials are able to stimulate neurotransmitter 

release towards the development of a closed loop system.  
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